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Abstract

Our aging population is growing and developing treatments for age-related diseases such as
Alzheimer’s and Parkinson’s disease has taken on an increasing urgency and is accompanied by
high public awareness. The already high and rising incidence of acute kidney injury (AKI) in
the elderly, however, has received relatively little attention despite the potentially fatal outcomes
associated with an episode of AKI in this age group. When discussing AKI and aging, one
should consider two aspects: first, elderly patients have an increased susceptibility to an AKI
episode, and second, they have decreased kidney repair after AKI given the high incidence of
progression to chronic kidney disease (CKD). It is unclear if the same factors that drive the
increased susceptibility to AKI could be playing a role in the decreased repair capacity or if they
are totally different and unrelated. This review will examine current knowledge on the risk factors
for the increased susceptibility to AKI in the elderly and will also explore potential aspects that
might contribute to a decreased kidney repair response in this age group.
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Introduction

The world population is estimated to be 7.3 billion with 9% being age 65 and older, and this
population segment is projected to increase to 17% by 2050 [1] with this trend occurring
across all continents. In North America it is estimated that 21% of the total population will
be 65 and older. Aging is thought to be a factor in the decline in kidney function seen in
older patients. The macro- and micro-structural changes that occur in renal aging have been
well described [2, 3]; however, the exact molecular mechanisms that drive these changes are
not completely understood, but over the last decade there has been progress in understanding
this process at the molecular level [4]. Clinical studies have shown that elderly patients are
at higher risk of acute kidney injury (AKI) and they have poorer outcomes after an episode
of AKI [5-8]. It is unknown what the factors are that lead to a decreased repair capacity
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in the aging Kidney after injury, but animal studies have started to shed light on possible
pathways that could be playing a role [9-11]. This review will discuss current knowledge on
the effects of aging in the susceptibility and response to AKI.

Prevalence of AKI

The incidence of AKI is variable, in part due to different criteria defining AKI and the lack
of a “gold standard” for its identification. AKI has been estimated to be 21% in low to
middle income countries and between 3.0% and 18.3% in high-income countries [12]. The
2018 CDC report looking at hospitalization trends for AKI in the US from 2000 to 2014
indicates that the rate of AKI hospitalizations increased, going from 3.5 to 11.7 per 1000
persons, which is a 230% increase [13].

In the ICU setting it is estimated that one-third to two-thirds of patients experience AKI
with 10-15% of patients requiring kidney replacement therapy (KRT) and within this group
the mortality is 50% [12]. Another multinational study reported that over half of ICU
patients encounter an AKI episode [14]. Compared to studies 25 years ago, current studies
indicate that the ICU patient population is older [15, 16] and has more comorbid conditions,
which not only increase their risk of developing AKI, but also lead to poorer outcomes.
These troubling statistics are not unexpected given the rising elderly population worldwide.
Feest et al. showed that there is a 3- to 8-fold, age-dependent increase in the frequency of
community-acquired AKI in patients older than 60 years [17]. Data from the United States
Renal Data System (USRDS) 2018 report indicate that the in-hospital mortality rate was
8.2% among Medicare patients aged older than 66 who had a first AKI hospitalization;

in stark contrast, the mortality rate was 1.8% in non-AKI hospitalizations. When patients
who were discharged to hospice were included in the mortality rate, the numbers show an
striking increase of 13.2% vs. 3.8% for AKI vs. non-AKI hospitalizations in this age group
[18]. These statistics stress the significant risk that elderly patients can encounter during
AKI. Furthermore, elderly patients with AKI requiring dialysis have been reported to have
mortality rates ranging from 31 to 80% [19]. Of those who survive an AKI episode, it is
estimated that 31.3% did not recover kidney function compared to 26% of younger patients.
These patients eventually progress to develop chronic kidney disease (CKD) and are at risk
of kidney failure [19, 20]. Similar statistics were reported in the USRDS 2018 report, where
Medicare patients aged 66 and older who were hospitalized for AKI had a 36% cumulative
probability of a recurrent AKI hospitalization within one year and 30.8% were diagnosed as
having CKD in the year following an AKI hospitalization [18]. The study by Ishani et al.,
found that Medicare beneficiaries aged 67 and older with no history of CKD and an episode
of AKI had a 54% risk of developing kidney failure (hazard ratio 13.00) and this risk rose to
216% (hazard ratio 41.19) for patients with underlying CKD [5].

