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Abstract Cellular senescence increases with aging
and results in secretion of pro-inflammatory factors
that induce local and systemic tissue dysfunction.
We conducted the first preclinical trial in a relevant
middle-aged nonhuman primate (NHP) model to
allow estimation of the main translatable effects of
the senolytic combination dasatinib (D) and querce-
tin (Q), with and without caloric restriction (CR).
A multi-systemic survey of age-related changes,
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including those on immune cells, adipose tissue, the
microbiome, and biomarkers of systemic organ and
metabolic health are reported. Age-, weight-, sex-,
and glycemic control-matched NHPs (D+Q, n=9;
vehicle [VEH] n=7) received two consecutive days
of D+ Q (5 mg/kg+ 50 mg/kg) monthly for 6 months,
where in month six, a 10% CR was implemented in
both D+Q and VEH NHPs to induce equal weight
reductions. D+Q reduced senescence marker gene
expressions in adipose tissue and circulating PAI-1
and MMP-9. Improvements were observed in immune
cell types with significant anti-inflammatory shifts
and reductions in microbial translocation biomark-
ers, despite stable microbiomes. Blood urea nitrogen
showed robust improvements with D + Q. CR resulted
in significant positive body composition changes in
both groups with further improvement in immune
cell profiles and decreased GDF15 (p=0.05), and
the interaction of D+ Q and CR dramatically reduced
glycosylated hemoglobin Alc (p=0.03). This work
indicates that 6 months of intermittent D+ Q expo-
sure is safe and may combat inflammaging via
immune benefits and improved intestinal barrier
function. We also saw renal benefits, and with CR,
improved metabolic health. These data are intended
to provide direction for the design of larger controlled
intervention trials in older patients.

Keywords Senolytics - Caloric restriction -
Inflammation - Adipose tissue - Leaky gut
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Introduction

Aging is defined by progressive loss of physiological
integrity, which increases the risk of chronic diseases,
including cardiovascular disease, cancer, Alzheimer’s
disease, and type II diabetes [1]. Key molecular path-
ways that converge and induce dysfunction with aging
and contribute to the development of chronic diseases
include genomic instability, loss of proteostasis, mito-
chondrial dysfunction, disordered nutrient sensing,
and cellular senescence [2]. Cellular senescence is
a dysfunctional state caused by stressors including
DNA damage, inflammation, and metabolic dysfunc-
tion [3]. Senescent cells avoid apoptosis by taking
advantage of senescent cell anti-apoptotic pathways
[4] while simultaneously secreting pro-inflammatory
and pro-fibrotic factors as part of their senescence-
associated secretory phenotype (SASP). This results
in dysfunctional extracellular matrix formation and
neighboring cell senescence with propagation of
inflammatory processes [5].

Through transcriptomic analyses of senescent
versus non-senescent human cells including preadi-
pocytes, dasatinib (D), a tyrosine kinase inhibitor,
and quercetin (Q), a naturally occurring flavonoid,
were found to induce apoptosis of senescent cells
[4]. Specifically, D was identified to preferentially
target senescent preadipocytes while Q was found
to preferentially target senescent endothelial cells
in vitro [4]. A 30% reduction in senescent cells suf-
fices to alleviate dysfunction in preclinical models
[6]. Recently, use of pharmacological senescent cell
clearing agents have demonstrated improved health-
span in rodent models [7-9] and some positive
effects in short-term clinical pilot assessments [10,
11]. When used in combination, intermittent admin-
istration of D+ Q successfully reduced human adi-
pose tissue senescent cell burden [11], macrophage
accumulation [11], and secretion of SASP factors
[12]. It likewise improved physical function in peo-
ple [12], and improved healthspan [4], intestinal
barrier function, and glucose tolerance in mice [13].
It is thought that the use of senolytics could allevi-
ate age-related adipose tissue and system metabolic
dysfunction, though a placebo-controlled trial in
people has not yet been conducted. However, seno-
lytics in combination with lifestyle modification
— the clinical standard of care for prevention of
health events in middle-aged and older adults with
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metabolic syndrome and gold standard for health
and lifespan extension in animal models — has not
been examined.

To date, caloric restriction is the gold standard
for improving healthspan and metabolic dysfunc-
tion. It is well-established that caloric restriction
(CR) slows the onset of age-associated diseases and
extends lifespan and healthspan in animal models,
including primates. A 20-30% CR has been shown
to improve immune function [14, 15], motor coor-
dination [16], muscle mitochondrial function [17],
reduce sarcopenia [18], resting metabolic rate
[19], and mortality [19]. In addition to these health
benefits, CR reduces tissue senescent cell burden
[20]. Although potentially efficacious, many adults
are either not adherent to lifestyle changes or not
responsive to CR alone, prompting a need to evalu-
ate combination CR and pharmacologic therapies
on metabolic and aging outcomes. Moreover, less
discussed are the negative or neutral effects of CR
which can include shortened lifespans, reduced
thyroid hormone levels, and loss of lean and bone
mass and even grey matter in the brain, bolstering
the need for alternative interventions for health with
aging.

It is unknown how D+ Q senolytic therapy and
CR compare or synergize for the treatment of age-
related metabolic dysfunction. In this study, we
evaluated the safety and efficacy of monthly inter-
mittent D+ Q administration alone and when com-
bined with low-percentage caloric restriction (10%)
for 6 months, a duration relevant to human clini-
cal trial design. We assessed changes in metabolic
syndrome risk factors, body composition, circulat-
ing SASP/inflammation and Alzheimer’s disease
biomarkers, serum biochemistry and immune cells,
microbiomes, and local adipose tissue macrophage
accumulation. We hypothesized that systemic
reductions in senescent cell burden would improve
cardiometabolic outcomes and reduce inflamma-
tion and related immune cell phenotypes. We find
that D+ Q does induce improvements in healthspan
markers relating to the immune, gastrointestinal,
and renal systems and, combined with CR, induces
some unique benefits and synergisms. This study
provides the fundamentals to relating in vivo expo-
sure to the effects of senolytics and/or CR and pro-
vides data relevant to the design of a larger rand-
omized controlled trial.
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Methods
Nonhuman primate cohort

A total of 16 male and female cynomolgus macaques
(Macaca fascicularis) were selected for this work.
Animals in the control and treatment groups were
matched by age, sex, body weight, glycemic control,
and metabolic syndrome risk factors (Supplemen-
tary Table 1). Animals were middle-aged (roughly
45 in human equivalent years) and ranged from lean
to obese, where obesity was defined by a waist cir-
cumference of>40 cm and a percent body fatness
of >30% measured from computed tomography (CT)
image analyses [21, 22]. Animals were normoglyce-
mic to type II diabetic. Three animals diagnosed with
type II diabetes were included in each group. Consist-
ent with the American Diabetes Association defini-
tion, animals were diagnosed as diabetic after two or
more fasting blood glucose measures of > 126 mg/dL
and glycosylated hemoglobin Alc (Alc) value>6.5%
[23]. Insulin therapy was provided twice daily to
those animals, with doses determined using post-
prandial glucose levels as previously described with
Alc values ranging 6.3-8.8% at study initiation [23].
Insulin therapy had been consistent for>3 months
prior to study start and were considered moderately
well-controlled being weigh stable and Alc<9%
All animals were socially housed indoors with equal
access to exercise and consumed a laboratory chow
diet that was low in saturated fats and simple carbo-
hydrates, and high in protein and fiber (Laboratory

No CR-5mo

Diets 5038; LabDiet, St. Louis, MO) throughout the
study, with dietary caloric restriction of this diet insti-
tuted in the sixth month of study (Fig. 1).

