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1 Introduction

The kidney plays an important role in human aging because it shows stereotyped
changes in morphology and physiology beginning around age 50. Kidneys show
clear changes in structure and morphology with age. Starting at about age 50, the
weight and volume of the kidney shrinks by about one third [1]. The glomerulus is
a network of capillaries that is located at the beginning of the nephron that filters
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Fig.1 Physiological kidney aging. Shown are two kidneys from elderly donors with a similar chron-
ological age. The left kidney is physiologically younger than the right kidney. The kidney on the
right shows classic signs of structural and morphological changes associated with renal aging,
decreased kidney function, and poor renal transplant outcome. The glomeruli show signs of scarring
(glomerulosclerosis). The cells in the interstitial space have thickened extracellular membranes
indicative of fibrosis (interstitial fibrosis). The tubules are smaller, have thickened walls and have
atrophied (tubular atrophy). Genetic and molecular biomarkers for physiological aging could be used
to distinguish kidney donors based on physiological age. This could rescue renal organs such as the
one on the left from exclusion, possibly making them eligible for renal transplant. The net effect
would be to expand the pool of renal donors available for patients with end stage renal disease

blood to form urine. The number of glomeruli declines by one third to one half in
old age through obsolescence or glomerulosclerosis. The tubules associated with
the sclerosed glomeruli cease to function and the filtration capacity of each kidney
declines. As the tubules atrophy, the tubular epithelium shrinks, the tubules contract
and the basement membranes of the tubules thicken. Interstitial fibrosis increases
with age, and refers to an increase in connective tissue in the space between the
tubules. With age, the walls of arterioles become thick, caused by a deposition of
hyaline. Hyaline is composed of plasma protein (for example C3 and IgM) that has
leaked across the endothelium and accumulated in the wall of the arterioles. In
Fig. 1, the kidney section on the right is from a 70 yo and shows many of the mor-
phological hallmarks of aging: atrophied tubules, glomerulosclerosis and interstitial
fibrosis.

The rate of filtration of the blood through the glomerulus (i.e. the glomerular
filtration rate; GFR) is one of the primary indicators of renal function. On average,
the glomerular filtration rate begins to decline at age 40, although the rate of decline
is different in different individuals [1-3]. The loss of renal function due to advanc-
ing age may become clinically significant over a normal human life span. In the
elderly, glomerular filtration rate often reaches levels low enough to indicate chronic
kidney disease. By age 70, 35 % of people have moderate chronic kidney disease
(stage 3) according to the National Health and Nutrition Examination Survey [4]. A
healthy GFR is >90 ml/min for an adult, but when the GFR falls to <15 ml/min the
patient is considered to have end stage renal disease. Patients with end stage renal
disease require dialysis in order to survive as the blood no longer receives adequate
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renal filtration, but simply going on dialysis doubles the 5-year risk for mortality.
Renal transplantation is preferable to dialysis for end stage renal disease because
the donated kidney can function at a relatively normal level and restore glomerular
filtration rate. Both quality of life and survival are greatly improved by transplanta-
tion compared to dialysis [6]. The decline in glomerular filtration rate is likely
caused by structural changes to the glomerulus, the interstitium and the arterioles
[3, 7]

Understanding the genetic and molecular mechanisms that contribute to kidney
aging will advance our basic understanding of the aging process in humans.
Furthermore, aging research on the kidney could have important clinical applica-
tions. In the long run, a better understanding of renal aging could lead to strategies
or treatments to delay the aging process. This could delay or prevent chronic kidney
disease and reduce the number of people suffering from end stage renal disease.

In the short run, one promising opportunity is to use knowledge of aging to
develop biomarkers in order to measure physiological age, as opposed to chrono-
logical age. For instance, from a cohort of elderly, it would be desirable to be able
to identify those that have physiologically young kidneys. Figure 1 illustrates two
kidneys from donors of similar chronological age of about 70 years. The kidney on
the left retains a youthful morphological appearance, equivalent to the appearance
of kidneys from middle-aged donors, suggesting that this kidney is physiologically
young. The kidney on the right shows classic signs of aging. Figure 1 illustrates the
concept that adding information from histopathological and molecular biomarkers
to chronological age can improve our knowledge of the true age of an organ better
than chronological age alone

