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Abstract Senolytic treatment in aged mice
clears senescent cell burden leading to functional
improvements. However, less is known regarding
the effects of these compounds when administered
prior to significant senescent cell accumulation.
From 4-13 months of age, C57BL/6 male and
female mice received monthly oral dosing of either
100 mg/kg Fisetin or a 5 mg/kg Dasatinib (D) plus
50 mg/kg Quercetin (Q) cocktail. During treatment,
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several aspects of healthy aging were assayed
including glucose metabolism using an insulin and
glucose tolerance test, cognitive performance using
Morris water maze and novel object recognition,
and energy metabolism using indirect calorimetry.
Afterwards, mice were euthanized for plasma,
tissue specific markers of senescence-associated
secretory phenotype (SASP), and white adipose tissue
accumulation (WAT). Sexually dimorphic treatment
effects were observed. Fisetin treated male mice
had reduced SASP, enhanced glucose and energy
metabolism, improved cognitive performance, and
increased mRNA expression of adiponectin receptor
1 and glucose transporter 4. D+Q treatment had
minimal effects in male C57BL/6 mice, but was
detrimental to females causing increased SASP
expression along with accumulation of WAT
depots. Reduced energy metabolism and cognitive
performance were also noted. Fisetin treatment had
no effect in female C57BL/6 mice potentially due
to a slower rate of biological aging. In summary,
the senolytic treatment in young adulthood, has
beneficial, negligible, or detrimental effects in
C57BL/6 mice dependent upon sex and treatment.
These observations should serve as a note of caution
in this rapidly evolving and expanding field of
investigation.

Keywords Senolytic drugs - Cognition -
Adiponectin - Glucose metabolism
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Introduction

Fisetin and quercetin (Q) are plant-derived flavonoids
that offer cytoprotection against cellular stress and act
as anti-inflammatory, chemopreventive, chemothera-
peutic, and senotherapeutic agents [1]. Additionally,
Q incites immune response against allergic diseases
[1, 2]. Dasatinib (D) is a tyrosine kinase inhibitor
used to treat leukemia [3] and is routinely used in
combination with Q to improve the senotherapeu-
tic potency. Although both prooxidant flavonoids
are structurally analogous, Fisetin has higher seno-
lytic activity than Q whose potency is also reliant on
endogenous trace elements such as iron and copper
[4].

As the first senolytic drugs, they were discovered
to selectively clear senescent cells [5]. Cell senes-
cence is a phenomenon defined as a stable cell cycle
arrest, and is associated with fundamental aging
processes and age-related diseases [6]. Although
this process is essential for preventing replication of
damaged DNA thereby suppressing tumor formation,
accumulation of senescent cells with aging produces
senescence-associated secretory phenotype (SASP)
[6, 7]. SASP includes proinflammatory cytokines,
chemokines, growth factors, and proteases [8, 9]
caused by chronic inflammation [9, 10], DNA dam-
age [11], mitochondrial dysfunction [12], immune
cell dysfunction [13], ROS generation [11, 14], and
brain protein aggregation [15, 16]; all of which may
be factors that predispose individuals to a multitude
of age-related disorders [6].

Fisetin and D+ Q selectively clear senescent cells
[5], thereby delaying aging-associated disorders and
improving healthspan and lifespan. This has been
observed after reducing senescent cell burden in
progeroid animals or aged (twenty-four-month-old)
C57BL/6 mice [17-19]. Moreover, deletion of senes-
cent cells from the brain genetically or pharmacologi-
cally with senolytic drugs led to functional improve-
ments in mouse models of neurodegenerative diseases
such as Parkinson’s and Alzheimer’s disease [15,
2220-]. These studies have shown senotherapeutics
can reduce senescent cell burden and have positive
impacts on animals with accelerated aging, advanced
age, or neurodegenerative disorders. Accordingly,
senotherapeutics are currently marketed as anti-aging
therapies where young, healthy adults can take these
products as dietary supplements.
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However, less is known about the effects of these
compounds when administered prior to significant
senescent cell accumulation. Thus, the experiments
were designed to examine the long-term effects of
monthly oral Fisetin or D+Q treatment when initi-
ated in young adult (four-month-old) C57BL/6 mice.
We examined morphological, metabolic, physi-
cal, and cognitive components that are known to be
affected by senescent cell accumulation. The results
presented here indicate that monthly administration
of Fisetin or D+Q had sexually dimorphic effects
which also depended on treatment type in C57BL/6
mice. We highlight a potential new mechanism of
action involving the beneficial roles of glucose and
adiponectin signaling both peripherally and centrally
by early and long-term administration of Fisetin in
male C57BL/6 mice.

Material and methods
Chemicals

Unless otherwise noted, all chemicals were obtained
from Sigma-Aldrich (St. Louis, MO) including
Quercetin (Cat# RHR1488). Fisetin was purchased
from Selleckchem (Houston, TX; Cat #S2298), and
Dasatinib from LC laboratories (Woburn, MA; Cat#
D-3307).

