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SECTION X  CHRONIC KIDNEY DISEASE

That we are endowed with a surfeit of nephrons above 
that needed to maintain normal homeostasis is shown 
by the ability of a single kidney to carry out the func-

tions previously performed by two, after a uninephrectomy. 
The surplus is even more apparent in progressive chronic 
kidney disease (CKD), where solute and water balance are 
well maintained until late in the course. This chapter   rst 
reviews the compensatory changes in function and structure 
that occur when nephron number is reduced and that en-
able maintenance of homeostasis. Alterations in handling 
of individual solutes and water are then described. We then 
describe the mechanisms that underlie adaptation, and then 
the transition stage in which these compensatory changes can 
prove maladaptive and accelerate remaining nephron loss. 

 PRINCIPLES AND PATTERNS 
OF NEPHRON ADAPTATION: 
INTACT NEPHRONS AND 
GLOMERULOTUBULAR BALANCE 
As nephrons fail during the course of CKD, each  remaining 
nephron must increase its single nephron excretion of the 
  ltered load of water and solutes. In 1952, Robert Platt 1
reasoned that the work of each remaining unit is increased, 
making an analogy with the remaining workers in a factory 
putting in overtime when their numbers are reduced by ill-
ness. Bricker and colleagues 2,3 later noted that the functional 
capacity of the residual nephrons determines the degree to 
which homeostasis is preserved, and that maintenance of 
homeostasis implies preservation (or even enhancement) of 
normal glomerular and tubular function in the remaining 
nephrons. Reasoning that globally hypofunctioning nephrons 
could not maintain homeostasis, these investigators coined 
the intact nephron hypothesis to explain the preserved ability 
of the remnant nephrons to excrete the required load of water 
and solutes. 2,3 Each remnant nephron presumably transports 
water and solutes in proportion to its individual glomeru-
lar   ltration rate (GFR), whether it is reduced by disease or 
increased by compensatory hyper  ltration and hypertrophy. 

Another essential component of adaptation is mainte-
nance of glomerulotubular balance. For example, in experi-
mental glomerulonephritis, despite a wide range of single 
nephron (SN)GFR values, proximal   uid reabsorption cor-
relates closely with SNGFR in individual nephrons, so that 
fractional reabsorption is the same in hypo  ltering and hy-
per  ltering nephrons. 4 Presumably, structural changes in the 
proximal tubule (PT) and the peritubular capillary network 
act together with alterations in Starling forces to perpetuate 
glomerulotubular balance. 

 FUNCTIONAL ADAPTATIONS TO 
NEPHRON LOSS 
Surgical ablation of renal tissue has long been used to  mimic
the more gradual nephron loss that occurs in CKD. In this 
experimental model, the reduction of renal mass leads to 
structural and functional hypertrophy of the remaining 
nephrons. Remnant nephron hyper  ltration is bene  cial 
in the short term, because it minimizes the decrease in to-
tal GFR that would otherwise ensue. However, as will be 
described, sustained activity of these compensatory forces 
contributes to a loss of GFR and structural injury in the 
long term. Most commonly, functional adaptations precede 
changes in structure, though functional and structural ad-
aptations are closely interrelated, often sharing common 
pathophysiologic mediators. Adaptive and maladaptive 
mechanisms will be discussed in parallel, with an empha-
sis on putative mechanisms or factors underlying transition 
from adaptation to maladaptation. 

 FUNCTIONAL ADAPTATIONS 
 Renal Hemodynamic Adaptations 
and Maladaptations: Compensatory 
Hyper  ltration 
Remaining nephrons compensate for nephron loss by in-
creased perfusion and   ltration rates. Studies in renal trans-
plant donors indicate that within weeks after a nephrectomy, 



CHAPTER 75   PATHOPHYSIOLOGY AND NEPHRON ADAPTATION IN CHRONIC KIDNEY DISEASE 2215

extensive renal ablation, proteinuria results from defects in 
both size selectivity and charge selectivity, 12,17  with increased 
  ux through the shunt pathway. As is discussed in the fol-
lowing section, this adaptation is associated with a lesser ca-
pability of podocytes to adapt to the loss of nephron mass. 

 Functional Adaptations: Tubular 
 Adaptive changes in SNGFR and in proximal tubular reab-
sorptive capacity are accompanied by mechanisms that en-
able the excretion of a constant solute load in the face of a 
dwindling number of functioning nephrons. When this ca-
pability is exceeded, the complications of CKD ensue. 

 As elucidated by Bricker and Fine, 3  there are three ma-
jor patterns of adaptation to advancing CKD (Fig. 75.1), 
which are re  ected by the change in the serum concentra-
tion of speci  c solutes with the fall in GFR. If there is no 
regulation or adaptation, the plasma concentration  increases 
(curve A of Fig. 75.1). Examples include urea and creati-
nine, in which the rate of excretion depends on the   ltered 
load, and  tubular reabsorption and secretion mechanisms 
fail to adapt suf  ciently to prevent a rise in the serum 
 concentration. Curve B represents regulation with limita-
tion (i.e.,  maintenance of normal plasma concentration until 
late stages of CKD); when GFR falls below a critical level, 
 excretion can no  longer keep up with intake, and plasma con-
centration rises.  Solutes in this class, such as phosphate and 
urate, are excreted by   ltration and tubular reabsorption, se-
cretion, or both. The third pattern (curve C) is termed com-
plete regulation.  Serum concentration is maintained in the 
normal range until terminal CKD  stages; examples include 
sodium, potassium, and magnesium. For normal serum 
 levels to be maintained,  increased single nephron excretion 
results from altered  tubular transport patterns, as discussed 
in the following. Changes in individual solute handling in 
CKD have been reviewed extensively elsewhere 18  and are 
brie  y  summarized here. 

GFR and the renal plasma   ow (RPF) rate in the remaining 
kidney increase by about 40%, so that GFR is about 70% 
of the prenephrectomy value. 5  In rat models, 6,7  vascular 
resistance is reduced in the afferent and efferent arterioles, 
 allowing an increase in the glomerular capillary plasma   ow 
rate (Q A ). Because the decrease in afferent arteriolar  resistance 
(R A ) is proportionally greater than that in  efferent arterio-
lar resistance (R E ), the hydraulic pressure in the  glomerular 
capillary (P GC ) increases. Together, glomerular capillary 
 hyperperfusion and hypertension account for the compen-
satory single nephron hyper  ltration. The magnitude of in-
crease in SNGFR is proportional to the degree of renal mass 
 reduction. 8,9  With a uninephrectomy, the increase in SNGFR 
is largely due to an increase in Q A . However, in more exten-
sive renal ablation, substantial increases in P GC  occur. The 
magnitude of the adaptive increase in SNGFR is similar in 
super  cial and juxtamedullary nephrons, 10  and the tubulo-
glomerular feedback mechanism remains intact, with its set 
point altered in a way that permits hyper  ltration. 11  

 Of the glomerular hemodynamic determinants of adap-
tive hyper  ltration, glomerular capillary hypertension ap-
pears to be the crucial cause of eventual structural injury. In 
a study by Hostetter et al., 8  untreated rats subjected to 85% 
nephrectomy exhibited elevated SNGFR, due to elevations 
in P GC  and Q A . These hemodynamic adaptations were as-
sociated with the development of proteinuria and extensive 
focal and segmental glomerular sclerosis (FSGS). 12  When 
dietary protein restriction was used to blunt the adaptive 
hyper  ltration, values for SNGFR, Q A , and P GC  were nearly 
normalized, and structural injury was limited. Studies with 
angiotensin converting enzyme inhibitors (ACEIs) helped to 
clarify the role of speci  c determinants of hyper  ltration in 
causing subsequent injury. ACEIs reduce R E  and P GC  without 
affecting Q A  or SNGFR. In rats with renal ablation, selective 
control of glomerular hypertension is protective, even with 
persistent hyper  ltration and hyperperfusion. Conversely, 
antihypertensive therapy that lowers systemic but not intra-
glomerular pressure may not protect the kidney at risk. 9  

 Loss of renal mass is often accompanied by substan-
tial systemic hypertension 8,9  and studies in hypertensive 
renal disease models have demonstrated the hemodynamic 
mechanisms of hypertensive injury. Afferent arteriolar vaso-
dilation and an impaired ability to autoregulate in response 
to changes in perfusion pressure result in enhanced trans-
mission of systemic pressure into the glomerular capillary 
network and thereby in glomerular capillary hypertension. 13

 Alterations in Glomerular Permeability 
 Another index of glomerular function is the ability to restrict 
passage of macromolecules into the urinary space. 14  Perm-
selectivity is characterized by examining the extent to which 
the glomerular capillary wall discriminates among molecules 
of different size, charge, and con  guration. A uninephrec-
tomy is associated with modest, late development of protein-
uria in the rat, 15  and in some cases, humans. 16  With more 

FIGURE 75.1 Patterns of adaptation for different solutes in 
chronic progressive renal disease. A: No regulation or adapta-
tion. B: Regulation with limitation. C: Complete regulation. 
See text for discussion. GFR, glomerular   ltration rate. (Reprinted 
from Bricker NS, Fine LG. The renal response to progressive 
nephron loss. In: Brenner BM, Rector FC Jr, eds. The Kidney. 
 Philadelphia: WB Saunders, 1981:1058, with permission.)
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than in normal subjects whose blood volumes have been 
increased by salt loading, and reducing dietary salt intake 
does not consistently prevent hypertension in rats with renal 
ablation.31 Thus, blood pressure alone is not the sole factor 
of regulating Na excretion in CKD. 

The molecular basis for Na transport after a reduction in 
nephron number has been explored. Using microdissected tu-
bule segments of 5/6 nephrectomized rats, Terzi et al. 32 found 
increased Na-K-ATPase activity along the nephron when ex-
pressed per unit of nephron length. Enzymatic activity corre-
lated with the degree of tubular hypertrophy. However, when 
expressed per tubule surface unit, no changes were found, sug-
gesting that the density of pumps remained stable during com-
pensatory tubular hypertrophy. Kwon et al. 33 found a decrease 
in total kidney Na/H exchanger, Na-phosphate cotransporter, 
and basolateral Na-K-ATPase in remnant kidneys as compared 
to controls. Densities of these transporters did not increase pro-
portionally to the nephron hypertrophy and GFR. These   nd-
ings re  ected mainly changes in the PT and were  associated 
with increased remnant nephron Na excretion. In contrast, ex-
pression of bumetanide-sensitive channels in thick ascending 
limb and thiazide-sensitive channels in distal tubules was in-
creased, and Na-K-ATPase expression was maintained in these 
segments. These changes indicate compensatory increases in 
distal segments in CKD, partly because of elevated vasopres-
sin and aldosterone levels. In contrast to rats with extensive 
renal ablation, studies in uninephrectomized rats have shown 
upregulation and activation of NHE-3 (Na/H exchanger). 
Moreover, the inhibition of NHE-3 was associated with the in-
hibition of compensatory growth in the remnant kidney. 34

 Potassium Homeostasis 
The kidney retains the ability to maintain potassium (K) 
homeostasis and normal serum K levels until very late stages 
of CKD. K secretion per nephron increases, and experimen-
tally, the fractional excretion of K may exceed 100% of the 
  ltered load. Similar to Na handling, there is a signi  cant 
inverse correlation between the fractional excretion of K and 
GFR. The major factors responsible for increased K excretion 
per nephron appear to be the elevation of plasma and intra-
cellular K concentrations following K ingestion, particularly 
early in the course; later, an adaptive tubule process also aug-
ments K secretion. 35 In uninephrectomized rats, K  secretion 
occurs within hours after a nephrectomy and is mediated by 
amiloride-sensitive channels. 36 In addition, reduced K reab-
sorption by the loop of Henle may facilitate the excretion of 
acute potassium loads in CKD. 37

Following the ingestion of a K load, serum K increases 
by about the same increment in CKD patients and in normal 
subjects, inducing an increase in distal K secretion. When 
factored for GFR, the kaliuresis in patients with moderate 
CKD is the same as in normal subjects. 38 However, because 
the CKD patient excretes K more slowly than in the normal 
subject, there is prolonged elevation of serum K following 
an oral load. 