Individuals with kidneys that are physiologically younger are likely to show a
lower incidence of renal disease as they grow older. Furthermore, donor age is the
major criterion for success of a kidney in renal transplantation [8, 9], which means
that individuals with kidneys that are physiologically young are likely to be better
renal transplantation donors than individuals with kidneys that are physiologically
old irrespective of their chronological age. Instead of categorically discarding all of
the organs from donors above a certain age, it may be possible to select a subset of
organs that are physiologically young and suitable for transplantation (Fig. 2).
Renal transplant outcome declines gradually with age, and the difference between
youthful and elderly kidney donors is relative but not absolute. With elderly renal
donors, the fraction of renal transplants that are successful (as measured by graft
survival after 1 and 5 years) is lower than the fraction of successful transplants from
youthful donors. Still, some of the transplants from elderly donors are successful.
Figure 2 illustrates the concept of using physiological age to help increase the pool
of renal transplant donors. Exclusion criteria based on chronological age alone
become increasingly strong as the donor ages (gradient arrow). Aging biomarkers
could be used to provide information about the physiological age of the tissue,
which might permit certain prospective donors (dots shown in red) by expanding the
criteria to include physiological in addition to chronological age. This strategy
would expand the pool of kidney organs suitable for transplantation, and thereby
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Fig. 2 Kidney aging and renal transplantation. Figure depicts how some kidneys from elderly
donors may be suitable for renal transplantation. With increasing age of the donor, there is a steady
decline in the percent of renal transplants that survive 1 and 5 years after transplantation.
Nevertheless, there are many renal transplants from elderly donors that last for a suitable length of
time. In principle, aging biomarkers could be used to identify kidneys that are physiologically
young, and perhaps could be used to rescue organs that are currently discarded due to old age. The
gradient arrow indicates how donor age becomes a stronger criterion for exclusion with increasing
chronological age. The red triangles indicate kidney donors that may still be suitable for renal
transplantation, even though their chronological age may have exceeded an exclusion criteria cut-
off that is currently used. The black dots indicate individual donor kidneys

allow patients with end stage renal disease to receive a transplant and end their time
on dialysis treatment.

2 Renal Transplantation

Renal transplantation is the best option for patients with end stage renal disease.
The survival rates for kidneys in recipients following renal transplantation are 80 %
after 1 year and about 60 % after 5 years [6, 10, 11]. Renal transplantation can pos-
sibly extend the lives of patients by 10-15 years compared to dialysis [6].
However, there are many more patients with end stage renal disease than there
are renal transplantation donors. In 2014, there were 101,513 people in the United
States on the waiting list for kidney transplantations. At the same time, there were
only about 13,125 donor kidneys available [12]. Some patients with end stage renal
disease receive a kidney from a living donor. In the donation process, there is a large
number of volunteers that offer to donate their kidney. Most of the volunteered kid-
neys are excluded from becoming a kidney donor for medical reasons, including old
age. In a recent study of kidney donors at Stanford University from 2007 to 2009, it
was found that 92 % of potential donor kidneys were excluded from consideration,
exacerbating the shortage of kidneys available for transplantation [13]. As a result
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of the shortage of donor kidneys, many patients with end stage renal disease do not
have the opportunity to receive a donor kidney for renal transplantation, an opera-
tion that would extend their lives. In principle, improvements in the criteria for
exclusion might allow one to rescue potential donor kidneys that might be suitable
for renal transplantation even though they are currently excluded from renal
transplantation.

2.1 Predictors of Renal Transplant Outcome

Currently, there are three main criteria affecting the success of renal transplantation:
ABO blood type and HLA histocompatibility matching, kidney preservation time
and donor age. Donor kidneys that do not match the recipient for ABO blood type
and HLA histocompatibility are at risk for graft rejection. Many kidneys are stored
cold while awaiting the transplantation procedure, especially kidneys from deceased
donors.

The third factor, age, is important for renal transplantation success as greater age
of the donor diminishes the chance of success of the renal transplant. On the aver-
age, kidneys from older donors have a shorter graft survival time than those from
younger donors. The short-term difference is relatively minor, but is amplified with
the passage of time: About 95 % of kidneys have a graft survival greater than 1 year
when the donor was younger than age 50, and about 85 % of kidneys have a 1 year
graft survival rate when the donor was over age 65 [14]. At 5 years after the trans-
plantation, there is about a 25 % increase in renal survival in kidneys from younger
donors compared to those from elder donors [15]. Thus, while on average there is a
drop off in graft survival from elder donors, there is also a significant number of
exceptions where a kidney from an elder donor has a long graft survival time
[16-21].

If we could better understand why old kidney age affects graft survival, it might
be possible to identify kidneys from the elderly population that are still fit for renal
transplantation. One way to do this is to develop a set of biomarkers for physiologi-
cal age that could predict renal transplant outcome better than chronological age, or
at least that could be used to improve transplant outcome in combination with
chronological age. That is, among elderly donors of the same age, the kidney aging
biomarker should be able to identify donors with a higher chance for long term graft
survival. This might be one way to expand the pool of donor kidneys available for
renal transplantation. Several molecular assays are being developed as biomarkers
for renal graft survival.

