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Abstract

Cellular senescence and the senescence-associated secretory phenotype (SASP)
contribute to age-related arterial dysfunction, in part, by promoting oxidative stress
and inflammation, which reduce the bioavailability of the vasodilatory molecule ni-
tric oxide (NO). In the present study, we assessed the efficacy of fisetin, a natural
compound, as a senolytic to reduce vascular cell senescence and SASP factors and
improve arterial function in old mice. We found that fisetin decreased cellular se-
nescence in human endothelial cell culture. In old mice, vascular cell senescence and
SASP-related inflammation were lower 1week after the final dose of oral intermit-
tent (1 week on—2 weeks off—1 weeks on dosing) fisetin supplementation. Old fisetin-
supplemented mice had higher endothelial function. Leveraging old p16-3MR mice, a

6N*Apositive senescent cells, we

transgenic model allowing genetic clearance of pl
found that ex vivo removal of senescent cells from arteries isolated from vehicle- but
not fisetin-treated mice increased endothelium-dependent dilation, demonstrating
that fisetin improved endothelial function through senolysis. Enhanced endothelial
function with fisetin was mediated by increased NO bioavailability and reduced cellu-
lar- and mitochondrial-related oxidative stress. Arterial stiffness was lower in fisetin-
treated mice. Ex vivo genetic senolysis in aorta rings from p16-3MR mice did not
further reduce mechanical wall stiffness in fisetin-treated mice, demonstrating lower
arterial stiffness after fisetin was due to senolysis. Lower arterial stiffness with fisetin
was accompanied by favorable arterial wall remodeling. The findings from this study
identify fisetin as promising therapy for clinical translation to target excess cell senes-

cence to treat age-related arterial dysfunction.

Abbreviations: ACh, Acetylcholine; AGEs, Advanced glycation end products; CuZn, Copper zinc; CVD, Cardiovascular diseases; EDD, Endothelium dependent dilation; GCV, Ganciclovir;
HAECs, Human aortic endothelial cells; HUVECs, Human umbilical vein endothelial cells; L-NAME, N(gamma)-nitro-L-arginine methyl ester; Mn, Manganese; NADPH, Nicotinamide
adenine dinucleotide phosphate; NO, Nitric oxide; PWYV, Pulse wave velocity; ROS, Reactive oxygen species; SA-p-gal, Senescence-associated beta galactosidase; SASP, senescence-
associated secretory phenotype; SNP, Sodium nitroprusside; SOD, Superoxide dismutase; TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl.
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1 | INTRODUCTION

Advancing age is the primary risk factor for cardiovascular diseases
(CVDs), which remain the leading cause of morbidity and mortality
worldwide (Benjamin et al., 2018). Arterial dysfunction, character-
ized by vascular endothelial dysfunction and large elastic artery
stiffening (Jia et al., 2019), is a key antecedent to the development of
clinical CVDs with aging.

Age-related declines in endothelial function, as shown by re-
duced endothelium-dependent dilation (EDD), are mediated primar-
ily by lower bioavailability of nitric oxide (NO) (Brunt et al., 2019; El
Assar et al., 2012; Lakatta & Levy, 2003; Seals et al., 2011). Age-
associated arterial stiffening, as indicated by an increase in aortic
pulse wave velocity (PWV), is largely due to increased aortic intrin-
sic mechanical wall stiffness (Laurent et al., 2003; Vlachopoulos
et al., 2010) and arterial wall remodeling, featuring collagen deposi-
tion (fibrosis), elastin degradation and crosslinking of these structural
proteins by advanced glycation end products (AGEs) (Clayton, Brunt,
et al., 2021; Zieman et al., 2005). Reduced NO-mediated endothelial
function and arterial stiffening are driven by excess reactive oxygen
species (ROS)-related oxidative stress, a key source being dysfunc-
tional mitochondria (Rossman et al., 2020), and chronic low-grade
inflammation (Steven et al., 2019). Thus, identifying therapies that
reduce oxidative stress and inflammation to improve arterial func-
tion with aging is an important biomedical research goal (Fleenor
et al., 2012, 2013; Lesniewski et al., 2011).

Cellular senescence is a cellular stress response character-
ized by essentially irreversible cell cycle arrest (Campisi & d'Adda di
Fagagna, 2007; Kuehnemann et al., 2023). Homeostatic levels of cel-
lular senescence aids in wound healing and inhibits tumorigenesis in
part through the production of the senescence-associated secretory
phenotype (SASP)—a collection of cytokines, chemokines, and inflam-
matory mediators—which activate immune responses (Campisi, 2013;
Campisi & d'Adda di Fagagna, 2007; Demaria et al., 2014). Senescent
cells accumulate in excess with aging leading to adverse cellular ef-
fects in part via the SASP, which contributes to a pro-inflammatory and
pro-oxidative environment (Campisi & d'Adda di Fagagna, 2007; van
Deursen, 2014). Cellular senescence is a mechanism of age-related ar-
terial dysfunction (Clayton et al., 2023; Roos et al., 2016) and increased
cellular senescence in vascular cells from older adults is associated
with impaired arterial function (Rossman et al., 2017). Thus, reducing
cellular senescence and the SASP in the vasculature may be a prom-
ising therapeutic approach for improving arterial function in old age.

Clinical trials of senolytics—compounds that clear senescent
cells—are underway, but the impact and safety of current synthetic
senolytic therapies being tested are not fully understood (Hickson
et al., 2019; Justice et al., 2019). Fisetin is a flavonoid found in a vari-
ety of commonly consumed foods, appears to be safe in humans and

has high translational potential (Bondonno et al., 2019; Farsad-Naeimi
etal., 2018; Hejazi et al., 2020; Khan et al., 2013; Kim & Je, 2017; Wang
et al., 2019; Yousefzadeh et al., 2018). Intermittent fisetin treatment—
to clear excess senescent cells, but not interfere with the homeostatic
functions of cellular senescence (i.e., wound healing)—reduces cellular
senescence in select tissues and extends life span without adverse ef-
fects in old mice (Yousefzadeh et al., 2018). However, previous studies
have limited physiological outcomes and it is unknown if intermittent
fisetin supplementation reduces vascular cell senescence and im-
proves arterial function with aging.

