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Abstract

Background & Methods.—To determine the role of cellular senescence and the senescence
associated secretory phenotype (SASP) in age-related aortic stiffening and endothelial
dysfunction, we studied young (6-8 mo) and old (27-29 mo) p16-3MR mice, which allows for
genetic-based clearance of senescent cells with ganciclovir (GCV). We also treated old C57BL/6N
mice with the senolytic ABT-263.

Results.—In old mice, GCV reduced aortic stiffness assessed by aortic pulse wave velocity
(PWV; 477+10 vs. 382+7 cm/s, P<0.05) to young levels (old-GCV vs. young-vehicle, £=0.35);
ABT-263 also reduced aortic PWV in old mice (44649 to 35611 cm/s, £<0.05). Aortic
adventitial collagen was reduced by GCV (/<0.05) and ABT-263 (~=0.12) in old mice. To

show an effect of the circulating SASP, we demonstrated that plasma exposure from Old-vehicle
p16-3MR mice, but not from Old-GCV mice, induced aortic stiffening assessed ex vivo (elastic
modulus; £<0.05). Plasma proteomics implicated glycolysis in circulating SASP-mediated aortic
stiffening. In old p16-3MR mice, GCV increased endothelial function assessed via peak carotid
artery endothelium-dependent dilation (EDD; Old-GCV, 94+1% vs. Old-vehicle, 84+2%, £<0.05)
to young levels (Old-GCV vs. young-vehicle, £=0.98), and EDD was higher in old C57BL/6N
mice treated with ABT-263 vs. vehicle (96£1% vs. 82+3%, £<0.05). Improvements in endothelial
function were mediated by increased nitric oxide (NO) bioavailability (P<0.05) and reduced
oxidative stress (£<0.05). Circulating SASP factors related to NO signaling were associated with
higher NO-mediated EDD following senescent cell clearance.
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Conclusions.—Cellular senescence and the SASP contribute to vascular aging and senolytics
hold promise for improving age-related vascular function.
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INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of death worldwide. Advancing age
is the primary non-modifiable risk factor for the development of CVD!. A key event
mediating the increase in CVD risk with aging is the development of vascular dysfunction,
characterized by stiffening of the large elastic arteries (primarily the aorta) and vascular
endothelial dysfunction?.

Age-related aortic stiffening, as demonstrated by increased aortic pulse wave velocity
(PWV), occurs mainly via changes in the extracellular matrix, featuring collagen deposition
(fibrosis), elastin degradation and cross-linking of these structural proteins by advanced
glycation end products (AGEs)34. These adverse changes to the arterial wall can be induced
by excessive superoxide-related oxidative stress3. Age-associated endothelial dysfunction, as
shown by reduced endothelium-dependent dilation (EDD), is mediated primarily by reduced
nitric oxide (NO) bioavailability3#. This impairment in NO-mediated endothelial function is
largely due to excessive superoxide-related oxidative stress, which reacts with NO, reducing
its bioavailability34. However, the cellular-molecular processes by which aging leads to
vascular oxidative stress, and ultimately vascular dysfunction are incompletely understood.

Cellular senescence is a multi-faceted stress response that leads to a largely permanent

cell cycle arrest®8. Senescent cells alter the circulating milieu (e.g., plasma) by secreting
numerous pro-inflammatory cytokines, chemokines, metabolites and growth factors termed
the senescence-associated secretory phenotype (SASP), which can induce oxidative stress’.
Physiological levels of cellular senescence are critical for many reasons (e.g., cancer
suppression® and optimal wound healing®); however, excessive accumulation of senescent
cells occurs in multiple tissues with aging10-12, This age-related buildup of senescent cells
can induce tissue dysfunction, at least in part through the SASP, and may be involved in
several age-related pathologies!112. As such, cellular senescence may contribute to vascular
oxidative stress, reduced NO bioavailability, adverse changes to the aortic extracellular
matrix, and vascular dysfunction with aging. However, the role of cellular senescence and
the SASP in mediating aortic stiffening and vascular endothelial dysfunction with aging has
not yet been systematically investigated.

Compounds that evoke the removal of senescent cells, termed senolytics, improve select
indices of physiological function with advancing age314. The current strategy with
senolytic therapy is to administer the compound in an intermittent rather than continuous
fashion so as to reduce the number of senescent cells to levels that leave the basal levels
which leave cellular senescence processes intact to preserve physiological homeostasis™®.
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Late-life senolytic treatment shows promise for improving aortic stiffness and vascular
endothelial function in older age, but definitive evidence is lacking.

In the present study, we first utilized the p16-3MR mouse model, which allows for genetic-
based suppression of excess senescent cells®16, to determine the role of cellular senescence
and the SASP in mediating vascular dysfunction with aging. We then targeted cellular
senescence with a well-established synthetic pharmacological senolytic agent (ABT-263)17
to establish proof-of-concept efficacy of senolytic therapy for improving vascular function
with aging. We used innovative experimental approaches to elucidate the role of NO,
oxidative stress and circulating SASP proteins in regulating cellular senescence-mediated
vascular dysfunction with aging.

METHODS

Animals

All data presented in this article and in the Data Supplement will be made available upon
reasonable request to the corresponding author.

All mice were housed in a conventional facility on a 12-hour light/dark cycle, given ad
libitum access to an irradiated, fixed, and open standard rodent chow (Inotiv/Envigo 7917)
and drinking water. /n vivotesting (blood pressure and aortic pulse wave velocity [PWV])
was performed before and 3-4 weeks after the completion of the intervention periods.

