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EFFECTS OF NORMAL PREGNANCY
ON THE KIDNEY

Structural Changes in Pregnancy

Pregnancy normally induces changes in kidney function. In
some women, complications of pregnancy may cause renal
disease, and even normal pregnancy can exacerbate preexist-
ing renal disease. Kidneys increase in volume, as much as 70%
by ultrasound studies, during pregnancy, largely secondary
to increased fluid content (1). The calyces and ureters dilate
markedly during pregnancy, beginning as early as the 7th week
and progressing gradually until term. By 1 week postpartum,
these portions of the collecting system return to the prepreg-
nant state in one third of women. In an additional one third,
this dilation reverts by 1 month postpartum, and nearly all
remaining patients return to normal by 2 months postpar-
tum (2). The dilation is nearly always more prominent on the
right, possibly because of the abrupt angle of the right ure-
ter as it descends into the pelvic cavity. These changes may be
influenced by several factors. The enlarged uterus physically
contributes to ureteral compression. The upper ureter also
develops increased tone during pregnancy because of hyper-
trophy of its smooth muscle and hyperplasia of surrounding
connective tissue (3). These factors may also contribute to uri-
nary tract infection (UTI) by increasing urinary volume within
the collecting system and by increased stasis (see Urinary Tract
Infections, p. 816).

Understandably, there are very limited renal biopsy data
from any normal populations without renal disease, and in par-
ticular of normal pregnant women. No microscopic morpho-
logic changes are usually observed in the kidney during normal
pregnancy (1). Endotheliosis, a term used to describe the charac-
teristic widespread endothelial cell swelling seen in preeclamp-
sia/eclampsia (see Preeclampsia and Eclampsia, p. 819), may be
present in very segmental areas even in normal pregnancy. In
contrast, a small study in 1960 investigated five healthy preg-
nant controls, none of whom showed signs of endotheliosis (4).
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Thus, the presence of endotheliosis may not be pathognomonic
for preeclampsia; rather, its extent may be what distinguishes the
pathologic condition (5).

Functional Changes in Pregnancy

Pregnancy is a volume-expanded condition, with increased cir-
culating volume and interstitial volume and apparent resetting
of volume-sensitive receptors to sense this expansion as normal.
Thus, in normal pregnancy, blood pressure decreases despite
increased volume as a result of decreased peripheral resistance,
even though cardiac output increases by 30% to 50% by the end
of the second trimester (1). Effective renal plasma flow increases
60% to 80% during pregnancy, with slightly less increase, by
about 50%, in the glomerular filtration rate (GFR) (1). Direct
micropuncture measurements in animals during pregnancy
show moderate renal vasodilatation with similar reduction in
resistances of afferent and efferent arterioles; thus, glomerular
pressure is not increased. Direct measurements of glomerular
pressures are not possible in humans. However, functional stud-
ies based on dextran sieving in normal and preeclamptic preg-
nancy have shown that increased filtration in late pregnancy was
associated with increases in renal plasma flow and in the ultra-
filtration coefficient, K whereas in preeclamptic late pregnancy,
there was a loss of permselectivity with accompanying decreases
in K¢ and renal plasma flow (6). Functional assessment with
computation of K; was also done in another study of patients
immediately postpartum and the 2nd week after birth. Even at
postpartum day 1, there was marked glomerular hyperfiltration,
with data suggesting that decreased glomerular capillary oncotic
pressure was the main determinant of this change. These changes
resolved largely by postpartum week 2 with increases in oncotic
pressure to supranormal levels, and thus, GFR was then only
modestly elevated. Theoretical analysis suggested that transcap-
illary hydraulic pressure and/or increased K¢ would have to be
present to account for this persistent hyperfiltration (7). In an
additional group of pregnant women studied in late pregnancy
and 4 months postpartum, increased GFR was contributed to
both by increased renal plasma flow and decreased glomerular
oncotic pressure, with calculated increased K (8).

Possible hormonal mediators of the gestational increase in
the GFR include primary gestational hormones (progesterone).
However, progesterone, administered exogenously in pregnant
animals, has no direct influence on renal hemodynamics. Other
candidate vasoactive hormones that may change and affect renal
vasodilatation include prostaglandins, the renin-angiotensin
system, atrial natriuretic peptide, relaxin, and endothelin.
Conclusive evidence is lacking to implicate specific mediators of
altered renal hemodynamics in pregnancy.

Tubular function is also altered during pregnancy. Sodium
retention occurs gradually over the course of pregnancy. Although
the precise site of action has not been defined, this appears to
be due largely to increased distal nephron reabsorption (1). The
exact mechanisms underlying the increased retention of sodium
have not been delineated, although effects of increased estrogen,
placental lactogen, prolactin, growth hormone, desoxycorti-
costerone, renin-angiotensin, and aldosterone may contribute
(1). Effects on potassium are dissociated from these effects on
sodium, and tubular potassium loss is not excessive.

Proteinuria is increased in normal pregnancy, with
increase in nondiscriminatory shunt pathways, that is, path-
ways that allow passage of charged, noncharged, and variably

sized molecules, and an upward shift in pore size distribution
deduced by dextran-sieving data (8). Proteinuria greater
than 0.3 g/24 hours or urine protein:creatinine ratio >0.3 is
regarded as abnormal during pregnancy by American Society of
Hypertension guidelines (9).

Hematuria occurs frequently in normal pregnancy. In
a case-control prospective study of 902 women, 20% had
dipstick-positive hematuria on at least two occasions during
pregnancy. There was no increased development of preeclamp-
sia, gestational hypertension, or small-for-gestational-age baby
in those with versus those without hematuria. Thus, transient
hematuria during pregnancy seldom signifies a disorder with
likely adverse effects on pregnancy (10).

Glycosuria also occurs commonly in pregnancy and returns
to normal within 1 week postpartum (1). This finding appears
related to change in tubular function and does not necessarily
reflect glucose intolerance. The increased glucose in urine may
facilitate development of bacteriuria (see section Incidence and
Risk Factors for Bacteriuria). Tubular reabsorption of uric acid is
decreased eatly in pregnancy and leads to relative hypouricemia
at this stage. In contrast, preeclamptic women show hyperurice-
mia (see Preeclampsia and Eclampsia, p. 819). Thus, an increased
serum uric acid level is a useful indicator of preeclampsia early
in pregnancy. However, uric acid reabsorption increases normally
in the third trimester, and serum levels then approach or exceed
nonpregnant levels (1). Hypercalciuria also occurs commonly in
pregnancy, yet urolithiasis is uncommon. This phenomenon may
be due to the accompanying increase of nephrocalcin, a protein
that can inhibit urinary crystallization. Additional factors that
contribute to a decreased risk for calcium stone formation in
pregnancy include increased citrate and magnesium excretion (1).

URINARY TRACT INFECTIONS

Incidence and Risk Factors for Bacteriuria
Significant numbers of bacteria can be found in urine cultures
in patients without clear clinical manifestations of UTI. This
situation occurs particularly in women and has been called
asymptomatic, or covert, bacteriuria. Its importance lies in its
relation to overt UTT and in particular to the associated risks
in pregnancy for the mother and fetus. In pregnancy, the prev-
alence of asymptomatic bacteriuria ranges from 2% to 10%
(11). This prevalence is comparable to the rate in sexually
active nonpregnant women of reproductive age. Thus, preg-
nancy does not necessarily predispose to the development of
asymptomatic bacteriuria, at least in developed countries (see
later this section). Rather, it is possible that detection of this
asymptomatic condition is increased during pregnancy.

The incidence of bacteriuria during pregnancy hits a peak
between the 9th and 17th weeks of gestation. The dilation of
the collecting system that begins as early as the 7th week (see
p- 815) is thought to contribute to the development of upper
UTT, because infection localizes to the dilated side in bacteriu-
ric women with unilateral ureteral and calyceal dilation (2,11).
Both increased urine volume within the dilated collecting sys-
tem and increased urinary stasis (see p. 815) likely contribute
to this increased risk of infection.

Increased frequency of asymptomatic bacteriuria is seen
with a history of previous UT], increased sexual activity, dia-
betes, and structural abnormalities of the urinary tract. Some,



but not all, studies suggest that age, parity, race, and sickle cell
trait are also linked to increased asymptomatic bacteriuria (11).
In contrast to a 6% prevalence of asymptomatic bacteriuria in
pregnancy in otherwise healthy women, the rate was 12.2% in
diabetic women and 18.7% in women with a history of pre-
vious UTT (11). Recent observational studies show constant
and similar rates of asymptomatic bacteriuria in pregnancy in
developing countries and in developed countries. The preva-
lence of asymptomatic bacteriuria in pregnancy is increased in
patients with low socioeconomic status, but the mechanisms
underlying these observations are unknown (11).

Gestational glycosuria and decreased potassium stores may
facilitate bacterial growth in urine (2). Although not peculiar
to pregnancy, the virulence factors of organisms and the status
of the host’s uroepithelium are clearly important. The forma-
tion of a biofilm and bacterial ability to adhere to and invade
the urothelium are key for UTI occurrence. Virulent uro-
pathogenic Escherichia coli (UPEC) typically adhere and acti-
vate host responses, including an innate immune response and
Toll-like receptor signaling. Type 1 fimbriae bind to various
epitopes, including Tamm-Horsfall glycoprotein mannosylated
sites, secretory IgA, or uroplakins in the bladder urothelium.
P fimbriae mediate mannose-resistant adherence of UPEC and
are associated with acute pyelonephritis (12). When bacteria
adhere via P fimbriae, the innate immune response is activated
with increased Toll-like receptor 4 signaling and cytokine and
neutrophil recruitment. Patients with decreased or defective
Toll-like receptor 4 may thus have asymptomatic bacteriuria.
Genetic variations in these response elements may thus favor
asymptomatic bacteriuria versus acute pyelonephritis as out-
comes of bacteria in the urine (13).

The most common organism causing bacteriuria during
pregnancy is E. coli, followed by other gram-negative bacte-
ria (Klebsiella sp, Enterobacter sp., Proteus sp.). Other reported
organisms include Staphylococcus saprophyticus, which pro-
motes stone formation as well. If fastidious organisms such
as Ureaplasma urealyticum and Gardnerella vaginalis are also
selected for by culture conditions, up to 25% of pregnant
patients may show bacteriuria. However, these latter organisms
have not been shown to play a pathogenic role (14).

Asymptomatic or Covert Bacteriuria

Effects on the Kidney

Other kidney abnormalities may develop or may be detected
in patients with asymptomatic or covert bacteriuria during
pregnancy (15-21). First is the issue of underlying structural
urologic abnormalities or evidence of chronic pyelonephritis.
Pregnant patients with asymptomatic bacteriuria showed a high
prevalence of urinary tract abnormalities in a series of patients
with urologic studies performed postpartum, also observed in a
more recent study where only 14.3% of pregnant women with
acute pyelonephritis showed normal kidneys by ultrasound (15).
Ten percent of these patients showed evidence of chronic pyelo-
nephritis (14). In several large series of pregnant women with
asymptomatic bacteriuria who were followed for 2 to 14 years
(14), bacteriuria was present in 16% to 29% during follow-
up, and radiologic evidence of chronic pyelonephritis was seen
in 9% to 29%. Many patients had underlying abnormali-
ties, including bifid pelvis and ureteric duplication, and 27%
showed signs of chronic pyelonephritis, such as calyceal blunt-
ing, diminished cortical thickness, and irregular renal contour.
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Despite these significant abnormalities, long-term follow-up of
patients with asymptomatic bacteriuria during pregnancy has
shown only rare cases of deterioration of renal function (20,21).

Assessment of these various series is difficult for several
reasons. First is the danger of considering bacteriuria of preg-
nancy a specific complication acquired during pregnancy. The
appreciable prevalence of asymptomatic bacteriuria in children
and nulliparous women raises the possibility that asymptom-
atic bacteriuria may be present before conception. Bacteriuria
was present in 8% of nulliparous married women compared
with 6.6% of pregnant women (19). Many girls with asymp-
tomatic bacteriuria have bacteriuria when they grow up and
become pregnant. From 40% to 64% of women with a history
of asymptomatic bacteriuria during childhood have bacteri-
uria during pregnancy (20,21). Further, it is difficult to assess
whether asymptomatic bacteriuria is detrimental to kidney
function because of the lack of prepregnancy measurements of
renal function or serial radiographic studies. In addition, the
radiologic abnormalities described in the previous paragraph
in many patients with asymptomatic bacteriuria could indicate
a predisposition to infection or a consequence of infection, or
they may even be unrelated to infection. Whether the renal scars
detected radiologically reflect injury from bacteriuria occurring
in adulthood or from childhood UTT also is not clear.

Second is the potential of asymptomatic bacteriuria to cause
acute pyelonephritis and its associated complications, including
preterm labor, low birth weight, and growth retardation. The
incidence of acute pyelonephritis in a recent large study of preg-
nant women was 0.07%, less than that observed before routine
screening for asymptomatic bacteriuria and treatment were insti-
tuted (11). Bacteriuria in pregnancy leads to acute symptom-
atic infection in 20% to 40% of patients (14,15). Conversely,
women without bacteriuria early in pregnancy rarely develop
symptomatic urinary tract disease. Successful treatment of bac-
teriuria largely prevents the development of acute pyelonephri-
tis. The consequences of symptomatic UTI are discussed below.

Effects on Pregnancy

The effect of asymptomatic bacteriuria on pregnancy outcome
was previously controversial. Higher rates of prematurity and
intrauterine growth retardation in patients with asymptomatic
bacteriuria were observed in older studies but were initially not
uniformly confirmed (15). Recent large studies demonstrate an
effect of asymptomatic bacteriuria on pregnancy with increased
preterm delivery, intrauterine growth retardation, and low

birth weight (15).

Symptomatic Urinary Tract Infection

and Pyelonephritis

Consequences and Complications

The exact extent of the urinary tract that is involved by
infection cannot be readily assessed without invasive tests.
Therefore, the term symptomatic bacteriuria is used by many
authors to encompass both acute pyelonephritis and symptom-
atic infection of the lower urinary tract. Although risk factors
for bacteriuria may overlap with those in asymptomatic infec-
tion, as discussed in Asymptomatic or Covert Bacteriuria, the
consequences differ. Symptomatic UTT has well-defined seri-
ous consequences during pregnancy. Acute pyelonephritis in
pregnancy is associated with bacteremia in 10% and endotoxic
shock in up to 3% of patients (15).
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The ability to predict which patients with asymptomatic
bacteriuria will develop symptomatic infection is not estab-
lished. This inability relates in part to a lack of understand-
ing of the mechanisms that allow asymptomatic bacteriuria
to become symptomatic, presumably reflecting upper UTT in
most patients. A history of previous symptomatic UTT greatly
increases the risk of progressing from asymptomatic to symp-
tomatic infection during pregnancy (15). Underlying abnor-
malities, such as reflux, may predispose to progression from
asymptomatic to symptomatic infections. Despite the dilation
of the collecting system that normally occurs in pregnancy,
reflux is uncommon, detected in only 0% to 3%, and likely
does not play a significant role in the development of symp-
tomatic infection in most patients. However, the vast majority
of patients, over 85%, with pyelonephritis during pregnancy
had abnormal renal ultrasound, including, for example, hydro-
ureter, hydronephrosis, or renal calculi, with normal ultra-
sound in only 14.3% (15). Acute pyelonephritis complicated
6% of pregnancies in patients with reflux in one series (16).
Successful ureteral reimplantation in women with reflux and
past symptomatic UTT did not, however, abolish complications
in subsequent pregnancies: 57% had UTI, and 17% had pyelo-
nephritis during later pregnancies (17). These findings indi-
cate that reflux cannot be regarded as the only mechanism for
development of upper UTT in these patients. It is possible that
the apparent greater ease of ascending infection in pregnancy
is due to mechanical changes in pregnancy and altered innate
immune responses.

The importance of preceding asymptomatic infection in
the development of symptomatic infection has been clearly
demonstrated. Screening programs to detect and treat asymp-
tomatic bacteriuria in pregnancy decrease the incidence of
pyelonephritis (15). This effect was shown dramatically by
Kincaid-Smith and Bullen (22), who noted a 3.3% prevalence
of symptomatic bacteriuria in a treated group of patients with
asymptomatic bacteriuria versus a prevalence of 36.6% in a
placebo-treated group.

The prevention of pyelonephritis during pregnancy has
important implications for subsequent pregnancies as well.
Patients treated for acute pyelonephritis have frequent occur-
rences of symptomatic UTT, both later in pregnancies and when
not pregnant. This situation may result from increased suscep-
tibility to repeated infection once parenchymal scarring has
occurred. Radiologic findings of chronic pyelonephritis were
present at follow-up in 14% to 27% of women who had bacteri-
uria detected during pregnancy (16,18). Women with renal scars
resulting from childhood UTT had a higher incidence of bacte-
riuria during pregnancy than when scarring was absent (47%
vs. 27%) (19). Patients with renal scars also had a significantly
increased relative risk of hypertension, preeclampsia (up to 7.6-
fold increase), and fetal morbidity during subsequent pregnan-
cies compared with controls (20,21). In contrast, patients with
vesicoureteral reflux but without scars had no increased risk of
gestational hypertension or preeclampsia, although the risk of
UTT was increased. This risk was not changed by ureter reim-
plantation (20). However, whether pregnancy affects the course
of the underlying condition or merely increases the detection of
infection and renal scarring has not been proven.

Symptomatic UTI has serious consequences for the
pregnancy as well as for the mother. Prematurity occurred in
20% of pregnant women with acute pyelonephritis. There is

controversy whether treated pyelonephritis also has adverse
pregnancy effects (15). Older data showed that the fetal mor-
tality rate was increased, but this was not confirmed in more
recent studies (11). Production of phospholipase A, by the
infecting organism may contribute to preterm labor by liber-
ating arachidonic acid esters from phospholipids of infected
amnionic and chorionic membranes, thus increasing levels of
prostaglandins E, and F,, which can trigger labor (11). A role
for cytokines induced by infection, such as tumor necrosis fac-
tor and cachectin, has been suggested in preterm labor (23).

An additional serious complication of pyelonephritis in
pregnancy is the occurrence of pulmonary insufficiency resem-
bling adult respiratory distress syndrome, estimated to occur in
about 7% of pregnant patients with acute pyelonephritis (11).
This pulmonary injury may be related to endotoxin, prompted
by lysis of bacteria in response to treatment.

Treatment

Cost-effectiveness and cost-to-benefit analyses show that
screening for and treatment of asymptomatic bacteriuria pre-
vents pyelonephritis in pregnancy and decreases preterm deliv-
ery (11). Currently, screening cultures are recommended for all
pregnant women, preferably during the 16th gestational week
for greatest potential impact on pregnancy outcome. Once
asymptomatic bacteriuria is detected and treated, urine cultures
should be repeated monthly throughout pregnancy, because as
many as one third will have relapse or recurrence during preg-
nancy. If more than one relapse occurs, intravenous pyelography
is recommended after 6 weeks postpartum. Urologic evaluation
during pregnancy has been recommended if asymptomatic bac-
teriuria recurs or if appropriate treatment fails to eradicate bac-
teriuria. Either setting indicates a possible underlying urologic
anomaly, obstruction, or abscess. Treatment of pyelonephritis is
approached in a similar manner to that in nonpregnant patients.

HYPERTENSIVE DISORDERS OF PREGNANCY

Hypertension is a common problem during pregnancy, affect-
ing 6% to 8% (24). Hypertension in pregnancy is defined as
systolic blood pressure >140 mm Hg or diastolic blood pres-
sure >90 mm Hg (24). It may be preexisting, or caused by,
or exacerbated by the pregnancy. These complexities have led
to difficulties in establishing the causes of hypertensive condi-
tions in pregnancy. Although many classifications have been
proposed, this discussion is based on the classification initially
proposed by Lindheimer and Katz and slightly modified by the
National High Blood Pressure Education Program Working
Groups on High Blood Pressure in Pregnancy (as reviewed in
reference (25). These disorders are divided into chronic hyper-
tension, gestational hypertension, preeclampsia superimposed
on chronic hypertension, and preeclampsia or eclampsia.

Chronic Hypertension

The most common cause of hypertension during pregnancy is
preeclampsia (see p. 819), followed by essential hypertension
and secondary causes, among which renal disorders are the most
common. The prevalence of chronic hypertension in pregnancy
is about 3% in the United States (25,26). In patients who
develop hypertension, but not preeclampsia during pregnancy,
underlying renal disease should be considered (see below).



Not surprisingly, populations with a higher general incidence
of hypertension also show a higher incidence of hypertension
detected during pregnancy. Thus, in a study from South Africa,
black women showed a higher prevalence of hypertension dur-
ing pregnancy than that seen in other predominantly white
populations: 23% versus 7% to 10% (27).

Although pregnant women with mild essential hyper-
tension do have a greater risk of developing superimposed
preeclampsia, most of these patients do not experience compli-
cations during pregnancy. Treatment of hypertension has not
been shown to decrease risk for preeclampsia (25). If hyperten-
sion in pregnancy is associated with proteinuria greater than
500 mg/d, even in the absence of overt preeclampsia, increased
maternal complications and worse fetal outcome are seen (28).

Poor outcomes and even death may occur when hyperten-
sion is secondary to scleroderma, cocaine ingestion, or pheo-
chromocytoma. Fibromuscular dysplasia is a frequent cause of
renal artery stenosis in young women, and it should be consid-
ered when hypertension precedes pregnancy. An apparent para-
dox is observed in patients with renal artery stenosis: they may
actually have reduced hypertension during pregnancy because
altered tubular function in pregnancy leads to less potas-
sium loss and less induction of aldosterone (29). Correction
of the stenosis by angioplasty with resolution of hypertension
decreases risk of fetal and maternal complications (30).

In patients with chronic hypertension without superim-
posed preeclampsia, most (more than 85%) experience uncom-
plicated pregnancies. However, birth weights are lower and the
perinatal mortality rate is increased in patients with hyperten-
sion due to underlying renal disease or other secondary cause,
older than 40 years, diabetic, with previous pregnancy loss, or
history of stroke compared with normotensive patients (25).
Whether treatment of mild chronic hypertension affects the
risks of premature delivery and superimposed preeclampsia is
controversial. Methyldopa has been recommended as the drug
of choice. The angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers, which are widely used in many
other settings of hypertension and cardiovascular disease, are
contraindicated in pregnancy because of their association with
both neonatal acute renal failure and birth defects (26).

Preeclampsia Superimposed on Chronic
Hypertension

Patients with this disorder have underlying hypertension in
combination with a further elevation of blood pressure and the
appearance of or increase in proteinuria, that is, preeclampsia.
Edema may also develop. In a series of 13 women with pre-
existing essential hypertension or renal disease who were sus-
pected of having superimposed preeclampsia clinically, only 7
of the biopsies showed typical changes of preeclampsia (31).
About 25% of pregnant women with chronic hypertension
develop superimposed preeclampsia (25). Preeclampsia in this
population frequently occurs in midpregnancy or early in the
third trimester. An acute medical emergency can arise in this
setting, and fetal outcome may be jeopardized (25).

Gestational Hypertension

Gestational hypertension is defined as hypertension after
20 weeks estimated gestation in women without previous
hypertension and without proteinuria (25). In various studies,
15% to 45% of these patients developed preeclampsia (25).
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Blood pressure normalizes within 10 days after delivery, but
late hypertension may recur in subsequent pregnancies (29).

Preeclampsia and Eclampsia

Clinical Findings

Toxemia of pregnancy, including both preeclampsia and
eclampsia, occurs in up to 8% of pregnancies, with an increas-
ing incidence, and especially higher incidence in developing
countries (32,33). True eclampsia, defined as the occurrence
of convulsions in association with the signs and symptoms of
preeclampsia, was found in nearly 4.9 per 10,000 pregnancies
in one study from the United Kingdom (34). In lower-income
settings, 2.3% of women with preeclampsia developed eclamp-
sia, compared to only 0.8% of women in countries with higher
income (35). The disease is named eclampsia (from the Greek
eklampsis, meaning sudden flashing, i.e., lightening) because
of the sudden occurrence of onset of convulsions in association
with the signs and symptoms of preeclampsia. Preeclampsia is
primarily a disease of the nullipara and manifests usually after
the 20th week of the first gestation. Before the 20th week of
gestation, preeclampsia is most frequently associated with
molar pregnancy or its degeneration. When the disease occurs
for the first time in multiparas, it is typically associated with
multiple-birth gestation, fetal hydrops, preexisting vascular dis-
ease, or renal disease (36). A large study systematically review-
ing controlled studies published from 1966 to 2002 examined
unadjusted relative risk for development of preeclampsia
based on factors that could be determined at the initial visit.
Increased risk of preeclampsia was seen in patients with a his-
tory of previous eclampsia, antiphospholipid antibodies, preex-
isting diabetes, multiple pregnancy, nulliparity, family history
of preeclampsia, increased diastolic blood pressure at initial
visit, increased body mass index before pregnancy or even at
initial visit, and maternal age of 40 years or older. There was
also an increased risk with an interval of 10 years or more since
a previous pregnancy, with autoimmune disease, renal disease,
and chronic hypertension (37).

Preeclampsia is characterized by hypertension (greater
than 140/90 mm Hg or marked increase over baseline), pro-
teinuria, and edema, especially of face and hands. The labile
hypertension and altered circadian rhythm of blood pressure
in preeclampsia, with higher levels at night, may lead to dif-
ficulty in detecting the increased blood pressure if blood
pressure is measured only during the day (1). Wide fluctua-
tions in blood pressure, even including the normal range, are
thought to reflect increased sensitivity to vasoconstrictors (7).
Proteinuria is usually not marked, but the nephrotic syndrome
with protein loss of up to 23 g/d has been reported (38). The
condition occasionally progresses to a convulsive phase, termed
eclampsia, which may be life threatening. Eclampsia occurs in
about 5 of 10,000 live births. The incidence has declined, per-
haps due to urgent delivery in the preeclamptic patient or use
of magnesium sulfate (39). Preeclampsia and eclampsia fol-
low only hemorrhage as a cause of pregnancy-associated death
in women worldwide (35). Data from the United Kingdom
showed that nearly 2% of eclamptic women died, as did 7%
of their offspring (34). Eclampsia may also develop without an
obvious preceding stage of preeclampsia (34). In some patients,
hypertension, proteinuria, and convulsions may occur in the
immediate postpartum period (so-called “late postpartum
eclampsia”). Preeclampsia and eclampsia may occur de novo,
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or they may be superimposed on preexisting hypertensive dis-
orders, as mentioned below.

In preeclampsia, the GFR is decreased, but this change
may not be detectable because of the preceding normal increase
of GFR seen with pregnancy. Detailed studies have now elu-
cidated further the functional implications of the endotheliosis
lesion that characteristically occurs in preeclampsia/eclampsia.
Patients with preeclampsia had markedly decreased GER levels,
91 + 23 versus 149 + 34 mL/min/1.73 m2 in normals, whereas
renal plasma flow and oncotic pressures were similar to that in
normal pregnancy. Combined physiologic and morphomet-
ric studies were used to estimate the glomerular ultrafiltration
coefficient (K¢) in normal pregnancy and preeclampsia. The
decrease of both density and size of endothelial fenestrac and
the substantial subendothelial accumulation of lucent material
were postulated to lower glomerular hydraulic permeability in
preeclampsia. The presence of cellular interposition, that is,
infiltrating cells, usually monocyte/macrophages, interposed
between the endothelium and the GBM, also was postulated
to contribute to decrease in effective filtration surface area, so
that single nephron K estimated in this matter was well below
control. These changes occurred despite significantly larger glo-
merular volume in preeclampsia so that actual filtration surface
area was reduced to only a minor extent (40). These morpho-
logic findings suggest that structural lesions could be a major
contribution to decreased GFR owing to the decrease in Kyand
that hemodynamic changes may have less influence than previ-
ously thought (33).

Hyperuricemia resulting from decreased clearance pre-
dates heavy proteinuria in nearly all cases of preeclampsia.
Sodium is retained, contributing to edema. Peripheral resis-
tance and vascular sensitivity to angiotensin II are increased
(41). This finding is in contrast to the blunted responsiveness
to angiotensin in normal pregnancy with up-regulation of all
renin-angiotensin components. The Ang (1-7) metabolite of
angiotensin II counteracts many of angiotensin II’s actions and
is increased in normal pregnancy, in contrast to a decrease in
preeclampsia (41). Red blood cell fragmentation may occur
even in the absence of the postpartum hemolytic-uremic syn-
drome (see Chapter 18). Platelet counts are decreased, whereas
fibrin degradation products and fibronectin levels in plasma
are increased, indicative of fibrinolysis and vascular injury (42).
Despite the vascular injury, serum complement levels are usu-
ally not different in normal and preeclamptic pregnancies (43).
Urinalysis is nonspecific and may show occasional red blood
cells, white blood cells, and casts.

Differential Diagnosis

Because the clinical findings of preeclampsia are largely non-
specific, misclassification occurs commonly. Thus, several stud-
ies of postpartum renal biopsies in women thought to have
preeclampsia clinically showed other renal lesions in as many
as half these patients (38,40,44,45). Underlying renal biopsy
lesions included chronic glomerulonephritis, tubulointerstitial
lesions, membranous glomerulopathy, sickle cell nephropathy,
acute poststreptococcal glomerulonephritis, minimal change
nephrotic syndrome, and diabetic nephropathy, in descend-
ing order of frequency. In some patients, lesions of preeclamp-
sia were superimposed on specific findings of these renal
diseases (31,46). The clinical diagnosis is inaccurate even in a
large proportion of primiparas: 25% in one series of patients

with clinically diagnosed preeclampsia actually had chronic
glomerulonephritis (47). In patients with apparent preeclamp-
sia before the third trimester, an especially high prevalence of
underlying disease has been found. When preeclampsia was
diagnosed clinically before 37 weeks’ gestation, 67% of patients
in one study had disease other than preeclampsia, including
glomerulonephritis (IgA nephropathy, other mesangial glo-
merulonephritis, reflux nephropathy, polycystic kidneys, and
diabetes) and essential hypertension (48).

The effect of pregnancy on preexisting renal disease is
discussed below on page 837. These patients represented a
population referred for evaluation of possible renal disease
postpartum, and many had hematuria. In one study, women
with clinical diagnoses of either preeclampsia or gestational
hypertension without clinical evidence of underlying disease
during pregnancy were evaluated postpartum for evidence
of renal disease. This clinical evaluation showed evidence of
underlying renal disease in only 7 of the 87 (8%) women with
a diagnosis of preeclampsia and in 16 of the 99 (16%) patients
with apparent gestational hypertension (49). However, renal
biopsy was performed only in the single patient who had hema-
turia in this series (demonstrating thin basement membrane
lesion). Two points emerge from these studies. First, the inci-
dence of underlying renal disease varies among patients with
apparent preeclampsia, depending on patient referral and selec-
tion criteria. Second, the exact structural lesions underlying
renal dysfunction in pregnancy cannot be known precisely in
the absence of renal biopsy.

Nonrenal disorders may also be associated with preeclampsia-
like syndromes. A case report describes the occurrence of a
reversible preeclampsia-like syndrome during pregnancy in
a hypothyroid patient (50). Renal biopsy showed enlarged,
bloodless glomerular tufts with endothelial cell swelling and
mesangial interposition, similar to findings seen in hypothy-
roidism without pregnancy and to the typical lesions of pre-
eclampsia (see Pathologic Changes, pp. 821-825).

Course and Prognosis
Clinical signs and symptoms of preeclampsia and eclampsia
resolve with cessation of pregnancy, typically within 24 hours of
delivery. If the patient is near term, preeclampsia is best treated
by induction of labor. If the fetus is immature, treatment with
bed rest and sedation may allow continuation of the gestation
unless findings of HELLP (bemolysis, elevated fiver enzymes,
low platelet count) syndrome (see HELLP syndrome, p. 832)
are present. Intravenous magnesium sulfate is used for impend-
ing eclampsia because of its antihypertensive effects and ame-
lioration of central nervous system symptoms of preeclampsia
and eclampsia (1). Other treatment strategies focus on antihy-
pertensives and fluid and electrolyte management. However, the
basic nature of volume homeostasis in preeclampsia has not been
defined. Some investigators view this as a condition with volume
overload, whereas others point to evidence of decreased plasma
volume in preeclampsia. Thus, diuretics and volume expansion
have variously been advocated in the treatment of preeclampsia.
Hypocalcemia is observed in preeclampsia, and treat-
ment of preeclamptic patients with calcium contributes to
normalization of blood pressure. Prophylactic calcium sup-
plementation also reduced the risk of gestational hyperten-
sion and preeclampsia, especially in developing countries, or
in developing countries in women with low basal calcium



levels (51). Increased emphasis on the possible participation
of thromboxane and prostacyclin in the pathogenesis of vaso-
spasm and thrombocytopenia has led to several trials of low-
dose aspirin for the prevention of preeclampsia. However, a
specific, effective prophylactic approach has not been defined.

The consequences of preeclampsia and eclampsia are dif-
ficult to assess because of several factors. First, clinical diagno-
sis of preeclampsia is not accurate, as discussed in Differential
Diagnosis (p. 820). Therefore, the long-term consequences
of preeclampsia may reflect the course of underlying disease
and not the pregnancy-induced injury. Second, clinical param-
eters are not sensitive indicators of renal injury, and long-term
follow-up is necessary to realize fully the impact of an injury
on progressive renal dysfunction. Finally, limited renal biopsy
studies have been performed. Although definitive diagnosis
of preeclampsia can be achieved only with renal biopsy, most
clinicians do not advocate this procedure in this setting. To
complicate matters further, the timing of biopsies in relation to
the preeclampsia-associated injury varies greatly. Furthermore,
even normal pregnancies may be associated with mild focal
endotheliosis lesions in biopsies (5). Even heavy proteinuria
typically resolves by 3 months postpartum, and the typical
glomerular lesion of preeclampsia, that is, endothelial swell-
ing, also appears to be completely reversible (see Pathologic
Changes, below). In contrast, persistent proteinuria, hyperten-
sion, and abnormal urinalysis findings beyond 3 months post-
partum suggest other underlying renal disease (see Differential
Diagnosis) (24). Long-term, preeclampsia is linked to increased
cardiovascular disease and increased chronic kidney disease
(39). When preeclampsia only occurred in the first pregnancy,
the relative risk for end-stage renal disease was 4.7, with fur-
ther increase if preeclampsia developed in additional pregnan-
cies (52). Severe preeclampsia is also associated with doubling
of the risk of development of venous thrombosis compared to
normotensive pregnancies. The risk of development of type
2 diabetes mellitus is also increased in women with a history
of preeclampsia, even after controlling for other risk factors for
development of diabetes (39).

Renal biopsy findings correlated with some of these late
complications. When nephrosclerosis, that is, sclerosis of vessels
and glomeruli, was present in the renal biopsy in preeclamptic
patients, 74% of patients had hypertension on follow-up (53).
In contrast, only 9.4% of preeclamptic patients without vascu-
lar lesions developed hypertension, not significantly different
from age-, sex-, and race-matched control populations. These
data were taken to suggest that persistent hypertension after
preeclampsia reflected preexisting disease and was not a conse-
quence of preeclampsia. However, because baseline biopsies are
typically not available, this issue has not been directly proven.
Limited studies with follow-up biopsies have directly examined
the reversibility of renal lesions in preeclamptic patients. In a
small study of patients with nephrosclerosis detected in immedi-
ate postpartum biopsies, follow-up biopsies revealed persistent
arteriolar changes, and four of these patients developed hyper-
tension again in subsequent pregnancies (54). Taken together,
these data suggest that arteriolar sclerosis may be irreversible
and associated with increased risk for subsequent hypertension.
Furthermore, based on the nature of the morphologic changes,
the presence of arteriosclerosis or arteriolosclerosis in patients
with preeclampsia likely reflects incipient hypertension-attrib-
uted nephrosclerosis.
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Pathologic Changes

HISTORICAL PERSPECTIVE

The glomerular changes of preeclampsia in autopsy specimens
were initially described in detail by Lohlein in 1918 (55) and a
few years later by Fahr (56,57). These investigators noted glo-
merular tuft swelling and expansion of the glomerular capil-
lary wall, resulting in a bloodless appearance of the capillaries
and capillary lumen occlusion. Subsequently, Bell (58) sug-
gested that basement membrane thickening was responsible
for the capillary occlusion. Sheehan (59) reported an extensive
autopsy experience of patients with toxemia who died of appar-
ent incidental obstetric complications. Remarkably, most of
these autopsies were performed within 15 minutes to 2 hours
after death, thereby avoiding artifacts from extensive autolysis
(59,60). Shechan, with only light microscopic studies available,
noted glomerular endothelial cell swelling and fibrils between the
endothelial cells and the basement membranes and postulated
that endothelial cell changes accounted for the thickened capil-
lary wall. Dieckmann et al. (61) were among the first to examine
renal biopsy material in preeclampsia, and they confirmed many
autopsy findings. These early light microscopic studies focused
on the thickened glomerular capillary wall, thought to repre-
sent a thickened glomerular basement membrane. However, not
until electron microscopic examination became available were
these light microscopic observations further elucidated. Spargo
et al. (62) and Farquhar (63) demonstrated by electron micros-
copy that the thickening of the glomerular capillary wall seen
by light microscopy was not due to the glomerular basement
membrane thickening in that the lamina densa of the glomeru-
lar basement membrane consistently was normal. However,
these ultrastructural studies confirmed the presence of endothe-
lial cell swelling. The term glomerular endotheliosis was coined by
Spargo et al. for the described lesion (62). Other investigators
confirmed the presence of glomerular endothelial cell swelling
(64-67) and also described swelling of the podocytes (66,67).
The occurrence of substantial glomerular subendothelial depos-
its visualized by electron microscopy was noted by Hopper et al.
in 1961 (68). These deposits and the presence of a translucent
subendothelial zone, possibly relating to fibrin deposition, were
described in detail by Kincaid-Smith in 1973 (69). Furthermore,
cellular interposition, that is, interposed portions of cells, most
often monocyte/macrophages, between the endothelium and
the GBM, was recognized to contribute to glomerular capillary

wall thickening by Altchek (64) and Ishikawa (70).

GROSS APPEARANCE

Judging by the older reports on autopsies in cases of eclampsia,
the kidneys show no distinctive changes visible to the naked
eye (71). They are of normal size or are slightly enlarged; the
cortex is pale and widened in the larger kidneys, whereas the

glomeruli can often be seen to be unduly prominent and gray
if looked at with a hand lens.

MicroscoriC FINDINGS

The renal lesions are not substantially different in preeclampsia
and eclampsia. The severity of morphologic alterations, which
primarily affect the glomeruli, parallels the severity of clinical
disease.

Glomeruli The glomeruli are diffusely slightly enlarged and
swollen, and they appear bloodless (Fig. 19.1). In one postmor-
tem study (71), glomerular size was approximately 10% larger
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FIGURE 19.1

Glomeruli from patients with preeclampsia. A: The tuft appears bloodless, and the capillary lumina are reduced

(so-called endotheliosis lesion). There is no cellular increase. (PAS, x400.) B: In this patient, the tuft is bloodless and appears solidi-
fied (so-called endotheliosis lesion). Features are similar to those in (A), but the lesion is more severe. (H&E, x450.) (Both courtesy of

J. Charles Jennette, MD.)

than normal. The glomeruli show a characteristic lobular pattern
from capillary expansion producing cigar-shaped lobules. The
glomerular capillary lumina are narrowed or even obstructed
because of marked mesangial and endothelial cell swelling and
hypertrophy, so-called glomerular capillary endotheliosis (62).
The glomerular capillary loops are dilated, so-called ballooning,
particularly at the tubular pole. This may result in herniation of
the glomerular tuft into the proximal tubule (so-called pout-
ing; Fig. 19.2) (71). This extension involved about half of the
glomeruli in this study (71), with capillary loops extending on
average 50 pm into the proximal tubule. Glomerular capillary
endotheliosis has been viewed by Gaber et al. (72) as pathog-
nomonic for preeclampsia. Although it is well accepted that

FIGURE 19.2 Glomerulus from a patient with preeclampsia showing
similar features as in Figures 19.1, as well as herniation of the tip of the
swollen glomerulus into the proximal tubule (so-called pouting), which is a
characteristic but not specific feature of preeclampsia/eclampsia. (Jones
silver stain, x400.) (Courtesy of J. Charles Jennette, MD.)

this lesion is part of the glomerular structural changes in pre-
eclampsia, and the fully developed lesion as assessed by light and
electron microscopy is characteristic, other lesions also occur in
varying proportion, depending on the timing of the biopsy and
the severity of the disease. Finally, endotheliosis-like lesions may
not be uniquely present in preeclampsia. Normotensive patients
with abruptio placentae showed lesions similar to, albeit milder
than, those described in this section (73). Furthermore, in a
study of renal biopsies performed 8 to 10 days postpartum in
32 women with gestational hypertension without proteinuria or
clinical evidence of preeclampsia, 12 biopsies revealed the “spe-
cific” pattern of preeclampsia (74). A recent small study revealed
that even some normal pregnancies may also be associated with
small areas of endotheliosis-type lesions (5).

Glomerular cellularity may be normal or slightly increased
with only rare, or no, neutrophils. Mesangial and endothelial
cell vacuolization with accumulation of fluid and lipid is visual-
ized well on osmium-fixed toluidine blue-stained thick sections
(45). The foamy, bubbly appearance of the glomerular endothe-
lial, or to some extent mesangial, cells, or even cholesterol clefts
at later stages, may relate to severe proteinuria (Fig. 19.3) (62).
Fibrils within swollen glomerular endothelial cell cytoplasm
adjacent to the basement membrane may be visualized (59,60).
Mesangial cells and matrix may be mildly increased, and cel-
lular processes may extend between the glomerular basement
membrane and endothelium (cellular interposition). Cellular
interposition is especially prominent in more severe disease
and in the healing stage (69,71,75). Podocytes are swollen and
prominent and may contain hyaline droplets that are positive
for periodic acid-Schiff stain (Fig. 19.4). Crescents are seen only
in the most severe cases of preeclampsia and eclampsia (60,71).

The glomerular capillary wall is thickened. Its components
may be distinguished by the Alcian blue/periodic acid-Schiff
reaction, which stains the glomerular basement membrane
magenta and the cytoplasm blue. Silver stain may show a
double contour, in part because of the interposition of cell
cytoplasm processes (Fig. 19.5) (69). Glomerular basement
membrane remodeling is associated with increased staining for
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FIGURE 19.3 Glomerulus from a patient with preeclampsia revealing
a pronounced bubbly appearance in the consolidated areas, caused by
swollen endothelial cells and podocytes. (PAS, x400.) (Courtesy of Vivette
D'Agati, MD.)

FIGURE 195 Glomerulus from a patient with preeclampsia showing wide-
spread glomerular basement membrane double contours, revealed by electron
microscopy (see Fig. 19.14) to be due to interposition and increased lamina
rara interna. (Jones silver stain, x1000.) (Courtesy of Vivette D'Agati, MD.)

laminin, type IV collagen, fibronectin, and proteoglycan (76).
Carefully performed studies from biopsy material have revealed
no distinct changes of the juxtaglomerular apparatus (77).

Time Course of Glomerular Lesions Endotheliosis, as
described and coined by Spargo et al. (72), has often been
regarded as the pathognomonic feature of preeclampsia.
However, depending on the timing of the biopsy, other features
may also be prominent. Various series have shown remarkable
differences in frequency of detection of glomerular subendothe-
lial deposits of fibrin or fibrinoid material (62,66,68,69,73,75).
The analyses of Kincaid-Smith (75) of the evolution of lesions
during pregnancy and postpartum indicate that these fibrin-like
deposits may disappear quickly postpartum. Subendothelial
deposits are most consistently present in biopsies done during

FIGURE 19.4 Glomerulus from a patient with preeclampsia revealing
similar lesions as in Figure 19.3 and segmental hyaline droplets in the
podocytes. (H&E, x400.) (Courtesy of Vivette D'Agati, MD.)

the first few postpartum days (75). Rapid fibrinolysis can occur,
and thus, fibrin would be less likely to be present after delivery
and resolution of the preeclamptic injury cascade. Focal throm-
botic microangiopathy may also be present in clinically severe
cases of preeclampsia or full-blown eclampsia, mirroring the
severity of the disease (Fig. 19.6).

Similarly, the extent of foam cells is correlated with the
timing of biopsy. In postpartum biopsies, glomerular endo-
thelial and, to a lesser extent, mesangial foam cells are nearly
universally present as part of the endotheliosis lesion, a finding
confirmed when biopsies were carried out within 12 days post-
partum (62,78). In contrast, the biopsy study conducted over
a longer time course by Kincaid-Smith and Fairley (79) and
the extensive autopsy experience of Sheehan (59) documented
only sparse foam cells. After the immediate postpartum period,
cellular edema was reduced, whereas endothelial proliferation
and increased mesangial cells persisted (80). Basement mem-
brane double contours also appear to resolve rapidly after preg-
nancy, although these changes may persist for months in some
cases (69,75). Focal segmental glomerulosclerosis occurs in
some cases and is discussed on page 825.

Tubulointerstitium  Tubulointerstitial changes are nonspe-
cific. Atrophy of tubules and interstitial fibrosis parallel glo-
merular sclerotic changes. Proximal tubules may show protein
reabsorption droplets and lipid droplets (45). Casts are present,
particularly in collecting ducts, and some contain hemoglobin
and stain for iron.

Blood Vessels  Renal biopsies contain limited samples of large
vessels, and the vascular changes observed in biopsies from
preeclamptic patients are usually nonspecific. Multiple mecha-
nisms may contribute to the lesions. Medial hypertrophy of
renal and extrarenal interlobular arteries and arterioles in pre-
eclampsia (44) may result from increased sensitivity to vasoac-
tive substances such as angiotensin II (41) (see Clinical Findings,
p. 819), which can exert trophic actions on vascular smooth
muscle cells. The insudative lesions of hyalinosis of vessels
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FIGURE 19.6 Glomeruli from patients with severe preeclampsia (A) and severe preeclampsia/eclampsia (B) revealing endotheliosis
lesion and segmental early thrombotic microangiopathy. (A, Jones silver stain, x400; B, H&E, x400.) (Both courtesy of Vivette D'Agati, MD.)

possibly are related to endothelial injury and acute changes of
blood pressure in preeclampsia. Findings of arteriosclerosis and
arteriolosclerosis, with intimal fibrosis and thickening and redu-
plication of the elastic lamina, indicate the likelihood of preexist-
ing nephrosclerosis (see p. 821) (53,72). This lesion of intimal
sclerosis of arteries or arterioles was found in approximately one
third of patients with pregnancy-related hypertension and in 10
of 14 patients with known hypertension or renal disease before
pregnancy (44). Vascular lesions of malignant hypertension were
found in some patients with preexisting renal disease and severe
toxemia resulting in death, although hypertension was not at
malignant levels clinically (81). These data could be taken to
indicate that more severe toxemia occurs with more severe preex-
isting vascular lesions. On the other hand, severe vascular lesions
of apparent “malignant hypertension” in these early reports may
have been related to thrombotic microangiopathy (Fig. 19.7)
(79). Severe vascular lesions, including possible vasculitis and

FIGURE 19.7 Patient with severe preeclampsia and glomerular endo-
theliosis lesion with severe arteriolar lesion with fibrinoid necrosis and
intraluminal fibrin. (H&E, x400.) (Courtesy of Vivette D'Agati, MD.)

thrombosis, can also occur when antiphospholipid antibodies
are present (see p. 840).

ELECTRON MICROSCOPIC FINDINGS
Early biopsy studies with electron microscopy shed light on the
precise cellular abnormalities in preeclampsia (62,63,66,82,83).
Swelling of glomerular endothelial cells and, to a lesser extent,
of mesangial cells is a prominent feature (Figs. 19.8 and 19.9).
Lysosomes may be present in both cell types. Mesangial cells
and matrix are increased, and mesangial cell interposition con-
tributes to glomerular capillary wall thickening. Vacuolization,
droplets, cytoplasmic strands, lipid, dense bodies, myelin
figures, and increased numbers of cell organelles can be seen in
both glomerular endothelial and mesangial cells (Fig. 19.10).
Glomerular epithelial cell vacuolization and swelling are also
frequent (66,67,79). Foot process effacement is seen only seg-
mentally, and it does not appear to correlate with the degree of
proteinuria (38). Epithelial cell droplets were shown by immu-
noelectron microscopy to contain immunoglobulin comple-
ment, fibrinogen, and larger amounts of albumin (75). Lipid
droplets, both extracellular and intracellular, can be present.

Glomerular subendothelial and occasional mesangial
vague densities are present, depending on the timing of biop-
sies (Figs. 19.11 and 19.12). The material can appear fibril-
lar, as more or less localized dense deposits, or as granular
deposits. In severe cases, fibrin tactoids may be present in the
glomerular subendothelial areas, the mesangium, and, rarely,
the urinary space (Fig. 19.13) (44,45). Most investigators have
identified fibrillar fibrin within dense glomerular subendothe-
lial deposits (44,45,75,78,84). In one study, these deposits
decreased in size postpartum and disappeared over the first 8
days after delivery (85). Fibrin- or fibrinogen-related break-
down products, fibronectin, and matrix components localized
to these areas immunohistochemically (76,84). By immuno-
electron microscopy, IgM staining also localized to areas of
glomerular subendothelial electron-dense deposits in thick-
ened loops (75).

The lamina densa is not increased in thickness. The glo-
merular basement membrane shows increased lucency of the
lamina rara interna. Thus, by electron microscopy, several
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FIGURE 19.8 A: Diagram depicting one normal glomerular capillary. (Green = podocyte, dark gray = GBM, yellow = endothelial cell,
red = mesangial cell, light gray = mesangial matrix). B: Diagram depicting a glomerular capillary in eclampsia with extensive endothe-
lial swelling and expansion of the zone between the inner surface of the GBM and the endothelial cell.

elements are seen to contribute to the thickened glomerular
capillary wall and reduplication of the basement membrane
seen by light microscopy: endothelial cell swelling, mesangial
cell interposition with new basement membrane formation
(Fig. 19.14A), and an increased lucent zone of the lamina rara
interna (Fig. 19.14B).

IMMUNOFLUORESCENCE FINDINGS

Early studies proposed that subendothelial deposits were
derived from fibrinogen (66-73). Demonstration of fibrin or
fibrinogen by immunofluorescence further provided support
for abnormal intravascular coagulation (80,84) (Fig. 19.15).
Immunofluorescence showed IgM and fibrinogen staining of
mesangial and glomerular capillary areas and arterioles in most
patients (24 of 36), with an additional few patients showing
staining with either antisera. Occasional biopsies stained with
IgA, IgG, or complement components C3 and Clq, mainly in
mesangial areas (44,78,86). Glomerular staining for fibrino-
gen and fibrin was more pronounced in biopsies taken within
the first 2 weeks postpartum, although immunofluorescence
positivity and deposits were occasionally observed as late as
2 months after delivery (80,84), with no staining at 3 months
in one series (86). The relatively rare dense deposits visualized
by electron microscopy support the concept that the immu-
nofluorescence staining represents insudation or hyalin with
varying degrees of fibrin-related products rather than immune
complexes.

PROGNOSTIC MARKERS

Typical glomerular lesions of endotheliosis are reversible over
weeks to months without permanent sequelae. The duration
of hypertension after delivery correlated with the severity of
glomerular lesions, but not with vascular, that is, arteriolar/

arterial, lesions in a series of 20 cases of preeclampsia. All of
these patients became normotensive within 3 months, and pro-
teinuria disappeared (87). The presence of additional vascular
lesions may signify a worse renal prognosis. Vascular lesions of
arteriosclerosis or arteriolosclerosis in patients with preeclamp-
sia are associated with a high incidence of chronic hypertension
(see Course and Prognosis) (45).

Focal Segmental Glomerulosclerosis Lesions

in Preeclampsia

Idiopathic focal segmental glomerulosclerosis associated with
the nephrotic syndrome is discussed in Chapter 6. The effect
of this disease on pregnancy and vice versa is discussed under
Specific Renal Disease and Pregnancy. However, the lesion
of focal and segmental glomerulosclerosis occurs as a mani-
festation of nonspecific chronic injury in many settings. The
significance of this focal and segmental lesion of glomeruloscle-
rosis in pregnancy is controversial. Although the lesion itself
has been well described, its relation to preeclampsia or other
underlying mechanisms has been debated. Several reports indi-
cate that focal and segmental hyalinosis and glomerulosclerosis
may occur de novo during pregnancy with preeclampsia (Fig.
19.16) (53,88-92). These lesions of glomerulosclerosis in preg-
nancy with preeclampsia resemble those of the cellular lesion
of idiopathic focal and segmental glomerulosclerosis. Sclerotic
segments of the glomerulus show adhesions with segmentally
collapsed capillaries and wrinkled glomerular basement mem-
branes. Overlying podocytes show hyperplasia and frequent
vacuoles. Furthermore, some of the subendothelial dense or
granular deposits observed in preeclampsia are virtually indis-
tinguishable from the hyalinosis seen in conjunction with idio-
pathic focal and segmental glomerular lesions in the nephrotic



FIGURE19.9 Electron micrographs from a 19-year-old woman with eclampsia. A: The capillary lumen is decreased
secondary to swelling of the endothelial cell (END). The intercapillary cell mass, including mesangium (MES), appears
increased, and there is an increase in amorphous material along the inner surface of basement membrane, especially in
the region of the intercapillary cell mass. Epithelial cell (EPITH) changes are mild, except for occasional large blebs show-
ing almost no filamentous matrix or cytoplasmic particulates. B: A prominent mesangium separating two areas of highly
vacuolated endothelial cells can be seen. (Transmission electron microscopy, x3000.) (Both courtesy of Ben Spargo, MD.)




syndrome. Segmental sclerosis involves appreciable numbers
of glomeruli, 28% to 62% in one study and 10% to 50% in
another (89,92).

Difficulties arise in establishing a causal link between
preeclampsia and biopsy lesions because of the imprecision
of the clinical diagnosis of preeclampsia, the variable timing
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FIGURE 19.10 Electron micrograph shows a
glomerular intracapillary cell with numerous
empty spaces from an 18-year-old patient with
preeclampsia. New basement membrane forma-
tion is also apparent. (Transmission electron micros-
copy, x4656.)

of biopsies, and the lack of prepregnancy or follow-up data.
Gaber and Spargo (53) have suggested that lesions other than
endotheliosis represent preexisting disease processes other than
preeclampsia. These investigators studied renal biopsies per-
formed on average 8 days postpartum from 20 patients with
severe preeclampsia characterized by marked hypertension,

FIGURE 19.11 Electron-dense material on the
endothelial side of the glomerular basement mem-
brane (upper part of picture). (Transmission electron
microscopy, x6500.) (Courtesy of Mary MacDonald,
MD.)
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FIGURE 19.12 Fibrillar electron-dense material
on the endothelial side of the basement mem-
brane. (Transmission electron microscopy, x31,000.)
(Courtesy of John Lee, MD.)

proteinuria, and edema. Focal segmental sclerosis was present
in seven patients, five of whom also had arteriosclerosis. The
authors suggested that the focal sclerosis related to underly-
ing nephrosclerosis and not to preeclampsia. They further
suggested that the prognosis would be that of patients with
preeclampsia with underlying nephrosclerosis, 74% of whom
develop persistent hypertension. Unfortunately, no follow-
up was reported for the patients in this series to explore this
hypothesis further.

In another series of preeclamptic patients with focal seg-
mental glomerulosclerosis (91), 2 of 13 showed frequent hya-
line arteriolosclerosis, a lesion that does not itself indicate
preexisting nephrosclerosis (72). Milder arteriolar lesions were
seen in four additional cases. Vascular lesions were less pro-
nounced in a control group of six patients with typical pre-
eclampsia lesions without segmental glomerulosclerosis lesions.

However, seven patients with focal segmental glomeruloscle-
rosis did not have arteriosclerosis, in contrast to the findings
of Gaber and Spargo (53). In another study of eight patients
with focal segmental glomerulosclerosis and preeclampsia (90),
none showed intimal fibroplasia, again supporting the concept
that vascular disease does not account for the development of
these glomerular lesions. Focal segmental glomerulosclerotic
lesions were present in one study of patients with preeclamp-
sia who did not have preexisting hypertension or proteinuria
before pregnancy (85,92). Further interesting evidence sup-
ports the concept that glomerulosclerosis may be part of the
spectrum of injuries induced by preeclampsia. A patient with
repeated hypertension during her pregnancies had an initial
renal biopsy with only typical changes of preeclampsia and no
vascular lesions, followed by a later biopsy with focal segmental
glomerulosclerosis (44).
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FIGURE 19.13 Mesangial and endothelial cell swelling, subendothelial densities, and fibrin tactoids in a glomerulus
from a patient with severe preeclampsia. The biopsy was performed 5 days postpartum. (Transmission electron microscopy, x8330.)

Patients with preeclampsia and additional focal segmen-
tal glomerulosclerosis differ in several respects from those who
have only preeclampsia. In a large study, renal biopsies obtained
8 to 10 days postpartum were analyzed (92). In all 42 women
with a clinical diagnosis of preeclampsia, the typical morpho-
logic lesions described in Pathologic Changes (p. 821) were
present: endothelial cell swelling, double contour of the glo-
merular basement membrane, and occasional glomerular sub-
endothelial deposition of IgM and fibrin (92). Superimposed
focal segmental glomerulosclerosis was present in 19 of these
42 women. The patients in this group more commonly were

multiparas and had more severe hypertension, and nearly all
presented with the nephrotic syndrome (18 of 19 vs. 5 of
23 among women without these lesions). Despite these find-
ings suggesting more severe injury, all patients had resolution of
proteinuria within 3 months of delivery, and only one patient
showed persistent hypertension during the follow-up period.
Similar findings were reported in patients from Japan. Only
patients with typical preeclampsia clinically in a first pregnancy
and without any evidence of preexisting disease were included
in this study (91). Renal biopsies were performed on average 18
days after delivery. Typical changes of preeclampsia were present



m Heptinstall's Pathology of the Kidney

FIGURE 19.14 Glomeruli from patient months
after severe preeclampsia. A: The numerous dou-
ble contours seen by light microscopy are revealed
to be due to interposition and increased lamina rara
interna. (Transmission electron microscopy, x4000.)
B: This patient has marked increased lamina rara
interna, which contributes to the split appearance
of the GBM by light microscopy. (Transmission elec-
tron microscopy, x7000.) (Both courtesy of Vivette
D'Agati, MD.)

in all biopsies: moderate endothelial swelling, circumferential
cellular interposition, and increased widening of the lamina rara
interna. In addition, focal segmental glomerulosclerosis with
occasional hyaline deposits and increased glomerular visceral
epithelial cell droplets were observed in 13 of the 19 patients.
These lesions involved on average 20.7% of glomeruli (range,
3.1% to 56.5%), the extent of sclerosis correlating with duration
of marked proteinuria after delivery. These sclerotic lesions were
not restricted to the urinary pole but also occurred at the vas-
cular pole and at intermediate glomerular locations. Proteinuria
disappeared in all patients after pregnancy, although it persisted
longer in patients with focal segmental glomerulosclerosis (5.7
vs. 2.3 months). One patient with a second biopsy showed less
severe glomerular and vascular lesions than in the first biopsy.
Remarkably, in three patients, no proteinuria or hypertension

developed during a second pregnancy, including the patient
with the most extensive glomerulosclerosis. These studies show
that focal segmental glomerulosclerotic lesions are not infre-
quent among preeclamptic women who undergo renal biopsies,
and these lesions do not necessarily impart a poor prognosis
(Table 19.1). Thus, these patients with preeclampsia and focal
segmental glomerulosclerosis did not show the striking increase
of hypertension at long-term follow-up seen in patients with
nephrosclerosis and superimposed preeclampsia, nor did they
show the progressive renal failure typical of idiopathic focal seg-
mental glomerulosclerosis.

Several studies have investigated possible mechanisms
contributing to this injury. Factors associated with progressive
glomerulosclerosis include abnormal glomerular hemodynam-
ics and abnormal glomerular growth factors that may manifest



FIGURE 19.15 Glomerulus from a patient with preeclampsia show-
ing positive fluorescence with antiserum to fibrinogen. The distribution
is along the inside of the capillary walls. (Courtesy of R. T. McCluskey, MD.)

as abnormal glomerular enlargement. Morphometric analysis
of preeclampsia-associated lesions of focal segmental glomeru-
losclerosis showed markedly increased glomerular size (74). In
contrast, only moderate increase in glomerular size was seen
in biopsies from patients with early gestational hypertension
or preeclampsia without glomerulosclerosis. In another mor-
phometric study (90), mesangial volume fraction was increased
remarkably in patients with classic lesions of preeclampsia and
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FIGURE 19.16 A patient months after preeclampsia/eclampsia with
occasional double contours of the GBM and well-developed segmental
sclerosis and hyalinosis. (PAS, x400.) (Courtesy of Vivette D'Agati, MD.)

focal segmental glomerulosclerosis compared even with pri-
mary focal segmental glomerulosclerosis or normal pregnancy.
These data support the concept that abnormal glomerular
growth and matrix expansion are prominent in preeclampsia-
associated focal segmental glomerulosclerosis.

In summary, although the studies described in this sec-
tion do not allow definite conclusions regarding the relation of
preeclampsia to the focal segmental glomerulosclerosis lesion,
some points can be made. The occurrence of apparent de novo
focal segmental glomerulosclerosis associated with pregnancy
supports a contribution of pregnancy or preeclampsia in their
evolution. Furthermore, these focal and segmental glomeru-
losclerotic lesions in preeclampsia do not represent those of
typical idiopathic focal segmental glomerulosclerosis, in which
persistent nephrotic syndrome or proteinuria and progression
of lesions occur. Most of these patients have a benign outcome
at long-term follow-up. In contrast, patients with underlying
nephrosclerosis have a high incidence of persistent hyperten-
sion after pregnancy (see Course and Prognosis, p. 820). Thus,
these findings do not support the concept of underlying neph-
rosclerosis as a mechanism for the development of glomerulo-
sclerotic lesions in preeclamptic patients. Recent studies show
that preeclampsia patients have long-term increased risk for

TABLE 19.1

Lesion Frequency

Course

Endotheliosis Invariable

Foam cells

Subendothelial densities Frequent peripartum

Glomerular basement membrane
reduplication

Fibrin or related products

Rare peripartum, more frequent postpartum

More common in severe disease

Rare by light microscopy; frequent by electron

Reversible over weeks to months

Resolve

Electron microscopic deposits resolve over first
week, Ig staining resolves over 2-3 months

Usually resolves rapidly; may persist for months

Resolution over weeks

microscopy and immunofluorescence

Variable:
35% (7/20; ref. 53)
45% (19/42; ref. 92)
71% (13/19; ref. 91)

Focal segmental
glomerulosclerosis

Not clinically progressive
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cardiovascular disease, chronic kidney disease, and diabetes
mellitus (39). The presence of focal segmental glomerulo-
sclerosis lesions certainly represents more severe acute injury.
Possibly, these severe lesions occur selectively in preeclamptic
patients with preexisting subclinical renal disease. On the other
hand, the increased proteinuria, more severe hypertension,
higher incidence of various vascular lesions, and, of course, the
focal segmental glomerulosclerosis lesion itself may all repre-
sent a more severe manifestation of preeclampsia. The severity
of endothelial injury combined with individual susceptibilicy
could contribute to the wide spectrum of glomerular changes
seen in preeclampsia. Endothelial injury, altered thrombotic
mechanisms, hemodynamic factors, and growth or matrix-
promoting factors are altered in preeclampsia-induced injury
and could contribute to the evolution of segmental sclerotic
lesions in preeclampsia. Whether those with segmental scle-
rosis associated with preeclampsia have heightened long-term
risks for chronic kidney disease beyond those without sclerosis
at time of preeclampsia has not been established.

HELLP Syndrome

The HELLP (bemolysis, elevated Aiver enzymes, and low platelet
count) syndrome is viewed by some investigators as part of a con-
tinuum that includes preeclampsia and hemolytic uremic syn-
drome (HUS)/thrombotic thrombocytopenic purpura (93,94).
This term was initially proposed by Weinstein (95) to describe
this catastrophic complication of preeclampsia. The HELLP
syndrome may develop rapidly, with progression in hours from
an apparently benign condition with minimal abnormalities to
a catastrophic illness. Patients may have life-threatening disease
with mild (30%) or even absent (20%) hypertension and may
not have proteinuria, thus supporting that this entity rather is
distinct from preeclampsia (94,96). The incidence of HELLP
syndrome among patients with preeclampsia ranges from 4% to
18.9%, with about one to two women affected per 1000 preg-
nancies (96,97). Patients usually present in the third trimester,
but the syndrome may occur eatlier or even postpartum (96).
Patients manifest with nonspecific malaise, right upper quadrant
pain, nausea, vomiting, and headache, or they may have vari-
ous degrees of jaundice, gastrointestinal and gum bleeding, and
hematuria. Laboratory findings are defined by the syndrome’s
acronym. Laboratory criteria include hemolytic anemia with bil-
irubin >1.2 mg/dL and LDH greater than 600 U/L, increased
transaminases (aspartate aminotransferase greater than 70 U/L),
and decreased platelets (less than 100,000/mm3). A possible role
for complement dysregulation in HELLP syndrome and pre-
eclampsia has been suggested but not proven (98,99).

PROGNOSIS

This condition is potentially life threatening because of the
marked coagulation abnormalities, hemolysis, and serious
abnormalities of liver function. Recent studies demonstrate
maternal mortality of approximately 1% (96). With prompt
termination of the pregnancy, the maternal prognosis is favor-
able (2,93,94). Most patients normalize the abnormal labora-
tory parameters by day 6 after delivery (96). In a large series
of 442 pregnancies with HELLP syndrome, maternal mortal-
ity was 1.1%. Perinatal mortality ranged from 7.7% to 60%,
depending on the severity of the maternal complications and
the degree of prematurity, and was increased in pregnancies
with acute kidney injury (97,100).

Long-term prognosis after HELLP syndrome with
resulting acute kidney injury was studied in 32 patients. Women
with postpartum HELLP syndrome had higher incidence of
acute kidney injury than those presenting antepartum: 12%
versus 5% (94). A clinical diagnosis of acute tubular injury
was made in 31 patients, with cortical necrosis presumed in
1 patient with persistent anuria. In subsequent pregnancies in
8 of the 23 normotensive survivors, only 1 case of preeclampsia
occurred, and none showed evidence of renal dysfunction at
follow-up. In contrast, the hypertensive survivors frequently
developed severe preeclampsia in subsequent pregnancies. One
woman developed full-blown HELLP syndrome again, whereas
a second patient developed renal failure in a later pregnancy.
Two of the five hypertensive survivors required chronic dialy-
sis (94). In more recent series, 10% to 46% of women with
HELLP syndrome and acute kidney injury needed acute dialy-
sis, but most showed recovery of kidney function (96). These
data also indicate a poorer prognosis for subsequent pregnancy
when HELLP syndrome occurs with preexisting hypertension.

Etiology and Pathogenesis of Preeclampsia

and Eclampsia

GENERAL

Numerous mechanisms have been postulated to contribute
to the development of preeclampsia/eclampsia. We will focus
on those related to key angiogenic factors, including vascular
endothelial growth factor (VEGF) and endoglin, and angio-
tensin type 1 (AT1) receptor agonistic antibodies, and how
these mechanisms may interact with placental alterations in
preeclampsia.

PLACENTAL MECHANISMS

Placental vascular abnormalities were recognized over 70 years
ago in preeclampsia and eclampsia (101). Several obstetric
conditions, such as hydatidiform mole, multiple-gestation
births, and hydrops, and medical conditions, such as diabetes
and hypertension, are associated with increased risk of pre-
eclampsia. A possible common underlying feature is placental
hypoperfusion related to underlying vascular injury. In nor-
mal pregnancy, cytotrophoblasts invade the endometrium and
myometrium and differentiate into syncytiotrophoblasts and
extravillous trophoblasts and penetrate the spiral arteries. The
endothelial lining and most of the muscle layer of these spiral
arteries are destroyed, contributing to their capacity to vasodi-
late during gestation, thus establishing uteroplacental circula-
tion by 12 to 13 weeks gestation. This remodeling process is
dependent on phenotypic switch of cytotrophoblasts, a process
referred to as pseudovasculogenesis (102). These changes result
in marked increase in blood flow to the fetus and allow the
fetal trophoblasts to be bathed in maternal blood. This cytotro-
phoblast invasion depends on complex cell-cell and cell-matrix
interactions. Preeclampsia is associated with abnormal differ-
entiation of cytotrophoblasts and altered expression of inte-
grins, key adhesion molecules (103). The end result is faulty
cytotrophoblast invasion of the decidua, with resulting shallow
invasion that breaches fewer arterioles. Reduced trophoblas-
tic invasion may be a pivotal injury leading to the cascade of
events culminating in full-blown eclampsia. This initial failure
to invade results in a hypoxic environment that further inhib-
its cytotrophoblast differentiation and invasion, thus perpetu-
ating a deleterious feedback mechanism that sets the stage for



later pregnancy complications such as preeclampsia (104). The
result is acute atherosis of the placenta, which is characterized
by fibrin deposition along the intima and fibrinoid necrosis
and foam cell invasion of the media of the spiral arteries. These
lesions lead to thrombosis and infarctions of and reduced blood
flow to the uterus and placenta.

Endothelial injury is the most constant morphologic find-
ing in renal biopsies of preeclampsia. Injured endothelium
can result in altered elaboration of or sensitivity to vasoactive
substances, increased thrombotic activity, and vascular per-
meability. Normal pregnancy is a condition with enhanced
thrombotic and fibrinolytic activities, which typically return
to normal prepregnant states within an hour after placental
delivery (105). This balance of thrombosis and fibrinolysis is
shifted further toward thrombosis in preeclampsia. Fibrin deg-
radation products and beta-thromboglobulin are increased and
thrombin activity is enhanced, whereas antithrombin levels are
increased and platelets are decreased (105,106). Fibronectin
and factor VIII antigen are released from injured endothelial
cells, and their blood levels are also increased in preeclampsia
(105). Syncytiotrophoblast microparticles, that is, 100- to 200-
nm subcellular particles, and nanoparticles, so-called exosomes,
that is, 20- to 40-nm cellular particles, are increased in the cir-
culation in preeclampsia. These microparticles are also quali-
tatively different from those seen in normal pregnancy in that
they can induce inflammation (107). A cascade of endothelial
injury initiated by the injured trophoblasts has been hypoth-
esized. The injured trophoblasts are proposed to release a factor
into the systemic circulation that induces sublethal endothe-
lial cell injury, resulting in low-grade intravascular coagulation,
loss of normal permeability barrier, and increased sensitivity to
pressors, culminating in the clinical syndrome of preeclamp-
sia (105,108). Studies of cytotoxic effects of serum from pre-
eclamptic women support this hypothesis: Cultured human
endothelial cells showed greater injury when exposed to sera
from preeclamptic women than sera from the same patients
within 48 hours after delivery or from normal women before or
after delivery (104). Key angiogenic factors normally released
from the placenta, including soluble form of the VEGF recep-
tor, sFle-1, placental growth factor (PIGF), and endoglin, may
be the key elusive intermediary mechanisms linking placental
and renal injuries in preeclampsia/eclampsia (109-112).

ANGIOGENIC FACTORS IN PREECLAMPSIA

Vascular endothelial-derived growth factor-A (VEGF-A) is a
primary growth factor for endothelial cells and in the glom-
erulus is produced exclusively by the podocytes (113). Vascular
factors such as VEGF and the angiopoietins are essential for
glomerular endothelial cell growth, and VEGF is needed for
maintenance of fenestrae (114,115). Thus, the kidney might
be particularly susceptible to loss of VEGE as the fenestrated
endothelium is essential for normal glomerular function. VEGF
is also implicated in the vascular remodeling that occurs when
cytotrophoblasts convert from an epithelial- to an endothelial-
type phenotype and invade maternal spiral arteries. This pro-
cess is defective in preeclampsia, and the resultant ischemia is
proposed to induce systemic endothelial dysfunction (112).
The main receptor for VEGE fms-like tyrosine kinase-1 (Fle-
1), exists in membrane-bound and soluble forms (sFlt-1). The
soluble form of the receptor lacks a cytosolic domain and func-
tions as an antagonist of VEGF and placental growth factor
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(PIGF), decreasing the free amounts of these factors available
to transduce active signaling via intact membrane-bound Flt-1.
Levels of sFlt-1 increase during the last 2 months of normal
pregnancy. However, in preeclamptic women, sFlt-1 increases
catlier, preceding the clinical onset of preeclampsia (109). A
splice variant of sFlt-1, sFLT-1-14, is particularly potent in
inhibiting VEGE sFlt-1 increase in the circulation is linked to
increased placental expression, particularly in areas of degen-
erative syncytiotrophoblasts, so-called syncytial knots (33).
Indeed, this increase of sFlt-1 in preeclamptic patients was
associated with decreased circulating levels of free VEGF and
PIGE, to levels that may be below those required to maintain
normal endothelial function. Experimental evidence proved the
causality and clinical relevance of these alterations. Exogenous
administration of sFlt-1 to pregnant rats induced hypertension,
proteinuria, and glomerular endotheliosis, the classic lesion of
preeclampsia (110). Additional studies using podocyte-specific
manipulation of VEGF-A showed that deletion of just one
VEGEF allele resulted in proteinuria and endotheliosis in mice.
Further, neutralization of VEGF with either exogenous sFlt-1 or
antibody caused proteinuria in mice. These studies thus dem-
onstrate specifically that relative lack or inhibition of VEGF
could result in proteinuria and endotheliosis lesions (114).
However, not all women with high sFle-1 or low PIGF
levels develop preeclampsia. Additional circulating factors that
potentially affect endothelial cell function in preeclampsia
have been identified. Endoglin is a receptor for transforming
growth factor-p1 (TGF-p1) and TGF-p3 and is expressed in
endothelial cells and in syncytiotrophoblasts (113). Endoglin
localizes to caveolae and is linked to nitric oxide synthase acti-
vation. Soluble endoglin is increased in the serum in the last
2 months of normal pregnancy but with earlier and higher
increases in preeclampsia (113). Increased soluble endoglin
may inhibit TGF-B1 signaling and nitric oxide activation and
thus impair normal endothelial cell function. Ratios of these
various angiogenic modulators have been assessed as predictors
of preeclampsia. An increase in sFlt-1:PIGF ratio predicted pre-
eclampsia. Increased soluble endoglin preceded an increase in
this ratio (113). An algorithm incorporating serum free PIGF
and various clinical parameters, including blood flow mea-
sures, had high sensitivity and specificity (94.1% and 94.3%,
respectively) in predicting preeclampsia (116). Increased podo-
cyte loss in urine is also seen early in preeclampsia and may
reflect early glomerular injury (117). Renal biopsies from pre-
eclamptic patients indeed show less staining for the key podo-
cyte markers, nephrin and synaptopodin (118). However, the
lack of easy availability of all these measures could limit utility.
Importantly, the key initiating events that could up-regulate
sFlt-1 expression in the placenta and change other angiogenic
modulators in preeclampsia have not been determined.

RENIN-ANGIOTENSIN SYSTEM

The renin-angiotensin system has long been studied in diseases
manifesting hypertension, but observations that plasma renin
activity and angiotensin II levels frequently are not increased
in preeclampsia had led to less enthusiasm for a primary role of
this pathway in its pathogenesis. However, many, albeit not all,
preeclamptic patients have an agonistic IgG autoantibody that
stimulates the AT1 receptor, presumably by altering conforma-
tion of the receptor and increasing its ability to bind circulating
angiotensin II (119-121). The possibility of an interaction of
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AT receptor agonistic autoantibodies in contributing to this
initial ischemic step is interesting but has not been proven. The
AT1 receptor transduces classic angiotensin actions, including
vasoconstriction, aldosterone secretion, and growth and matrix
synthesis. In addition to these agonist antibodies to the AT1
receptor, AT1 receptors may dimerize or heterodimerize with
the bradykinin B2 receptor, resulting in enhanced angiotensin
II responsiveness (122,123). The AT?2 receptor, which counter-
acts many AT receptor actions, was decreased in one study of
pregnancy-induced hypertension, supporting an imbalance of
AT1/AT2 receptors in this condition (124). Further, the coun-
teracting angiotensin metabolite, Ang (1-7), was decreased, as
was the angiotensin-converting enzyme (ACE) 2 level in pre-
eclampsia, supporting a deranged renin-angiotensin system in
the pathogenesis of preeclampsia. AT1 receptor agonistic anti-
bodies from preeclamptic patients infused into pregnant mice
resulted in glomerular lesions of preeclampsia. These lesions
were prevented by treatment with an angiotensin receptor
blocker or by a neutralizing peptide (125). When recombinant
VEGF121 was added to this AT1 agonistic antibody-induced
preeclampsia model, disease was prevented (126). However,
AT1 agonistic antibodies are also detected in serum in malig-
nant hypertension and in humoral rejection, so this mechanism
may not be specific for preeclampsia (32,127). Unfortunately,
the teratogenic effect of angiotensin inhibitors, either ACE
inhibitors or angiotensin receptor blockers, limits their use as
therapeutic agents in preeclampsia. The presence of the AT1
agonistic autoantibody was also linked to increased secretion of
plasminogen activator inhibitor-1, PAI-1, a key modulator of
fibrinolysis and proteolysis through its actions to inhibit tissue-
type and urokinase-type plasminogen activators (t-PA, u-PA)
(128). PAI-1 is increased in normal pregnancy, but increased
even further in patients with preeclampsia, correlating with
severity of placental damage (129). PAI-1 could also theoreti-
cally affect trophoblast invasion by preventing proteolysis and
fibrinolysis (129). Interaction of these AT1 agonistic antibodies
with the VEGF system has also been suggested. Thus, VEGF-
mediated angiogenesis can be decreased with AT1 receptor
blockers (120,130). The specific events that stimulate such
autoantibodies have also not been defined (111).

OTHER VASOACTIVE SUBSTANCES

Vasoactive substances are altered in preeclampsia. Although
women with normal pregnancies show refractoriness to the
pressor effects of infused angiotensin II, in preeclampsia, the
responsiveness is more similar to, or even increased over, that of
nonpregnant women, perhaps reflecting agonistic AT1 autoan-
tibodies (see above) (131). Other vasoactive substances may also
contribute to the abnormal vasoconstriction in preeclampsia.
Despite decreased plasma volume in preeclampsia, plasma atrial
natriuretic peptide levels are elevated. Furthermore, women with
preeclampsia have reduced prostacyclin and thromboxane excre-
tion. In a study of severe preeclampsia, these mediators were cor-
related inversely with plasma creatinine and plasma renin (131).
Endothelin levels were reported increased in women with pre-
eclampsia and were correlated inversely with creatinine clearance
(132). However, another study failed to show increased endo-
thelin activity in preeclampsia, and placental tissue mRNA lev-
els for endothelin precursors were not increased compared with
those in normal pregnancy (133). Additional studies have shown
decreased density of umbilical artery dopaminergic receptors

in preeclampsia, possibly contributing to impaired dopaminer-
gic vasodilatory tone (134). Animal models show a potential
role of catechol-O-methyltransferase (COMT), which converts
17-hydroxyestradiol into 2-methoxyestradiol. This compound in
turn inhibits hypoxia-inducible factor 1-a, which appears to have
antiangiogenic activity (33). Decreased placental COMT and
plasma 2-methoxyestradiol in preeclampsia have been observed.
Functional polymorphisms of the COMT gene have been sug-
gested to contribute to preeclampsia risk (33).

IMMUNE MECHANISMS

Previously, immune mechanisms were sought in preeclamp-
sia. Glomerular and vascular IgM deposits are present, as dis-
cussed in Pathologic Changes (p. 825). Circulating soluble
immune complexes are not detected in preeclamptic patients
(43). However, recent data show an abnormal persistence in
preeclampsia of decidual natural killer (ANK) cells, which
normally invade the decidualized uterus before implantation.
dNK cells express angiogenic factors including VEGEF, PIGE,
and angiopoietin-2. The dNK cells and macrophages normally
infiltrate and disrupt the vascular smooth muscle cell layers of
the spiral arteries, which may influence or prime for subsequent
remodeling by invading trophoblasts. Trophoblasts express
Toll-like receptors and may thus directly interact with macro-
phages and other immune components (107). In preeclampsia,
dNK cells remain increased in the decidua and are associated
with increased interferon-y and tumor necrosis factor—a levels
(33). These observations provide potential targets for modula-
tion of the key placental abnormalities that occur in preeclamp-
sia, but the specific mechanisms or potential contribution of
innate immunity in preeclampsia remain unknown.

GENETIC FACTORS
The risk of preeclampsia is increased in nulliparous women with
an affected mother or sister, fourfold and sixfold, respectively
(107,135). This familial aggregation of preeclampsia has sug-
gested a contribution of genetic factors. Interestingly, the risk
of preeclampsia was increased in offspring from either men or
women who were the product of a pregnancy complicated by
preeclampsia, suggesting both maternal and paternal genetic
contributions (135). Inheritance patterns of classic preeclamp-
sia are consistent with a recessive autosomal single gene, with
a calculated gene frequency of 0.2% to 0.25%. Underlying
genetic factors likely also contribute to increased risk of pre-
eclampsia in patients with underlying hypertension of renal
disease. However, these conditions likely reflect polygenic traits
for which precise risk and genetic basis are difficult to define.
Studies of mutations of the renin-angiotensin system genes have
previously shown linkage of polymorphisms of the angiotensin-
ogen or ACE gene to preeclampsia in some patients. These poly-
morphisms may have direct functional consequences to increase
renin-angiotensin system activity. However, recent studies and
analyses have failed to confirm such associations (136).
Numerous genes involved in the regulation of blood pres-
sure or coagulation have been investigated to search for poly-
morphisms or mutations in preeclamptic women, without any
conclusive evidence of such an effect (see above). However,
a locus on chromosome 2p13 showed significant associa-
tion with preeclampsia in a genome-wide scanning study of
Icelandic families, confirmed in a study of patients from New
Zealand and Australia (112). This site was distinct from that
associated with linkage with the HELLP syndrome, localized



to chromosome 12q. Importantly, this locus is distinct from
the Flt-1 locus at 13q12. The gene for sFlt-1 is on chromo-
some 13 (137). Of note, mothers carrying fetuses with trisomy
13, but not those with trisomy 18 or 21 fetuses, show a higher
incidence of preeclampsia than other trisomies and have higher
levels of sFlt-1, suggesting that overexpression of Flt-1 could be
caused by trisomy 13 in these patients.

ACUTE KIDNEY INJURY IN PREGNANCY

The incidence of pregnancy-related acute kidney injury varies
worldwide according to the level of obstetric care. In industri-
alized countries, acute kidney injury has become rare, occur-
ring in an estimated 1 in 20,000 deliveries (138). In contrast,
in South Africa, despite advances in care, the incidence remains
high in the indigent population. In 1978, acute kidney injury
occurred in 1 in 450 deliveries, improving to 1 in 1000 in the
1990s (139), primarily because of a decrease in septic abortions
in that country (see Septic Abortion, below). Similar preva-
lences of pregnancy- and abortion-related acute renal failure
were reported from India and Argentina (140).

Acute kidney injury may occur for any reason dur-
ing pregnancy, including reasons not specific for pregnancy
(141). Acute kidney injury in the first trimester is usually
due to prerenal causes, most commonly due to hyperemesis
gravidarum, or due to septic abortion. In late pregnancy and
the peri/postpartum period, obstetrical causes of hemorrhage
dominate as etiologies of acute kidney injury (96). Acute kid-
ney injury may also be due to preeclampsia, acute fatty liver of
pregnancy, HUS, or sepsis. Among 57 pregnant women with
acute kidney injury, causes included acute pyelonephritis,
other infections, severe preeclampsia or eclampsia, abruptio
placentae, prolonged intrauterine fetal death, uterine hem-
orrhage, and, in a small group, postpartum idiopathic acute
kidney injury (142). Pregnancy may also result in nonglo-
merular complications leading to acute kidney injury, such
as acute hydronephrosis presumed to result from obstruction.
Spontaneous rupture of the renal pelvis has been reported
(143). No specific site of obstruction was delineated, nor
were calculi demonstrated.

This section is a discussion of some of the main causes of
acute kidney injury in pregnancy:

* Acute pyelonephritis

* Preeclampsia, eclampsia, and HELLP syndrome

* Uterine hemorrhage

* Septic abortion

* Cortical necrosis

* Acute fatty liver of pregnancy

* Pregnancy-associated thrombotic microangiopathy

Acute Pyelonephritis

Acute pyelonephritis (see Chapter 24) is relatively common
in pregnancy, affecting approximately 1% to 2% of gravi-
das (141), and it may cause a transient decrease in the GFR
(144). Septic shock, and not pyelonephritis itself, underlies
the rare occurrence of acute kidney injury after acute pyelo-
nephritis in pregnancy. In one series of acute kidney injury in
pregnancy (142), only 2 of 57 patients had underlying acute
pyelonephritis.
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Preeclampsia, Eclampsia, and HELLP Syndrome
Acute kidney injury is a rare complication of severe preeclampsia
or eclampsia, possibly reflecting eatly recognition and treatment
of preeclampsia in most cases. Patients with preeclampsia or
eclampsia who developed acute kidney injury tended to be mul-
tiparas and therefore also older than other preeclamptic patients
(142,145). When acute kidney injury in preeclamptic patients
resulted in death, arteriolar and arterial changes were frequent
(146). In a series of 154 patients with well-defined eclampsia,
no cases of acute kidney injury were found; further suggesting
that acute kidney injury is rare in pure preeclampsia or eclamp-
sia (147). The acute kidney injury appears to result from acute
tubular injury or extensive cortical necrosis. The underlying
mechanism is thought to be ischemia, which may be contrib-
uted to by glomerular occlusion by endotheliosis or intravascu-
lar coagulation. Coexistence of tubular necrosis and glomerular
changes of preeclampsia has been reported (24). Patients with
HELLP syndrome and hemorrhage are at particular risk of isch-
emia and resultant organ damage, including kidney injury. The
risk of acute kidney injury is higher if HELLP syndrome devel-
ops postpartum (93,94). Acute kidney injury occurs in as many
of 8% of pregnancies in patients with HELLP syndrome. About
10% to 46% of these women with HELLP syndrome and acute
kidney injury required dialysis acutely, but most recovered renal
function (96) (see HELLP Syndrome, p. 832).

Uterine Hemorrhage

Acute kidney injury is especially common in pregnancy com-
plicated by abruptio placentae and disseminated intravascular
coagulation. Hemorrhage was implicated as a cause underlying
acute kidney injury in 7% of patients in one series from France
(142) and in up to 58% to 79% of acute kidney injury cases in
pregnancy from Great Britain and India, respectively (148,149).
Patients with preeclampsia may be especially susceptible to
acute kidney injury in response to hemorrhage (141,148). The
mechanisms are unknown, but conceivably they relate to altered
volume homeostasis and pressor sensitivity in preeclampsia.

Septic Abortion

In contrast to the low incidence of pregnancy-related acute
kidney injury in developed countries, the incidence in devel-
oping countries remains astonishingly high, mainly because of
complications of septic abortion. In France, a decline in acute
kidney injury cases associated with abortion from 18.6% to
0.6% occurred over a 13-year span beginning in 1966 (150).
In South Africa (139), acute kidney injury occurred in 1 in
450 deliveries in 1978, improving to 1 in 1000 in the 1990s,
associated with a marked decrease in acute kidney injury cases
caused by septic abortions from 65% to 29%. In a series of cases
of pregnancy-related acute kidney injury from India (148), 60%
followed abortion. Most pregnancy-related acute kidney injury
resulted from septic abortion in Argentina as well; only 79%
survived, with one survivor developing chronic kidney disease
(141). Although most of these patients had acute tubular necro-
sis as the proximal cause of acute kidney injury, some developed
cortical necrosis (see below). The change in incidence over
time of pregnancy-associated acute kidney injury was assessed
in a region of India. The overall incidence of all acute kidney
injury in pregnancy fell from 15% in 1982-1991 to 10% in
1992-2002, with a trend for decrease abortion and puerperal
sepsis—associated acute kidney injury (151).



m Heptinstall's Pathology of the Kidney

Cortical Necrosis
In developing countries, acute renal cortical necrosis more
commonly underlies acute kidney injury than in the Western
world. Furthermore, over half of the cases of acute corti-
cal necrosis were related to pregnancy, a finding that perhaps
reflects the high risk of bilateral cortical necrosis with acute kid-
ney injury in pregnancy (150). These findings are in contrast
to a marked decline in acute cortical necrosis, in particular that
resulting from obstetric causes, in Western countries, from 1 in
10,000 from 1961 to 1970 to less than 1 in 80,000 over the
next 10 years in a series from Ireland (152). Cortical necro-
sis observed associated with pregnancy in a region of India
decreased from 17% in 1982—-1991 to 2.4% after 2000 (151).
The highest incidence of bilateral cortical necrosis occurs after
abruption of the placenta or prolonged intrauterine fetal death
(142). Bilateral renal cortical necrosis is also relatively frequent
among patients with postpartum renal failure (21%), in contrast
to only 1.5% in postabortion acute renal failure. In a series of
113 patients with tissue-proven diagnosis of cortical necrosis from
India (140), 37% of cases were associated with complications with
late pregnancy and 20% followed septic abortion. Recovery of
renal function may continue up to the 3rd year (142).

Acute Fatty Liver of Pregnancy

Acute fatty liver of pregnancy is a rare complication of late
pregnancy that may be fatal. The incidence is estimated to be
from 1 in 7000 to 1 in 20,000. The underlying cause is an
autosomal recessive gene defect in long-chain 3-hydroxyacyl-
CoA dehydrogenase, an enzyme that is key for mitochondrial
fatty acid p-oxidation (96). The excess fatty acids from the
fetus reach the maternal circulation and are deposited in the
liver and overwhelm mitochondrial capacity, thus resulting in
liver injury. Patients develop fever, nausea, vomiting, abdomi-
nal pain, and jaundice. The liver shows swollen hepatocytes
with microvesicular fat. Maternal and fetal deaths were com-
mon, although more recent advances in early recognition and
treatment have improved maternal survival dramatically (153).
Renal failure is typically not severe, although it occurs com-
monly (60%) (96,142). In severe cases, progressive encepha-
lopathy, coagulopathy, acute renal failure, adult respiratory
distress syndrome, and pancreatitis may develop.

Renal biopsies have shown fatty vacuolization in renal
tubules and findings of tubular regeneration or focal necrosis.
Intraglomerular thrombi have been reported rarely (154). Most
women have complete recovery of liver and kidney abnormalities
after delivery. However, the mortality acutely is 10% to 20% (96).

Pregnancy-Associated Thrombotic
Microangiopathy

Clinical Findings

Women with underlying complement dysregulation or
ADAMTS13 deficiency may have atypical HUS episodes trig-
gered by pregnancy. These causes of HUS are discussed in
further detail in Chapter 18. After a flu-like syndrome, severe
acute kidney injury and hypertension develop rapidly, often
associated with microangiopathic hemolytic anemia. Some
patients have preceding preeclampsia, whereas others have had
normal pregnancies. The estimated incidence is 1 in 25,000
pregnancies (155). Disease developed peripartum in about two
thirds of patients, and earlier in pregnancy in the remainder.
Counihan and Doniach (156) were the first to recognize the

association of hemolytic anemia with postpartum renal failure.
Postpartum HUS has been described in association with cir-
culating lupus anticoagulant and anticardiolipin antibodies. In
one case, termination of pregnancy was followed by marked
increase of anticardiolipin antibodies, severe hypertension,
and renal failure associated with microangiopathy (157).
Patients with pregnancy-associated atypical HUS had severe
renal disease, with 81% requiring dialysis, and 62% reached
end-stage renal disease within months of onset of disease. A
high prevalence of abnormalities in complement regulatory
genes was identified. Renal biopsies showed typical thrombotic
microangiopathy lesions (158). Patients in an older series with
lesions limited to glomeruli showed a better prognosis than
when larger arteries were involved, as in other causes of HUS
(159). Clinical diagnosis of HUS cannot be based solely on
the presence of schistocytes, because these may occur in other
pregnancy-associated conditions, including preeclampsia and
eclampsia (160). Furthermore, biopsies performed during
pregnancy at times of deterioration of renal clinical parameters
showed fibrin thrombi regardless of underlying renal disease
(IgA nephropathy, reflux nephropathy, or focal sclerosis with
hyalinosis). These lesions were not associated with clinical fea-
tures of preeclampsia in these patients, and they are postulated
to heal to form a lesion of segmental hyalinosis (79). Thus, the

diagnosis of the HUS cannot be based solely on the presence
of fibrin thrombi.

