Chapter 5
Pathogenesis and Susceptibility to Injury
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Key Messages

1. The aging kidney undergoes specific structural and functional changes that
lead to increased susceptibility to injury when exposed to toxic insults.

2. Cellular and molecular changes also account for increased susceptibility to
injury and include reduced regenerative capacity, changes in antioxidant
defenses, alterations in growth factors, telomere shortening, mitochondrial

changes, and increases in apoptosis.

3. These structural, functional, cellular, and molecular changes also impair
repair processes, meaning that the injured kidney may not recover com-
pletely and older patients suffering from acute kidney injury may have a
greater likelihood of developing chronic kidney disease or end-stage renal

disease.
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5.1 Introduction

Acute kidney injury (AKI) is frequently encountered in the older patients [1-7].
While some of the increased susceptibility to the development of AKI in older patients
can be attributed to clinical variables such as underlying comorbid conditions and
exposure to multiple potentially nephrotoxic medications and procedures (many of
which can be addressed with careful attention to risk factors and avoidance of toxic
insults), specific structural, functional, hemodynamic, and cellular changes occur
with aging that predispose the kidney to injury when subjected to stress (summarized
in Fig. 5.1). An understanding of these changes in the kidney with aging is critical in
allowing for rational design of novel preventative and therapeutic strategies in AKI.

5.2 Structural Alterations in the Pathogenesis
of AKI (Box 5.1)

In the absence of a specific disease such as hypertension or diabetes mellitus, the
kidney undergoes age-dependent structural changes that ultimately lead to a significant
decrease in renal mass and functioning nephron numbers [8, 9]. Wald demonstrated
that there is a 19 % decline in male and 9 % decline in female kidney weight in indi-
viduals aged 70-79 years as compared with those 20-29 years of age [10]. Importantly,
the loss of renal mass is primarily cortical, with relative sparing of the medulla, and the
number of functioning glomeruli declines roughly in parallel with the changes in renal
weight [11-13]. Thus, the incidence of sclerotic glomeruli rises with advancing age,
increasing from less than 5 % of the total at the age of 40, to 10-30 % of the total
glomeruli by the eighth decade [14, 15]. On renal histology, glomerulosclerosis, tubu-
lar atrophy, interstitial fibrosis, and arteriosclerosis often occur together (termed neph-
rosclerosis when two or more such changes are present) and become more common
with aging [16]. The prevalence of nephrosclerosis was 2.7 % for patients aged 18-29
years, 16 % for patients aged 30-39 years, 28 % for patients aged 4049 years, 44 for
patients aged 50-59 years, 58 % for patients aged 60—69 years, and 73 % for patients
aged 70-77 years [16]. These microanatomical changes of tubular atrophy and glo-
merulosclerosis with aging may account for the macroanatomical reduction in kidney
size by 10 % per decade of age seen on the computed tomographic scans of adults [17].
There are also important renal vascular changes that occur with aging: intimal thick-
ening, capillary dropout, dysfunctional responses to the autonomic nervous system, and
atherosclerosis. These vascular changes may contribute to the process of nephrosclero-
sis through relative ischemia of the renal parenchyma [18, 19]. One could hypothesize
that in the setting of hypoxic and hemodynamic stress such as with sepsis or cardiac
failure that these vascular changes may render the renal tubules more susceptible to
injury than would be expected in a “younger” kidney with more vascular reserve.
Apoptosis, or programmed cell death, is important in the depletion in the number
of cells that occur with aging [20-23]. Not only is there an age-related increase in
apoptosis, but under stress conditions (e.g., ischemia/reperfusion injury) the number
of apoptotic cells is greater in aged rats as compared to younger animals [22]. This
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Fig. 5.1 Factors associated with age-related changes in renal function and structure that may
increase susceptibility to the development of acute kidney injury (AKI). TGF-$ transforming
growth factor-§, AGE advanced glycation end products, RBF renal blood flow, GFR glomerular
filtration rate
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increased basal rate of apoptosis may, in part, also increase the risk for any
nephrotoxic insult to result in irreversible cell death.