The purpose of this study was to assess the efficacy of fisetin
for reducing cellular senescence and the SASP in vascular cells and
arteries and improving arterial function in old mice. We first sought
to identify concentrations of fisetin that selectively reduce cellular
senescence in endothelial cells in culture. Using a dose of fisetin
based on our findings in cell culture, we set out to determine if oral,
intermittent fisetin treatment reduced vascular senescent cell bur-
den and SASP-related inflammation in old mice. We then assessed
if fisetin could improve endothelial function and arterial stiffness
by decreasing cellular senescence. Lastly, we determined if fisetin
improved endothelial function by increasing NO bioavailability and
reducing total and mitochondrial ROS, and if reductions in arterial

stiffness were accompanied by favorable arterial wall remodeling.

2 | METHODS

2.1 | Cell culture experiments.

HUVECs and HAECs (Lonza, Basel, Switzerland) were cultured at
37°C and 5% CO, to ~80% confluency in Endothelial Cell Growth
Media (EGM)-2 media (Lonza) supplemented with an additional 2%
fetal calf serum (FCS; Sigma-Aldrich Corp., St. Louis, MO), 100pug/
mL penicillin, and 172ug/mL streptomycin (Gibco, Gaithersburg,
MD). Nonsenescent (control) cells were passaged 3-6 times, and se-
nescent cells were grown to passage 15 to induce replicative senes-
cence, as previously shown (Hayflick & Moorhead, 1961). Senescent
cells were treated with fisetin in EGM-2 for 48 h, and cell assays were
immediately performed in triplicate following the treatment period
(Udvardi et al., 2008). Experimental details on the cell viability assay,
SA-B-gal staining, assessment of ROS levels, and gene expression are
provided in the Appendix S1.

2.2 | Ethical approval and animal studies

All mouse studies and procedures were reviewed and approved by
the Institutional Animal Care and Use Committee at the University
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of Colorado Boulder (Protocol No. 2618). All procedures adhered to
the guidelines set forth by the National Institutes of Health's Guide
for the Care and Use of Laboratory Animals (Animals, 2011).

Male C57BL/6N (wild type) mice were obtained from the National
Institute of Aging colony (maintained by Charles River, Wilmington,
MA). Wild-type mice were allowed to acclimate to our facilities for
4weeks before beginning the study. Male and female p16-3MR
mice were bred and aged in our mouse colony at the University of
Colorado Boulder. These mice carry a trimodal fusion protein (3MR)
under the control of the p16™**A promoter which allows for selec-
tive genetic clearance of excess p16™*A-positive senescent cells by
administering the antiviral agent GCV (Demaria et al., 2014). For the
duration of the study, all mice were single housed at our animal fa-
cility with a 12h:12h light-dark cycle and allowed ad libitum access
to an irradiated, fixed, and open rodent chow (Inotiv/Envigo 7917,
stored at room temperature) and drinking water.

For the intervention period, old (27 months) wild-type and
p16-3MR mice were assigned to receive vehicle (10% EtOH, 30%
PEG400, and 60% Phosal 50 PG) or fisetin (100mg/kg/day in ve-
hicle). For wild-type mice, 18 mice received vehicle and 19 mice re-
ceived fisetin, and for p16-3MR mice, 27 mice received vehicle and
35 mice received fisetin. Treatment was administered via oral gavage
using an intermittent dosing paradigm involving 1 week of daily ac-
tive dosing, 2weeks of no intervention, and then another 1week of
active dosing, which has previously been shown to reduce senescent
cell burden in select tissues in old mice back to young/basal levels
(Yousefzadeh et al., 2018). Mice were sacrificed 1-2weeks after
the final dose. Treatment groups were randomized and matched for
baseline body weight and aortic PWV. Throughout the intervention
period, one old wild-type mouse and 11 p16-3MR mice died as a re-
sult of expected age-related attrition, which resulted in a final sam-
ple size of old wild-type vehicle, n=17; old wild-type fisetin, n=19;
old p16-3MR vehicle, n=22; and old p16-3MR fisetin, n=29.

2.3 | Invivo aortic stiffness and arterial
blood pressure

Aortic PWV was assessed in vivo 1week before (pre) and 1week
after (post) the intervention, as previously described (Brunt
et al., 2019; Casso et al., 2022; Clayton, Brunt, et al., 2021; Clayton,
Hutton, et al., 2021). Briefly, mice were anesthetized via inhaled
isoflurane (1.0%-2.5%) and positioned supine on a warmed heat
platform with paws secured to electrocardiogram (ECG) leads. Two
Doppler probes were then placed at the transverse aortic arch and
the abdominal aorta. Three repeated 2-second ultrasound tracings
were recorded, and average pre-ejection time (i.e., time between
the R-wave of the ECG to the foot of the Doppler signal) was deter-
mined for each location. Aortic PWV was then calculated as: aortic
PWV =(physical distance between the two probes)/(Atime,, ;. inal
minus Atime, ., . .so) and reported in centimeters per second. Blood

pressure was measured pre- and post-intervention on 3 consecutive

Aging

days using a noninvasive tail-cuff method (CODA; Kent Scientific,
Torrington, CT), as we have described previously (Brunt et al., 2019;
Casso et al., 2022; Clayton, Brunt, et al., 2021; Clayton, Hutton,
etal., 2021).

2.4 | Endothelial function

EDD in response to increasing doses of acetylcholine (Sigma Aldrich,
Cat. No. A6625) and endothelium-independent dilation in response
to increasing concentrations of the exogenous NO donor SNP (Sigma
Aldrich, Cat. No. 13755-38-9) were measured in isolated carotid ar-
teries, as previously described (Brunt et al., 2019; Casso et al., 2022;
Clayton et al., 2020; Clayton, Hutton, et al., 2021). Further details,
including all pharmacological agents and approaches used for phar-

macodissection experiments, are provided in the Appendix S1.

2.5 | Statistical analyses

Detailed descriptions of all statistical analyses performed are pro-
vided in the Appendix S1. Data are presented as mean+SEM in
text, figures, and tables unless specified otherwise. Statistical sig-
nificance was set to a=0.05. All statistical analyses were performed

using Prism, version 9 (GraphPad Software, Inc, La Jolla, CA).