Recent studies have begun to identify biomarkers of aging that can be used to
help predict how well a kidney will perform in renal transplantation. Aging is a
complex process dependent on many different mechanisms and pathways. One of
the cellular pathways that may contribute to aging of the kidney is cell senescence
[22-26]. Cell senescence could impact renal function if it prevented cell division
necessary to replace lost or damaged cells. However, cell turnover in the kidney is
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normally low compared to other tissues with high rates of cell turnover, such as the
hematopoietic system or the lining of the gut [27]. Thus, it is unclear how strongly
cell senescence would impact renal function under normal circumstances. However,
disease or injury could result in loss of renal cells by apoptosis, and in this situation
cell proliferation would be required in order to replace dead cells.

As kidneys grow old, there is an increased frequency of senescent cells.
Senescence could contribute to renal aging in at least three ways. First, cell senes-
cence may prevent new cells from replenishing cells that are lost from disease or
damage. Second, cell senescence could lead to an increase of macromolecular dam-
age. When a cell divides, there is a burst of new synthesis of all of the macromole-
cules needed to form the new cells (DNA, RNA, protein etc.). Conversely, in any
post-mitotic cell such as a senescent cell, there is no net gain of RNA and protein,
so new RNA and proteins are synthesized via transcription and translation at a much
lower rate. Assuming that RNA and protein levels in senescent cells are at steady
state, then the levels of transcription and translation are set to merely replace RNA
as it is lost via RNA degradation and protein as it is lost by degradation via proteoly-
sis machinery such as autophagosomes or the proteasome. As a result, macromole-
cules in a non-dividing cell have a longer molecular half-life than those in a dividing
cell. The increased molecular half-life exposes all of the molecules to increased
susceptibility for damage accumulation; for instance, macromolecules in a non-
dividing cell would be expected to have higher levels of damage from reactive oxy-
gen species. Third, senescent cells secrete a variety of signaling molecules and
cytokines, a phenomenon referred to as the senescence-associated secretory pheno-
type [28]. The senescence-associated cytokines include factors such as interleukin-
6 and interleukin-1f that can activate inflammatory signaling pathways. One
possibility is increased abundance of senescent cells during aging contributes to
chronic inflammation.

One marker of senescent cells is expression of the cell cycle regulator CDKN2A/
pl6. CDKN2A/p16 plays an important role in cell cycle regulation by decelerating
progression from the G1 to the S phase [29]. In the normal cell cycle, CDKN2A/pl16
acts to inhibit cell division by binding CDK4/6, which ultimately inhibits the activ-
ity of transcription factors such as E2F1 and arrests cell proliferation [30]. High
levels of CDKN2A/p16 expression prevent cell division and are a hallmark of cell
senescence [31]. Expression of CDKN2A/p16 increases with age in the kidney [32,
33]. Several studies have shown that expression levels of CDKN2A/p16 can be used
as a biomarker of aging in order to predict renal transplant outcome. At the time of
the renal transplant, a kidney biopsy was obtained and CDKN2A/p16 levels were
measured [22, 34, 35]. Age, CDKN2A/pl6 levels, and a combination of Age/
CDKN2A/p16 levels were evaluated as predictors for renal transplant success.
CDKN2A expression (biological age) was found to be better than donor age (chron-
ological age) in predicting organ function [35]. However, CDKN2A/p16 levels
combined with chronological age was found to be the most powerful predictor for
renal function following transplantation [22]. The key concept is that CDKN2A/p16
levels may be measuring biological age, and that biological age may be better than
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simple chronological age as a predictor of future renal function following
transplantation.

Another strategy to develop biomarkers for renal transplantation is to identify
gene expression signatures that can predict renal graft survival. In this approach,
gene expression from the entire genome is measured from kidney biopsies at the
time of transplantation using DNA chips. The renal transplants are then separated
into two groups based on success of the graft, and the gene expression data are ana-
lyzed to identify differences in expression between kidneys that were or were not
successful in the renal transplant. In one study, 31 renal allografts were separated
into low and high GFR after 1 year following transplantation. Then, expression
profiles taken at the time of transplantation were analyzed, resulting in the identifi-
cation of 52 genes that showed significantly different expression profiles between
the high- and low-functioning kidneys [36]. The gene expression profile of these 52
genes at the time of transplantation was able to predict the success of the renal trans-
plantation over a medium term.