Animals

Male and female C57BL/6 mice were maintained in
our established breeding colonies. Protocols for ani-
mal use were approved by the Institutional Animal
Care and Use Committee at Southern Illinois Univer-
sity School of Medicine. Mice were group housed on
a 12:12 h light—dark cycle, and food (Chow 5001 with
23.4% protein, 5% fat, and 5.8% crude fiber; LabDiet
PMI Feeds) and water were available ad libitum. Sen-
tinel mice located in the same rooms as our breeder
and experimental mice were tested triannually for
pyrogens and pathogens and none were detected. All
assays, including tissue collection, were conducted
one week after monthly senotherapeutic dosing. As
shown in Fig. la, glucose metabolism was assessed
via ITT and GTT after six treatments at the animal
age of nine months. Grip Strength was measured
after seven treatments while NOR and MWM was
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performed after eight treatments. Energy metabo-
lism was measured by indirect calorimetry at the
animal age of twelve. A week following the final
senotherapeutic treatment at 13 months, body weight
was recorded then mice were euthanized with an
overdose of isoflurane. A cardiac puncture was used
to collect blood for assessment of circulating SASP
markers and proteins. Mice were rapidly decapitated
and the peripheral tissues were weighed to calculate
their contribution to total body weight. Contribution
of each tissue for an individual mouse was calculated
using the weight of each individual tissue divided
by the total body weight of the mouse, multiplied by
100. Tissue was immediately flash frozen and stored
at -80°C until processing, as previously described.

Senolytic drug treatment

Senotherapeutic concentrations and dosing strategy
were based on previous publications [17, 23, 24].
C57BL/6 mice were dosed with 100 mg/kg of Fisetin,
a cocktail of 5 mg/kg of D+ 50 mg/kg of Q, or vehi-
cle (2% DMSO in canola oil) by oral administration
[25]. The treatments were given once per month from
4-13 months of age.

Glucose tolerance test (GTT) and insulin tolerance
test (ITT)

GTT or ITT was carried out as described previ-
ously. Sixteen-hour-fasted mice underwent GTT by
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Fig. 1 Senotherapeutic treatment altered the SASP pro-
file in C57BL/6 mice. a Experimental paradigm. b-g Gene
expressions in gonadal fat depot. Data are represented as
means+SEM (n=8-12). A two-way ANOVA was used to

determine P-values for the categorial variables (S=Sex and
T =Treatment) and their interaction (S x T), which are shown
for each graph. *p <0.05, **p<0.01, ***p<0.001 based on a
two-tailed Student’s 7 test
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intraperitoneal (i.p.) injection with 1 g glucose per
kg of body weight (BW). Blood glucose levels were
measured at 0, 15, 30, 45, 60, and 120 min with a
PRESTO glucometer (AgaMatrix). For ITT, non-
fasted mice were injected i.p. with 1 IU porcine insu-
lin from sigma (St. Louis, MO) (Cat# 15523) per kg
of BW. Blood glucose levels were measured at 0, 15,
30, 45, 60, and 120 min. The data for GTT are pre-
sented as absolute value, and for ITT are presented as
a percentage of baseline glucose.

Indirect calorimetry

Indirect calorimetry was performed as previously
described using an AccuScan Metabolic System
(AccuScan Instruments). In this system, mice were
housed individually in metabolic chambers with
ad libitum access to food and water. After a twenty-
four-hour acclimation period, VO,, VCO,, EE and
RQ measurements were collected every ten min per
animal and averaged for each hour.

Morris water maze (MWM) training and probe
challenge

The MWM was used to assess spatial learning
and memory recall, and performed as previously
described. Mice were trained to utilize visual cues
placed around the room to repeatedly swim to a static,
hidden escape platform (submerged one cm below the
opaque water surface), regardless of starting quad-
rant. The MWM paradigm consisted of 5 consecutive
training days with three, 90 s trials/day and a mini-
mum inter-trial-interval of 20 min. Starting quadrant
was randomized for each trial. After two days with-
out testing, the escape platform was removed and all
mice entered the pool of water from the same start-
ing position for a single 60 s probe challenge to test
long-term memory recall. The ANY-maze video
tracking system (Stoelting Co., Wood Dale, IL) was
used to record mouse navigation during training and
the probe challenge. The three trials for each training
day were averaged for each mouse.

Novel object recognition (NOR)

The NOR was used to evaluate memory retention
based on the premise that mice spend more time
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exploring a novel object rather than a familiar object
if memory capabilities remain intact. Mice were
habituated in the open field chamber for 30 min on
the first day. Twenty-four hours after, the mouse was
returned to the chamber and presented with two simi-
lar objects for 5 min. A 24-h inter-session-interval
was used between introduction and retention phases
to assess long-term memory retrieval. During the
retention phase one of the familiar objects is replaced
with a novel object and the mouse is given 5 min of
exploration. The ANY-maze video tracking system
(Stoelting Co., Wood Dale, IL) was used to record
mouse navigation during the familiarization and
retention phases and time spent at each object. The
time spent exploring the novel object was divided by
the total time spent exploring both objects to calcu-
late the retention index.

Grip strength

Using their forepaws, mice grasp a wire grid con-
nected to an isometric force transducer (Harvard
Apparatus; Holliston, MA) and are gently pulled hor-
izontally away by the tail. Force is measured in grams
and normalized according to body weight. Three tri-
als with a minimum inter-trial-interval of twenty min-
utes were averaged per mouse.

Assessment of blood chemistry

Plasma was collected from animals anesthetized with
isoflurane by cardiac puncture at sacrifice. The blood
was mixed with EDTA, followed by centrifugation
at 10,000 g for 15 min at 4 °C for plasma collection.
Per the manufacturer’s protocol, insulin or adiponec-
tin was measured with respective ELISA kits (Crys-
tal Chem, Elk Grove Village, IL; Cat# 90080 and
80569). Plasma cytokine levels were assayed using
a multiplex immunoassay on a MESO QuickPlex SQ
120 with accompanying software (Meso Scale Diag-
nostics, LLC).