All mice were euthanized by cardiac exsanguination while maintained under anesthesia
(inhaled isoflurane) 3-4 weeks following the completion of the intervention periods. After
cardiac exsanguination, the carotid arteries were excised under a dissection microscope,
dissected free of connective tissue, and cannulated to fine glass canula within a pressure
myograph system (DMT, Denmark) for assessment of vascular endothelial function. The
thoracic aorta was excised, dissected free of surrounding tissue, sectioned, and stored in
cold physiological saline solution at —80°C (not flash frozen) for later stress-strain testing
to assess aortic elastic modulus (intrinsic mechanical wall stiffness), protein abundance

by WES and JES capillary electrophoresis-based immunoblotting (Protein Simple, San
Jose, CA) and immunofluorescence. Investigators were blinded to treatment group for data
collection and biochemical analyses. All animal protocols were approved by the University
of Colorado (CU) Boulder Institutional Care and Use Committee (protocol no. 2618) and
complied with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Details on all procedures and antibodies used are provided in the Data Supplement.

p16-3MR ganciclovir (GCV) study.—p16-3MR mice (on a C57BL/6 background)?:16
were bred, weaned, and aged (to 27 and 29 months, for male and female mice, respectively)
in the animal care facility at CU Boulder. In the C57BL/6 mouse strain, 27 months of

age represents the median lifespan for male mice whereas 29 months of age represents the
median lifespan for female micel8. Young mice were studied at 6-8 months of age, which is
the human corollary to young adulthood and an age that represents sexual maturity in this
mouse strain!®. GCV (Sigma Aldrich, St. Louis, MO; suspended in the vehicle solution) was
administered for 5 consecutive days at a dose of 25 mg/kg/day via intraperitoneal injection,
a dose that has previously shown to reduce senescent cell burden back to young levels®16,
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The vehicle solution (sterile saline) was administered via intraperitoneal injection and the
injection volume was body weight-matched to the GCV treatment group. All mice were
single-housed beginning four weeks prior to the intervention.

ABT-263 study.—Male C57BL/6N mice were obtained at 21 months of age from the aging
colony at Charles River. All mice were group housed until 4 weeks prior to the onset of

the study, at which time they were single housed (starting at 26 months of age). ABT-263
(Selleckchem, Houston, TX; suspended in the vehicle solution) was administered via oral
gavage at a dose of 50 mg/kg/day following a one week on — two weeks off — one week on
doing regimen, which is also (similar to GCV in p16-3MR mice) a dosing regimen shown

to reduce senescent cell burden back to young levels!3. The vehicle solution (10% ethanol;
30% PEG400; 60% Phosal 50PG) was administered via oral gavage and the gavage volume
was body weight-matched to the ABT-263 treatment group.

Aortic PWV and Blood Pressure

Aortic PWV was assessed using Doppler ultrasound, as we have previously described9-21.,
Briefly, mice were anesthetized via inhaled isoflurane (2.5-3%) and positioned supine on
a warmed platform with paws secured to electrocardiogram leads. Doppler probes were
placed at the transverse aortic arch and abdominal aorta to detect pulse waves. Three
consecutive 2-second recordings were made for each animal and used to determine the
time delay between the electrocardiogram R-wave and the foot of the Doppler signal for
each site (Atimegpdominal and Atimegansverse). Aortic PWV was then calculated as: aortic
PWV = (physical distance between the two probes)/(Atimeapdominal MiNUS Atimesyansverse)
and reported in centimeters per second. /n7 vivo blood pressure was measured on three
consecutive days using a non-invasive tail-cuff method (CODA; Kent Scientifc, Torrington,
CT), as we have previously described19-21,

Vascular Endothelial Function

EDD in response to increasing doses of acetylcholine (Sigma Aldrich) and endothelium
independent dilation in response to increasing concentrations of the exogenous NO
donor sodium nitroprusside (Sigma Aldrich) were measured in isolated carotid arteries as
previously described?9-22, Further details, including all pharmacological agents used for
pharmaco-dissection experiments, are provided in the Data Supplement.

Humoral Factor-Related Changes in Aortic Elastic Modulus

Aortas from young (6-8 mo) intervention naive donor female and male p16-3MR mice
were prepared for assessment of aortic intrinsic mechanical wall stiffness (elastic modulus),
which is described in detail in the Data Supplement. Aortic segments from each donor
animal were incubated in the following conditions in duplicate for 48 hours: 1) DMEM

+ 1% penicillin-streptomycin + 10% fetal calf serum (control condition); 2) DMEM +

1% penicillin-streptomycin + 10% Old vehicle plasma; and 3) DMEM + 1% penicillin-
streptomycin + 10% Old GCV plasma. The plasma samples were sex-matched to that of the
donor animal. Following the incubation period, aortas were immediately mounted on two
wire prongs and elastic modulus was assessed exactly as described in the Data Supplement.
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Mouse plasma-induced changes in aortic elastic modulus were determined as a fold-change
relative to the control incubation condition.

Targeted Plasma Proteomics

Approximately 150 pl of plasma per sample was used for the SomalLogic SOMAscan
Assay, a novel protein-capture aptamer-based technology for detecting circulating proteins.
For this study, the SOMAscan HTS Assay 7K, which includes the measurement of 7,000
protein analytes, was used and processed through SomalLogic (Boulder, CO). Final analyses
were performed only on samples that passed SomaLogic quality control and in which
hemolysis was not apparent (n=10 young controls, 5m/5f; n=8 old controls, 4m/4f; n=7

old GCV-treated, 4m/3f). Differential protein expression analyses and Pearson correlations
among proteins and functional measurements (PWV and EDD) were conducted using
Somalogic’s StatViz platform, with Bonferroni corrections for multiple testing. Biological
processes associated with proteome signatures were identified using gene names associated
with proteins and the ShinyGO program?3,

Statistical Analyses

Detailed descriptions of all statistical analyses performed are provided in the Data
Supplement. Data are presented as mean + SEM in text, figures, and tables unless specified
otherwise. Statistical significance was set to a=0.05. All statistical analyses were performed
using Prism, version 9 (GraphPad Software, Inc, La Jolla, CA).

RESULTS

Animal characteristics

p16-3MR mice—To determine the causal role of cellular senescence in vascular
dysfunction with aging, we utilized the p16-3MR mouse model, which is considered

the reference-standard model for assessing the role of cellular senescence in mediating
physiological functions®16:24-27_This mouse model allows for selective genetic-based
suppression of excess p16'NK4A_positive senescent cells with the anti-viral drug ganciclovir
(GCV)?16._ Upon administration, GCV recognizes a herpes simplex thymidine kinase
located on the p16-3MR transgene, which subsequently induces apoptosis of p16/NK4A.
positive senescent cells, as described in detail previously®16. In the present study, young
(6-8 mo) and old (27-29 mo) male and female p16-3MR mice were administered GCV

(25 mg/kg/day in saline) or the respective vehicle control (vehicle; saline) for 5 days via
intraperitoneal injection and were sacrificed 3-4 weeks following the final dose. At time

of sacrifice, there were anticipated age-related differences (Young vehicle vs. Old vehicle)
in the mass of key organs (e.g., heart, quadriceps, epididymal adipose tissue, spleen, and
kidneys; all 2< 0.05), which is consistent with previous studies?%-28, but there was no
influence of GCV on organ weights in either age group (Table 1). Old mice also had
greater aortic intima media thickness relative to young (Old vehicle vs. Young vehicle, P
=0.03), which is similar to previous reports from our laboratory29-28, but there was no
influence of GCV in either age group (Old vehicle vs. Old GCV, £=0.60; Young vehicle
vs. Young GCV, P= 0.37). We observed an anticipated age-related increase in the abundance
of p16'NK4A in our target tissue (arteries — e.g., the aorta; Young vehicle vs. Old vehicle, P
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= 0.004), and the age-related difference was ameliorated with GCV treatment (Old vehicle
vs. Old GCV, P=0.0003; Young vehicle vs. Old GCV, P=0.63), and GCV treatment ing
young animals did not influence aortic p16'NK4A abundance (Young vehicle vs. Young GCV,
P=0.64) (Figure S1A). There were no sex differences in any outcomes, so the data were
combined for all analyses.