3 | RESULTS

3.1 | Fisetin reduces cellular senescence in
endothelial cells

Initially, we performed in vitro cell culture experiments in human
umbilical vein endothelial cells (HUVECs) to determine the effect
of fisetin on senescent and nonsenescent (control) endothelial cells.
HUVECs were brought to senescence via replicative exhaustion (an
in vitro model of an aged-like state) (Cristofalo et al., 2004; Hayflick
& Moorhead, 1961). Cell viability of senescent and control HUVECs
were measured in response to increasing concentrations of fisetin to
determine the concentrations of fisetin that reduced the viability of
senescent cells without affecting viability of control cells. We found
that fisetin had an overall higher potency against senescent HUVECs
compared to control cells (IC;, of fisetin 7.0+ 0.4 vs. 3.4+0.3uM on
control and senescent cells, respectively; Figure 1a). Moreover, we
observed a reduction in viability of senescent HUVECs with 1M
fisetin, whereas no significant effects on viability were observed on
control HUVECs at this concentration (viability at 1 uM fisetin: con-
trol cells, 97 + 1% vs. senescent cells, 91+ 1%, p=0.003; Figure 1a).
Based on these observations, we selected 1uM as the maximal
concentration of fisetin for the remainder of the cell culture experi-
ments, as this concentration appeared to selectively influence se-

nescent cell viability without affecting nonsenescent cells.
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To determine if the decrease in viability of senescent cells with
fisetin treatment was associated with reductions in cellular senes-
cence, we assessed the senescence-associated B-galactosidase
(SA-p-gal) signal—an established hallmark of cellular senescence
(Kurz et al., 2000)—in control and senescent HUVECs exposed to
increasing concentrations of fisetin up to 1 pM. We found that se-
nescent HUVECs had 13.5-fold higher SA-B-gal signal relative to
nonsenescent control HUVECs (p=0.002) and that fisetin reduced
the SA-p-gal signal in a concentration-dependent manner up to 1 pM
(Figure 1b and Figure S1).

After establishing the effect of fisetin in senescent HUVECs,
we aimed to extend our understanding of the senolytic effects of
fisetin in arterial cells using human aortic endothelial cells (HAECs).
Accordingly, in HAECs, we measured gene expression of Cdkn2a and
Cdknla, which encode the cyclin-dependent kinase inhibitor pro-
teins p16'NK4*A and p21©PY/Wafl raspectively. Compared to control
cells, these cyclin-dependent kinase inhibitors are observed at in-
creased levels in most senescent cells and are largely responsible for
the irreversible cell cycle arrest associated with cellular senescence
(Demaria et al., 2014; Gonzalez-Gualda et al., 2021). Senescent
HAECs demonstrated 17-fold (p<0.0001) and 4-fold (p<0.0001)
higher expression of Cdkn2a and Cdknla, respectively, compared
to control HAECs (Figure 1c). In replicative senescent HAECs, 1M
fisetin lowered the expression of Cdkn2a by 71% (p <0.0001) back
toward levels of control cells but had no effect on the relatively
modest increase in Cdknla expression, suggesting that fisetin may
preferentially act upon the p16™*** rather than the p21¢P/Wafl
transcription factor cascade to eliminate senescent endothelial cells
(Figure 1c).

Relative V|ab|I|ty

Senescent HUVECs + 1uM Fisetin

(% to DMSO)

1uM Fisetin

"

Control Senescent

FIGURE 1 Fisetin suppresses

cellular senescence in endothelial cells.
Cell viability in replicating (control)

and senescent human umbilical vein
endothelial cells (HUVECs) to increasing
doses of fisetin (dashed line represents
the IC,). IC,, values of control and
senescent HUVECs with 95% confidence
intervals. Viability of control and
senescent HUVECs at 1 pM fisetin

Senescent HUVECs
E ; (n=4-8) (a). Senescence-associate beta
B N . galactosidase (SA-B-Gal) signal in control
A @ e and senescent HUVECs to increasing
3 # doses of fisetin (n=3) and representative
T 9 images, right (b). mRNA gene expression

of cellular senescence markers Cdkn2a
and Cdknla in control, senescent, or
1pM fisetin-treated senescent human
aortic endothelial cells (HAECs) (n=3) (c).
Values represent mean+SEM. *p <0.05
senescent versus senescent + treatment;
Ap <0.05 versus control.

¥

Collectively, we observed a reduction in viability of senescent
endothelial cells treated with 1 uM fisetin, but no effects on viability
of control cells treated with this concentration. In senescent endo-
thelial cells treated with fisetin, we found decreases in select markers
of cellular senescence. Thus, our in vitro experiments demonstrate
that fisetin can selectively target excess cellular senescence in vas-

cular endothelial cells.

3.2 | Animal characteristics

We next sought to extend the senolytic effects of fisetin to
in vivo arterial aging by assessing cellular senescence in intact
arteries and arterial function of aged mice intermittently sup-
plemented with fisetin. For the intervention, old male wild-type
received vehicle (10% EtOH, 30% PEG400 and 60% Phosal 50
PG) or fisetin (100mg/kg/day in the vehicle). After establishing
the effects of fisetin in male wild-type mice, we used the same
intervention regimen to look at sex differences and dissect the
role of cellular senescence in old male and female p16-3MR mice
2014, 2017). Since we did not observe sex differ-
ences in any of the outcomes in p16-3MR mice, male and female

(Demaria et al.,

data were combined in the results. The dose of fisetin was chosen
based on the in vivo translation of the 1 M concentration used in
our cell culture experiments, as peak plasma levels of fisetin reach
~1uM following oral ingestion of fisetin at a dose of 100mg/kg/
2016; Touil et al., 2011). Treatment was
administered via oral gavage using an intermittent dosing para-

day in mice (Jo et al.,

digm—1 week on; 2 weeks off; 1 week on, as previously described
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FIGURE 2 Fisetin reduces cellular senescence in the vasculature

gene expression of cellular senescence markers in old p16-3MR (3MR) mice (n=12-15) (b). Aortic protein abundance of p1
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(n=14-15) (d). Color intensities represent log,-fold changes. Values

(Yousefzadeh et al., 2018) (Figure 2a). Functional and biochemical
measurements were assessed 1 week after the final dose.