RT-PCR

mRNA expression was performed in duplicate and
analyzed by quantitative RT-PCR as previously
described using cDNA synthesis kits with 500 ng
RNA/sample and SYBR green mix from Bio-Rad
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(Cat# 1708897 and 1725121) performed with the
StepOne Real-Time PCR System with 500 ng cDNA/
sample (Thermo Fisher Scientific). RNA was
extracted using a RNeasy mini kit or RNeasy Lipid
Tissue Mini Kit (Qiagen) following the manufactur-
er’s instructions. Relative expression was calculated
as previously described (Masternak et al., 2012) and
primers were purchased from Integrated DNA Tech-
nologies (Supplemental Information Table 1). B2M
was used as the housekeeping gene for data normali-
zation as there was minimal variation in the B2M
gene expression levels between samples.

Statistical analysis

Statistical analyses were conducted using a two-
way ANOVA to test for significance of sex
(males X females), treatment (Vehicle x Fise-
tin X D+ Q), and an interaction between sex and treat-
ment. Difference between two groups were assessed
with unpaired two-tailed Student’s t tests with signifi-
cance defined as p<0.05. The area under the curve
was calculated using the two-way ANOVA. Data are
presented as means+SEM. All statistical analyses
and graphs were completed using Prism 9 (GraphPad
Inc, La Jolla, CA, USA).

Results

Administration of Fisetin or D+ Q altered the SASP
profile of C57BL/6 mice in a sex dependent manner

It has been reported that senolytic drug treatment
decreased senescent burden in twenty-four-month-
old C57BL/6 mice leading to functional improve-
ments [17]. However, it was unknown whether the
same treatment administered monthly initiated dur-
ing young adulthood (four months of age) would
improve the overall health of C57BL/6 mice as they
aged. To examine this, Fisetin or a cocktail of D+Q
were orally administered in C57BL/6 mice start-
ing at four months of age and continued once each
month for nine months. Senolytic treatment did
not alter food consumption in male or female mice
(data not shown). All mice underwent glucose toler-
ance test (GTT) and insulin tolerance test (ITT) to
evaluate glucose homeostasis, indirect calorimetry to
determine energy metabolism, grip force to monitor

muscle strength, and Morris water maze (MWM) and
novel object recognition (NOR) to ascertain cognitive
abilities. At approximately thirteen months of age, the
mice were sacrificed to determine body composition
and collect plasma and tissues for analyses of SASP
markers, lipid metabolism, glucose and adiponectin
signaling, and synaptic plasticity. The experimental
paradigm is shown in Fig. la.

To investigate whether the compounds used in this
study decreased SASP profiles and other senescence
markers, the gene expressions were measured in
gonadal white adipose tissue (WAT) by RT-PCR. To
evaluate aging effects, additional groups of treatment
naive young (four months of age) and old (twenty-one
months of age) mice were studied. We assayed for cell
cycle arrest and SASP markers including p16™4e,
p21€P! TNFa, MCP 1, IL-6, and IL-10. Although
IL-10 is a potent anti-inflammatory cytokine, studies
have shown IL-10 activates cellular senescence mech-
anisms [26] and is secreted from senescent cells [27].
The results showed that in both the male and female
mice, the transcriptional levels of these SASP mark-
ers were lower in the treatment naive young compared
to old C57BL/6 mice (Fig. 1b—g). The vehicle treated
littermate control C57BL/6 mice sacrificed at thirteen
months of age had similar mRNA levels of the above
mentioned SASP markers as the untreated twenty-
one-month-old mice (Fig. 1b—g). This is consistent
with recent results from tissue and age-specific RNA
sequencing in both sexes of C57BL/6 mice where a
significant increase in differentially expressed genes
was first evident in gonadal WAT that occurred
by mid-age and was maintained at ages older than
twenty months [28]. Others have shown p16™4* and
p21€P! have similar mRNA expression levels at 12
and 24 months of age in the hypothalamus, heart,
liver, and kidney of female CB6F1 mice [29].

We also observed that C57BL/6 males had higher
levels of mRNA expression of TNFa and IL-6
(Fig. 1d, f) compared to littermate females. Interest-
ingly, the effects of the treatments were sex-depend-
ent. The treatment with Fisetin or D+Q reduced
mRNA levels of p16™4* in the male mice, but had
no effects in the female mice (Fig. 1b). The treatment
with Fisetin reduced the mRNA levels of p21iP!,
TNFa, and IL-6 in the male mice, but had no effect
in the female mice (Fig. lc, d, & f), while the treat-
ment with D+ Q raised the mRNA levels of p21Cip1,

@ Springer
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«Fig.2 D+Q treatment increased abdominal WAT in female
mice while Fisetin treatment improved glucose metabolism
and increased plasma adiponectin in male mice. Mouse body
weight (a-b, BW) along with percentage of total (c¢) and differ-
ent adipose tissue depots present in relation to BW (d-g). Gene
expression of ACC in gonadal WAT (h) as well as UCP1 and
PPARYy in interscapular BAT (i-j) depots. Glucose tolerance
test (GTT), insulin tolerance test (ITT), and their respective
area under the curve (AUC) after five treatments (k-p). Plasma
insulin and adiponectin concentrations (q-r) taken at time of
euthanization after 10 treatments. Data are means+SEM
(n=8-20). A two-way ANOVA was used to determine P-val-
ues for the categorial variables (S=Sex and T=Treatment)
and their interaction (S x T), which are shown for each bar
graph. *p<0.05, **p<0.01 based on a two-tailed Student’s t
test

MCPI, IL-6, and IL-10 (Fig. 1c & e—g) in the female
mice.