Microscopic Findings

GLOMERULI

Endothelial cell swelling and intraglomerular fibrin thrombi
occur, consistent with thrombotic microangiopathy (see
Fig. 19.6B; see Chapter 18 for a full discussion) (142). When
severe vascular lesions, such as extensive thrombi, are present,
glomerular ischemic changes predominate.

TUBULES

The kidney structure may be within normal limits, or focal
tubular necrosis, tubular regeneration, or even cortical necrosis
may be present.

'VESSELS

Vascular changes suggestive of nephrosclerosis, that is, intimal
fibrosis and medial hypertrophy, have been noted in addi-
tion to lesions consistent with thrombotic microangiopathy.
Interlobular arteries show marked intimal thickening and
occlusion by fibrin thrombi. In other cases, lesions similar to
those of malignant hypertension or scleroderma have been

described (Figs. 19.16 and 19.17) (161,162).

Electron Microscopic Findings

Changes are those seen in other forms of HUS and scleroderma
and are thought to reflect a response to intravascular coagula-
tion. There is widening and lucency of the lamina rara interna
with an expanded zone with finely fibrillar or finely particulate
electron-dense material (Fig. 19.18). Interposed cells may also
be present, but there are no electron-dense immune complexes.

Immunofluorescence Findings

Findings are similar to those in other forms of HUS. Fibrinogen
and fibrin are typically present, with some biopsies show-
ing staining with IgG and IgM and complement in vessels.

Glomeruli typically are negative (159,163,164).



Interlobular artery in patient after preeclampsia reveal-
ing intraluminal fibrin and early intimal proliferation. (Masson trichrome,
x400.) (Courtesy of Vivette D'Agati, MD.)

PREGNANCY AND PREEXISTING
RENAL DISEASE

The effect of pregnancy on preexisting renal disease var-
ies, depending on both the type of disease and its severity
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at conception (165). Similarly, the effect of renal disease on
pregnancy outcome is determined both by disease-specific
factors and by factors related to the degree of renal dysfunc-
tion. Numerous studies have examined whether pregnancy
adversely affects the natural course of underlying primary renal
diseases and whether pregnancy outcome is influenced by this
disease process, as reviewed by Jungers and Chauveau (166).
Based on experimental data suggesting an adverse effect of
abnormal hemodynamics on renal function, investigators have
postulated that the increased renal plasma flow and glomeru-
lar filtration during pregnancy could exacerbate the course of
renal disease (see Functional Changes in Pregnancy, p. 816).
Whether pregnancy changes the natural history of various
renal diseases is difficult to ascertain because the variable and
slow course of many progressive renal diseases makes it dif-
ficult to use patients as their own controls. Few reported series
have concurrent control populations, and this limitation adds
to the difficulty in determining the effect of pregnancy on renal
outcome. In a large controlled series of 148 women with vari-
ous biopsy-proven renal diseases who were pregnant, the risk
of developing chronic kidney disease was not increased com-
pared with the control group of women with similar glomeru-
lonephritides who did not become pregnant (167). Patients
with advanced chronic renal insufficiency have decreased fer-
tility and are therefore much less likely to become pregnant.
Renal dysfunction, assessed as, for example, proteinuria and/or
decreased GFR, is often exacerbated during pregnancy; how-
ever, after delivery, no long-term deleterious effect is seen on

FIGURE 19.18 Lucent expanded subendothelial
zone with scattered granular material from a patient
with postpartum acute renal failure. (Transmission
electron microscopy, x9000.) (Courtesy of Mary
MacDonald, MD.)
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TABLE 19.2

Effects on the kidney

Underlying disease

Effects on pregnancy

During pregnancy

Long term

Focal segmental
glomerulosclerosis
IgA nephropathy

Lupus nephritis

Antiphospholipid antibodies

Membranous glomerulopathy

Reflux nephropathy

Diabetes mellitus

Granulomatosis with
polyangiitis

Antiglomerular basement
membrane antibody disease

Polycystic kidney disease

Fetal loss 20%, prematurity
30%

Fetal loss 10%, less with
normal renal function
Fetal loss 17%, prematurity

in ~50%

Fetal loss nearly invariable
(~87%)

Fetal loss 15%, mostly
early, better with less
proteinuria

Fetal loss 15%

Frequent adverse outcome
if metabolic control not
optimum

Unknown

Unknown

Increased prematurity if
complications occur

Decreased renal function in half,
especially if abnormal at onset
Decreased renal function in 24%

Persistent or increased activity
of active lupus; flare in 35%
with prepregnancy quiescence

Thrombosis

Rare cases of decreased renal
function

Hypertension in 20%, UTI in 29%

Frequent increased proteinuria,
hypertension

Relapse may occur

Pregnancy may ameliorate renal
disease

Increased preeclampsia, espe-
cially if hypertensive at onset

5% with decreased GFR
No proven effect

Poor kidney function with active
proliferative lupus; good with
mild, quiescent disease

Recovery depends on the degree
of thrombosis or necrosis

2% with decreased GFR

Decreased GFR in patients with
initial renal insufficiency;
increased preeclampsia espe-
cially with bilateral scars

No proven effect

Depends on severity of relapse

Relapse after delivery reported

Persistent hypertension as
sequela in nearly all who

Increased fetal toss with
renal insufficiency

Renal transplantation

Increased proteinuria, decreased

(54%) develop preeclampsia
No effect

GFR common

renal function. Several risk factors for poor maternal and fetal
outcomes have been identified. This discussion first focuses on
general risk factors for poor long-term renal outcome, then on
effects on pregnancy, followed by a brief description of disease-
specific aspects of these risks (Table 19.2).

Effects of Pregnancy on the Course

of Renal Disease

Transient worsening of hypertension, proteinuria, and renal
dysfunction are common during pregnancy in patients with
preexisting renal disease. Significant hypertension developed
in 23% of pregnancies in one series of women with underly-
ing renal disease. Hypertension occurred more commonly in
patients with diffuse glomerulonephritis, focal glomerulone-
phritis, and arteriolar nephrosclerosis (31). Of these patients
who developed moderate to severe hypertension during preg-
nancy, approximately one half were normotensive before preg-
nancy. Although genetic risks were not specifically evaluated,
the highest elevations of blood pressure occurred in studies with
a large proportion of African American patients. Among women
with preexisting hypertension in the absence of renal insuffi-
ciency, blood pressure elevations were often marked during
pregnancy, even rarely leading to abruptio placentae and acute
tubular necrosis. Markedly increased proteinuria, nephrotic in
68% of these, occurred in approximately half of the pregnancies,

regardless of underlying renal disease (31). In patients with well-
maintained GFR and normal blood pressure before conception,
there usually were no ill effects of pregnancy on the underly-
ing renal disease. When serum creatinine was 1.4 to 2.5 mg/dL,
adverse effects were observed, with increased risk of preeclamp-
sia and preterm delivery. About half of patients with moderate
renal insufficiency before pregnancy had a pregnancy-related
decrease in renal function, which persisted or worsened after
delivery in a fourth (138). If serum creatinine was greater than
2.5 mg/dL, 70% had preterm delivery, 40% had preeclampsia,
and 40% had decrease in renal function during pregnancy or
after delivery that ultimately lead to dialysis (138).

Restoration of prepregnancy renal function and blood pres-
sure levels occurred in most patients after delivery. However,
follow-up at intervals of 3 months to 23 years after preg-
nancy in this series of 121 pregnancies in 89 women revealed
5 patients with end-stage renal failure and 1 with moderately
severe hypertension. The onset of end-stage renal disease was
weeks to over 8 years after delivery (31). Risks of permanent
deterioration in renal function have been sought. On the one
hand, normal renal function at the outset of pregnancy is usu-
ally associated with good prognosis for long-term renal func-
tion (138). However, in one series of 72 patients with renal
disease who became pregnant, 6 of 8 women with a decline in
renal function after delivery had normal renal function before



pregnancy (168). Uncontrolled hypertension, nephrotic-range
proteinuria, or impaired renal function at the time of concep-
tion or at early phases of pregnancy is associated with increased
risk of deterioration of renal function (46,138,167,168).
When the diagnosis of renal disease antedates pregnancy,
the maternal and fetal outcomes are improved, reflecting inten-
sive medical care by both nephrologists and obstetricians.
This point was well illustrated by a large series reported from
Melbourne, Australia, which analyzed 395 pregnancies in 238
women with glomerulonephritis (169). Only two patients had
renal impairment before pregnancy, and preexisting hyperten-
sion was present in 12%. More than half of the pregnancies
resulted in hypertension during pregnancy. Hypertension per-
sisted after delivery in 44 patients. Similarly, 59% of pregnan-
cies resulted in increased proteinuria during pregnancy, with
persistence in 15% of all patients. Decreased renal function was
seen in 15% of pregnancies, with failure to resolve after deliv-
ery in 5% of the patients. Eleven women developed irreversible
renal dysfunction or worsened renal function with pregnancy.
Similar results have been reported in other large series (46,169).
Opverall, renal dysfunction during pregnancy and outcomes were
improved when pregnancy took place affer diagnosis of renal
disease. However, independent of other risk factors, chronic
kidney disease still is associated with substantially increased risk
of adverse fetal and maternal events (adjusted odds ratio 4.07
for adverse maternal events and 1.76 for fetal events) (170).

Effects of Preexisting Renal Disease on
Pregnancy Outcome
Fetal loss and prematurity are increased in pregnancies of
women with underlying renal disease when renal function is
impaired. In the large patient group from Melbourne described
in the previous section, 20% of fetuses were lost and 24% were
delivered prematurely (169). Impaired renal function, early
or severe hypertension, and nephrotic-range proteinuria were
associated with adverse pregnancy outcome (167,169). Renal
biopsy lesions of tubulointerstitial injury, arteriolosclerosis,
and severe arterial lesions also were associated with unfavor-
able delivery outcomes (168,169). Additional series show that
fetal and maternal outcomes differ in pregnant patients with
renal diseases and varying prevalence of associated risk factors.
The incidence of normal delivery was highest among patients
with membranous glomerulopathy (84%), with 71% and
74% normal deliveries in patients with IgA nephropathy and
proliferative glomerulonephritis, respectively (168). Neonatal
or fetal death and premature delivery occurred more often
when patients had diffuse or focal glomerulonephritis (31).
One study demonstrated improved fetal survival in premature
infants born to women with renal disease (171). Fetal mortality
was only 7% in this group of 67 women with 82 pregnancies,
compared with earlier reports with rates of 12% to 88% (167).
Intrauterine growth restriction is an additional important
adverse event with profound consequences for the adult health
of the offspring. Low birth weight term babies have increased
cardiovascular and renal disease risk in adulthood (172,173).
The mechanism has not been proven, but low birth weight has
been proposed to be linked to development of fewer nephrons,
with resulting increased risk for hypertension and progressive
renal disease in adulthood (173). Whether incidence of low
birth weight of term births is increased in pregnancies of patients
with renal disease has not been proven. Experimental evidence
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supports the concept that the induction of low birth weight by
introducing intrauterine ischemia in pregnant rats could result
in low birth weight offspring with increased hypertension in
adulthood (174). In contrast to these studies in the rat, in a
sheep model with intrauterine growth restriction owing to late
gestational umbilicoplacental embolization or natural twin-
ning, there was no decrease in nephron number with the late
induction of intrauterine growth restriction, whereas growth
restriction owing to twinning did result in decreased nephron
number. These results suggest that not only is growth restric-
tion of importance in determining nephron endowment but the
timing of the insult that decreases growth is crucial for effects
on nephron development (175). Both maternal and genetic
factors have been proposed to influence nephron endowment,
including, for instance, maternal nutrition, altered hormones,
or toxins or genetic factors (176). Thus, severe dietary protein
restriction in midgestation, as seen in the Dutch famine of
1944/1945, was associated with increased adult hypertension
and microalbuminuria (177). Animal studies support the con-
cept that the mechanism of malnutrition on nephron number
could be through impairment of renal development (178,179).

Pathogenesis
Complex changes occur in renal function during normal preg-
nancy (see p. 816), some of which are postulated to have adverse
effects on renal disease. However, in contrast to the loss of neph-
rons, glomerular hyperfiltration and hypertension, and increased
growth factors, which occur in many progressive renal diseases,
pregnancy is a physiologic state of moderate renal vasodilatation
without increased glomerular pressure or growth (1). Because
direct assessment of many of these parameters is not possible
in humans, animal models have been studied to determine the
effect of pregnancy on the kidney and on preexisting renal dis-
ease. As in humans, mild azotemia induced transiently by unine-
phrectomy did not have an adverse effect on pregnancy outcome.
Although rat pups were born with glomeruli with larger volume,
no long-term effect on glomerular growth or development was
detected by 6 weeks after birth (180). Repeated normal preg-
nancy also showed no adverse effects on the kidney. In rats with
hyperfiltration maintained by repeated pregnancies and lacta-
tion for 6 months, no adverse effects were seen on subsequent
renal function, even with additional stimuli that increase hemo-
dynamic load, such as high-protein diet and uninephrectomy
(1). Glomerular pressures did not increase in these experimental
settings despite the vasodilation of pregnancy, because of equal
decrease in resistances of afferent and efferent arterioles (1).
When pregnancy was superimposed on experimental rat
models of human membranous glomerulopathy, antiglomerular
basement membrane disease, or focal segmental glomeruloscle-
rosis, no additional deleterious effects on pregnancy, renal func-
tion, or sclerosis resulted (181-185). Even repeated pregnancies
did not worsen sclerosis in the remnant kidney model of focal
segmental glomerulosclerosis (186). Micropuncture studies
showed decreased glomerular pressures with pregnancy in the
remnant kidney model (183). Experimental membranous glo-
merulopathy also led to decreased glomerular pressures in preg-
nant compared with nonpregnant rats, as a result of systemic
decrease in blood pressure and glomerular vasoconstriction at
both the afferent and efferent arterioles (181). These models do
not mirror the human situation, in which pregnancy occasionally
can lead to rapid and irreversible worsening of underlying renal
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disease. The next studies are of particular interest in this regard.
In contrast to the foregoing models, rats with mild doxorubicin
(Adriamycin®) nephropathy, another model of focal segmental
glomerulosclerosis, developed renal and systemic vasoconstric-
tion, increased blood pressure, and proteinuria in response to
pregnancy (185). These preeclamptic-like responses were par-
tially corrected by r-arginine, which stimulates nitric oxide
release. In normal rats, nitric oxide synthesis appears increased
during pregnancy (186). However, endogenous synthesis of nitric
oxide could be inadequate when renal disease is superimposed
on pregnancy, perhaps because of underlying endothelial dys-
function. Additional key vasoactive compounds, such as VEGF
or PAI-1 (see Preeclampsia Discussion pp. 833-834), which
normally increase in pregnancy, could also be altered when there
is underlying chronic kidney disease, with resulting endothelial
and fibrotic/thrombotic injuries. Experimental evidence sup-
ports the hypothesis that decreased VEGF and increased PAI-1
are linked to accelerated kidney fibrosis (187,188).

Specific Renal Diseases and Pregnancy

Focal Segmental Glomerulosclerosis

In several series, focal segmental glomerulosclerosis was the
underlying renal disease associated with the highest incidence of
fetal and maternal complications (169,189,190). Impairment
of renal function occurred in nearly 50% of pregnancies in this
diagnostic group compared with only 5% among patients with
non-IgA diffuse mesangial proliferative glomerulonephritis.
Decreased renal function occurred in 15 of 31 pregnancies in
21 women with primary focal segmental glomerulosclerosis. In
four patients, renal dysfunction was irreversible, and three of
these patients progressed to end-stage renal disease. This series
included patients who had focal and segmental hyalinosis and
sclerosis, which may represent a group with worse prognosis
and more advanced disease (191,192).

Lupus Nephritis

The risk of exacerbation of lupus nephritis with pregnancy var-
ies widely, from 8% to 74% (193). A prospective study suggests
that pregnancy per se increases risk of exacerbation of lupus
nephritis (138). In patients with mild systemic lupus erythe-
matosus (SLE), pregnancy does not appear to affect the course
of lupus, although pregnancy complications may be increased
(193). Poor outcome is seen in patients with active proliferative
lupus nephritis (World Health Organization or International
Society of Nephrology/Renal Pathology Society class IV) before
conception. In a comprehensive review by Hayslett (194),
patients with disease activity at conception showed persistent
or increased activity of SLE in 52%, compared with sustained
remission in 65% of patients with quiescent SLE before con-
ception. In a prospective series of patients with lupus nephritis
from France (195), SLE exacerbation during pregnancy was
increased in patients with a past history of fetal loss, protein-
uria, or active SLE at the onset of pregnancy, hypertension, or
absence of anti-SSA antibodies. Relapses of SLE during preg-
nancy occurred in 27 of 75 patients with inactive SLE before
conception, and 7 additional patients had a relapse postpar-
tum. Nearly half of the births were premature, and fetal loss
occurred in 18 of 103 pregnancies (195). In a series reported by
Packham et al. (196), no progression to end-stage renal failure
and no maternal deaths were seen, in contrast to a 3.4% death
rate reported in a review by Cameron and Hicks (197). This

lower rate of exacerbation reported by Packham et al. appears
to reflect that most patients in this series became pregnant only
after remission of their disease. An Italian study of 70 pregnan-
cies in 48 women with lupus nephritis showed development of
SLE during pregnancy in 13 patients. Pregnancy loss was simi-
lar to those whose diagnosis of SLE preceded pregnancy (38%
vs. 35%) and was associated with hypertension, proteinuria,
and antiphospholipid antibodies. Prematurity was common,
occurring in 13 of 41 live births. Renal flares were common in
those with preexisting SLE, developing during pregnancy in 12
of 38 patients. Favorable outcome was linked to quiescence of
renal disease at onset of pregnancy (198).

Results from a single center described increased complica-
tions during pregnancy in SLE patients with lupus nephritis
versus those without lupus nephritis or with quiescent lupus
nephritis (199). In a recent meta-analysis encompassing 2751
pregnancies in 1842 women, lupus flare was present in 25.6%,
hypertension in 16.3%, preeclampsia in 7.6%, and eclampsia
in 0.8%. Spontaneous abortions occurred in 16%, stillbirths
in 3.6%, with neonatal deaths in 2.5%, and intrauterine
growth retardation in 12.7% (192). Both lupus nephritis and
antiphospholipid antibody were linked to hypertension and
premature births. Deaths in the postpartum period in patients
with lupus nephritis were all linked to active disease and attrib-
uted to infection or disease activity (200).

Differentiation of flares of lupus nephritis from pre-
eclampsia may be difficult, and it is also critically important
therapeutically, because high-dose prednisone is commonly
used for SLE and may be contraindicated in preeclampsia
(201). Previous studies have suggested the use of low C4 lev-
els to distinguish SLE exacerbation from preeclampsia (202);
however, low C3 or C4 levels may occur in preeclampsia (203).

ANTIPHOSPHOLIPID ANTIBODIES

Antibodies to phospholipids increase in prevalence in patients
with SLE during pregnancy and are associated with poor out-
come. Antiphospholipid antibodies play an important role in the
pathogenesis of vascular lesions in patients with SLE, and high
antibody titers correlate with vascular thrombosis, decreased
renal function, hemolytic anemia, thrombocytopenia, and fetal
loss and may promote decidual vasculopathy and placental insuf-
ficiency (198,204). In one series (205), only 2 of 23 pregnancies
in 12 women with these antibodies were successful. Patients also
have increased risk for chronic decreased renal function.

These antibodies may occur in patients with SLE also
as part of the antiphospholipid syndrome. Patients with this
syndrome have recurrent arterial or venous thrombosis, livedo
reticularis, and recurrent fetal loss. Preeclampsia has also been
linked to these antibodies. The prevalence of antiphospholipid
antibodies among women with preeclampsia has been reported
to be as high as 20% in some series (206-209). In a prospective
study, patients with lupus nephritis were assessed for develop-
ment of antiphospholipid antibodies. These antibodies were
associated with increased development of chronic kidney dis-
ease and with fetal loss (210). Postpartum renal disease has
been reported in 12 cases with antiphospholipid antibodies, 8
after fetal death and 5 after preeclampsia (157,211).

Biopsy specimens taken during or soon after pregnancy in
seven patients with antiphospholipid antibodies, one of whom
also had lupus nephritis, showed acute fibrinoid lesions with
fibrin thrombi in glomeruli, arterioles, and arteries. Glomeruli



showed double contours of capillary walls, which persisted in
later follow-up biopsies performed in five of these patients.
Chronic vascular injury was also present in these late biopsies,
with narrowing of arteries resulting from recanalizing thrombi
and cellular intimal proliferation (205). Vasculitis involving
medium-sized and smaller arteries with marked infiltration of
the vascular wall by lymphocytes, neutrophils, and occasional
eosinophils with focal fibrinoid necrosis was associated with
antiphospholipid antibodies in a pregnancy with prolonged
intrauterine fetal demise (211,212). Placental vascular lesions
in one case of a patient with lupus anticoagulant were similar
to those described in preeclampsia (213). Electron microscopic
studies at the acute stage showed translucent glomerular sub-
endothelial deposits and fibrin, typical of the acute phase of
thrombotic microangiopathy. In biopsies performed 1 year or
more after pregnancy, persistent double contours of glomerular
capillaries with mesangial interposition were present.

Therapy with low-dose aspirin and possible additional
heparin has been advocated for patients with antiphospholipid
antibodies in pregnancy (214).

IgA Nephropathy
IgA nephropathy and other mesangial diseases are associated
with a moderately good prognosis for pregnancy outcome. In
one large series of patients with pregnancy and various glomeru-
lonephritides, mesangial (non-IgA) glomerulonephritis was asso-
ciated with the best prognosis (169). The incidence of normal
delivery was 71% in patients with IgA nephropathy in one large
series from Japan (168). Fetal loss or neonatal death occurred in
10% of pregnancies, and spontaneous abortion occurred in 3%.
A prospective study of IgA nephropathy patients with
stage 2 (GFR 60 to 89 mL/min; normal greater than 90 mL/
min) or stage 3 (GFR 30 to 59 mL/min) chronic kidney dis-
ease in Japan showed that pregnancy was not a risk factor for
increased progression, although there was transient increase in
proteinuria during pregnancy (215). Similarly, a study from
Italy found that pregnancy in IgA nephropathy patients did not
affect long-term GFR changes, proteinuria, or development of
new-onset hypertension (216). Chronic deterioration of renal
function in IgA nephropathy rarely can be linked to gestation.
Reversible decline in renal function is much more common,
occurring in 24% (217). In a prospective study of 71 women
with biopsy-proven IgA nephropathy, no difference in preg-
nancy outcome or renal function was seen between those who
conceived and those who did not (218). Four of the pregnant
patients and two of the nonpregnant patients reached end-
stage renal disease during the 5-year follow-up. Entry biopsies
in these patients already showed moderate to advanced diffuse
proliferative glomerulonephritis with advanced tubular atrophy,
interstitial fibrosis, and arteriosclerosis. Superimposed focal and
segmental hyalinosis and sclerosis or diffuse mesangial prolif-
eration were indicators of poor prognosis in another large series.
Approximately one third of patients with these biopsy changes
showed renal dysfunction, increased proteinuria, or increased
blood pressure during pregnancy (169). The highest incidence
of maternal complications was correlated with those biopsies
with superimposed focal and segmental proliferative lesions
(219). The presence of active crescents or more than 10% scle-
rosed glomeruli was not associated with statistical differences
in fetal or maternal outcome. Because these features have been
associated with poor outcome in nonpregnant patients, it is
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possible that the relatively small number of patients with these
lesions prevented detection of a specific effect.

Membranous Glomerulopathy

Membranous glomerulopathy in general is associated with a
favorable renal prognosis and an ability to carry pregnancy to
term (197). Only 3 cases of irreversible decline in glomerular
function were reported in series totaling 132 patients (220).
Thirty of the 193 pregnancies (15.5%) in these women resulted
in fetal loss. Nephrotic-range proteinuria during early preg-
nancy was associated with poor fetal outcome and irreversible
hypertension or renal impairment. No correlation was found
between stage of membranous glomerulopathy (see Chapter 7)
and outcome in this group.

Reflux Nephropathy

Combining published series of reflux nephropathy from
Kincaid-Smith and Fairley (221), Jungers et al. (222), and Arze
et al. (223) gives results from 772 pregnancies in 320 women.
Opverall, fetal deaths occurred in 15% of pregnancies, hyper-
tension in 20%, and UTT in 29%. When only persistent vesi-
coureteric reflux was present, there was no increased fetal or
maternal risk (16). Moderate renal insufficiency at the onset
of pregnancy in a large group of women with reflux nephropa-
thy was associated with augmented hypertension and increased
decline in renal function (191). Patients with reflux who have
increased serum creatinine are at increased risk for preeclampsia
(222). This incidence is particularly high, 24%, in women with
bilateral scars, compared with only 7% in patients with only
unilateral scars (16,191). In a prospective study, preeclampsia
developed in 24% of 46 women with 54 pregnancies, most
often in those with preexisting hypertension. Decreased renal
function during pregnancy occurred in 18%, and preterm
delivery occurred in a third (138).

Systemic and Genetic Diseases

DIABETES MELLITUS

Prematurity and complications in neonates are well known to
occur in diabetic patients, and they are particularly common
in patients with impaired renal function during the first tri-
mester. Diabetic patients without nephropathy have fewer fetal
complications. Increased renal dysfunction during pregnancy,
characterized by increased proteinuria and serum creatinine,
is common in patients with diabetic nephropathy. More seri-
ous complications may also occur. In a study of 40 pregnan-
cies in 33 women with diabetic nephropathy, 7 developed a
preeclampsia-like syndrome, and decline in renal function was
significantly greater in those patients with elevated serum cre-
atinine at the beginning of pregnancy. However, the average
rate of fall in creatinine clearance (0.65 mL/min/mo) in dia-
betic patients is only slightly higher than the range observed
prospectively in studies of diabetic nephropathy treated with
antihypertensive agents (224). A prospective study examined
the effect of stage of diabetic kidney injury before pregnancy
on outcomes. Preterm delivery was observed in 91% of type 1
diabetic women with overt diabetic nephropathy versus only
35% of those without albuminuria. Preeclampsia developed in
64% of those with overt diabetic nephropathy, 42% of those
with microalbuminuria, and only 6% of those without albu-
minuria. Renal dysfunction deteriorated in those with overt
diabetic nephropathy before conception. In contrast, renal
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disease did not progress in patients with normal GFR and
blood pressure before pregnancy (138).

AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE
Preeclampsia occurs in increased frequency (9%) in pregnancies
in patients with autosomal dominant polycystic kidney disease.
When superimposed preeclampsia occurred, prematurity rates
were significantly increased (138,225). The incidence was par-
ticularly high in patients who were hypertensive at the onset of
pregnancy versus those who were normotensive (54% vs. 8%).
Of the 26 women who developed preeclampsia or eclampsia,
23 subsequently developed persistent hypertension. The risk
for UTT is also increased in pregnancy in these patients (138).

GRANULOMATOSIS WITH POLYANGIITIS AND MICROSCOPIC
POLYANGIITIS

Several reports suggest the possibility that pregnancy could have
an adverse effect on granulomatosis with polyangiitis, previously
known as Wegener granulomatosis (226,227). Relapse of kid-
ney involvement occurred in five of eight pregnancies in women
with known granulomatosis with polyangiitis (226). Fifteen
pregnancies in 10 women with granulomatosis with polyangi-
itis were reviewed in one series, with diagnoses made during
pregnancy or postpartum in 7 of these cases (226). Risk factors
for relapse in pregnancy were not identified. One patient com-
pleted two normal pregnancies without relapse before a mild
relapse occurred in a third pregnancy. Relapse did not occur
in a patient with kidney transplant who was maintained on
immunosuppression. Relapse affected the liver in one patient
with stable renal function before pregnancy, and it resulted in
fibrinoid necrosis of hepatic parenchyma and fetal loss (228). In
a more recent survey of the literature, 28 pregnancies in patients
with granulomatosis with polyangiitis were identified (229).
The diagnosis of granulomatosis with polyangiitis was made
during pregnancy in eight. Nineteen of 27 cases with outcomes
recorded resulted in live births, 7 pregnancies terminated in
abortions, and 2 maternal deaths occurred. Microscopic poly-
angiitis has only very rarely been reported in pregnancy (230),
perhaps reflecting its lesser propensity to relapse than granulo-
matosis with polyangiitis. A single case demonstrated the trans-
mission of myeloperoxidase-specific antineutrophil cytoplasmic
antibodies (MPO-ANCA) across the placenta from a mother
with microscopic polyangiitis, resulting in pulmonary hemor-
rhage and renal abnormalities developing shortly after delivery
in the baby. The cord blood showed the presence of the same
MPO-ANCA as in the mother’s serum. The baby showed an
excellent clinical response to exchange transfusion and immu-
nosuppression, and the mother also responded to therapy (231).

ANTI-GLOMERULAR BASEMENT MEMBRANE

ANTIBODY DISEASE

In contrast to the experience in most kidney diseases, several
case reports suggest that pregnancy may temporarily amelio-
rate activity of anti—glomerular basement membrane antibody
disease. Detailed studies were performed in a patient who
developed renal disease during pregnancy, with marked deteri-
oration of renal function after delivery at 35 weeks’ gestation. A
renal biopsy performed 11 days postpartum revealed crescentic
glomerulonephritis with anti-glomerular basement membrane
antibodies. Studies of the patient’s serum documented that
her anti-glomerular basement membrane antibodies could
bind to placental membranes. The infant showed no evidence

of renal disease, and the infant’s serum did not contain anti—
glomerular basement membrane antibodies. The rapid decline
of renal function postpartum was postulated to have been due
in part to removal of the ameliorating influence of the placenta
(232). An additional case of rapid decline in renal function
postpartum has been described, although further studies were
not performed in this case (233).

OTHER SYSTEMIC DISEASES

In reviews of effects of pregnancy on scleroderma, no signifi-
cant effect of pregnancy on kidney disease could be established,
although there is increased premature or small for age babies
(234,235). Although individual case reports have described
renal crisis during pregnancy, this condition does not appear to
occur at an increased frequency during pregnancy (235,236).
In amyloidosis, as in other renal diseases, more severely com-
promised renal function at conception was associated with
deterioration of renal function during pregnancy (237).

Kidney Transplant
The effect of pregnancy on renal function in renal allografts has
been studied in detail. Recent studies have not found the appar-
ent adverse effect observed in older series (238—240). No adverse
effects of pregnancy on graft function were detected in a series
of 113 pregnancies in 73 transplanted women (241). Premature
delivery occurred in 64% of the pregnancies, with no congenital
defects or renal functional defects, hypertension, or proteinuria
observed in these babies, followed on average till age 52 months
(242). In several large series, comparing matched male or non-
pregnant female cohorts with transplant recipients who became
pregnant, no adverse long-term effect on renal allograft func-
tion or survival was detected (238). Although creatinine clear-
ance decreased late in pregnancy in renal transplant patients to
a greater extent than in healthy women, permanent impairment
of renal function was not typical. Proteinuria was also increased
slightly during pregnancy, to approximately 200 mg/24 h versus
150 mg/24 h in normal subjects at comparable time of preg-
nancy. By the third trimester, proteinuria in renal transplant
patients was three times that of nonpregnant levels, returning
to prepregnancy levels by 2 to 3 months after delivery (1). In an
additional case-control study, no significant difference was found
in plasma creatinine levels after 15 years of follow-up (238).
Patients with decreased renal function who also are receiv-
ing immunosuppression have decreased fertility. When renal
transplant patients do conceive, spontaneous abortions are
increased if significant renal insufficiency is present, whereas a
good pregnancy outcome is associated with intact renal func-

tion (243).

Renal Cancer

The apparent increase in the number of cases of renal cancer
in pregnancy may reflect increased incidental detection during
pregnancy because of the routine use of ultrasound. Forty-four
cases of renal cell carcinoma discovered during pregnancy were
reported in one review (244). Formerly, palpable flank masses
were the most common presentation, in contrast to early
detection of smaller lesions with the use of high-resolution
ultrasound. Presenting symptoms, when present, are usually
suggestive of recurrent UTI (244). Parity was associated with
increased risk for renal cancer in several cohort studies, but
mechanism(s) and potential causality remain unclear (245).
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DEFINITION

Hypertension, or increased blood pressure, is a worldwide
problem with a prevalence of greater than 1 billion people
(1). The Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC-7)
has published guidelines for the classification of different lev-
els of blood pressure (1) as follows: normal pressure is con-
sidered to be less than 120/80 mm Hg; prehypertension is
120 to 139/80 to 89 mm Hg; stage 1 hypertension is 140 to
159/90 to 99 mm Hg; and stage 2 hypertension is greater than
160/100 mm Hg. The percentage of Americans with hyperten-
sion has remained at approximately 29% since 2000 according
to the 2007—2008 National Health and Nutrition Examination
Survey (NHANES) data (2). Control of hypertension has
improved from 27.3% in 1988-1994 to 50.1% in 2007-2008
due to increased awareness, treatment of more of the aware
patients, and control in more of those who were treated (2).
Hypertension can have a known cause, such as renal artery
stenosis, but in most cases, the etiologic factors are unknown,

Jean L. Olson

and the condition is deemed “essential” hypertension. The
prevalence of the secondary forms of hypertension, in which
the cause can be determined, is generally thought to be less
than 10% (3). This chapter covers all forms of hypertension
but focuses mainly on essential hypertension.

ESSENTIAL HYPERTENSION

Clinical Presentation

Prevalence, Gender, and Age

The global prevalence of hypertension was estimated at 26%
in 2005 and is expected to increase to 29% by 2025 (4). The
prevalence of hypertension in the United States as determined
by an analysis of data from the NHANES was found to be
29% (5). The age-standardized prevalence rate showed an
increase from 24% in 2000 (6). Much of this increase can be
explained by the increase in overweight/obesity in the popula-
tion (6). Other factors include improved survival due to effec-
tive treatment, increased sodium intake, and a more sedentary
lifestyle (6). Men have slightly higher prevalence of hyperten-
sion than women. However, in the interval between 2000 and
2005, the prevalence increased in women but not in men (6).
Hypertension is a well-known risk factor for chronic kidney
disease (CKD) and is currently the second most common
diagnosis for patients with prevalent end-stage renal disease
(ESRD) (7). However, the percentage of patients with primary
hypertensive nephropathy is difficult to determine as such
patients are not usually biopsied, and this diagnosis is often
made by exclusion.

Although essential hypertension first becomes manifest
in middle life, evidence suggests that factors such as low birth
weight due to maternal malnutrition may contribute to its
development later in life (8—10). Small placental size correlates
to higher blood pressure even in early childhood (9). Others
have related low birth weight and diminished nephron num-
bers to a higher risk of hypertension in adolescence or adult-
hood (8,10). The prevalence of hypertension in children has
risen in the last decade from a range of 1%-2% in the 1970s
to 3%—-5% in the early 2000s (11). This increase has occurred
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chiefly in essential hypertension and is explained in large part
by an increase in the body mass index (BMI) or waist circum-
ference (11,12). Other risk factors include low birth weight,
inflammation, elevated uric acid, and high dietary salt intake
(12). Childhood hypertension and prehypertension predict
increased blood pressure as an adult. Systolic blood pressure
rises throughout life with a difference of 20 to 30 mm Hg from
early to late adulthood (13). More than half of all individuals
aged 60 to 69 are hypertensive, and this proportion increases to
75% of those aged 70 years and older (1). Diastolic blood pres-
sure rises but to a lesser degree and only undil the sixth decade
(1). In general, cardiovascular risk is related to levels of diastolic
pressure in patients under age 60. However, pulse pressure (the
difference between systolic and diastolic pressure) is the best
predictor of cardiovascular risk in patients older than 60 years
as it is a marker of central vascular stiffness (14). Secondary
forms of hypertension should be considered in patients less
than 30 years of age and in those older than 60 years with sud-
den onset of hypertension. A careful family history should also
be obtained, because many of these forms have a genetic basis.

Genetic Factors

Essential hypertension is a polygenic quantitative traic with
only a small contribution from each gene and with modula-
tion by other genes (epistasis), as well as factors such as gender,
race, age, and environment. Epigenetic mechanisms that alter
gene expression without changing the DNA sequence of the
gene are also at play (15). The genetic contribution to control
of blood pressure has been estimated at 31% to 68% (16). The
evidence of a genetic effect was first recognized by family and
twin studies. Newer approaches include discovery of individual
candidate genes, genome-wide linkage studies (GWLS), and
genome-wide association studies (GWAS). However, less than
3% of the observed variance can be attributed to the genetic
variations found to date (16). Additional information has been
provided by the examination of experimental animal models of
hypertension (17).

Family and twin studies provided the first evidence of
genetic factors in essential hypertension. In one such study, Mo et
al. (18) studied 520 offspring with two hypertensive parents, two
normotensive parents, or one of each. Those offspring who had
two normotensive parents had a mean blood pressure of 121 mm
Hg, and 1.3% of them were taking antihypertensive drugs. The
intermediate group with one parent of each type showed an aver-
age blood pressure of 125 mm Hg, and 2.4% of them used anti-
hypertensive drugs. The last group with two hypertensive parents
had an average blood pressure of 135 mm Hg, and 11.7% had
been prescribed antihypertensive medications. These differences
were significant among all three groups. Twin studies are even
more powerful because it is likely that any differences are due to
environmental influences in the case of monozygotic twins but
that of dizygotic twins represent both genetic and environmental
differences. Cui et al. (19) found a univariate correlation coef-
ficient of systolic blood pressure of 0.78 between monozygotic
twins, 0.50 between dizygotic twins, and 0.12 between spouses.

Investigators at the end of the 20th century expected that
they would be able to discover several candidate genes that
might be responsible for essential hypertension (20). Candidate
gene studies are hypothesis driven as the genes are chosen on the
basis of our knowledge of the intersection of pathophysiology
of hypertension and potential molecular pathways. Such studies

have been successful in finding more than 15 genes responsible
for monogenic heritable forms of hypertension (16,21). Many
of these will be discussed below in the section on secondary
forms of hypertension. The first demonstration of a significant
polymorphism in a candidate gene in essential hypertension
was in the study by Jeunemaitre et al. (22) of the angiotensino-
gen (AGT) gene. They found that hypertensive members of
sib-pairs in two large populations inherited a variant of AGT
with threonine rather than methionine at position 235 (235T)
in higher frequency than normotensive members of the pair.
Furthermore, these hypertensive patients had higher concen-
tration of AGT in their sera. They concluded that this poly-
morphism might contribute to the hypertension. The next step
was to determine how the polymorphism affects the function
of the protein. Hopkins et al. (23) found that homozygous
patients with the 235T genotype had a blunted renal vascu-
lar response to the infusion of angiotensin II (AII). Studies of
candidate genes in essential hypertension have identified over
50 genes in pathways thought to be involved in essential hyper-
tension including the renin-angiotensin system (RAS), renal
sodium and water handling, ion channels and cotransporters,
kinase regulators, and enzymes and receptors involved in aldo-
sterone synthesis and signaling pathways (Table 20.1) (16,24).
However, such studies are limited as they ignore epistasis, gene-
environment interactions, and rare variants. These limitations
sometimes lead to conflicting results.

The next development in the determination of the role of
specific genes in hypertension was the use of genome-wide link-
age scans (GWLS), which allowed the discovery of unsuspected
genes and pathways as well as rare variants that had large effects
on blood pressure. Most of these GWLS reported associations
only, and many were not confirmed (16). A few of these stud-
ies were successful with the results confirmed by others. For
example, such analysis by Chang et al. (48) found a region
on chromosome 1q that contained at least three genes that
associated with blood pressure levels. The three genes included
ATBIB, RGS5, and SELE. ATBIB encodes the B subunit of

the sodium/potassium ATPase, which is involved in sodium

Adducin (25,26)

Adrenergic receptors (27,28)
Aldosterone synthase (29,30)
Angiotensin converting enzyme (31-33)
Angiotensinogen (29,31)

Angiotensin Il type 1 and 2 receptors (29,34)
Apolipoprotein E (35)

Bradykinin receptors (36)

Dopamine B-hydroxylase (37)
Endothelial NO synthase (28,38)
Endothelin (39,40)

Epithelial sodium channel (41,42)

Renin (27)

Sodium-calcium exchanger (43)
Transforming growth factor—f3 (44,45)
With-no-lysine kinase 1 (46,47)

These and additional candidate genes are also listed in Table 2 in Basson et al. (16).



absorption in the kidney, heart contraction, and regulation of
vascular smooth muscle tone. RGS5 inactivates the G proteins
involved in vasoconstriction that is mediated by angiotensin. It
may also invoke vascular remodeling and angiogenesis. SELE
affects vasoactive response. Better detection of possible genes
can be achieved by the incorporation of age-genetic interac-
tions into the GWLS (49). This method also leads to improved
validation. The results of GWLS can be further improved by
the use of meta-analysis (50).

GWAS were next undertaken in order to find common
variants with small effects that are missed in the candidate
gene or linkage analyses. Such studies when combined with
meta-analysis and huge sample size have defined more than 50
candidate genes that account for less than 3% of blood pres-
sure variability (16). The first two large GWAS meta-analyses
were performed in European populations and uncovered 13
new loci for blood pressure traits such as systolic and diastolic
blood pressure (51,52). A more recent study by Ehret et al.
(53) discovered 16 novel loci also using a European popula-
tion. Many of these loci were also associated with determina-
tion of blood pressure in people of East Asian, South Asian, or
African descent (53). Similar methodology studying such traits
as pulse pressure and mean arterial pressure uncovered six addi-
tional loci (54). Many candidate genes within the loci in all
of these studies are reasonable candidates to affect blood pres-
sure regulation or to influence blood pressure directly. Many of
the original single nucleotide polymorphisms (SNP) found in
these studies have been replicated in later studies (16), indicat-
ing the value of such studies.

As the complexity of genetic control of blood pressure reg-
ulation has become apparent, the effects of epigenetic mecha-
nisms and epistasis have been revealed. Epigenetics refers to
mechanisms whereby environment-gene interactions can occur
via DNA methylation or changes to histones that do not alter
the DNA sequence yet change DNA expression. These epigen-
etic modifications occur in response to environmental stressors
such as maternal malnutrition and may remain in effect for
several generations. Several such epigenetic mechanisms are
reviewed by Millis et al. (15). Epistasis, the modulation of the
expression of one gene by another, is also being increasingly
recognized and complicates the interpretation of candidate
gene studies (16,55).

Systems biology including the study of pathways is an
emerging area of research that is likely to be critical to our
understanding of the genetic control of blood pressure (16,56).
The usefulness of this approach is illustrated by an examination
of the fibroblast growth factor (FGF) signaling pathway and
its relationship to hypertension (57). A GWAS had identified
that a particular SNP of FGFI was associated with essential
hypertension in a large Polish kindred and that its product was
increased in the kidney in patients with essential hypertension
(58) even though this was not a pathway that had originally
been thought to be important in blood pressure regulation.
These investigators then explored genes in the FGF signaling
pathway and found additional allelic variants of genes, namely
FGF-binding protein, that also segregated with essential hyper-
tension (57) and were up-regulated in the kidneys of hyperten-
sive patients as compared to controls.

Experimental models of hypertension chiefly in mice and
rats have been used to further dissect the genetics of hyper-
tension (55). It is beyond the scope of this chapter to review
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all of this work, but a few representative examples are given.
Cvetkovic and Sigmund reviewed the early use of knockout
and transgenic mice (59). Graham et al. (60) applied genome-
wide screening to the stroke-prone SHR and then applied
congenic/consomic breeding models to confirm the quantita-
tive trait loci and dissect the genes further. The role of experi-
mental models in defining new candidate genes is illustrated
by renalase, an amine oxidase that lowers blood pressure (61).
Renalase knockout mice are hypertensive as are rats with a
small inhibitory mRNA. These experiments prompted a search
for SNPs in the renalase gene in human beings. Two such SNPs
were found that were associated with essential hypertension
(61). Various experimental models of hypertension, genetic,
and otherwise have been reviewed by Dornas and Silva (17).
Genetic background may also be used in the future to
determine the best therapy for individuals (55). For example,
Matayoshi et al. (62) examined polymorphisms in 17 genes
and found 2 (one each in the thiazide-sensitive cotransporter
gene and adrenergic receptor-beta 3 gene) that were associated
with a good therapeutic response to thiazide diuretics that was
not seen in those patients without the polymorphisms. Other
investigators have begun to study other polymorphisms with
an eye to tailoring therapy to the individual patent. This is
described further in the section on “Therapy” (see below).
Thus, it is evident that hypertension does not rely on a
single gene but is a polygenic complex trait as first predicted by
Hamilton et al. (63) in 1954. Although a few single genes may
cause hypertension by themselves, most genetic effects act by
increasing susceptibility to develop hypertension under certain
conditions. Future studies will be aimed at additional gene dis-
covery, dissection of the pathways that lead to regulation of blood
pressure and parsing the relationships among the genes and their
regulation whether by modulation by other genes, by epigenetic
mechanisms, or by interactions with the environment.

Environmental Factors

Several studies have shown clearly that environmental factors are
important in the control of blood pressure (1,64,65). Individual
factors that have been examined include low birth weight, BMI,
physical activity, dietary factors including salt intake, smoking,
alcohol consumption, cocaine abuse, use of oral contraceptives
(OCs), and psychological stress. The effects of many of these
risk factors depend on an interaction between genes and the
environment. This interaction is illustrated by the case of intra-
uterine growth retardation. Decreased nutrition to the fetus can
result in the epigenetic changes of altered methylation of DNA
or histone acetylation that then may result in changes in gene
expression causing variation in the numbers of stem cells com-
mitted to different lineages (8,64). The decrease in nephron
numbers can lead to hypertension in adult life. Lifestyle risk fac-
tors may be beneficial or harmful. In an individual, blood pres-
sure decreases in a linear fashion with weight loss (66). Physical
activity or fitness independent of weight loss also reduces blood
pressure (66). Zhao et al. (65) reviewed the literature for the
effect of 27 dietary factors. They found that 19 were protec-
tive and 6 were associated with an increased risk for hyperten-
sion. The strongest protective factors were a diet high in fruits
and vegetables, the Dietary Approaches to Stop Hypertension
(DASH) diet, and to a lesser extent, increased potassium, cal-
cium, magnesium, and polyunsaturated fatty acid intake.
The major dietary risk factor was increased sodium intake.
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The evidence for this risk is overwhelming. Numerous studies
(reviewed by He and MacGregor (67)) have confirmed the risk
and have demonstrated that reduction in dietary salt reduces
blood pressure. Smoking, alcohol consumption, and cocaine
abuse are all known to increase blood pressure acutely (1),
but chronic effects are less clear. OCs are also associated with
high blood pressure, and this risk is even greater with advanc-
ing age, duration of use, and increased body mass (1). Stress
may increase blood pressure acutely but does not cause chronic
hypertension (68). However, a review of several studies sugges-
tive of this association supports the possibility that a chronic
nonadaptive response to stress may result in hypertension (68).

Racial Factors

The prevalence of hypertension in non-Hispanic black men
and women is 40.1% compared to 27.4% for non-Hispanic
whites (6). The prevalence of hypertension among Mexican
Americans is 27.1%. These data are derived from the 1999—
2004 NHANES (6). Hypertension begins at an earlier age,
is more severe, and is more difficult to control in African
Americans (69,70). Blacks also progress to ESRD owing to
hypertension 17.7 times more frequently than do whites (71).
Parmer et al. (71) examined the effects of high- and low-salt
diets on a group of white and black men matched for blood
pressure and found an impaired ability to excrete a salt load in
the black group. Proposed causes for this altered salt handling
in blacks include failure to respond appropriately to All, reduc-
tion in kallikrein-kinin excretion, and hyperinsulinemia (72).
As noted earlier, low nephron number has also been associated
with the development of hypertension, and blacks as a group
do have lower birth weights and likely lower nephron number
(10,73). Differences in the pathology of hypertensive-associated
renal disease between African Americans and whites have been
described (74). Moreover, recent evidence originally suggested
that the apparent increase in hypertensive renal disease in African
Americans may be secondary to the high frequency of mutations
in the nonmuscle myosin heavy chain 9 (MYH9) gene found in
this population (69). The strong association between hyperten-
sive African Americans with renal disease and polymorphisms of
the MYH9 gene supported the possibility that the renal disease
was primary rather than representing hypertensive nephropathy
(75). More recently, it has been found that the risk for vari-
ous forms of CKD in this population is more strongly related
to missense mutations in apolipoprotein 1 (APOL1), which is
closely linked to MYH9 (76). The functions of APOLI include
among others association with circulating HDL and autopha-
gic pathways; both functions could play a role in hypertensive
injury or other forms of kidney disease (76).

Clinical Features

INITIAL PRESENTATION

In the earliest stages, most patients are asymptomatic, and the
condition is recognized only at routine examination, when
injury to the vessels may already be present. Symptoms that
may be recognized include headache, epistaxis, tinnitus, and
dizziness, but symptoms are unusual. Excessive weight, smok-
ing, abnormal serum lipid patterns, and diabetes mellitus are
common. Repeated blood pressure readings are necessary
to establish the diagnosis and to determine the appropri-
ate therapy (77). The prevalence of hypertension is increas-
ing in children. As in adults, these patients do not present

with symptoms but are detected on routine evaluation.
Hypertension in children is defined as the average of at least
three determinations of systolic and/or diastolic blood pres-
sure >95% for gender, age, and height (78). Kaelber and
Pickett (79) have devised a table to help determine which
children should undergo further evaluation following a first
reading of elevated blood pressure.

As the duration of hypertension lengthens at any age,
evidence for complications may become manifest. The target
organs of hypertension include the heart, brain, peripheral
arteries, eye, and kidney (80,81). Hypertension accelerates
atherosclerosis in the systemic circulation, whereas the lower-
pressure pulmonary circulation rarely develops atherosclerotic
plaques even in the face of elevated serum lipids (81). The chief
manifestations of hypertensive injury in the heart include con-
centric left ventricular hypertrophy, congestive heart failure,
atrial fibrillation, and coronary artery atherosclerosis, leading
to increased risk of myocardial infarction (80-82). Additional
cardiovascular risk is seen in hypertensive patients with the
metabolic syndrome (83) defined as three or more of the fol-
lowing conditions: abdominal obesity, triglycerides greater
than 150 mg/dL, high-density lipoprotein cholesterol less than
40 mg/dL in men or 50 mg/dL in women, blood pressure
greater than 130/85 mm Hg or being treated for hypertension,
and a fasting glucose greater than 110 mg/dL. Hypertension
is associated with cerebral hemorrhage due to lesions in the
penetrating vessels in the midbrain or due to rupture of berry
aneurysms. Additional cerebrovascular complications of hyper-
tension include stroke and vascular dementia (80). Aortic
aneurysms as well as claudication are well-known peripheral
artery manifestations of hypertension. Hypertension may cause
retinal arteriolar thickening, hemorrhage, exudates, or pap-
illedema (77). Hypertensive injury to the kidney is manifest
chiefly by the appearance of microalbuminuria and/or decline
in estimated glomerular filtration rate (¢GFR) (84).

ACCELERATED HYPERTENSION (MALIGNANT HYPERTENSION)
The current classification of hypertension no longer uses the
term malignant hypertension (1). However, this term remains in
the literature. In the past, malignant hypertension was defined
as severe elevation of arterial pressure in combination with fun-
duscopic changes including retinal hemorrhages and exudates
with or without papilledema (85). It is often accompanied by
target organ damage. It affects less than 1% of patients with
essential hypertension, and its incidence has not declined since
its description (86). The clinical symptoms may include visual
disturbances, headache, headache with visual disturbance,
heart failure, stroke or transient ischemic attack, or dyspnea
(87). Hematuria is present in as many as 21% of patients, and
some patients have gross hematuria. Significant proteinuria is
present in 63.4% of patients and was associated with higher
serum creatinine levels (87).

Malignant hypertension may occur without any history
of hypertension, or it may be preceded by a period of essen-
tial hypertension. It may also complicate secondary forms of
hypertension such as renal parenchymal disease, renal artery
stenosis, various endocrinologic causes of hypertension, or
cocaine abuse (86,88). Lane et al. (86) studied 446 patients
(64.5% were men) with malignant hypertension who had been
admitted to or were referred to City Hospital, Birmingham,

England, between 1964 and 2006. Of these patients, 54.3%



had a history of essential hypertension. The remaining patients
had secondary hypertension caused by renal artery stenosis,
renal parenchymal diseases, or other such conditions. They
found an incidence of 1 to 2 cases of malignant hypertension
per 100,000 per year and found no apparent decline over the
40 years of the study. An excess of black and Asian patients has
been noted relative to the number expected for the popula-
tion studied in several cohorts (86,89). Survival has increased
with the introduction of more effective antihypertensive drugs.
In particular, patient survival has increased from 33% to 90%
over the past 40 years (86) with 10-year renal survival of 84%
(90). Factors involved in determining survival include creati-
nine at presentation and successful control of blood pressure
and proteinuria during follow-up (86,90).

The cause of the switch from benign to malignant hyper-
tension is not yet fully understood. Many authors have sug-
gested that the renin-angiotensin axis may be paradoxically
stimulated by an ischemic renovascular bed stemming from
microvascular damage due to increased blood pressure (91,92).
This theory has been supported by a transgenic model of malig-
nant hypertension that has been developed by the insertion of
the mouse Ren-2 renin gene into Sprague-Dawley rats (93).
The affected rats had increased blood pressure and typical renal
changes of malignant hypertension and died at 50 to 90 days
of age. Heterozygotes showed target organ damage in the heart
and kidney but no other characteristics of malignant hyper-
tension. This model has been further refined by inserting the
Ren-2 renin gene fused to the cytochrome P450 1al (Cyplal)
promoter (94) that allows controlled inducible angiotensin
[I-dependent hypertension. Study of this model shows the
expected pathologic findings of malignant hypertension and
allows therapeutic manipulation. For example, administration
of aliskiren, which directly inhibits renin, normalizes blood
pressure in these rats (95). Patients with malignant hyperten-
sion have elevated plasma renin activity and aldosterone. These
levels correlate to markers for intravascular hemolysis and renal
function in patients with malignant hypertension (92).

Laboratory Findings Including Proteinuria

Hemolytic anemia is frequently seen in malignant hyper-
tension, with schistocytes on the peripheral blood smear.
Thrombocytopenia and negative results on Coombs test are
also part of this hematologic picture, which is also known as
microangiopathic hemolytic anemia or thrombotic microangi-
opathy (TMA). Other conditions associated with this condition
include hemolytic-uremic syndrome, thrombotic thrombocy-
topenic purpura, scleroderma renal crisis, and various drug-
related injuries. These conditions are described in Chapters 18
and 25. Hyperuricemia has been associated with an increased
risk in the future for hypertension particularly in the young and
in women independent of other risk factors (96).

Most of the abnormal laboratory values in patients with
hypertension reflect end-organ damage. When microalbumin-
uria is defined as 20 to 200 pg/min (30 to 300 mg/24 hours),
the prevalence of microalbuminuria ranges between 5% and
60% in hypertensive patients (97,98). The microalbumin-
uria correlates to the level of arterial pressure. Furthermore,
microalbuminuria is predictive of renal damage, cardiovascu-
lar disease, and death in hypertensive patients (80,97,99,100).
Wang et al. (101) examined the urinary albumin-to-creatinine
ratio in 1499 nonhypertensive individuals. During a mean
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follow-up period of 2.9 years, 15% of these persons developed
hypertension and another 33% progressed to a higher level of
hypertension. The authors found that urinary albumin excre-
tion (UAE) predicted these changes in blood pressure even at
levels lower than the conventional threshold for microalbu-
minuria. Microalbuminuria arises in part due to endothelial
dysfunction as is discussed below. Microalbuminuria is also
secondary to changes in glomerular hemodynamics due to loss
of autoregulation. Ten percent of patients at the onset of their
hypertension have hyperfiltration (99).

Biomarkers other than microalbuminuria have also been
studied in hypertension. The biomarkers studied fall into the
categories of markers of endothelial dysfunction, oxidative
stress, and inflammation. Endothelial damage is known to occur
and may precede the elevated UAE (97). Microalbuminuric
essential hypertensive patients had higher serum levels of circu-
lating endothelin-1 (ET-1) and basic FGF (102). Furthermore,
there was a correlation between these factors and the level of
microalbuminuria. Pedrinelli et al. (103) examined levels of von
Willebrand factor (vWF) in 10 hypertensive patients with micro-
albuminuria and compared them with 10 hypertensive patients
without microalbuminuria and 10 controls without microal-
buminuria. These investigators found that vWF was increased
in the serum of patients with microalbuminuria. Furthermore,
serum levels of vWF correlated with UAE, mean blood pressure,
and age. Mean blood pressure and vWEF both contributed to
the rise in UAE when multiple regression analysis with UAE as
the dependent variable was performed. Patients with microalbu-
minuria had higher serum creatinine levels and lower creatinine
clearance than did hypertensive patients without microalbu-
minuria. An inverse correlation was found between vWF and
creatinine clearance. The authors concluded that blood pressure
may contribute to endothelial damage and thereby may pro-
mote microalbuminuria. Other investigators found that serum
levels of both intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1 were increased in patients with essential
hypertension as compared to controls (104). Furthermore, the
levels were highest in such patents with microalbuminuria.
Additional markers of endothelial dysfunction include inhibi-
tors of nitric oxide (NO) such as plasma asymmetric dimethy-
larginine and homocysteine. Markers of inflammation such as
C-reactive protein (CRP) and plasminogen activator inhibitor-1
may also be elevated. Any of these indicators may be found in
patients with hypertension and even in some patients with white
coat hypertension (105). Of further interest is that the markers
of inflammation including CRP and tumor necrosis factor—o
may be present in patients with prehypertension (106,107).

Biomarkers can also be used for risk stratification for
end-organ damage, especially the heart, due to hypertension.
A recent systematic review and meta-analysis showed that
elevated levels of matrix metalloproteinases (MMP)-2 and
9 as well as tissue inhibitor of MMP (TIMP) are present in
hypertensive patients (108). MMP-9 and TIMP are elevated
in hypertensive patients prior to the onset of heart failure and
may be good markers of potential risk for end-organ dam-
age. TIMP has higher levels in patients with left ventricular
hypertrophy, indicating the presence of myocardial remodel-
ing. Serum MMP-2 is elevated to a greater degree in hyper-
tensive patients with diastolic heart failure (108). Other useful
biomarkers of ventricular remodeling include atrial natriuretic
peptide and brain natriuretic peptide (109).
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FIGURE 20.1 Kidney from a patient who had
the malignant phase of essential hyperten-
sion. Kidney weights: left, 150 g; right 130 g. Note
numerous petechial hemorrhages.

Pathologic Findings

Gross Pathology

The kidneys in benign nephrosclerosis are typically reduced in
size, with a total weight ranging between 120 and 250 g (nor-
mal = 300 g total weight). The two kidneys are usually affected
equally. The capsular surface is most commonly finely granular,
reflecting disease in small arteries and arterioles. The granules
are formed by zones of relatively preserved or even hypertro-
phied renal parenchyma alternating with neighboring neph-
rons with diseased arterioles, which are scarred and depressed.
When larger renal arteries show intimal thickening and damage
larger clusters of nephrons, however, coarser granularity may
be superimposed against a background of fine granularity with
scattered V-shaped pits. Such larger scars will take the form of
pits, which, on cut surface, extend only through the cortex and
not the medulla, indicating their relationship to the interlobu-
lar or arcuate vessels. These features differentiate them from
pyelonephritic scars, which are larger and U shaped, and extend
through a fibrotic medulla to end in a dilated, distorted, and
inflamed calyx. The capsule may strip with difficulty over such
pitted scars. The kidney may be difficult to cut because of the
interstitial fibrosis. The cut surface also reveals cortical thin-
ning. Glomeruli may be difficult to identify. Atherosclerosis
may be evident in the main renal artery or in any of its branches.
Cortical cysts or small adenomas may also be present. If the
patient has a short history of hypertension or only mild eleva-
tions, there may not be any gross alterations.

The gross appearance of the kidney from an untreated
patient with accelerated hypertension differs from that of a
patient who has been treated or who has had a period of less
severe hypertension preceding the onset of malignant hyper-
tension. In the untreated patient, the combined kidney weights
can range from 130 to 410 g (91). The capsular surface may
be smooth in those patients without preceding hypertension
but may show a granular surface for those with long-standing
hypertension. Petechial hemorrhages, frequently representing
congested glomeruli sometimes with hemorrhage into local tis-
sue, are prominent and may also be seen on the cut surface.

Small infarcts may also be noted (Fig. 20.1). In patients who
have been treated, the petechial hemorrhages and infarcts are
less prominent or not visible at all.

Light Microscopy

GLOMERULI

The glomeruli may be normal or may simply show age-related
changes (110). A few globally sclerosed glomeruli are seen
in all adults despite the absence of increased blood pressure.
Sclerosed glomeruli may disappear and sometimes one may
find such “disappearing glomeruli” that appear to merge into
the surrounding renal parenchyma (Fig. 20.2). In hyperten-
sive nephropathy two additional types of glomerular changes
are seen: ischemic glomeruli and solidified ones (111). The
earliest change is that of collapse of the capillary loops with
apparent thickening of their walls on hematoxylin and eosin

FIGURE20.2 Disappearing glomerulus (arrow) merging into surrounding
tissue. (H&E, x260.)




reduction of capillary lumen diameter. (PAS-Jones, x390.)

(H&E)-stained sections. Periodic acid-Schiff (PAS) reaction
or silver stain, however, shows that the apparent thickening is
chiefly due to wrinkling of the capillary basement membrane
(Fig. 20.3). With time, the entire glomerular tuft shrinks and
retracts to the vascular pole. This is accompanied by the fill-
ing in of the Bowman space by a faintly eosinophilic material.
H&E-stained sections of such glomeruli reveal only pink, non-
descript balls (Fig. 20.4). However, PAS staining demonstrates
the shrunken tuft as well as mild thickening of the Bowman
capsule (Fig. 20.5). Furthermore, the material filling the
Bowman space is PAS negative, a characteristic staining pattern
for collagen. This change may begin in the hilar portion of the
tuft, but it soon fills the entire space emptied by the shrinking
glomerulus (112) until it becomes obsolescent.

The solidified glomerulus is characterized by an increase
in the mesangial matrix, which results in either segmental or

(H&E, x260.)
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FIGURE 20.5 The glomerular tuft is shrunken with wrinkling of
the capillary walls. The capsular space contains pale-staining material.
The PAS technique clearly distinguishes between the collapsed tuft and
the collagenous material occupying the capsular space. (PAS, x340.)

global solidification (sclerosis) of the glomerular tuft (Fig. 20.6),
extending to the Bowman capsule without collagenization of the
Bowman space. Such glomeruli frequently contain hyalinosis
lesions and represent “decompensated benign nephrosclerosis”
(DBN) (113,114). This term is used by Bohle et al. to describe
those cases of benign nephrosclerosis in which many glomeruli
show prominent hyalinosis accompanied by mesangial widen-
ing. In a study of hypertensive patients, these authors found
that 775 kidneys showed the obsolescent glomeruli described
above accompanied by hyaline arteriolosclerosis. An additional
251 patients had the solidified glomeruli of DBN (114). These
latter patients developed chronic renal failure within a few years
and had higher levels of blood pressure, proteinuria, and higher

o ) Yo ARG
FIGURE 206 Solidified glomerulus extending to the Bowman

capsule without collagenization of the Bowman space. Foam cells
may be seen within the glomerulus. (H&E, x260.)
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serum creatinine than patients with solely ischemic lesions.
Solidified glomeruli are readily distinguished from obsolescent
glomeruli by use of the PAS staining technique. Marcantoni
et al. (74) recognized these solidified glomeruli of DBN in a
higher proportion of African American hypertensive patients
than in Caucasians. They also reported a higher frequency of
segmental sclerosis in the patients with DBN. Thus, this altera-
tion may represent a secondary form of focal segmental glo-
merulosclerosis (FSGS). Kincaid-Smith (115) has suggested
that the increase in segmental glomerular lesions may be related
to the increase in the association between the metabolic syn-
drome (chiefly obesity and insulin resistance) and hyperten-
sion. She posits that these factors are producing the segmental
glomerular sclerosis rather than the hypertension. Kidneys with
hypertensive nephrosclerosis also may contain a population
of hypertrophied glomeruli (116). Hill et al. (116,117) have
described pathologic differences in the afferent arterioles sup-
plying these different types of glomeruli. This is addressed below
in the discussion of the pathogenesis of these changes.

Several other glomerular alterations have been noted in
the kidneys from hypertensive patients. First, the podocyte
number is decreased in hypertensive nephrosclerosis accompa-
nied by increased urinary podocin, nephrin, and synaptopo-
din as compared to healthy controls (118). Reduced podocyte
numbers have been described in a number of renal diseases
with glomerulosclerosis. Hoy et al. (119) have demonstrated
lower glomerular number in hypertensive American whites
and Australian Aborigines. However, there was no difference
in nephron number in hypertensive blacks from the United
States as compared to nonhypertensive blacks. However, the
mean glomerular volume was greater in hypertensive blacks as
compared to nonhypertensive controls (119). Finally, the jux-
taglomerular apparatus (JGA) is slightly enlarged with respect
to numbers of cells in patients with benign hypertension com-
pared with normotensive controls (120).

The glomerular changes in accelerated (malignant) hyper-
tension may be acute or chronic (121-123). They are identical
to those seen in secondary forms of malignant hypertension in
association with a preexisting renal parenchymal disease; the
alterations described here are superimposed on the changes
of the respective condition. The acute changes are focal; most
glomeruli appear unchanged. The most obvious change is that
of fibrinoid necrosis, which is usually segmental (Fig. 20.7).
This lesion is eosinophilic, but it is most easily seen with a
silver stain, which demonstrates interruption of the glomerular
basement membrane (GBM). Furthermore, the intense eosin-
ophilia of the area of necrosis stands in sharp contrast to the
black staining of the GBM and mesangial matrix (Fig. 20.8).
The mesangial matrix may also show loosening, so-called
mesangiolysis. The fibrinoid necrosis may extend from the
afferent arteriole, or it may be peripheral and associated with
a crescent. Fibrin, which accounts for the eosinophilia of the
lesion, may also be seen in other capillary lumina within the
glomerular tuft or may accumulate under endothelial cells.
Endothelial cells of arterioles and capillaries may become swol-
len and obscure the lumen. Fibrin platelet thrombi with red
blood cell fragments may also be seen (Fig. 20.9). In other
glomeruli, the predominant alteration is one of intense con-
gestion with dilation of the capillary lumina (Fig. 20.10). The
final acute alteration is that of thickening of capillary walls
in open capillary lumina. Silver stain demonstrates double

FIGURE 20.7 Glomerulus with segmental necrotizing lesion (fibrinoid
necrosis) characterized by eosinophilia, karyorrhexis, and apparent disrup-
tion of glomerular architecture. (H&E, x260.)

contours indicative of subendothelial widening and new base-
ment membrane formation (Fig. 20.11) (see also Chapter 18.)

The chronic changes are of two different types. The first is
similar to that seen in benign hypertension, in that there is col-
lapse of the tuft with wrinkling of the GBM accompanied by
collagenization of the Bowman space. This change may occur
with or without a preceding period of benign hypertension,
although it is much more prominent in patients with a his-
tory of hypertension. In the second type, glomeruli are also
collapsed, but seem almost acellular and, on silver stain, show
the subendothelial widening described earlier in the preceding
paragraph. Thus, the collapsed glomeruli have evolved from
those that showed subendothelial widening.

FIGURE 20.8 Fibrinoid necrosis involving several lobules in the center
and upper right of the tuft, with segmental disruption of the basement
membrane at the central portion. (PAS-Jones, x260.)
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FIGURE 20.9 Glomerulus with dilated capillaries filled with red
cells, red cell fragments, and amorphous material probably repre-
senting platelets and fibrin. An identical picture is seen in other con-
ditions with TMA such as hemolytic-uremic syndrome and scleroderma.
(H&E, x520.)

TUBULES

The tubules in either benign or malignant hypertension may
be atrophic and sometimes contain hyaline casts. The epithe-
lial cells are flattened and surrounded by a thickened tubular
basement membrane, which may be wrinkled. Such atrophic
areas often alternate with zones of tubules with dilated lumina
and tall hypertrophied epithelial cells (Fig. 20.12). Such zones
form the granularity seen on the capsular surface of gross
specimens. The size of the scars, or fields of atrophic tubules,
depends on the diameter of the narrowed vessel supplying
the area, thus determining the number of nephrons affected.
Although such atrophic tubules are frequently near an obsoles-
cent glomerulus, this is not always the case, a finding that may
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FIGURE 20.10  Glomerulus with congested capillary loops. (H&E, x260.)
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FIGURE 20.11

Glomerulus with double contours (arrow) represent-
ing duplication of the GBM and subendothelial widening. (PAS-Jones,
x370.)

reflect the greater susceptibility of tubules to ischemia. Actual
loss of tubules may also occur suggested by glomerular crowd-
ing. If the patient has proteinuria, protein reabsorption drop-
lets may be present in the tubular epithelial cells. In patients
with sudden onset of malignant hypertension, patchy necrosis
of tubules may be evident, and there may be cortical infarcts.
Such areas are more common in scleroderma-associated TMA
than in that associated with malignant hypertension (see also

Chapter 18.)

FIGURE 20.12 Renal biopsy showing the zone of atrophic tubules
and interstitial fibrosis to right with normal tubules and the inter-
stitium to left. Some of the normal tubules show mild dilation. (PAS,
x125.)
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INTERSTITIUM

The interstitium is widened in areas with atrophic tubules.
Increased collagen is noted. Chronic inflammatory cells, usually
small lymphocytes, may be widely dispersed in the areas of scar-
ring; however, larger aggregates of lymphocytes may be pres-
ent in the scars in subcapsular zones. Mast cells are increased
in the interstitium early in hypertensive nephropathy (124).
Morphometric studies by Grund et al. (125) have shown a
correlation between the amount of interstitium and the serum
creatinine level. These authors hypothesized that the renal inter-
tubular capillaries had diminished cross-sectional area resulting
from interstitial fibrosis and that this change may have con-
tributed to the decrease in the GFR. They did not determine
whether the fibrosis preceded the loss of capillaries or vice versa.
The chronic hypoxia hypothesis as a model for the progression
of renal disease was first suggested by Fine et al. (126). One of
the mechanisms for this is damage to the tubules due to reduced
blood flow through the peritubular capillaries (111). The mech-
anisms are further discussed below. The changes in accelerated
hypertension are similar to those seen in benign nephrosclerosis.

BLOOD VESSELS
The changes vary with the size of the vessel involved and also
differ among individual patients. Arcuate and larger arteries
show the alterations typical of atherosclerosis, as manifest by
fibrous intimal thickening that results in reduction of the vessel
lumen. The internal elastic lamina may show splitting, which
is best seen with either a silver or elastic stain. This change
is different from the abrupt breaks seen in vasculitis. Lipid-
containing macrophages are not usually evident except in the
intima of the main renal artery or its branches. In cases in
which malignant hypertension is primary, and not secondary
to a period of lower levels of hypertension, the larger arteries
may not show any alteration. Otherwise, the arteries are similar
in appearance to those seen with any level of hypertension.
Interlobular arteries show fibroelastic intimal thickening
with reduplication of the internal elastic lamina (Fig. 20.13).
The degree of intimal thickening in arteries is closely linked to
this change in arterioles (127). The media may be thickened in
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FIGURE 20.13

Interlobular artery with reduplication of the internal elas-
tic lamina. (PAS-Jones, x260.)

FIGURE 20.14 Small artery showing medial thickening with multiple

layers of smooth muscle cells and wrinkling of the internal elastic lamina.
(H&E, x325.)
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small arteries and/or arterioles (Fig. 20.14), reflecting hyper-
trophy, hyperplasia, or remodeling. In any case, lumen size is
decreased, and this decrease may be the result of remodeling,
alterations in stiffness or compliance, and functional abnormal-
ities. Remodeling and functional changes are discussed below.
Stiffness may be dependent on alterations in the amount and
type of collagen, the collagen-elastin ratio, and the presence of
proteoglycans (128). The latter has been described in humans.
An abnormal interaction among these elements may also lead
to increased stiffness (128). In patients with accelerated hyper-
tension, the smaller of the interlobular arteries may also show
fibrinoid necrosis, which is a segmental change causing local-
ized destruction of a vessel (Fig. 20.15). However, thickening of
the intima with mucoid matrix and widely spaced, concentri-
cally arranged cells are more typical changes (Figs. 20.16). The
matrix has sparse collagen in a basophilic edematous-appearing

necrosis characterized by intense eosinophilia and granular tex-
ture. Arteriole at upper right shows fibrinoid necrosis with near occlusion
of the lumen. (H&E, x260.)




FIGURE 20.16  Small artery with mucinous basophilic intimal thickening.
(H&E, x470.)

matrix. This thickened intima may also show lipid-containing
macrophages as well as reduplication of the elastic lamina
(Fig. 20.17). Elastic reduplication is particularly prominent in
those patients who had a prolonged period of benign hyperten-
sion before the onset of malignant hypertension. In these cases,
the intimal thickening is luminal to the elastic reduplication.
The intimal thickening extends along most of the length of the
vessels and causes marked narrowing of the lumen that results
in the devastating ischemic alterations that can cause renal fail-
ure. The most common terms used to describe this lesion are
onionskin thickening, endarteritis fibrosa, and musculomucoid
intimal thickening. These alterations in the kidney in malignant
hypertension, including the findings of fibrinoid necrosis of

FIGURE 20.17

Interlobular artery with marked reduplication of the inter-
nal elastic lamina. (Periodic acid-methenamine silver, x170.)
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FIGURE 20.18 Arteriole with circumferential intimal hyalin deposition.
Note glassy appearance. (H&E, x520.)

the afferent arteriole, glomerulitis, and onionskin thickening of
small arteries, were first described by Volhard and Fahr (129).
Arterioles are commonly affected by hyaline arterio-
losclerosis, a change that is also present in the aging kidney.
Hill (111) prefers the term arteriolar hyalinosis as the hyaline
deposits occur in areas of loss of smooth muscle or arterio-
malacia. Burchfiel et al. (130) found that the risk of arteriolar
hyalinization increased with increases in diastolic blood pres-
sure. The severity of arteriolar hyalinization also correlates with
the degree of larger artery intimal thickening (131). This lesion
is characterized by the presence of homogeneous eosinophilic
material, sometimes with lipid in the subendothelium of the
arterioles (Fig. 20.18). It may extend into the media and is
more easily seen using the PAS stain (Fig. 20.19). Use of the

FIGURE 20.19  Small artery with intimal hyalin and arteriole to left with
intimal deposition of hyalin extending toward the media and compressing
smooth muscle cells. (PAS, x400.)
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term hyalin suggests that it appears glassy, to distinguish it
from the more granular texture of fibrinoid necrosis, a lesion
typical of the malignant phase of hypertension discussed below.
In a morphometric study, Hill et al. (116) noted that arterio-
lar hyalinosis increased in frequency in hypertensive kidneys
as compared to age-matched controls without hypertension.
Furthermore, these vessels had larger luminal diameters and
an increase in vascular smooth muscle and the extracellular
matrix, resulting in a larger outer circumference. The afferent
arterioles with hyalinosis were associated with either hypertro-
phied glomeruli or glomeruli with FSGS. These changes reflect
the loss of autoregulation that may occur with hypertension
resulting in transmission of elevated pressure through the
dilated vessels and on to the glomerulus.

The characteristic lesion of severe (malignant) hyperten-
sion is fibrinoid necrosis. Eosinophilic material with a granu-
lar texture supplants the medial smooth muscle cells with loss
of cell nuclei (see Fig. 20.15). This granular material must be
differentiated from the glassy appearance of arteriolar hyalino-
sis, the more typical lesion of benign hypertension (see Fig.
20.18). Of course, arteriolar hyalinosis may also be present in
patients with malignant hypertension, but the identification
of true fibrinoid necrosis suggests the diagnosis of the acceler-
ated phase. Fibrinoid necrosis also impinges on the vascular
lumen. Areas of fibrinoid necrosis can be distinguished easily
with the use of the PAS/Jones (silver) and the recognition of
the granular texture rather than the glassy appearance of hya-
lin. The elastic lamina of the vessel wall as well as the intersti-
tium between smooth muscle cells stain black from the silver.
This finding is in sharp contrast to the bright pink staining
of the fibrinoid material. Masson trichrome stain also delin-
eates fibrinoid necrosis well as the fibrin stains bright red
(Fig. 20.20). Thrombus formation is often superimposed on
the area of necrosis, resulting in complete occlusion of the
vessel. Fragmented red blood cells are frequently seen within
either the thickened intima or the vessel wall, evidence of TMA

FIGURE 20.20

Afferent arteriole with fibrinoid necrosis staining bright
red. The lumen is nearly totally occluded, resulting in collapse of the glom-
erulus being fed by the vessel. (Masson trichrome, x310.)

FIGURE 20.21 Arteriole showing TMA with platelet-fibrin throm-
bus occluding the lumen. Also note fragmented red blood cells within
the vessel wall. (H&E, x520.)

(Fig. 20.21). Mixed inflammatory cells are occasionally pres-
ent, but their presence is not necessary to make the diagnosis.
Hughson et al. (132) in a study of patients with malig-
nant nephrosclerosis identified nodules in small arteries and
arterioles. These nodules were composed of spindled cells with
a vascular network similar to the plexiform lesion seen in pul-
monary hypertension. He hypothesized that the pathogenesis
was due either to arterial necrosis or organization of thrombi
or to a combination of the two, with the necrosis occurring
first followed by the thrombus. Hughson also suggested that
the intimal hyperplasia was due to turbulent blood flow. These
changes were seen most commonly in the kidneys, followed by
the periadrenal fat, pancreas, intestines, gallbladder, and heart.

THROMBOTIC MICROANGIOPATHY AND MALIGNANT
NEPHROSCLEROSIS

The term malignant nephrosclerosis was first used by Fahr
(133) in a description of the renal pathologic characteristics
of a patient who had an accelerated or malignant form of
hypertension. Bohle et al. (134) examined the issue of malig-
nant nephrosclerosis in great detail. They divided their patients
into two groups: one with the changes of fibrinoid necro-
sis in glomeruli and arterioles and the other with onionskin
alterations in the intima of arteries. They designated the first
group with either normal blood pressure or recent onset of
hypertension as primary malignant hypertension. Bohle et al.
believed that in these cases, the renal vascular morphologic
changes preceded the hypertension. The other group had
long-standing accelerated hypertension and was considered
secondary malignant hypertension. The authors believed that
the vascular changes in these cases were caused by the hyper-
tension. Patients in the primary malignant hypertension group
were younger than those in the secondary group. Furthermore,
women outnumbered men, and the primary group had more
severe hemolytic anemia and often presented in acute renal
failure. The changes are those of TMA (discussed in Chapter

18) and are the same as seen in hemolytic-uremic syndrome,



thrombotic thrombocytopenic purpura, renal involvement
in systemic sclerosis (scleroderma), toxicity of certain drugs
such as cyclosporine and mitomycin C, and complications of
radiation and bone marrow transplantation. It is characterized
by fibrinoid changes in both glomeruli and renal arterioles
accompanied by fragmented erythrocytes (see Fig. 20.20). The
glomeruli may also show collapse and wrinkling of the tuft.
The renal arterioles and small arteries show intimal thickening,
often with a mucoid appearance resulting in marked narrowing
of their lumina. As suggested in the name, thrombotic occlu-
sion of the lumen is often superimposed on this narrowing.

The question of the primacy of malignant levels of hyper-
tension in the pathogenesis of these microangiopathic lesions
is still controversial. Most of the cases I see now that have the
changes 1 consider representative of malignant nephrosclero-
sis are superimposed on the kidneys with primary glomeru-
lar disease. In these patients, severe renal parenchymal disease
is present, and the history is consistent with preexistence of
the glomerular disease before the onset of the malignant lev-
els of hypertension. Thus, they can be considered as cases of
secondary malignant hypertension. However, I have also seen
a patient with IgA nephropathy and the changes of malignant
nephrosclerosis in whom glomerular disease was not severe and
the tubules and interstitium showed only focal fibrosis and
atrophy. Nevertheless, the arteries showed changes consistent
with the malignant hypertension, which was present clinically.
In that case, I believe that the malignant hypertension was
separable from the renal parenchymal disease and was thus pri-
mary or essential malignant hypertension. In most cases with
microangiopathic changes, malignant hypertension is promi-
nent clinically. However, I have seen the alterations of TMA
without documentation of malignant levels of hypertension.
In one particularly memorable case of scleroderma renal cri-
sis, the patient never had a recorded blood pressure exceeding
120/80 mm Hg yet had spectacular fibrinoid necrosis of both
glomeruli and arterioles.

Immunofluorescence Findings

Arterioles with hyaline accumulation have been shown to
contain IgM and C3 most commonly, but IgG, IgA, IgE, and
fibrinogen have also been recorded (135) (Fig. 20.22). C3
may also be observed without accompanying immunoglobu-
lins. The most common reactant seen in immunofluorescence
studies of malignant hypertension is fibrinogen (134). It may
be noted in areas of fibrinoid necrosis, as would be expected,
but it is also seen in glomerular capillary loops and in larger
vessels without obvious fibrinoid necrosis. These changes are
more prominent in the more active cases. On occasion, other
immunoglobulins can be identified, presumably accumulating
nonspecifically in areas of injury.

Electron Microscopy

Ultrastructural studies (122,136,137) of glomeruli from
patients with hypertension demonstrated wrinkling and thick-
ening of the GBM, which also becomes denser (Fig. 20.23).
Electron microscopy confirms the presence of collagen fibrils
with scattered cells within the capsular space and reduplica-
tion of the basement membrane material of the Bowman cap-
sule (Fig. 20.24). The presumption has always been that the
shrinkage of the tuft results from ischemia (136,137), but no
good explanation has been advanced for the accumulation of
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FIGURE 20.22 Immunofluorescence micrograph of afferent arteriole
staining with C3 antiserum. (C3 antiserum, x260.)

collagenous material in the Bowman space. In open glom-
eruli, one may see mild but widespread subendothelial wid-
ening sometimes with new basement membrane formation
(Fig. 20.25).

Ultrastructural studies of intimal thickening of larger
arteries in hypertension show that the intimal cells are myo-
fibroblasts as characterized by both abundant rough endoplas-
mic reticulum and myofibrils distributed along the periphery
of the cell. Immunohistochemistry with anti-smooth muscle—
specific actin confirms the smooth muscle differentiation of
these cells as well. Electron microscopy also demonstrates the
presence of extracellular proteoglycans (small granules), which
are responsible for imparting the mucoid appearance to the
thickening (122,138).

FIGURE 20.23 Electron micrograph showing wrinkling of the
GBM with variability in its thickness. Foot processes are coarsened,
but frank effacement is not seen. (Uranyl acetate and lead citrate, x3600.)
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FIGURE 20.24 Electron micrograph from an obsolescent glomerulus. Remains of the capillary tuft with a wrinkled GBM
and epithelial cell are seen in the top right corner. The urinary space (US) delimited by Bowman capsule basement membrane (BBM
and arrows) is filled with collagen as confirmed at higher magnification in the lower left inset (x10,000; inset, x36,000). (From
Nagle RB, Kohnen PW, Bulger RE, et al. Ultrastructure of human renal obsolescent glomeruli. Lab Invest 1969;21:419. Copyright ©
1969 by the U.S. Canadian Division of the International Academy of Pathology.)

FIGURE 20.25 Electron micrograph showing mild subendothelial widening with new basement membrane
formation. (Uranyl acetate and lead citrate, x13,100.)




Ultrastructural scudies (122,139) of glomeruli from patients
with accelerated hypertension demonstrate dense amorphous
material in the areas of fibrinoid necrosis, sometimes with fibrin
tactoids. The mesangium may be intact or show areas of loos-
ening of the matrix, sometimes with finely granular material.
Loss of attachment of the GBM to the matrix denotes areas of
mesangiolysis (139), which results in capillary dilation and even
microaneurysm formation, an alteration that can also be seen
in the other conditions associated with TMA (see Chapter 18).
Red blood cell fragments, platelets, and fibrin thrombi may be
found in arterioles and capillaries. Endothelial cells may be swol-
len or, in more severely affected areas, they may become necrotic
and disappear. The widened subendothelial space contains floc-
culent material of variable density, sometimes with fibrin tac-
toids. The glomeruli with long-term changes show wrinkling of
the GBM, which becomes both thicker and denser. Areas with
subendothelial widening have more flocculent material, which
becomes more lucent, and new basement membrane material is
laid down immediately below the endothelial cell (Fig. 20.26).
Ultrastructural studies have suggested that the smooth muscle
cells of the media are hypertrophied (122). Furthermore, such
studies have also shown the presence of cells with smooth mus-
cle features in the intima (122).

Chapter 20 | Renal Disease Caused by Hypertension m

Ultrastructural studies of vessels in severe hypertension con-
firm the presence of fibrin within fibrinoid necrosis, with fre-
quent tactoids noted (122). Smooth muscle cells are necrotic or
show various degenerative changes, including loss of microfibrils,
vacuole formation, and increased numbers of autophagosomes.
In those areas where the endothelium remains intact, one may
see swelling of these cells or increased microfilaments, so-called
stress fibers, at either the luminal surface or near its attachment to
the basal lamina (140,141). An increase in the number of cellular
organelles and myofilaments has been shown to occur in vascular
endothelium when exposed to shear stress in vitro (142,143).

Etiology and Pathogenesis

Pathophysiology of Hypertension

The pathogenetic mechanisms of essential hypertension are
complex, but it is recognized that sodium and fluid balance
and vasomotor tone are the major determinants of blood pres-
sure. A discussion of sodium and fluid balance is beyond the
scope of this chapter. However, changes in vascular tone are
related to structural changes in vessels. Thus, factors that affect
vascular tone and autoregulation are described. Vascular resis-
tance is determined by the Hagen-Poiseuille law and is directly
related to the length of the vessels and the blood viscosity, as
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FIGURE 20.26 Electron micrograph of a portion of glomerular tuft showing a capillary loop with subendothelial wid-
ening and the new basement membrane (arrows) immediately subjacent to endothelial cell. The electron-lucent area
between the two basement membranes contains flocculent material, most notably to the left. Occasional denser material may repre-
sent degraded fibrin-related material. (Uranyl acetate and lead citrate, x5650.)
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represented by the hematocrit level. Resistance is inversely
related to the fourth power of the diameter of the blood vessels
(144). Arteriolar diameter is the most powerful determinant
of resistance in the short term. In the long term, other factors,
such as an increased wall-to-lumen ratio, which affects lumen
diameter, and rarefaction, which results in a decrease in the
number of arterioles and capillaries, also become important.
Many factors contribute to the vascular changes including the
sympathetic nervous system (SNS), the RAS, and other hor-
monal regulators of vascular tone, endothelial dysfunction, uric
acid, and inflammation. These are discussed briefly in turn.

The SN is clearly involved in blood pressure regulation.
Sympathetic activation occurs early in essential hypertension
(145). Furthermore, the level of activation is directly related to
severity of hypertension and is associated with greater cardio-
vascular morbidity and mortality (145). The SNS plays a role
in chronic hypertension chiefly by increasing tubular sodium
reabsorption, renin release, and renal vascular resistance (146).
These changes shift the pressure-natriuresis curve to the right
so that there is a resetting of arterial pressure up in order to
reestablish sodium balance (146,147). SNS activity is increased
in hypertensive patients even at an early stage of hypertensive-
associated renal dysfunction and increases with reduction of
glomerular filtration rate (148). A number of mutations in
genes associated with sympathetic activation have been rec-
ognized in essential hypertension as well as in experimental
models of hypertension (61,145). The primary role of the SNS
as a mechanism in the causation of hypertension is supported
by the recent development of a technique to produce renal
denervation by catheter-based radiofrequency ablation of renal
nerves (149). Renal denervation was associated with long-term
lowering of arterial pressure in a proof of principle study in
patients with hypertension that had been difficult to control
(149). The role of stress and the SNS in acute hypertension
is well accepted (150). Mental stress has been shown to cause
a larger increase in GFR in hypertensive patients than in nor-
motensive subjects (146) perhaps indicating greater reactivity
in vessels to SNS changes. Increases in SNS activity are also
important in secondary hypertension.

The RAS plays a central role in blood pressure regulation.
ATl is the most potent of the peptides in the system with the AT,
receptor activating most hypertensive effects (147). All causes
renal vasoconstriction, increases the sensitivity of the tubuloglo-
merular feedback (TGF), and increases tubular reabsorption of
sodium. AIl may also have direct toxic effects on vessels and/or
may be a stimulus to remodeling (see p. 867). Intrarenal All lev-
els are also increased in hypertension, resulting in the resetting
of the pressure-natriuresis relationship. The classical view of the
RAS in the kidney held that circulating All exerted its effects
on the afferent arterioles. Navar et al. (151) have studied the
intratubular RAS and found abundant ATT receptors through-
out the tubules of the nephron. Furthermore, intratubular con-
centrations of All are higher than those of plasma, and AGT
is synthesized in proximal tubule cells. Urinary AGT levels are
elevated in hypertensive patients supporting the contention
that this system is important in blood pressure regulation.

Endothelial dysfunction was initially defined as impaired
vasodilation in response to such substances as acetylcholine or
bradykinin. However, now it is recognized as a reduction in
the expected vasoactive, anti-inflammatory, antiatherogenic,
and anticoagulant properties of the endothelium induced

by a reduction in NO bioactivity (152,153). Other factors
involved in endothelial dysfunction include oxidative stress
and up-regulation of inflammatory mediators. Endothelial
dysfunction has been described in humans with hypertension
and in families prior to the onset of hypertension (154). Some
subsets of patients with hypertension do not show endothe-
lial dysfunction (153). It is not yet clear whether endothelial
dysfunction is a cause or effect in hypertension. However, its
presence does signify increased risk for target organ damage.

NO is synthesized from L-arginine by a family of NO syn-
thases and exists in two constitutive forms: endothelial and
neuronal. The constitutive forms of NO are both calcium and
calmodulin dependent. Release of the constitutive forms of
NO produces various effects, including smooth muscle relax-
ation, inhibition of platelet aggregation and adhesion, and
increased neurotransmission in peripheral sympathetic nerves.
Larger, local doses affect both afferent and efferent arteri-
oles. Loss or decrease in NO is one of the signs of endothe-
lial dysfunction (152,153). Diminished NO can result from a
decrease in endothelial NO synthase (eNOS) due to inhibitors
or reduction in its substrate, arginine. NO synthase is inhibited
by L-nitro ethyl arginine as well as by certain other substances
that are normally produced endogenously (155). Long-term
blockade of NO synthase brings about sustained hypertension
and end-organ damage (156). RhoA, a member of the Rho
family of small G proteins, plays a role in control of vascular
tone (157). RhoA-Rho kinase signaling decreases eNOS syn-
thesis by interfering with eNOS mRNA stability and possibly
by stimulating arginase activity (157). Reactive oxygen species
(ROS) have been associated with decreased NO mediated by
an uncoupling of eNOS to a reductase function where it pro-
duces more ROS and less NO (158). Oxidative stress is defined
by an imbalance between the concentration of free radicals and
antioxidant defenses. During states of oxidative stress, ROS
cause vasoconstriction and may be a precursor to hypertension.
In the desoxycorticosterone-salt model of hypertension, Zhang
et al. (159) showed that mitochondrial-related oxidative stress
was associated with hypertension, which could be attenuated
by inhibitors of the mitochondrial respiratory chain complex.
In an in vitro model of vessels from skeletal muscle, Huang
etal. (160) demonstrated that elevated shear stress could induce
ROS that then diminished NO. Similarly, in human beings,
markers of oxidative stress have been associated with lower lev-
els of NO in hypertension and in chronic renal disease (152).