All described procedures were performed accord-
ing to the National Institutes of Health Guide for Care
and Use of Laboratory Animals. All study procedures
were approved by and performed in accordance with
the Wake Forest University Institutional Animal Care
and Use Committee. An overall schema depicting the
study design and collections is shown in Fig. 1.

Food consumption assessment and caloric restriction

At baseline and 5 months, all study animals had their
food consumption measured. For three consecutive
days animals were fed excess calories (100 kcal/kg)
once daily and food amounts were weighed at the
beginning and end of each 24-h period. We deter-
mined that there were no differences in consumption
(Supplementary Table 2). Immediately after adminis-
tration of dose six (at 5 months), animals underwent
a 10% caloric restriction for 6 weeks. The restriction
food amount was determined using the average caloric
intake each individual was consuming at month five,
with 90% of this being supplied daily for the final
6 weeks of the study. During the caloric restriction,
animals were provided enrichment, which included
celery and cucumbers considered to have insignifi-
cant caloric contributions. After caloric restriction,
animals had their bodyweights measured weekly to
confirm weight loss and CT imaging was repeated
after 6 weeks. In total, all study animals experienced

10% CR-1.5 mo
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Fig.1 Overview of study timeline and outcome measures.
Demographic details are shown in Supplemental Table 1.
Seven vehicle (VEH) treated control and nine Dasatinib (D)
and Quercetin (Q) treated middle-aged cynomolgus macaques
were included in study. Study outcomes and timing are shown
relative to ad libitum (No CR) and caloric restriction (CR)

phases. Samples were collected and included those relating to
metabolic syndrome (MetS) criteria, cerebrospinal fluid (CSF),
subcutaneous (SQ) adipose, and gastrointestinal (GI) colon
mucosal biopsies (bx), feces and blood. Computed tomography
imaging was performed to determine body composition (Body
Comp) to confirm the effects of the feeding phases
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an average of 5% body weight loss, which did not dif-
fer between D+ Q or vehicle-exposed control groups
(Supplementary Fig. 1).

Dasatinib and quercetin dose administration and
pharmacokinetic assessment

All study animals underwent oral gavage of either
dasatinib ([D]; Bristol Meyers Squibb, New York,
NY) or quercetin (Q; Micro Ingredients, Diamond
Bar, CA) or vehicle. Animals were briefly sedated
with ketamine (3 mg/kg) and dexmedetomidine
(0.035 mg/kg), and NHPs in the treatment group were
dosed on two consecutive days once per month with
D (5 mg/kg) and Q (50 mg/kg) mixed in Ensure®,
whereas control group animals received comparable
volumes of Ensure® as vehicle.

To measure circulating concentrations of D and
Q parent compounds and metabolites, blood sam-
ples were drawn exactly 2 h post-oral administration
to estimate maximal concentrations at the 3rd dose
(mid-study). Blood samples were immediately pro-
cessed for plasma, and plasma samples were stored
at— 80 °C until analyses. Concentrations of D and its
metabolites were calculated by mass spectrometry of
unknowns and standards. Concentrations of Q and its
metabolites were processed by the Biological Psychi-
atric Analytical Laboratory at the University of Texas
Health, San Antonio.

Body composition analyses

CT scans were performed at baseline, and after 5 and
6 months of treatment, using a Siemens SOMATOM
Definition Flash CT scanner (Siemens, Munich, Ger-
many). These scans were reconstructed as DICOM
images using Aquarius Net Thin Client (TeraRecon,
Durham, NC), and then analyzed using Materialise’s
Interactive Medical Image Control System (Mim-
ics) (Materialise, Leuven, Belgium). Fat and lean
tissues were identified using pre-determined voxels
[24], from which whole body tissue volumes were
determined, adjusted for density, and expressed as a
percentage of the animal’s body weight, as well as
a fat-to-lean tissue ratio. The abdominal region was
defined through segmentation from the thoracolum-
bar junction to the sacroiliac junction to assess the
intra-abdominal and subcutaneous fat tissue volumes
[21]. These volumes were adjusted for density and
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expressed as tissue mass, as well as an intra-abdom-
inal-to-subcutaneous ratio [21]. At least three liver
attenuation measures by circular ellipse were aver-
aged. Psoas lean tissue area and attenuation were col-
lected by tracing the circumference of the lean tissue
at the L4 vertebra [21]. Mid-thigh lean tissue area and
attenuation were measured by tracing the circumfer-
ence of the lean tissue at the midpoint between the
greater trochanter and patella.

Metabolic syndrome risk criteria and blood measures

All samples described below were collected in the
morning, after 12 h fasting and, in the diabetic indi-
viduals, after a 16-h withdrawal from exogenous
regular short-acting insulin administered at the prior
afternoon’s meal. All samples and measures were
collected at the end of the D+Q dose period prior
to administration of the next dose. Animals had their
waist circumferences measured using a flexible tape
measure at the level of the umbilicus [25]. Blood
pressure was measured indirectly using a sphyg-
momanometer with digital high-density oscillom-
etry readouts where the average of three measures
was calculated [26]. Blood samples were collected
using percutaneous femoral venipuncture and urine
samples were collected via cystocentesis at baseline,
3 months, 5 months, and 6 months. Blood was col-
lected into ethylenediaminetetraacetic acid (EDTA)
tubes and placed on ice until processed for plasma.
Plasma aliquots were stored at — 80 °C until analyzed.
Triglyceride (TG), high density lipoprotein choles-
terol (HDLC), and total cholesterol concentrations
were measured enzymatically [25]. Fasting glucose
was measured using the glucose oxidase method as
previously described [25]. Blood samples were sub-
mitted to IDEXX Laboratories for complete blood
counts and serum biochemical analyses. Circulating
concentrations of monocyte chemoattractant protein
(MCP)-1 (R&D Systems, Minneapolis, MN, cat. no.
DCPO00), interleukin (IL)-6 (R&D Systems, Minne-
apolis, MN, cat. no. DLB50), growth/differentiation
factor (GDF)-15 (R&D Systems, Minneapolis, MN,
cat. No. DGD150), C-reactive protein (CRP) (Alpco
Diagnostics, Salem, NH, cat. no. 30-9710S), N-ter-
minal (NT)-pro hormone BNP (NT-ProBNP) (My
BioSource, San Diego, CA, cat. no. MBS009046),
plasminogen activator inhibitor (PAI)-1 (R&D
Systems, Minneapolis, MN, cat. no. DSE100),
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lipopolysaccharide binding protein (LBP)-1 (LSBio
Inc. Seattle, WA, cat. no. LS-F17912), fatty acid
binding protein (FABP)-1 (LSBio Inc. Seattle, WA,
cat. no. LS-F43728), and immunoglobulin (Ig) A
(Mabtech Cincinnati, OH, cat. no. 3860 M-1H-6)
were measured in collected plasma or serum samples
via enzyme-linked immunosorbent assay (ELISA)
and measured in duplicate. A customized Luminex
panel of 14 biomarkers relating to the SASP was cre-
ated and run on serum (R&D Systems) on a Luminex
200 (Luminex Corporation, Austin, TX).