In the case of children with progeria who experience premature aging, intriguingly, they
have been reported to have normal kidney function based on clinical parameters such as
serum creatinine [21]; however, the study by Delahunt et al., suggests that there are some
histological changes suggestive of renal aging [22]. Their study described the autopsy
findings in the kidneys of two patients with progeria. One patient was an 11-year-old male
and the other patient a 20-year-old female. The kidney from the young patient did not
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have any features suggestive of renal aging; however, the older female kidney had focal
glomerulosclerosis and tubular atrophy. They also performed a review of published autopsy
cases and noted that progeria patients who survived into the teenage years and beyond
commonly had abnormal renal histological features [22]. Recently, a group generated the
first large animal model for progeria, a Yucatan minipig carrying the heterozygous LMNA
mutation. This model recapitulates all the main clinical manifestations of progeria. In their
characterization of the model, they described that the vast majority of the minipigs showed
dilation of the cortical tubules and different degrees of glomerulosclerosis [23]. Therefore,
there is suggestion that progeria patients over time may develop features of renal aging;
although perhaps not detectable by clinical parameters such as creatinine measurement. With
these observations in mind, it is possible that they might also be at risk for AKI similarly to
our elderly population.

Risk factors for increased susceptibility to AKl in the elderly

As described above, the prevalence of AKI in elderly patients is high compared to younger
adults and next I will describe some of the risk factors that can predispose elderly patients to
AKI (Figure 1 and Table 1).

Comorbidities

As lifespan increases so does the incidence of comorbid conditions such as diabetes
mellitus, hypertension, CKD, atherosclerosis, systolic and/or diastolic dysfunction, prostatic
disease, and malignancy. Diabetes mellitus and hypertension can lead to the development
of CKD, which in itself can be a risk factor for AKI. Data from the CDC suggest that

CKD prevalence is highest in the elderly, with a 38% prevalence rate in those older than 65
years [24]. In a study by Stevens et al. looking at the CKD prevalence in elderly patients

in both NHANES and the Kidney Early Evaluation Program (KEEP), they found the CKD
prevalence to be 44% in both cohorts with about 69—77% patients having stage 3 and
approximately 5% having stage 4 or 5 [25].

Age-related hemodynamic changes

Previous studies have pointed out the importance of renal hemodynamics during essential
hypertension [26]. They established that hypertensive patients exhibited increased renal
vascular resistance and decreased renal blood flow preferentially in the outer cortex.
Therefore, hemodynamic changes can lead to kidney damage in themselves due to the
decreased renal blood flow and can also lead to magnification of an ischemic event or an
ineffective repair response.

The Framingham and NHANES studies demonstrated that there is a progressive increase in
blood pressure with aging and systolic blood pressure rises until the eighth or ninth decades
of life [27-29]. Diastolic blood pressure on the other hand remains constant or declines after
the fifth or sixth decade, leading to an increase in pulse pressure [28]. The increasing pulse
pressure and decreasing diastolic blood pressure are considered surrogate measurements for
large artery stiffness that becomes a dominant hemodynamic factor in both normotensive
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and hypertensive subjects [28]. Large artery stiffness can lead to renal microvascular damage
given that the kidney has the highest flow rate and lowest vascular resistance of any large
organ; therefore, making it susceptible to trauma [30]. A study proposed that increased
pulsatile pressure from aortic stiffening is transmitted to the peripheral glomeruli and causes
excessive tensile stress leading to glomerular hypertension and sclerosis [31]. These kidney
structural changes can set the stage for the development of CKD.

Isolated systolic hypertension can lead to left ventricular hypertrophy and diastolic
dysfunction. Management of the latter sometimes requires use of diuretics, which can
predispose to AKI due to volume depletion. Furthermore, neuroendocrine changes due to
aging may lead to orthostatic hypotension, large blood pressure variability and reduced heart
rate variability [32], which can cause renal hypoperfusion and risk for AKI. It has also been
proposed that a disbalance between vasoconstrictor and vasodilator factors leads to increased
kidney susceptibility to toxic substances [33].

