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Abstract

Background/Aims: Atherosclerotic renal artery stenosis (ARAS) may cause kidney injury
and mitochondrial dysfunction, which is linked to cellular senescence. Elamipretide, a
mitochondria-targeted peptide, improves renal function in ARAS, but whether it alleviates
senescence is unknown. We hypothesized that elamipretide would reduce senescence stenotic
kidney (STK) in ARAS. Methods: Domestic pigs were randomized to control and unilateral
ARAS untreated or treated with subcutaneous elamipretide (5d/wk) for 4 weeks starting
after 6 weeks of ARAS or sham (n=6 each). After completion of treatment, STK renal blood
flow (RBF) and glomerular filtration rate (GFR) were assessed in-vivo using multi-detector
computed-tomography. Renal fibrosis and oxidative stress were analyzed in trichrome- and
dihydroethidium-stained slides, respectively. Mitochondrial markers involved in the electron-
transport chain (COX4, ATP/ADP ratio), biogenesis (PGC1a, PPARa), dynamics (MFN2, DRP1),
and mitophagy (parkin, p62) were measured in the kidney using ELISA, western-blot, and
immunohistochemistry. Cellular senescence (senescence-associated B-galactosidase and
heterochromatin foci, phosphorylated-H2AX, and p16/21/53) and senescence-associated
secretory phenotype (SASP; PAI-1, MCP-1, TGFB, and TNFa) markers were studied by
microscopy, quantitative reverse transcription-polymerase chain reaction, and western-blot.
Results: Blood pressure was elevated whereas STK-RBF and GFR were decreased in ARAS pigs,
and tissue scarring was increased. ARAS induced STK cellular senescence and accumulated
dysfunctional mitochondria, which were associated with cardiolipin loss, upregulated
mitochondrial biogenesis, and defective mitophagy. Elamipretide normalized STK-RBF and
GFR, alleviated fibrosis and oxidative stress, and restored mitochondrial cardiolipin, biogenesis,
and mitophagy in ARAS, but did not change SASP markers, and attenuated only senescence-
associated B-galactosidase activity and p53 gene expression. Conclusion: Mitochondrial
protection improved renal function and fibrosis in the ARAS STK, but only partly mitigated
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cellular senescence. This finding suggests that mitochondrial dysfunction may not be a major
determinant of cellular senescence in the early stage of ARAS.
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Introduction

Atherosclerotic renal artery stenosis (ARAS) remains the leading cause of renovascular
hypertension, and increases in prevalence due to aging of the population and increasing
prevalence of atherosclerosis risk factors. As the disease progresses, ARAS results in
downstream renal pathological alterations with gradual functional loss [1-3]. We have
recently demonstrated mitochondrial dysfunction in ARAS [3], which partly mediates ARAS-
induced kidney damage secondary to prolonged kidney ischemia and dyslipidemia [3].

Cellular senescence is an irreversible proliferation arrest in response to stress [4].
Senescent cells not only have anti-apoptoticand pro-survival defenses, but frequently express
the senescence-associated secretory phenotype (SASP) which consolidates senescence and
adversely influences adjacent cells [5]. Cellular senescence has been shown to contribute
to the pathogenesis of atherosclerosis. Atherosclerotic lesions show senescence-associated
[-galactosidase (SA-B-Gal) expression [6],and obesity promotes vascular senescence, making
the tissue susceptible to ischemia [7]. In the kidney, senescent cells have been detected in
acute ischemic injury [8]. However, the involvement of cellular senescence in chronic renal
damage remains unclear.

Mitochondrial dysfunction and cellular senescence are both important contributors
to aging and age-related disease [9]. The importance of mitochondria in eliciting cellular
senescence, especially the pro-inflammatory phenotype [10] is correlated with production
of mitochondrial reactive oxygen species (ROS) [11], whereas senescent cells conversely
accumulate dysfunctional mitochondria [12]. This bidirectional link between senescence
and mitochondria might be involved in stenotic kidney (STK) injury in ARAS, yet this link in
ARAS has not been demonstrated.