Blood pressure, total body mass, mass of key tissues, and ca-
rotid artery and aorta characteristics at time of euthanasia in the
vehicle- and fisetin-treated wild-type mice are presented in Table 1
(p16-3MR animal characteristics are presented in Table S1). Fisetin
did not affect any of these characteristics in either mouse model
(p>0.05).

3.3 | Fisetin targets cellular senescence and the
SASP in the vasculature of old mice

To establish the senolytic effects of fisetin in the vasculature of
old mice, we assessed markers of cellular senescence in mouse
aorta lysates. We found that aortic gene expression of the cellu-
lar senescence markers Cdkn2a (-85%, p=0.010), Cdknla (-48%,
p=0.006), and Serpinel (-81%, p=0.011) were lower in old fisetin-
supplemented pl16-3MR mice compared to vehicle-treated pl16-
3MR mice, whereas no statistical differences were observed in
Lmnb1 expression (+45%, p=0.213), a contributor of chromatin
stability known to be reduced in senescent cells (Gonzalez-Gualda
et al., 2021) (Figure 2b). Given that we observed a general reduction
in vascular cell senescence transcripts in our initial gene expression
screening, we validated these differences by measuring vascular
protein abundance of p16™*A. We found that old wild-type mice
supplemented with fisetin had 36% lower aortic p16™*** protein
abundance (p=0.007; Figure 2c and Figure S2a) compared to old
vehicle-treated mice. Fisetin supplementation also lowered the aor-
tic expression of several SASP factors, including pro-inflammatory
cytokines (Tnfa; P=0.107), chemokines (Ccl2, Cxcl2; p=0.032 and

represent mean+SEM. *p <0.05 vehicle versus fisetin.

TABLE 1 Wild-type animal characteristics.

Characteristics Vehicle Fisetin
n 15 19
Body mass, g 29.3+0.5 28.0+0.7
Heart mass, mg 152+4 165+6
Quadriceps mass, mg 271+11 280+11
Visceral adipose mass, mg 324+31 292+44
Liver mass, g 1.6+0.1 1.4+0.1
Spleen mass, mg 82.4+76 82.7+8.5
Carotid artery
Resting diameter, pm 428+15 412+13
Maximal diameter, pm 526+11 519+9
Aorta
Diameter, pm 416 +10 415+8
Intima media thickness, pm 40+2 39+2

Systolic blood pressure, mmHg
Pre 96+2 94 +2
Post 94+2 89+2
Diastolic blood pressure, mmHg
Pre 73+2 73+2
Post 75+2 7142

Note: Values represent mean + SEM.

p=0.126, respectively), growth factors (Vegf; P=0.172), and protein-
ases (Mmp3, Plat; p=0.045 and p=0.037, respectively) (Figure 2d).
These results suggest that intermittent fisetin supplementation can
decrease cellular senescence and modulate SASP factors in the vas-

culature of old mice.
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3.4 | Fisetin improves endothelial function in old
mice by suppressing cellular senescence, enhancing
NO bioavailability, and abolishing oxidative stress and
its associated suppression of EDD

341 | EDD

To determine whether fisetin improves endothelial function in ad-
vanced age, we assessed EDD ex vivo in carotid arteries excised from
old wild-type vehicle- and fisetin-supplemented mice in response to
increasing doses of acetylcholine (ACh). EDD was 20% greater in
old mice supplemented with fisetin relative to old vehicle-treated
mice (peak EDD: vehicle, 81+3% vs. fisetin, 97+1%, p<0.001;
Figure 3a,b), suggesting that intermittent fisetin supplementation

improves vascular endothelial function in old age.

3.4.2 | Cellular senescence-mediated
suppression of EDD

Following initial EDD measurements, we aimed to acquire causal
evidence that reductions in cellular senescence with fisetin mediate
improvements in endothelial function using “pharmacodissection”
techniques. To accomplish this, we utilized the p16-3MR transgenic
mouse model which allows for genetic clearance of p16™***-positive
senescent cells with GCV in vivo and ex vivo (Demaria et al., 2014).
Leveraging genetic senolysis models in combination with senolytic

agents is considered the reference standard for assessing the causal

impact of cellular senescence on physiological function (Clayton
et al., 2023; Demaria et al., 2014, 2017). Thus, to selectively clear
senescent cells, we incubated carotid arteries isolated from old
vehicle- and fisetin-supplemented p16-3MR mice with 5pM GCV
and assessed EDD prior to and after the incubation period. Prior to
GCV, we observed that vehicle-treated mice had lower initial EDD,
and senescent cell clearance with GCV incubation increased EDD,
indicating that an accumulation of cellular senescence impaired en-
dothelial function in these arteries (peak EDD: ACh alone, 76 +4%
vs. with GCV, 90+ 3%, p=0.005). By contrast, mice that received
fisetin supplementation had high initial EDD and incubation with
GCV did not further improve EDD in these arteries (peak EDD:
ACh alone, 93+ 1% vs. with GCV, 92+ 3%, p=0.71; Figure 3c and
Figure S3a). These findings suggest reductions in cellular senes-
cence in arteries underlie improvements in EDD with intermittent

fisetin supplementation.