 Sodium Excretion and the Regulation of 
Extracellular Fluid Volume 
Extracellular   uid (ECF) volume is maintained remarkably 
close to normal until the very late stages of CKD. Although 
absolute sodium (Na) reabsorption in the PT increases in 
parallel with the rise in SNGFR, fractional excretion of Na 
and water increase. 19 These changes result in increased Na 
delivery to the thick ascending limb of Henle and the distal 
nephron. 10

Chronic adaptations enable the maintenance of normal 
Na balance until the late stages, though the natriuretic re-
sponse to a large Na challenge is impaired. 20 Natriuresis after 
Na loading is reduced less than is GFR, so acute volume ex-
pansion causes a greater increase in fractional Na excretion 
in uremic animals than in normal controls, a “magni  cation” 
phenomenon.20,21 In advanced CKD, the ability to con-
serve Na is also compromised, such that most patients are 
unable to lower Na excretion below 20 to 30 mEq per day 
(a “salt   oor”). 3,22 With high Na intakes, the smaller num-
ber of functioning nephrons may be unable to increase Na 
excretion enough to maintain Na balance, and thus may be 
termed as having a low salt ceiling. As CKD progresses, the 
distance between   oor and ceiling increases, and the mainte-
nance of Na balance becomes more dif  cult, 3 though slowly 
reducing Na intake may lead to more ef  cient reductions in 
Na excretion. 23

Early investigators postulated that decreased aldoste-
rone formation or effect might be involved in the adaptive 
changes in Na handling. However, observations that serum 
aldosterone levels are normal or high, that responsiveness to 
aldosterone antagonist therapy is present, 24 and that exoge-
nous mineralocorticoid therapy does not cause Na retention 
in CKD patients 19,25 have cast doubt on a major role for this 
mechanism. Later, the discovery of atrial natriuretic peptide 
(ANP) turned attention toward that hormone as a media-
tor of Na excretion in CKD. Rats with renal ablation exhibit 
increased ANP levels, which are related to dietary Na intake 
and fractional Na excretion. 26 Increased ANP levels in CKD 
patients have been related to increased blood volume and to 
increased blood pressure. 27 Interpretation of these studies 
is complicated by the presence of heart failure and errors in 
the plasma ANP assay caused by related peptides that are 
retained in CKD. However, studies with an ANP antagonist 
con  rm that increased ANP levels contribute to increased 
fractional Na excretion in experimental CKD 28 and giving 
a monoclonal anti-ANP antibody prevents the postnephrec-
tomy diuresis in rats by blunting both proximal and distal 
tubular Na reabsorption. 29

Hypertension may contribute to increased fractional Na 
excretion in CKD, as suggested by Guyton’s group. 30 Accord-
ing to this view, the maintenance of constant Na intake in 
the setting of fewer nephrons leads to Na retention and ex-
pansion of ECF and blood volumes; the consequent higher 
blood pressure in turn causes a higher fractional Na excre-
tion. However, blood pressure is higher in CKD patients 
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 Acid–Base Homeostasis 
Metabolic acidosis is characteristic of CKD, due to reduced 
renal ability to excrete acid. 53,54 Early in the course, hydrogen 
balance is maintained by increased ammonium excretion per 
functioning nephron. 53–55 Later, this adaptation proves insuf-
  cient and acidosis is maintained due to reduced ammonia 
synthetic capacity. Ammonium excretion per total GFR rises 
to three to four times normal, 56 but the increase is insuf  -
cient to counteract the reduced nephron number. Impaired 
ammonia excretion was originally attributed to the impair-
ment of countercurrent mechanisms, which were thought to 
increase ammonium concentration in the medulla and facili-
tate “trapping” of ammonia by acidi  ed luminal   uid in the 
collecting duct. However, it is now recognized that ammonia 
enters tubule   uid by active secretion as well as by trapping. 

Renal acid excretion also requires the reabsorption of 
  ltered bicarbonate and the generation of a large hydrogen 
ion gradient in the distal nephron. Following a uninephrec-
tomy, the stimulation of PT bicarbonate reabsorption occurs, 
as a result of a doubled transport rate. An increase in Na/H 
exchange contributes to this phenomenon. 57 There may be 
slight increases in the fractional reabsorption of bicarbon-
ate58 and studies of proximal tubule brush-border vesicles 
from rats with renal ablation have shown increases in  Vmax
of the Na-H antiporter. 59 However, clinically, a decrease in 
bicarbonate reabsorptive ability develops, 60 corresponding 
to   ndings of reduced NHE-3 in the proximal tubules of rat 
remnant kidneys. 33 In severe CKD, the threshold for bicar-
bonate reabsorption may also be reduced. 61

Distal acidi  cation is generally better maintained 
than proximal bicarbonate reabsorption in CKD, except in 
patients with distal renal tubular acidosis. However, CKD 
patients are unable to lower urinary pH as well as normal 
subjects with experimental acidemia, 53 and so a relative de-
crease in distal hydrogen ion pump capacity may also con-
tribute to acidosis. Failure to attain normal minimal urinary 
pH prevents optimal titration of nonammonia buffers and 
thus reduces the excretion of the titratable acid. Dietary 
phosphate restriction may further contribute to the reduced 
excretion of titratable acid in CKD. 

 Phosphate Homeostasis 
Abnormalities of phosphate and calcium metabolism and 
their contributions to metabolic bone disease are discussed 
elsewhere in this book. Intrarenal adaptations that  contribute
to calcium and phosphate homeostasis in CKD are discussed 
here. A progressive increase in fractional phosphate excre-
tion maintains phosphate balance in early CKD. 62 Later in 
the course, phosphate excretion is maintained by a further 
increase in the fractional excretion, along with increased 
serum phosphate levels. Slatopolsky et al. 62–64 suggested 
that increased parathyroid hormone (PTH) caused the in-
crease in fractional phosphate excretion. In dogs with renal 
ablation, the fractional excretion of phosphorus increased 
and the magnitude of the increased fractional excretion 

Later in the course, distal tubular adaptations— 
speci  cally, increased activity of Na-K-ATPase and basolat-
eral surface area in principal cells of the cortical  collecting
duct—promote K excretion. 39 In addition, as CKD pro-
gresses, intestinal K excretion also increases in concert with 
increased colonic Na-K-ATPase activity 40,41 and potassium 
permeability. 42 The administration of spironolactone to pa-
tients with CKD may result in dangerous hyperkalemia. 
Thus, it appears that adequate aldosterone levels are re-
quired to facilitate increased K secretion per nephron, and 
that hyperkalemia may occur earlier in CKD patients with 
low plasma aldosterone levels. 43

 Water Homeostasis 
The capacity to generate solute-free water is remarkably 
well maintained in moderate CKD. 3,44,45 However, water 
excretory capacity is impaired, as re  ected in a reduction 
in the minimum attainable urine osmolality. In contrast to 
the somewhat preserved diluting mechanisms, concentrat-
ing ability starts to fail relatively early in CKD, resulting in 
decreased fractional reabsorption of solute-free water. In 
CKD, severe dehydration is usually avoided because intact 
thirst mechanisms allow the patient to compensate for the 
urinary water losses. Accordingly, nocturia is the predomi-
nant symptom. 

Urinary concentration requires the maintenance of hy-
pertonicity of the medullary interstitium and normal water 
transport across distal nephron segments in response to an-
tidiuretic hormone (ADH). The maintenance of medullary 
interstitial hypertonicity in turn requires structural preserva-
tion of the countercurrent system. Part of the urinary con-
centrating defect in CKD may be attributed to the high solute 
load imposed on each nephron. However, disruption of med-
ullary architecture in tubulointerstitial diseases may cause 
disproportionate impairment of concentrating ability. 46 The 
presence of a concentration defect despite elevated plasma 
ADH levels in CKD suggests a distal tubular defect. Limited 
ADH responsiveness may be due to two factors. First, ADH-
stimulated adenylate cyclase activity and water permeability 
in the distal nephron may be impaired. 47,48 Also, increased 
tubular   ow rates may limit the fraction of water that can be 
reabsorbed by the distal nephron in response to ADH. Teitel-
baum and McGuinness 49 described the absence of ADH V2 
receptor mRNA in the inner medulla of rats with CKD. Kwon 
et al. 50 studied protein expression of aquaporins (AQP) in 
rat remnant kidneys. AQP1 is found mainly in the proxi-
mal tubule and in the descending limb of the loop of Henle, 
whereas AQP2 and 3 localize in the apical and basolateral 
membranes of the collecting ducts, respectively. All three 
channels were markedly reduced in remnant kidneys. Fur-
thermore, decreased AQP expression was resistant to treat-
ment with ADH. 50 Downregulation of the Na cotransporter 
rat bumetanide-sensitive cotransporter (rBSCl) has also been 
reported. 51 Several molecular mechanisms involving AQP in 
CKD have been suggested (reviewed in Holmes 52).
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enlargement was a re  ection of the need for added renal 
“work.” Although he subsequently disproved his own hy-
pothesis with regard to urea, the notion that the kidney 
grows in response to the added workload remains. Despite 
ingenious experimentation over the years, the question of 
whether hyper  ltration drives hypertrophy, or vice versa, 
remains incompletely answered. However, new understand-
ings of the mechanisms and consequences of mechanotrans-
duction are helping to elucidate this question. 

 Compensatory Renal Hypertrophy 
 Structural Changes in Individual Renal 
Compartments 
 Glomerular Hypertrophy   Glomeruli also undergo progres-
sive enlargement. A uninephrectomy in the rat increases 
glomerular tuft volume (V G) by up to 75%. 78 In more exu-
berant hypertrophic states, as occur with extensive ablation 
or mineralocorticoid-salt hypertension, the degree of V G en-
largement is even greater. 78–80 Increased V G does not neces-
sarily parallel increased whole kidney size; V G may continue 
to increase after renal growth slows. Serial structure– function
studies in the rat have shown that V G and SNGFR increase 
in parallel after uninephrectomy. 79,80 Morphometric studies 
demonstrate an increase in the total volume occupied by 
cellular constituents in the remnant glomeruli of nephrec-
tomized rats. 79–86 Overall, the glomerular fractions occupied 
by different structural components remain constant as V G
enlarges, at least in the early phases of adaptation. However, 
long-term adaptation may follow a different pattern, with 
the mesangial volume fraction increasing only later in the 
course.81

An early study found a prominent increase in the num-
ber of glomerular endothelial, mesangial, and epithelial 
cells following a uninephrectomy in very young rats. 84 Later 
studies con  rmed increased mesangial cellularity. 86 A pro-
liferative response involving glomerular endothelial cells is 
apparent, 87–89 as is an increase in endothelial cell volume. 87

Increases in glomerular capillary length and radius oc-
cur, such that capillary surface area increases. 81,86 Afferent 
and efferent arteriolar diameters also increase. 86 Morpho-
metric measurements have been used to estimate the    ltering 
capacity of the enlarged remnant glomeruli. The glomeru-
lar capillary ultra  ltration coef  cient (K f) is the product of 
the surface area available for   ltration (S) and the hydraulic 
permeability of the glomerular capillary wall (k). It is not 
clear which anatomic boundary constitutes the surface cor-
responding to S. As estimated by measuring the glomerular 
capillary area in direct apposition to epithelial foot process-
es, S increases following a nephrectomy, albeit to a slightly 
lesser degree than total glomerular volume. 79 However, most 
functional studies have not found an increase in K f of rem-
nant glomeruli after extensive renal ablation. 8,9

It is conceivable that k is reduced, because a decrease in 
S cannot be involved to explain the fall in K f. In theory, an in-
crease in average foot-process width would cause a  decrease 

correlated with the magnitude of the increase in circulating 
PTH levels. Restricting phosphate intake prevented increas-
es in both PTH levels and fractional phosphate excretion. 
These observations formed the basis for Bricker’s “trade-off 
hypothesis,”65 postulating that some of the major stigmata of 
uremia may occur as indirect consequences of the adapta-
tions in the nephron function. 3 According to this hypothesis, 
hyperparathyroidism is the biologic price paid to maintain 
the excretion of a constant dietary phosphate load when the 
nephron number is reduced. With each decrement in GFR, a 
transient period of phosphate retention and decreased plas-
ma calcium would stimulate PTH synthesis and secretion, 
and the increased PTH activity would act to partially restore 
phosphate balance by augmented phosphate  excretion. 66

This adverse trade-off could be avoided by reducing phos-
phate intake as renal function declined. 