Hyperuricemia is also associated with increased blood
pressure. Numerous epidemiologic papers including sev-
eral longitudinal studies have established an associative risk
between hyperuricemia and essential hypertension (161). This
effect is more striking in young and middle-aged populations
than in the elderly (96). Mazzali et al. (162) developed an ani-
mal model of hyperuricemia in the rat in which the hyperuri-
cemia induced reduction in endothelial NO and stimulated
renin production. Furthermore, they showed that the arteriolar
lesions that developed were followed by the development of
salt sensitivity that was independent of the level of serum uric
acid (163). Additional studies showed that uric acid can enter
vascular smooth muscle cells (VSMCs) and cause production
of monocyte chemoattractant protein-1 (MCP-1) (164). Uric
acid is also capable of up-regulating the production of CRP in
human VSMCs (165), which leads us to a discussion of the
role of inflammation in the pathogenesis of hypertension.



Numerous studies have demonstrated elevated circulating
inflammatory markers in patients with hypertension (166,167).
Increases in markers such as CRP or homocysteine, cytokines
such as MCP-1, and adhesion molecules have been identified
in patients with hypertension (167). These molecules are also
elevated in prehypertensive states and indicate increased risk of
developing hypertension (167). Homocysteine decreases NO
bioavailability by enhancing lipid peroxidation evidenced by
increased plasma levels of F,-isoprostanes (168). These iso-
prostanes stimulate production of ET-1, the most powerful
vasoconstrictor known. ET-1 is produced by endothelial and
vascular smooth muscle cells in response to such stimuli as
shear stress, hypoxia, All, and vasopressin. ET-1 interacts with
ET, receptors to cause vascular smooth muscle contraction
(169). Homocysteine and ET-1 have also been shown to have
structural effects on vessels (168,170). All also has proinflam-
matory actions.

Several authors in various reviews have suggested sche-
mas that weave many of these strands into a common path-
way to understand the pathogenesis of essential hypertension
(161,166,171). It is possible that in the prehypertensive state
repeated but intermittent episodes of vasoconstriction are initi-
ated by a hyperactive SNS, by genetic alterations in the RAS,
hyperuricemia, or a proinflammatory state. These various
stimuli act through inducing oxidative stress, ET-1 release, and
increased ROS to induce endothelial dysfunction and vasocon-
striction. At first, the hypertension is salt resistant, and pres-
sure natriuresis is intact. However, as arteriolar lesions develop
due to effects from these various stimuli, ischemia results as
well as defective autoregulation. Tubulointerstitial disease
results, leading to increased sodium reabsorption. Another
contributing factor to the impairment of autoregulation may
be a reduction in nephron number (172,173). Arteriolar injury
then reduces blood flow to glomeruli shifting the pressure-
natriuresis curve and resulting in increased salt sensitivity and
increased blood pressure.

The preceding discussion has introduced endothelial dys-
function and its attendant decreased NO induced by hyperuri-
cemia, hyperhomocystinemia, and stimulated RAS as potential
factors involved in the pathogenesis of hypertension. Advances
in our knowledge of molecular biology have led to the uncov-
ering of these substances and enhanced our understanding
of their differing functions and interactions. In summary,
the pathogenesis of hypertension remains a complex issue.
Although we now can list many of the substances that play an
important part in its genesis, we still do not understand all of
the interrelationships among them.

Pathogenesis of Glomerular Lesions

EXPERIMENTAL STUDIES

The observations of Wilson and Byrom (174) using the 2K1C
rat model, in which a renal artery from one kidney is clipped
to reduce blood flow to induce hypertension, form the basis of
much of our understanding of the pathologic manifestations of
hypertension in the kidney. In this model, the clipped kidney
is protected in the short term from hypertension, while the
nonclipped kidney is exposed to the elevated systemic pressure
and, as a result, manifests both glomerular and vascular injury.
Changes in the nonprotected glomeruli include segmental or
global necrosis with adhesions and eventual total sclerosis of
the tuft. Fibrinoid necrosis is present in afferent arterioles and
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small renal arteries. These alterations are present in human
malignant hypertension. Studies in various other experimen-
tal models of hypertension have confirmed these findings
(175-177).

Many different experimental models of hypertension
have been developed and are summarized by Dornas and Silva
(17). Inhibition of the synthesis of NO synthase by nitro argi-
nine methyl ester (NAME) produced vasoconstriction (156).
When NO synthesis was inhibited for 2 months, blood pres-
sure was elevated, the GFR decreased, proteinuria occurred,
and glomerular injury appeared. Addition of sodium chloride
to the diet exacerbated the hypertension and the glomerular
injury (178). The glomerular lesions included glomerular col-
lapse, segmental necrosis, and segmental glomerulosclerosis.
Those glomeruli that showed collapse had decreased perfusion,
whereas those glomeruli with either sclerosis or necrosis had
been exposed to increased pressures.

Although ischemia due to vasoconstriction or luminal
narrowing seems likely to be important in the collapsing form
of glomerular injury in hypertension, it does not adequately
explain all the alterations seen. Increased glomerular pressure
may occur due to increased post-glomerular pressure, leading to
increased pressure within the glomerulus itself. Early evidence
that the direct transmission of increased pressure to the glom-
erulus could induce injury came from the studies of Byrom
(179), in which removal of the clip from animals with 2K1C
hypertension produced acute glomerular injury. More studies
have supported the concept that increased glomerular pres-
sure, whatever its pathogenesis, can be crucially important as a
mechanism for direct glomerular injury. This increased glomer-
ular capillary pressure results from the loss of effective afferent
arteriolar constriction in the face of increased systemic pressure
(i.e., loss of autoregulation) confirmed by micropuncture studies
in various experimental models of hypertension (180-182).
Autoregulation refers to the ability of the kidney to maintain
renal blood flow and GFR in a narrow range despite wider vari-
ation in systemic blood pressure. This is accomplished chiefly
through two mechanisms, namely, a myogenic reflex in the
afferent arteriole and TGF (183). During impaired autoregula-
tion, the sensitivity of TGF is reset due to changes in NO and
All. When there is sustained delivery of NaCl to the macula
densa, the neuronal type of NO synthase is increased offsetting
the usual vasoconstrictive effect of TGF on the afferent arteri-
ole. These changes are found early in the course of the devel-
opment of hypertension in the spontaneously hypertensive rat,
the Milan hypertensive strain, and the Dahl salt-sensitive rat
(reviewed in (183)). It is thought that this mechanism may be
particularly important in salt-sensitive hypertension. The vaso-
dilation resulting from the loss of autoregulation allows the
transmission of higher pressure to the glomerulus, in effect an
increase in glomerular capillary pressure. The role of loss of
autoregulation as one mechanism for the hemodynamic altera-
tions has been studied extensively by Griffin et al. in several
different models (184—186). In the normotensive renal ablation
model, the systemic pressure is slightly higher than in controls
but does not attain hypertensive levels. Nevertheless, when fol-
lowed for 14 to 15 weeks, these animals develop glomerular
lesions that correlate to the level of their systolic pressure as
well as their pulse pressure (186). The authors believe that it
is the transmission of this elevated pressure to the glomerulus
that results in the glomerular injury. This supposition was also



{78 Heptinstall's Pathology of the Kidney

supported by the comparison of changes in autoregulation in
the stroke-prone spontaneously hypertensive rat (SHRsp) and
their progenitors, the stroke-resistant SHR (184). Additional
evidence for the role of loss of autoregulation in glomerular
injury in the setting of hypertension was provided in a com-
parison of four different models of hypertension (177). The
two models with increased preglomerular resistance manifest
less glomerular injury than the two models with decreased pre-
glomerular resistance (177). Glomeruli throughout the cortex
may be affected, with juxtamedullary glomeruli affected slightly
more frequently (177). In models with vasoconstriction, the
glomerular injury is much less severe and is almost restricted to
juxtamedullary glomeruli (177). This finding is thought to be
related to a greater loss of autoregulation in juxtamedullary as
compared with superficial glomeruli in these two models.

The endothelial injury from this increased glomerular
pressure may be due to shear stress, direct mechanical injury,
and/or oxidative stress. The forces that bring about visceral
epithelial cell injury have been studied by Kretzler et al. (187)
and involve capillary loop distension with epithelial cell hyper-
trophy and eventual loss of attachment of the epithelial cell
to the GBM. In addition, epithelial cells may show blebs and
vacuoles. A possible link between mechanical strain and podo-
cyte injury has been studied in vitro by Durvasula et al. (188).
They found that increased mechanical strain was followed by
increased All production, a fivefold increase in AT, receptor
mRNA expression, and an increase in transforming growth
factor—beta (TGFP) mRNA expression. This was also accom-
panied by an increase in apoptosis of the epithelial cells (188).
Endothelial dysfunction may precede hypertension and is asso-
ciated with decreased NO levels and an increase in All resulting
in impaired vasodilation, platelet activation, and increased
vascular permeability (189,190). Microalbuminuria is a marker
of endothelial dysfunction. The Ren-2 transgenic rat model of
hypertension has increased tissue activity of the RAS and mani-
fests hypertension, proteinuria, and insulin resistance (191).
Effacement of foot processes is noted in glomeruli of such rats
accompanied by decreased cortical expression of nephrin (191).
Increased levels of 3-nitrotyrosine (3-NT), a surrogate for lipid
peroxidative and oxidative stress, were present in renal cortex of
Ren-2 rats. Treatment with a specific renin inhibitor restored
the nephrin expression and the foot processes. Concomitant
decrease in 3-NT was also found (191). In previous experi-
ments, these investigators had shown that Nebivolol, a beta
blocker that increases NO synthesis by endothelial cells, abro-
gated the proteinuria in Ren-2 rats accompanied by decrease in
ROS/NADPH oxidase production (192).

CLINICAL STUDIES

Obsolete glomeruli show two different forms. In the first of
these forms, the obsolescent glomeruli are characterized by
wrinkling of the GBM with retraction of the tuft to one side of
the Bowman capsule and collagenization of the Bowman space
(see Fig. 20.5). This may be viewed as a form of collapse of the
glomerular tuft. In the second form, the glomeruli are solidified
or hyalinized; thus, an increase in matrix is often accompanied
by remnants of hyalinosis lesions (Fig. 20.27). The obsolescent
lesion is predominant in essential hypertension. The wrinkled
glomerulus is likely the result of chronic ischemia. Kasiske
(193) compared autopsy kidneys from patients with moder-
ate to severe systemic atherosclerosis to those from patients of

FIGURE 20.27 Solidified glomerulus extending to the Bowman capsule
with increased mesangium, sclerosis of capillary loops, and occasional
foam cells. (PAS, x400.)

similar age with mild atherosclerosis with respect to the num-
ber of sclerotic glomeruli, the degree of vascular narrowing of
arcuate and interlobular arteries, and the presence or absence of
hypertension. He found that the extent of glomerular obsoles-
cence depended on both the age of the patient and the degree
of intrarenal vascular disease. Although hypertension correlated
with the degree of glomerulosclerosis, it was not independent
of the other two factors. The degree of narrowing of the renal
artery correlated strongly with the extent of glomerular obso-
lescence, a finding supporting the idea that the sclerosis was
due to ischemia, as represented by the vascular narrowing. It is
well known that glomeruli may become sclerotic with increas-
ing age, independent of increased blood pressure (110,194).
Kaplan et al. (110) stated that 95% of the population aged <40
years should have fewer than 10% globally sclerotic glomeruli.
Kappel and Olsen (194) countered that no more than 1% of
glomeruli should be obsolete by age 40 but that as many 30%
of glomeruli may become globally sclerotic by age 80.

Hypoxia has been heavily implicated in the pathogenesis
of interstitial fibrosis (126,195) (see p. 870). Recent studies
suggest possible mechanisms for a role in glomerulosclerosis
as well. Neusser et al. (196) examined gene expression data
in microdissected glomeruli from patients with hypertensive
nephropathy and found an increased expression in several
target genes of hypoxia-inducible factor (HIF). Furthermore,
HIF-1a was identified in podocyte nuclei as a marker of tran-
scriptional activation.

The solidified glomerulus is the alteration that Bohle
described in DBN (113,114), a form associated with a more
rapid course to ESRD. Marcantoni et al. (74) studied 62 hyper-
tensive patients (19 African Americans and 43 Caucasians) with
regard to the types of glomerular injury present in their renal
biopsies. They found that 25% of glomeruli in the African
American patients were of the solidified form as compared to
8% in Caucasians. A subgroup of patients also had segmental
sclerosis, also seen more frequently in African Americans. In



addition to the segmental lesions, the African Americans in this
subgroup had 38% solidified glomeruli. The higher prevalence
of the solidified glomerulus in African Americans with hyper-
tension was first associated with the more common occurrence
of polymorphisms in the nonmuscle myosin heavy chain 9
(MYHY) gene in African Americans (69). Polymorphisms in
MYH?9 have been linked to FSGS and other renal diseases in
both African Americans and Caucasians (69). More recently,
this association has been found to be due to missense muta-
tions in apolipoprotein-1, which is closely linked to MYH9
(76). Loss of autoregulation has also been suggested as a poten-
tial cause of the solidified glomerulus (111,116,197). Hill et al.
(116) studied the relationship between arteriolar diameter and
glomerular appearance in hypertensive individuals and found
that no correlation was present in normal appearing glomer-
uli. However, hypertrophied glomeruli that were solidified or
showed FSGS-like lesions demonstrated a correlation between
arteriolar diameter and glomerular size. They suggested that
this finding supported loss of autoregulation (116). Another
factor in the pathogenesis of these lesions may be the presence
of reduced numbers of glomeruli in some patients with hyper-
tension (8,172,173). Brenner and Chertow (172) suggested
that early gestational age or fetal growth retardation might
affect nephrogenesis so that a reduced number of nephrons
occur with consequent hyperfiltration of those that are pres-
ent. Keller et al. (173) found a reduced number of nephrons at
autopsy in patients with hypertension. Podocyte loss may also
contribute to this lesion. Wang et al. (118) have demonstrated
decreased podocyte number in glomeruli from hypertensive
patients as compared to glomeruli from donor kidney biopsies.
Podocyte loss has been recognized as a risk factor in the devel-
opment of FSGS as well as other glomerular lesions (198).

Pathogenesis of Small Vessel Changes

Considerable examination of the pathogenesis of the different
vascular changes seen in human hypertension has been under-
taken over the years. These changes include hyaline arteriolo-
sclerosis, intimal thickening, and medial thickening. Each of
the major alterations is discussed in turn.

HYALINE ARTERIOLOSCLEROSIS (ARTERIOLAR HYALINOSIS)
Hyaline arteriolosclerosis is an alteration seen in patients with
benign hypertension, in the aged, in patients with diabetes
mellitus, and in patients with a variety of glomerular diseases.
Thus, it is not specific for hypertension. Moritz and Oldt (199)
examined small arteries and arterioles defined by an external
diameter less than 500 pm at autopsy from 100 patients with
hypertension and compared them with 100 control cases. These
researchers found that hyaline arteriolosclerosis increased with
age in various organs. A clear relationship between hyaline
arteriolosclerosis and hypertension was seen only in the kidney.
Tracy et al. (200) confirmed that renal hyaline arteriolosclerosis
correlated with blood pressure.

Many investigators used immunofluorescence techniques
to identify the various materials within the hyaline lesions
(135,200). C3 has always been identified, often in the com-
pany of IgM. Gamble (135) found C3 and its fragments only
without other complement components or immunoglobulins.
Tracy et al. (200) also found inactive C3b in hyaline lesions. In
addition, these investigators found cholesterol, phospholipid,
triglycerides, tryptophan, tyrosine, and cysteine, sometimes
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accompanied by small amounts of fibrin. This accumulation
was thought to be a natural consequence of aging, but it could
be accelerated by either hypertension or diabetes mellitus.
In such cases, increased vascular permeability could account
for the acceleration of lesion formation. Williams et al. (201)
showed that AII can increase vascular permeability indepen-
dent of its pressor activity in the setting of hypertension. Hill
etal. (117) demonstrated in the aging kidney that vessels with
nonobstructive hyaline deposits were dilated and the muscular
walls were thinned even in the absence of hypertension. The
glomeruli associated with these vessels were either solidified
or showed FSGS-like changes. They ascribed the glomerular
changes to the consequences of loss of autoregulation. These
investigators found similar although more frequent such
changes in a cohort of hypertensive patients (116). They sup-
ported their suggestion of the role of loss of autoregulation by
citation of evidence for such alterations in experimental mod-
els of hypertension. Recently Bockmeyer et al. (202,203) have
examined the phenotype of the VSMCs in the kidneys with
benign nephrosclerosis from hypertensive patients and found
that the markers of contractility in these cells are decreased in
the vessels with arteriolar hyaline as the cells change from a
contractile to a secretory phenotype. This change in phenotype
supports the idea of a loss of contractility in these cells that
would certainly impair autoregulation.

INTIMAL ARTERIAL THICKENING
The observation of intimal thickening in hypertension is well
established. Hypertensive nephrosclerosis is often defined by
the presence of intimal thickening or fibroplasia. Tracy et al.
(204) related nephrosclerosis to arterial fibroplasia, blood pres-
sure, and age and compared different populations in New
Otrleans, Japan, and Guatemala. They found that all patients
had at least some arterial fibroplasia. Additional studies have
shown that intimal thickening of renal interlobular arteries
increases with age and is accompanied by increased blood pres-
sure (205). However, its pathogenesis has not been defined.
The relationship between hypertension and atherosclero-
sis is well accepted (206). Oxidative stress plays a central role in
the pathophysiology of both atherosclerosis and hypertension
(152,207,208). Oxidative stress may be defined by increased
production of ROS or decreased scavenging or metabolism of
ROS. Shear stress and stretch may induce increased ROS via
NADPH oxidase or reduced eNOS and thus decrease of NO
(208). Some of the possible mechanisms for decreased synthesis
include deficiency in the precursor, L-arginine, changes in the
L-arginine transporter, production of endogenous NO synthase
inhibitors such as asymmetric dimethylarginine (ADMA),
cofactor deficiency, decreased eNOS gene, decreased half-life
of eNOS mRNA, changes in Gi proteins, changes in calcium-
independent pathways of eNOS activation, and changes in the
interactions between eNOS and caveolin-90 (209). Shear stress
has been shown to increase gene expression of protein arginine
methyltransferase (PRMT-1), ADMA synthase, resulting in
increased levels of ADMA (210). Increased NO degradation
or inactivation occurs secondary to oxidative stress through
interactions with superoxide ions mediated chiefly through
increased NADPH and xanthine oxidase (208,209). However,
we still do not understand the reasons for the increased intimal
thickness, which is most pronounced where shear stress varies
over time and is of lower magnitude.



(il Heptinstall's Pathology of the Kidney

'VASCULAR REMODELING

The presence of increased wall thickening is an old observation
in arteries from patients with hypertension. The reduced diam-
eter of the lumen was thought to be the structural equivalent
of increased peripheral resistance. An important measurement
used to document this alteration is an increase in the wall-to-
lumen ratio. Short (211) dilated and fixed by perfusion the
mesenteric arteries of patients with hypertension and controls
at autopsy. He then compared the wall-to-lumen ratio of arte-
rioles in deciles by size and found that this ratio was higher for
hypertensive patients for all but the smallest 20% of arterioles.
Short also found that the cross-sectional area was not increased.
Christensen (212) compared the mesenteric vessels of SHR
and WKY rats. Multiple regression analysis showed that pulse
pressure was the main factor responsible for change in the wall-
to-lumen ratio. These changes in the vessel wall now called
remodeling were first defined by Baumbach and Heistad (213)
as a rearrangement of the existing cells around a smaller lumen.
Two types of remodeling occur. Eutrophic remodeling is char-
acterized by reduction in the outer diameter and lumen, but
the media cross-section does not increase due to the rearrange-
ment of the cells themselves (214). In contrast, hypertrophic
remodeling is manifest by encroachment of the lumen due to
the increased size of the muscle cells with no change in the
external diameter (214). Both forms are seen in hypertension
with the eutrophic form predominating in essential hyperten-
sion at least in early stages. Hypertrophic remodeling is seen
more frequently in the secondary forms of hypertension and
may represent a maladaptive compensation in response to
chronic blood pressure elevation (215).

These vascular structural changes are induced by endo-
thelial dysfunction and mechanical strain (216) secondary to a
complex process that involves extracellular matrix components,
adhesion molecules, apoptosis, and both proinflammatory and
profibrotic cytokines (128,217). All is critical in many of these
processes. All induces vascular smooth muscle hypertrophy via
the AT, receptor and activation of the Rho kinase pathway
(217,218) enhancing hypertrophic remodeling. However, All
also increases apoptosis and is profibrotic via TGFf (217). All
is proinflammatory causing increased cytokines and increases
in ROS through activation of NADPH oxidase (see Fig.
20.27). Low-grade chronic inflammation is now recognized
as an important player in these changes (217). A detailed dis-
cussion of the role of All in vascular remodeling is provided
by Marchesi et al. (217). Mechanical strain may directly affect
the VSMCs by mechanotransduction involving extracellu-
lar matrix-integrin-cytoskeleton links that result in cytoskel-
etal alterations as well as potential cell signaling that affects
the ability of the VSMC to respond to the strain (219,220).
VSMCs can undergo phenotypic switching from the baseline
contractile phenotype to a secretory phenotype with interme-
diate forms (203,220). This switching is under the control of
both platelet-derived growth factor and TGFp (220) and may
play a role in eutrophic remodeling. Both forms of remodeling
may occur in the same patient or experimental animal at the
same time, and these changes may increase with longer expo-
sures to hypertension (128).

Remodeling of the smooth muscle cells of the vessels is
affected by an increase in the intercellular matrix in vessels
of all sizes. O’Callaghan and Williams (221) showed a link
between chronic cyclical strain and increased production of

extracellular matrix by VSMCs grown in culture. This was
mediated by increased TGFp. Connective tissue growth fac-
tor (CTGF) is also increased in resistance vessels from patients
with hypertension accompanied by increases in collagens
II and IV (222). Such changes result in increased stiffen-
ing and decreased compliance in all vessels and are associated
with increased cardiovascular morbidity and mortality (223).
Yasmin et al. (224) studied arterial stiffness using an augmenta-
tion index and pulse wave velocity in the young adult offspring
of hypertensive and nonhypertensive families. They found
that the augmentation index was increased in the offspring of
hypertensive families suggesting that patients likely to develop
hypertension might have changes in arterial compliance prior
to the onset of increased blood pressure. In the resistance ves-
sels, these changes in the extracellular matrix further increase
the thickness of the media in hypertrophic remodeling and
contribute to the reorganization of the vessel wall in eutrophic
remodeling (128,223). MMP-2 is increased in the vessel walls
throughout the course of 2K1C hypertension model from the
early to late phases and is associated with increased extracellular
matrix deposition and oxidative stress (225). Plasma levels of
MMP-2, MMP-9, and tissue inhibitor of MP were elevated in
hypertensive patients with cardiac remodeling as compared to
controls suggesting that these molecules are also important for
human hypertension vascular remodeling (108).

As discussed above in the “Pathophysiology of Hypertension”
section, increased levels of uric acid in the serum may also play
a primary role in essential hypertension (171). In a rat model
of hyperuricemia, Mazzali et al. (162) showed that the elevated
serum uric acid produced hypertension that was associated with
arteriolopathy of the afferent arteriole. Micropuncture studies
of these rats showed that the hyperuricemia was associated with
vasoconstriction and a decrease in renal plasma flow (226).
Kangetal. (165) demonstrated that uric acid up-regulated CRP
mRNA expression in human VSMCs in culture. Furthermore,
uric acid increased proliferation and induced migration of
these cells. Treatment of these cells with an anti-CRP antibody
reversed the effects suggesting that they had been mediated
by CRP. Uric acid may be another factor that causes vascular
remodeling in the setting of increased oxidative stress.

Aldosterone is also emerging as an important player in
the pathogenesis of hypertension and in the structural changes
in vessel walls (227-229). Aldosterone induces both hyper-
trophy and pericellular fibrosis in VSMCs (229). Most of the
hypertension associated with aldosterone represents secondary
forms and is discussed in that section of the chapter. However,
aldosterone may have effects on the vasculature in essential
hypertension as well particularly in states of relative aldoste-
rone excess even if the serum levels are within the normal limits
(228). Aldosterone can act synergistically with Al in part by
up-regulating the AT receptor, to increase ROS and all of the
effects that follow from that interaction (228). Tsukoba hyper-
tensive mice are double transgenic mice that are produced by
crossing human renin overexpressing mice with human AGT
overexpressing mice (227). They have elevated All, are hyper-
tensive, show end-organ damage, and have elevated aldosterone
in their urine. Treatment of these mice with spironolactone, an
aldosterone blocker, reduced intimal thickening and vascular
remodeling of the aorta despite maintenance of increased All
levels and hypertension (227). These findings support the syn-
ergistic effects of aldosterone with AIl.



Remodeling can be reversed with therapy as shown in both
experimental models and in human beings (215,222,230-235).
Notoya et al. (233) administered an angiotensin-converting
enzyme (ACE) inhibitor to SHR and found a reversal of vascu-
lar remodeling. Ledingham and Laverty performed a series of
studies in the New Zealand genetically hypertensive rat. They
found that an ACE inhibitor prevented remodeling as did two
different angiotensin receptor antagonists (231,232). Rehman
et al. administered an angiotensin type 2 receptor alone or in
combination with losartan, an angiotensin type 1 receptor
antagonist (AT{RA) to stroke-prone hypertensive rats, and
examined the heart, aorta, and kidney. They found reduced
expression of two genes associated with cardiac hypertrophy as
well as decreased ROS production by the aorta. Furthermore,
monocyte/macrophage and T-cell lymphocytic infiltration
were reduced in the kidney. They concluded that an angio-
tensin type 2 receptor agonist alone or in combination with
losartan was able to alter vascular remodeling. Schiffrin et al.
(235) contrasted the ability of losartan to that of atenolol, a
B-blocker, to reverse remodeling in resistance arteries in subcu-
taneous arteries of human beings. They found that the AT, RA
reduced the ratio of media width to lumen diameter follow-
ing 1 year of treatment but that atenolol did not have such an
effect. In a similar system, Gomez-Garre et al. (222) showed
that hypertensive patients receiving losartan had a decreased
media-to-lumen ratio, while the patients receiving amlodipine
had a further increase in that ratio. This result indicated an
increase in vascular remodeling in the patients receiving the
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B-blocker. The patients receiving losartan also had decreased
amounts of CTGF and collagen IV relative to those receiving
a P-blocker despite similar control of blood pressure (222).
Schiffrin (234) has reviewed the various studies of the effect of
different antihypertensive agents on the structure of small arter-
ies in patients. This review showed that the ACE inhibitors,
AT RAs, and calcium channel blockers reversed remodeling.
However, the p-blockers did not (234). A more recent review
of 15 studies involving a total of 344 hypertensive patients con-
firmed the findings listed above and added hydrochlorothiazide
to the list of drugs not effective in reducing media/lumen ratio
(215). Possible explanations for these differences include lack
of vasodilation seen with at least some p-blockers and a pos-
sible decrease in arterial stiffness with the various AIl inhibitors
(215). This reduction in stiffness may be due to reduction in
collagen as seen in the work of Gomez-Garre et al. (222).

SUMMARY

The mechanism for vascular remodeling is complex with
many of the signaling pathways now delineated. It seems
likely that different factors are important depending on the
type of hypertension and the underlying genetic abnormali-
ties. However, a broad outline may be seen in the accompany-
ing figure (Fig. 20.28). Several different inciting factors may
be involved in the vascular injury including prolonged shear
stress, AIl, aldosterone, and uric acid. Shear stress is trans-
duced by integrins as well as other matrix components to
cause release of several factors that may promote remodeling
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FIGURE 20.28 This figure shows some of the factors that are involved in vascular remodeling,
including the effects of endothelial dysfunction. The major inciting factors are angiotensin Il (All), aldo-
sterone, stress/strain, and uric acid. All is central and affects all four components of vascular remodeling
directly (apoptosis, hypertrophy mediated by Rho kinase, and migration mediated by transforming growth
factor beta (TGFp) or indirectly (contraction by increasing reactive oxygen species [ROS] in the endothelium).
Aldosterone increases All through the angiotensin 1 receptor (AT;R). Stress/strain increases endothelial ROS
and thus increases contraction as well as affecting myocyte migration. Stress/strain also contributes to fibro-
sis and thus wall stiffening mediated by TGFp. Finally, uric acid affects cell migration and also increases fibro-
sis. All also contributes to intercellular fibrosis mediated by TGFB and by inducing inflammation via cytokines.
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as well as to increase overall vascular stiffening. Al increases
ROS mediated by NADPH oxidase resulting in decreased NO
that increases vasoconstriction and reducing vasodilation. All
also produces muscular hypertrophy mediated through the
Rho kinases, releases cytokines leading to inflammation, and
increases TGFf leading to intercellular fibrosis. The increase
in ROS contributes further to inflammation and mediated by
ERK and MAPK among others, the change from a contrac-
tile to secretory phenotype occurs. This results in both smooth
muscle hypertrophy and migration. Uric acid contributes to
enhancing smooth muscle migration. Aldosterone acts syner-
gistically with AIl by up-regulation of the angiotensin II type 1
receptor (AT R). A review of many of these pathways may be
found in Lacolley et al. (220).

Pathogenesis of Interstitial Disease

Considerable interest exists in the relationship between changes
in the interstitium and in the remainder of the kidney in hyper-
tension as well as in other renal disease. The changes are thought
to represent a final common pathway to end-stage disease. Bohle
etal. (236) were the first to recognize the role of loss of interstitial
capillaries, so-called capillary rarefaction, in progressive tubular
atrophy and interstitial fibrosis. Fine et al. (126) put forward the
“chronic hypoxia hypothesis” as an explanation for the progres-
sion of interstitial fibrosis in 1998 and then elaborated further
a decade later (195). In brief, they proposed that downstream
damage to the tubulointerstitial network of capillaries from any
of a number of different insults resulted in tissue hypoxia and
a fibrotic response in tubulointerstitial cells. In the setting of
hypertension, such injury might be secondary to vasoconstric-
tion, resulting in lowered tissue oxygenation (111). The pos-
sible contribution of elevated All was delineated in the model
of renal ablation in which reduced capillary blood flow and tis-
sue oxygenation were demonstrated prior to the appearance of
visible structural damage (237). That hypoxia may precede the
actual loss of capillaries was also demonstrated by Matsumoto
et al. (238). The response to hypoxia by the proximal tubular
epithelial cells is orchestrated by the family of HIFs with result-
ing epithelial-mesenchymal transformation, increased matrix
formation, reduced matrix degradation, and with prolonged
hypoxia, apoptosis of tubular cells (195). Macrophages are also
recruited to the interstitium. The importance of these processes
has been demonstrated in human renal disease as well. Eardley
etal. (239) examined renal biopsies in 110 patients with chronic
renal disease (37 with hypertensive/ischemic nephropathy) and
found an inverse correlation between monocyte number in
the biopsy and capillary density. A similar inverse correlation
was present between urinary MCP-1 and capillary density. In
the subgroup with hypertensive nephropathy, capillary density
decreased with increasing chronic damage index. A similar trend
was seen with macrophage infiltration and chronic damage
(239). Treatment with rosuvastatin in an All-induced model of
hypertension and renal injury reduced renal injury and mortal-
ity (240). Administration of the drug reduced both neutrophil
and monocyte infiltration in a dose-dependent fashion and were
accompanied by reduction in renal injury.

Differential Diagnosis

Several conditions resemble the pathologic changes seen
in hypertension. These include aging, cocaine-associated
nephropathy, TMA, and antiphospholipid antibody syndrome

(APS). Hypertension may be a complication of other renal
diseases as renal parenchyma becomes scarred during the pro-
gression of renal disease. These are discussed in turn. The sec-
ondary forms of hypertension may produce changes that are
indistinguishable from essential hypertension. The pathology
of these forms is discussed later in the chapter.

Aging produces many of the same changes seen with
hypertension in both experimental models and in humans
(110,117,204,241-243). These include glomerular obsoles-
cence of the wrinkled capillary wall type, interstitial fibrosis,
tubular atrophy, intimal thickening, and hyaline arterioloscle-
rosis (110,117,204,243,244). However, the solidified form of
obsolescence is not expected due to aging. In addition, although
some remodeling of vessel walls may occur with increased age,
widespread medial thickening is unusual. Finally, reduplica-
tion of elastic lamina is not usually seen in older individuals
in the absence of hypertension. The similarities are likely due,
in part, to the common mechanism of ischemia (242-244).
However, molecular mechanisms including control of nephron
number, senescence marker protein 30, or decreased expression
of klotho have also been associated with accelerated renal aging
(244,245).

Cocaine abuse has been associated with many different
forms of renal damage. Malignant hypertension may occur sec-
ondary to vasoconstriction and may show TMA in the kidney
(88). A study in HIV-infected individuals showed hypertensive-
related changes in the kidneys in the absence of diabetes or doc-
umented hypertension (246). These changes included hyaline
arteriolosclerosis and arterial intimal thickening and fibrosis.

TMA is characterized by the presence of fibrin platelet
thrombi with schistocytes contained within arterioles and
glomerular capillaries. Subendothelial widening with double
contours on silver stain is frequently seen. TMA is a com-
mon pathologic finding in several different disorders including
malignant hypertension, hemolytic-uremic syndrome, throm-
botic thrombocytopenic purpura, scleroderma, and with the
administration of a number of drugs such as calcineurin inhibi-
tors and various chemotherapeutic agents. It is not possible to
distinguish among these diagnoses without clinical informa-
tion. These disorders are discussed in Chapter 18.

APS is defined by the presence of antiphospholipid
antibodies and/or lupus anticoagulant—associated arterial or
venous thrombosis and spontaneous miscarriages (247,248).
The patients frequently have severe hypertension as well. It
may occur as a primary lesion or may complicate autoimmune
disease, in particular systemic lupus erythematosus (249,250).
Nochy et al. (247) examined the changes in the kidney of 16
patients with primary APS. They found TMA in 31%, fibrous
intimal hyperplasia in 75%, fibrous and fibrocellular vascular
occlusions in 68%, and focal cortical atrophy in 61% of the
biopsies. The fibrous intimal hyperplasia frequently showed a
cellular proliferation with actin-positive cells. They found the
involvement of larger vessels, the increased cellularity of the
intimal hyperplasia, and the focal cortical atrophy to be use-
ful features allowing differentiation from TMA in general. In
addition, the medial walls did not show the changes typically
associated with essential hypertension.

CKD is commonly accompanied by hypertension
(251,252). Fifteen to eighty percent of patients with chronic
glomerular disease without renal failure had hypertension
(251). In a study of patients with ESRD, the prevalence of



hypertension was 90% (252). The lesions are identical to those
described above for essential hypertension. The differentiation
between primary hypertension and hypertension complicat-
ing a parenchymal renal disease is made by the presence of a
primary glomerular or tubulointerstitial disease preceding the
onset of hypertension. In addition, if collapsed and wrinkled
glomeruli predominate, then the likelihood increases that
hypertensive vascular injury has contributed to the changes
seen, whereas if the glomeruli show the solidified form, then
an end-stage kidney disorder is more likely to have resulted
from some other glomerular disease such as chronic glomerulo-
nephritis in which enlargement or expansion of the glomerulus
may precede the sclerosing process (see Chapter 28).

Clinical Course, Prognosis, Therapy, and
Clinicopathologic Correlation
Clinical Course
The natural history of hypertension has changed and contin-
ues to evolve as new antihypertensive drugs are developed.
Review of older studies, before effective therapy protocols
were developed, provides an interesting backdrop to a consid-
eration of the current progression of the disease. One of the
best of these studies is that of Perera (253) who studied 500
untreated hypertensive patients with diastolic pressures greater
than 90 mm Hg. He found that 50% of patients suffered
from congestive heart failure, 16% had angina, and 12% had
strokes. These complications led to shortening of life by 15 to
20 years. Seven percent of patients, mostly men, progressed
to the malignant phase of hypertension. Effective therapy has
resulted in a lower mortality rate from the hypertension itself
and has reduced the incidence of complications. However, in
the age group between 35 and 64 years, hypertension contin-
ues to increase risk for coronary disease, 2 and 2.2 times for
men and women, respectively, for stroke, 3.8 and 2.6 times,
for peripheral artery disease, 2 and 3.7 times, and for heart
failure, 4 and 3 times (81). Risk is also increased in patients
aged older than 64 with relative risks ranging between 1.6 and
2.3 for the various cardiovascular complications (81). Factors
that increase the risk of progression to ESRD for a hyperten-
sive patient include lack of treatment, diastolic blood pressure
(greater than 87 mm Hg), male sex, and black race (254).
Hypertension is the second most common cause of ESRD
in the United States accounting for one third of the incidence
of ESRD and for approximately 125,000 patients who receive
dialysis (7). However, the true incidence of primary hyperten-
sion resulting in ESRD is difficult to determine. The Multiple
Risk Factor Intervention Trial showed that an increase in either
systolic or diastolic blood pressure one standard deviation above
the lowest group produced a 1.7-fold increased relative risk of
developing ESRD despite exclusion of patients with CKD from
the study (255). Hsu et al. (256) showed that the adjusted rela-
tive risk of developing ESRD is 1.62 (CI 1.27 to 2.07) for blood
pressures of 120 to 129/80 mm Hg compared to patients with
blood pressure less than 120/80 mm Hg. As levels of blood pres-
sure become more elevated, the adjusted relative risk of ESRD
also increases to 2.59 at blood pressures of 140 to 159/90 to 99
mm Hg and to 3.88 for blood pressures of 180 to 209/110 to
119 mm Hg. At times, a clinician evaluates a patient, discovers
high blood pressure, and then finds ESRD. Renal biopsy is usu-
ally unrewarding in these late circumstances, although in a small
proportion of cases, a primary glomerular disease may be found.
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The characteristic pathologic manifestations of hypertensive
nephrosclerosis, however, are nonspecific, especially in the
context of ESRD. Furthermore, it is not always possible to
distinguish between primary and secondary hypertension on a
renal biopsy. It is more difficult to determine the contribution
of hypertension to the prevalence and incidence of predialysis
CKD due to a lack of classification by underlying etiology of
CKD (7). Nonetheless, hypertension is more frequent in any
patient with any stage of CKD and is present in more than half
of the patients with stage III CKD and above (7).

Before antihypertensive therapy was available, nearly 70%
of patients died of renal failure within months of the onset
of the malignant phase of hypertension (121). Lip et al. (87)
in their study in Birmingham, England, showed no decline in
the incidence of malignant hypertension over a 20-year period
ending in 1994. The stability of incidence of malignant hyper-
tension at 1 to 2 new cases per year per 100,000 population
has been extended over 40 years (86). Demographics have also
remained similar except that Van den Born et al. (92) report a
higher incidence in blacks compared to whites with higher rate
of complications as well. These differences are attributed to dis-
parities in blood pressure control, medication adherence, and
social status. Clinical presentation has differed since 1977 with
lower serum creatinine, proteinuria, less severe retinopathy, as
well as decreased left ventricular hypertrophy (86). Survival has
improved remarkably from 1% at 5 years prior to the avail-
ability of antihypertensive medications to 66% at 5 years since
1977 (86). A separate cohort studied between 1974 and 2007
showed 5-year survival of 84% with 10-year survival of 72%
(90). Renal function had stabilized in most of the survivors.
Prognosis depended primarily on the degree of proteinuria at
presentation. Effective therapy returns the patient to the typical
course for hypertension, but the severe levels of hypertension
can recur and put the patient at risk for cerebral hemorrhage
or myocardial infarction (257). Other complications include
chronic renal failure (31.7%), heart failure, hypertensive car-
diomyopathy, and angina (87).

Prognosis

The factors that determine prognosis are those that affect the
development of the complications of hypertension. The risks
for cardiovascular disease have been outlined above. 1 will
limit this discussion to the factors that determine the likeli-
hood of developing renal disease and its progression in associa-
tion with hypertension. Hanratty et al. (258) studied the risk
factors for incident CKD in hypertensive patients and found
that diabetes was the strongest predictor. They also found that
each 10 mm Hg increase in baseline or time-varying systolic
blood pressure led to a 6% increase in the risk of incident
CKD (258). Approximately 30,000 hypertensive patients with
previous renal insufficiency develop ESRD (7). In a study of
more than 16,000 patients, Peralta et al. (259) showed that
increased systolic blood pressure accounted for most of the risk
for progression from stage 3 CKD to ESRD. Additional fac-
tors that predispose the hypertensive patient to renal failure are
increasing age, poor serum glucose control in diabetic patients,
metabolic syndrome, level of systolic blood pressure, nondip-
ping of blood pressure at night, black race, and elevated uric
acid and triglycerides (259-263). Effective therapy reduces the
likelihood of progression to renal insufficiency (264) and may
even result in improvement in renal function in some patients
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(265). In this study, improvement in renal function was noted
in only 3% of participants and was seen in those with low uri-
nary protein at baseline in the group with stricter control of
blood pressure. The authors caution that validation of these
results is needed in other studies.

The relationship between genetic variations and the pres-
ence of renal insufficiency is being studied in hypertensive
patients. Such studies have been reviewed (266). A few repre-
sentative studies are presented. Mallamaci et al. (267) showed
an association between the presence of the D allele in the ACE
gene and biopsy-proven hypertensive renal disease. In a more
elaborate study, Fabris et al. (268) examined polymorphisms
in the renin-angiotensin-aldosterone system due to its cen-
tral role in the pathogenesis of hypertension in hypertensive
patients with and without renal failure. They examined the
insertion/deletion of angiotensin-converting enzyme (ACE
/D), AGT M235T, AT,R A1166C, and aldosterone synthase
(CYP11B2)-344C/T polymorphisms. They found that each of
the genetic polymorphisms examined was associated with renal
failure. The associations AGT TT-ATIR AC and CYP11B2
CC-ACE DD were present more frequently in hypertensive
patients with renal insufficiency. On the other hand, patients
with AGTMM-ATIR AA and AGT MM-ATIR AA-CYPI1B2
TT or TC combinations showed a reduced risk for renal failure
(268). Linkage studies have identified some potential suscep-
tibility loci for renal damage in hypertension, but no specific
genes have been identified (266). GWAS are also in early phases
(266). The association of two risk alleles in APOLI with renal
disease, notably hypertensive renal disease and FSGS, has been
found in African Americans (269). The odds ratio is 7.6 for
the association between these two sequence variants in APOLI
and hypertensive attributed end-stage kidney disease in African
Americans (269). A large population-based study demon-
strated that the presence of both risk alleles explained most of
the ethnic disparity for the increased incidence of hypertensive
renal disease among African Americans (270). The mechanism
for the increased risk is not yet understood.

Therapy
Numerous drugs are available to treat hypertension. They fall
into different classes of action. Those currently in use include
diuretics, P-adrenergic blockers, ACE inhibitors, calcium
antagonists, All receptor antagonists, adrenergic inhibitors,
and direct smooth muscle vasodilators. The value of lowering
blood pressure is clear with regard to lowering risk of cardio-
vascular complications such as stroke to slowing the onset and
later progression of hypertensive nephropathy (271).
Depending on the severity of the hypertension, patients
are started with lifestyle changes such as smoking cessation,
weight reduction, decreased alcohol consumption, decreased
salt intake, increased physical activity, and increased fruit and
vegetable consumption (271). However, in the long term, such
lifestyle changes are unlikely to be successful alone. Stepped-care
therapy is now employed in which optimal dosing with a first-
line agent is established bolstered by additional drugs added
until optimal blood pressure levels are obtained (271). The drug
therapy is tailored to the individual patient’s needs (272). Some
common combinations might include a thiazide diuretic and
either an ACE inhibitor or an angiotensin receptor antagonist,
a calcium antagonist with a thiazide diuretic, or a beta blocker
with a calcium antagonist of the dihydropyridine type (271).

Further discussion including a decision tree and other factors to
be considered may be found in Mancia et al. (271).

The original hope was that as we developed an under-
standing of the molecular mechanisms underlying essential
hypertension, we would also be able to tailor therapy on an
individual basis. However, to date, this dream has not become
a reality due to the complexity of the regulation of blood pres-
sure. Nonetheless, new directions are being pursued. A role for
inflammation in the pathogenesis of hypertension is now recog-
nized mediated at least in part by AII (273). Many of the drugs
already in use have anti-inflammatory actions. Statins may
have anti-inflammatory as well as cholesterol-lowering effects.
Nonsteroidal anti-inflammatory drugs clearly reduce inflam-
mation; however, blood pressure may increase with this class
of agents (273). Other agents such as peroxisome proliferator—
activated receptor agonists have been shown in rats to have
anti-inflammatory actions including repairing vascular struc-
ture but have not been used in clinical trials for blood pressure
control (273). The SNS has an accepted role in blood pressure
control. Two new approaches have been described and may be
used in resistant hypertension. These include renal denervation
and carotid baroreceptor stimulation (145,274).

Two more speculative approaches to hypertension thera-
peutics are also being considered. The first of these is the
development of a vaccine (274). A phase 2 trial of a vaccine
against AlIl has been reported, but the true efficacy of this
approach has yet to be demonstrated (274). MicroRNAs
are transcriptional regulators that are involved in numerous
biologic processes likely including hypertension. Their poten-
tial role in hypertension as well as hypothetical therapeutic tar-
gets is discussed by Batkai and Thum (275).

Clinicopathologic Correlation

Many clinical factors have been found to correlate with pro-
gression of renal as well as cardiovascular complications of
hypertension. One factor that links all of these complications
is the acceleration of atherosclerosis by hypertension. Several
lines of evidence support this link. Patients with hypertension
invariably have some degree of atherosclerosis. Blood pressure
is an independent risk factor for cardiovascular disease (80).
Furthermore, effective therapy for hypertension has been
associated with reduced cardiovascular disease as well as other
end-organ damage (80). Systolic blood pressure, in particu-
lar, has been associated with increased atherogenesis and with
decreased large vessel compliance (276). Arterial stiffness also
correlates with target organ damage (277). Endothelial dys-
function is an important marker of both atherosclerosis and
hypertension (152,278). Endothelial dysfunction can be mea-
sured in human beings by noting the degree of vasodilation in
the forearm vasculature in response to acetylcholine (152,278).
Zoccali et al. (278) found that such endothelial dysfunction
correlated with glomerular filtration rate in 500 patients with
early, untreated essential hypertension with serum creatinine
<1.5 mg/dL independent of blood pressure supporting its use
as an indicator of renal injury. Rodriguez-Porcel et al. (279)
studied the effects of hypercholesterolemia (as a model for ath-
erosclerosis), renovascular hypertension, or both in pigs. They
found that endothelial dysfunction as measured by changes
in renal perfusion pressure in response to acetylcholine or
nitroprusside was worst in the pigs with both hypertension
and hypercholesterolemia but was depressed in the other two



experimental groups as well. These changes were paralleled by
a decrease in oxygen radical scavengers suggesting that hyper-
tension and hypercholesterolemia can damage endothelial cells
but that the two together can act synergistically to cause greater
damage (279).

Clinical factors predicting the presence of renal injury
in the setting of hypertension include microalbuminuria and
increased serum creatinine at presentation. Microalbuminuria
is associated with increased risk for cardiovascular disease (7).
Recent studies indicate that microalbuminuria may not be a
good marker for progression of renal disease in clinical stud-
ies due to the difficulty in accurate measurement (280,281).
Progression to macroalbuminuria may signal the onset of
glomerular disease due to either endothelial injury with dys-
function or glomerular hyperfiltration (7). Pathologically one
may find the solidified type of glomeruli. Vikse et al. (282)
performed a retrospective study with a 13-year follow-up on
102 patients who had a renal biopsy that confirmed the diag-
nosis of hypertensive nephrosclerosis. Proteinuria (greater than
1 g/24 hours) and doubling of serum creatinine had a signifi-
cant risk of progression to ESRD over the 13 years of follow-
up. Each time the serum creatinine doubled, the relative risk
of progressing to ESRD increased by 2.6 times. Likewise, each
time the proteinuria increased by 1 g/24 hours, the relative
risk of ESRD increased by 1.4 times. Patients with increased
systolic blood pressure were at increased risk for ESRD during
the first 3 years of the follow-up. In severe levels of hyperten-
sion, the serum creatinine level at the time of diagnosis has
been a good indication of the outcome with regard to chronic
renal function. Cystatin C is a new addition to the biomark-
ers of renal function that shows early promise as an indicator
of hypertension-associated renal dysfunction (7). Additional
techniques that may prove useful as a predictor of renal func-
tion include measurement of the media/lumen ratio of small
resistance arteries in subcutaneous fat biopsies (283) and pleth-
ysmography of forearm vasculature (284).

SECONDARY HYPERTENSION AND ITS
CAUSES

Most instances of hypertension (85% to 90%) have no known
underlying cause and are thus called primary or essential hyper-
tension. However, many different conditions may be associated
with secondary hypertension. Examples of these conditions
are listed in Table 20.2. The more common causes include
renal parenchymal disease, renal artery stenosis, obstruc-
tive sleep apnea (OSA), and primary aldosteronism (PA) (3).
Certain circumstances should prompt consideration of sec-
ondary forms of hypertension including rapid onset, severity
of hypertension, resistance to antihypertensive drug therapy,
absence of family history, signs of vascular disease elsewhere,
onset after age 60, or before 30 years (285). Recommended
routine laboratory evaluation for secondary forms of hyperten-
sion includes hematocrit, serum potassium, serum creatinine,
blood urea nitrogen, urinalysis, UAE, fasting blood glucose,
serum cholesterol, plasma triglycerides, plasma renin activity,
urinary sodium and potassium, electrocardiography, and pos-
sibly echocardiography (77). Additional studies such as poly-
somnography for OSA or Doppler studies or angiography for
renal artery stenosis may be required (3).
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TABLE 20.2

Renal parenchymal disease
Renal artery stenosis
Endocrine abnormalities
Adrenal gland
Pheochromocytoma
Cushing syndrome
Primary aldosteronism
Other mineralocorticoid disorders
Congenital hyperplasia
Hyperparathyroidism
Hyperthyroidism
Paragangliomas
Pregnancy related
Preeclampsia
Eclampsia
Postpartum acute renal failure
Neurologic disorders
Intracranial tumor
Cerebrovascular disease
Encephalitis
Acute porphyria
Neurofibromatosis
Miscellaneous
Obstructive sleep apnea
Licorice ingestion
Various medications
Oral contraceptives
Calcineurin inhibitors
Antidepressants
Steroids
Cocaine
Coarctation of the aorta
Carcinoid syndrome

Prevalence of Secondary Hypertension

Secondary hypertension represents only a small percentage of
cases of hypertension, reported in various studies from 5%
to 21% (Table 20.3) (286-292). The differences undoubt-
edly are due to variation in referral patterns to hypertension
study centers where the studies are performed. The frequency
of secondary hypertension also depends on the demograph-
ics of the population studied. Anderson et al. (286) showed
that the prevalence of secondary hypertension increased with
advancing age and prevalence of atherosclerosis. The leading
causes were renal artery stenosis and renal parenchymal dis-
ease. Increased use of the plasma aldosterone concentration/
plasma renin activity has led to an increased detection of PA as
a secondary cause of hypertension accounting for as much as
10% of all hypertension (293). The prevalence of OSA is also
increasing as a cause of secondary hypertension due to the cur-
rent obesity epidemic (294). The most frequent causes of sec-
ondary hypertension in children are renal parenchymal disease
and administration of drugs (295).

The prevalence of secondary causes of hypertension is
also greater in patients with malignant hypertension. A study
performed by Sinclair et al. (292) in Australia examined 83
patients with malignant hypertension. These authors (292)
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Secondary Renal
Number of  hypertension parenchymal Renovascular Oral contraceptives
Authors patients (%) disease (%) disease (%) Other (%) (%)
Danielson and 1000 47 2.1 1 0.8 0.8
Dammstrom (289)
Berglund et al. (288) 689 5.8 3.6 0.6 1.6 —
Sinclair et al. (292) 3783 79 5.6 0.7 0.6 1
Gifford (290) 4939 11.1 5.2 5.1 0.8 —
Bech and Hilden (287) 482 20.7 12.6 5 16 15
Anderson et al. (286) 4429 10.7 1.8 3.1 5.8 —
Omura et al. (291) 1020 9.1 0a 05 8.6 —
akxcluded patients with renal failure.
found that 80% of their group had secondary hypertension, Clinical Features
with 65% related to renal parenchymal disease and 13% due Atherosclerotic  renovascular disease (ARAS) is a dis-

to renovascular disease. Lip et al. (87) studied 242 patients
with malignant hypertension over a 23-year period. These
investigators found that secondary causes of hypertension
were present in 40% of their patients. Secondary causes
included chronic renal failure of unknown origin, glomeru-
lonephritis, polycystic kidney disease, renal artery stenosis,
PA, pyelonephritis, and pheochromocytoma. These studies
indicate that some patients with malignant hypertension, at
least those with renal artery stenosis, may have a potentially
curable lesion.

Renal Artery Stenosis—Atherosclerotic
Renovascular Disease

Many conditions are recognized as causes of renal artery ste-
nosis (Table 20.4). By far, the most common are atherosclero-
sis, which occurs in 90% of cases, and fibromuscular dysplasia
(FMD), which is seen in most of the remaining cases (296—
298). Atherosclerotic renovascular disease and associated find-
ings such as cholesterol emboli are sufficiently common to
warrant detailed discussion. I will then comment on the other
causes of renal artery stenosis including FMD, renal artery
aneurysms, and Takayasu disease.

Atherosclerosis

Renal artery dysplasia
Dissecting aneurysms of either the aorta or the renal artery
Other aneurysms

Takayasu arteritis

Other arteritides
Neurofibromatosis
Thromboemboli

Moyamoya disease

Direct compression by tumor
Irradiation

Trauma

Arteriovenous fistulas

ease of aging and is more common in those with evi-
dence of atherosclerosis affecting extrarenal vessels as well
(296,297,299,300). In autopsy studies, the prevalence of
significant renal artery stenosis ranges between 5% and 42%
depending on age (296,300). A population-based study of
800 people older than 65 years without known kidney disease
showed a prevalence of ARAS of 6.8% (greater than 60%
occlusion based on Doppler study) (301). The prevalence of
ARAS in patients undergoing angiographic studies of other
vessels such as coronary angiography ranges between 14%
and 30% (297,300). Patients with extensive peripheral vascu-
lar disease have prevalence rates of renal artery involvement
as high as 50% (302). Bilateral renal artery stenosis may be
present in 33% to 39% of cases with ARAS (292). Clearly,
patients with bilateral involvement have a higher incidence
of renal failure. Renal artery stenosis is more often seen in
men than in women (299). It should be noted that the true
prevalence rate of ARAS is not known. Most of the studies
have been performed in groups with known risk factors, and
the definition of the degree of stenosis required for diagnosis
as well as the methodology for measuring stenosis vary from
one study to another.

Certain features of the clinical presentation in patients
with hypertension suggest the possible presence of renal
artery stenosis. The American College of Cardiology and the
American Heart Association produced guidelines concern-
ing various aspects of peripheral artery disease (including the
renal arteries). Among these principles, they suggested clinical
clues for the presence of ARAS. These included onset of hyper-
tension before age 30 years or severe hypertension after age
55 years, malignant, resistant or accelerated hypertension,
development of new azotemia or worsening renal function
after administration of ACE inhibitor or angiotensin receptor
blocker, unexplained atrophic kidney or size differential greater
than 1.5 cm between kidneys, sudden unexplained pulmonary
edema, unexplained renal dysfunction, multivessel coronary
artery disease or peripheral arterial disease, and unexplained
congestive heart failure or refractory angina (303). If renal
parenchymal injury has occurred, then proteinuria may also be
present (296). The proteinuria is usually mild, but nephrotic-
range proteinuria may be seen (296).
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A common complication of atherosclerosis is the occur-
rence of atheroemboli. This syndrome may occur spontane-
ously in as many as 23.5% of cases (304); however, it is most
frequently seen following angioplasty or vascular surgery
(305,306). Other risk factors include male gender, throm-
bolytic therapy, oral anticoagulants, and abdominal aortic
aneurysms (305,306). The risks from anticoagulation and
fibrinolytic therapy have been disputed (307). A clinical sys-
temic syndrome has been associated with the showering of mul-
tiple cholesterol emboli into the renal vessels and other major
branches of the aorta (305-307). Clinical signs include livedo
reticularis, acute renal failure, hypertension, leg pain, gastro-
intestinal symptoms, and vision loss (305-307). Peripheral
eosinophilia and decreased serum complement have also been
associated with this syndrome. Severe systemic involvement
usually presents within 7 days of a triggering event (305). A
subacute subset with renal predominant involvement may
occur weeks to months following the event with progressive
loss of renal function. A chronic subset has also been described
with slowly progressive loss of renal function following mul-
tiple embolic showers (305). The prevalence of these various
manifestations is difficult to establish because many cases of
atheroembolic disease may not be detected clinically and renal
biopsy may be required (305,307). Spontaneous atheroembo-
lism may present as unexplained renal failure or as de novo
onset of hypertension (307).

Diagnostic Tests

The number and variety of tests used to assess the presence
and extent of renal vascular lesions are beyond the scope of
this chapter and are reviewed elsewhere (308-310). The gold
standard among imaging techniques is catheter angiography
with pressure gradient measurements; however, it is invasive
and is used chiefly for assessment for renal revascularization
(310). Noninvasive tests used for screening include magnetic
resonance angiography, color-enhanced computed tomo-
graphic angiography, and ultrasonography (308-310). The
noninvasive tests allow for an evaluation of function; however,
the accuracy of those evaluations has not been proven (309).

FIGURE 20.29 Abdominal aortogram show-
ing severe stenosis (short white arrow) with
poststenotic dilation (white arrowhead) of
the early part of the right main renal artery.
Stenosis is less severe (long white arrow) in the
proximal part of the left main renal artery. (Courtesy
of Dr. Olga Gatewood, Department of Radiology,
Johns Hopkins Hospital, Baltimore, MD.)

Pathologic Findings

RENAL ARTERY

The atherosclerotic plaque is usually present in the portion of
the renal artery nearest the aorta, or it may be in the aorta and
override the ostium of the renal artery. This lesion is recognized
by abdominal aortography (Fig. 20.29). If the vessel is severely
narrowed, poststenotic dilation is also present.

The changes are the same as those seen in systemic athero-
sclerosis and are characterized by the presence of a fibrous plaque,
usually in the proximal third of the renal artery. Cross-section
shows the fibrous plaque as an eccentric thickening of the intima
(Fig. 20.30). The thickened intima contains amorphous material
with lipid-laden macrophages, myofibroblasts, and various matrix

FIGURE 20.30 Section through the origin of a renal artery to show
occlusion of the lumen by atherosclerosis, from a 50-year-old man
with severe hypertension. (H&E, x13.) (From Heptinstall RH. In: Mostofi
FK, Smith DE, eds. Vascular Diseases of the Kidney. International Academy
of Pathology Monograph Series. Baltimore: Williams & Wilkins, 1966.)
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proteins. The endothelium is usually intact, but if it becomes dis-
rupted, then platelet aggregation and thrombosis may ensue. The
media underlying the plaque is frequently thinned relative to the
uninvolved portion of the vessel. Major complications include
saccular or dissecting aneurysm formation and the occurrence
of cholesterol emboli. Both events are discussed later, but suffice
it to say, their incidence is increased when a catheter has been
placed into the renal artery. The atherosclerotic lesion is most fre-
quently single; however, on occasion, multiple plaques are pres-
ent, or a greater length of artery may be involved. Ostial plaques
have a similar histologic appearance, but they are not as amenable
to percutaneous angioplasty as intrarenal artery lesions.

IPSILATERAL KIDNEY

The changes seen in kidneys distal to renal artery stenosis vary
with the age of the patient. In addition, the location of the nar-
rowing is important. If the main renal artery is involved, then
the whole kidney will show ischemic changes. On the other
hand, if a segmental branch of the renal artery is affected, the
portion of the kidney supplied by that vessel will be ischemic,
and the rest of the kidney will show changes consistent with
exposure to higher systemic pressures, as described earlier.

In young patients, purer ischemic changes are present. Thus,
the kidney is uniformly reduced in size, with a smooth surface
with tubular atrophy as the predominant alteration. Two types of
atrophic tubules are seen in the patient with hypertension. The
“classic” atrophic tubules with thickened basement membranes
derive from the proximal tubules and are thought to result from
repeated tubular injury, with regeneration causing the multi-
ple layers of the tubular basement membrane (311). A second
type of atrophic tubule is the so-called “endocrine” form, first
described by Selye and Stone (312) in hypertensive rats. In this
form, the tubules have clear epithelial cells that are filled with
mitochondria and narrow lumina, and they occur in clusters.
They are usually derived from distal tubules (311). They are seen
in association with ischemia. The glomeruli appear normal, but
they are closer together than usual because of the tubular atrophy
and loss. These glomeruli may be atubular, as discussed in the
next paragraph. Although the interstitium may appear normal,
a connective tissue stain demonstrates diffuse but fine fibrosis.

In elderly patients, these changes are usually superimposed
on those of both aging and atherosclerosis. Thus, such kidneys
are often small, have a granular surface, and, sometimes, larger
scars, which may represent remote infarcts. Light microscopic
examination reveals predominantly classic tubular atrophy and
loss, with more interstitial fibrosis than seen in younger patients.
Glomeruli may be normal, or they may show wrinkling and either
partial or complete collapse of capillary loops. Simplification of
the glomerular tuft is present with an apparent increase in the
Bowman space. Vessels show a spectrum of changes, from hyaline
arteriolosclerosis to fibrous intimal thickening in larger arteries.
Hypertensive changes and cholesterol emboli may also be seen
(313). These changes were confirmed in a study by Marcussen
(314) in which he examined kidneys removed for renal artery
stenosis. The ipsilateral kidneys from patients with renal artery
stenosis were reduced in size; most were less than half the normal
weight. Juxtaglomerular hyperplasia was only mild to moderate.
Tubular atrophy was prominent, accompanied by interstitial
fibrosis and crowding of the glomeruli. Sometimes, the Bowman
space was so dilated as to form microcysts. Marcussen (314) doc-
umented the presence of atubular glomeruli, which are defined

FIGURE 20.31
and periglomerular fibrosis. Also note that the glomerulus is sur-
rounded by atrophic tubules and interstitial fibrosis. (PAS, x300.)

Atubular glomerulus showing open capillary loops

as glomeruli with open capillary loops that, on serial section-
ing, are not attached to a tubule. When serial sections cannot be
performed, the presence of atubular glomeruli may be suggested
by the finding of surrounding atrophic tubules with or without
periglomerular fibrosis (Fig. 20.31). In the controls, 95.9% of
glomeruli were connected to proximal tubules, 1.5% were con-
nected to atrophic tubules, and 2.5% were atubular. In contrast,
in the patients with renal artery stenosis, 8.1% of glomeruli were
connected to proximal tubules, 39.9% were connected to atro-
phic tubules, and 52% were atubular. Thus, in these patients,
most glomeruli were either atubular or connected to atrophic
tubules. This investigator also found that proximal tubules were
more frequently atrophic.

CHOLESTEROL EMBOLI

Cholesterol emboli have been reported in renal vessels at autopsy
(306) with an incidence ranging from 0.1% to 3.3%. However,
if one looks only at the population at risk, the frequency is much
higher; such emboli are present at autopsy in 31% of patients
with aortic aneurysms and in 77.3% of patients dying during or
shortly after surgical procedures involving the abdominal aorta
(306). Involved vessels may range from arcuate arteries to glo-
merular capillary loops. Cholesterol emboli may also be found
in the kidneys removed for renovascular hypertension (313).
These emboli are characterized by needle-like spaces represent-
ing the cholesterol crystals embedded in amorphous debris.
The clefts are quickly surrounded by giant cells and incite a
fibrous reaction (Fig. 20.32). Polarized light of unstained sec-
tions may be used to accentuate the cholesterol emboli. The
emboli are frequently present at bifurcations. The renal paren-
chyma beyond the affected vessels shows alterations resulting
from ischemia with atrophy predominant over infarcts.

Etiology and Pathogenesis

Goldblatt et al. (315) showed that constriction of one artery
in the dog led to persistent elevation in blood pressure, a
model analogous to human unilateral renal artery stenosis. It
was later found that the initial elevation was due to increased



FIGURE 20.32 Cholesterol clefts in the lumen of an interlobular artery.
Cholesterol is dissolved during the processing of the section, leaving char-
acteristic clefts. (H&E, x365.)

plasma renin activity and peripheral resistance. In humans, it
has been found that a pressure gradient of 20 to 25 mm Hg
corresponding to a critical stenosis of 70% to 80% is required
to reduce blood flow to a sufficient level to raise renin in the
renal vein (309,316). Increased AIl leads to increase in aldo-
sterone, which results in sodium retention, hypervolemia, and
increased cardiac outpug, resulting in hypertension. The injury
to the kidney is due in part to the ischemia from the decreased
perfusion. However, the degree of renal artery stenosis does not
predict the degree of renal injury nor the response to angio-
plastic stenting suggesting that other factors may be important
(317). In humans with atherosclerotic renal artery stenosis, the
kidney is not without blemish. Rather, the atherosclerosis has
developed gradually on an aging kidney that is often further
compromised by smoking, obesity, or diabetes. The vessels
are not able to autoregulate, and when the “critical stenosis”
occurs, the structural changes in the vessels such as remodel-
ing have already begun enabling maintenance of the hyper-
tension. The reduced perfusion leads to apoptosis, shrinkage,
and atrophy of the tubules. Furthermore, activation of the RAS
activates oxidative stress mechanisms that lead to interstitial
fibrosis. Additional risk factors such as elevated cholesterol and
endothelial dysfunction act synergistically to increase tubuloin-
terstitial injury and microvascular rarefaction (296,317,318).
Textor suggests that these repeated small injuries set the sub-
strate for progressive renal injury (309).

The extent of this underlying renal parenchymal injury
may predict the response to revascularization. The study by
Grone et al. (319) examined the potential reversibility of tubu-
lar atrophy using an experimental model of ischemic injury.
These investigators defined the term hibernation as a state of
reduced organ function at rest that can be reversed by improving
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blood flow or increasing workload. As has been observed, renal
artery stenosis leads to a reduction in the size of the kidney and
atrophy, partly because of reduction of the blood flow. In some
cases, revascularization of the kidney may result in return of
at least some function to the kidney. In this study, the authors
induced renal ischemia in rats using a clip on the renal artery.
This procedure resulted in atrophy, which reversed with rees-
tablishment of blood flow. Some of the animals received ACE
inhibitors to induce renal tubular atrophy. All of the groups
receiving ACE inhibitors had tubular atrophy predominantly
in the proximal tubules with reduction in renal function.
The tubules showed a loss of morphologic differentiation and
decrease in the activity of various lysosomal and brush border
enzymes. Atrophy was reversible after 14 days of ischemia even
in those groups with more severe atrophy induced by the addi-
tion of ACE inhibitors. These researchers suggested that the
presence of atubular glomeruli may be a useful prognosticator
of potential irreversibility of renal injury in this setting (319).

Differential Diagnosis

FIBROMUSCULAR DYSPLASIA

FMD is the second most common cause of renal artery steno-
sis. This disease affects a younger population usually women,
most commonly presenting in the second and third decades
(298,320,321) compared with atherosclerosis, which presents
in patients beyond the fourth decade. FMD has been described
in the elderly as well (322). This vascular lesion most com-
monly affects the renal (79.7%), extracranial carotid (74.3%),
or vertebral (36.6%) arteries; however, any vascular bed may be
involved (320,321). Of the patients who had imaging of two
or more vascular beds, 35.3% had FMD in two beds, 21.9%
in three beds, and 9.1% in four beds (320). Studies involv-
ing screening of potential renal donors have documented that
the prevalence of this lesion in the renal artery ranges between
3.8% and 6.6% in the general population (298,323). One
study suggests that intrarenal vessels may also be involved
(324). These investigators presented a case of a 58-year-old
male patient with medial fibroplasia with aneurysms who
required nephrectomy. Examination of the intrarenal vessels
demonstrated continuation of the variation in medial thick-
ness to the arcuate arteries and into some interlobular arteries.
These authors suggested that such involvement could account
for hypertension after correction of renal artery lesions.

Pathologic Findings The classification of the lesions of renal
artery dysplasia as described by Harrison and McCormack
(325,326) has not been further refined. The classification
based on the layer of the vessel wall affected is as follows:

I. Intimal fibroplasia
II. Medial types
A. Medial hyperplasia
B. Medial fibroplasia with aneurysms
C. Perimedial fibroplasia
D. Medial dissection
I1I. Adventitial fibroplasia

Determination of the type of renal artery dysplasia requires
both longitudinal and cross sections of the involved vessels, so
all the layers of the vessel wall can be evaluated. Trichrome and
elastic stains such as Verhoeff-van Gieson are particularly use-
ful in the assessment of these lesions.
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FIGURE 20.33 Transverse section of the renal artery with primary
intimal fibroplasia. The lumen is severely reduced by accumulation of
loose cellular material. (H&E, x25.) (Courtesy of Dr. L. McCormack.)

Intimal fibroplasia is rare, accounting for only 1% to 2%
of all cases of renal artery dysplasia (327). The involved vessels
show a circumferential accumulation of loose, moderately cellu-
lar fibrous tissue inside the internal elastic lamina (Fig. 20.33).
Neither lipid nor inflammatory cells are noted. Radiographic
studies show a smooth, segmental, stenotic lesion. This lesion
may affect other major branches of the aorta and is often bilat-
eral. Intimal fibroplasia may also be seen in the other forms of
renal artery dysplasia as a secondary change.

Medial hyperplasia is characterized by true hyperplasia of
the smooth muscle cells of the media (Fig. 20.34). This con-
dition results in narrowing of the lumen, which radiographi-
cally is manifest as a smooth, linear stenosis without aneurysm.
This type accounts for 5% to 15% of cases and is detected
most commonly in the second decade in women and in men
between the ages of 35 and 45 years (327).

Medial fibroplasia with aneurysms is the most common
form, accounting for 60% to 70% of cases (327). It occurs in
the distal two thirds of the renal artery and its major branches
and in women aged 25 to 50 years and is bilateral in 60% of
cases. Thus, it is also the most common form to show bilateral
disease. The lesion is characterized by thickened ridges caused
by replacement of smooth muscle by collagen. Aneurysms
form as a result of loss of smooth muscle and a deficient elastic
lamina. In involved segments, the stenoses correlate with the
ridges and alternate with areas of thinning, which represent
the aneurysms (Fig. 20.35). Thrombosis or rupture occurs only
rarely. The typical radiographic picture resembles a string of
beads or sausages (Fig. 20.36).

Perimedial fibroplasia is the second most common type
of dysplasia, accounting for 15% to 25% of renal artery

FIGURE 20.34 Transverse section of the renal artery to show medial hyper-
plasia characterized by a random disorganized increase in muscle cells in the
media with a reduction of the lumen. (H&E, x25.) (Courtesy of Dr. T. A. Stamey.)

dysplasia. It occurs most commonly in women between
the ages of 15 and 30 years. The lesion is characterized by
replacement of the outer two thirds of the media by dense
collagen (Fig. 20.37). The multifocal stenoses produce
irregular beading such that, on radiographic examination,

FIGURE 20.35 Medial fibroplasia with multiple aneurysms with alter-
nating segments of increased musculofibrous tissue and marked attenu-
ation of the muscularis. Longitudinal section. (H&E, x6.) (Courtesy of
Dr.J. C. Hunt))




the beads are smaller than the vessel diameter (327). Rapid
increase in hypertension is frequently seen. Thrombosis is
more common in this form than in the other types of renal
artery dysplasia. The Masson trichrome stain is particularly
helpful in distinguishing this form of dysplasia from the
other forms.

Medial dissection accounts for 5% to 10% of cases. The
channel forms in the outer one third of the vessel wall. The
initial defect is thought to lie in the internal elastic lamina and
provides an access for blood to enter the media (326). Intimal

FIGURE 20.37 Perimedial fibroplasia type of renal artery dysplasia
in which the outer half to two thirds of the media is replaced by fibrous
tissue. (H&E, x32.)
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FIGURE 20.36 Aortogram to show a sau-
sage string, or string of beads, appearance of
both main renal arteries in a case of medial
fibroplasia with multiple aneurysms. Such a
case would exhibit the pathologic features shown
in Figure 21.33. (Courtesy of the Department of
Radiology, Johns Hopkins Hospital, Baltimore, MD.)

fibroplasia may occur in this lesion in the area of the dissec-
tion. Renal infarcts are more common in this lesion than in the
other types of renal artery dysplasia.

Periarterial fibroplasia is rare and accounts for less than
1% of all types. It is manifest by dense collagen surrounding
the vessel extending from the adventitia that penetrates the
fibrofatty tissue. Similar lesions may be seen outside the renal
arteries elsewhere in vessels of the same size. It has also been
compared to idiopathic retroperitoneal fibrosis (325).

Pathogenesis  The pathogenesis of these lesions continues to be
unknown. The FMD Registry was established in 2008 with the
hope that greater understanding of these lesions could be attained.
Olin et al. (320) reported on the clinical features, presenting
symptoms, and vascular events in the first 447 patients accrued.
Genetic factors may be important as there is an increased risk
of the disease in first-degree relatives (320,321). In the Registry
data, 7.3% of patients had a family member with confirmed
diagnosis of FMD. A high prevalence of stroke (53.5%), aneu-
rysm (23.5%), and sudden death (19.6%), all commonly associ-
ated with FMD, was also noted among family members (320).

Clinical Course and Therapy Catheter-based angiography
is the best method for diagnosis and allows for determination
of the severity of the pressure gradient (298). Several studies
using repeated angiograms have been performed on patients
with various forms of renal artery dysplasia. One such study
showed that many patients progress with narrowing of their
renal arteries when followed up to 10 years by angiographic
techniques (328). Percutaneous transluminal renal angioplasty
(PTRA) is the current treatment of choice for this condition
(298,329). Alhadad et al. (329) completed a retrospective
study of 69 patients with renal artery dysplasia, 59 of whom
had PTRA. The procedure was technically successful in 95%
of the patients. Follow-up with a mean of 7 years showed cure
in 24% with long-term benefit in up to 63% of the patients.
Patients with longer periods of hypertension prior to the proce-
dure had the poorer outcomes. Carmo et al. (330) used surgi-
cal revascularization for those patients who failed PTRA and
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with a 1-year follow-up show similar results with 24% cure
of hypertension and 64% with benefit. Stents may be used in
those patients with aneurysms (298).

RENAL ARTERY ANEURYSMS

Bulbul and Farrow (331), in a review of renal artery aneurysms,
found that the incidence varied between 0.01% and 0.1%.
Browne et al. (332) found a prevalence of 1% for renal artery
aneurysms during a retrospective review of contrast-enhanced
magnetic resonance angiography in screening for suspected
renovascular disease. Bulbul and Farrow studied 67 patients
with renal artery aneurysms and found a slight male predomi-
nance (3:2), with a range in age of 20 to 76 years. The presen-
tation included hypertension (55%), hematuria (30%), flank
pain (21%), and, in one patient each, gastrointestinal bleed-
ing, polyarteritis nodosa, and renal failure. Ninety-two percent
of these aneurysms occurred in the extrarenal portion of the
renal artery, with 70% saccular, 22.5% fusiform, and 7.5% dis-
secting aneurysms. All but seven were less than 2 ¢m in diam-
eter. Most were not calcified. Twenty percent were associated
with medial hyperplasia. Rupture of these aneurysms is rare,
particularly if they measure less than 1 cm except that there
is an increased risk of rupture during pregnancy (331,332).
Indications for repair include refractory hypertension, severe
hematuria, flank pain, dissection, size greater than 2 c¢m, or
progression in dilation (333). Surgical repair is suggested for
those who are good surgical candidates as the long-term prog-
nosis is very good (334). In the past decade, endovascular
techniques have been developed that are also promising. These
are reviewed in Elaassar et al. (333) including the criteria that
determine which approach is most advantageous.

Dissections of the aorta may extend into the renal artery and
may result in either hypertension or renal failure. Dissections
of the renal artery may also occur after trauma, renal artery
catheterization, or spontaneously. In the study conducted by
Bulbul and Farrow (331), three of the five dissecting aneurysms
were associated with catheterization. The presenting symptoms
included the sudden onset of flank pain and hypertension.

TAKAYASU DISEASE

Takayasu disease affects the aorta and its major branches by
an ill-defined inflammatory process elicited by an unknown
trigger. A pathogenetic mechanism has been proposed sug-
gesting that cell-mediated immunity is the principal effector
(335). Ciriteria for its diagnosis include onset at or under 40
years of age, claudication of an extremity, decrease in brachial
pulse, greater than 10 mm Hg difference in systolic blood
pressure between arms, bruit over the subclavian artery, and
narrowing or occlusion of the aorta, its primary branches, or
major arteries of the extremities (336). The presence of three of
these six criteria is highly specific and sensitive for the disease.
The disease may be restricted to the arch of the aorta, it may
involve the entire aorta, or it may be present in the abdominal
aorta or its branches (337,338). Hypertension, when present,
is due to either coarctation of the aorta or renal artery steno-
sis (Fig. 20.38). This disease was originally described in Japan
but has now been described in most ethnic groups (338-340).
Takayasu disease affects predominantly young women at a
mean of 30 years (range, 5 to 54 years) (339,340). The clinical
features included malaise, claudication, fever, dizziness, head-
ache, bruits, absent pulses, and hypertension. Angiographic
abnormalities included occlusion, stenosis, irregularity of the

FIGURE 20.38 Abdominal aortogram from a 45-year-old woman
with Takayasu syndrome showing aneurysmal dilation of the
abdominal aorta. Marked narrowing in the proximal part of the right renal
artery is demonstrated. The right kidney is smaller than the left, indicating
the hemodynamic severity of the arterial stenosis. (Courtesy of Dr. T. Ideura.)

lumen, or ectasia or aneurysm, often involving multiple sites.
Renal artery involvement was noted in 15% to 25% of patients
(339,340). A study in South Africa (338) reviewed 272 patients
with a mean age at presentation of 25 years and a female pre-
dominance. Most were of mixed race or Asian background
(62%) with 30% black and 8% Caucasian. Hypertension was
the most common presenting sign, and 40% had renal artery
stenosis. PTRA was used in 10 patients with good results in
only 3.

Takayasu disease is characterized by an acute phase with
granulomatous arteritis that affects the media and adventitia
with an inflammatory infiltrate composed of lymphocytes,
plasma cells, histiocytes, and occasional giant cells (337). More
recent studies have shown that the inflammatory infiltrate is
complex involving CD8+ T cells, NK cells, y8 T cells, den-
dritic cells, macrophages, CD4+ T cells, and Th17 cells (335).
Neovascularization is a prominent feature from the intima to
the vasa vasorum (337). Sclerosis then ensues with intimal
hyperplasia, medial degeneration, and adventitial fibrosis.
Disruption of the elastic lamellae may be seen, and thrombosis
and aneurysm formation have been noted as in other forms of
vasculitis. The result of these structural alterations may be so
severe as to cause virtual coarctation of the aorta. The histo-
logic changes are similar to those of giant cell aortitis, but the
prevalence of abdominal aortic and renal artery involvement is
typical of Takayasu disease (337).

Corticosteroids are the mainstay of treatment with angio-
plastic and surgical therapy as needed for severe vascular lesions
(340). Outcome depends on early recognition of the possibility
of the disease from clinical symptoms as the radiologic tech-
niques have become quite advanced and provide excellent sup-
port in its confirmation (341).



MISCELLANEOUS CAUSES

The causes of renal artery stenosis are listed in Table 20.4.
Neurofibromatosis (von Recklinghausen disease) is occasionally
associated with hypertension with a prevalence of 7% to 58%
usually because of renal artery stenosis, although coarctation of
the aorta may also occur (342). The mean age at which hyper-
tension appears in such cases is 11 years (343). Smaller vessels
show mesodermal dysplasia, which is a nodular proliferation
of cells demonstrated by immunohistochemistry and electron
microscopy to be smooth muscle cells (344). These nodules may
be present in the media or in the intima and may result either in
stenosis or in occlusion (Fig. 20.39). These proliferative nodules
are common in neurofibromatosis, appearing in 7 of 18 autop-
sies of patients with this disease increasing in frequency with
age (345). Hamilton and Friedman (346) suggested that these
lesions arise due to excessive cellular proliferation in response to
injury as the lesions are in a similar distribution to those seen in
atherosclerosis. Hypertension in neurofibromatosis may also be
due to these proliferative lesions in the aorta, lesions that cause
coarctation of that vessel. In addition, patients with neurofibro-
matosis have an increased incidence of pheochromocytomas,
which may also cause hypertension (343).

Moyamoya disease is a condition first described in Japan
that affects the carotid arteries and its branches (347). It is
characterized by occlusions or stenoses of these vessels with the
formation of netlike vessels. The carotid arteries show fibro-
intimal thickening and medial thinning. Renal artery stenosis
has been reported in 4% to 8% of patients with moyamoya
disease (348). A study in children has reported a prevalence of
renovascular hypertension in 8.3% of children with moyamoya
disease (349). Intimal fibroplasia was seen in a specimen taken
from one of the children. It should be noted that the network
of vessels surrounding carotid arteries has not been described
in radiologic studies of the renal arteries. Thus, it is not clear
whether these lesions are due to the same defect present in the
cerebral vessels.

FIGURE 20.39
completely replaced by small cells with dense nuclei and by mucinous
connective tissue. (H&E, x203.) (Courtesy of Dr. Gary S. Hill.)

Intima of a small arcuate or large interlobular artery
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Segmental arterial mediolysis was first described in 1976 by
Slavin and Gonzalez-Licea (350) at autopsy in three patients
who had mesenteric ischemia and renal infarcts. It is now rec-
ognized as a usually self-limited vasculopathy involving small-
to medium-sized mesenteric vessels and the renal circulation
presenting with hemorrhage due to dissection or rupture of
aneurysm (351,352). As the lesions heal, the vessels occasion-
ally resemble the changes seen in FMD and may result in steno-
sis or occlusion of the vessel (351,352). The exact pathogenesis
is uncertain, but vasospasm is considered to be an important
factor (352). Hypertension caused by direct compression of the
renal artery by neoplasms is discussed later. Effects of radiation
on the kidney are discussed in Chapter 18. Trauma and arte-
riovenous fistulas have also been associated with hypertension.

Clinical Course, Prognosis, and Therapy

CLINICAL COURSE AND PROGNOSIS

This disease is usually silent and is often discovered during the
investigation of other vascular conditions. The diagnosis of
renovascular disease depends on the radiologic demonstration
of stenotic lesions and on proof that these lesions are respon-
sible for the loss of renal function. As stated earlier, the prev-
alence of significant renal artery stenosis has been shown to
range between 15% and 22%. Studies prior to the introduction
of statins showed significant rates of progression. For example,
one typical study from the Cleveland Clinic (353) examined
85 patients who had had at least two angiograms over a period
of 4 years. Forty-four percent of these patients showed progres-
sion of the lesion(s), with 16% going on to complete occlu-
sion of the vessel. The latter occurred in the first 13 months in
the patients with the most severe narrowing at the beginning
of the study. It required <5 years for complete occlusion in
patients with less severe narrowing. Kidney size was reduced
more frequently in those patients who had progressive renal
artery narrowing. The narrowing occurred in 62% of patients
despite good control of blood pressure (353). The chief conclu-
sion from most of the studies was that renal artery stenosis is a
progressive disease, with occlusion occurring more commonly
in those vessels with more severe degrees of intimal disease at
the beginning of the study.

Rimmer and Gennari (354) reviewed five such studies. In
the combined data, 237 patients were considered, of whom
49% showed worsening of degree of stenosis only, whereas
14% progressed to occlusion during a follow-up period of 6 to
180 months. Furthermore, these investigators found that con-
trol of hypertension had little effect on progression, and serum
creatinine did not accurately predict progression. They calcu-
lated that the rate of progression fell in a range of 0.4% to 1.5%
additional stenosis per month (354). Another study showed a
higher rate of progression with overall cumulative incidence of
progression 35% at 3 years and 51% at 5 years (355). Those
patients with more severe disease at baseline were more likely
to progress. Since these patients inevitably have atherosclero-
sis affecting other vascular beds, they have considerable risk
for cardiovascular mortality as well as for ESRD (356). More
recent studies in which patients have received statins in addi-
tion to antihypertensive medications show a slower rate of
progression (357). In one such retrospective study, 79 patients
had repeat angiography with a mean follow-up time between
angiograms of 27.8 months (358). The authors found that
statin therapy significantly reduced the risk of progression of
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atherosclerotic renovascular disease from 30% cumulative risk
over 3 years for patients not receiving statins to 6% for those
who did receive statins. Furthermore, regression was seen in 12
patients, most of whom were receiving statins (358).

In a recent review of the literature, risk factors for progres-
sion of atherosclerotic renal disease included uncontrolled sys-
tolic hypertension (greater than 160 mm Hg), diabetes mellitus,
high-grade (greater than 70%) ipsilateral and contralateral ath-
erosclerotic renal vascular disease (ARVD), and significant base-
line proteinuria (359). In addition, they found risk factors for
atrophy including systolic blood pressure greater than 160 mm
Hg, greater than 60% renal artery stenosis, and decreased renal
cortical blood flow. Finally, they demonstrated that risk factors
for decreased GFR included abnormal baseline creatinine and
bilateral ARVD or unilateral ARVD in a solitary kidney (359).

THERAPY

Treatment of hypertension associated with renal artery steno-
sis has evolved over the years. Endovascular angioplasty most
often with stent placement now accounts for greater than 97%
of invasive procedures for correction of the vascular lesions
with surgical intervention used only in cases not amenable to
an endovascular approach (360). From 1992 to 2004, approxi-
mately 13.4% of patients underwent revascularization within
6 months of diagnosis (360). The question of medical manage-
ment versus revascularization is still undecided despite some
recent studies presented below. The major issue is the high
mortality in these patients due to comorbidities.

Numerous studies have been undertaken over the last
30 years comparing various treatment modalities and differ-
ing measures of outcome. Review of these studies is beyond
the scope of this chapter. Rather, I will discuss several papers
emphasizing the newer literature comparing endovascular
procedures to medical management. It should be noted that
revascularization has been shown to benefit patients with FMD
(361). The remainder of this discussion will focus on patients
with renovascular atherosclerotic disease.

Numerous investigators have examined the effects of renal
angioplasty on renal artery stenosis. Rimmer and Gennari
(354) compared the results of angioplasty with those of surgi-
cal revascularization in a review of seven reports of these pro-
cedures. With angioplasty, 43% of patients improved, 57%
were the same or worse, and 5% died. Renal revascularization
produced similar results in this study, with 55% of patients
improving, 31% remaining stable, and 14% becoming worse;
6% died. This study showed that angioplasty was at least equiv-
alent to the surgical procedure. The placement of stents during
angioplasty was introduced in the 1990s to prevent repeated
stenosis of the renal artery. The stents are particularly useful
when the narrowing is at the ostium, a location with a higher
failure rate using PTRA. Beutler et al. (362) showed that stent
placement stabilized renal function. However, complications
did arise in some patients with renal failure directly attributable
to stent placement in two patients. Thus, the question arose
concerning whether revascularization provided additional ben-
efit as compared to medical management.

Several studies have now compared these various tech-
niques to medical management. Losito et al. (356) examined
the course of disease in 195 patients who had angiographically
demonstrated renal artery stenosis. Angioplasty and/or stent
placement was used in 136 patients. Medical treatment was

also used as appropriate during the follow-up period. Fifty-four
patients received only medical therapy. A variety of antihyper-
tensive agents were used, including ACE inhibitors, $-blockers,
and calcium channel blockers. The mean follow-up time was
54 months. Multivariate analysis showed no difference in
mortality or renal survival between the two treatment groups.
Angioplasty was associated with better control of blood pres-
sure, a finding repeated in many studies. Patients who received
ACE inhibitors, across treatment groups, showed longer sur-
vival compared to other antihypertensive agents. Baseline serum
creatinine was the only predictor of progression to ESRD.

Three recent randomized trials comparing endovascu-
lar repair to medical management have been established.
The results have been reported for two of these (STAR and
ASTRAL). The third has recently completed enrollment
(Cardiovascular Outcomes in Renal Atherosclerotic Lesion
[CORAL)). The Stent Placement and Blood Pressure and
Lipid-lowering for the Prevention of Progression of Renal
Dysfunction Caused by Atherosclerotic Ostial Stenosis of the
Renal Artery (STAR) compared a group with stent placement
at the renal ostium coupled with medical management of blood
pressure to a group receiving medical management alone with
regard to progression of renal failure. They found that 16% of
the stent group and 22% of the medication-alone group had
reached the primary end point of reduction in creatinine by
20% at the end of 2 years, but this result did not attain statisti-
cal significance (363). The Angioplasty and Stenting for Renal
Artery Lesions (ASTRAL) trial also compared a group receiving
revascularization and medication to a group receiving medica-
tion alone (364). The primary outcome was the renal func-
tion as determined by the inverse of the serum creatinine over
time with a median follow-up of 33.6 months. The authors did
not find a worthwhile clinical benefit between the two groups.
This trial has been criticized because the degree of stenosis was
determined centrally, the intervention technique varied (not all
patients received stents), and patients were enrolled only if the
local physician was uncertain of the appropriate management
possibly introducing selection bias (309,365). The third ran-
domized trial, the CORAL, was designed to avoid the selection
bias of ASTRAL. In addition, patients with CKD have been
included, and the protocols have been standardized among
centers (365). Results are not yet published.

In summary, despite numerous studies comparing various
therapies, we do not yet know which is optimal. One aspect of
the problem is that no one knows how to determine how indi-
vidual patients will fare with angioplasty. Simon has offered
the following recommendations (365). Intervention is not rec-
ommended in patients with stable renal function. Currently,
intervention may be considered in patients with bilateral renal
artery stenosis and with congestive heart failure without obvi-
ous cardiac cause or with rapidly declining renal function, or
with refractory hypertension (365).

Chronic Renal Parenchymal Disease

Chronic renal parenchymal disease is the most common cause
of secondary hypertension in most series reviewed in Table 20.3.
Hypertension may complicate any form of glomerular disease,
as shown in several reviews (3,251). Some of the more com-
mon causes of renal parenchymal hypertension have included
postinfectious glomerulonephritis, FSGS, IgA nephropathy,
vasculitis, diabetes, crescentic glomerulonephritis, systemic



lupus erythematosus, polycystic kidney disease, and chronic
interstitial nephritis. FSGS and membranoproliferative glo-
merulonephritis are particularly prone to an association with
hypertension (251). It should be cautioned that it is difficult to
determine the exact prevalence of chronic renal parenchymal
disease as a secondary cause of hypertension as hypertension is
both a cause and a complication of CKD. Crews et al. (366)
found that the prevalence of CKD increased in groups with
increasing levels of hypertension from 13.4% of those with
normal blood pressure to 17.3% in those with prehypertension
to 22% in patients with undiagnosed hypertension to 27.5%
in those with known hypertension.

One potential mechanism for hypertension due to chronic
renal parenchymal disease is increased intravascular volume
followed by inappropriate activity of the renin-angiotensin-
aldosterone system leading to sodium retention, and increased
sympathetic activity (3,7). Hypertension occurs and a vicious
cycle of continued renal injury ensues. Patients with CKD and
hypertension have increased cardiovascular and cerebrovascular
disease-related hospitalization (367). This increased risk sug-
gests additional mechanisms involving inflammation and the
immune system that may link all these forms of injury. These
are reviewed in detail by Swaminathan and Shah (368).

Tumors and Other Conditions Associated With
Hypertension

Pheochromocytoma

Pheochromocytoma is a tumor of chromaffin tissues in the
adrenal glands. According to the World Health Organization
(WHO) classification, tumors of chromaffin tissue elsewhere
are termed paragangliomas (369). This tumor affects the two
sexes equally and has a peak incidence in the fifth decade. The
prevalence of this tumor in patients with hypertension is 0.1%
to 0.6% (370). These tumors may be part of one of several
familial syndromes as described below.

FAMILIAL SYNDROMES AND OTHER MUTATIONS
Approximately one third of the pheochromocytomas are due to
1 of 10 mutations with 3 first identified as familial syndromes
(371). The first of these syndromes to be described was by
Sipple (372) and included the association of carcinoma of the
thyroid and pheochromocytoma. Sipple syndrome is now rec-
ognized as belonging to multiple endocrine neoplasia (MEN),
type 2, an autosomal dominant syndrome. There are two
variants that include pheochromocytomas: Type 2A includes
medullary thyroid carcinoma with pheochromocytomas and
parathyroid hyperplasia as well as cutaneous lichen amyloido-
sis. Type 2B refers to the combination of medullary thyroid
carcinoma, pheochromocytomas, mucosal neuromas, and a
marfanoid habitus (370). Activating mutations in the RET
protooncogene, a receptor tyrosine kinase, cause the MEN
syndromes by changes in regulation of cell proliferation and
apoptosis (371,373). Most of the mutations are point muta-
tions and lead to bilateral pheochromocytomas that are usually
benign but may recur (371,373). The pheochromocytomas
usually present in the fourth decade.