Elamipretide is a novel tetrapeptide that selectively and transiently concentrates in
the inner mitochondrial membrane, where it binds to and stabilizes cardiolipin, facilitating
efficient electron transport and preventing apoptosis [13]. We have shown that elamipretide
in ARAS blunts oxidative stress, microvascular loss, and tissue injury, and improves renal
function [3]. However, whether elamipretide would alleviate renal senescence is unknown.

This study was designed to test the hypothesis that mitochondrial dysfunction in ARAS
may account for STK cellular senescence, and thereby senescence-associated secretory
phenotype (SASP). Furthermore, we hypothesized that due to its mitochondrial-protective
properties, elamipretide would alleviate STK cellular senescence.

Materials and Methods

This study was approved by the Institutional Animal Care and Use Committee. Twenty-four domestic
female pigs were studied during 16 weeks of observation. At 3 months of age, pigs were randomized to ARAS
or Normal without or with elamipretide treatment (ARAS+ELAM and Normal+ELAM; n=6 each group).
Normal pigs were fed with isocaloric diets of standard chow, and ARAS pigs with a high-fat diet containing
2% cholesterol (Harlan Teklad, Madison, WI) [14] starting 6 weeks prior to induction of renal artery stenosis.
All animals had free access to water. Six weeks after initiation of diet, pigs were anesthetized with 0.25g
of intramuscular tiletamine hydrochloride/zolazepam hydrochloride and 0.5g of xylazine, and maintained
with intravenous ketamine (0.2 mg/kg/min) and xylazine (0.03 mg/kg/min). In ARAS groups, RAS was
induced by placing a local irritant coil in the right main renal artery, as described [15]. The Normal groups
underwent a sham procedure. Six weeks after induction of RAS, the degrees of stenosis were determined
by renal angiography, and the treatment groups started with subcutaneous injections of elamipretide
(MTP-131, SS-31, Stealth Biotherapeutics, Newton Centre, MA), 0.1 mg/kg in 1mL of phosphate-buffered
saline once daily 5 days/week. A vehicle was injected in the control pigs [3]. Four weeks after initiation
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of treatment, the pigs were again anesthetized. The degree of stenosis was determined by angiography,
and systemic venous blood samples collected for lipid profile and serum creatinine (DiaSorin, Stillwater,
MN, USA) measurements. Renal hemodynamics and function were assessed in vivo using multi-detector
computed tomography (MDCT). After completion of all in vivo studies and 30-60 min after the last dose of
elamipretide, pigs were euthanized (sodium pentobarbital, 100 mg/kg). The kidneys were dissected, and
sections preserved fresh frozen or in formalin for ex vitro studies.

Renal hemodynamics and function

After 4 weeks of treatment, renal blood flow (RBF) and glomerular filtration rate (GFR) were assessed
using MDCT (Somatom Sensation 64; Siemens Medical Solutions, Forchheim, Germany) [15, 16] by acquiring
140 consecutive scans (330ms each) after a central venous injection of iopamidol (0.5mL/kg per 2 seconds).
MDCT images were reconstructed and displayed with the Analyze® software package (Biomedical Imaging
Resource, Mayo Clinic, Rochester, MN). For data analysis, time-attenuation curves were generated from
regions of interest (ROIs) in the aorta, renal cortex, and medulla to obtain measures of renal function [16].
Blood pressure was measured in all animals using an arterial catheter during MDCT.

Fibrosis and oxidative stress

Kidney tissue was embedded in paraffin and sectioned (5um) for Masson’s trichrome staining.
Glomerulrosclerosis and interstitial fibrosis was analyzed in 10-15 fields per slide (ZEN; Carl Zeiss,
Oberkochen, Germany). Sclerotic glomeruli were counted, and their percentage out of 100 glomeruli
calculated [17]. The in situ production of superoxide anion was studied in renal tissue using dihydroethidium
(DHE) staining and fluorescence microscopy [3]. The degree of interstitial fibrosis in the renal cortex and
DHE area was semi-automatically quantified using a masking algorithm based on color thresholding and
edge detection in a computer-aided image-analysis program AxioVision® (Carl Zeiss) and expressed as an
average percent of total field area [17].