In a second study, 92 renal allografts were separated based on whether or not
patients required dialysis during the first week (delayed graft function), and then
gene expression data were analyzed to identify 206 genes whose expression showed
a significant difference. This study suggests that preimplant gene expression pro-
files may be able to identify kidneys of poor quality that perform poorly in trans-
plantation. This information may eventually improve organ allocation [37].

3 Hallmarks of Renal Aging

To better understand renal aging, it is useful to consider mechanisms that are
involved in aging in other tissues, and even other species such as mice, flies, worms
and yeast. The human aging process can be thought of as a clock that spans about
80 years. Aging mechanisms guide the rate at which this clock proceeds, and the
most central pathways are part of the clock mechanism itself. As we grow old, aging
affects many of the underlying networks in the kidney. There is accumulation of
damage of diverse types to cellular components such as DNA, proteins and lipids.
There are changes in gene expression and epigenetic networks with age. Cells lose
their ability to divide and undergo senescence. There is a steady increase in the
thickness of the extracellular matrix that is a major determinant of fibrosis. It is pos-
sible that changes in each of these networks serves as part of a molecular aging
clock, that changes over time and dictates the rate of functional decline of the
kidney.

A hallmark of aging not only changes as we grow old, but it also plays an impor-
tant functional role in the physiological decline of the kidney with old age. Genetic
and pharmacological experiments that reset the clock in old cells or organs to the
young state should have a beneficial effect. By contrast, experiments in which the
aging pathway has been reset in young cells to the old state should cause rapid aging
to ensue.
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Hallmarks of kidney aging
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Fig. 3 Hallmarks of kidney aging. Shown are nine pathways that play important roles in renal
aging

These hallmarks of kidney aging might collectively form a type of aging clock
that dictate the functional and physiological state of the kidney over a lifetime.
Although these pathways progress during aging in everyone, the rate of progression
can vary between people. For people of the same chronological age, the aging clock
might be slightly more advanced in one person than the other. With additional stud-
ies, hallmarks of aging could one day become very important because they could be
used as biomarkers to report the true physiological age of a person or tissue, rather
than mere chronological age. Not only would the aging biomarkers associate with
the current functional state of the kidney better than chronological age, but the aging
biomarkers would be better than chronological age at predicting the future trajec-
tory of renal decay.

A recent review describes nine hallmarks of aging that form the conceptual pil-
lars to understand changes as one grows old [38]. These hallmarks are: genomic
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregu-
lated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication. In addition to the general hall-
marks, kidney aging is known to involve increased Klotho expression, chronic
inflammation, and fibrosis (Fig. 3). Below, we consider each of these hallmarks and
summarize what is known about how that hallmark may contribute to human renal
aging.

One of the most important hallmarks of kidney aging is chronic inflammation
[39]. Chronic inflammation occurs when there is an increased abundance of immune
cells — B cells, T cells, neutrophils and macrophages. Low levels of activity of the
immune cells lead to a low grade inflammatory response that contributes to fibrosis
and tissue damage with age. One of the causes of chronic inflammation in the kid-
ney may be increased systemic levels of inflammatory cytokines, such as IL1, IL6,
and TNFa, in old age [40, 41]. The inflammatory response leads to increased pro-
duction and accumulation of fibrinogen and C-reactive protein by the liver, leading
to increased systemic levels of inflammatory biomarkers. The level of chronic
inflammation is higher in patients with chronic kidney disease compared to healthy
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age-matched controls, suggesting that chronic inflammation may play a role in the
etiology of this disease [39]. However, the relationship between cause and effect
between chronic inflammation and renal aging is unclear; specifically, it is unclear
whether chronic inflammation causes renal damage to accumulate with age, whether
age-related renal damage causes chronic inflammation, or whether both act together
in a complicated feedback loop with increasingly dire consequences.

The inflammatory cytokines that are responsible for chronic inflammation could
arise from several sources. One source is from immune cells (B cells, T cells and
macrophages) that become dysregulated in old age [42, 43]. A second source is
from adipocytes, which are known to produce many inflammatory cytokines,
including TNFa and IL-6 [44]. Cytokines secreted from adipose tissue would enter
the blood system and increase chronic inflammation throughout the body, including
the kidney. A third source is from senescent cells, which secrete many inflammatory
cytokines as part of the senescence phenotype [45]. Senescent cells increase in
number in old age, leading to increased production of the inflammatory cytokines,
a phenomenon termed the senescent-associated secretory phenotype [28]. A fourth
source is from cells within the kidney itself. DNA microarray analysis showed that
aged human kidneys have increased expression of certain inflammatory cytokines
and chemokines [46]. One of the results of chronic inflammation is the recruitment
of immune cells that secrete inflammatory cytokines, which may further increase
chronic inflammation in the kidney as part of a positive feedback loop.