ABT-263-treated mice—We also sought to determine the efficacy of targeting excess
cellular senescence with a senolytic to mitigate age-related vascular dysfunction. ABT-263
is a well-established synthetic pharmacological senolytic agent that has been administered
identically to the approach used in the present study, to assess the efficacy of targeting
excess cellular senescence to mitigate a variety of pathophysiological processes13:26.27.29.30,
However, the effects of ABT-263 on vascular dysfunction have not been determined. The
mechanism-of-action of ABT-263 is to lower the activity of BCL-2 (which is upregulated in
a state of cellular senescence) and selectively induce apoptosis in senescent cells'’. Here, we
administered ABT-263 to old (27 mo) C57BL/6N mice — an established model of vascular
aging20:21.31 Because there were no sex differences in our p16-3MR/GCV study nor an
influence of senescent cell clearance in young animals (young animals treated with GCV),
to reduce the overall number of mice used we only studied old male mice for this study.
Mice were treated intermittently (1 week on — 2 weeks off — 1 week on) with ABT-263

(50 mg/kg/day during the treatment periods), or the respective vehicle control (10% EtOH;
30% PEG 400; 60% Phosal 50 PG) by oral gavage and were sacrificed 4 weeks following
the final dose. At time of sacrifice, we observed no inter-group differences in the mass of
key organs or artery characteristics, which is similar to what we have observed in previous
intervention studies in old mice29-28 (Supplemental Table S1). Aortic p16/NK4A abundance
and BCL-2 activity, assessed as BAX/BCL-2 protein abundance32:33, were ~40% and ~20%
lower, respectively, in old mice that received ABT-263; (p16'NK4A OId vehicle vs. Old
ABT-263, P=0.04, Figure S1B; BCL-2 activity Old vehicle vs. Old ABT-263, A= 0.16,
Figure S1C).

Cellular senescence contributes to aortic stiffening with aging: Amelioration with senolytic

therapy

Aortic stiffness in vivo—To determine whether cellular senescence contributes to aortic
stiffening with aging, we noninvasively assessed aortic PWV /n vivo. Aortic PWV is the
mouse corollary to the non-invasive /n vivo reference standard measure of aortic stiffness

in people, carotid-femoral PWV34, We assessed aortic PWV at baseline and after treatment
in vehicle- and GCV-treated young and old animals. Aortic PWV was ~25% greater in old
versus young mice at baseline (Old vehicle, 462 + 11 cm/sec vs. Young vehicle, 353 £ 5
cm/sec, P<0.0001) (Figure 1A), consistent with age-related changes in aortic stiffness in
humans3°. GCV treatment in old mice lowered aortic PWV by ~20%, which accounted for
~95% of the age-related difference in aortic PWV (382 £ 7 cm/sec, A< 0.0001 vs. Old
vehicle), whereas no significant changes were observed over time within the Young vehicle,
Young GCV or Old vehicle groups (Figure 1A). These effects occurred independently of no
change in systolic or diastolic blood pressure (Table 1).
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Next, we assessed aortic PWV in old mice before and after treatment with ABT-263 to
determine the efficacy of targeting cellular senescence with a senolytic to lower aortic
stiffness in the setting of advanced age. We found that ABT-263 treatment reduced aortic
PWV by ~20% (Pre-treatment: 446 + 9 cm/sec vs. Post-treatment: 356 + 11 cm/sec, P<
0.0001) in old mice, while there was no difference in aortic PWV before and after treatment
(P=0.99) in animals that received oral gavage with the vehicle control (Figure 1B). Like
p16-3MR mice treated with GCV, the ABT-263-mediated reduction in aortic PWV occurred
independently of changes in systolic or diastolic blood pressure (Supplemental Table S1).

Intrinsic mechanical wall stiffness—\We next sought to determine whether structural
changes to the arterial wall might contribute to the cellular senescence-induced increase in
aortic PWV. To do so, we measured the relative difference in elastic modulus of aorta rings
isolated from Young vehicle, Young GCV, Old vehicle and Old GCV mice. Elastic modulus
is defined as the association between the change in stress on the arterial wall before and
after a given strain (stretch) and is indicative of the intrinsic mechanical stiffness of the
aortic wall38. Aortic elastic modulus was ~2-fold greater in old versus young animals (Old
vehicle: 4139 + 281 kPa vs. Young vehicle: 2152 + 186 kPa, 2= 0.0004), consistent with
our previous studies?%-21 (Figure 1C). Old GCV animals had ~15% lower elastic modulus
relative to Old vehicle (Old GCV, 3513 + 217 kPa), which accounted for ~30% of the
age-related increase in elastic modulus (Old vehicle vs. Old GCV; £=0.08). GCV had no
effect in young mice (Young vehicle vs. Young GCV, P=0.77), thus the effect of cellular
senescence on aortic elastic modulus was specific to aging (Figure 1C).

Following, we assessed the relative difference in elastic modulus in aortic rings isolated
from old mice treated with ABT-263. Similar to old p16-3MR mice treated with GCV, old
mice that were administered ABT-263 had ~15% lower aortic elastic modulus relative to Old
vehicle-treated mice (Old vehicle: 2514 + 116 kPa vs. Old ABT-263: 2127 + 166 kPa, P

= 0.06); Figure 1D). Together, these results suggest that cellular senescence induces aortic
stiffening with aging in part by increasing the intrinsic stiffness of the arterial wall, although
other factors clearly contribute. Moreover, targeting cellular senescence with a senolytic

in the setting of advanced age may improve aortic stiffness, at least in part, as result of
reductions in the intrinsic stiffness of the arterial wall.

