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Abstract

Although age-associated changes in kidney glomerular architecture have been described in mice
and man, the mechanisms are unknown. It is unclear if these changes can be prevented or even
reversed by systemic therapies administered at advanced age. Using light microscopy and
transmission electron microscopy, our results showed glomerulosclerosis with injury to
mitochondria in glomerular epithelial cells in mice aged 26 month (equivalent to a 79 year old
human). To test the hypothesis that reducing mitochondrial damage in late age would result in
lowered glomerulosclerosis, we administered the mitochondrial targeted peptide, SS-31 to aged
mice. Baseline (24 month-old) mice were randomized to receive 8 weeks of SS-31, or saline, and
sacrificed at 26 months of age. SS-31 treatment improved age-related mitochondrial morphology
and glomerulosclerosis. Assessment of glomeruli revealed that SS-31 reduced senescence (p16,
senescence-associated-S-Gal) and increased the density of parietal epithelial cells. However,
SS-31 treatment reduced markers of parietal epithelial cell activation (Collagen 1V, pERK1/2 and
a-smooth muscle actin). SS-31 did not impact podocyte density, but reduced markers of podocyte
injury (desmin), and improved cytoskeletal integrity (synaptopodin). This was accompanied by
higher glomerular endothelial cell density (CD31). Thus, despite initiating therapy in late-age
mice, a short course of SS-31 has protective benefits on glomerular mitochondria, accompanied by
temporal changes to the glomerular architecture. This systemic pharmacological intervention in
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old-aged animals limits glomerulosclerosis and senescence, reduces parietal epithelial cell
activation, and improves podocyte and endothelial cell integrity.
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INTRODUCTION

With a diagnosis rate that has more than doubled in the last 20 years, it is estimated that
greater than 25% of Americans over 65 years of age have significant chronic kidney disease
(CKD) (1, 2). Even in individuals lacking CKD, advanced age increases sensitivity to acute
kidney injury while decreasing the ability to repair damaged renal tissue (3-6). These
statistics underscore the urgent need for a better understanding of the impact of aging on
kidney structure and function. Age-related kidney changes are typically progressive and
even predictable, with significant reduction of kidney mass occurring between ages 50-80
(7). These changes are most marked in the renal cortex, where by age 75, 30% of renal
filtration units, nephrons, are lost or severely damaged (8). Histological changes to the aged
nephron include damage to glomeruli, proximal tubules and vasculature (7, 9, 10). The
hallmark changes in the aged glomerulus include reduced density of podocytes (11) and
parietal epithelial cells (PECs) (12), loss of capillaries and glomerulosclerosis (13). These
changes are significant in that they underlie the susceptibility to and magnitude of
glomerular and tubulo-interstitial diseases in the aged population. However, it remains
unclear whether these age-related histological changes can be prevented, and once
established, whether they are partially or fully reversible.

Mitochondrial-derived reactive oxygen species (mtROS) have been proposed to underlie
age-related kidney pathology. An important role for mitochondria is supported by the causal
link between mitochondrial dysfunction and age-related senescence (14, 15). Intentional
mitochondrial damage to human cells induces senescence, and mice with accelerated rates of
mitochondrial DNA damage also exhibit senescent cell accumulation and increased rates of
aging (14).

With age there is a loss of mitochondrial quality associated with disruption of the
stoichiometry of the electron transport chain and elevated mitochondrial oxidative stress
which leads to loss of mitochondrial, and thus cellular, function (16, 17). Structurally, this is
accompanied by increased lipid peroxidation (18), which manifests as a loss of
mitochondrial membrane integrity, such that the folding of the inner membrane to form
cristae is severely compromised (19). Nearly 20% of the lipid content of the inner
mitochondrial membrane is composed of cardiolipin, a unique phospholipid that is required
for cristae formation, and which is particularly vulnerable to peroxidation. Mitochondria in
aged rat hearts have significantly lower cardiolipin content, increased peroxidized
cardiolipin and increased ROS production (20). Thus, protection of cardiolipin may
represent a therapeutic target for minimizing age-related mitochondrial dysfunction.
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Elamipretide (SS-31) is a mitochondria-targeted tetrapeptide that selectively interacts with
cardiolipin on the inner mitochondrial membrane. SS-31 enhances electron transfer through
cytochrome c to improve oxidative phosphorylation coupling, increases ATP synthesis and
reduces ROS production (21, 22). SS-31 inhibits cytochrome ¢ peroxidase activity and
prevents cardiolipin peroxidation(22-24). In young animals with acute renal ischemic injury
(25) or renal damage induced by high fat diet (26), SS-31 intervention protects mitochondria
structure and reduces the extent of tubular and glomerular injury. In the current studies we
set out to determine if we could preserve or restore mitochondrial structure in the kidneys of
mice with advanced age by administering a short course of SS-31, and if SS-31 could
prevent and/or partially reverse changes in glomerular architecture of aged mice.
Accordingly, baseline aged 24m-old mice were given SS-31 or vehicle (saline) for 8 weeks,
and progression of glomerular changes was examined by histological analysis.

SS-31 protects aging mitochondria in podocytes and parietal epithelial cells from
structural degradation

Age-induced glomeruloscleratic lesions are focal throughout the affected kidney.
Transmission electron micrographs (TEM) of glomeruli from 24m old mice (used as the
aged baseline in these studies) showed that mitochondrial damage was evident in cells of the
glomerulus by disruption of inner mitochondrial membranes, loss of cristag, changes in
mitochondrial matrix density, and outer membrane rupture (Figure 1A). To assess the extent
of mitochondrial damage, we used a semi-quantitative method to score both podocytes and
parietal epithelial cells (PECs). The schematic of the semi-quantitative scoring criteria is
shown in Supplemental Figure 1. Both podocytes and parietal epithelial cells (PECs) had
measurable evidence of mitochondrial damage (Figure 1D and E)

To determine if aging-associated damage was reversible or preventable, we administered
SS-31 or saline to the aged baseline mice, starting at 24m of age (~70 y.0. human). Mice
treated with 8w of the vehicle control, saline, had damage to the mitochondria of podocytes
that significantly increased from 24m to 26m of age (~79 y.o. human), whereas PEC damage
remained the same. (Figure 1B, D and E). In contrast, the mitochondria in podocytes and
PECs in aged mice treated with SS-31 had more visibly regular structures of cristae and
intact double outer mitochondrial membranes. (Figure 1C, D and E). Semi-quantitative
measurement of mitochondrial damage in SS-31 treated mice demonstrated that
mitochondria in both podocytes and PECs were improved relative to saline treated animals,
with reduced levels of damage similar to those seen in the younger 24m-old animals.

To determine if these structural measures were indeed preceded by changes to enzymes of
the mitochondria electron transport chain, a subgroup of 24m aged baseline mice were given
SS-31 or saline for 2w. Quantitative real-time PCR showed that gene expression of Ndufa9
and Cox IV, both encoding enzymes required in the mitochondria electron transport chain,
were increased significantly in the renal cortex of 24m-old mice treated with SS-31 for 2w
as compared to saline treated animals (Supplemental Figure 5). Collectively these results
demonstrated that late-age treatment with SS-31 improves mitochondrial health in the
glomeruli of aged mice.
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SS-31 reduced the expression of the oxidation species-generating enzyme, Nox4, in aged
mouse kidneys

Both aging and mitochondrial damage increase reactive oxygen species (ROS) accumulation
(18, 28). NADPH Oxidase 4 (Nox4) is upregulated by ROS generated from mitochondrial
dysfunction, and in turn increased Nox4 also generates ROS, thereby creating a redox
signaling loop (29-31). Nox4 increases with age and its expression correlates with ROS
accumulation in the kidney (32, 33). For these reasons, we used Nox4 expression as a
potential metric for signaling changes in response to SS-31 mitochondrial treatment.