3.4.3 | NO bioavailability

The production and subsequent bioavailability of the potent vaso-
dilatory molecule NO is diminished in senescent endothelial cells
and with aging (Hayashi et al., 2008). Thus, we next assessed the
effects of fisetin on NO-mediated endothelial function. To accom-
plish this, we assessed EDD prior to and following inhibition of NO
production with the NO-synthase inhibitor L-NAME. Incubation
with L-NAME abolished group differences in EDD (peak EDD: vehi-
cle, 37 +5% vs. fisetin, 44 + 5%, p=0.350; Figure 3d and Figure S3b),

*
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FIGURE 3 Fisetin improves endothelial function in old mice by suppressing cellular senescence and increasing nitric oxide (NO)
bioavailability. Endothelium-dependent dilation (EDD) in isolated carotid arteries in response to acetylcholine (ACh; 1x 1077 to 1x 107 M;
n=12-18) (a,b). EDD in response to ACh in the presence or absence of ex vivo genetic elimination of cellular senescence via ganciclovir
(GCV; 5um; 180min preincubation; n=9-11) (c). NO-mediated EDD in response to ACh in the presence or absence of the NO-synthase
inhibitor, L-NAME (0.1 mM; 30 min preincubation; n=15) (d,e). Endothelium-independent dilation to increasing doses of the NO donor,
sodium nitroprusside (SNP; 1x 107° to 1x 10™#M:; n=9) (f). Values represent mean +SEM. *p <0.05 old vehicle versus old fisetin; ~p <0.05

versus ACh alone.
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suggesting that improvements in endothelial function with fisetin
were due to greater NO bioavailability. Consistent with this idea,
peak NO-mediated dilation (ACh alone [-] ACh with L-NAME) was
40% greater in fisetin- versus vehicle-supplemented mice (vehicle,
43+4% vs. fisetin, 60+ 5%, p <0.001; Figure 3e). Next, to determine
if improvements in vasodilation were a result of enhanced smooth
muscle sensitivity to NO, we measured endothelium-independent
dilation as the vasodilatory response to sodium nitroprusside (SNP).
We found no differences among groups (peak response to SNP, vehi-
cle, 98 +1% vs. fisetin, 97 + 1%, p=0.856) indicating that fisetin im-
proves vasodilation in aged mice in an endothelium-specific manner
(Figure 3f). Collectively, these data indicate that intermittent supple-
mentation with fisetin enhances endothelial function in old mice as
a result of greater NO bioavailability and not via increased vascular

smooth muscle sensitivity to NO.

3.4.4 | Whole-cell oxidative stress

Age-related reductions in NO are meditated in part by an excessive
production of ROS, which react with NO reducing its bioavailabil-
ity (Hsieh et al., 2014). Excess cellular senescence is associated with
an increased production of ROS (Pole et al., 2016). As such, we next
determined if the favorable effects of fisetin on endothelial func-
tion in old mice were associated with reduced whole-cell oxidative
stress. To do so, we first assessed ROS levels in aortic ring sections.

Old fisetin-supplemented mice had 1.7-fold lower aortic ROS levels

Aging

relative to old vehicle-supplemented mice (vehicle, 8173+1243 vs.
fisetin, 4703 +455 arbitrary units [AU], p=0.028; Figure 4a). To inves-
tigate the mechanisms responsible for lower ROS levels with fisetin
supplementation, we measured the protein abundance of the pro-
oxidant enzyme NADPH oxidase, a key source of endothelial cell ROS
production (Chen et al., 2008), and the cytosolic antioxidant CuZn
superoxide dismutase (SOD), an important ROS scavenger (Fukai &
Ushio-Fukai, 2011), in aortic lysates. Fisetin-supplemented mice had
30% lower NADPH oxidase abundance (vehicle, 0.086+0.008 vs. fise-
tin, 0.060+0.006 chemiluminescence units [CU], p=0.027; Figure 4b
and Figure S2b) but no differences in CuZnSOD abundance were ob-
served between groups (vehicle, 0.919 +0.131 vs. fisetin, 1.116 +0.276
CU, p=0.525; Figure 4c and Figure S2c). This suggests that fisetin may
facilitate the reduction in tonic oxidative stress in old mice by reducing
key sources of ROS which, once lowered, were in balance with cellular
antioxidant status. To determine if this reduction in whole-cell ROS lev-
els played a direct role in the enhanced endothelial function of fisetin-
supplemented mice, we assessed EDD in isolated carotid arteries with
and without the presence of the ROS scavenger TEMPOL. We found
that preincubation with TEMPOL increased EDD in old vehicle-treated
mice (peak EDD: ACh alone, 84+4% vs. with TEMPOL, 93+2%,
p=0.011) toward levels observed in old fisetin-supplemented mice
with ACh alone. By contrast, the addition of TEMPOL had no effect on
EDD in old fisetin-supplemented mice (peak EDD: ACh alone, 99 +1%
vs. with TEMPOL, 98 + 1%, p=0.487; Figure 4d and Figure S3c). Taken
together, these observations indicate that fisetin improved EDD in old

mice by ameliorating tonic ROS-related suppression of EDD.
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FIGURE 4 Fisetin improves endothelial function by ameliorating whole-cell and mitochondrial oxidative stress. Whole-cell aortic reactive

oxygen species (ROS) levels (n=6-8) (a). Aortic protein abundance of NADPH oxidase (n=8) (b) and CuZn superoxide dismutase (SOD;
n=11-12) (c) with representative virtual blot bands, right. Endothelium-dependent dilation (EDD) in isolated carotid arteries in response to
acetylcholine (ACh) in the presence or absence of the SOD mimetic, TEMPOL (1 mM, 60min preincubation; n=7-8) (d). Aortic mitochondrial
ROS levels (n=6-10) (e). Aortic protein abundance of phosphorylated p66°H¢ (p-p66°<; n=11-12) (f) and MnSOD (n=11-12) (g) with
representative virtual blot bands, right. EDD in carotid arteries in response to ACh in the presence or absence of the mitochondrial-specific
antioxidant, MitoQ (1 uM; 60 min preincubation; n=5-7) (h). Values represent mean + SEM. *p <0.05 old vehicle versus old fisetin; *p <0.05

versus ACh alone.
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Mitochondrial oxidative stress