Mitochondrial function and biogenesis

Total cardiolipin content was measured by enhanced multidimensional mass spectrometry based
shotgun lipidomics, as previously described [3]. Activity of mitochondrial respiratory chain complex IV
subunit COX-4 was determined by ELISA (Abcam) [18]. To evaluate mitochondrial biogenesis, renal protein
expression of peroxisome proliferator-activated receptor gamma coactivator (PGC)1-a (1:1000, Abcam),
peroxisome proliferator-activated receptor-y-coactivator (PPAR)-a (1:1000, Abcam), mitofusin (MFN)-2
(1:1000 Cell Signaling), dynamin-related protein (DRP)-1 (1:1000 Cell Signaling), P62 (1:1000, Abcam),
and GAPDH in 100ug of protein from each homogenized kidney tissue sample was measured by Western
blot.

In addition, MITO-ISO kit (ScienCell, Carlsbad, CA) was used for mitochondrial isolation. Then protein
expression of Parkin (1:200, Santa Cruz) and COX-1V (1:1000, Cell Signaling) was measured by Western blot
and quantified by Image] software. Renal ATP and ADP content was assessed in isolated mitochondria by
colorimetric methods and expressed as ratio [19]. To assess mitophagy, colocalization of Parkin with Tom-
20, a mitochondrial outer membrane protein, was evaluated in renal paraffin-sections (5um thick). Confocal
microscopy demonstrated the immunostaining of Parkin (Santa Cruz, Alexa Fluoro 594, red) and Tom-20
(Santa Cruz, Alexa Fluor 488, green). The percent area of co-localized Parkin and Tom-20 was quantified
semiautomatically in 10-15 random fields using AxioVision® [20].

Senescence and SASP markers

Senescence-associated [-galactosidase (SA-f-gal) staining was done using the Senescence
-Galactosidase Staining Kit (#9860, Cell Signaling, Boston, MA), as described [21]. Sections were
counterstained with eosin, dehydrated, and mounted. SA-B-Gal-positive area was determined in ten
randomly chosen fields per section at x20 magnification and assessed for development of blue color. The
degree of senescence was expressed as an average of percent SA-f-Gal-positive to total field area [22]. To
assess pl6 protein expression, p16 colorimetric staining (Abcam) was done on formalin-fixed paraffin-
embedded (FFPE) renal sections. To assess proliferation and senescence-associated heterochromatin
foci (SAHF), FFPE sections were stained with Ki67 (Abcam) and histone H3K9 trimethyl (Epigentek),
respectively, and mounted with DAPI (Invitrogen) [23, 24]. To evaluate senescence in endothelial
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cells, renal cryosections were co-stained with fluorogenic -galactosidase detection kit (SPiDER-BGal,
Dojindo) and CD31 (ABD Serotec). The % of positive cells was manually computed in ten random fields
per section at x40 magnification. Protein expression of y-phosphorylated histone-2AX (yH2AX) (1:1000
Abcam), total H2AX (1:1000 Abcam), plasminogen activator inhibitor (PAI)-1 (1:1000 Abcam), monocyte
chemoattractant protein (MCP)-1 (1:10 Abcam), transforming growth factor (TGF)- (1:1000 Abcam), and
tumor necrosis factor (TNF)-a (1:100 Abcam) was measured in 100ug of protein from each homogenized
kidney tissue sample by Western blot [20]. GAPDH (1:5000 Abcam) was used as loading control and band
intensity quantified using Image] software. In addition, fluorimetric SA-B-Gal activity was assayed using
a Cellular Senescence Activity Assay Kit (Enzo Life Sciences, Farmingdale, NY). Renal gene expression
of p16 (Hs00923894), p21 (Hs00355782), p53 (Hs01034249), Activin-A (Hs01081598), and GAPDH
(Hs02786624) was assessed on Applied Biosystems ViiA7 Real-Time PCR systems using the delta-delta CT
method with validated TagMan primers from Thermo Fisher Scientific (Waltham, MA) [25].

Statistical analysis

Statistical analysis was performed using JMP software version 13.0 (SAS Institute, Cary, NC). Results
are presented as mean*SD for normally distributed variables and as median (interquartile range) for data
without normal distribution. Parametric (one-way analysis of variance followed by Student’s t-test) and
non-parametric (Kruskal-Wallis followed by Wilcoxon) test were used for comparisons among groups. A P
value<0.05 was considered statistically significant.