In 24m-old aged baseline mice, Nox4 staining was readily detected in both glomeruli and
tubules of the cortex (Figure 2). Within glomeruli, Nox4 staining localized to PECs,
podocytes and mesangial cells. Two different antibodies were used to confirm Nox4 staining
(Figure 21 & J); immunostaining was not detected upon removing the primary Nox4
antibody, used as a negative control (Figure 2H).

Computerized quantitation of total Nox4 positive area by color threshold (Figure 2B’, C'&
G) showed that Nox4 staining was significantly lower in the outer cortex of mice given 8w
of SS-31 from aged baseline of 24m to 26m (positive Nox4 threshold = 23.8 + 8% of cortex
area in saline treated vs. 12.4 + 1.9% for SS-31 treated mice). This reduction was most
remarkable in the tubules of the outer cortex. SS-31 treatment also significantly reduced
Nox4 expression in PECs in outer cortical glomeruli (Figure 21-K) but podocyte staining
appeared unchanged.

Nox4 is a transmembrane spanning protein localizing to membranes of nuclei (34, 35),
mitochondria (36), and endoplasmic reticulum (37). In the aged 24m-old mice, co-
localization of Nox4 with the mitochondrial protein, NDUFAS9 and the nuclear stain, DAPI,
confirmed Nox4 expression in both cellular compartments in the tubules and PECs of aged
mice (Supplemental Figure 4). Although these results confirm Nox4 staining is increased in
the kidneys of C57bl/6J mice with advanced age, (38, 39) they are the first showing that
Nox4 is expressed in aged PECs, and the first to establish that pro-oxidant enzyme levels in
aged mouse kidneys can be partially lowered by 8w of systemic SS-31 treatment.

Glomerulosclerosis is lower in aged mouse kidneys following SS-31 treatment

To determine whether reduction of mitochondrial damage by SS-31 altered renal aging, we
began by quantifying glomerulosclerosis (28). In 24m-old mice, mild glomerulosclerosis
was detected (Figure 3). As expected, when 24m-old mice were given saline for 8w and
sacrificed at 26m of age, the extent of glomerulosclerosis was progressively higher (mean
score 24m = 0.73+0.19 vs. 26m = 0.86+0.11)(Figure 3B). In contrast, an 8w course of SS-31
treatment was accompanied by significantly lower glomerulosclerosis compared to age-
matched mice given saline (0.66+0.09 vs. 0.86+0.11 p-value = 0.004 vs. saline at age 26m)
(Figure 3B). Because we recently reported that the extent of glomerular scarring in aged
kidneys differs between the outer cortex (OC) and juxta-medulla (JM) regions of the kidney
(12), we next quantitated glomerulosclerosis in both kidney compartments independently.
Consistent with our prior observations, glomerulosclerosis scores were significantly higher
in JM than OC glomeruli in all groups (Figure 3C&D).
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Analyzing the OC and JM regions separately further showed that the reduction in
glomerulosclerosis in the OC glomeruli primarily accounted for the differences in the total
mean injury score following SS-31 (Figure 3B-D). Assessing these differences by score
category revealed that the differences in mean score of OC glomeruli were primarily driven
by a shift towards category 0 (uninjured) with less category 1 and 2 (injured) glomeruli in
the SS-31 treated animals (Figure 3C). The OC glomeruli in saline treated animals were
often collapsed, with fewer visible capillary loops and expanded PAS mesangial staining. In
contrast, more of the OC glomeruli from SS-31 treated animals had preserved glomerular
architecture by PAS. Although the SS-31 treated animals had healthier glomeruli overall in
the JM as compared to the vehicle control, both 26m-old groups exhibited more damaged
glomeruli in the JM region when compared to the younger 24m-old animals (Figure 3D),
demonstrating that SS-31 was not able to completely prevent injury in this compartment.

Urine albumin to creatinine ratio was used to measure kidney function and ranged from
0.04-1.23. However, no significant differences were found between groups (Supplemental
Figure 6). Nevertheless, glomerulosclerosis was clearly progressive in the saline treated
group, but not in the SS-31 treated group, which indicates that SS-31 limited the progression
of age-related glomerulosclerosis in mice with advanced age. These data provided a
rationale to further examine which glomerular cell types were responding to SS-31
treatment.

PEC number is higher in aged mice following SS-31 treatment

PEC density is reduced in aged mouse kidneys (12). Therefore, we quantified PEC number
to determine whether SS-31 inhibition of mitochondrial damage (Figure 2) and reduction of
Nox4 expression (Figure 3) preserved PEC density. PAX8 staining was used to identify
PECs (Figure 4). Compared to 24m-old baseline aged mice, 26m-old mice that received 8w
of saline had no change in PEC number. However, after receiving 8w of SS-31, 26m old
mice had significantly higher PEC number in JM glomeruli compared to 24m old mice
(SS-31 = 6.54 vs. 24m baseline = 5.00, p-value = 0.02)(Figure 4B).

Because of age-related changes in glomerular size, Bowman’s capsule length was used to
normalize PEC density, defined as the number of PECs per length of Bowman’s capsule
(Figure 4D). PEC density did not change from 24m to 26m with 8w of saline treatment (OC
Saline = 1.97 vs. OC 24m baseline = 1.97; JM saline = 2.19 vs. JM 24m baseline = 1.98).
However, PEC density was significantly higher in SS-31 treated mice in glomeruli of both
OC (OC SS-31 = 2.44 +0.34, p-value = 0.02 vs. baseline and saline) and JM (JM SS-31 =
2.57 +0.37, p-value = 0.002 vs. baseline and 0.04 vs. saline)(Figure 4D). These results show
that 8w of SS-31 treatment given to 24m-old mice leads to a higher PEC density at 26m of
age in glomeruli in both OC and JM compartments.

Senescence is reduced in PECs and glomerular tuft cells in aged mice given SS-31

p16 Staining—Cellular senescence increases with mitochondrial damage (14, 40). Thus,
we asked if senescence was increased in this cohort of aged mice, and if so, whether

senescence was partially/fully reduced in aged SS-31 treated animals. Young animals were
included in these analyses as a negative control for age-related senescent markers. Staining
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for p16 revealed glomerular expression in both PECs and cells within the tuft (Figure 5A—
H). In aged baseline 24m-old animals, the percentage of p16 positive PECs on Bowman’s
capsule was increased in both outer cortex and juxta-medulla glomeruli relative to young
control animals (24m = 22.7%, 3m average = 5.3%; p-value < 0.05, Figure 51 and J). The
percentage of PECs staining for p16 further increased in 26m-old saline treated animals. In
contrast, in 26m-old SS-31 treated animals, p16 staining did not significantly differ from
24m-old aged baseline mice (26m SS-31 average = 29.6%, vs, 26m saline = 55%; p-value <
0.003 Figure 51 and J).

In the glomerular tufts of both the outer cortex and juxta-medulla, the percentage of p16
positive cells increased from young to old, but was not significantly different at 24m-old
aged baseline (3m average = 7.46% vs. 24m = 16.9%, Figure 5K and L). However, by 26m
of age, this difference reached significance in the saline treated animals. Staining for p16 in
the glomerular tuft was significantly reduced by SS-31 treatment only in the outer cortex
(26m saline = 34.97% vs. 26m SS-31 = 22.48%, p-value = 0.009, Figure 5K).