Mitochondria are a primary source of excess ROS with aging and
mitochondrial-derived ROS levels are higher in senescent cells (Passos
et al., 2007). Thus, we aimed to determine if fisetin supplementation
reduced mitochondrial-derived ROS in the vasculature of old mice.
Fisetin-supplemented old mice had 2.6-fold lower aortic mitochon-
drial ROS levels relative to old vehicle-supplemented mice (vehicle,
6603 +1956 vs. fisetin, 2527 +440AU, p=0.011; Figure 4e). To deter-
mine the mechanisms contributing to lower mitochondrial ROS levels
with fisetin supplementation, we measured protein abundance of the
activated form of the mitochondrial pro-oxidant marker and master
regulator of mitochondrial ROS production, phosphorylated p66°H©
(p-p66°HC) (Pole et al., 2016), and the major mitochondrial antioxidant
enzyme, MnSOD (Fukai & Ushio-Fukai, 2011), in aortic lysates. Old
fisetin-supplemented mice had ~40% lower arterial abundance of p-
p66°H< (vehicle, 0.049 +0.008 vs. fisetin, 0.030+0.003 CU, p=0.034;
Figure 4f and Figure S2d) whereas no difference was observed in total
p66°"C abundance (vehicle, 0.050+0.001 vs. fisetin, 0.050+0.001
CU, p=0.961; Figure S2e and Figure S4). MnSOD abundance was
~100% higher in old fisetin-supplemented mice relative to old mice
supplemented with the vehicle (vehicle, 0.202+0.018 vs. fisetin,
0.410+0.101 CU, p=0.046; Figure 4g and Figure S2f). These data sug-
gest that fisetin may reduce mitochondrial-mediated oxidative stress
by suppressing a mitochondrial pro-oxidant enzyme and upregulating
mitochondrial antioxidant defenses. To determine if lower mitochon-
drial ROS had a functional role in the enhanced EDD observed in old
fisetin-supplemented mice, we assessed EDD in isolated carotid ar-
teries with and without prior incubation with the mitochondrial ROS
scavenger MitoQ. We found that preincubation with MitoQ increased
EDD in the old vehicle-treated mice (peak EDD: ACh alone, 86+5%
vs. with MitoQ, 99+1%, p=0.025) to levels observed in the fisetin-
supplemented mice with ACh alone, indicating that old vehicle-treated
mice experienced tonic inhibition of EDD by excess arterial mitochon-
drial ROS. Importantly, we did not observe an additional increase in
EDD with MitoQ in the fisetin-supplemented group, indicating that
fisetin enhanced endothelial function in old mice by ameliorating mi-
tochondrial ROS-related suppression of EDD (peak EDD: ACh alone,
97 +1% vs. with MitoQ, 97 + 1%, p=0.487; Figure 4h and Figure S3d).
Collectively, these data suggests that fisetin improved EDD in old mice
by ameliorating mitochondrial ROS-related suppression of EDD.

3.5 | Fisetin reduces aortic stiffness in old mice:
Effects on intrinsic mechanical wall stiffness and
components of the arterial wall

3.5.1 | Aortic PWV

To determine whether intermittent supplementation with fisetin low-
ers aortic stiffness in old mice, we serially assessed aortic PWYV, an

established analogous measure to the reference standard carotid-
femoral PWYV in humans, at baseline and after treatment in both the

vehicle- and fisetin-supplemented mice. Aortic PWV was matched at
baseline in the two groups (p=0.586). Fisetin supplementation low-
ered aortic PWV by ~20% (pre-, 425+7cm/s vs. post-, 335+6cm/s,
p<0.001), whereas no significant change was observed over time in the
vehicle-supplemented group (pre-, 425+ 7cm/s vs. post-, 433 +5cm/s,
p=0.403; Figure 5a). These effects occurred without obvious changes
in systolic or diastolic (tail cuff) blood pressures (Table 1 and Table S1),
which is in line with previous studies suggesting that age-related aor-
tic stiffness can be reduced independent of changes in blood pressure
(Clayton, Brunt, et al., 2021; Gioscia-Ryan et al., 2018).

3.5.2 |
modulus)

Intrinsic mechanical wall stiffness (elastic

After establishing reductions in aortic PWV with intermittent fisetin
supplementation in vivo, we sought to determine whether structural
modifications to the arterial wall may have contributed to this effect.
To do so, we measured the elastic modulus of aortic rings isolated
from old vehicle- and fisetin-supplemented mice. Elastic modulus, de-
fined as the association between the change in stress on the arterial
wall in response to an increase in strain (stretch), is a key mechanism
underlying increases in PWV with aging (Fleenor et al., 2012, 2013).
Because this measure is conducted ex vivo, it cannot be influenced
by humoral factors or blood pressure, allowing us to directly assess
the influence of intermittent fisetin supplementation on arterial wall
mechanical stiffness. Figure 5b shows a representative stress-strain
curve of the aortic elastic modulus from old vehicle- and fisetin-
supplemented mice. Aortic elastic modulus was ~20% lower in old
fisetin- versus vehicle-supplemented mice (vehicle, 3342 +246kPa vs.
fisetin, 2736 +170kPa, p=0.012; Figure 5b) indicating that fisetin re-

duced the intrinsic mechanical wall stiffness of the aorta.

3.5.3 | Cellular senescence-mediated intrinsic
mechanical wall stiffness

To determine if fisetin reduced aortic wall stiffness by targeting
cellular senescence, we used a “pharmacodissection” approach, as
performed previously by our laboratory (Clayton, Brunt, et al., 2021;
LaRocca et al., 2014). Here, elastic modulus was measured in aorta
rings isolated from old vehicle- and fisetin-supplemented p16-3MR
mice after a 48 h incubation in standard culture (control) media with
or without 5pM GCV. In aorta rings from old vehicle-treated mice,
GCV-incubated aortic rings had a lower elastic modulus compared to
aorta rings incubated in control media, indicating that cellular senes-
cence burden contributes to the intrinsic wall stiffness of the aorta
(media only, 4653+482kPa vs. GCV, 3036+231kPa, p=0.009;
Figure 5c). After incubation in control media, fisetin-supplemented
mice had lower initial elastic modulus compared to old vehicle-
treated mice (vehicle, 4653+482kPa vs. fisetin, 3537 +289kPa,
p=0.054), and there was no further reduction following genetic se-
nescent cell clearance with GCV, suggesting that fisetin effectively
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FIGURE 5 Fisetin reduces arterial stiffness in old mice by improving aortic intrinsic mechanical wall stiffness. Aortic pulse wave velocity
(PWV) was measured pre- and post-intervention (n=9-10) (a). Representative stress-strain curve for determination of ex vivo intrinsic
mechanical wall stiffness which was assessed by elastic modulus in aortic rings (calculated as the slope of the final four points in the stress-
strain curve) (n=7) (b). Elastic modulus was assessed after ex vivo genetic (GCV) (n=8-10) (c) and pharmacological (ABT-263) (n=9-10)

(d) suppression of cellular senescence in aortas obtained from old p16-3MR (3MR) and wild-type mice, respectively. Values represent

mean +SEM. *p <0.05 old vehicle versus old fisetin; *p <0.05 versus media only.

cleared excess vascular senescent cells to lower aortic stiffness (fise-
tin, media only, 3537 +289kPa vs. GCV, 3346 +278kPa, p=0.640;
Figure 5c). Taken together, these data suggest that cellular se-
nescence influences arterial stiffness in old mice and that fisetin
can modulate large elastic artery stiffening by reducing cellular
senescence-mediated increases in intrinsic mechanical wall stiffness.