Results

Characteristics and renal function

The degree of stenosis was comparable in untreated and treated ARAS groups (P=0.63)
(Table 1). ARAS increased blood pressure (P=0.03 vs. Normal) and lipid levels. ARAS also
lowered STK GFR (P=0.04 vs. Normal) and elevated serum creatinine (Fig. 1A, P=0.008 vs.
Normal). Elamipretide improved STK-GFR and RBF (P=0.002 and 0.04 vs. ARAS, respectively)
without affecting lipid profile in ARAS pigs. ELAM did not change blood pressure, renal
function, or RBF in Normal pigs.

Glomerulosclerosis, tubulointerstitial fibrosis, and oxidative stress

ARAS developed STK fibrosis and glomerulosclerosis (P=0.001 and P<0.0001 vs.
Normal, respectively), but elamipretide abolished fibrosis (P=0.02 vs. ARAS) and alleviated,
albeit not normalized, glomerulosclerosis (P<0.0001 vs. ARAS) (Fig. 1B). Renal production
of superoxide anion was increased in ARAS (P=0.005 vs. Normal) and attenuated after
elamipretide treatment (P=0.005 vs. ARAS) (Fig. 2A).

Mitochondrial markers

Total cardiolipin content was decreased in ARAS compared to Normal (P=0.03) and
restored after elamipretide treatment (P=0.008 vs. ARAS) (Fig. 2B). COX-4 activity was
unchanged in the ARAS STK compared to Normal, but higher in ARAS+ELAM vs. ARAS
(P=0.02).Mitochondrial ATP/ADP ratios were not differentamong the groups (P=0.18). Renal

Table 1. Characteristics of normal and atherosclerotic renal artery stenosis (ARAS) pigs untreated or
treated with elamipretide (ELAM) for 4 weeks (n=6 each). * p<0.05 vs. Normal. Data are expressed as
median (interquartile range)

Paramter Normal Normal+ELAM ARAS ARAS+ELAM

Degree of stenosis (%) - - 95(67.5-99.5) 85(62.5-87.5)
484.5(450.5-

Total cholesterol (mg/dl) 87(77-113.5) 87(77.5-91) 519(453-545)* 613.7)*

Low density lipoprotein cholesterol : 34.6(29.1- ) % 285.7(231.3-

(mg/dl) 50.8(36.6-57) 40.5) 324.6(245-375) 435.6)*

. 96.5(89.2- 139.7(99.3-
Mean arterial pressure (mmHg) 103.9) 91.7(84-101.3) 170.3)* 117.3(91.7-137.3)
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Fig. 1. Elamipretide improves stenotic kidney (STK) function and blunts fibrosis. A. Atherosclerotic renal
artery stenosis (ARAS) pigs showed a decrease in both STK and overall kidney function. Elamipretide
improved serum creatinine, STK glomerular filtration rate (GFR), and renal blood flow (RBF). B. ARAS
developed STK fibrosis (trichrome, blue) and glomerulosclerosis, which elamipretide alleviated. N, Normal;
N+E, Normal+elamipretide; A, ARAS; A+E, ARAS+elamipretide. *P<0.05 vs. Normal, 1P<0.05 vs. ARAS.
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Fig. 2. Elamipretide alleviates oxidative stress and restores renal mitochondrial function. A. Renal
production of superoxide anion (DHE: pink, DAPI: blue) was increased in atherosclerotic renal artery
stenosis (ARAS) and attenuated by elamipretide. B. Elamipretide increased total cardiolipin content and
complex-1V activity in the ARAS kidney, while mitochondrial ATP/ADP ratios were not different among the
groups. Renal expressions of PGC-1a and PPAR-a increased in ARAS, and elamipretide reversed them. Renal
expressions of MFN-2 and DRP-1 were elevated in both ARAS and ARAS+elamipretide kidneys. N, Normal;
N+E, Normal+elamipretide; A, ARAS; A+E, ARAS+elamipretide. *P<0.05 vs. Normal, +P<0.05 vs. ARAS.