Arterial wall structural proteins—Next, we sought to determine if the cellular
senescence-mediated increase in arterial stiffness with aging was associated with adverse
changes in the abundance of the arterial wall structural proteins type-1 collagen (primary
isoform of collagen in arteries®”) and alpha-elastin and an upregulation of AGEs. Type-1
collagen is a component of the arterial adventitia that increases with aging and provides
rigidity/stiffness to the arterial wall, whereas alpha-elastin is a protein that degrades with
aging and confers arterial wall elasticity338. AGEs are signaling molecules that are elevated
with aging and can increase the stiffness of the arterial wall by crosslinking structural
proteins3?. The aortic abundance of type-1 collagen, alpha-elastin, and AGEs were only
assessed in Young vehicle, Old vehicle, and Old GCV mice in the p16-3MR mouse study;,
given that aortic PWV and elastic modulus in young mice were not influenced by GCV.
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We found that Old vehicle mice had ~25% greater aortic adventitial type-1 collagen
compared to Young vehicle mice (P= 0.005), and administration of GCV to old mice
lowered aortic adventitial collagen-1 by ~15%, which accounted for ~65% of the age-related
increase (Old vehicle vs. Old GCV, P=0.02) (Figure 1E). Consistent with the findings

in p16-3MR mice, we found that ABT-263 treatment in old mice tended to lower (by

~15%) aortic adventitial type-1 collagen (P=0.12) (Figure 1F). Moreover, we found that
alpha-elastin was ~3-fold lower in old relative to young animals (Old vehicle vs. Young
vehicle, P=0.02); however, this did not appear to be regulated by cellular senescence as
there was no difference in elastin abundance between Old GCV and Old vehicle animals (P
= 0.43), and elastin abundance was ~3-fold lower in Old GCV relative to Young vehicle (P
=0.01) (Figure S2A). Aortic elastin content was also uninfluenced by ABT-263 treatment
(Old vehicle vs. Old ABT-263, £=0.56) (Figure S2B). We found AGEs were higher

with aging (Old vehicle vs. Young vehicle, 2= 0.04), as we have previously shown20:40,
which appeared to be partially governed by cellular senescence as AGEs tended to be

lower (~30%) in old animals following GCV treatment (Old GCV vs. Old vehicle, P=

0.18) (Figure S2C). Furthermore, ABT-263-treated animals tended to have lower (by ~30%)
aortic AGEs (Old vehicle vs. Old ABT-263, P=0.11) (Figure S2D). Together, these results
suggest that the cellular senescence increases aortic stiffness with aging, at least in part, by
increasing adventitial type-1 collagen deposition and AGEs abundance, and treatment with a
senolytic may be a therapeutic strategy to mitigate these molecular processes with advanced
age.

Humoral factors modulating arterial stiffness—We next sought to determine the role
of humoral factors in plasma as mediators of aortic stiffening, given that SASP factors are
secreted into circulation (e.g., the plasma)’#1 and have both direct and indirect effects on
the arterial wall. We exposed aortic rings, isolated from young (6 mo) intervention naive
p16-3MR female and male mice to standard cell culture media containing either fetal calf
serum (control) or serum-free media supplemented with 10% plasma from old vehicle- and
GCV-treated p16-3MR mice for 48 hours, and performed the aortic elastic modulus assay,
as described above. We found that plasma from Old vehicle mice evoked a 50% increase

in aortic elastic modulus (Figure 2A, £< 0.0001 vs. control media), whereas there was no
effect with plasma from old mice that received GCV treatment (Old vehicle vs. Old GCV
plasma, < 0.0001; old GCV plasma vs. control media, 2= 0.21), suggesting that SASP
factors in plasma likely contribute to the increase in aortic stiffness with aging. In further
support of this idea, linear regression analyses showed that the plasma-mediated changes in
aortic elastic modulus in our ex vivo experiments were significantly (£ < 0.006) related to
post-intervention aortic PWV values /7 vivo (R? = 0.24) (Figure 2B).

Next, to identify potential molecular transducers in the circulating plasma that were changed
with aging (OId vehicle vs. Young vehicle) and cellular senescence (Old GCV vs. Old
vehicle), we performed targeted plasma proteomic analyses using the SOMAscan platform,
as described previously#142, Most differences in individual plasma proteins were modest,
with only a few significantly altered at a false discovery rate of < 0.01 (Figure 2C).
However, we did observe broad changes in the patterns of protein abundance with aging
(Old vehicle vs. Young vehicle) and with treatment (Old GCV vs. Old vehicle) (Figure
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2D). Specifically, of the proteins that were most increased with aging, the majority were
reduced with GCV (Old vehicle vs. old GCV, Figure 2D left side). In contrast, proteins that
were lower in old mice (Old vehicle vs. Young vehicle) were largely unaltered with GCV
treatment (Figure 2D right side). Taken together, these observations suggest the functional
effects of GCV treatment are most related to reversal of age-associated increases in select
humoral factors. Consistent with this idea, we also found that a greater number of circulating
proteins were positively related to PWV in old animals following the GCV and vehicle
treatment periods, rather than inversely related (Figure 2E). To determine which known
SASP proteins may be involved in mediating increases in aortic PWV with aging, we
identified all proteins that met the following criteria: a) increased with aging; b) decreased
with GCV treatment; c) positively related to post-intervention PWV; and d) accepted as
SASP proteins’ (Figure 2F, left side). Using this approach, we identified 27 putative SASP
factors that influence PWV, and a pathway analysis showed that these SASP proteins

were primarily related to metabolic processes (e.g., glycolysis, gluconeogenesis), as well as
amino acid biosynthesis and hypoxia-related signaling, among others (Figure 2F, right side).
Collectively, these results suggest that humoral SASP-related factors may directly influence
aortic stiffening with aging, and that this may be due in part to cellular senescence-mediated
changes in cellular metabolism associated with glycolysis and mitochondrial function.