The same SASP mRNA levels were examined in
the hippocampus (SI Fig. 1a—f). mRNA levels were
higher in both sexes of treatment naive twenty-one-
month-old C57BL/6 mice compared to four-month-
olds. p21P! was the only SASP marker increased in
the hippocampus of female C57BL/6 mice compared
to male littermates. In general, mRNA hippocampal
expression patterns after senotherapeutic treatment
were similar to observations in gonadal WAT. In male
C57BL/6 mice, Fisetin treatment reduced mRNA
levels of p16™4* and p21°PP! (SI Fig. 1a-b), but did
not affect the other assayed cytokines (Fig. lc—f).
Reduced hippocampal p21€P! mRNA levels (SI
Fig. 1b) were also observed in female C57BL/6 mice.
D+Q treatment increased mRNA levels of TNFa
(ST Fig. 1c) and IL-10 (SI Fig. le) in both sexes of
C57BL/6 mice.

Plasma concentrations of TNFa, MCP1, IL-6, and
IL-10 (SI Fig. 2a—d) were elevated in both sexes of
treatment naive twenty-one-month-old C57BL/6
mice compared to four-month-old littermates. Fisetin
treatment decreased the concentration of MCP1 (SI
Fig. 2b) in males while increasing IL-10 (SI Fig. 2d)
concentration in female C57BL/6 mice. D+ Q treat-
ment had no effect in males, but increased the con-
centration of MCP1, IL-6, and IL-10 (SI Fig. b—d) in
female C57BL/6 mice.

Overall, the data showed that Fisetin treatment
reduced the levels of SASP markers in the plasma as
well as all of the peripheral and central tissues exam-
ined in the current study in male C57BL/6 mice,
while little to no changes were observed in female

littermates. The D+ Q treatment increased, rather
than decreased, SASP markers in female C57BL/6
mice. In male C57BL/6 mice, D+ Q treatment had
minimal to no effects on SASP markers in plasma
and WAT, but increased hippocampal TNFa mRNA
expression.

D+ Q treatment led to increased body weight and
adiposity in female C57BL/6 mice while Fisetin
treatment improved glucose metabolism and
increased plasma adiponectin in male C57BL/6 mice

Given the observation that C57BL/6 mice responded
to the treatment in a sexually dimorphic manner, it
was important to know how the physiological param-
eters including body composition, glucose utiliza-
tion, and energy metabolism were affected by seno-
therapeutic treatment. The results showed that body
weight in the males was not changed by either treat-
ment, while it was increased in the female C57BL/6
mice receiving monthly D+Q administration
(Fig. 2a-b). Body composition analysis indicated that
the increased body weight of D+Q treated female
C57BL/6 mice was attributed to an elevation of adi-
posity including subcutaneous (SC) and perigonadal
WAT depots (Fig. 2c—e). No changes in body weight
or composition were observed after nine months of
Fisetin treatment in female C57BL/6 mice, and no
changes in these parameters were detected in male
CS57BL/6 mice receiving either of the treatments
(Fig. 2a—g). Body composition also showed sex dif-
ferences whereby female C57BL/6 mice had a higher
percentage of SC and gonadal WAT while males had
a larger perirenal depot (Fig. 2d—f).

The accumulation of WAT in D+Q treated female
mice could result from upregulated lipid deposition or
downregulated thermogenic activity in brown adipose
tissue (BAT). Thus, the expressions of genes related to
lipid metabolism in gonadal WAT, and to uncoupling
of the mitochondrial electron transport chain in BAT
were examined. The results showed that Acetyl-CoA
carboxylase (ACC), the rate-limiting enzyme for lipid
synthesis, was up-regulated in gonadal WAT of D+Q
treated female C57BL/6 mice (Fig. 2h). In contrast
to WAT, uncoupling protein 1 (UCP1), a key regula-
tor of non-shivering thermogenesis, and its upstream
activator PPARYy [30] were downregulated in BAT of
D+Q treated female mice (Fig. 2i—j). Sex effects were
observed with higher ACC in female C57BL/6 gonadal
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WAT and lower UCP1 and PPARY in male interscapu-
lar BAT. The findings from WAT and BAT indicate that
D+Q treated female mice had higher lipid synthesis
activity, mediated by increased ACC, and lower ther-
mogenic activity, via reduced UCP1 and PPARYy. These
changes could cause WAT accumulation subsequently
leading to the observed SASP increases after D+Q
treatment in female C57BL/6 mice.

Considering adipocytes are involved in glucose
metabolism, we wanted to determine treatment
effects on peripheral glucose utilization. The results
showed that Fisetin treatment improved glucose
clearance as measured by GTT (Fig. 2k, m) in male
mice. Although D+Q treated female mice accumu-
lated more adipose tissues they did not have impaired
glucose metabolism (Fig. 2l1-m). No differences in
insulin sensitivity between treated and littermate
control mice were observed as determined with ITT
(Fig. 2n-p). Additionally, plasma insulin concen-
trations (Fig. 2q) were similar across treatments in
both sexes of C57BL/6 mice. Plasma adiponectin (an
adipokine that is involved in regulating glucose lev-
els) concentration was significantly increased in the
D+Q and Fisetin treated males, but not after either
treatment in female C57BL/6 mice (Fig. 2r). The
concentration of plasma insulin was elevated while
adiponectin was decreased in male C57BL/6 mice
compared to female littermates. This is consistent
with the literature where adiponectin levels in male
mice [31] and humans [32] are lower compared to
females. The data indicated that monthly Fisetin
treatment improved peripheral glucose metabolism
in the male mice with increased adiponectin levels
and enhanced glucose clearance. In female C57BL/6
mice, D+ Q treatment increased WAT accumulation
without affecting glucose metabolism. This may have
been related to the time interval between the GTT
assay and assessment of body composition.