expression of the mitochondrial biogenesis markers, PGC-1a and PPAR-a, was increased in
ARAS compared with Normal (P=0.04 and 0.004, respectively), and elamipretide tended to
normalize them (P=0.05 and 0.07 vs. ARAS, respectively). ARAS increased STK expression of
the fusion marker MFN-2 (P=0.002 vs. Normal), which elamipretide did not affect in ARAS
(P=0.5), but elevated in Normal kidneys (P=0.01 vs. Normal). Renal expression of DRP-1 in
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ARAS was higher than in Normal (P=0.0002) and further elevated in ARAS+ELAM (P=0.02).
In immunofluorescent staining, the percent area of Parkin-TOM20 co-localization, indicating
mitophagy, was lower in ARAS than in Normal (P=0.01) and restored in ARAS+ELAM
(P=0.005 vs. ARAS) (Fig. 3A). Parkin expression in isolated mitochondria tended to
decrease in ARAS vs. Normal (P=0.08), and increased in ARAS+ELAM compared with ARAS
(P=0.02) (Fig. 3B). P62 expression was higher in Normal+ELAM, ARAS, and ARAS+ELAM

A N N+E A A+E

Parkin

w

*t

in mitochondria
(relative to COX-1V)

P62 expression
(relative to GAPDH)

Area of Parkin-TOM20
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Fig. 3. Elamipretide restores mitophagy in atherosclerotic renal artery stenosis (ARAS) kidneys. A. The area
of TOM20 (green) and Parkin (red) co-staining in renal tubules (arrow), reflecting mitophagy, was decreased
in ARAS and restored in ARAS+elamipretide. Blue, DAPI. B. Elamipretide increased Parkin in mitochondria
and decreased P62 expression in the ARAS stenotic kidneys. C. Representative confocal images of TOM20
(green) at 100X magnification. In ARAS, mitochondria were more round and fewer than normal groups, and
dispersed in the cytoplasm. Despite a significant increase in mitochondrial density, some ARAS+elamipretide
mitochondria remained fragmented and located in perinuclear area. N, Normal; N+E, Normal+elamipretide;
A, ARAS; A+E, ARAS+elamipretide. *P<0.05 vs. Normal, +P<0.05 vs. ARAS.
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Fig. 4. Elamipretide [ , N N+E A A+E
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stenotic kidneys (STKs). Cortex
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after elamipretide. B.
- P16 IHC
P16-positive cells were
increased in ARAS and
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in ARAS+elamipretide
compared to normal pigs. | p
Renal tubular (yellow
arrowhead), interstitial
(red arrowhead), and H3K9Me3
endothelial (red arrow)
cells were pl6-postivie
in ARAS. C. In ARAS, the
number of Ki67-positive
cells (pink) per field
was not different from

Ki67

*t

SA-B-gal positive area,
Cortex (%)
Medulla (%)
*
3
p16 positive cells
out of total cells

normal, but increased
in ARAS+elamipretide
compared to in normal
pigs. D. The numbers of
senescence-associated

per field

SAHF positive cells SA-B-gal positive area,
per field
*

Ki67 positive cells

heterochromatin-foci
(SAHF)-positive cells
(red) per field increased
in ARAS and persisted in ARAS+elamipretide compared to normal. N, Normal; N+E, Normal+elamipretide;
A, ARAS; A+E, ARAS+elamipretide. *P<0.05 vs. Normal, 1P<0.05 vs. ARAS.

than in Normal kidneys (P=0.008, P<0.0001, and P<0.0001, respectively), but was lower
in ARAS+ELAM than in ARAS (P=0.02), suggesting that decreased mitophagy in ARAS was
improved in ARAS+ELAM. In terms of morphology, ARAS mitochondria were fewer and
more round than normal groups, and dispersed in the cytoplasm, showing mitochondrial
damage (Fig. 3C). Despite a significant increase in mitochondrial density, some ARAS+ELAM
mitochondria remained fragmented and located in perinuclear area, possibly due to the
increase in mitochondrial fission and mitophagy.