SA-B-gal Staining—To validate senescence with a second method, we examined the
senescent cell marker known as senescence-associated-p-galactosidase (SA-B-gal) in a
second group of older female mice. These animals were treated from an aged baseline of
26m-old for 8w of either saline or SS-31 treatment and sacrificed at 28m. As a young
negative control, sex-matched 5m-old mice were included in these analyses (Figure 5M-Q).
At 5m of age, SA-B-gal was nearly undetectable, whereas at 28m all sections had visible
staining (Figure 5N-P). In animals treated with SS-31 the reduction of SA-B-gal staining
was significant (28m saline = 18.15% vs. 28m SS-31 = 9.67%, p = 0.017) (Figure 5Q).
Quantitative real-time PCR of renal cortex demonstrated that p16 mRNA was also increased
in this older group of mice from 5m to 28m of age, and although not significant, there was a
downward trend in p16 mRNA expression with 8w of SS-31 (Supplemental Figure 5).

Thus, two methods in two different cohorts showed that SS-31 treatment reduces the aging
accumulation of senescent renal cells and that PECs are particularly susceptible to
senescence, a phenomenon that was previously unconfirmed.

PEC activation and transformation markers, a-SMA, Collagen IV and pERK are reduced by
SS-31 treatment

a-SMA—We next assessed the impact of SS-31 on age-related PEC phenotypic changes.
Alpha-smooth muscle actin (a-SMA) expression was used as marker of epithelial to
mesenchymal transition. Similar to our recent report (12), a-SMA staining of PECs from
saline treated 26m-old mice was increased relative to 24m aged baseline (Figure 6). In 26m
aged mice given SS-31, despite having a higher PEC density, a-SMA staining was reduced
in PECs in both the outer cortex (OC) and juxta-medullary (JM) glomeruli (Figure 6A-D).

Collagen IV—In aged mice, collagen 1V accumulation is increased along Bowman’s
capsule (12). In saline treated 26m animals, 45% of glomeruli in the outer cortex and 77% in
the JM had expansion of collagen IV matrix (Figure 6E, G, M). In contrast, in age-matched
animals treated with 8w of SS-31, 32% of glomeruli in the OC and 56% in the JM had
expanded collagen IV staining along Bowman’s capsule. (Figure 6F, H, M). These results,
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along with the a-SMA data, show that extracellular matrix accumulation in aged kidneys
derived from PECs from 24m to 26m of age, was prevented by SS-31.

pPERK—We next asked if changes in Collagen IV expression was accompanied by changes
in CD44 and phosphorylated ERK, as both have been implicated in increased matrix
accumulation in PECs (12, 41, 42). As previously reported (12), CD44 stained PECs were
readily detected in aged baseline 24m-old mice in OC and JM glomeruli but the percentage
of CD44 stained PECs in either glomerular compartment was not different between 26m-old
mice with either saline or SS-31 for 8w (data not shown). Phosphorylated-ERK (pERK), the
active form of ERK, is not detected in PECs in young mice, but is increased in PECs in old
mice (12). SS-31 treatment resulted in a significantly lower number of PECs staining for
pERK in OC glomeruli (SS-31 = 27.60% vs. Saline = 46.75%, P = 0.0035 vs. saline) and in
JM glomeruli (SS-31 = 30.4% vs. Saline = 53.00%, P = 0.0018 vs. saline) (Figure 61-L &
N). These results show a differential effect of SS-31 on pERK and CD44 in aged PECs.
SS-31 treatment in aged mouse Kidneys is associated with higher PEC density but a lower
PEC activation.

SS-31 treatment did not restore podocyte number

We have shown that the age-related decline in podocyte number is significant in middle-aged
mice by 12m of age in mice (43). To determine if SS-31 had an effect on podocyte number,
cells were identified by nuclear p57 staining. Both glomerular tuft volume and glomerular
tuft area were measured to calculate podocyte density (Figure 7). In OC glomeruli, absolute
podocyte number was not different between groups (Figure 7B). In the SS-31 treated mice
however, glomerular tuft volume was higher, resulting in an overall lower podocyte density
in OC glomeruli (Figure 7E). In JM glomeruli, podocyte density was not statistically
different between 24m-old mice, and 26m-old mice given saline or SS-31 (Figure 7E).

The diameter of podocyte nuclei was measured to assess hypertrophy as described by
Wiggins (44). In OC glomeruli, podocyte diameter increased significantly from 24m to 26m
of age in saline treated mice (Figure 7D). Although OC podocyte diameter was lower in
SS-31 treated aged mice, this did not achieve statistical significance by ANOVA. Of note, a
student’s t-test showed that average podocyte diameter in SS-31 treated kidneys was
significantly smaller than that of Saline treated animals (p = 0.0089). Thus, the impact of
reducing mitochondrial damage over an 8w period in mice with advanced age was
accompanied by partial inhibition of podocyte hypertrophy, but had little effect on podocyte
number.

Podocyte integrity is preserved in aged mice given SS-31

The actin-binding protein, synaptopodin, is abundant in healthy podocytes, thereby serving
as a marker of cytoskeletal integrity and overall podocyte health (45). To determine whether
the slight differences in podocyte nuclear size (Figure 7D) were indicative of podocyte
health, all groups were stained for synaptopodin. In both the OC and JM, synaptopodin
staining intensity was higher in SS-31 treated animals. Furthermore, synaptopodin staining
was more evenly organized across the tuft in SS-31 treated mice (Figure 8A—F). These
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results are consistent with improved podocyte cytoskeletal integrity in aged mice given
SS-31.

Desmin, an intermediate filament protein, is a marker of podocyte injury (46) and increases
in podocytes in humans and rodents with advancing age (47, 48). Compared to 24m-old
baseline mice, desmin staining was higher in animals aged to 26m with 8w of saline
treatment in both OC glomeruli (Baseline = 8.76% vs. Saline = 24.41%, p-value < 0.0001),
and in JM glomeruli (Baseline = 16.34% vs. Saline = 28.8%, p-value < 0.0001) (Figure 8M).
In OC glomeruli, while desmin staining was higher in both 26m-old treatment groups
compared to 24m-old baseline animals (SS-31 = 14.87% area vs. Baseline = 8.76% area, p-
value = 0.040), staining was significantly lower in SS-31 treated mice compared to age-
matched saline treated animals (p-value = 0.002). Furthermore, in the JM glomeruli SS-31
treatment fully prevented the age-related increase in desmin staining (Baseline = 16.34%,
SS-31 = 17.81%).

Transmission electron microscopy showed that saline treated 26m-old mice exhibited
podocyte effacement (Supplemental Figure 3). In SS-31 treated mice, podocyte effacement
was less marked. These results are consistent with progressive age-associated podocyte
injury in the glomeruli in saline treated animals. However, SS-31 lowered podocyte injury as
measured by synaptopodin and desmin, which was also evident on TEM.

Glomerular capillaries in aged mice are protected by SS-31 treatment

Previous studies of renal ischemia and acute injury models with SS-31 treatment have shown
protection of endothelial cells in young adult mice (25). As noted earlier, PAS staining of
aged animals showed higher numbers of cortical glomeruli with preserved capillary loop
structure following SS-31 treatment (Figure 3). Therefore, to measure capillary integrity we
identified capillaries via immunofluorescence of a well-defined endothelial cell surface
marker CD-31 (aka, PECAM). Localization of CD-31 staining to the glomerular tuft was
confirmed with co-immunostaining for the podocyte marker, synaptopodin. 24m-old aged
baseline animals had a higher percentage of CD-31 staining in the tuft compared to 26m-old
saline treated animals (Figure 9A and 9B). This indicated that between 24-26 months of age,
vascular rarefaction occurred. In 26m-old SS-31 treated animals however, CD-31 staining
comprised a larger percentage of the OC glomerular tuft area than saline treated animals.
(Baseline = 16.55% +/— 2.49 control =11.95% +/- 0.56% vs. SS-31 = 15.53% +/- 0.45%, p-
value = 0.002), indicating endothelial protection with SS-31 peptide treatment (Figure 9A &
B).