Adipose and mucosal tissue biopsies

Animals were sedated with ketamine (10 mg/kg),
intubated, and maintained on isoflurane and placed
in lateral recumbency. Subcutaneous adipose sam-
ples were collected at baseline, 3 months, 5 months,
and 6 months. Endoscopically retrieved descending
colon mucosal biopsies were collected at baseline and
5 months. Adipose tissue was collected from adjacent
to the umbilicus and colon mucosa from the intersec-
tion of the transverse and descending colon. Tissues
were either flash frozen or fixed in 4% paraformalde-
hyde (PFA) until downstream analyses.

Histology and immunohistochemistry

PFA-fixed, paraffin-embedded adipose tissues were
used to create four-micron histologic sections. His-
tological sections were stained with hemotoxylin
and eosin. Adipocyte sizes were evaluated using a
specialized Visiopharm software (Hoersholm, Den-
mark) macro that calculated average adipocyte size,
total tissue area, total nuclei count, individual adi-
pocyte size, and total adipocyte number. Sections
were stained with fluorescent CD68 and CD163 to
evaluate total macrophage infiltration (AbD Serotec
Bio-Rad, Raleigh, NC), and co-stained with pSTAT1
(Cell Signaling Technology, Danvers, MA) CMAF
(Abcam, Cambridge, UK), or both pSTAT1-CMAF
markers to identify undefined, M1, intermediate, and
M2 macrophages as previously described [27]. P21
protein expression was evaluated via immunohisto-
chemical detection (1:100 dilution; Abcam cat. no.
ab109520) in adipose tissue sections. A specialized
Visiopharm software (Hoersholm, Denmark) macro
was used to identify nuclei positively co-stained with
the anti-p21 antibody.

Enzymatic assessments

Senescence-associated beta galactosidase staining
was performed at baseline, 5 months, and 6 months.
The Cell Signaling Technologies Senescence-Asso-
ciated fP-galactosidase (SA-fgal) Staining Kit (cat.
no. 9860S; Danvers, MA) was used according to the
manufacturer’s instructions to stain 50 mg explants of
subcutaneous adipose as previously described [22].
The tissues were incubated in a non-CO, incubator
for 1618 h. As the SA-Pgal staining solution is pH-
sensitive, tissue explants stained using a solution pH
of greater than 6 were used as negative controls and
explants stained in a solution with a pH of less than 6
were used as positive controls. A total of nine tissue
pieces per animal were scored. Four blinded review-
ers evaluated the explant staining. SA-Pgal staining
was scored on a 0 to 5 scale, as previously published
[22], where a O represented no blue stain and a 5 rep-
resented a very dark blue stain.

RNA extraction and gene expression

Expression levels of the senescence markers
CDKN2A and CDKNIA (pl6 and p21 genes respec-
tively) were measured. Roughly 100 mg of frozen
adipose tissue was homogenized in QIAzol (Qiagen,
Hilden, Germany, cat. no. 79306) with a Polytron PT
1200 for 20-40 s. RNA was extract from homogenized
adipose tissue with the Qiagen RNeasy Mini Kit
(Hilden, Germany, cat. no. 74104). One microgram of
RNA was reverse transcribed to cDNA using the Qia-
gen QuantiTect Reverse Transcription Kit (Hilden,
Germany, cat. no. 205313). RT-qPCR was performed
using 50 ng of cDNA and the Sigma FastStart Uni-
versal SYBR Green ROX Master Mix (Sigma-
Aldrich, St. Louis, MO, cat. no. 04913914001). NHP-
specific CDNKNla (p16 ™4 and CDKN2a (p21)
primers that were designed in-house were used. The
sequences of the primer sets were the following: p16
Ink4a. 5°_GCT GCG TCA CTT CTA GCT TC-3’ (for-
ward) and 5’-CCA ACT GGG ACA CAC TTG CT-3’
(reverse), and p21: 5’-ACT CTC AGG GTC GAA
AAC GG-3’ (forward) and 5’-TGT GGG CTG ATT
AGG GCT TC-3’ (reverse). Samples were run on the
Applied Biosystems (Waltham, MA) 7500 Fast Real-
Time PCR System. Gene expression data were ana-
lyzed using the 2724 method.
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Select apoptosis and necrosis markers were meas-
ured using TagMan Multiplex GEx (Thermo Fisher
Scientific, Waltham, MA). Primer/probe combina-
tions were generated for BCL-2 (JUN-QSY), MLKL
(VIC-MGB), BAX (ABY-QSY), and 18 s. These genes
were measured using reverse transcribed cDNA. Sam-
ples were run on the Applied Biosystems (Waltham,
MA) 7500 Fast Real-Time PCR System. Gene expres-
sion data were analyzed as stated above. All gene
expression assessments were performed in triplicate.

Flow cytometric analyses

Peripheral blood mononuclear cells (PBMCs) were
isolated from whole blood using Ficoll-Paque den-
sity gradients. PBMCs were suspended in freezing
media (DMEM with 40% BSA and 15% DMSO)
and frozen at —80 °C until analyzed. Frozen PBMCs
were removed from storage and thawed in a 37 °C
water bath until small amounts of ice remained in
the tubes. Thawed cells were transferred to a 50-mL
conical tube and supplemented with 1 mL of Dul-
becco’s Modified Eagle’s Medium (DMEM) with
10% fetal bovine serum (FBS) and 50units/mL
of Benzonase ([cat no. E1014-25KU], Millipore
Sigma, Burlington, MA). The volume was brought
to 15 mL using DMEM with 10% FBS, and cells
were spun for 10 min at 1500 rpm at room tem-
perature. The supernatant was decanted, cells were
resuspended in 15 mL. DMEM with 10% FBS, and
spun again for 10 min at 1500 rpm at room tem-
perature. After, cells were stained using the follow-
ing antibody cocktail for 30 min at 4 °C protected
from light: anti-CD3-APC-Cy7 (clone 10D12),
anti-CD20-Brilliant  Violet 510 (clone 2H7),
anti-CD45-PE-Cy7 (clone D058-1283), anti-CD14-
PE (clone MS5E2), and anti-CD16-Brilliant Violet
605 (clone 3G8) BD Biosciences, San Jose, CA,
USA). All antibody clones were verified using the
Nonhuman Primate Reagent Resource (https://www.
nhpreagents.org/ReactivityDatabase). Analyses
were performed on a LSR Fortessa X-20 and with
FCS Express v.7 software (BD Biosciences, Hary-
ana, India). Human TruStain FcX Fc receptor block
(cat. no. 422302), True-Stain Monocyte Blocker
(cat. no. 426102, BioLegend, San Diego, CA), the
Live-or-Dye Viability Kit (cat. no. 32002, Biotum,
Freemont, CA), UltraComp eBeads Compensa-
tion Beads (cat. no. 01-2222, Invitrogen, Carlsbad,
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CA), and fluorescence-minus-one and unstained
cell controls were used. The gating strategy used
goes as follows: single cells were first identified
using forward scatter height (FSC-H) versus for-
ward scatter area (FSC-A). Single cells were then
gated on FSC-A versus side scatter area (SSC-A)
to remove cell debris. Next, live cells were selected
gating SSC-A versus BUV395. CD45% cells were
selected from the live cells. CD20* and CD3% cells
were removed from CD45% cells. CD14 and CD16
were then used to identify monocyte subtypes from
CD457CD207CD3~ cells. All cytometric analyses
were performed in duplicate.