Fisetin treatment enhanced energy metabolism in
male C57BL/6 mice, while D + Q treatment reduced
energy metabolism in female C57BL/6 mice

Energy metabolism is strongly associated with aging
and is a contributing factor to adipose accumulation
[33]. In the present study, the treatment effects on
energy metabolism were assessed by indirect calo-
rimetry. Oxygen consumption (VO,) (Fig. 3a, c) and
energy expenditure (EE) (Fig. 3d, f) were increased

@ Springer

after Fisetin treatment in male C57BL/6 mice, while
both parameters were decreased by D+Q treatment
in female littermates (Fig. 3b-c, e—f). Thus, Fisetin
enhanced energy metabolism in male C57BL/6 mice,
while D+ Q reduced energy metabolism in the female
mice, potentially contributing to their WAT accumu-
lation. Respiratory quotient (RQ) is the ratio of car-
bon dioxide produced and oxygen consumed by the
body, reflecting substrate utilization for energy gen-
eration. In the current study, RQ in Fisetin treated
male C57BL/6 mice was reduced indicating a shift
in metabolic substrate utilization from mixed lipids
and carbohydrates (RQ~0.8) to predominantly
lipids (RQ~0.7) [34] (Fig. 3g, i). The RQ of female
C57BL/6 mice treated with D+Q did not change
(Fig. 3f). Female C57BL/6 mice had higher levels of
all three metabolic measures compared to male litter-
mates. In summary, monthly Fisetin treatment in male
C57BL/6 mice increased energy metabolism as indi-
cated by enhanced VO, and EE and shifted substrate
utilization to predominantly lipids. In contrast, D+Q
treatment decreased energy metabolism in female
C57BL/6 mice as indicated by reduced VO, and EE
without a concomitant change in substrate utilization.

Fisetin treatment improved spatial cognitive
performance in male C57BL/6 mice, while D+Q
treatment impaired object recognition in female
C57BL/6 mice

Although deletion of senescent cells by the senolytic
compounds led to functional improvements in models
of neurodegenerative diseases [20, 21], it remains to
be determined whether the monthly senolytic treat-
ment could affect cognitive performance in normal
mice. To investigate the effects of the treatment on
cognitive functions, the MWM spatial learning and
memory paradigm and a NOR task were performed.
The results from MWM indicated that over 5 training
sessions, the path efficiency was increased (Fig. 4a,
c), and the corrected integrated path length (CIPL)
(Fig. 4d, f) was reduced significantly in the Fisetin-
treated male C57BL/6 mice indicative of improved
learning. Neither Fisetin nor D+ Q treatment affected
MWM learning in the female C57BL/6 mice (Fig. 4b-
¢, e-f). Platform entries during the delayed probe
challenge was not affected by either treatment in
both sexes (Fig. 4g) suggesting spatial memory recall
was unaffected. The results of NOR showed that the
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Fig. 3 Fisetin treatment enhanced energy metabolism in male
mice, while D+Q treatment decreased energy metabolism in
female mice. Twenty-four-hour male and female oxygen con-
sumption (a-c; VO,), energy expenditure (d-f; EE), and res-
piratory quotient (g-i; RQ) along with their corresponding

exploration preference for the novel object measured
by retention index was decreased in the D+ Q treated
female mice (Fig. 4h), indicating reduced memory
recall in this group. Since the acclimation phase of
the NOR equates to an open field test, we examined

AUC after 9 treatments. Data are presented as means+SEM
(n=16-20). A two-way ANOVA was used to determine P-val-
ues for the categorial variables (S=Sex and T =Treatment)
and their interaction (S x T), which are shown for each bar
graph. **p <0.01 based on a two-tailed Student’s t test

this as a measure of anxiety. Total distance trave-
led was significantly decreased in D+ Q and fisetin
treated male mice, but only in D+ Q treated female
mice (SI Fig. 6), indicating that anxiogenic behavior
may have contributed to female performance in NOR,
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«Fig. 4 Fisetin treatment improved spatial learning in male
mice, while D+Q treatment impaired object recognition
memory recall in female mice. Assessment of cognition and
memory recall was determined by MWM and NOR. MWM
path efficiency (a-c) and corrected integrated path length (d-
f; CIPL) in male and female C57BL/6 mice during 5 train-
ing sessions. Number of platform crosses during the delayed
probe challenge (g). Retention index of the familiar object
after a delayed novelty introduction (h). Hippocampal, liver,
and gonadal WAT mRNA expression levels of Glut4 (i-k) and
AdipoR1 (I-n) were measured at time of euthanization after 10
treatments. Data are presented as means + SEM (n=16-20). A
two-way ANOVA was used to determine P-values for the cat-
egorial variables (S=Sex and T =Treatment) and their interac-
tion (S x T), which are shown for each bar graph. *p <0.05,
**p <0.01 based on a two-tailed Student’s t test

but not male. Since senotherapeutic treatment had
differential effects on energy expenditure between
the sexes, we wanted to verify changes to cognitive
performance were not due to motor function. Mean
swimming speed was similar for all treatment groups
and across sexes for the training sessions and probe
challenge (SI Fig. 3a—d). Additionally, no treatment
effects in grip strength were observed (SI Fig. 3e).
Female C57BL/6 mice had better grip strength com-
pared to littermate males, which was consistent with
other reports in C57BL/6 mice [35].