The inflammatory cytokine TNFa activates initiates a signaling cascade leading
to activation of the transcription factor NFxB. The TNFa signaling pathway is
induced when TNFa binds the TNF receptor (TNFR1), which leads to the degrada-
tion of IKB, a protein that normally keeps the NFxB complex inactive in the cyto-
plasm. Once IKB is degraded, the NFkB complex is no longer tethered in the
cytoplasm and enters the nucleus where it activates expression of its target genes,
which include many inflammatory cytokines and chemokines. Activity of NFxB in
the kidney has been found to increase with age in the rat [47]. One of the major
functions of NFKB is to mediate inflammatory and innate immune responses.
Besides TNFa, the inflammatory cytokine IL-1, lipopoysacharide, and reactive oxy-
gen species can activate NFkB.

Another hallmark of renal aging is fibrosis of the interstitium or scarring of the
glomeruli [48]. The glomeruli are the functional unit of the kidney responsible for
filtering the blood. The tubules and interstitium constitute 90 % of the volume of the
kidney. Interstitial fibrosis and glomerulosclerosis increase with age, characterized
by an increased thickening of the extracellular matrix. Extracellular matrix is com-
posed primarily of collagen. Matrix metalloproteases are zinc-dependent endopep-
tidases responsible for degrading collagen and proteoglycans, and may function to
help remodel the extracellular matrix. Excess production of collagen or altered
expression of matrix metalloproteases could play a role in thickening of the extra-
cellular matrix in old age. Mesenchymal cells (i.e. fibroblasts and myofibroblasts)
produce extracellular matrix. Increased numbers or altered functions of these cells
in old age could be responsible for increased collagen deposition and fibrosis.
Activated interstitial mesenchymal cells are thought to contribute directly to renal
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fibrosis by secreting fibrotic factors and extracellular matrix proteins that accumu-
late in the interstitial space and disrupt normal epithelial architecture [48].

Changes in DNA methylation and DNA repair play a role in fibrosis. Bechtel
et al. found that increased DNA methylation plays a key role in renal fibrosis. They
performed a genome-wide screen to look for DNA methylation differences between
fibroblasts from fibrotic and non-fibrotic kidneys, and found 12 genes that showed
increased levels of DNA methylation in the fibrotic kidneys [49]. They then inhib-
ited DNA methylation using 5-azacytidine and found that fibrosis was lessened
[49]. These results indicate that increased DNA methylation plays a causative role
in causing renal fibrosis.

Another clue about the mechanisms responsible for renal fibrosis was obtained
by studying a heriditary form of chronic kidney disease. Karyomegalic interstitial
nephritis is a rare hereditary form of chronic kidney disease with only 12 known
families worldwide [50]. Kidneys in patients with karyomegalic interstitial nephritis
have enlarged hyperchromatic nuclei and develop chronic kidney disease in their
third decade. The specific diagnostic traits associated with chronic kidney disease in
these patients include interstitial fibrosis, tubular atrophy and microcyst formation.
These symptoms are seen in normal elder subjects as part of kidney aging, suggest-
ing that karyomegalic interstitial nephritis involves an accelerated rate of fibrosis in
the kidney.

The genetic cause for karyomegalic interstitial nephritis has recently been found
to be due to mutations in the FAN1 gene. FANI1 plays a role in DNA repair.
Specifically, FAN1 is required to repair interstrand DNA crosslinks, so that cova-
lently cross-linked DNA strands cannot separate during S-phase in patients with a
non-functional form of FAN1 [51, 52]. In renal tissue from patients with karyome-
galic interstitial nephritis, there was an increased level of double strand breaks.
These results show that DNA damage caused by reduced activity of FAN1 can
potentiate renal fibrosis.

Nutrient sensing is a general hallmark of aging in all tissues and most species.
Caloric restriction can extend lifespan of nearly every species tested, including
yeast, worms, flies, mice and primates [53]. Recent work has begun to unravel the
molecular mechanisms underlying lifespan extension due to caloric restriction [54—
56]. These molecular mechanisms involve key modulators of aging such as the sir-
tuins and mTOR.