Renal senescence

Positive SA-B-Gal staining was markedly increased in both the ARAS STK medulla and
cortex compared with Normal (P=0.03 and P=0.006, respectively), and decreased after
elamipretide (both P=0.02), yet was not fully normalized (Fig. 4A). The number of p16+ cells
increased or tended to increase in both ARAS and ARAS+ELAM (P=0.01 and 0.06 vs. normal,
respectively) (Fig. 4B). Identified by location and morphology, renal tubular, interstitial,
and endothelial cells were p16+ in ARAS. Furthermore, some endothelial cells in ARAS co-
expressed SA-B-gal and CD31, underscoring endothelial cell senescence, which tended to
decrease in ARAS+ELAM (P=0.06 vs. ARAS) (Fig. 5). In ARAS, the number of Ki67-positive
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Fig. 5. Elamipretide slightly improves endothelial cell senescence. A few population of cells expressed both
SPiDER-fGal (green) and CD31 (red) in atherosclerotic renal artery stenosis (ARAS), suggesting endothelial
cell senescence, which tended to decrease in ARAS+elamipretide. N, Normal; N+E, Normal+elamipretide; A,
ARAS; A+E, ARAS+elamipretide.

cells was not different from normal despite renal injury (P=0.31), whereas their number
was increased in ARAS+ELAM compared to normal pigs (Fig. 4C, P=0.05). The numbers of
SAHF-positive cells per field were increased both in ARAS and ARAS+ELAM compared to
normal (Fig. 4D, P=0.04 and 0.02, respectively). Renal SA-3-Gal activity was higher in ARAS
and ARAS+ELAM than in Normal (both P=0.01), and elamipretide tended to decrease it,
but this did not reach statistical significance (Fig. 6A, P=0.06 vs. ARAS). H2AX activation
(phosphorylated-to-total H2AX protein ratio) was elevated in the ARAS kidney (P=0.008 vs.
Normal), but unaffected by elamipretide (P=0.8 vs. ARAS) (Fig. 6B). While renal p16 and
p21 gene expression did not differ among the groups (P=0.14 and 0.72, respectively), p53
gene expression was increased in ARAS (P=0.03 vs. Normal), decreased after elamipretide
treatment (Fig. 6C, P=0.05 vs. ARAS), and directly correlated with SA-B-Gal positivity in the
ARAS STK cortex.

Expression of the SASP components PAI-1 and MCP-1 was increased in both the ARAS
(P=0.001 and P=0.001 vs. Normal, respectively) and ARAS+ELAM (P<0.0001 and P=0.0002
vs. Normal, respectively) STK (Fig. 6D), and TGFf expression showed a similar pattern
(p=0.002 and p=0.0002 vs. Normal, respectively). TNFa expression was unchanged among
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Fig. 6. Elamipretide decreases p53 gene expression in stenotic kidneys (STKs), whereas expression of
y-phosphorylated histone-2AX (yH2AX), PAI-1, MCP-1, and TGFf remained unaltered. A. Renal SA-B-Gal
enzyme activity was elevated in atherosclerotic renal artery stenosis (ARAS) and ARAS+elamipretide,
and only slightly decreased by elamipretide. B. yH2AX activation in ARAS remained unchanged in the
ARAS+elamipretide kidney. C. Renal p16 and p21 gene expression did not differ among the groups, whereas
p53 gene expression was increased in ARAS and decreased after elamipretide treatment. D. PAI-1, MCP-1
and TGFf expression was upregulated in both ARAS and ARAS+elamipretide kidneys, while TNFa expression
levels were not different among the groups. E. The expression of PAI-1 and MCP-1 levels was directly
correlated with renal YH2AX expressions and SA-f-Gal activity. N, Normal; N+E, Normal+elamipretide; A,
ARAS; A+E, ARAS+elamipretide. *P<0.05 vs. Normal, 1P<0.05 vs. ARAS.

the groups (P=0.72). The expression levels of PAI-1 and MCP-1 were directly correlated with
renal YH2AX expressions and SA-(3-Gal activity (Fig. 6E).
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Discussion

The current study shows that ARAS is associated with cellular senescence and
accumulation of dysfunctional mitochondria in the STK. The mitochondrial-targeted peptide
elamipretide restores mitophagy and biogenesis as well as mitochondrial cardiolipin, and
improves renal function and redox status in the ARAS STK. However, elamipretide only
partly alleviates cellular senescence. This finding argues against a strong causal relationship
between mitochondrial dysfunction and cellular senescence in the early stage of ARAS.