However, some studies indicate that the increased frac-
tional phosphate excretion does not depend on an increase 
in PTH levels or tubule responsiveness to PTH. 67 These data 
suggest that the increased fractional excretion is achieved via 
decreased phosphate reabsorption in the proximal nephron, 
as occurs in intact animals fed a high phosphate diet. 68 Phos-
phate uptake per unit tubule mass is reduced in the proximal 
nephron segments isolated from uremic rabbits, and sodium-
phosphate cotransport activity is reduced in brush-border 
membrane vesicles from uremic dogs 69 and rats 33, but these 
reductions do not fully account for the reduction in proximal 
phosphate reabsorption observed in vivo. Although reduced 
proximal reabsorption accounts for most of the increased 
fractional phosphate excretion, there is also evidence of 
altered distal phosphate transport (or reabsorption). 68 Never-
theless, the principal tenets of the intact nephron hypothesis 
continue to inform studies of adaptation in CKD. 70

 Calcium Homeostasis 
As CKD advances, the production of active vitamin D 
[1,25(OH2)D3] is impaired, leading to reduced intestinal 
calcium reabsorption and renal calcium excretion; the frac-
tional calcium excretion then increases. 71 The mechanism 
responsible for the increased fractional calcium excretion in 
advanced CKD is unclear. Possible factors include acidosis, 
the suppression of vitamin D production, increased distal 
nephron   ow rates, and ECF volume expansion.  Animal
studies suggest that the increase in remnant nephron  calcium
excretion associated with ECF expansion may be mediated 
by ANP. 72

 STRUCTURAL ADAPTATIONS 
Renal hypertrophy is an early development in the adap-
tive response to loss of renal mass. 73–75 Enlargement is due 
primarily to growth of the proximal convoluted tubules, 76

resulting in the disproportionate enlargement of the cortex 
in comparison to the medulla. In 1917, Addis 77 reasoned 
that the excretion of urea required energy, and that renal 
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and glomerular enlargement. 82,83 As reviewed by Kriz and 
LeHir, 97 glomerular enlargement without podocyte repli-
cation leads to structural changes including foot-process 
effacement, cell-body attenuation, pseudocyst formation, 
accumulation of absorption droplets, and   nally, detach-
ment. The loss of podocytes then triggers the onset of FSGS, 
as is further discussed. 

 Mechanisms of Renal Hypertrophy 
 General Principles: Hypertrophy Versus Hyperplasia  
The term compensatory hypertrophy has been used to 
describe the aggregate changes in nephron structure, in-
cluding both cellular hypertrophy and hyperplasia, which 
follow a loss of renal mass (reviewed in Fine and Nor-
man,98 Wolf, 99 Terzi et al. 100). Renal cells react to physi-
cal, biochemical, and humoral stimuli imposed by reduced 
nephron number with coordinate activation of a variety 
of signaling pathways and changes in expression of their 
molecular components, with a resultant induction of genes 
encoding proteins involved in structural adaptive and mal-
adaptive responses. 

Hyperplasia is a result of an increase in cell number as-
sociated with DNA replication and cell division, whereas 
hypertrophy is de  ned as cell enlargement due to  increases 
in protein and RNA content without DNA replication. 75

Both processes are involved in renal compensatory growth. 
During hyperplasia, cells progress through the whole cell 
cycle; hypertrophy occurs when the cells are engaged in the 
cycle but cannot progress to later stages. An interaction of 
the cell with growth factors that modulate the activity of cell 
cycle regulators then determines whether the cell will engage 
in hyperplasia or hypertrophy. 

 The Role of Physical Forces 
Cortes and coworkers 101,102 showed that glomeruli can en-
large as perfusion pressure rises. In the remnant kidney, the 
transmission of pressure   uctuations into the glomerular 
capillary tuft is not prevented by myogenic autoregulatory 
control. This results in glomerular distension and increased 
VG. Glomerular compliance is determined by capillary wall 
tension, size of the glomerulus, and glomerular stiffness, and 
is increased in remnant kidneys. This process is independent 
of humoral or biochemical factors, at least initially. Indeed, 
an increase in glomerular capillary radius is the earliest mor-
phologic   nding after a uninephrectomy. 82,83

Increased glomerular capillary pressures and/or plas-
ma   ow rates alter the growth and activity of glomerular 
component cells, inducing the expression of cytokines and 
other mediators, which then stimulate mesangial matrix 
production and promote structural injury. Hemodynamic 
physical forces, such as shear stress or changes in blood 
  ow, are well recognized to in  uence activity of endothe-
lial and vascular smooth muscle cells (VSMC). Mechanical 
stress imposed on renal cells by enhanced capillary and 
tubular   ows and pressures triggers a variety of  physiologic 

in the length of   ltration slit overlying each unit area of 
peripheral capillary surface and thereby could decrease k 
in remnant glomeruli. In fact, morphometric studies have 
revealed an increase in the average width of epithelial cell 
foot processes in rats subjected to extensive renal ablation. 80

Alternatively, it may be that the   ltering surface estimated 
by morphologic techniques in remnant glomeruli does not 
represent effective area available for   ltration in vivo. Theo-
retical studies suggest that much of the glomerular capillary 
network is relatively underperfused in rats with extensive 
renal ablation. 90 No increase in S was found following a 
uninephrectomy in rats when the infusion of glomerular 
basement membrane antibody was used to estimate capil-
lary surface area in vivo. 91 Alternatively, it may be that the 
decrease in K f in remnant glomeruli is more functional than 
structural, at least early on, because ACEI therapy raises K f
to supranormal levels. 9

Compensatory glomerular hypertrophy has been pro-
posed as a trigger of FSGS as well. Many models show a 
strong association between increased V G and the develop-
ment of proteinuria and FSGS. 31,78,79,92 Conversely, there 
may be a protective effect of low V G.93 Miller et al. 94 com-
pared the rate of development of proteinuria and FSGS in 
normal and uninephrectomized rats treated with a pressor 
dose of angiotensin (Ang) II, which increases P GC. Despite 
the fact that the Ang II dose was halved in uninephrecto-
mized rats, these rats demonstrated a markedly faster de-
velopment of renal injury. There were no differences in P GC
between those groups; however, V G was increased in the 
uninephrectomized animals. 

The combination of increases in both glomerular cap-
illary intraluminal pressure and capillary radius exerts in-
creased tension on the glomerular capillary wall (following 
Laplace law), thus contributing to disruption of capillary wall 
integrity, the induction of mechanical stress-induced signal-
ing, the activation of local humoral systems, and the podo-
cyte changes discussed in the following. Normalizing P GC may 
limit, but does not prevent, glomerular hypertrophy following 
renal ablation. Studies comparing two models of renal abla-
tion showed differences in systemic and glomerular blood 
pressure, the expression of prosclerotic factors, and the rate of 
development of renal injury, but similar degrees of glomerular 
hypertrophy. 95 These studies indicate that the protective effect 
of reducing P GC cannot be solely attributed to reduction in V G.

 Podocyte Biology after Nephron Loss. The potential addi-
tive deleterious effects of glomerular capillary hypertension 
and glomerular enlargement also suggest that injury may 
be mediated by effects on the glomerular visceral epithelial 
cells79,92 and their lower ability to adapt. Adult podocytes 
possess diminished ability to divide in response to stress-
ful stimuli. 96,97 Podocytes undergo exaggerated stress as glo-
meruli enlarge, resulting in their dysfunction and possibly 
destruction, in the pathogenesis of FSGS. 79,82

Though unable to replicate, podocytes are able to 
undergo hypertrophy in response to a loss of renal mass 
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a number of downstream targets involved in hypertrophic 
signaling and the production of vasoactive factors. 114 PKC 
has also been shown to contribute to shear stress- induced
MAPK activation. 

Phosphatidylinositol-3 kinase (PI-3K), another multifac-
tional kinase activated by upstream G proteins, is stimulated 
by shear stress 111 and contributes to shear stress-induced 
JNK activation in endothelial cells. PI3K is also involved in 
endothelial mechanotransduction sensed by integrins. 112

Akt kinase (protein kinase B) is a major downstream tar-
get of PI-3K. Akt is a potent survival kinase, transducing 
signals leading to the inhibition of apoptosis promoting cell 
proliferation and cell cycle regulation. Akt kinase may also 
transduce potentially protective signals, such as shear stress–
induced generation of nitric oxide. 115

Rho associated kinases, the effectors of the Rho family of 
small G proteins that act as possible mechanosensors, have 
been implicated in mediating cell contraction, adhesion, 
migration, cytoskeleton organization, and proliferation, and 
have been identi  ed as major players in the pathophysiology 
of CKD. 116,117

Activation of growth promoting systems leads to the up-
regulation of transcription factors such as activator-protein 1 
(AP-1), a transcription factor formed by the heterodimeriza-
tion of fos and jun proteins, or nuclear factor- B (NF- B),
and early response genes or proto-oncogenes, the protein 
products of which regulate the transcriptional control of 
large numbers of other genes, which are early steps in cell 
proliferation and differentiation evoked by stress signaling, 
mitogens, and growth factors. 

 The Impact of Mechanical Stress 
Expansion of the glomerular capillaries and stretching of 
the mesangium in response to hypertension might be a 
force that translates high P GC into increased mesangial ma-
trix formation. In microperfused rat glomeruli, increased 
PGC is associated with increased V G; in cultured mesangial 
cells, cyclic stretching results in the enhanced synthesis 
of protein, total collagen, collagen IV, collagen I, laminin, 
  bronectin, and transforming growth factor (TGF)- .101

Additionally, growing mesangial cells under pulsatile con-
ditions stimulates the Ang II receptor; angiotensinogen 
mRNA levels 118 and protein kinase C, calcium in  ux, 
and proto-oncogene expression 119; as well as altered ex-
tracellular matrix protein processing enzymes. 120,121 In 
vivo, Shankland et al. 122 observed that the increased P GC
induced by uninephrectomy in  spontaneously hyperten-
sive rats (SHR) was associated with the glomerular expres-
sion of TGF-  and platelet-derived growth factor (PDGF). 
Normalization of P GC with an ACEI decreased glomerular 
TGF-  and PDGF. Similarly, Grif  n et al. 95 compared P GC
in relation to glomerular TGF-  and PDGF expression be-
tween the excision and infarction models of renal ablation. 
The rats subjected to renal infarction demonstrated higher 
systemic and glomerular pressures, and a markedly higher 
expression of TGF-  and PDGF mRNA in glomeruli. 

and  pathophysiologic responses. A key component of 
these responses, representing the actual link between me-
chanical stresses and growth in glomeruli and tubules, is 
stress- induced signaling or mechanotransduction. Intra-
renal mechanotransduction has been demonstrated using 
in vitro systems capable of simulating stretch or pulsatile 
stresses imposed upon endothelial, mesangial, and tubular 
cells, or podocytes. 