Medications

As described previously, with advanced age there is increased development of chronic
conditions such as hypertension, diabetes mellitus, atherosclerosis, and heart failure; these in
turn will also lead to an increase in medication use. Polypharmacy is a recognized problem
in the elderly population, and this poses an increased risk for adverse events [34]. It is
estimated that 20% of the AKI episodes are due to nephrotoxic drugs and specifically in the
elderly population is estimated to be as high as 66% [35].

Cardiovascular drugs are one of the categories that can potentially affect kidney function
either by causing volume depletion (diuretics), or by interaction with other drugs (diuretics
+ ACE inhibitors + NSAIDs). Furthermore, with increasing age there is reduced p-
adrenoceptor responsiveness and reduced baroreflex function, which can increase the
sensitivity to hypotension from diuretics and vasodilators [36], and thus predispose to AKI.

Non-steroidal anti-inflammatory drugs (NSAIDs) are often prescribed in the elderly
population during management of osteoarthritis. One study reported that the prevalence

of NSAID use in patients over 65 years of age is as high as 96% [37]. NSAID nephrotoxicity
can be further exacerbated if there is concomitant use of ACE inhibitors and/or diuretics,
which can be often the case as they are standard medications in the management of
hypertension and heart failure, which are common comorbidities in elderly patients.

Contrast-induced nephropathy (CIN) is considered the third most common cause of AKI in
hospitalized patients [38]. One group performed a prospective observational study over the
course of one year and looked at the incidence of CIN in critically ill older patients [39].
They enrolled 26 critically ill patients with stable kidney function who needed computed
tomography with intravenous contrast and categorized them in two groups: < 65 years old
(n = 13) and > 65 years old (n = 13) with no statistically significant differences between
the groups. They found that in the older group, 38.5% fulfilled the criteria for CIN (25%
or greater increase from baseline serum creatinine or an absolute increase by 0.5 mg/dL
until the 51 day after the infusion of contrast agent) while there were no CIN cases in
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the younger group. Therefore, elderly patients are at increased risk of nephrotoxicity from
contrast, and standard protective measures such hydration and avoidance of nephrotoxic
drugs prior to and post contrast exposure may help decrease this risk. A recently published
study looked at the incidence of AKI among older adults undergoing coronary angiography
for acute myocardial infarction (AMI) that were part of the SILVER-AMI cohort study
[40]. SILVER-AMI was a multi-center study in the US that evaluated risk factors for
hospital readmission, morbidity and mortality among patients age 75 or older hospitalized
for AMI. They evaluated 2212 patients (mean age 81.3 years) who underwent coronary
angiography and found that 421 developed AKI, which is nearly 1 in 5 participants. They
also corroborated prior studies and found that AKI was associated with increased mortality
and hospital readmission at 6 months. It is worth pointing out this study found that risk
factors for AKI, namely heart failure, BMI > 30, low hemoglobin and non-white race, were
consistent with previous studies of younger patients; however, none of the aging-related
conditions seem to be predictive of risk of AKI, leading the authors to suggest that geriatric
conditions mediate their influence through other risk factors.

Intrinsic kidney changes with aging

The kidneys decrease in size during aging with 10% decrease in kidney mass per decade
after the age of 50 [41]. The volume loss is thought to be due primarily to cortical tissue
loss secondary to glomerulosclerosis; however, the medulla remains relatively unchanged
[42]. Other histological changes include tubular atrophy with dilation, interstitial fibrosis,
and infiltration of mononuclear cells [2, 3].