Cellular senescence contributes to endothelial dysfunction with aging: Improvements with
senolytic therapy

Endothelial function—To determine whether cellular senescence contributes to
endothelial dysfunction with aging, we first assessed EDD to increasing doses of
acetylcholine (ACh) ex vivoin carotid arteries in Young vehicle, Young GCV, Old vehicle,
and Old GCV p16-3MR mice (Figure 3A), Peak EDD was lower in old versus young
animals (Old vehicle, 84 = 2% vs. Young Veh: 96 + 1%, P= 0.002) (Figure 3A).
Administration of GCV completely restored EDD in old mice (Old GCV, 95% + 1%; P
=0.01 vs. Old vehicle) to levels observed in young animals without affecting EDD in young
mice (Young vehicle vs. Young GCV, P= 0.99). Furthermore, we found that peak EDD

was higher in old C57BL/6N mice treated with ABT-263 compared vehicle control (Old
ABT-263: 96 + 1% vs. Old vehicle, 82% + 3%; P = 0.0004) (Figure 3B). These observations
indicate that cellular senescence regulates vascular endothelial dysfunction with aging and
that treatment with a senolytic may be a therapeutic strategy to improve endothelial function
in advanced age.

NO bioavailability—Next, we assessed the role of cellular senescence in regulating
NO-mediated EDD with aging by assessing EDD with and without the presence of the

NO synthase inhibitor L-NAME, as we have described previously29-2L, Inhibition of NO
production by L-NAME abolished group differences in peak EDD in p16-3MR mice
(Figure S3A) and in Old vehicle- and ABT-263-treated mice (Figure S3B). Consistent

with this idea, peak NO-mediated dilation (peak EDD to ACh alone [-] peak EDD to ACh

+ L-NAME) was 31% lower in old versus young animals (Old vehicle: 42 + 4% vs. Young
vehicle: 61 + 3%, P=0.0004), and the age-related reduction in NO-mediated EDD was fully
reversed via administration of GCV (Old GCV, 60 + 4%) (Figure 3C). NO-mediated EDD
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was also higher in Old ABT-263 mice relative to Old vehicle (Old ABT-263: 55 + 6% vs.
Old vehicle: 34 + 6%, P=0.03) (Figure 3D).

To determine if senescent cell clearance altered smooth muscle sensitivity to NO,

we measured endothelium-independent dilation as the vasodilatory response to sodium
nitroprusside (SNP), an NO donor. We found no group differences (P= 0.84) in p16-3MR
mice administered GCV (Figure 3E) or old mice treated with ABT-263 (P = 0.29) (Figure
3F) in response to SNP. Together, these results suggest that cellular senescence contributes
to endothelial dysfunction with aging by reducing NO bioavailability from the endothelium
rather than by influencing vascular smooth muscle sensitivity to NO. Furthermore, treatment
with a senolytic may be an effective strategy for increasing NO-mediated endothelial
function with advanced age.

Superoxide-related Oxidative stress—Excess superoxide-related oxidative stress can
directly contribute to endothelial dysfunction with aging*3, as superoxide can scavenge NO
and ultimately reduce its bioavailability4. Hence, we sought to determine whether cellular
senescence contributes to endothelial dysfunction with aging by increasing superoxide-
related oxidative stress. To do so, we first assessed superoxide production in dissected
aortic rings using the reference-standard approach for assessing superoxide production in
biological samples*®, electron paramagnetic resonance spectroscopy (amplitude units [AU]),
as we have previously described?%:21:46, Old mice had ~40% higher aortic superoxide
production relative to young mice (Old vehicle: 8895 + 1295 AU vs. Young vehicle: 5502
+ 370 AU, P=0.03) (Figure 4A). Administration of GCV completely abolished the age-
related increase in aortic superoxide production (Old GCV: 4102 + 582 AU, £=0.002 vs.
Old vehicle) back to young levels (Old GCV vs. Young vehicle, £=0.23) but did not affect
superoxide production in young animals (Young GCV vs. Young vehicle, P= 0.41) (Figure
4A). Similarly, old mice treated with ABT-263 had 56% lower aortic superoxide production
relative to vehicle-treated animals (Old ABT-263: 3313 £ 501 AU vs. Old vehicle: 7569 +
1730 AU, P=0.04) (Figure 4B).

Excessive superoxide-related oxidative stress with aging could occur via increased
production of superoxide (e.g., via greater abundance of superoxide producing enzymes like
NADPH oxidase - the primary superoxide producing enzyme in endothelial cells*’), reduced
superoxide scavenging capacity due to lower abundance of superoxide dismutase (SOD)
enzymes*8, or a combination of the two. Thus, we assessed the abundance of NADPH
oxidase (NOX p47), cytosolic copper-zinc (Cu-Zn) SOD, and extracellular (ec)SOD. We
found that NADPH oxidase was ~35% higher in the old versus young mice (Old vehicle vs.
Young vehicle, A= 0.02), which is consistent with previous studies in our laboratory20:49.50,
Greater NADPH oxidase with aging was fully ameliorated by GCV treatment (Old GCV vs.
Old vehicle, £=0.01) (Figure 4C). We also found that NADPH oxidase was lower in Old
ABT-263-treated animals relative to Old vehicle (= 0.02) (Figure 4D). Regarding SODs,
we found that arterial antioxidant defense proteins, Cu-Zn SOD and ecSOD, were lower in
Old vehicle compared to Young vehicle animals (Cu-Zn SOD, P=0.04; ecSOD, £=0.03)
which was unaffected by GCV administration (Old vehicle vs. Old GCV, Cu-Zn SOD: P=
0.82; ecSOD: P=10.42) (Cu-Zn SOD, Figure S4A,; ec SOD, Figure S4B). We also observed
no difference in vascular Cu-Zn SOD or ecSOD following ABT-263 treatment in old mice
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(Cu-Zn SOD, Old ABT-263 vs. Old vehicle, #=0.78, Figure S4C; ecSOD, Old ABT-263
vs. Old vehicle, £=10.92, Figure S4D). These results collectively demonstrate that cellular
senescence increases superoxide production in arteries by directly upregulating pro-oxidant
proteins without a compensatory increase in antioxidant enzymes, and that senolytic therapy
may reduce superoxide production in arteries by downregulating pro-oxidant proteins rather
than increasing antioxidant enzymes.