Considering the effects of the treatments on
cognitive performance, expression of several genes
related to memory formation and synaptic plasticity
[36] was examined by RT-PCR in the hippocampus.
Genes associated with synaptic vesicle release and
glutamatergic signaling were not affected by either
treatment in male or female C57BL/6 mice (SI
Fig. 4). Next, we examined glucose transporter 4
(Glut4) hippocampal mRNA expression because
central glucose metabolism is directly related
to cognitive performance. Glutd mRNA was
increased in the hippocampus of Fisetin treated
male C57BL/6 mice while D+Q had no effect on
its expression in either sex (Fig. 4i). Peripherally,
D+Q and Fisetin treatment increased Glut4 liver
expression in male C57BL/6 mice only, but neither
treatment altered its expression in gonadal WAT
(Fig. 4j-k). Since plasma adiponectin concentration
was increased after senotherapeutic treatment in
male C57BL/6 mice, we also examined adiponectin
receptor 1 (AdipoR1) mRNA expression in both the
hippocampus and peripheral tissues. Adiponectin
signaling modulates glucose metabolism while

providing anti-inflammatory effects both of which
could improve cognitive performance. Fisetin treated
male C57BL/6 mice had increased hippocampal
AdipoR1 expression, but D+Q treatment did not
alter its expression levels in either sex (Fig. 41).
Peripherally, neither senotherapeutic treatment
affected AdipoR1 expression in the liver or gonadal
WAT of male C57BL/6 mice (Fig. 4m-n). D+Q
treatment reduced AdipoR1 expression in the liver
while increasing expression in gonadal WAT of
female C57BL/6 mice (Fig. 4m-n). This dichotomy
is a result of tissue specific AdipoR1 regulation of
lipid storage and utilization [37]. Decreased AdipoR1
signaling in the liver increases hepatic lipogenesis
causing triglyceride release and accumulation.
Increased AdipoR1 expression in WAT reduces
lipolysis. Together, this helps explain the increased
body and WAT weight seen in C57BL/6 females
mice receiving D+Q treatment. Overall, the effects
of serotherapeutic treatment on Glut4 and AdipoR1
expression is consistent with changes to peripheral
glucose metabolism (Fig. 2) and energy expenditure
(Fig. 3).

Comparing the rate of biological aging between sexes
of C57BL/6 mice

Finally, to better understand why senotherapeutic
treatment, particularly Fisetin, was only effective in
males, we compared physical (SI Fig. 5a), metabolic
(SI Fig. 5b-f), and cognitive (SI Fig. 5 g-i) param-
eters in thirteen and four-month-old C57BL/6 mice
to determine potential differences in the rates of bio-
logical aging. Compared to female littermates, four-
month-old mice male C57BL/6 mice have worse
metabolic parameters as observed by GTT, oxy-
gen consumption, and energy expenditure. Physical
and cognitive parameters are similar between sexes
at this age. By 13 months of age, an aging effect is
observed whereby physical, metabolic, and cognitive
parameters were reduced in both sexes of C57BL/6
mice. Since swimming speed declines with age this
can influence the time it takes to reach the platform
and the number of platform crosses on the MWM (SI
Fig. 5 g, 1, j). Although the CIPL calculation avoids
variability in results due to swimming speed differ-
ences, both sexes of 13-month-old C57BL/6 mice had
worse spatial navigation learning and memory recall
compared to their younger sex-matched littermates
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(SI Fig. 5 h, k). These baseline differences between
sexes of C57BL/6 mice may partially explain why
Fisetin was effective only in males.

Discussion and conclusions

Administration of senolytic compounds is a novel
approach to removing senescent cell accumulation
and thereby reducing inflammation. These com-
pounds are being investigated as potential lifespan
and healthspan extending therapies and may also have
applications in the treatment of numerous metabolic
and neurodegenerative disorders [15, 2220-]. Since
Fisetin and Q are naturally occurring plant flavonoids,
they are readily available as dietary supplements for
use without a prescription. There is little informa-
tion on the efficacy of these compounds when taken
at young ages and for prolonged periods of time.
The data presented here indicate that these com-
pounds have sexually dimorphic effects, each with
health benefits and risks. The monthly dosing strat-
egy used in this study was based on previous publi-
cations showing that markers of cell senescence are
still reduced after a four week off-treatment period
[6]. Prior research suggests that senolytic compounds
work either by clearing senescent cells or reversing
cellular senescence rather than preventing cells from
entering a senescent state. Since senescent cell accu-
mulation occurs over weeks, maintaining an effective
concentration dosage is not required. Rather, inter-
mittent dosing may be preferable thereby avoiding
adverse effects.

Monthly Fisetin treatment was efficacious in male
CS57BL/6 mice when started at four months of age.
This dosing strategy had little to no effect in female
littermates when compared to vehicle treatment. Nine
months of Fisetin treatment efficiently reduced SASP
in WAT (Fig. 1), hippocampus (SI Fig. 1), and plasma
(ST Fig. 2), of thirteen-month-old male C57BL/6
mice as lower mRNA expression of p16™<4* p21CiP!,
TNFa, and IL-6 were observed. Male C57BL/6 mice
receiving Fisetin treatment also had improved glu-
cose metabolism as supported by better glucose clear-
ance (Fig. 2k, m) after five treatments and elevated
plasma adiponectin (Fig. 2r) at thirteen months of
age. Improved energy metabolism was also supported
by increased VO, and EE (Fig. 3a, c-d, f) along with
reduced RQ (Fig. 3g, i) when measured at 12 months
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of age. Monthly Fisetin treatment also reduced SASP
markers to levels similar to those measured in four-
month-old treatment naive male C57BL/6 mice.
The metabolic improvements also mirrored levels
observed in younger littermates. However, physical
parameters (swimming speed and grip strength) as
well as learning and memory recall was still worse
after Fisetin treatment when compared with younger
male C57BL/6 mice. This suggests administering
Fisetin treatment at younger ages has a stronger anti-
inflammatory (potentially mediated through increased
plasma adiponectin signaling) than an overall anti-
aging effect. This cannot be definitively concluded
without frailty or lifespan measurements which were
outside the scope of the study. Also, inflammation
and aging are difficult to separate whereby chronic
inflammation contributes to worse health and the
onset of numerous age-related ailments and neurode-
generative disorders. Approaches to reduce chronic
inflammation have the potential to extend quality of
life during aging.