Glomerulosclerosis:

Glomerulosclerosis is considered one of the main histological changes driving progression
of CKD along with interstitial fibrosis; however, it has also been described as part of

the normal aging process [43]. Podocyte injury and loss has been recognized as a key

driver of glomerulosclerosis [44] and a previous study suggested that the glomerulosclerosis
of aging is secondary to early podocyte damage, though the mechanism is unknown

[45]. Atherosclerosis has also been implicated as a cause for the development of
glomerulosclerosis. Kasiske looked at the renal histology of 57 autopsy patients with

mild systemic atherosclerosis and compared them to sex- and aged-matched patients

with moderated to severe atherosclerosis [46]. The study showed that there was a

correlation between atherosclerosis and glomerulosclerosis: individuals with severe systemic
atherosclerosis had a greater amount of intrarenal vascular disease. This finding along

with age was closely associated with glomerulosclerosis. A more recent study using three-
dimensional digital imaging looked at healthy aged kidneys and observed that small arterial
changes were critical to the development of glomerulosclerosis and interstitial damage [47].
Therefore, it is possible that macro- and microvascular changes in arteries and arterioles lead
to luminal occlusion and ischemia with the subsequent development of glomerulosclerosis.
Furthermore, changes in blood vessel tone, which causes an attenuated vasodilator response,
but enhanced vasoconstriction, might potentially cause kidney damage in the smaller
vascular beds and lead to development of glomerulosclerosis [41]. Another factor that

has been proposed to contribute to the development of glomerulosclerosis is large-artery

Pediatr Nephrol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang-Panesso Page 6

stiffness, as described above. The pulsatile pressure and blood flow are transmitted to
the glomeruli causing damage with development of albuminuria and reduced glomerular
filtration rate [30, 31].

Tubular atrophy:

The decreased blood flow to the kidney cortex due to hemodynamic or vascular changes can
potentially result in hypoperfusion in the peritubular capillary beds, leading to tubular cell
death and consequently tubular atrophy. Furthermore, glomerulosclerosis can cause atrophy
of the attached tubule since the glomerular capillary network is connected to the peritubular
capillaries and damage upstream can affect the capillaries downstream [48]. A reduction in
the density of peritubular capillaries, also known as peritubular capillary rarefaction, has
been implicated as an inciting event in the development of tubular atrophy, due to decreased
blood flow and concomitant development of hypoxia and tubular cell death [49, 50]. The
aging tubular epithelium has decreased sodium reabsorption, potassium excretion, and urine
concentrating capacity [51-54]. These changes can increase the susceptibility of elderly
patients to AKI. For instance, elderly persons are not able to dilute or concentrate their urine
and thus more prone to volume depletion and therefore are at risk of AKI. Furthermore, they
have lower levels of serum renin and aldosterone, and thus their response to a hypovolemic
state might be blunted leading to an even higher risk of kidney injury [55].

Reduced glomerular filtration rate:

Previous studies have shown that compared to young healthy subjects, healthy elderly
patients have a reduced GFR even in the absence of underlying kidney disease [56]. These
studies have also shown that elderly patients have a lower effective renal plasma flow
(ERFP) and a higher filtration fraction [56], the latter possibly explained by the renal
cortical loss and preservation of juxtamedullary nephrons with higher filtration fraction
[57]. Furthermore, Fliser et al. noted that the decrease in ERFP and increase in filtration
fraction is more pronounced in elderly patients with heart failure and hypertension [57]. It is
unclear if these hemodynamic changes could predispose elderly patients to kidney injury or
progression to CKD. Another study by Hollenberg et a/. used the Xenon washout technique
to characterize the effect of aging on the renal vasculature in potential transplant donors.
They included 207 normal human subjects with ages ranging from 17 to 76 years. They
observed a reduction in mean blood flow per unit mass with advancing age [58]. They
suggested three possible factors that contribute to the reduced GFR. First, reduced RPF
decreases cortical perfusion rate and thus limits filtration. Second, based on morphological
data, age-related atrophy involves the kidney cortex more than the medulla and in turn
glomeruli are especially affected. Third, vascular lesions primarily involve small arteries
rather than arterioles, which results in a reduction of filtration pressure in large numbers

of glomeruli. One could also speculate that the structural changes seen in renal aging,

such as glomerulosclerosis and tubular atrophy, eventually translate to a decrease in GFR
due to overall nephron loss. This functional loss can potentially leave the elderly with a
reduced renal reserve in the event of an insult and therefore increased susceptibility to

AKI and progression to CKD. It is important to highlight that studies looking at renal
functional reserve (RFR), defined as the capacity of the kidney to increase GFR under
certain physiological or pathological conditions, have shown that during aging there is a
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progressive decline in the RFR, without any major alteration in baseline GFR [59-61].
However, once the renal reserve is gone, a kidney insult will be much more noticeable as a
rise in Cr, as there is no compensatory mechanism. This loss of RFR might account for the
higher incidence of AKI noted in elderly patients.