We next used a complimentary approach to further establish
senolysis as a primary mechanism of reductions in arterial stiffness
with fisetin in old mice. We assessed elastic modulus in aorta rings
isolated from old vehicle- and fisetin-supplemented wild-type mice
after ex vivo incubation with the well-established synthetic seno-
lytic ABT-263 (Cang et al., 2015; Chang et al., 2016). As with genetic
senescent cell clearance, we found that clearance of senescent cells
with ABT-263 lowered the elastic modulus in aorta rings isolated from
vehicle-treated mice (vehicle, media only, 4860+ 344 kPa vs. ABT-263,
3210+ 210kPa, p=0.002; Figure 5d). ABT-263 exposure did not fur-
ther reduce the elastic modulus in aorta rings obtained from fisetin-
supplemented mice (fisetin, media only, 2977 +216kPa vs. ABT-263,
3323+ 199kPa, p=0.329; Figure 5d). Collectively, these results impli-
cate cellular senescence as an underlying mechanism of large elastic
artery stiffening in aged mice and suggest that fisetin decreases aortic

intrinsic mechanical wall stiffness by reducing cellular senescence.
3.54 | Fisetin-induced remodeling of the
arterial wall

To gain insight into the downstream mechanisms by which fisetin re-
duces arterial stiffness, we measured the aortic abundance of AGEs

and structural proteins using immunoblotting. The abundance of
AGEs, whichincreases aortic stiffening by forming crosslinks in struc-
tural proteins (Zieman et al., 2005), was 36% lower in aortas from fi-
setin- versus vehicle-supplemented mice (vehicle, 0.022 +0.004 vs.
fisetin, 0.014+0.001 CU, p=0.030; Figure 6a and Figure S2g). We
also observed a reduction in the major arterial isoform of collagen
(collagen-1), a protein that provides stiffness to the aortic wall (vehi-
cle, 1.379+0.271 vs. fisetin, 0.772+0.123 CU, p=0.070; Figure 6b
and Figure S2h). By contrast, whole aorta protein abundance of
a-elastin, the primary structural protein conferring the elasticity
of the arterial wall, was unaffected by fisetin treatment (vehicle,
0.012+0.001 vs. fisetin, 0.013+0.001 CU, p=0.379; Figure 6c
and Figure S2i). To gain insight into the location of these structural
changes within the arterial wall, we performed immunohistochem-
istry on aorta sections. Reductions in the abundance of AGEs and
collagen-1 appeared to be specific to the adventitial region of the
aortic wall, which is the primary load-bearing component of the ar-
teries under physiological conditions (Figure éd,e). Together, these
data suggest that intermittent fisetin supplementation may reduce
aortic stiffness in part by favorably modulating components of the

arterial wall.

4 | DISCUSSION

Our findings demonstrate that fisetin reduces vascular cell senes-
cence and improves arterial function in old mice. Using cell culture
models, we first identified a concentration of fisetin that reduced
cellular senescence in late-passaged endothelial cells without
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affecting nonsenescent cells. In old mice, we next found that oral
intermittent fisetin supplementation lowered markers of cellular se-
nescence and SASP factors in the vasculature. Fisetin supplemen-
tation also improved two key manifestations of age-related arterial
dysfunction, vascular endothelial dysfunction and arterial stiffness,
at least in part, by decreasing cellular senescence. Further, we found
that fisetin improved vascular endothelial function by increasing NO
bioavailability and reducing whole cell and mitochondrial ROS bio-
activity and that reductions in arterial stiffness were accompanied
with favorable remodeling of the arterial wall. These findings iden-
tify oral intermittent fisetin supplementation as a promising thera-
peutic strategy for clinical translation to improve arterial function

with aging.

4.1 | Fisetin and vascular cell senescence.

Cellular senescence and the SASP increase with advancing age in the
vasculature (Abdellatif et al., 2023; El Assar et al., 2012; Mahoney
et al., 2023; Yousefzadeh et al., 2020). Fisetin has been shown to re-
duce cellular senescence in fibroblasts and endothelial cells brought
to senescence via ionizing radiation in culture (Zhu et al., 2017) or
primary fibroblasts from progeroid mice (Yousefzadeh et al., 2018).
In vivo, fisetin supplementation reduced markers of cellular senes-
cence in various tissues in old mice (Yousefzadeh et al., 2018) and
other mammalian species (Huard et al., 2023). Here, we have ex-
tended these observations and showed that fisetin at a concentra-
tion of 1 uM reduced viability of HUVECs brought to senescence via
replicative exhaustion, with minimal effects in nonsenescent cells.
This concentration is lower than previous concentrations shown to
reduce senescent cell viability in culture (Zhu et al., 2017), an ob-
servation likely related to differences in the induction of cellular

senescence. We further showed that 1 uM fisetin reduced multiple
markers of cellular senescence in venous and arterial cells in vitro,
establishing the senolytic effects of this concentration.

We then translated our findings to an in vivo setting using an
oral dose of 100mg/kg/day given that pharmacokinetic studies
demonstrate peak plasma levels reach ~1 pM following oral inges-
tion of fisetin at this dose (Touil et al., 2011). We selected an es-
tablished intermittent dosing paradigm for oral supplementation
to remove excess senescent cells but not chronically inhibit cel-
lular senescence activation and interfere with its principal phys-
iological roles, and to distinguish between the senolytic effects
of fisetin and any off-target/acute effects of the compound on
arterial function (Yousefzadeh et al., 2018). Consistent with our
findings in endothelial cell culture, oral intermittent fisetin sup-
plementation in vivo lowered vascular cell senescence and SASP

markers in old mice.