The other two syndromic associations with pheochromo-
cytoma are von Hippel-Landau disease and neurofibromatosis-1
(NF-1) (371,373). Von Hippel-Landau disease is autosomal
dominant and consists of various combinations of renal cell
carcinomas and cysts, CNS and retinal hemangioblastomas,
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pheochromocytomas, pancreatic tumorsand cysts, endolymphatic
sac tumors, and epididymal cysts (370). Pheochromocytomas are
present in about 15% to 25% of patients with the syndrome.
Malignancy is only present in about 5% of the patients. The
VHL gene on chromosome 3 is a tumor suppressor gene with
missense mutations leading to loss of heterozygosity in a wild-
type allele producing most pheochromocytomas within the
syndrome (371,373). Patients with NF-1 (von Recklinghausen
disease) have inactivating mutations in NFI, a tumor suppres-
sor gene, and its protein neurofibromin producing constitutive
activation of the Ras pathway and uncontrolled cell proliferation
(371,373). The incidence of pheochromocytomas in the disease
is 5% although autopsy studies have found up to 13% incidence
(371,373). Approximately 10% are malignant.

Mutations in a number of other genes have also been asso-
ciated with pheochromocytomas. Mutations in each of the four
subunits of the succinate dehydrogenase (SDH) complex of the
mitochondrial respiratory chain have been identified in pheo-
chromocytomas (371,373). Paragangliomas of the head, chest,
and abdomen are the most common tumors with these muta-
tions. A higher rate of malignancy is also seen particularly with
SDHB mutations (371,373). Three other genes have been iden-
tified in families with pheochromocytomas including kinesin
family member 1B, a proapoptotic factor; transmembrane pro-
tein 127, a tumor suppressor gene; and MYC-associated factor
X, a transcription factor (373). The tumorigenic mechanisms
for each of these genes are reviewed by Welander et al. (373).

CLINICAL FEATURES AND DIAGNOSTIC TESTS

Patients with pheochromocytomas represent 0.1% to 0.6%
of all those with hypertension (370). Variable clinical mani-
festations have been reported, but the characteristic triad on
presentation of headache, tachycardia, and diaphoresis in
a patient with hypertension has a high sensitivity (90.9%)
and specificity (93.8%) (293). These symptoms may last for
only a few minutes or for hours. Hypertension is present in
greater than 90% of patients with pheochromocytomas and
is frequently paroxysmal (293,370). Most pheochromocyto-
mas produce a mixture of norepinephrine and epinephrine.
However, MEN-2— and NF-1-associated tumors always
secrete epinephrine, and VHL-related pheochromocytomas
produce norepinephrine (293).

Screening for pheochromocytomas should be consid-
ered in patients with resistant hypertension, the classic triad
described above, family history, hypertensive reaction to anes-
thesia, early onset of hypertension, incidentally found adre-
nal tumors, or those with the genetic syndromes listed above
(374). Hypertension in pheochromocytomas results from
release of catecholamines into the circulation. The tumor
cells consistently metabolize the catecholamine to metaneph-
rine and norepinephrine. Thus, the most sensitive techniques
currently used are measurements of plasma-free metaneph-
rines or urinary-fractionated metanephrines. The sensitivity is
99% and specificity is 89% for the plasma measurement and
97% and 86%, respectively, for the urinary determination
(370,374). Renal function may affect urinary determinations.
A clonidine suppression test can be used to eliminate false posi-
tives (293,370). Once the diagnosis of pheochromocytoma has
been made based on secretion of catecholamines, localization
of the tumor must be performed using computed tomography
(CT) or magnetic resonance imaging. These techniques are
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especially useful in finding extra-adrenal tumors. Scintigraphy
using metaiodobenzylguanidine (MIBG), an analog that
resembles norepinephrine, can complement the use of CT add-
ing to specificity of the test (293). Newer compounds such as
[18F]-fluoro-2-deoxy-D-glucose combined with positron emis-
sion tomography have further added sensitivity particularly in
the evaluation of metastatic lesions (293). Genetic testing is
recommended for patients with a family history, presentation
at less than 50 years of age, or where there are bilateral, malig-
nant, or recurrent tumors (293).

Most pheochromocytomas are benign, but malignant
tumors represent 5% to 26% of these neoplasms (375). Benign
tumors may be cured by surgical excision, although recurrence
has been reported (293). Laparoscopic removal is appropriate
for tumors less than 10 cm.

PAaTHOLOGIC FINDINGS

Gross Appearance Pheochromocytomas are located within
the medulla of the adrenal gland. Smaller tumors are surrounded
by a rim of yellow cortex. The tumor itself is grayish pink. Larger
tumors may be hemorrhagic and necrotic. Malignant tumors
tend to be larger, contain more necrosis, and invade local tis-
sues. When pheochromocytomas are fixed in formalin and then
are exposed to light, they turn a light brown. However, tumors
fixed in a bichromate solution turn dark brown.

Microscopic Findings Most pheochromocytomas are com-
posed of large, pink, polygonal cells, often arranged in a tra-
becular organoid or alveolar pattern within a thin vascular
stroma (Fig. 20.40). The typical arrangement forms so-called
Zellballen. On occasion, the cells are smaller. At other times, the
cells are spindled. The tumor is usually surrounded by a thin
capsule. Immunohistochemical staining for chromogranin A
is strong in pheochromocytomas and distinguishes them from
nonneuroendocrine tumors such as those in the adrenal cortex
(369). The WHO classification defines malignant pheochro-
mocytomas by the presence of metastases in locations without
chromaffin tssues (369). Histologic features such as greater

FIGURE 20.40 Pheochromocytoma showing nests of cells in vas-
cular stroma. The tumor cells contain ample granular cytoplasm. (H&E,
x260.)

cellular polymorphism and necrosis may be present more fre-
quently in malignant tumors but do not define them. During
the last decade, several classification systems have been devised
combining histologic, immunochemical, and biochemical
characteristics in an attempt to assess malignant potential with-
out real success (369).

The ultrastructure of pheochromocytomas is character-
ized by the presence of dense-core neurosecretory granules
with the typical appearance of either epinephrine or norepi-
nephrine granules or sometimes both within the same cell.
Immunohistologic studies have shown the presence of chro-
mogranin, neuron-specific enolase, dopamine, ACTH, VIR
calcitonin, and somatostatin.

Conditions Associated With Adrenal Cortical Lesions
HYPERALDOSTERONISM

Hypertension may result from the excess production of aldo-
sterone, as first shown by Conn (376) in relation to removal
of an adrenal cortical tumor. Hypertension is typically accom-
panied by hypokalemia, muscular weakness, decreased plasma
renin concentration or activity, and increased plasma aldoste-
rone. However, it is now recognized that many patients with
PA may have normokalemia. The current prevalence of PA is
11.2% of hypertensive patients as determined by a prospective
study using the aldosterone: renin ratio (377).

The causes of PA are shown in Table 20.5 grouped by those
that are surgically curable or not (378-380). Approximately
45% of the cases of PA had surgically correctable hypertension
(377). It is important to establish the diagnosis of PA early as
such patients are more prone to target organ damage and car-
diovascular events than patients with other forms of hyperten-
sion (378). Surgical correction by adrenalectomy can avoid such
morbidity. Hypertension in most cases of PA is volume depen-
dent with increased blood volume and cardiac output, although
increased peripheral resistance eventually becomes predominant.

Numerous mendelian forms of human hypertension
associated with hyperaldosteronism and low renin have now
been described. These have been reviewed by several authors
(21,381,382). They are listed in Table 20.6 and are briefly
described below. In glucocorticoid-remediable aldosteronism,
a chimeric gene of aldosterone synthase and 11f-hydroxylase is

Surgically curable
Aldosteronoma
Primary unilateral adrenal hyperplasia
Multinodular unilateral adrenocortical hyperplasia
Ovary aldosterone-secreting tumor
Familial type Il hyperaldosteronism
Aldosterone-producing adenoma or bilateral adrenocortical
hyperplasia associated with concomitant pheachromocytoma
Aldosterone-producing carcinoma
Not surgically curable
Bilateral adrenocortical hyperplasia
Unilateral aldosterone-producing adenoma with bilateral
adrenal hyperplasia
Familial type | hyperaldosteronism (also known as glucocorticoid-
remediable hyperaldosteronism)




TABLE 20.6

Glucocorticoid-remediable aldosteronism (familial hyperaldoste-
ronism type |)

Liddle syndrome

Apparent mineralocorticoid excess

Gordon syndrome

Hypertension exacerbated in pregnancy

Familial hyperaldosteronism type |l

expressed in the zona fasciculata under the control of ACTH.
The resulting synthesis of aldosterone is not suppressed by
All, and its secretion is unrestrained (382). Liddle syndrome is
caused by mutations in the epithelial sodium channel leading to
increased numbers of channels at the cell surface. This process
results in increased salt and water reabsorption independent of
mineralocorticoid levels (21). The syndrome of apparent min-
eralocorticoid excess is characterized by the deficiency of an iso-
form of the enzyme 11p-hydroxysteroid dehydrogenase, which
catalyzes the interconversion of hormonally active cortisol to
inactive cortisone and dictates specificity for the mineralocorti-
coid receptor (21). This receptor binds aldosterone and cortisol
with equal affinity. Normally, this enzyme is expressed in the
kidney, with resulting inactivation of cortisol and greater access
of aldosterone to the receptor. However, when this enzyme is
deficient, more cortisol is bound to the receptor in preference
to aldosterone. Cortisol is both more potent and present in
greater concentration than is aldosterone, and its binding to
the receptor results in an apparent mineralocorticoid excess
(21). Gordon syndrome is associated with mutations in either
WNKI1 or WNK4 kinases leading to increased activity of
the thiazide-sensitive sodium chloride cotransporter (383).
Hypertension exacerbated in pregnancy results from a missense
mutation in the mineralocorticoid receptor that presents with
hypertension before age 20 (21). The hypertension is exacer-
bated during pregnancy because steroids lacking 21-hydroxyl
groups, such as progesterone, which is elevated during preg-
nancy, are agonists of the mutant receptor. A second form of
familial hyperaldosteronism that cannot be suppressed by glu-
cocorticoids has been described and several possible candidate
genes have been identified (384). These patients have either
adrenal cortical hyperplasia or aldosterone-producing tumors.

Screening for PA should be undertaken in hypertensive
patients with hypokalemia, resistant hypertension, early onset
of hypertension, first-degree relative with PA, incidentally
found adrenal tumor, OSA, or target organ damage more
severe than expected compared to severity of hypertension
(379,380). An algorithm for this screening is provided by Rossi
(380). The first step is the determination of the aldosterone:
renin ratio with additional tests of exclusion for those with bor-
derline tests. Imaging is then undertaken using high-resolution
CT scan. Adrenal vein sampling is necessary to confirm lateral-
ization of increased aldosterone synthesis. Adrenalectomy can
then be performed with expectation of cure.

CUSHING SYNDROME AND RELATED CONDITIONS

Congenital Adrenal Hyperplasia Congenital adrenal
hyperplasia (CAH) syndromes are autosomal recessive con-
ditions resulting from a defect in one of the five steps in
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biosynthesis of cortisol. Deficiency of 21-hydroxylase accounts
for more than 90% of the cases (385). Patients may pres-
ent with hypertension, salt wasting, adrenal insufficiency, or
sexual development anomalies. More than 100 mutations of
11p-hydroxylase (CYPI1BI) have been found that result in a
deficiency of 11B-hydroxylase that prevents production of cor-
tisol even in the face of elevation of ACTH (385). Similarly,
mutations of 17a-hydroxylase (CYPI7) result in deficiency
of 17a-hydroxylase, which is also critical for the production
of cortisol (386). In both cases, the increased ACTH leads
to increased deoxycortisol and deoxycorticosterone that pro-
duce sodium retention, hypervolemia, and hypertension.
Other deficiencies reported in association with CAH include
3f-hydroxysteroid ~ dehydrogenase,  17a-hydroxylase/17,
20-lyase, steroidogenic acute regulatory (StAR) protein (lipoid
hyperplasia), and a defect in P450 oxidoreductase (385).

Cushing Syndrome Cushing syndrome is caused by an
excess of cortisol. It is manifested clinically by hypertension,
truncal obesity, characteristic facies, hirsutism, disturbed glu-
cose tolerance, easy bruisability, striae, poor wound healing,
muscle wasting, and osteoporosis (387,388). It may result
from the administration of exogenous steroids (including topi-
cal preparations and intra-articular injections), from the release
of ACTH from pituitary tumors (Cushing disease) or from
other tumors (ectopic ACTH), or from synthesis within vari-
ous tumors of the adrenal cortex (387,388). Guidelines for the
diagnosis of Cushing syndrome have been provided from the
Endocrine Society (389).

Cushing Disease and Ectopic ACTH Syndrome Cushing
disease is found most often in young women, usually in associ-
ation with a microadenoma of the pituitary gland composed of
either basophils or chromophobes (390). Ectopic production
of ACTH may be seen in several different tumors, including
small cell carcinomas of the lung, carcinoid tumors, islet cell
tumors of the pancreas, medullary carcinoma of the thyroid,
and pheochromocytoma (388,390). The result of increased
serum ACTH is hyperplasia of the adrenal cortex accompa-
nied by increased plasma cortisol and increased excretion of
17-hydroxysteroids and 17-ketosteroids. Pituitary tumors tend
to show suppression of ACTH in response to dexamethasone
in contrast to ectopic sites of production (390). The transs-
phenoidal approach is preferred for surgical extirpation (390).

PATHOLOGIC FINDINGS

Adrenal Hyperplasia Adrenal nodules are commonly found
at autopsy and increase in frequency with age or in patients
with hypertension or diabetes (391). Approximately one third
of the cases of hyperaldosteronism are due to hyperplasia of
the zona glomerulosa (392). Such hyperplasia is characterized
by increased width of the cortex and may be accompanied by
either large or small nodules. The glands may be normal in
weight. By contrast, in Cushing disease, the adrenal glands are
often enlarged and show bilateral diffuse cortical hyperplasia
with or without nodules (391).

Adrenal Adenoma Grossly, adenomas are yellow, circum-
scribed, and usually weigh less than 50 g (393). The cells of the
tumor have several different appearances. The most common is
a large polygonal cell with clearing of the cytoplasm similar to
that seen in normal zona fasciculata (Fig. 20.41). The cells are
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FIGURE 20.41
ample cytoplasm and vesicular nuclei. An area with nuclear pleomor-
phism is present in the upper left portion of the micrograph. (H&E, x260.)

Adrenal cortical adenoma with large pink cells with

frequently present in alveolar cords or nests. Other cell types
include a hybrid form of small, lipid-rich cells resembling a mix-
ture of cells from zona glomerulosa and zona fasciculata, cells
resembling those of the zona glomerulosa alone, and some that
are similar to those of the zona reticularis. Necrosis and hemor-
rhage may occur. Ultrastructural studies in tumors that produce
aldosterone show the typical cytoplasmic features of cells of the
zona glomerulosa (394). These changes include mitochondria
with plate-like cristae, smooth endoplasmic reticulum, lipid
droplets, polyribosomes, and Golgi complex. In addition, spi-
ronolactone bodies may be identified by the concentric, dense
lamellae, which resemble myelin figures. High concentrations
of aldosterone are present within these tumors (395), but, on
occasion, other substances may be detected.

The incidence of adrenal tumors is not known, but they
are found incidentally in 4% of patients who undergo high-
resolution abdominal imaging studies (396). Most of these are
benign. Approximately two thirds of the patients with PA have
a small adrenal adenoma, whereas 15% to 20% of patients
with Cushing syndrome have an adrenal tumor that is benign
in half of the cases (391).

Once an adrenal incidentaloma is discovered, hormonal
evaluation for increased production of aldosterone, corticoste-
roids, or epinephrine/norepinephrine should be undertaken. If
the tumor is nonfunctional and less than 3 ¢cm in diameter,
it can be monitored safely by repeat radiologic studies (396).
If it is functional, it should be removed. Surgical removal of
these tumors frequently results in cure, unlike the results of
adrenalectomy in cases of pure hyperplasia (392). Predictors
of cure include young age, ability to localize aldosterone secre-
tion to one side, and lower plasma renin activity. Expression of
CYP11B2, which indicates aldosterone production, in a domi-
nant nodule is also predictive of cure (397).

Adrenal Carcinoma The incidence of adrenal carcinomas is
approximately one case per million. (398). In general, adrenal
carcinomas are large, usually greater than 6 cm in diameter and
may show necrosis grossly (391). Malignancy is determined by

assessment of nine features, including eosinophilic cytoplasm,
diffuse architecture, necrosis, nuclear atypia, >6 mitoses per
high-power field, atypical mitoses, and sinusoidal, venous,
or capsular invasion (398). Currently, biomarkers have not
shown consistent results for determining prognosis (398).
Transcriptome analysis has also been applied to adrenocortical
tumors, but the results are not yet predictive (399). Carcinomas
may produce different steroids at various times during their
development (388).

Bartter Syndrome and Other Assorted Tubulopathies
CLINICAL FEATURES

Bartter syndrome (400) is characterized by hypotension or
normal blood pressure despite biochemical and hormonal
changes that would suggest that hypertension could be present.
Classical Bartter syndrome presents in children with hypoka-
lemia, hyperreninemia, high All, hyperaldosteronemia, hyper-
calciuria, and hypokalemic alkalosis. This syndrome and its
variants occur in an autosomal recessive pattern and are due to
a mutation in any one of six genes involved in salt resorption in
the thick ascending limb of Henle (401). The result is marked
salt wasting. The increased sodium delivery to the distal tubule
results in hypokalemic alkalosis. The faulty sodium chloride
reabsorption causes volume depletion activating the RAS
(402). Other mutations in genes involved in sodium transport
lead to hypertension. Liddle syndrome is due to mutations in
the epithelial sodium channel of the cortical collecting duct
(403). Gordon syndrome is due to mutations in with-no-lysine
kinases, which regulate the function of the sodium chloride
cotransporters of the distal convoluted tubule.

PATHOLOGIC FINDINGS

The characteristic finding in Bartter syndrome is extensive
enlargement of the JGA (Fig. 20.42). In some cases, the macula
densa is more prominent, but usually, the entire apparatus is
enlarged. Morphometry of the JGA in Bartter syndrome has
shown that the JGA may be increased in area by greater than
50% above normal. Immunocytochemical techniques demon-
strate increased numbers of cells containing renin, especially in
the afferent arterioles (404). Electron microscopy of the JGA in
Bartter syndrome shows evidence of increased protein synthesis
as manifested by increased rough endoplasmic reticulum with
dilated cisterns, abundant free ribosomes, enlarged Golgi appa-
ratus, and granules in different stages of development (404).

Hypertension Associated With Assorted Tumors
JUXTAGLOMERULAR CELL TUMORS
In 1967, Robertson et al. (405) reported the first case of a jux-
taglomerular cell tumor (JGCT), although they described it as a
hemangiopericytoma. This tumor contained a pressor substance
considered to be renin. The 16-year-old patient presented with
malignant hypertension (250/150 mm Hg), papilledema, and
low serum potassium. Histologically, the tumor had sheets
of large epithelioid cells with prominent vascular spaces. The
tumor cells converged into the muscular walls of the arterioles
within the substance of the tumor. Granules present in the cells
stained with the Bowie stain, a finding indicative of renin.

A recent review of the world’s literature showed more than
100 cases of JGCT with presentation most commonly in the
second and third decades (406). A female predominance is
noted. The presenting symptoms and signs include headache,



FIGURE 20.42 Hyperplastic juxtaglomerular apparatus (JGA)
from a patient with Bartter syndrome. Every JGA in this biopsy showed
similar changes. The average JGA shows approximately eight cells and is
smaller in area as well. (H&E, x330.)

severe hypertension, and hypokalemia due to the hyperaldo-
steronism, proteinuria, dizziness, and retinopathy (406). The
possibility of JGCT should be considered in an adolescent or
young adult with severe hypertension in combination with
unexplained secondary hyperaldosteronism. The renin secre-
tion from these tumors is autonomous such that the hyper-
tension may be difficult to control (407). Surgery is usually
curative (407,408).

Grossly, these tumors are usually less than 5 cm in diam-
eter, circumscribed, and gray or yellow white (406,408). They
are characterized by sheets of polygonal cells within a vascu-
lar stroma. Microcystic structures may be present. Mitoses are
rare. At times, the arteries can show intimal thickening and may
become hyalinized (406,408) (Fig. 20.43). Electron micros-
copy demonstrates the typical paracrystalline rhombi seen in
the JGA (406,408). Renin has been detected in the tumor cells
using both immunobhistologic and immunoelectron micro-
scopic techniques (406). In situ hybridization demonstration
of renin mRNA has proved that the tumor is synthesizing this
product (409). Immunoperoxidase techniques show positivity
for actin and CD34 (408). These tumors are considered benign.

NEUROBLASTOMA

Mason et al. (410) reported the first case of hypertension-
related neuroblastoma in which blood pressure decreased on
removal of the tumor. These tumors can synthesize catechol-
amines such that some patients present with hypertension
(411). Fan (412) presented a series of eight patients with renal
neuroblastoma. All eight had hypertension and increased uri-
nary catecholamine.
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FIGURE 20.43 Renin-secreting tumor made up of polygonal cells.

Several small arteries show considerable intimal thickening. (H&E, x144.)
(Courtesy of Dr. A. M. Jackson.)

NEPHROBLASTOMA (WILMS TUMOR)

The first report of an association between hypertension and
nephroblastoma was published in 1937 (413). Hypertension
in patients with nephroblastoma is fairly common and is usu-
ally secondary to intrarenal ischemia due to compression on
the renal vessels by the tumor (414). Lindop et al. (415) found
renin production with elevated plasma renin activity in 10 of
19 nephroblastomas. Usually, this form of renin was inactive.
Immunohistochemical examination revealed renin in ovoid
cells near tumor vessels in areas of well-differentiated mesen-
chyme, a finding suggesting that the tumor cells themselves
produced the renin. D’Angelo et al. (416) described two chil-
dren who presented with hypertension, hyponatremia, and an
abdominal mass. One case showed compromise of renal blood
flow by the Wilms tumor. Immunohistochemistry demon-
strated renin in atrophic glomerular structures in both cases.
Nephrectomy cured the hypertension in both the cases.

RENAL CELL CARCINOMA

Numerous epidemiologic studies have shown that hyperten-
sion is a risk factor for renal cell carcinoma (417,418). In
some reports, reduction in blood pressure followed nephrec-
tomy (419). Steffens et al. (420) studied 129 patients with
renal cell carcinoma. Forty-one had hypertension; however,
resection of the tumors led to normalization of blood pressure
in only six of these patients. These six patients also had high
plasma renin activity in the ipsilateral renal vein and higher
renin levels in the tumor tissue than in the remaining kidney.
Furthermore, no evidence of compression of the renal arter-
ies was seen in any of these six patients. These investigators
suggested 3 possible mechanisms of hypertension in the 41
patients with elevation of blood pressure. These were tumor
compression of the renal artery, arteriovenous fistula within
the tumor-producing ischemia of renal tissue, or, as found
in the foregoing six patients, autonomous renin production by
the tumor itself. Histochemical studies suggested that renin
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production occurred in endothelial cells within the tumor. No
staining for renin was seen in the other 123 cases. Where pos-
sible, the current practice is to perform partial nephrectomy in
order to spare renal parenchyma. It has been recently suggested
that this practice has been underutilized particularly in patients
with diabetes and hypertension (421).

MISCELLANEOUS TUMORS

Various other tumors have also been reported to be associated
with hypertension chiefly through the production of renin
(407,409). Other mechanisms for the association between
tumors and hypertension have also been described. As noted in
the previous paragraph, large renal cell carcinomas may compress
the renal artery and may produce stenosis. Tsuchida et al. (422)
reported a case of congenital mesoblastic nephroma in a 39-day-
old boy with elevated plasma renin activity and total renin
concentration. His mild hypertension returned to normal after
extirpation of the tumor. Immunoperoxidase studies showed
renin in the JGA of glomeruli trapped within the tumor, rather
than in the tumor cells. Neilly et al. (423) described two patients
with non-Hodgkin lymphoma with hypertension thought to
be secondary to a lymphomatous infiltrate in the kidney that
produced ischemia. The blood pressure returned to normal with
successful treatment, as manifested by reduction in kidney size.

ANGIOLYMPHOID HYPERPLASIA WITH EOSINOPHILIA

The condition of angiolymphoid hyperplasia with eosinophilia
is characterized by subcutaneous nodules with vessels that have
enlarged and proliferating endothelial cells with an inflamma-
tory infiltrate composed of lymphocytes, lymphoid follicles,
and eosinophils. Fernandez et al. (424) described a case in which
excision of two such nodules was associated with reduction of
hypertension. Renin was identified in cells surrounding the ves-
sels. Six of eight other cases also showed renin-containing cells.

Obstructive Sleep Apnea

The association between OSA and hypertension has been
recognized for years. The prevalence of hypertension in OSA
patients with daytime symptoms is 35% to 80% increasing
with more severe degrees of apnea. Conversely, 40% of patients
with hypertension had OSA (425). Originally, it was thought
that this association could be entirely attributed to obesity.
However, OSA has recently been found to be an indepen-
dent risk factor for hypertension (425). Potential mechanisms
include increased sympathetic activity during apneic episodes,
endothelial dysfunction, and activation of ROS (425). A
recent study compared endothelial function in a group with
OSA and hypertension, OSA without hypertension, hyper-
tensive patients without OSA, and a control group without
hypertension or OSA (426). They found that the patients with
OSA and hypertension had the greatest impairment of flow-
mediated vasodilation. Other potential mechanisms such as
increased aldosterone, metabolic factors, and possible genetic
associations require additional studies.

Oral Contraceptive Agents

The recognition that OCs could induce hypertension in
women was made in 1967 by Laragh et al. (427). Stopping
administration of the birth control pill reduced blood pres-
sure, and reintroduction raised blood pressure once again.
The degree of blood pressure elevation or the frequency of

its appearance in association with OC has decreased with the
introduction of newer formulations (428). We are currently
using the fourth generation with estradiol only 20% of that
used in the first generation and with lower doses of proges-
tins that have fewer androgenic and metabolic effects. Some
patients become hypertensive with the newer types of OC
although not with formulations that contain only the newer
progestins (429). OC continue to pose a risk for uncontrolled
elevations in blood pressure in patients with previous history
of hypertension (430). Stopping OCs in hypertensive patients
lowered the systolic blood pressure by 15.1 mm Hg and the
diastolic pressure by 10.4 mm Hg (431). A recent study in
Chinese women showed that a polymorphism in the estrogen
receptor beta acted synergistically with OC to increase the like-
lihood of hypertension as compared to women taking OC who
did not have the polymorphism (432).

Several possible mechanisms have been suggested for the
hypertension induced by OCs. The two most widely held
include effects on the RAS and on the insulin resistance syn-
drome (428,433). In the first of these, it is well known that
estrogens increase the synthesis of the renin substrate in the
liver, a change that may result in mild hyperaldosteronemia.
This condition leads to sodium retention. The insulin resis-
tance syndrome is characterized by hyperinsulinemia, impaired
glucose tolerance, hypertriglyceridemia, reduced high-density
lipoprotein, and hypertension (434). OCs have also been
shown to increase arterial stiffness (435). These disorders can
all be induced by various formulations of OCs.
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DIABETIC NEPHROPATHY

Diabetes mellitus (DM) is recognized in two forms, classified
as type 1 and type 2 DM (1). Type 1 DM includes those cases
that are primarily due to pancreatic B-cell destruction. The
form named type 2 DM includes the most prevalent form of
the disease, which results from insulin resistance with an insu-
lin secretory defect. Type 1 DM accounts for 5% to 10% of
people with DM, and type 2 DM affects approximately 90%
of those with the disease (2). The prevalence of DM world-
wide was estimated to be 2.8% in 2000 and is projected to
increase to 4.4% by 2030 (3). The natural history, pathologic
features, and pathogenesis of diabetic nephropathy are remark-
ably similar but not identical in patients with type 1 and type 2
DM. Therefore, throughout the chapter, we comment on these
variations, when appropriate.

Diabetic nephropathy is a clinical syndrome characterized
by persistent albuminuria (greater than 300 mg/24 hours) (also
referred to as macroalbuminuria or proteinuria), a steady decline
in glomerular filtration rate (GFR), and elevated blood pressure
(4). Two thirds of patients with diabetic nephropathy develop
renal failure requiring either dialysis or renal transplantation.

Diabetic nephropathy is the most common cause of chronic
renal failure in the United States and accounts for 43.9% of
patients enrolled in long-term dialysis programs (5). Patients
with nephropathy frequently develop other complications, in
particular cardiovascular disease, including hypertension and
stroke, resulting in increased risk of early mortality (6,7). In
patients with type 1 DM, 40 years after onset of the disease,
the mortality rate is 90% for those patients with nephropa-
thy but only 30% for those patients without renal disease (7).
End-stage renal disease (ESRD) in type 1 diabetics results in
a 13-fold increase in the risk of death (8). Thus, renal com-
plications of DM are important, and glomerulosclerosis and
vascular disease are the most important causes of renal failure
in the diabetic patient.

Frequency and Risk Factors
Incidence and Prevalence
Several studies from the 1980s showed a cumulative incidence
of diabetic nephropathy of 25% to 40% after 25 years of type 1
DM with a declining trend in cumulative incidence compared
to those patients diagnosed in the 1930s and in the 1950s
(9-11). A study from Sweden published in 1994 reported
a dramatic decline in the cumulative incidence of diabetic
nephropathy in patients diagnosed before age 15 years (12).
The investigators showed that the cumulative incidence of dia-
betic nephropathy after 25 years declined from 28% in those
patients with an onset of type 1 DM between 1961 and 1965
compared with 8.9% in those patients with an onset between
1966 and 1970 and 5.8% in a cohort from 1971 to 1975.
Most follow-up studies have confirmed the declining trend of
incidence of diabetic nephropathy in patients with type 1 DM
thought to be secondary to better control of hyperglycemia
(13-15).

Older data showed a cumulative incidence of ESRD of
2% to 8% in patients with type 1 DM 20 years after the onset
of DM and 15% to 17% after 30 years (16). A more recent
study from Finland shows a decline in cumulative incidence
of ESRD to 7.8% after 30 years (8). The peak annual inci-
dence of developing proteinuria in type 1 DM is approxi-
mately 3% between 10 and 20 years of DM duration (9,17).
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The prevalence of proteinuria in patients with type 1 DM is
between 15% and 40% (9,13).

The prevalence and cumulative incidence of proteinuria
(as a measure of diabetic nephropathy) in patients with type 2
DM are comparable but not identical with those of type I DM
(18-20). Adler et al. (18) found that progression to microal-
buminuria occurred at a rate of 2% per year from the diagno-
sis of type 2 DM with progression to macroalbuminuria from
microalbuminuria occurring at a rate of 2.8% per year. The
prevalence of microalbuminuria at 10 years was 24.9% and for
macroalbuminuria was 5.3% in these patients in the United
Kingdom. A more recent study in the United Kingdom has
demonstrated a prevalence of chronic kidney disease (CKD)
stages 3 to 5 ranging between 18% and 27.5% at 10 years after
diagnosis (15). In contrast, the prevalence of macroalbumin-
uria in a study from India was 44% with a median follow-up
of 11 years (20).

Duration of Disease

The incidence of diabetic glomerulosclerosis increases with
the duration of DM. This correlation was shown most clearly
by Andersen et al. (9) in a large cohort study from Steno
Memorial Hospital. These authors studied 1475 patients with
type 1 DM for >25 years or until death and found an increase
in the annual incidence of renal disease through the first 16
years after diagnosis of DM with a decline in the number of
patients developing renal lesions after that period. Only 4% of
patients developed nephropathy after 35 years of DM. These
findings have been confirmed in a study of more than 20,000
patients from Finland (8). Overt nephropathy caused by glo-
merulosclerosis first appears 10 to 15 years after the onset of
type 1 DM and after 5 to 10 years in patients with type 2 DM
(21). While diabetic nephropathy is rare before 10 years of DM
duration in patients with type 1 DM, approximately 3% of
patients with newly diagnosed type 2 DM have evidence of
diabetic nephropathy (22). The biologic onset and duration of
type 2 DM are often uncertain so that the course of diabetic
nephropathy in this patient population is less well defined than
in patients with type 1 DM. In addition, the more frequent
comorbidities in patients with type 2 DM, such as hyperten-
sion and cardiovascular diseases, may alter the clinical presenta-
tion of nephropathy in patients with type 2 DM.

Gender

Various studies show either male or female predominance in
the incidence of DM (5,8). However, the incidence of diabetic
renal disease has shown a predominance of males compared

with females (5,7).

Racial and Ethnic Factors

Several distinct racial and ethnic groups have a greater incidence
of type 2 DM than do other such groups. Nephropathy is also
more common in the diabetic populations of various ethnic
and racial groups. The prevalence of diabetic nephropathy is
highest in Native Americans, followed by African Americans,
Hispanics, and Caucasians (23-25). The Pima Indians of the
Southwestern United States have the highest prevalence of type
2 DM (26). Fully half of all Pimas develop type 2 DM by the
time they have reached 35 years of age (26). African Americans
and Hispanic Americans also have a higher incidence both of
DM and of the associated diabetic nephropathy (23,27). These

differences in prevalence of diabetic nephropathy among ethnic
groups are present after adjustment for other risk factors such
as hypertension, socioeconomic status, age, and prevalence of
DM within the population (27). In a study of patients with
type 2 DM, de Zeeuw et al. (28) found a slightly increased risk
for ESRD in Asians and Hispanics relative to the black and
white populations examined. Multiple regression analysis dem-
onstrated that baseline albuminuria was the best independent
predictor of ESRD in all ethnicities studied.

Genetic Factors

Several lines of evidence support an important role for various
genetic factors in the development of diabetic nephropathy.
The fact that diabetic nephropathy develops only in a subset of
patients with DM has long been interpreted as evidence point-
ing to genetic factors in its pathogenesis. Familial clustering of
diabetic nephropathy in both type 1 and type 2 DM is another
indication for probable genetic predisposition for the disease
(17,29,30). Evidence for genetic predisposition for diabetic
nephropathy is also present in patients with type 2 DM. Sib-
pair linkage analysis in Pima Indians with type 2 DM identi-
fied strong linkage for diabetic nephropathy on chromosome
7q and also on chromosomes 3, 9, and 20 (31).

Three different approaches may be taken to identify
potential genes. These include candidate genes, linkage analy-
sis, and genome-wide association scans (GWAS) (32,33). The
candidate gene approach assesses genetic variation by examin-
ing single nucleotide polymorphisms (SNPs) in genes that have
a possible role in the pathogenesis of the trait being studied.
Linkage analysis involves interrogation of hundreds of mark-
ers, usually microsatellite markers, which are spread evenly
across the genome to identify regions that are coinherited with
the trait of interest. Linkage analysis can be further refined in
genome scan meta-analysis in which linkage data from inde-
pendent studies are synthesized. GWAS analyzes large numbers
of markers, usually SNPs, in DNA samples from many indi-
viduals in order to detect common genetic variations associated
with the disease of interest. Results from these various forms of
analysis will be considered in turn.

The candidate gene approach studies SNPs in genes
involved in metabolic pathways that contribute to the patho-
genesis of the changes seen in diabetic nephropathy. Examples
for such candidate genes include those (a) mediating the syn-
thesis and degradation of the glomerular capillary basement
membrane and mesangial matrix components; (b) compo-
nents of blood pressure regulation and the renin-angiotensin
system (RAS); (c) various cytokines, growth factors, signal-
ing molecules, and transcription factors; (d) advanced gly-
cation processes; (e) activation of protein kinase C (PKC)
isoforms; (f) formation of reactive oxygen species (ROS);
(g) increased activity of the aldose reductase (AR) pathway; and
(h) genes mediating glucose metabolism and transport (33).
Angiotensin-converting enzyme (ACE) plays an important
role in the regulation of blood pressure and has a well-known
insertion (I)/deletion (D) polymorphism that has been stud-
ied in many renal diseases. Persons with the II genotype have
the lowest ACE concentrations, while those with the D allele
have increased ACE levels (34). A recent large meta-analysis
compared the I/D genotype of 26,580 persons with or with-
out diabetic nephropathy and found an increased risk for that
condition in the Asian subset with type 2 DM and the presence



of the D allele (35). A similar increased risk for ESRD due to
diabetic nephropathy was found in a second meta-analysis in
Asian patients with type 2 DM and the DD genotype (36). An
early study analyzed 115 candidate genes using a transmission/
disequilibrium test in patients with type 1 DM and identified
20 genes with polymorphism (37). However, in spite of a large
number of studies that tested the association of candidate genes
with diabetic nephropathy, only three analyses have found
convincing candidate genes with replicate studies, including
PKC—B (38), erythropoietin gene promoter (39), and endo-
thelial nitric oxide synthase (40). However, other investigators
(41) using a large case-control meta-analysis were unable to
confirm an association of the erythropoietin gene promoter as
well as several other previously published associations to dia-
betic nephropathy.

The first linkage study was performed in Pima Indians
and showed linkage of loci on chromosome 7 to diabetic
nephropathy (31). Linkage studies in a Turkish kindred with
diabetic nephropathy found a linkage peak on chromosome
18 (42). Later studies found a candidate gene in this locus,
namely, carnosinase-1 (CNDPI) (43). Carnosine acts as an
oxygen free radical scavenger and may interfere with the forma-
tion of advanced glycosylation end products (32). The Family
Investigation of Nephropathy in Diabetes (FIND) study was
a genome-wide linkage study of sibling pairs concordant or
discordant for diabetic nephropathy in several different eth-
nic groups (44). This study then spawned additional analyses
that confirmed earlier linkage peaks in various subpopulations
(32,45-47). In general, these family-based linkage studies
have lacked consistency and have not succeeded in identifying
genetic loci in complex traits such as diabetic nephropathy.

In GWAS, the genome is scanned for SNPs in order to
detect common variations for a particular disease. The tech-
nology has advanced so that it is now possible to scan up to
5 million SNPs (32). Once possible susceptibility loci are
found, they must be replicated in other databases. The first
GWAS on diabetic nephropathy was performed on a Japanese
population and identified the engulfment and cell motil-
ity 1 gene (ELMOI) (48). A pooling approach was used in
a GWAS of Pima Indians that found an association between
the plasma cell variant translocation 1 locus and diabetic
nephropathy (49). Several GWAS have been undertaken using
the Genetics of Kidney in Diabetes (GoKinD) collection and
have identified possible susceptibility loci (50,51). Additional
studies in other ethnic groups have also found susceptibility
loci (50,52—54). Selected loci are shown in Table 21.1 (50,55).
Several investigators have performed meta-analyses of GWAS
studies or have used imputation of SNPs in an attempt to find
additional susceptibility loci (41,51,56). Sandholm et al. (56)
found two SNPs associated with ESRD in type 1 diabetics with
diabetic nephropathy. These SNPs were located in the AFFI
gene, which is involved in the transforming growth factor—f
pathway and in an intergenic region on chromosome 15q26.
These authors also demonstrated an association between dia-
betic nephropathy and an intronic SNP in the ERBB4 gene
(56). Some studies using meta-analysis have failed to confirm
previous genes (41). Bowden and Freedman (57) have sug-
gested several explanations for seeming differences including
the possibility that a particular gene may be important in one
ethnic group and not in another. These studies are highly tech-
nical and currently provide locations of SNPs associated with
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Nearest gene(s) Chromosome Risk allele  Odds ratio
FRMD3 9 A 15
CARS (N A 14
PLEKHHZ 2 CT 14
MSC2 8 G 1.6
ZIMZ1 10 G 15
PVT1 8 G 3.0
SLC12A3 16 G 2.5
ELMOT 7 GG 2.7
CPVL/CHNZ 7 GA 1.39-1.43

From Pezzolesi MG, Poznik GD, Mychaleckyj JC, et al. Genome-wide association
scan for diabetic nephropathy susceptibility genes in type 1 diabetes. Diabetes
2009;58(6):1403.

From Drawz PE, Sedor JR. The genetics of common kidney disease: a pathway
toward clinical relevance. Nat Rev Nephrol 2011;7(8):458.

either type 1 or type 2 diabetic nephropathy. Additional work
will be required to determine the relevance of these SNPs to the
pathogenesis of diabetic nephropathy.

Epigenetic mechanisms are also now recognized as
important risk factors in diabetic nephropathy. Epigenetics
are heritable modifications that occur without changing the
DNA structure (58). The epigenetic mechanisms that effect
these modifications include DNA methylation, histone post-
translational modifications, small noncoding microRNAs,
and long noncoding RNAs (58). Such mechanisms can affect
transcriptional memory and regulate aspects of gene expres-
sion, including cellular response to environmental cues. The
observation that leads to the recognition of a possible role for
epigenetics in diabetic nephropathy was the identification of
metabolic memory in clinical trials exploring the efficacy of
strict glycemic control in modifying the course of this com-
plication in patients with type 1 DM (59). Numerous such
trials (reviewed by Tonna et al. (59)) demonstrated that the
beneficial effects of strict metabolic control continued for years
after the study period despite return of patients to conventional
therapy. Benefits included reduced incidence of new cases of
microalbuminuria, reduced risk of progression of renal disease,
and a lower mean serum creatinine concentration in the inten-
sive treatment group compared to the conventional treatment
group. Similar effects have been observed in numerous studies
in patients with type 2 DM (59). In one such study, patients
were maintained for a period of 10 years on intensive control
or conventional therapy and then returned to conventional
therapy and followed for an additional 10 years (60). Despite
similarities in hemoglobin Alc within 1 year of return to con-
ventional therapy, the group with intensive therapy showed
reduced risk for diabetic retinopathy and/or nephropathy of
25%, myocardial infarction of 15%, diabetes-related death
of 17%, and any cause of death of 13% (60). The possible
epigenetic mechanisms that explain this metabolic memory
have not yet been elucidated. However, it has been shown that
epigenetic histone posttranslational modifications may affect
expression of nuclear factor (NF)-kB in endothelial cells and
monocytes in hyperglycemic conditions (58). Additional evi-
dence for a role for epigenetic factors in diabetic nephropathy is
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provided in a study in which an inhibitor of histone deacetylase
was administered to rats with streptozotocin (STZ)-induced
DM (61). Kidney growth is one of the first changes seen in this
model. The inhibitor reduced epithelial growth factor receptor
mRNA and protein, resulting in decreased tubular prolifera-
tion. As we learn more about the epigenome, we will be able to
determine the role of particular mechanisms.

Smoking

Cigarette smoking is a well-established independent risk fac-
tor for the development of the microvascular complications of
DM. There are also data indicating that cigarette smoking con-
tributes to the development of diabetic nephropathy. Cigarette
smoking increases urinary albumin excretion (UAE) in patients
with type 1 DM and also in type 2 DM (62,63). In addition,
smoking cessation is associated with reduced UAE in patients
with type 1 DM (64). Hua et al. (65) showed that nicotine
exposure worsened the progression of diabetic nephropathy in
mice. It is likely that smoking hastens progression via increase
in oxidative stress (66,67).

Clinical Presentation
Clinical Stages
Mogensen et al. (68) described five clinical stages in the evolu-
tion of diabetic glomerulosclerosis in patients with type 1 DM.
Stage I is characterized by the presence of both hyperfunction,
as manifested by increased GFR, and hypertrophy, as recog-
nized by enlargement of the kidneys affecting both glomeruli
and tubules. Stage II develops silently over many years in some
patients and is marked by the evolution of glomerular lesions
in the absence of clinical evidence of renal disease. A corre-
lation exists between elevation of glycosylated hemoglobin
and increased GFR at this stage (69). Stage III marks incipi-
ent diabetic nephropathy. It is recognized by the occurrence
of microalbuminuria, which is defined as ranging between 20
and 200 pg/min (30 to 300 mg/d) on repeated measurements
(68). Renal function is preserved as determined by blood urea
nitrogen (BUN) and serum creatinine. Increased blood pres-
sure may be present at this stage, but it rarely occurs in patients
with UAE less than 100 mg/d (70). Stage IV is characterized
by the presence of overt diabetic nephropathy as clinically
manifested by proteinuria greater than 300 mg/d and a declin-
ing GFR. Microscopic hematuria may be identified in 28%
to 48% of patients with diabetic nephropathy (69). This stage
is usually associated with rising systemic blood pressure and
the presence of other diabetic complications. Development of
overt nephropathy with albuminuria was once considered to
be the “point of no return” with steady progression to ESRD.
However, several studies in patients with type 1 DM have doc-
umented beneficial effects of glycemic control and antihyper-
tensive treatment on the progression of diabetic nephropathy
(71-73). Stage V is the appearance of ESRD in patients with
diabetic nephropathy. More recent studies have demonstrated
that the progression of renal disease through these stages may
not be inexorable, but that microalbuminuria may regress as
discussed in the next section (74). Some authors now suggest
using the stages of CKD as defined by the National Kidney
Foundation rather than the stages described above (15,75).
The clinical progression to diabetic glomerulosclerosis is
not so clear-cut in type 2 DM, partly because of the difficulty
of determination of the actual biologic onset of the diabetes

itself. Stages I and II in patients with type 2 DM are similar
to those seen in patients with type 1 DM (76). It is more dif-
ficult to determine the onset of stage 111 in a patient with type
2 DM. Microalbuminuria, the cardinal laboratory feature of
stage I1I diabetic nephropathy, may be present at the time of
diagnosis of DM in as many as 26% of patients (77); how-
ever, the microalbuminuria may reflect hypertension, nephro-
sclerosis, or other related conditions rather than diabetic renal
disease.

Microalbuminuria and Risk for Diabetic Nephropathy
Approximately 70% of screened patients with type 1 and
type 2 DM have normoalbuminuria (78). Microalbuminuria,
defined as 30 to 299 mg/24 hours, a cutoff value adopted by
the American Diabetes Association (79,80), has been widely
regarded as the best available marker for risk of later devel-
opment of diabetic nephropathy in both type 1 and type 2
diabetic patients (81-84). However, it is now well known that
microalbuminuria does not indicate certain progression to
diabetic nephropathy (74,85,86). Microalbuminuria is consid-
ered to be a promoter of renal functional deterioration, and a
reduction of microalbuminuria or prevention of development
of microalbuminuria is important in preserving renal function.

According to several studies, the prevalence of micro-
albuminuria is below 20% in patients with type 1 DM and,
on average, slightly above 20% in patients with type 2 DM
(22,26,68,82,87,88). The cumulative incidence of microalbu-
minuria in patients with type 1 DM was 12.6% over 7.3 years
in the European Diabetes Prospective Complications Study
Group (89) and approximately 33% in an 18-year follow-
up study from Denmark (90). The rate of progression from
microalbuminuria to proteinuria over 5 to 10 years in patients
with type 1 DM is approximately 15% to 30% (86,91). The
estimated incidence of progression from normoalbuminuria to
microalbuminuria and subsequent proteinuria during a follow-
up of 6 to 9 years in patients with type 2 DM is approximately
20% to 30% (91). A European study using data from greater
than 5000 patients with type 2 DM found that progression
from normoalbuminuria to microalbuminuria occurred at
a rate of 2.0% per year and from microalbuminuria to pro-
teinuria at 2.8% per year (18). It should be noted that such
progression is not inevitable. Perkins et al. (74) studied 386
patients with type 1 DM and microalbuminuria persistent for
2 years with follow-up of 6 years. The cumulative incidence of
increase to proteinuria was 19% over the 6 years of the study.
Regression defined as halving of the microalbuminuria was fre-
quent with a cumulative incidence of 59% (74). Independent
predictors of regression included microalbuminuria for shorter
interval, hemoglobin Alc less than 8%, systolic blood pressure
less than 115 mm Hg, cholesterol less than 198 mg/dL, and
triglyceride less than 145 mg/dL. The authors suggested that
the microalbuminuria may indicate possible reversible forms of
injury. Other investigators have also demonstrated the occur-
rence of regression of microalbuminuria. In a large European
study, a regression rate of 50.6% has been demonstrated in
type 1 diabetics with microalbuminuria after 7 years of follow-
up (86). In the Steno-2 study, 46 (31%) out of 151 patients
with type 2 DM and microalbuminuria reverted to normo-
albuminuria during 7.8 years of follow-up (85). In the latter
study, antihypertensive therapy and improved glycemic control
were independent predictors for remission (85).



Additional studies examined other aspects of the
relationship between microalbuminuria and the onset of dia-
betic nephropathy. In the first of these, Perkins et al. (92)
studied 301 diabetic patients with normoalbuminuria and
267 patients with microalbuminuria over a period of 8 to
12 years. Using cystatin C as a measure of GFR, they defined
early decline in renal function as a decrease of 3.3% per year.
They found such decline in 9% of patients with normoal-
buminuria, 16% of those with regression of microalbumin-
uria, 32% of those with stable microalbuminuria, and 68%
of those with progression of microalbuminuria. Thus, micro-
albuminuria was associated with greater risk of renal decline.
However, renal decline also occurred in the absence of micro-
albuminuria. The authors suggested that GFR should be fol-
lowed in addition to albuminuria in patients with DM (92).
This same group then examined 79 patients with type 1 DM
with new onset of microalbuminuria over a period of 12 years
(93). Twenty-three progressed to significant chronic renal dis-
case (NKF stages 3, 4, or 5) during the interval of the study,
but only 12 had proteinuria. The other 11 in this group had
persistent microalbuminuria or even returned to normoalbu-
minuria. The risk of developing CKD was increased in the
presence of proteinuria and elevated glycosylated hemoglo-
bin, but proteinuria was not necessary. It should be noted
that biopsies were not performed to determine the type of
renal disease present. From this group of studies, the authors
conclude that microalbuminuria does increase the risk of
developing renal disease in diabetic patients, but it is insuf-
ficient to predict diabetic nephropathy or renal function
decline. The latter may occur in the absence of proteinuria.
Thus, they support the discovery of other biomarkers to aid
in such prediction rather than continued reliance on microal-
buminuria alone (93).

Biomarkers Other Than Microalbuminuria

With the recognition that microalbuminuria is not sufficient as
a biomarker for the presence of diabetic nephropathy, a search
for other possible biomarkers began. The first molecules con-
sidered were indicators of tubular injury such as neutrophil
gelatinase—associated lipocalin (N-GAL) and kidney injury
molecule-1 (KIM-1) (94). However, neither N-GAL nor
KIM-1 has been shown to be a specific predictor for diabetic
renal disease as adjustments for proteinuria negated associa-
tions that had been present (94). A third marker of tubuloin-
terstitial injury, urinary liver-type fatty acid-binding protein
(u-LFABP), is increased in diabetic patients prior to the onset
of proteinuria (95). In this study of 165 patients with type 1
DM, the urinary levels of LEABP predicted the progression of
diabetic nephropathy and all-cause mortality independent of
UAE and other risk factors (95). However, additional studies
are required to validate this result (94).

Investigators at the Joslin Clinic followed 410 patients
with DM type 2 for 12 years having measured markers of sys-
temic inflammation, endothelial dysfunction, and the tumor
necrosis factor (INF) pathway at entry (96). They found
that circulating TNF receptors 1 and 2 predicted the occur-
rence of ESRD in this population. These were the only mark-
ers to associate with the risk for ESRD. TNFR1 surpassed all
other clinical variables examined in the prediction of ESRD
(96). In a companion article, the same group found that
TNFR1 and TNFR2 predicted declines in renal function in
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patients with type 1 DM (97). Urinary levels of inflammatory
cytokines have also been measured and may prove promising
as biomarkers (94).

Urinary proteome analysis is a new technique that may
allow detection of patients with diabetic nephropathy (98). In
this study, the global protein content of 165 patients was deter-
mined by surface-enhanced laser desorption/ionization-time of
flight/mass spectrometry and examined by classification and
regression tree analysis. The study included normal controls
and diabetic patients with normoalbuminuria, microalbumin-
uria, and biopsy-proven diabetic nephropathy or nondiabetic
CKD. In addition, nondiabetic patients with biopsy-proven
CKD were included. A specific proteomic signature identified
patients with type 2 DM who had diabetic renal disease (98).
The two most prominent predictive peaks in this analysis were
identified as f2-microglobulin and ubiquitin (98). Of particu-
lar interest, it was noted that this analysis could differentiate
between diabetic nephropathy and nondiabetic renal disease in
diabetics. This technique has also been used by others, and var-
ious peptides and orosomucoids have been detected as poten-
tial biomarkers for diabetic renal disease (94).

Other potential molecules for study include extracellu-
lar matrix (ECM)-related proteins, oxidative stress markers,
enzymes, advanced glycation end products (AGEs), podo-
cyte markers, and pigment endothelium—derived factor (94).
Validation of any of these potential markers will be required
prior to use in the clinical setting. Moreover, as diabetic
nephropathy is a complex disease with a multigenetic back-
ground as well as multifactorial pathogenesis, it is not likely
that a single biomarker will be sufficient to predict disease or
progression of the disease.

Pathologic Findings

The possible association of specific glomerular lesions with
DM was first recognized by Kimmelstiel and Wilson in 1936
(99). They described a series of eight patients who, at autopsy,
had a striking formation of nodules. Seven of these patients
had diabetes, whereas the remaining patient was moribund
without available clinical history. Edema and heavy protein-
uria were present, accompanied by high blood pressure in some
patients. At the same time, Murakami (100) in Japan described
a similar histologic picture in a single patient. Additional stud-
ies since that time have described the histologic alterations that
are characteristic of diabetic glomerulosclerosis and are accom-
panied by a stereotypical clinical course.

Gross Appearance

The kidney of the diabetic patient may be increased, decreased,
or normal in size. At early stages, it is invariably increased, par-
ticularly in patients with hyperfiltration (68). When diabetic
glomerulosclerosis progresses with scarring and loss of neph-
rons, one sees a reduction in the size of the kidney, but the end-
stage kidney of the diabetic patient is frequently larger than the
end-stage kidney seen in other conditions (Fig. 21.1). On the
cut surface, preservation of normal architecture is noted. With
proper lighting, one may be able to detect hypertrophied glom-
eruli within the cortex. Frequently, the arteries at the cortico-
medullary junction are prominent because thickening of their
walls resulting from arteriosclerosis prevents their retraction
into the parenchyma. The main renal artery and its branches
may show atherosclerosis.
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FIGURE 211 Kidney from a
48-year-old woman with diabe-
tes of 13 years’ duration. Nodular
glomerulosclerosis  was diagnosed
on biopsy after nephrotic syndrome 3
years before death from renal failure.
Each kidney weighed 90 g. The sub-
capsular surface is granular, and the
cut surface shows a slight reduction in
cortical width.

Light Microscopy

GLOMERULI

The glomeruli show a constellation of findings. The earli-
est change is diffuse uniform thickening of the capillary wall
(Fig. 21.2) that may be difficult to detect on light micros-
copy. Additional alterations include a diffuse form with
mesangial sclerosis, manifest as an increase in mesangial
matrix, a nodular mesangial lesion sometimes combined with
microaneurysms, exudative or hyalinosis lesions, and the
capsular drop. At early stages, glomerular volume is enlarged
70% as compared with the glomeruli of nondiabetic subjects
(101). Filtration surface area is increased by 80% in a similar
comparison.

Diffuse Lesion The diffuse lesion consists of widespread
increase in eosinophilic, periodic acid-Schiff (PAS)—positive
material within the mesangium as first described by Spuhler
and Zollinger (102). Hypercellularity is uncommon (103),
although it may occur. Uniform increase in the thickness of
the capillary walls may be seen (see Fig. 21.2) as early as
2 years after the onset of DM and may not be accompanied
by clinical evidence of renal dysfunction (104,105). The
mesangial alterations progress in severity (Fig. 21.3) usually
but not always accompanied by concomitant capillary wall
thickening, increasing with duration of disease (106). The
combination of mesangial expansion and thickened glo-
merular basement membrane (GBM) results in decreasing
the patency of the capillary lumina and decreased filtration
surface area. Two populations of obsolete glomeruli are pres-
ent in diabetic nephropathy. The most prevalent are enlarged
solidified glomeruli due to the increase in mesangial matrix
(Fig. 21.4). The other form is that typical of ischemic change

without increased matrix and showing wrinkling of capillary

loops (Fig. 21.5). This latter population is present due to the
fact that arteriosclerosis contributes to the evolution of dia-
betic renal disease. The Bowman capsule may be thickened
in the more advanced lesions.

FIGURE 21.2 Glomerulus showing global uniform thickening of
the capillary wall. Compare capillary wall thickness to inset at same
magnification from patient with minimal change disease. Slight mesangial
matrix increase is also present. (PAS, x390; inset: H&E, x390.)
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FIGURE 21.3 Glomeruli showing progression from mild mesangial matrix increase (A) to moderate increase in matrix with early

nodule formation at 12 o'clock (B). (PAS, A: x260, B: x260.)

Nodular Lesion The nodular lesion is the type of change
first recognized by Kimmelstiel and Wilson (99). Typically, it
is characterized by the accumulation of homogeneous eosin-
ophilic material within the mesangium often appearing as a
rounded accentuation of the mesangial expansion (Fig. 21.6).
Formation of a Kimmelstiel-Wilson nodule is recognized when
expansion of the mesangium attains a size at least one and
one half times that of the normal mesangial stalk. As such, it
should measure greater than 40 pm in diameter, but it may be
as much as 100 pm (107). Such lesions are usually acellular,
although nuclei may be arranged at the periphery. Bloodworth
(107) noted at least one nodule in 25% of kidneys studied in
200 consecutive autopsies of patients with DM. Several lobules
may be affected within any given glomerular tuft, and in this

space. Note hyalinosis lesion with lipid droplets (arrow). (PAS, x350.)

case, the nodules often vary in size (Fig. 21.7). On occasion,
glomeruli may have a single large nodule. These variants tend
to have a laminated appearance, particularly when viewed with
silver or reticulin stains (Fig. 21.8); they may have a separate
pathogenesis as discussed below. The number of glomeruli with
nodules varies from case to case. The nodules are PAS positive,
the smaller lesions staining more intensely than the larger ones.
They stain green or blue with Masson trichrome, blue with
Mallory stain, and black with silver stains. Falk et al. (108)
reported an increase in mesangial staining for fibronectin,
laminin, and types IV and V collagen in early and moderately

FIGURE 21.5 Ischemic change in the glomerulus, with collagen
forming internal to the Bowman capsule. This change is commonly
found when arterial disease is advanced. (PAS, x380.)
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FIGURE21.6 Glomerulus with a single well-developed Kimmelstiel-
Wilson nodule at 12 o’clock. Also note uniform thickening of the GBM.
(PAS, x390.)

advanced mesangial lesions with an increase only of type V col-
lagen in late nodules. Other investigators have demonstrated
increases in collagen type 1 as well as the proteoglycans decorin
and biglycan (109). More recently, aberrant laminins have been
demonstrated in the matrix as the expansion progresses (110).

FIGURE 21.7 Glomerulus from a patient with well-developed
nodular diabetic glomerulosclerosis. Several well-formed nodules
with cells arranged around the periphery are present with smaller devel-
oping nodules present in other lobules. (PAS, x350.)

FIGURE 21.8 Glomerulus with multiple nodules with laminations.
(Periodic acid-methenamine silver, x260.)

These modifications in the composition and amount of mesan-
gial matrix are due to both increased synthesis and decreased
degradation as discussed in the “Pathogenesis” section (109).
Two populations of nodular lesions exist. The smaller,
more numerous nodules arise as continued mesangial expan-
sion of the diffuse lesion (see Fig. 21.6) (106,107). However,
the larger, often solitary, and laminated nodules may origi-
nate in relation to microaneurysms (107,111-113), which are
defined in this context as cystic dilations of the capillary mea-
suring greater than 35 pm in diameter (Fig. 21.9). Investigators
have observed that the frequency of microaneurysms and large
nodules is similar and that microaneurysms may precede the
development of large nodules (107). Such microaneurysms may
arise in association with mesangiolysis (107,112-114), and a

FIGURE 21.9 Glomerulus with a small microaneurysm in center
containing blood elements (arrow) above hilar vessels. Capillary
walls are thickened throughout the entire glomerulus. (PAS, x330.)




FIGURE 21.10 Glomerulus showing disintegration of the mesangial
matrix (white arrow) and loss of anchoring points of the GBM (black arrow)
from the mesangium. (Periodic acid-methenamine silver, x450.)

progression of changes has been described wherein the GBM is
loosened from its anchoring points as it reflects back over the
mesangium (114). This change is accompanied by disintegra-
tion of the mesangial matrix (Fig. 21.10), the appearance of
fibrillar material, and increasing compaction of the mesangial
material resulting in the formation of several layers and a large
nodule (Fig. 21.11). Agents implicated in the development of
microaneurysms include platelet factors, hemodynamic factors,
and possible changes in elasticity of the GBM (107,112,113).
Stout et al. (115) suggested a different pathogenetic mecha-
nism for the Kimmelstiel-Wilson nodule. Focal mesangiolysis
appears first and progresses from an edematous to a proliferative

Y
FIGURE 21.11

Portion of the glomerulus with a microaneurysm show-
ing compaction of fibrillar material and mesangial matrix to form a large
mesangial nodule. (Periodic acid-methenamine silver, x400.)
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stage characterized by a loose but organized fibrillar matrix. As
this matrix condenses, the lesion changes from focal nodular
mesangial expansion to a simple Kimmelstiel-Wilson nodule.
Repeated injury then results in a similar progression of changes
and the eventual formation of the laminated lesion called the
complicated nodule. Paueksakon et al. (112) found increased
plasminogen activator inhibitor-1 (PAI-1) in such lesions,
particularly those in which they found fragmented red blood
cells, an indicator of microvascular injury. They suggested this
repeated microvascular injury caused the mesangiolysis.
Considerable overlap of the diffuse and nodular lesion
occurs. However, it is useful to identify the nodular lesion
because it signifies a more severe pathologic form of diabetic
nephropathy (112,115) and corresponds to the presence of clin-
ical signs and symptoms. Moreover, the presence of mesangial
nodules should always arouse suspicion of diabetes. Methods
to differentiate other conditions with mesangial expansion are
considered in the section on “Differential Diagnosis” below.

Podocyte Loss and Hyalinosis Lesion Reduction in the
number of podocytes has been documented in patients with
both type 1 and type 2 DM (116,117). This reduction in podo-
cyte number is associated with increasing proteinuria (118).
Podocyte loss is associated with apoptosis, which is increased
with high glucose and may also be associated with decreased
synthesis of integrins involved in attachment of the podocyte
to the GBM (119,120). It has been further suggested that the
loss of podocytes results in denudation of the GBM and may
be an initiating factor in glomerulosclerosis (121).

The hyalinosis lesion, which is another name for the so-
called exudative/insudative lesion or fibrin cap, is often pres-
ent in diabetic nephropathy in areas of segmental sclerosis. The
initial change characteristic of this lesion is the accumulation
of hyaline eosinophilic homogeneous material between endo-
thelial cells and the GBM of the capillary loops. As the lesion
evolves, the material, which represents various plasma constitu-
ents, increases in amount and eventually occludes the capillary
lumen. On occasion, lipid droplets and even lipid-laden mac-
rophages may be present within the lesion (Fig. 21.12A). The
epithelial cells overlying these lesions are frequently enlarged
and may show vacuoles or protein droplets. Adhesions are often
observed between the glomerular lobule containing such a lesion
and the nearby Bowman capsule. The material within the capil-
lary lumen stains intensely pink with PAS (Fig. 21.12B). Use
of the methenamine silver stain with PAS and hematoxylin and
eosin counterstains differentiates these lesions from nodules. The
combination of PAS and eosin intensifies the staining of the hya-
linosis lesion producing contrast with the silver-staining nodule
(Fig. 21.12C). Furthermore, the silver stains the basement mem-
brane and reveals the luminal location of the hyalinosis lesion.

This lesion is not specific for diabetic nephropathy, although
it is seen in approximately 60% of diabetic kidneys (107). It is
identical to the lesion characteristic of focal segmental glomeru-
lar sclerosis and may be seen nonspecifically in certain other glo-
merular diseases including various forms of glomerulonephritis
and reflux nephropathy. The pathogenesis of the lesion is not well
understood, although its early development has been associated
with endothelial injury and possible hemodynamic alterations
(122). Its prevalence in diabetic kidneys increases with the sever-
ity of the nephropathy and correlates with the degree of arterio-
sclerosis (123). Segmental glomerulosclerosis with the hyalinosis
lesion and adhesion has been associated with proteinuria (124).
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FIGURE 21.12 Consecutive sections using different stains of a
portion of a glomerulus with well-developed hyalinosis (exuda-
tive) lesions. A: These eosinophilic areas, which sometimes contain lipid,
appear in the concavities of capillaries. (H&E, x510.) B: The lesions stain
magenta in this photomicrograph and show a glassy appearance. (PAS,
x550.) C: This stain shows the GBM in black with the lesion staining pink
clearly within the capillary lumen. (Periodic acid-methenamine silver, x530.)

The lesion called the capsular drop is identified as a round,
eosinophilic accumulation of material between the basement
membrane and parietal epithelial cells of the Bowman capsule
(Fig. 21.13). It has the same staining qualities as the hyalinosis
lesion. This unusual lesion is most frequently seen in diabetes
although it may be seen in other conditions (125).

Miscellaneous Glomerular Changes One of the early phys-
iologic changes in diabetics is the occurrence of glomerular
hyperfiltration accompanied by glomerular hypertrophy. Some
of the patients with hyperfiltration then proceed to develop
the characteristic histologic changes of diabetic nephropathy
described earlier, namely, increased mesangial matrix, the nod-
ular lesion, increased thickness of the GBM, and the hyalinosis
lesion. As these lesions evolve, the solidified glomeruli fail to
undergo contraction, and the result is a population of large
obsolescent glomeruli (see Fig. 21.4). A second population of
smaller obsolescent glomeruli may also emerge in response to
the vascular disease that is a frequent companion to the glo-
merular disease in diabetes. Thus, these smaller glomeruli
are identical to those seen in ischemic renal disease in other
conditions (see Fig. 21.5). Furthermore, they are present in a

FIGURE 21.13 Glomerulus with capsular drop at 3 o'clock. (Periodic
acid-methenamine silver, x260.)




distribution expected for vascular disease; that is, they occur in
stripes perpendicular to the capsular surface within the distri-
bution of the affected vessel (126,127).

Atubular glomeruli have also been seen in diabetic nephrop-
athy (124,128). Atubular glomeruli are defined as those glom-
eruli that have open glomerular capillaries but have lost their
connection to the proximal tubule and presumably do not pro-
duce filtrate (129). Accurate determination of these glomeruli
requires serial sections. However, small glomeruli surrounded
by tissue with marked tubular loss are likely to be atubular
(Fig. 21.14). Najafian et al. (128) using the appropriate mor-
phometric techniques found that 17% of glomeruli in diabetics
were atubular and that an additional 51% were attached to atro-
phic tubules. They found that these glomeruli could account for
much of the variation in GFR in diabetic patients. Furthermore,
glomeruli with such glomerulotubular abnormalities were found
in 77% of glomeruli in patients with proteinuria compared to
only 4% of glomeruli in patients with microalbuminuria (124).

TUBULES

The tubules generally show changes that reflect the degree of
glomerular alterations. Obsolescent glomeruli (of either vari-
ety) show atrophy of adjacent tubules with decreased size of
epithelial cells and diminished luminal diameters. Similar
changes are also seen in the tubules that belonged to now atu-
bular glomeruli. Apoptosis has been detected in both proximal
and distal tubules of the diabetic kidney (130) and represents a
possible mechanism for the loss of the tubular cells. The tubu-
lar basement membrane is often thicker than expected for the
degree of atrophy (Fig. 21.15). Occasionally, proximal tubu-
lar epithelial cells are finely vacuolated and contain lipid; this
usually occurs in patients manifesting the nephrotic syndrome.

its proximal tubule, although serial sections would be needed to
confirm this change. Note marked atrophy of surrounding tubules and
wrinkling of glomerular capillary loops. (PAS, x320.)
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FIGURE 21.15 Light micrograph showing mild thickening of the tubular
basement membrane in tubules with slight tubular injury. (PAS, x320.)

The straight portion (S3) of the proximal tubules may show
the glycogen-containing Armanni-Ebstein change (Fig. 21.16),
but this is seen only rarely.

INTERSTITIUM

Interstitial fibrosis is common in the diabetic kidney and may
be accompanied by chronic inflammatory infiltrates com-
posed chiefly of T lymphocytes and macrophages (131-133)
(Fig. 21.17A). A Thl process has been implicated in type 1
DM (131). Eosinophils are also frequently noted within the
interstitial infiltrate (Fig. 21.17B). In some cases, this repre-
sents a hypersensitivity-type reaction superimposed on the dia-
betic nephropathy, but this is not necessarily the case. Mast
cells are increased in kidneys of patients with type 2 DM and
renal disease (134). The number of mast cells was correlated

lesion characterized by a subnuclear vacuole representing glycogen.
(H&E, x380.) (Courtesy of Dr. Melvin Schwartz.)
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FIGURE 21.17 Light micrographs of typical patterns of interstitial inflammation in diabetic nephropathy. A: Dense inflam-
mation is composed chiefly of lymphocytes and macrophages with rare plasma cells. Note the variable thickening of the tubular
basement membrane surrounding damaged tubules. (H&E, x320.) B: Cluster of eosinophils is found within an area of interstitial
inflammation and damaged tubules. More plasma cells are also seen within this focus. (H&E, x320.)

to the increase in interstitial volume as well as to decrease in
estimated GFR (eGFR) (134). It is now considered that these
inflammatory cells play an active role in the pathogenesis of the
interstitial fibrosis. The increase in interstitial volume is due
largely to increase in cells at early stages of diabetic nephrop-
athy associated with only mild glomerular changes (135).
Increases in collagen and other matrix components occur later
in the disease (135). The presence of interstitial fibrosis, par-
ticularly when accompanied by inflammatory infiltrate, cor-
relates inversely with renal survival (133,136). Lane et al. (137)
demonstrated that mesangial expansion, arteriolar hyalinosis,
global glomerular sclerosis, and interstitial expansion are inter-
related. However, the progression in each compartment is not
stereotypic for all patients. Thus, in some patients, the severity
of interstitial disease may be greater than that of glomerular
lesions, whereas in others, the reverse may be true.

BLOOD VESSELS

Both arteries and arterioles invariably show the typical changes of
arteriosclerosis and arteriolosclerosis, respectively. In arteries, this
type of injury is manifested by varying degrees of intimal thick-
ening accompanied by reduplication of elastic lamina. Hyaline
arteriolosclerosis is a frequent and early manifestation of diabetic
renal disease and is more pronounced in diabetes than in other
diseases of the kidney. It is characterized by often striking hyaline
deposition in arterioles (Fig. 21.18), and both afferent and effer-
ent limbs may be affected. @sterby et al. (138) noted increase in
vascular disease associated with more severe glomerular damage.
These investigators assessed the ratio of matrix to media in arte-
rioles from diabetic patients with and without microalbuminuria
(138,139) and found that this ratio was increased in patients
with microalbuminuria. This finding suggested that arteriolar
matrix accumulation may be similar to increased matrix else-
where in diabetes and can occur early in the course of the disease.
Furthermore, this change progresses with the duration of disease
(138). Three-dimensional analysis of the vascular pole of the
glomerulus demonstrated new vessel formation with anastomoses

between glomerular capillaries near the hilus and peritubular
capillaries (140). The presence of intrarenal microaneurysms in
arterioles has been documented using microangiography (111).

Immunofluorescence Microscopy

Immunofluorescence techniques have been used in several
studies. The typical finding is the occurrence of linear stain-
ing along the glomerular capillary walls with immunoglobulin

G (IgG) (Fig. 21.19) (141-144). The intensity of the staining

FIGURE 21.18 Hyaline arteriolosclerosis affecting the afferent
arteriole in a patient with diabetes. The glomerulus shows diffuse mild
mesangial expansion. The inset demonstrates a cross-section of a similar
lesion. (Periodic acid-methenamine silver, x300; inset: x430.)




FIGURE 21.19
with a diabetic nodule at 6 o'clock using antiserum to lgG. One sees
positive linear staining along capillary walls. (x320.)

Immunofluorescence micrograph of a glomerulus

varies among individual patients and does not correspond to
the severity of the glomerular lesions (144). Linear staining
of capillary walls has also been reported with IgM, the third
component of complement (C3), fibrinogen, and albumin
(141,144). Staining of the mesangium and Kimmelstiel-
Wilson nodules is rarer and usually shows fainter staining than
that reported for capillary walls (141,144).

Hyalinosis lesions usually stain brightly with IgM and
C3, as they do in the identical lesions found in focal segmen-
tal glomerular sclerosis, pyelonephritis, and elsewhere. IgM
and C3 are also present in arteriolar hyalin in vessels show-
ing hypertensive changes. Hyalinosis lesions may also contain
fibrinogen and lipoprotein (142) or fibrinogen, complement,
p-lipoprotein, and small amounts of IgG (143).

Linear staining for IgG and albumin has also been
reported along the tubular basement membranes and Bowman
capsule in patients with advanced diabetic glomerulosclerosis
(145) (Fig. 21.20). The staining was thought to reflect struc-
tural changes in the renal extracellular membranes, which
permit entrapment of serum proteins, possibly as a result of
changes in permeability. It is now believed that advanced gly-
cosylation end products may bind to the basement membranes
and change their properties (146).

Electron Microscopy

In the capillary wall, morphologic changes are present in all
three layers, GBM, visceral epithelium, and the endothe-
lium. These will be discussed in turn. Most authors agree that
increase in the thickness of the GBM is the earliest change
(105,147,148) (Fig. 21.21). Huang (149), using guanidine
treatment, showed that the increase in basement membrane
thickness was due to increased amounts of material from the
epithelial rather than from the endothelial cells. The isolated
finding of the thickened GBM is a possible manifestation of

Chapter 21 | Diabetic Nephropathy m

FIGURE 21.20
for albumin along the tubular basement membrane. (x400.)

Immunofluorescence micrograph showing linear staining

prediabetes as demonstrated in one study in 23 patients who
presented with proteinuria greater than 0.5 g/d sometimes
accompanied by hematuria but without clinical evidence
of diabetes (150). Two years later, seven patients remained
normoglycemic, six had fasting blood glucose between 110 and
125 mg/dL, three had impaired glucose tolerance, and seven
had become diabetic (150). As duration of diabetes increases,
greater variability in thickness of the GBM is observed
(151,152), but interindividual variation and interglomerular
variation contribute to the large standard deviations (105).
Vogler et al. (152) studied 15 patients with type 1 diabetes
and found areas of attenuation of the GBM in six patients. In
part, this change is related to the thinner GBM in microaneu-
rysms (Fig. 21.22). Osterby and Nyberg (151) observed simi-
lar basement membrane thinning in severely affected diabetic
kidneys. In such cases, the GBM measured as little as 100 nm
and comprised 1% to 5% of the total capillary length in indi-
vidual glomerulus. Changes in the biochemical composition
of the GBM have been reported by various investigators. Spiro
(153) first recorded an increase in hydroxylation of lysine and
in the number of disaccharide units. Additional work from his
laboratory has shown decreased heparan sulfate and laminin
(154). Other authors, using immunohistochemical localiza-
tion techniques, detected a change in charge density resulting
from alteration in the location of the heparan sulfate rather
than an absolute decrease in the amount (155,156). Kim et al.
(157) showed a change in the chains of collagen type IV in
the GBM.

Changes in the foot processes of visceral epithelial cells are
variable. At times, they remain discrete, whereas other cases have
differing degrees of effacement (101,105,107,148,151,152).
Osterby et al. (151) measured a mean width of the foot process
of 352 nm in diabetics as compared with a mean width of 224
nm in nondiabetic control patients. Widening of foot processes
appears with the onset of microalbuminuria (158). Pagtalunan
etal. (117) in a study of Pima Indians did not document wid-
ened foot processes until the stage of clinical nephropathy.
Furthermore, these investigators were the first to note absolute
loss in the number of visceral epithelial cells during clinical
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FIGURE 21.21
capillary with diabetic changes.

A: Drawing of normal capillary. B: Drawing of capillary with diabetic changes. C: EM of normal capillary. D: EM of

nephropathy concurrent with mesangial expansion. Podocyte
depletion has been confirmed in patients with either type 1 or
type 2 DM by other investigators (116,118,159,160). Toyoda
et al. (161) studied foot process detachment in patients with
type 1 DM and found that 22% of GBM was not covered
by intact foot processes in diabetic patients with proteinuria
as compared to 11% in such patients with microalbumin-
uria and 4% of diabetics with normoalbuminuria. Weil et
al. (159,160) using a more conservative technique found a
smaller percentage of foot process detachment in type 2 dia-
betic patients, but the differences were significant between
patients with proteinuria (1.48% detachment) and those with
normoalbuminuria (0.41% detachment) or microalbuminuria

(0.37% detachment). Such foot process detachment has been
associated with glomerular sclerosis in a number of different
glomerular lesions and may be important in the progression of
diabetic nephropathy as well (161). Furthermore, the visceral
epithelial cells play an important role in maintaining endothe-
lial cells so that loss of podocytes may influence these cells as
discussed below.

Endothelial cell changes have been largely overlooked
in diabetic nephropathy until recently although endothelial
dysfunction has been documented for years. Reduction in
endothelial fenestration was first documented in the rat with
alloxan-induced diabetes in 1980 (162). Similar studies were
not undertaken in human patients with diabetes for more than



25 years. Toyoda et al. (161) in a study of patients with type 1
DM found that the fractional surface of fenestrated endothe-
lium was reduced from 41% in controls to 25% in patients
with proteinuria. Patients with normoalbuminuria or micro-
albuminuria showed 32% fractional surface of fenestrated
endothelium. Weil et al. (159) found similar results in patients
with type 2 DM. We now recognize that vascular endothelial
growth factor (VEGF) secreted by the podocyte has an impor-
tant role in control of endothelial structure (163). However,
Weil’s study did not find any difference in the degree of fen-
estration near areas of foot process detachment (159). Satchell
suggests several possible explanations, including the finding
that actual detachment of foot processes was quite rare (164).
Furthermore, he suggests that other factors such as the endothe-
lial glycocalyx may play a role in glomerular permeability in this
setting (164,165).

The hyalinosis lesion occurs within capillary loops and
appears on electron microscopy as an accumulation of homo-
geneous electron-dense material between the endothelial cell
and the GBM. As more material collects, it fills the capillary
lumen (Fig. 21.23). In obsolescent glomeruli, remains of the
hyalinosis lesions formed earlier persist as denser areas within
increased matrix and the GBM. Similar material may also be
present within the mesangium (107,166). One must distin-
guish such hyalinosis accumulations from immune deposits,
although this distinction may be difficult. This material is
identical to that seen in the subintima of arterioles with hya-
line arteriolosclerosis. Furthermore, the capsular drop is made
up of similar material lying between the Bowman capsule and
the parietal epithelium.
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FIGURE 21.22 Electron micrograph of a por-
tion of a glomerulus showing marked attenu-
ation of the basement membrane in a loop to
the right with an abrupt transition as itreflects
over the mesangium. This thinning of the GBM is
associated with the formation of microaneurysms.
(Uranyl acetate and lead citrate, x9700.)

Mesangial widening and nodules are due to increased syn-
thesis of mesangial matrix (149) and decreased degradation
secondary to cross-linking of glycosylated collagens (167,168)
(Fig. 21.24). Additional factors are considered in the section

FIGURE 21.23  Electron micrograph of a portion of a glomerulus showing
a hyalinosis lesion in a capillary loop and marked foot process effacement.
(Uranyl acetate and lead citrate, x4700.)
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FIGURE 21.24 Electron micrograph of a Kimmelstiel-Wilson nodule
showing increased matrix and relationship to capillary loops with thick-
ened GBM and effacement of foot processes. (Uranyl acetate and lead
citrate, x3000.)

on pathogenesis. Dachs et al. (169) noted that the first change
consisted of widening of the usually delicate strands of mesan-
gial matrix with increase of the numbers of mesangial cells. The
number of mesangial cells and cellular processes may be slightly
increased within the expanded mesangial matrix. These obser-
vations have been confirmed by morphometric analysis. Steffes
et al. (170) showed increase in volume fraction of mesangial
matrix per glomerulus and in mesangial cells per glomerulus in
patients with type 1 diabetes compared with controls. The vol-
ume fraction of mesangium increases over the duration of the
diabetes (147). Cell debris manifested as small calcific deposits,
remnants of cell membranes, and scattered organelles are often
present (166). On occasion, dense collections of fibrils mea-
suring between 10 and 25 nm are present in the mesangium
(171,172) (Fig. 21.25). The presence of such diabetic fibrillosis
does not affect the course or prognosis (171,173). The fibrils
can be distinguished from amyloid by their lack of staining by
Congo red (172). Mesangiolysis has been described in associa-
tion with the formation of microaneurysms (111,114). Some
nodules develop loosening of the matrix, resulting in detach-
ment of endothelial cells and loss of the anchoring points of the
GBM to the mesangium (166). These alterations are thought
to precede the exaggerated mesangial expansion of the single
large nodules with laminated texture that are associated with
microaneurysms (113).

The major component of the increased matrix is type IV
collagen (155,156,174). Other components that are increased
include type V and VI collagen, laminin, and fibronectin
(175). Suzuki et al. (175) examined glomerular and intersti-
tial expression of the mRNAs of metalloproteinase-3, tissue
inhibitor of metalloproteinase-1, and type IV collagen in dia-
betic nephropathy. Expression of integrins is increased in all
cell types in diabetic patients with moderate increase in the

FIGURE 21.25 Electron micrograph showing typical appearance of dia-
betic fibrillosis characterized by densely packed collection of microfibrils.
(Uranyl acetate and lead citrate, x47,100.)

mesangial matrix (176). As the mesangial matrix increases to
severe degrees, the expression of integrins increases in parallel
in mesangial cells, whereas it remains the same in epithelial
cells with decreased expression in endothelial cells.

Diabetic Nephropathy in Type 2 Diabetes Mellitus

The early studies in the morphologic changes in diabetic
nephropathy were performed in patients with type 1 or in
mixed populations. As the prevalence of type 2 diabetes has
increased, more studies have been performed utilizing renal
biopsies from patients with type 2 DM allowing the deter-
mination of any differences from the kidneys of patients with
type 1 DM. In general, these studies showed many similarities
with regard to the basic lesions of diabetic nephropathy, that
is, diabetic nephropathy is characterized by increased GBM
thickness, diffuse mesangial sclerosis with nodule formation,
hyalinosis, microaneurysms, and hyaline arteriolosclerosis in
both types of diabetes (177-185). However, several authors
have suggested that the renal disease of patients with type 2
diabetes is more heterogeneous due to additional comorbidi-
ties such as cardiovascular disease, hypertension, aging, and
other diseases (179-182,184,186). These investigators agree
that many of these patients have typical diabetic lesions usu-
ally associated with other complications such as retinopathy.
However, a subpopulation show only nondiabetic glomerular
disease or alterations associated with vascular disease such as
more severe interstitial fibrosis, glomerulosclerosis without
prominent mesangial expansion, and arterio- and arterioloscle-
rosis (180,181,184).

Most patients with type 2 DM and renal disease show
changes consistent with diabetic nephropathy with or with-
out concurrent vascular disease (182,184,187). Schwartz et al.
(184) examined 34 renal biopsies from patients with type
2 DM with proteinuria, renal insufficiency, and hypertension.
Two had nondiabetic renal disease (one with IgA nephropathy,



the other membranous glomerulonephritis). Seventeen patients
had typical nodular disease with Kimmelstiel-Wilson nodules,
more marked GBM thickening, and more pronounced hyaline
arteriolosclerosis. The remaining 15 patients had diffuse mesan-
gial sclerosis consistent with diabetic nephropathy but did not
have nodules. Mazzucco et al. (182) examined 393 renal biop-
sies from patients with type 2 DM in a multicenter study. They
defined four classes of histologic findings. Class 1 was defined
as typical diabetic nephropathy and was present in 40% of the
biopsies. Within this group, 13% had predominantly nodular
change, 34% had no nodules, and 53% showed a mixed nodular
and diffuse pattern of mesangial expansion. Class 2 was charac-
terized by ischemic changes with collapsed sclerotic glomeruli,
tubular atrophy, and arterio- and arteriolosclerosis and was
seen in 15% of the biopsies. Diabetic changes were not present
in these cases. Class 3 was defined by the presence of another
glomerular disease and was observed in 45% of the biopsies.
Within this group, the glomerular disease was superimposed on
diabetic changes in 38% of cases (class 3a). The remaining 62%
did not have typical diabetic renal disease (class 3b).

The standard criteria used to determine the need for renal
biopsy in patients with DM and evidence for renal disease include
normal funduscopic findings, hematuria (without urologic eti-
ology), rapid onset of acute renal insufficiency, and/or nephrotic
syndrome within a short duration of the diabetes or in the pres-
ence of normal hemoglobin Alc. The study by Mazzucco et al.
(182) cited above also examined the effects of using different
criteria to determine need for biopsy. Approximately half of the
biopsies were performed only if a disease other than diabetes was
suspected. The other half was performed for proteinuria greater
than 0.5 g/d with or without hematuria and/or altered renal
function. The data from the group using more restricted criteria
showed 29% with diabetic nephropathy only, 15% with vas-
cular changes, and 56% for those with nonglomerular disease
with or without diabetic changes. The results in the group using
an unrestricted policy were 52%, 16%, and 32%, respectively,
demonstrating a reversal of the diabetic versus nondiabetic dis-
case with similar degree of vascular disease (182). In a recent
Chinese study, more strict criteria were used for renal biopsy in
type 2 diabetics resulting in 93.5% of patients with nondiabetic
renal disease (186). A total of 18.5% of the patients had diabetic
changes with or without other alterations.

Two groups of investigators have examined the role of the
renal biopsy in predicting outcome in type 2 DM. Ruggenenti
et al. (188) used the same three classes as defined above and
devised a renal tissue injury score based on damage to all four
compartments. They found that a combination of proteinuria
and this injury index predicted progression to ESRD. Patients
with proteinuria <2 g/24 hours or greater than 2 g/24 hours
and a renal injury index less than seven never progressed to
ESRD. However, all patients with proteinuria greater than
2 g/24 hours and an injury index of greater than 13 progressed
to ESRD over a median of 1.6 years. Mazzucco et al. (189)
using a similar renal injury index found comparable results.

Classification

A classification scheme has been developed recently, which
may be applied to diabetic nephropathy in both types 1 and 2
DM (190). This consensus classification uses only glomerular
lesions in order to make it easy to use and reproducible. Four
classes are defined, one of which is subdivided. Class I shows
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mild or nonspecific changes with GBM thickening proven by
electron microscopy. GBM thickening is defined as greater
than 395 nm in females and greater than 430 nm in males older
than 9 years of age when directly measuring the GBM (191).
The definition of thickened GBM is 471 nm for women and
521 nm for men using the orthogonal intercept method (192).
Class II shows mesangial expansion defined as greater than the
width of two mesangial nuclei in two lobules in greater than
25% of glomeruli. This class is further subdivided into mild
(less than the diameter of a capillary lumen) and severe (greater
than the diameter of a capillary lumen). Class I1I is defined by
the presence of at least one Kimmelstiel-Wilson nodule and less
than 50% globally sclerotic glomeruli. Class IV demonstrates
global sclerosis in greater than 50% of glomeruli in combina-
tion with lesions from the other three classes.

This proposed classification requires validation and evalu-
ation to determine its usefulness. Two studies have applied
it to biopsies from patients with type 2 DM (193,194). Oh
et al. (193) examined 126 renal biopsies from patients with
type 2 DM and proteinuria greater than 1 g/d, renal involve-
ment without retinopathy, renal involvement within 5 years of
diagnosis, or unexplained hematuria or azotemia. They split
the biopsies into three groups with pure diabetic nephropa-
thy (n = 50), nondiabetic renal disease (7 = 65), and mixed
(n = 11) and further analyzed the pure diabetic nephropathy
group using the classification described above (190). They also
used semiquantitative assessment of glomerular size, mesangial
proliferation, mesangial matrix, interstitial fibrosis, arteriolar
hyalinosis, and arteriosclerosis. At the end of a 5-year follow-
up period, ESRD was present in no patients with class I or
ITA changes, in 41.7% with class IIB, in 44.4% with class III,
and 61.7% with class IV (193). The classification did corre-
late to urine protein to creatinine ratio and eGFR at the time
of biopsy; however, this was due to the strong correlation to
class IV to these factors as no differences were present with
classes I and III. In fact, class IIb and class III showed similar
clinical and pathologic features. Okada et al. (194) studied 69
patients with pure diabetic nephropathy and a mean follow-up
of 59 months (range 6 to 180 months). They used the classi-
fication described above (190) for glomerular lesions and also
assessed interstitial fibrosis and tubular atrophy (IFTA), inter-
stitial inflammation, arteriolar hyalinosis, and arteriosclerosis
(194). Using multivariate analysis, these authors found that
IFTA were the only significant predictor of renal survival and
not classification by glomerular lesions (194). Furthermore, no
difference was found in the renal prognosis in a comparison
between class IIA and IIB with class II1.

Fioretto and Mauer (195) suggest that this classification
is not yet ready for clinical use but that it does represent a first
step in developing a useful scheme. They point out that its use
in type 2 diabetes may not be possible for all cases in view of
the variety of glomerular lesions seen in the biopsies from this
population. This idea is supported by the fact that the papers
cited above used the classification in type 2 diabetics but only
evaluated biopsies with pure diabetic nephropathy, avoid-
ing the issue of mixed lesions (193,194). Fioretto and Mauer
suggest that addition of an evaluation of arteriolar hyalinosis
might be useful as a means of distinguishing global glomerulo-
sclerosis due to diabetes from that due to other forms of renal
diseases first described by Harris et al. (196). They are also con-
cerned about the use of mild increases in GBM thickness as a
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defining feature of diabetic nephropathy and the use of a single
Kimmelstiel-Wilson nodule to indicate a more severe lesion as
such nodules may be present in the absence of clinical evidence

of renal disease (195).

Etiology and Pathogenesis

Hyperglycemia plays a central role in the pathogenesis of dia-
betic nephropathy by activating similar intracellular signal-
ing events in all four compartments of the kidney. The initial
manifestations of diabetic renal involvement can be ascribed
to glomerular capillary dysfunction with hyperfiltration and
microalbuminuria followed by development of further struc-
tural and functional abnormalities affecting the glomerular,
tubulointerstitial, and vascular compartments. The cellular
events induced by high glucose ambience include increased flux
of polyols and hexoseamines, generation of AGEs and ROS, and
activation of the PKC, transforming growth factor—f-Smad-
mitogen-activated protein kinase (TGF-p-Smad-MAPK), and
Janus kinase-signal transducer and activator of transcription
(JAK-STAT) pathways and of the G protein signaling pathway.
These abnormalities along with aberrant expression of cyclin
kinases, ECM proteins, metalloproteinases, and their inhibi-
tors result in altered cell cycle and growth and subsequent
accumulation of ECM proteins, a characteristic morphologic
feature of diabetic nephropathy in humans. In addition to the
biochemical events, mechanical injury mediated by increased
glomerular intracapillary pressure due to impaired autoregula-
tion of the local intrarenal renin-angiotensin-aldosterone sys-
tem can further potentiate the injury. The following section
integrates the foregoing physiologic and pathologic features of
diabetic nephropathy with these factors to explain our current
understanding of the pathogenesis more fully.

