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 INTRODUCTION 
The growth of an aging population in the world is on an 
explosive path and the cost of care for the elderly could over-
whelm the budget of many countries in the next 40 years. 
The worldwide population of persons aged 65 years or more 
is estimated to be 420 million, or about 7% of the popula-
tion, and is projected to increase to more than 1.5 billion by 
2050.1–4,2a,2b In the United States, the percentage of people 
over 65 years of age has more than tripled since 1900 and 
continues to grow. The number of elderly has increased al-
most 15% (from 35 million to 40.5 million) from 2000 to 
2009.1 The growing number of older adults has drastically 
increased healthcare costs. In fact, healthcare cost per capita 
for persons over 65 years is three to   ve times greater than 
those under 65 years of age. 5

Aging is a complex process driven by diverse molecular 
pathways and biochemical events culminating in profound 
anatomic and functional changes in the kidneys. Additionally, 
older individuals have diverse chronic diseases that can ac-
celerate the age-related renal changes. In particular, the preva-
lence of chronic kidney disease (CKD) is greatest in the elder-
ly and they have the fastest growth of end-stage renal disease 
(ESRD) at 11% for age 65 to 74 and 14% for age 75 and 
older. 6 This is a pressing problem that contributes substan-
tially to disability, diminished quality of life, and enormous 
healthcare costs and begs for a massive effort to study the 
effect of aging on the kidney and the predisposing factors for 
nephropathy in the elderly population. This chapter provides 
an overview of the recent advances in the understanding of 
age-related changes in renal structure and function, the mo-
lecular pathways mediating these changes, and possible ther-
apeutic interventions to mitigate  age-related renal changes. 

 STRUCTURAL CHANGES OF THE 
AGING KIDNEY 
Many studies have described the progressive structural and 
functional deterioration of kidneys with aging. Most of these 
studies are old and did not exclude patients with  confounding 

comorbidities that might affect renal structures. Neverthe-
less, it appears that renal masses (i.e., weight of the kidney) 
progressively regress with advancing age. 7 The average kid-
ney weight increases from  50 g at birth to  200 g during 
the fourth decade, after which it progressively declines (about 
20% to 30%) by the ninth decade. 7,8 This loss of kidney mass 
is primarily cortical with relative sparing of the medulla, lead-
ing to thinning of the renal cortical parenchyma. 7,8 Although 
many morphologic changes are observed in the aging kidney, 
none is speci  c or pathognomonic. 

 The Aging Glomerulus 
With aging, a number of morphologic changes emerge in the 
human glomerulus (Table 65.1). These include a decrease 
in the number of identi  able glomeruli and an escalation 
in the proportion of globally sclerotic glomeruli, which is 
associated with a progressive increase in the size of intact 
glomeruli (Fig. 65.1). 

The number of glomeruli is extremely variable in in-
dividuals, ranging from 333,000 to 1,100,000 in each kid-
ney and vary with age (inversely), gender (15% lower in 
females), and race (lower in Australian Aboriginals). 7–9 As 
renal cortical mass decreases with increasing age, the glom-
eruli decrease in number. There seems to be a direct corre-
lation between the number/percentage of globally sclerotic 
glomeruli and increasing age and with intrarenal vascular 
disease, especially outer cortical vascular disease. 10 In gen-
eral, globally sclerotic glomeruli comprise less than 10% of 
the total glomeruli under the age of 40 years and increase 
thereafter so that by the eighth decade as much as 30% of 
glomeruli may be globally sclerotic. However, the estimation 
of “normal” sclerosed glomeruli is dif  cult in the elderly due 
to confounding effects of comorbid conditions such as dia-
betes and hypertension. In such situations, “pathologic” glo-
merulosclerosis should be considered when the number of 
globally sclerosed glomeruli exceeds the number calculated 
by the formula: (patient’s age/2) –10. 7,11,11a

The pathogenesis of aging-associated global glomeru-
losclerosis is not completely understood and is likely mul-
tifactorial. Increasing oxidative stress that accompanies 
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1878  SECTION VIII   SYSTEMIC DISEASES OF THE KIDNEY

 The Aging Tubules and Interstitium 
 Several tubulointerstitial alterations parallel glomerular 
changes in the aging kidney. Three types of tubular atro-
phy can be seen in the aging kidney (Fig. 65.1). These 
include the  classic form  with wrinkling and thickening of 
the tubular basement membranes and simpli  cation of 
the tubular epithelium; the  endocrine form  with simpli  ed 
tubular epithelium, thin basement membranes, and nu-
merous mitochondria in the tubular epithelial cells; and 
the  thyroidization form  with hyaline cast-  lled dilated tu-
bules. 17  Although there is an overlap, the endocrine form is 
classically seen with vascular ischemia, and the thyroidiza-
tion form is considered to be  characteristic but not pathog-
nomonic of chronic pyelonephritis. With tubular atrophy, 
the distal renal tubules develop diverticula that increase 
in number with increasing age. These diverticula in distal 
and collecting tubules may be precursors of simple cysts 
that are increasingly observed in the aging kidney. 18  The 
diverticula may promote bacterial growth and contribute 
to the frequent renal infections in the elderly. 

 The Aging Renal Vasculature 
 Several changes in the renal vasculature have been document-
ed in the aging human kidney, none of which are  speci  c for 
aging (Fig. 65.1). Arterial sclerosis denotes thickening of the 

aging can result in endothelial dysfunction and changes 
in vasoactive mediators resulting in atherosclerosis, hyper-
tension, and glomerulosclerosis. 12  Furthermore, age-related 
changes in cardiovascular hemodynamics, such as reduced 
cardiac output and systemic hypertension, may contribute 
to glomerular changes. 13  Moreover, dysautoregulation of 
the afferent and efferent arterioles may increase glomeru-
lar plasma   ow, glomerular capillary pressure, and “hyper-
  ltration,” leading to mesangial matrix accumulation. 14  A 
morphometric study showed dilatation of the afferent ar-
terioles, increased glomerular capillary lumens (especially 
hilar), and enlarged glomeruli, which suggested a discor-
dance between the afferent and efferent arterioles. 15  The 
vascular adaptations to functional or structural nephron 
loss may help preserve glomerular   ltration rate (GFR) by 
producing hyperperfusion and hyper  ltration in the sur-
viving nephrons. This local glomerular hypertension and 
hypertrophy may lead to cytokine-mediated mesangial ma-
trix expansion and, eventually, glomerulosclerosis. Such 
hyperperfusion-associated glomerular injury is seen with 
oligomeganephronia, diabetic nephropathy, morbid obesity, 
sickle cell  anemia, and re  ux nephropathy. It has been sug-
gested that the vascular/ischemic changes seen in aging kid-
neys   rst cause cortical  glomerulosclerosis and  consequent 
j uxtamedullary glomerular hypertrophy, followed by juxta-
medullary  glomerulosclerosis. 16  

TA B L E

  Glomerulus  
 Increased number of globally sclerotic glomeruli; initially the glomeruli in the outer cortical regions 
 Progressive decline in the number of intact/normal glomeruli 
 Abnormal glomeruli with shunts between the afferent and efferent arterioles, especially those in the 

juxtamedullary region 
 Progressive decrease, and then later increase, in the size of intact glomeruli with higher   ltration surface area 

  Tubulointerstitium  
 Decreased tubular volume, length, and number 
 Increased number of tubular diverticula, especially the distal convoluted tubules 
 Tubular atrophy, often with simpli  cation of the tubular epithelium and thickening of the tubular basement 

membranes 
 Increased interstitial volume with interstitial   brosis and, sometimes, in  ammatory cells 
 Decreased peritubular capillary density 

Vasculature  
 “Fibroelastic hyperplasia” of the arcuate and subarcuate arteries 
 Tortuous/spiraling interlobar arteries with thickening of the medial muscle cell basement membrane 
 Intimal   broplasia of the interlobular arteries 
 “Hyaline” change/plasmatic insudation of the afferent arterioles 
 Vascular “simpli  cation” with direct channels forming between the afferent and efferent arterioles 

 Modi  ed from: Zhou XJ, Rakheja D, Silva FG. The aging kidney. In: Zhou XJ, Laszik Z, et al., eds.  Silva’s Diagnostic Renal Pathology . Cambridge, UK: 
 Cambridge University Press; 2009. 

 Morphological Changes of the Aging Kidney 
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 FIGURE 65.1 Morphological changes in the aging kidney.  A:  There are two glomeruli displaying solidi  ed global glomerulosclerosis in which 
the sclerotic tufts   ll the entirety of the Bowman space, often representing the sclerosis caused by focal segmental glomerulosclerosis. The 
nonsclerotic glomerulus shows ischemic changes with a segmental adhesion to the Bowman capsule ( arrow ). Signi  cant tubular atrophy and 
interstitial   brosis are also noted. A few arterioles demonstrate signi  cant hyalinosis ( double arrows , PAS, periodic acid-Schiff;     200).  B:  The 
two glomeruli show ischemic obsolescence characterized by shrunken and globally wrinkled and thickened capillary tufts with the loss of 
most cells. The Bowman space is   lled with collagenous material that stains less intensely than the capillary tuft (PAS;     400). This type of glob-
al glomerulosclerosis is often secondary to ischemic vascular disease.  C:  An interlobular artery shows intimal   brosis (arteriosclerosis) charac-
terized by   brous thickening and migration of medial muscle cells into the intima with an atrophic muscle layer (Trichrome;     400).  D:  Classic 
type tubular atrophy: There is severe tubular atrophy with thickening and lamellation of the tubular basement membranes (PAS;     400). 
E:  A thyroidization type tubular atrophy: The atrophic tubules have a thin epithelium and contain homogeneous casts resembling thyroid 
tissue (H&E, hematoxylin and easin;     400).  F:  An endocrine type tubular atrophy: The small tubules reveal cuboidal cells with pale-staining 
cytoplasma (containing abundant mitochondria) and virtually no lumens, reminiscent of endocrine glands (H&E;     400).  (See Color Plate.)
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 FUNCTIONAL CHANGES OF THE 
AGING KIDNEY 
 Aging is commonly associated with a decline in renal func-
tion. Unfortunately, most studies showing a diminished re-
nal function with aging are confounded by comorbidities 
such as diabetes, hypertension, obesity, and smoking. It is 
therefore nearly impossible to separate the effect of physi-
ologic (aging, per se) from pathologic (due to comorbidities) 
aging on renal function. 23  This section summarizes our cur-
rent understandings of the effects of aging on renal function 
(Table 65.2). 

 Renal Hemodynamics 
 The morphologic changes of aging are accompanied by par-
allel changes in renal function and hemodynamics. Using 
various techniques, several studies conducted in elderly 
individuals without signi  cant renal disease have demon-
strated that renal blood   ow (RBF) decreases with  advancing 
age. In a review of 38 renal hemodynamic studies includ-
ing 634 healthy subjects with wide age range, Wessen 24

described that total RBF was well maintained through ap-
proximately the fourth decade and progressively declined by 
approximately 10% per decade thereafter. In a study of 207 
healthy kidney donors, Hollenberg et al. 25  demonstrated an 
explicit and progressive reduction in mean blood   ow per 

wall and narrowing of the arterial lumen produced by thick-
ening of the medial smooth muscle layer,   brosis of the me-
dia, and/or intimal thickening. These changes may be seen 
with hypertension, diabetes, and aging, with the prevalence of 
arterial sclerosis increasing with advancing age. 7,19,20  Intimal 
  broplasia or collagenous   brosis of the arterial intima may be 
associated with thinning of the media and is found uniformly 
in older kidneys with or without underlying cardiovascular 
disease. Intimal   broplasia is seen primarily in arteries that 
are 80 to 300    m in diameter, such as the interlobular ar-
teries. The regional heterogeneity of intimal hyperplasia may 
account for the heterogeneity of ischemic nephrons. Although 
the etiology of aging-associated intimal   broplasia is not en-
tirely clear, it starts early in life and is accelerated by hyperten-
sion. Intimal hyperplasia in the interlobular arteries may al-
low the transmission of the pulse wave into the smaller distal 
branches leading to arteriolar hyaline changes, which may in 
turn accelerate the proximal intimal   brosis. Global glomeru-
losclerosis appears to be associated with arterial intimal   bro-
sis rather than with arteriolar hyaline change. 21  

 In aging kidneys, the thickening and folding/wrinkling 
of glomerular basement membrane (GBM) is accompanied by 
glomerular simpli  cation and the formation of anastomoses 
between glomerular capillary loops. Frequently, afferent arte-
riole dilatation near the hilum is observed at this stage. The af-
ferent arterioles commonly develop hyalinosis (accumulation 
of plasma proteins in the intima and/or media of small arteries 
and arterioles), a change that is less well correlated with sys-
temic hypertension than with arterial intimal   brosis in most, 
but not all studies. It may also be seen with diabetes mellitus; 
in fact, it is most  severe and pronounced in patients with un-
controlled diabetes mellitus with or without hypertension. 17  

 In the aging kidneys, the sclerosis and eventual loss 
of the glomerular tuft is often associated with a direct 
communication between afferent and efferent arterioles 
(“ aglomerular arterioles”), particularly the juxtamedullary 
glomeruli. 19  These aglomerular arterioles are rarely seen 
in the kidneys of healthy adults but are observed with in-
creased frequency both in aging and CKD kidneys. 19  The 
age-related vascular changes of intimal   brosis and hya-
line arteriolosclerosis are accentuated by hypertension, and 
probably diabetes mellitus as well. On the other hand, it 
has been suggested that aging-related interlobular arterial 
sclerosis may precede rather than follow systemic hyper-
tension. Mean blood pressure rises by 1.6 mm Hg for each 
l    m increase in intimal thickness in a 100    m diameter 
artery because of microischemia in scattered nephrons. This 
source of hypertension may account for the rise of blood 
pressure with age. The rate of decrease of renal plasma   ow 
is accelerated by hypertension. Mean arterial blood pressure 
is directly proportional to the rate of decline of creatinine 
clearance. An increase in  hypertension is a strong indepen-
dent risk factor for ESRD, especially in African Americans. 
Thus, hypertension and morphologic vascular changes are 
not easily separable at this time. 20–22  

TA B L E

Glomerulus
Decreased renal blood   ow
Decreased glomerular   ltration rate
Higher single-nephron ultra  ltration coef  cient

Tubulointerstitium
Impaired urine concentrating and diluting ability
Impaired ability to maintain   uid and electrolyte 

balance
Reduced activity of the renin-angiotensin-

aldosterone system (RAAS)
Reduced erythropoietin production
Reduced level/activation of 1,25 vitamin D
Increased renal calcium loss