Sirtuins are a family of protein deacetylases that are involved in a diverse array
of cellular processes such as life span regulation, fat mobilization in human cells,
insulin secretion and caloric restriction [57]. In mammals, there are seven sirtuin
genes (SIRT1 to SIRT7). Activation of sirtuins has been shown to extend lifespan in
diverse organisms including yeast, worms, flies and mice [58]. In the kidney, SIRT1
is abundantly expressed in renal medullary interstitial cells, where it is cytoprotec-
tive and participates in the regulation of blood pressure and sodium balance [59,
60]. Sirtuins require nicotinamide adenine dinucleotide (NAD+) as a cofactor, and
hence could be responsive to changes in metabolic state of the cell. Levels of nico-
tinamide adenine dinucleotide show a marked decline in the kidney in old age,
which may decrease activity of sirtuins thereby contributing to cellular dysfunction
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in old age [59, 61]. Regulation of sodium balance by SIRT1 involves repression of
expression of the a-subunit of the epithelial sodium channel, ENaC [59].

Genetic experiments by He et al., 2010 have shown that Sirtl activity plays an
important role in kidney function [60]. On the one hand, lowering Sirtl activity
impairs renal function. For example, reduced Sirtl expression in mouse renal cells
in vitro leads to reduced resistance to oxidative stress. Genetically mutant mice with
reduced Sirtl activity (Sirt1*~) show lower levels of cyclooxygenase-2 (COX2)
expression and impaired kidney function under several conditions. Sirtl*~ mice
show more renal apoptosis and fibrosis in mice that have suffered kidney injury by
unilateral ureteral obstruction. On the other hand, increasing Sirtl activity improves
renal function. Sirtl activity can be pharmacologically increased either by resvera-
trol or by the drug SRT2183. Pharmacologic activation of Sirtl improves cell sur-
vival in response to oxidative stress, attenuates renal apoptosis and fibrosis, and
increases expression of COX2 in the renal medulla.

mTOR is a conserved kinase that acts in a nutrient sensing pathway to regulate
cell growth and longevity. In yeast, worms and flies, mutants with reduced TOR
activity have longer lifespans [56]. In mice, inhibition of mTOR activity with the
drug rapamycin results in extended lifespan [56]. During normal kidney aging,
mTOR expression shows a marked increase in glomerular mesangial cells in old age
[62]. This result suggests that increased levels of mTOR in the kidney may contrib-
ute to poor cell regulation and cell senescence in old age.

Klotho plays an important role in aging of the kidney [63]. Klotho is a transmem-
brane protein primarily expressed in the distal tubule cells of the kidney and the
brain choroid plexus. Loss-of-function mutations in the Klotho gene in mice are
associated with symptoms of premature aging, including hyperphosphatemia and a
shorter lifespan [64]. Conversely, overexpression of Klotho extends lifespan [64]. In
humans, serum levels of Klotho decrease with age after age 40 years and there are
low levels of Klotho in patients with Chronic Kidney Disease [65-67]. One of the
main functions of Klotho is to act as a co-receptor for Fibroblast Growth Factor 23
[68]. However, there is also evidence that Klotho can also regulate the Insulin-like
Growth Factor signaling pathway, can participate in Ca’>* homeostasis, phosphate
homeostasis and can relieve oxidative stress [69].

Changes in gene expression occur with age, and can be used to predict the physi-
ological age of kidneys. DNA microarrays have been used to define the changes in
gene expression that accompany the renal aging process. One study analyzed RNA
from 74 patients ranging in age from 27 to 92 years, and found 985 genes to change
expression with age [46]. Among these 74 individuals, there was a good correlation
between the gene expression signature and the biological age of the kidney. For
example, for some kidney samples, the gene expression signatures did not resemble
kidneys of their chronological age but rather kidneys from individuals that were
younger. Subsequent histological examination of these renal samples showed that
they had lower levels of interstitial fibrosis, arterial hyalinosis and glomerulosclero-
sis than typically found in kidneys of that chronological age. That is, the gene
expression signatures were able to accurately predict that these renal samples had a
biological age that was younger than their chronological age. Similarly, the gene
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expression signatures were also able to predict renal samples with a biological age
that is older than their chronological age. A second study analyzed RNA isolated
from 20 kidney samples and identified about 500 genes that changed expression
with age [70]. The sets of kidney aging genes showed a large degree of overlap in
the two DNA microarray studies.