DISCUSSION

Although characteristic glomerular changes have been described in the kidneys of humans
and rodents with advanced age, three major questions have remained unanswered: what
mechanisms underlie age-related glomerular changes?; can established age-related
glomerular changes be attenuated or prevented?; and can degenerative changes at advanced
age be partially or fully reversed? In the current study of mice with advanced age (24-28m),
equivalent to humans aged 70-90 years, the mitochondrial targeted peptide SS-31 preserved
mitochondrial integrity in glomerular epithelial cells, lowered glomerular expression of the
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ROS generating enzyme Nox4, reduced cellular senescence, increased PEC density while
lowering PEC activation, reduced podocyte injury and increased glomerular endothelial
capillary integrity. Collectively, these changes across different glomerular cell types were
accompanied by a significant reduction in glomerulosclerosis.

Previous studies have shown that in aged mice, SS-31 rapidly restores mitochondrial ATP
energetics in skeletal muscle to a more youthful state (49). SS-31 improves outcomes in
animal models of age-associated diseases including Parkinson’s disease (50), brain ischemia
and Alzheimer’s disease (51, 52). Preservation of cardiolipin by SS-31 protects
mitochondria from ischemia-reperfusion injury in a variety of tissue and disease contexts
including myocardial and renal ischemia (25, 53-56). Based on the improved mitochondrial
structure and function with SS-31 in other tissues, we began by assessing mitochondrial
structure in the aged glomerulus using TEM. In 24m-old aged baseline mice in and in 26m-
old mice given saline for 8w, a range of mitochondrial changes were detected in podocytes
and PECs including loss of cristae, hypertrophy, and membrane rupture. The first major
finding of this study was that administering SS-31 to mice of advanced age is accompanied
temporally by more densely packed mitochondrial cristae, and more intact outer membranes.
These findings are consistent with a decrease in age-associated mitochondrial changes in
glomerular epithelial cells, and is therefore the first report to show changes in aged kidneys
following treatment with SS-31. In humans, the accumulation rate of age-induced damage is
greatest between the ages of 69-80, and potentiates most in highly metabolically active
tissues such as the brain, heart and kidney (57). In the kidney, a hallmark of advanced aging
damage is glomerulosclerosis (6, 9). Congruent with the human timeline, mice given only
saline in the current study had increasing levels of glomerulosclerosis over an 8w period of
aging from 24m to 26m. That SS-31 treatment lowered this progression of
glomerulosclerosis is a critical finding for two reasons: First, it demonstrates that
mitochondria are likely a major contributor to age-accumulated glomerulosclerosis. Second,
it shows that even at very advanced age when significant pathological damage has accrued,
cellular responses in the glomerulus remain “plastic” enough to allow for interventional
protection and improvement.

Because glomerulosclerosis is a pathological change that stems from simultaneous
dysfunction in multiple glomerular cell types, and because SS-31 improved the mitochondria
of both podocytes and PECs, we parsed out the aging cellular phenotypes within the
glomerulus. Several aging studies have focused on a decrease in podocyte density and have
shown changes in glomerular volume with age (48, 58). In the current study, glomerular
volume and glomerular tuft area were higher in outer cortical glomeruli in mice given SS-31
compared to baseline. However, absolute podocyte numbers were not different at baseline
(24m), and in 26m-old mice given saline or SS-31. Therefore, podocyte density was lower in
the SS-31 group, because the denominator was larger. We were somewhat surprised that
glomerulosclerosis was reduced without an improvement in podocyte density. Several
parameters however, demonstrated that SS-31 preserved podocyte integrity. Podocyte
nuclear diameter, measured to assess podocyte size (48), was partially preserved by SS-31.
Desmin, a marker of podocyte injury that increases with age (46, 47) was reduced in SS-31
treated mice. This was accompanied by preservation of the expression for the actin-binding
podocyte protein synaptopodin. Moreover, the TEM results showed less podocyte

Kidney Int. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweetwyne et al.

Page 10

effacement in aged mice given SS-31 compared to vehicle treated mice. On the whole, the
second major finding was that SS-31 treatment did not replace podocytes already depleted at
the advanced age of 24m, but rather protected the remaining podocytes from further age-
related injury.

The third major finding was that PECs were even more susceptible to SS-31 than podocytes
in aged kidneys. We have recently reported that with advancing age PEC density along the
Bowman’s capsule decreases, while the remaining PECs show hallmarks of pro-fibrotic
activation (12). In the current studies, SS-31 increased PEC density in 26m-old mice to
levels significantly above that measured in baseline 24m-old mice. Although we did not
inject mice with BrdU, these findings are likely consistent with increased PEC proliferation
in SS-31 treated mice. Despite increased density, PEC pro-fibrotic activation measured by
PERK, a-SMA and CollV deposition were markedly reduced by SS-31.

The fourth major finding was that this study established Nox4 expression in aging PECs and
that this expression is reduced concurrent with improved mitochondrial structure. In the
kidney, NAPDH Oxidases (Nox), and in particular Nox4, are critical for the formation of
ROS, which are largely generated by mitochondria. Nox4 is a transmembrane protein that
localizes to intracellular membranes, including those of the mitochondria, and constitutively
generates superoxide and hydrogen peroxide (36, 59). In diabetic rodent models, increased
expression of Nox4 in podocytes and the mesangium has been reported (33, 36) and while
PECs staining for Nox4 are detectable in some publications (60, 61), they were not
specifically discussed. Nox4 has not yet been extensively studied in the context of kidney
aging. Separate work by Hou et al. has shown that Nox4 expression is attenuated in diabetic
kidneys treated with SS-31, a finding congruent with our results of SS-31 in aged mice (62).

The fifth major finding was that PECs undergo senescence with age. Recent studies have
focused on the role of cellular senescence as a mechanism of renal aging. In the kidney,
ablation of p16'NK4a positive senescent cells at 12m of age reduced glomerular damage in
mice analyzed at 18m (63). In our current study we asked whether the glomerular protection
conferred by SS-31 treatment was accompanied by changes in senescent cell accumulation.
Although p16 and SA-Bgal were both detected at significantly higher levels in aged (24—
28m) animals as compared to young (3-5m), SS-31 treatment at late age substantially
reduced the expression of both senescent markers in aged animals. Notably, this systemic
treatment affected both compartments of the renal cortex and in particular, resulted in
reduced p16 expression in PECs. Together these results point to mitochondrial dysfunction
as the fulcrum for PEC senescence, an aspect of glomerular biology that warrants further
exploration.

We acknowledge some limitations in these studies. First, SS-31 was only administered over
an 8w period at late age, when many changes are established. While this has high
translational relevance to the aged human population, future studies might be aimed at
determining if an earlier course of SS-31 can more completely prevent many kidney age-
related changes. Second, mitochondrial changes were measured by semi-quantitiative
analysis. However, additional work geared towards quantitative and functional mitochondrial
analysis is required to definitively prove that in aged animals SS-31 confers renal protection
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directly via altered mitochondrial energentics. We suspect that the decrease of Nox4 in
tissues treated with SS-31 is an indirect consequence stemming from interruption of redox
signaling via reduced mitochondrial ROS, but no other mechanisms of mitochondrial
energetics or redox state were studied to directly explain the glomerular changes. That said,
the significant decrease in pERK staining in PECs is a candidate pathway to better explain
some of the PEC results. In renal fibroblasts, a renal proximal tubule cell line (LLC-PK1)
and cardiomyocytes of the heart, Nox4 stimulates autophagy in part by upregulating pERK
signaling. This action of Nox4 has been proven by several methods including siRNA (64)
(65) and shRNA (37) to inhibit Nox4 expression. We speculate that the partial reduction of
Nox4 expression in SS-31 treated PECs is linked to the reduction of pERK expression in
these cells.