One of the interesting observations in our study was that ARAS induced STK cellular
senescence. We found that SA-§3-Gal activity, p16, SAHF, and yH2AX expression, representing
accumulation of senescent cells [26], and levels of the SASP markers PAI-1 and MCP-1, and
TGFp expression [27], were all elevated in the ARAS STK. Furthermore, cellular proliferation
failed to rise in the ARAS STK, despite ischemic renal injury. This observation may account
for our previous finding of blunted apoptosis in stenotic ARAS kidneys [28], a characteristic
of senescent cells [5].

The factors promoting senescence in the ARAS kidney may include factors like
hypercholesterolemia, atherosclerosis, increased blood pressure, and renal ischemia. High-
fat diet leads to vascular endothelial senescence, associated with prominent inflammation
and endothelial dysfunction [29]. In more advanced atherosclerosis, complex mechanisms
including telomere attrition, accumulated DNA damage, increased oxidative stress, and
epigenetic modifications result in cellular senescence [30]. Notably, senescent cells
exacerbate atherosclerosis at all stages, and clearing them leads to lesion regression [6].
In addition, high blood pressure and renin-angiotensin-aldosterone system activation
induce senescence in renal tubular, glomerular, and interstitial cells, indicated by increased
pl6™¥* expression through p38-MAPK activation [31]. Cycle arrest may also be mediated
by hypoxia-inducible factors induced by renal ischemia, which promote cellular senescence
[32], and by aldosterone in tubular cells via a p53/21-dependent pathway [33]. Hence, both
atherosclerosis and renal ischemia in our model can induce cellular senescence in various
cell types, including renal tubular, interstitial, and endothelial cells.

Moreover, increased oxidative stress and mitochondrial dysfunction might be related
to cellular senescence. ROS induce DNA damage by adversely affecting nuclear DNA and
proteins, and mitochondria are leading targets for ROS damage as well as a major source
of ROS [34]. Oxidative stress activates p53-signalling, which mediates the antiproliferative
cellular responses including senescence [35]. Indeed, p53 gene expression was upregulated
in the ARAS STK and, further, directly correlated with SA-B-Gal activity. Tumor suppressor
pathways like p16 are pivotal in engagement of senescence, but cytokine-signaling pathways
canalsoinitiate senescence [36]. We detected no significant changes in p16 mRNA expression,
but observed upregulation of p16 protein expression in ARAS STK. This discrepancy between
gene and protein expressions might be secondary to differences in protein translation and
degradation rates [37]. In addition, at the early stage of ARAS senescence might involve
primarily activation of p53 and cytokine signaling, whereas the p16 pathway plays a lesser
role. Moreover, in many cell lines p21 activation is temporary, and the level of this protein
decreases after cell cycle arrest [38].

The pro-senescence and inflammatory milieu associated with autocrine and paracrine
SASP is in turn implicated in tissue injury [39]. SASP cytokines involved in inflammation,
monocyte chemotaxis, and proteolysis, which atherosclerosis contribute to pro-atherogenic
process including extracellular matrix degradation and weakening of the vessel wall [6]. In
our study, the role of PAI-1 and MCP-1 as SASP markers is underscored by the observation
that their levels directly correlated with SA-B-Gal activity and yH2AX expression. We
have previously shown that upregulated expression of MCP-1 in the STK contributes to
functional and structural impairment by inflammatory cell infiltration, and its inhibition
confers renoprotective effects [40]. We also found increased PAI-1 level in ARAS, suggesting
that its biologic role including fibrinolytic inhibition might contribute to progression of
atherosclerosis in ARAS [41]. A recent study has shown that TGFf, which was upregulated
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in ARAS kidneys, also contributes cellular senescence of neighboring cells [42], as well as its
pro-fibrotic effect. Thus, SASP may be responsible at least in part for kidney injury of ARAS.