Microbiome determinations

DNA was extracted from fecal samples and colonic
mucosal biopsy specimens. DNA was also extracted
from control samples of laboratory air and water col-
lected at the same time as biospecimens were col-
lected (Qiagen QIAmp DNA mini kit, cat. no. 51304).
DNA was sequenced (Illumina Inc., San Diego, CA
cat. no. MS-102-2003) at 2x250 k reads per sample
in a single run for paired end sequencing and libraries
prepared using the Illumina 16S V3-V4 kit. Samples
were pre-processed, quality filtered and aligned using
BaseSpace application 16S Metagenomics (1.1.0) on
[Mlumina®, which was trained for the applied primers
using the 99% OTU data set of the Green genes tax-
onomy release as previously described [28]. Subse-
quently, taxonomy and generated feature tables were
analyzed to estimate alpha (a) diversity profiles to
measure species richness, and evenness was analyzed
using Shannon’s and Simpson’s indexes. To deter-
mine the microbial variation using beta () diversity
between the groups, we used clustering methods,
such as principal coordinate analysis (PCoA), which
were generated with weighted and unweighted Uni-
Frac B diversity metrics. The statistical significance
of the differences in P diversity between the groups
and sample types was tested with the permutational
multivariate analysis of variance (PERMANOVA)
test, using the unweighted UniFrac distance matrix
as an input and corrected for false discovery rates
(FDRs). To confirm that no microbial taxa were dif-
ferentially abundant between groups, linear discrimi-
nate analysis (LDA) effect size (LEfSe) analyses were
performed.
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Alzheimer’s disease biomarkers

Cerebrospinal fluid (CSF) samples were collected at
baseline, at 5 months of D+ Q and after CR by percu-
taneous puncture of the atlanto-occipital space in the
morning after 12-h fast and a 16-h withdrawal from
all exogenous insulin [29]. Concentrations of amy-
loid B (AP),o and AB,, in CSF samples were assayed
using sandwich ELISAs as previously described
[29-31]. AB,, and AP,, were quantified using mono-
clonal capture antibodies against amino acids 33—40
(HJ2, AB,y) or 37-42 (H)7.4, AB,,) that were gifted
by David Holtzman [29]. AB,, and Ap,, used a bioti-
nylated monoclonal antibody against the central
domain 13-38 (HJ5.1B) for detection. Super Slow
TMB (Sigma Aldrich, St. Louis, MO) was used for
assay development, and plates were read on a Bio-Tek
(Winooski, VT) Synergy 2 plate reader at 650 nm as
previously described [29].

Statistical analyses

All endpoints were evaluated for normality and
homogeneity of variance assumptions using Shapiro-
Wilk and Levene’s tests. Endpoints that did not meet
assumptions (TG, PAIl, CRP, intermediate monocyte
counts, uPAR) underwent logarithmic transformation.
A mixed effects model was used to evaluate (1) the
effects of group assignments at baseline, 3 months and
5 months, (2) the effects of CR alone at month six,
(3) the effects of treatment alone at month six, and (4)
the interaction between treatment and CR. Analyses
were adjusted for baseline values and the effects of
time. For outcomes that were measured only at month
5, analysis of covariance (ANCOVA) models were
fit with the main effect of treatment while adjusting
for baseline (pre-randomization) measures. For out-
comes that were measured longitudinally post-rand-
omization, linear mixed effects models (LMM) were
fit to account for the correlation between repeated
measures over time. The models included the main
effect of treatment, time point, and the treatment by
time point interaction while adjusting for baseline
(pre-randomization) measures. Treatment effect was
estimated at each time point including month 6 that
represented the CR phase. Linear contrasts were con-
structed to (1) estimate the mean outcome levels prior
to CR (post-randomization through month 5) and
post-CR (at month 6) in treatment and control groups;

(2) estimate the overall treatment effect for the entire
duration of the trial with and without CR (post-ran-
domization through month 6); (3) test the effect of
CR; and (4) test the treatment by CR interaction. Sig-
nificant p-values were considered p <0.05 and trends
were considered p <0.10. Microbiome diversity sta-
tistical analyses were performed using GraphPad
Prism 10 (San Diego, CA) and R (4.1.1).

Pre-determined power analyses using previ-
ously collected data indicated that we would have
80% power to detect a 0.75 difference in Alc means
between groups with n=6 per group. Post-hoc power
analyses using our Alc data and our group numbers
indicated that we achieved 80% power to detect a 0.96
difference in means between groups.

Results

Changes in senescence biomarkers and in vivo
concentrations of D and Q

To confirm that the intermittent dosing was effec-
tively clearing senescent cells, we evaluated multi-
ple markers including changes in cell cycle inhibitor
gene and protein expressions, senescence associated
beta-galactosidase (SA-Pgal) staining of whole adi-
pose tissue, changes in apoptosis-related gene expres-
sion, and circulating SASP markers. Subcutane-
ous adipose tissue pl6 (p=0.05; Fig. 2a) and p21
(p=0.04; Fig. 2b) gene expression was significantly
decreased at three months in the animals that received
D+ Q treatment. The reductions were consistent with
results showing that p16 and p21 subcutaneous adi-
pose tissue gene expression were 30-90% decreased
at 1 month after D+Q in three animals (Supplemen-
tary Fig. 2a and b). No significant changes in either
SA-pgal staining (Supplementary Fig. 3a) or p21 pro-
tein immunohistochemical staining (Supplementary
Fig. 3b) were observed prior to the start of caloric
restriction. Caloric restriction significantly increased
p21 protein expression (p=0.04; Supplementary
Fig. 3b), and a trend toward an interaction between
D+Q and CR was observed (p=0.09). However,
although CR unexpectedly increased p21 expres-
sion, PAIl and MMP-9, SASP markers previously
determined to associate with aging in this model
[32], was significantly decreased in animals receiving
D +Q compared to those receiving vehicle at month
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Fig. 2 Senolytic therapy
reduces senescent cell bur-
den. Subcutaneous adipose
tissue (A) p16 and (B)

p21 gene expression was
significantly decreased after
3 months of intermittent
dasatinib (D) and quercetin
(Q) administration ([n=9];
*=p<0.05) compared to
the tissue of those receiv-
ing vehicle (VEH; n=7).
All values presented are
adjusted means + SEM
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six (p=0.05; Supplementary Fig. 3¢ and 3d, Supple-
mentary Table 5). Apoptosis markers were increased
in adipose alongside D+ Q-mediated decreases in
senescent cell markers (Supplementary Fig. 4). The
apoptosis-related gene BAX was significantly higher
in the subcutaneous adipose tissue of animals treated
with D+Q compared to those that received vehi-
cle (VEH) at 5 months (p <0.05), and D+ Q-treated
adipose demonstrated a non-significant increase in
BAX expression at 6 months with the addition of
CR (Supplementary Fig. 4a). Expression change in
BCL-2 was similar to that of BAX (p<0.1; Supple-
mentary Fig. 4b). Ratios of BAX/BCL-2 remained
higher in the D+ Q subcutaneous adipose samples
compared to VEH throughout the study, though the
ratios did not reach statistical significance (data not
shown). No significant changes were observed in
MLKL gene expression; however, the expression pat-
tern was consistent with increased cell death in D+ Q
treated animals undergoing CR (Supplementary
Fig. 4c). Differences in the adipose senescent bur-
den of the 3 diabetic individuals are shown in Sup-
plementary Table 5 without statistical inferences as
sample sizes are too small. Diabetes did result in an
increase in p21-markers and although only 3 animals
were exposed to D+ Q, three-fold greater reductions
in these markers were reported than their non-diabetic
counterparts suggesting this population is poised to
benefit more from senolytic therapies.