Another interesting finding of the Hollenberg study is that elderly patients had a blunted
vasodilator response to acetylcholine, but an intact vasoconstrictor response to angiotensin,
and this has led to the suggestion that elderly patients may be more susceptible to AKI

in a low perfusion state because of an attenuated vasodilatory response and an augmented
vasoconstrictor response [55].

One aspect to consider when evaluating GFR in elderly patients is that they have reduced
creatinine production due to reduced muscle mass and the serum creatinine may appear
normal, but in fact there is reduced GFR [62]. If this is overlooked it may place elderly
patients at risk for nephrotoxicity if medications are not dosed appropriately. This fact also
makes it difficult to estimate GFR based on well-known formulas, as some formulas may
overestimate GFR in the elderly [63]. A recent study tried to determine if other filtration
makers such as Cystatin C and $2M could accurately estimate GFR in older adults with
and without type 1 diabetes; however, they found that their performance was lower when
compared to creatinine [64].

Factors that might contribute to decreased repair in the aging kidney

Currently there are ongoing research efforts trying to identify drivers that impair the
regenerative response in the aging kidney after injury. Although progress has been made,

it is still an underexplored area and most of what is known so far comes from preclinical
studies and extrapolation from aging studies in other organs. Below | will describe some of
the processes that could be contributing to decreased repair in the aging kidney (Figure 2
and Table 2).

Impaired angiogenesis

Kang et al. had previously described that the aging kidney in rats is characterized by

both glomerular and peritubular capillary loss [65]. They observed a significant reduction
in glomerular and peritubular capillary endothelial proliferation thus indicating that the
aging kidney has an impaired angiogenic response. They studied if there was an imbalance
in angiogenic factors and found that the aged kidney has decreased expression of
vascular endothelial growth factor (VEGF, a driver of angiogenesis) in the outer medulla
and increased renal Thrombospondin-1 expression (TSP-1, an inhibitor of blood-vessel
formation); therefore explaining the observed impaired angiogenesis [65]. One could
extrapolate these results and hypothesize that impaired angiogenesis at baseline could be
playing a role in the decreased reparative capacity of the aging kidney as peritubular
capillary loss takes place in AKI [66], and thus is a potential driver for failed repair.
Interestingly a recently published study from the TRIBE-AKI Consortium looked at the
association of angiogenesis markers and outcomes after AKI [67]. In a prospective cohort
of 1444 adult patients who underwent cardiac surgery, the study looked at the plasma
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concentration of two pro-angiogenic markers, VEGF and PGF (placental growth factor),
and one anti-angiogenic marker, VEGFRL1 (soluble VEGF receptor 1), that were measured
within 6 hours before and after surgery. They observed that higher levels of VEGF and PGF
postoperatively were associated with lower AKI and mortality risk. On the other hand, high
VEGFR1 levels were associated with higher risk for AKI and mortality. Therefore, these
observations suggest that angiogenesis is an important event in the kidney repair response
and thus decreased VEGF levels in the aging kidney could be potentially driving the higher
incidence of AKI and increased mortality seen in the elderly.