Lastly, we aimed to determine the causal role of the cellular senescence-mediated increase in
superoxide production on vascular function. To accomplish this, we used a well-established
bioassay for determining the direct role of excess superoxide production in suppressing
endothelial function. Specifically, we assessed carotid artery EDD with and without prior
incubation with the superoxide scavenger TEMPOL2046, TEMPOL administration to the
vessel perfusate restored peak EDD selectively in Old vehicle p16-3MR mice (P < 0.0001
with vs. without TEMPOL) to levels not different (P = 0.87) from Young-vehicle mice,
without affecting EDD in the Young-vehicle animals. Thus, the impaired EDD in Old
vehicle mice is mediated by excess vascular superoxide production, as we have previously
shown?%:28, Preincubation with TEMPOL did not further improve EDD in old p16-3MR
mice that received GCV treatment (Old GCV: ACh alone vs. ACh + TEMPOL, P=

0.66) (Figure 4E). Preincubation with TEMPOL also increased peak EDD in Old-vehicle
C57BL/6N mice (P=0.003), while there was no effect of TEMPOL on peak EDD in
ABT-263-treated animals (£ = 0.94) (Figure 4F). Collectively, these results suggest that
cellular senescence regulates excess tonic superoxide-related suppression of EDD with
aging and that senolytic therapy may be a favorable therapeutic strategy to suppress

excess superoxide-associated oxidative stress and ultimately improve endothelial function
in advanced age.

Humoral factors related to NO-mediated EDD.—Changes in humoral factors with
advanced age can directly modulate oxidative stress and NO production in endothelial
cells®152, Furthermore, alterations in the circulating SASP can directly increase oxidative
stress®3. Accordingly, we next aimed to identify potential SASP factors in the circulation
related to cellular senescence-associated changes in NO-mediated EDD with aging. Among
the proteins that predicted NO-mediated EDD (Figure 5A), we found 21 that increased
with aging, decreased with GCV, and have been identified as SASP proteins’ (Figure 5B).
Moreover, a pathway analysis indicated these SASP proteins associated with NO-mediated
EDD were mostly related to sphingolipid biosynthesis, glycoprotein synthesis/degradation,
cell adhesion, glutathione metabolism (e.g., oxidative stress), and PI3K-Akt signaling—all
processes that have been implicated in altered NO production®* (Figure 5C). Although

we were unable to perform plasma incubation experiments and assess EDD as we did

with aortic stiffness due to the need for specialized equipment, our results suggest that,

in addition to modulating PWYV, circulating SASP factors may contribute to decreased
NO-mediated EDD with aging.

DISCUSSION

In the present study we used complementary /7 vivo and ex vivo models of age-related
vascular dysfunction, in male and female mice, to establish the role of cellular senescence
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and circulating SASP factors in mediating vascular dysfunction with aging. We also present
evidence supporting the efficacy for targeting cellular senescence with senolytic therapy to
lower senescent cell burden in the vasculature (e.g., lower p16/NK4A abundance and BCL-2
activity) and improve vascular function in advanced age.

Stiffening of the aorta occurs with advancing age, as indicated by an increase in aortic
PWV>°, and is a major independent risk factor for age-associated CV events, clinical
CVD?38, kidney dysfunction®’, and cognitive impairment>8. It is important to understand the
mechanism(s) mediating arterial stiffening with aging, as these mechanism(s) could serve
as viable therapeutic targets for treatments. To date, these mechanisms are incompletely
understood. Here, we show for the first time that cellular senescence directly contributes

to the age-associated increase in aortic PWV. Moreover, we demonstrate proof-of-principle
efficacy for the use of senolytic treatment to lower aortic stiffness in advanced age. As
such, our findings have potential clinical significance for mitigating aortic stiffening and
its pathological sequelae in humans as presently there are no established pharmacological
treatments for aortic stiffening in humans.

The mechanisms by which the aorta stiffens with aging are incompletely understood, but an
important contributing event is increased intrinsic stiffness of the aortic wall, as indicated

by an increase in the elastic modulus of segments of the proximal aorta upon stress-strain
analysis34. The cellular and molecular mechanisms underlying increased intrinsic aortic wall
stiffness with age largely involve remodeling of the composition of structural compounds
within the extracellular matrix of the aortic wall*. Type-1 collagen is the primary load-
bearing protein in the aortic wall and its abundance increases with advancing age, conferring
increased mechanical stiffness?%:59, In contrast, alpha-elastin, a structural protein providing
elasticity to the aorta, becomes fragmented and undergoes degradation with aging, reducing
its abundance20-80. Moreover, with advancing age the formation and accumulation of AGEs,
which crosslink structural proteins, increase in the aortic wall, which further increases
stiffness2040, In the present study, we found that cellular senescence contributes to age-
related changes in aortic intrinsic mechanical wall stiffness, collagen deposition, elastin
degradation, and the increase in AGEs, and that senolytic treatment largely reverses these
adverse changes.

An additional contributing factor to aortic stiffening with aging is a change in the
composition of humoral factors. Specifically, senescent cells secrete SASP factors (e.g.,
metabolites, chemokines, and growth factors) into circulation1:61, which, in turn, directly
interact with the arterial wall. In the present study, plasma from old control animals, but not
plasma from old animals cleared of senescent cells, induced stiffening of aorta rings from
young control mice. These observations provide novel evidence that the circulating SASP
directly contributes to aortic stiffening with aging.

The composition of circulating SASP factors is adversely altered with aging*1:61, but

the relation of these changes to age-related arterial stiffening is unknown. Mitochondrial
dysfunction is a feature of senescent cells that promotes a shift toward glycolytic
metabolism and ultimately alters the SASP82:63, Consistent with these observations, here
we determined that SASP factors mediating changes in aortic stiffness are associated with
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glucose metabolism (e.g., glycolysis). Moreover, changes in glycolytic metabolites may
contribute to aortic stiffening, in part, by promoting crosslinking of collagen fibers in the
arterial wall and/or increasing superoxide-related oxidative stress®*95. Taken together, our
findings suggest cellular senescence-associated changes in metabolism -- towards a more
glycolytic state -- may alter the circulating SASP to promote aortic stiffening with aging.

Vascular endothelial dysfunction is a major antecedent to clinical CVD with aging?. Clinical
assessments of EDD in humans are independently predictive of age-related CVD morbidity
and mortality®8. In the present study, using carotid artery EDD, we found that cellular
senescence mediates endothelial dysfunction with aging and that senolytic therapy is an
effective strategy for improving endothelial function in older mice. Our findings of enhanced
EDD upon reducing cellular senescence provide causal evidence to extend previous cross-
sectional observations of a relation between EDD and markers of endothelial senescence
with aging in humans8’. Moreover, our results add to previous observations of improvements
in EDD following genetic clearance of senescent cells (INK-ATTAC mouse) and senolytic
(Dasatanib + Quercetin) treatment in old mice®8.