Hemodynamic Changes and Hyperfiltration
The prevalence of hyperfiltration in type 1 diabetes varies from
less than 25% to more than 75%, while the corresponding fig-
ures for type 2 diabetes are significantly lower, ranging between
0% and more than 40% (197). Several factors, both biologic
and methodologic, may contribute to the wide variation in
hyperfiltration prevalence. That the GFR is increased early in
the course of DM was first shown by Stalder and Schmidt in
1959 (198) and later confirmed by several studies. In 1971,
Mogensen (199) showed a 40% increase in the GFR in 11
patients with new-onset diabetes when compared with age-
matched controls. Insulin therapy tended to return these eleva-
tions in the GFR to normal. The four factors regulating GFR
are renal plasma flow, oncotic pressure, transcapillary hydraulic
pressure, and the glomerular ultrafiltration coefficient (Kj).
There is compelling evidence indicating that hyperfiltration in
diabetic patients is mediated by increases in glomerular plasma
flow, transcapillary hydraulic pressure, and the glomerular K
which is the product of filtration surface area and glomeru-
lar capillary hydraulic permeability (200). A correlation exists
between the degree of increase in the GFR and the filtra-
tion surface area of the glomeruli in diabetic patients (201).
Increased glomerular intracapillary pressure may potentially
accelerate the renovascular complications of diabetes via cross-
talk between hemodynamic and metabolic factors in the dia-
betic environment (202).

Evidence that hyperfiltration is an important risk fac-
tor for subsequent increase in UAE and later development of

diabetic nephropathy in patients with type 1 diabetes has been
shown in several studies (203-206). Yip et al. (205) compared
25 patients with type 1 diabetes and hyperfiltration with a sec-
ond group with a normal GFR for 10 years. The two groups
had similar inital levels of blood pressure, UAE, and glyco-
sylated hemoglobin. UAE at the end of the study was higher
in the group with hyperfiltration, and it was an independent
predictor of blood pressure at the end of the study. Rudberg
et al. (206), in a study of adolescents with type 1 diabetes,
showed similar results in which metabolic control of blood
glucose was the most important factor in initiation of renal
injury, followed by clinical duration of diabetes. In addition,
systemic blood pressure was more important in progression
than in the initiation of diabetic nephropathy. A meta-analysis
of 10 type 1 diabetes studies concluded that the presence
of hyperfiltration at baseline more than doubled the risk of
developing micro- or macroalbuminuria at follow-up (207).
However, two additional single-center studies addressing the
relationship of hyperperfusion and albuminuria have arrived at
different conclusions. The first study of 2318 adults with type
1 diabetes (208) showed no significant differences between the
eGFR in patients with type 1 diabetes and normoalbuminuria
from those expected in the general population. Furthermore,
type 1 diabetic patients with a higher eGFR were also no more
likely to develop microalbuminuria over a median of 5.2 years
of follow-up than those with normal eGFR. Similarly, a second
study of 426 normoalbuminuric patients with a follow-up of
5, 10, and 15 years reported that the risk of progression to
microalbuminuria was not increased by hyperfiltration (209).
As mentioned earlier, the prevalence of glomerular hyper-
filtration in patients with type 2 diabetes also varies widely
(210-217), and its prognostic significance is not well defined
(212,215,217,218). In studies of the natural history of diabetic
nephropathy among the Pima Indians with type 2 diabetes,
GFRs at baseline among those with normal glucose tolerance,
impaired glucose tolerance, newly diagnosed diabetes, and
diabetes of more than 5 years’ duration with microalbumin-
uria or macroalbuminuria were 123, 135, 143, 155, and 124
mL/min, respectively (215). During 4 years of follow-up, the
GEFR increased by 18% in the patients who initially had newly
diagnosed diabetes; the rate declined by 3% in those with
microalbuminuria at baseline and by 35% in those with mac-
roalbuminuria. The authors concluded that GFR is elevated
at the onset of type 2 diabetes, remains elevated while normal
albumin excretion or microalbuminuria persists, and declines
after the development of macroalbuminuria. Vedel et al.
(212) studied the GFR in both normoalbuminuric (z = 39)
and microalbuminuric (7 = 158) patients with type 2 diabetes.
The GFR in patients without microalbuminuria did not dif-
fer from that in controls. However, hyperfiltration defined as
greater than 2 standard deviations above the mean GFR was
identified in 37% of patients with microalbuminuria. Multiple
regression analysis demonstrated correlations between the
GFR and glycosylated hemoglobin, urinary sodium excretion,
age, and known duration of diabetes in these patients. The
authors of this study concluded that in patients with type 2
diabetes, glomerular hyperfiltration is a putative risk factor for
progression. A recent study also showed that elevated GFR in
patients with type 2 diabetes predicts its subsequent decline,
which may occur without worsening of albuminuria (216). In
contrast, another recent study by Magri and Fava (217) found



no association between hyperfiltration and albuminuria in
patients with type 2 diabetes during the early stages of dia-
betic nephropathy. This study also showed that the decline of
GFR and albuminuria followed a parallel course during the
later stages of the disease raising the possibility that they share
common pathophysiologic mechanisms. The beneficial effects
of good metabolic control to reduce GFR toward normal levels
within days to weeks have also been shown in several studies
in both type 1 and type 2 diabetes (199,219). Some data seem
to indicate strict control of blood glucose levels inhibits the
progression of albuminuria; however, it does not offer any dif-
ference in clinical kidney disease outcome (220-222).

Although several studies support the notion of glomeru-
lar hyperfiltration being a potentially significant contributor to
the pathogenesis and progression of diabetic nephropathy, some
studies clearly indicate that hyperfiltration alone is not sufficient
for the evolution of diabetic nephropathy. Schmitz et al. (223)
examined kidney function in 29 patients with a single kidney.
The three patients with type 1 diabetes had had a single kidney
for 18 to 30 years. Two of the three patients had elevation in
both the GFR and kidney size, but none had UAE greater than
20 mg/d. All three had normal blood pressure and serum creati-
nine levels. Thus, these three patients showed no ill effect from
prolonged hyperfiltration, a finding suggesting that other factors
must be present to produce glomerulosclerosis. Hyperfiltration
is also influenced by protein intake, and restricting dietary
protein has been shown to reduce glomerular hyperfiltration.
Zeller et al. (224) found that dietary protein and phosphorus
restriction resulted in a slowing of progression of renal disease
independent of blood pressure and glycemic control that was
comparable in the two experimental groups. However, whether
amelioration of hyperfiltration in patients with early diabetic
nephropathy is renoprotective is still uncertain (218).

The molecular mechanisms leading to hyperfiltration are
complex, and many factors seem to have influence on its devel-
opment. The concept of local intrarenal hypertension (i.e.,
intraglomerular hypertension) as a potential cause for hyperfil-
tration arose from micropuncture studies in diabetic rats (202).
These rats disclosed intraglomerular hypertension despite hav-
ing normal systemic blood pressure suggestive of impaired
autoregulation due to differential dilation of the afferent and
efferent arterioles (200). Such impaired autoregulation might
be triggered by activation of the RAS with local production of
angiotensin II (225). In support of this notion is the ability
of mesangial cells as well as podocytes not only to synthesize
angiotensin II but to express its receptors, which sets the stage
for the regional activation of RAS (226,227). This may explain
the success of inhibition of ACE in the treatment of diabetic
nephropathy. Increased production of angiotensin II due to
dysregulation of the regional RAS may also account for the
hyperplasia and hypertrophy during the early and late stages of
diabetic nephropathy via the up-regulation of various growth
factors and cytokines such as TGF-p, connective tissue growth
factor (CTGF), interleukin-6, monocyte chemoattractant
protein-1 (MCP-1), and vascular endothelial growth factor-A
(VEGEF-A) (200,225). Hyperglycemia and increased produc-
tion of ROS in the diabetic milieu could instigate regional RAS
activation by up-regulating angiotensinogen and renin produc-
tion in the mesangial cells (228-230). Sustained-stretch stress
on the glomerular capillaries as well as mesangial cells due to
increased intracapillary pressure caused by efferent arteriolar
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vasospasm may activate various signaling pathways with sub-
sequent rise in blood pressure, mesangial cellular proliferation,
ECM production, and decreased expression of the ECM-
degrading enzymes (231-234). Mechanical stretch responses
in the mesangial cells include induced expression of TGF-f
and its receptor, activation of PKC and p38/MAPK, induc-
tion of MCP-1 with up-regulation of intercellular adhesion
molecule-1, and the generation of ROS (235,236). Glomerular
capillary stretch stress also induces VEGF-A expression by the
podocytes (121,237), leading to down-regulation of a3p1 inte-
grin and nephrin with detachment from the underlying base-
ment membrane and ensuing proteinuria (121,238,239).

There is also evidence indicating that insulin-like growth
factor (IGF-I) plays an important role in the early renal growth
in diabetes (240-243) and that hyperfiltration may, at least in
part, be mediated by IGF-I (244). Growth hormone and gluca-
gon, both with well-known influence on GFR, are increased in
diabetic patients (245,246). Reduction of serum glucose levels
is accompanied by diminished levels of glucagon and growth
hormone with continuous infusion of insulin by pump. These
reductions are correlated with decrease in the GFR (247).
The GFR is also affected by parathyroid hormone, vasopres-
sin, eicosanoids, and angiotensin II (248,249). Esmatjes et al.
(250) compared the GFR and urinary prostaglandin excre-
tion in 21 patients with recent-onset type 1 diabetes and 15
controls. These investigators confirmed the findings of earlier
studies of increased GFR and renal plasma flow. When they
administered lysine acetylsalicylate, a prostaglandin synthetase
inhibiror, they found a reduction in both the GFR and renal
plasma flow that did not occur in the control group. These
investigators suggested that this finding supported the idea
that the increase in the GFR often seen in diabetic patients is
due at least in part to mediation by prostaglandins. A specific
role of cyclooxygenase (COX)-2 in glomerular hyperfiltration
has also been demonstrated. A study by Cherney et al. (251)
evaluated the effects of COX-2 inhibition on renal function in
normotensive and normoalbuminuric patients with uncompli-
cated type 1 diabetes. In patients with hyperfiltration, COX-2
inhibition partially blunted the hyperfiltration, while patients
with normal GFR exhibited an increase in GFR under these
conditions. These findings were interpreted as an indication
that hyperfiltration and normofiltration are distinct physi-
ologic states. Another study by the same group of investigators
showed that the dependence on vasodilator prostaglandins in
type 1 diabetes is greater in women than in men (252). This
finding is consistent with recent evidence that sex hormones
may contribute to the pathogenesis of diabetic nephropathy
(253). Other substances that have been implicated in increas-
ing GFR in diabetes include kinins (254), atrial natriuretic
peptide, hyperglycemia, and other factors in the abnormal
metabolic environment (211). Nugent et al. (255) showed a
loss of autoregulation in response to endothelin in diabetic
patients. This alteration could make these patients more sus-
ceptible to hyperfiltration in response to alterations in glomer-
ular hemodynamics.

Glomerular hypertrophy and hyperfiltration have also
been observed in STZ-induced diabetes in experimental ani-
mals along with glomerular hyperperfusion, increased glo-
merular capillary hydrostatic pressure, unchanged systemic
oncotic pressure, and unchanged or slightly elevated ultrafiltra-
tion coefficient (K;) (256-258). Rats made diabetic with STZ
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and partially treated with insulin to maintain moderate levels
of hyperglycemia develop increased whole-kidney and single-
nephron GFR (256). The increment in single-nephron GFR is
due to increases in transcapillary hydraulic pressure difference
and initial glomerular plasma flow rate (256). When glomeru-
lar pressure is lowered by the use of ACE inhibitors, glomerular
injury is decreased in this model (259,260), a finding suggesting
a role for increased glomerular pressure in this form of injury.
ACE inhibitors also reduce the morphologic alterations seen in
this model (261). Treatment with insulin normalized glomeru-
lar pressure and renal hypertrophy (262,263). However, Bank
et al. (264) showed that increased glomerular pressure alone is
not sufficient to cause glomerular lesions in diabetic rats. Some
of the glomerular hemodynamic changes have been attrib-
uted to the effects of diabetes on afferent arteriolar resistance
resulting in vasodilation. However, the precise mechanisms
for the changes in glomerular hemodynamics remain unde-
fined. Reports on nitric oxide (NO) as a potential mediator
of vasodilation and hyperfiltration in diabetes are conflicting
(265-267). Additional suggested mechanisms include increase
in glomerular synthesis of prostaglandins (268,269), altera-
tions in the intrarenal renin-angiotensin axis (270), changes
in the polyol pathway (271), diminished bioavailability of
proinsulin connecting peptide (C-peptide) (272), open Kyrp
channels affecting preglomerular microvascular smooth muscle
function (273), altered tubuloglomerular feedback (274,275),
and increased production of IGF-1 (258). Hypertrophy and
hyperfiltration are reduced in STZ-induced diabetes via modu-
lation of IGF-1 bioactivity by inhibiting nitric oxide synthase
supporting the role of IGF-1 mediating hyperfiltration (258).
Some data also suggest that these events might be further mod-
ulated by proinflammatory mediators and cytokines (276).

In summary, hyperfiltration occurs early in the course
of diabetes, and some data indicate correlation with the later
appearance of diabetic nephropathy. The mechanism respon-
sible for the increased filtration is not well defined, although
several humoral factors, including hormones, growth factors,
and prostaglandins, have been implicated. Increased glomeru-
lar pressure, an element in the mediation of hyperfiltration, has
been demonstrated to affect UAE in diabetics. However, other
factors are probably also necessary for the development of dia-
betic glomerulosclerosis in any particular patient.

Metabolic Factors

The relationship between metabolic abnormalities and the
development of renal disease is complex. Hyperglycemia-
induced complications are mediated by several metabolic path-
ways, among which accumulation of AGEs with abnormalities
of the glycosylation of macromolecules and increased glucose
flux through the polyol pathway seem to be the most important.
The altered glucose metabolism will ultimately result in renal
functional and structural abnormalities via changes in gene
expression and augmented oxidative stress leading to increased
ECM production and cellular senescence (Fig. 21.26). These
are discussed in turn. The subject has been reviewed by Kanwar

etal. 277).

THE ROLE OF ALTERED METABOLIC PATHWAYS

In diabetes, the increased amount of glucose taken up by the
cells is channeled into various metabolic pathways, among
which the hexosamine pathway, polyol pathway, and the myo-
inositol pathway are the best characterized. Under normal
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FIGURE21.26 Summary of cellular signaling events due to altered
glucose metabolism in the pathogenesis of diabetic nephropathy.
As a shift from the normal glycolysis, excess glucose is channeled into the
polyol and hexosamine pathways, leading to generation of DAG, augmen-
tation of oxidative stress via increased production of reactive oxygen spe-
cies (ROS), and activation of protein kinase C (PKC). Downstream events
follow, which ultimately result in increased extracellular matrix (ECM)
deposition and cellular senescence. Advanced glycation end products
(AGEs), generated in excess in the hyperglycemic milieu, alter the struc-
ture and function of a number of intra- and extracellular molecules, modu-
late cell activation, signal transduction, and the expression of cytokines
and growth factors through receptor-dependent and receptor-independent
pathways. AGE-RAGE (receptor for AGE) interactions followed by the gen-
eration of activated phospholipase C (PLC) and DAG along with cytosolic
and mitochondrial ROS (mROS) increase the expression and activity of PKC,
mitogen-activated protein kinase (MAPK), and NF-kB, leading to altered
expression of a number of genes such as vascular endothelial growth fac-
tor (VEGF), endothelial nitric oxide synthase (eNOS), transforming growth
factor—p (TGF-B), PAI-1, and further generation of ROS. TGF-B plays a cen-
tral role in promoting ECM deposition via interaction with Smad2/3. TGF-,
generated by activation of its latent form by excess glucose, AGEs, ROS,
and angiotensin Il (Ang Il), up-regulates the transcription of various ECM
genes, connective tissue growth factor, and tissue inhibitor of metallopro-
teinase and down-regulates MMPs with a net result of increased matrix
deposition. BMP-7 has an opposing effect to the actions of TGF-f via acti-
vation of Smad1/5/8 that hinds to Smad4 followed by translocation to the
nucleus and inhibiting DNA binding of some of the transcription factors.

circumstances, glucose undergoes phosphorylation through
conversion to glucose-6-phosphate (G6-P) followed by isom-
erization to fructose-6-phosphate (F6-P). Under high glucose
ambiance, F6-P is diverted into the hexosamine pathway with



the formation of UDP-N-acetylglucosamine, a precursor of
ECM proteins such as the proteoglycans (278). A rate-limiting
enzyme in this process also modulates promoter activities
of ECM proteins such as TGF-f1 and PAI-1 (278). Excess
glucose is also channeled into the polyol pathway resulting
in changes in the polyol-inositol metabolism important in
the pathogenesis of some diabetic complications (279). AR
reduces aldehydes generated by ROS to inactive alcohols, and
glucose to sorbitol, using NADPH as a cofactor. Sorbitol is
oxidized by sorbitol dehydrogenase (SDH) to fructose using
NAD* as a cofactor. In cells where AR activity is high enough
to deplete reduced glutathione (GSH), oxidative stress is aug-
mented. At normal glucose concentrations, metabolism of
glucose by this pathway is limited because AR exerts relatively
low affinity for glucose and the precise physiologic role of the
pathway is unclear. However, as much as 30% of the glucose
could be channeled through this pathway in diabetes (279).
In hyperglycemia, increased intracellular glucose activates AR,
which results in increased conversion of glucose to sorbitol and
decreased intracellular NADPH content. This, without con-
comitant increase in SDH, leads to accumulation of sorbitol
(280). Although there are several mechanisms that have been
proposed to explain the role of polyol pathway in the diabetic
renal complications, the precise pathogenetic mechanism(s)
remains unclear. In addition to induction of oxidative stress,
osmotic-induced vascular damage has also been postulated.
Finally, glucose is also channeled into the myoinositol path-
way. Glucose competes with the high-affinity transporters of
myoinositol into cells, thus depleting tissue levels of this sub-
strate during periods of hyperglycemia (281). The decrease in
myoinositol leads to a reduction in certain sodium-potassium
adenosine triphosphatases through a decline in phosphoinosit-
ide metabolism. There may also be an effect on PKC activity
and adenosine release (281). Although the exact effect on the
development of renal disease is unknown, investigators have
hypothesized that changes in sodium-potassium adenosine
triphosphatase may lead to alterations in the mesangial cells
and smooth muscle cells of arterioles with alteration of vascular
tone or modification of the responses to neurotransmitters and
hormones (282).

In patients with type 2 diabetes, increased expression of
AR has been detected in the glomerular mesangial areas, and
decreased tubular expression of SDH has been associated with
interstitial fibrosis and thickened tubular basement membranes
(283). Heesom et al. (284) demonstrated that patients with
type 1 diabetes and nephropathy had decreased frequency of
the Z + 2 allele of the AR gene compared to a group of patients
with type 1 diabetes who did not have nephropathy after 20
years. Pedersen et al. (285) administered ponalrestat, an AR
inhibitor, to 10 normoalbuminuric patients with type 1 dia-
betes for 6 months and compared them with 10 other patients
receiving a placebo. The experimental group experienced a
significant reduction in the GFR. In microalbuminuric type
2 diabetic patients, 5-year treatment with epalrestat, another
AR inhibitor, prevented the progression of incipient diabetic
nephropathy (286).

Increased expression of AR has been demonstrated in the
kidneys of experimental animals with diabetes (283,287,288).
Transgenic mice overexpressing human AR developed patho-
logic changes in the kidney with vascular thrombi and fibrin-
ous deposits in the Bowman capsule (289). However, no
pathologic changes in other organs were observed, and the
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renal changes were not typical for diabetic nephropathy.
While most published studies point toward activation of the
polyol pathway and sorbitol accumulation in diabetes, there
are also some conflicting results. Bank et al. (271) found that
administration of an AR inhibitor to STZ-treated diabetic rats
reduced single-nephron GFR and plasma flow with no effect
on serum glucose. Other experimental evidence has shown that
treatment with AR inhibitors reduces the tissue depletion of
myoinositol and the occurrence of diabetic complications in
rats treated with STZ (290). Goldfarb et al. (291) used two
different maneuvers to explore the possible mechanisms of the
polyol pathway in the development of diabetic nephropathy.
Inhibition of the polyol pathway caused by administration of
sorbinil, an AR inhibitor, prevented glomerular hyperfiltration.
They also used dietary supplementation with myoinositol,
which also resulted in reduction of glomerular hyperfiltration.
McCaleb et al. (292) showed reduction of UAE with the use
of an AR inhibitor. Unfortunately, other long-term studies
administering AR inhibitors to rats have not shown a consis-
tent reduction in renal injury (293,294). Other studies com-
pared the effects of inhibition of AGEs and inhibitors of the
polyol pathway and showed that inhibitors of AGEs made a
greater contribution to the amelioration of the renal lesions
(295). In type 1 diabetic rats, short-term oral administration of
epalrestat prevented the increase in UAE and the reduction of
anionic sites on the lamina rara externa of the glomerular capil-
lary basement membrane (296). In a 5-year study in dogs, AR
inhibition failed to prevent thickening of the basement mem-
branes in the kidney (297).

FORMATION OF ADVANCED GLYCATION END PRODUCTS AND
RESULTANT RENAL INJURY

The presence of glycosylated proteins in diabetic patients
was first recognized by Rahbar in 1968 (298). The relation-
ship between control of blood glucose levels and amount of
glycosylated hemoglobin was discerned by Koenig et al. (299)
in 1976. Since that time, investigators have shown that many
intracellular, extracellular, and plasma proteins, including
hemoglobin, albumin, lipoprotein, myelin, tubulin, lens pro-
tein, and various matrix proteins such as collagen may become
glycosylated with varying physiologic effects (300).

AGEs are formed via the nonenzymatic Maillard reaction
between reducing sugars and amino residues. This is a rela-
tively slow process that, under physiologic conditions, occurs
predominantly in long-lived proteins such as collagen and lens
proteins. In diabetes, hyperglycemia and oxidative stress favor
the reversible glycosylation of proteins, lipids, and nucleic acids
with the attachment of glucose to the amino groups forming
Schiff bases at a rate proportional to the serum glucose con-
centration. Additional chemical rearrangement forms the more
stable but still a reversible early glycosylation product known as
the Amadori product. Slow complex rearrangement then pro-
ceeds to the formation of irreversible AGEs, such as carboxy-
methyl lysine (CML), pentosidine, imidazolone, and pyrraline.
This alteration is permanent, and the AGEs continue to accu-
mulate (301). Also, formation of intracellular AGEs may occur
from reactive carbonyl intermediates triggered by oxidative
stress at a much faster rate than formation from glucose (302).

AGE:s alter the structure and function of other intra- and
extracellular molecules and modulate cell activation, signal
transduction, and the expression of cytokines and growth fac-
tors through receptor-dependent and receptor-independent
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pathways (303-306). Several properties of AGEs contribute
to their pathologic effects including resistance to proteolytic
digestion, high reactivity causing cross-link formation and
trapping of proteins, lipid oxidation, and inactivation of nitric
oxide (168). The resistance to proteolytic degradation by matrix
metalloproteinases (MMPs) and increased formation of cross-
links contribute to mesangial matrix accumulation, a prominent
pathologic alteration in diabetic nephropathy. Cross-linking
of matrix proteins may also increase permeability of base-
ment membranes perhaps via reducing their electronegativity
(270,307). Intracellular AGEs can modulate various signaling
events such as the activation of PKC, MAPK, and transcription
factor nuclear factor kB (NF-«B) (308). Ensuing changes in the
expression of growth factors and cytokines such as TGF-f will
contribute to the pathologic deposition of ECM proteins.

In addition to altering the structure and function of pro-
teins, AGEs may also exert their effects through interactions
with a number of specific cell surface receptors or binding
proteins, such as RAGEs (receptor for AGEs) (304), AGE-
R1, AGE-R2, AGE-R3 (galectin-3), SR-A (scavenger recep-
tor A), CD36, and LOX-1 (oxidized low-density lipoprotein
receptor-1) (309), among which RAGE is the best character-
ized. A low-level constitutive expression of RAGE has been
documented in the podocytes in normal human kidneys, but
not in the mesangium or glomerular endothelium (310). In
diabetic glomeruli, up-regulation of RAGE has been demon-
strated in the podocytes (310). Upon binding to their receptors
on various cell types such as macrophages and mesangial and
endothelial cells, AGEs can induce expression of cytokines and
growth factors, among which there are several key mediators
of diabetic complications including VEGE CTGEF, TGF-p1,
IGF-1, platelet-derived growth factor (PDGF), tumor necro-
sis factor—a (TNF-a), and interleukins (309). Expression of
growth factors may promote synthesis of matrix proteins by
mesangial cells (311). In cell cultures, binding of AGEs to
receptors on bovine aortic endothelial cells results in procoagu-
latory changes with up-regulation of endothelial tissue factor
and down-regulation of endothelial thrombomodulin (TM)
expression (312). AGE-RAGE interaction in cultured human
umbilical vein endothelial cells induces expression of vascular
cell adhesion molecule-1 (VCAM-1) (313), which can prime
the diabetic vasculature for monocyte adhesion and increased
permeability. AGEs may also induce production of endothe-
lin, which, in addition to the quenching effect of AGEs on
nitric oxide, accentuates vasoconstriction (314). AGE-induced
generation of ROS along with quenching of NO is likely to
modulate PKC and MAPK activities and to activate NF-kB
and activator protein-1 (AP-1), further promoting ECM pro-
tein production and deposition (277,315).

Both in vitro and in vivo data indicate that TGF-P1 plays
a particularly important role in mediating the effects of the
AGE-RAGE interaction on cell growth and matrix homeostasis
(316,317). In vitro data show that AGEs cause transcriptional
up-regulation of TGF-B1 via PKC or oxidative stress. In mesan-
gial and glomerular endothelial cell cultures, glycated albumin
and AGE-rich proteins increase TGF-f1 levels, PKC activity,
and ECM expression (318). In mesangial cell cultures, the
AGE-RAGE interaction has been shown to activate the TGF-
B1-Smad signaling pathways with subsequent mesangial cell
hypertrophy and fibronectin synthesis mediated by autocrine
Ang I1 generation via induction of intracellular ROS (317). The

authors of this study postulated that AGE-RAGE-mediated
ROS generation participates in the development of glomeru-
losclerosis by activating the Ang II-TGF-p1 signaling pathways
with subsequent effects in inducing increased ECM expression.

Another growth factor, CTGE acts as a downstream
mediator of TGF-Pl-induced fibrosis (319). Up-regulation of
glomerular expression of CTGF has been shown in rats fol-
lowing repeated intravenous injections of AGEs (320). The
up-regulation took place predominantly through a TGF-p1-
independent pathway. In mesangial cell cultures exposed to
AGE;, the significant increase in collagen IV and fibronectin
production could be completely prevented by pretreatment
with ant-CTGF antibody (320). These results suggest that
AGE-induced CTGF expression plays an important role in the
development of diabetic nephropathy.

The immunohistochemical expression of AGEs has been
shown in human kidneys. Nishino et al. (321) demonstrated
the presence of AGE:s in various locations in kidney biopsies of
diabetic patients. The AGEs were detected in the intimal thick-
ening of vessels (92% of diabetics and 43% of controls), in hya-
line arteriolosclerosis (46% of diabetics and 5% of controls),
and in glomeruli (21% of diabetics and none of the controls).
Tanji et al. (310) demonstrated the expression of two subclasses
of AGEs, that is, CML and pentosidine in renal biopsies of
diabetic patients. Pentosidine represents intermolecular cross-
links between modified proteins, while the function of CML is
less well defined. The expression of CML and pentosidine was
similar in diffuse and nodular diabetic nephropathy. CML was
the major AGE detected in the mesangium, GBMs, tubular
basement membranes, and vessel walls. Pentosidine was prefer-
entially located in interstitial collagen and was less consistently
observed in vessel walls, mesangium, GBM, and tubular base-
ment membranes. The extent of mesangial and GBM immu-
noreactivity for CML, but not pentosidine, correlated with the
severity of diabetic glomerulosclerosis. The pattern of CML
immunostaining in diabetic glomeruli was different from the
less specific AGE accumulation observed in sclerosing glo-
merular diseases including idiopathic and secondary focal seg-
mental glomerulosclerosis and hypertensive nephrosclerosis.
Horie et al. (322) demonstrated colocalization of the immu-
nohistochemical expression of CML and pentosidine with a
marker of lipid peroxidation (malondialdehyde) in the human
kidneys with diabetic glomerulosclerosis. These findings were
interpreted as suggestive of local oxidative stress playing a role
in the pathogenesis of diabetic glomerular lesions. AGEs have
also been demonstrated in the epithelial cells of the proximal
tubules both in normal and diabetic kidneys (323). This is
likely the reflection of clearance of AGEs by the kidney. Under
physiologic conditions, circulating AGEs are cleared from the
plasma by glomerular filtration with subsequent reabsorption
and metabolism by the proximal tubules (324).

A few human studies have been performed to test the
effects of pharmacologic intervention to reduce the deleterious
effects of AGEs, with limited success. In two double-blinded
placebo-controlled randomized clinical trials, patients with
type 1 or type 2 diabetes and overt nephropathy were treated
with aminoguanidine, a drug that inhibits AGE formation
(325). Aminoguanidine reduced urinary protein excretion;
however, the trial was terminated due to side effects includ-
ing hepatic toxicity and apparent lack of efficacy to prevent
diabetic nephropathy.



Strong experimental evidence also exists for the role
of AGEs in the development of diabetic nephropathy.
Colocalization of AGEs and RAGE has been shown in the
glomeruli of STZ-induced diabetic rats (326). It has also been
demonstrated that intake of food-derived AGEs contributes to
diabetic nephropathy in nonobese (NOB) diabetic and db/db
mice, models of type 1 and type 2 diabetes, respectively, and
that low AGE diet provides renoprotection (327). Deposition
of AGEs in diabetic kidneys may be facilitated by altered
expression of AGE receptors that mediate ingestion and degra-
dation of AGEs. Reduced expression of the gene for AGE-R1,
an AGE-binding and endocytosis-mediating protein, has been
shown in the renal cortex and the mesangial cells of NOB dia-
betic mice (328). The altered expression of this gene may con-
tribute to delayed AGEs removal and early AGEs deposition
in kidney. Increased expression of RAGE, another receptor for
AGEs and also receptor for S100/calgranulins, has been dem-
onstrated by podocytes, but not by mesangial cells, of geneti-
cally diabetic db/db mice (329). Increased expression of RAGE
in this model has been accompanied by mesangial accumula-
tion of AGEs, by the signal transduction ligands for RAGE,
and by increased expression of S100/calgranulins, mostly on
macrophages. Furthermore, it has been shown that increased
expression of VEGF by podocytes was RAGE dependent, a
process mediated by S100/calgranulins on inflammatory cells
accumulated in the glomeruli. Consistent with these findings,
diabetic homozygous RAGE null mice failed to develop sig-
nificantly increased mesangial matrix expansion or thickening
of the GBM. The authors of this study proposed that increased
expression and activation of RAGE contribute to podocytic
expression of VEGF and enhanced attraction/activation of
inflammatory cells in the diabetic glomerulus, thereby set-
ting the stage for mesangial activation and TGF-f production.
These processes converge to cause albuminuria and glomer-
ulosclerosis. Another line of evidence pointing to the major
role of the AGE-RAGE axis in the development of diabetic
glomerular lesions comes from studies with transgenic ani-
mals. Diabetic transgenic mice overexpressing human RAGE
revealed more prominent mesangial expansion and glomerulo-
sclerosis and increased albuminuria and serum creatinine com-
pared with diabetic littermates lacking the RAGE transgene
(330). Experimental data from RAGE knockout animals with
STZ-induced diabetes indicate that RAGE is a key modulator
of angiotensin II type 2 receptor expression (331). The find-
ings of this study suggest that blockage of RAGE may exert
its renoprotective effects via induction of the angiotensin II
type 2 receptor. It has also been shown that the GBM in the
STZ-treated diabetic rat is resistant to proteolysis (332), a find-
ing suggesting a possible role for AGEs in the pathogenesis of
increased thickness of the GBM.

Several experimental animal studies addressed the effects
of dietary treatment with aminoguanidine, a substance that
interferes with the formation of reactive intermediate glycosyl-
ation products (168,295,301,333-335). Brownlee et al. (301)
found reduced AGE in rats treated with aminoguanidine as
well as reduced numbers of cross-links within components
of the GBM accompanied by less thickening of the GBM.
Nicholls and Mandel (336) found decreased AGE in diabetic
mice treated with aminoguanidine in the face of hypergly-
cemia. Aminoguanidine also reduced UAE in these models

(168,335). In STZ-induced diabetic (mnREN-2)27 transgenic
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rats, a model of diabetic renal disease with an overreactive RAS,
aminoguanidine treatment ameliorated glomerulosclerosis and
decreased glomerular AGE immunolabeling but had no effect
on kidney weight, GFR, or UAE (333). In addition to drugs
that inhibit AGE formation or break the AGE cross-links, sig-
nal transduction through RAGE can also be inhibited by anti-
sense oligonucleotides, RAGE antibodies, or soluble RAGE. In
db/db obese type 2 diabetic mice, treatment with a neutraliz-
ing antibody against RAGE for 2 months reduced the increase
in kidney weight, glomerular volume, mesangial volume, and
UAE, whereas the increase in creatinine clearance and base-
ment membrane thickness was normalized (337). These effects
took place without impact on body weight, blood glucose,
insulin levels, or food consumption. Renoprotective effects
have also been described in STZ-induced diabetic (mREN-
2)27 transgenic rats following a 12-week treatment with an
AGE cross-link breaker (ALT-946) (333). The treatment ame-
liorated glomerulosclerosis and reduced cortical tubular degen-
eration, UAE, and glomerular AGE staining, but had no effect
on kidney weight or GFR.

PROTEIN KINASE C ACTIVATION TRIGGERED BY
HYPERGLYCEMIA

In addition to hyperfiltration and metabolic and hemody-
namic factors, activation of the diacylglycerol-protein kinase
C (DAG-PKC) pathway is considered to be one of the main
mediators of hyperglycemia-induced tissue injury. Activation
of PKC subsequent to the increased de novo synthesis of DAG
leads to increased production of transcription factors, blood
flow abnormalities, increased vascular permeability, increased
production of ROS, ECM synthesis, gene expression, cell
growth, differentiation, and angiogenesis (338-341). Increased
activity of the polyol pathway as well as AGE-RAGE interac-
tion can also lead to PKC activation (342). Increased activity of
PKC, especially PKCP, has been demonstrated in association
with hyperglycemia both in vitro and in vivo. Hyperglycemia-
induced activation of PKC isoforms has been shown in glo-
merular mesangial and endothelial cells cultures (343,344).
PDGEF induces de novo synthesis of PKCf;; and activation of
a number of PKC isoforms in cultured mesangial cells (345).
In cultured mesangial cells, inhibitors of PKCp isoforms pre-
vented the glycated albumin-induced increased expression of
collagen IV (338).

PKC is activated in the glomerulus early in the course
of experimental diabetes in rats (346). Increased glomeru-
lar PKC activity has also been documented in db/db mice
compared with nondiabetic controls (347). In these settings,
PKC activation has been shown to mediate renal blood flow
abnormalities, perhaps by depressing nitric oxide production
and/or increasing endothelin production (348). Activation of
mesangial cells mediated by PKC may also contribute to the
morphologic manifestations of diabetic nephropathy through
increased synthesis of matrix substances such as fibronectin
and collagen type IV (349), increased expression of TGF-f1
(349), stimulation of ERK (350), increased NF-kB—dependent
cellular proliferation (349), and suppression of MAPK phos-
phatase-1 (351). Ishii et al. (348), using a specific inhibitor
of PKCP2 in diabetic rats, demonstrated reduction in the
GFR and decreased UAE. The beneficial effects of selective
PKCP inhibitors provide further evidence for the relevance of
PKC activation in the development of diabetic nephropathy.
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Pharmacologic blockage of the PKC has been associated with
amelioration of accelerated mesangial expansion and expres-
sion of genes such as TGF-p and ECM components in diabetic
rats and db/db mice (347,349).

OXIDATIVE STRESS—MEDIATED INJURY

Compelling evidence supports an important role for ROS
in the pathogenesis of diabetic nephropathy. Increased oxi-
dant production secondary to hyperglycemia is thought to be
mediated by multiple mechanisms, among which (a) super-
oxide production by glycolysis and mitochondrial oxida-
tive phosphorylation and (b) receptor-stimulated activation
of NADPH oxidase seem to be the most important (352).
Experimental evidence suggests that both of these mechanisms
have relevance in the pathogenesis of diabetic nephropathy
(353). Increased intracellular generation of ROS inactivates
NO and activates various redox-sensitive signaling pathways,
leading to up-regulation of a number of genes and proteins
involved in ECM deposition (353). Activation of some of
these genes, such as TGEF-B, stimulates ECM production,
while others, such as PAI-1, inhibit ECM degradation (354).
Brownlee (352) proposed that hyperglycemia-induced over-
production of superoxide by mitochondrial electron transfer
chains may play a central role in the development of diabetic
complications. Central to this hypothesis is the fact that ROS
can activate all major pathogenetic mechanisms (i.e., increased
production of intracellular AGEs, increased glucose fluxes
through the polyol and hexosamine pathways, and activation
of the PKC pathway) involved in the development of micro-
vascular diabetic complications. The effects of oxidative stress
are mediated, at least in part, by activating the nuclear enzyme
poly(ADP-ribose) polymerase-1 (PARP), which results in
inhibition of glyceraldehyde-3-phosphate dehydrogenase-1
(GAPDH) leading to acute endothelial dysfunction as shown
in experimental models of diabetes and also in humans with
type 2 diabetes (355-357).

Several studies, both experimental and clinical, tested the
efficacy of various antioxidants such as vitamins C and E, lipoic
acid, antioxidative enzymes, taurine, and others to prevent or
delay the onset of diabetic renal complications. The findings of
these studies lend some support for the relevance of oxidative
stress in the pathogenesis of diabetic nephropathy; however, the
findings are not conclusive. Supra-antioxidant doses of vita-
min E in STZ-induced diabetic rats normalized the elevated
GFR and filtration fraction and also improved UAE (358).
However, daily vitamin E treatment for an average of 4.5 years
in the Heart Outcomes Prevention Evaluation (HOPE) study
that included 3654 people with diabetes showed no effects
on the development of new-onset microalbuminuria or overt
diabetic nephropathy (359). Short-term combined treatment
with vitamin C and E in a double-blind randomized study in
patients with type 2 diabetes lowered UAE with no effects on
serum creatinine or blood pressure (360).

THE ROLE OF TRANSFORMING GROWTH FACTOR—f} AND
OTHER GROWTH FACTORS

Several growth factors have been implicated in the pathogen-
esis of diabetic nephropathy. We discuss transforming growth
factor—f (TGF-P), bone morphogenetic protein-7 (BMP-7),
CTGE VEGE and PDGF and the growth hormone (GH)-
insulin-like growth factor (IGF-I) axis.

Transforming Growth Factor—f1  Several lines of evidence
implicate a major role of TGF-P1, a prototype of the TGF-f
superfamily, in the pathogenesis of diabetic nephropathy
(318,361-363). TGF-B1 exists in a dormant form within the
ECM complexed with TGF-B1-binding proteins, and both
are cross-linked with matrix proteins by transglutaminase
(364,365). Upon generation of an active free form of TGE-
B1 followed by binding to a type II serine/threonine kinase
receptor, type I receptor is activated. Downstream signaling of
Smad, MAPK, and protein kinase A leads to altered expres-
sion of genes such as collagena1(l), PAI-1, Jun B, c-Jun, and
fibronectin (277,364). In addition to AGEs, TGF-1 signaling
is also triggered by ROS, DAG, PKC, and the hexosamines, all
of which are generated in excess under high glucose ambience.
Increased matrix production coupled with inhibition of MMPs
and the activation of tissue inhibitors of MMDPs (TIMDPs)
results in excess ECM deposition. In vitro data show that
hyperglycemia up-regulates TGF-p1 in mesangial and glomer-
ular endothelial cells. This can induce the expression of ECM
proteins, inhibit MMP synthesis, and stimulate metallopro-
teinase inhibitor production leading to extracellular (mesan-
gial) matrix accumulation. Several in vivo experimental studies
also support the hypothesis that TGF-P1 is responsible for
some of the changes observed in diabetic nephropathy. Sharma
and Ziyadeh (366) examined the expression of the TGF-f1
gene and protein in the BB diabetic rat and the NOB diabetic
mouse. These investigators found that both the protein and the
gene were increased in the kidneys of each model in association
with renal hypertrophy. These changes in TGF-f1 expression
are accompanied by increased production of laminin, tenas-
cin (367), and type IV collagen (316). Bertoluci et al. (368)
showed that these changes persisted for >24 weeks and were
correlated with the appearance of microalbuminuria and mor-
phologic alterations in the kidney. Sharma et al. (369) dem-
onstrated that neutralization of TGF-B1 by specific antibody
abrogated the renal hypertrophy and the expression of matrix
structural mRNAs. One of the strongest pieces of evidence
so far for the significant role of TGF-B1 in the development
of diabetic nephropathy has been presented by Ziyadeh et al.
(370). In this study, long-term treatment of db/db mice with
blocking antibody to TGF-B1 suppressed excess matrix gene
expression and thereby glomerular matrix expansion and pre-
vented the development of renal insufficiency in the absence of
significant modulation of albuminuria. BMP-7, a member of
the TGF-p superfamily, acts in opposition to the profibrogenic
effects of TGF-B1 (371). The protective role of BMP-7 in dia-
betic nephropathy has been demonstrated in transgenic mice
overexpressing podocyte BMP-7 with STZ-induced diabetes
featuring lesser degree of glomerulosclerosis and tubulointersti-
tial fibrosis (372). These mice showed reduced renal expression
of collagen and fibronectin, better preservation of podocytes,
reduced urinary protein, and decreased serum creatinine levels.
These findings suggest a potential imbalance in the activity of
various members of the TGF-f family in the development of
diabetic nephropathy. Imbalance between ECM synthesis and
degradation by MMPs and TIMPs can also contribute to the
accumulation of ECM proteins. This is corroborated by in vivo
experimental data showing decreased glomerular mRNA lev-
els of matrix metalloproteinase-2 (MMP-2) and MMP-3 and
increased levels of TIMP in rats with STZ-induced diabetes
(373). These findings indicate a complex interplay between



profibrotic cytokines and MMPs and TIMPs in the develop-
ment of diabetic nephropathy.

Connective Tissue Growth Factor CTGF is another fibro-
genic cytokine and is recognized as a downstream mediator of
TGEF-B1 in renal fibrosis. In vitro studies using dermal fibro-
blasts and mesangial cells revealed CTGF promoting ECM
production, cell adhesion, and collagen matrix contraction
(374,375). Another in vitro study showed that CTGF and
integrin-linked kinase (ILK) were involved in high glucose—
induced phenotypic alterations of podocytes and ILK acted as
a downstream kinase of CTGF (376). Significantly elevated
levels of CTGF found in the urine of normoalbuminuric juve-
niles with type 1 diabetes point to the potential role of CTGF
in early diabetic renal injury (377). In vitro and in vivo experi-
mental studies by Nguyen et al. (378) presented evidence for
a cross-talk between CTGF and BMP-7. The study showed
up-regulation of CTGF in diabetic kidneys with inhibition
of BMP-7 signal transduction, reduced MMP activity, GBM
thickening, and albuminuria, all of which are hallmarks of dia-
betic nephropathy. The same group of researchers also studied
immunohistochemical expression of BMP signaling activity
along with two extracellular BMP antagonists, CTGE and the
sclerostin domain-containing-1 (SOSTDCI1) in diabetic and
nondiabetic patients and also in control and diabetic CTGF
(+/+) and CTGF (+/-) mice (379). The main findings of this
study include diminished BMP signaling activity (i.e., pSmad
1/5/8 nuclear positivity) and up-regulation of CTGF and
down-regulation of SOSTDCI1 expression by podocytes in
the diabetic patients. CTGF was only expressed in the diabetic
wild-type mice but not in CTGF (+/-) mice. pSmadl/5/8
immunohistochemical staining was decreased only in diabetic
wild-type mice, but preserved in diabetic CTGF (+/-) mice.
The study concluded that overexpression of CTGE, rather than
of SOSTDCI, might be an important determinant of loss of
BMP signaling and of decreased podocyte number and differ-
entiation in human diabetic nephropathy. Gremlin (grem1) is
an antagonist of the BMP family that plays a key role in kid-
ney development (380). There is a growing body of evidence
indicating that grem1 might be a potential modifier of renal
disease in diabetic nephropathy. Its expression is significantly
increased in STZ-induced diabetes in rat kidneys (381) and
also in human kidneys with diabetic nephropathy where it
colocalizes with TGF-p (382). Mouse mesangial cells exposed
to high glucose revealed elevated expression of greml1, increase
in cell proliferation, accumulation of the ECM, and enhanced
activation of the ERK1/2 pathway (383).

Vascular Endothelial Growth Factor VEGF is a multifunc-
tional glycoprotein with a variety of effects on angiogenesis,
endothelial cell proliferation and differentiation, vascular per-
meability, endothelium-dependent vasodilation, and leukocyte
kinetics (318,384,385). VEGF production is regulated by sev-
eral growth factors and cytokines, including TGF-p, PDGE
and IGF (386). There are compelling in vitro data suggesting
a possible pathogenetic role of VEGF in diabetic nephropa-
thy (318,387,388). In rat mesangial cell cultures, high glucose
induces VEGF production (389). In cultured human mesan-
gial cells, VEGF has been shown to induce proliferation (390)
and increased collagen synthesis (391). In STZ-diabetic rats,
increased expression of VEGF has been demonstrated on the
podocytes, distal tubules, and collecting ducts after 3 weeks
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of diabetes (392). Increased expression of VEGF by podocytes
in early diabetes exerts its effects by an autocrine and para-
crine fashion on the podocytes as well as by endothelial cells
and also contributes to the recruitment of macrophages (385).
Experimental podocyte-specific overexpression of VEGF in
adult mice has been shown to replicate several aspects of dia-
betic kidney disease featuring glomerulomegaly, GBM thicken-
ing, mesangial expansion, loss of slit diaphragms, and podocyte
foot process effacement (393). Furthermore, in animal models,
inhibition of VEGF ameliorated various diabetes-associated
renal changes, such as increases in GFR, glomerular hypertro-
phy, expansion of the mesangial volume, and UAE (394,395).
However, in the human kidney with well-developed diabetes,
VEGEF expression seems to be lower or absent (396). A recent
in vitro study also showed decreased VEGF expression and
aberrant expression of ECM proteins by the endothelial cells
isolated from the kidney of diabetic mice after only a short
duration of diabetes (397). The study concluded that dimin-
ished VEGF expression might contribute to the microvascular
dysfunction of diabetes. Evidence also exists indicating that
angiopoietins are important in maintaining the integrity of
the glomerular filtration barrier and that they exert their physi-
ologic effects in a close interplay with VEGF (398). Ang-1,
constitutively expressed by the podocytes of a fully devel-
oped kidney, promotes endothelial cell survival, while Ang-2
is a competitive inhibitor of Ang-1 (398). Ang-1 exerts its
effects via autocrine/paracrine action with its receptor (Tie-2)
expressed primarily on endothelial cells and podocytes (399).
In both experimental models and humans, dysregulation of
Ang-1 and Ang-2 expression in diabetic kidneys has been asso-
ciated with a decreased Ang-1-to—Ang-2 ratio (400,401). The
functional consequences of this seem to be tightly linked to the
concomitant VEGF changes in the kidney.

Platelet-Derived Growth Factor The members of the
PDGF family exert their paracrine or autocrine effects by
activating two tyrosine kinase receptors, PDGF receptor—a,
and PDGF receptor—f (318). PDGF is a strong mitogen
with effects on chemotaxis, blood vessel tone, platelet aggre-
gation, and tissue homeostasis. In vitro evidence indicates
the relevance of the PDGF-PDGEF receptor axis in diabetic
nephropathy. High glucose increases of both PDGF-B chain
and PDGEF-p receptor mRNA expression in cultured human
mesangial cells (402) and PDGF-P receptor expression in
human capillary endothelial cells (403). In mesangial cell
cultures, production of collagen induced by AGEs has been
shown to be mediated via PDGF (404,405). Also, in mesan-
gial cell cultures, PDGF activates specific PKC isoforms (345)
and induces mesangial cell proliferation and migration (406).
Experimental animal studies have demonstrated increased
immunohistochemical expression of PDGEF-B chain and
PDGF-P receptor in glomerular podocytes and mesangial cells
in short-term STZ-diabetic rats (407). In long-term STZ-
diabetic rats, increased expression of glomerular and tubu-
lointerstitial PDGF-B chain has been detected (408,409). In
kidney biopsies of patients with type 2 diabetes and overt dia-
betic nephropathy, gene expression studies revealed a signifi-
cant up-regulation of PDGF-A and PDGEF-B chain mRNA
(410). Immunohistochemical analysis showed PDGF-A chain
expression in the glomerular and tubular epithelial cells, while
PDGF-B chain was predominantly extracellular, located to the
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areas of peritubular, interstitial, and periglomerular fibrosis
(410). The findings of this study were interpreted as suggestive
of a potential role for PDGF in the development of progressive
fibrosis of diabetic nephropathy. Using transgenic and knock-
out mice, deletion of PDGF- receptor signaling improved
diabetic nephropathy in conjunction with decrease in oxidative
stress (411). Pharmacologic blockade of PDGF by Trapidil, a
nonspecific PDGF inhibitor, has been shown to prevent glo-
merular hypertrophy in STZ-induced diabetic rats (407).

Growth Hormone-Insulin-Like Growth Factor Axis The
growth hormone/insulin-like growth factor (GH/IGF) axis
exerts its effects through a complex system with several pep-
tides, including GH, IGF-I, receptors, and binding proteins
(318,412,413). Insulin-like growth factor production is
induced by GH through specific GH receptors. Mesangial
cells express IGF-I receptors and also synthesize IGF-1 (318).
In vitro data indicate that IGF-1 is a potent mitogen for mesan-
gial cells and also stimulates the production of proteoglycan,
laminin, fibronectin, and type IV collagen in mesangial cells,
promoting ECM accumulation (318). As described earlier,
the early changes in diabetic nephropathy include glomerular
hyperfiltration and renal hypertrophy. IGF-I has been shown
to play a central role in this early growth (240-243). New et al.
(242) showed that hyperglycemia increased IGF-I, which was
associated with increased renal growth. This response was not
abrogated by ACE inhibitor. Furthermore, infusion of IGF-I
into normal rats causes renal enlargement (242). In addition,
transgenic mice chronically expressing GH or IGF-I exhibit
glomerular enlargement (414). Segev et al. (243), using a
mouse model of type 2 diabetes, demonstrated that both IGF-I
and IGF-binding proteins were increased in the renal cortex.
However, growth hormone seems to be also necessary for this
early growth (368,415). Flyvbjerg et al. (241) examined dwarf
rats with diabetes induced by STZ and found that these rats
had low circulating levels of growth hormone and correspond-
ing reduced circulating and tissue levels of IGE In addition,
these dwarf rats showed a slower progression of hypertrophy
and other changes of diabetic nephropathy. There is also in
vitro evidence indicating that glomerular endothelial NO pro-
duction is mediated by IGF-I and VEGF (244), raising the
possibility that glomerular hyperfiltration in the early stage of
diabetic nephropathy is, at least in part, mediated by IGF-I.
The IGF-I signaling pathway has been implicated in the
development and progression of diabetic nephropathy with
increased mesangial matrix deposition (416,417). In cell cul-
tures, mesangial cells isolated from diabetic NOB mice after
the onset of diabetes reveal increased expression of IGF-I and
decreased MMP-2 activity (418,419). It has also been shown
that excess IGF-I secretion by mesangial cells could contrib-
ute to ECM deposition through a decrease of MMP-2 activ-
ity (419). Autocrine activation of the IGF-I signaling pathway
by constitutively overexpressed IGF-I in the mesangial cells of
diabetic NOB mice may lead to decreased ECM degradation
(417). Pugliese et al. (420) studied the effects of high glucose
in the medium of human mesangial cells grown in vitro. These
investigators found that IGF activity was increased, including
the number of specific IGF receptors and binding to those
receptors. These changes were paralleled by increases in TGF-f
transcripts and matrix production with decreased cell prolif-
eration. The authors concluded that increased IGF activity

induced by high glucose concentrations could contribute to
the pathologic changes of diabetic nephropathy. Additional
studies by the same group (421) compared the effects of IGF
to TGF-B on cultured mesangial cells. Both growth factors
increased the production of fibronectin, laminin, and type
IV collagen, although TGF-p was more potent. When both
growth factors were added to the culture, the effect was addi-
tive, a finding indicating that IGF can stimulate matrix pro-
duction directly. However, TGF-p has been shown to be a key
mediator of increased matrix production in diabetes (422).

Growth hormone levels are increased in diabetic patients.
Press et al. (423) showed a relationship between elevation in the
level of growth hormone and severity of the metabolic derange-
ments in diabetes. Continuous infusion of octreotide, an ana-
log of somatostatin, reduced GFR and kidney size in a group of
patients with type 1 diabetes (424). To address the role of GH
in the development of diabetic nephropathy, Esposito et al.
(415) examined a model of STZ-treated C57B1/SJL mice that
develop glomerular lesions similar to human diabetic nephrop-
athy. Transgenic mice with a mutated form of growth hormone
that were made diabetic with STZ treatment were compared
with diabetic mice with normal growth hormone. The non-
transgenic diabetic mice had increased laminin and type IV
collagen, but this increase was not present in the mice with
mutated growth hormone. Both types of mice had increase in
gelatinase, tissue inhibitor of metalloproteinase, and TGF-f
mRNAs induced by hyperglycemia. However, these last three
substances were not sufficient to produce diabetic nephropathy
in the absence of growth hormone. In other words, an intact
growth hormone axis is required for the development of dia-
betic renal disease.

The Role of Inflammation and Tubulointerstitial Injury

More and more data support the notion that inflammation and
tubulointerstitial injury play an important role in the pathogen-
esis of diabetic nephropathy (425,426). This is in concordance
with the pathologic changes of advanced diabetic nephropathy
featuring not only glomerular and vascular changes but also
interstitial fibrosis, tubular atrophy, and interstitial inflamma-
tion. It is well known that IFTA correlate better with renal dys-
function than the glomerular changes both in diabetes and in
various forms of glomerular diseases (427). Furthermore, the
amount of tubular epithelial cells with phenotypical features of
epithelial-mesenchymal transdifferentiation is associated with
changes in serum creatinine (428). These observations underlie
the significance of the tubulointerstitial compartment in main-
taining the functional integrity of the kidney. During the carly
stages of diabetic nephropathy featuring glomerular hyperfil-
tration and glomerulomegaly, significant tubular hypertrophy
is also present, and it accounts for the vast majority of renomeg-
aly. Strong evidence links tubular hypertrophy to later devel-
opment of tubular atrophy and renal functional impairment.
Furthermore, interstitial inflammation, a common ﬁnding in
diabetic nephropathy, plays an active role in the progression of
tubulointerstitial injury. Some of the pathogenetic mechanisms
that contribute to the development of glomerular changes, such
as glucose flux to the polyol pathway, generation of AGEs and
ROS, and downstream triggering of RAS, PKC, and TGF-$
signaling, are also active in mediating tubulointerstitial injury
(429-431). Others, like the effects of proteinuria, hypoxemia,
and inflammation, seem to be more significant in promoting



tubulointerstitial injury especially during the later stages of
diabetic nephropathy (432-436). Proteinuria can mediate
tubulointerstitial injury by various mechanisms (277,437),
such as via high content of profibrogenic cytokines (433,438),
excessive protein reabsorption by the tubular epithelial cells,
induction of tubular epithelial-mesenchymal transdifferen-
tiation (439,440), and activation of the complement system
(432,441). Complement activation can trigger inflammatory
cell influx mediated by MCP-1, further augmenting tubu-
lointerstitial injury (442). The significance of inflammation in
diabetic nephropathy is also supported by renal biopsy studies
documenting macrophage accumulation as being predictive of
declining renal function (443,444).

Chronic hypoxemia due to vasoconstriction or struc-
tural abnormalities of the vasculature such as arteriosclerosis
or loss of the interstitial capillaries can lead to chronic isch-
emic injury within the tubulointerstitial compartment (434—
436). Hypoxic injury can also develop secondary to capillary
endothelial dysfunction mediated by oxidative stress in the
diabetic microenvironment (266,445). Impaired mitochon-
drial function due to hypoxemia might be a significant con-
tributor to apoptotic tubular epithelial cell loss observed in
human diabetic nephropathy (130). Hypoxia can also promote
epithelial-mesenchymal transdifferentiation and activation of
the interstitial fibroblasts (436,446) with ensuing increase in
ECM deposition. Hypoxia-inducible factor (HIF-1), a versa-
tile transcription factor, seems to play an important role in this
process by regulating the activity of TIMP-1 and CTGF and,
thus, promoting fibrosis (447,448).

Endothelial Dysfunction and Structural Abnormalities
There is evidence of widespread endothelial damage and
dysfunction in diabetes. The term endothelial dysfunction
encompasses a number of abnormalities including distur-
bances in the barrier function of the endothelium, impaired
antithrombotic properties, and perturbed synthetic functions
(449). Albuminuria in patients with diabetic nephropathy has
been viewed as a sign of global vascular-endothelial dysfunc-
tion (70). Elevated serum levels of TM, a marker of endothelial
injury, have been documented in experimental animals with
diabetes and also in diabetic patients (450-453). In patients
with incipient or overt diabetic nephropathy who present with
microalbuminuria or macroalbuminuria, significant increases
of von Willebrand factor serum levels have been observed com-
pared with diabetic patients without microalbuminuria (451).
Another study showed that in patients with type 2 diabetes
and macroalbuminuria, serum levels of soluble TM were sig-
nificantly increased compared with those from patients with
the normo-, micro-, or macroalbuminuric stage of diabetic
nephropathy without renal dysfunction (454). The increase
of soluble TM in sera paralleled levels of urinary albumin,
BUN, serum creatinine, and clinical duration of diabetes.
Furthermore, a decrease of TM staining in the glomerular cap-
illary walls was observed in both microalbuminuric and mac-
roalbuminuric stages. Recent experimental evidence indicates a
protective role of TM in the development of diabetic nephrop-
athy via down-regulating complement activation (455).
Endothelial dysfunction in diabetes may result from com-
plex pathogenetic mechanisms. Decreased bioavailability of
nitric oxide (NO) has been proposed to be the central player
in this process (456,457). Decreased availability of NO may
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result from scavenging of NO by glucose and by AGEs and
also from activation of PAI-1 (456). Several lines of experi-
mental evidence, both in vitro and in vivo, also support the
notion that glomerular endothelial cells, along with mesangial
cells, podocytes, tubular epithelial cells, interstitial cells, and
vascular endothelial cells, are directly affected by hyperglyce-
mic injury. Hyperglycemia-induced activation of PKC may
contribute to altered blood flow and capillary permeability via
decreased expression of endothelial NO synthase and NO and
up-regulation of endothelin 1 and VEGE as shown in stud-
ies of endothelial NO synthase knockout mice (341,458).
Hyperglycemia-induced endothelial cell injury may also lead
to the production of special forms of ROS, known as reactive
nitrogen species, leading to increased generation of O, (459).
Increased oxidative stress may further exacerbate endothelial
dysfunction and may lead, along with decreased NO produc-
tion, to hypoxemia in the tubulointerstitial compartment (460).

The fenestrated glomerular endothelium is one of the
three main structural components of the glomerular filtration
barrier. Podocyte loss is considered to be a significant contribu-
tor to the pathogenesis of diabetic nephropathy. The role of
podocyte-derived VEGF in maintaining the structural integ-
rity of the endothelium, including endothelial fenestration, has
been well documented (461,462). However, recent morpho-
logic studies demonstrating loss of glomerular endothelial fen-
estrations in both type 1 and type 2 diabetic patients (159,161)
support the notion of a more active role of the endothelial cells
in the development of diabetic nephropathy. The functional
significance of these structural changes is supported by cor-
relation of reduced GFR with loss of endothelial fenestration
in type 2 diabetic patients and by correlation of proteinuria
with loss of endothelial fenestration in type 1 diabetic patients
(159,161). Whether the changes in glomerular endothelial
morphology are related to altered podocyte-derived VEGF
bioavailability awaits further investigation.

Systemic Hypertension

The renoprotective effects of systemic blood pressure reduction
in diabetic patients are well documented (463,464). Treatment
with ACE inhibitors or angiotensin receptor blockers (ARBs)
confers independent benefits for rate of loss of renal function,
time to ESRD, stabilization of microalbuminuria, regression
of microalbuminuria to normoalbuminuria, and mortality for
any given blood pressure (465-467). Prospective cohort stud-
ies in normoalbuminuric patients with type 1 and type 2 dia-
betes of 4- to 10-year duration indicated that elevated blood
pressure, along with hyperfiltration, poor glycemic control,
retinopathy, and smoking, contributes to the development
of persistent microalbuminuria and overt diabetic nephropa-
thy (19,468-471). The presence of hypertension and also the
visit-to-visit variability of blood pressure are risk factors for
the development and progression of diabetic nephropathy in
patients with type 2 diabetes (472). Lowering blood pressure
in patients with type 2 diabetes provides renoprotection (473).
The impact of hypertension on the progression of diabetic
nephropathy was further discussed in the clinical presentation
part of this chapter.

Experimental (animal) studies also confirm the role of
hypertension in hastening the development of diabetic nephrop-
athy. One of the earliest studies was performed by Mauer et al.
(474) using the two-kidney one-clip model of hypertension in
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diabetic rats. Diabetic renal lesions in the unclipped kidney
developed more rapidly and were more severe than in diabetic
rats without hypertension. Hemodynamic changes induced
by the clip hypertension were postulated as the underlying
cause for the differences. Hashimoto et al. (475) showed that
diabetic rats lose the ability to autoregulate, so the glomeruli
have decreased protection from increases in pressure and flow
that accompany hypertension. Insulin therapy in this model
reduced the impairment of autoregulation.

Poor Metabolic Control

Several clinical studies have demonstrated that hyperglycemia
is an extremely important factor in the initiation and progres-
sion of diabetic nephropathy, as discussed in the clinical pre-
sentation part of this chapter.

Additional evidence for the potential role of poor meta-
bolic control of blood sugar in the pathogenesis of diabetic
nephropathy has come from in vitro studies in which mesan-
gial cells are grown in vitro in high-glucose environments
(476-479). In all cases, exposure of the mesangial cells to ele-
vated glucose in the media resulted in increased synthesis of
type IV collagen and other matrix components. Takeuchi et al.
(479) showed that this production of matrix components was
further enhanced by varying the glucose concentration, rather
than maintenance of sustained hyperglycemia. Cosio (477)
demonstrated that an increase in matrix synthesis was accom-
panied by inhibition of cellular proliferation. A high glucose
content in the media of cultured mesangial cells reduced the
activity of the collagenases and other enzymes responsible for
degrading matrix (480). This combination of increased syn-
thesis and decreased degradation leads to increased accumula-
tion of matrix substances. Ziyadeh et al. (481) suggested that
TGF-p was an important mediator of the effects of glucose on
mesangial cells.

A few studies in experimental animals investigated the
effects of insulin treatment on the renal lesions. One study
using continuous subcutaneous insulin infusion failed to
demonstrate a beneficial effect on glomerular lesions in rats
(482). However, Petersen et al. (483) compared the effects of
5 months of continuous subcutaneous insulin infusion in rats
that had been treated with injections only for the first 6 months
of their diabetes with diabetic rats treated with injection only
for all 11 months. The group with continuous infusion had
decreased UAE and mesangial fraction of glomerular volume
when compared with rats receiving injection only. No differ-
ences were noted in the thickness of the GBM. Similar results
were recorded in a mouse model of type 2 diabetes treated with
an oral hypoglycemic drug (484).

Summary of Pathogenesis

The pathogenesis of diabetic nephropathy is complex and
involves the interplay of many different factors. A genetic pre-
disposition to hypertension is definitely an important factor,
although the exact nature of the gene product or functional
alteration is not yet known. Moreover, other genetic factors may
also play some role. Hemodynamic alterations such as hyperfil-
tration occur in the kidneys of diabetic patients and thus may
cause structural injury. Changes in the intrarenal renin-angio-
tensin axis, alterations in the polyol pathway, changes in pros-
taglandin synthesis, or increased reactivity to nitric oxide may
be directly responsible for the hyperfiltration. The addition of

systemic hypertension to these hemodynamic alterations wors-
ens the glomerular damage, particularly in combination with
impairment of autoregulation, which is commonly present in
diabetes. The degree of merabolic control affects the develop-
ment of diabetic glomerulosclerosis. AGEs adversely affect glo-
merular permeability and the accumulation of macromolecules
within the glomerulus. Many of these effects are mediated by
transduction of cellular signals by PKC. Finally, the interplay
among various growth factors clearly contributes to the progres-
sion of these lesions.

Clinical Course, Progression, Therapy, and
Prognosis

The natural history of diabetic nephropathy in patients with
type 1 DM as characterized in the older literature showed
variable but steady decline in GFR ranging from 1 to 24 mL/
min/yr (mean 12 mI/min/yr) and a concomitant rise in albu-
minuria and in arterial blood pressure (4,485). Renal function
decline can occur prior to the development of microalbumin-
uria having been noted in as many as 9% of patients with type
1 DM with normoalbuminuria (92). The risk of renal func-
tion decline increases to 31% with the presence of microal-
buminuria (92). The Steno cohort study showed that 28.5%
of 277 patients with type 1 DM progressed from normoalbu-
minuria to microalbuminuria over a period of 18 years, while
9.7% progressed from microalbuminuria to proteinuria over
the same period (90). Reversion to normoalbuminuria reduced
the rate of microalbuminuria to 24% at the end of the study
(90). Review of additional such studies supported a rate of pro-
gression from microalbuminuria to proteinuria at 15% to 30%
over 5 to 10 years (486). Skupien et al. (487) followed the
rate of renal function decline in 161 patients with type 1 DM
for 5 to 19 years. These patients had normal renal function
and mild proteinuria (range of albumin creatinine ratio 434
to 1304 mg/g) at enrollment. They found that the slope of
eGFR was linear or nearly so in 134 patients. Thirty-six per-
cent of the total had a rate of decline in eGFR of less than
3.5 mL/min/1.73 m? resulting in a negligible risk for ESRD.
The remaining patients progressed to ESRD most often in a
linear fashion determined by the slope of loss of eGFR. This
constant rate of loss in individuals with variability of rates of
loss between individuals suggests an important genetic compo-
nent as explanation (487).

Although the great majority of patients with diabetic
nephropathy have type 2 DM, far fewer studies and data are
available on the natural progression of diabetic nephropathy
in patients with type 2 DM (486). In 1996, Nelson et al.
(215) published the first study on the natural course of kidney
function in patients with type 2 diabetes in Pima Indians fol-
lowed for 4 years. The GFR was elevated at the onset of type
2 DM, remained elevated while normal albumin excretion or
microalbuminuria persisted, and declined progressively after
the development of macroalbuminuria. The average decline
of GFR was 11 mL/min/yr. Higher renal plasma flow, albu-
minuria, and body mass index predicted a more rapid decline
in GFR, while blood pressure and HbAlc did not. Data from
the United Kingdom Prospective Diabetes Study showed pro-
gression to microalbuminuria at 2% per year and to macroal-
buminuria at 2.8% per year (18). At the outset of this study,
4031 patients did not have microalbuminuria and 5032 had
normal renal function. After 15 years of follow-up, 38% of



patients developed microalbuminuria, and 29% had decline
in renal function (488). Half of the latter did not have pro-
teinuria. Altemtam et al. (489) examined the decline in eGFR
over a period of 8 years in patients with type 2 DM. They
found that 34.8% of these patients had progressive decline
in eGFR. These progressors could be discriminated from the
nonprogressors by higher initial blood pressure, proteinuria,
serum uric acid, and lower eGFR (489). Renal artery calcifica-
tion has also been shown to predict ESRD in patients with
type 2 DM (490).

Among patients starting renal replacement therapy, diabe-
tes is the leading cause of ESRD (i.e., kidney failure requiring
dialysis or transplantation) in the Western world. In the United
States, diabetes accounted for 44.8% of treated new cases of
ESRD in 2010 (approximately 152 individuals per million
population) although the rate of incident cases has remained
stable over the past 10 years (5). Patients who have type 1 DM
and proteinuria develop ESRD more often than those who
have type 2 DM and proteinuria. The lifetime risk of pro-
gression to ESRD in type 1 DM has been shown to be 25%
(491). Two groups have demonstrated that 35.5% and 52%
of patients with type 1 DM and macroalbuminuria developed
ESRD followed for a median of 9.9 and 15 years, respectively
(492,493), compared to 3% to 11% in proteinuric type 2 dia-
betic patients (494). However, due to the higher prevalence
of type 2 DM, 80% or more patients with ESRD secondary
to diabetes have type 2 DM. The incidence of ESRD is also
higher in women reflecting the demographics of diabetes and
diabetic nephropathy in the general population.

Pugh et al. (495) compared the course to ESRD in
patients with type 1 DM and those with type 2 DM. These
investigators found that hyperglycemia was more prominent in
the patients with type 1 DM and renal disease, whereas hyper-
tension was more frequently seen in the patients with type 2
DM and renal disease. In agreement with other studies, they
found that the course to ESRD was shorter in patients with
type 2 DM. They also noted that patients with type 1 DM
more frequently suffered from other microvascular complica-
tions such as retinopathy or neuropathy, whereas patients with
type 2 DM more often had myocardial infarcts or congestive
heart failure.

Diabetic Nephropathy After Transplantation

Kidney transplantation is the best therapeutic option for
patients with type 2 diabetes with ESRD (496). In patients
with type 1 diabetes with ESRD, simultaneous pancreas and
kidney transplantation is the preferred modality. However,
diabetic nephropathy can recur in the transplanted kidneys
(104,497-499). The first such study showed that the earliest
change in kidneys from nondiabetic donors when transplanted
into patients with diabetes was the appearance of hyaline arte-
riolosclerosis (499). Ten of the twelve patients studied had such
lesions within 5 years of renal transplantation. These lesions
did not seem to affect graft function. One patient developed
nodular glomerulosclerosis. Only 3 of 28 nondiabetic patients
receiving renal allografts showed hyaline arteriolosclerosis, and
their lesions affected fewer arterioles than seen in the diabetic
patients. Other investigators (497,498) confirmed the early
appearance of hyaline arteriolosclerosis and also noted the pres-
ence of linear staining of the GBMs for IgG and albumin. Each
of these investigators reported only single cases of recurrence
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of nodular glomerulosclerosis in studies of 17 and 18 patients,
respectively. Bohman et al. (497) also noted increased mesan-
gial matrix and thickened GBM in about half of their patients.
No correlation was seen between the morphologic changes
and degree of metabolic control, blood pressure, or clinical
duration of diabetes at time of renal transplantation. These
investigators believed that recurrence of diabetic nephropathy
in a transplanted kidney occurs more quickly than the 10 to
15 years usually required for the development of diabetic glo-
merulosclerosis in native kidneys. Mauer et al. (104) examined
biopsies of allografts in 18 patients with type 1 diabetes after
6 to 14 years and found that five of the patients had no major
morphologic changes, six had mild mesangial expansion,
and seven had moderate to marked mesangial widening. The
authors found a correlation between the degrees of mesangial
expansion and mean plasma glucose. However, because of the
variable rate of recurrence of diabetic nephropathy in the trans-
planted kidneys and the lack of correlation with several poten-
tial risk factors, the authors hypothesized that factors intrinsic
to the kidney (intrinsic risk factors) may contribute to the
development of diabetic nephropathy. In a prospective study,
Barbosa et al. (500) examined the effect of glycemic control
on the development of diabetic nephropathy in the allograft.
Patients were given either standard or maximal insulin therapy
and underwent biopsy 5 years after surgery. No difference was
noted in the blood pressure of the two groups, and only a slight
increase was seen in glycosylated hemoglobin in the group
receiving standard therapy. Morphometry revealed a signifi-
cant increase in the mesangium and the volume fraction of the
mesangial matrix with a trend for increase in GBM thickness
and in hyaline arteriolosclerosis. The authors concluded that a
causal relationship exists between glycemic control and mesan-
gial expansion in this setting. In 1996, Hariharan et al. (501)
reported a relatively high rate of graft failure due to recur-
rent diabetic nephropathy in patients with type 1 diabetes.
Recurrent diabetic nephropathy was diagnosed histologically
in 14 renal transplant recipients, on average, approximately
8 years after transplantation. The patients presented with pro-
teinuria (mean, 5.3 g/24 hours) and renal dysfunction; hyper-
tension was also common. The most consistent morphologic
finding was diffuse GBM thickening with mild mesangial
matrix accumulation. Nodular diabetic glomerulosclerosis was
only present in 2 out of 14 cases. During the follow-up period,
9 out of 14 grafts were lost with recurrent diabetic nephropa-
thy (7 = 7) being the most common cause of graft loss. The 1-,
2-, and 3-year graft survival rates after the diagnosis of recur-
rent diabetic nephropathy were 83%, 55%, and 22%. Kim and
Cheigh (502) studied patient and graft survival, graft function,
and cause of graft failure in 78 type 1 diabetic kidney transplant
recipients compared with 78 nondiabetic patients. Cumulative
patient and graft survival rates for diabetic patients were lower
than that of nondiabetic patients, but the differences did not
reach statistical significance for graft survival. Among the 16
patients who had transplant renal biopsies 2 to 7 years post-
transplant, six showed morphologic changes consistent with
diabetic nephropathy, but only one graft was lost due to recur-
rent diabetic nephropathy.

Diabetic nephropathy can also be seen in patients who
develop diabetes posttransplant (i.e., new-onset diabetes after
transplantation [NODAT]) whose primary disease was not dia-
betes; diabetic nephropathy in this setting is usually designated
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as de novo diabetic nephropathy (503-505). A study by Bhalla
et al. (503) showed that the incidence of de novo diabetic
nephropathy in patients who develop diabetes posttransplant
is similar to the incidence of recurrent diabetic nephropathy
in patients whose original renal disease was diabetes. Also, this
study documented that mean clinical duration of diabetes at
the time of histologic diagnosis of diabetic nephropathy was
similar in the de novo and recurrent diabetic nephropathy
groups. Diabetic nephropathy, as defined by characteristic mor-
phologic changes of mesangial matrix accumulation, diffuse
thickening of the GBMs, arteriolar hyalinization, and pseu-
dolinear immunofluorescence along the glomerular, tubular,
and Bowman capsular BMs with IgG and albumin, developed
more rapidly in both the de novo and recurrent groups (6.68
+ 3.86 and 5.90 + 3.13 years, respectively) than that described
in an earlier study by Hariharan et al. (501) in patients with
recurrent diabetic nephropathy. Interestingly, neither the usual
clinical risk factors of diabetic nephropathy, such as poor glyce-
mic control, elevated blood pressure, and hyperlipidemia, nor
the clinical variables related to transplantation clearly distin-
guished the group with diabetic nephropathy from the group
without it. There are also data indicating that NODAT is asso-
ciated with impaired long-term patient and renal allograft sur-
vival and function (496,506,507).

Data also document regression of diabetic nephropathy
when kidneys from diabetic donors are transplanted into non-
diabetic patients (508,509). Four donors for a total of eight
kidneys were involved in these studies. Three of the four
donors had diabetic glomerulosclerosis. One of the kidneys
failed in 3 days because of rejection. The remaining allografts
showed a reduction in diabetic lesions shown by biopsy 6
months to 2 years after renal transplantation. Additional
evidence confirming the importance of the diabetic environ-
ment for the maintenance of diabetic lesions in the kidney
comes from the study of Bilous et al. (510). These investi-
gators examined the effects of pancreatic transplantation on
renal morphologic features in 12 diabetic patients who had
undergone renal transplantation 1 to 7 years previously and
compared the results with renal allograft biopsies from dia-
betic patients without pancreatic transplants. The patients
with pancreatic transplants had smaller glomeruli with less
mesangial expansion; however, there were no differences in the
thickness of the GBM between the two groups. Wilczek et al.
(511) compared kidney biopsies from allografts 1 to 6.5 years
after transplantation in patients with and without pancreatic
transplantation. The patients who received only kidney trans-
plants showed increased basement membrane thickening and
relative volume of mesangial tissue. Many of the patients with
combined pancreas and kidney transplants had no morpho-
logic alterations in their renal allograft biopsies. Fioretto et al.
(512) studied the effects of pancreatic transplantation on dia-
betic renal lesions compared with a group of diabetic patients
who did not receive a transplant. Baseline values and biopsies
at 5 years were reviewed in the two groups. Mesangial volume
remained stable in the patients with pancreas allografts, but it
increased in the patients without such transplants. However,
no reduction was noted in the changes that were present at
baseline. Fioretto and Mauer (513) studied renal structure
before and 5 and 10 years after pancreas transplantation in
eight type 1 diabetic patients. These patients had established
diabetic nephropathy at the time of pancreas transplantation.

Although diabetic glomerulopathy was unchanged at 5 years
post—pancreas transplantation, there was a complete nor-
malization of glomerular structure in most patients 10 years
posttransplantation.

ISLET TRANSPLANTATION

Numerous authors have shown a beneficial effect of islet
transplantation on the glomerular lesions in diabetic rats and
mice. Changes have chiefly included reduction in glomerular
size (514) or in mesangial expansion (515,516). No decrease
occurs in thickness of the GBM (514). Nicholls and Mandel
(336) found that islet transplantation prevented the further
accumulation of AGE but confirmed no decrease in thickness

of the GBM.

Progression Factors and Renoprotection

Because only 30% to 40% of diabetics develop diabetic
nephropathy and the occurrence of such lesions decreases life
expectancy, it is important to determine predictors of nephrop-
athy as well as means to delay or prevent the progression of
this disease. Several factors including onset of type 1 diabetes
later in life, parental type 1 diabetes, edema, and an abnormal
electrocardiogram independently predict progression of renal
disease in diabetes (72). However, the most important factors
include hypertension and the degree of metabolic control.

BLOOD PRESSURE CONTROL

The high prevalence of hypertension in patients with type 1
diabetes (40%) and type 2 diabetes (70%), even before the
onset of microalbuminuria, is well established (517). The
impact of hypertension on the progression of diabetic nephrop-
athy also was well documented. Ravid et al. (518) followed 195
patients with type 2 diabetes with normal blood pressure at
the outset of the study for 14 years and examined the rela-
tionship between their blood pressure and the progression of
renal disease. These investigators found that the patients who
became hypertensive showed an increased propensity for devel-
oping proteinuria (60.0% compared with 20.8% in the nor-
motensive group) despite similar degree of metabolic control.
Furthermore, among the patients who developed proteinuria,
the hypertensive patients showed a greater decline in the GFR.
Parving et al. (519) examined the effects of long-term anti-
hypertensive therapy on progression of diabetic renal disease
compared with the natural history of the disease. These inves-
tigators studied 45 patients with type 1 diabetes and nephropa-
thy for a median follow-up of 16 years. The cumulative death
rate was 45% 16 years after the onset of diabetic nephropathy
compared with 94% recorded by Krolewski et al. (16). The
latter study was an examination of the natural history of the
disease without antihypertensive therapy.

There is a strong association between blood pressure,
increase in albuminuria, and the rate of decline in GFR in
both type 1 and type 2 diabetic patients (72,73,136,520-525).
Early studies showed that long-term antihypertensive treat-
ment in type 1 diabetic patients with nephropathy reduces
albuminuria and the rate of decline of GFR (68). This find-
ing has been confirmed by several follow-up studies. The
time-dependent renoprotective effects of long-term aggressive
antihypertensive treatment in patients with type 1 diabetes are
demonstrated in Figure 21.27. Treatment of hypertension also
significantly reduces the risk of development of microalbumin-
uria. In patients with type 2 diabetes, a reduction of systolic
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blood pressure from 154 to 144 mm Hg reduced the risk of
the development of microalbuminuria by 29% (526). Effective
control of hypertension has also been shown to slow the rate
of progression to renal failure even in patients with overt
nephropathy (485,527,528). Sawicki et al. (528) compared
patients with long-term diabetes who received either routine
antihypertensive therapy or intensive treatment for hyperten-
sion. The patients were followed for a mean of 68 months.
Four percent of the patients in the intensive treatment group
died compared with 28% in the routine treatment group. Renal
replacement therapy was required in only 9% of the patients in
the intensive therapy group compared with 23% in the routine
treatment group, and progression of renal disease occurred in
27% of the intensively treated group compared with 59% of
the other group.

Antihypertensive treatment not only slows down the rate
of decline of GFR but, in some patients, may lead to regres-
sion of the disease (i.e., 8 GFR [<1 mL/min/yr] [equal to
the natural aging process]). In a study of 10 type 1 diabetic
patients with nephropathy, Parving et al. (527) showed slow-
ing of the rate of decline of the GFR from 0.91 mL/min/mo
in a period of 29 months before aggressive antihypertensive
treatment to a rate of 0.39 mL/min/mo during an interval of

39 months of aggressive antihypertensive therapy. This change
was also accompanied by a decline in UAE. No difference was
seen in degree of metabolic control during the two periods of
investigation.

Higher blood pressures, even in the range considered nor-
mal, are predictive of diabetic nephropathy risk. Patients with
advanced diabetic nephropathy and type 1 diabetes had higher
mean arterial blood pressure during adolescence (529). The
risk of developing nephropathy is also enhanced in diabetic
patients with a family history of hypertension (246). Krolewski
et al. (11) studied 89 patients approximately 20 years after
the onset of type 1 diabetes. Thirty-three of these patients
had nephropathy at follow-up. The risk of nephropathy was
tripled for those patients having a parent with hypertension.
Furthermore, the patients with nephropathy had higher maxi-
mal velocity of lithium-sodium countertransport in red cells, a
marker of risk for essential hypertension. The risk of develop-
ing nephropathy was increased still more in those patients with
a history of poor metabolic control in their first 10 years of the
disease. The authors of this study concluded that the risk of
renal disease in diabetics is increased in patients with a genetic
predisposition to hypertension, with a further increment in the
risk resulting from poor metabolic control.
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In addition to its beneficial effects on the rate of progression
of diabetic nephropathy, aggressive blood pressure—lowering
therapy also significantly extends the median survival of dia-
betic patients with persistent proteinuria. Early studies showed
an average survival of patients with persistent proteinuria due to
diabetic nephropathy of 5 to 7 years (530-532); the renal prog-
nosis is similar in patients with proteinuria who have type 1
or type 2 diabetes (533,534). A significantly improved median
survival time of 14 years or greater has been documented in
patients treated with aggressive antihypertensive therapy
(519,535). Data from the Framingham and the Multiple Risk
Factor Intervention Trial Diabetic Cohort showed that cardio-
vascular mortality was increased by a factor of 2 to 4 in diabetic
patients and there was a clear association between systolic blood
pressure and complications without any threshold value (536).

GLYCEMIC CONTROL

Studies beginning in 1982 indicated that microalbuminuria in
diabetic patients is a good predictor of the later development of
diabetic nephropathy and decline in renal function (81,82,537)
(Fig. 21.28). Several groups showed that the extent of UAE cor-
relates with the degree of glycemic control both in type 1 dia-
betes (81,538,539) and in type 2 diabetes (81,537,538,540).
This finding led investigators to examine the effect of strict
metabolic control during the stage of incipient nephropathy on
the later development of overt glomerulosclerosis. The impor-
tance of degree of metabolic control in the progression of dia-
betic renal disease is illustrated in the study of Krolewski et al.
from the Joslin Clinic (491). These investigators found that the
degree of glycemic control in the first 20 years of type 1 diabe-
tes was a strong predictor of ESRD. The prevalence of ESRD
was 36.3% in patients with the worst control compared with
14.4% with better control and only 9.2% in those with the best
control. Stephenson et al. (541) found similar results in Europe
in a study of 3250 patients with type 1 diabetes.

Bangstad et al. (542) performed a prospective study of
patients with type 1 diabetes and microalbuminuria in two
groups randomized to conventional treatment or to continuous
subcutaneous insulin infusion. Renal biopsies were taken at the

beginning of the study and again between 26 and 34 months
later. The investigators found that strict metabolic control
was established in the infusion-treated group as determined
by mean glycosylated hemoglobin levels. The GBM thickness
increased in each group, but the increment of GBM change
was larger in the conventional therapy group. Volume fraction
of the mesangial matrix was increased only in the conventional
therapy group. The investigators concluded that a close rela-
tionship was present between the level of blood glucose and the
characteristic changes of early diabetic nephropathy.

Meta-analysis of several randomized studies (543) com-
paring the effects of long-term intensive versus conventional
blood glucose control on the risk of nephropathy progression in
normo- (80%) and microalbuminuric type 1 diabetic patients
showed beneficial effects on the progression from normo- to
microalbuminuria by intensive treatment. Intensified glycemic
control in the Diabetes Control and Complication study did
not decrease the rate of progression to macroalbuminuria in
patients with type 1 diabetes who were microalbuminuric at
the beginning of the study (544,545). Strict glycemic control
in patients who were normoalbuminuric at the beginning of
the study did, however, reduce the occurrence of microalbu-
minuria by 39% and that of albuminuria by 54% at the end
of the 6.5-year study (544). Also, improved glycemic con-
trol reduced the renal functional deterioration in proteinuric
patients with type 1 diabetes in another study (546).

Only few studies analyzed the effects of glycemic control
on the rate of progression of nephropathy in patients with
type 2 diabetes. The progression rate of microalbuminuria to
macroalbuminuria was reduced with intensive glycemic con-
trol in a Japanese study (547). Progressive beneficial effects of
intensive metabolic control have also been found by the UK
Prospective Diabetes Study on the development of microalbu-
minuria and overt proteinuria (548). However, several stud-
ies failed to demonstrate a significant correlation between
glycemic control and progression of GFR in albuminuric
patients with type 2 diabetes (215,517,549,550). However,
three trials assessing the effects of intensive glycemic control
showed delayed onset or progression of diabetic nephropathy
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in patients with type 2 diabetes (551). A systematic review of
studies published between 2003 and 2010 of patients with
either type 1 or type 2 diabetes with or without CKD revealed
no improvement in clinical outcomes (i.e., all-cause mortality,
death from cardiovascular causes, incident kidney failure, and
nonfatal cardiovascular events) with intensive glycemic control
and lipid interventions (222).

It is now generally accepted that the degree of glycemic
control is an important factor in the development and evolu-
tion of diabetic nephropathy. The impact of hyperglycemia on
progression of diabetic nephropathy has been well documented
especially during the early stages of the disease, before albu-
minuria had developed. The impact of hyperglycemia during
the later stages of the disease, once albuminuria has developed,
is debated. Furthermore, intense glycemic control has been
associated with an increased risk for cardiovascular death in

type 2 diabetics (552).

BLOCKADE OF THE RENIN-ANGIOTENSIN SYSTEM

Blockade of the RAS with ACE inhibitors or ARBs confers
additional benefit on preserving renal function. The first large
study of these agents was reported by Lewis et al. (553), who
examined the effect of captopril in a randomized controlled
study of 409 patients with type 1 diabetes with a median fol-
low-up of 3 years. These investigators found that doubling of
the serum creatinine occurred in 43 of the patients taking the
placebo but in only 25 patients who received captopril. The
risk of death, or the need for either dialysis or renal transplanta-
tion, was reduced by half in the captopril-treated group. These
investigators concluded that captopril slowed the progression
of diabetic nephropathy more effectively than simple control
of blood pressure. Ravid et al. (554) examined 94 patients
with type 2 diabetes, serum creatinine less than 1.4 mg/dL,
and microalbuminuria between 30 and 300 mg/24 hours. The
patients were assigned to treatment with enalapril for 5 years
or placebo. Each subject then had a choice of receiving enala-
pril or receiving no therapy for the next 2 years. The patients
who received enalapril therapy for 7 years had stable microal-
buminuria during that period. The untreated group showed an
increase in microalbuminuria from 123 to 310 mg/24 hours
in 5 years, with an additional increase to 393 mg/24 hours in
the last 2 years of the study. The treated patients showed no
change in the reciprocal of the serum creatinine. Those who
did not receive any therapy showed a decline of 13% in 5 years
and 16% at 7 years. Treatment resulted in an absolute risk
reduction of 42%. Discontinuation of therapy renewed pro-
gression of the renal disease. Six of the 33 patients (18%) who
received treatment throughout the 7-year period progressed to
macroalbuminuria, compared with 12 of 20 patients (60%)
who were not treated with enalapril. Mean blood pressure was
maintained at <108 mm Hg in all patients.

The findings of three randomized, placebo-controlled
studies in type 1 and type 2 normotensive and normoalbu-
minuric diabetic patients have suggested beneficial effects of
ACE inhibitor therapy on the development of microalbu-
minuria (555-557). A meta-analysis of 12 trials evaluating
698 nonhypertensive microalbuminuric patients with type
1 diabetes treated with ACE inhibitors also showed decrease
of the risk of progression to proteinuria by 60% and increase
of the chances to revert to normoalbuminuria (558). It has
also been documented that in type 2 diabetic patients with
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hypertension and normoalbuminuria, the renoprotective
effects of blood pressure reduction were similar in those treated
with ACE inhibitors versus calcium antagonists (556,559) or
pB-blockers (560). Type 2 diabetic patients with microalbu-
minuria also benefit from treatment with ACE inhibitors. In a
double-blind randomized study, type 2 diabetic patients with
microalbuminuria and normal blood pressure were receiv-
ing enalapril or placebo for 5 years (561). The renal function
remained stable, and only 12% of patients in the study group
developed diabetic nephropathy. In contrast, the renal func-
tion in the placebo-treated group declined by 13% and 42% of
patients in this group developed nephropathy. The short-term
renoprotective effects of ACE inhibitors were similar to those
of ARBs in reducing the albuminuria in patients with type 2
diabetes (562,563). In the MICRO-HOPE study (557), the
ACE inhibitor ramipril decreased the risk of overt nephropa-
thy by 24% and the risk of cardiovascular death in patients
with type 2 diabetes who were greater than 55 years of age
with one additional cardiovascular risk factor by 37%. It has
also been documented that dual blockade with ACE inhibitors
and ARBs is more beneficial than therapy with ACE inhibi-
tors or ARBs alone (563). The ADVANCE (Action in Diabetes
and Vascular Disease: Preterax and Diamicron MR Controlled
Evaluation) study showed that lowering the blood pressure
below 125/75 mm Hg in patients with type 2 diabetes and
nephropathy provides important renoprotection (564). This
study documented a 21% reduction in the risk for renal events
during a mean follow-up of 4.3 years (< 0.0001).

The effects of these agents are complex but include altera-
tions in glomerular hemodynamics resulting in decrease of
hyperfiltration, inhibition of glomerular and tubular hypertro-
phy, and lowering of systemic blood pressure (565-567).

Prognosis of Diabetic Nephropathy

The development of proteinuria and renal disease in patients
with either type 1 or type 2 DM decreases life expectancy
(6,81). Deckert et al. (6) studied the outcome of a group of
289 patients (predominantly those with type 1 diabetes) after
>40 years of diabetes. Forty percent were alive at the time
of follow-up with a mortality rate two to six times that of a
control nondiabetic group. The cause of death was uremia in
31% and myocardial infarction in 25%, with excess mortal-
ity three to four times higher in the patients with proteinuria
(6). Declining mortality rate and incidence of renal failure
in DM type 1 have been demonstrated by the Pittsburgh
Epidemiology of Childhood Onset Diabetes Complication
Study (568). This study followed patients from onset of dis-
ease up to 30 years in cohorts of 5 years beginning in 1950
and ending in 1980. All-cause cumulative mortality at 20 years
decreased from 22% in the 1950-1959 cohort to 3.5% in the
1975-1980 cohort. At 30 years, a decline from 39% in the
1950’s group to 23% in the 19651969 cohort was observed.
Likewise, renal failure declined at 20 years from 16% for those
in the 1950s to 4% for those diagnosed after 1964. At 30 years,
renal failure decreased from 31% in the 1950’s group to 18%
in the 1965-1969 cohort (568). No significant difference was
seen in the incidence of overt nephropathy. Finne et al. (8)
showed an even lower incidence of ESRD at 30 years of 7.8%
for a cohort from 1965 to 1969. Mortality is also higher in type
2 diabetes patients with proteinuria. In this group, 45% died of
cardiovascular disease and 5% died as a result of uremia (81).
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It has been shown that type 1 diabetics in the highest
quartile of hemoglobin Alc have a higher mortality rate and
greater incidence of ESRD at 20 years from diagnosis (569)
suggesting that better glycemic control might lead to greater
longevity and better quality of life. Epidemiologic studies have
shown an association between poor glycemic control and inci-
dence of microvascular complications in type 2 DM (570).
Similarly intense glycemic control reduces microalbuminuria in
type 2 DM (571,572). However, the ACCORD study resulted
in an increased risk for cardiovascular death with intense gly-
cemic control in type 2 DM (552). A recent meta-analysis
(221) failed to demonstrate a reduction in doubling of serum
creatinine, ESRD, or death from renal disease during intense
glycemic control. However, Perkovic et al. (573) reported that
intensive glycemic control as used in the ADVANCE trial
reduced the risk of ESRD and resulted in improvement in albu-
minuria. Clearly more investigation is required to discern the
best treatment to improve prognosis in diabetic nephropathy.