Vasculature
Loss of compliance and increased stiffness of major 

arteries
Impaired angiogenesis
Impaired endothelial function

Altered Glomerular, Tubular, and 
 Vascular Functions in the Aging Kidney
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It has been observed that elastic arteries undergo two dis-
tinct physical changes, namely, dilation and stiffness with 
age.31,32 This is due to fatigue and fracture of the medial 
elastin, mainly of the elastic arteries, with little aging change 
occurring in the distal muscular arteries. 33 Thus, dilation 
and stiffening are most marked in the proximal aorta and its 
major branches, namely, the brachiocephalic, carotid, and 
subclavian arteries. Increased arterial stiffening results in 
an increase in pulse wave velocity (PWV). 31,34 Aortic PWV 
is the speed with which pulse waves travel along the ar-
tery. A typical value is 5 m per second in a 20 year old and 
12 m per second in an 80-year-old person, representing a 
2.5-fold increase in 60 years. 31 The elastic properties of the 
aorta in the young serves to partially maintain blood vol-
ume and pressure during systole and then release them dur-
ing diastole via the recoil process. This phenomenon helps 
to protect the vital organs by sustaining blood   ow during 
diastole and blunting the damaging effects of high pressure 
waves during systole. In addition, the microcirculation, 
which comprises small arteries, arterioles, and the capil-
laries and constitutes the greatest resistance to blood   ow, 
participates in transforming pulsatile   ow to steady   ow by 
re  ecting the pulsations that enter from the larger arteries. 
With aortic stiffening and the consequent increase in aor-
tic PWV, the transmission of   ow pulsations downstream 
into various organs, principally the brain and  kidney, can 
damage microvessels. 35,36 This mechanism may account 
for asymptomatic cerebral microvascular disease associated 
with microaneurysms and infarcts. The lesions comprise 
damage to the medial smooth muscle and the endothelium 
(which is not attributable to atherosclerosis), and in their 
chronic form are described as lipohyalinosis. 37 More recent 
studies have shown that amyloid plaques in older persons 
are probably a consequence of medial damage to small ves-
sels and hemorrhage from damaged vessels. 38,39 It is thought 
that the neuro  brillary tangles of dementia may have a simi-
lar microvascular etiology. 40 Less data on pulsatile micro-
vascular damage are available for the kidney, but one can 
expect this to emerge. The kidney afferent arterioles and 
glomeruli are exposed to the same high pulsatile microvas-
cular stress and strain as in the brain.  Recent studies have 
shown that independent of conventional brachial systolic 
and diastolic pressure values, measures of  arterial stiffness 
are closely related to outcomes attributable to microvascu-
lar damage to vital organs, particularly the brain and the 
kidney. 35,36 Furthermore, measures of large artery stiffness 
are closely related to effects of microvascular changes in 
the kidney, including albuminuria. 35,36 Interventions aimed 
at reducing the ill effects of arterial stiffening by reducing 
the extent and frequency of the stretch cycles in order to 
minimize fatigue and fracture of the medial  elastin of aorta 
can reverse or delay progression of cerebral and renal dam-
age. These maneuvers entail a reduction in early wave re-
  ection achieved through regular exercise, and the use of 
drugs such as angiotensin-converting enzyme  inhibitors

unit kidney mass with advancing age, suggesting that the de-
crease in RBF does not simply re  ect the decline in the renal 
mass with aging. In addition, they demonstrated that the fall 
in renal perfusion with aging is most profound in the cortex, 
with relative sparing of   ow to the medulla. This redistri-
bution of blood   ow from the cortex to the medulla may 
explain the slight increase in   ltration fraction observed in 
the elderly population. Studies on the morphology and his-
tology of the renal vasculature by postmortem angiograms 
and histologic sections demonstrate increased irregularity 
and tortuosity of the preglomerular vessels and tapering of 
afferent arterioles. However, no characteristic histologic le-
sion of aging has yet been identi  ed in the renal vasculature. 

The precise mechanisms of reduced RBF with aging 
are not yet known. Aging is associated with changes in vas-
cular tone, which is determined by the balance between 
vasoconstrictors and vasodilators. In aging, there is an at-
tenuated response to vasodilators such as nitric oxide (NO), 
endothelial-derived hyperpolarizing factor (EDHF), and 
prostacyclin, and an enhanced responsiveness to vasocon-
strictors such as angiotensin II (Ang-II). 26 This may result 
in enhanced vasoconstrictive responses in aging, which can 
potentially cause renal damage and an ultimate fall in GFR. 
Although the renin-angiotensin system (RAS) is suppressed 
in aging, the intrarenal RAS may be relatively spared. In 
fact, the pharmacologic blockade of RAS has been shown 
to slow the progression of age-related CKD in experimental 
animals.27 In addition to the suppression of RAS, there is 
signi  cant decrease in NO production and availability that 
leads to renal vasoconstriction and sodium retention. Sev-
eral potential mechanisms contribute to the reduction of NO 
with aging. Chief among them is oxidative stress that can 
reduce NO availability by the inactivation of NO; the inhi-
bition of NO synthase (NOS) via the depletion of the NOS 
cofactor, tetrahydrobiopterin; the uncoupling of endothelial 
NOS; the accumulation of the endogenous NOS inhibitor, 
asymmetric dimethyl arginine; and by limiting uptake of 
NOS substrate, L-arginine, by endothelial cells via down-
regulation of cationic amino acid transporter-1. 28

There is also evidence that angiogenesis is attenuated 
in aging. In this context, vascular endothelial growth fac-
tor (VEGF) and angiopoietin-1 are altered both systemically 
and in the kidney with the aging process. Although levels of 
VEGF29 have been shown to be reduced in the aging rat, a 
profound upregulation in protein levels of angiopoietin-1 in 
the kidney cortex has been observed in aged versus young 
rats.30 Because angiopoietin-1 can stabilize blood vessels, its 
increase in aging may serve to counter the mechanisms lead-
ing to impaired angiogenesis and endothelial dysfunction. 
Taken together, these data indicate that strategies aimed at 
protecting the endothelium may help to mitigate the adverse 
renal effects of aging. 

Recently, the role of arterial aging or arteriosclerosis in 
the pathogenesis of senescent changes in various organs, in-
cluding the kidney, has become a major focus of interest. 
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 equation estimates GFR in milliliters per minute, whereas 
the MDRD formula expresses GFR in milliliters per  minute 
per 1.73 meters squared. 

 However, neither MDRD nor the CG equation was devel-
oped for elderly individuals, and reduced reliability would be 
expected when used in this population. In a study involving 
100 individuals aged 65 to 111 years, GFR values calculated 
with the MDRD formula were much higher than those ob-
tained with the CG equation. Moreover, no correlation was 
observed between these two predictions. Additionally, the 
difference in GFR values between MDRD and CG increased 
dramatically with aging and decreased with higher body mass 
index and serum creatinine values. Thus, the precision and 
accuracy of these formulas in estimating GFR in very old pa-
tients remain arguable. 47  Furthermore, a study in patients over 
65 years old showed more than 60% discordance in GFR es-
timation by the two equations. The MDRD equation generally 
yielded higher estimates of GFR than the CG equation. 48  This 
has important implications, especially when calculating drug 
dosages in the elderly. It was recommended that the CG equa-
tion should be used in preference to the MDRD equation to 
estimate GFR for drug dosage calculations in the elderly. Re-
cently, a new  creatinine-based  equation was developed by the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI). It reported a more  accurate estimation of GFR than the 
MDRD equation, particularly at higher levels of estimated GFR 
(eGFR). 49  In a recent prospective observational study of 439 
patients aged 65 and older admitted to 11 acute care medical 

(ACEI),  angiotensin receptor blockers (ARB), calcium chan-
nel blockers, and nitrates, which relax smooth muscle in 
large and small conduit arteries throughout the body, thus 
resulting in arterial dilation. 37,41  

 Glomerular Filtration Rate 
 GFR gradually increases after birth, approaching adult levels 
by the end of the second decade. It remains stable until the 
age of 30 to 40 years and then declines linearly at an average 
rate of about 8 mL per minute per decade, a phenomenon 
that can be partially explained by age-associated glomerulo-
penia. 7,8,42  However, about one-third of elderly individuals 
show no change in GFR. 43  This variability suggests that fac-
tors other than aging may be responsible for the apparent re-
duction in renal function. For instance, an increase in blood 
pressure, still within the normotensive range, is associated 
with an accelerated age-related loss of renal function. 

 The use of creatinine clearance in a timed urinary sam-
ple is commonly used as an estimate of GFR. Inulin and 
iothalamate clearance are very accurate measurements of 
GFR, but are clinically cumbersome to perform. 44  To obvi-
ate the need for a timed urine collection, various  equations 
have been developed and are increasingly used to estimate 
GFR (Table 65.3). In adults, creatinine clearance is often 
estimated by the Cockcroft-Gault (CG) equation, and GFR 
is estimated by the Modi  cation of Diet in Renal Disease 
(MDRD)  formula. 45,46  It is important to point out that the CG 

 Formulas to Estimate Glomerular Filtration Rate 

Formula  Strengths  Weakness

1. Cockcroft-Gault  Simple  Estimates Ccr, not GFR
Estimates lower value in older subjects
Falsely elevated in chronic kidney disease
Not validated for elderly population

2. MDRD  Simple with use of calculators
Estimates GFR and not Ccr

Estimates higher GFR in the elderly
Not validated for elderly population
Not validated for higher levels of GFR
Not validated to measure normal kidney function

3. CKD-EPI  Simple with use of calculators
Estimates GFR and not Ccr
 More accurate estimates of high GFR 
 Better estimation of GFR in elderly than 1& 2 

May still overestimate GFR in the elderly

4. Cystatin C  Less dependent on muscle mass
Better GFR estimate in elderly
Better predictor of adverse outcomes in CKD

Not available readily
Clinical role yet unclear

 Ccr, creatinine clearance; GFR, glomerular   ltration rate; MDRD, Modi  cation of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease Epidemiology 
Collaboration. 
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suggest that an abundance of aquaporins-2 and -3 is reduced 
by 80% and 50%, respectively, in the aged rat’s renal medul-
lary collecting ducts. 55 Besides the decrease in aquaporin-2, 
there is impairment of its phosphorylation, which may in-
terfere with traf  cking and the insertion of aquaporin-2 in 
the apical membrane of the collecting duct. Together, these 
defects diminish urine concentrating ability by decreasing 
water reabsorption in the collecting ducts. In addition, ag-
ing results in decreased abundance of the major urea trans-
porters (UT-A1 and A2) in the inner medullary collecting 
duct55,56 and reduced NaCl transporter NKCC2/BSC1 in the 
thick ascending limb of loop of Henle. 57 These changes can 
reduce urine concentrating ability in the elderly by limiting 
urea and sodium reabsorption and, hence, inner medullary 
osmolality. 

Although the reduction of water-conserving capacity 
in the elderly is mild and does not have signi  cant clinical 
implications under normal conditions of water abundance, 
it becomes important when access to water is limited; for 
instance, in cases of inability to grasp   uid or communicate 
thirst as in stroke patients or in cases of nursing home ne-
glect. Under such conditions, old patients might develop se-
rious hypernatremia that may impair central nervous system 
function or prove fatal. Prompt treatment with intravenous 
hypotonic solutions may prove lifesaving in these situations. 

 Renal Diluting Ability 
Although much less data are available on renal diluting ca-
pacity, existing studies suggest a mild impairment of renal 
diluting ability in the elderly. Clearance studies in water-
loaded old rats have demonstrated free water formation 
at each level of the distal diluting segment, indirectly sug-
gesting that the function of the limb of the Henle loop is 
not impaired. 58 The mild renal diluting defect seems to be 
a result of the reduced GFR. The increase in solute load in 
the remaining functioning nephrons combined with a de-
crease in NaCl reabsorption increases solute delivery to the 
collecting duct and decreases free water excretion. There is 
no evidence for impaired function of the diluting segment or 
altered suppressibility of vasopressin in the pathogenesis of 
this disorder. 

Reduced renal diluting capacity renders the older sub-
jects more susceptible to the development of dilutional hypo-
natremia in the setting of excess water load, stress  situations
such as surgery, fever, acute illness, or administration of 
drugs such as diuretics, or those that enhance vasopressin 
production and action. These events may act alone or in con-
cert to impair renal diluting ability and render the elderly 
patients susceptible to water intoxication. In fact, hypona-
tremia is the most common electrolyte abnormality in hos-
pitalized geriatric patients. 59 Hyponatremia usually develops 
insidiously and presents with nonspeci  c clinical   ndings 
including confusion, lethargy, anorexia, nausea, weakness, 
and seizures. Like hypernatremia, hyponatremia may impair 
central nervous system function or may prove fatal. In such 

wards in Italy, the relative risk of mortality in patients with 
eGFR   30 to 59.9 or    30 mL/min/1.73 m 2 was compared 
to subjects with eGFR   60 mL/min/1.73 m 2 using the body 
surface area– adjusted CG (CG-BSA), the MDRD, and the 
CKD-EPI formulas. Participants with reduced GFR showed 
an increased mortality regardless of the equation used, and 
CKD-EPI–derived GFR outperformed to some extent MDRD- 
and  CG-BSA–derived GFR in a multivariable predictive 
model, suggesting its usefulness in the elderly population. 50

However, the performance of the serum  creatinine–based 
estimating equations still remains insuf  ciently  evaluated in 
older patients, in whom there may be a high prevalence of 
chronic disease associated with alterations in muscle mass and 
diet, resulting in an overestimation of the measured GFR and 
an underestimation of the severity of CKD. Lately, cystatin C 
has emerged as an alternative marker for the measurement of 
kidney function. 51 Cystatin C, a   ltration marker that is less 
related to muscle mass than creatinine, may have a particular 
advantage in the estimation of GFR in the elderly population. 
However, the clinical role of cystatin C measurement remains 
unclear. In a recent study involving 11,909 patients, the risk 
of death, cardiovascular events, and kidney failure was com-
pared in patients with GFR    60 mL/min/1.73 m 2 (CKD) 
to those with GFR   60 mL/min/1.73 m 2, as estimated by 
creatinine and cystatin C measurements. The survey showed 
that cystatin-based estimates were better predictors of adverse 
outcomes among adults with CKD, suggesting that cystatin C 
may be useful in identifying patients with CKD who have high 
risks of complications. 52