We have also detected altered expression of proteins responsible for regulating
mitochondria in the ARAS-STK. Our group has previously shown that increased
mitochondrial ROS production is associated with peroxidation and loss of cardiolipin
in ARAS [3]. Peroxidation of mitochondrial membrane phospholipids and thereby
mitochondrial dysfunction are considered as contributors to age-related disease [43].
This study shows that the levels of the mitochondrial biogenesis regulators PGC-1a and
PPAR-a increased in ARAS, possibly to compensate for mitochondrial dysfunction, as were
regulators of both fusion and fission. Previous studies suggest an overall shift toward fusion
in senescent cells, allowing mitochondria to maintain ATP production and escape autophagy
[44, 45]. Pertinently, energy production levels in the ARAS STK appeared to be relatively
preserved. The downregulated mitophagy markers in the ARAS STK, including increased
P62 and decreased Parkin, may lead to accumulation of dysfunctional mitochondria that
produce more ROS. Indeed, mitophagy activity is reduced in senescent cells [46, 47], as a
result of lipofuscin accumulation and lysosomal dysfunction [48]. Taken together, the ARAS
STK showed cardiolipin loss, altered mitochondrial dynamics, and defective mitophagy, yet
sustained COX-4 activity and upregulated biogenesis regulators, which might be an adaptive
compensatory response potentially associated with senescence in the early stage of ARAS.

Our group has previously demonstrated that mitoprotection achieved by restoring
cardiolipin attenuated oxidative stress and injury of the kidney or heart in metabolic
syndrome and ARAS [3, 19, 20]. Elamipretide prevents cardiolipin peroxidation through the
inhibition of cytochrome-c peroxidase, improves electron carrier function, enhances ATP
and decreases ROS production [49]. In this study, cardiolipin content was normalized, and
oxidative stress ameliorated in the ARAS STK after elamipretide. Furthermore, elamipretide
reinstated abnormally increased biogenesis and may have facilitated removal of dysfunctional
mitochondria through activation of mitophagy in ARAS. Although both MFN-2 and DRP-
1 were increased in ARAS+ELAM, only DRP-1 expression was significantly higher than in
ARAS, consistent with the suggestion that fission is a prerequisite for mitophagy [50, 51].

Overall, Elamipretide normalized STK-RBF and GFR, and alleviated fibrosis in ARAS, as
previously shown [3]. In our previous study, elamipretide improved renal microvascular
remodeling and vascular endothelial function in ARAS [3]. In the current study we found that
ARAS endothelial cells underwent senescence, which elamipretide slightly blunted, implying
that senescence in endothelial cells might be linked to dysfunction of their mitochondria.

Interestingly, elamipretide decreased SA-B-Gal activity in ARAS, but not yH2AX
activation. The lysosomal enzyme 3-Gal is markedly increased in senescent cells, and when
detectable at pH 6.0 with the artificial substrate X-gal, is defined as SA-B-Gal [52]. While a
commonly used senescence marker, in inflammatory conditions activated phagocytes can
also increase B-Gal activity [52]. YH2AX is a sensitive marker for DNA double-strand breaks,
although it has limited specificity for the phenotype in vivo [53]. A recent study has shown
that mitochondrial dysfunction-associated senescence is not caused by accumulation of
nuclear DNA damage, but by activation of 5’AMP-activated protein kinase and in turn p53
[54].Indeed, p53 expression in this study was decreased after elamipretide treatment. Taken
together, mitoprotection by elamipretide does not be seen to arrest DNA damage in the STK,
but may partly blunt senescence by other pathways, including p53. While elamipretide
improves glomerular senescence and architecture in the kidney of aged mice, STK ischemic
damage may be more pronounced and involve a multitude of mechanisms [55].

This study is limited by the small group sizes. Our swine ARAS model involves a short
duration and early disease stage, yet incurs comparable renal alterations to those in human
ARAS kidneys [15]. The relatively young age of the animals in the current study excludes
effects of aging on senescence. Mitochondrial studies were performed in renal tissue, not
specifically in renal senescent cells, which are difficult to isolate, limiting the ability to
directly link mitochondrial changes and senescence. Hence, a firm cause-effect relationship
between senescence and mitochondrial dysfunction in ARAS remains to be established.
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Further studies are needed to determine the precise cell type undergoing senescence.
Lastly, whether elamipretide would impact long-term renal senescence warrants further
investigation.

Conclusion

Mitochondrial protection improved renal function and alleviated tissue fibrosis, but

only partly mitigated ARAS-induced cellular senescence. Mitochondrial dysfunction may not
be the chief inducer of cellular senescence in early ARAS, possibly because of the multiple
injurious pathways activated. Nevertheless, the impact of cellular senescence in ARAS on
long-term renal functional and structural outcomes, and in turn application of senolytic
strategies, remains to be considered.
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