 Principles of Mechanotransduction 
Physical stimuli are sensed by cells and transmitted through 
intracellular signal transduction pathways to cytosolic effec-
tors or to the nucleus, resulting in the induction of inappro-
priate genes. 103–105 The responses to mechanical stress lead 
to both adaptive and maladaptive processes following the 
nephron loss. 

A spectrum of molecules has been implicated in mecha-
nosensing; mechanical stress may directly perturb the cell 
surface and alter conformation of receptors and their im-
mediate downstream effectors such as G proteins, guanine 
nucleotide exchange factors, and small GTPases of the Rho 
family, thereby initiating signaling pathways. The role of in-
tegrins, cadherin junctional complexes, and the cytoskeleton 
in mechanosensing has also been suggested by multiple lines 
of evidence. 103–107 The extracellular matrix (ECM) protein 
organization is sensed by integrins, transmembrane recep-
tors that mediate cell attachment to ECM proteins. Integ-
rins act as mediators of cell adhesion, but can also transmit 
extracellular stimuli into intracellular signaling events. In the 
vascular system, the transient receptor potential (TRP) ion 
channel superfamily has also been implicated in mechano-
sensing, as well as in stress-induced Ca2  in  ux and  vascular
functional alterations, 108 but their role in renal  responses 
to nephron loss remains unknown. Also, new caveolae are 
formed in endothelial cells in response to shear stress, and 
act as mechanosensors resulting in ras-raf-extracellular 
signal-related kinase (ERK) and Akt  kinase activation. 109

Mechanosensing molecules transduce signals to down-
stream kinases and other signaling mediators. In vascular 
and renal cells, mechanotransduction involves the activation 
of the mitogen-activated protein kinase (MAPK) family. 110

These serine/threonine kinases transduce signals in response 
to multiple agonists acting through GFRs with intrinsic 
tyrosine kinases, G protein–coupled receptors, via nonrecep-
tor tyrosine kinases, and cellular stresses. ERKs have been 
implicated in mitogenic cellular responses, whereas c-Jun N-
terminal kinase (JNK) and p38 activation is associated with 
in  ammatory cytokine action, oxidative stress, prosclerotic 
actions, production of ECM, and apoptosis. 111,112 Activated 
MAPKs can translocate to the nucleus and can lead to phos-
phorylation and activation of transcriptional factors (which 
follow) or phosphorylate their cytosolic substrates. 113

Protein kinase C (PKC) is another major family of serine/
threonine kinases that are active in mechanotransduction. 
PKC are typically activated by lipid-derived second mes-
sengers, such as diacylglycerol or phospholipids. PKC has 
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hypertrophy. In both rats and mice, compensatory PT 
growth after the uninephrectomy was hypertrophic and 
was associated with a cell cycle-dependent mechanism. The 
development of hypertrophy required that the cells enter 
the G1 phase and initiate the events of this phase, such as 
increased protein synthesis, increased cdk4/cyclin D kinase 
activity, and maintaining retinoblastoma protein in the hy-
pophosphorylated state. However, the cells did not progress 
to the S phase, where DNA synthesis occurs. Unlike the 
cdk4/cyclin D activation, there was insuf  cient or absent ac-
tivation of cdk2/cyclin E, preventing the progression of cell 
cycle into the S phase, resulting in hypertrophy instead of 
hyperplasia. This pattern of differential activation of cdk4/
cyclin D and cdk2/cyclin E may re  ect the previously men-
tioned differences in the expression and activities of p21 and 
p27. Compensatory hypertrophy after renal ablation is as-
sociated with cyclin E and CDK2 expression coinciding with 
the early proliferative response. 135

CDK inhibitors also play a key role. These molecules 
are regulated by factors that have been implicated in abla-
tion nephropathy, including Ang II and TGF- .136,137 p21 
knockout mice subjected to renal ablation are resistant to the 
development of FSGS, as compared to wild-type animals. 138

In the absence of the p21 gene, the growth response in the 
remnant kidney is relatively more hyperplastic than hyper-
trophic. The authors alluded to a proposal, made by Goss 139

45 years ago, suggesting that when an organ accommodates 
increased work by hypertrophy rather than hyperplasia, it is 
at a serious physiologic disadvantage and is more likely to 
undergo regression of structure and function. 

 Mechanotransduction in Podocytes and Its Conse-
quences for Glomerular Injury. The additive deleterious 
effects of glomerular capillary hypertension and glomerular 
enlargement have also prompted speculation that injury may 
be mediated by detrimental effects on the glomerular visceral 
epithelial cells. 79,83,92 Podocytes undergo exaggerated stress 
as glomeruli enlarge, resulting in their dysfunction and pos-
sibly destruction. 79,82 Adult podocytes possess a diminished 
ability to divide in response to stressful stimuli 96,97; though 
unable to replicate, they are able to undergo hypertrophy. 
As reviewed by Kriz and LeHir, 97 glomerular enlargement 
without podocyte replication leads to structural changes 
including foot-process effacement, cell-body attenuation, 
pseudocyst formation, accumulation of absorption droplets, 
and   nally, detachment. The loss of podocytes then triggers 
the onset of FSGS, as is discussed below. 

Mechanical stress induces a unique reorganization of 
the actin cytoskeleton in podocytes. 115 The F-actin reorga-
nization in response to mechanical stress depends on Ca 2 

in  ux and Rho kinase. A dynamic cytoskeleton allows podo-
cytes to withstand signi  cant mechanical stress with eleva-
tion of P GC. Podocytes respond to   uid shear stress with a 
changed expression of focal contact markers and downreg-
ulation of ZO-1 followed by a loss of cell–cell contacts. 140

That process leads to an intermediate adhesive state, which 

Ingram and coworkers 110,114 found stretch-induced ac-
tivation of p42/44, JNK, and p38 in mesangial cells. These 
changes resulted in the activation of the AP-1 family, and 
were in part Ca 2  and PKC dependent. Stretch-induced ac-
tivation of p38 MAPK in mesangial cells leads to increased 
production of TGF- .111 Of note, Ohashi et al. 112 found that 
the inhibition of enhanced renal p38 MAPK activity in rats 
with renal ablation leads to the acceleration of renal injury, 
with more proteinuria, FSGS, and interstitial   brosis, but 
less tubular cell apoptosis. p38 Inhibition was associated 
with ERK 1/2 activation, a possible factor explaining the 
worsening FSGS. Thus, activation of p38 in remnant kid-
neys might play a protective role associated with inhibitory 
actions on ERKs signaling. 

AP-1 and NF- B are increased in remnant kidneys and 
downregulated by nephroprotective treatment. 123,124 Mirza 
et al. 125 reported an important function of NF- B in regulat-
ing of the enzyme transglutaminase, which is an activator of 
latent TGF- . Transglutaminase also cross-links matrix pro-
teins, possibly contributing to interstitial   brosis in the rem-
nant kidney model. 126 The activation of NF- B may have an 
important role in mediating cortical interstitial monocyte in-
  ltration and tubular injury in proteinuric tubulointerstitial 
in  ammation. 127,128 Studies of expression of early response 
genes in the remnant kidney following a uninephrectomy 
have been inconsistent. For example, the renal activity of 
c-fos, c-myc, c-egr1, c-jun, and c-H-ras following a unine-
phrectomy has been found to increase in some studies, but 
not in others. 129–132 Importantly, however, these studies sug-
gest that proto-oncogene activation after uninephrectomy is 
modest or absent, consistent with the low risk of deteriora-
tion of GFR in this modest degree of nephron loss. 

 Cell Cycle Regulation as an Important 
Determinant of Structural Response to 
Nephron Loss 
Genes induced by nephron loss include those coding for cell 
cycle regulatory proteins. 133 Positive regulation (the stimula-
tion of transition from quiescent cell phase to ultimate cell 
division by mitosis) is carried out by cyclins and their part-
ner molecules, cyclin-dependent kinases (CDK). Although 
CDK are constitutively expressed, cyclins are transcription-
ally regulated and their levels are increased by speci  c mi-
togens such as growth factors. Negative regulation of the 
cell cycle is accomplished by CDK inhibitors, which bind to 
cyclin-CDK complexes and inhibit their activity. In addition 
to the preceding processes, the cells also engage in apopto-
sis. The total number of cells in a particular organ re  ects 
the balance between proliferation and apoptosis. Apoptotic 
cells exit from the cell cycle. The initiation of apoptosis also 
is regulated by cyclin-CDK complexes, and the progression 
of the cell into mitosis or apoptosis seems to be determined 
by the level of CDK inhibitor p27. 133

Liu and Preisig 134 studied renal tubular cell cycle regula-
tion after a uninephrectomy and the resulting  compensatory 
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lar hypertrophy, increased solute burden and luminal   ow 
contribute to tubular hypertrophy after renal ablation. 

 Tubular Mechanotransduction 
Compensatory hyper  ltration exposes tubular cells to in-
creased   ow and pressures of tubular   uid, and studies have 
linked tubular   ow and growth. Sigmon et al. 150 showed that 
preventing nitric oxide (NO)-dependent hyperperfusion in uni-
nephrectomized rats is associated with lack of compensatory 
renal hypertrophy, further suggesting a link between the tubu-
lar growth and hemodynamics. In another study, PT expression 
of angiotensinogen after a uninephrectomy in mice correlated 
with hyper  ltration, suggesting a role for tubular   ow in the 
local regulation of renin-angiotensin system (RAS) activity. 151

Signaling events associated with stress-induced tubular hyper-
trophy are starting to be understood. Alexander et al. 152 found 
that cyclic stretch applied on rabbit PT cells triggered intensity- 
dependent ERK activation. Phospholipase A2 was identi  ed as 
a part of the upstream mechanosensing process; a requirement 
for extracellular Ca 2    and stretch-activated Ca 2  channels was 
also noted. Cyclic stretch also caused rapid phosphorylation of 
the EGF receptor kinase and c-Src. Furthermore,  arachidonic 
acid itself induced time- and dose-dependent phosphorylation 
of c-Src. As recently reviewed, 153 tubular stretch induces robust 
expression of a variety of mediators, which contribute to the 
in  ammatory and ultimately   brotic milieu. 

 Epithelial-Mesenchymal Transition (EMT) 
Much recent attention has focused on the potential role of 
epithelial-mesenchymal transition (EMT) in the pathogen-
esis of renal   brosis. 154–157 According to this hypothesis, the 
accumulation of the ECM in the tubulointerstitial space is 
mediated primarily by myo  broblasts, which are derived 
from resident interstitial   broblasts, tubular epithelial cells, 
periadventitial cells, and possibly also mesenchymal stem 
cells and endothelial cells. 154 There are a number of pro-
posed stimuli for this process, including proteinuria. How-
ever, although there is ample con  rmatory evidence in vitro, 
the role of EMT in vivo remains controversial. 156,157

 Mediators of Functional and 
Structural Adaptations 
In addition to changes induced by mechanical stress, neph-
ron loss leads to altered levels and/or activity of many en-
dogenous mediators that contribute to the adaptive changes 
after nephron loss. Many of the factors involved in hemody-
namic adaptations are, in parallel, important determinants of 
renal growth responses. 