Clinicopathologic Correlation

As discussed in detail in the section on Pathologic Findings
the morphologic changes in diabetic nephropathy affect all
four renal compartments, that is, glomeruli, tubules, inter-
stitium, and vessels. The changes in each of these four com-
partments encompass a spectrum of morphologic alterations
showing good overall correlation with the biologic duration
of the disease. Detailed morphometric studies especially in
patients with type 1 diabetes have documented that some
of the structural-morphologic changes, including both glo-
merular and tubulointerstitial changes, show close correlation
with the clinical-laboratory parameters of renal dysfunction.
Studies addressing the structural-functional correlation in
patients with type 2 diabetes have demonstrated, in general,
less precise correlation between morphologic findings and
renal functional parameters than those seen in patients with
type 1 diabetes probably secondary to the heterogeneity seen
in type 2 diabetes.

The characteristic glomerular changes in diabetes include
glomerular enlargement, diffuse thickening of the glomerular
capillary basement membranes, mesangial expansion primarily
due to matrix accumulation, and progressive glomerulosclero-
sis with development of globally sclerotic glomeruli. One of
the earliest morphologic changes detected in diabetic nephrop-
athy is the diffuse thickening of the glomerular capillary base-
ment membranes (574). Precise quantitative measurements
demonstrated that in patients with type 1 diabetes, thicken-
ing of the proximal tubular basement membranes is strongly
related to the thickening of the glomerular capillary basement
membranes (575). Although mesangial matrix accumulation
with mesangial expansion represents one of the most funda-
mental morphologic changes of diabetic glomerulosclerosis,
the increase in the mesangial fractional volume (i.e., the vol-
ume fraction of the glomerulus occupied by mesangium) can
only be documented 4 to 5 years after the onset of diabetes in
patients with type 1 diabetes (574). Increases in the mesangial
fractional volume correlate precisely with the decrease in the
peripheral glomerular capillary basement membrane filtration
surface density (148). A close relation between the mesangial
fractional volume and UAE rate in patients with type 1 dia-
betes has been documented in studies utilizing elegant mor-
phometric analyses (148,576) (Fig. 21.29). In patients with
type 1 diabetes, thickness (width) of the glomerular capillary
basement membranes directly correlates with the blood pres-
sure and the UAE rate; however, the correlation is weaker
than that seen with mesangial fractional volume (148,576).
The width of the glomerular capillary basement membranes
is inversely correlated with the GFR (576), while total periph-
eral capillary filtration surface is highly correlated with GFR in
patients with type 1 diabetes (151,577). In general, thickening
of the glomerular capillary basement membranes and degree
of mesangial expansion increase in patients with type 1 diabe-
tes from normoalbuminuria to microalbuminuria to protein-
uria; however, considerable overlap exists among these groups
(576). Glomerular capillary basement membrane thickening
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and mesangial expansion can progress at varying rates within
and between patients with type 1 diabetes (148,576,578). In
some patients, marked glomerular capillary basement mem-
brane thickening can be seen without significant increases in
the mesangial fractional volume, while others may show the
opposite pattern (148,578). In fact, some normoalbuminuric
patients with type 1 diabetes can have advanced glomerular
lesions and other clinical findings of advancing renal disease
such as low GFR and hypertension (576). This is an indication
that albuminuria, albeit a strong predictor of progression, is
still an imprecise indicator of diabetic nephropathy risk.

Abnormalities of the endothelial cells and visceral epithe-
lial cells (podocytes) have been described in both type 1 and
type 2 diabetic patients. Decreased endothelial cell fenestration
has been identified in both type 1 and 2 diabetics and corre-
lates to the presence of albuminuria and other diabetic changes
(159,161). A significantly decreased number of podocytes have
been detected in both type 1 and type 2 diabetes (103,116~
118,579-582). A significant inverse correlation between the
number and density of podocytes per glomerulus and pro-
teinuria has been reported in patients with type 2 diabetes
(118). In the Pima Indians with type 2 diabetes, the num-
ber of podocytes per glomerulus was the strongest predictor
of progressive renal disease, with fewer cells predicting more
rapid progression (583).The degree of podocyte detachment
from GBM correlated directly with the amount of albuminuria
in both type 1 and 2 diabetics (159,161). Podocyte detach-
ment has also been described in other proteinuric diseases
particularly in areas of segmental sclerosis (584). Adhesions
of the glomerular tuft to the Bowman capsule may form fol-
lowing podocyte injury with detachment (106). Such lesions
particularly at the glomerulotubular junction have been shown
to correlate to the degree of proteinuria in type 1 diabetes and
are found almost exclusively in such patients with overt pro-
teinuria (124). Decreased glomerular expression of podocyte-
associated nephrin, a protein known to have a significant role
in maintaining normal permselectivity of the glomerular filtra-
tion barrier, has been described in patients with type 1 and
type 2 diabetes (585-587). Decrease in nephrin expression
correlated with the broadening of the foot process width. One
study indicated that reduction in nephrin expression was due
to down-regulation of expression rather than decreased num-
ber of podocytes in the glomeruli (585).

Tubulointerstitial changes in diabetic nephropathy include
interstitial expansion due to increase in cellular content and/
or fibrosis and tubular atrophy. Mild interstitial expansion in
patients with long-standing type 1 diabetes is largely due to
an increase in interstitial cell component that antedates inter-
stitial fibrosis (135). Increased fractional volume of interstitial
fibrillary collagen appears at later stages of the disease, when
the GFR is already reduced (135). This is different from the
glomerular lesions where mesangial matrix accumulation is the
primary cause of mesangial widening even at the early stages
of the disease. The extent and/or severity of interstitial fibrosis
and global glomerulosclerosis have also been shown to corre-
late with the clinical manifestations of diabetic nephropathy in
patients with type 1 diabetes (137,196). The extent of intersti-
tial fibrosis has long been advocated as an independent predic-
tor of chronic renal dysfunction as characterized by elevated
serum creatinine not only in patients with diabetes including
those with type 2 diabetes but also in a number of nondiabetic
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glomerular, tubulointerstitial, and vascular diseases (133,588).
In a prospective study, Bangstad et al. (589) compared various
morphometric parameters to markers of endothelial activation
and inflammation at three different timepoints in patients with
type 1 diabetes. They found that PAI-1 activity at baseline (10
years from onset of diabetes) was an independent predictor of
interstitial fractional volume 8 years later (589).

In a recent review, Najafian and Mauer (106) state that
morphometric techniques are useful predictors of renal func-
tional decline in type 1 diabetes only in later stages and not
early in the course of disease. They attribute this to the hetero-
geneity of the disease within individuals. As a corollary, struc-
tural-functional correlations in patients with type 2 diabetes
are less conclusive than those in patients with type 1diabetes
due to the greater morphologic heterogeneity of the renal
lesions in these patients.

Differential Diagnosis

Many features of diabetic nephropathy may occur in other
glomerular diseases. For example, the presence of the hyali-
nosis lesion is not at all specific for the identification of dia-
betic nephropathy. This lesion may be seen in focal segmental
glomerular sclerosis, in chronic pyelonephritis, and in other
forms of glomerulonephritis as well. The diffuse lesion, par-
ticularly in its early stage of evolution, may also be confused
with mesangioproliferative glomerular diseases. However, the
lack or slight degree of hypercellularity in diabetic nephropathy
may aid in its distinction from these forms. The addition of
immunofluorescence and electron microscopic findings to the
presence of the diffuse lesion may secure the diagnosis. Thus,
the observation of linear staining of capillary walls for IgG
and albumin by immunofluorescence, complemented by the
occurrence of thickening of GBM and the absence of immune
deposits by electron microscopy, eliminates the possibility of
immune complex—mediated glomerulonephritis. Although the
presence of the thick GBM should always suggest the possibil-
ity of diabetic nephropathy, such thickening may also be seen
with hypertension or aging. If severe hyaline arteriolosclero-
sis is also present, then these findings are virtually specific for
diabetic glomerulosclerosis even in the absence of the nodular
lesion.

The nodular form of diabetic glomerulosclerosis is a dis-
tinct entity that should not be confused with other conditions.
Several diseases involving the glomeruli may potentially con-
fuse the unwary. The more common entities are amyloidosis,
immunoglobulin deposition disease, immunotactoid and/
or fibrillary glomerulonephritis, and membranoproliferative
glomerulonephritis. Certain differences in staining patterns
(Table 21.2), conformation of the nodules, and cellularity as
well as immunofluorescence and electron microscopy allow
the differentiation of these lesions from one another. Each is
discussed in turn. Three rarer conditions, idiopathic nodular
glomerulosclerosis (ING) (590), fibronectin glomerulopathy
(591), and collagen glomerulopathy (592), are also shown in
Table 21.2. The first will be discussed below. The second and
third are discussed in Chapters 13 and 27, respectively, and
are not considered further here. An algorithmic approach to
diagnosis of diseases with organized deposits, which frequently
show glomerular nodules, is provided by Herrera and Turbat-
Herrera (172). These diseases may also be superimposed on
diabetic nephropathy.
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Lesions PAS PAS/Jones Masson Congo red
Immunotactoid +++  Neg Blue Neg
Diabetes mellitus ~ +++  Black Blue Neg
Light/heavy chain  ++  Neg Blue Neg
Amyloid Neg Neg Blue +H+
|diopathic nodular ++  Black Blue Neg
Fibronectin ++ Neg Red Neg
Collagen Neg Neg Blue Neg

PAS, periodic acid-Schiff; Neg, negative.

Amyloidosis

Amyloidosis is the easiest of the three diseases to separate from
diabetic glomerulosclerosis. Although similar to the nodules of
diabetes in distribution and irregularity of size, the mesangial
nodules in this condition are virtually acellular. Furthermore,
they stain with Congo red and appear apple green under
examination with polarized light. In addition, amyloid tends
to stain poorly with PAS and not at all with silver stains, unlike
the nodules of diabetes (see Table 21.2) (Fig. 21.30). Capillary
loops show variability in thickness unlike the uniform thicken-
ing seen in diabetic nephropathy. Electron microscopy dem-
onstrates the classic appearance of rigid nonbranching fibrils
measuring 8 to 10 nm in diameter. This lesion is further
described in Chapter 22.

Immunoglobulin Deposition

Investigators now recognize that certain patients who excrete
light or heavy chains of immunoglobulins in the urine, often
in association with a plasma cell dyscrasia, may deposit
these light chains in the kidney not as fibrils with the con-
figuration of P-pleated sheets as in amyloid but as granular

deposits (593). Because these do not stain with Congo red,
differentiation from diabetic glomerulosclerosis is more dif-
ficult. This difficulty is verified by the fact that the condition
was not identified until the late 1970s (594). Before that time,
most cases of this condition were diagnosed as either diabetic
glomerulosclerosis (in the absence of diabetes) or an anoma-
lous form of membranoproliferative glomerulonephritis.
The renal lesion in immunoglobulin deposition disease is
characterized by increased lobulation of the glomeruli with
nodules forming in the mesangium. Cellular proliferation
often results in a picture resembling membranoproliferative
glomerulonephritis, but in some glomeruli, the nodules may
predominate (Fig. 21.31). Furthermore, the light or heavy
chains frequently accumulate in the tubular basement mem-
branes and produce thickening of these structures and a pic-
ture similar to diabetic glomerulosclerosis. These nodules and
the materials around tubular basement membranes do not
stain with silver (see Table 21.2). This condition is defined by
immunofluorescence studies using kappa and lambda light
chains or the four subclasses of IgG (595). Electron micros-
copy shows the accumulation of dense material on the endo-
thelial aspect of the GBM and the outer aspect of the tubular
basement membrane. This lesion is more fully described in
Chapter 22.

Immunotactoid and/or Fibrillary Glomerulonephritis

Although these lesions may show nodules, they more fre-
quently simulate the diffuse mesangial lesion of diabetes.
However, early in these diseases, capillary loops tend to be
variably thickened, rather than showing the uniform altera-
tion typical of diabetes. The material stains brightly with PAS
but does not take up the silver stain (see Table 21.2) (Fig.
21.32). Electron microscopy provides the definitive diagno-
sis with the characteristic fibrils or microtubules measuring
between 15 and 60 nm in diameter. These lesions are more

fully discussed in Chapter 23.

FIGURE 21.30 Glomerulus from a patient with renal amyloidosis. Note lack of staining of nodules with both PAS (arrows) (A)
and periodic acid-methenamine silver (B). (A, x440; B, x400.)




FIGURE 21.31

Glomerulus from a patient with x light chain depo-
sition. Mesangial increase and nodules are seen in both glomeruli accom-
panied by cellular proliferation. (H&E; x420.)

Membranoproliferative Glomerulonephritis

and Other Diseases With This Pattern of Injury

This pattern of glomerular injury may also be confused with
diabetic glomerulosclerosis, but several differences aid in the
distinction. First, membranoproliferative pattern of injury
affects all glomeruli to a similar degree, in contrast to the nod-
ular change of diabetic glomerulosclerosis, which affects only
some of the glomeruli. Second, the change of membranopro-
liferative pattern of injury is uniform with respect to size of
nodules and usually is manifest in all or most of the lobules of
a given glomerulus. In contrast, the diabetic nodules vary in

FIGURE 21.32  Glomerulus from a patient with immunotactoid (fibrillary)

glomerulopathy with poorly formed silver-negative nodules and irregular
thickening of the GBM. (Periodic acid-methenamine silver, x260.)
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size and in number of lobules bearing them in any particular
glomerulus. Third, increased cellularity is the typical find-
ing in the mesangium of membranoproliferative pattern of
injury, whereas in diabetes, one often sees only a mild increase
in the number of cells, which are characteristically situated at
the periphery of the nodule. Silver stains may show a double
contour in membranoproliferative pattern of injury reflecting
mesangial cell interposition with the production of a GBM-
like material, producing the “double contour.” The typical
immunofluorescence finding of a peripheral lobular pattern
of staining is suggestive of membranoproliferative pattern of
injury. Electron microscopy demonstrates the presence of sub-
endothelial and mesangial immune deposits in type I membra-
noproliferative glomerulonephritis and C3 glomerulopathies
(596). Dense intramembranous ribbon-like deposits in the
GBM, Bowman capsule, and tubular basement membranes are
seen in dense deposit disease. These findings are more fully

described in Chapters 8 and 9.

Idiopathic Nodular Glomerulosclerosis

ING was first recognized as a unique entity by Alpers and
Biava (597). Additional cases have been described (598-600).
In all cases, the diagnosis of diabetic nephropathy must be
excluded on clinical criteria. Markowitz et al. (590) had the
largest series describing 23 cases allowing recognition of
common clinical and pathologic features. The patients were
most frequently older white men who presented with renal
insufficiency and nephrotic range proteinuria. Additional
common clinical features included hypertension, history of
smoking, hypercholesterolemia, and vascular disease outside
the kidneys. The pathology shows many of the characteristic
findings of diabetic nephropathy including diffuse mesangial
expansion with nodules, microaneurysms, capsular drops,
and hyaline arteriolosclerosis. An unusual finding was the
presence of endothelial-lined vascular spaces within the nod-
ules confirmed by staining for CD34, an endothelial marker
(Fig. 21.33) (590). Increased vessels were also noted in dia-
betics although to a lesser extent than in ING. Furthermore,
the vessels in diabetics were at the periphery of nodules, while
those in ING were more centrally placed in nodules (590).
Nasr and D’Agati (601) proposed that smoking induced
nodular glomerulosclerosis by the formation of advanced gly-
cosylation end products, induction of oxidative stress, angio-
genesis, and altered intrarenal hemodynamics. Li and Verani
(602) examined 15 patients with ING and confirmed the
high prevalence of smoking and hypertension. However, their
patients also had increased incidence of obesity (60%) and
overweight (27%) suggesting that these may be additional risk
factors for this condition.

In summary, the well-formed nodular lesion with hya-
line arteriolosclerosis is virtually pathognomonic of diabetes.
However, the pathologist must exclude renal amyloidosis,
immunoglobulin deposition disease, immunotactoid and/or
fibrillary glomerulonephritis, membranoproliferative glomer-
ulonephritis, and idiopathic nodular glomerulopathy. In the
absence of the nodular lesion, the presence of diffuse mesan-
gial sclerosis, typical linear immunofluorescence staining of
glomerular capillary walls and tubular basement membranes
for IgG and albumin, and thickening of the GBM by electron
microscopy provide a constellation of findings typical of dia-
betic glomerulosclerosis.
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FIGURE 21.33 Glomerulus from a patient with idiopathic nodular
glomerulosclerosis. Note numerous capillaries forming within centers
of nodules as well as at periphery of nodules. (Immunoperoxidase stain
for CD34, x420.)

RENAL LESIONS OTHER THAN
GLOMERULOSCLEROSIS

Patients with diabetes may develop nondiabetic renal diseases
independent of or superimposed on diabetic nephropathy.
As discussed above, this situation occurs more often in type
2 diabetes. Higher reported frequencies are seen in biopsy
studies because unusual clinical features suggestive of non-
diabetic renal disease often prompt a biopsy (189). Unbiased
studies with proteinuria as the only criterion for biopsy show
a frequency of 9% for nondiabetic renal disease (603). In an
autopsy study, Carpenter et al. (178) found that 7% of diabetic
patients had nondiabetic renal disease. In type 2 diabetes, vas-
cular disease especially renal artery stenosis may complicate the
clinical picture. Most categories of renal disease may be seen,
including glomerulonephritis, pyelonephritis, papillary necro-
sis, and vascular disease.

Glomerular Lesions

The reported frequency of nondiabetic glomerular lesions varies
from 5% to 71% in different reports depending on the criteria
used to determine the necessity of biopsy (7,21,182,193,603—
605). The occurrence of such lesions should be suspected in
patients with rapid deterioration of renal function, persistent
hematuria, or sudden onset of nephrotic syndrome especially
before 8 years’ duration of diabetes or in the absence of retinop-
athy (7,21,603-606). Tone et al. (606) assessed the specificity
and sensitivity of duration of diabetes, retinopathy, microscopic
hematuria, and granular casts to predict the presence of nondia-
betic renal disease. They found that absence of retinopathy had
the highest sensitivity (87%) and specificity (93%) followed by
diabetes duration of less than 5 years with sensitivity of 75%
and specificity of 70%. The remaining parameters were not as
useful. Many other glomerular lesions have been described in
diabetic patients. These include membranous glomerulonephri-
tis, acute postinfectious glomerulonephritis, IgA nephropathy,

crescentic glomerulonephritis, focal proliferative glomerulo-
nephritis, membranoproliferative glomerulonephritis, lupus
nephritis, nonspecific immune complex disease, and amyloid
(21,182,189,603,605,606). These lesions may be present inde-
pendent of diabetic glomerulosclerosis or superimposed on it. In
addition, both minimal change disease and focal segmental glo-
merular sclerosis have been reported (182,607,608), although
the occurrence of these two entities can only be definitely estab-
lished in the absence of diabetic nephropathy. Whether the
incidence of any type of glomerular disease is increased in the
diabetic population or whether the coexistence of diabetic glo-
merulosclerosis with other glomerular lesions is a chance occur-
rence is not known. No studies in human beings have addressed
the issue of increased susceptibility of diabetic glomeruli to the
formation or deposition of immune complexes.

Renal and Urinary Tract Infections

Whether diabetic patients have an increased occurrence of renal
and urinary tract infections is debated. The original studies
relied on less strict histologic criteria for the definition of chronic
pyelonephritis, and these criteria led to an overestimation of its
incidence in patients with DM. The incidence of acute infec-
tion at autopsy is increased in diabetic patients as compared
with nondiabetic patients (609). However, acute renal infection
may occur as a terminal event in the diabetic patient and may be
related to decreased host resistance to bacterial and fungal infec-
tions (610). Several recent studies have found a slight increase
in incidence of urinary tract infections in patients with type
2 diabetes especially in older females as compared to controls
(611,612). Scholes et al. (613) in a multivariable study found
that diabetes was one of several parameters that did increase risk
for acute pyelonephritis with an odds ratio of 4.1 (CI, 1.6 to
10.9). On the other hand, complications of severe urinary tract
infection such as renal and perirenal abscesses, xanthogranu-
lomatous pyelonephritis, and emphysematous pyelonephritis,
a form of renal infection characterized by the presence of gas
pockets within the renal parenchyma accompanied by extensive
necrosis and abscess formation, do occur more frequently in
diabetic patients (614-616). Emphysematous pyelonephritis
occurs almost exclusively in diabetic patients. The pathologic
features are described in Chapter 24. Patients present with the
usual clinical symptoms and signs of urinary tract infection
including fever, abdominal or flank pain, and pyuria (614,617),
although evidence of severe sepsis is sometimes seen (615,617).
Sixty-five percent of patients may also have increase in BUN
and serum creatinine levels (614,617). A high index of clinical
suspicion coupled with appropriate radiologic studies to con-
firm the diagnosis is crucial because emergency nephrectomy
is the treatment of choice (615,617). Culture of surgical speci-
mens has isolated Escherichia coli in 60% to 70% of cases and
multiple organisms in 14% to 19% of cases (614,617). The
formation of the gas and extensive necrosis are believed to result
from multiple factors present in diabetic patients, namely,
availability of glucose resulting in high levels of sugar fermenta-
tion, relative ischemia from vascular disease, and impaired host
response to infection (614,616).

Papillary Necrosis

Papillary necrosis is increased in incidence at autopsy in diabetic
patients (2.7% to 7.2%) compared with nondiabetic patients
(0.6% to 1.4%) (618,619). Diabetes was present in 22% to



27% of cases in two large studies (618,620). The pathogenesis
of papillary necrosis in patients with diabetes is due to several
factors. First, relative ischemia is present because of vascular
disease in diabetes. The medulla receives only 8% to 10% of
the total renal blood flow, and a further reduction occurs at the
tip of the papilla, so any additional decline may be expected to
have adverse consequences (619). Second, infection is thought
to play a role in the papillary necrosis that occurs in the set-
ting of diabetes. Papillary necrosis occurs in one of every four
patients with diabetes and acute pyelonephritis (621). One or
the other of these factors may predominate in the individual
patient (619). The clinician should also investigate the other
known associations with papillary necrosis including analgesic
abuse, sickling disorders, or urinary tract obstruction because
these may also be present in diabetic patients.

Pathologic Findings

GROSS APPEARANCE

Both kidneys are affected and may be enlarged, normal, or
reduced in size. The capsular surface may be granular in those
cases with arteriolar narrowing. In those kidneys with acute
infection, microabscesses may be observed on the subcapsu-
lar surface, sometimes with yellow lines extending through
the cortex to the medulla. Varying numbers of papillae show
yellow or grayish red, sharply defined areas (Fig. 21.34). The

necrotic areas vary in shape and often have a congested border.

FIGURE 21.34  Severe papillary necrosis in a 64-year-old man who had
diabetes and acute pyelonephritis as well as cancer of the prostate.
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FIGURE 21.35 The zone of neutrophils at the junction of parenchyma
with acute inflammation (right) and a necrotic papilla (/eft). (H&E, x75.)

When the papilla has sloughed, one sees a ragged edge at the
point of separation.

MicroscoriC FINDINGS

Necrotic tissue is separated from living tissue by a dense zone
of neutrophils (Fig. 21.35). In the necrotic area, tubular epi-
thelium disappears, but powdered nuclear material and bac-
teria are often present. Inflammatory cells are not usually
seen within the necrotic zone. The surface epithelium over
the papilla is lost, particularly at the tip. In the nonnecrotic
medulla adjacent to the neutrophil zone, one may see evidence
of acute infection with neutrophils in tubules and intersti-
tium. Interstitial sclerosis may be present when vascular insuf-
ficiency predominates over infection or when analgesic abuse
is superimposed on the diabetes. The remaining kidney shows
the changes of acute infection, chronic infection, or diabetes.
The cortex may also show areas of tubular atrophy; interstitial
fibrosis, and sclerotic glomeruli. Such zones result from isch-
emia, chronic infection, or obstructive nephropathy. The tubu-
lar systems draining into the necrotic areas are often dilated as
in obstruction. In diabetes, papillary necrosis is most often a
terminal event.

Clinical Aspects

Papillary necrosis occurs in both type 1 diabetes and type 2
diabetes. It has a female predominance (618,620). The most
common risk factor is the presence of urinary tract infec-
tion. Microscopic hematuria and pyuria are more common
in patients with papillary necrosis. In addition, other com-
plications of diabetes such as retinopathy are frequent. The
prevalence of papillary necrosis has shown a decrease. The
appearance of papillary necrosis conveys reduced survival.
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Vascular Changes

Arteriosclerosis and Arteriolosclerosis

Acceleration of arteriosclerosis is common in patients with DM
occurring at an earlier age and with greater severity. Atypical
angina and congestive heart failure are more common present-
ing features in diabetes (622). Female gender does not provide
protection. Positive predictors of the risk of arteriosclerosis
include age, hypertension, microalbuminuria, and high levels
of cholesterol and serum sialic acid (623). The annual risk rate
for coronary artery disease is 2% per year after 20-year dura-
tion of diabetes (568). Excess arteriosclerotic vascular disease
occurs in patients without nephropathy if they have increased
albuminuria (623). Nephrosclerosis may occur with or without
diabetic nephropathy and may be worsened by hypertension.
The appearances are described in Chapter 20.

Retinal Aneurysms and Other Microvascular Changes
Diabetic retinopathy remains the leading cause of blindness
in the Western world (624). The elements of this retinopa-
thy may be seen in other diseases, but the entire constellation,
which includes thickening of basement membrane, microan-
eurysm formation, and increased permeability, is restricted to
DM (625). The incidence of retinopathy generally increases
with duration of disease. The progression of retinopathy is
slowed by intensive metabolic control (626). The evolution
of the pathologic changes leading to these appearances is well

FIGURE 21.36 Retinal preparation to show microaneurysms. (x125.)

described (622,625,627). The eatliest change in the retina of
diabetic patients is the loss of capillary pericytes that help to
control blood flow. Background retinopathy consists of micro-
aneurysms, dot-blot hemorrhages, and hard exudates (627).
The aneurysms lie on the venous side of the capillary network
and occur in the capillaries that link the deep and superficial
capillary plexus. The aneurysms appear as spherical or ovoid
distensions, usually 20 to 30 pm in diameter (Fig. 21.36).
Retinal microaneurysms are similar to glomerular capillary
microaneurysms. The most severe manifestation of retinopathy
is the proliferative form in which patients have extensive neo-
vascularization of the retina, with inroad of vessels into the
vitreous cavity and attendant bleeding and scarring leading to
blindness. The prevalence of the proliferative retinopathy has
not declined over the last 30 years (568).

Diabetic patients with advanced nephropathy usually
have some form of retinopathy (628,629). Not all patients
with retinopathy have renal disease, nor do all patients with
glomerulosclerosis have retinopathy (568,605). Whether the
pathogenesis of retinopathy and glomerulosclerosis is identical
is not clear, although some of the factors overlap. A correlation
exists between the degree of glucose control as determined by
glycosylated hemoglobin and the occurrence of both renal and
retinal complications (629). Klein et al. (629) also found a cor-
relation between retinopathy and duration of diabetes. Severity
of retinopathy correlated to severity of glomerular changes
including GBM width, mesangial volume, GBM surface den-
sity, and a measure of glomerular injury (629). Recent studies
have demonstrated that retinal vessel tortuosity, a change that
precedes diabetic retinopathy, is an independent predictor of
early diabetic nephropathy (630).

Blood vessels are affected in many different organs in dia-
betes. Microaneurysms have also been seen in the heart (631).
Capillary basement membrane is also increased in thickness in
other body sites (632,633). Steffes et al. (633) failed to find any
correlation between thickness of capillary basement membrane
in gastrocnemius muscle and severity of renal disease.
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HISTORICAL PERSPECTIVE

The important historical events more than 150 years ago that
brought attention to an association between plasma cell dys-
crasias and renal disease deserve recollection. Review of these
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historical events allows us to follow chronologically how our
understanding of the renal damage associated with dysprotein-
emias has advanced through the years.

Thomas Alexander McBean, a tradesman from London,
sought medical attention in September 1844 because, while
vaulting out of an underground cavern, he felt as if some-
thing had snapped within his chest, producing persistent
intense pain (1). Dr. William Maclntire, McBean’s attending
physician, removed a pint of blood, applied a strengthening
plaster to the chest, and recommended abstention from all
bodily exertion, resulting in temporary relief and return to his
“ordinary avocations.” The improvement did not last long,
and further treatment with steel and quinine was performed,
with favorable results. However, in the following months, Mr.
McBean eventually developed severe weakness, wasting, pallor,
hepatic enlargement, pleuritic chest pain, and edema of the
face and ankles. These new clinical developments forced a sur-
geon, whom he consulted, to “take blood from the arm to the
amount of 1 pound and to apply leeches and blisters topically.”

Dr. Maclntire observed peculiar abnormalities in his
patient’s urine, which was noted to be “opaque, acidic, and of
high density with a specific gravity of 1.035” (1). Fifteen months
after the initial incident, on October 30, 1845, Dr. Thomas
Watson, a leading clinician in London at the time, evaluated
Dr. Maclntire’s patient and examined Mr. McBean’s urine,
corroborating the previous findings. Seeking help from a well-
recognized chemical pathologist, Dr. Henry Bence Jones, was
the logical way to proceed. The letter that Dr. Watson sent to
Dr. Bence Jones remains an exact description of the urinary
abnormalities that are encountered in many patients with renal
disease and dysproteinemias. This was the beginning of a saga
that deciphered the relationship between a totally unknown
blood disorder and the kidney. Dr. Watson stated in this letter:

The tube contains urine of very high specific gravity. When
boiled it becomes slightly opaque. On the addition of nitric acid,
it effervesces, assumes a reddish hue, and becomes quite clear;
but as soon as it cools assumes the consistency and appearance
which you see. Heat reliquifies it. What is it? (2)

Dr. Bence Jones took special interest in this specimen, ana-
lyzed the urine, and reported his findings. He deduced that the
substance responsible for the urine abnormalities was not albu-
min because it was soluble in acid, and after performing a num-
ber of tests, he concluded that it was of a proteinaceous nature
and referred to it as an “oxide of albumin, the hydrated deutox-
ide” (3). He calculated that the patient excreted 67 g/d of this
substance. Today, we know this material as Bence Jones (B]) pro-
tein, in recognition of his contribution to our understanding of
its nature, in spite of the fact that it was really MacIntire who first
discovered the abnormalities in McBean’s urine. Bence Jones was
the first to provide a detailed account of McBean's illness, refer-
ring to it as “... a hitherto undescribed disease, essentially malig-
nant in nature ... (affecting the) osseous system”; indeed, this is
an accurate characterization of a previously unknown disease (3).

Mr. McBean’s condition did not improve. He continued
to have excruciating bone pain and developed intractable diar-
thea, progressive generalized weakness, and emaciation. He
died January 1, 1846, at 46 years of age.

An autopsy performed on Mr. McBean by Alexander Shaw
revealed soft, friable ribs, sternum, and vertebrae, and they con-
tained a “gelatiniform substance of blood red color and unctuous

feel.” The ribs were “brittle, soft, and easily cut with a knife,” and
as described by Dr. Maclntire, they “crumbled under the heel of
the scalpel” (4). A diagnosis of mollities et fragilitas ossium, also
known at the time as mollities ossium, quite descriptive terms for
the disease in question (1,4-6), was made. Microscopic sections
of the bones were examined by Dr. John Dalrymple, a surgeon
at the Royal Ophthalmic Hospital in Moorfields, England, who
documented the presence of abnormal cells in detailed drawings
he made to illustrate his findings. These cells showed charac-
teristics typical of malignant plasma cells (5), but plasma cells
had not even been described at the time. Both Dalrymple and
Maclntire believed that the disorder responsible for McBean’s
death was essentially a malignant disease of the bone. On his
death certificate, the cause of death was “atrophy from albumin-
uria,” (4) once again alluding to the renal component of this
disorder as an essential manifestation of the disease process. The
kidneys at autopsy were essentially normal on gross examina-
tion. It would take many years of clinicopathologic analysis and
research to comprehend the scope of this patient’s disease and to
explain the different clinical manifestations.

Although the term multiple myeloma was introduced by
von Rustizky in 1873 (7), the disease was rarely recognized until
1889, when Kahler published a case report (8). Kahler recog-
nized that his patient had a similar substance in the urine to
that described in McBean’s urine. In 1900, Wright determined
that multiple myeloma was a disease of plasma cells (9) when he
recognized the similarity of the malignant cellular proliferation
in this disease to cells initially described in 1875 by Waldeyer
and fully characterized by Ramén y Cajal 15 years later in
syphilitic condylomata (10). The association between plasma
cells, their secretory products, and nephrotoxicity was not rec-
ognized until more than 50 years after McBean’s death, in 1899
(11). Dr. James Ewing, lecturing to medical students in 1932,
summarized the available knowledge by stating, “A very pecu-
liar protein (B] protein), specific of the disease and supposed
to be derived from the adsorption of bone” (12). A definitive
relationship between BJ proteinuria and the abnormal proteins
seen in the serum of patients with myeloma was not demon-
strated until 1956 in a study performed by Korngold and Lipari
(13). These investigators determined that there were two types
of pathologic light chains: ¥ and A. Edelman and Gally dem-
onstrated in 1962 that the light chains from the serum and BJ
proteins of a myeloma patient were the same (14).

CLARIFICATIONS IN TERMINOLOGY:
MULTIPLE MYELOMA AND OTHER
MANIFESTATIONS OF DYSPROTEINEMIAS
(PLASMA CELL DYSCRASIAS)

There are three clinical entities related to a diagnosis of dyspro-
teinemia: multiple myeloma (often referred to as myeloma),
plasma cell dyscrasia (dysproteinemia), and monoclonal gam-
mopathy of unknown significance (MGUS). It should be noted
that plasma cell dyscrasia and dysproteinemia are frequently used
as generic terms for all of these disorders. Criteria for differen-
tiating these three conditions have been clearly delineated by
Durie (15). An understanding of the kinetics associated with
plasma cell disorders is important for management and treat-
ment of these patients (16,17).
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Myeloma represents the most striking and advanced
manifestation of a plasma cell dyscrasia. It is typically associ-
ated with lytic (punched out) bone lesions, which are often
multiple. There is a monoclonal spike in the serum and/or
BJ proteinuria resulting from the production by neoplastic
plasma cells of either complete immunoglobulins or fragments
of immunoglobulins. Finally, a significant increase in the num-
ber of bone marrow plasma cells (usually in the 15% to 20%
range), often arranged in sheets with atypical cellular forms, is
present. Criteria for clinical diagnosis of myeloma have been
proposed (18,19) and approved by the American Society of
Hematology.

Myeloma accounts for approximately 1% of all malig-
nancies and 10% of all hematologic neoplasms (20). It is the
second most common hematologic malignancy in the United
States, with approximately 40,000 individuals suffering from
myeloma at any time, and approximately 16,000 new cases
are diagnosed every year in the United States (21). At any one
time, there are approximately 250,000 patients with myeloma
worldwide (21). The incidence of myeloma is approximately
4 in 100,000 individuals; it is higher among blacks than in
the general population and more common in males than in
females (22—24). The disease is most common with advanc-
ing age (mean age 65 years), but it is seen in individuals in the
fourth and fifth decades of life. It is rare to find it in patients
younger than 40 years of age (20), but there are reports of cases
in the second decade of life. The incidence of this disease is ris-
ing as individuals live longer and survival is increasing. Renal
insufficiency is a frequent complication of myeloma and the
second most common cause of death after infection in these
patients (20,23). Elevated serum creatinine was found in more
than 50% of patients with myeloma, at initial examination,
in a series of 869 cases described by Kyle (20). Approximately
15% to 20% develop acute renal failure, and a smaller percent-
age (about 10%) become dialysis dependent (25).

We use the terms plasma cell dyscrasia or dysproteinemia
to denote a less than full-blown neoplastic plasma cell disor-
der. These terms are also often used as generic to refer to any
lymphoproliferative or plasma cell disorder associated with
production of an abnormal immunoglobulin or light chain.
The affected patients often have circulating light chains in the
serum or urine detected as a monoclonal (M) spike; they may
have clinical manifestations, including renal findings, but the
bone marrow is not diagnostic of myeloma. Although there
may be a small increase in the number of plasma cells, they are
not significantly atypical and are not clustered in sheets. In our
experience, in approximately 5% of patients with dysprotein-
emia, the percentage of plasma cells is within the normal range
(<5%). Lytic bone lesions are absent, and clinical manifesta-
tions are subtle or nondetectable. Routine bone marrow stud-
ies may be incorrectly considered as normal. When ancillary
testing is performed (flow cytometry or immunomorphologic
evaluations), a clone of plasma cells responsible for the pro-
duction of the abnormal immunoglobulins is usually found
(26). To establish monoclonality in these cases, immunophe-
notyping can also be performed on cytospin preparations using
antibodies that recognize the major Vi or VA subgroups or
gene families and those that preferably identify free light chains
(FLGs) (27).

The third group of patients with dysproteinemia have
an isolated monoclonal M protein peak or gammopathy in

the serum, and this condition is diagnosed as an MGUS. The
amount of M protein must be lower than 3 g/dL, and there
must be fewer than 5% plasma cells in the bone marrow (28—
32). Other criteria include the absence or only small amounts
of light chains in the urine, absence of lytic bone lesions, and no
related anemia, hypercalcemia, or renal failure (28). The indi-
vidual with an MGUS is otherwise normal. In patients with
a diagnosis of MGUS, significant B] proteinuria, even in the
absence of recognizable renal disease, usually precedes clinical
and laboratory manifestations of either myeloma or AL amyloi-
dosis, but it may take more than 20 years for a clinical disease
to develop (28,29). MGUS is found in approximately 3% of
persons older than 70 years of age in Sweden (31). The preva-
lence of MGUS is higher in older patients, and only 4% of
MGUS patients were younger than 40 years in a study by the
Mayo Clinic group (28). Some of these patients essentially have
“smoldering or indolent myeloma” and, with time, develop full-
blown disease. In the Mayo Clinic study, 26% of the patients
with MGUS developed multiple myeloma, Waldenstrém mac-
roglobulinemia, or AL amyloidosis (28). Once a patient with
a diagnosis of MGUS develops evidence of organ damage as
a consequence of the circulating M protein, the diagnosis of
MGUS is no longer tenable. A significant number of MGUS
patients eventually develop renal disease. In fact, renal dysfunc-
tion is often the first systemic manifestation of progression.

The distinction between myeloma and MGUS based on
bone marrow morphology is not reproducible, and it is virtu-
ally impossible to unequivocally separate one entity from the
other (33). While the percentage of plasma cells is the most
predictive feature of myeloma, the cytologic differences are
not sharply defined. Interobserver variability is high in the
assessment of morphologic atypia of plasma cells, and atypi-
cal plasma cells can be seen in patients with MGUS. This
empbhasizes the importance of identifying renal or other organ
involvement in a given patient, because this finding objectively
negates a diagnosis of MGUS. Recently, the term monoclo-
nal gammopathy of renal significance has been used to refer
to patients with renal manifestations associated with circulat-
ing monoclonal proteins and seemingly normal bone marrow
evaluations (34).

The fundamental reason for making a distinction between
plasma cell dyscrasia and multiple myeloma is because there is
far greater consensus regarding the management of myeloma
and renal disease compared to patients with renal disease who
do not meet criteria for myeloma. The reality is that the patho-
genesis for all these disorders is directly related to the over-
production of abnormal monoclonal light or heavy chains
by a neoplastic plasma cell clone. The most recent literature
stresses the indication for aggressive chemotherapy to eradi-
cate the existing plasma cell clone. In fact, waiting to fulfill the
criteria for myeloma before initiating treatment may deny the
patient the early intervention that is needed to achieve opti-
mum results.

Synthesis of Inmunoglobulin Components by
Plasma Cells and Abnormalities in Plasma Cell
Dyscrasias

Plasma cells synthesize and secrete specific immunoglobulin
molecules often with a minor excess of free Kk or A light chains.
The plasma cells synthesize a variety of immunoglobulins,

including IgG, IgM, IgD, IgE, and IgA, that can be detected
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using serum protein electrophoresis (SPEP). Each immuno-
globulin molecule is composed of two identical heavy chains
(with molecular weight of approximately 50,000 Da each) and
two light chains (molecular weight of approximately 25,000
Da each) linked by variable numbers of disulfide bonds. Both
types of light chains consist of a common basic structure com-
posed of a 107- to 111-residue amino-terminal variable (V;)
region and a 107-residue carboxyl terminal constant (C;)
domain. The Vj is the product of two genes, V (variable) and
J (joining), that encode the first 95 to 99 amino acids and the
remaining 12 amino acids, respectively. The light chain vari-
able region of the germ-line DNA includes multiple V and J
sequences. There are approximately 30 Vi and VA germ-line
genes that specify proteins on the basis of homology into Vi
1,2, 3,and 4 and VA 1, 2, 3, 6, and 8 subgroups (35-41).
Variations in the V sequence result from the presence of
approximately 30 Vk and VA germ-line genes, with somatic
mutations and differences resulting from recombinations of
the V and ] gene—encoded segments. These variations account
for the variability in light chain pathogenicity and the site of
pathologic action within the nephron. The carboxyl terminal
of each light chain does not vary and is known as the constant
C region. Each heavy chain has constant domains (Cy;1, Cyy2,
and C;3) and a variable domain (V). There are five types of
heavy chains, namely, y (IgG), o (IgA), 1 (IgM), 6 (IgD), and
€ (IgE). Immunoglobulin G and IgA have variable numbers of
disulfide bonds linking the heavy chains to each other and the
heavy chains to the light chains. These characterize different
isotypes of these Ig molecules, known as IgG1, IgG2, IgG3,
and IgG4, as well as IgA1 and IgA2. Immunoglobulin A and
IgG2 tend to exist in pairs of units known as “dimers” or may
even polymerize to produce larger molecules. Immunoglobulin
M exists primarily as a pentamer molecule composed of five Ig
units.

Normal light chains synthesized by the plasma cells main-
tain a ratio of K to A of 2 to 1 in the serum. K molecules occur
predominantly as monomers or noncovalent dimers, with
molecular weights of 22,000 and 44,000 Da, respectively,
whereas A molecules typically exist as covalent dimers. The Vi
and V| comprise the antigen-binding site. The Cy42 and C;3
components are involved in effector functions such as bind-
ing to immune cells and host tissues and fixing complement.
The synthesis of light chains occurs independently from heavy
chains, and they combine in the rough endoplasmic reticulum
to form the complete immunoglobulin molecule. The fact that
light and heavy chains are synthesized independently is the
pathogenetic basis for the existence of light chain— and heavy
chain-related disorders as specific entities as well as occasional
overlap entities (40,41).

In neoplastic plasma cell disorders, there is proliferation of
a clone of plasma cells secreting a single type of Ig molecule or
subunit that may be identified as a monoclonal peak on SPEP
or on urine protein electrophoresis (UPEP) and characterized
by immunoelectrophoresis or immunofixation (42). In some
cases, only light chains are produced by the neoplastic plasma
cells, and they are not generally detectable on SPEP but can
be identified in the urine. The demonstration of a monoclonal
protein in the serum or urine is important to corroborate a diag-
nosis of dysproteinemia. In a series of patients with myeloma
reported by Kyle (20), a monoclonal protein was demonstrated
in 90% of the patients using SPEP. The urine contains light

chains in 60% to 80% of myeloma patients as detected by
means of UPEP. Urinary light chains (B] proteins) can also be
found in the urine of patients with other B-cell neoplasms with
plasmacytic differentiation. While FLCs readily circulate in the
body, for heavy chains to be found in the circulation, they need
to be released from the endoplasmic reticulum by binding with
light chains. This is the reason why heavy chains do not circu-
late freely in normal individuals. Quantitation of serum FLCs
(ratio of free kappa to lambda light chains) is very useful in the
diagnosis and follow-up of patients with plasma cell dyscrasias/
myeloma (25,43).

During the process of cellular replication and differentia-
tion in the bone marrow, mutations typically take place when
mature B lymphocytes are transforming into plasmablasts. The
mutated plasmablasts produce a colony of identical mutated
plasma cells or what is referred to as a plasma cell clone in a par-
ticular bone marrow site. The abnormal plasma cells eventually
travel to additional bone marrow locations and other organs,
disseminating the pathologic process and producing the vari-
ous lesions seen in cases of advanced myeloma. Most malignant
plasma cell disorders actively produce immunoglobulins, and
these are generally composed of one type of light and one type
of heavy chain.

In dysproteinemias, the normally controlled production of
antibodies is replaced by an inappropriate production of larger
amounts of immunoglobulin molecules by the bone marrow.
The production of light and heavy chains may be unbalanced,
resulting in free light or heavy chains. Imbalance of immuno-
globulin production most commonly results in an excess of
physicochemically abnormal light chains (39,43).

Furthermore, in dysproteinemic patients, biosynthesis of
abnormal light chains, large, polymeric, or fragmented, has been
documented in bone marrow cell cultures from patients with
monoclonal immunoglobulin deposition diseases (MIDDs)
and amyloidosis (40,41). It has become clear that mutations
resulting in amino acid substitutions in the light or heavy
chain molecules are crucial in determining their pathogenicity
or absence thereof, along with the type of renal involvement.
In some cases, certain physicochemical characteristics of these
immunoglobulin components make them nephrotoxic, and
even in cases where the production of these immunoglobulins
by plasma cells is small, significant renal damage may occur.

Fewer than 1% of myelomas produce no immunoglobu-
lin molecules (nonsecretory), and approximately 5% to 10%
produce only light chains, which may only be detectable in
the urine (44). The SPEP in these patients could be normal or
shows nonspecific alterations.

The light chains in patients with plasma cell dyscrasia may
be larger or smaller than normal, with molecular weights rang-
ing from 12,000 up to 200,000 Da. Normal kappa light chains
are monomeric and have a molecular weight of 25,000 Da,
while lambda light chains tend to be dimeric with a molecular
weight of 50,000 Da (25). Glycosylation of light chains con-
tributes to an increase in their molecular weight. In a small
number of myeloma cases (<5%), two different abnormal
immunoglobulin molecules or fragments of these molecules
are produced, indicating the presence of two distinct clones of
neoplastic plasma cells (41). Immunoglobulin G is the most
common immunoglobulin produced in myeloma cases (52%),
followed by IgA (25%). Myelomas producing IgD, IgE, and

IgM together account for fewer than 1% of all cases.
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The primary structure of light and heavy chains is mostly
responsible for whether a given molecule is pathogenic to
the kidney or not, as has been clearly shown in studies with
recombinant variable portions of light chains. Not all light
chains from patients with plasma cell dyscrasias result in
renal damage. Particular amino acid alterations will result in
changes in the tertiary conformation of the proteins, leading
to either partial or complete unfolding and changes in stabil-
ity, potentiating aggregation (45-60). The three-dimensional
configuration of a given light or heavy chain molecule can be
predicted using computer modeling techniques; taking this
information into account, the effects of a particular protein
can be anticipated (50,52). It is known that A light chains are
preferentially associated with amyloidosis, while % light chains
are most common in light chain deposition disease (LCDD)
(54,60-63). A Proteins of two VA gene families, 6a and 3r,
are typically associated with amyloidosis (54), and patients
with A 6 are the most common ones with renal amyloidosis.
In LCDD, the majority of patients are ¥ Vk 1 or 4 related.
The first biochemical characterization of light chain deposits
in tissue using extraction techniques was published by Picken
et al. in 1989 (57). Changes in the stability and glycosylation
of these light chains may also affect their ability to produce
renal damage (66). Fanconi syndrome-related acute tubulopa-
thy is almost invariably K light chain related. In these patients,
a specific amino acid substitution in position 30 of the vari-
able portion of the light chain molecule accounts for the failure
of complete processing and catabolism of the involved light
chain in the proximal tubular lysosomal compartment (65,66).
Biosynthetic data from studies of bone marrow plasma cells
from patients with myeloma indicate that those light chains,
which are heavier than normal, are usually glycosylated, and
this alteration can make the light chains more nephrotoxic or
change their pattern of nephrotoxicity (64).

Metabolism of Light and Heavy Chains in Normal
Individuals and Pathologic Behavior in Patients
With Plasma Cell Dyscrasia

Because light chains are low molecular weight proteins, they
are freely filtered through the glomeruli and delivered to the
proximal tubules. Glomerular clearance of light chains may be
affected by a number of factors, including their physicochemi-
cal characteristics, size, isoelectric point, hydrophobicity, and
state of aggregation. For example, light chain polymers and
heavy chains do not cross the filtration barrier. Once the light
chains are filtered by the glomerulus, 90% are reabsorbed by
the proximal tubules, endocytosed, and catabolized through an
endolysosomal process in the apical tubular regions, with their
amino acids eventually returning to the circulation (67,68).
This process is very efficient in normal individuals, with only a
small amount of FLCs found in the urine. The cubilin-megalin
receptor located on the brush border of proximal tubular cells
working in tandem controls the endocytosis of the light chains
(69-71). Light chain endocytosis occurs by a very specific,
saturable, receptor-mediated process. There are a number of
ligands that compete with light chains for brush border bind-
ing. The internalized light chains are then transported into ves-
icles, where the endosomal system catabolizes them. Hydrolytic
enzymes present in the endosomes digest the light chains. Some
of the process of light chain digestion appears to take place at
the brush border itself, before endocytosis. The K and A light

chain susceptibility to catabolism varies and accounts for the
fact that the ratio of K to A light chains is reversed in the urine
(2:1, A to x) (72).

In the setting of a plasma cell dyscrasia, the quantity of
light chains in the filtrate may exceed the maximal reabsorp-
tive capacity of the proximal tubular cells. When this occurs,
the light chains pass into the distal nephron, where they may
precipitate or remain in the tubular filtrate, resulting in light
chain (BJ) proteinuria. Light chains precipitate out of solution
when the urine is heated to approximately 56°C and redissolve
as the temperature rises. As the urine is allowed to cool again,
a precipitate forms, followed by dissolution as further cooling
occurs. These are the characteristics documented by Dr. Bence
Jones in Mr. McBean’s urine (2). Normal patients may excrete
small amounts of light chains (up to 50 mg/d), whereas in
patients with myeloma, the light chain excretion may increase
to 3 to 85 g/d (73,74). There is no apparent specific relation-
ship between some of the characteristics of the monoclonal
light chains excreted by individuals (i.e., chemical properties,
subtype K v A, monomer vs. dimer, anionic vs. cationic) and
the presence of pathologic findings demonstrated clinically or
experimentally.

Normal light chains are not attracted to the mesangium
and do not interact with mesangial cells. In contrast, some
physicochemically abnormal light chains from patients with
plasma cell dyscrasias interact with purported mesangial recep-
tors and alter mesangial homeostasis.

Also, in patients with myeloma, the concentration of light
chains reaching the kidneys is usually much higher, and the
inability of the proximal tubules to properly catabolize the
abnormal light chains leads to pathologic alterations. In these
patients, the light chains commonly circulate as polymers that
cannot be properly broken down by the endosomal/lysosomal
system in the proximal tubules, enhancing their propensity to
produce pathologic alterations. After the glomerular filtration
barrier is compromised, as a result of monotypic light chains
interacting with the glomerular basement membranes, such
polymers may be freely filtered.

While there is a mechanism to deal with the small amounts
of light chains that circulate in normal individuals, that is not
the case concerning heavy chains, because they cannot be fil-
tered though the glomerulus owing to their high molecular
weight. If free heavy chains are released to the circulation, they
interact with the capillary endothelium and mesangium, where
they engage in pathologic processes. Presumably, the physi-
cochemical characteristics of the particular heavy chains will
dictate how they produce pathology. There is no information
currently available on how heavy chains are processed by the
kidneys, and the knowledge available regarding pathogenesis
of heavy chain—related diseases is rather limited at this time.
In Waldenstrom macroglobulinemia, the circulating IgM mol-
ecules become entrapped in subendothelial zones and generally
do not significantly alter mesangial homeostasis nor produce
tubular lesions.

LABORATORY DIAGNOSIS

The identification of a monoclonal protein in the serum and/
or urine is important to confirm a diagnosis of dysproteinemia.
Immunoelectrophoresis is routinely used to characterize the
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monoclonal protein that is detected in serum or urine. SPEP is
a good screening test for plasma cell dyscrasia, even though light
chain secreting and nonsecreting plasma cell disorders lack a
monoclonal spike. In these cases, examination of the urine for BJ
proteins is important to make or solidify a diagnosis. The urine
must be properly concentrated to detect small amounts of the
monoclonal light chains. Immunoelectrophoresis or immunofix-
ation may be necessary to confirm a diagnosis in some instances.

Immunofixation electrophoresis, a faster technique than
immunoelectrophoresis, is the most sensitive and commonly
used method available for the detection of monoclonal pro-
teins. It is very helpful in identifying a monoclonal protein asso-
ciated with a polyclonal increase of light chains, subtle bands
associated with faint monoclonal or biclonal proteins, and
monoclonal heavy chain fragments in the urine. Clarification
of banding patterns noted on electrophoresis gels is possible by
direct comparison of results. The superior resolution, simplic-
ity, and enhanced sensitivity of immunofixation make it the
diagnostic modality of choice to detect monoclonal gammopa-
thies. One caution with immunofixation is that it requires pre-
cise dilution of the antibodies to avoid a prozone effect (42).

High-resolution electrophoresis (thin-layer agarose gels)
may be combined with transfer onto nitrocellulose, followed
by resolution of bands with monospecific enzyme-tagged
antisera or monoclonal antibodies (Western blotting). This
procedure is extremely sensitive, is more discriminating than
immunofixation, and allows detection of minute amounts of
monoclonal light chains (75). The technique can be utilized
in selected instances when the monoclonal protein is in very
small amounts.

Serum FLCs have become very important in the diag-
nostic algorithm clinically used to detect and follow plasma
cell dyscrasias/myeloma. Serum concentrations of FLCs are
dependent upon the balance between production of light
chains by plasma cells and renal clearance. The normal serum
FLC K-to-A ratio is 0.26 to 1.65. A plausible explanation for
the inverted K/A ratio relates to the kinetics of FLC clearance
with kappa molecules normally being monomeric and lambda
LCs dimeric (25). If there is an increase of polyclonal plasma
cells or renal function impairment, both ¥ and A light chains
will increase, but the ratio of ¥ and A light chains will remain
normal. In contrast, a monoclonal increase of either k or A
light chains by a neoplastic clone of plasma cells will alter the
ratio, providing a numerical indicator of clonality. Serum FLC
immunoassays provide better sensitivity and precision than
electrophoretic tests (25). They are particularly useful in the
diagnosis and monitoring of patients with light chain cast
nephropathy (myeloma kidney) (76). The high sensitivity of
serum FLC immunoassays makes them also very useful in the
initial screening for plasma cell dyscrasias.

RENAL INVOLVEMENT IN PLASMA CELL
DYSCRASIAS

Renal involvement in dysproteinemia/plasma cell dyscrasias/
myeloma is heterogeneous. Approximately 85% of all light
chains with plasma cell dyscrasias are nephrotoxic. The mor-
phologic manifestations vary, depending on the renal compart-
ments targeted by the nephrotoxic light or heavy chains. In
some instances, more than one renal compartment is affected,

and combinations of different patterns of renal damage can
be seen in the same patient. The majority of the nephrotoxic
light chains (approximately 70%) affect the tubulointerstitial
compartment and are referred to as tubulopathic. The other
30% of nephrotoxic light chains preferentially involve the glo-
merular compartment, producing glomerulopathies (glomeru-
lopathic light chains). The physicochemical characteristics of
the involved immunoglobulin molecule appear to be a crucial
pathologic determinant. There are also some uncharacterized
host factors that may influence the pathologic alterations and
the degree of damage. Genetic polymorphism represents an
important consideration that has not been studied. In this
chapter, the light chain— and heavy chain—associated disorders
will be discussed separately, but the reader must understand
that on occasions they may be found acting in concert. Each
of the diseases has specific clinical manifestations, pathologic
findings, pathogenesis, prognosis, and management, and these
specific features support viewing them as separate diseases.
These diseases include the following:

¢ Light chain (myeloma) cast nephropathy

¢ Proximal tubulopathies, monoclonal light chain mediated

* Tubulointerstitial nephritis, light chain
mediated

* Deposition diseases including light chain (L), heavy chain
(H), and light and heavy chain (LH) related (LCDD/
HCDD/LHCDD)

* Amyloidoses including light chain (AL) and heavy chain
(AH) related (AL/AH amyloidosis)

Light chain cast nephropathy, proximal tubulopathy, and
tubulointerstitial nephritis are part of the spectrum of renal
damage produced by tubulopathic light chains. The glomer-
ular and vascular compartments are not typically affected by
the tubulopathic light chains. Amyloidosis and the deposition
diseases generally exhibit glomerular manifestations, but they
are also commonly associated with tubulointerstitial and vas-
cular pathology. In very rare circumstances, alterations in the
vasculature (i.e., in AL amyloidosis) may be the predominant
(77) or the first morphologic manifestation of renal involve-
ment, preceding pathologic damage to other renal compart-
ments. Combined patterns such as AL amyloidosis and
LCDD, LCDD, and light chain cast nephropathy are uncom-
mon (78-80) and may alter morphologic expressions of these
disorders. For example, in 69% of these cases, in a series of 23
renal biopsies from patients with combined LCDD and light
chain cast nephropathy, glomeruli do not display typical nodu-
lar glomerulosclerosis and appear essentially normal by light
microscopy (81).

Infiltration of the renal parenchyma by neoplastic plasma
cells is rare and usually occurs in terminal patients with myeloma
(80). Renal insufficiency or failure because of renal parenchy-
mal infiltration is very unusual. Neoplastic aggregates of plasma
cells seen in the renal parenchyma (82) may be associated with
malignant plasma cells in the urinary sediment (83).

monoclonal

Light Chain (Myeloma) Cast Nephropathy
Historical Perspective
Cast nephropathy was the first renal lesion to be recog-

nized in patients with myeloma. It was well documented by
Decastello in 1909 (84), but the first cases had been recorded
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in the literature a few years earlier by Ellinger (11). In the early
1920s, Krauss (85) championed the concept of nephrotoxic
light chains, but others noted that, at least in some patients,
large amounts of B] proteinuria were not always associated
with renal insufficiency. Thannhauser and Krauss (86) hypoth-
esized in 1920 that the tubular casts were concretions of serum
proteins and BJ “albumose.” In a comprehensive study by Bell
in 1933 addressing renal lesions in myeloma, which included a
complete review of the literature, he concluded that “it seems
highly probable that casts are the chief cause of renal insuffi-
ciency resulting from multiple myeloma” (87). Other series of
patients with overt myeloma have shown that light chain cast
nephropathy is the most common lesion seen in these patients
(88-90). This observation has not changed through the years
(81,87,88,91).

Clinical Presentation and Laboratory Findings

The most typical presentation of cast nephropathy is acute
renal functional deterioration or frank renal failure (91-93).
It remains the most common cause of acute renal failure in
patients with myeloma. In some cases, there are identifiable
precipitating factors, such as dehydration, hypercalcemia,
contrast media, nonsteroidal anti-inflammatory drugs, hyper-
uricemia, infections, nephrotoxins, or loop diuretics, such as
furosemide. Renal biopsy may establish the diagnosis of under-
lying myeloma, or the patients may already have an established
diagnosis of myeloma and are biopsied because of renal insuf-
ficiency to determine the renal lesion. After the diagnosis of
light chain cast nephropathy, approximately 90% of patients
are found to have overt myeloma (89). These patients fre-
quently also have nephrotic range proteinuria, predominantly
composed of light chains. Routine urinalysis using a dipstick,
which primarily detects albuminuria, commonly fails to pick
up light chain proteinuria.

Gross Pathology

There are no specific gross features in kidneys with light chain
cast nephropathy (82,88,90). The kidneys may have subcap-
sular pathology, including granularity and occasional pete-
chiae, but these are likely related to vascular disease (90). The
mean weight of the kidneys from patients with myeloma cast
nephropathy was 166 g in one autopsy series (90).

G
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FIGURE 22.1

Light Microscopy

The glomerular and vascular compartments are normal in
appearance or show changes related to other preexisting con-
ditions, that is, benign nephrosclerosis. The most striking
changes are in the tubulointerstitial compartment when tubu-
lar casts are present in the distal nephrons (Fig. 22.1) (91-93).
In fact, most casts are located in the collecting ducts, and if the
medulla is not included in the specimen, the diagnosis may
be missed. The typical casts exhibit irregular, angulated, and
geometric shapes; fracture planes; and occasionally a lamellated
internal appearance, attesting to their protein-rich composi-
tion, which imparts to them a firm and often brittle consis-
tency, as they interact with Tamm-Horsfall protein (94-96).
In some casts, the fragments come together in a jigsaw puzzle—
type of arrangement, which is quite peculiar and characteristic
(Fig. 22.1A). Casts in the proximal tubules and even in the
urinary space are sometimes seen as a result of retrograde fill-
ing. An interstitial inflammatory reaction, predominantly with
mononuclear inflammatory cells and sometimes eosinophils,
often accompanies the tubular casts. Tubulopathic light chains
associated with nephron obstruction can elicit an interstitial
inflammatory reaction by stimulating cytokines (94-99). The
interstitial inflammatory process may be as important as the
obstructive process (97).

The casts contain predominantly light chains, Tamm-
Horsfall protein, and polymorphonuclear cells (99), but they
may also include cell debris from tubular damage (94-96,98).
The epithelial cells in the tubules with casts often appear reac-
tive and, at times, enlarged. Multinucleated cells of purported
macrophage origin may also be seen inside tubules surround-
ing the casts (Fig. 22.1B), and it has been postulated that
these cells migrate from the interstitium through the tubu-
lar basement membranes into the tubules (100—103). It also
has been proposed that these multinucleated giant cells derive
from transdifferentiation of tubular cells to a histiocytic phe-
notype (104). If the casts break through the tubular basement
membranes, then a multinucleated giant cell reaction may be
elicited in the adjacent interstitium surrounding the expelled
material. These giant cells have also been shown to exhibit
a macrophage phenotype. Ultrastructurally, these casts may
exhibit fibrils with ultrastructural features of amyloid (105).
The casts are generally eosinophilic and generally weakly

Light chain cast nephropathy. A: Typical distal nephron casts with brittle consistency, resulting in fracture planes.

(H&E, x350.) B: Multinucleated cell reaction around cast. (H&E, x500.)
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periodic acid-Schiff (PAS)-positive; however, there is signifi-
cant variability in the tinctorial characteristics, as the composi-
tion of these casts may be quite variable. In some instances, the
tubular casts are PAS-negative, and this may be a helpful diag-
nostic clue. In rare cases, the casts are composed exclusively of,
or contain, crystals (Fig. 22.2). Whereas the morphology of
casts may be quite characteristic, there are cases in which the
morphology is not pathognomonic. In some of these atypi-
cal cases, immunofluorescence may be helpful. However, some
cases require careful clinicopathologic correlation for accurate
interpretation. The extent of cast formation correlates with the
degree of interstitial fibrosis, tubular atrophy, and dropout,
and there is also a correlation with renal function in many but
not all cases (106).

Interestingly, some of the casts are congophilic and, upon
polarization, elicit apple green birefringence; they also exhibit
thioflavin T and S positivity (105). Certain histochemical and
staining properties of renal tubular casts in human multiple
myeloma and in “mouse myeloma” are similar to those of amy-

loid (107).

Immunofluorescence

The glomeruli and vasculature reveal no specific findings.
Tamm-Horsfall protein can be demonstrated in the casts,
because they form as a result of interactions between this pro-
tein and light chains (94-98). Albumin can also be found in
the casts. Monotypic (restricted) light chain staining (either ¥
or A) of the casts is only seen when the casts have been formed
acutely and not when they have remained in place for a pro-
longed period of time. In a significant number of the cases,
there is trapping of the other light chain, and as a consequence,
fluorescence staining of similar intensity is noted for both light
chains (108). When there is fluorescence for both light chains,
the light chain involved in the plasma cell dyscrasia usually pre-
dominates, but the degree of one light chain predominating
over the other is quite variable and, in some cases, it is difficult
to unequivocally determine that there is definitive monoclo-
nality. Silva et al. (103) found that the tubular casts contained
the light chain identified in the urine in more than 50% of 40
patients with multiple myeloma.

FIGURE 22.2 Light chain cast nephropathy. Distal nephron cast con-
taining crystals. (H&E, x500.)

Electron Microscopy

The glomeruli and the vasculature are unremarkable. In most
cases, the casts contain abundant fibrillary material admixed
with cellular debris. Granular, electron-dense material is seen
in many casts, and their specific light chain identity can be
substantiated by employing ultrastructural labeling techniques
(108-110).

In selected cases, the casts are composed of variably sized
and shaped crystalline structures. Such casts are fairly specific for
light chain cast nephropathy (108-110), and the diagnosis can
be confirmed by using ultrastructural immunogold labeling to
demonstrate monoclonality when immunofluorescence studies
fail to make the diagnosis (108—110). Immunogold labeling is a
far more sensitive and specific technique than immunofluores-
cence; however, it is not available in most laboratories.

Etiology and Pathogenesis

Casts, in general, form in the distal nephron, and light chain
casts are not an exception (85). Local factors combine to opti-
mize cast formation. At this site, Tamm-Horsfall protein,
produced by the thick ascending limb of the loop of Henle, is
most abundant and provides a perfect nidus for cast formation.
The casts form as a result of coaggregation of Tamm-Horsfall
protein and light chains (94). The light chains are delivered to
the distal portion of the nephron when they exceed the proxi-
mal tubule threshold for light chain reabsorption and/or after
damage to the proximal tubules impairs reabsorption (95).

It was proposed that a high isoelectric point in the mono-
clonal light chain predisposed to cast formation (111-116),
but this theory has not found universal acceptance. Another
determinant of cast formation is pH (117). It has been shown
that cast-forming monoclonal light chains bind to a com-
mon portion of the peptide backbone of Tamm-Horsfall
protein, with the carbohydrate moiety in this protein being
responsible for facilitating coaggregation. The binding site for
Tamm-Horsfall protein on monoclonal light chains is located
within the CDR-3 (complementarity-determining region 3)
(118-120). The secondary structure and key amino acid resi-
dues on the CDR-3 of FLCs are important determinants of
the molecular interaction with Tamm-Horsfall protein (121).
These findings lend support to the current view that the struc-
ture of the pathogenic light chain must be such that certain
interactions occur. The slower fluid flow in the distal nephron
is a contributing factor to effective cast formation.

In 1976, Koss et al. produced an obstructive renal lesion
in mice by the intraperitoneal injection of a light chain from a
patient with light chain cast nephropathy (122), and Solomon
et al. published similar findings in 1991 (111). Clyne et al.
proposed in the late 1970s that electrostatic interactions
between various proteins involved resulted in precipitation
and cast formation (112). Microperfusion of rat tubules with
light chains purified from the urine of patients with light chain
cast nephropathy has reproduced the distal nephron obstruc-
tive lesion in the research laboratory, further attesting to the
importance of the physicochemical characteristics of a given
light chain in the pathogenesis of the distal nephron lesion
(119,120,123,124).

Myeloma casts have been found to be resistant to urinary
and macrophage metalloproteinases, making their elimina-
tion difficult in some cases (125). The destructive interstitial
nephritis that accompanies this lesion has been attributed to
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rupture of the basement membranes of tubules with spillage
of the cast contents, including Tamm-Horsfall protein, into
the interstitium, leading to the release of potent cytokines and
other mediators and resulting in potential irreversible intersti-
tial damage (97,126,127), but experimental evidence indicates
that direct tubular damage can also activate cytokines leading
to recruitment of inflammatory cells (126,128).

Differential Diagnosis

The light microscopic appearance of the tubular casts in light
chain cast nephropathy is frequently pathognomonic, and
there are no other conditions that show similar findings (108).
Crystals in casts should create a strong suspicion for a diagno-
sis of light chain cast nephropathy (108,110). However, when
the casts are not classic in appearance, the nephropathologist
must carefully evaluate all immunomorphologic data available
to make a final determination. When monoclonality cannot
be demonstrated by immunofluorescence, the diagnosis of
cast nephropathy may be suspected but not confirmed. The
clinician must then conduct the necessary studies to confirm
the suspicion or rule out this possibility. The differential diag-
nosis should include nephropathies with cast formation and
acute tubulointerstitial nephritis, especially when associated
rapid deterioration of renal function. In rare circumstances,
light chain protein excretion is increased in unrelated condi-
tions (129). In rifampin-associated light chain proteinuria, a
pathologic picture similar to that of myeloma cast nephropathy
may occur (130). A similar morphologic picture that has been
seen in some patients taking antirejection drugs such as tacroli-
mus and rapamycin used in combination in cases with delayed
graft function can produce intratubular cast formation indis-
tinguishable morphologically by light microscopy from light
chain cast nephropathy. However, these casts do not contain
monoclonal light chains. It has been suggested that rapamycin-
induced toxic tubular damage represents an important mecha-
nism in the pathogenesis of this lesion (131).

Treatment, Course of the Disease Process, and
Prognosis

The great majority of patients with light chain cast nephropa-
thy have a clearly identifiable plasma cell dyscrasia and meet
the criteria for myeloma (approximately 90% of these patients)
(89). This is responsible for the alternative diagnosis for this
condition: myeloma cast nephropathy. The main therapy of
myeloma cast nephropathy is aimed at avoiding the forma-
tion of additional casts by reducing the amount of circulat-
ing light chains, which is most efficaciously accomplished by
treating the plasma cell dyscrasia and facilitating the clearance
of existing casts (132). Plasmapheresis, especially in younger
patients, has been used to acutely decrease the concentration
of circulating light chains, while the chemotherapy decreases
plasma cell mass and diminishes light chain secretion (133).
This therapeutic strategy is particularly useful in patients with
acute renal failure. To facilitate the clearance of existing tubular
casts, proper hydration is of utmost importance. Maintenance
of a high urine output (aiming at about 3 L/d) is the goal
(134). Loop diuretics must not be used, and other agents that
promote cast formation or produce renal damage should be
avoided. These include radiocontrast agents, nonsteroidal anti-
inflammatory drugs, and any nephrotoxic agents. Infections,
hypercalcemia, and electrolyte imbalances should be promptly

treated. Alkalinization of the urine may facilitate solubility of
BJ proteins, but by itself it is of virtually no value.

Colchicine was promoted as an agent that would prevent
the formation of new casts as a consequence of its effect on
Tamm-Horsfall protein removing its carbohydrate component
(94-96,135), but the clinical benefit of colchicine treatment
remains doubtful. Cysteamine, a reducing agent, may be used
to aid in dissolving the existing casts, and vincristine can dis-
rupt casts already in place. Dimethyl sulfoxide has also been
used to dissolve casts (136).

While renal function is compromised, many of these
patients require dialysis (137,138). Dialysis is also recom-
mended for those with acute-onset renal failure (135,136,138).
There is also a role for plasmapheresis to decrease circulating
nephrotoxic light chains (97). In addition, recent experimen-
tal data in an animal model support a role for small molecule
inhibitors of the interaction of Tamm-Horsfall protein and
light chains for treating light chain cast nephropathy (121).

Aggressive chemotherapy should be considered seriously
and administered to all newly and previously diagnosed patients
who are in otherwise relatively good health (132). Alkylating
agents and prednisone not only directly act on the proliferat-
ing plasma cells but also result in a decrease of proteinuria and
directly impact favorably on renal function (132,134-136).
The treatment of those patients who do not meet minimal
criteria for a diagnosis of myeloma is more controversial.
Melphalan and prednisone have been used with good initial
results in 50% to 60% of these patients (132,136). However,
the trend is to be even more aggressive with patients with low
tumor burden to effect a cure of the underlying plasma cell
dyscrasia.

Dialysis should be instituted early to avoid uremia com-
pounding the usual complications of the disease itself. About
20% of these patients die within the 1st month (138). Renal
function improves in about 54% of the patients who present in
acute renal failure when the plasma light chain concentration
is decreased (132). However, progressive loss of renal function
occurs in the majority with time, especially if the myeloma can-
not be adequately controlled. The prognosis has not changed
significantly in the last 30 years.

The overall median survival for patients with myeloma
cast nephropathy and renal failure has been reported to range
from 13 months (137,139) to 20 to 30 months, with a 5-year
survival rate of 18% to 54% (20,138,139). Renal transplan-
tation is generally not considered a viable therapeutic avenue
because of the high risk of recurrence.

Proximal Tubulopathies, Monoclonal Light Chain
Mediated (Proximal Light Chain Tubulopathies)
Historical Perspective

Most of the initial publications linking renal damage to myeloma
concentrated on cast nephropathy. However, early reports indi-
cated that direct tubular damage by nephrotoxic light chains
was an important pathologic mechanism. In 1921, Lohlein first
reported crystalline inclusions in proximal tubules in a patient
with multiple myeloma (140). The inclusions were also seen
in Fanconi syndrome associated with proximal tubulopathy in
patients with plasma cell dyscrasias (141). In 1963, Costanza
and Smoller (142) and, in 1975, Maldonado et al. (143) sug-
gested that proximal tubular damage was an important patho-
genetic mechanism in a subset of patients with myeloma and
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renal damage. Clyne et al. (144) injected B] proteins intraperi-
toneally in rats and produced intracytoplasmic inclusions in the
proximal tubules. However, the glomerular filtration rate did
not decline, leading the authors to conclude that although tubu-
lar alterations could occur, there was no direct association with
renal failure. When these experiments were repeated 5 years later
using intravenous infusion of BJ proteins, the same investiga-
tors demonstrated that severe reduction in glomerular filtration
rate occurred, but in these animals, a significant component of
distal tubule cast formation was also noted (112). DeFronzo
et al. (145) indicated that the degree of renal failure correlated
best with tubular atrophy rather than obstruction and that some
patients developed defects in urine-concentrating ability and
acidification. Ultimately, however, damage to proximal tubules
by some nephrotoxic light chains was clearly demonstrated in
experimental nephron microperfusion studies by Smolens et al.
(120) and Sanders et al. (123). Some light chains were capable
of producing both distal nephron obstruction and proximal
tubule damage (123,124). In a clinical study, renal biopsies from
patients with myeloma were found to have evidence of proximal
tubular damage (146). Pote et al. (126) have further emphasized
the role of nephrotoxic light chains in proximal tubular damage
and demonstrated experimentally the direct toxic effect of some
tubulopathic light chains on proximal tubules. Subsequently, the
morphologic spectrum of proximal tubulopathy was demon-
strated to include lesions with and without crystalline inclusions,
various lysosomal alterations (including “indigestion/constipa-
tion”), acute tubular necrosis, and an association with interstitial
inflammatory response in some patterns (147-150). Thus, more
recently, the term “light chain proximal tubulopathy” has been
proposed to encompass all of the above entities (147,147a,148).

Clinical Presentation and Laboratory Findings

It is not difficult to conceptualize proximal tubular damage in
patients with plasma cell dyscrasias, because light chains are
usually metabolized in proximal tubules. The delivery of exces-
sive amounts of physiochemically abnormal light chains to the
proximal tubules may lead to overload of the lysosomal system,
followed by release of lysosomal enzymes and tubular cell dam-
age. This type of tubular damage may be seen in combination
with other renal manifestations in patients with plasma cell
dyscrasias, and the clinical manifestations that predominate in
those cases may be those related to the other conditions (i.e.,
those associated with AL amyloidosis or LCDD). When this
lesion is found by itself, the clinical presentation may be vari-
able and range from rapidly progressive renal failure, or acute
renal failure, to a slowly progressive increase in serum creatinine
(76,108,110,142,145-150). Some patients with this pattern
of renal damage present with proximal tubular dysfunction,
including aminoaciduria, phosphaturia, and glucosuria. Other
clinical manifestations include subnephrotic range protein-
uria, uricosuria, and at times, renal tubular acidosis type II (of
proximal tubular origin) (141,142). This is the typical con-
stellation of findings in acquired Fanconi syndrome. Among
proximal tubulopathies associated with crystalline inclusions,
virtually all cases that have been described have been « light
chain—related, indicating that the composition of the light
chains is a crucial determinant of this specific pathologic mani-
festation (147-149). In contrast, proximal tubulopathies not
associated with crystals are commonly A light chain—associated
(147-150). An abnormal clone of plasma cells is detected in

approximately 50% of these patients at first presentation (151),
and there may be a prolonged interval between the diagnosis
of Fanconi syndrome and clinical evidence of myeloma. In one
case, the renal abnormalities preceded the demonstration of an
underlying plasma cell disorder by 16 years (143).

Similar proximal tubular dysfunction is noted in those
cases where the lysosomes present in proximal tubules are filled
with monotypic light chains and are unable to release their
hydrolytic enzymes (termed “lysosomal indigestion with con-
stipation syndrome”) (147,148,151).

While some degree of clinically insignificant proximal
tubular damage may be present in most patients with plasma
cell dyscrasias and nephrotoxicity (146), the proximal tubulop-
athies can be responsible for rapidly or slowly progressive renal
failure (110,148). Tubular damage associated with light chain—
related Fanconi syndrome occurs in fewer than 5% of patients
with renal involvement in plasma cell dyscrasias (93,110).

Gross Pathology

Macroscopic features of kidneys from patients with Fanconi
syndrome associated with proximal tubular damage have been
documented only rarely. The kidneys have been noted to be
enlarged with pale cortical areas (141), findings similar to those
seen in association with acute tubular necrosis, regardless of the
etiology.

Light Microscopy

Proximal tubular damage by nephrotoxic light chains may lead
to crystal formation (tubulopathy with crystalline inclusions)
or noncrystalline accumulation of monoclonal light chains in
the proximal tubules with variable degrees of tubular damage
and lysosomal alterations (108,109,147-150). In cases with
crystal formation, which are frequently associated with clini-
cal Fanconi syndrome, needle-like intracytoplasmic tubular
inclusions may be identified with PAS and trichrome stains
(146-150,152-155). Crystalline inclusions may also be seen
in the neoplastic plasma cells in the bone marrow (140) and
in other cell types (152-155). There are a few reported cases
with Fanconi syndrome containing typical intracytoplasmic
crystals in tubular cells coexisting with myeloma cast nephrop-
athy (156). In noncrystalline proximal tubulopathy, three dis-
tinct patterns of proximal tubular injury have recently been
described: (a) tubular damage with features of acute tubular
necrosis, (b) basolateral deposition of the light chain with
interstitial inflammatory response, and (c) lysosomal accumu-
lation with enlargement and atypical lysosomal forms (lyso-
somal indigestion/constipation pattern) (147,147a).

The early changes include vacuolization of the tubular cells
followed by apical blebbing with loss of surface microvillous
borders, desquamation, and fragmentation (Fig. 22.3A). In
some cases, tubular integrity is compromised to the point where
only tubular outlines remain (arrows in Fig. 22.3B). Evidence
of tubular regeneration with mitotic figures can be seen.

Immunofluorescence

Monoclonal light chains may be detected in the cytoplasm of the
tubular cells corresponding to the localization of the light chain
in lysosomes (147,147a,148). In other cases, even though stain-
ing for both light chains is noted, there is obvious predominance
of the pathogenic light chain (110,157,158). This is explained
by filtration of the nonpertinent light chain and uptake by the
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FIGURE 22.3 Proximal tubulopathy, monoclonal light chain related. A: Early mild changes in the proximal tubules, with
fragmentation and desquamation of tubular cells. (H&E, x500.) B: Severe tubulopathy with loss of tubular integrity resulting from cell
necrosis (arrows) with loss of nuclei. (H&E, x750.)

proximal tubules. The preferential or monotypic staining for a
type of light chain should be taken as a clue that the tubulopa-
thy is related to an underlying plasma cell dyscrasia. However,
the absence of detectable staining for either of the light chains
does not rule out this condition. Sometimes, the abnormal light
chains, partially digested in the lysosomes, are not detected by
the available antisera. In the Fanconi syndrome-associated cases,
the needle-shaped proximal tubular inclusions may fluoresce
intensely for K (extremely rarely for A) light chains and be very
easy to detect (64,65,158). However, in the majority of the cases,
fluorescence evaluation does not aid in identifying the cytoplas-
mic inclusions. Pronase digestion of paraffin-embedded tissues
may be of value in detecting the monotypic staining (159).

Electron Microscopy

Proximal tubular damage can be confirmed ultrastructurally. In
experimental work and in clinical material, lysosomal prolifera-
tion, tubular cell vacuolization and fragmentation, apical cytoplas-
mic blebs, and segmental loss of microvillous borders are generally
present, although in some with variable degrees of severity. The
lysosomal system appears overactive, and large and atypical lyso-
somes are often found (Fig. 22.4) (108-110,148,150,160,161).
One subset of these patients exhibit proximal tubules packed with
large, atypical lysosomes that obscure other organelles (147). In
cases associated with Fanconi syndrome, there are needle-shaped,
round, or rectangular to rod-like, electron-dense structures in
the cytoplasm of the proximal tubular cells. The needle-like
inclusion bodies can appear crystalline (Fig. 22.5) or fibrillary
(147,147a,162). At high magnification, the crystalline inclusions
sometimes exhibit parallel linear arrays. These structures, as well
as the large, atypical lysosomes, can also be labeled for the spe-
cific light chain using ultrastructural immunogold techniques

(Fig. 22.5) (108-110,148,158,161).

Etiology and Pathogenesis

The pathogenesis of this type of renal damage is directly related
to the inability of the lysosomal system to degrade the neph-
rotoxic light chains, resulting in overload (“clogging”) of the
lysosomes in the proximal tubules with or without crystal for-
mation (123,147,148,160,161). When immunogold labeling
is performed, the lysosomes are found to be overfilled with the

monotypic light chain that they are unable to properly degrade. In
most cases, lysosomal overload causes release of their proteolytic
enzymes into the cytosol, leading to cytoplasmic vacuolization,
simplification, and even frank necrosis (147). As a consequence,
fragmentation, desquamation, and apical blebbing of the proxi-
mal tubular cells occur with accompanying segmental or total loss
of microvillous borders. Light chains are a ligand for the megalin
receptor (70). Silencing megalin and cubilin genes responsible
for production of receptor proteins for light chain on the brush
border of proximal tubule cells inhibits light-chain endocytosis
and ameliorates toxicity (163). Most cases of Fanconi syndrome
are associated with the k1 subgroup, most originating from two
germ lines: LCO2 and LCO12 (162). In the case of Fanconi
syndrome-associated proximal tubular damage, the partially
digested light chains form the fibrillary or crystalline inclusions in
the cytoplasm of the proximal tubules. The crystalloid structures
have been shown to contain an incomplete monoclonal ¥ light
chain with a truncated NH-terminal fragment corresponding to
the variable domain that is necessary for crystallization to occur
(64,65,162). These partially digested fragments result from deg-
radation by cathepsin B, and they do not bind Tamm-Horsfall
protein except in very exceptional cases. This observation explains
why cast nephropathy is so rarely associated with Fanconi syn-
drome. Elegant experimental work by Sirac et al. (162) has pro-
duced a transgenic model of this disorder that closely resembles
its human counterpart.

Differential Diagnosis

In proximal tubulopathies without crystalline inclusions, the
main differential diagnosis is acute tubular necrosis from other
causes. The best way to make an unequivocal diagnosis of light
chain-related acute tubulopathy with acute tubular necrosis is
by demonstrating monoclonal light chains in association with
the lesion in question using immunofluorescence, electron
microscopy, immunoelectron microscopy, or a combination of
these techniques (108,109,147,147a). Unfortunately, the com-
mercially available antibodies to K and A light chains do not
always detect the abnormal light chain deposited in the kidneys.
Good clinicopathologic correlation may be helpful in solidify-
ing this diagnosis. In the case of light chain—associated Fanconi
syndrome, the presence of the characteristic tubular crystalline
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FIGURE 22.4 Proximal tubulopathy without crystalline inclusions, menoclonal light chain mediated. Atypical lysosomes
in the proximal tubular cells exposed to tubulopathic light chains with segmental loss of the microvillous border. Transmission electron
microscopy. (Uranyl acetate and lead citrate.) (A: x11,000; B: x17,500.)

cytoplasmic inclusions and the demonstration that these con-
tain monotypic light chains suffice to make a solid diagnosis
(147,148,154,155,157,158).

It is important to consider the possibility of tubular
overload being responsible for the staining of light chains in
proximal tubular cells. To confirm a diagnosis of light chain
proximal tubulopathy, there must be monoclonality for the
pertinent light chain and morphologic evidence of tubular
damage. Moreover, these findings should be accompanied by

clinical evidence of renal dysfunction in order for a diagnosis
to be rendered with certainty.

Treatment, Course of the Disease Process,

and Prognosis

This lesion is often seen in conjunction with other patterns of
kidney injury, and the clinical course and prognosis of light
chain—associated acute tubular necrosis or tubulopathy as a
specific entity have not been critically analyzed. The disease

FIGURE 22.5 Acquired light chain—related Fanconi syndrome. A, B: Crystalline cytoplasmic inclusions labeled for « light
chains in the proximal tubular cells. B: Intense gold labeling for « light chains in cytoplasmic inclusions. Ten-nanometer gold particles
have been traced with computer-assisted technology to highlight the labeling. Transmission electron microscopy. (Uranyl acetate and
lead citrate.) (A: x8500; B: x12,500.)
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course and prognosis of the concomitant process tend to pre-
vail in these combined patterns of disease. However, anecdotal
cases indicate that, by itself, this lesion is fully reversible if the
circulating light chains can be controlled (161). Therefore,
aggressive treatment of the underlying plasma cell dyscrasia,
together with clinical support while the tubules are regenerat-
ing, is the standard of care. Some patients may require tem-
porary dialysis during the acute renal failure episode. It is also
important to realize that when combined lesions are present
(i.e., LCDD and light chain—associated acute tubular necrosis),
the tubulopathy may be the main culprit responsible for the
renal failure (110,159,160). If tubular function can be rein-
stated, renal failure can improve dramatically. This lesion can
recur in transplants (148).

There are variable degrees of tubulopathy, and the mild
forms may not be of significant clinical importance. The long-
term effects of recurring acute tubular necrosis in the setting of
an underlying plasma cell dyscrasia are not known. More careful
clinicopathologic studies are needed to clarify the overall impor-
tance of this lesion on patients’ prognosis and renal survival.

Because this may be the only renal pathology seen in a
biopsy, a definitive diagnosis in a patient with a circulating
paraprotein represents objective morphologic evidence of
organ damage and should be taken as an indicator that treat-
ment of the plasma cell dyscrasia is warranted.

Tubulointerstitial Nephritis, Monoclonal Light
Chain Mediated

This is currently a frequent pattern of renal damage associated
with plasma cell dyscrasias (147,147a,164). It mimics acute
tubulointerstitial nephritis. It is important to recognize it so
that its association with an undiagnosed underlying plasma cell
dyscrasia by detecting monoclonal light chain deposition in
association with the tubulointerstitial pathology can be estab-
lished and to rule out other forms of tubulointerstitial nephritis.

Historical Perspective

Two patients were reported in the 1980s with inflammatory
tubulointerstitial changes and/or isolated tubular basement
membrane monotypic ¥ light chain deposits. The patients
had myeloma with no associated glomerular or vascular light
chain deposition, and they were considered atypical LCDD

cases (40,165). For many years, it has been recognized that in
patients with cast nephropathy, interstitial inflammation may
be a significant finding. Some patients with known myeloma
and renal insufficiency show no evidence of cast nephropathy
or any other forms of plasma cell dyscrasia—associated pathol-
ogy, but the biopsy shows a patchy (or diffuse) interstitial
inflammatory infiltrate associated with tubulitis, providing a
clue that such a lesion could be part of the spectrum of plasma
cell-associated renal pathology. A series of eight such patients
was compiled in 2006 (164) to bring attention to this pattern
of light chain-related renal disease, which could be confused
with an acute tubular interstitial nephritis unrelated to the
plasma cell dyscrasia because of the similarity in histologic find-
ings (166). All but one of these patients and the two previously
published cases were K light chain related, but this lesion may
be seen in association with monoclonal A light chains as well.

Clinical Presentation and Laboratory Findings

Among patients with plasma cell dyscrasias and related renal
disease, this morphologic pattern accounts for at least 10%
of cases (147,147a,164) and is increasingly recognized more
often (147a). All the patients with this disease process have pre-
sented in acute renal failure, and the cause is either unknown
or related to a plasma cell dyscrasia, most often overt myeloma.
The patients are usually older than 50 years of age. Serum and
urine electrophoresis have shown preferential association with
K light chains. Nonnephrotic range proteinuria may be found.
Serum creatinine is quite variable, but it is generally more than
3 mg/dL at presentation (164).

Gross Pathology
The kidneys from two patients exhibiting this lesion in an
autopsy series showed normal weight and no specific gross

findings (82).

Light Microscopy

The glomerular and vascular compartments are unremarkable.
The tubulointerstitial compartment shows an inflammatory
process composed predominantly of lymphocytes and plasma
cells but also containing variable numbers of eosinophils asso-
ciated with tubulitis (Fig. 22.6). The inflammatory process
can be subtle or intense, focal, or generalized. Tubular damage

FIGURE22.6 Tubular interstitial nephritis, monoclonal light chain mediated. A: Intense interstitial inflammation associated with
lymphocytes extending through the tubular basement membranes into the tubules. (H&E, x350.) B: This is better seen on PAS stain. (x500.)
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can be variable but is frequently marked. There is no tubular
cast formation. The absence of casts in multiple sections taken
from autopsy kidneys represents substantial evidence that this
lesion is clearly separable from light chain cast nephropathy
and that it represents a specific pattern of renal damage in
patients with plasma cell dyscrasias (164). Because the diagno-
sis requires the demonstration of monotypic light chains along
the tubular basement membranes, it cannot be established by
light microscopy alone.

Immunofluorescence

Linear monotypic light chain staining may be demonstrated
outlining the tubular basement membranes in association with
the most intense interstitial inflammation. In a small subset of
patients, the staining may be focal. There may also be intra-
cytoplasmic staining in proximal tubular cells for the mono-
typic light chain (147,164). As with acute tubulopathy, there
are cases in which staining for both light chains is present, but
if the pertinent light chain is more prominently stained, this
finding supports the diagnosis.

Immunohistochemistry

In some of these cases, monotypic light chain staining deposi-
tion along tubular basement membranes in areas with inter-
stitial inflammation and tubulitis can be clearly demonstrated
using immunohistochemistry (164). In these cases, monotypic
staining for the pertinent light chain can be striking, whereas
there is no staining for the other light chain (Fig. 22.7).

Electron Microscopy

No specific glomerular or vascular changes are identified.
Specifically, neither there are light chain deposits nor there is evi-
dence of amyloid deposition. In some cases, there may be focal
deposition of light chains, represented by punctate to powdery,
electron-dense material along the outer aspect of the tubular
basement membranes (147,147a,164). The lysosomal system
may be prominent in the proximal tubules. By ultrastructural
immunogold technique, distinct labeling for monotypic light
chains can be demonstrated along the tubular basement mem-
branes in areas with prominent interstitial inflammation and in
tubules exhibiting tubulitis. Both proximal and distal tubules

may be labeled, but the findings are usually more striking along
distal tubules (108-110,164). Highly concentrated monotypic
light chains are also noted in proteinaceous material in tubular
lumina, which does not organize into well-formed casts (150).

Etiology and Pathogenesis

The inflammatory interstitial reaction that may occur in these
cases is probably induced by the binding of pathogenic light
chains to the tubular basement membranes, which alters
intrinsic tissue antigens and promotes the release of cyto-
kines, resulting in chemoattraction and activation of intersti-
tial mononuclear inflammatory components (166,167). Light
chains may reach the tubular basement membranes by tran-
scytosis after reabsorption or by passive tissue diffusion from
peritubular capillaries (164). Conceptually speaking, this pat-
tern of renal disease could be considered as a type of LCDD
with pathologic manifestations restricted to the tubulointer-
stitial compartment (165), but it indeed represents a peculiar,
monoclonal light chain-related tubulointerstitial manifesta-
tion that warrants consideration here as a separate entity.