A third limitation is that the albumin to creatinine ratio was not altered by SS-31. This is
likely attributed to the use of C57BL/6J mice (the strain of aged animals provided by the
National Institute of Aging) because neither C57BL/6 nor BALB/cBY mouse strains
typically exhibit proteinuria with age. Therefore, while we suspect that the extensive
histological differences observed in aged mice with SS-31treatment will result in significant
functional differences, such studies will require the aging of a different mouse strain.
Finally, these studies do not address the potential unintended consequences that come with
altering the progression of aging via a systemic treatment. For example, it is known that
senescence is one mechanism by which the body attenuates tumorgenic and fibrogenic
cellular responses (66). Reducing senescence then, may be accompanied by an increase in
tumor formation that is not detected within our timeline.

Beyond the application of SS-31, our current work provides important insight into
mitochondrial dysfunction and kidney aging. In our study, even a relatively short course of
treatment in extensively aged animals was able to protect multiple cell types of the
glomerulus. While this demonstrates the efficacy of SS-31, it also proves that renal aging is
informed by mitochondrial function and can be attenuated late in life. Although diabetes and
hypertension carry known risks for accelerated renal aging, even in elderly adults with no
outward clinical sign of renal dysfunction the risk of sustaining debilitating kidney damage
from acute kidney injury increases significantly with age (4, 5). Thus, the findings in this
current work have potential implications not only for the attenuation and reversal of
glomerular disease, but also of the health span of elderly patients.

METHODS

Animals

Mice were obtained from the National Institute of Aging colony at Charles River. All mice
were housed at 20°C in an AAALAC accredited facility and the University of Washington
Institutional Animal Care and Use Committee (IACUC) approved all animal experiments.
24-month-old mice (n = 6) were sacrificed without any intervention to establish an untreated
aged baseline in older animals. SS-31 peptide (3 mg/kg/day, n = 7 for 26w male and 28w
female sacrifice) or saline (vehicle control n= 6 for 26w male and n= 7 for 28w female
sacrifice) were continuously administered for 2-8 weeks using 2 consecutive 4-week
subcutaneous osmotic minipumps (Alzet 1004). At the 8-week endpoint, mice were
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euthanized by cervical dislocation by approved personnel, and tissues were collected. The
levels of SS-31 in serum were measured by mass spectroscopy and mice with SS-31
containing minipumps had serum SS-31 levels of 0.99 + 0.40 pmol/ul.

Electron Microscopy

Tissue was immersion fixed in half strength Karnovsky’s solution (1% paraformaldehyde,
1.25% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.0), post fixed in 1% osmium
tetroxide, then processed and embedded in Eponate 12 resin using routine protocols. Thin
sections were stained with uranyl acetate and lead citrate and examined with a Jeoul
JEM-1230 electron microscope. All visible mitochondria in parietal epithelial cells and
podocytes (4-8 cells each) from different animals (n = 3 for 24m, n = 4 for SS-31 and Saline
treated mice) were assed for damage semi-quantitatively based on previously published
criteria (27) as follows: Score 1 = no major damage, clear inner and outer membranes with
dense matrix and densely aligned cristae. Score 2 = Cristae membranes are disrupted with
occasional vacuolation, although the matrix largely remains dense. Inner and outer
mitochondrial membranes may have separated somewhat. Score 3 = Mitochondrial matrix is
largely reduced and few cristae remain. Score 4 = Cristae are mostly absent. Matrix is either
absent or very electron dense, outer membrane rupture is seen in some. Score 5 = Triple and
quadruple membrane rings indicative of autophagy and/or mitophagy are present. Relative
size and density of mitochondria number within each cell was not considered.

Immunohistochemistry

Kidneys were processed as previously described (67, 68). Sections were blocked for
endogenous peroxidase (3% hydrogen peroxide) and biotin (Vector Labs, Burlingame, CA).
Non-specific antibody binding was blocked with background buster (Accurate Chemical &
Scientific, Westbury, NY) except slides prepared for p57 staining were blocked in freshly
made 5% nonfat dry milk for 35 minutes. Secondary horseradish peroxidase conjugated
antibodies were detected diaminobenzidine (DAB, Sigma-Aldrich).

Primary Antibodies and Conditions for Immunohistochemistry

Nox4 1:800, antigen retrieval EDTA buffer pH 8, rabbit monoclonal Anti-NADPH oxidase 4
antibody (ab133303, Abcam, Cambridge, MA and Novus Biologicals NB110-58849); p57,
rabbit 1:800 antigen retrieval- EDTA buffer pH 6, (anti-p57 Santa Cruz Biotechnology,
Santa Cruz, CA); PAXS, rabbit polyclonal 1:750, antigen retrieval - EDTA buffer pH 6,
(anti-paired box gene 8, PAX8; 10336-1-AP, Proteintech Group, Rosemont, IL), and CD44,
rat monoclonal 1:50 antigen retrieval - sodium citrate buffer pH 6 (Clone IM7, BD
Biosciences, San Jose, CA). Collagen type 1V, goat biotinylated 1:200 (1340-08 Southern
Biotechnology, Birmingham, AL), pERK, 1:100 rabbit anti-p-p44/42 MAPK (Cell Signaling
Technology, Beverly, MA), Desmin, rabbit polyclonal 1:1000, no antigen retrieval (ab15200,
Abcam, Cambridge, MA).

Immunofluorescence

All immunofluorescence utilized formalin fixed, paraffin embedded sections. Synaptopodin,
pre-diluted mouse monoclonal 1:2, antigen retrieval- sodium citrate buffer pH 6, secondary
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antibody AlexaFluor 488 Donkey anti-Mouse 1:200 (BD Biosciences, San Jose, CA). CD31,
biotinylated rat anti-mouse 1:100, antigen retrieval — sodium citrate buffer pH 6 (PECAM-1/
CD31 550274, BD Pharmingen, San Jose, CA), secondary antibody Alexa594-Streptavidin
conjugated 1:200 (BD Biosciences, San Jose, CA).

Quantitative Real Time PCR

RNA was isolated from renal cortex using the RNeasy®Mini Kit (Qiagen) per
manufacturer’s instructions. RNA was reverse transcribed using the cDNA Archival Kit
(Life Technology), and qRT-PCR analysis was performed using SYBRGreen Master Mix,
gene-specific primers and ViiA 6 System (Life Technology). The data were normalized to
ubiquitin gene (UBC) and levels within each sample and analyzed using the 2ACt method.
Primer sequences found in Supplemental figure 5.

Quantification of glomerulosclerosis

Blinded sections were stained with periodic-acid Schiff and hematoxylin as well as
immunostained for p57. Every glomerulus within one kidney section was ranked on a scale
describing the hallmarks of aging-specific glomerulosclerosis of 0-3 with 0 = no injury, 1 =
mesangial thickening up to one third of the tuft cross-section and limited or partial
Bowman’s capsule thickening; 2 = mesangial thickening greater than 50% of tuft, extensive
loss of capillary loop structure and podocytes and more extensive Bowman’s capsule
thickening; 3 = entirely sclerotic tufts with little or no podocytes or capillaries visible,
mesangium expanded beyond 75% and Bowman’s capsule remnant. The total mean score
was calculated as a weighted average individually for kidney cortex compartments (outer
cortex and juxta-medulla) quantification was performed on p57/PAS-stained sections as
described previously (44). Twenty, 200x fields were obtained for each cortex compartment.
An average of 55 + 9 glomeruli from the outer cortex and 26 + 6 glomeruli from the juxta-
medullary cortex were quantified for each mouse. The diameter of p57 positive cells
(podocytes) within each tuft and the area of each tuft was measured by ImageJ (National
Institutes of Health) and true diameter calculated using the Venkatareddy-Wiggins method
(44).