 Renin–Angiotensin–Aldosterone System 
Ang II, the major effector peptide of the renin–angiotensin–
aldosterone system (RAAS), causes vasoconstriction of affer-
ent and efferent arterioles, mesangial cell contraction, and 
elevation in P GC.158,159 By increasing R E, Ang II helps to sustain 
glomerular capillary hypertension. 9 Ang II may further elevate 

may be a promoter of podocyte detachment. That study also 
demonstrated that the activation of speci  c tyrosine kinases 
is required for the podocytes to withstand increased   uid 
shear stress. 140

Stretch-induced p38 in podocytes is associated with 
an enhanced prostanoid production via cyclooxygenase-2 
(COX-2), an increased expression of the EP4 prostanoid re-
ceptor, and consequent alterations in podocyte cytoskeletal 
dynamics that could compromise   ltration barrier function 
under conditions of increased P GC.141 In CKD, inhibitors 
have been implicated in mechanical stretch-induced podo-
cyte hypertrophy. 142 Stretch reduces cell-cycle progression in 
wild-type and p27 knockout mice and induces hypertrophy, 
whereas hypertrophy is not induced in single p21 and dou-
ble p21/p27 knockout podocytes. Stretch-induced hypertro-
phy is inhibited by blocking ERK 1/2 or Akt, but not p38. 

Integrins are essential for podocyte adhesion to the glo-
merular basement membrane and therefore to the  integrity of 
glomerular   lter. Every integrin binds to a restricted number 
of ECM ligands. The laminin binding integrin  3  is the most 
highly expressed integrin on podocytes, and the key  integrin 
mediating podocyte adhesion to the GBM. 143 Podocyte ad-
hesion to the GBM via integrin  3 1 is enhanced by its in-
teraction with the tetraspanin protein CD151, 144,145 which 
regulates the tightness of integrin- dependent adhesion, cell 
morphology, and cell migration. The role of  mechanical stress 
in podocyte injury and the consequent development of FSGS 
is further supported by evidence in CD151 knockout mice. 144

These observations have suggested that podocyte adhesion to 
the GBM promoted by CD151 is required to prevent the de-
velopment of FSGS under conditions of high P GC, and that 
ACEIs induce their therapeutic effects, at least in part by limit-
ing podocyte detachment from the GBM. 

 Tubular Structural Adaptations 
Quantitatively, the proximal convoluted tubule enlarges by ap-
proximately 15% in luminal and outside diameter and by 35% 
in length after the uninephrectomy in the rat, 76 and PT en-
largement is proportional to the extent of the nephron number 
reduction. 146 The increased tubule size follows the increase in 
  uid reabsorption by segments of the isolated proximal straight 
tubule.147 Later in the course, the increased reabsorptive rate 
approximates the increase in PT size and protein content. 148

The distal convoluted tubule enlarges by approximately 10% 
in the luminal and outside diameter by 17% in length in the 
rat.76 In the distal convoluted tubules and collecting ducts, 
the cross-sectional area of both lumen and epithelium is in-
creased, but to a lesser degree. 76 Tubular cells do not enlarge 
symmetrically; enlargement of basolateral portions of cells is 
more prominent as compared to the luminal surface. 149

Tubular changes are accompanied by a transient increase 
in the proliferation of peritubular endothelial cells after a 
uninephrectomy. 88,89 This increase is followed by decreased 
peritubular capillary proliferation with consequences for 
progression, as discussed in the following. Similar to the role 
of hemodynamic responses in the development of glomeru-
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hemodynamic actions 180 and evidence of shear-stress induced 
activation of NO generation. 181 There are, however, striking 
differences between studies exploring renal NO activity in 
uninephrectomized models, and models with a more radi-
cal nephron reduction. Uninephrectomized rats demonstrate 
greater renal vasoconstrictor responses to NO synthase (NOS) 
inhibition, and increased inducible NOS protein expression, 
as compared with sham-operated controls. 182 In contrast, in 
rats with 5/6 nephrectomy, there is decreased renal expression 
and enzymatic activity of all three NOS isoforms. 183,184 Fur-
thermore, treatment with L-arginine, a NO precursor, or the 
NO donor molsidomine, ameliorated increases in P GC or renal 
injury in the same  model.185,186 A blunted response to non-
speci  c NOS inhibition has also been shown in 5/6 nephrec-
tomized rats. 187 Because chronic inhibition of NO production 
with L-arginine analogs causes severe glomerular injury as-
sociated with an increase in P GC,188,189 suppression of NO syn-
thesis in remnant glomeruli and vasculature could contribute 
to the development of FSGS. As discussed in the following, 
the NO-de  cient state of reduced renal mass may be associ-
ated with enhanced oxidative stress in remnant nephrons. 190

Furthermore, the development of oxidative stress in conjunc-
tion with a shift from enhanced to reduced NO bioavailability 
may be a demarcation point characterizing the transition from 
adaptive to maladaptive responses after renal mass reduction. 

In a related area, the role of oxidative stress in rem-
nant nephron pathophysiology has been well recognized. 191

Reactive oxygen species (ROS) generated during this process 
not only alter the integrity of a large spectrum of proteins 
and lipids, but also act as signaling molecules. 192 Expres-
sion and, in particular, activities of antioxidant enzymes, 
such as catalase, copper/zinc superoxide dismutase, and glu-
tathione peroxidase, increase during the course of CKD in 
the remnant kidney. 193 Corresponding to clinical evidence 
suggesting endothelial dysfunction in CKD patients, 194 im-
paired endothelium-dependent vasodilation of resistance 
arteries occurs in partially nephrectomized rats. 195 Treat-
ment with the membrane-permeable superoxide dismutase 
(SOD)-mimetic tempol prevents the development of hy-
pertension and restores vascular responsiveness to acetyl-
choline in vitro. Experimentally, antioxidant therapy with 
alpha-tocopherol attenuates the development of FSGS and 
interstitial   brosis. 196 However, there is as yet no persuasive 
clinical evidence that antioxidant treatment per se will sig-
ni  cantly alter the progression of clinical CKD. 

Enhanced ROS production is closely linked to reduced 
NO bioavailability in a given vascular bed or tissue. As dem-
onstrated by Vaziri et al. 197 in rats with renal ablation, renal 
and vascular oxidative stress, which promote the enhanced 
production of reactive carbonyl compounds and lipoperox-
ides and the accumulation of advanced glycation and lipoxi-
dation end products, also leads to NO quenching,  producing 
cytotoxic reactive nitrogen species capable of nitrating pro-
teins and damaging other molecules. Renal and vascular 
expression of nitrotyrosine, a marker of tissue NO and ROS 
interaction, is markedly increased in rats with renal  ablation.

PGC by promoting sodium retention and causing systemic hy-
pertension.160 After a uninephrectomy, renin mRNA increases 
in proximal tubules and glomeruli of the remnant kidney. 161

In rats with ablation by partial renal infarction, renin activity is 
concentrated in areas adjacent to the infarcted tissue. 162 Renin 
production by hypoperfused nephrons adjacent to the infarct-
ed tissue could explain why blood pressure is not increased 
when nephron number is halved by a uninephrectomy 79 and 
tends to be higher when ablation is accomplished by infarc-
tion as compared with surgical removal. 163,164 The generalized 
renin overexpression in tubular cells 165 and the expression of 
interstitial Ang II 166 are found in rat remnant kidneys, further 
supporting the notion of the indirect effect of Ang II in medi-
ating increased P GC. Ang II AT 1 receptor mRNA is decreased 
in remnant kidneys, likely as a result of increased tissue levels 
of Ang II, 167 whereas there is a counterregulatory increase in 
expression of the AT 2 receptor. 168

Another effector molecule of the RAAS, aldosterone, has 
been implicated in the changes that occur after renal ablation. 
Plasma aldosterone levels are high in this model, 169 and some-
times in CKD patients. 24 Adrenalectomy 170 ameliorates CKD 
in experimental renal ablation, and the nephroprotective ef-
fects of RAAS blockers are offset by the concomitant infusion 
of aldosterone. 169 Arima et al. 171 reported direct, nongenomic 
actions of aldosterone in the glomerular microcirculation, 
with dose-dependent increases in R A and predominantly in R E,
which would raise P GC. The fact that P GC is increased in min-
eralocorticoid salt models of hypertension 78 provides further 
evidence for a contribution of aldosterone to the progression 
of CKD. Aldosterone receptor antagonists reduce proteinuria 
clinically, though evidence for the slowing of CKD in experi-
mental models is variable. Additional mechanisms by which 
aldosterone may contribute to injury include the upregulation 
of plasminogen-activator inhibitor-1 (PAI-1) via the mineralo-
corticoid receptor and TGF- , the activation of MAPK, and 
the stimulation of reactive oxygen species via the upregulation 
of nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase (see reviews in Ponda and Hostetter, 172 Brem et al., 173

Bertoccio et al., 174 and Briet and Schiffrin 175). 
Ang II exerts a number of other actions that in  uence 

renal morphology. 176–178 Among these effects are the stim-
ulation of proto-oncogenes, the stimulation of a plethora 
of growth factors (e.g., TGF- , PDGF), the activation of 
NF- B, the stimulation of monocyte chemotactic protein-1 
(MCP-1), and increasing ECM accumulation by increased 
synthesis (  bronectin, collagen, laminin, osteopontin) or 
diminished degradation ( metalloproteinases, PAI-1) of pro  -
brosis cytokines. 176–178 RAS components can be activated by 
shear stress and altered physical forces in mesangial cells 118

and in podocytes in vitro and in vivo. 179

 Nitric Oxide, Oxidative Stress, and 
Endothelial Dysfunction 
NO would be a good candidate for mediating hyper  ltration 
associated with reduced nephron mass in view of its renal 
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SNGFR.213,214 PG synthesis inhibition reduces RPF and 
GFR experimentally 215 and clinically. 216 Goncalves et al. 166

and  Fujihara et al. 217 found a mild reduction of P GC and 
signi  cant nephroprotection in remnant kidney rats after 
treatment with nitro  urbiprofen, a compound combining 
nonselective cyclooxygenase (COX) inhibition and an NO-
donating moiety, preventing the critical depression of renal 
function. Additional studies con  rm a nephroprotective ef-
fect of COX-2 inhibition alone, at least experimentally. 218,219

COX is a key enzyme in the synthesis of PG and throm-
boxanes from arachidonic acid. COX-2–derived PGs play a 
role in the physiologic regulation in the normal kidney, being 
involved in modulation of afferent arteriolar vasoconstriction 
and myogenic afferent responses to increases in renal perfusion 
pressure 220 and stimulation of renin release. 219 The expression 
of COX-2 is increased in the macula densa of remnant kid-
neys,166,221 and increased activity of  COX-2 is involved in the 
altered renal function and progression of CKD. 218,219

The nephroprotective effect of speci  c COX-2 inhibi-
tion may also be mediated via the suppression of TGF- .218

Because thromboxane A2 is a product of the COX pathway, 
the authors hypothesized that thromboxanes contribute to 
the development of injury by stimulating TGF- . However, 
vasoactive hormones, such as prostaglandin E2 (PGE2), may 
challenge the integrity of the actin cytoskeleton, alter podo-
cyte morphology, and compromise glomerular permeability. 
PGE2 synthesis correlates with the onset of proteinuria and 
increased P GC following reduced nephron mass. 221

 Endothelin 
Endothelin (ET) infusion increases P GC in the normal kid-
ney, 222 and the ET receptor blockade is associated with the 
preservation of renal function and structure in remnant kid-
ney rats. 223 In the absence of micropuncture data, it is dif  -
cult to determine whether the nephroprotective effects of ET 
receptor blockers are due to the inhibition of hemodynamic 
actions or growth actions, or both. However, in other models 
of CKD, the ET receptor blockade reduces P GC.224

ET-1 is a potent mitogen and   brogenic molecule that can 
contribute to interstitial   brosis by causing ischemia due to its 
vasoconstrictor effects. ET-1 also has direct in vitro effects on 
matrix production, tubular cell proliferation, and upregulation 
of TGF-  (see reviews in Kohan, 225 Gagliardini et al., 226 and 
Fligny et al. 227). It appears that the ETA receptor mediates the 
damage, whereas the ETB receptor is more  likely protective. 228

However, clinical studies have raised concerns. A recent tri-
al,229 in which the ET blocker avosentan was tested in patients 
with diabetic nephropathy, was terminated prematurely due to 
excess cardiovascular events in the avosentan treatment group. 