What are the upstream transcription factors responsible for causing the changes
in expression of the age-regulated kidney genes? In order to identify the upstream
regulators, ChIP-seq data from the ENCODE consortium were examined. The
ENCODE consortium has defined the in vivo binding sites for a large number of
transcription factors (about 160) [71]. For each transcription factor, they used ChIP
seq to first immunoprecipitate the transcription factor from tissue culture cells, and
then sequenced the bound DNA in the immunoprecipitate. Each experiment resulted
in a list of target genes bound by that transcription factor in specific cell lines. To
find transcription factors that bind to the age-related kidney genes, a bioinformatics
screen was performed to search for transcription factors that had ChIP seq datasets
showing a large degree of overlap with the kidney age-related genes [72]. The top
three transcription factors that showed enrichment to binding the aging-regulated
genes were STAT1, STAT3 and NFxB. These three transcription factors are all
known to be involved in mediating the inflammatory response.

STAT1, STAT3 and NFxB appear to mediate transcriptional changes during the
kidney aging process in vivo [72]. All three transcription factors show higher levels
of activation in old age. When the transcription factors are activated by inflamma-
tory cytokines in human renal epithelial cells, the resulting changes in gene expres-
sion recapitulate the gene expression changes that occur during kidney aging to a
large extent. These data indicate that activation of these three transcription factors
during kidney aging may contribute to a large fraction of the aging transcriptional
program. The finding that NFxB binds to and regulates genes during aging confirms
and extends previous work showing that increased NFkB activity contributes to
aging phenotypes in many tissues [73-75].

4 Genetic Differences May Explain Some of the Individual
Variation in Kidney Aging

There is a great deal of variation in the rate of loss of kidney function with age
between different individuals. In old age, many people have lost a considerable frac-
tion of kidney function, leading to chronic kidney disease or end stage renal disease.
Other people have relatively mild loss of kidney function. Genetic variation accounts
for some of the individual variation in kidney aging. Genome-wide association stud-
ies (GWAS) have begun to define DNA polymorphisms that are associated with
either reduced glomerular filtration rate or chronic kidney disease. In principle,
genetic algorithms may one day be used in the young to help predict which indi-
viduals are at risk for a rapid loss of renal function as they grow old, and which
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individuals are more likely to have a slower rate of loss of kidney function with age.
These genetic risk scores would be able to look-up the information from each of the
individual polymorphisms and create one combined score to be used to predict
future renal rates of aging.

Genome wide association studies have recently been successful at identifying
single nucleotide polymorphisms (SNPs) associated with a variety of renal pheno-
types associated with age. An example is glomerular filtration rate, which is an
estimate of renal function based on levels of creatinine in the urine. The studies are
controlled for age, so DNA variants associated with GFR in these studies would
identify loci that predispose one to having higher or lower GFR for a given age.
There are at least two ways in which a SNP could be associated with variation in
GFR. First, the SNP could be associated with a different baseline of renal function
(higher or lower GFR) but not with a difference in the rate of renal aging. In this
case, GFR would decline similarly in individuals that vary at the SNP, but the GFR
would have a different baseline so that those with a higher baseline would be less
likely to have renal disease as they grow old. Second, the SNP could be associated
with a different rate of renal aging. In this case, allelic variation at this SNP may
have little effect on young adults as all might have a similar starting point for renal
function. However, individuals with one allele could show more rapid rates of renal
decline leading to larger and larger differences in GFR as one ages.

Another powerful phenotype used in kidney GWA studies is chronic kidney dis-
ease. Chronic kidney disease is diagnosed when an individual has glomerular filtra-
tion rate below 60 ml/min/1.73 m? for 3 or more months, or if the individual has
other signs of kidney damage. The gene association studies using chronic kidney
disease as a phenotype are similar to the GWAS using glomerular filtration rate as a
trait because one of the main criteria for diagnosing chronic kidney disease is glo-
merular filtration rate. Chronic kidney disease splits up individuals based on GFR
levels above or below the 60 ml/min/1.73 m? cutoff and GFR assigns a continuous
variable to each individual.

Kidney GWA studies have also been performed for albuminuria and diabetic
nephropathy. Albuminuria refers to albumin in the urine, which is another indica-
tion of poor kidney function. Diabetic nephropathy is characterized by three related
conditions: albuminuria, low glomerular filtration rate, and high blood pressure.

A total of 67,073 individuals have been examined to search for SNPs associated
with GFR, chronic kidney disease, albuminuria and diabetic nephropathy [76, 77].
These studies have found 27 SNPs associated with these parameters of kidney func-
tion. These SNPs may be useful in helping to identify individuals with high and low
renal function. This information could be useful to individuals when they are alive
by providing information useful for precision medicine. In addition, the genetic
information could be useful to help identify which kidneys from elderly donors may
still be viable for use in renal transplantations.