Loss of glomerular and peritubular capillary in the aging kidney correlated with
alterations in vascular endothelial growth factor and with the development of glo-
merulosclerosis and tubulointerstitial fibrosis [24]. Impaired angiogenesis associ-
ated with progressive loss in renal microvasculature and may thus also have a pivotal
role in age-related nephropathy. Also, serum levels of epidermal growth factor
(EGF) as well as responsiveness of EGF receptors are decreased with aging in vari-
ous cell types [25, 26]. As functional EGF receptor activity is an essential compo-
nent of the kidney’s ability to recover from acute injury, there is first evidence of
impaired repair and cell survival in the aging kidney linked to renal growth factors.

The link between parenchymal loss and structural nephron changes in the aging
kidney and a higher susceptibility to acute damage is somewhat tenuous and not
clearly delineated. For example, a substantial reduction in renal mass surprisingly
protected against ischemia/reperfusion injury in a 5/6 nephrectomy model [27].
Thus, it may be that other alterations that occur with aging may be more important
than simply a loss in nephron numbers. Furthermore, there is little correlation
between the amount of nephrosclerosis and actual glomerular filtration rate,
suggesting that other factors may be operative [16].

Box 5.1 Anatomical and Functional Changes of the Aging Kidney

1. Structural changes
1.1. Glomerular changes
Glomerulosclerosis
Tubular atrophy/interstitial fibrosis
Increase in glomerular basement membrane (GBM) permeability
Progressive folding and thickening of the GBM
1.2. Vascular changes
Arteriosclerosis/vascular sclerosis (fibrointimal hyperplasia)
Intimal thickening
Medial hypertrophy
Arteriolar hyalinosis
Microvasculopathy
1.3. Tubulointerstitial changes
Tubular atrophy
Decreased volume and length of proximal tubules
Increased number of diverculi of the distal convoluted tubule
2. Functional changes
Decreased GFR (not clearly explained by changes in glomerular size, density, or
glomerulosclerosis)
Decrease in afferent arteriolar resistance >rise in glomerular capillary pressure
Decreasing ultrafiltration coefficient associates with increased glomerular capillary
pressure
Decreased autoregulatory capacity and decreased functional reserve
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5.3 Renal Functional Changes Associated
with Aging (see Box 5.1)

With renal senescence, there is a variable decrease in glomerular filtration rate (GFR)
[28-31]. Rowe and others demonstrated a reduction in creatinine clearance with age,
beginning at age 34 and accelerating after age 65 (an approximate 1 ml/min per
1.73 m? per year decline in GFR occurring after age 50). Another study from the
Mayo Clinic on living donors demonstrated a linear GFR decline of 6.3 ml/min/1.73 m?
per decade of age [16]. Of critical importance is that this age-related decline in GFR
is not predictable nor an inevitable consequence of aging. For example, 35 % of
elderly subjects had a stable creatinine clearance over 20 years [31]. Why are some
elderly individuals able to maintain GFR, while others have variable but inexorable
declines in kidney function [32]? Some factors that may account for this variable
decline in GFR associated with aging include: (1) racial differences (African-
Americans have a faster decline in creatinine clearance as compared to Caucasians)
[33]; (2) ill-defined genetic factors that may impact on cellular and molecular path-
ways involved in aging; (3) underlying comorbid conditions (and their treatment)
such as hypertension, heart failure, diabetes mellitus, and vascular disease; and (4)
environmental factors such as exposure to nephrotoxins (lead, heavy metals).

It is important to realize that a rise in serum creatinine may not be evident with
increasing age despite a decrease in GFR. This is, in part, due to decreases in mus-
cle mass and protein intake with age which directly lower the serum creatinine
independently of changes in kidney function [32]. The use of serum creatinine as
a surrogate to estimate GFR in the older individuals often overestimates the true
creatinine clearance. This is critically important when determining the proper dos-
ing of medications and in the assessment of risk to the aged kidneys from toxic,
metabolic, and ischemic events. To some extent this issue is addressed with the use
of regression formulas that aim to correct confounding variables on the relationship
of serum creatinine to GFR or creatinine clearance. Two of the most common equa-
tions in clinical use are the Modification of Diet in Renal Disease (MDRD) equation
and Cockcroft-Gault equation [34]. A study investigated the ability of these GFR-
estimating equations to predict survival in community-dwelling elderly subjects
and demonstrated superiority of the Cockcroft-Gault equation as compared to the
MDRD equation [35]. Recently, Schaeffner and colleagues have proposed a new
GFR-estimating equation to be specifically utilized in patients aged >70 years [36].
This equation was derived from 610 subjects who were greater than 70 years old
and used iohexol clearance as the gold standard. The Berlin Initiative Study (BIS)
equation worked particularly well in classifying patients with mild to modest kidney
function [36]. More data is needed in determining which estimated GFR equation
performs the best in the older patient.