 Atrial Natriuretic Peptide 
Another mediator of hyper  ltration is ANP, which is a potent 
vasodilator of the glomerular afferent arteriole. Plasma ANP 
levels26 and ANP mRNA expression 230 are increased follow-
ing renal ablation, and hyper  ltration is reversed with the 
administration of an ANP receptor antagonist. 28

Furthermore, these  abnormalities are ameliorated by anti-
oxidant treatment. In this context, the evidence suggests a 
protective role of NO in the development of injury in the 
remnant kidney. The chronic inhibition of NO accelerates 
the progression of renal injury in the remnant kidney, in as-
sociation with more rapid loss of peritubular capillaries and 
altered tubular vascular endothelial growth factor (VEGF) 
expression. 198 Furthermore, treatment with L-arginine, a 
NO precursor, or the NO donor molsidomine, ameliorates 
increases in P GC and renal injury in the same model, 185,186 al-
though the protective effects of L-arginine may be observed 
even in the absence of changes in P GC.185 Nephroprotective 
effects in rats with renal ablation have also been reported 
with the administration of tetrahydrobiopterin, a key cofac-
tor for appropriate eNOS enzymatic activity. 199

NO is also an important modulator of stress-induced 
signaling in renal cells. In vitro, the stretch-induced activa-
tion of p42/44, JNK, and p38 MAPK, their nuclear trans-
location, and the stimulation of downstream transcription 
factors, such as AP-1 and NF- B, in mesangial cells can be 
inhibited by the nitric oxide-cyclic guanosine monophosphate 
(NO-cGMP) pathway. 200,201 These inhibitory effects are as-
sociated with NO-induced destabilization of the actin cyto-
skeleton202 and are mediated via the inhibition of RhoA-Rho 
kinase signaling. 203 These mechanisms may be responsible, 
at least in part, for the protective effect of NO in animal 
models with glomerular hypertension. In addition to endo-
thelial nitric oxide synthase (eNOS)-derived NO, evidence 
suggests a protective role of neuronal nitric oxide synthase 
(nNOS)-derived NO in the remnant kidney. 204

Recent attention has focused on the contributions of 
asymmetric dimethylarginine (ADMA), which inhibits NOS, 
and its isomer symmetric dimethylarginine (SDMA), which 
does not inhibit NOS, in the pathogenesis of CKD. 205–207

ADMA accumulates in the plasma in CKD and is believed to be 
an independent predictor of progressive CKD and cardiovas-
cular disease. Experimentally, ADMA impairs the glomerular 
  ltration barrier 208 and induces hypertension, oxidative stress, 
and glomerular and vascular   brosis, along with increasing 
the expression of collagen I mRNA and TGF- 1.209 Inducing 
the overexpression of dimethylarginine dimethylaminohydro-
lase (DDAH), an enzyme which degrades ADMA, is associated 
with the preservation of glomerular capillaries and reduced 
glomerular sclerosis in the remnant kidney model. 210

 Prostaglandins 
Increased susceptibility to acute kidney injury with nonste-
roidal anti-in  ammatory drugs (NSAIDs) suggests a strong 
dependence of hemodynamics on prostaglandins (PGs) in 
CKD. The synthesis of PGE2, PGI2, and thromboxane A2 
are increased in glomeruli isolated from subtotally nephrec-
tomized rats, and the per nephron excretion of PGE2 and 
thromboxane A2 is increased. 211,212 Acute PG synthesis in-
hibition reduces Q A and SNGFR but not P GC in remnant 
kidney rats, whereas chronic thromboxane synthesis inhi-
bition decreases vascular resistance and increases Q A and 
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inhibited compensatory renal hypertrophy, but did not at-
tenuate the development of renal    brosis. 246

Some studies suggest that IGF may even be protective. 
IGF-1 transgenic mice do not develop FSGS despite similar 
glomerular hypertrophy. 247 Furthermore, IGFBP-1 transgen-
ic mice, with a decreased availability of IGF-1, develop FSGS 
without glomerular hypertrophy. 248

 Epidermal Growth Factor (EGF) 
Epidermal growth factor (EGF) has both growth  promoting 
and hemodynamic actions, in that it has been shown to 
affect arteriolar resistances and to increase P GC.249 Increased 
EGF content and reduced EGF receptor levels occur only 
after compensatory renal hypertrophy is established, 250 so 
it is possible that EGF plays a pathophysiologic role later in 
the course of the hypertrophic response to nephron loss. Of 
note, the functional inactivation of the EGF receptor (EGFR) 
by the targeted expression of a dominant-negative EGFR 
in renal PT cells reduces tubulointerstitial lesions in mice 
with 75% renal mass reduction, 251 and inhibiting the EGFR 
with a speci  c tyrosine kinase inhibitor slows progression 
experimentally. 252

 Hepatocyte Growth Factor (HGF) 
Hepatocyte growth factor (HGF) is a potentially protective 
factor. Liu et al. 253 found increased renal and systemic HGF 
production in rats with renal ablation. With the adminis-
tration of an anti-HGF antibody, rats experienced a rapid 
decrease in GFR and increased renal   brosis, in association 
with increased ECM accumulation. Parallel in vitro data 
suggest that HGF preserves kidney structure by activating 
matrix degradation pathways via increased collagenase and 
matrix metalloproteinase-9 (MMP-9) expression and sup-
pression of tissue inhibitors of metalloproteinase (TIMP), 
which are endogenous MMP inhibitors. 253

The link between HGF and renal matrix degradation 
via the modulation of MMPs and TIMP has been con  rmed 
in studies using treatment with recombinant HGF. 254,255 For 
example, in rats with renal ablation, HGF infusion halted 
proteinuria and decreased renal collagen accumulation. The 
treatment also attenuated renal in  ammation in vivo and in 
vitro in PT cells. In contrast, HGF neutralization had the 
opposite effect, worsening renal   brosis. 255

HGF is functionally linked to the action of TGF- .
TGF- 1 induces the expression of c-met, a protoncogene 
encoding HGF, in renal tubular epithelial cells, 256 sug-
gesting that HGF may act as a natural TGF-  antagonist. 
In TGF- 1 transgenic mice with renal ablation, HGF sup-
pressed the expression of connective tissue growth factor 
(CTGF), a downstream effector of TGF-  in the remnant 
kidney, thus attenuating the renal   brosis and improving 
the survival rate. 257 Recently, it was reported that the activa-
tion of HGF, via peroxisome proliferator-activated receptor- 
(PPAR- ), may be a renoprotective mechanism of the RAAS 
blockade.258

 Uric Acid 
Hyperuricemia has been postulated as a novel risk factor for 
the progression of cardiovascular and renal disease. 231–233 In 
addition to the stimulation of vascular smooth muscle cell 
proliferation, the induction of endothelial dysfunction, and 
growth effects, uric acid may contribute to progression via 
hemodynamic mechanisms. In rat models, mild hyperurice-
mia has been reported to induce glomerular capillary hyper-
tension in normal 234 and remnant kidney 235 rats. 

 Growth Factors 
The role of growth factors in initiating compensatory renal 
growth has been suspected since at least 1896, when Sacer-
dotti236 infused blood from bilaterally nephrectomized dogs 
into normal dogs and induced renal growth in the recipients. 
In the 1950s, Braun Menéndez 237 postulated the existence of 
a humoral renal growth factor, termed renotropin. Fractions 
of urine, serum, and liver from uninephrectomized animals, 
and urine and serum from humans, stimulate biochemical 
changes (such as the incorporation of radiolabeled nucleo-
tides into DNA) in isolated renal tissue preparations, and 
stimulate growth in cultures of kidney-derived cells. Such 
studies have been proposed as further evidence for the exis-
tence of renotropin. 238 These data do not establish that these 
fractions induce whole kidney growth, however, and no true 
renotropic hormone has been isolated. 

Early evidence for the role of growth factors in the struc-
tural adaptation to nephron loss was based on in vitro ob-
servations in cultured renal cells. In general, however, these 
factors promote growth in many cell types, and are thus 
likely to participate in compensatory renal hypertrophy in 
a nonspeci  c manner. Moreover, factors that cause growth 
of kidney cells in vitro may not necessarily contribute im-
portantly in vivo. For example, Ang II induces the growth 
of PT and mesangial cells in culture, but Ang II blockade 
does not prevent compensatory hypertrophy in vivo. Here 
we focus on those growth factors that have been implicated 
in hemodynamic and/or structural adaptation using several 
experimental approaches, including in vivo studies. 

 Insulinlike Growth Factor (IGF-1) 
Insulinlike growth factor (IGF-1) increases renal perfusion 
and   ltration in normal rats, 239 and levels of IGF-1 increase 
in the remnant kidney. 240 IGF-1 inhibition ameliorates 
hyper  ltration after a uninephrectomy. 241 The administra-
tion of IGF-1 increases GFR and kidney weight in intact rats, 
although it is not clear whether the kidneys grow dispropor-
tionately to body weight. 242,243 Following renal ablation, renal 
IGF-1 levels increase, whereas IGF-1 receptor levels  remain 
constant.242,244 Whether IGF-1 mRNA increases is also con-
troversial. Overall, the data suggest that IGF-1  participates
in, but does not initiate, compensatory renal growth, al-
though the amelioration of compensatory hypertrophy with 
the early initiation of an IGF-1 receptor  antagonist has been 
reported. 245 In rats with renal  ablation, IGF-1 antagonism 

2225



2226  SECTION X  CHRONIC KIDNEY DISEASE

signaling, which either positively (via activation of Smad2/3) 
or negatively (through the negative feedback mechanism of 
Smad7) regulate biologic activities of TGF- 1.275 Treatment 
with Smad7 substantially inhibits Smad2/3 activation and 
preserves renal function and structure in rats with renal ab-
lation, without affecting blood pressure. 276

TGF-  is under the control of several miRNA fami-
lies,277 and TGF- –induced changes in miRNA expression 
contribute to its effects on gene targets. 278 Sun et al. 279 re-
ported that the bene  cial structural effects and the suppres-
sion of TGF-  signaling by paclitaxel in remnant kidney rats 
was associated with amelioration of disbalance in the expres-
sion of several miRNA families. Although this   eld remains 
controversial, sometimes with con  icting   ndings, miRNA-
targeted therapies may prove useful as a future treatment 
of CKD. 280

 Connective Tissue Growth Factor 
CTGF is another strong pro  brotic cytokine acting as one 
of the effectors of TGF-  via Smad-dependent mechanisms, 
as well as in a Smad-independent manner in response to 
stimulation by Ang II or metabolic factors. 281 Evidence also 
suggests that CTGF is a target of mechanosensing machin-
ery. 282 It is expressed in PT epithelial cells that have been 
engulfed by interstitial   brosis in the remnant kidneys of 
TGF-  transgenic mice. 257 In subtotally nephrectomized 
TGF- 1 transgenic mice, treatment with CTGF antisense 
oligodeoxynucleotide signi  cantly blocked CTGF expres-
sion in the PT cells despite the sustained level of TGF- 1
mRNA. This reduction in CTGF mRNA level paralleled a re-
duction in mRNA levels of matrix molecules as well as pro-
teinase inhibitors PAI-1 and TIMP-1, 283 suppressing renal 
interstitial   brogenesis and suggesting a nephroprotective 
potential for this new treatment. 

