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Abstract
Aging results in an elevated burden of senescent cells, senescence-associated secre-
tory phenotype (SASP), and tissue infiltration of immune cells contributing to chronic 
low-grade inflammation and a host of age-related diseases. Recent evidence suggests 
that the clearance of senescent cells alleviates chronic inflammation and its associated 
dysfunction and diseases. However, the effect of this intervention on metabolic func-
tion in old age remains poorly understood. Here, we demonstrate that dasatinib and 
quercetin (D&Q) have senolytic effects, reducing age-related increase in senescence-
associated β-galactosidase, expression of p16 and p21 gene and P16 protein in per-
igonadal white adipose tissue (pgWAT; all p ≤ 0.04). This treatment also suppressed 
age-related increase in the expression of a subset of pro-inflammatory SASP genes 
(mcp1, tnf-α, il-1α, il-1β, il-6, cxcl2, and cxcl10), crown-like structures, abundance of 
T cells and macrophages in pgWAT (all p ≤ 0.04). In the liver and skeletal muscle, we 
did not find a robust effect of D&Q on senescence and inflammatory SASP mark-
ers. Although we did not observe an age-related difference in glucose tolerance, D&Q 
treatment improved fasting blood glucose (p = 0.001) and glucose tolerance (p = 0.007) 
in old mice that was concomitant with lower hepatic gluconeogenesis. Additionally, 
D&Q improved insulin-stimulated suppression of plasma NEFAs (p  = 0.01), reduced 
fed and fasted plasma triglycerides (both p ≤ 0.04), and improved systemic lipid toler-
ance (p  = 0.006). Collectively, results from this study suggest that D&Q attenuates 
adipose tissue inflammation and improves systemic metabolic function in old age. 
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1  |  INTRODUC TION

Advancing age is accompanied by metabolic dysfunction such as 
an impairment in glucose and lipid metabolism (Chia et al.,  2018; 
Petersen et al., 2017; Rines et al., 2016). The mechanisms that un-
derlie metabolic dysfunction in old age are multifaceted (Islam 
et al., 2020). However, emerging evidence suggests that metabolic 
dysfunction in old age is concomitant with the accumulation of 
senescent cells across many organs and tissues including adipose 
tissue and liver (Borghesan et al.,  2020; Xu, Palmer, et al.,  2015; 
Yousefzadeh et al.,  2020). Cellular senescence is a consequence 
of a multitude of stresses such as DNA damage, detrimental muta-
tions, telomere uncapping, metabolic dysfunction, and inflammation 
(Bloom et al., 2022; Borghesan et al., 2020; Gorgoulis et al., 2019; 
Herranz & Gil, 2018). These stressors activate p53/p21 and/or Rb/
p16 tumor suppressor pathways resulting in marked alterations in 
gene expression and cell signaling that lead to permanent arrest of 
the cell cycle, termed senescence (Bloom et al., 2022; Borghesan 
et al., 2020; Herranz & Gil, 2018). Senescent cells accumulate in mul-
tiple tissues and organs with advancing age and act as a mediator 
of inflammation (Borghesan et al., 2020; Gorgoulis et al., 2019). For 
example, senescent cells secrete a host of inflammatory cytokines, 
chemokines, proteases, and tissue factors, that are collectively 
known as the senescence-associated secretory phenotype (SASP; 
Bloom et al., 2022; Borghesan et al., 2020; Gorgoulis et al., 2019). 
Senescent cells and the SASP result in a chronic sterile inflammation 
with advancing age and contribute to numerous age-related pathol-
ogies (Borghesan et al., 2020; Gorgoulis et al., 2019).