Quantification of Parietal epithelial cells (PECs)

Twenty, 200x fields, were obtained for each cortical compartment. PECs were identified as
cells internally lining the Bowman's capsule and showing strong nuclear staining for Pax8.
Capsule length was measured on calibrated images using Image J (National Institute of
Health) and excluded tubule cells and vascular poles.

Quantification of Bowman’s capsule expansion

Collagen type IV staining on twenty, 200x fields per cortical compartment was analyzed.
Glomeruli were classified in a binary manner with 0 being no capsule thickening and 1
being any visible thickening along the inner surface of the capsule.

Kidney Int. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweetwyne et al.

Page 14

Quantification of Phospho-ERK and p16 positive PECs

Twenty, 200x fields per cortical compartment per kidney, by counting the number of cells
along the Bowman’s capsule staining darkly. Cells with a brush boarder along the capsule
and those within the vascular pole were excluded from all quantification. Negative PECs
were those that localized similarly along the Bowman’s capsule but were only stained blue
with hematoxylin.

Quantification of Nox4 staining was performed on four low powered (100x) images per
kidney. ImageJ (version 1.48, National Institutes of Health) positive binary staining
threshold was determined by eye for three sections and then the average threshold applied to
all other images automatically to determine the percent of positive area. Image areas lacking
tissue were excluded.

Quantification of Desmin

Positive binary staining was determined for five 100x images per cortical compartment per
kidney via ImageJ (version 1.48, NIH). Image areas lacking tissue were excluded.

Quantification of CD31 staining

Twenty 200x images per cortical compartment per kidney were quantified with positive
binary staining threshold was determined by eye for three sections and then the average
threshold applied to all other images automatically to determine the percent of positive area.
Image areas lacking tissue were excluded.

Quantification of Senescence-associated-p-galactosidase

Fresh snap-frozen kidneys were cut into thick 8uM sections and stained with SA-p-gal per
kit instructions (Cell Signaling Kit #9860) and counter stained with nuclear fast red. Five
low power (40x) images per kidney were quantified using ImageJ (version 1.48, National
Institutes of Health). Positive binary staining threshold was determined by eye for three
sections and then the average threshold applied to all other images automatically to
determine the percent of positive area. Image areas lacking tissue were excluded.

Statistical analysis

Statistical analysis used GraphPad Prism 6.0 (La Jolla, CA). Two-way ANOVA was applied
to all analysis with three or more comparison groups. Comparisons between only two
treatments were performed with two-tailed unpaired Student's #test to compare means of
groups, and P-value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SS-31 protects mitochondria in aged glomerular epithelial cells
(A) Representative transmission electron microscopy (TEM) in 24m-old aged baseline mice.

24m-old mouse used as aged baseline before SS-31 administration. Image of glomerulus
showing podocyte and parietal epithelial cell (PEC) with mitochondrial damage. The
Bowman’s capsule is thickened. Here the capillary glomerular basement membrane (GBM)
is normal and podocyte foot processes (FP) are evenly spaced along the GBM to form the
filtration slits. (A’) An inset from the PEC in (A) viewed at higher power shows loss of
cristae and mitochondrial vacuoles, features of mitochondrial damage.
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(B) Saline vehicle treated 26m-old mice. TEM from glomerulus of 26m-old mouse treated
with saline vehicle for 8w. A podocyte and PEC exhibit considerable accumulation of
cellular damage when compared to the 24m-old baseline animal. Podocyte foot processes
(FP, black arrows) are effaced and glomerular basement membrane (GBM) is thickened and
irregular. (B”) An inset from the PEC in (B) viewed at higher power shows mitochondrial
damage characterized by extensive loss of cristae and compromised outer mitochondrial
membranes.

(C) SS-31 treated 26m-old mice. TEM from the glomerulus of a mouse treated for 8w with
SS-31 shows protection of mitochondria in the podocytes and PECs as compared to saline
vehicle treated animals. (C’) Inset in (C) shows intact outer membrane and inner membrane
cristae of PEC (asterisk show examples).

(D) Average semi-quantitative mitochondrial damage score from multiple podocytes (24m =
20; 26m Saline = 12; 26m SS-31 = 14) showing that mitochondrial damage increases
significantly from 24-26m of age, which is prevented by treatment with SS-31.

(E) Average semi-quantitative mitochondrial damage score from multiple PECs (24m = 16;
26m Saline = 3; 26m SS-31 = 6) shows that treatment with SS-31 significantly reduces
mitochondrial damage score relative to age-matched saline treated group. Graphs show
mean per cell, from 3—4 animals per group, with error bars as SD.
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Figure 2. Expression of the reactive oxygen species-generating enzyme, Nox4, is reduced in
kidneys of mice with advanced age treated with SS-31

(A-G) The increase in Nox4 expression in aged kidneys is reduced by SS-31. Nox4 staining
is detected in the nucleus and cytoplasm of glomeruli and tubules throughout the kidney but
is most readily detectable in the outer cortex. (A—F) Representative immunohistochemistry
images of Nox4 staining with a primary antibody (from Abcam, brown) counterstained with
hematoxylin (blue, nuclear) in the outer cortex and juxta-medulla in 24m-old aged baseline
mice (A, D), 26m-old mice given 8 weeks of saline (B, E), and SS-31-treated 26m-old
mouse, which shows reduced cytoplasmic stain relative to other groups. (C, F). Scale bar =
25 um. (B’, C) Insets from B and C. Examples of images used to quantify relative levels of
cytoplasmic Nox4 expression in the outer cortex by measuring areas of dark brown staining
containing color threshold (solid dark red) selection using imageJ software. (G)
Quantification of Nox4 staining in the outer cortex shows a significant decrease with SS-31
treatment. 26m-old mice given 8w of SS-31 had less cortical Nox4 staining when compared
to aged-matched saline treated mice and baseline 24m-old mice. Error bars show the mean +
standard deviation. (H) Negative controf Omitting the primary Nox4 antibody in 26m-old
Saline treated animals showed no dark brown staining.

(1-K) Nox4 expression is reduced in parietal epithelial cells of aged mice treated with
SS-31. A second primary antibody (Novus) to Nox4 confirmed the staining pattern in D-1 in
that Nox4 positive cells (brown) are seen in all treatment groups, including parietal epithelial
cells (PECs), podocytes and mesangial cells, based on location within the tuft. (I, J) PECs
positive for Nox4 are seen in all mice (brown stain, thin arrows) but this expression is
reduced in SS-31 treated animals (blue stain, wide arrow heads). Scale bar = 10um.

(K) Quantification of Nox4 positive cells shows that SS-31 significantly reduces Nox4
staining of PECs in 26m-old mice in the outer cortex. These results show that Nox4
expression is reduced both in the cytoplasm and nucleus by SS-31 treatment.
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Figure 3. Glomerulosclerosis in aged kidneys is attenuated with SS-31 treatment
(A) Representative images of periodic acid—Schiff stained (PAS) kidney sections, counter

stained with hematoxylin to identify nuclei (blue) used for quantitation shown in graphs in
B-D. p57 co-staining (brown, nuclear) was used to identify podocytes. Examples of
glomeruli are shown for each scoring category to demonstrate the criteria used to quantitate
glomerular injury, ranging from 0 (no injury) to 3 (globally sclerotic glomeruli). Glomeruli
were further segregated based on location in either the outer cortex or the juxta-medullary
cortex.