As in vivo concentrations of D and Q and their
metabolites have yet to be determined in seno-
Iytic studies, we chose to measure the maximal
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concentrations of these agents and their metabo-
lites in circulation. Neither dasatinib nor dasatinib
N-oxide was detected in samples collected from ani-
mals receiving vehicle. In the treated group, detect-
able concentrations of Dasatinib were found in seven
of nine animal samples, while detectable levels of
Dasatinib N-Oxide were found in four of nine (Sup-
plementary Table 3). On average, 0.12 uM of Dasat-
inib and 0.019 uM of dasatinib N-oxide were detected
in circulation (Supplementary Table 3). Concentra-
tions of Q and Q metabolites were below the limits
of detection.

Immune cell and inflammatory shifts with senolytic
treatment and caloric restriction

As aging, obesity, and metabolic disease increase cir-
culating and adipose tissue-resident immune cells and
pro-inflammatory cytokine signaling, we assessed
shifts in white blood cells and adipose tissue mac-
rophage subtypes with senolytic treatment and CR.
Overall there was an anti-inflammatory profile with
D+Q where consistent reductions in immune cell
numbers were observed. Animals receiving senolytic
therapy demonstrated trends toward decreased total
white blood cells (p=0.097; Fig. 3a) which resulted
from lower numbers across most classes of immune
cells after 5 months including circulating neutrophils
(»p=0.07; Fig. 3b) and basophils (p=0.06; Fig. 3c),
as well as significantly fewer B cells (p=0.05,
Fig. 3d) and monocytes (p=0.05; Fig. 3e) in circu-
lation. CR further reduced circulating neutrophils
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Fig. 3 Senolytic therapy reduces circulating immune cells.
After 5 months of intermittent dasatinib (D) and quercetin
(Q) administration prior to caloric restriction (Pre-CR), ani-
mals receiving senolytic therapy demonstrated trends towards
decreases in circulating A total white blood cells B neutro-
phils, C basophils, and D B cells identified as CD457CD20".
However monocytes identified as CD37CD20~ (E), showed

(CR effect p=0.01), basophils (CR effect p=0.07),
and total white blood cells (p=0.003). The combina-
tion of intermittent D+ Q therapy and CR resulted in
maintenance of a healthier immune profile with fewer
total circulating monocytes. No shifts in monocyte or
macrophage subtypes, or circulating cytokines were
seen with D+ Q treatment alone (Table 1).

To further understand the observed positive shifts
in circulatory immune profiles without changes in
circulatory cytokine measures, we evaluated mono-
cyte classes and tissue resident macrophages in adi-
pose. Trends toward increases in non-classical mono-
cytes were observed, leading to an improved ratio of
circulating classical to non-classicals in circulation
(»<0.10 for all, Supplementary Fig. 5). Overall, CR
suppressed intermediate monocytes at month six
(»=0.01). Monocytes polarize in a linear fashion and

a significant D+QXCR interaction whereby D+Q lowered
monocytes concurrent with a significant overall effect of CR to
increase cell number (*=p <0.05). The effect of CR resulted
in general decreases in total white blood cells, neutrophils, and
basophilsin both the VEH (n=7) and D+Q (n=9) animals
(*=p<0.05; #=p<0.1 vs. Pre-CR). All values presented are
adjusted means + SEM

the effect of D+ Q can be seen as a shift away from
classical toward greater intermediate and non-clas-
sical phenotypes (Supplementary Fig. 5). Although
no change in total subcutaneous adipose tissue mac-
rophage density was observed (Table 1), D+Q
with CR induced a decrease in M2/M1 macrophage
ratio (p=0.010; Fig. 4a), indicating a macrophage
polarization shift. The difference in M2 macrophage
accumulation in the subcutaneous adipose tissue of
D+Q and VEH groups can be visually appreciated
in Fig. 4c. CR alone resulted in significant decreases
in GDF15, also known macrophage inhibitory
cytokine-1, in both the VEH and treatment groups
(»p=0.05; Fig. 4b). As D+Q induces apoptosis and
CR incites alterations in adipocytes, we hypothesize
that the shift toward M1 polarization coincides with
increased clearance of dying adipocytes and released
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Table 1 Circulatory cytokine and monocyte profiles, and
adipose macrophage measures. Seven vehicle (VEH)-treated
control and nine dasatinib (D) and quercetin (Q) intermit-
tently treated middle-aged cynomolgus macaques are reported

on at the end of study (— CR) and after 6 additional weeks of
caloric restriction (+CR). All values presented are adjusted
means = SEM. *=p <0.05, *=p <0.10

Measurement VEH -CR VEH +CR

D+Q-CR

D+Q+CR

D+Q
effect
p-value

CR effect
p-value

Interaction
effect p-value

Monocyte 109.0 (9.5) 109.9 (12.2)
chemoattract-
ant protein
(MCP)-1 (pg/
mL)

N-terminal-pro
hormone BNP
(NT-ProBNP)
(pg/mL)

C-reactive
protein (CRP)
(log ng/mL)

298.4(30.3)  302.5(35.6)

6.4 (0.1) 6.3 (0.1)

Circulatory 0.12 (0.02) 0.14 (0.02)
classical
monocytes/

CD45 +cells

Circulatory
intermediate
monocytes/
CD45 +cells

Circulatory
non-classical
monocytes/
CD45 +cells

SQ adipose cell
density (cells/
um?)

SQ adipose M1
macrophages
(%)

SQ adipose M2
macrophages
(%)

SQ adipose
undefined
macrophages
(%)

SQ adipose
intermediate
macrophages
(%)

SQ adipose
macrophage
density (cells/
pm’)

SQ adipose
adipocyte size
(um?)