Senescent cells and immune cells demonstrate feedback inter-
actions. For example, senescent cells play a critical role in neonatal 
development, wound healing, and organ repair by activating a host 
of signaling cascades (Wilkinson & Hardman, 2020). After senescent 
cells execute these functions, immune cells such as macrophages 
and T cells recognize them via cell surface receptors and clear them 
from tissues, preventing excessive accumulation (Kale et al., 2020; 
Prata et al.,  2018). While an interaction between senescent cells 
and immune cells is necessary for many physiological processes, 
an impairment in this interaction may amplify inflammation lead-
ing to detrimental consequences (Prata et al., 2018). Adipose tissue 
from both obese and old mice demonstrates elevated senescence 
burden and immune cell infiltration that is linked to impairments in 
glucose metabolism (Borghesan et al., 2020; Kalathookunnel Antony 
et al.,  2018). Interestingly, elimination of senescent cells concomi-
tantly reduces adipose tissue macrophage in both human and mice 

in the setting of obesity (Hickson et al., 2019; Palmer et al., 2019). 
Likewise, it has been demonstrated that the age-related impairments 
in glucose metabolism are associated with adipose tissue T-cell in-
filtration (Bapat et al., 2015; Khan et al., 2020; Stout et al., 2017). 
Moreover, interventions attenuating adipose tissue T-cell infiltration 
improve metabolic function in old mice, further supporting a critical 
role of adipose tissue immune cells in metabolic function in old age 
(Bapat et al., 2015; Feuerer et al., 2009; Trott et al., 2021). However, 
the interactions between senescent cells and immune cells, and par-
ticularly, if clearing senescent cells can attenuate the abundance of 
immune cells in the adipose tissue remains unknown.

In recent years, targeting senescent cells to alleviate age-related 
diseases has become a popular and rapidly growing field (Borghesan 
et al., 2020; Gorgoulis et al., 2019). Numerous studies have demon-
strated that pharmacological agents, known as senolytics and 
senomorphics that respectively eliminate senescent cells and an-
tagonize SASP, improve many age-related diseases (Borghesan 
et al., 2020; Xu et al., 2018; Zhu et al., 2015). Likewise, evidence ex-
ists that genetic clearance of p16-positive senescent cells prevents 
age-related lipodystrophy (Xu, Palmer, et al., 2015). Additionally, a 
senomorphic agent, ruxolitinib, that inhibits senescent adipocyte-
secreted activin A, improved glucose tolerance in old mice (Xu, 
Palmer, et al., 2015). Collectively, these findings suggest that senes-
cent cells can be targeted to ameliorate metabolic dysfunction in 
old age. Dasatinib and quercetin (D&Q) are two of the most studied 
senolytic drugs and have demonstrated promise in improving age-
related pathophysiological dysfunctions in human and mice (Hickson 
et al., 2019; Wissler Gerdes et al., 2020; Xu et al., 2018). Dasatinib 
is a tyrosine kinase inhibitor that has previously been approved by 
the FDA for treating myeloid leukemia (Kirkland & Tchkonia, 2020; 
Wissler Gerdes et al., 2020). Quercetin is a naturally occurring flavo-
noid compound that induces apoptosis in senescent endothelial cells 
(Kirkland & Tchkonia, 2020; Wissler Gerdes et al., 2020). Together, 
D&Q has been demonstrated to be effective in clearing senescent 
cells by inducing apoptosis in multiple tissues and are currently being 
investigated for treating human diseases in several clinical trials 
(Kirkland & Tchkonia, 2020). Recent preclinical studies have revealed 
that D&Q improves obesity-induced glucose intolerance and insulin 
resistance in mice (Palmer et al., 2019; Sierra-Ramirez et al., 2020), 
suggesting that D&Q may serve as a clinically relevant therapeutic 
regimen to combat metabolic dysfunction. However, the effects of 
D&Q on metabolic function in old age remain unexplored.