(B) Graph showing mean glomerular injury score, determined by individual scoring of every
glomerulus within one longitudinal mid-kidney section. 26m-old saline treated mice have a
higher injury score than 24m-old mice (aged baseline), but the difference did not reach
statistical significance. 26m-old mice treated with SS-31 had an injury score similar to 24m
old aged baseline mice, which was also significantly lower than age-matched saline treated
mice

(C) In outer cortex, the percentage of glomeruli that were uninjured (score 0) was lowest in
26m-old saline treated mice, indicating more injured glomeruli than in either age matched
SS-31 treated animals or baseline 24m-old animals. SS-31 treatment increased the number
of uninjured outer cortical glomeruli compared to saline treatment. The percentage of
glomeruli with stage 1 injury was higher in saline treated 26m-old mice than aged baseline
24m-old animals. SS-31 in age matched 26m-old mice again reduced the percentage of stage
1 injured glomeruli in the outer cortex. There were no differences in the groups for stage 2
and 3 injured glomeruli.
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(D) In the juxta-medulla, there were no significant differences in glomerular injury scores
between groups; the majority of glomeruli had an injury score of 1 in all groups of mice
demonstrating that mild injury was more prevalent in all mice within the juxta-medullary
cortex than in the outer cortex.

These results show that using PAS scoring, SS-31 significantly reduced glomerular injury in
aged mice in the outer cortex, but not in the juxta-medulla.
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Figure 4. Parietal epithelial cell (PEC) density in aged kidneys is increased by SS-31
(A) Pax8 and hematoxylin staining to identify PECs. Representative images for Pax8

immunohistochemistry used to identify PECs (darkest brown nuclear staining along
Bowman’s capsule, red arrows show examples) in glomeruli from the outer cortex and juxta-
medulla in 26m-old mice given either 8w of saline or SS-31. Hematoxylin identifies all
nuclei.

(B) Average number of Pax8 stained cells along Bowman’s capsule per glomerulus. The
average total number of PECs was not statistically different in outer cortical glomeruli
between 24m-old baseline (triangles), 26m-old saline vehicle treated (open circles) and 26m-
old SS-31 treated (closed circles) mice. PEC number in juxta-medullary glomeruli was
higher in SS-31 treated animals compared to aged baseline mice, and to age matched saline
treated mice.

(C) Average Bowman’s capsule length per glomerulus. In outer cortical glomeruli, the
average capsule length was lower in 26m-old mice as compared to 24m-old aged baseline
mice, regardless of treatment. Average capsule length did not differ in juxta-medullary
glomeruli.

(D) PEC density. PEC density was measured as the average PEC number per 100um of
Bowman’s capsule length. PEC density in outer cortex and juxta-medulla glomeruli did not
differ between 24m aged baseline and 26m saline treated mice. In contrast, in 26m-old mice
given 8w of SS-31, PEC density was significantly higher compared to baseline and saline
treated mice, in both glomerular compartments. These results show that when mice aged
24m are given 8w of SS-31, PEC density is increased.
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Figure 5. Senescent cells are reduced in the kidney with late-age SS-31 treatment
(A-H) Representative images of p16 immunohistochemistry used to identify and quantify

senescent cells as detected by p16 staining (darkest brown nuclear stain) are shown in
glomeruli from the outer cortex (A-D) and juxta-medulla (E-H). (A, E) In 3m-old young
control mice, p16 staining was rarely detected in either compartment. (B, F) In 24m-old
baseline mice, p16 staining is detected in parietal epithelial cells (PEC, examples
represented by arrowheads) on the Bowman’s capsule and in cells of the glomerular tuft. (C,
G) In 26m-old mice given 8w of saline, p16 stained PECs are readily detected along
Bowman’s capsule (arrow heads show examples). Inset in C shows p16 staining in adjacent
PECs. (D, H) SS-31 reduced p16 staining in PECs and in cells of the glomerular tuft in 26m-
old mice. Inset in D shows PECs staining for nuclear hematoxylin, but not for p16.
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(1, J) Quantification of p16 expression in PECs. The percentage of PECs staining positive
for p16 per glomerulus was measured by quantitating the total number of PECs based on
size and location along the Bowman’s capsule that were colored either blue hematoxylin
(negative p16) or brown (p16 positive). (1) In the outer cortex, the percentage of PECs
staining positive for p16 per glomerulus increased by 24m of age compared to 3m-old young
mice. The percentage of positive cells was higher in 26m-old saline treated animals. In
contrast, the percentage of PECs staining for p16 was significantly lower in SS-31 treated
animals, which was also comparable to the aged baseline of 24m.

(J) In juxta-medullary glomeruli, the percentage of PECs staining positive for p16 was
significantly increased at 26m in the saline group compared to 24m aged baseline. SS-31
significantly reduced the percentage of PECs staining for p16 at 26m, similar to the level
seen in 24m-old animals. These results show that PECs undergo increased senescence with
advancing age in both outer cortical and juxta-medullary glomeruli, which is reduced by
SS-31. (3, K) Quantification of p16 expression in cells of the glomerular tuft. All nuclei
within the glomerular tuft were scored as either staining p16 positive (brown) or negative
(blue, hematoxylin). (J) 26m-old saline treated animals had the highest percentage of p16
positive tuft cells in the outer cortex; SS-31 significantly lowered p16 staining in outer
cortical glomerular tuft cells. (K) The percentage of juxta-medullary glomerular tuft cells
staining for p16 increased in 26m old saline treated mice. Although there was a trend to a
decrease by SS-31, this did not reach statistical significance. Taken together, these results
show that p16 staining increased in glomerular tuft cells in aged mice, but staining was only
reduced in outer cortical glomeruli.

(K-M) Senescence-associated-p-galactosidase (SA-B-Gal) staining on kidneys of 28m-old
mice with and without SS-31 treatment. Representative low power images of fresh-frozen
renal sections stained for SA-p-Gal (blue) and counterstained with nuclear fast red (pink) at
(M) 5m of age and at 28m of age with either, (N) 8w of saline or, (O) 8w of SS-31 treatment
starting at 26m of age (aged baseline for this group). (P) Representative high power image
of a glomerulus from a saline treated mouse demonstrates that both PECs (narrow arrow
heads) and podocytes (open arrow) exhibit SA-B-Gal senescent staining in 28m-old animals.
(Q) Quantification of SA-B-Gal senescent staining by tissue area. Irrespective of SA-p-Gal
staining intensity, blue areas of staining were measured in 5x images and represented as a
percentage of total tissue (sum of pink - nuclear fast red, and blue staining areas). Error bars
show standard deviation. These results show that senescence based on SA-B-Gal staining
was significantly increased from young adult to 28m-old aged animals given saline, which
was significantly reduced by treatment with SS-31.
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Figure 6. SS-31 lowers expression of a-SMA, collagen IV and pERK in glomerular parietal
epithelial cells in aged mice

(A-D) Alpha-smooth muscle actin (a-SMA)(red) and DAPI (blue) staining. (A) a-SMA
staining is detected in outer cortical glomeruli in the tuft and along Bowman’s capsule in
saline treated mice. Glomeruli are outlined by dotted lines, white asterisks represent staining
in vessels. Scale bar = 50 um. (B) SS-31 treatment lowers a-SMA staining in outer cortical
glomeruli. (C) a-SMA staining is detected in the tuft and Bowman’s capsule in juxa-
medulla glomeruli in aged mice given saline. (D) a-SMA staining is lower in juxta-
medullary glomeruli in SS-31 treated mice.