Decreased proliferative capacity

The kidney is a slow cycling organ, with < 1% cells proliferating at a given time under basal
conditions [68]. After an injury, the tubular epithelium enters a proliferative phase to repair
the damaged tubules [69]. A recent study using a novel mouse model that allows genetic
labeling of injured tubular epithelial cells demonstrated that surviving tubular epithelial cells
have proliferative capacity and contribute to kidney repair [70]. Furthermore, translational
profiling of these injured tubular epithelial cells showed upregulation of genes related to
cell cycle, thus suggesting these cells are primed to proliferate. Schmitt ef a/. observed that
aged mice after ischemic renal injury had less tubular proliferation than young mice [71].
This lack of proliferative response might reflect cell senescence, a state where epithelia

are metabolically active but not able to undergo further cell division. P16'NK4a 3 tumor
suppressor and cell cycle regulator, has been found to accumulate with aging in different
rodent and human organs including the kidney, and is considered a biomarker of cell
senescence [72]. P16!NK4a s a Cyclin Dependent Kinase (CDK) inhibitor that inhibits the
kinase activity of CDK4 and CDKS®, both of which play a fundamental role in regulation

of the mammalian cell cycle. Inhibition of CDK4 and CDKG® inhibits the phosphorylation
of the Retinoblastoma protein and causes G1 arrest. P16!NK4a expression has been noted in
the tubules of aged mouse kidneys and therefore this might be responsible for the decreased
proliferation in this renal compartment [72]. Braun et a/. deleted p16'NK42 and showed

an escape from p16!NK4a_dependent senescence, with less interstitial fibrosis and tubular
atrophy after unilateral ischemia-reperfusion injury as compared to wild type mice [73].
There was also increased tubular cell proliferation and reduced senescent tubular cells in
the mice where p16'NK4a was deleted [73]. These preclinical studies suggest that reduced
tubular epithelial proliferation after injury, probably driven by cellular senescence, might be
playing a role in the decreased repair capacity of the aging kidney. However, more studies
are needed to further explore this possibility and methods to evaluate proliferation in human
kidney samples after injury. Perhaps with the advent of single cell profiling, new insights
into the proliferative capacity of the aging kidney can be elucidated.

Cellular senescence

Cellular senescence describes a state where cells are permanently arrested, but still
metabolically active. It can take place in many different cell types, tissues, and organs.
Although it has been recognized and described, there are still no available tools to reliably
identify these cells, especially in vivo. Senescence-associated p-galactosidase staining
(SA-B-gal) is frequently used as a marker of senescence. Recently, it has been proposed

Pediatr Nephrol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang-Panesso

Page 9

that the use of a combination of molecular markers representing different senescence
characteristics might increase the validity of identifying senescent cells [74]. Candidate
senescent markers include: yH2A, p53BP1 (activation of DNA-damage response), p16,
p21, p53 (cell-cycle arrest), Ki67, BrdU (lack of proliferation markers) and Senescence-
associated heterochromatin foci (SAHF). Cellular senescence has been described in various
contexts raging from embryonic development to disease and regeneration [75]. Possible
triggers include DNA damage, oncogenic stimuli, mechanical stress, reactive oxygen
species, and telomere shortening.

Several studies have shown that accumulation of senescent cells leads to age-related organ
dysfunction due to cell cycle block and due to a complex pro-inflammatory response

termed the senescence-associated secretory phenotype (SASP) [76]. The SASP includes

the secretion of pro-inflammatory cytokines (IL-6), chemokines (MCP-1), granulocyte-
macrophage colony-stimulating factors, proteases, and growth factors (TGF-). Studies
over the past few years have implicated the SASP as an inducer of senescence in normal
neighboring cells via a paracrine effect [75, 77]. TGF-p family ligands, VEGF, CCL2, and
CCL20 are some of the SASP components identified as mediators of paracrine senescence
[75, 77], which can exert a paracrine effect in healthy neighboring cells, leading to an
inflammatory and pro-fibrotic local environment. Senescent cells have been identified in

the aging kidneys of rodent models more specifically in tubular epithelial cells [78, 79]. In
human kidneys, senescent cells have been identified in donor kidneys and the levels of pre-
transplant senescent cells correlate with the development of interstitial fibrosis and tubular
atrophy [80, 81]. Furthermore, kidney allografts from older donors are more vulnerable to
ischemic injury and delayed graft function post-transplant [82, 83]. Therefore, it is plausible
that the presence of senescent tubular epithelial cells leads to impaired tubular reparative
response due to inability to enter the cell cycle after injury and the pro-inflammatory and
pro-fibrotic environment surrounding the remaining healthy tubular cells. A recent study by
Jin et al. found that in 3 different models of AKI, mice showed the presence of senescent
cells mostly in the proximal tubule and these cells were found surprisingly early on and
slowly increase over time [11]. They also observed that senescent tubular cells are the source
of profibrotic signals, such as the Hedgehog ligands, thus adding further evidence to the role
of these cells in the development of organ fibrosis.