 Tubular Functions 
 Urine Concentrating Ability in the Aging Kidney 
The urine concentrating phenomenon is a complex pro-
cess that depends on many factors such as RBF, GFR, solute 
load, presence of vasopressin, functionality of vasopressin 
receptors, urea transporters, sodium transporters, and water 
channels (aquaporins), as well as the presence of an intact 
medullary countercurrent system. The Baltimore Longitudi-
nal Study of Aging evaluated urine concentrating ability in 
healthy people aged between 20 to 79 years by assessing 
maximum urine osmolality, minimal urine   ow rate over a 
period of 12 hours, and ability to concentrate solutes (or re-
absorb sodium and urea). Compared to younger age groups, 
individuals aged 60 to 79 years had an approximately 20% 
reduction in maximal urine osmolality, a 100% increase in 
minimal urine   ow rate, and a 50% decrease in the ability 
to conserve solutes. 53 These changes could not be explained 
by the reduction in GFR. A decrease in the abundance of 
aquaporin and urea transporter proteins, as observed with ag-
ing in the kidneys of animals, likely accounts for the reduced 
urinary concentrating capacity in the elderly. Interestingly, no 
signi  cant differences in antidiuretic hormone (ADH) levels 
have been observed between the elderly and the younger 
cohorts, suggesting that the defect is likely due to ADH resis-
tance as opposed to ADH de  ciency. 54 Experimental studies 
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The lower renin levels in the elderly results in 30% to 
50% reductions in plasma aldosterone levels. 70 The age-
related decrease in renin and aldosterone levels contributes 
to the development of various   uid and electrolyte abnor-
malities. For instance, elderly persons on salt restricted diets 
have a decreased ability to conserve sodium. 62 Decreased 
Ang-II production has been reported to impair urinary con-
centrating ability. Together, these conditions contribute to 
increased susceptibility of elderly persons to develop volume 
depletion and hypernatremia. 63 The loss of thirst in response 
to dehydration further contributes to hypernatremia in the 
elderly. Age-related decrease in renin and aldosterone also 
contributes to an increased risk of hyperkalemia in various 
clinical settings and is re  ected by a reduced transtubular 
potassium gradient in the elderly population. 71

Through action on distal tubules, aldosterone increases 
sodium reabsorption and facilitates potassium excretion, 
thereby protecting against hyperkalemia after a potassium 
load.67 A decrease in the production of renin-angiotensin- 
aldosterone and reduced GFR impair the ability of the elderly 
to handle large potassium loads. Potassium levels can be seri-
ously elevated after a potassium-loading event such as gas-
trointestinal bleeding, transfusion reaction, or the administra-
tion of oral or intravenous potassium. The tendency toward 
hyperkalemia can be further enhanced by certain inorganic 
metabolic acidosis or by the administration of medications 
that inhibit potassium excretion (such as potassium sparing 
diuretics, ACEI, ARB, nonsteroidal anti- in  ammatory agents, 
direct renin inhibitors, or beta  blockers). Given their higher 
susceptibility to hyperkalemia, caution should be exercised in 
prescribing such medications to the elderly. 

Although the circulating RAS is suppressed in aging, the 
intrarenal RAS may be relatively intact. Ang-II has several 
hemodynamic and nonhemodynamic effects on the kidney, 
affecting not only   ltration pressure and proximal tubular 
sodium and water transport but also tubular and glomerular 
cell growth, NO synthesis, immunomodulation, growth factor 
induction, production of reactive oxygen species (ROS), in-
  ammation, cell migration, apoptosis, as well as extracellular 
matrix protein accumulation, which can work in concert to 
accelerate age-related glomerulosclerosis and tubulointersti-
tial   brosis. 72,73 Preferential Ang-II– dependent efferent arte-
riolar vasoconstriction of older nephrons maintains adequate 
  ltration pressure. However, this may also promote intraglo-
merular hypertension and glomerulosclerosis. 74 Furthermore, 
Ang-II activates proin  ammatory and pro  brotic pathways, 
including transforming growth factor ( TGF- ), collagen IV 
transcription, monocyte- macrophage in  ux, mRNA, and 
protein expression of chemokine regulated upon activation, 
normal T-cell expressed, and secreted (RANTES) promoting 
  brosis, as well as stimulating endothelial plasminogen acti-
vator inhibitor-1(PAI-1) to increase matrix  accumulation.75,76

Interestingly, physiologic  intrarenal downregulation of both 
renin mRNA and ACE in the elderly may be protective  toward 
long-term sclerosis, and the processes that increase Ang-II 
response with age can hasten  kidney aging. 77

situations, prompt treatment with free water restriction alone 
or with the concurrent administration of hypertonic solutions 
or vasopressin V2-receptor antagonists is warranted. 60,61

 Fluid and Electrolyte Balance 
Ordinarily, age has no effect on basal plasma electrolyte con-
centrations or the ability to maintain normal extracellular 
  uid volume. However, structural changes in the elderly kid-
ney have an impact on the adaptive mechanisms responsible 
for maintaining homeostasis of extracellular   uid volume 
and composition. Consequently, acute illnesses in geriatric 
patients are often complicated by the development of   u-
id and electrolyte abnormalities, which are associated with 
increased morbidity and mortality and prolonged hospital-
ization. In the elderly, the capacity to conserve sodium in 
response to reduced sodium intake is impaired. 62 The exact 
mechanism is not known, but a reduction in the number of 
functioning nephrons with increased sodium load per each 
remaining nephron as well as reduced aldosterone secretion 
in response to sodium depletion are plausible. Neverthe-
less, the inability to conserve sodium may predispose the 
elderly patient to hemodynamic instability in the setting of 
sodium loss. This, along with other structural and functional 
changes, make older patients more prone to develop acute 
kidney injury. 63

In addition to the impairment in sodium conserva-
tion, the elderly are also prone to volume expansion when 
challenged with a sodium load. This is due to a diminished 
capacity of renal sodium excretion in the elderly. 64 Addi-
tionally, the elderly seem to have more sodium excretion at 
night compared to the daytime, suggesting an impaired cir-
cadian variation. 65 Impaired pressure natriuresis and altered 
response to Ang-II are apparent mechanisms involved. 66

Notwithstanding the mechanisms, geriatric patients may 
develop an expanded extracellular   uid volume in the set-
ting of a sodium load. It will usually lead to modest weight 
gain and the appearance of mild peripheral edema in the ab-
sence of signi  cant comorbidities. However, the geriatric pa-
tients with preexisting cardiac or renal disease may develop 
life-threatening pulmonary edema, necessitating aggressive 
emergency therapy with loop diuretics or dialysis. 66 Elderly 
subjects also show abnormalities in renal potassium and cal-
cium handling, which are discussed in the ensuing section. 

 Endocrine and Metabolic Function 
 Renin-Angiotensin-Aldosterone System 
Age-related changes in the RAS in healthy humans are well 
documented.67 In elderly subjects at baseline, plasma renin 
activity is 40% to 60% lower than those of a young adult pop-
ulation.68 This difference becomes even more pronounced 
under conditions that stimulate renin release because of the 
blunted renal response in the elderly. 69 This decrease may act 
to lower baseline intrarenal Ang-II levels, an adaptation that 
may contribute to the changes of intrarenal vascular tone 
and tubular function in the aging kidney. 
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of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D by the 
aging kidney. Furthermore, calcitriol therapy reduced the 
number of falls by 50%, which was postulated to be related to 
an increase in serum 1,25-dihydroxyvitamin D, upregulation 
of vitamin D receptors (VDR) in muscle, and improvement in 
muscle strength. 91 Levels of 1,25 dihydroxyvitamin D3 and 
its receptor, VDR, which are highly expressed in the kidney, 
decrease with age. Evidence suggests that vitamin D3 and its 
analogs suppress renin, and the absence of the VDR gene re-
sults in a predisposition for high renin hypertension, cardiac 
hypertrophy, and thromobogencity. 92 Recent studies also dem-
onstrate that VDR stimulation can decrease renal   brosis. 93 Vi-
tamin D and its analogs can also attenuate glomerulosclerosis 
and tubulointerstitial   brosis mediated by proin  ammatory, 
pro  brotic, and oxidant stress via the suppression of nuclear 
factor kappaB (NF-  B).94 Vitamin D de  ciency in those with 
CKD appears to be an independent predictor of renal disease 
progression. 95 Results of ongoing clinical trials will help clarify 
the clinical bene  t of vitamin D in renoprotection. 96

In addition to reduced levels and an impaired ac-
tivation of vitamin D, elderly individuals demonstrate 
increased renal calcium loss due to reduced calcium reab-
sorption in the distal convoluted and connecting tubules. 97

Distal calcium reabsorption is facilitated by the transient 
receptor potential ion channel, transient receptor poten-
tial cation channel subfamily V member 5 (TRPV5), in the 
tubular apical membrane. 98 TRPV5 gene expression is reg-
ulated by 1,25-dihydroxyvitamin D and parathyroid hor-
mone (PTH). 99 Recently, the antiaging hormone, Klotho, 
has been shown to play a role in the regulation of distal 
calcium reabsorption by deglycosylating N-glycans on the 
surface of TRPV5. 100 Klotho de  ciency is associated with 
a phenotype resembling aging in experimental animals. 101

Thus, impaired Klotho activity in the elderly may well be 
responsible for reduced calcium reabsorption via TRPV5. 

 MOLECULAR EVENTS 
IN AGING KIDNEYS 
Over the last decade, signi  cant advances have been made 
in identifying the molecular mechanisms associated with re-
nal senescence. The key mechanisms are discussed in this 
section (Fig. 65.2). 

 Telomeres 
Telomeres are the nucleoprotein structures constituting the 
physical ends of linear chromosomes. They prevent chromo-
somal ends from being recognized as double-strand breaks 
and protect them from end-to-end fusion and degradation. 102

Telomeres in somatic cells shorten with each cell division and 
this progressive attrition leads to critically short telomeres 
and cellular senescence, a state characterized by the absence 
of replication and biochemical changes. 102 This phenom-
enon was observed in earlier in vitro studies showing that 
cultured   broblasts could only undergo a limited  number
of population doublings, the so-called Hay  ick  limit.103 It is 

Use of ACEI in aging animals has been shown to de-
crease glomerular and vascular sclerosis as well as tubuloin-
terstitial   brosis associated with a reduction in    smooth 
muscle cell actin. 75,78 Angiotensin antagonists (ACEI and 
ARB) may protect age-related renal sclerosis by additional 
mechanisms such as the prevention of age-associated oxi-
dative stress, advanced glycation end products (AGEs) ac-
cumulation, and downregulation of endothelial nitric oxide 
synthase (eNOS), and Klotho. 79,80

 Erythropoietin 
The prevalence of anemia increases with age. Although there 
are many causes of anemia in the elderly, normocytic nor-
mochromic anemia may be related to reduced erythropoietin 
(EPO) production by the kidney. 81 The InCHIANTI study 
showed an association between advancing age, declining 
renal function, reduced EPO production, and anemia. Af-
ter adjusting for confounding variables, the subjects with a 
creatinine clearance of 30 mL per minute or lower had a 
higher prevalence of anemia and lower plasma EPO levels 
compared with those with a creatinine clearance higher than 
90 mL per minute. Additionally, a trend toward an increase 
in the prevalence of anemia with decreasing renal function 
was observed in subjects with creatinine clearance    30 mL 
per minute. 82 Serum EPO levels rise with age in healthy sub-
jects, perhaps a compensation for aging-related subclinical 
blood loss, increased red blood cell turnover, or increased 
erythropoietin resistance of red cell precursors. 83 On the 
other hand, the serum EPO levels are unexpectedly lower 
in the elderly with anemia compared to young subjects with 
anemia, suggesting a blunted response to low hemoglobin. 84

Erythropoiesis-stimulating agents (ESAs) are often used for 
the treatment of anemia in patients with CKD. However, several 
recent studies on the treatment of anemia with ESA, including 
CHOIR (correction of hemoglobin and outcomes in renal insuf-
  ciency), CREATE (the cardiovascular risk reduction by early 
anemia treatment with epoetin beta), and TREAT (trial to reduce 
cardiovascular events with Aranesp therapy), have caused con-
cerns about the safety of ESA in CKD, including the elderly. 85–87

The major   ndings of these studies reveal an increased risk of 
adverse cardiovascular outcomes with a more aggressive treat-
ment of anemia with ESA. The adverse effects observed in trials 
of anemia correction are primarily due to the nonerythropoietic 
actions of ESA given at high doses to overcome erythropoietin- 
resistant anemia. 88,89 Thus, caution should be exercised in us-
ing ESA to treat anemia in the elderly, and a rise in hemoglobin 
of greater than 12 g per deciliter should be avoided. 

 Calcium and Vitamin D 
A creatinine clearance less than 65 mL per minute is report-
ed to be an independent risk factor for falls and associated 
fractures in the elderly with osteoporosis. 90 In a recent study, 
elderly women with osteoporosis and a decreased creatinine 
clearance (   60 mL per minute) had lower calcium absorp-
tion, lower serum 1,25-dihydroxyvitamin D, and normal se-
rum 25-hydroxyvitamin D, suggesting a reduced conversion 
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p16 INK4a  expression with age, particularly in the renal cortex, 
although this expression varies from individual to individu-
al. 106   Furthermore, in age-related histologic changes, a strong 
correlation is found between glomerulosclerosis, interstitial 
  brosis, tubular atrophy, and p16 INK4a  and p53 expression. 107  
In a recent study, Westoff showed that  telomerase-de  cient 
mice were more vulnerable to ischemic–reperfusion injury 
due to reduced tubular regeneration. 108  

 The pharmacologic activation of telomerase could be an 
appropriate therapy for aging diseases associated with repli-
cative senescence. On the other hand, telomerase inhibitors 
have been proposed as a new option for chemotherapy, illus-
trating the trade-off between accelerated biologic aging and 
increased cancer risk. 102,109  

 The Klotho Gene 
 The discovery of antiaging gene Klotho has extensively en-
hanced the understanding of the genetic bases of senescence. 
Klotho-de  cient mice exhibited a syndrome resembling a 

believed that telomeres act as a mitotic clock,  initiating rep-
licative senescence when telomeres become critically short 
after a certain number of cell divisions. Melk et al. 104  have 
demonstrated that telomere shortening progresses with ad-
vancing age in the human kidney, and this phenomenon is 
more important in the cortical than the medullary area. 104  

 The enzyme telomerase is required for the maintenance 
of the length and stability of telomeres. An overexpression 
of telomerase induces an arti  cial lengthening of the telo-
meres and markedly increases the proliferative potential 
of cells. The antiproliferative effect of aging appears to be 
governed by two signaling pathways activated by the cel-
lular replication clock: one involves p53, which induces p21 
overexpression, and the other stimulates the expression of 
the cell cycle  inhibitor, p16. In vitro studies have shown that 
senescent cells express p16 and p21, which inhibit cellular 
proliferation by inhibiting cyclin-dependent kinases. 105  In 
vivo studies have demonstrated low levels of p16 in kid-
neys from young individuals. There is an overall increase in 
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 FIGURE 65.2 The pathogenesis of renal aging. As detailed in the chapter, the aging process is associated with oxidant stress and 
downregulation of the Klotho gene. The downregulation of Klotho begets several downstream events such as the inhibition of FGF23, 
TRPV5, and impaired vitamin D activation, leading to increased urinary calcium loss. Furthermore, the downregulation of Klotho in-
creases susceptibility to oxidant stress via the stimulation of the IGF-1 pathway and the inhibition of SOD. Increased oxidant stress, in 
turn, causes the downregulation of the Klotho gene. In addition, oxidative stress leads to the activation of the angiotensin II (Ang-II) 
pathway, enhancement of AGE formation, shortening of telomeres by the inhibition of telomerase, as well as the accumulation of ma-
lignant mitochondria in cells due to the activation of TOR. All these pathways ultimately lead to increased lipid peroxidation, insulin 
resistance, as well as impaired glucose and lipid metabolism. Final results of the cascade of these intertwined pathways are the age-
related structural and functional changes in various organs. In kidneys, there is a progressive regression of renal mass associated with 
glomerulosclerosis, tubular atrophy, interstitial   brosis, arterial sclerosis, and hyalinosis. These structural changes are associated with a 
progressive decline in GFR, myriad tubular abnormalities, and a reduction in renal blood   ow.    AGE, advanced glycation end product; 
RAGE, receptor for advanced glycation end product; FGF23,   broblast growth factor 23; GFR, glomerular   ltration rate; IGF-1, insulin-
like growth factor 1; SOD, superoxide dismutase; TOR, target for rapamycin; TRPV5, transient receptor potential ion channel.  
 Modi  ed from Zhou XJ, Saxena R, Liu Z, et al. Renal senescence in 2008: progress and challenges.  Int Urol Nephrol.  2008;40:823–839.