One of the most critical issues in determining estimated GFR is that it allows risk
stratification of patients that may be exposed to nephrotoxic medications or proce-
dures. In all cases, the worse the baseline GFR, the higher the risk of acute kidney
injury [37]. The estimated GFR allows for the identification of high-risk individuals
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and designing strategies to protect older patients from the development of AKI.
Reliance simply on serum creatinine may not uncover these high-risk patients.

5.4 Renal Hemodynamics and Decreases
in Functional Reserve in Aging

As described, there are decreases in renal mass with aging and under normal
conditions; these changes may be functionally compensated for by adaptations in
renal hemodynamics that maintain a sufficient GFR. These compensatory changes
may be lacking in the aging kidney [38]. A common test of renal hemodynamic
reserve is the ability of the kidney vasculature to vasodilate in response to intrave-
nous amino acids or a high-protein meal. Fliser et al. compared renal hemodynamics
before and after an amino acid infusion in healthy normotensive young (median age
26 years) and older subjects (median age 70 years) and demonstrated that the increase
in renal blood flow in the elderly was markedly impaired with a much higher renal
vascular resistance in the elderly group [39]. This finding has been confirmed by
others using various other techniques in healthy elderly individuals and has demon-
strated that advancing age is associated with a decrease in baseline renal blood flow
(RBF) [39—41]. More previous work has demonstrated that RBF is maintained
through approximately the fourth decade; thereafter, there is a 10 % decline per
decade [40-42]. This decrease in RBF is greater than can be accounted for by simply
loss of renal mass [43]. A partial explanation for the increases in renal vascular resis-
tance and fall in RBF with age may be the increased irregularity and tortuosity of the
preglomerular vessels that occurs with aging [44]. Functionally, the increase in renal
vascular resistance associated with the fall in RBF may indicate that the aged kidney
is compensating for underlying glomerulosclerosis to maintain GFR through effer-
ent arteriolar vasoconstriction.

Changes in vascular response to vasoconstrictor and vasodilating substances
may be critical in accounting for the fall in renal function with aging [39]. Renal
sympathetic-mediated vasoconstriction appears to be exaggerated in the aging kid-
ney, and there is poor response to vasodilatory mediators such as atrial natriuretic
peptide (ANP) and prostacyclin (PGI2) [45-47]. Furthermore, most studies support
that the aging renal vasculature appears to exhibit exaggerated angiotensin
II-mediated vasoconstriction [48, 49]. This sensitivity to angiotensin II can lead to
exaggerated vasodilation in response to angiotensin-converting enzyme inhibitors
(ACE inhibitors) or angiotensin receptor blockers (ARBs) and perhaps a higher risk
for fall in GFR when these drugs are used, especially in the setting of volume deple-
tion when angiotensin II levels may be high.

It is likely that changes in renal hemodynamics, which maintain GFR in the basal
state, may lead to an increased risk for AKI during stress [38]. As an example, during a
forced water diuresis, magnetic resonance imaging demonstrated the inability to improve
medullary oxygenation in the older subjects as compared to the younger ones [50].
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Impairment in nitric oxide (NO) production in the elderly kidney may also lead
to an increased risk for AKI [51-54]. Normally, NO has an important role in renal
protection from ischemic insults and this protective role may be blunted in the aged
kidney [55]. Interestingly, older rats fed L-arginine for 7 days prior to renal artery
occlusion have a marked improvement in GFR and renal plasma flow with a
decrease in renal vascular resistance as compared to rats receiving placebo when
exposed to ischemic insult [56]. A strategy for renal protection of the elderly kidney
is suggested by recent experimental evidence suggesting that statin use may increase
NO production and mitigate the pronounced decrease in GFR and renal blood flow
seen in a model of renal artery occlusion in older experimental animals [57]. Two
retrospective studies analyzed the effect of preoperative statin use in more than
100,000 patients undergoing cardiac surgery [58, 59]. Huffmyer and colleagues
found an age-dependent decrease in the risk of renal replacement therapy, however
with no decreases in the risk of AKI [58]. Across various AKI definitions, statin use
was consistently associated with a decreased risk with adjusted odds ratios varying
from 0.74 to 0.80 [59].