0.01 (0.001)  0.02 (0.001)

0.06 (0.01) 0.06 (0.01)

1.3(0.5) 1.1 (0.5)

50.7 (6.2) 58.4 (6.8)

45.7 (6.2) 39.3 (6.7)

2.9(0.8)

1.9 (0.8)

0.0000069
(0.000018)

0.0000081
(0.000017)

5899.2(732.4) 7505.2 (910.9)

100.7 (10.1)

328.3 (31.3)

6.6 (0.1)

0.11 (0.02)

0.02 (0.001)

0.08 (0.01)

0.6 (0.4)

54.3(5.5)

432 (5.4)

1.5 (0.7)

0.000012

(0.000018)

5511.0 (558.9)

86.7 (10.1)

295.6 (29.9)

6.4 (0.1)

0.09 (0.02)

0.02 (0.001)

0.08 (0.01)

1.4 (0.4)

43.5(5.5)

52.5(5.4)

2.2(0.7)

0.0000090

(0.000018)

5514.7 (652.0)

0.23

0.67

0.16

0.26

0.65

0.092#

0.0003 (0.0001) 0.0002 (0.0001) 0.0002 (0.00005) 0.0002 (0.0001) 0.35

0.32

0.67

0.76

0.22

0.23

0.38

0.43

0.49

0.57

0.90

0.0092

0.74

0.55

0.69

0.11

0.14

0.73

0.94

0.11

0.37

0.37

0.41

0.29

0.042%*

0.91

0.44

0.092

0.089%

0.15

0.15

0.21

0.10
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Fig. 4 Senolytic therapy with caloric restriction shifts mac-
rophage polarization. A Combined senolytic therapy and
caloric restriction resulted in decreased M2/M1 subcutane-
ous adipose tissue macrophage ratio (p=0.01), where M1l
macrophage numbers increased and M2 macrophage numbers
decreased simultaneously (Table 1). Caloric restriction overall
increased M2/M1 (p=0.05) driven by VEH animals shifting

free fatty acids to maintain tissue homeostasis. This
hypothesis is supported by the large increases in
apoptosis-related gene expression observed in D+Q
treated animals in month six (Supplementary Fig. 4).

Intestinal barrier and microbiome effects with
senolytic therapy and caloric restriction

Loss of intestinal mucosal barrier competency, with
translocation of microbial antigens into the portal

the macrophage landscape to have fewer M1 and more M2 in
their adipose tissue. B CR significantly reduced growth dif-
ferentiation factor (GDF)-15 in both animals receiving VEH
(n=7) and D+Q ([n=9]; *=p<0.05). All values presented
are adjusted means+SEM. C Representative M2 macrophage
AT heat maps, where increasing green to red coloration indi-
cates higher densities of M2 macrophages

and systemic circulation, has been a highly conserved
and consistent feature of aging [28, 33-35]. Hepatic
production of LBP-1 into circulation is a biomarker
of this inflammatory process, aiding binding to cell
membrane toll-like receptors. D+Q significantly
reduced LBP-1 (p=0.02, Fig. 5a) which was aug-
mented by the addition of CR. This pattern was rep-
licated in the related biomarkers FABP-1 and IgA
(Fig. 5b, c), which substantiate a treatment-related
effect on mucosal competency and indicate that CR
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Fig. 5 Senolytic therapy and caloric restriction (CR) improve
intestinal barrier biomarkers without changes in the mucosal
or fecal microbiomes. A Lipopolysaccharide binding protein
(LBP)-1 significantly reduced with intermittent dasatinib (D)
and quercetin (Q) administration, and an interaction with CR
augmented this improvement. B Circulatory fatty acid bind-
ing protein (FABP)-1 supports intestinal barrier improve-
ments with a trend towards reduced levels across the study.
C)Immunoglobulin (Ig) A in circulation additionally supports
the improvement in intestinal barrier function with D+Q and

provides additional benefit. We also evaluated each
individual’s microbiome across the study to see if
the mucosal barrier was improving with treatment
as result of microbial shifts or independently of the
microbes colonizing the gut and the colonic mucosal
niche. We found no alpha or beta diversity differ-
ences in the baseline microbiomes between groups,
and no large changes were evident in either niche
at study end (Fig. 5D-G, Supplemental Fig. 6). The

@ Springer

the positive effect of CR on these endpoints. Colon mucosal
microbiome alpha diversity profiles were comparable at base-
line (D, p=0.24 and E, p=0.25) and at study end (6 months;
F, p=0.06 and G, p=0.38) between the vehicle group (VEH)
and the dasatinib plus quercetin (D+Q) animals. Similarly,
diversity was comparable at study start (H, p=0.13 and I,
p=0.19) and unchanged by treatment (J, p=0.90 and K,
p=0.73) in the fecal microbiome profiles. All values presented
are adjusted means + SEM

dominant phyla among all the groups were Firmi-
cutes, Bacteroidetes, Actinobacteria, and Proteobac-
teria across the time points (Supplemental Fig. 7 and
8). However, none of the taxa showed major differ-
ences, but the proportions of each taxon changed with
sample type and time point. As for higher taxonomic
levels, in feces Firmicutes were higher in the treat-
ment group and Proteobacteria in the control group at
baseline and end of study. In mucosa, Bacteroidetes
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levels were increased, although non-significantly, in
the treatment group at end of study. This suggests
that improvements in mucosal barrier function may
be related to the tissue epithelial and immune cells,
which are key to preventing mucosal-associated
microbes from passing to the portal circulation and
local intra-abdominal tissues.

Assessments of kidney and liver function with
senolytic therapy and caloric restriction

Kidney function often deteriorates with age-related
comorbidities related to metabolic syndrome (MetS).
Accordingly, we evaluated the impacts of D+Q and
CR on measures of kidney function. D+ Q alone sig-
nificantly reduced circulating concentrations of blood
urea nitrogen (BUN) after five months (p=0.01;
Table 2). Creatinine values remained unchanged
throughout the study (Table 2) as did urinary
protein:creatinine ratio (data not shown). D+ Q alone
and with CR did not change liver attenuation values,
which are used as a proxy for liver fat accumulation,
nor the liver enzymes aspartate aminotransferase
(AST) or alkaline phosphatase (ALP) (Table 2). CR
significantly increased the liver enzyme alanine ami-
notransferase (ALT) (p =0.0022), although ALT lev-
els remained in the normal range (Table 2), and we
believe this was due to increased sedation events dur-
ing month six.

Table 2 Renal and hepatic measures. Seven vehicle (VEH)-
treated control and nine dasatinib (D) and quercetin (Q)
intermittently treated middle-aged cynomolgus macaques
are reported on at the end of study (—CR) and after 6 addi-

Shifts in body composition and metabolic syndrome
risk factors with senolytic therapy and caloric
restriction

Positive shifts in body composition have been related
to improved metabolic health. Here, we determined
shifts in body composition and MetS risk factors
that were driven by D+Q and/or CR. D+Q alone
resulted in a positive trend toward reduced abdominal
visceral: subcutaneous adipose ratio (p=0.09) that
was driven by an increase in abdominal subcutaneous
adipose (p=0.10; Table 3). However, no other body
composition changes or alterations to MetS risk fac-
tors were the result of D+ Q alone.