In the present study, D+ Q treatment showed min-
imal efficacy in male C57BL/6 mice and was detri-
mental to female mice. In females, SASP markers
(Fig. 1) and body weight were increased likely due to
larger WAT depots (Fig. 2a-e). Several factors con-
tributed to the increased abdominal adiposity. These
include increased ACC (the rate-limiting enzyme
in lipid synthesis) and AdipoR1 in WAT (Figs. 2h
and 4n), reduced UCP1 and PPARYy activity in BAT
(Fig. 2i-j), reduced energy metabolism and liver Adi-
poR1 expression (Figs. 3 and 4m). Because obesity
can lead to adipose tissue entering a senescent-like
state at a young age [38], the accumulation of abdom-
inal WAT in D+Q treated female mice could result
in increased SASP. This possibility is supported by
expression of SASP-related genes in D+Q treated
females resembling or even exceeding the values
measured in much older (twenty-one-month-old)
untreated females (Fig. 1, SI Fig. 1, and SI Fig. 2).
The reasons for the detrimental outcome of D+Q
treatment in the female mice remain to be elucidated,
but are not unique to this study. A recent publication
using a similar D + Q dosing regimen reported similar
observations in a C57BL/6 mouse model of hepato-
cellular carcinoma [39]. Others have proposed that
continuous senescent cell removal beginning at young
ages does not always activate cell-replacement mech-
anisms, but rather induces regenerative responses
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causing fibrosis [40]. A better understanding of cell-
type specific effects of senescent cell removal is
warranted.

Sexually dimorphic biological aging may partially
explain the differences in responses to senotherapeu-
tic interventions observed in C57BL/6 mice. Four-
month-old male and female C57BL/6 treatment naive
mice have similar SASP mRNA markers and plasma
concentrations (Fig. 1 and SI Fig. 2), but males have
worse metabolism (SI Fig. 5b, d-e). SASP became
more prominent in male C57BL/6 mice compared
with females at thirteen months of age including
changes in proinflammatory cytokines TNFa and
IL-6 (Fig. 1d, f and SI Fig. 2a, c). Since Fisetin shows
therapeutic efficacy by reducing inflammation leading
to metabolic improvements, these SASP factors were
not presumable at harmful levels in female C57BL/6
mice. This suggests male C57BL/6 mice age biologi-
cally faster and may explain why Fisetin treatment
was ineffective at the ages tested in female littermates.
Unfortunately, data regarding sexually dimorphic
aging characteristics are only beginning to emerge
due in large part from “male centric” sampling in both
preclinical and clinical research. Sparse evidence sug-
gests females maintain better cellular health through-
out the majority of their life, but become more frail
when approaching death compared with males [41].
The observed sexual dimorphic response to the treat-
ment may also be affected by glucocorticoids, steroid
hormones that are essential for the maintenance of
various metabolic and homeostatic functions. Glu-
cocorticoids exhibit sexually dimorphic effects on
several key processes, including inflammation and
metabolism [42]. They are the primary physiological
anti-inflammatory hormones in mammals, and this
anti-inflammatory action was previously shown to be
more effective in males [43]. Glucocorticoid exposure
also induces a sexually dimorphic metabolic response
with glucocorticoid exposure leading to insulin resist-
ance, obesity, and inhibition of thermogenic activity
in brown adipose tissue in male, but not female mice
[44]. Our data support that synergistic action between
glucocorticoids and the senolytic compounds used
in the current study contribute to the improved anti-
inflammatory outcome in male mice (Fig. 1). In con-
trast, senolytic treatment, especially Fisetin, targeting
senescent cells alleviates obesity-induced metabolic
dysfunction thereby suppressing the adverse effects of
glucocorticoids on metabolism in male mice resulting

in diminished insulin resistance and obesity[45].
Sexually dimorphemic response to D +Q treatment in
female mice may be due to estrogen since the female
mice in our current studied model of mice are estro-
gen-dependent [46]. It has been previously reported
that flavonoids such as Quercetin (Q) may elevate
thyroid-stimulating hormone levels through inhibit-
ing activity in thyroid peroxidase synthesis [47], lead-
ing to low estrogen levels [48]. Low estrogen could
promote metabolic dysfunction predisposing female
mice to obesity, metabolic syndrome, and type 2 dia-
betes [49]. Taken together, it is possible that Q as part
of our D+Q treatment may result in low levels of
estrogen and consequently an accumulation of fat tis-
sues (Fig. 2) and reduced energy metabolism (Fig. 3).
This supports the need for further study in this area in
the future. In C57BL/6 mice, cell senescence usually
becomes prominent by approximately 14 months of
age [6], and treatment with senolytic drugs at this or
a later ages cleared senescent cells and led to various
beneficial effects [17, 18]. However, it was unclear
whether chronic treatment with senolytic drugs
started at an earlier age (prior to reported senescent
cell accumulation) in C57BL/6 mice would have sim-
ilar effects as those reported observations during later
age [17, 18]. This gap in knowledge is particularly
relevant given that Fisetin and Q are available without
a prescription and may be taken by younger adults.
Our data revealed that such treatment indeed had
impacts on the mice as they reached median lifespan.
However, the senotherapeutic treatment effects were
sexually dimorphic. C57BL/6 male, but not female,
mice receiving Fisetin treatment had beneficial
responses including reduced SASP and improved glu-
cose and energy metabolism. Female, not male, mice
receiving a D+ Q cocktail treatment had detrimental
responses with reduced energy metabolism, increased
WAT accumulation, and elevated SASP.