1886



CHAPTER 65  RENAL FUNCTION AND DISEASE IN THE AGING KIDNEY 1887

The presence of any abnormality in either Klotho or FGF23 
leads not only to phosphate retention but to premature ag-
ing in mice. 122 A recent study by Hu et al. 123 suggests that 
Klotho de  ciency may have a direct effect on the rat vascular 
smooth muscle cell (VSMC) and promote VSMC calci  ca-
tion independent of FGF23 signaling. 123

Klotho protein also regulates ion channel activity in 
renal tubular cells. Recently, Klotho was shown to activate 
transient receptor potential ion channel (TRPV)5, an epi-
thelial calcium channel expressed on the apical membrane 
of the distal convoluted tubules and the connecting tubular 
cells.100 TRPV5 functions as an entry gate for transcellular 
calcium reabsorption in these cells and participates in re-
nal calcium reabsorption, thus countering the effects of low 
phosphate on bone. 124 Additionally, Klotho decreases cell 
surface abundance of the TRPC6 channel, the upregulation 
of which is associated with glomerulosclerosis. 125

It has been shown that renal Klotho mRNA is downreg-
ulated under sustained circulatory or metabolic stress and in 
chronic kidney disease. 121 Mitani et al. 126 have demonstrat-
ed that Ang-II, which may be involved in age-related organ 
damage, plays a pivotal role in reducing renal Klotho gene 
expression in experimental animals. Conversely, induction 
of the Klotho gene by an adenovirus vector might protect 
against Ang-II–induced renal damage, such as tubulointer-
stitial injury and vascular wall thickening. 126 The Ang-II– 
induced downregulation of the Klotho gene expression may 
be mediated by promoting intrarenal iron deposition and 
ROS production. 120 In fact, treatment with a free radical 
scavenger and an iron chelator attenuated Ang-II–induced 
renal injury. Further investigations are required into other 
mechanisms involved in the regulation of the Klotho gene 
expression and senescence. 

 Oxidative Stress 
Cumulative oxidative injury is believed to play a major 
role in the cellular aging process. Oxidative stress and the 
generation of free radicals increase with aging. 127 Persistent 
oxidative damage to cytosolic structures leads to the cross-
linking of oxidized proteins, the deposition of lipofuscin, 
and impaired mitochondrial function and structure. 128 Li-
pofuscin (cross-linked proteins), which is insoluble and not 
degradable by either lysosomal enzymes or the proteasomal 
system, and giant mitochondria are taken up by lysosomes, 
wherein they bind additional material and eventually cause 
lysosomal rupture. The released lipofuscin and lysosomal 
contents cause cell damage and dysfunction. 128 In rats of 
different ages (2, 11, and 29.5 months) there was up to a 
28-fold increase in lipofuscin deposition in kidneys and oth-
er organs in older compared to the 2-month-old animals. 129

Furthermore, increased oxidant stress (elevated serum lipo-
peroxides) and a reduced antioxidant activity (erythrocyte 
superoxide dismutase and glutathione peroxidase) were 
observed in the elderly in a cross-sectional study involving 
249 healthy subjects. 127 The magnitude of oxidative stress 
and lipid peroxidation in the aging kidney correlates with 

premature aging phenotype with soft tissue and vascular 
calci  cation, hyperphosphatemia, muscle and skin atrophy, 
and early death. In contrast, overexpression of the Klotho 
gene extended the life span in the mouse. 110 In addition, sev-
eral single-nucleotide polymorphisms in the human Klotho 
gene are associated with a shortened life span, osteoporosis, 
stroke, and coronary artery diseases, suggesting that Klotho 
may be involved in the regulation of human aging and age-
related diseases. 111

The Klotho gene encodes a single-pass transmembrane 
protein with two homologous extracellular domains, each 
having a weak homology to the  -glucosidase of bacteria and 
plants.112 Although the Klotho gene is expressed in limited 
tissues, notably the kidney, the parathyroid, and the brain, a 
defect in Klotho gene expression leads to multiple aging-like 
phenotypes involving almost all organ systems. This effect 
of the Klotho protein is mediated by its hormonal action via 
its binding to a cell-surface receptor and repressing the in-
tracellular signals of insulin and insulinlike growth factor 1 
(IGF-1). It appears that the antiaging effect of the Klotho-in-
duced inhibition of insulin/IGF-1 signaling is associated with 
increased resistance to oxidative stress. 113 It has been shown 
that the Klotho protein induces the expression of manganese 
superoxide dismutase, a mitochondrial antioxidant enzyme 
that facilitates the removal of superoxide, thereby conferring 
protection against oxidative stress. 114 On the other hand, hy-
drogen peroxide–induced oxidative stress has been shown to 
reduce Klotho expression in a mouse inner medullary collect-
ing duct (mIMCD3) cell line. 115 Interestingly, the bene  cial 
effects of peroxisome proliferator activated receptor-gamma 
(PPAR-  ) agonists on age-related glomerulosclerosis are me-
diated by intrarenal Klotho  expression. 116

Klotho also plays a central role in calcium and phos-
phorus homeostasis and the inhibition of active vitamin D 
synthesis.117 Ang-II has been shown to downregulate Klotho 
expression, which may, in part, contribute to Ang-II–induced 
renal damage. 117 Klotho polymorphisms are associated with 
osteopenia in postmenopausal women. Klotho-de  cient 
mice develop calci  cation of small arteries in the kidney 
and show increased serum levels of 1,25-dihydroxyvitamin 
D, which, along with increased calcium phosphate prod-
uct, may be responsible for severe vascular and soft tissue 
calci  cation. 117 Interestingly, the abnormalities in bone and 
phosphate metabolism observed in Klotho-de  cient mice 
are very similar to those observed in   broblast growth factor 
(FGF)-23 knockout mice suggesting that Klotho and FGF23 
function in a common signal transduction pathway. 118 Fur-
ther studies indicate that Klotho acts as a cofactor by binding 
to FGF receptors and is essential for the signaling of FGF23 
and related FGFs. 119 Studies have shown that FGFs play 
important roles, not only in mitosis and development but 
also in various metabolic processes including the  regulation 
of insulin sensitivity, glucose/lipid/energy metabolism, 
and oxidative stress, all of which potentially affect the ag-
ing processes. 120,121 Klotho may regulate aging processes, 
partly through controlling the FGF-signaling pathways. 
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in this chapter can decrease age-related oxidant stress, mi-
tochondrial lipid peroxidation, and membrane damage. 140

Thus, dietary caloric restriction may be another approach to 
reduce age related renal damage. 

 Mitochondria and Autophagy 
Mutations in mitochondrial DNA (mtDNA) accrue in vari-
ous tissues of aging mammals. These mtDNA mutations 
may provide selective advantage among fast replicating mi-
tochondrial variants, even if they are deleterious to the cell 
in which they reside. This leads to an accumulation of pre-
dominantly large defective mitochondria that resist autoph-
agy, a process that plays an important role in the degradation 
of excess, defective, or injured mitochondria. It has been 
shown that autophagy in  uences susceptibility to glomeru-
lar disease in aging mice and in humans. Glomerular dis-
eases are associated with a decreased expression of proteins 
involved in autophagy. 141 The inhibition of autophagy, as 
happens with aging, might create a permissive environment 
for the accumulation of giant, nonactive, malignant mito-
chondria in various organs. This permissive intracellular en-
vironment is TOR dependent. TOR inhibits autophagy, thus 
potentially allowing malignant mitochondria to accumulate 
and clonally expand. The inhibition of TOR by agents such 
as rapamycin or metformin may reverse the accumulation of 
defective mitochondria, and simultaneously retard the aging 
process. 142

 MicroRNAs 
Lately, the role of microRNAs (miRNAs) in regulating vari-
ous cellular processes, including aging, has evoked consider-
able interest. The miRNAs were   rst described 16 years ago 
in Caenorhabditis elegans as a 22 nucleotide RNA transcript 
(miRNA) of lin-4 with antisense RNA–RNA interaction. This 
miRNA/target relationship was later proven to determine 
the nematode’s life span. 143 This initial discovery of miRNA 
was followed by an explosion in identifying not only new 
miRNAs in C. elegans, but also in a wide variety of species, 
including humans. 144 miRNAs are a major category among 
the noncoding small RNA fraction that negatively regulate 
gene expression at the posttranscriptional level. They have 
an ability to degrade the target gene or repress its expres-
sion without completely silencing it. Mature miRNAs are 
formed by cleaving off one arm of a stem-loop precursor 
miRNA (pre-miRNA), by the cytoplasmic RNaseIII, Dicer. 
Functionally, mature miRNAs are complexed together with 
catalytic protein, argonaute (Ago), forming RNA-induced si-
lencing complexes (RISC). 145 RISC binds to the target com-
plementary messenger RNA site,  either perfectly for mRNA 
degradation, or imperfectly to inhibit translation, thereby 
achieving the posttranscriptional suppression of gene ex-
pression in either scenario. 145,146 miRNAs are now believed 
to play a pivotal role in various cellular processes such as 
cell  proliferation, differentiation, and apoptosis through 
upregulation of speci  c groups of miRNAs to suppress 

an elevation of the advanced glycosylation end products 
and their receptors (AGE and RAGE) that can cross-link 
adjacent proteins. This, along with the ROS that can acti-
vate ubiquitin-proteasome, may degrade hypoxia-inducible 
factor-1alpha (HIF-1  ) and limit the capacity of the aging 
cells to form HIF-1–DNA hypoxia-responsive recognition 
element (HRE) complexes (HIF-1-HRE complexes). 130,131 In 
the kidney, the subsequent decrease in the ability of the cells 
to respond to hypoxia could explain the attenuated anemia-
induced secretion of erythropoietin as well as the decreased 
hypoxia-induced production of vascular endothelial growth 
factor leading, respectively, to reduced erythropoiesis and 
angiogenesis.130 In a rat model, renal aging was associated 
with a 60% decline in GFR, a threefold increase in renal F2 
isoprostanes (a marker of oxidative stress), an increase in 
oxidant-sensitive heme oxygenase, as well as increased AGEs 
and RAGE. Furthermore, a diet rich in vitamin E attenuated 
the age-related upregulation of heme oxygenase and RAGE, 
suppressed the production of F2 isoprostanes, lessened mea-
sured markers of oxidative stress, reduced glomerulosclero-
sis, and improved renal plasma   ow and GFR by 50%. 132 In 
cultured rabbit proximal tubular epithelial cells, AGEs and 
even the early glycosylation end products (Amadori prod-
ucts) directly inhibited NOS activity and AGEs quenched 
the released NO. 133 Immunohistochemical studies of the 
aging rat kidneys have revealed a reduction of endothelial 
NOS (eNOS) in the peritubular capillaries and the presence 
of eNOS immunoreactivity in renal tubular epithelial cells, 
in  ltrating mononuclear cells and foci of tubulointerstitial 
injury, suggesting that the aging-related renal tubulointersti-
tial   brosis may be secondary to the ischemia caused by per-
itubular capillary injury and impaired eNOS expression. 134

Via activation of the angiotensin receptor AT1, the tissue 
RAS may promote the production of ROS and  TGF- 1,
events that can promote   brosis. Indeed, the administration 
of ACEI and ARB in rats ameliorated the aging-related renal 
damage and attenuated glomerular sclerosis, mesangial ex-
pansion, tubular atrophy, interstitial   brosis, and mononu-
clear cell in  ltration. 135 The salutary effect of RAS blockade 
may be, in part, mediated by the ability to limit the impact 
of aging on the structure and function of mitochondria and 
other cellular organelles involved in energy metabolism and 
ROS production. 136

In addition to the mechanisms described previously, 
recent data suggest that chronic oxidant stress contributes 
to the telomere shortening and thus senescent changes. 106

Furthermore, by downregulating Klotho gene expression, 
chronic oxidant stress can mediate the aging-associated 
changes.137 Oxidative stress also activates the target of ra-
pamycin (TOR) pathway, which plays an important role in 
the aging process by inhibiting mitochondrial autophagy 
(see the following). 138 Thus, interventions aimed at reducing 
ROS production, enhancing antioxidant capacity, increasing 
NO availability, and suppressing   brogenic pathways may be 
effective in retarding aging-related renal damage. 139 In addi-
tion, calorie restriction via mechanisms described elsewhere 
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may mitigate the protective  effects of this receptor. 159 Studies 
in human embryonic kidney cells suggest that AGER1 pro-
motes the inactivation of FKHRL1 and prevents manganese 
superoxide dismutase (MnSOD) suppression, thus countering 
AGE-mediated cellular oxidant stress. 160 AGE-induced ROS 
production via nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase is also countered by AGER1. 161 Interest-
ingly, less glomerular scarring and proteinuria is noted in mice 
chronically fed a low AGE diet that had a lower RAGE and 
higher AGER1 levels. 162 Furthermore, suppressed levels of 
AGER1 in human subjects with chronic kidney disease are re-
stored with lower dietary AGE intake. 163 In addition, treatment 
of aged animals with amino guanidine has been shown to re-
verse the abnormal vascular permeability and to improve vaso-
dilatory capacity, prevent mononuclear cell migration, decrease 
glomerulosclerosis, and lower proteinuria. 162,164 Calorie restric-
tion also decreases the burden of AGE in aged rats and may be 
important in preventing age-associated  nephrosclerosis. 164,165