In line with what has been previously
reported, CR significantly decreased bodyweight
(p=0.0001), waist circumference (p =0.0001), per-
centage of total fat mass (p=0.02), and abdominal
fat mass (p=0.005), and increased percentage of
lean mass (p=0.005; Table 3). Additionally, CR
significantly decreased circulating triglycerides
(p=0.003), and fasting blood glucose (p=0.03),
and demonstrated a trend toward decreasing Alc
(p=0.07; Table 3). In sum, these robust CR effects
on obesity and related MetS outcomes seen with
just 5% of weight loss validate our NHP model as
being a good translational model, as these effects
mirror what is seen in people. The interaction
between D+ Q and CR resulted in a significant

tional weeks of caloric restriction (+CR). A robust improve-
ment in renal blood urea nitrogen (BUN) levels is seen in the
treated group. All values presented are adjusted means + SEM.
*=p<0.05,*=p<0.10

Measurement VEH-CR VEH+CR D+Q-CR D+Q+CR D+Q CR effect p-value Interaction
effect effect p-value
p-value

Blood urea nitrogen (BUN; mg/ 173 (0.7) 17.0(0.8) 14.7(0.6) 16.1(0.7) 0.01* 0.25 0.09%

dL)
Creatinine (mg/dL) 0.64 (0.03) 0.62(0.03) 0.65(0.03) 0.66 (0.03) 0.56 0.69 0.49
BUN:creatinine 27.77(1.9) 279(22) 23.0(1.7) 257(1.9) 0.14 0.25 0.31
Alanine transaminase (ALT) 446 (7.1) 60.7(8.6) 53.7(6.6) 72.1(7.6) 0.31 0.0021 0.82
(U/L)

Aspartate aminotransferase 358(2.5) 29.0@3.3) 325(23) 266(29) 0.35 0.0097 0.85
(AST) (U/L)

Alkaline phosphatase (ALP) 90.8(6.7) 85.5(7.7) 91.7(6.2) 81.7(6.8) 0095 0.059 0.55
(U/L)

Total protein (g/dL) 6.9 (0.1) 6.9 (0.1) 6.8 (0.1) 7.0(0.1) 0.53 0.52 0.31

Liver attenuation (HU) 58.7(2.1) 60.2(23) 626(1.8) 58.6(1.8) 0.64 0.47 0.13
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Table 3 Metabolic syndrome and body composition meas-
ures. Seven vehicle (VEH)-treated control and nine dasatinib
(D) and quercetin (Q) intermittently treated middle-aged cyn-
omolgus macaques are reported on at the end of study (—CR)
and after 6 additional weeks of caloric restriction (+CR).
Robust improvement in metabolic syndrome and adiposity

measures are seen with CR and 5% mean weight loss (Sup-
plementary Fig. 1). An interaction between D+ Q and CR was
observed in glycemic control, leading to 0.5% reductions in
Alc values in just 6 weeks. All values presented are adjusted
means + SEM. *=p<0.05, #=p<0.10

Measurement VEH-CR VEH+CR D+Q-CR D+Q+CR D+Q CR effect p-value Interaction
effect effect p-value
p-value
Body weight (kg) 8.0 (0.1) 7.8 (0.1) 8.1(0.1) 7.7(0.1) 0.80 0.0001* 0.14
Waist circumference (cm) 46.7 (1.0) 44.8 (1.0) 47.5(0.9) 44.4(0.9) 0.87 0.0001* 0.23
Fasting blood glucose (mg/ 146.5 (15.0) 127.0 (18.4) 146.2 (13.2) 115.4(15.3) 0.83 0.026* 0.60
dL)

Glycosylated hemoglobin 5.8(0.2) 5.9 (0.3) 5.8(0.2) 5.3(0.2) 0.48 0.070* 0.03*
Alc (%)

Systolic blood pressure 125.6 (7.0) 1264 (8.3) 127.0(6.2) 130.6(6.9) 0.81 0.62 0.75
(mmHg)

Diastolic blood pressure 68.6 (4.2) 80.6 (5.5) 73.2 (3.7) 79.2(4.5) 0.65 0.020* 0.41
(mmHg)

Triglycerides (log mg/dL) 5.3(0.2) 5.1(0.2) 5.4(0.2) 49(0.2) 0.94 0.0026* 0.13

High-density lipoprotein 442 (2.5) 4542.6) 4792.2) 4932.2) 0.22 0.43 0.96

cholesterol (mg/dL)

Fat mass % body weight 32.5(1.2)  31.5(1.3) 324 (1.1 30.3(1.1) 0.70 0.022% 0.32

Lean mass % body weight 46.0(1.1) 473 (1.1) 47.6(1.0) 49.8(1.0) 0.20 0.0052* 0.43

Abdominal fat mass (kg) 1.1 (0.1) 1.0 (0.1) 1.1 (0.1) 1.1(0.1) 0.79 0.0046* 0.41

Psoas area (cm?) 1.4 (0.1) 1.5(0.1) 1.2 (0.1) 1.3(0.1) 0.16 0.095* 0.92

Abdominal visceral: subcuta- 1.5(0.1) 1.5(0.1) 1.2 (0.1) 1.3(0.1) 0.08 0.15 0.09

neous adipose (cm?)

Abdominal subcutaneous 0.51 (0.05) 0.48(0.05) 0.54(0.04) 0.49 (0.04) 0.75 0.0001* 0.10%

adipose volume (cm®)

Abdominal visceral adipose 0.59 (0.05) 0.56 (0.05) 0.59 (0.04) 0.56 (0.04) 0.99 0.12 0.75

volume (cm?®)

decrease in glycosylated hemoglobin Alc (p =0.03;
Table 3). No other changes in either body compo-
sition or MetS were impacted by the interaction
between D+ Q and CR.

Shifts in Alzheimer’s disease biomarkers with
senolytic therapy and caloric restriction

The ratio of Af,,/ AP, remained unchanged
throughout the study, suggesting that senolytic
D + Q treatment had neutral effects in this middle-
aged NHP cohort (Supplementary Table 6). We did
observe reductions in CSF Af,, levels with D +Q
treatment (p=0.02) and reductions in CSF A,
levels as an effect of CR (p=0.03).
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Discussion

There is an unmet need in the geroscience commu-
nity for safe and effective interventions that target
multiple pathways known to drive age-related tis-
sue dysfunction [2]. There is also a related gap in
the timely translation of target compound outcomes
from in silica and preclinical models to human and
nonhuman primate studies [36]. Herein, we attempt
to provide outcomes and broad multi-systemic assess-
ments regarding the most commonly assessed seno-
lytic combination investigated to date. This study is
the first to compare the effects of senolytic therapy
on metabolic health outcomes to a proven method of
ameliorating metabolic dysfunction, caloric restric-
tion [37]. This study also represents a first long-term
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exposure to D+ Q with reporting of any pharmacoki-
netic and pharmacodynamic outcomes where we find
that the currently preferred dose of dasatinib resulted
in circulatory concentrations less than a third of those
used in vitro and we confirm the low bioavailability of
quercetin. However, we do confirm that D+ Q effect
reductions in senescence-associated gene expressions
in adipose tissue.

Herein, biosystems that are thought to contribute
to age- and metabolic-related physiological dysfunc-
tion are surveyed; namely shifts in MetS risk crite-
ria, intestinal leakiness and barrier function, immune
cells and selected circulating cytokines, Alzheimer’s
disease biomarkers, adipose tissue macrophages
and tissue insulin signaling driven by D+ Q, caloric
restriction, and the interaction between the two inter-
ventions thought to improve health and lifespan. The
6-month duration of this preclinical trial is relevant to
human clinical trials, and these data provide prelimi-
nary evidence of safety, effect sizes, and how to direct
the enrollment in future clinical trial designs. For this
work, we used a translationally relevant NHP model
that demonstrates spontaneous obesity and type II
diabetes [36, 38]. Our middle-aged NHP cohort
included both obese and metabolically unhealthy ani-
mals, and, as an animal model able to respond effec-
tively to calorie restriction and, in line with previous
reporting [39], did so here.