D+ Q was the first well-characterized senothera-
peutic agent proven to reduce senescent cell burden
and extend lifespan. Despite Q and Fisetin being
structural analogs, Q had minimal to no effects
when initiated at a young age in male C57BL/6
mice. Although both are potent redox-active fla-
vonoids, Fisetin has higher prooxidant activity.
Furthermore, Q’s senolytic potency is augmented
by trace elements such as copper and iron that are
known to accumulate during aging and in senescent
cells [4]. Since senolytic drugs were administered at
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a young age prior to reported senescent cell accu-
mulation, iron and copper accumulation was not a
threshold to enhance Q’s potency. Fisetin’s prooxi-
dant activities are not amplified in the presence of
copper or iron, which may explain why health ben-
efits were only observed with this senotherapeutic
in male C57BL/6 mice.

Fisetin-treated male C57BL/6 mice not only had
improved markers of peripheral health, but also their
spatial learning during the MWM training sessions
(Fig. 4a, c, d, f) compared to vehicle treated C57BL/6
mice. These cognitive improvements, however, did
not reach levels observed in 4-month-old treatment
naive mice (Fig. 4g and SI Fig. 5i). Although we did
not observe changes in markers of synaptic plastic-
ity associated with hippocampal memory forma-
tion (SI Fig. 4), we did observe elevated expression
of Glut4 (Fig. 4i-j), hippocampal AdipoR1 (Fig. 41),
and plasma adiponectin concentrations (Fig. 2r) sug-
gesting enhanced glucose transport and adiponectin
signaling in the brain. The present novel finding that
Fisetin treatment concurrently improved peripheral
as well as central glucose and adiponectin signaling
has important implications for metabolic and cogni-
tive function. In the periphery, adiponectin increases
insulin sensitivity, stimulates fatty acid oxidation
and glucose uptake, suppresses hepatic glucose pro-
duction [50], and inhibits inflammation [51]. In the
brain, adiponectin signaling via AdipoR1 has anti-
inflammatory effects and is involved with cogni-
tive and neuroprotective mechanisms [52]. Monthly
Fisetin treatment in male mice led to increased adi-
ponectin levels in circulation, which likely contrib-
uted to improvements of peripheral glucose and lipid
metabolism. Circulating adiponectin passes through
the blood brain barrier where it can enhance cognitive
function by upregulating glucose transport and Adi-
poR1 signaling [52]. However, neither hippocampal
Glut4 (Fig. 41), AdipoR1 (Fig. 41), nor the examined
synaptic plasticity markers (SI Fig. 4) were affected
by D+Q treatment in the female mice even though
object recognition memory retention was reduced
(Fig. 4h). The reduced cognitive performance of these
animals might be attributed to the increased adiposity
after D+ Q treatment, but future studies are needed to
identify the mechanisms involved.

Cell senescence is strongly correlated with aging,
but currently no diagnostic testing is available to
quantify senescent cells accumulation. It seems
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possible that the earlier in life senotherapeutics are
taken, the better likelihood of delaying age-related
decline and disease risk might be expected. Senolyt-
ics such as Fisetin and D+ Q are known to reduce
senescent cell burden [6], but the optimal age to
begin treatment is currently unknown. Our study
indicates that both biological aging and sex may
also determine the therapeutic outcomes of seno-
lytic treatment. When the treatment was started at
4 months of age, before the reported senescent cell
accumulation, Fisetin had beneficial effects in male
C57BL/6 mice while a D+ Q cocktail had adverse
consequences in female C57BL/6 mice.

These observations provide novel information
with translational relevance. First, senolytic drugs
taken at an age before significant senescent cell bur-
den to reduce or prevent their prevalence later in
life may be detrimental to overall health. Second,
males and females can have differential responses
to the same senolytic treatment when initiated at
younger ages. Third, a particular senolytic treat-
ment may have beneficial, negligible or detrimental
effects depending on the age, sex, or disease state.
Fourth, oral senolytic treatment not only impacted
peripheral physiological responses, but also affected
cognitive performance, possibly via increased cen-
tral adiponectin signaling and glucose transport.
Overall, these observations should serve as a note
of caution in this rapidly evolving and expanding
field of investigation.

Designing senotherapeutics appropriate for sex
and a specific age of onset could conceivably pro-
vide a useful preventative treatment strategy for
dealing with development of neurodegenerative
disorders. Supporting this possibility, development
of metabolic syndrome in midlife was reported to
increases the risk for Alzheimer’s disease (AD) later
on. Besides clearance of senescent cells, senothera-
peutics may ameliorate or delay cognitive decline
through mechanisms associated with improved
peripheral and central glucose metabolism. Consid-
ering metabolic dysregulation has been observed in
the APP/PS1 model of AD [53], Additional studies
are warranted to determine if prodromal senolytic
treatment could provide cognitive benefits in neuro-
degenerative diseases.
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