Impaired immune response

With aging there is a low, chronic level of inflammation not associated with infection

and this has been termed “inflammaging” [84]. It is unknown what drives this chronic
inflammatory state, but it has been speculated to induce some of the organ dysfunction seen
across different organs as we age. A counterpart to inflammaging is “Immunosenescence”,
where there is a decline in the immune function leading to an impaired immune

response. Both these entities are thought to be interconnected. A previous study performed
transcriptional profiling of aged human kidneys using microarray and noted increased
expression of immune genes in the aged kidney [85]. They identified 447 genes that are
specifically and differentially expressed in the aged kidney. Of those, 257 were upregulated
and 190 were downregulated, thus providing evidence of the changes in the immune
landscape of the aging kidney. Perhaps genes that are repressed are important for the
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repair response and their downregulation at baseline might be a contributor for failed repair.
Further preclinical studies are needed to dissect the roles of these immune changes and their
effects in the reparative response.

Conclusion

Science and medicine have made great advances in preventing and treating disease and this
has led to an increase in life expectancy and in turn gradually change the make-up of the
world population with an observed increase in the elderly segment. One area that has been
underappreciated is that elderly patients are at increased risk of development of AKI and this
places them at risk for poor outcomes, like death or progression to CKD and potential need
for long-term dialysis.

Increasing awareness of preventable risk factors, such as avoidance of nephrotoxic
medications or proper medication dosing, along with close monitoring of kidney function
during the hospital course are some of the current steps that can be taken. Further studies
are needed to identify therapies that can improve some of the intrinsic kidney changes that
can predispose to AKI or therapies to enhance the repair response or decrease the risk of
progression to CKD.
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Figure 1. Risk factors for increased susceptibility to AKI in the elderly.
Epidemiological studies have highlighted the increased incidence of AKI in elderly patients

and their poor outcomes. Comorbidities, medications, age-related hemodynamic changes
and intrinsic aging of the kidney are some of the possible risk factors for the increased
susceptibility of elderly patients to AKI.
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Figure 2. Factors that might contribute to decreased repair in the aging kidney.
It is well-established from clinical studies that elderly patients are at higher risk of

progression to CKD after an episode of AKI. This risk is likely due to decreased repair
capacity after injury, although it is unclear what the drivers for this failed repair are.
Possible mechanisms driving this failed repair include impaired angiogenesis, decreased
proliferation, cellular senescence, and impaired immune response.
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Risk Factor Summary References
Comorbidities CKD prevalence is highest in the elderly, ranging between 38-44% [24, 25]
Age-related hemodynamic changes | There is progressive increase in blood pressure with aging [26-33]
Medications Nephrotoxins account for a large percentage of AKI cases in the elderly [34-40]
Intrinsic kidney changes with aging | Glomerulosclerosis: one of the main histological changes driving CKD progression [43-47]
Tubular atrophy: decreased sodium reabsorption and urine concentrating capacity [48-55]
increases the risk of AKI
Reduced GFR: secondary to reduced plasma flow and histological changes [56-61]
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Factors for decreased Summary References

repair

Impaired angiogenesis Preclinical and clinical studies have shown that there is an imbalance in pro-angiogenic factors in | [65-67]
the aged kidney

Decreased proliferative In rodent studies, aged kidneys that sustain an injury have less tubular epithelium proliferation [68-73]

capacity compared to young injured kidneys

Cellular senescence Cells are permanently arrested and have a secretory phenotype that releases pro-inflammatory [74-83]
factors

Impaired immune response | Two states noted: chronic level of inflammation known as “inflammaging” and decreased [84-85]

immune function also known as “immunosenescence”
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