In order to predict renal function, one would not evaluate each of the kidney
SNPs one at a time, but rather one would develop an algorithm that could evaluate
all of the SNPs together and provide a score that summarizes the information from
all of the SNPs combined. A preliminary study was performed combining informa-
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tion from 16 kidney SNPs to create a genetic risk score for chronic kidney disease
[76]. The genotype score was evaluated in 2129 test subject and was partially
successful in predicting chronic kidney disease risk. Carrying a high number of risk
alleles was partially able to predict those at increased risk for chronic kidney dis-
ease. However, the effect of the genotype was small, and not necessarily an improve-
ment over clinical factors such as lifestyle, blood pressure and the presence of Type
2 Diabetes. Beyond renal disease, genetic algorithms have been developed for Type
2 Diabetes mellitus, incident myocardial infarction, coronary heart disease, myocar-
dial infarction and stroke in women [78-81]. In each case, the genetic algorithms
had only a mild effect in predicting disease risk beyond current clinical tests, indi-
cating that improved methods or more complete data will be required for these
algorithms to become widely used. Future studies may be able to expand the num-
ber of SNPs known to be associated with renal function, leading to improved genetic
algorithms with greater predictive power.

One study has specifically searched for SNPs that are associated with different
levels of kidney function, independent of age [82]. To do this study, longitudinal
data was used from the Baltimore Longitudinal Study of Aging and from the
InCHIANTI cohort. Both of these cohorts have followed individuals over a number
of years, so it was possible to follow the loss of renal function with age for each
individual. However, the total number of people in each cohort was relatively small
(1-3 thousand), precluding a straightforward GWA study for association with dif-
ferent rates of loss of GFR.

Instead of searching through every SNP in the genome, the study used a genomic
convergence approach to systematically select SNPs that are most likely to be
involved in kidney aging. The first assumption was that genes whose expression
changes with age would be enriched for those with functional effect on the rate of
renal aging or renal function (630 aging-related genes). The next step was to search
for SNPs that are associated with differential expression of these 630 genes (expres-
sion quantitative trait loci; eQTLs) because higher or lower expression levels may
affect the age at which the expression of a gene dips below a functional threshold
(110 SNPs associated with differential expression in kidney aging related genes).
The last step was to determine whether any of the 110 SNPs was associated with
different levels of renal function independent of age in the Baltimore Longitudinal
Study of Aging or the InCHIANTI cohort. Two linked SNPs (rs1711437 and
rs1784418) located within the matrix metalloproteinase 20 gene (MMP20) were
found to associate with loss of GFR independent of age at a significant level follow-
ing correction for multiple hypothesis testing. For an individual who carries the A
allele at rs1711437, his or her creatinine clearance is approximately that of someone
4-5 years younger who does not carry the A allele. In the BLSA population, the
genotype of rs1711437 explains 2.1 % of the variation in creatinine clearance and in
the InNCHIANTI population, the genotype explains 0.9 % of the variation.

Future work will help find the missing heritability in DNA variants associated
with kidney function, disease and aging. These studies may use full genome
sequence rather than DNA chip analysis, enabling one to analyze rare variants.
Larger cohorts may become available that will increase statistical power. Genetic
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algorithms may become available that are more powerful and able to better predict
renal function. These algorithms may gain effectiveness by capitalizing on the
complex genetic interactions among the SNPs associated with renal aging. These
interactions are termed epistatic interactions, and refer to all of the possible ways in
which two SNPs may be associated with renal aging that are not merely the additive
sum of each individual SNP. For instance, the two SNPs may act redundantly, such
that a protective allele in one SNP is as effective as a protective allele in both SNPs.
Alternatively, the two SNPs may act synergistically, such that protective alleles in
both SNPs are far more effective than would be predicted by adding up the effects
of each allele individually. Future work may lead to ways to use DNA information
to predict current and future renal function. For the purposes of renal transplanta-
tion, this could be key as a criterion to be used to help select which potential donor
kidneys are most likely to retain adequate function following renal transplantation.

5 Conclusion

As we enter the era of precision medicine, individual genetic and biomarker data can
be used to provide information about the physiological age of a person, rather than
simple chronological age. Recent work has begun to unravel some of the mechanisms
underlying kidney aging (Fig. 3). These mechanisms include increasing levels of cell
senescence, chronic inflammation, fibrosis, and transcriptional regulation of the aging
gene network. A better and more complete understanding of the molecular underpin-
nings of aging may one day enable the development of biomarkers that are able to
report true biological age, as opposed to chronological age. These aging biomarkers
could be used to more accurately ascertain which kidneys are most suitable for renal
transplantation. This precision medicine approach of using personalized aging bio-
markers may enable one to expand the pool of available kidneys for transplantation
without diminishing the length of graft survival or the quality of the transplant.
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