ECM accumulation is a hallmark of FSGS and interstitial 
  brosis, and there is a delicate balance between ECM pro-
duction and degradation. ECM proteins are being constantly 
degraded by connective tissue proteases, such as cathepsins 
or MMPs, and activity is further controlled by their tissue 
inhibitors.284 The balance between proteinases and their tis-
sue inhibitors is regulated by growth factors such as Ang II, 
TGF- , PDGF, and others. 285 Evidence suggests a role for 
PAI-1 in CKD. 286,287 The amelioration of FSGS in remnant 
kidney rats treated with RAAS blockade is associated with 
inhibition of PAI-1. 286

 Modulators of Structural Adaptations after 
Nephron Loss 
 Hypertension 
The most widely accepted risk factor for the progression of 
CKD is hypertension, which is covered elsewhere in this 
book. As discussed earlier, one major mechanism of hyper-
tensive renal injury is the associated transmission of high 
pressure into the glomerular capillary network, with induc-
tion and maintenance of glomerular capillary hypertension. 

 Vascular Endothelial Growth Factor 
There may also be a role for VEGF, a pluripotent angiogenic 
factor essential for kidney development. The administration 
of a neutralizing antibody to VEGF partially attenuates renal 
hypertrophy and fully prevents glomerular hypertrophy af-
ter a uninephrectomy in mice. 259 However, other evidence 
suggests a protective role for VEGF, particularly with respect 
to the tubulointerstitial changes in CKD. Kang et al. 88,260

found that a loss of peritubular capillaries and impaired an-
giogenesis in renal microvasculature coincides with the pro-
gressive course of CKD in remnant kidneys and is associated 
with a decreased expression of VEGF. This decrease in VEGF 
expression may be a consequence of progressive macro-
phage in  ltration, the production of macrophage-associated 
cytokines, and the antiangiogenic factor thrombospondin-1. 
Thus, the VEGF-induced preservation and neoformation of 
glomerular and peritubular capillaries may limit structural 
injury after severe nephron loss. In addition, differences in 
VEGF expression after nephron loss may underlie  differences 
in susceptibility to the progression of renal injury between 
male and female genders. 260

 Platelet-Derived Growth Factor 
PDGF is a potent mitogen acting on glomerular cells. 261

Similar to TGF- , PDGF is stimulated by Ang II. 262 TGF- 
can be stimulated by PDGF, resulting in a transition from cell 
proliferation to hypertrophy and   broproduction. 263 PDGF 
is upregulated in kidneys after experimental ablation 264 and 
in clinical CKD. 265 A pathophysiologic role in the develop-
ment of FSGS is further supported by studies with PDGF in 
transgenic rats. 266

 Fibroblast Growth Factor 23 
Fibroblast growth factor (FGF-23) is a newly discovered 
regulator of phosphate and mineral metabolism 267 that has 
recently been demonstrated to play a potential role in the 
progression of CKD. 268,269 FGF-23 levels rise and the re-
sponsiveness to the hormone declines as GFR falls. Progres-
sively, FGF-23 is unable to contribute to maintain normal 
phosphate homeostasis. 267 Recent epidemiologic studies 
indicate that elevated FGF-23 is a strong independent risk 
factor for the progression of CKD, including diabetic ne-
phropathy. 270,271

 Transforming Growth Factor  
TGF- , a multifunctional prosclerotic growth cytokine, is 
involved in a wide array of physiologic and pathophysiologic 
processes and in many of the signaling and growth pathways 
that eventuate in CKD (see reviews in Bottinger and Bitzer 272

and Schnaper et al. 273). The trophic effects of Ang II are, 
at least in part, mediated by TGF- , and renoprotection by 
the RAAS blockade is associated with a reduction of renal 
TGF-  expression. 274

The Smad proteins, including Smad2, Smad3, and 
Smad7, are essential components of downstream TGF- 
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been shown to limit the progression of CKD in rats with re-
nal ablation 124; clinical studies are in progress to determine 
whether this drug can slow the progression of CKD. 

 Age 
Age at the nephrectomy affects the magnitude of compensa-
tory renal growth, with greater responses being seen in the 
younger kidneys. 302 The increased magnitude of compensa-
tory renal hypertrophy in youth may re  ect generally greater 
responsiveness of young tissue to stimuli responsible for 
organ growth, as similar increases occur in compensatory 
growth of other organs. 

 Hyperlipidemia and Lipid Nephrotoxicity 
In 1982, Moorhead and coworkers 303 put forth the lipid 
nephrotoxicity hypothesis, suggesting that hyperlipidemia 
could precipitate glomerular and tubulointerstitial injury. 
Experimentally, feeding a high-cholesterol diet accelerates 
injury, whereas hypolipidemic therapy slows progression. 304

Mechanisms of lipid-induced injury include the stimula-
tion of renal cellular proliferation by low-density lipopro-
teins (LDL); synergistic interactions among LDL and various 
growth factors; and interactions among dyslipidemia, ath-
erosclerosis, in  ammation, and oxidative stress. 304,305 As in 
atherosclerosis, hyperlipidemia may act synergistically with 
other risk factors, such as hypertension, in promoting glo-
merular injury. However, clinical evidence proving a bene  -
cial effect of hypolipidemic therapy in reducing proteinuria 
and slowing CKD remains inconclusive. 306

 Glomerular Capillary Thrombosis 
It has been suggested that early endothelial cell injury pre-
cipitates capillary thrombosis in the remnant glomeruli, con-
tributing to FSGS by the direct occlusion of capillary lumina 
and the release of platelet-derived factors that aggravate 
glomerular injury. 73,307 Some evidence supports this experi-
mentally; for example, heparin is protective in the remnant 
kidney model. 308 Heparin may also protect remnant glo-
meruli by other mechanisms, including the reduction of 
blood pressure, 308 the suppression of ET-1 309 and mesangial 
ECM accumulation, 310 and the inhibition of mesangial cell 
expression of basic FGF and PDGF, and of extracellular ma-
trix proteins. 311 However, safety concerns have precluded 
clinical trials, and studies of anticoagulants in speci  c forms 
of CKD have not yet yielded practical interventions. 

 Altered Phosphate Metabolism and Renal 
Calcium Deposition 
Alfrey and coworkers 312 provided the   rst evidence that in-
trarenal calcium deposition contributes to the progressive 
loss of renal function in experimental CKD. These stud-
ies showed that restricting phosphate intake reduced renal 
calcium content, preserved renal function, and prolonged 
life span in rats with renal ablation or nephrotoxic serum 
nephritis. Phosphorus restriction may also protect remnant 

This higher force is transmitted via mechanotransduction to 
the component cells of the glomerulus, with subsequent pre-
disposition to the development of FSGS. Hypertensive vas-
cular disease may further promote glomerular obsolescence 
by reducing renal and glomerular capillary blood   ow. 

 The Role of Gender 
Male gender is a risk factor for the progression of CKD. 288

It was originally suggested that the magnitude of compen-
satory hypertrophy is not in  uenced by androgens or gen-
der. However, some clinical studies reported an increased 
risk in uninephrectomized males as compared to females. 16

After a uninephrectomy, the initial hypertrophy is compa-
rable between the sexes, but later, kidney growth is greater 
in males. 289 Accelerated growth in males is accompanied by 
glomerular hypertrophy and glomerular and tubular lesions, 
and is associated with the presence of testosterone. Fur-
thermore, females show more hyperplastic responses than 
males.290 Thus, a uninephrectomy in the female rat theo-
retically can be viewed as a model of true adaptation with a 
minimal risk for the development of renal injury. 

Many mechanisms contribute to gender differences 
in the progression of CKD. In vivo, female gender and/or 
estrogen therapy are renoprotective in a number of CKD 
models, and in vitro, estradiol modulates cellular activities 
via mechanisms consistent with a protective effect. 291,292

Exposure of mesangial cells to mechanical strain increases 
44/42 mitogen-activated protein kinase (MAPK) and JNK ac-
tivities, as well as the nuclear translocation of p44/42 MAPK 
and stress-activated protein kinase (SAPK) and nuclear pro-
tein binding to AP-1; these changes are inhibited by pretreat-
ment with 17 -estradiol.293 Similar   ndings were noted in 
endothelial cells exposed to cyclical strain. 294 Gender-related 
differences in NO appear to contribute to the relative protec-
tion observed in females. 295 Another mechanism relates to 
the preservation of peritubular capillary architecture. Kang 
et al. 260 found that male gender is associated with the down-
regulation of renal VEGF and the loss of peritubular capil-
laries, thus leading to tubulointerstitial   brosis in remnant 
kidney rats, as compared with a more benign course in fe-
males. Podocytes express estrogen receptor alpha, and the 
presence of the receptor is protective against apoptosis, 296

whereas testosterone induces podocyte apoptosis. 297

 Dietary Factors 
Feeding a low-protein diet to rats with renal ablation limits hy-
per  ltration and hypertrophy, whereas feeding a high-protein 
diet augments hypertrophy. 15 These observations suggest that 
the stimuli to hyper  ltration and hypertrophy associated with 
a nephrectomy and protein feeding are additive. After a ne-
phrectomy, kidney weights are lower in nephrectomized rats 
ingesting diets that are restricted in  sodium,31 phosphate, 298

total calories, 299 or carbohydrates, 300 or are high in water. 301

Though mechanisms are not yet fully understood, the oral ad-
ministration of a novel dietary adsorbent, AST-120, has also 
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metabolic demands caused by enhanced reabsorptive work 
may contribute to tubular hypoxia. 191,323,324 Hypoxia stimu-
lates the expression of growth factors, vasoactive molecules, 
cytokines, adhesion molecules, and other mediators of in-
jury. At the level of gene transcription, hypoxia response ele-
ments (HREs) have been identi  ed in a number of genes 
forming a binding site for the hypoxia-inducible transcrip-
tion factor (HIF-1 ).325 HIF-1  acts in concert with other 
transcription factors, such as NF- B and the fos and jun 
families, to induce gene expression. 325 It is now recognized 
that HIFs induce the expression of many genes involved in 
hematopoiesis, angiogenesis, resistance to oxidative stress, 
cell proliferation, survival and apoptosis, and extracellular 
matrix homeostasis, among others, 326 and that these factors 
contribute to tubulointerstitial injury. 327–329

 Changes in Interstitial Osmolarity 
Bouby and associates 301 found a nephroprotective effect of 
high water intake in rats with subtotal nephrectomy, and as-
cribed those effects to the inhibition of the process of urinary 
concentration. In vitro, hypertonicity activates latent TGF- 
into the biologically active form. 330 In vivo, the reduction 
of interstitial osmolality by high water intake in remnant 
kidney rats results in a decrease in TGF-  and   bronectin 
mRNA expression, and the amelioration of not only pre-
dominantly tubulointerstitial, but also glomerular, injury. 331

 Increased Ammoniagenesis 
Increased ammonia production by remnant nephrons has 
been associated with intrarenal complement activation and 
interstitial in  ammation. The administration of sodium bi-
carbonate reduces remnant nephron ammonia production, 
limits tubulointerstitial injury in rats with renal ablation, 332

and has shown promise in preliminary clinical studies. 333

 THE PRICE OF ADAPTATION: 
PROGRESSIVE CHRONIC 
KIDNEY DISEASE 
Whatever the initial cause, after enough nephrons are lost, 
the kidney will fail. These observations suggest that, after a 
certain point, a reduction in the functioning nephron num-
ber leads to failure of the remaining units, because adap-
tive mechanisms turn maladaptive. 334 The following sections 
will brie  y describe the glomerular and tubulointerstitial se-
quelae of the loss of functioning nephrons. More detail can 
be found in several excellent reviews. 73,97,334–336