These findings are not in line with a pilot double-blind randomized controlled
trial in 100 cardiac surgical patients (with more than 50 % being older than 70
years) at increased risk of postoperative AKI demonstrating that short-term periop-
erative statin use was not associated with a reduced incidence of postoperative AKI
[60]. Selecting all randomized controlled trials comparing any statin treatment
before cardiac surgery to no preoperative statin therapy or placebo, a recent
Cochrane review concluded that preoperative statin therapy reduces the risk of post-
operative atrial fibrillation and shortens the stay on the intensive care unit and in the
hospital; however, statin pretreatment had no influence on perioperative mortality,
stroke, myocardial infarction, or AKI [61].

The mechanism for decreased NO production in aged kidneys is, in part, due to
an age-associated increase in the levels of N(G)-asymmetric dimethylarginine
(ADMA), an endogenous NO synthetase inhibitor [62]. There was a direct and inde-
pendent correlation with age-related increases in ADMA levels and falls in effective
renal plasma flow that occur with aging [62].

5.5 Cellular and Molecular Changes Associated with Aging

Aging renal cells may be more vulnerable to damaging insults due to changes in
cellular function that decrease their ability to withstand stress.

For instance, telomere length decreases in the aging renal cortex and may be a
marker of a limited survival capability for this cell population and impair the ability
to regenerate injured cells [63—65]. In an animal experiment using renal ischemia/
reperfusion injury as AKI-triggering event, critical telomere shortening in the kid-
ney led to increased senescence and apoptosis, limiting regenerative capacity in
response to injury [65].
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In addition, there is increased expression of messenger RNA (mRNA) and
proteins associated with senescence including the cell-cycle inhibitor p16INK4a,
P53, cyclooxygenases 1 and 2, transforming growth factor p-1, and heat shock pro-
tein A5 [66].

Microarray analysis from renal tissue harvested from aged animals has been ana-
lyzed to assess the response to ischemic injury and investigate the differences in
gene expression between young and older animals [67, 68]. The expression of 92
genes was changed by aging (either increased or decreased) including claudin-7,
kidney injury molecule-1, zinc-a(2)-glycoprotein (Zag), and matrix metalloprotein-
ase-7. [67, 68]. Zag had been previously implicated in epithelial cell proliferation
inhibition. Thus, the increased expression of Zag in the aged kidneys may mecha-
nistically explain some of the increased susceptibility of aged kidneys to nephro-
toxic insults [68]. This approach of identifying key injury-response genes that are
altered during the aging process yields potential mechanistic targets for therapeutic
approaches in the future.

Another change that occurs with aging is increased vulnerability to ischemic
damage secondary to decreases in cellular antioxidant defenses [69]. Studies have
demonstrated both an increase in free radical generation and a deficiency of antioxi-
dant enzymes in aging renal tissue in response to increased oxidative stress and a
concomitant higher propensity for more severe damage [70, 71]. An example of this
is a study in aged rats, where there were increased markers of oxidative and lipid
peroxidation, isoprostanes, advanced glycosylation end products, and heme oxy-
genase induction [72]. Interestingly, these markers of oxidative stress decreased
with antioxidant treatment (high-dose vitamin E) [72]. Vitamin E has also been
shown to be protective in an ischemia/reperfusion model of renal injury [73].

Peroxisome proliferator-activated receptor (PPAR)-y agonist may ameliorate
aging-related progressive renal injury in an animal experiment [74]. The use of
PPAR-y agonist reduced systemic and renal oxidative stress, attenuated mitochon-
drial injury, reduced proteinuria, and improved GFR. Pioglitazone, a synthetic
PPAR-y agonist, reduced markers of oxidative stress in a renal IR injury model in
rats [75] and in an animal model of drug-induced nephrotoxicity [76].