Differential Diagnosis

An important differential diagnosis is acute allergic tubuloint-
erstitial nephritis (168—170). When eosinophils are present, a
hypersensitivity reaction is an important consideration in the
differential diagnosis. It is imperative for an accurate diagnosis
to demonstrate that monotypic light chains are associated with
the tubulointerstitial compartment using ancillary diagnostic
techniques. Interestingly, proximal tubulopathy with basolateral
monoclonal light chain deposition can also be associated with
an interstitial inflammatory response (147,147a). There are no
light microscopic findings that allow separation of the light
chain—related type of inflammatory tubulointerstitial nephritis
from the other types of acute tubulointerstitial nephritis.

Treatment, Course of the Disease Process, and
Prognosis

This disease may require steroid therapy, just as needed for any
type of tubulointerstitial nephritis (97) and treatment of the
plasma cell clone producing the tubulopathic light chains. The
use of steroids in this setting is still under clinical investigation,

FIGURE22.7 Tubularinterstitial nephritis, monoclonal light chain mediated. Note labeling of tubular basement membranes for
« (A) but not A (B) light chains in an area with prominent interstitial inflammatory activity. Imnmunohistochemistry for « (A) and
A (B) light chains. (Peroxidase antiperoxidase stain, diaminobenzidine as marker, x500.)
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and no definitive results are available at the present time. There
are no specific studies addressing kidney survival or the clinical
course of this disease.

MONOCLONAL IMMUNOGLOBULIN
DEPOSITION DISEASES

MIDDs are systemic disorders characterized by deposition of
monoclonal immunoglobulins in many organs, but the kidneys
are the most commonly involved. In most cases, light chains are
the immunoglobulin components that deposit in tissues, giving
rise to LCDD. More recently, heavy chain-associated monoclonal
deposition disease, also referred to as heavy chain deposition disease
(HCDD), has been recognized. Interestingly, the pathologic find-
ings in both light and heavy chain deposition diseases (LHCDDy)
are quite similar (89,108,156,171,172). Our understanding of
the pathogenesis of light chain—related deposition diseases is more
complete than that of heavy chain—related diseases. This is mainly
because light chain—associated diseases were described long before
their counterparts, and they are more prevalent. Cases of com-
bined LHCDD account for about 10% of all cases (156). The
morphologic spectrum of LCDD is extensive, so routine staining
of renal biopsies for « and A light chains is imperative to identify
unusual and early manifestations of these disorders.

Historical Perspective

In 1957, Kobernick and Whiteside showed nonamyloid glo-
merular abnormalities in patients with myeloma and recognized
the similarity of these lesions with diabetic nephropathy (173).
About 10 years later, Abrahams et al. (174) reported a myeloma
patient with renal disease and deposition of subendothelial mate-
rial in the glomeruli described as “coarse and more granular than
the glomerular basement membrane.” The next year, Rosen et al.
(175) reported a similar case, with what he described as glomer-
ular “osmiophilic subendothelial densities.” It was Antonovych
et al. (176) in 1974, who first recognized the association of the
ultrastructural findings noted above with the deposition of x
light chains. Randall etal. (177) in 1976 published two autopsies
from patients with plasma cell dyscrasias and documented the
widespread pathologic findings of a disease that he referred to as
“systemic LCDD.” HCDD was first described 17 years later by
Aucouturier et al. (178), who emphasized that in this disorder,
instead of deposition of light chain immunoglobulin compo-
nents, there were deposits composed of monotypic heavy chains.
In 1985, Jacquot et al. (78) were the first to describe three cases
of LCDD associated with light chain (AL) amyloidosis.

Light Chain Deposition Disease

Clinical Presentation and Laboratory Findings

There is no significant sex predilection for this disease, but
males predominate slightly in most series (7:5). The average
age of patients with LCDD with renal manifestations is 55 to
60 years. At the time of diagnosis, acute renal failure is pres-
ent in 30%, and a similar percentage is dialysis dependent.
Most (more than 90%) present with proteinuria, and the aver-
age protein excretion per 24 hours is in the nephrotic range
(generally 4 to 5 g/d) in 53% of LCDD patients. Interestingly,
full-blown nephrotic syndrome is noted in a minority of these
cases (156). Seventy-eight percent of LCDD patients present

with hypertension, 52% have hematuria, and varying degrees
of renal insufficiency are detected in 95% of these patients
(155). In selected LCDD cases, tubular dysfunction is the
predominant clinical manifestation (179,180). As the clinico-
pathologic heterogenicity of this disease is better appreciated,
patients are diagnosed earlier, and the manifestations of renal
insufficiency tend to be less pronounced (179-184).

Rapid deterioration of renal function occurs as the disease
advances, if not treated aggressively. Renal biopsy preceded
any other clinical signs or evidence of dysproteinemia in 70%
of the cases with pure LCDD (156,172). Classic features of
underlying myeloma are present in more than half of these
patients, but a significant number of patients with LCDD
have either a normal bone marrow biopsy and aspirate or
rather unimpressive plasmacytosis at presentation (108,110).
Careful evaluation of the plasma cells in the latter case using
either immunohistochemical techniques or flow cytometry can
identify a monoclonal population of plasma cells, albeit a small
clone in many cases. Biosynthetic studies of the plasma cells
often demonstrate paraprotein production, even when serum
and urine electrophoresis fail to show any abnormalities (40).
In autopsy of patients who died with a clinical diagnosis of
myeloma, approximately 3% to 5% exhibited LCDD (78,84).
This figure is conservative, as the less characteristic cases of
LCDD are not diagnosed because immunofluorescence and
electron microscopy of the kidneys were not part of the evalu-
ation of these autopsies. The most commonly involved light
chains in these cases are ¥, and subtypes IV and I predominate
(185). The ratio of k¥ to A is 9:1 in LCDD (156).

Bone marrow biopsy and aspirate revealed sufficient cri-
teria to diagnose myeloma in 35% of LCDD cases, osteolytic
lesions in 13%, and hypogammaglobulinemia in 33%. Of the
patients with LCDD at the time of clinical presentation and
diagnosis, 39% carried a diagnosis of MGUS (186). Up to
30% of patients with MIDD have no detectable monoclonal
proteins in urine or serum. Even with use of the most sensitive
techniques available, the percentage of patients falling into this
category remained at 15% to 20% (186).

When LCDD coexisted with light chain cast nephropa-
thy, 82% of these patients presented with acute renal failure,
and 64% required dialysis (55,89). Renal biopsy preceded any
clinical evidence of dysproteinemia in 64% of the patients with
combined LCDD and cast nephropathy. Cases of combined
cast nephropathy and LCDD are mainly associated with x
light chains. LCDD can also occur in combination with light
chain—associated (AL) amyloidosis (75-77) and HCDD, in
which case it is called LHCDD (156). The paraprotein com-
position of LHCDD is typically IgG-K or IgG-A (156).

Gross Pathology

There are only two autopsy studies in patients with myeloma
performed after LCDD was described in 1976. Three patients
with LCDD were noted in the series by Ivanyi et al. (88,187),
and the mean weight of the kidneys was 271 g. Herrera
et al. (82) reported the autopsy findings in 77 patients with
myeloma. These cases comprised approximately 10% of all
cases with myeloma that died during the period of time this
study covered at the institution. There were two cases with
LCDD, both with small kidneys with average weight of 130 g
and with evidence of surface scarring attributed to coexistent
vascular disease.
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Light Microscopy

The most characteristic finding in patients with LCDD is
nodular glomerulopathy (Fig. 22.8) that mimics the pattern of
nodular glomerulosclerosis in diabetic nephropathy (108,188—
195). Capsular drop and hyaline cap lesions are not present
in LCDD, and the absence of these features helps in the dif-
ferential diagnosis from diabetic nephropathy. In addition,
the mesangial nodules in LCDD are more evenly distributed,
although there is significant variation depending on the stage
of the disease process (60,61,184,189,190,194,195), whereas
the nodules in diabetic nephropathy tend to be asymmetric.
The mesangial nodules are argyrophilic and composed of extra-
cellular matrix proteins admixed with monotypic light chains
(196,197), and the principal matrix protein deposited is tenas-
cin (197). In silver methenamine-stained sections, there may be
lamellation of the peripheral portions of the mesangial nodules.
Mesangial hypercellularity accompanies the increase in extracel-
lular matrix in some of the cases. The peripheral capillary walls
are variably thickened, and the capillary wall alterations are
uneven from one glomerulus to the other and as well as within
the same glomerulus. The thickened walls are a consequence of
the subendothelial deposition of light chains (110,156). There
are a number of glomerular morphologic patterns, including
mesangial, membranoproliferative, and crescentic (194-201),
that precede the nodular glomerulopathy. Progression from
one of these “carly” patterns to a classic nodular glomerulo-
sclerosis has been shown to occur over time using repeat kid-
ney biopsies. A recognized “atypical” variant of LCDD shows
peculiar light microscopic features and ultrastructural findings
(202) simulating an immune complex—mediated disease. The
light chain deposits, regardless of whether they are in renal or
extrarenal sites, are always Congo red negative.

In patients with early LCDD, the glomeruli at times
appear essentially unremarkable, and these cases may be incor-
rectly diagnosed as minimal change glomerulopathy if immu-
nofluorescence staining for light chains is not performed
(81,108,109,157,172). Recognition of this LCDD pattern is
very challenging (109,110,172) and requires careful immuno-
morphologic evaluation and/or immunoelectron microscopy
(108,157,172) to confirm the association of monoclonal light
chain deposits with the capillary walls.

The extraglomerular changes may also be quite impressive.
The tubular basement membranes may be thickened and tor-
tuous, as a result of deposition of light chains, generally on the
outer aspect of the tubular basement membranes (Figs. 22.8A
and 22.9). In our experience, thickening of vessel walls by light
chain deposits is seen in approximately 40% of LCDD cases. In
half of LCDD patients with vascular changes, concentric thick-
ening of the small and medium arteries accompanied by focal
light chain deposits (172) creates a striking hyperplastic vascu-
lopathy. The interstitial deposits are sometimes visible by light
microscopy, where they form PAS-positive aggregates and are
rarely associated with giant cell reaction. Light chain deposits
can be found in many organs, including the lung, liver, small and
large intestine, thyroid, prostate, pancreas, rectum, skin, spleen,
and choroid plexus, among others (57,177,182,183,203).

Immunofluorescence

Deposition of monoclonal light chains can be seen along the
peripheral capillary walls in the glomeruli, alongside the tubu-
lar basement membranes, and in the vessel walls (Fig. 22.10);
the staining is usually diffusely linear and regular but, in some
cases, can be interrupted or subtle (55,57,108,110,159,183).
The pattern and intensity of staining depend on the amountand
distribution of light chain deposits. In most cases of LCDD, the
pathogenic light chain is of kappa isotype. No staining is noted
for the other light chain, defining the monotypic nature of the
labeling pattern. In most cases, there is also granular monotypic
light chain mesangial staining in the glomeruli, but mesangial
staining is rare without accompanying capillary wall staining.
In a subset of these patients, there is also focal granular staining
for the pertinent light chain in the interstitium proper. Staining
for immunoglobulin heavy chains (IgG, IgM, and IgA) as well
as complement components C3 and C1q are typically negative.
Rare atypical cases of LCDD have been associated with positiv-
ity for complement components (204). In some cases, there is a
discrepancy between the fluorescence staining and the demon-
stration of light chains by electron microscopy. In fact, there are
a few reported cases of combined LCDD and light chain cast
nephropathy, in which the monotypic light chain deposition
has been demonstrated by immunofluorescence and no corre-
sponding deposits were found ultrastructurally (89,156). Such

FIGURE 22.8 Light chain deposition disease. Nodular glomerulopathy characteristic of LCDD is evident in (A). Note variation in
cellularity, with hypercellular nodules present in (B). (H&E, x500.)
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FIGURE 22.9 Light chain deposition disease. A: Thickened tubular basement membranes. (H&E, x500.) B: k Light chain deposi-
tion on the outer aspect of the tubular basement membranes. (Immunohistochemistry for «k light chain, peroxidase antiperoxidase
stain, diaminobenzidine as marker, x500.)

cases often accompany light chain cast nephropathy and are
referred to as “LCDD by immunofluorescence only.”

Generic antibodies to K and A light chains cannot detect
all pathologic light chains deposited in the kidney in patients
with LCDD. Only when a specific antibody is raised against
the pathologic light chain can it be guaranteed that the light
chain will be detected. Also, in patients with concomitant dia-
betes mellitus and LCDD, the abnormal light chains are fre-
quently glycosylated to a degree that impairs their detection.
The usual diffuse linear staining seen along peripheral capillary
walls in diabetic patients may make it difficult to identify a
monoclonal light chain. Immunogold electron microscopy is
successful in labeling the abnormal light chains even when
generic antibodies are used, attesting to the increased sensitiv-
ity of this technique (157). Immunofluorescence techniques
have detected deposits in virtually every organ (183,203).

Electron Microscopy

Light chain deposition manifested by flocculent to granular
to powdery electron-dense material can be seen in all renal
compartments (Figs. 22.11 and 22.12), especially in cases with

nodular glomerulosclerosis (advanced lesion). Visualization of
light chain deposits may be challenging because the deposits
may blend with the mesangial matrix and glomerular/tubular
basement membranes. In the glomerular capillary walls, the
deposits tend to form thin band-like powdery deposits along
the lamina rara interna. Larger deposits may pool in the suben-
dothelial regions. In rare cases, the electron-dense light chain
material infiltrates the lamina densa, mimicking dense-deposit
disease (108,109,205). At low magnification, the light chain
deposits may simulate immune complexes (202). Powdery
electron-dense deposits are also generally present along the
outer aspect of the tubular basement membranes, along the
Bowman capsule, and in the interstitium proper (Fig. 22.12A)
(206,207). There may also be distinct deposition of light
chains in the vasculature, where they tend to deposit in the
intima and the basement membrane cuffs that surround indi-
vidual medial myocytes (Fig. 22.12B). The light chain depos-
its may be subtle when the amount of light chain deposits is
limited (108,109), and they may blend with the surrounding
structures. In combined MIDD and cast nephropathy cases,
the light microscopic alterations in the glomeruli and other

FIGURE22.10 Light chain deposition disease. A: Low-power view showing linear staining along the tubular basement membranes
and mesangial staining in the glomeruli for « light chains. (Fluorescein, x150.) B: Linear peripheral glomerular capillary wall staining and
staining along the tubular basement membranes and Bowman capsule. Direct immunofluorescence for « light chain. (Fluorescein, x500.)
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FIGURE 22.11

Light chain deposition disease. A: Continuous, punctate, subendothelial, electron-dense material (light chains)

outlines the peripheral glomerular capillary wall. (Uranyl acetate and lead citrate, x8500.) B: Mesangial light chain deposition.
Transmission electron microscopy. (Uranyl acetate and lead citrate, x9500.)

compartments may be subtle and easily missed, but combin-
ing the data obtained from immunofluorescence and electron
microscopic evaluation should suffice to make the correct diag-
nosis (Fig. 22.13) (81,89,156).

Etiology and Pathogenesis

Conclusive evidence that the abnormal light chain protein is
primarily responsible for light chain-associated disease has
been provided from an in vivo model using mice injected
with human BJ proteins from patients with LCDD. Solomon
et al. (62) demonstrated nodular and diffuse light chain

precipitates in the tubular basement membranes, mesangium,
and vessel walls, recapitulating the key findings in the kidneys
of these patients. Khamlichi et al. (49) confirmed these results.

Since then, the pathogenesis of LCDD has been scruti-
nized using renal biopsy material and an in vitro mesangial cell
culture model. Studies on renal biopsies demonstrating platelet-
derived growth factor— (PDGF-P) and transforming growth
factor—f3 (TGF-P) in the mesangium of patients with LCDD
in various morphologic stages suggested a role for these two
growth factors in the pathogenesis of this disorder (208). The
in vitro model confirmed the findings in the renal specimens

FIGURE 22.12 Light chain deposition disease. Punctate, electron-dense material along the tubular basement membranes and in
the interstitium proper (asterisk in A) and along the vessel wall (arrowheads in B). Transmission electron microscopy. (Uranyl acetate
and lead citrate.) (A: x7500; B: x9500.)
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FIGURE 22.13 Light chain deposition disease and light chain cast nephropathy, combined. A: Glomeruli are
unremarkable by light microscopy. (H&E, x500.) B: However, ultrastructurally, deposition of light chain material is noted
along the peripheral glomerular capillary walls (arrow) and (C) along the tubular basement membranes, associated with
abundant distal tubular casts. B, C: Transmission electron microscopy. (Uranyl acetate and lead citrate.) (B: x9500;
C: x7500.)
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and showed that interactions between mesangial cells and light
chains from these patients were crucial in the pathogenesis.
Rat and human mesangial cells grown on cover slips and in a
matrix with composition similar to that of an altered mesan-
gial “milieu” and incubated with light chains purified from the
urine of patients with LCDD recapitulated the biopsy find-
ings (209-213). Human mesangial cells incubated with light
chains purified from the urine of patients with LCDD trans-
form from their usual smooth muscle to a myofibroblastic phe-
notype (214), endowing them with the necessary machinery
to engage in active synthesis of extracellular matrix proteins.
The initial events were activation of PDGE-f, leading to cel-
lular proliferation through c-fos activation, and later TGF-3
activation, resulting in matrix deposition (203,211-213). The
in vitro model clearly demonstrated the crucial role of TGF-3
in the production of extracellular matrix proteins by mesangial
cells in LCDD (213). Tenascin is the main extracellular matrix
protein in the nodules formed in the in vitro model as well as in
the mesangial nodules in nodular glomerulosclerosis in LCDD
(197,210,211) by transformed mesangial cells with a myofibro-
blastic phenotype (214). Tenascin is mainly degraded by matrix
metalloproteinase-7 (MMP-7), with minor contributions by
MMP-1 and MMP-3 (215). MMP-7 secretion by mesangial
cells is impaired in LCDD, making tenascin degradation virtu-
ally impossible (216). The specific mechanism responsible for
this has not yet been elucidated. The interactions between the
light chains responsible for LCDD and mesangial cells occur
through a receptor-mediated mechanism (217) (Fig. 22.14).
Although « light chains are preferentially associated with
LCDD, amino acid substitutions introducing hydrophobic resi-
dues in the exposed portions of the variable region of the light
chains, usually in the CDR1 and CDR3 and less often CDR2
and FR regions, are associated with LCDD, regardless of light

chain subtype (218,219). Some light chains with posttransla-
tional glycosylation have also been associated with LCDD (220).

Treatment, Course of the Disease Process, and
Prognosis

The outcome in LCDD remains uncertain and depends on
how early in its course the disease is detected. Overall, patient
survival at 1 and 5 years (89% vs. 70%), respectively, is better
than renal survival (67% at 1 year vs. 17% at 5 years) (156).
Approximately one third of the LCDD patients without diag-
nostic features of myeloma develop overt myeloma during the
course of the disease, affecting survival adversely. Extrarenal
deposits can be asymptomatic or associated with organ damage
(182,203).

Treatment is aimed at controlling and reducing the
abnormal light chain production by the clone of plasma cells.
Chemotherapy with melphalan and prednisone has been
employed with success in patients with LCDD and myeloma
(221), but the benefit of chemotherapy has been debated when
the bone marrow findings are inconclusive, especially if a mono-
clonal protein cannot be demonstrated in serum or urine (220).
Chemotherapy is most effective in cases with a serum creatinine
lower than 2 mg/dL. The severity of the underlying plasma
cell dyscrasia and the degree of renal failure at presentation, as
expected, significantly affect prognosis (89). Bone marrow trans-
plantation has been used, especially in cases detected early, before
compromise of other organs has occurred (220-223). Those
patients with overt myeloma do much worse than those with no
detectable paraprotein/proliferation of plasma cells and systemic
manifestations. However, even in those cases with poor response,
progression to end-stage renal disease may take several years.

Early diagnosis and aggressive therapy appear to offer the
best hope for these patients in terms of preservation of renal

Mesangial cell

Intracellular

domain
Cell membrane

Fibronectin Extracellular domain

-*,\Cell surface receptor

proteoglycan

A X W
o/ X X

b ==Fibronectin l

N\
% . .. RGD cell attachment site

a4
o A

Proteoglycan h
Laminin

RS TGFA

>

LCDD

FIGURE 22.14 Light chain deposition disease. A: Glomerulopathic light chain-mesangial cell interactions with interplay of
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function and overall survival (223). High-intensity chemo-
therapy followed by stem cell rescue and bone marrow trans-
plantation has been used in several trials, resulting in increased
patients’ survival and improvement in renal function (224),
and has become a standard therapy (223).

There are a few reports of resolution or disappearance
of nodular glomerulosclerosis after therapy in patients with
LCDD, suggesting that early intervention can reverse renal
damage in these patients (225,226). New therapies aimed at
targeting key steps in the cascade of events involved in glo-
merular and interstitial damage are to be designed to be used in
combination with chemotherapy and other therapeutic inter-
ventions that control light chain production (195).

Transplantation in Light Chain Deposition Disease
Renal transplantation has been successful in patients with
disease confined to the kidneys (227,228). If the produc-
tion of the precursor protein is not controlled or eliminated
before transplantation, the disease will recur in the trans-
planted kidney. Because complete control of the plasma cell
dyscrasia is virtually impossible, recurrence is inevitable,
and recurrence occurs in more than 50% of the patients 8
to 48 months after transplantation and may eventually lead
to graft loss (227-231). In a series of patients document-
ing the outcome of seven LCDD patients that were trans-
planted, recurrence occurred in five of the allografts (227).
Recurrence is not always associated with rapid loss of the
transplanted kidney; the median time to reach end-stage
renal failure was 33.3 months. One of these transplanted
patients was alive with no evidence of recurrence 13 years
after transplantation (228). Therefore, renal transplantation
can be used to improve quality of life in certain patients but
not as a long-term solution in the majority. Unfortunately,
even when it is believed that control of the plasma cell clone
has been achieved, it can reemerge, followed by light chain
deposition. LCDD can recur without clinical evidence of
underlying myeloma (231). There is a case report of de novo
LCDD arising in a transplanted cadaver kidney 16 years after
transplantation (232).

Heavy Chain Deposition Disease and Light

and Heavy Chain Deposition Disease

Clinical Presentation and Laboratory Findings

Heavy chain disease (HCD) is a disorder characterized by the
production of monoclonal immunoglobulins with truncated
heavy chains and no associated light chains. Abnormal heavy
chains circulate in the blood of patients with this disorder,
and these paraproteins must be identified in the serum and
characterized to make a definitive diagnosis. HCD involving
three immunoglobulin classes has been described: o-HCD
is the most common of the three, followed by y-HCD and
then H-HCD. Patients with a-HCD present with malab-
sorption and protein-losing enteropathy; renal disease is not
a significant clinical manifestation of this condition and only
occurs sporadically. Approximately 150 cases of y-HCD have
been reported, and it is a heterogeneous disorder, which some
believe does not justify its diagnosis as a single entity (233).
This disease usually manifests with lymphadenopathy, spleno-
megaly, and constitutional symptoms. Palatal edema and uvula
swelling, initially thought to be characteristic of the disease, are
only noted in approximately 10% to 15% of all patients with

Y-HCD (214). Skeletal involvement occurs in approximately
30% of these patients, and differentiation from myeloma and
Waldenstrom macroglobulinemia (WM) may be difficult on
clinical grounds (233). y-HCD is the most common type of
HCD associated with renal manifestations (233). There is an
overrepresentation of Y3 and V4.

A minority of patients with HCD develop tissue deposits,
an entity known as HCDD. Bence Jones proteinuria is com-
mon. HCD and cast nephropathy have been documented to
coexist (151). There is not much experience with i-HCD and
renal disease (171,233,234). HCDD is mainly associated with
v (y1- and y3-subtypes) (235,236) and rarely with o-heavy
chains (237).

A few hundred patients with HCDD have been described
in the literature (155,233). There is no sex predilection for
HCDD. Patients with HCDD and renal disease tend to be
younger than those with LCDD by a few years (mean age 53 to
55 years), but some patients develop HCDD as early as the third
decade of life (156,171). The clinical presentation is similar to
that of LCDD patients. Hypertension, nephrotic syndrome,
microhematuria, and renal insufficiency are usually present at
the time of the renal biopsy (171). Hypocomplementemia is
not uncommon in HCDD and correlates with the presence of
1 or 3 subtypes of ¥ heavy chain (171,236). Signs of comple-
ment activation with C3 and Clq deposition in the kidney
represent an additional feature of this condition (156,171),
mostly when y1- and y3-chains are involved (190). Serum
hypocomplementemia may also be noted. Hypertension and
hematuria appear to be more common in HCDD than in
LCDD (171). In some patients with HCDD, a monoclonal
component is not detectable in serum and/or urine. Whereas
most patients with HCDD have a monoclonal gammopathy,
only a few meet the minimal criteria for myeloma (89), at least
at presentation.

It is likely that HCDD is underdiagnosed in renal biop-
sies, and therefore the incidence of this condition is prob-
ably underestimated. For example, two recent autopsy series
of patients with myeloma (82,88,187) failed to identify any
patients with HCDD, suggesting that the overall knowledge
about this disease and methods available to diagnose it remain
less than optimal. Patients with findings in their renal biopsies
that are suggestive of deposition disease with negative stains
for ¥ and A by immunofluorescence should be worked up for
HCDD.

Some cases are combined LCDD and HCDD, termed
LHCDD (145), and 7 is the most frequent heavy chain com-
ponent in these patients. Both k and A light chains have
been found in the LCDD component of these cases (156).
The combined variety, known as LHCDD, occurs in older
patients—by approximately 10 years—than patients with
LCDD or HCDD alone (156). Overall renal function is more
significantly impaired at presentation when the two deposi-
tion disorders coexist, with an average serum creatinine in the
neighborhood of 5 mg/dL. However, proteinuria is usually in
the range of 3 g/24 h. The diagnosis of LHCDD requires care-
ful pathologic evaluation of the renal biopsies and a high index
of suspicion (156). The diagnosis cannot be reached by light
microscopy alone; immunofluorescence with the use of specific
antisera is required. Ultrastructural findings may provide con-
firmatory evidence of light/heavy chain deposition in various
renal compartments.
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Gross Pathology
There are no studies describing specific gross findings in
patients with HCDD.

Light microscopy

In the great majority of the reported cases of HCDD, nodular
glomerulosclerosis with features identical to those seen in asso-
ciation with LCDD has been identified (Fig. 22.15) (155,234~
238). Crescents were described in four of nine cases, involving
11% to 75% of the glomeruli in one series (155,237). The broad
spectrum of glomerular lesions described in LCDD has not been
documented in HCDD. A single case of intracapillary prolifera-
tive glomerulonephritis has also been reported (239). Crescents
are more common in HCDD. Tubular basement membrane
deposits with no glomerular or vascular heavy chain deposition
have been reported (155). Congo red stain is always negative.

Immunofluorescence

Staining for only one heavy chain class is positive, whereas
staining for both light chains is negative. Cases with Y1, 3,
Y4, o, and W chain deposits have been reported, and ¥ chain
deposits are the most common (156). Thus, cases of HCDD
are diagnosed by finding linear staining of renal basement
membranes with antisera to one immunoglobulin class (IgG
in cases of y heavy chain, IgA in cases of O heavy chain, or
IgM in cases of U heavy chain), but negativity for both kappa
and lambda light chains. The distribution of staining is simi-
lar as that for LCDD (Fig. 22.16), but the degree of staining
along tubular basement membranes is generally less than in
LCDD. The staining for the heavy chain components varies
from a predominantly linear to a much less common granular
pattern (89,156,178). The heavy chain deposits usually display
a uniform, continuous pattern of deposition at the various sites
responsible for the linear fluorescence staining pattern noted in
the great majority of the cases. Specific antibodies for constant
regions of the heavy chain molecule that are deleted in this
condition (uniformly lacking Ci;1 and in some cases also Cy;2)
can be used to demonstrate the absence of these components

and confirm the diagnosis (89,125,182,194,195,238). In cases

FIGURE 22.15 Heavy chain deposition disease. Morphologic find-
ings in HCDD are identical to those in LCDD, with nodular glomerulopathy
as the typical pattern. (H&E, x500.)

FIGURE 22.16 Heavy chain deposition disease. Intense peripheral
capillary wall and mesangial staining, associated with linear tubular base-
ment membrane staining. Direct immunofluorescence staining for w heavy
chain. (Fluorescein, x350.)

of y HCDD, staining for the gamma chain subtypes (1-4) will
help to confirm the diagnosis by identifying a single gamma
subtype. As previously noted, granular Clq and C3 may be
observed in the same distribution as the heavy chain. Extrarenal
deposits of heavy chain components have been reported in the
pancreas, thyroid, striated muscle, and liver but are less fre-

quent than in LCDD (89,156).

Electron Microscopy

The ultrastructural findings in HCDD are similar to those
in LCDD in most instances. The heavy chain deposits can
be subtle or massive. Overall, heavy chain deposits are vari-
able in quantity and distribution in the various renal compart-
ments. In one case, the deposits were described as fibrillary,
consisting of 13- to 18-nm-diameter fibrils without periodic-
ity, judged ultrastructurally to be different from those found in
fibrillary glomerulopathy. The fibrils exhibited various lengths,
with the shorter ones having smooth walls and the longer
fibrils exhibiting a “barbed-wire” appearance (240). This case
appears to represent an unusual morphologic manifestation of
p-chain HCDD. The patient had no clinical manifestations
of Waldenstrom macroglobulinemia. Another i-HCDD had
massive fibrillary deposits in the mesangium that varied from
16 to 18 nm in diameter and were determined not to be com-
patible with the material seen in fibrillary glomerulopathy by
electron microscopic criteria (234). These two cases suggest that
there may be a variant of HCDD with peculiar fibrillary ultra-
structural appearance, but this deserves further consideration.

Etiology and Pathogenesis

The deletions in the domains of heavy chain portion of the
immunoglobulin molecule (i.e., Cy1, Cpy2, and very rarely,
hinge region) result in premature secretion of the heavy chain
into the circulation, and these structurally abnormal heavy
chains are deposited in target organs, including the kid-
neys (241). The nascent Y heavy chain protein normally is
retained in the endoplasmic reticulum during IgG assembly
by binding of its Cj;1 domain (and to some extent Cp42 and
hinge region) to chaperone protein, heavy chain-binding
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protein. The specific mechanisms involved in the pathogen-
esis of the renal alterations that occur in this disorder have
not been elucidated.

Treatment, Course of the Disease Process, and
Prognosis

The therapy employed is similar to that of LCDD, and the
results appear to be comparable (198). However, there are
no controlled trials addressing the therapy and manage-
ment of patients with HCDD. Nevertheless, it appears
that, based on anecdotal experience, the overall outcome
is poor in terms of renal and patient survival. One patient
had y-HCDD for 10 years and subsequently developed y AL
amyloidosis (242).

Transplantation in Heavy Chain Deposition Disease
The experience with transplantation in this disease is limited.
One transplanted HCDD patient developed recurrent disease
approximately 1.5 years after transplantation, so the fate of
renal transplants in this condition may be similar to the more
extensive experience in LCDD (228,229).

Differential Diagnosis for Heavy Chain Deposition
Disease and Light and Heavy Chain Deposition
Disease

Because the light microscopic appearance of LHCDD is so
variable, the differential diagnosis includes many diseases,
and it must be differentiated from minimal change disease
in those cases where the glomeruli appear essentially nor-
mal, from mesangial proliferative glomerulonephritis when
mesangial proliferation is present, and from membrano-
proliferative glomerulonephritis, including dense-deposit
disease; also, crescentic glomerulonephritis must be dis-
tinguished from the proliferative variants of LCDD (108).
When considering the most characteristic expression of
LCDD and HCDD—nodular glomerulosclerosis—the main
differential diagnosis is diabetic nephropathy or “idiopathic”
nodular glomerulosclerosis (244). In most instances, demon-
stration of monoclonal light or heavy chain determinants in
the proper histopathologic setting is the essential diagnostic
finding. Careful attention to the tubulointerstitial and vascu-
lar compartments for light chain deposits is also imperative,
as there is a subset of LCDD patients with no glomerular
light chain deposition and only tubulointerstitial manifesta-
tions of this disease (108,156). A diagnosis of y-HCDD can
be confirmed by using antisera to the IgG subtypes [1-4]
and demonstrating staining for a single subtype. It is also
helpful to identify deletions of Ci;1 and, in some cases, Cy;2
using specific antisera to the constant domains (Cy;1 to 3) of
the Y heavy chain. Rarely, amyloidosis needs to be ruled out,
especially in cases with nodular glomerulopathy. In the great
majority of these situations, immunofluorescence and elec-
tron microscopy suffice, and a solid, unequivocal diagnosis
can be obtained. Selective use of immunoelectron micros-
copy is indicated when the usual diagnostic techniques do
not provide enough data to establish an unequivocal diagno-
sis (157). In the experience of one of the authors (G.A.H.),
approximately 5% of the cases require an extended workup
beyond routine light, immunofluorescence, and ultrastruc-
tural evaluation (157).

Other Entities in the Differential Diagnosis
Glomerulonephritis Associated With Monoclonal IgG
Deposits and Monoclonal Gammopathy of Unknown
Significance

This entity was first recognized as a specific entity and given
its name in 2004 (245). An additional case was reported the
same year (246). There are approximately 60 cases of this
entity reported in the literature. By light microscopy, these
cases exhibit proliferative glomerular changes, most com-
monly resembling membranoproliferative glomerulonephri-
tis, type I (in about 60% of these cases) (245-250) (Fig.
22.17A). The glomerular electron-dense deposits are granu-
lar and nonorganized, ultrastructurally resembling immune
complex—mediated glomerulonephritis (Fig. 22.17D), but
exhibit a unique immunofluorescence profile; they con-
tain monoclonal IgG (predominantly IgG3) and monoclo-
nal light chains (Fig. 22.17BC), either kappa or lambda.
The electron-dense deposits are characteristically located
subendothelially and also in mesangial areas. In cases with
predominantly subepithelial immune complexes, the light
microscopic pattern was that of a membranous nephropa-
thy (247,248). Clinically, these patients present with varying
degrees of proteinuria (100% of patients reported), which is
most often nephrotic range; microhematuria (about 60% of
the patients); and renal insufficiency. Another subgroup of
these patients exhibit morphologic features that are similar to
dense-deposit disease (251).

A monoclonal serum or urine protein is identified in
approximately half of the patients; however, only rare patients
are associated with myeloma or B-cell lymphoproliferative dis-
orders. The largest series of 37 patients was published in 2009
with only 1 of the patients revealing evidence of myeloma and
1 with AL amyloidosis (250). There are 21 additional patients
reported in the literature. Only 3 of these of the 16 patients
with available data had a monoclonal protein in the serum and/
or urine (245,249,252).

Treatment has consisted of a combination of regimens
depending on the particulars of a given case. Renin-angiotensin
(RAS) blockade alone was used in about 30% of the patients.
Immunomodulatory therapy with or without RAS blockade
has been the most commonly used treatment (249). Rituximab
has been reported in another series of these patients with satis-
factory results (253). It is fair to state at the present time that
the best therapy has not been defined due to the small number
of patients that have been documented with this condition and
the lack of well-defined therapeutic trials.

Short follow-up (<3 years) reported in the largest series
demonstrated approximately one third of the patients with
complete or partial recovery, another 40% or so with persis-
tent renal dysfunction, and the remainder progressed to end-
stage renal disease. One of the patients in this cohort without
a monoclonal spike at the time of presentation developed a
hematologic malignancy. This entity has been reported to recur
in the transplant, where some cases have responded favorably
to rituximab (254).

It is important to differentiate these patients from oth-
ers with monoclonal light chain—related renal disease because
this entity does not appear to be a precursor of or significantly
associated with an underlying plasma cell dyscrasia, except in
rare instances.
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FIGURE 22.17 Proliferative GN with monoclonal deposits. A: Light microscopy with membranoproliferative appearance. (H&E,
x500.) B: Staining along the peripheral capillary walls and in the mesangium. (Immunofluorescence, kappa, x500.) C: No glomeru-
lar staining. (Immunofluorescence, lambda, x500.) D: Large subendothelial granular electron-dense deposits. (Transmission electron
microscopy, uranyl acetate, and lead citrate, x12,500.)

Glomerulonephritis With C3 Deposits Associated
With Monoclonal Gammopathy of Unknown
Significance

The first reported association between isolated C3 deposits and
monoclonal gammopathy was by Appel et al. (249). Similar
cases have been reported by several groups (251,255-258). In a
group of 81 hepatitis-negative patients with membranoprolifera-
tive glomerulonephritis associated with monoclonal light chain
deposits, 28 had evidence of monoclonal gammopathy, and 3
had isolated C3 deposits. Nasr et al. (256) reported that 4 adults
in a series of 32 patients with C3 deposits and dense-deposit
disease had a history of plasma cell dyscrasia. Finally, a series
of six patients with MGUS and a glomerulonephritis with iso-
lated C3 staining has been reported more recently (255). These
patients range from 40 to 70 years of age, and they presented
with hypertension and significant proteinuria with full-blown
nephrotic syndrome in three patients. Hematuria was present

in the six cases, and all had evidence of renal insufficiency.
The renal biopsies demonstrated variable glomerular prolifera-
tive features, exudative changes, and some thrombi in capillary
spaces. By immunofluorescence, only C3 deposits were apparent
along peripheral capillary walls and in the mesangium, indis-
tinguishable from C3 glomerulopathy. No monoclonal light or
heavy chain staining was present. Ultrastructurally, there were
subepithelial, intramembranous, and mesangial electron-dense
deposits. The ultrastructural findings were interpreted as show-
ing overlapping features between type II and III MPGN. In one
patient, a repeat renal biopsy demonstrated glomerular mono-
clonal lambda light chain deposits that colocalized with the C3
in the mesangium and along the peripheral capillary walls. Some
of these cases have exhibited features morphologically consistent
with dense-deposit disease (258).

Patients were treated with high-dose dexamethasone,
either alone or with melphalan or cyclophosphamide. One
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patient progressed to myeloma after 11 years of follow-up.
Opverall, the renal outcome of these patients is poor with pro-
gression to end-stage renal disease in most cases (about 80%).
Early therapy to control the plasma cell clone may be indicated
in at least some of these patients (251).

Isolated C3 glomerular deposition, resembling C3 glo-
merulopathy, likely represents an unusual complication of
plasma cell dyscrasias related to the activation of the alternative
complement pathway by the monoclonal immunoglobulins.
Some of these monoclonal light chains have been shown to
interfere with inhibitors of the alternative pathway, such as fac-
tor H. The association of C3 glomerulopathy with MGUS,
rather than overt, high plasma cell mass myeloma, suggests that
prolonged alternative complement pathway activation by the
monoclonal immunoglobulins is required for the development
of other more advanced glomerular lesions where the monoclo-
nal light chains may appear in renal tissue (259-261).

Thus, monoclonal gammopathy should be considered in
the differential diagnosis of patients with MPGN. Some of
these cases represent examples of LCDD and/or HCDD in
stages prior to nodular glomerulosclerosis (109,161,257,258).
In these instances, the typical linear immunofluorescence stain-
ing along the peripheral capillary walls and in the mesangium,
and in outlining tubules and sometimes in vessels, together
with punctate, electron-dense material indicative of light
chains in the various renal compartments may provide solid
diagnostic information. Other cases, however, may represent
either proliferative glomerulonephritis with monoclonal IgG
deposits or C3 glomerulopathy. Their unique immunofluores-
cence profiles and ultrastructural features allow differentiation
from LCDD and HCDD.

Additional entities to be considered in the differential diag-
nosis of the above conditions are immunotactoid glomerulopa-
thy and type I (monoclonal) cryoglobulinemic nephropathy.
Immunotactoid glomerulopathy has characteristic microtubu-
lar structures with variable diameter, but generally in the 30- to
50-nm range identified ultrastructurally. In cryoglobulinemic
nephropathy, intracapillary thrombi may be present by light
microscopy, and the typically paired and short microtubular
structures that characterize cryoglobulins provide a clue at the
ultrastructural level. However, there is heterogeneity in the
electron microscopic appearance of cryoglobulins, and intra-
luminal thrombi are not always present, making confirmation
of this diagnosis difficult in some cases. Clinical correlation
(usually markedly decreased C4 among others) and search for
cryoglobulins in the serum may provide valuable confirmatory
data. Patients with either proliferative glomerulonephritis asso-
ciated with monoclonal IgG deposits and those with MGUS
and isolated C3 deposits exhibit a significantly lower incidence
of dysproteinemia than those with either monoclonal cryo-
globulinemic nephropathy or immunotactoid glomerulopathy,
making this distinction clinically useful for patient manage-
ment and prognosis (255).

Plasma Cell Dyscrasias Associated With Crystalline
Inclusions in the Glomeruli

HISTORICAL PERSPECTIVE

In 1949, Neuman (262) described groups of small rhomboid
crystals distending and deforming the Bowman capsule in the
great majority of the glomeruli, along with similar structures
in the proximal tubular cells in the kidneys from a patient

with myeloma in an autopsy. Similar aggregates of crystals
were identified in the lungs and in neoplastic plasma cells in
the bone marrow. This initial report was followed by a second
autopsy report by Sickel (263) 10 years later of a patient with
enlarged kidneys, which on microscopic examination revealed
crystalline inclusions in the glomeruli, along with some in the
tubular cells. A diagnosis of clinically unsuspected multiple
myeloma was made at autopsy. Carstens in 1989 reported a
third case with numerous similar inclusions in parietal, vis-
ceral, endothelial, and mesangial cells in the great majority of
the glomeruli (264). Since then, only rare case reports of this
entity have been documented in the literature. While some of
these may be included in cases with Fanconi light chain—asso-
ciated tubulopathy, it is a fact that some patients only present
with glomerular clinicopathologic manifestations.

CLINICAL PRESENTATION AND LABORATORY FINDINGS

While the finding of crystalline inclusions in the cytoplasm of
tubular cells is a characteristic finding in light chain—associated
Fanconi syndrome (discussed previously), and this entity may
be sometimes associated with similar inclusions in the glom-
eruli, macrophages, and plasma cells, a similar entity exists
where the crystalline structures are identified predominantly
and, in some cases exclusively, in glomerular cells and in the
matrix of the Bowman capsule. It is important to recognize this
entity, as this may be the presentation of a patient with unsus-
pected myeloma. In these cases, the clinical presentation is
typically proteinuria of variable degree and renal insufficiency,
rather than Fanconi syndrome. In at least one reported case,
the patient developed renal failure attributed to the glomerular
process (264).

This entity is even more rare than Fanconi-associated
proximal tubulopathy, with fewer than 10 cases reported in the
literature. One of the authors (G.A.H.) has seen three of these
cases in biopsy specimens in consultation. One of these cases
(265) presented with a clinical picture of thrombotic micro-
angiopathy. The case reported by Carstens was associated with
extrarenal amyloidosis diagnosed in a carpal tunnel specimen
(264). Another unique feature of this last case is that the glo-
merular inclusions were detected months before the diagnosis
of myeloma was made. In the consultation cases, one had a
diagnosis of myeloma, while in the other two, the renal biopsy
findings indicated the presence of an underlying plasma cell
dyscrasia that was later confirmed.

GROSS PATHOLOGY

The two reported cases with gross pathologic data derived from
the evaluation at autopsy revealed enlarged kidneys (263,264).
In one of the cases, it was reported that each kidney weighed
396 g, more than double the size of normal kidneys.

LiGHT MICROSCOPY

The main findings are in the glomerular compartment where
there is generally mesangial expansion and there may be promi-
nent parietal and epithelial, as well as endothelial cells. The
cytoplasm of affected cells is characteristically swollen and
sometimes appears vacuolated with rectangularly/rhomboidal-
shaped empty spaces with angulated borders. The size of the
crystalline inclusions is variable, some being quite large. The
cellular nuclei may be displaced to the periphery. The one case
with clinical manifestations of thrombotic microangiopathy
exhibited capillary thrombi composed of crystalline structures,
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variably (frequently completely) occluding the lumina but no
fibrin (265). The findings are somewhat similar to what is seen
in the entity known as “crystal-storing histiocytosis” (152,153);
however, the glomerular localization of the inclusions makes
this particular entity unique.

IMMUNOFLUORESCENCE

These cases exhibit light/heavy chain restriction. Light chain—
associated cases have been related to kappa light chain related
and the heavy chain restricted are gamma heavy chain associ-
ated. However, routine immunofluorescence evaluation may
be negative. Pronase digestion may be of value in these cases, as
it is in cases of Fanconi syndrome-related tubulopathy (159).

ELECTRON MICROSCOPY

The ultrastructural appearance of the glomerular inclusions is
similar to those seen in the cytoplasm of tubular cells in cases
of proximal tubular damage with intracytoplasmic inclusions
associated with Fanconi syndrome (266).

ETIOLOGY AND PATHOGENESIS

The light and heavy chain—related deposits result from in situ
intracytoplasmic incomplete catabolism of these proteinaceous
materials in various glomerular cell types. Peculiar physico-
chemical structures of the involved circulating immunoglobu-
lin components are most likely the main reason for the genesis
of the inclusions. Likely, the inability of lysosomes to com-
pletely catabolize the immunoglobulin precursors resulted in
the formation of the crystalline inclusions.

DIFFERENTIAL DIAGNOSIS

The findings are pathognomonic and should not be confused
with any other entity. It is important that this entity not be
confused with a metabolic disorder. Demonstrating light or
heavy chain restriction associated with the unique intracyto-
plasmic structures solidifies the diagnosis. This may not be
easy, as the immunofluorescence workup may be negative.

TREATMENT, COURSE OF DISEASE, AND PROGNOSIS

Due to the small number of cases and lack of proper follow-up,
there are no controlled studies regarding treatment, course of
disease, or prognosis.

AMYLOIDOSES

AL and AH amyloidoses (formerly termed “primary amyloido-
sis” and “amyloidosis associated with multiple myeloma”) are
included in this chapter firstly because these diseases are asso-
ciated with a paraprotein and secondly because the amyloid
fibrils that cause them are derived from immunoglobulin light
(AL) or heavy chain (AH). Other types of amyloidosis, such
as AA amyloidosis (formerly “secondary”), familial/hereditary
amyloidoses, dialysis-related amyloidosis, and localized types
that are not related to myeloma or paraproteinemia, are also
discussed in this chapter because they have pathologic and
pathogenetic similarities to AL and for historical reasons.

Definition

Amyloidosis comprises a group of protein folding disorders of
diverse etiology, in which deposits of abnormally folded pro-
teins share unique staining properties and a fibrillar ultrastruc-
tural appearance (267). The process of amyloid formation is

toxic to tissues, and the resulting deposits ultimately lead to
tissue destruction and progressive disease. Despite the diver-
sity of amyloid proteins, all types of amyloid share a -pleated
sheet secondary structure that confers their diagnostic staining
characteristics as well as their great stability under physiologic
conditions (267). By electron microscopy, amyloid deposits
consist of rigid, nonbranching fibrils that are on average 7.5
to 10 nm in diameter (267). However, the term “amyloid”
was first coined by Schleiden in 1838 to describe a normal
constituent of plants! He used an iodine-sulfuric acid stain-
ing reaction, first described in 1814, to identify starch and
related compounds through the development of a blue or vio-
let color (reviewed in (268-272)). In 1839, botanists began
using this reaction to identify cellulose, a compound related to
starch that, like starch, is made up of glucose repeating units
(reviewed in (268-272)). In 1853, the pathologist Rudolf
Virchow discovered that certain tissue deposits behaved in a
similar manner to cellulose when stained by this technique
and applied the term amyloid, meaning starch-like, to them
(reviewed in (268—272)). Friedreich and Kekule were the first
to recognize that the material found by Virchow in a waxy
spleen, and believed to be amyloid, was most probably pro-
teinaceous rather than cellulose-like (reviewed in (268-272)).
Over a century later, in 1970, biochemical studies of isolated
amyloid fibrils demonstrated that amyloid is indeed derived
from protein (269) (see also section on historical perspective
in amyloidosis).

Classification

The current amyloid nomenclature, which has been adopted by
the World Health Organization and consistently recommended
by the International Society of Amyloidosis Nomenclature
Committee, is based on the chemical nature of the fibril pro-
tein (267,273). Thus, all amyloids begin with the designation
A for amyloid, followed by a suffix that is an abbreviated form
of the precursor protein’s name (Table 22.1) (267,273). In pri-
mary amyloidosis, multiple myeloma-—associated amyloidosis,
and many cases of tumor-forming amyloidosis, where amyloid
is derived from immunoglobulin light chains, the amyloid
fibril is designated AL and the disease AL amyloidosis or AH if
derived from immunoglobulin heavy chain.

The second major form of systemic amyloid, seen in
amyloidosis secondary to chronic inflammatory conditions
and autoinflammatory diseases such as familial Mediterranean
fever (FMF), is derived from an acute-phase reactant, serum
amyloid A protein (SAA); here, the amyloid type is designated
AA. In addition, there is an expanding group of nonimmu-
noglobulin, non-AA amyloidoses. As of 2012, 30 types of
precursor proteins have been associated with various clinical
forms of the disease (267). There is an increasing number of
heritable amyloidoses that are the consequence of a mutation
in a precursor protein (Table 22.1). In these hereditary forms,
in addition to the general amyloid designation derived from
the name of the involved protein (e.g., ATTR = amyloidosis
derived from transthyretin), the location of the mutation and
the amino acid substitution are also indicated (please see fur-
ther comments in sections on the corresponding amyloidoses).
While some amyloidoses are localized, others are systemic or
systemic and localized (267).

Amyloidosis is a rare disease. While the prevalence of
amyloidosis in the general worldwide population is unknown,
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TABLE 22.1

Systemic (S) or

Amyloid protein Precursor localized (L) Syndrome

AL/AH Immunoglobulin light/heavy chain S, L Sporadic: primary, myeloma associated
AA Serum AA protein S, L Sporadic: secondary, reactive; familial
ATTR Transthyretin S, L Familial, sporadic—senile systemic
AFib Fibrinogen A ai-chain S Familial

AApoAl I, IV Apolipoprotein Al, All, AIV S, L Familial, sporadic (aging)

AGel Gelsolin S Familial

Alys Lysozyme S Familial

ACys Cystatin C S Familial

Alect? Leukocyte chemotactic factor 2 S Familial?

AB,M f3,-Microglobulin S L Dialysis associated

according to estimates by the Mayo Clinic, its incidence is
eight cases per million people per year in the United States
(or 3000 people from the total population) (274). However,
the disease may be underdiagnosed, both in the United States
and worldwide. The prevalence of amyloidosis also increases
with age. Among adult patients with nephrotic syndrome,
approximately 1% to 5% have amyloidosis (275), but among
the elderly (>85 years old), amyloidosis was the most com-
mon histologic diagnosis (16.9%) in a recently published large
series (17,680) of native kidney biopsies from Spain (276). In
contrast, amyloidosis is extremely rare in children where it has
been diagnosed predominantly as AA amyloidosis, typically in
association with autoinflammatory diseases or as hereditary
amyloidosis (277-281). Among patients with AL, rare cases of
patients <30 years of age have been identified (279,282). The
autopsy incidence of systemic amyloidosis was 0.8% in one
European series (283).

Prevalence varies depending on the population involved
and the type of amyloidosis. The most common type in the
United States and the Western world is amyloidosis associated
with an underlying plasma cell dyscrasia (AL), followed by
AA amyloidosis (284). A large series from the Mayo Clinic,
examining data from 1977 to 1986, demonstrated that 74%
of patients with amyloidosis were of the AL type, 4% were
of the AA type, and, among the remaining patients, 20% had
localized and 2% had familial amyloidoses (285). In a recently
presented series of 445 patients with renal amyloidosis (284),
immunoglobulin amyloidosis, primarily AL, accounted for
85% of cases, while AA, the second most common type of renal
amyloidosis, was only three times more frequent than ALect2
(amyloidosis derived from leukocyte chemotactic factor 2) and
six times more frequent than AFib (amyloidosis derived from
fibrinogen).

This is in stark contrast to the situation in developing
countries, where secondary (AA) amyloidosis is far more com-
mon than AL amyloidosis (286). In fact, worldwide, an esti-
mated 45% of all systemic amyloidoses are of the AA type,
which makes it the second most frequent type of systemic
amyloidosis after AL (reviewed in (287)). Also, familial amy-
loidoses are diagnosed with increasing frequency, as awareness
increases. While older series (285) showed that, among amy-
loid patients, only 2% had the familial form, more recent series
(during 2000-2004) show that 10% of new patients (288)
have genetic abnormalities.

The following sections describe the pathology of renal
amyloidosis in general, followed by specific features of the vari-
ous types of amyloidosis presented in the different sections.

Gross Pathology

Postmortem examination of patients with amyloidosis has gen-
erally revealed enlarged kidneys with pale, waxy-appearing cut
surfaces. The first study of amyloidosis, by Bell, clearly dem-
onstrated an increase in the weight of the kidneys, with only
5 of 65 cases showing either normal or small kidneys (87). In
the study by Dikman et al. (289), which included 33 autopsies
and 1 nephrectomy, from patients with different types of amy-
loidosis, the kidneys were over 200 g in 9 patients and between
100 and 200 g in 16 patients. By intravenous pyelogram, the
kidneys were shown to be increased in size in 36 and smaller
than normal in 5. Interestingly, the weight of the kidneys did
not correlate with renal function or the site of renal amyloid
deposition and was generally not proportional to the amount
of renal amyloid (289). This indicates that, in advanced cases,
parenchymal atrophy is the major factor governing kidney size.
The average kidney weight of four patients with AL amyloi-
dosis in a recent autopsy study from one of the authors was
200 g (82). However, it must be emphasized that amyloidosis,
including renal amyloidosis, may not be grossly apparent.

Light Microscopy

The light microscopic features of amyloidosis are always the
same, regardless of the type of amyloid. In hematoxylin and
eosin—stained sections, amyloid appears as eosinophilic, amor-
phous, “hyaline” material (Fig. 22.18). In a PAS stain, amyloid
is usually weakly positive. However, certain rare amyloid types
(most notably AH) can be strongly PAS positive, but this is an
exception rather than a rule (290).

Amyloid is defined by its affinity to Congo red and thio-
flavin T or S (Figs. 22.19 and 22.20) (267,291-293); the
electron microscopic appearance of amyloid is also diagnostic
(please see below). Although, in bright light, amyloid deposits,
stained with Congo red, show a salmon pink or pale rose stain
(Figs. 22.19A and 22.20A), this, in itself, is not diagnostic.
A definitive diagnosis of amyloid requires examination under
polarized light, with the demonstration of apple green birefrin-
gence (Figs. 22.19B and 22.20B). Conversely, small deposits
of amyloid, which may not be apparent in bright light, can be
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FIGURE 22.18 AL amyloidosis. A: Early segmental mesangial amyloid deposition. B: Complete obliteration of the glomerular

architecture by amyloid deposits in an advanced case. (H&E, x 500.)

diagnosed through their green color when viewed under polar-
ized light. In order to demonstrate small amounts of amyloid
in tissue, thicker sections may be cut at 4 to 8 wm, instead
of the customary 2 to 4 wm (294,295). In thicker sections,
small deposits are less likely to be missed (as a consequence
of unevenness of amyloid distribution within the examined
tissue), and, therefore, sampling error is more easily avoided.
However, the sections typically used in renal pathology (2 to
3 wm) are quite adequate for Congo red stain, providing the
examination is performed properly. In order to minimize sam-
pling error, the author (M.M.P) routinely stains two slides
with Congo red (and more if clinically indicated), preferably
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FIGURE 22.19 AL amyloidosis. A: Salmon pink staining of amy-
loid with Congo red. (x500.) B: Apple green birefringence is elicited
on polarization of sample shown in (A). (x500.) C: Thioflavin T stain
depicts mesangial amyloid deposits. (x350.)

obtained from different levels within the block. Polarization
microscopy is not trivial, or devoid of pitfalls, and adequate
equipment is mandatory (295-297). Sensitivity of detection
of birefringence depends on the intensity of the transmitted
light (therefore, a strong light source is highly recommended)
and pupil accommodation (hence, the examination of sections
in a darkened room is also strongly recommended). Note,
however, that if excess Congo red dye is retained by the tis-
sue, it can lead to false birefringence (294). Note also that
“preamyloidotic” deposits, that is, deposits that are positive for
the amyloid precursor protein by immunohistochemistry, but
negative by Congo red staining, have been detected in some
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hereditary amyloidoses such as ATTR and dialysis-associated
amyloidosis (298). In these cases, electron microscopy typi-
cally demonstrates nonfibrillar deposits. One important fea-
ture of polarization is “polarization shadow” where, at any
given position of the specimen, only a portion of the amyloid
deposit shows green birefringence (294,295). Only by rota-
tion of the microscope stage will other birefringent parts of
the section become visible while, in turn, the formerly vis-
ible areas will now be obscured by the “polarization shadow.”
Thus, as a consequence of this “polarization shadow” phenom-
enon, small deposits may be missed. This phenomenon can be
avoided by use of additional methods such as fluorescent light
and thioflavin stains (Fig. 22.19C). Interestingly, the Congo
red dye itself is also a fluorochrome and can be examined under
fluorescent light (294,295,299,300). Moreover, when Congo
red—stained slides are examined by fluorescent light, the entire
amyloid-containing area is highlighted (with no polarization
shadow), which also facilitates the detection of small deposits
(Fig. 22.20C). Different filters may be used in the Congo red
fluorescence technique. With the fluorescein isothiocyanate
(FITC) filter, deposits of amyloid appear orange, while, with a
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tetramethylrhodamine isothiocyanate (TRITC) filter, deposits
are red. In the author’s (M.M.P) own experience, the latter
filter gives a cleaner and more easily discernible visualization
of amyloid.

A thioflavin stain, examined with fluorescence, is much
more sensitive than Congo red/green birefringence or even
Congo red/fluorescence and, therefore, is particularly useful in
the detection of small deposits of amyloid (see Fig. 22.19C)
(293). This stain, which is easy to perform, is particularly use-
ful in renal pathology, where fluorescence microscopy is already
used routinely. The greater sensitivity of the thioflavin stain is
also augmented by the absence of the “polarization shadow”
phenomenon. Thioflavin stains (T or S) have been used exten-
sively in research. Other stains, such as crystal violet, methyl
violet, Sirius red, and sulfated Alcian blue (SAB), are less sen-
sitive and less specific. Thus, SAB stains glycosaminoglycans
(GAGs) rather than the amyloid protein itself (295).

In the kidney, amyloid deposits can be found in any of the
renal compartments: in the glomeruli, the interstitium, or the
extraglomerular blood vessels. Glomerular amyloid formation
begins in the mesangium (see Fig. 22.18), eventually replacing

FIGURE 22.20 A: Congo red stain in bright light, amyloid deposits
appear salmon pink. B: Polarized light of (A), amyloid deposits show apple
green hirefringence. C: Congo red stain (slide A) viewed under fluores-
cence light, TRITC filter. Amyloid deposits stained with Congo red and
viewed under the fluorescence microscope using TRITC filter appear red
and are more readily apparent than in (B). This method is particularly help-
ful in the detection of small deposits and in the screening of large areas.
(C: from Picken MM. Generic diagnosis of amyloid: a summary of current
recommendations and the editorial comments on Chapters 12—15. In: Picken
MM, Dogan A, Herrera GA, eds. Amyloid and Related Disorders in Surgical
Pathology and Clinical Correlations. New York: Springer, 2012:209-217.
With kind permission of Springer Science + Business Media.)




1N Heptinstall's Pathology of the Kidney

the normal mesangial matrix and extending into peripheral
capillary walls. Amyloid deposition may occur in segmen-
tal, diffuse mesangial, nodular, and pure basement mem-
brane patterns (275,289,300-303). Early segmental amyloid
deposits are small, discrete, and confined to the mesangium
and, hence, may be unsuspected on H&E-stained sections.
It is very easy to miss this eatly form of amyloidosis, and the
careful evaluation of special stains, immunofluorescence, and
electron microscopy is required for a correct diagnosis. It is
also recommended to examine a Congo red stain in order to
exclude the presence of early amyloid deposits in particular in
patients with proteinuria/nephrotic syndrome not associated
with immune complexes or in unexplained renal failure. In
the diffuse form, the mesangium is uniformly expanded by
weakly PAS-positive acellular deposits. In the case of amyloid
derived from fibrinogen (AFib), near complete glomerular
obliteration by amyloid is typically seen (303-305). In the
nodular form, the mesangium is asymmetrically expanded by
masses of amyloid that may compress and compromise the
capillary spaces (110,301,306). The nodular form should be
distinguished from diabetic nephropathy and other forms of
nodular glomerulosclerosis. The glomerular lesions may be
uniform among the lobules within a glomerulus. The base-
ment membrane may remain normal even when massive
mesangial amyloidosis is present. However, fraying, loss of
argyrophilia, and discontinuities are seen along the glomeru-
lar capillary walls with the Jones methenamine silver stain as
amyloid deposits increase in this location. A multinucleated
giant cell reaction may accompany glomerular amyloid depo-
sition (307). Rarely, crescents can be seen, highlighting the fact
that capillary wall rupture has occurred (308). Subepithelial
amyloid deposition may be associated with the formation of
irregular basement membrane “spicules” due to the presence
of amyloid deposits arranged in parallel arrays perpendicular
to podocytes. This is associated with the loss of argyrophilia
and fraying of the outer aspect of the basement membrane.
Similar changes can also be seen at the periphery of mesan-
gial areas (please see also below under Electron Microscopy)
(87,289,309).

Exclusively glomerular involvement may be seen in some
patients and in some types of amyloid, typically in AFib, but
recently also in AL (305,310,311). The tubulointerstitial com-
partment may be variably affected. Interstitial and peritubular
deposits of amyloid are seen in approximately 50% of cases
(307), with amyloid deposition beginning generally in areas
adjacent to blood vessels. Medullary amyloid deposits are more
frequent and more extensive, with a predilection for deposi-
tion around the vasa recta, loops of Henle, and collecting ducts
(289,307). Watanabe and Saniter (307) reported interstitial
involvement in 57 of 122 cases of amyloidosis, and in 12 cases,
it was characterized as massive. Occasionally patients with AA
amyloidosis and amyloidosis derived from certain mutants
of transthyretin and apolipoprotein Al and AIV may show
amyloid deposition limited to the interstitium and medulla
(312,313). Such patients present with renal failure not associ-
ated with proteinuria (303,314-316). Inflammation is not a
typical feature of amyloidosis. However, while scattered aggre-
gates of lymphoplasmacytic cells may be present, in particular
in AL (289), even more inflammation can be seen in patients
with AA amyloidosis derived from “skin popping” (V. D’Agati,
personal communication). Aggregates of foam cells can also be

seen in the interstitium, primarily in cases with large amounts
of proteinuria (289). The tubules may show nonspecific find-
ings or vacuolization and damage at the early stages, while
tubular atrophy is seen most often in advanced cases with
interstitial amyloid deposition.

Another site of significant amyloid deposition is the renal
vasculature. Among renal vessels, arteriolar deposits are most
frequent, followed by arteries, peritubular capillaries, and veins
(289). The amyloid deposits in the vessel walls may be subtle or
may completely replace the vessel walls and be associated with
occlusion of the lumina. Vascular amyloid may be mimicked
by hyalinosis and even fibrinoid necrosis, and special stains
are recommended to establish a distinction. Vascular deposits
frequently coexist with glomerular amyloid, but the extent of
vascular amyloid deposition may be unrelated to the pattern of
glomerular involvement. Watanabe and Saniter found amyloid
in interlobular arteries or arterioles in 97 of 122 renal biopsies
(307). In rare cases, the vessels are the only site in the kidney
where amyloid can be demonstrated. In some familial amyloi-
doses, for example, AApo All, amyloid deposits may involve
the blood vessels and spare the glomeruli (303). In certain cases
of AA, and even in rare cases of AL amyloidosis, only vascular
deposits were detectable in the kidney (77,317-319).

In many suspected cases of amyloidosis, an abdominal fat
biopsy may be diagnostic. The latter is as sensitive as rectal
biopsy and more so than bone marrow biopsy. The sensitiv-
ity (52% to 100%) and the specificity (99%) suggest that,
although a positive result is good evidence for the disease, a
negative result does not exclude it (295,320,321). An adequate
amount of tissue is mandatory, and therefore, a small surgical
biopsy, or a deep skin punch biopsy, may be preferred to a fine
needle aspiration biopsy (295). A simple but effective scoring
system for estimating the amount of amyloid in a fat biopsy
sample is currently in use in many laboratories and has been
recommended for reporting (320,322).

Amyloid Typing

In view of the recent emergence of amyloid type—specific thera-
pies, precise identification of the amyloid protein type (here-
inafter referred to as “amyloid typing”) has now become the
standard of care (Figs. 22.21 and 22.22). While traditionally
kidney biopsies have been analyzed by frozen section immu-
nofluorescence, in the case of amyloid, other methods have
also been applied to amyloid typing. To this end, various anti-
body-based techniques, immunofluorescence stains on frozen
tissues, immunoperoxidase stains on paraffin sections, immu-
noelectron microscopic labeling procedures, and Western
blot methods have been used with varying levels of success
(156,323-329). The typing of amyloid proteins in formalin-
fixed paraffin-embedded specimens by biochemical methods
has also been reported (330-332). This latter approach was
advanced markedly through the availability of more sophisti-
cated proteomics methods (332-334) (please see also Section
Proteomics). While the more complex and newer techniques
are available only in specialized laboratories, immunofluores-
cence on frozen section and immunohistochemistry on paraf-
fin sections still are widely used in clinical practice (335,336).
However, it must be stressed that the immunohistochemistry
of amyloid differs significantly from that encountered in other
areas of general surgical pathology and caution as well as expe-
rience are necessary for its interpretation.
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FIGURE 22.21

A: AA amyloidosis. Distinct mesangial staining for AA protein. Immunoperoxidase stain of a paraffin section for AA

protein. (x500.) B: AL amyloidosis. Mesangial deposits of A chain amyloid are clearly depicted; stain for k light chain was negative
(not shown). Direct immunofluorescence for A light chain. (Fluorescein, x350.)

Amyloid Inmunohistochemistry

Amyloid immunohistochemistry presents the pathologist with
a serious challenge because of (a) the lack of specific antibodies
for the amyloid proteins (as opposed to the native proteins), (b)
the heterogeneity of amyloid proteins (further compounded by
protein variants) and the lack of specific antibodies for all dif-
ferent amyloid types, and (c) the high background staining that
accrues from serum contamination competing with the signal
from the amyloid protein (324,325).

Amyloid type-specific antibodies are limited in their
availability, and regulatory issues (validation of such antibod-
ies as analyte-specific reagents [ASR]) have not been uniformly
addressed. Commercially available antibodies are typically
raised against epitopes of the “native” protein, which may
be altered in the corresponding amyloid fibril protein due to
conformational changes and/or the fragmentation/truncation
that occurs during fibrillogenesis. This is particularly true in
AL, where the fibril may be derived predominantly from a
fragment of the light chain or a mixture of fragments of vari-
ous lengths. Since commercial antibodies are typically raised
against the constant region, antibody reactivity depends on the
extent to which this region is present in the amyloid fibrils. In
one large study, in 31% of AL patients, immunohistochemis-
try on paraffin sections using commercial antibodies was “not
entirely” diagnostic (326). In two other studies reported by
large amyloidosis referral centers, immunohistochemistry on
paraffin sections was diagnostic in 92% (utilizing a combina-
tion of commercially available as well as custom antibodies)
(327) and in 97.8% (utilizing custom antibody-specific anti-
bodies) (325). Amyloid derived from the heavy chain (AH)
has been only very rarely reported (290,337-342). In a few
earlier reported cases of AH, which were studied by biochemi-
cal methods, the involved heavy chains, either ¥ or W, had
deletions in the Cpyl and Cy42 regions (337-342). Hence, it
is suspected that in some cases commercial antibody reactiv-
ity may be diminished or abolished altogether. In some cases
of hereditary amyloidoses, antibody reactivity is dependent on
the type of mutation (324). However, reactivity of various anti-
bodies with amyloid fibril proteins appears to be also, to some

extent, a technique-dependent phenomenon. Thus, it has been
shown that antibody typing by immunoelectron microscopy
and immunoblotting (Western blot) both give better results
than typing in paraffin sections (157,328,329). While further
consideration of these issues lies outside the scope of this chap-
ter, they indicate that there are many aspects of amyloid fibril
protein structure and composition that are still only partially
understood. Antibody reactivity may also be affected by the
presence of other components, such as amyloid P component,
GAGs, variable extracellular components, and even lipids,
which are also present in amyloid deposits.

In immunohistochemistry, each diagnostic stain should
be accompanied by a positive and negative control stain.
However, with amyloid not being a single entity, such
approach is not practical. To circumvent this issue, a surro-
gate positive control stain and a comparative immunohisto-
chemistry have been used. Amyloid P component is present
in all types of amyloid and hence can be used as a “universal”
positive control and a surrogate for amyloid control positive
stain (343). It also shows good reactivity in both paraffin and
frozen sections (324). Comparative immunohistochemistry is
based on interpretation of a panel of antibodies rather than
a single antibody. This facilitates a distinction between a true
positive stain from nonspecific background stain. The stron-
gest stain, comparable in intensity to stain for amyloid P com-
ponent, is interpreted as diagnostic (324,325) (Fig. 22.22).
Using a single antibody, rather than a panel, or using different
methods such as immunofluorescence for some and immuno-
peroxidase for other antibodies is very risky since it does not
allow a comparison of intensities of stains obtained by different
techniques. Contaminating serum proteins can compete with
the signal from the amyloid protein itself and create a high
background stain. This issue is particularly difficult to resolve
in paraffin sections. In contrast, in frozen sections, plasma
proteins are largely eliminated simply by washing (324,344).
To some extent, however, even in vivo, various serum proteins
can be adsorbed to amyloid deposits. Immunohistochemistry
results must be interpreted in the context of Congo red
stain. The combination of a traditional Congo red stain with
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FIGURE 22.22 Kidney with AFib. Amyloid immunohistochemistry in paraffin sections demonstrating advantages of using a panel
of stains. A: Negative stain for amyloid A protein. B: Deposits of amyloid are negative for A light chain; positivity for this antibody is
seen focally in the lumen of glomerular vessels. C: Stain for k light chain showing weak (1+) positivity of amyloid deposits. D: Stain for
amyloid P component showing strong positivity (3+). E: Negative stain for transthyretin. F: Amyloid deposits are strongly immunoreac-
tive for fibrinogen (3+) and are limited to the glomeruli. All paraffin sections, inmunoperoxidase stains; no counterstain (A, E), all other
with hematoxylin counterstain. Magnifications: x280 in (A) through (E); x60 in (F). (From Picken MM, Linke RP. Nephrotic syndrome
due to an amyloidogenic mutation in fibrinogen A alpha chain. J Am Soc Nephrol 2009;20:1681.)
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immunohistochemistry—the “overlay technique’—has also
been described (325,326).

In general, the main differential diagnosis of the amyloid
type is AL versus other types (280,284,327,335,336,345-348).
In the kidney, >90% of amyloids are of the AL-AA types, with
other types being individually rare but collectively significant,
approaching 10%. In contrast, in cardiac and peripheral nerve
biopsies, amyloid derived from transthyretin, ATTR, is the sec-
ond most common type of amyloid after AL (348). In the kid-
ney, the typical initial antibody panel should include antibodies
against kappa and lambda immunoglobulin light chains, amy-
loid A protein, transthyretin, fibrinogen, and antibody against
human AP component. A stain for 3,-microglobulin should be
added in the setting of dialysis (324).

Note that a single patient may suffer from different
amyloid diseases simultaneously. Examples include renal glo-
merular AL and vascular AA deposits, AL and AA deposits in
different biopsy sites or the same biopsy site but involving dif-
ferent structures (mucosa and submucosal vessels respectively),
and cardiac amyloid derived from wild-type ATTR and AApo
ALV, both in anatomically distinct patterns of distribution
(317,325,326,349). The significance of rare reports of more
than one amyloid protein type being demonstrable seemingly
in the same amyloid deposits is at present unclear (290,350—
354). In the author’s own experience (M.M.P), enhanced
positivity for AA amyloid protein was seen in a patient with a
long history of Crohn diseases who developed AL-x systemic
amyloidosis (354). It is feasible that the existence of amyloid
deposits may induce polymerization of another potentially
amyloidogenic (amyloidogenesis-prone) protein. It is also
becoming evident that immunohistochemical stains can detect
deposits of amyloid protein that are Congo red—negative and,
hence, considered to be preamyloidotic. This has been docu-
mented in occasional patients with hereditary amyloidosis
(ATTR) and dialysis-related amyloidosis (298).

In general, paraffin section immunohistochemistry is par-
ticularly challenging for diagnosis of AL/AH; similar consid-
erations also apply in the case of deposits of ATTR (amyloid
derived from transthyretin) and certain cases of other heredi-
tary amyloidoses (324-327) (see Figs. 22.21A and 22.22).
Antigen retrieval methods can be tricky (326).

Immunofluorescence

In the authors’ own experience, amyloid typing using immu-
nofluorescence on frozen sections is superior to immunohis-
tochemistry on paraffin sections where the issues of altered
antibody reactivity and background staining are less of an
impediment to successful amyloid typing (324,355). In gen-
eral, most antibodies perform better in frozen than in paraf-
fin sections, and this is especially evident in the detection of
serum proteins in kidney biopsies, as well as the detection of
light chain restriction, in general, and AL, in particular (see
Fig. 22.21B) (324,355-357). The proportion of renal biopsies
with subsequently proven AL, where the amyloid deposits were
not reactive in frozen sections with antibodies against kappa or
lambda light chain, varies between 13.6% (M.P, author’s own
experience) and 35.3% (346,358-361). On rare occasion, both
light and heavy chain immunoglobulins have been detected by
immunofluorescence or mass spectrometry in amyloid deposits
(290,362,363). While such reports are intriguing, additional
studies are needed to establish whether such a combination

truly represents a distinct amyloid type or an artifact (364). In
a recently described large series of immunoglobulin renal amy-
loidosis, 7.38% of cases seemingly showed either heavy chain
or a mixture of light and heavy chains (290).

While in the majority of cases, immunofluorescence stains
performed on frozen sections demonstrate clear light chain
restriction, verification of such result against a short panel
of stains including AP is prudent (324). Since, currently, in
most laboratories, stains for kappa and lambda light chains,
gamma, alpha, and mu heavy chains and fibrinogen are rou-
tinely included in the immunofluorescence antibody panel of
all native kidney biopsies, in most instances, amyloid typing
would require only additional stains for AP component, AA,
and transthyretin; 3,-microglobulin stain should be added for
patients on dialysis. Testing for light chains should be done
routinely on all native kidney biopsies, at least on those from
adult patients. This not only will allow the successful typing of
many cases of AL amyloid but is also critical in the detection of
other kidney pathologies associated with an underlying plasma
cell dyscrasia/B-cell lymphoproliferative disorder (see earlier in
this chapter 956-976).

Regardless of the method used (frozen or paraffin sec-
tions), it is critical that very stringent criteria are applied to the
interpretation of results, and all cases with equivocal results are
best delegated to a specialized reference laboratory (324-328).
Lachman et al. (365) studied 350 patients with systemic amy-
loidosis, in whom the diagnosis of AL was suggested by clinical
and laboratory findings and by the absence of a family history.
This study showed that 9.7% of patients actually had familial
amyloidosis. Interestingly, a low-grade monoclonal gammopa-
thy was detected in 24% of these patients. Thus, both careful
clinicopathologic correlation as well as the exclusion of other
amyloid types are important.

Proteomics

Various nonantibody-based analytical tools, derived from pro-
teomics, have been tried in the typing of amyloid deposits. Apart
from the avoidance of issues related to reduced sensitivity and
specificity that may be encountered in immunohistochemistry,
the goal has been to develop methods that are independent of
antibodies or a predetermined knowledge of the patient’s amy-
loid type; this not only would permit a reliable diagnosis of the
amyloid type but may also lead to the discovery of previously
unknown types of amyloid. The aim was to develop techniques
that would be applicable to the small biopsies that are typical
among clinical specimens. The emergence of proteomics meth-
ods has facilitated the use of smaller samples and, ultimately,
also, paraffin-embedded tissues (332-334).

The rationale for the application of proteomics methods
to amyloid typing lies in the relative abundance of amyloid
protein in the tissue, where it is frequently the dominant pro-
tein. Although the initial approach was to study the entire pro-
teome (shot gun proteomics), over the years, the techniques
have been refined to include sample enrichment methods, such
as laser microdissection, and the identification of specific pro-
tein targets (targeted proteomics), in order to increase specific-
ity. While the details are beyond the scope of this book, the
salient features are summarized below.

Briefly, in order to increase the amyloid content in the
analyzed sample, Congo red—positive areas are excised using
laser microdissection and captured. In such enriched tissue
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samples, almost pure amyloid deposits are present with mini-
mal background tissue. The proteins contained within the col-
lected tissue samples are extracted and subsequently subjected
to enzymatic digestion by trypsin yielding small peptides
suitable for processing by liquid chromatography (LC) and
tandem mass spectrometry (MS/MS). Each peptide present
in the human proteome has a unique fragmentation pattern.
Therefore, using computer algorithms, it is possible to predict
the amino acid sequence of the peptide analyzed by MS/MS.
The amino acid sequences are deduced from a comparison of
the observed fragmentation pattern of each peptide with the
theoretical fragmentation pattern of all human tryptic peptides
predicted by the human genome. A probability score is calcu-
lated for individual peptides and ultimately for a given protein.
To increase the specificity of the method, multiple peptides
from a given protein are analyzed. Although this process is not
based on true sequencing of the protein, but rather on com-
plex computation of various algorithms, the currently used
MS/MS methodology is deemed to be highly accurate and
reproducible, to the extent that it may be used with confidence
in clinical applications (332-334,353). Given the challenges
encountered with amyloid typing in paraffin sections, this is
indeed a welcome development. However, like all laboratory
methods, no single method is free from limitations. For MS/
MS, these include the following:

1. Identification of the amyloid protein is based on the prem-
ise that this protein is the most abundant species within the
analyzed sample. However, other proteins may be present
within amyloid deposits, such as amyloid P component,
apolipoprotein E, and various serum proteins.

2. Conversely, small amyloid deposits may be associated with
low-abundance proteins/peptides in the examined tissue
and, thus, may be obscured by more abundant proteins.

3. The observed peptide fragmentation data must be matched
to known protein sequences that are available in public
databases, and hence, certain germ-line polymorphisms or
somatic mutations may not be identified.

4. The protein under study must contain areas amenable to
digestion by trypsin in order to generate peptide fragments
of appropriate size for MS, which are necessary for the pro-
tein to be identified. To this end, Rowczenio et al. (366)
recently reported one patient where mass spectrometry—
based proteomics technology could not be used due to the
presence of numerous trypsin cutting sites in an area of the
protein that could not be detected by MS.

These limitations notwithstanding, it has been possible to
identify virtually all known amyloid protein types, and thus,
the number of cases with undetermined amyloid type has been
markedly reduced to 7% with 3% of samples being deemed to
be insufficient for analysis (367).

Comparison of Mass Spectrometry With
Antibody-Based Amyloid Typing

MS technology has been very helpful in achieving the unambig-
uous amyloid typing of formalin-fixed paraffin-embedded tis-
sues. It has also been critical for the typing of cases with limited
antibody reactivity and in the discovery of new protein types
and identification of their variants. Additional area where MS
data may be helpful includes the delineation of the spectrum of
immunoglobulin-derived amyloid. To this end, published MS

data indicate that in most cases of AL, the involved light chain
contains both variable and constant regions, the latter being
present at least in part (334). While earlier studies empha-
sized the presence of the V region in AL, several recent reports
have also highlighted the hitherto underestimated role of the
C region in amyloid fibril formation. Thus, it has now been
demonstrated that the C region may be involved in initiating
aggregation and providing a template for V region deposition
(368). Recently, detection of both heavy and light chain com-
ponents has been reported by both immunofluorescence and
MS (290,360,362). However, additional studies are needed in
order to establish that this truly represent a new entity as has
been done for other proposed new entities (360,369).

However, although MS technology is gaining in popular-
ity in the institutions having access to it, the question remains
whether the technique should replace, or complement, the
existing methods. Currently, the latter approach would seem to
be a safer and more reasonable choice. In this connection, the
discovery of new amyloid types by MS is being validated with
immunohistochemistry. Also, at the present time, antibody-
based methods would seem to be better suited to the detec-
tion of very small deposits, while the effectiveness of the MS
technique is currently limited by the abundance of amyloid in
the tissue examined (366,370). Now that emphasis has shifted
decidedly toward the early detection of amyloid in patient
specimens, where very small deposits are expected rather than
the exception, this may be to the relative disadvantage of MS.
Other limitations of each of the detection methods are dis-
cussed above.

RECOMMENDATIONS ON REPORTING

An amyloidosis-related pathology report should include the
following important points: (a) the method used for amyloid
detection, (b) the method(s) used for amyloid typing, and (c)
the pattern of distribution of amyloid in the patient specimen
(322). For antibody-based testing, the intensity of each stain
(in relation to amyloid distribution) should be reported; the
results of additional studies, if performed/known, should also
be included. A scoring system for amyloid involvement of the
kidney has been proposed, but, thus far, it has been neither val-
idated nor widely accepted. This is due, in part, to its complex-
ity (302,371). This issue is currently under discussion (322).

Electron Microscopy
Regardless of amyloid type, the ultrastructural findings are
essentially similar: Amyloid is characterized by randomly dis-
posed, rigid, nonbranching, variably long (up to 1600 nm),
7- to 10-nm-diameter fibrils (110,372-376) (Fig. 22.23).
There are reports suggesting that {3,-microglobulin—associ-
ated amyloidosis has some unique ultrastructural characteris-
tics (377-381). The authors noted that the amyloid fibrils in
this condition exhibited a peculiar arrangement, forming short
curvilinear rather than straight bundles (369,377-381). At
high resolution, exceeding that used in diagnostic pathology,
amyloid fibrils consist of fibrillary subunits, termed “protofila-
ments.” In mature fibrils, protofilaments can vary in number
and can twist around each other forming a hollow fibril core
(371,382).

Amyloid deposits may be found in any of the renal com-
partments, as shown by ultrastructural immunogold labeling
(see Figs. 22.18 and 22.23). In glomeruli, fibrils are invariably



Chapter 22 | Renal Diseases Associated With Plasma Cell Dyscrasias, Amyloidoses, and Waldenstrom Macroglobulinemia m

FIGURE 22.23 AL amyloidesis. Typical ultrastructural appearance of amyloid fibrils seen in the mesangium (A and B) and extend-
ing into the peripheral glomerular capillary wall and occupying a subepithelial location (C). Transmission electron microscopy. (Uranyl
acetate and lead citrate.) (A: x7500; B: x12,500; C: x13,500.)

found in mesangial areas, replacing the normal mesangial
matrix. They may also extend into the peripheral capillary walls,
occupying the subendothelial or subepithelial spaces (375).
Along the latter, fibrils may be arranged in parallel arrays per-
pendicular to the podocytes forming feathery “spikes” (see Fig.
22.23C) (371,380). Infiltration of the basement membrane by
amyloid may be associated with the loss of argyrophilia and the
fraying seen by light microscopy. New layers of the basement
membrane may be seen surrounding amyloid deposits. In end-
stage amyloidosis, the entire lamina densa of the glomerular
basement membrane may be replaced by amyloid, and amyloid
may be found in the urinary space and the Bowman capsule.
Extremely rare cases of amyloidosis may exhibit massive aggre-
gates of amyloid fibrils in subendothelial and mesangial areas,
arranged in tightly packed electron-dense structures, which can
be confused with other entities, including membranoprolif-
erative glomerulonephritis, cryoglobulinemic glomerulopathy,
and even diffuse proliferative lupus nephritis (374,376,381).
Such cases show the expected tinctorial characteristics of amy-
loid and are typically associated with monoclonal « light chains.
In the few documented cases of regression of amyloidosis, the
glomerular basement membrane remains as a complicated lat-
tice of basal lamina, and there may be a few remaining fibrils
or amorphous debris in between the lacunae left behind by the
lamellated lamina densa (375). The resulting overall appear-
ance mimics that of stage IV membranous nephropathy.
Amyloid is defined as “mainly” an extracellular accumu-
lation of fibrils sharing similar staining and ultrastructural
features (267). However, the concept of intracellular fibrillo-
genesis also exists. Various intracellular structures, some with
complete (neurofibrillary tangles) and others with partial
(inclusion bodies) properties of amyloid, have been encoun-
tered in various degenerative diseases (267). Small intracellular
aggregates with amyloid properties have been demonstrated in
the choroid plexus, in the adrenal cortex, and in the Sertoli
cells (383). Early electron microscopic studies also suggested
intralysosomal formation of amyloid fibrils (384). Fibrillary

amyloid-like structure of crystalline inclusions was also observed
in rare cases of light chain proximal tubulopathy (385). Two
additional cases of light chain proximal tubulopathy with
intracellular lysosomal-like structures exhibiting Congo red
positivity and green birefringence were also recently reported
(104,386). It is quite possible that in the future, the pathologic
definition of amyloid will be extended to include intracellular
structures as well. It should be added that the molecular defini-
tion of amyloid differs from that used in pathologic diagno-
sis. At the molecular level, amyloid is defined on the basis of
the characteristic conformational arrangement of the proteins,
consisting of highly ordered cross-beta sheet structures. This
definition therefore extends to synthetic peptides and proteins
forming amyloid in vitro.

AL/AH and AA Amyloidosis

Historical Perspective

The first case of amyloidosis associated with myeloma (discov-
ered retrospectively, since myeloma was not yet recognized as a
pathologic entity) was reported in 1867 (387). In 1872, Adams
documented an association between renal amyloidosis and
myeloma (387). The first case of amyloidosis in a patient with
myeloma was published in 1902 by Jochmann and Schumm
(388), and 15 years later, Glaus (389) reported a second case
of amyloidosis associated with myeloma. Approximately
50 years later, Schmiedeberg described the amino acid com-
position of amyloid and noted that it resembled that of serum
globulin (270). The Congo red stain was introduced in 1933
by Bennhold as a diagnostic clinical test and later used as a
histologic stain (390,391). Six years later, Divry and Florkin
reported green birefringence when amyloid was stained with
Congo red and then viewed under polarized light (392). In
1931, Magnus-Levy first suggested a relationship between
amyloid and light chain proteinuria (393). Two years later,
Bell studied 90 autopsies from patients with multiple myeloma
(including a literature review) and discovered 3 patients with
amyloidosis, further substantiating a possible association (87).
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In 1949, Sikl, in another literature review, compiled infor-
mation from 40 cases with amyloidosis and myeloma and clearly
demonstrated that the two diseases were not merely coincidental
(394). It took almost another 30 years (in 1959) for Cohen and
Calkins (395) to demonstrate the fibrillary nature of amyloid
using the transmission electron microscope. In 1961, Osserman
recognized that abnormal light chains were directly involved in
the pathogenesis of amyloidosis (396). Four years later, Eanes
and Glenner reported for the first time the fact that amyloid
was composed of 3-pleated sheets (397), and in the early 1970s,
Glenner et al. (398) further demonstrated the amino acid com-
position of an amyloid protein, which matched the N terminus
of an immunoglobulin light chain. In 1972, Levin et al. (399)
described the amino acid composition and sequence of amyloid
from a patient with secondary amyloidosis and labeled it amy-
loid A protein. In the late 1960s and early 1970s, Shirahama and
Cohen emphasized the essential role that mesangial cells played
in the pathogenesis of glomerular AA amyloidosis (384,400).
Their studies with splenic macrophages engaged in amyloid
formation also strongly suggested a crucial role for lysosomes
in the process of amyloidogenesis. Linke et al. in 1973 (401)
and Epstein the following year (402) digested B]J proteins with
proteolytic enzymes, forming amyloid fibrils.

The study of renal amyloidosis was then essentially
ignored until the early 1990s, when the work of Solomon
et al. (60), who injected light chain proteins intraperitoneally,
demonstrated the formation of vascular amyloidosis in the kid-
ney. This seminal work was followed by elegant studies on the
molecular modeling of amyloid and analysis of the amino acid
sequence and conformation of amyloidogenic light chains. In
1996, Tagouri et al. (403) demonstrated amyloid formation
by mesangial cells incubated with amyloidogenic light chains
purified from the urine of patients with AL amyloidosis, thus
establishing an in vitro model to study renal amyloidogenesis.
This was followed by the use of an isolated kidney perfusion
model, whereby amyloidogenic light chains were delivered to
the kidney via the renal artery (404). Additional studies by
Comenzo et al. (405) convincingly showed that A VI light
chains display a striking renal tropism and, as a consequence,
are the most common light chains involved in renal amyloido-
sis, as had been previously proposed by Solomon et al. (54). An
in vivo model of renal amyloidogenesis followed. The first case
of heavy chain—related amyloidosis was reported by Eulitz et
al. in 1990 (337), and since then, only relatively few of similar
patients have been documented (338-342).

AL/AH Amyloidosis: Clinical Presentation and
Laboratory Findings

The clinical manifestations of AL/AH amyloidosis in general
are frequently rather nonspecific and virtually always include
fatigue and weight loss. Other findings may include edema,
orthostatic hypotension, hepatomegaly without filling defects,
peripheral neuropathy, cardiac arrhythmias, carpal tunnel syn-
drome, and congestive heart failure resulting from restrictive
cardiomyopathy (406). Gastrointestinal symptoms (motility
abnormalities, atony, pseudoobstruction, malabsorption, diar-
rhea, bleeding) may also be seen in fewer than 10% of patients.
In 8% of patients with AL, gastrointestinal symptoms are the
dominant syndrome (406). Hepatic involvement is more com-
mon, involving some 25% of patients with AL amyloidosis
(406). The most common clinical presentation is proteinuria

with or without renal insufficiency (406). The amount of pro-
teinuria is very variable and depends on the extent of renal
involvement. Renal failure may ensue in the advanced stages.

The kidneys may be involved in all types of amyloido-
sis. Glomerular involvement by amyloidosis is frequent and
explains the proteinuria that these patients exhibit. Amyloidosis
is often diagnosed by renal biopsy. Only a small percentage of
patients have an established diagnosis of amyloidosis prior to
renal biopsy.

Amyloidosis related to plasma cell dyscrasia is also called
primary amyloidosis. In most cases of immunoglobulin-associ-
ated amyloidosis, the precursor protein is an immunoglobulin
light chain or fragment (AL amyloidosis). In a minority of the
cases, amyloidosis originates from truncated immunoglobu-
lin heavy chains (AH amyloidosis) (337-342). In these cases,
there is an underlying plasma cell dyscrasia responsible for the
amyloidosis.

AL/AH amyloidosis primarily affects older individuals; it
is unusual to find a patient with this condition younger than
40 years of age. Early studies of renal amyloidosis by Bell clearly
documented that all renal compartments may be involved and
that it was a systemic disease; in only 2 of the 65 cases reported,
amyloid was found only in the kidney (87). However, renal
involvement may be the first manifestation of systemic disease,
with subsequent studies demonstrating the systemic nature of
the amyloidosis. Extrarenal localized AL amyloid deposits are
frequently seen in the genitourinary tract (see under Localized
Amyloidoses).

Etiology and Pathogenesis of Renal AL Amyloidesis
Shirahama and Cohen (384,400) studied AA amyloidogen-
esis and demonstrated the importance of mesangial cells and
lysosomes in the process of renal amyloidogenesis. Studies in
the early 1980s focusing on amyloidogenesis revealed that the
mesangium was the first site where amyloid is formed in the
glomerulus (407). More recent studies have elucidated the pre-
cise mechanisms at play in renal AL amyloidogenesis. When
rat or human mesangial cells were incubated with light chains
purified from the urine of patients with AL amyloidosis, the
light chains were endocytosed into phenotypically changed
mesangial cells with a macrophage phenotype (214) and deliv-
ered to the mature lysosomal system, where amyloid formation
took place (217). The internalization process is clathrin medi-
ated (217). Amyloid formation can be influenced by altering
lysosomal function or the mesangial milieu (210,217,408).
The process involved in the extrusion of amyloid fibrils into
the mesangium by mesangial cells has been studies using scan-
ning electron microscopy. Cellular outpouchings in mesangial
cells containing lysosomes are associated with the delivery of
fibrils extracellularly (409). Once amyloid is produced and
delivered to the extracellular mesangial matrix, activation of
metalloproteinases occurs, with eventual destruction of the
mesangial matrix and replacement by amyloid (216).