Reduced bioavailability of NO and increased oxidative stress are primary mechanisms
underlying endothelial dysfunction with aging?®; however, the integrative mechanistic
event(s) governing these responses are not completely understood. Excess oxidative stress,
particularly superoxide, can reduce NO bioavailability by scavenging NO®. Here, we show
that the age-related impairment in NO bioavailability is mediated by cellular senescence
and that senolytic therapy can increase the bioavailability of NO in older age. Additionally,
we demonstrate that cellular senescence induces vascular oxidative stress via excessive
arterial superoxide production and senolytic treatment decreases vascular oxidative stress
to improve endothelial function. Cellular senescence may also contribute to reductions

in EDD in part through the SASP70, as SASP factors can promote NO degradation,
impairment in NO production-related signaling (via the PI3K-AKT signaling pathway),
and an increase in oxidative stress’?. Consistent with this concept, we observed a relation
between NO-mediated EDD and SASP factors linked to sphingolipid biosynthesis, which
governs NO production and degradation, as well as to NO signaling pathways’L. We also
observed a relation between SASP factors related to oxidative stress (e.g., altered glutathione
metabolism) and NO-mediated EDD, suggesting the SASP may contribute to endothelial
dysfunction by promoting excessive superoxide-related scavenging of NO.

In conclusion, the results of the present study provide key proof-of-principle evidence for
the role of cellular senescence and the SASP in contributing to age-related aortic stiffening
and endothelial dysfunction, as well as providing novel insight into the mechanisms
mediating these effects. Moreover, our findings establish the efficacy of senolytic therapy for
lowering aortic stiffness and improving endothelial function in advanced age. Importantly,
senolytic therapy was administered intermittently, which has broad translational implications
relative to chronic treatment strategies because this approach likely allows the homeostatic
cellular senescence processes to remain intact (i.e., suppresses cellular senescence back to
young/basal levels), yet is more time efficient and may enhance adherence compared with
sustained therapeutic approaches®.
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Perspectives

Here, we demonstrate the role of cellular senescence and the circulating SASP in mediating
age-related large elastic artery stiffness, as assessed via aortic PWV, and endothelial
dysfunction, determined by carotid artery EDD. Moreover, we show efficacy for targeting
cellular senescence with senolytic therapy to improve vascular function in old age. Lifestyle
strategies or targeted pharmacological therapies (synthetic or natural) that suppress cellular
senescence and/or the SASP in arteries may be effective strategies for treating age-related
vascular dysfunction, which could ultimately decrease the risk for CVD, kidney dysfunction
and cognitive impairment in mid-life/older adults.

Several research gaps remain to be addressed. Future studies should attempt to determine the
causal role of individual SASP factors in mediate vascular aging and how senolytic therapy
alters individual SASP factors to induce favorable changes in vascular function. Moreover,
ongoing’2 and completed”3-76 clinical trials with senolytic compounds in humans generally
have been conducted in patients with severe clinical conditions and these studies are not
assessing or have not assessed vascular outcomes. Importantly, the broad translatability of
current synthetic pharmacological senolytic compounds is limited due to potential safety
concerns and off-target toxic effects on non-senescent cells1®. As such, natural food-derived
senolytic compounds (e.g., fisetin’” and grapeseed extract’8) and/or lifestyle strategies
shown to reduce senescent cell burden (e.g., aerobic exercise’®) represent viable avenues
for overcoming current barriers to senolytic therapy for healthy vascular aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Relevance
What is New?

. Using complementary /n vivoand ex vivotranslational models, we
systematically demonstrated that cellular senescence and senescence
associated secretory phenotype (SASP) factors in circulation contribute to
aortic stiffening and endothelial dysfunction with aging.

. We established efficacy of senolytic therapy for reducing aortic stiffness and
improving endothelial function in advanced age.

What is Relevant?

. Vascular dysfunction (e.g., aortic stiffening and endothelial dysfunction) is a
major antecedent and key initiating step in the development of cardiovascular
diseases.

. Cellular senescence has been implicated in age-related vascular dysfunction,

but the direct role of cellular senescence and circulating SASP factors in
mediating aortic stiffening and endothelial dysfunction with aging has not
been established.

. Our findings show that cellular senescence and circulating SASP factors are
key mechanisms involved in vascular aging and that senolytic therapy may
improve vascular health and reduce cardiovascular disease risk with aging.

Clinical/Pathophysiological Implications

We show that cellular senescence and circulating SASP factors contribute to age-related
aortic stiffening and endothelial dysfunction and establish proof-of-principal efficacy
for the use of senolytic therapy to improve vascular function with aging. Together,
these findings suggest that increased cellular senescence is a viable therapeutic target to
prevent and/or treat age-related vascular dysfunction.
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Figure 1. Cellular senescence mediates aortic stiffening with aging and senolytic treatment
lowers aortic stiffness in advanced age.

In young (6-8 months) and old (27-29 months) male and female (sexes combined) p16-3MR
mice treated with vehicle (Veh; sterile saline) or ganciclovir (GCV, in sterile saline) at a
dose of 25 mg/kg/day for five consecutive days via intraperitoneal injection: (A) Aortic
pulse wave velocity (PWV) before and after treatment. (C) Aortic elastic modulus at time
of sacrifice. (E) Immunofluorescence staining for Type-1 Collagen in the adventitial layer of
aortic rings collected at time of sacrifice. In old male C57BL/6N mice treated with vehicle
(10% ethanol; 30% PEG400; 60% Phosal 50PG) or ABT-263 (in the vehicle) at a dose

of 50 mg/kg/day via oral gavage following a one week on — two weeks off — one week

on dosing regimen: (B) Aortic pulse wave velocity before and after treatment. (D) Aortic
intrinsic mechanical wall stiffness at time of sacrifice. (F) Immunofluorescence staining for
type-1 collagen in the adventitial layer of aortic rings collected at time of sacrifice. All
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data are mean £ SEM. N = 16-23/group, p16-3MR study aortic PWV. N = 15-20/group,
p16-3MR study aortic intrinsic mechanical wall stiffness. N = 10/group, p16-3MR study
aortic adventitial type-1 collagen fluorescence. N = 14-16/group, ABT-263 study aortic
PWV. N = 11-14/group, ABT-263 study aortic intrinsic mechanical wall stiffness. N =
9/group, ABT-263 study aortic adventitial type-1 collagen fluorescence. * P< 0.05, effect of
aging within group; ¥ P< 0.05, effect of treatment within age group; * £< 0.05, effect of
time.
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Figure 2. The age-related plasma proteome is mediated, in part, by cellular senescence and
related to changes in aortic stiffness.