Another interesting observation is that caloric restriction suppresses age-related
oxidative stress as well as the susceptibility to ischemic injury [77, 78]. Restriction
of calories is more powerful than any other specific dietary manipulation (protein or
lipid restriction) in preserving renal function in senescent rodents [79, 80]. Not only
does this retard the onset of chronic progressive nephrosclerosis, but it completely
prevents the development of renal failure in very old animals [81-83].
Mechanistically, caloric restriction may act through increasing the levels of a group
of proteins termed sirtuins [84]. Sirtuins are members of the silent information regu-
lator 2 (Sir2) family, a family of Class III histone/protein deacetylases that are
increased in expression after caloric restriction [85, 86]. SIRT1 deacetylates a large
number of transcriptional factors and cofactors involved in cell growth, differentia-
tion, stress resistance, reducing oxidative damage, and metabolism [86]. SIRT1 lev-
els decrease in the aged kidneys which is associated with increased mitochondrial
oxidative stress and morphological changes in mitochondria [87]. Resveratrol,



5 Pathogenesis and Susceptibility to Injury 41

a plant polyphenol, is a potent activator of SIRT1 activity and has been shown to
have renal protective effects in several nephrotoxic and ischemic model systems
[88, 89].

Further, both local and systemic and direct and indirect pathways are involved in
processes of age-related fibrosis and are impacted by bone marrow-derived cells.
Young bone marrow alleviates renal aging, including decreasing deposition of col-
lagen IV in the mesangium and less (-galactosidase staining, an indicator of cell
senescence [90].

Angiopoietin 2, an autocrine activator of endothelial cells, seems to be increased
in older mice priming the endothelial cells for an exaggerated response to a second
hit, e.g., an inflammatory stimulus [91].

5.6 Is Renal Repair Impaired in Older Individuals?

In general, one of the hallmarks of aging is impairment in the ability to repair and
regenerate injured cells. In the aging kidney, a decline of renal progenitor cells, a
reduction of the peritubular capillary — the area that supplies renal tubules with
oxygen — and a decrease in the degree of DNA synthesis in renal tubules after injury
were observed.

This impairment in repair processes can be reflected in several ways: (1) minor
insults may lead to cumulative damage that normally would have been repaired, (2)
AKI may be more prolonged due to impaired healing, and (3) AKI may never
recover and lead to end-stage renal disease.

Several clinical observations support the importance of defects in renal repair in
clinical important outcomes, for example, (1) kidneys that are harvested from
donors above age 65 years suffer from a rate of delayed graft function (essentially
ischemic acute tubular necrosis) that is twice as high as that seen in younger donors
[92], (2) older patients suffering an episode of AKI have a 13-fold higher relative
risk of developing end-stage renal disease (this number rises to 41.2-fold if patients
have baseline chronic kidney disease) [93], and (3) a recent meta-analysis of recov-
ery rates of kidney function after AKI in the older patients has demonstrated that
recovery after AKI is approximately 28 % less likely to occur when the patient is
older than 65 years [94].

This loss of proliferative potential will likely lead to significant impairment in
the repair processes and increased susceptibility to cumulative stresses.

5.7 Summary and Implications for Therapy

Older patients are at higher risk for the development of AKI and the likelihood of
complete renal recovery is impaired. This is due to age-related changes in kidney
structure, cellular and molecular function, and hemodynamic reserve. Recent
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studies have identified key pathways that could offer potential therapeutic targets to
reduce susceptibility to injury as well as to increase the potential for restorative
repair. For instance, therapeutic activation of the sirtuin pathways or antioxidant
defenses may hold promise but require much experimental work. Currently, therapy
rests on prevention of ischemic and nephrotoxic insults, and where these insults are
unavoidable or unanticipated, we must focus on limiting exposure and restoring
normal hemodynamics. Given the anticipated growth in the elderly population,
devising strategies for nephroprotection and therapy for AKI will be critical in
improving outcomes.
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