We determined that the effects of the chosen D+ Q
dose are primarily seen with intestinal leakiness, kid-
ney parameters and immune cell shifts. Overall, out-
comes including liver enzyme evaluations verify that
intermittent D+Q administration is safe in NHPs
although transient post-dose nausea was observed as
has been reported clinically [10]. D+ Q alone suc-
cessfully reduced the gene expressions of cell cycle
inhibitor proteins p16 and p21 in subcutaneous adi-
pose tissue at months one and three. Our previous
work indicated that whole tissue explant SA-Pgal
staining may not be sensitive enough to determine
differences between groups [22]. While tissue-limited
in this study, future work will include SA-fgal stain-
ing of the stromal vascular fraction of adipose tissue,
as adipose tissue macrophages, endothelial cells, and
preadipocytes have been identified as being senescent
[40].

A key takeaway from our study is that antigenic
stimuli and circulatory leukocyte profiles suggest an
anti-inflammatory effect of D+ Q that is potentiated

in the context of mild and, importantly, clinically
achievable levels of CR. Improved intestinal barrier
function has been seen in animal models with querce-
tin and D+ Q, [7, 41] and with CR [42] and our data
confirms that these effects on microbial transloca-
tion biomarkers exist independently of shifts in the
microbiome. Stable microbiomes are expected based
on studies of people when diet and environments
are consistent [43]. Limitations to our microbiome
assessments include only two sample types (mucosal
tissue and fecal) in the lower intestine; however, this
is the most microbe-rich region of the body and these
sites are known to have distinct microbial profiles
[44], which shift in aged NHPs and people, and drive
metabolic disease [28, 43].

Five months of D+Q treatment successfully
improved kidney parameters and demonstrated trends
toward improving abdominal adipose tissue distribu-
tion, which was observed previously [5, 11, 13, 45],
indicating that these agents may be prioritized for
treatment of diabetes and diabetic kidney disease.
D+ Q treatment alone reduced total circulatory white
cell counts and proportions of activated monocytes
and demonstrated trends toward reducing circulating
neutrophils and basophils. It is possible that D+Q
treatment dampens aberrant bone marrow activa-
tion, which properly resets leukocyte populations, as
bone marrow activation has been shown to be highly
associated with MetS components and atherosclerosis
development [46, 47]. Dasatinib is known to induce
myelosuppresion in chemotherapeutic dose regimens;
however, the changes observed with intermittent
exposure were small reductions and values remained
within reference normal ranges for this species. D+Q
alone did not result in changes in either circulating
cytokines or density of adipose tissue macrophages.
However, the concentration of D applied ex vivo
directly to adipose tissue explants that resulted in
decreased cytokine expression was 1uM — roughly
80% higher than our in vivo circulatory concentra-
tion measures, indicating that our in vivo tissue con-
centrations may have been too low to incite systemic
cytokine shifts [12]. As there was variability in the
concentrations of D and its metabolites measured, it
is also possible that differences in bioavailability may
result in response heterogeneity. We collected adipose
biopsies roughly 28-30 days post-D+Q administra-
tion and shifts in macrophage density or subtype may
have been missed or require more frequent D+Q
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administrations than monthly exposure, as Hickson
et al. demonstrated decreases in adipose tissue mac-
rophages 11 days after D+ Q dosing [11].

White adipose tissue acts an endocrine organ,
where adipocytes detect, process, and propagate sig-
nals to maintain energy equilibrium and, along with
immune cells, secrete bioactive hormones, cytokines
and signaling proteins that regulate metabolism [48].
In healthy states, white adipose demonstrates a bal-
anced profile of total adipose tissue macrophages
across the inflammatory spectrum, from pro-inflam-
matory M1 to anti-inflammatory M2 macrophages,
to maintain metabolic homeostasis [49]. Immune
cells, preadipocytes, and endothelial cells become
senescent in white adipose, and drive insulin resist-
ance in obese states [40]. Both D+ Q and CR cause
adipocyte turnover. Our data suggests the combina-
tion of D4+ Q and CR resulted in increased adipo-
cyte necrosis and death, which caused an increase
in p21 expression in surrounding cells and a corre-
sponding shift in macrophage polarization from M2
to M1. Adipocyte death has been shown to result
in pro-inflammatory metabolic activation of mac-
rophages that is accompanied by increased expression
of genes associated with M1-polarization [50]. This
macrophage flexibility may be part of a coordinated
response to maintain adipose health and function [50,
51]. Similarly, p21 expression acts as a mechanism
of immunosurveillance and results in polarization
of M1 macrophages, which recruit cytotoxic T cells
that facilitate targeted cell removal to maintain tissue
homeostasis [52]. Therefore, we hypothesize, given
the positive decreases in MetS risk factors and circu-
lating immune cells observed with D+ Q combined
with CR and our apoptosis-related gene expression
data that the increase in p21 and the corresponding
macrophage polarization shift positively contributed
to tissue homeostasis maintenance and healthy adipo-
cyte turnover.

The changes in adipose features seen with
D+Q+CR were seen concomitant with large
reductions in Alc, and although D alone is able
to reduce blood glucose [53], benefits were only
observed with concurrent CR and shifts in adipose
senescence and immune cell markers. The interac-
tion between CR and D+ Q therapy also resulted
in reductions in circulating monocytes, in par-
ticular significant decreases in intermediate and
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non-significant decreases in classical monocytes,
as well as unexpected shifts in senescence markers
and adipose tissue macrophages. The decrease in
total monocytes supports previous senolytic-related
work [13], although this study is the first to deline-
ate which specific monocyte subtypes were altered.

Future directions for this work include broaden-
ing our cell-specific investigations and the duration
of the caloric restriction component of the study. It
is well-documented that not all cells that are p16-,
p21-, and SA-Pgal-positive are senescent [54-57]
and recently, p19 has been shown to be a preferred
marker for brain senescence [57]. The reduction in
Alzheimer’s biomarker Af,, in CSF following CR
invite investigation into this intervention’s effects
on production, aggregation and clearance of Af,,,
as reductions in AP,, in CSF following diet change
have also been observed in middle-aged people
[58]. The neutral effect of D+ Q on the preferred
CSF biomarker, AP0, Warrants future investiga-
tions into CSF biomarkers relating to tau [57].

This study incorporated a six-week caloric
restriction in both groups (VEH and D+ Q). We
recognize that we were not able to include an ad-
libitum fed only group due to limited animal avail-
ability and that the gold standard for caloric restric-
tion duration in human clinical trials is 24 weeks.
In a longer trial with a 24-week caloric restriction
combined with intermittent D+ Q therapy and a
caloric restriction-only group, we believe that we
may see additional differences, including re-estab-
lishment of preferred adipose tissue markers [27].
In a larger trial, sex differences could also be evalu-
ated, as the group sizes in this work did not permit
this analysis. Given the outcomes of this study, we
believe that these data provide preliminary evidence
to support safe implementation of a human clinical
trial, perhaps focused on diabetic kidney disease
in mid-to-late-age adults. We believe that intermit-
tent D+ Q combined with low-percentage caloric
restriction would significantly and safely ameliorate
inflammation, glycemia and renal outcomes associ-
ated with metabolic dysfunction related to aging.
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