4.2 | Fisetin and vascular endothelial function
Vascular endothelial dysfunction is a key manifestation of age-
related arterial dysfunction and a major antecedent to overt
CVDs, including atherosclerosis and occlusive stroke (Benjamin
et al., 2018). In the current study, we showed that intermittent
supplementation with the emerging senolytic fisetin improved
endothelial function in old wild-type mice. To demonstrate a con-
tributing role for reductions in cellular senescence in mediating im-
provements in endothelial function with fisetin, we also conducted
fisetin supplementation experiments in the p16-3MR transgenic
mouse model, to show that improvements in endothelial function
with fisetin were mediated, in part, by a suppression of vascular
cell senescence.
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Age-associated endothelial dysfunction is largely mediated
by reduced NO bioavailability, which is driven mainly by excess
ROS, a key source being dysregulated mitochondria (AlGhatrif
et al., 2013; Ben-Shlomo et al., 2014; Cahill & Redmond, 2016;
Lakatta & Levy, 2003; Sutton-Tyrrell et al., 2005). Vascular cell
senescence is associated with diminished NO bioavailability and
increased whole cell and mitochondrial ROS-related oxidative
stress (Hayashi et al., 2008). Further, mitochondrial dysfunction,
including increased ROS production, is a key feature of senescent
cells (Wiley et al., 2016). We showed that fisetin-induced improve-
ments in endothelial function were due to improvements in NO
bioavailability and a reduction in whole cell- and mitochondrial
ROS-related suppression of endothelial function. The reductions
in whole cell and mitochondrial ROS appeared to be associated
with a combination of a reduction in pro-oxidant signaling mole-
cules (e.g., NADPH oxidase and phosphorylated-pééSHC) and anin-
crease in antioxidant enzyme defenses (e.g., MnSOD). Collectively,
these findings demonstrate that oral intermittent fisetin supple-
mentation can target excess cellular senescence to improve NO
bioavailability and reduce oxidative stress to ultimately improve

vascular endothelial function in old age.

4.3 | Fisetin and large elastic artery stiffness
Increases in large elastic artery stiffness (i.e., increased aortic
PWYV and intrinsic mechanical wall stiffness) with aging is a major
independent predictor of age-associated clinical CVD (Vasan
et al., 2022), impaired glucose tolerance (Zheng et al., 2023), kid-
ney dysfunction (Ford et al., 2010), cognitive impairment (Thorin-
Trescases et al., 2018), and diabetic retinopathy (An et al., 2021).
Fisetin supplementation reduced arterial stiffness (aortic PWV) in
old wild-type mice by reducing aortic intrinsic mechanical wall stiff-
ness. Using the p16-3MR mouse model, we showed that reductions
in excess cell senescence with fisetin contributed to decreased aor-
tic intrinsic mechanical wall stiffness to reduce arterial stiffness in
old mice.

Pathological remodeling of the arterial wall with aging includes:
(1) greater deposition of collagen-1, the main load-bearing protein
in the aortic wall; (2) fragmentation and degradation of elastin, the
primary structural protein that confers elasticity to the arteries; and
(3) increased formation and expression of AGEs, which together fur-
ther promoting greater arterial stiffness (Clayton, Brunt, et al., 2021;
Zieman et al., 2005). Fisetin supplementation tended to reduce lev-
els of collagen-1 and AGEs in the adventitial regions of the arterial
wall of old mice. The combination of lower collagen-1 and AGEs lev-
els following fisetin supplementation, despite no changes in elastin,
could confer reductions in aortic stiffness. Together, these findings
provide evidence that oral intermittent fisetin supplementation
leads to favorable remodeling of the arterial wall, which is associ-
ated with lower aortic stiffness, and suggests that fisetin may be
a viable therapeutic strategy to translate to older adults to lower
arterial stiffness.

-l & wiLey

5 | STUDY LIMITATIONS

It is possible that some of our observed effects were independent of
the senolytic actions of fisetin, as fisetin modulates a variety of cell
signaling pathways and has antioxidant and anti-inflammatory prop-
erties (Farsad-Naeimi et al., 2018; Khan et al., 2013). However, we
observed reductions in multiple markers of cellular senescence and
the SASP with fisetin, our measurements in mice were made 1week
after the final dose of fisetin (i.e., long after the compound is cleared
from circulation (Jo et al., 2016)), and, as cellular senescence and the
SASP promote arterial inflammation and oxidative stress (Clayton
et al., 2020; Hayashi et al., 2008), fisetin-induced senolysis is likely an
upstream, contributing mechanism by which fisetin exerts antioxidant
and anti-inflammatory effects (Yousefzadeh et al., 2018). We also uti-
lized genetic clearance of excess senescent cells to demonstrate that
reductions in vascular cell senescence contribute to improvements in
arterial function with fisetin treatment in old mice. We recognize that
there are limitations to the p16-3MR mouse model, such as elimina-
tion of nonsenescent p16™** positive cells and limited ability to tar-
get senescent cells that do not express p16'N““” (Demaria et al., 2014).

6NKaA oo

Nonetheless, senescent endothelial cells highly express p1
as such, the p16-3MR mouse model is a highly relevant model to study

the role of cellular senescence in arterial aging (Clayton et al., 2023).

6 | CONCLUSIONS

Overall, our findings provide the first evidence that oral intermittent
fisetin supplementation reverses vascular endothelial dysfunction
and large elastic artery stiffness through the suppression of excess
cellular senescence, inflammation, and oxidative stress. Although fi-
setinis found in a variety of fruits and vegetables, fisetin-rich diets are
not feasible due to content variations in food. Nonetheless, fisetin is
commercially available as a dietary supplement and is reported to be
safe for human consumption (Bondonno et al., 2019; Farsad-Naeimi
etal., 2018; Hejazi et al., 2020; Kim & Je, 2017; Wang et al., 2019). As
such, our preclinical findings provide the necessary proof-of-concept
evidence of efficacy supporting the need for future clinical studies
assessing the potential of fisetin to treat arterial dysfunction in older

adults and to potentially reduce CVD risk with aging.
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