 Calorie Restriction, Sirtuins, and 
Target of Rapamycin Signaling 
The favorable effect of calorie restriction on longevity is well 
established in various animals. Several potential mechanisms 
have been proposed to account for the bene  cial effects of 
calorie restriction. Among them are an increase in the activ-
ity of sirtuins and adenine monophosphate (AMP)-activated 
protein kinase (AMPK) signaling, and a decrease in mTOR 
and S6K1 signaling. 166–168 One of the compelling   ndings 
has been the association between increased level of sirtuins 
and the extension of life span in response to calorie restric-
tion. Sirtuins are members of the silent information regulator 
2 (Sir2) family (a family of class III histone/protein deacety-
lases). There are several mammalian sirtuins, of which sirtu-
ins 1 has been extensively studied. Sirtuins 1 (SIRT1), silent 
hormone regulator 1, are present in subcellular compart-
ments and regulate the expression of various genes and pro-
teins involved in cell survival, differentiation, metabolism, 
DNA repair, in  ammation, and longevity. 169 They can me-
diate nicotiramide adenine dinucleotide (NAD  )-dependent
histone deacetylase activity. Calorie restriction appears to in-
crease SIRT1 activity in most tissues, including the kidney. 
This is based on the observations that SIRT1 knockout mice 
are resistant to bene  cial effects of calorie restriction and that 
transgenic SIRT1 mice exhibit the same phenotype as calo-
rie-restricted mice on unrestricted calorie intake. 170–172 Inter-
estingly, a plant polyphenol, resveratrol, is a potent activator 
of SIRT1 activity and has been shown to have renoprotective 
effects in several models of nephrotoxic and ischemic renal 
injury. 173 More recent   ndings suggest SIRT1 induces Foxo3 
deacetylation, resulting in increase in Bnip3, mitochondrial 
autophagy, and the prevention of age-dependent decline in 
kidney function. 174 Other metabolic regulatory actions of 
SIRT1 include activation of liver X receptor (LXR) 175 to pro-
mote reverse cholesterol transport and inhibit in  ammation, 
as well as the activation of FXR, 176 which may prevent the 

unwanted gene expressions, or by  downregulation of other 
miRNAs whose target genes’ expression is necessary for cel-
lular function. The equilibrium between these two groups 
of miRNA expressions largely determines the function of 
particular cell types. Recent data suggest that during aging, 
there is a trend of upregulation of unwanted miRNA expres-
sions, which in turn downregulate their target gene prod-
ucts, such as proteins mediating the insulin/IGF1 and TOR 
signaling in C. elegans, both of which play a crucial role in 
the aging process. 147 Understanding age-dependent changes 
of miRNA expression and their target genes may open new 
vistas to understanding the mechanism of the aging process 
and may help identify new therapeutic targets to delay aging 
and extend healthy life spans. 

 Lipids 
There is increasing evidence from animal and human studies 
suggesting that lipids play an important role in the patho-
genesis and progression of renal disease. 148–151 Various 
changes in lipid metabolism have been recognized in aging 
subjects. These changes are associated with alterations in the 
expression and activities of several transcription factors and 
nuclear receptors. There are age-related increases in the ste-
rol regulatory element binding proteins (SREBPs), SREBP-1 
and SREBP-2, which are master regulators of fatty acid, tri-
glyceride, and cholesterol metabolism. 152,153 In addition, 
there is an increase in the carbohydrate response element 
binding protein (ChREBP), which plays an important role 
in lipid metabolism. 152 A decrease in the peroxisome pro-
liferator activated receptor-   (PPAR-  ) activity, which is a 
major regulator of fatty acid oxidation, further augments the 
age-related alterations in lipid metabolism. 154 Interestingly, 
these changes are associated with an age-related decrease in 
the activity of the bile acid activated nuclear hormone recep-
tor called farnesoid X receptor (FXR). 155 Activation of FXR 
has been demonstrated to reduce renal SREBP expression 
and renal lipid accumulation and to prevent renal disease in 
animal models of type 2 diabetes and diet-induced obesity 
and insulin resistance. 156 Whether pharmacologic activation 
of FXR will have bene  cial effects in age-related renal disease 
needs further exploration. 

 Advanced Glycosylation End Products 
With advancing age, renal and vascular accumulation of 
cross-linked glycosylated proteins, lipids, and nucleic acid is 
observed. It results in mesangial expansion, basement mem-
brane thickening, and increased vascular permeability. 157 AGEs 
stimulate platelet-derived growth factor and TGF - , leading to 
sclerosis of the tubulointerstitium and glomeruli. 157 A greater 
incidence of insulin resistance, hyperglycemia, and oxidative 
stress can predispose an elderly patient to AGE deposition and 
RAGE expression, particularly in the face of decreased GFR. 158

The newly identi  ed mesangial cell receptor, AGER1, may be 
important in countering the proin  ammatory mesangial cell 
response to AGE deposition, although a high AGE burden 
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person with an otherwise intact kidney function. These 
interventions are described in the following sections. 

 Renin-Angiotensin-Aldosterone 
System Blockade 
The renin-angiotensin-aldosterone system (RAAS) plays an 
important role in the renal aging process. Although circulat-
ing RAS is suppressed in aging, the intrarenal RAS may be 
relatively intact or even elevated. Ang-II has several hemo-
dynamic and nonhemodynamic effects on the kidney that 
can accelerate age-related renal glomerulosclerosis and tubu-
lointerstitial   brosis. 72,73 Therefore, the use of RAAS blockers 
(renin inhibitors, ACEI, ARB, or aldosterone inhibitors) is a 
logical strategy in elderly patients with a high risk for pro-
gressive deterioration of renal function. Available data suggest 
that the administration of ACEI and ARB may slow the rate 
of the decline in GFR in elderly patients with diabetic and 
nondiabetic proteinuric kidney disease. 181–183 Studies eval-
uating the reversibility of renal parenchymal changes have 
been less conclusive given the need for prolonged observa-
tion to con  rm reversibility. 184 Similarly, a RAAS blockade us-
ing a combination of aldosterone inhibitors and ACEI or ARB 
appears to improve proteinuria and lower urinary TGF-   in 
patients with nondiabetic chronic kidney disease. 185 Howev-
er, the use of combination RAAS blockade is associated with 
an increased risk of hyperkalemia, particularly in the elderly 
population, thus requiring careful monitoring of serum po-
tassium in such patients. Likewise, RAAS blockade with the 
renin inhibitor (aliskiren) and an ARB (losartan) has been 
shown to lower urinary protein excretion in patients with 
type 2 diabetic renal disease, but the effect on renal structure 
and function remains to be investigated. 186

 Treatment of Comorbidities 
Many older individuals also have associated chronic diseases 
such as hypertension, diabetes mellitus, dyslipidemia, and 
other metabolic abnormalities that could accelerate the age-
related decline in renal function. Treatment of these comor-
bidities may decrease the rate of decline in renal function in 
elderly subjects. 

 Blood Pressure Control in the Elderly 
As described previously, elderly individuals have stiffened 
vasculature that increases PWV and leads to systolic hy-
pertension and widening of the pulse pressure. This makes 
blood pressure (BP) control in the elderly dif  cult with a 
goal to maintain appropriate perfusion, yet decrease glomer-
ular hyper  ltration and thus glomerular sclerosis.  Recent
data suggest that blood pressure reduction to   150/80 with 
achieved BP 140/80 mm Hg even in the very elderly im-
proves cardiovascular outcome, 187 suggesting perhaps an 
improved vascular effect translating to decreased glomerular 
hypertension. Although a variety of medications can decrease 
BP, ACEI, diuretics, and dihydropyridine calcium chan-
nel blockers may be more useful in decreasing  glomerular

development and progression of  proteinuria and glomeru-
losclerosis by modulating renal lipid metabolism. 156 Further 
work is needed to determine whether the use of SIRT1 acti-
vators may prove useful in protecting the aging kidney. 

Other interesting pathways associated with an increased 
life span in mice involve mTOR inhibition. 177 Decreased 
mTOR signaling is found in long-lived Ames dwarf mice. 178

In addition, the deletion of ribosomal protein S6 kinase 1 
(S6K1), a factor in nutrient-responsive mTOR signaling, has 
been shown to improve insulin resistance, increase longevity, 
and simulate the gene expression patterns seen with  calorie
restriction and AMPK activation. 179

 Functional Genomics in Aging 
A majority of the studies exploring molecular pathways in-
volved in aging had focused on a single or a limited number 
of pathways. However, aging is a complex process involving 
a myriad of intimately related molecular pathways. In an at-
tempt to understand the intricate relationship among diverse 
pathways, a whole genome analysis of gene expression in 
kidney samples from 74 patients ranging from 27 to 92 years 
of age was performed. 180 Not surprisingly, the study revealed 
that age-regulated genes are broadly expressed in the kid-
ney and that the expression pro  les of age-regulated genes 
correlate with the morphologic and physiologic state of the 
kidney in old age. More than 900 age-related genes could 
be identi  ed. Interestingly, the transcriptional differences 
between young and old individuals involve small changes 
in the expression of many genes, rather than large changes 
in the expression of a few genes. These   ndings indicate that 
functional decline in old age is not the result of the complete 
failure of a small number of cellular processes. Rather, it is 
due to the slight decline of many pathways that collectively 
causes a signi  cant decrease in cell function. Studying aging 
by analyzing one pathway at a time is dif  cult, because any 
single pathway might show only a small change with respect 
to age and might contribute only to a small extent of the 
overall functional decline in old age. By contrast, functional 
genomics is a powerful approach to study aging because it 
can simultaneously detect small changes in the expression of 
many genes. This could provide invaluable information on 
the underlying mechanisms and clinical course of the aging 
process in the kidney. 

 STRATEGIES TO RETARD AGE-RELATED 
RENAL CHANGES 
The biologic causes of aging are incompletely understood, 
with many questions awaiting clari  cation. The understand-
ing of the variability of the aging process among humans 
and animals may improve our fundamental knowledge of 
disease mechanisms and the possibility of preventing the de-
cline in renal function and structure with aging. A  number of 
interventions are presently available that may slow down the 
deterioration of renal function and structure in the  elderly
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 Drug Usage in the Elderly 
Old age is associated with a high prevalence of many dis-
eases that necessitate the use of multiple medications. Older 
people use, on average, two to   ve prescription drugs on 
a regular basis, and polypharmacy (the use of   ve or more 
medications) occurs in 20% to 40% of this age group. 197 This 
increases the risks of adverse outcomes from medication-
related side effects including the progression of CKD, uri-
nary retention or incontinence, neuropsychiatric symptoms, 
gastrointestinal problems (constipation), insomnia, falls, and 
Parkinsonism. In fact, as many as one in   ve hospital ad-
missions in older people are medication-related and adverse 
drug reactions are the cause of death in 18% of hospitalized 
elderly patients. 198,199

The impairment in kidney function in the elderly may af-
fect the risks and may modify the potential bene  ts from med-
ications that are cleared by the kidney (e.g., many antibiotics), 
have nephrotoxic potential (e.g., aminoglycosides, nonsteroi-
dal anti-in  ammatory agents [NSAIDs]), or affect glomerular 
hemodynamics (e.g., ACE inhibitors, ARB, NSAIDs). Combi-
nations of these and other medications may pose even greater 
risks to those with impaired kidney function. Additionally, the 
use of over-the-counter (OTC) medications is quite common 
in the elderly. In one Canadian study, about 25% of patients 
used OTC and alternative medicines, adding to the polyphar-
macy. 200 Analgesics are among the most common OTC medi-
cations and their use is frequently underreported. There is 
substantial evidence that NSAIDs are associated with progres-
sive kidney disease and acute kidney injury (AKI). 201

Thus, an older population with a high burden of comor-
bid disease can both bene  t from and be harmed by various 
prescribed and OTC medications. A careful consideration 
of the safety pro  le and drug–drug interactions is essential 
when treating these patients. Communication between treat-
ing subspecialists, geriatricians, and primary care physicians 
is imperative to minimize negative outcomes from drug- 
related side effects in this vulnerable population. 

 CLINICAL RENAL DISEASES 
IN THE ELDERLY 
A myriad of diseases can affect the aging kidney. Although 
some are more prevalent in the elderly, none are exclusively 
con  ned to the aging population. These disorders are dis-
cussed elsewhere in this book and summarized in Table 65.4. 
However, some characteristic features pertaining to the aging 
population are brie  y described in the following sections. 

 Acute Kidney Injury in the Elderly 
It is well known that the elderly population is at a high risk 
of developing AKI. Using the new Risk-Injury-Failure-Loss-
End stage renal disease (RIFLE) and AKI network (AKIN) 
classi  cations of AKI, 202 Joannidis et al. 203 found the in-
cidence of AKI to be between 28.5% and 35.5% among 
16,784 patients with a mean age of 63 years admitted to 

hypertension and proteinuria than other agents, and should 
be used preferentially if there are no contraindications. 188,189

In addition to antihypertensive agents, lifestyle changes 
such as diet modi  cation and exercise can help to improve 
BP control. The Canadian Hypertensive Education program 
recommends sodium restriction of 1200 mg (52 mmol) 
per day for individuals  70 years and 1300 mg (57 mmol) 
daily for those between 51 to 70 years, in addition to 30 
to 60 minutes of moderate aerobic exercise 4 to 7 days per 
week.188 Furthermore, it recommends limiting alcohol con-
sumption, ceasing smoking, and increasing the consump-
tion of fruits, vegetables,   ber, low fat dairy, whole grains, 
and plant proteins. 188

 Control of Blood Glucose, Lipid, and 
Other Metabolic Factors 
A sedentary lifestyle is not uncommon, particularly in light of 
other comorbidities, including arthritis in the elderly, and can 
be associated with weight gain and especially central adiposity. 
In fact, according to the U.S. National Health and  Nutritional 
Examination Survey, nearly half of the elderly over 65 years 
of age are obese and qualify for dietary intervention. 138,189,190

Central adiposity is associated with a greater prevalence of the 
metabolic syndrome (insulin resistance, elevated blood pres-
sure, and lipid abnormalities characterized by low high densi-
ty lipoprotein (HDL) but higher levels of triglycerides and low 
density lipoprotein (LDL)). 189,190 Weight loss, diet, and exer-
cise have been shown to improve these metabolic abnormali-
ties and retard the progression of CKD. 191–193 Lifestyle chang-
es as described previously, along with decreased saturated and 
increased poly- and monounsaturated fats, may be the best 
approach in elderly persons with metabolic syndrome. 191,192

A low calorie diet not only decreased weight but serum AGEs 
and triglycerides in middle-aged Japanese men and women, 
supporting the bene  t of calorie restriction in control of other 
in  ammatory factors that can affect renal senescence. 194 In 
individuals with a predisposition to insulin resistance, hyper-
tension, and hyperlipidemia, the use of statins can be ben-
e  cial. 188 Similarly, adequate glycemic control in the older 
adults with type 2 diabetes signi  cantly lowers the incidence 
of nephropathy. 195 The combination of low calorie diet and 
exercise resulted in signi  cant weight loss and improvements 
in serum lipids and insulin sensitivity. 196 These studies suggest 
that the early recognition of insulin resistance and initiation of 
lifestyle modi  cation and/or medical therapy may help reduce 
age-related renal and cardiovascular disorders. 