 Glomerulosclerosis 
Rennke73 summarized the glomerular morphologic changes 
associated with the transition from glomerular hypertrophy 
to obsolescence (FSGS). The expansion of mesangial ele-
ments is a typical feature in conditions associated with sus-
tained hyper  ltration. Both mesangial hypercellularity and 
increased synthesis of ECM contribute to the  expansion.

nephrons by lowering circulating lipid levels, reducing tu-
bule energy consumption, altering glomerular  hemodynamic
function, or reducing glomerular volume. 313–315 Calcium 
citrate, which is used clinically to bind dietary phosphate, 
slows the progression of CKD in rats with renal ablation, in 
association with improved metabolic acidosis, and the re-
duction in proliferative activity of glomerular and tubular 
cells.316 However, despite widespread clinical usage, there 
remains no convincing data that oral phosphate binders 
slow the progression of clinical CKD, and data available thus 
far are not promising. 317

 Tubule-Speci  c Mechanisms: Proteinuria of 
Glomerular Origin 
Proteins of glomerular origin may trigger tubular maladap-
tive processes by several mechanisms. First, tubular and 
interstitial cells can be activated by a number of growth- 
promoting factors generated by glomerular cells. These 
factors can be reabsorbed from the tubular   uid and fur-
ther transported into the interstitium, 318 or they can reach 
the tubulointerstitial compartment via the postglomerular 
vasculature. Second, Remuzzi et al. 319 have suggested that 
glomerular proteinuria per se can exert deleterious effects 
on the tubulointerstitial compartment. According to this 
hypothesis, as protein  traf  c across the glomerular barrier 
increases, the protein concentration in the Bowman cap-
sule and tubules also increase. PT cells actively reabsorb 
  ltered proteins by phagocytosis. Increasing protein loads 
in PT cells cause organelle congestion, lysosomal swelling, 
and rupture, exposing the tubular cells and interstitium to 
lysosomal enzymes. Furthermore, protein may upregulate 
genes involved in tubulointerstitial in  ltration and injury. 
For example, PT cells exposed to higher loads of proteins 
such as albumin or immunoglobulin may respond with an 
increase in ET-1 production. The release is primarily baso-
lateral, suggesting a link with the development of interstitial 
injury. 320 In addition to these injurious effects of glomeru-
lar protein leakage, primary tubulointerstitial processes may 
contribute to remnant nephron destruction following renal 
ablation. The applicability of this mechanism to the progres-
sion of CKD remains controversial. Clinically, interventions 
that reduce proteinuria and slow the loss of GFR, showing 
an association, but not a tight cause-and-effect relationship. 
A detailed discussion of this controversy can be found in the 
review of Kriz and LeHir. 97

 Hypoxia Theory 
Fine and coworkers 321 introduced the theory that hypoxia of 
tubular and interstitial cells may be a major trigger of events 
resulting in tubulointerstitial injury. Blood   ow and oxygen 
delivery to the interstitial and peritubular capillary network 
is compromised by glomerular injury, and the tubulointer-
stitial capillary network may suffer the same hemodynamic 
injury as glomeruli. Peritubular capillaries may be com-
pressed by hypertrophic tubules. 322 In addition, increased 
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are undergoing the effacement described earlier. The outcome 
of this glomerular remodeling depends on the balance of heal-
ing and scarring in  uences. 336

After injury, the glomerulus may either enter a phase in 
which its cellular constituents dedifferentiate into their mes-
enchymal embryonic precursors (reverse  embryogenesis), or 
it may attract hematopoietic embryonic stem cells to reca-
pitulate embryogenesis. 338 The outcome will depend in part 
on the activity of the environmental (modulating) forces at 
hand, as well as the potential in  ux of bone marrow–derived 
mesangial progenitor cells. 339 Another aspect of the process 
is the degree of apoptosis. In the process of renal scarring, 
renal cells undergo enhanced apoptosis. Successful interven-
tions, such as control of hypertension, have been associated 
with marked decreases in apoptotic markers. 340

 Tubulointerstitial Injury 
A critical reduction of the nephron number often leads to 
profound tubulointerstitial expansion and   brosis. 284,335 In-
deed, the degree of tubulointerstitial involvement has been 
suggested to be the strongest morphologic predictor of pro-
gression of CKD. 341 As ECM production increases, tubules 
and peritubular capillaries disappear. Loss of the linkage 
between glomeruli and tubules leads to atubular glomeruli, 
with open capillary loops but no attached tubules, 335,342,343

thus helping to explain the decline in GFR. As summarized 
by Eddy, 284 the interstitial scar is composed of normal in-
terstitial ECM proteins (collagens,   bronectin, tenascin), 
basement membrane proteins (collagen IV, laminin), proteo-
glycans, and glycoproteins (hyaluronan, thrombospondin, 
and secreted protein acidic and rich in cysteine [SPARC]). 
 -Integrins344 may be involved in binding   bronectin in the 
insoluble matrix. The matrix proteins that accumulate in the 
interstitium are assembled into a complex three-dimensional 
scaffold supported by cross-linking of protein chains. Studies 
exploring the cellular origin of proteins involved in intersti-
tial scarring identi  ed tubular epithelial cells and interstitial 
  broblasts. Whether these cells are capable of EMT is contro-
versial, as mentioned previously. In addition to resident  renal 
cells, interstitial macrophages and in  ltrating monocytes 
represent an important source of growth factors involved in 
  broproduction, vasoactive molecules, and matrix proteins. 
Indeed, FSGS in remnant kidney rats is ameliorated by im-
munosuppressive agents such as mycophenolate mofetil. 345

 PATHOPHYSIOLOGY OF PROGRESSIVE 
CHRONIC KIDNEY DISEASE AFTER 
NEPHRON LOSS: UNIFYING SCENARIO 
The different mechanisms proposed to account for CKD are 
not mutually exclusive; indeed, there are most likely ex-
tensive interactions among them. 73,74,97 Given the close ap-
position and functional interdependency of glomerular cell 
types, such interaction among injury mechanisms should be 
expected. The foregoing studies suggest that the progression 

In advanced stages, mesangial expansion leads to the 
obliteration of capillaries and glomerular obsolescence. The 
process is linked to the   ltration of molecules into the me-
sangium due to increased P GC, and the local generation of 
growth factors by intrinsic renal (endothelial and mesangial) 
and blood-borne (platelets and leukocytes) cells. Suben-
dothelial hyaline deposition occurs in association with in-
creased P GC and podocyte changes. A greatly hypertrophied 
or stretched podocyte may no longer maintain an ef  cient 
attachment to the underlying basement membrane and 
capillary loop, resulting in the formation of areas with high 
hydraulic conductivity. Large macromolecules are   ltered 
into these areas, forming aggregates that may ultimately oc-
clude the capillary lumen. The formation of microthrombi 
is another feature often associated with hyper  ltering states. 
This process is most likely a consequence of glomerular 
endothelial injury and the local production of proclotting 
factors. Finally, capillary microaneurysms may occur, in par-
ticular in conditions characterized by a rapid rise in P GC.73

The essential role of the podocyte was reiterated in an 
elegant description presented by Kriz and LeHir. 97 In this 
formulation, the pattern of injury following nephron loss is 
considered to be degenerative. When podocytes are exposed 
to chronic stress (e.g., glomerular hypertension, and abnor-
mal activity of growth factors or vasoactive compounds), the 
consequences are twofold. Functionally, the size  selectivity
of the glomerular barrier is lost. Structurally, podocytes 
undergo a pattern of foot-process effacement, followed by 
cell-body attenuation, pseudocyst formation, the accumu-
lation of absorption droplets, sometimes microvillus trans-
formation, and then detachment. The decreased density of 
these terminally differentiated cells leads to hypertrophy, 
but eventually the podocytes are unable to cover the tuft, 
parietal cells adhere to naked glomerular basement mem-
brane (GBM), and adhesion of the tuft to the Bowman cap-
sule results. The adherent tuft portion allows capillaries to 
leak protein-rich   ltrate into the interstitium instead of the 
Bowman space. In response, interstitial   broblasts move in, 
forming a crescent-shaped space that eventually leads to the 
formation of synechia and FSGS. 97

The role of those events, and the contributions of  other 
intrinsic glomerular cells, was summarized by El Nahas and 
Bello.336 There is evidence that endothelial cells may initiate 
this process. 337 According to this formulation, systemic fac-
tors such as hypertension, dyslipidemia, and smoking lead to 
endothelial damage and dysfunction, with the proliferation of 
mesangial cells and injury to podocytes (Fig. 75.2). Hyperten-
sion-induced shear stress leads to  injury and then activation 
and dysfunction of glomerular endothelial cells, which in turn 
initiates glomerular microin  ammation leading to interac-
tions between in  ammatory cells (macrophages) and mesan-
gial cells, with the activation, proliferation, and dysfunction of 
the latter. Under the in  uence of growth factors, particularly 
TGF- 1, mesangial cells regress to an embryonic mesenchy-
mal phenotype (mesangioblasts) capable of producing ECM, 
leading to mesangial expansion. Simultaneously, podocytes 
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 proceeding to the occlusion of capillary lumina. Together, 
damage to these cellular elements results in FSGS. 

 Meanwhile, tubulointerstitial injury develops due to 
a primary interstitial process, or secondary to glomerular 
events. The cells in the tubulointerstitial compartment are 
injured by hypoxia, resulting from high metabolic demands 
imposed by the increased burden of molecules they process, 
impaired blood   ow from obstruction in diseased glomeruli, 
and/or vascular injury of the interstitial capillary network. In-
creased protein traf  cking secondary to leakage from affected 
glomeruli causes direct tubular toxicity, and includes humoral 
mediators of tubulointerstitial injury. Under these pathophysi-
ologic stimuli, tubulointerstitial cells generate an array of pro-
sclerotic and pro  brotic mediators and transdifferentiate to 

of CKD associated with systemic hypertension is mediated by 
the resultant adaptive increase in P GC , which then  contributes 
to structural injury. The sequence of events whereby altera-
tions in hemodynamics, oxygen delivery, and glomerular 
permeability initiate growth factor overexpression and subse-
quent cellular injury is schematized in Figure 75.3. 100  All glo-
merular cell types participate. Glomerular hypertension and 
hypertrophy also may cause FSGS by promoting the move-
ment of circulating macromolecules through the glomerular 
capillary wall. These permselective defects are associated 
with changes in podocyte structure and activity, as described 
earlier. The subendothelial deposition of large macromol-
ecules in areas where macromolecule passage through the 
capillary wall is increased may result in hyalinosis, eventually 
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FIGURE 75.2 A diagrammatic representation of the stages of focal and segmental glomerular sclerosis (FSGS). GBM, glomerular 
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Lancet 2005;365:331, with permission.)
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per se affords some protection in most nephropathies, regard-
less of the class of agent used. In general, therapies that afford 
cardiovascular protection are also likely to slow the develop-
ment of CKD associated with aging and probably other forms 
of CKD, 346  although clinical proof remains inconclusive. 

 Finally, the ef  cacy of speci  c pharmaceutical  blockers, 
such as those that limit the action of endothelin, TGF- , 
PPAR-  agonists, 348  receptors for advanced glycation end 
products (RAGE) antagonists, 349  and other mediators, is 
likely to undergo clinical testing in the coming years.  Several 
novel interventions are currently in clinical testing. Bardoxo-
lone, an oral antioxidant in  ammation modulator, has shown 
promise in phase II testing in diabetic nephropathy, 350  and 
is currently in phase III trials. Pirfenidone, an anti  brotic 
and anti-in  ammatory investigational agent, 351  has shown 
promise in early clinical trials. 352  Recently, vitamin D has 
been proposed as having renoprotective properties, 353  and 
clinical trials are beginning. On the horizon are newer strate-
gies involving the application of proteomics, 354  and stem cell 
therapies. 355,356  As our understanding of the disease process 
matures, novel treatments will come  forward. 
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