Certain amino acid sequences, as well as posttranslational
modifications of the light chains such as glycosylation, dipole
moment formation (a change in the degree of polarity of a mol-
ecule), and charge-charge interactions, are responsible for the
amyloidogenic potential of a given light chain. Some of these
alterations include mutations of Arg61 leading to loss of a criti-
cal buried salt bridge, mutations of Pro residues in B turns, or
replacement of isoleucine (Ile) at position 27b, which enhances
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fibrillogenesis by destabilizing the variable portion of the light
chains. Replacement of lysine (Lys) 31 is also highly destabi-
lizing and strongly associated with amyloidosis. Replacement
mutations in positions 61 (arginine [Arg]-aspartate [Asp]),
31 (Asp-Lys), 36 (tyrosine [Tyr]-phenylalanine [Phe]), and
27 (threonine [Thr]-Ile), among others, may be responsible for
the above-mentioned alterations. Other changes in the light
chains are also associated with propensity for development of
AL amyloidosis (39,66,409—411). Such alterations in the phys-
icochemical composition of a light chain may govern specific
interactions with mesangial receptors, potentiating endocytosis
into the mesangial cells and eventual amyloid formation (217).
The mechanisms involved in AH amyloidosis remain unclear

(337-342,396).

AA Amyloidosis (Formerly Secondary
Amyloidosis)

Historical Perspective

AA amyloidosis usually arises in the context of an acute-phase
response, such as that seen in the inflammatory arthritides,
autoinflammatory disorders, chronic infections, and malig-
nancies (278,287,412-423). For this reason, this form of amy-
loidosis was formerly referred to as “secondary” amyloidosis.
However, it is now designated “AA amyloidosis,” to reflect
its origin from SAA. The amyloid A fibril protein is derived
from a larger precursor protein, an acute-phase reactant,
termed serum amyloid A or SAA (399,424,425). An associa-
tion between FMF and the development of AA amyloidosis
has been known for decades (418-420,426—430). In recent
years, a number of other hereditary autoinflammatory diseases,
associated with mutations in genes involved in the inflamma-
tory response of the innate immune system, have been discov-
ered and linked with the development of AA amyloidosis as
their major complication (418,423,429-432). Recently, also, a
single case of a hereditary form of AA amyloidosis, associated
with a mutation in the precursor protein itself, consequent to a
mutation in the SAA4 gene, was reported (433). However, the
majority of cases of AA amyloidosis have no apparent familial
component. Therefore, AA amyloidosis should be considered
in the context of sporadic systemic amyloidosis and, in some
cases, as familial amyloidosis associated with hereditary autoin-
flammatory diseases.

A brief comment should be made in connection with the
genetics in familial or hereditary amyloidoses. In patients with
hereditary autoinflammatory diseases, the development of AA
amyloidosis is associated with genetic mutations in nonamy-
loid proteins. These mutations result in up-regulation of the
inflammatory response of the innate immune system, and this
inflammation predisposes patients to the development of AA
amyloidosis. Later in the section on amyloidoses, we discuss
the ever-expanding group of amyloidoses that develop as a con-
sequence of mutations in the amyloid fibril protein irself and
which are also referred to as hereditary or familial.

Clinical Presentation and Laboratory Findings

AA amyloidosis affects patients of various ages; thus, three
series found an age range of 11 to 87 years, with a median
of 50 (412-422,427-432). However, in younger patients
affected by AA amyloidosis, a hereditary component must
be considered (418,427-432) (see below under Hereditary
Autoinflammatory Diseases).

There are many conditions that have been associated with
AA amyloidosis. Often, the underlying disease has been of long
standing and is severe in nature, and this underlying process
dominates the clinical picture (412-422,434-437).

The clinical conditions associated with AA amyloidosis
include inflammatory arthritides, autoinflammatory diseases,
chronic infections, and malignancies. Rheumatoid arthritis is
the most frequent, followed by ankylosing spondylitis and other
arthritides (434—437). AA amyloidosis has been associated with
various autoinflammatory diseases, including periodic fevers,
of which FMF is the prototype, as well as granulomatous dis-
eases such as sarcoidosis and inflammatory bowel disorders
(Crohn disease) (426—430,438,439). Chronic infections such
as tuberculosis, osteomyelitis, bronchiectasis, leprosy, and
pyelonephritis; decubitus ulcers; paraplegia; Whipple disease;
acne conglobata; cystic fibrosis; intravenous drug use or “skin
poppers”; and HIV as well as common variable immunode-
ficiency, hypogammaglobulinemia, and agammaglobulinemia
may be associated with AA amyloidosis (278,287,440-443).
Several malignancies, namely, hepatoma, renal cell carcinoma,
mesothelioma, Castleman disease, Hodgkin disease, and WM,
have also been associated with AA amyloidosis (278,444).
Interestingly, between 6% and 13% of patients with AA amy-
loidosis have no evidence of an underlying inflammatory pro-
cess (278,445). In the Western world, inflammatory arthritides
and inflammatory bowel disorders have gradually replaced
infectious diseases as the underlying process most commonly
associated with AA (415,417,434-437). In the mid-2000s, in
two large Western series (one from the United States and one
from the United Kingdom), rheumatoid arthritides accounted
for 39% and 64% of AA amyloid cases, respectively, while
chronic infections contributed only 13% and 14% of patients
(278,446). A large study of patients with rheumatoid arthritis
from Japan (447) demonstrated amyloid in 19% of patients. In
a series of 68 renal AA amyloidosis patients collected between
1990 and 2005 by French investigators (416), there was an
approximately a similar proportion of cases due to chronic
infection (40.8%) and chronic inflammation (38%). However,
the epidemiology of AA amyloidosis in the Western world has
changed further in more recent years. Thus, in both the United
States and Northern Europe, over the last 10 years, there has
been a decreasing proportion of patients with rheumato-
logic and infectious causes and an increasing proportion with
atypical underlying causes (420,421). During 2000-2009,
among patients evaluated at the Boston University Amyloid
Center, 59% had “traditional” causes, while 41% had atypi-
cal or unknown causes (421). Similarly, comparing the cohort
referred to the National Amyloid Centre in London for the
period 1992-1996 with the most recent 5-year period, there
was a reduction in patients with rheumatoid arthritis from
33% to 19% (P < 0.038) and with juvenile idiopathic arthritis
from 18% to 2% (P < 0.001), but a rise in AA amyloidosis
of unknown etiology from 8% to 28% (P < 0.001). Overall,
however, there has been a remarkable and progressive decrease
in patients referred with AA amyloidosis from 32% of all
cases in 1987-1995 to 6.8% in 2009-2012 (448). Therapies
using disease-modifying antitheumatic drugs (DMARD:)
and biologic agents (anti—tumor necrosis factor) for the treat-
ment of rheumatoid arthritis and juvenile idiopathic arthritis
have contributed to a sustained decline in the number of new

cases (434,449-451). However, outside the Western world,
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infectious diseases (in particular tuberculosis) as the underlying
cause of AA amyloidosis are more common.

The incidence and prevalence of AA amyloidosis in the
general population are largely unknown. For unknown reasons,
the incidence varies worldwide and by geographical area, with
a higher incidence in Europe than in the United States, even in
the setting of the same underlying disease (451). FMF remains
an important cause of AA in regions around the Mediterranean
(286,419).

Proteinuria and nephrotic syndrome are the most com-
mon presenting symptoms. In one recent large series, 97% of
patients had significant proteinuria (278). Occasional patients
may present with renal failure without significant proteinuria
(312,433,452,453). Significant proteinuria has also been asso-
ciated with a more rapid deterioration in renal function than
that seen in patients without significant proteinuria (416,454).

AA amyloidosis usually takes many years to develop.
In rheumatoid arthritis, it is at least 2 years, with a mean of
15 years (278,451). Some patients have a preclinical phase
of amyloidosis where AA deposits can be detected in tissues
without clinical manifestations (436,449). The overall 5-year
survival in patients with overt renal disease in AA amyloido-
sis has been reported to be 40% (278). Median survival after
diagnosis was 133 months. However, the prognosis can be
markedly improved by control of the underlying inflammatory
process (278). Mortality, amyloid burden, and renal prognosis
all correlated significantly with the SAA concentration dur-
ing follow-up, but a relatively favorable outcome was noted
in patients with SAA concentrations that remained in the
low normal range (<4 mg/L). Interestingly, amyloid deposits
regressed in 60% of patients who had a median SAA concen-
tration of <10 mg/L, and survival among these patients was
superior to survival among those in whom amyloid deposits

did not regress (P = 0.04) (278).

Gross and Microscopic Pathology
Renal deposits of amyloid are mostly glomerular, which cor-
relates clinically with proteinuria (278,441). However, in
patients without proteinuria, amyloid deposits may be lim-
ited to the interstitium and affect predominantly the medulla
(278,312,433) or tubules (453) or may be seen around blood
vessels (454—456). Less commonly seen patterns of renal amy-
loidosis include heavy tubular deposits with tubular dysfunc-
tion or crescentic glomerulonephritis (457). In one large series
of 68 patients (416), the distribution pattern of glomerular
amyloid deposits was mesangial segmental (14.7%), mesan-
gial nodular (26.5%), mesangiocapillary (32.3%), and hilar
(26.5%). In the same study, glomerular amyloid was observed
in 80.9% of cases and vascular amyloid without glomerular
involvement in 19.1%. A similar amyloid distribution, glo-
merular versus vascular, was seen by Uda et al. (454). Tubular
atrophy, abundance, and the distribution pattern of glomeru-
lar amyloid deposits at the time of biopsy were independent
predictors of renal outcome. In one study of patients with
glomerular involvement, renal function deteriorated rapidly,
regardless of the disease state, and most patients received
hemodialysis (454). In contrast, in patients with purely vascu-
lar involvement, renal function did not deteriorate significantly
(416,454).

Autopsy studies have shown that amyloid can be pres-
ent in nearly every organ (456). The kidneys are almost

always involved (278,412,447-460). Gastrointestinal tract
involvement is seen in approximately 20% of patients, while, in
contrast, the testes are much more frequently involved (87%)
(417,460). However, in one recent biopsy study from Japan,
gastrointestinal amyloid showed a better correlation with renal
involvement than abdominal fat (454,460). Amyloid goiter
and spleen, liver, adrenal gland, and pulmonary involvement
are relatively less common (417,421,461). Myocardial involve-
ment has generally been rare (278,421).

It is generally agreed that AA amyloidosis can be reliably
diagnosed by immunohistochemical methods, in virtually all
cases, in both frozen and paraffin sections (278,440,462) (see
Fig. 22.21A). There are also several case reports of codeposi-
tion of AA and AL. Petterson et al. (317) reported a patient
with ankylosing spondylitis with renal glomerular AL and vas-
cular AA amyloidosis. Similar consideration must also be given
to patients with WM, who typically develop AL. However, in
some patients, WM may be associated with AA amyloidosis
(440). Similar, seemingly paradoxic, development of an AL
amyloid type was reported in ankylosing spondylitis and in
Crohn disease, both of which are a common clinical setting for

AA (313,354,463).

Hereditary Autoinflammatory Diseases

Historical Perspective

As a group, the hereditary autoinflammatory diseases are
associated with apparently unprovoked attacks of recurrent
inflammation (286,418,422,426—430). In contrast to auto-
immune diseases, these attacks are not associated with signifi-
cant levels of autoantibodies or antigen-specific T cells. While
derangement in the adaptive immune system is involved in
autoimmune diseases (e.g., systemic lupus erythematosus,
rheumatoid arthritis), genetic variants in the innate immune
system, including Mendelian and genetically complex disor-
ders, are associated with the autoinflammatory syndromes
(418,464,465). Accordingly, the inflammatory attacks are
mediated by neutrophils and macrophages, which are part of
innate immunity. Although the exact triggers of these inflam-
matory attacks are unknown, they often appear to be associ-
ated with stress, immunization, or trauma. Therefore, it has
been postulated that gene-environment interactions may play
an important role in the pathogenesis of the hereditary auto-
inflammatory diseases. Advancements during recent decades
have led to the development of a new classification of these
diseases into monogenic and polygenic/complex autoinflam-
matory diseases (418,464,465). The former encompass heredi-
tary periodic fever syndromes. Examples of polygenic and
complex autoinflammatory disorders include Behget disease,
Crohn disease, sarcoidosis, and sinus histiocytosis with massive
lymphadenopathy (Rosai-Dorfman disease) (recently reviewed
by Ombrello and Aksentijevich (418)). Behget disease has been
associated with AA amyloidosis in up to 5% of patients (466).
It is estimated that AA amyloidosis develops in approximately
1% of patients with Crohn disease in the United States and
up to 3% of patients in Northern Europe, and complications
of amyloidosis are a major cause of mortality (418). In con-
trast, AA amyloidosis in ulcerative colitis is extremely rare.
Unfortunately, the pathogenesis of inflammatory bowel dis-
ease is poorly understood, but many studies have suggested an
abnormal mucosal immune system, both innate and adaptive,
as a contributing factor.
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Periodic fever syndromes, which are monogenic autoin-
flammatory diseases, are characterized by recurrent fevers and
systemic inflammation. Although the role of genetic factors in
the development of AA amyloidosis in FMF was suspected, the
underlying mechanisms have been discovered only relatively
recently (427,429,467-469). At the same time, several other
chronic inflammatory diseases, which may be complicated by
the development of AA amyloidosis, have also been shown
to have genetic components (469-471). Most patients with
hereditary periodic fevers, including FME have mutations in
the pyrin, cryopyrin, or tumor necrosis factor (TNF) recep-
tor genes (469—471). Their products modulate the activity of
apoptotic proteins and signal transduction pathways, play-
ing a crucial role in the inflammatory response of the innate
immune system. Thus, collectively, these diseases can be con-
sidered to be a consequence of an inborn error of inflamma-
tion. Apart from FME there are several other periodic fevers
that have recently been clinically, as well as genetically, char-
acterized: tumor necrosis factor receptor 1-associated periodic
syndrome (TRAPS), cryopyrin-associated periodic syndrome
(CAPS), and others (469-471). As a group, these disorders
are referred to as “Infevers,” and recently, a database (htep://
fmfigh.cnrs.fr.infevers/) was established for them (469). FMF
is autosomal recessive; all others are autosomal dominant and
rare. A thorough diagnosis is warranted, because clinical and
therapeutic management is specific for each of these diseases
(472-475).

Several of the hereditary autoinflammatory diseases carry
an increased risk for the development of AA amyloidosis.
Familial AA amyloidosis develops in the context of mutations
in genes for nonamyloid fibril proteins that play a permissive
role in the development of amyloid (467-471). In contrast,
other familial amyloidoses are associated with a genetic defect
leading to amino acid substitutions in the amyloid fibril pre-
cursor proteins themselves (please see below under Hereditary
Amyloidoses).

Familial Mediterranean Fever

FMEF is by far the most common form of the nephropathic
familial amyloidosis. It occurs in ethnic groups from around
the Mediterranean basin and in their descendants: non-Ash-
kenazi (Sephardic) Jews of North African or Middle Eastern
descent, Armenians, Middle FEastern Arabs, and Turks
(418,422,429,469,472-474). However, as genetic testing
becomes more frequent, clinical cases in individuals of non-
Mediterranean ancestry are increasingly reported (418,469).
It is speculated that heterozygotes carrying mutant alleles
have a selective survival advantage owing to their heightened
inflammatory state, which helps them clear a putative endemic
Mediterranean pathogen(s) (475). The gene responsible for
this febrile disorder, MEFV (mapped to the short arm of chro-
mosome 16), encodes pyrin (418,467,468).

Clinical Presentation and Laboratory Findings

EMEF is characterized by regular, unpredictable, and pain-
ful febrile episodes lasting 1 to 4 days accompanied by sterile
peritonitis, pleuritis, synovitis, or an erysipelas-like erythema
involving the lower extremities. The symptoms related to syno-
vitis may be prolonged. No specific inciting factor has been
identified (418,422,429,475). The symptoms resolve without
treatment and with no apparent ill effects, until amyloidosis

supervenes. AA amyloidosis is the main and potentially lethal
complication of the disease. It affects most patients before
40 years of age, but has been reported in children as young as
5 years old (418,422,429).

Renal involvement is the principal clinical manifesta-
tion of AA amyloidosis in patients with FMF (418,422,429).
Proteinuria is typically followed by nephrotic syndrome and
uremia. Proteinuria during the nephrotic stage may be mas-
sive, and the course may be complicated by renal vein throm-
bosis with abrupt deterioration of renal function. The uremic
stage supervenes as glomerular amyloid occludes the tufts,
and hypertension is found in up to 50% of patients at this
stage. The duration of clinical renal disease, from the onset of
proteinuria to terminal renal failure, varies from 2 to 13 years
(476,477). Development of amyloid nephropathy may fol-
low a period of active disease (phenotype I) or, on rare occa-
sions, may be the presenting manifestation (phenotype II)
(427,429).

Amyloidosis appears to be the inevitable consequence of
untreated disease, but the prevalence of AA in inadequately
treated FMF patients varies with population group. In
untreated patients, amyloidosis occurred in 60% of Turkish
patients and in 27% of non-Ashkenazi Jews (476). Amyloidosis
was the cause of death in virtually all autopsied patients with
FMF who were not treated with colchicine (476).

Gross and Microscopic Pathology

Amyloid deposits in FMF are distributed throughout the
body in small vessels. In autopsy kidneys, the glomeruli are
always extensively involved with gross replacement of the
tufts. Amyloid deposits are also seen in dense rings around the
tubules. Interstitial deposits are inconstant, but when pres-
ent, they appear to preferentially accumulate in the medulla
(476,478,479). Glomerular amyloid deposits begin in the
mesangium and spread via the subendothelial space to involve
the tuft, in the same fashion as other forms of systemic amy-
loidosis. Although, in a patient with FME proteinuria is pre-
sumptive evidence of amyloidosis, other renal pathologies
should be considered, in particular in patients treated with
colchicine. Said et al. (478) performed biopsies on 15 patients
with FME principally to elucidate the cause of proteinuria, and
only seven patients had amyloidosis, while others had different
pathologies. Similar findings were reported by Kukuy et al.
(480). In their series, among 27 patients with FMF and pro-
teinuria, almost 50% of patients had nephropathy other than
amyloidosis, including entities with a more favorable outcome.
Therefore, the authors highly recommended performance of a
kidney biopsy in patients with FMF and proteinuria of more
than 0.5 g/24 h. Interestingly, increased incidence of vasculiti-
des and Henoch-Schénlein disease has been reported in FMF
patients (481). The sensitivity of renal biopsy for the detection
of amyloidosis in FMF was 88% in one large series, followed by
rectal biopsy at 75%, liver biopsy at 48%, and gingival biopsy
at 19% (418). The reported sensitivity of testicular biopsy is
about 87% (482).

AA amyloidosis frequently involves the endocrine sys-
tem, and endocrine dysfunction is increasingly recognized
(479,480) including that of the thyroid gland, testicular amy-
loid deposits, and adrenal dysfunction. Testicular involvement
is frequently seen in systemic AA (and AApolipo Al amyloido-
sis—discussed below), and since it may affect young adults, its
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clinical relevance is increasing (482-484). Testicular involve-
ment by amyloidosis may be associated with testicular enlarge-
ment and lead to abnormal spermatogenesis and secondary
infertility (482-484). In patients with known amyloidosis or
identifiable risk factors (e.g., FMF), sperm cryopreservation
and early sperm retrieval may be considered.

Etiology and Pathogenesis of AA Amyloidosis

The amyloid fibril protein in sporadic AA amyloidosis, FMF,
and other autoinflammatory diseases is derived from a truncated
apolipoprotein, SAA (418,423-425). SAA is highly conserved
among species and is a major acute-phase reactant. Its normal
physiologic function is unknown, but it has been speculated
that SAA plays a role in inflammation, pathogen defense, high-
density lipoprotein (HDL) metabolism, and cholesterol trans-
port (418,425). AA amyloidosis develops in association with
an enhanced and prolonged inflammation that leads to up-
regulated production of its precursor and, subsequently, to its
incomplete degradation, misfolding, and deposition in the tis-
sues. Other apolipoproteins (apolipoprotein Al, AIl, and AIV)
have also been shown to be associated with amyloidosis, both
hereditary (apolipoprotein Al and All) and sporadic (apolipo-
protein AIV) (discussed later in the section). In case of apolipo-
proteins Al and All, amyloid is derived from various mutants;
thus far, no mutation has been observed in apolipoprotein AIV.

The human SAA genes are located on chromosome
11(418,425). In humans, SAA is expressed by three different
genes: SAAI, SAA2, and SAA4. SAA3 is a pseudogene, and
SAA4 is constitutively expressed, while SAA1 and SAA2 are
acute-phase reactants and are involved in AA amyloidogen-
esis. These isoforms are synthesized by the liver in response
to proinflammatory cytokines (IL-1, IL-6, TNF-01), and their
levels can rise >1000-fold during inflammation. In patients
with FME, serum levels of SAA are elevated two to three times
normal under basal conditions and may rise >50 times during
febrile episodes (418,467,469).

Under physiologic conditions, SAA is secreted as a 104
amino acid protein, which is completely degraded. In contrast,
in AA amyloidosis, there is incomplete degradation of SAA, with
the C-terminal portion being cleaved, and an accumulation of
the intermediate products. This results in SAA fragments con-
taining only 66 to 76 amino acids, which subsequently polym-
erize into amyloid fibrils. During fibrillogenesis, the amyloid
protein fragments bind proteoglycans and amyloid P compo-
nent. Thus, AA amyloidosis is a result of the interplay of three
major mechanisms (418,425,485-487): increased production
of SAA, its proteolysis, and participation of the extracellular
matrix. It is postulated that proteolytic processing of SAA to
AA protein takes place within macrophages (418,425,485—
487). Experimental studies have shown that, in the kidney,
mesangial cells are involved in the processing of AA (as well as
AL) (384,400,409). It is, as yet, unknown why some patients
with inflammatory disease and high levels of SAA develop amy-
loidosis, while others do not (418). It is postulated that other
factors must also be implicated, such as genetic SA4 polymor-
phisms (see below) (418) and yet-unknown factors that affect
the degradation of serum amyloid A to AA protein (485-487).
To this end, there is evidence that certain SA4 polymorphisms
may be associated with an increased risk for the development
of AA. Thus, among Caucasians, the incidence of AA appears
to be increased in persons who have the SAAlo.o genotype;
however, in Japan, the SAAL.y allele carries an increased risk.

Moreover, specific genetic mutations seen in several autoin-
flammatory diseases also carry an increased risk for the develop-
ment of amyloidosis. The FMF gene encodes pyrin, a member
of the pyrin gene family, which encompasses several related
genes involved in autoinflammatory diseases by affecting apop-
totic and inflammatory signaling pathways. Interestingly, in
2009, Murphy et al. reported the first case of renal AA amy-
loid derived from a mutated SAA4 protein, which is constitu-
tively expressed (433). This patient had no antecedent history
of chronic inflammatory or neoplastic processes. The SAA4
nature of the amyloid was first discovered by tandem mass
spectrometry and subsequently confirmed immunohistochemi-
cally. Interestingly, only wild-type SAA4 was detected by mass
spectrometry in the patient’s serum, and its concentration was
within normal limits. The authors postulated that the mutation
(W22G substitution) had a profound effect on the stability of
SAA4, rendering it amyloidogenic. The role of a genetic com-
ponent, rather than overproduction and incomplete digestion,
also emerged recently in a single case of hereditary amyloido-
sis derived from B,-microglobulin (please see later in this seg-
ment). Amyloid formation is a complex process, of which only
certain features have been discovered and/or elucidated.

Data derived from an animal model of AA amyloido-
sis show that amyloidogenesis is preceded by changes in the
composition of the extracellular matrix. There is increased
deposition of GAGs and amyloid P component accom-
panying amyloid fibril protein deposition (485-490).
Interestingly, the extracellular matrix, in particular glycos-
aminoglycans and the amyloid P component, appears to be
involved in fibril formation in all types of amyloidosis thus
far studied (489,490). The role of these ancillary components
is unclear. Several functions have been proposed, including
the role of facilitating aggregation and protein misfolding,
leading to fibril formation, substrate adhesion, and protec-
tion from degradation (485-487,489). Protein aggregation
has recently developed into an area of intensive research,
since inhibition of aggregation has been targeted as a poten-
tially useful approach to decrease the amyloid burden during
disease (475). Amyloid P component, a glycoprotein related
to C-reactive protein, can be detected in amyloid deposits by
scintigraphy. This feature has been successfully used by some
amyloid centers in Europe to assess the kinetics of amyloid
deposition following treatment (278).

Nonimmunoglobulin and Non-AA Amyloidoses

In this segment, apparently sporadic as well as hereditary
amyloidoses are considered. The former include amyloidosis
derived from leukocyte chemotactic factor 2 and apolipopro-
tein AIV; amyloidosis derived from [3,-microglobulin has also
been largely acquired, with the exception of a single recently
reported hereditary case. Among the hereditary systemic amy-
loidoses, discussed here are amyloidoses derived from trans-
thyretin, ﬁbrinogen, apolipoproteins Al and All, lysozyme,
gelsolin, and cystatin.

Amyloidosis Derived from Leukocyte Chemotactic
Factor 2, ALect2

Since the publication of the last edition of this book, a new
form of systemic amyloidosis has been identified, which is
derived from leukocyte chemotactic factor 2, designated
ALect2 (491). A significant number of renal biopsies with pre-
viously unknown types of amyloid were subsequently shown



Chapter 22 | Renal Diseases Associated With Plasma Cell Dyscrasias, Amyloidoses, and Waldenstrom Macroglobulinemia m

to be ALect2 (284,347,491-493). It is currently believed that
ALect2 represents the third most common form of renal amy-
loidosis (347,493). For example, in a recently reported large
series of 445 recent cases of renal amyloidosis, 13 biopsies
(2.9%) were shown to contain ALect2 amyloid (284). For
comparison, in the same series, AA was identified in 33 (7.4%)
cases, and amyloid derived from fibrinogen (AFib) was diag-
nosed in 5 (1.2%) cases and apolipoprotein in 3 (0.7%) cases.
Thus, AA amyloid, the second most common type of renal
amyloidosis, was only three times more frequent than ALect2.

CLINICAL PRESENTATION AND LABORATORY FINDINGS
ALect2 amyloidosis has been characterized by renal involve-
ment, with extensive deposits of amyloid in the glomeruli, inter-
stitium, and extraglomerular vessels (347,491-493). Clinically,
there is renal function impairment and varying amounts of
proteinuria. However, Holanda et al. (494) reported a case of
renal ALect2 without proteinuria at presentation or on subse-
quent follow-up. Interestingly, in a recently reported series of
hepatic amyloidosis cases (495) from a major referral center,
Alect2 represented the second most common type of amy-
loidosis, involving liver in 23% of their cases (21/92). While
this large proportion of hepatic ALect2 amyloid may be due to
referral bias, the authors propose that ALect2 involves the liver
at least as frequently as the kidney. Fix et al. (496) reported a
first case of ALect2, with primary liver involvement, resulting
in acute liver failure. The patient developed hepatic encepha-
lopathy with confusion and rapidly worsening renal function,
as a result of which a combined liver and kidney transplanta-
tion was performed; this was the first such procedure involv-
ing ALect2. In a series of 30 patients with ALect2, no patient
had clinical or laboratory evidence of involvement of the heart
or nerves (493). However, more recently, a single patient with
presumed ALect2 heart involvement has been reported (496).
Thus far, there have been no reports of a family history
or condition that is known to underlie other amyloidoses. No
increased levels of plasma Lect2 have been documented (492).

GROSS AND MICROSCOPIC PATHOLOGY

In general, ALect2 should be suspected if there is extensive
interstitial involvement. Thus far, reported renal biopsies have
shown fairly advanced involvement of the glomeruli, tubular
basement membrane, interstitium, and extraglomerular ves-
sels. Interestingly, in the recently reported series of 30 patients
(347,492,493), deposition of Alect2 was predominantly
interstitial and vascular, with relative sparing of the glomeruli.
Holanda et al. also reported a kidney biopsy that showed amy-
loid in the tubular basement membrane, vascular walls, and
interstitium along with a relatively mild segmental glomerular
involvement (494).

ALect2 is truly systemic and, in addition to kidney,
hepatic, splenic, colon, and adrenal involvement, was also
discovered incidentally (493). In the liver, unusual globular
parenchymal deposits of amyloid are typically seen.

Initial reports suggested that ALect2 reacts well with the
corresponding antibody (491), but antigen retrieval may be
needed for paraffin sections. However, recently, it was sug-
gested that immunohistochemistry positive for ALect2 may
not be sufficiently specific to determine the amyloid type. This
is based on the detection of a minor component of ALect2
reactivity by immunohistochemistry in kidney biopsies with
AL as the main component (363). Whether ALect2 plays a

pathogenic role in amyloidogenesis in these AL patients will
require further investigation. Caution in interpretation of the
immunohistochemistry results is also advised.

ETIOLOGY AND PATHOGENESIS

Although ALect2 amyloid has been diagnosed predominantly
in patients of Hispanic origin and in some patients from the
Punjab, thus far, there is no evidence that ALect2 amyloidosis is
hereditary (492,493). However, the available molecular studies
are relatively limited (491,492,497). Amino acid sequence data
from the amyloid protein and the cDNA data thus far reported
showed no mutation. Thus far, also, ALect2 amyloidosis has
been diagnosed in adult patients only, and no instance of a
family history has been reported.

The amyloid protein appears to be composed of the entire
133-amino-acid LECT2 protein (491,498). In the secreted
protein, there is a polymorphic G allele that encodes valine
at position 40. Interestingly, each patient studied, thus far,
was homozygous for the G allele (492). It is, therefore, fea-
sible that genetic variation in the LEC72 gene may play a role.
Computer modeling suggests that Lect2 has a f-domain, simi-
lar to other amyloidogenic proteins. Theoretically, replacement
of isoleucine (A allele) with valine (G allele) could destabilize
the protein and account for the amyloidogenic propensity of
this Lect2 variant. Human Lect2 (aka chondromodulin-II) is a
normal serum protein, encoded by the LECT2 gene, which was
mapped to chromosome 5g31.1-q32 by fluorescence in situ
hybridization. This region contains a cluster of cytokine genes
including 1L-4, IL-5, and IL-9. The secreted Lect2, a 16-kDa
protein, is a chemokine and a growth factor, known for being
a chemotactic factor for neutrophils and for stimulating the
growth of chondrocytes and osteoblasts; it may also be involved
in the regulation of repair after damage. Lect2 appears to be
synthesized predominately in the liver, but it is also expressed
in other tissues, including the testis, vascular and endothelial
smooth muscle cells, and the kidney. Lect2 is a downstream
target of P-catenin, which plays an important role in various
aspects of liver biology, including the pathogenesis of liver
cancer. Lect2 appears to be underexpressed in hepatocellular
carcinoma (498,499) and may become a candidate prognostic
marker for this tumor; therapeutic strategies targeting Lect2
expression as a therapy for human hepatocellular carcinoma
are also being investigated. However, the pathogenesis of Lect2
amyloidosis in the liver, as well as in other organs, is unclear.
It has been suggested (492) that ALect2 may be a consequence
of an inflammatory process that leads to increased synthesis of
the potentially amyloidogenic valine-40 variant in individuals
homozygous for the G allele. Interestingly, a polymorphism in
this gene may be associated with rheumatoid arthritis.

Amyloidosis Derived from Apolipoprotein AlV,
AApoAlV

Apolipoprotein AIV—derived amyloid (AApoAIV) was first
reported in 2001 by Bergstrom et al. (500). A cardiac speci-
men from an elderly patient was found to contain two differ-
ent types of amyloid: one derived from wild-type transthyretin
and another from wild-type apolipoprotein AIV. In a subse-
quent publication (349), the authors established the systemic
distribution of amyloid deposits and the complete amino acid
sequence of the 70-residue N-terminal fragment of apolipo-
protein AIV forming amyloid fibrils. There were no mutations
in the nucleotides of the APOA4 gene cloned from the patient’s
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genomic DNA. Over a decade later, the issue of AApoAIV
amyloidosis was revisited with the emergence of additional car-
diac and renal cases. In 2012, Sethi et al. (313) reported renal
AApoAIV amyloidosis in a 52-year-old male with increased
urinary frequency, a gradual loss of renal function, but no
significant proteinuria. Four additional cases of AApoAIV
with amyloid deposits in renal and cardiac tissues, from the
same institution, were reported in the same year (501). Three
other cases, in 82-, 62-, and 57-year-old males, were reported
from another institution in the United States (502), and three
additional cases were apparently also diagnosed in the United
Kingdom (503). Renal biopsies showed large amounts of amy-
loid restricted to the medulla/interstitial compartment, with
no involvement of glomeruli or vessels. Thus far, there is no
evidence of family history or mutation in the APOA4 gene. In
cases reported by Sethi et al. (313) and Prokaeva et al. (502),
DNA analyses detected sequence variants representing com-
mon polymorphisms of the APOA4 gene. No information was
reported regarding other cases.

ApoAlV is a 46-kDa glycoprotein that is primarily synthe-
sized by the enterocytes of the small intestine and is important
in the absorption, transport, and metabolism of lipids. The
plasma concentration varies, depending on nutritional status,
and increases with age. Apolipoproteins have been known to
be associated with amyloidoses. Thus, ApoAl and ApoAll have
been associated with several familial systemic amyloidoses,
while serum amyloid A is the precursor protein of fibrils in
secondary or reactive (AA) amyloidosis. While the presence of
mutations in the familial forms may confer amyloidogenicity,
detection of a wild-type amyloid suggests that apolipoproteins
may share structural features that render them amyloidogenic.

Hereditary Amyloidoses Resulting From Amyloid

Fibril Protein Precursor Mutations

HISTORICAL PERSPECTIVE

Hereditary systemic amyloidosis is a diverse group of diseases
that occur less frequently than AL or AA. In these amyloido-
ses, the structure of the amyloid precursor protein is altered
by a mutation, and this factor is considered pivotal in amy-
loidogenesis (267,303,310,504). The first mutation identi-
fied in hereditary amyloidosis resulted from coding sequence
missense mutations in the 77R (transthyretin) gene (504).
Subsequently, several additional genes (and many more vari-
ants) have been shown to be involved in hereditary amy-
loidoses. Thus, hereditary amyloidoses show both genetic
heterogeneity (multiple genes) and allelic heterogeneity (mul-
tiple mutations in the given gene are able to cause the dis-
ease). Although they are all inherited as autosomal dominant
traits, due to variations in the degree of genetic penetrance, a
family history may not be present. Moreover, the phenotype
can be similar to AL or AA (365). Therefore, diagnosis can
be challenging. While certain hereditary amyloidoses are con-
centrated in particular geographic locations, or affect defined
ethnic groups, many patients throughout the world have been
diagnosed with these various diseases (504). Thus, hereditary
amyloidosis should not be excluded in a given patient based
on ethnicity alone. Currently, in keeping with the modern
classification of amyloidoses, these disorders are named after
the amyloid fibril protein. Among these diseases are amyloi-
doses derived from transthyretin (ATTR), fibrinogen-o. chain
(AFib), apolipoprotein Al (AApoAl), apolipoprotein All

(AApoAll), gelsolin (AGel), lysozyme (Alys), and cystatin
(ACys) (267,504).

Recently, single reports were published of mutations in the
SAA4 gene and the B2M gene (B,-microglobulin) (discussed
earlier and below in this section, respectively) (369,433).
Moreover, among two recently reported systemic amyloidoses,
AApoALV and ALect2, the presence of a mutation has not so far
been detected, but it has not been ruled out either (491,492).
While several of the currently known familial disorders are dis-
tinctly neuropathic or cardiopathic, virtually all of them can
affect the kidneys, although, in some of these amyloidoses,
renal deposits may be clinically silent. Nephropathy is a com-
mon feature of amyloidosis caused by mutations in fibrinogen
A o (alpha)-chain, lysozyme, apolipoprotein Al (ApoAl), and
apolipoprotein Al (ApoAll) (504). Cardiomyopathy is com-
monly seen in transthyretin amyloidosis and in some patients
with ApoAl amyloidosis. Neuropathy may be a feature of
transthyretin and ApoAl amyloidosis (366,504).

Although generally considered to be rare, in aggregate,
hereditary amyloidosis is relatively common. At Boston
University, 10% of patients were diagnosed with familial
amyloidosis, with 85% of the familial amyloidosis due to
ATTR and 5% due to AFib (288). In contrast, in the United
Kingdom, AFib is the most frequent hereditary amyloidosis
(365). The low incidence of these disorders may be a con-
sequence of underdiagnosis. Although individually rare, it
is imperative that these amyloidoses are properly diagnosed
because of the implications for patient management, including
appropriate counseling, prognostication, and treatment (please
see under treatment).

The dangers of misdiagnosing of hereditary amyloido-
ses as AL have been discussed in the literature. In one such
study, an amyloidogenic mutation was present in 34 out of
350 patients with systemic amyloidosis (9.7%): most often,
mutations were detected in the genes encoding fibrinogen A
alpha chain (18 patients) and transthyretin (13 patients) (365).
In all 34 of these patients, the diagnosis of hereditary amyloi-
dosis was confirmed by additional investigations. A low-grade
monoclonal gammopathy was detected in 8 of the 34 patients
(24%). Comenzo et al. (505) reported similar findings where
6% of screened patients had both a monoclonal gammopathy
and a hereditary variant. Similar findings were also reported
by others (463). These results justify the need for screening for
hereditary variants and highlight the importance of a correct
diagnosis of the amyloid type based on the examination of the
amyloid protein in deposits.

ADDITIONAL COMMENT ON THE NOMENCLATURE OF
HEREDITARY AMYLOIDOSES

The amyloid nomenclature is discussed earlier in this chapter.
Here, additional comments pertaining to hereditary amyloido-
ses are included.

Until the amyloid fibril proteins and their precursors were
identified, familial amyloidoses were classified by clinical and
pathologic phenotype (267,271,504). However, in the modern
nomenclature, the amyloidosis type is named after the protein;
for example, AFib or ATTR amyloidosis, and the use of the
older clinical terms (e.g., familial amyloid polyneuropathy)
is discouraged. Variants are named according to the muta-
tion in the gene for the protein, for example, ATTRV30M
or ALysI56T. The first amino acid of the mature, processed



Chapter 22 | Renal Diseases Associated With Plasma Cell Dyscrasias, Amyloidoses, and Waldenstrom Macroglobulinemia m

protein is numbered as amino acid number one (267). While
this numbering system reflects the amino acid sequence in the
secreted proteins, such as amyloid proteins, it does not take
into consideration the signal peptides and propeptides that
are cleaved from the amino terminus after translation, as the
protein is being processed by the cell for secretion. Although
this current amyloid nomenclature has been widely used in the
amyloid field, such a designation of variants is inconsistent
with the recommendations of the Human Genome Variation
Society (HGVS). The latter has proposed a standard nomen-
clature for variation, both at the nucleotide and at the protein
level (www.hgvs.org/mutnomen/). While a detailed descrip-
tion is beyond the scope of this chapter, the reader is referred
to the HGVS Web site (http://www.hgvs.org/) and other refer-
ences for additional reading (497).

Another issue awaiting address is that of the distinction
between hereditary amyloidoses caused by a mutation in the
amyloid fibril itself and familial AA amyloidoses that occur in
a “familial” setting owing to various mutations in nonamyloid
proteins.

Amyloidosis Derived From Transthyretin, ATTR
HISTORICAL PERSPECTIVE
ATTR is the most common form of systemic hereditary
amyloidosis (504). Transthyretin, a prominent plasma pro-
tein formerly known also as prealbumin, is a carrier protein
for thyroid hormone and retinol binding protein/vitamin A
(504). Transthyretin is synthesized primarily by hepatocytes,
but small amounts are also synthesized by the choroid plexus
and the retinal pigment epithelium of the eye. Transthyretin is
composed of 127 amino acids and 4 monomers form a tetra-
mer that circulates in the blood as a 56-kD transport protein.
Wild-type transthyretin has extensive 3-pleated sheet structure
and is, therefore, a prime candidate for amyloid formation;
indeed, wild-type TTR can undergo fibrillogenesis in older
patients, who develop senile systemic amyloidosis. Moreover,
post—liver transplantation (please see below), there is also a
continuing deposition of amyloid derived from the wild type.
The human 77R gene, located on chromosome 18, has
been shown to be affected by >100 different mutations, most
of which (but not all) are pathogenic. The most frequent,
worldwide, is the mutation leading to the Val30Met substitu-
tion (Met30). There are well-established foci of familial ATTR
in Portugal, Sweden, and Japan. However, the disease has
been documented in many countries. Almost 4% of African
Americans carry a mutation that probably originated on the
west coast of Africa and leads to the substitution of isoleucine
for valine at position 122 (V122I) (506). Many of the other
mutations have been described in single families or single indi-
viduals, and due to incomplete penetrance of the genetic defect,
many cases appear “‘sporadic.” However, at least in some cases, a
more detailed investigation may demonstrate the genetic basis
of the disease. ATTR was originally named “familial amyloid-
otic polyneuropathy” (FAP) because the first mutation discov-
ered, Val30Met, is associated principally with neuropathy.

CLINICAL PRESENTATION AND LABORATORY FINDINGS

The age at onset and the phenotype may vary between dif-
ferent kinships. In general, males are more often affected
than females. There are also geographic differences. The
same variant (Met30) produces an earlier age of onset in

Portuguese, and a later age of onset in Swedish, endemic
foci (316,504). A low penetrance in carriers of the mutation
has been observed, and therefore, the family history may
be absent (365,504); occasional reports of apparently spo-
radic ATTR cases have also been noted (504). In elderly
patients, wild-type transthyretin may form amyloid, which
shows cardiac tropism. Senile systemic amyloidosis affects
an estimated 20% to 25% of people over the age of 80
(383,504,506,507).

Despite being inherited, the disease is generally not clini-
cally apparent until middle or later life.

Although polyneuropathy and cardiomyopathy are the
major clinical manifestations, nephropathic and ocular forms
have also been reported (316). Microalbuminuria may be the
first stage of clinical ATTR nephropathy and is premonitory
of neuropathy (316). The most frequent form of presentation
of ATTR nephropathy is nephrotic proteinuria with renal dys-
function (316). Some mutations appear to be associated with
renal impairment without proteinuria (504).

Testing for familial amyloidosis should be considered in
any inconclusive cases, and DNA analysis is mandatory for
supporting the diagnosis. Serum screening for variants of trans-
thyretin by isoelectric focusing and mass spectrometric charac-
terization of variants are available. However, this serum-based
test is limited to TTR amyloidosis and does not cover amy-
loidosis due to the other genes. In the past, multiple restric-
tion fragment length polymorphisms (RFLPs) have been used
to diagnose ATTR. At present, AT'TR diagnosis is based on
direct DNA sequencing, typically using DNA obtained from
peripheral blood cells. Transthyretin sequence analysis can be
obtained from a number of commercial laboratories and amy-
loid treatment centers (504).

GROSS AND MICROSCOPIC PATHOLOGY

Amyloid deposits are systemic but typically affect peripheral
nerves and myocardium, depending on the phenotype. Varying
degrees of renal involvement have been reported, with primar-
ily glomerular deposits, but in some patients, amyloid may be
limited to the interstitium in the medulla (316). End-stage
renal disease may develop (315,316). There are amyloid depos-
its in the systemic vasculature. Preamyloidotic deposits can be
detected in nerves of some carriers without clinical evidence of
the disease (298). Mixed deposits of amyloid, that is, derived
from two different proteins (transthyretin and apolipoprotein
AlV), have also been reported in the heart (500).

In ATTRV1221 patients, the heart is the most severely
affected organ, but amyloid is also variably seen in the blood
vessels of multiple tissues, including the kidney, adrenal gland,
urinary bladder, prostate, lung, various segments of the gas-
trointestinal tract (including the tongue), thyroid, spleen,
and adipose tissue. Interstitial amyloid can also be seen in the
kidney and in the adrenal gland, bladder, and prostate as well
as in the gastrointestinal tract including the liver and spleen
(508). Senile systemic amyloidosis primarily affects the myo-
cardium (frequently referred to as “senile cardiac amyloido-
sis”), but there is also systemic involvement of the vessels and,
frequently, symptomatic involvement of the lungs and carpal
tunnel; other sites, frequently seen at autopsy, are usually clini-
cally silent ((508), Picken—unpublished observation). In the
kidney, small interstitial, predominantly medullary amyloid
deposits may be seen (Picken—unpublished observation).
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ETIOLOGY AND PATHOGENESIS

It is believed that the presence of a mutant form of the amy-
loid protein precursor is pivotal in the development of amy-
loidosis. However, there is considerable variation in affected
gene penetrance and the mutant phenotype (316,509). Similar
variations in phenotype have been observed in other hereditary
amyloidoses (see below, (509)). Several modifiers (genetic and/
or environmental factors) of precursor protein gene mutation
effects have been hypothesized.

Itis also hypothesized that, while accumulation of the amy-
loid fibrils in the extracellular space is ultimately detrimental to
tissue and organ function, it is the process of amyloid fibril
formation itself that is toxic. It is postulated that it is the non-
fibril intermediates and oligomeric aggregates formed during
fibrillogenesis, rather than the mature fibrils themselves, that
are proteo- and cytotoxic (Fig. 22.24) (510). Functional TTR
forms a tetramer that is involved in the transport of thyroxine
and the vitamin A (retinol)-binding protein complex. In vitro
studies have demonstrated that the presence of TTR mutants
compromises the stability of the tetramer and, thereby, leads
to the formation of monomers, which are prone to misfold-
ing and aggregation. Targeted therapies, currently under test-
ing, have focused on small molecules that kinetically stabilize
the tetramer, thereby inhibiting TTR amyloid fibril formation.
While, in hereditary ATTR, gene mutations and the ensuing
amino acid substitutions clearly destabilize the transthyretin
tetramer, factors involved in wild-type ATTR accumulation are

unknown; however, there is a striking association with advanced
age. (Liver transplantation—please see under treatment.)

Amyloidosis Derived From Fibrinogen A o-chain (AFib)
HISTORICAL PERSPECTIVE

Amyloid derived from a mutant fibrinogen A ¢-chain (AFib)
was discovered by Benson et al. in 1993 (310).

It is characterized by a predominantly renal involve-
ment and appears to be the most common type of hereditary
renal amyloidosis in Europe and, possibly, also in the United
States (504,511-513). Kindreds have been identified in the
United Kingdom, Mexico, the United States, France, and Asia
(280,303,305,504,511-513). A family history of renal disease
is frequently absent, and the disease is characterized by vari-
able penetrance. However, in one series, a high penetrance
was reported (513). De novo mutation has been documented
(280), in a child.

CLINICAL PRESENTATION AND LABORATORY FINDINGS

Age at presentation ranges from the third to the eighth decade
(median 58 years) (511). In one large series, all patients pre-
sented with renal symptoms of proteinuria, hypertension, and
mild renal failure. Kidney failure, from initial presentation to
end-stage renal failure and dialysis dependence, may be fairly
rapid, within 1 to 5 years. In a large series, median time from pre-
sentation to end-stage renal diseases was 4.6 years, and the esti-
mated median patient survival from presentation was 15.2 years

Functional forms of TTR

Free tetramer

Tetramer kinetically
stabilized by tafamidis

2

Misfolded
amyloidogenic
monomer

TTR structures associated with pathology

FIGURE22.24 Proposed mechanism involved in TTR fibrillogenesis. A functional form of TTR circulates
as a tetramer; however, in the presence of a mutant protein, the stability of the tetramer is compromised, and
it dissociates into monomers. Partial unfolding of the monomers produces an amyloidogenic intermediate that
is aggregation prone and can misassemble to form a variety of aggregates, such as spherical oligomers, amor-
phous aggregates, and fibrils. Currently tested treatments involve compounds that can stabilize the TTR tetra-
mer by slowing its dissociation into monomers and, thereby, abolish aggregation. (From Bulawa CE, Connelly S,
Devit M, et al. Tafamidis, a potent and selective transthyretin kinetic stabilizer that inhibits the amyloid cascade.

Proc Natl Acad Sci U S A 2012;109:9629.)
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(511-513). Initial reports suggested that AFib is associated with
a relatively slow progression of amyloid deposition, when com-
pared with AL, and that clinically significant extrarenal disease
is rare. Although a high prevalence of atherosclerotic cardio-
vascular disease was noted, it was believed to be secondary to
chronic kidney disease. However, more recent series published
by Stangou and Tavares reported a high incidence of previously
unreported visceral, vascular, cardiac, and neurologic involve-
ment in AFib (512,513). Thus, AFib appears not to be solely
nephropathic but, rather, a more systemic disease with a diverse
and complex phenotype (512,513). In particular, cardiovascular
involvement may be underdiagnosed, and more recent reports
have suggested that the cardiovascular atheromatous disease
appears to predate proteinuria or renal failure by many years;
also, the reports indicate that there is a strong family history
of coronary/vascular disease in these patients (512,514). While
DNA analysis by RFLP is available for some of the mutations,
in many patients direct nucleotide sequencing may be needed
to conclusively diagnose the genetic defect (504).

GROSS AND MICROSCOPIC PATHOLOGY

AFib shows a remarkable tropism for the kidney. The histol-
ogy is very characteristic, showing glomerular enlargement
with near-total replacement of the glomeruli by amyloid,
with little or no vascular or interstitial amyloid (511-513).
However, recently, Tavares (513) also detected cortical intersti-
tial deposits in addition to glomerular and arteriolar involve-
ment. Moreover, exclusively, glomerular involvement does not
appear to be entirely diagnostic of AFib since Oe et al. (311)
recently reported AL kappa amyloid limited to the glomeruli in
a pattern that was very similar to that seen in AFib. Extrarenal
involvement is increasingly recognized, including systemic
vascular, cardiac, gastrointestinal, splenic, autonomic, and
peripheral neuropathy as well as abdominal fat involvement
(512-514). Reactivity with commercial antibodies to fibrino-
gen is also variable and depends on the type of mutation (324).

PATHOGENESIS

Fibrinogen, produced exclusively by the liver (515), is a major
component of the coagulation cascade. While various muta-
tions in fibrinogen render it amyloidogenic, no abnormalities
in coagulation have been observed. Moreover, in patients with
AFib, plasma fibrinogen levels appear to be normal, except in
homozygotes (513).

Despite the autosomal dominant mode of inheritance,
owing to variability in penetrance, carriers of the mutation
may be asymptomatic. Although initially considered to be pre-
dominantly nephropathic, AFib is emerging as a truly systemic
amyloidosis with visceral, vascular, cardiac, and neurologic
involvement (Fig. 22.25) (512-514). Hence, the question arises
as to what is the primary target of the disease process. In view
of the significant systemic vascular atheromatous involvement
and the detection of the fibrinogen variant in vascular walls
and in atheromatous plaques, linking AFib with atherosclerosis
may be plausible. To this end, Stangou et al. suggested that
direct amyloid deposition in vascular walls may be the first step
in a disease process that leads to impaired endothelial function
and that a subsequently developed nephrotic syndrome with
hyperlipidemia and hypertension facilitates atheroma forma-
tion. If confirmed, these findings may alter our approach to the
management of asymptomatic AFib carriers and nonscreened
family members. Interestingly, several other proteins that are
involved in vascular pathology and atherosclerosis, such as apo-
lipoproteins I, II, and IV and the SAA protein, are also involved
in amyloidogenesis (366,504,516).

Initially, treatment of patients with AFib was by kid-
ney transplantation alone. However, solitary renal allografts
fail within 1 to 7 years as a consequence of recurrent amy-
loidosis. Since fibrinogen is produced exclusively by the liver,
liver transplantation combined with kidney transplantation
was subsequently tried and shown to be curative (512,517).
In contrast to ATTR, in AFib, post-liver transplantation, no
deposition of the wild-type fibrinogen seems to take place.

FIGURE 22.25 Proposed pathogenesis of fibrinogen amyloidosis. (From Picken MM. Fibrinogen amyloidosis:
the clot thickens! Blood 2010;115:2985.)
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Hence, a combined liver and kidney transplantation was
favored over solitary kidney transplantation. Nonetheless,
Stangou argued that AFib is a systemic and serious disorder
that affects more organs than just the kidneys, and hence, the
authors advocated early (or even preemptive) transplantation
of the liver alone, before renal failure and significant cardio-
vascular amyloidosis develop, especially since the latter may
preclude transplantation. The fact that explanted livers can
be used for domino transplantation should also help allevi-
ate organ shortage (512). While the discussion continues, it is
becoming apparent that the diagnosis of amyloidosis may need
to be accomplished early in the disease process, possibly even at
a preclinical stage in asymptomatic carriers (512,514).

Miscellaneous Types of Hereditary Amyloidoses
Other types of familial systemic amyloidoses, including amy-
loid derived from apolipoprotein I (AApoAl) and apolipopro-
tein IT (AApoAIl) and amyloid derived from lysozyme (ALys),
gelsolin (AGel), and cystatin (ACys), are relatively rare and are
associated with amino acid substitutions in the corresponding
native protein (366,516,518-525). More recently, a single case
each of hereditary systemic amyloidosis derived from a mutant
of SAA and B,-microglobulin was discovered (please see also
above and below in the corresponding segments). All of these
amyloidoses can involve the kidney, and it is quite possible that
additional types will be discovered in the future.

Of this group, apolipoprotein Al (ApoAl) is the most
common systemic hereditary amyloidosis (366,504,516,518).
ApoAl, synthesized in the liver and small intestine, is the major
constituent of high-density lipoproteins in plasma and pro-
motes the efflux of cholesterol from cells. At least 19 different
mutations have been associated with this disease and patients
identified in the United States, Spain, South Africa, Germany,
Italy, and the United Kingdom. One reported variant was
incidental in a patient with systemic AL amyloidosis (366).
Interestingly, the phenotype of the disease varies based on the
location of the gene mutation (366,504,518). Mutations in the
amino terminus of ApoAl are associated with renal, hepatic,
and, occasionally, cardiac amyloid deposition. In contrast,
amino acid changes at the carboxyl terminus cause laryngeal,
cutaneous, and cardiac amyloid deposits. The absence of a fam-
ily history is apparently unusual in AApoAI and might suggest
de novo mutation (366,504,518).

There is a substantial phenotypic heterogeneity among
patients with identical ApoAl variants, which implies that
other genetic and environmental factors may influence the
clinical manifestations.

While renal disease with slow progression to hyperten-
sion and renal failure without nephrotic syndrome is frequent,
some patients may have extensive visceral deposits in the liver,
spleen, and kidneys, with end-stage failure as young adults
(366,504). In contrast, other patients may have deposits lim-
ited to the larynx and/or skin, which may be very indolent
and clinically insignificant (366,504). Occasional involvement
of the heart, nerves, larynx, and gastrointestinal tract has also
been reported. The renal pathology is fairly characteristic, with
amyloid deposits detectable in the interstitium and medulla,
while the glomeruli are usually spared. Amyloid deposits may
be small and limited to large arteries. Thus far (366), only a
mutant protein has been detected in amyloid deposits, with
noninvolvement of the wild-type apolipoprotein Al.

AApo All is characterized by slowly progressing renal dis-
ease with glomerular, interstitial, and vascular involvement by
amyloid (520). Interestingly, systemic amyloidosis, apparently
derived from a wild apolipoprotein AIV, was also reported (see
earlier in this section).

Alys is characterized by nephropathy, dermal petechiae,
gastrointestinal involvement with bleeding, hepatic involve-
ment, and ocular or oral sicca syndrome (504). In the kid-
ney, there are glomerular and vascular deposits of amyloid
(504,521,522). AGel is characterized by cranial neuropathy,
corneal dystrophy, and cutis laxa (523,524). Involvement of
the kidneys has also been documented in homozygous patients
(523) with marked glomerular amyloid deposits. ACys is
typified by involvement of the cerebral vessels, in the form of
familial cerebral congophilic angiopathy. However, there are
also systemic deposits of amyloid, including the kidneys, where
the deposits are clinically silent (504,525).

ETIOLOGY AND PATHOGENESIS

While the presence of mutations in the familial forms may
confer amyloidogenicity, other factors (genetic, environmen-
tal, aging) may also contribute to the process of amyloido-
genesis. Similar to ATTR, variations in phenotype have also
been observed in these rarer hereditary amyloidoses (504).
Interestingly, several proteins associated with lipid transport
and atherogenesis have been involved in amyloid formation,
both familial (ApoAl and ApoA II) as well as apparently spo-
radic forms (ApoAIV and SAA). The detection of wild-type
amyloid suggests that apolipoproteins may share structural fea-
tures that render them amyloidogenic.

Dialysis-Related Amyloidosis: Amyloidosis
Derived From 3,-Microglobulin (AB,M)

Historical Perspective

B,-Microglobulin amyloidosis (AB,M) is a type of systemic
amyloidosis that commonly develops in patients with chronic
renal failure who are undergoing long-term hemodialysis
(377,378,526-531) and is referred to as dialysis-related amy-
loidosis. Although the clinical symptoms of AB,M were first
observed in the mid-1970s, the amyloid fibril protein was not
identified until 1985 (377,378). The amyloid fibril precur-
sor protein is 3,-microglobulin, a small, 11,800-Da protein
with a predominantly B-pleated sheet secondary structure.
B,-Microglobulin is a subunit of the class I histocompatibil-
ity antigens. It circulates unbound as a monomer, and 95%
is eliminated by glomerular filtration, tubular resorption, and
metabolism. Thus, the serum level is inversely related to the
glomerular filtration rate. Normal serum concentration (1 to
3 mg/L) increases up to 60 times in patients receiving main-
tenance hemodialysis because this protein is not efficiently
removed during dialysis and there is also increased production
from chronic inflammatory stress associated with the hemodi-
alysis itself.

Since its discovery, it has always been presumed that A,M
represents an acquired amyloidosis affecting only patients with
chronic kidney disease treated with dialysis and associated with
increased levels of the circulating precursor protein (526-531).
However, recently, Valleix et al. (369) reported a kindred with
autosomal dominant hereditary systemic amyloidosis caused
by a B,-microglobulin variant (Asp76Asn). These patients pre-
sented with slowly progressive gastrointestinal symptoms and
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autonomic neuropathy. Interestingly, the affected members of
this kindred had normal renal function and normal circulating
B,-microglobulin values.

Clinical Presentation and Laboratory Findings

The typical clinical presentation includes carpal tunnel syn-
drome, chronic osteoarthropathy, spondyloarthropathies (pre-
dominantly involving the cervical spine), subchondral bone
cysts, and fractures (526,531-533). The symptoms of osteo-
arthropathy range from acute arthritis to progressive joint
destruction (531-533). Extra-articular symptoms may include
ischemic colitis with perforation, macroglossia, and heart fail-
ure (534-538).

Clinical manifestations of the disease are 0 at 5 years, but
increase to 50% at 12 years (520). Most patients with visceral
amyloid were on hemodialysis for 15 years or more. The inci-
dence of amyloid in peritoneal dialysis is less well known, since
very few patients remain for prolonged periods of time on this
type of dialysis. However, since peritoneal dialysis is unable
to remove [3,-microglobulin, the risk may be similar. Among
patients on peritoneal dialysis >5 years, by serum amyloid P
component scintigraphy, the prevalence of dialysis-related
amyloidosis was similar to that seen in hemodialysis patients
(539). However, the development of bone cysts required much
longer periods of dialysis (17 years), and many patients were
asymptomatic (526). The incidence of dialysis-associated amy-
loidosis in the United States, and worldwide, is not known,
and it remains underdiagnosed (526).

Gross and Microscopic Pathology

AB,M has a predilection for the bones, joints, and synovium.
Radiologic and pathologic studies demonstrate juxta-artic-
ular cysts at insertion sites of capsule or tendons, which are
filled with collagen and AB,M. These cysts may become large
enough to cause pathologic fractures (526-531). Clinically,
AB,M osteoarticular deposits are usually diagnosed based on
clinical and radiologic findings, and confirmation by tissue
diagnosis is rarely sought. Although, typically, AB,M is associ-
ated with arthropathies and a carpal tunnel syndrome, visceral
involvement has been documented by both pre- and postmor-
tem studies. Interestingly, the heart is frequently involved, fol-
lowed by the gastrointestinal tract, lung, and spleen. Bulky
deposits may lead to macroglossia and bowel infarction and/
or perforation. Predominantly, vascular deposits may be seen
in many other sites including the skin and subcutis, ears, liver,
thyroid, and perineural space. In contrast to visceral organs,
vascular amyloid deposits are rarely seen in the osteoarticular
tissues. AB,M is deposited in end-stage kidneys, but this has
no clinical significance. Electron microscopic studies suggest
that in some cases the §,M amyloid fibrils are arranged in short
curvilinear bundles (377,378).

Tissue deposition occurs much earlier than any clinical or
radiographic manifestations of the disease. Hence, surveillance,
in particular in high-risk patients, may be helpful in early
detection of the disease and implementation of measures pre-
venting or delaying disease progression before the development
of irreversible debilitating complications. At autopsy, amyloid
was found in joints in 21% of patients on hemodialysis for <2
years, 50% at 4 to 7 years, and 100% at more than 13 years
(538). Interestingly, nonfibrillar deposits of B,M have also
been demonstrated in the heart and the spleen.

Etiology and Pathogenesis

Although there is no direct correlation between the absolute
concentration of P,-microglobulin and amyloidosis-related
symptoms, high serum levels of this protein are believed
to be the basis of amyloid deposition in tissues (526-531).
Interestingly, however, no significant accumulation of B,-
microglobulin is observed in the synovial fluid, even though
periarticular tissues are preferentially involved in this type of
amyloidosis. Therefore, the involvement of factors modifying
B,-microglobulin has been postulated. To this end, it has been
proposed, but not as yet conclusively proven, that modifica-
tion of B,-microglobulin by advanced glycation end products
may facilitate amyloid formation (540-542). It has also been
hypothesized that chronic inflammatory stress, induced by
repeated stimuli from dialysis systems, may be involved in
the pathogenesis of AB,M. The role of genetics in AB,M has
emerged recently with the identification of a hereditary form.
The recently discovered B,-microglobulin variant (Asp76Asn)
was shown to be thermodynamically unstable and remarkably
fibrillogenic in vitro under physiologic conditions (369).

Advanced age is a known risk factor, and amyloidosis
is seen earlier in older patients than it is in younger patients
with a similar duration of dialysis. Similarly, longer duration
of dialysis has been associated with an increased incidence of
orthopedic complications.

Interestingly, in recent years, there has been a decrease in
the prevalence of AB,M (526). This decrease has been observed
in the absence of any major modification in serum levels of
B,-microglobulin. However, it has been noted that this decline
coincides with improvements in dialysis techniques, such as the
use of endotoxin-free dialysates, which leads to better control
of the inflammatory reaction associated with dialysis (526).

Treatment, Course of the Disease Process, and
Prognosis

The relative efficiency of different forms of dialysis in remov-
ing B,M from the circulation and the bioreactivity of certain
dialysis membranes have been intensively studied in an effort
to prevent AB,M (526-530). However, thus far, renal trans-
plantation remains the only effective method of preventing and
treating dialysis-related amyloidosis (526). Renal transplanta-
tion generally arrests the disease process and leads to rapid
relief of osteoarticular pain. Scintigraphy studies also suggest
that there may be some regression of the amyloid deposits
(526,531). The future development of B,M fibrillogenesis

inhibitors may be another promising treatment strategy.

Amyloid Deposits in the Genitourinary Tract
Outside the Kidneys

Extrarenal amyloidosis, involving other segments of the geni-
tourinary tract, is not commonly reported. When it occurs,
the amyloid deposits may be a part of a systemic or localized
process. In systemic amyloidoses, nonrenal deposits are usually
either clinically silent or less prominent. However, testicular
amyloidosis leading to infertility is increasingly recognized.
Systemic amyloidoses frequently involve the endocrine system,
and endocrine dysfunction is increasingly recognized (482,483)
including that of the thyroid gland, testicular amyloid depos-
its, and adrenal dysfunction. Testicular involvement is not
uncommon in the systemic amyloidoses, in particular in AA,
AL, AApolipo Al amyloidosis, ATTR, and dialysis-associated



ULL  Heptinstall's Pathology of the Kidney

amyloidosis (483). Testicular involvement is frequently seen
in systemic AA and AApolipo Al amyloidosis, in particular,
and since it may affect young adults, its clinical relevance is
increasing (483,484). Testicular involvement in AA, AL, and
AApolipo Al may be associated with testicular enlargement
and lead to abnormal spermatogenesis and secondary infertil-
ity (483,484). In patients with known amyloidosis or iden-
tifiable risk factors (e.g., FMF), sperm cryopreservation and
early sperm retrieval may be considered. While a more detailed
description is beyond the scope of this chapter, the reader is
advised to consult the corresponding reference (543).

Localized Amyloidoses of the Genitourinary Tract
Localized amyloid may form a single amyloid mass, referred
to as an amyloid tumor or amyloidoma, which clinically may
mimic neoplasia (543—549). Localized amyloid may be seen in
the respiratory, gastrointestinal, and genitourinary tracts, skin,
soft tissues, conjunctiva, lymph nodes, and elsewhere in indi-
viduals who do not have systemic amyloidosis (383). In the
urinary tract, the most common localized deposits of amyloid
are in the urinary bladder, but the ureter, urethra, renal pelvis,
glans penis, prostate gland, and seminal vesicles as well as ret-
roperitoneum may also be involved (543-552).

While localized genitourinary amyloid is most often of
the AL type, other types of amyloid have also been detected:
ATTR, AA, and, in patients on hemodialysis, AB,M (543).
Amyloid may be detected also in urinary cytology (553,554). In
localized AL deposits, there is frequently infiltration of plasma
cells in the vicinity of the deposits. Immunohistochemical and
molecular studies have shown that the plasma cell populations
associated with local amyloid deposits are clonal (383), which
suggests local production of the amyloid precursor protein. It is
postulated that, in other types of localized deposits, local tissue
factors may create a milieu favorable for fibrillogenesis (383).
The treatment is local and involves excision of the lesion or
radiation; some patients receive no treatment (543). The most
critical aspect is correct determination of the localized nature

of the deposits.

Systemic Amyloidoses: Treatment, Course of the
Disease Process, and Prognosis

This section will discuss the systemic amyloidoses. The
localized and dialysis-related amyloidoses are discussed in
their respective sections; certain aspects pertaining to treat-
ment strategies for hereditary/familial amyloidoses were also
included in the discussions of their pathogenesis earlier in this
chapter. From a patient treatment point of view, the diagnosis
of renal amyloidosis should be considered to comprise three
broad categories: AL, AA, and hereditary types. The treatment
of patients with systemic AL targets the underlying plasma cell
dyscrasia, while in patients with AA, control of the acute-phase
response is the ultimate goal of therapy. In several hereditary
amyloidoses, liver transplantation is performed to eliminate
the source of abnormal protein, but pharmacologic therapies
are also being currently tested.

In general, although the overall prognosis in untreated
amyloidosis is poor, it varies with the type of amyloidosis and
extent of clinical organ involvement. The last two decades have
been associated with major advances in treatment of systemic
amyloidoses (406,423,475,555-560). In general, in a// types of

systemic amyloidoses, the survival has been shown to improve

with early treatment. However, the prognosis also depends on
the extent of systemic involvement. While cardiac involvement
and progressive neuropathy may dominate the clinical picture
in AL as well as several hereditary amyloidoses (555-560), the
involvement of the kidney, liver, and gastrointestinal tract may
also be a cause of significant morbidity in several systemic amy-
loidoses (316,504,560). Thus, once a diagnosis of the type of
amyloidosis is confirmed, it is important to assess the extent
of systemic involvement and the prognosis. Renal amyloido-
sis is virtually always associated with a systemic amyloidosis.
Traditionally, AL has been associated with the worst prognosis.
Although long-term survival of patients with AL amyloidosis
(more than 20 years) has been documented (561), such indo-
lent progression of the disease is very uncommon. Untreated
patients with AL amyloidosis have a median survival of 10 to
14 months from diagnosis (562). Before the introduction of
high-dose melphalan and stem cell transplantation, fewer than
5% of patients survived >10 years (563). However, introduc-
tion of treatment of AL amyloidosis with high-dose melphalan
and autologous blood stem cell transplantation in the 1990s has
led to a marked improvement in overall survival, and currently,
rates of overall median survival of between 5 and 6.3 years
are being reported (564,565). In one recently reported series,
43% of patients survived >10 years (555); similar results have
recently been reported by other major amyloidosis treatment
centers (556-558,564). Nevertheless, despite these milestone
advances of the last decade, 30% of patients still die within a
year of diagnosis. Late diagnosis, after advanced organ dysfunc-
tion occurred, remains a major impediment to improving out-
comes (565,566). The greatest pretreatment prognostic value is
associated with the number of organs involved. Among the lat-
ter, cardiac involvement is the most important negative predic-
tor of survival in AL (406,560,562,563). Cardiac involvement
is seen in 60% of patients with AL. Death occurs as a result of
congestive heart failure and/or arrhythmia. While cardiac infil-
tration by amyloid deposits has been traditionally considered
to be the cause of heart failure, in recent years, the direct myo-
cardial toxicity of the circulating paraprotein has been realized.
Thus, currently, diagnosis of cardiac AL calls for a rapid sup-
pression of the circulating monoclonal light chain amyloidosis.
When severe cardiomyopathy precludes treatment with inten-
sive chemotherapy, heart transplantation may be considered.
In AA amyloidosis, cardiac involvement is relatively rare, but,
when it occurs, it is also an unfavorable predictive factor (422).
In hereditary ATTR amyloidosis, survival depends on the type
of mutation, but in general a decline in cardiac function is less
precipitous than in AL (504). Ultimately, however, heart fail-
ure develops, and heart transplantation may be considered. In
patients with senile ATTR, the prognosis is better, typically
with a 5-year survival generally achieved (507).

The kidney is one of the most common sites for amy-
loid deposition in systemic amyloidoses. Renal involvement
is seen in 70% of AL patients and in 97% of patients with
AA amyloidosis. Clinically relevant renal disease in heredi-
tary amyloidoses depends on the amyloid type and the muta-
tion (278,406,567,568). Not only renal dysfunction, which
frequently progresses to end-stage renal disease, is the most
common clinical manifestation of AL, but the diagnosis of
the disease is also most commonly obtained by kidney biopsy.
In AL amyloidosis, kidney involvement also affects prognosis
adversely, but not to the same extent as cardiac involvement.
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However, when corrected for cardiac involvement, serum cre-
atinine level was an independent predictor of overall survival
in one recent study (567). Nephrotic range, frequently massive
proteinuria, and refractory peripheral edema are the predomi-
nant clinical manifestations in these patients. As the disease
progresses, proteinuria usually becomes more marked, and a
progressive decrease in renal function typically occurs. Among
patients presenting with renal AL, 42% ultimately received
renal replacement therapy. Presenting 24-hour urine protein
loss and creatinine values predict which patients will require
dialysis. Median survival for patients starting dialysis is <1 year.
The presence of A light chain amyloid predicts the increased
likelihood of renal involvement (567).

Hematopoietic cell transplantation can reverse amyloid
deposition and reduce or eliminate the clonal plasma cell dis-
order (555-560). Performance status and quality of life of
patients with AL amyloidosis can be improved considerably
(566). The main drawback is that treatment-related mortality
of hematopoietic cell transplantation is relatively high rang-
ing from 11% overall and recently decreased to 6% in the last
5 years (566). Experimentally, mesangial stem cells have been
shown to be able to repair the damaged mesangium (409).

Several studies, using high-dose chemotherapy and autol-
ogous stem cell transplantation, have demonstrated clinical
benefit in patients with AL amyloidosis, including improve-
ment of renal function (556). Severity of baseline proteinuria
predicts renal response in AL (569).

In AL, renal outcome (and overall outcome) is strongly
associated with response to therapy as measured by serum FLC
response. Thus, renal (and overall) outcome is best among
patients achieving 90% suppression of the paraprotein. Again,
early diagnosis and early treatment are critical. Clinical organ
response is assessed according to established consensus criteria
(570).

In AA amyloidosis, the clinical picture is frequently deter-
mined by renal involvement (278). In a recent large study from
a single referral center in the United Kingdom, among patients
not on dialysis, 97% had significant proteinuria, and 58% were
nephritic (278). In older series (451), nephrotic AA patients
had a life expectancy similar to that of AL. However, recent
studies show that effective control of the underlying inflamma-
tory activity, as assessed by median SAA concentration, is asso-
ciated with improved survival (278,422,423). However, renal
insufficiency at the time of diagnosis adversely influences the
clinical outcome. Thus, early diagnosis is critical.

In AA amyloidosis, control of the acute-phase response
is currently the standard of care (278,422,423). DMARDs,
alkylating agents, anti—tumor necrosis factor (TNF) therapies,
and other biologic agents have been used to treat inflamma-
tory arthritides. Antibiotics and surgery have been used in
the control of chronic sepsis, while corticosteroids, anti-TNF
therapies, and surgery have been recommended for the con-
trol of Crohn disease. In Castleman disease, surgery and anti—
IL-6 therapies showed success. Among familial periodic fevers,
treatment regimens vary. FMF has been successfully treated
with colchicine (426). Anti-TNF therapies and corticosteroids
have been used in the treatment of TRAPS (tumor necrosis fac-
tor receptor—associated periodic syndrome), while in Muckle-
Wells syndrome (member of CAPS), anti—IL-1 therapies have
been tried (423). New pharmacologic therapies have also been
explored (422,423,475). The first of a new class of antiamyloid

agents is designed to block the formation of amyloid fibrils by
inhibition of GAG binding (475) (see also under pathogenesis
of AA).

Although most of the hereditary amyloidoses affect the kid-
ney, there is significant variability in the degree of renal involve-
ment. AFib leads to rapid renal failure (305,316,504,511,512),
whereas renal failure in AApo Al and IT and Alys is slower (504).
There is also considerable variability in the renal involvement
associated with various mutations in AT TR. Thus, while some
TTR mutations are associated with renal failure (316,513),
others may be associated with clinically silent renal deposits.
Clinically relevant renal involvement is associated with homo-
zygous AGel amyloidosis.

In hereditary amyloidoses, most of the abnormal precur-
sor proteins are produced by the liver. Hence, liver transplanta-
tion is currently offered to many of the affected patients in an
attempt to eliminate the input of an abnormal amyloid precur-
sor protein, and a website tracking this activity is maintained
at heep://www.fapwtr.org (571). In several patients, liver trans-
plantation was combined with cardiac and/or kidney trans-
plantation (512,513,572,573). While the initial results have
been encouraging, more recent data show that the effect of liver
transplantation is also dependent on the TTR mutation. Thus,
in certain mutations, there is a progression of neuropathy and/
or cardiomyopathy post-liver transplantation due to contin-
ued deposition of amyloid derived from wild-type TTR (573).
Pharmacologic therapies for ATTR are also currently in clinical
trials ((510), please see also earlier in this chapter).

As discussed earlier in this chapter, in AFib, liver trans-
plantation may be curative (512).

Renal Transplantation in Amyloidoses

In AL amyloidosis, renal transplantation is optimally per-
formed after production of the amyloidogenic light chain
has been eliminated. Renal transplantation for systemic AL
amyloidosis has a relatively good outcome, with 1- and 5-year
patient survival of 95% and 67% and median graft survivals
of 5.8 years (574-576). However, the outcome is influenced
by the fibril protein precursor supply (574). Still, better out-
comes have been observed in systemic AA amyloidosis, with
92% and 89% 5-year patient and graft survival, respectively
(576,577). In AA amyloidosis, successful control of the acute-
phase response is essential.

Renal transplantation in patients with hereditary neuro-
pathic amyloidoses has typically been performed in combina-
tion with orthotopic liver transplant (571-573). However, in
patients with hereditary amyloidoses predominantly affecting
the kidneys, solitary kidney transplantation has been tried
(512,513) but with mixed results. In patients with AFib amy-
loidosis, treated with a solitary renal transplant, there was a
high recurrence rate of amyloid in the allograft (512). Thus,
currently, hepatorenal transplantation is offered to these
patients with an excellent outcome (512). In contrast, in apoli-
poprotein AIl amyloidosis, where renal failure develops slowly,
solitary kidney transplantation has been successful in at least
one case (504) where a 9-year follow-up showed no allograft
dysfunction.

Cardiac amyloidosis is a contraindication for renal trans-
plant in AL and AA amyloidoses, because survival is markedly
compromised (475). However, combined cardiac and renal
transplantations have been offered to selected patients with
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hereditary amyloidoses targeting those organs (475). While
systemic complications are responsible for a significant per-
centage of posttransplant morbidity and mortality, kidney
transplantation can be successfully performed in patients with
AL who achieved complete hematologic response (574-576).
Therefore, renal transplantation may be appropriate in some
AL amyloidosis cases where the underlying plasma cell dys-
crasia has been controlled, heart involvement is absent, and
the patient is in relatively good shape. The great majority of
transplants have been performed in patients with AA amyloi-
dosis, which has a slower and more indolent clinical course in
patients where the acute-phase response has been successfully
controlled (577). Renal transplantation continues to be offered
to patients with other amyloidoses, who have severe kidney
amyloid deposition (572-577). In contrast to AL and AA, in
hereditary amyloidoses, cardiac involvement is not an absolute
contraindication to renal transplantation (573).

De novo amyloidosis in transplanted kidneys and recur-
rences in patients with AL and non-AL amyloidosis have also
been reported (577-580). In one large series of 59 renal recipi-
ents with AA amyloidosis, the recurrence rate of AA amyloido-
sis nephropathy was estimated at 14%. As more experience is
accumulated, a better definition of the role of renal transplan-
tation in these diseases will emerge.

Differential Diagnosis for Amyloidosis

The diagnosis of amyloid can be made with certainty in the
great majority of cases by using a combined approach includ-
ing light microscopic, histochemical, and ultrastructural analy-
sis (293-296,324-328,334,372). It is as important to identify
the precursor protein using ancillary diagnostic techniques,
with immunofluorescence and immunohistochemistry playing
crucial roles in this process, so that the amyloid can be properly
classified for patient management and therapeutic purposes
(324-328). Introduction of proteomics and molecular meth-
ods have improved the specificity (334).

To diagnose early amyloidosis, a high level of suspicion is
needed. Congo red and thioflavin T or S stains may not clearly
identify small foci of amyloid deposition, causing the diagnosis
to be missed. Ultrastructural evaluation, if representative mate-
rial is available, is often the best way to substantiate the diag-
nosis of amyloidosis in these cases. Segmental glomerular and
vascular hyalinosis may at times be confused with amyloidosis
because of the similar eosinophilic (hyaline) light microscopic
appearance.

Other infiltrative glomerular processes must be ruled out.
Fibrillary and immunotactoid glomerulopathies may be associ-
ated with expanded mesangium and loss of argyrophilia, fea-
tures that can also be seen in amyloidosis. The negative Congo
red stain in the above conditions and ultrastructural findings
should readily differentiate these diseases (372). The reader is
referred to the corresponding chapter on these entities for a
full description of the differential diagnostic points. Nodular
glomerular amyloidosis can be confused with other nodular
glomerulopathies such as diabetic nephropathy and LHCDD;
the tinctorial characteristics of amyloid, as described under the
light microscopy section of this chapter, and ultrastructural
features should provide enough evidence to make the right
diagnosis.

Although the ultrastructural appearance of amyloid is
unique, a source of confusion with amyloid fibrils may be

mesangial matrix with an accentuated fibrillary appearance
(i.e., mesangiolysis and diabetic fibrillosis) (373-376). The
random distribution and rather constant diameter of amyloid
fibrils should provide the necessary criteria for making a dis-
tinction in these situations.

RENAL INVOLVEMENT IN WALDENSTROM
MACROGLOBULINEMIA

Historical Perspective

WM was originally described by Jan Waldenstrém in
1944 (581). He reported two elderly patients with “signs of
severe derangement of protein metabolism with very high
globulin and low albumin values.” These patients also had a
severe normochromic anemia, high serum viscosity, and a very
large molecule with a molecular weight of 1,000,000 in the
serum, which migrated next to 3-globulin (581). Dutcher and
Fahey (582) detailed the histopathologic and clinical features
of WM in 1959 and described perivascular infiltrates of neo-
plastic lymphoplasmacytic cells in the kidneys in one of three
autopsies that they reported.

Several case reports in the 1940s and 1950s noted an
association between WM and amyloidosis. It was Lamm in
1961 who called attention to peculiar renal alterations in
patients with WM. He described hyaline thrombi in glo-
merular capillaries and in an interlobar band of the renal
artery in one of two autopsies of patients with WM (583).
In 1966, Forget et al. (584) reported one case and summa-
rized the literature. Although the pathogenesis was unclear
at the time, their paper served to affirm that a small percent-
age of patients with WM during their clinical course develop
amyloidosis. Argani and Kipkie coined the term macroglobu-
linemic nephropathy in 1969 (585). A comprehensive publica-
tion in 1970 by Morel-Maroger et al. (586) reviewed findings
of 5 renal biopsies and 13 autopsies of patients with WM. In
2008, Audard et al. (587) reported 14 patients with a circu-
lating monoclonal IgM and kidney disease and revisited the
disease spectrum.

Clinical Presentation and Laboratory Findings
WM is a rare disease; it is much less common than myeloma.
It is far more common in whites than in blacks, and it is more
frequent in female whites, with an incidence of 6.1 cases per
million individuals (588). It is a lymphoproliferative disorder
characterized by a monoclonal proliferation of lymphoplas-
macytic cells producing IgM, which can be detected as an M
spike in SPEP. It generally occurs in older patients (median
age of 63 to 70 years), and 99% of the patients are older than
40 years (589). IgM is the paraprotein found in 16% of all
myeloma patients, but only 17% to 26% of these patients
develop WM (587). IgM monoclonal gammopathy may exist
for years before WM develops (590). A consensus panel has
made recommendations regarding the clinicopathologic defi-
nition of WM (591), as the definition of this syndrome has
been controversial (592).

The diagnosis of WM is sometimes made in the course
of workup for anemia, elevated sedimentation rate, and/or
increased serum proteins (589,592-594). Patients may also
present with a variety of clinical signs and manifestations,



Chapter 22 | Renal Diseases Associated With Plasma Cell Dyscrasias, Amyloidoses, and Waldenstrom Macroglobulinemia m

including fatigue, weakness, recurring bleeding, lymphade-
nopathy, splenomegaly, anemia, elevated erythrocyte sedimen-
tation rate, high serum viscosity, and decreased fibrinogen
(584,592-594). The serum level of IgM is variable, but symp-
tomatology generally occurs when the serum IgM levels exceed
3 g/dL, and hyperviscosity occurs as a consequence of the high
molecular weight of IgM. Monoclonal IgM proteins have very
high molecular weights, and when they accumulate, increased
plasma osmotic pressure and plasma volume follow. In about
one third of patients with WM, a hyperviscosity syndrome
occurs (594), characterized by chronic nasal, gum, and gastro-
intestinal bleeding; headaches; tinnitus; vertigo; impaired hear-
ing; ataxia; mental confusion; blurring and loss of vision with
sausage-shaped retinal veins; flame-shaped hemorrhages in
the optic fundus; and papilledema (594). Finally, high-output
heart failure, stupor, and coma may occur. Osteolytic lesions
are rare (595). Cryoglobulinemia may be an associated condi-
tion (588). Unusual manifestations occur in rare cases, such as
multifocal osteolytic lesions, bone fractures, and those related
to infiltration by neoplastic plasma cells of multiple sites, pro-
ducing such clinical manifestations as cardiac tamponade,
obstruction of bile ducts, and severe headache, lethargy, and
stupor (596).

In contrast with classic plasma cell dyscrasia and myeloma,
renal abnormalities occur rather infrequently in WM (587).
Glomerular abnormalities predominate (586). Renal function
is mildly or moderately impaired in about 15% of patients with
this condition (586). Patients may present uremic and dehy-
drated and exhibit nonselective proteinuria (597). Rarely, a
patient with WM presents in acute renal failure (585). Patients
with WM are typically not hypercalcemic. The degree of BJ
proteinuria is low, explaining why cast nephropathy is so rare
in this condition. While Krajny and Pruzanski (598) found
that BJ proteinuria was identified in 71% of 45 patients, the
light chain excretion was very low (<200 mg/24 h in all but
9 patients). Kyle and Garton reported a monoclonal spike in the
urine in 25 of 57 patients with a median excretion of 1 g/24 h
(445). Occasional patients develop nephrotic or nephritic
syndrome. Eleven of these patients also had albuminuria
(589,599). Infiltration of the renal parenchyma by neoplastic

cells can also occur (600,601). Amyloidosis develops in 20%
of patients with WM; when this happens, the kidneys are often
affected. Amyloidosis is the most common cause of nephrotic
syndrome in these patients. Significant albuminuria is usually
related to amyloidosis (602,603).

Acute renal failure in patients with WM is usually a result
of extensive vascular occlusion by circulating IgM, dehydration
(586,597), massive renal infiltration by neoplastic lymphoplas-
macytic cells (600), and distal nephron obstruction, as seen in
myeloma (600,604). In addition, there is a case report of acute
tubular necrosis in a patient with WM attributed to hypervis-
cosity (605).

Gross Pathology

Not much is known about the gross appearance of kidneys in
patients with WM. There is one report of giant kidneys found
in this condition in a patient with massive infiltration of the
renal parenchyma by neoplastic cells (600).

Light Microscopy
The most typical glomerular lesions are variably sized, some-
times massive, amorphous, PAS-positive subendothelial
deposits (Fig. 22.26A), which may resultin compromise of the
capillary spaces. In some cases, well-defined thrombi occlude
the capillary spaces. Either a few thrombi or massive throm-
bosis can be seen (585,586). Glomerular necrosis, which may
be segmental, is rare and is a result of complete occlusion of
glomerular capillaries or arterioles. Cryoglobulins may be
identified in 7% to 20% of these patients, and the thrombi
may contain cryoglobulins (86,606,607). Therefore, there
is significant morphologic overlap between patients with
WM and those with cryoglobulinemia associated with other
disorders. WM was identified in 7 of 21 patients with type
I cryoglobulinemia and 8 of 22 patients with type II cryo-
globulinemia, attesting to the close association between these
two diseases and the morphologic overlap that may occur
(606). Amyloid deposition can be seen in any of the renal
compartments (608).

Other renal lesions have been reported in patients with
WM, including minimal change disease (609), membranous

FIGURE 22.26 Waldenstrom macroglobulinemia. A: Typical massive subendothelial deposits, which are PAS positive.
B: Corresponding fluorescence staining for IgM depicts peripheral capillary wall staining in areas where subendothelial deposits are
present. (x500.)
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nephropathy (610), immunotactoid and fibrillary glomeru-
lopathy (610), crescentic glomerulonephritis (611), and
MIDD (612). Cast nephropathy is unusual but has also
been documented (504), as well as Fanconi syndrome; the
latter attributed to a monoclonal FLC in a patient with WM
(613).

Infiltration of the renal parenchyma by neoplastic cells
represents an additional pathologic manifestation of WM.
These infiltrating neoplastic cells are seen in both cortical and
medullary areas and may play a crucial role in the majority of
WM patients who develop significant renal insufficiency. In
some cases, the neoplastic cellular infiltration results in the for-
mation of renal or perirenal masses (614).

Immunofluorescence

The glomerular deposits vary in their distribution, stain for
IgM and often concomitantly for IgG, and appear as granular
to massive peripheral capillary wall deposits (see Fig. 22.26B).
In some cases, the deposits are accompanied by C3 or C4 stain-
ing along the peripheral capillary walls. Light chain restriction,
indicating monoclonality, may be identified in the distribution
of the Ig deposits (443). In cases with monoclonal IgM, the
light-chain isotype is usually kappa. If thrombi are present,
they also frequently stain for IgM, with their peripheral zones
generally staining more intensely than their centers (586,597—
600). Even in normal-appearing glomeruli, there may be depo-
sition of IgM. Arterioles and small arteries may also reveal IgM
staining in their walls. Some of the staining may be related to
the fact that these patients have large amounts of circulating
IgM, which adheres to various structures in the kidney.

Electron Microscopy

The deposits are usually electron dense and are located sub-
endothelially, in capillary spaces in the glomeruli, or in the
extraglomerular vasculature. Most of the capillary thrombi
are electron dense and amorphous (612), but some may con-
tain cryoglobulins and exhibit focally organized substructure.
Cryoglobulins may also be seen in thrombi located anywhere
in the renal vasculature.

Treatment, Course of the Disease Process, and
Prognosis

There are a number of features in this condition at presentation
that adversely affect survival: male sex, age >60 years, anemia,
and neutropenia. Some patients with monoclonal IgM in their
serum evolve over years to develop WM (589,590). Treatment
may not be needed until years after the diagnosis of WM is
established; treatment is usually required because of hemato-
logic complications such as severe anemia, hyperviscosity, or
visceral involvement.

The incidence of renal manifestations associated with
WM has declined as a result of improved treatment with
control of levels of circulating IgM. Renal insufficiency is
common in patients who are biopsied. Renal manifestations
rarely require dialysis (585,597). In the small percentage
of patients with hyperviscosity and renal failure character-
ized by vascular occlusion on renal biopsy by circulating
IgM, plasma exchange may be very useful. In some patients,
repeated plasmapheresis is employed to delay the use of
cytotoxic drugs. However, in most patients, plasmapheresis

alone is not enough to reverse the renal insufficiency, and the
concomitant use of chemotherapy to suppress the underly-
ing neoplastic process is indicated. Oral alkylating agents are
employed most often, with chlorambucil administration on
a daily basis at low dose or intermittently at higher doses.
Approximately 50% of the patients achieve a sustained par-
tial response (615). Steroids may be added to the treatment,
especially if there is associated cryoglobulinemia or autoim-
mune hemolytic anemia.

In essence, the treatment of patients with WM and renal
compromise consists of systemic chemotherapy to reduce
tumor load and the use of plasmapheresis to remove pathologic
circulating IgM. When cryoglobulinemia accompanies WM,
proteinuria and renal function may improve with primary
therapy of the condition, such as is seen when interferon-o
therapy is used for the treatment of patients with hepatitis C
and WM (607,610,616). The median survival for all patients
is 5 years and, as expected, is better with responders to the
therapy (593). When amyloidosis complicates WM, the overall
survival is 28 months; this is even shorter for those patients
with cardiac involvement at presentation (602). The most
common cause of death in WM is gastrointestinal hemorrhage
(589). A small percentage (3.8% to 7.4%) of these patients die
of renal failure (589,600,617).

Transplantation in Waldenstrom
Macroglobulinemia

There is minimal experience with renal transplantation in
patients with WM. A renal transplant was performed in a
patient who died 7 months later of a pulmonary embolus.
Postmortem examination established a diagnosis of WM with
renal involvement and served to retrospectively confirm a
diagnosis of WM in a previous renal biopsy performed on this
patient, diagnosed initially as chronic pyelonephritis (618).

Differential Diagnosis for Waldenstrom
Macroglobulinemia—Associated Nephropathy
The histopathologic findings in WM-associated glomerulopa-
thy overlap significantly with those seen in cryoglobulinemic
nephropathy. Hyaline thrombi are characteristic of both condi-
tions, and proliferative and exudative glomerular activity can be
seen in selected WM-associated glomerulopathy cases, although
it is more frequently seen in cryoglobulinemic nephropathy.
Cryoglobulins can be identified in WM-associated nephropa-
thy, further complicating the differential diagnosis between
these two conditions (607). Therefore, the clinical history and
laboratory data become very important when this differential
diagnosis is considered. Fortunately, in the great majority of
the cases, the renal biopsy is performed after a diagnosis of
WM has been established, and the role of the renal pathologist
is to determine the type of lesion present and the extent of the
abnormalities encountered.

However, it should be noted that in a significant num-
ber of cases, the light microscopic and immunofluorescence
findings clearly point to a diagnosis of WM-associated glo-
merulopathy. Identifying by immunofluorescence glomerular
deposits or capillary thrombi that stain dominantly or codomi-
nantly for IgM with associated light chain restriction in the
proper clinical setting should immediately suggest a diagnosis
of WM-associated nephropathy (586).
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