 Natural Antioxidants 
Low calorie, low saturated fat diets rich in antioxidants, 
such as the Okinawan diet, are associated with longevity 
and, given their salutary effects on AGEs, may be effective 
in preventing age-associated renal sclerosis. 196,197 The incor-
poration of leafy vegetables and vegetables rich in natural 
antioxidants in the diet may further help to prevent long-
term vascular and renal aging. 196

1891



1892  SECTION VIII   SYSTEMIC DISEASES OF THE KIDNEY

TA B L E

 Diseases that Commonly Affect the 
 Aging Kidney 

TA B L E

65.4

 Systemic diseases 
 Hypertension 
 Diabetes mellitus 
 Dyslipidemia 
 Atherosclerosis 
 Atheroemboli 
 Dysproteinemia-related renal diseases 
 Vasculitides 

 Glomerular diseases 
 Membranous nephropathy 
 Mesangial proliferative GN (including IgA nephropathy) 
 Pauci-immune crescentic GN 
 Anti-GBM disease 
 Minimal change disease 
 Focal segmental glomerulosclerosis 

 Acute kidney injury 
 Hypovolemic and cardiovascular shock 
 Septic shock 
 Nephrotoxic injury 

 Nonsteroidal anti-in  ammatory agents (NSAIDS) 
 Antibiotics (penicillins, cephalosporins, sulfonamides, 

rifampin, cipro  oxacin) 
 Diuretics (furosemide, potassium-sparing diuretics) 
 Contrast media 
 Cancer chemotherapy 
 Allopurinol 
 Cimetidine 
 Captopril 

 Interstitial nephritis 

 Urinary tract infection 

 Renal stones 

 Obstructive uropathy 
 Benign causes 

 Nodular hyperplasia of prostate 
 Neurogenic bladder 
 Renal stones 
 Obstructive pyelonephritis/papillary necrosis 
 Urethral stricture 

 Malignant causes 
 Prostate cancer 
 Bladder cancer 
 Pelvic tumors 
 Colonic tumors 
 Retroperitoneal tumors 

 Renal tumors 
 Primary 
 Metastatic 

 Simple renal cysts 

 GN, glomerulonephritis; IgA, immunoglobulin A; GBM, glomerular 
 basement membrane. 
Modi  ed from Zhou XJ, Rakheja D, Yu XQ, et al. The aging kidney.  Kidney 
Int . 2008;74:710–720. 

an intensive care unit. The high risk of AKI in the elder-
ly population is due to the age-associated functional and 
structural changes in kidneys, a high prevalence of co-
morbidities, and reduced capability to metabolize drugs 
in these patients. Furthermore, compared to the younger 
individuals, the elderly patients are more frequently sub-
jected to invasive procedures, exposed to multiple poten-
tially nephrotoxic medications and radiocontrast agents 
and more commonly develop sepsis events that can raise 
the risk of AKI. 204  

 AKI is traditionally diagnosed by an abrupt rise in serum 
creatinine, with or without a fall in urine output. However, 
because of decreased muscle mass, the rate and magnitude 
of the rise in serum creatinine may be blunted in the elderly, 
making it an unsatisfactory biomarker for AKI in this popu-
lation. Consequently, even a small rise in serum creatinine 
may re  ect a signi  cant decline in GFR in elderly patients. 
To overcome the dif  culties with serum creatinine, several 
novel biomarkers for the early diagnosis of AKI including 
cystatin C, kidney injury molecule 1 (KIM1), neutrophil 
gelatinase–associated lipocalin (NGAL), and interleukin 
(IL)-18 have been developed. 205  The validity of these bio-
markers for the diagnosis of AKI in the elderly remains to 
be  established. 

 The development of AKI in elderly patients has a strong 
impact on morbidity and mortality. Notwithstanding recent 
reports suggesting decreased mortality rates, both short- 
and long-term AKI-associated mortality remains high in 
the elderly population. 206,207  Even small changes in serum 
creatinine levels are associated with long-term death, and 
greater changes are associated with greater risks. 207  In addi-
tion to an increased risk of mortality, AKI in the elderly may 
be prolonged or may never recover and progress to CKD 
and ESRD. Several clinical observations described elsewhere 
in this chapter support these possibilities in elderly patients 
and highlight the need for preventive strategies and close 
monitoring of elderly patients after AKI. 

 Avoiding situations that could damage the kidney is the 
best strategy to avert the development and adverse conse-
quences of AKI. Given that a major risk factor for AKI is 
impaired baseline renal function (i.e., CKD), a careful as-
sessment of baseline renal function in the elderly at the time 
of hospital admission is critical. Close attention needs to be 
paid to avoid potential nephrotoxic substances and poly-
pharmacy, prescribing the lowest desired dose of drugs and 
adjusting drug doses to the estimated or measured GFR of 
the patient. The purpose of these maneuvers is to provide 
an adequate renal perfusion and oxygenation. Once devel-
oped, the strategies to treat established AKI are limited. Be-
cause older patients are more prone to volume contraction 
and because it is often hard to distinguish between prerenal 
and parenchymal AKI, cautious volume repletion is a crucial 
step in the management of AKI in the elderly. Conversely, be-
cause these patients are unable to handle an excessive   uid 
load, they can easily develop salt and water overload lead-
ing to CHF, pulmonary edema, and increased mortality. 208,209

Close monitoring of volume status is imperative and an early 
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transition from volume expansion to   uid restriction might 
be necessary in elderly patients with AKI. In addition to vol-
ume status, providing adequate nutrition to patients with 
AKI, particularly older individuals, is critical to improve out-
comes. The indications and use of renal replacement therapy 
(RRT) in the elderly are not different from other age groups 
because the outcomes with these modalities in the elderly 
are similar to those of other age groups. 207

 Glomerular Diseases in the Elderly 
With a soaring population of older patients with kidney 
disease, increasing numbers of these patients are referred 
for nephrologic assessment. Consequently, the number of 
elderly patients undergoing kidney biopsy has been esca-
lating over the years. 210 Reports of renal biopsy   ndings 
in the elderly 211–214 indicate that glomerular diseases are 
common in these patients. The pattern of glomerular pa-
thology, however, differs in the elderly compared with that 
in younger individuals. For instance, the prevalence of sec-
ondary forms of glomerular disease increases, whereas that 
of primary forms decreases with age. 210,215,216 In a recent 
study composed of 235 renal biopsies performed in patients 
aged 80 to 99 years, Moutzouris et al. 213 observed a com-
mon occurrence of pauci-immune crescentic glomerulone-
phritis (PICGN), membranous nephropathy (MN), minimal 
change disease (MCD), and renal amyloidosis in this very 
elderly population. Some of the commonly occurring forms 
of glomerulonephritis (GN) in the elderly population are re-
viewed here. 

 Postinfectious Glomerulonephritis 
The epidemiology of postinfectious glomerulonephritis 
(PIGN) is shifting as the population ages. PIGN is becom-
ing a growing cause of kidney disease in older individu-
als, particularly those with diabetes or malignancy, and the 
sites of infection and causative organisms differ from the 
typical childhood disease. 217 In a recent study of 109 pa-
tients 65 years or older with PIGN, more than 60% of the 
patients had diabetes or were immunocompromised as a 
result of malignancy. 218 The most common site of infection 
was skin, followed by pneumonia, and urinary tract infec-
tion. The most common causative agent was staphylococ-
cus (46%), rather than group A beta-hemolytic streptococ-
cal pharyngeal infections, as seen in children. AKI,   uid 
overload, and signs of congestive heart failure were quite 
common and 46% of patients required dialysis. Low serum 
complement values were seen in 72% of patients. A prolif-
erative form of GN was seen by light microscopy on a renal 
biopsy. Immunopathology revealed an immunoglobulin A 
(IgA)-dominant pattern of Ig deposition in 17% of cases. 
Electron microscopy often showed electron-dense sub-
epithelial deposits (humps) and subendothelial electron-
dense deposits. The outcome, in general, was poor, with 
33% of the patients progressing to ESRD, 44% with persis-
tent renal dysfunction, and only 22% achieving complete 
recovery. The presence of diabetes, higher serum creatinine 

at biopsy, dialysis at presentation, the presence of diabetic 
glomerulosclerosis, and greater tubular atrophy and inter-
stitial   brosis were poor prognostic factors. 

The treatment of PIGN is largely preventative. Early 
recognition and prompt antimicrobial treatment of the of-
fending infection may prevent or modify the course of the 
disease. Late treatment may have little effect on outcome. 
In patients who present with a rapidly progressive course, 
high-dose steroids and immunosuppressants have been 
used with variable results. However, serious adverse events 
can occur from this therapeutic approach in this high-risk 
population.

 Membranous Nephropathy 
Nephrotic syndrome (NS) is a common glomerular disease 
in the elderly. In a series of 1368 patients aged 60 years or 
more, NS was found to be most frequently associated with 
MN comprising 36.6% of all cases of NS. 210 However, MN 
is observed less commonly in the very elderly population 
( 80 years). 219 MN in the elderly patient can be primary (id-
iopathic) or can be secondary to systemic illnesses, the most 
common being malignancies. 210 Conversely, the incidence of 
cancer is much higher among patients with MN than in the 
general population, especially with advancing age. No dif-
ference in clinical presentation of MN is observed between 
those without and with malignancy. The histologic picture 
of MN with or without associated neoplasia is fairly similar. 
However, certain features such as the presence of in  ltrat-
ing in  ammatory cells in the glomeruli, the pattern of IgG 
subclass deposition (IgG4 predominates in idiopathic MN 
whereas IgG1 and IgG3 are associated with secondary form), 
and the absence of antibodies to phospholipase 2 receptor 
may help to distinguish primary from secondary forms of 
MN.221,222 In the majority of patients with secondary MN, 
the diagnosis of cancer is made long after the diagnosis of 
MN. In a recent study, 223 the median time from the diagno-
sis of MN to the diagnosis of cancer was found to be about 
60 months. Thus, when MN is diagnosed in an elderly pa-
tient, appropriate cancer screening including colonoscopy, 
chest X-ray, stool for occult blood, hemogram, prostate-
speci  c antigen (in men), and mammography (in women) 
should be performed. 

Treatment of MN in the elderly is the same as that in 
younger adult patients. 219 As spontaneous remission can oc-
cur in approximately 30% of patients with idiopathic MN, 
conservative therapy for 6 to 9 months with observation is 
a reasonable option. If the NS is severe or if renal function 
is steadily deteriorating, initial therapy commonly employs 
the use of alkylating agents (cyclophosphamide or chloram-
bucil). Notably, these agents can be associated with serious 
adverse effects such as infections and bone marrow suppres-
sion in the elderly. Therefore, lower dosage of these drugs 
and close monitoring for infection and leukopenia is war-
ranted. Alternatives to alkylating agents include calcineurin 
inhibitors, mycophenolate, or rituximab, but there is little 
experience with the use of these agents in the elderly popu-
lation with MN. 219,224,225
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cyclophosphamide, mycophenolate, or rituximab. However, 
the ef  cacy and safety of these latter approaches have not 
been validated in the elderly. 228,229

 Crescentic Glomerulonephritis 
Crescentic GN is commonly observed in elderly patients 
presenting with hematuria, proteinuria, and progressive 
impairment of renal function. 211,214,230 Among the sub-
sets of crescentic GN, antineutrophil cytoplasmic antibody 
(ANCA)-associated small vessel vasculitis is most frequently 
seen.211,214,230 Some of these patients will have a systemic 
form of vasculitis, either Wegener granulomatosis, micro-
scopic polyangiitis, or Churg-Strauss syndrome, whereas 
others will have “renal-limited” disease. The other causes 
of crescentic GN, including anti-GBM GN or immune com-
plex-mediated crescentic GN, are uncommon in the elderly 
population. Cyclophosphamide (oral or intravenous) plus 
high-dose glucocorticoids are the treatment of choice for 
most patients with ANCA-associated GN. 231 The addition 
of intensive plasma exchange for those with severe AKI has 
been shown to be effective. 232 However, the elderly patient 
with crescentic GN may not tolerate immunosuppression 
and may experience serious complications leading to a fa-
tal outcome, particularly during the   rst 6 to 12 months of 
treatment with combined cyclophosphamide and glucocor-
ticoids.233,234 Advanced age and low GFR on presentation 
are independent predictors of mortality from immunosup-
pressive treatment in patients with ANCA-associated GN. 
Newer treatment regimens using rituximab show promise, 
but the available data pertaining to their safety and ef  cacy 
in the elderly with ANCA-associated vasculitis are limited. 235

Anti-GBM antibody nephritis (alone or in combination with 
ANCA) should be treated aggressively and promptly with 
combined immunosuppression and intensive plasma ex-
change, especially when life-threatening pulmonary hemor-
rhage is present. 236

 Monoclonal Immunoglobulin 
Deposition Disease 
The monoclonal Ig deposition diseases (MIDD) are an im-
portant cause of renal disease and are much more common 
in the elderly than in younger individuals. 215,237,238 These 
disorders include amyloid and nonamyloid MIDD. Amyloi-
dosis encompasses a group of diseases that result from the 
abnormal deposition of protein complexes, called amyloids, 
in various tissues including the kidneys. The amyloid de-
posits organize into   brils that stain positive with Congo red 
and thio  avin dyes and exhibit birefringence in polarized 
light. Amyloid deposition can be localized to the kidneys 
alone, but more commonly, it is widespread and can involve 
virtually any organ in the body. Amyloidosis can be primary 
(AL) or secondary (AA) to systemic diseases such as chronic 
infections (like tuberculosis or osteomyelitis), or chronic in-
  ammatory diseases (like rheumatoid arthritis and ankylos-
ing spondylitis). 