(A) Changes in elastic modulus of aorta rings from young intervention naive p16-3MR mice
induced by plasma from Old vehicle (Veh; sterile saline) and ganciclovir (GCV, in sterile
saline) treated old (27-29 months) p16-3MR mice. (B) Aortic elastic modulus following
plasma exposure relative to the post-intervention aortic pulse wave velocity (PWV) value
of the plasma donor mouse. Targeted plasma proteomic analyses of young (6-8 months)
male and female vehicle-treated p16-3MR mice and old (27-29 months) male and female
p16-3MR mice: (C) Volcano plots of differentially expressed plasma proteins in old vehicle
(sterile saline)-treated mice (OIld Veh) relative to young vehicle-treated (Young Veh) mice
(left-side panel); Volcano plots of differentially expressed plasma proteins in old GCV
relative to Old Veh-treated animals (right-side panel). (D) Left side: Top 200 proteins that
were elevated with aging (Old Veh vs. Young Veh) and their relative changes with GCV
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treatment (Old GCV vs. Old Veh); Right side: Top 200 proteins that were lower with aging
(Old Veh vs. Young Veh) and their relative changes with GCV treatment (Old GCV vs.

Old Veh). (E) Correlation among individual plasma proteins and post-intervention aortic
PWV values. (F) Left side: Plasma proteins that were: /) higher with aging; 77) lower with
GCV treatment; //f) positively related to post-intervention aortic PWV; and /v) accepted as
senescence-associated secretory phenotype proteins; Right side: KEGG pathway analyses of
the 27 proteins that met the criteria presented in Figure 2H. Data are mean = SEM. n =
15/group (panels A-B); n = 10/group for all proteomics results. * £< 0.05 vs. control; ¥ P<
0.05 vs. Old Vehicle plasma.
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Figure 3. Cellular senescence impairs endothelial function with aging by reducing nitric
oxide (NO) bioavailability not by influencing vascular smooth muscle sensitivity to NO, and
senolytic treatment increases vascular endothelial function in advanced age by increasing NO
bioavailability, not by altering vascular smooth muscle sensitivity to NO.

In young (6-8 months) and old (27-29 months) male and female (sexes combined) p16-3MR
mice treated with vehicle (Veh; sterile saline) or ganciclovir (GCV, in sterile saline) at a
dose of 25 mg/kg/day for five consecutive days via intraperitoneal injection: (A) Carotid
artery endothelium-dependent dilation (EDD) to increasing doses of acetylcholine (ACh).
(C) NO-mediated EDD calculated as peak EDD alone (=) peak EDD in the presence of
L-NAME. (E) Carotid artery endothelium-independent dilation to increasing doses of the
NO donor sodium nitroprusside (SNP). In old male C57BL/6N mice treated with vehicle
(10% ethanol; 30% PEG400; 60% Phosal 50PG) or ABT-263 (in the vehicle) at a dose of 50
mg/kg/day via oral gavage following a one week on — two weeks off — one week on dosing
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regimen: (B) Carotid artery EDD to increasing doses of ACh. (D) NO-mediated EDD. (F)
Carotid artery endothelium-independent dilation (EID) to increasing doses of SNP. All data
are mean + SEM. N = 15-20/group, p16-3MR study EDD, NO-mediated EDD, and EID.

N = 10-14/group, ABT-263 study EDD, NO-mediated EDD, and EID. * P< 0.05, effect of
aging within group; ¥ £< 0.05, effect of treatment within age group.
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Figure 4. Cellular senescence promotes vascular superoxide-related oxidative stress with aging
and senolytic treatment lowers vascular superoxide-related oxidative stress in advanced age.

In young (6-8 months) and old (27-29 months) male and female (sexes combined) p16-3MR
mice treated with vehicle (Veh; sterile saline) or ganciclovir (GCV, in sterile saline) at a
dose of 25 mg/kg/day for five consecutive days via intraperitoneal injection: (A) Aortic
superoxide production (electron paramagnetic resonance spectroscopy amplitude units
[AU]). (C) Aortic abundance of nicotinamide adenine dinucleotide phosphate (NAPDH)
oxidase p47 normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (E)

Peak carotid artery endothelium dependent dilation (EDD) to acetylcholine (ACh) with

vs. without the presence of the superoxide dismutase mimetic TEMPOL. In old male
C57BL/6N mice treated with vehicle (10% ethanol; 30% PEG400; 60% Phosal 50PG) or
ABT-263 (in the vehicle) at a dose of 50 mg/kg/day via oral gavage following a one week on
— two weeks off — one week on dosing regimen: (B) Aortic superoxide production (electron
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paramagnetic resonance spectroscopy, AU). (D) Aortic abundance of NAPDH oxidase p47
normalized to GAPDH. (F) Peak carotid artery EDD to ACh with vs. without the presence
of TEMPOL. All data are mean + SEM. N = 15-20/group, p16-3MR mice aortic superoxide
production, and aortic NAPDH oxidase p47 and CuZn SOD abundance. N = 10-15/group,
p16-3MR mice peak EDD with TEMPOL. N = 8-9/group, ABT-263 study aortic superoxide
production. N = 8-10/group, ABT-263 study aortic NADPH oxidase p47 abundance. N =
10-12/group, ABT-263 study aortic CuZn SOD abundance. N = 7-9/group, ABT-263 study
peak EDD with TEMPOL. * P< 0.05, effect of aging within group; ¥ £< 0.05, effect of
treatment within age group; » £< 0.05, ACh alone vs. ACh + TEMPOL.
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Figure 5. The age-related plasma proteome is mediated, in part
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, by cellular senescence and

related to changes in nitric oxide (NO)-mediated endothelium-dependent dilation (EDD).
(A) Relative plasma protein changes that were related to post-intervention NO-mediated

EDD. (B) Plasma proteins that were relatively: 7) higher with aging; 77) lower with GCV
treatment; Jii) positively related to post-intervention NO-mediated EDD; and /v) accepted as

senescence-associated secretory phenotype (SASP) proteins.

(C) KEGG pathway analyses

of the 21 proteins that met the criteria presented in Figure 5B. Data are mean £ SEM. n =

10/group (Young Vehicle; Old Vehicle; Old GCV).
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