(E-H) Collagen 1V (brown, cytoplasmic) and hematoxylin (blue, nuclear) staining. (E)
Collagen IV (Col 1V) staining is abundant along Bowman’s capsule in outer cortical
glomeruli in saline-treated aged mice. Bracket with asterisk shows most expanded capsule
region in each panel. (F) SS-31 treatment lowers collagen IV staining along Bowman’s
capsule in outer cortical glomeruli. (G) In juxta-medullary glomeruli of saline treated mice,
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collagen 1V staining is abundant along Bowman’s capsule, which is lower in mice given
SS-31 (brackets with asterisks) (H). See M for Collagen quantitation.

(1-L) Phospho-ERK 1/2 protein (pERK)(brown nuclei) and hematoxylin (blue nuclei)
staining. (1) pERK staining is detected in a PEC distribution (along Bowman’s capsule) in
outer cortical glomeruli of saline treated aged mice. Black arrows show brown pERK
positive nuclei, red arrows show blue nuclei and are pERK negative. (J) SS-31 lowers PEC
PERK staining in outer cortical glomeruli. (K) pERK staining is detected in PECs in juxta-
medullary glomeruli in aged mice given saline. (L) pERK staining in juxta-medullary
glomeruli was lowered in aged mice given SS-31.

(M) Quantitating Collagen 1V staining in PECs. In all glomeruli, 8w of SS-31 treatment
lowered collagen 1V staining in PECs of mice with advanced age.

(N) Quantitating pERK staining in PECs. The percentage of PECs staining for pERK was
lower in SS-31 treated aged mice in both regions of the cortex. Error bars represent the mean
+ standard deviation.

These results indicate that glomeruli in aged animals treated with SS-31 show reduced
markers for PEC pro-fibrotic activation.
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Figure 7. Podocyte number is not altered by SS-31 in aged mice
(A) PAS/p57 staining. Representative images of periodic acid-Schiff stained (PAS) kidney

sections from SS-31 and saline treated 26m-old mice counter stained with hematoxylin for
nuclei (blue), and p57 immunohistochemistry (brown) to identify and quantitate podocytes

in glomeruli in the outer cortex and juxta-medulla.

(B) Quantitation of podocyte number. The average podocyte number per tuft, identified by
p57 stained cells, did not differ between groups in the glomeruli of the outer cortex. In juxta-
medullary glomeruli, saline treated animals had significantly higher podocyte number per

tuft than either baseline or SS-31 treated animals.

(C) Average tuft volume. In glomeruli of the outer cortex, saline had no impact, whereas
SS-31 treated animals had a larger tuft volume compared to baseline. In juxta-medullary
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glomeruli, tuft volume was larger in both saline and SS-31 treated aged mice compared to
baseline.

(D) Podocyte size. The average podocyte nuclear diameter (um) was used to measure
podocyte size. In both glomerular compartments, 26m-old saline treated mice had
significantly larger podocytes compared to 24m-old baseline mice. In contrast, podocyte size
in aged mice given SS-31 did not increase relative to baseline animals. Error bars represent
the mean + standard deviation. These results show that SS-31 did not alter podocyte density,
but reduced podocyte hypertrophy.

(E) Podocyte density. In outer cortical glomeruli, podocyte density was lower in SS-31
treated mice, coinciding with a higher tuft volume in this group of aged mice (panel C).
There were no differences in podocyte density in juxta-medullary glomeruli between
baseline mice, and aged mice given saline or SS-31.
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Figure 8. Podocyte integrity is preserved by SS-31 treatment
(A-F) Synaptopodin staining. Representative images of immunofluorescence for podocyte

protein, Synaptopodin (green) and counterstained for nuclei with DAPI (blue). (A)
Glomeruli in the outer cortex of 24m-old animals (aged baseline) show even distribution of
podocytes across the tuft.

(B) Synaptopodin expression is absent or irregular in tufts (dotted lines encircle tufts to
visualize faint staining) of 26m-old aged mice treated with saline whereas in (C) SS-31
treated 26m-old animals have staining of synaptopodin across the entire tuft indicating that
podocyte cytoskeleton is preserved by SS-31 treatment. (D-F) Juxta-medulla (JM) staining
of synaptopodin to identify podocytes shows a trend similar to that of the outer cortex. (D)
JM glomeruli from 24m-old mice have distribution of synaptopodin across the entire tuft
indicating even distribution of podocytes.
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(E) 26m-old mice treated for 8w with saline have absent or irregular synaptopodin staining
across the tuft, indicating loss or injury of podocytes (dotted line encircles tuft to visualize
faint staining).

(F) Like baseline animals, 26m-old mice treated with SS-31 have a more extensive pattern of
synaptopodin staining across the tuft than that seen in mice treated with saline only,
demonstrating preservation of podocyte integrity with age.

(G-L) Desmin Staining. Representative images of immunohistochemistry for podocyte
injury marker, Desmin (brown) and counterstained for nuclei with hematoxylin (blue). (G)
Outer cortex glomeruli from 24m-old mice show little desmin staining in tufts (dotted lines
encircle tuft to visualize glomeruli) whereas (H) 26m-old mice treated for 8w with saline
have strong desmin staining across the tuft, indicating extensive podocyte injury. In contrast,
(1) 26m-old mice treated with SS-31 have much less prevalent desmin staining in
comparison to saline treated animals (dotted lines encircle tufts to visualize faint staining).
(J) Desmin staining the juxta-medullar glomeruli of 24m-old baseline animals is higher than
in outer cortex of the same animals (dotted lines encircle tufts to visualize faint staining).
(K) Desmin staining the juxta-medullar glomeruli of 26m-old saline treated animals is
higher than in glomeruli from baseline animals whereas in (L) 26m-old mice treated with
SS-31 have less desmin staining in the juxta-medullary tufts than in saline treated mice,
indicating that SS-31 treatment prevents podocyte injury.

(M) Quantitation of percentage of Desmin positive area within each glomerulus shows that
in the outer cortex 24m-old baseline animals have the least amount of staining and that
desmin is significantly higher in 26m-old saline treated animals as compared to baseline and
aged SS-31 treated mice. In the juxta-medulla, saline treated mice have significantly more
Desmin staining than either 24m baseline or SS-31 treated animals. No difference is seen
between 26m-old SS-31 treated and 24m-old baseline animals, demonstrating that SS-31
inhibits age related podocyte damage in the juxta-medulla. Error bars represent the mean +/-
standard deviation. These results demonstrate that SS-31 protects podocytes from age-
related injury.
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Figure 9. Glomerular endothelium is protected by SS-31 treatment
(A—C) Representative images of immunofluorescent CD31 staining for capillaries (red).

(A’-C”) Representative images of co-immunoflourescent synaptopodin (Synpo) for
podocyte cell bodies (green), CD31 (red) and DAPI to visualize nuclei (blue) in 24m-old
untreated mice and 26m-old mice treated with either SS-31 or saline for 8w. Aged baseline
(A, A’) and SS-31 (C, C’) treated animals show a more extensive distribution of glomerular
capillaries as compared to those treated with Saline (B, B’). (D) Quantification of percentage
of CD31 positive area within each glomerulus shows that 24m-old baseline animals and
26m-old SS-31 treated animals have equivalent levels of glomerular endothelial staining in
the outer cortex. In contrast, 26m-old saline treated animals have significantly less CD31
staining than either baseline or SS-31 treated animals. These results demonstrate that tuft
vasculature is lost between 24m and 26m of age and that SS-31 treatment inhibits the loss of
glomerular endothelia. Error bars represent the mean +/- standard deviation.
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