 Minimal Change Disease 
MCD was found to be the second most common glomerular 
abnormality presenting as nephrotic syndrome in a series of 
1368 patients aged 60 years or older. 210 The clinical course 
of MCD in the elderly is different and unlike that in children; 
almost 40% of the elderly patients with MCD may develop 
AKI (Fig 65.3). 226 The risk factors for the development of AKI 
include heavy proteinuria (10 g per day or more), profound hy-
poalbuminemia, and the use of nonsteroidal anti-in  ammatory 
agents. The majority of cases with AKI superimposed on MCD 
will remit with appropriate treatment, although in some cases, 
the course may be progressive and irreversible. The diagnosis 
of MCD by renal biopsy can be dif  cult in the elderly because 
of concomitant age-related changes of nephrosclerosis. An elec-
tron microscopic examination showing diffuse foot process ef-
facement may be helpful to suggest the diagnosis of MCD. 

The treatment of MCD in the elderly is the same as in 
children, but elderly patients may need more prolonged 
treatment to achieve a complete remission. 224,225 Oral pred-
nisone given for 6 to 12 weeks is often the initial treatment 
of choice and usually results in a complete remission. How-
ever, the response in the elderly is not as robust as that 
observed in children. Available data suggest a complete re-
mission occurs in approximately 50% of patients by 2 to 
4 months of treatment and in approximately 75% of patients 
by 6 months of treatment. Relapses of NS do occur, but are 
less frequent in the elderly. 227 Partial remissions or a lack of 
response often indicates an underlying fecal segmental glo-
merulosclerosis (FSGS) lesion that may be missed on the ini-
tial renal biopsy. Elderly patients are quite prone to develop 
side effects from the prolonged use of steroids.  Patients who 
do not tolerate or respond to steroid treatment may be candi-
dates for alternative  therapies such as calcineurin inhibitors,

 FIGURE 65.3 Minimal change disease with acute renal failure. 
The glomerulus appears normal. The tubular epithelium reveals 
diffuse simpli  cation with   attening of epithelium and dilated 
lumens. There is also mild interstitial edema (H&E, hematoxylin 
and eosin;     200).  (See Color Plate.)
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renal function with aging play an important role in the devel-
opment of HTN and, in turn, the control of HTN can delay or 
prevent progression of renal disease. In the vast majority of the 
older patients, HTN is primary (so-called essential HTN). Sec-
ondary forms of HTN should be suspected if malignant HTN, 
resistant HTN, or a sudden increase in diastolic blood pressure 
(DBP) is found. Common causes of secondary HTN are re-
novascular disease, primary hyperaldosteronism, medications 
(e.g., NSAIDs, corticosteroids) and obstructive sleep apnea. 

Given the rapid growth of the elderly population and 
their high prevalence of HTN, treatment of HTN in this pop-
ulation has become a global priority. Treatment of HTN in 
the elderly population has been demonstrated to reduce the 
relative risk (RR) of stroke by 25%, congestive heart failure 
(CHF) by 50%, and cardiovascular disease (CVD) mortality 
and events by 20%. 247,248 Because patients aged 80 years and 
older have been generally excluded from many HTN trials, 
the recent Hypertension in the Very Elderly Trial (HYVET) 
sought to establish the risks and bene  ts of treatment in this 
population.249 HYVET was a multicenter, randomized, pla-
cebo-controlled trial comparing placebo with indapamide 
(and perindopril if needed), in hypertensive patients aged 
80 years or older. The trial was prematurely halted when 
a signi  cant reduction in mortality (28%), fatal and nonfa-
tal strokes (34%), and CHF (72%) was found in the treated 
group. On the basis of the data from this and other HTN 
trials, the current treatment goals in the elderly population 
(those between 65 and 80 years of age) should be the same 
(i.e., 140/90 mm Hg) as those for younger patients unless 
diabetes and/or chronic kidney disease are present, in which 
case a lower target (130/80 mm Hg) is recommended. For 
those people aged 80 years or older who meet the criteria 
of HYVET, a goal BP of 150/80 mm Hg may be reasonable. 

In addition to pharmacologic treatment, the inclusion 
of lifestyle changes is highly bene  cial in the management of 
HTN. Systolic BP can be reduced by 5 to 20 mm Hg with a 
10 kg weight loss, 8 to 14 mm Hg by adopting the Dietary 
Approaches to Stop Hypertension (DASH)-type diet, 2 to 
8 mm Hg with sodium restriction, 4 to 9 mm Hg with in-
creased physical activity, and 2 to 4 mm Hg with moderation 
in alcohol use. 250,251

Although thiazide diuretics are often the   rst line of treat-
ment for HTN, their ef  cacy is markedly reduced in the pres-
ence of signi  cant renal dysfunction (serum creatinine [Cr] 2 
mg per deciliter and/or glomerular   ltration rate [GFR]    50 
mL per minute). Under these circumstances, loop diuretics 
may be more appropriate. Direct vasodilators and centrally 
acting  -adrenergic drugs should be avoided because of their 
contribution to orthostatic hypotension and central nervous 
system side effects. Drug  selection should be individualized 
to the patient, taking existing comorbidities into account. In 
most patients, the level of BP reduction achieved is more im-
portant than the drug used. However, one can argue that the 
results of the Avoiding Cardiovascular Events through Combi-
nation Therapy in Patients Living with Systolic Hypertension 
(ACCOMPLISH) trial challenge this statement. 252 This trial 

Amyloidosis is a cause of NS in approximately 10% 
of elderly patients. 237 It is usually associated with systemic 
symptoms such as postural hypotension, carpal tunnel syn-
drome, easy bruising, organomegaly, macroglossia, conges-
tive heart failure, and diarrhea. Systemic amyloidosis is most 
commonly due to the deposition of monoclonal lambda 
light chains or their fragments (primary AL amyloid), but 
heavy-chain amyloid can also occur (AH amyloidosis). Ap-
proximately 10% to 15% of patients with multiple myelomas 
develop systemic amyloidosis. The diagnosis of amyloidosis 
is made by detecting the characteristic Congo red–positive 
amyloid deposition in a biopsy specimen of involved tissue 
such as kidney, fat pad, or rectum. The diagnosis of primary 
amyloidosis will further be supported by the presence of 
monoclonal free light chains/Ig on serum and urine protein 
electrophoresis (SPEP, UPEP), whereas they are normal in 
secondary amyloidosis. The prognosis for primary systemic 
(AL or AH) amyloidosis is very poor in the elderly, but it is 
improving as a result of advances in treatment. 239,240 Patients 
with amyloidosis presenting with NS often develop ESRD 
within a few years. Cardiac involvement, particularly the 
presence of congestive heart failure (CHF), portends poor 
outcome. Therapeutic approaches including melphalan, 
bortezomid, lenalindomide, and autologous bone marrow 
and peripheral stem cell transplant have improved outcomes 
of primary (AL/AH) amyloidosis, but their ef  cacy and toler-
ability in the elderly have not been accurately established. 241

Disorders associated with the nonamyloid (Congo red–
negative) deposition of monoclonal Igs or their fragments 
are also common in the elderly. 215,238 They include light-
chain deposition disease (LCDD) and immunotactoid GN, 
among others. LCDD typically presents as NS and progres-
sive renal impairment. SPEP and UPEP typically are posi-
tive for monoclonal light chains (usually kappa). 242 Renal 
biopsies often reveal a nodular intercapillary glomeruloscle-
rosis (resembling the Kimmelstiel-Wilson lesion of diabetic 
nephropathy) with monoclonal light chain. An electron 
microscopy may show subendothelial or intramembranous 
powdery electron-dense deposits in glomeruli. Prognosis is 
poor in the elderly, most of whom progress to ESRD. Che-
motherapy, including chlorambucil, melphalan, and bort-
ezomid, may improve the outcome, but elderly patients may 
not tolerate them well. 243

 Hypertension in the Elderly 
Hypertension (HTN) is one of the most prevalent disorders 
in the elderly population. By age 75, 75% of men and almost 
90% of women will meet the de  nition of stage 1 HTN as 
de  ned by the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure 
(JNC 7). 244 Several physiologic characteristics of aging contrib-
ute to this age-related increase in BP, including decreased vas-
cular compliance, impaired baroreceptor sensitivity, increased 
sympathetic activity, and   -adrenergic receptor sensitivity, in-
creased total and central adiposity, salt sensitivity, and meta-
bolic changes including insulin resistance. 245,246 Changes in 
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4 CKD showed that subjects over 80 years of age were more 
likely to die than to reach ESRD, and that early preparation 
for RRT can be futile in this subgroup of patients. Coronary 
artery disease is highly prevalent among elderly in all stages 
of CKD and is associated with signi  cantly greater hospital-
ization rates for myocardial infarction, stroke, and arrhyth-
mia.6,253,256,257 Likewise, cognitive impairment is associated 
with kidney disease in elderly individuals. Several studies 
have demonstrated relationships between albuminuria and 
both cognitive function and small vessel cerebrovascular 
disease.255,262,263 Similar   ndings have been reported in the 
dialysis population, in whom small vessel cerebrovascular 
disease and cognitive impairment are common. 264

The presence of CKD in the elderly may shape diagnos-
tic and treatment decisions for comorbid conditions. Knowl-
edge of the level of eGFR is important for decisions such as 
the use of iodinated contrast compounds and gadolinium for 
imaging studies as well as the selection and dosing of vari-
ous medications. 265,266 The use of inappropriate medications 
or drug doses increases the risk for drug–drug interactions, 
adverse drug reactions, complications of routine proce-
dures, progression of CKD, development of AKI, electrolyte 
disturbances, hospitalizations, and death. 267 For example, 
commonly used medications, including NSAIDs and oral 
phosphate purgatives, are associated with GFR declines in 
the elderly. 201,268 Moreover, patients with CKD are at a high-
er risk for adverse iatrogenic outcomes such as postsurgical 
complications, AKI, hypoglycemia, hyperkalemia, and other 
electrolyte abnormalities. 269,270 Given the high prevalence of 
comorbidities, the frequent use of multiple medications in 
complex regimens, and the often aberrant and ambiguous 
metabolism of medications in elderly individuals with CKD, 
treatment decisions require a meticulous balance of risks 
and bene  ts to achieve a therapeutic goal. 

 END-STAGE RENAL DISEASE AND 
MANAGEMENT IN THE ELDERLY 
 End-Stage Renal Disease 
The new data on trends in CKD prevalence, as discussed pre-
viously, mirror the United States Renal Data System (USRDS) 
data on the ESRD population that showed a 42% increase 
in the ESRD population between 1991 and 2001. With ex-
tensive efforts made to prevent renal disease progression, 
there has been stabilization of the overall ESRD  incidence
recently. 6 However, the incidence of ESRD among elderly 
patients continues to grow. Since 2000, there has been a 
9.4% growth in the incidence rate of ESRD in patients over 
75 years of age. Moreover, as of 2008, the incidence rate was 
four times higher in patients over 65 years of age compared 
to the overall incidence rate of ESRD in the U.S. population.6
Furthermore, since 2000, the total number of prevalent el-
derly patients with ESRD has increased by 25% in  patients
between 65 to 74 years of age and by 31% in patients 
75 years or older. 6 Currently, one in four patients  starting

compared benazepril-amlodipine with benazepril hydrochlo-
rothiazide in an older population at high risk for CVD. As 
compared with the angiotensin converting enzyme inhibitor-
hydrochlorothiazide (ACEI-HCTZ) group, the ACEI-CCB 
(calcium channel blocker) group showed a relative risk re-
duction of 20% in the primary end point of illness and death 
from cardiovascular causes. A similar bene  t was observed 
with the secondary end point of death from cardiovascular 
(CV) causes and nonfatal MI and stroke. Most previous trials 
comparing drugs from different classes have not shown a dif-
ference in primary outcomes when the level of BP achieved 
was comparable. The bene  ts of the BP level achieved must be 
weighed against potential adverse effects such as orthostatic 
hypotension, metabolic/ electrolyte abnormalities, develop-
ment of AKI, and possible drug–drug interactions given the 
high prevalence of polypharmacy in the elderly population. 

 Chronic Kidney Disease 
A recent survey of the U.S. population has shown that the 
prevalence rate of CKD has increased from 10% between 
1988 and 1994 to 13.1% in the 1999 to 2004 period. 253

Aging of the U.S. population is one of the main factors that 
accounts for the rising prevalence of CKD. CKD is de  ned by 
a reduction in GFR below 60 mL/min/1.73 m 2 and/or the ev-
idence of kidney damage for 3 or more months. Many cases 
of CKD in the elderly population manifest without a readily 
apparent cause; this is particularly true for CKD de  ned only 
by reduced GFR. Controversy abounds in calling a moderate 
reduction in eGFR without other evidence of kidney damage 
in the elderly population a disease. 254 Notwithstanding this 
debate, there is consistent evidence that reduced eGFR and 
albuminuria, either separately or in combination in elderly 
individuals, are associated with a higher risk of adverse out-
comes including ESRD, CVD, cognitive impairment, and all-
cause mortality, providing support for the current de  nition 
of CKD in the elderly population. 255–258

Regardless of the underlying cause of the CKD, elder-
ly patients are at a high risk for further kidney injury, and 
therefore the progression of CKD. Analysis of data in over 
10,000 Canadian patients aged  66 years with CKD re-
vealed that approximately 40% of people with eGFR  between
30 and 59 mL/min/1.73 m 2 experienced a decline in eGFR 
of  5 mL/min/1.73 m 2 over a 2-year period. 259 Similarly, a 
study of U.S. subjects aged  65 years showed that a substan-
tial proportion of elderly people experienced the progression 
of CKD and 16% to 25% of the CKD cohort had an annual 
decline of eGFR of greater than 3 mL/min/1.73 m 2.260 Major 
risk factors for the progression of CKD, including hyperten-
sion and diabetes, are rife in elderly people. Additionally, 
older patients are at a high risk for the development of AKI, 
which, as noted previously, is a major risk factor for the pro-
gression to CKD and ESRD. 

In general, elderly people with CKD are far less likely 
to progress to ESRD than to die of other causes, primarily 
vascular disease. A recent study 261 of 386 patients with stage 
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have been accepted for transplantation in the past. 277 These 
expanded criteria donor (ECD) kidneys are from donors 
over the age of 60 years without comorbidities or donors 
over the age of 50 years with two comorbidities, such as hy-
pertension, death from cerebrovascular accident, or terminal 
serum creatinine levels greater than 1.5 mg per deciliter. 278

Although ECD kidneys may have a greater risk of delayed 
graft function, primary nonfunction, and shortened graft 
survival, outcomes associated with these organs have been 
generally favorable. 279,280

In order to optimize the use of ECD kidneys, appropriate 
donor and recipient pro  ling and selection is necessary. The 
report from the United Network for Organ Sharing (UNOS) 
database showed a graft survival of 78% at 1 year, support-
ing the use of organs from elderly donors for elderly recipi-
ents.281 Several subsequent studies 282,283 have indicated that 
when appropriately used, ECD kidneys do not represent an 
inferior resource and excellent short- and medium-term out-
comes can be achieved. The United States currently has two 
renal transplant lists: one for standard criteria donors and the 
other for ECDs. Most centers in the United States recommend 
that older patients, patients with diabetic ESRD, and patients 
with dif  cult vascular access issues be listed on the expanded 
criteria list. ECD kidneys now comprise 17% of the deceased 
donor transplants in the United States. 284 A recent analysis 
of the USRDS database showed that elderly patients were 
twice as likely to undergo transplantation in 2006 compared 
to 1995. This is due to a threefold increase in living donor 
and ECD transplantation and a 26% reduction in the risk for 
death while on the waiting list. 285 Similarly, the Eurotrans-
plant Senior Program (ESP), established in January 1999, al-
lows for the local allocation of kidneys from donors over 65 
years of age to recipients over the age of 65 years. 286 Since its 
inception, the availability of elderly donors has doubled, and 
the waiting time for ESP patients has decreased. 287

Several new strategies have been proposed more recent-
ly to further improve ECD allograft outcomes.  288–291 These 
include dual renal transplants that allow for the use of two 
marginal kidneys into one recipient to increase the number 
of functioning nephrons, a pretransplant histologic evalua-
tion of the ECD kidneys, use of pulsatile pump perfusion 
for allograft preservation, and genomewide gene expression 
pro  le determination of the donor kidneys. Although an 
older recipient age has been shown to be an independent 
risk factor for graft loss because of a higher incidence of 
death with a functioning graft, death-censored analyses have 
demonstrated comparable graft survival rates between older 
and younger recipient age groups. Wolfe et al. 292 determined 
that renal transplantation doubles the life expectancy of 60- 
to 74-year-old dialysis patients listed for transplantation 
in the United States. More recent European data  indicate
that in patients aged  65 years, transplantation doubled 
the life  expectancy compared to dialysis. 293 Subsequent 
studies294–298 clearly document that excellent outcomes can 
be attained in elderly recipients from kidney transplanta-
tions. Regardless of age, patients derive a survival bene  t 

dialysis in the United States is over the age of 75 years. 6 An 
increase in prevalence of the associated comorbidities such 
as diabetes and hypertension as well as improved survival 
from cardiovascular disease may explain the increase in the 
incidence of ESRD among the elderly. 271 Moreover, broader 
access to ESRD care and an earlier initiation of dialysis may 
have further contributed to the disproportionate increase 
in treated ESRD incidence among the elderly. There is in-
creasing interest in the role of AKI as a contributor to the 
ESRD epidemic.272 This assumption is supported by a meta-
analysis of 17 AKI studies, which demonstrated that patients 
65 years or older had a 28% higher risk of nonrecovery of 
kidney function following an episode of AKI than younger 
patients.273 A recent study of elderly Medicare bene  ciaries 
( 67 years of age) with a discharge diagnosis of AKI were 
found to have a 7% cumulative incidence of ESRD in the   rst 
2 years after hospitalization. The risk of ESRD was 1 3-fold
higher in patients with AKI alone and 41-fold higher in 
those with AKI superimposed on CKD. 274 Data from a large 
healthcare system demonstrate that, on average, patients de-
veloping AKI are approximately 10 years older than those 
who do not, and that elderly patients developing AKI are less 
likely to recover kidney function. 273

There are two RRT options for ESRD patients: renal 
transplantation and dialysis including hemodialysis (HD: 
in-center and home HD) and peritoneal dialysis (PD). Al-
though renal transplantation remains the RRT of choice, the 
proportion of ESRD patients receiving transplants has not 
changed in the past decade. 6 The majority of ESRD patients 
require different dialysis modalities for sustenance of life. As 
expected, the mortality of elderly patients undergoing dialy-
sis treatment is high. For this reason, the role of maximum 
conservative management among elderly ESRD patients has 
been explored. Various RRT options for the management of 
ESRD among elderly patients are discussed in the following 
sections.

 Renal Transplant in the Elderly 
Although the number of patients on the waiting list for kid-
ney transplantation increases by about 10% annually, the an-
nual increase in the number of transplants is only 4%. 275,276

Furthermore, because of the aging population, there is an 
increasing need for kidney transplants among older adults. 
Although during the last decade the number of patients 
added to the waiting list for kidney transplantation has re-
mained constant among those younger than 50 years of age, 
it has tripled in patients aged 65 years or older. At present, 
57% of the 73,000 candidates currently on the active wait-
ing list for kidney transplantation are older than 50 years of 
age. The growing number of elderly patients with ESRD has 
resulted in a rise in the number of elderly patients receiving 
kidney transplants, increasing the disparity between organ 
supply and demand. Consequently, the criteria for accepting 
kidneys for transplantation have recently been extended to 
allow the use of organs from less ideal donors that may not 
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relative  contraindications for PD (i.e., obesity, impaired vi-
sion, poor hygiene, limited ability for self-care, and living 
alone),307,308 which can be overcome in motivated patients 
after appropriate  counseling.

Data comparing outcomes and quality of life in elderly 
patients treated by HD or PD are sparse but may serve to 
optimally allocate these modalities to all patient groups, 
who may sometimes bene  t from consecutive use of both 
modalities. In some studies, a higher mortality was found 
in PD patients older than 80 years, in older PD patients 
with CHF, as well as in older (  65 years) diabetic PD pa-
tients.309–311 The North Thames Dialysis study speci  cally 
examined outcomes and quality of life in dialysis patients 
older than 70 years of age who were starting dialysis. 312

The 1-year survival of 71% of patients was in  uenced by 
age but not by dialysis modality. No difference in survival, 
hospitalization rate, or quality of life was observed between 
the two modalities. The Broadening Options for Long-term 
Dialysis in the Elderly (BOLDE) study 313 compared quality 
of life, depression, symptoms, and illness intrusion in older 
(  65 years) patients in PD and demographically matched 
HD patients. Although HD and PD patients did not differ in 
the unadjusted quality of life, PD patients had marginally 
but signi  cantly better mental component scores. PD pa-
tients also had a lower number of symptoms and signi  cant-
ly less depression, suggesting that this modality may provide 
elderly ESRD patients with at least the same quality of life as 
HD.313 A recent retrospective study based on the data from 
the French Language Peritoneal Dialysis Registry (RDPLF) 
analyzed the outcome of 1613 patients older than 75 years 
of age who started PD between January 2000 and December 
2005. The majority of them were on assisted PD. Excellent 
median patient survival of 27.1 months and technique sur-
vival of 21.4 months were observed, 314 suggesting that PD is 
a suitable RRT modality for elderly patients. 

Older patients with advanced CKD should be provided 
with adequate and unbiased information about the available 
dialysis modalities, the advantages and relative contraindica-
tions, and the impact of both PD and HD on outcomes and 
quality of life. These discussions should ideally occur sev-
eral months before the commencement of dialysis. However, 
even in patients who present late to the nephrologists, PD as 
a RRT option of choice should not be entirely excluded. All 
elderly patients should have opportunities to choose a dialy-
sis modality that will suite their lifestyle and improve their 
quality of life, irrespective of physician prejudices. 

 Conservative Management of End-Stage 
Renal Disease in the Elderly 
Although dialysis therapy in older individuals confers pro-
longed survival, the quality-of-life bene  ts of dialysis therapy 
in the elderly remain unclear. An unpalatable diet, the time 
commitment for dialysis therapy, depression, and fatigue 
greatly impact the quality of life of these patients. More-
over, many elderly patients starting RRT have  numerous 

from transplantation compared with dialysis. After trans-
plantation, the immunosuppression protocols are similar to 
those for younger transplant recipients. Most studies sug-
gest a lower incidence of acute rejections, but 20% to 40% 
higher morbidity and mortality from serious infections in 
the elderly. 299,300 From an allocation perspective, one might 
argue against the merits of transplanting in elderly patients, 
particularly because younger patients might derive a greater 
lifetime survival bene  t. However, with the concept of age 
matching becoming more accepted as a method of optimiz-
ing the use of organs in elderly donors and recipients, it is 
becoming more evident that an absolute age limit cannot be 
set for transplantation and that kidney transplantation in the 
elderly is equally valuable. 

 Dialysis Therapy in the Elderly 
With the rising population of elderly ESRD patients, an in-
creasing number of older patients are accepted into dialy-
sis programs. Although dialysis may offer a longer life span 
compared to conservative management, the quality of life 
may not always improve or may even deteriorate. No ran-
domized controlled trials have been conducted in this area 
and only a small number of observational studies provide 
guidance; hence, predicting which patients will have poor 
outcomes remains a challenging task. The morbidity and 
mortality in the elderly ESRD population with or without 
dialysis is very high. 301 In a USRDS registry study, 1-year 
mortality for octogenarians and nonagenarians after dialysis 
initiation was 46%. Patients with two to three comorbidi-
ties had a 31% increased risk of death as compared to pa-
tients with fewer or no comorbidities. Mortality in ESRD is 
mainly a consequence of cardiovascular disease, which may 
be 10- to 100-fold greater than age- and gender-matched 
controls in the general population, or may be due to a 
higher prevalence of other causes such as pneumonia. 6,302

Available studies suggest that dialysis is still life extending 
in many elderly patients. 303,304 Older dialysis patients differ 
from younger patients in some important ways, typically 
initiating dialysis at higher eGFR levels and lower body 
mass indexes, having more comorbid conditions and higher 
mortality rates, and being less likely to be treated with peri-
toneal dialysis. 6 Not surprisingly, PD is frequently viewed 
as unfeasible in elderly patients, perhaps due to a negative 
image on the part of physicians and nurses in some dialysis 
centers. Many patients who have no contraindications for 
PD or HD are not adequately informed about home-based 
therapies. When patients with advanced kidney disease are 
adequately informed, the number of patients starting on 
PD increases. 305 In a large Dutch prospective multicenter 
study, entitled the Netherlands Cooperative Study of the 
Adequacy of Dialysis (NECOSAD), out of the 64% of pa-
tients who were given a choice, 27% of patients older than 
70 years of age chose PD. 306 Therefore, an important cause 
of PD underuse may be the biased views of some physicians 
and nurses. These health professionals may exaggerate the 
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a single-center cohort in the United Kingdom. In this study 
evaluating 202 elderly patients (  70 years of age) who had 
ESRD and had chosen either maximum conservative man-
agement or RRT, the median survival was 37.8 months for 
RRT patients and 13.9 months for maximum CM patients. 
However, RRT patients had signi  cantly higher rates of hos-
pitalization compared with maximum CM patients. RRT pa-
tients spent 47.5% of their survival days in hospitals and 
were more likely to die in the hospital. On the other hand, 
maximum CM patients spent only 4.3% of their survival 
time in the hospital and were signi  cantly more likely to die 
at home or in a hospice. This study illustrates that although 
dialysis prolongs survival for elderly patients with ESRD and 
a signi  cant comorbidity by approximately 2 years, patients 
who choose maximum CM can survive a substantial length 
of time, achieving similar numbers of hospital-free days 
compared to patients who choose hemodialysis. 

Accordingly, maximal CM, including a rigorous effort to 
alleviate symptoms and improve quality of life, may be rea-
sonable in many elderly patients with advanced CKD. Strate-
gies including a low protein diet, the preservation of residual 
renal function, and the management of comorbidities may 
be effective for those opting for CM. 325 Comprehensive in-
terdisciplinary care including nephrology and geriatric and 
palliative care services with frequent provider visits may play 
a considerable role in providing maximal conservative man-
agement to enhance the quality of life and survival of elderly 
individuals with advanced CKD. 
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comorbidities at the initiation of dialysis, which may affect 
their survival on dialysis, as observed in the retrospective 
study by Murtagh et al. 304 Older age is frequently associated 
with a loss of physical functions such as strength, dexter-
ity, vision, or hearing. 315 Furthermore, elderly patients may 
present with cognitive dysfunction at the start of dialysis, 
which may then progress, leading to signi  cant decline in 
their functional status. 316,317 The quality of life of elderly 
nursing home residents in the United States on dialysis is ex-
tremely poor. Within the   rst year after the initiation of dial-
ysis, 58% of the residents die and 29% experience decreased 
functional status, whereas only 13% maintain functional 
status.317 Moreover, vascular access failure rate is higher in 
older HD patients. 318 Not infrequently, elderly patients ex-
perience arrhythmias and hypotension during the HD ses-
sions that may further curtail quality of life. Travel time to 
and from the HD center has a negative impact on a patient’s 
quality of life. 319,320 Likewise, a recent study examined 206 
individuals with kidney failure requiring dialysis who were 
discharged to a long-term care hospital and noted that only 
31% returned home; older age was an independent predic-
tor of failing to be discharged home. 321 These poor outcomes 
strongly suggest that alternative paths, such as a decision for 
conservative management (nondialysis therapy), should be 
incorporated into discussions in the predialysis setting. 316 In 
a small observational study in ESRD patients over 75 years of 
age, conservative therapy was associated with a quality of life 
similar to hemodialysis. 322 Murtagh et al. 304 reported results 
of a study of 129 patients aged 75 years or older with an 
eGFR of 15 mL/min/1.73 m 2 or less. Of those patients, 40% 
were recommended for dialysis and 60% were recommended 
for nondialytic management. In intention to treat analyses, 
1-year survival rates were 84% in the group choosing dialy-
sis and 68% in the group choosing nondialytic management. 
However, among those with high comorbidities or among 
those with ischemic heart disease, survival did not differ 
between the two groups. This was further supported by a 
recent study extending over an 18-year period in which 689 
(82%) of 844 patients were treated by RRT and 155 (18%) 
were treated with conservative management (CM).323 Over-
all the median survival was less in CM than in RRT (21.2 
versus 67.1 months: P .001). However, in patients aged 
 75 years when corrected for age, high comorbidity, and 
diabetes, the survival advantage from RRT was only about 
4 months, which was not statistically signi  cant. Increasing 
age, the presence of a high comorbidity, and the presence 
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