In this study, we tested the hypotheses that intermittent ad-
ministration of D&Q will (1) attenuate markers of senescence in 

These findings have implications for the development of therapeutic agents to combat 
metabolic dysfunction and diseases in old age.
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metabolic tissues, (2) diminish adipose tissue inflammatory SASP 
and abundance of T cells as well as macrophages, and (3) improve 
metabolic function in old age. To test these hypotheses, we treated 
old mice with D&Q and examined expression of senescence markers 
and a subset of inflammatory SASP factors in major metabolic tis-
sues such as perigonadal adipose tissue (pgWAT), liver, and skeletal 
muscle. We also examined T lymphocyte and macrophages in the 
pgWAT and comprehensively assessed systemic metabolic function 
using glucose-, insulin-, pyruvate-, and intralipid-tolerance tests, 
glucose-stimulated insulin secretion assays, insulin-stimulated sup-
pression of plasma-free fatty acids and plasma triglycerides mea-
surements. Additionally, we assessed protein and gene expression of 
key enzymes and proteins of the gluconeogenic and insulin signaling 
pathways.

2  |  METHODS

2.1  |  Animals

Male C57BL/6 mice were obtained from the National Institute on 
Aging colony maintained at Charles River Inc. Young mice were 
purchased from Charles River Inc. All mice were maintained at the 
Salt Lake City VA Medical Center's Animal Facility in the standard 
shoebox cages on a 12:12 light: dark cycle with water and food ad 
libitum. All animal procedures conform to the Guide for the Care and 
Use of Laboratory Animals (Carbone, 2012) and were approved by 
the University of Utah and Salt Lake City VA Medical Center Animal 
Care and Use Committee.

2.2  |  Senolytic drugs and vehicle treatments

Twenty-one-month-old mice received the senolytic drugs dasat-
inib (5 mg/kg body mass) and quercetin (50 mg/kg body mass) on 
three consecutive days, every 2 weeks for 3 months via oral gavage 
(Figure 1a). Control mice were treated with vehicle (10% polyethyl-
ene glycol 4000 solution) only.

2.3  |  Metabolic testing

Metabolic assays were performed as described previously (Trott 
et al., 2021). For glucose, insulin, and pyruvate tolerance tests (GTT, 
ITT, and PTT), mice were fasted 5–6 h in the morning and a baseline 
blood glucose was measured using Precision Xceed Pro Glucometer 
in blood collected via tail nick. An additional 40–50 μl blood was col-
lected for measurement of plasma insulin. Mice were injected with 
either dextrose (2 g/kg, i.p., GTT), insulin (1 U/kg, i.p., ITT), or sodium 
pyruvate (2 g/kg, i.p., PTT), and blood glucose was measured at 15, 
30, 60, 90, and 120 min after injection. During the GTT, 15 min after 
the glucose injection, 20–30 μl blood was collected for measuring 
plasma insulin at baseline and during GTT. Likewise, during the ITT, 

15 min after the insulin injection, ~10 μl blood was collected to meas-
ure plasma non-esterified fatty acids (NEFAs) allowing us to examine 
insulin-stimulated suppression of plasma NEFAs. To measure plasma 
triglycerides, 20–30 μl blood was collected in the morning between 
7  am to 7:30 am. For lipid-tolerance test (LTT), mice were fasted 
overnight and ~10 μl blood was collected via tail nick in the morn-
ing, Then, a bolus 20% intralipid solution (Sigma) were administered 
(15 μl/g body mass) via oral gavage. Approximately 10 μl blood was 
collected again at 30, 60, 120, and 180 min after intralipid admin-
istration. Blood for plasma separation was collected into heparin-
ized Microvette® CB 300 (Sarstedt) via tail nick and centrifuged at 
7500g for 5 min at 4°C. Plasma was collected and stored at −80°C 
for subsequent analysis.

2.4  |  Enzyme-linked immunosorbent assay

Plasma insulin was measured using Ultra-Sensitive Mouse Insulin 
ELISA Kit (Chrystal Chem) according to the manufacturer's protocol.

2.5  |  Plasma lipids measurement

Plasma non-esterified fatty acids were measured using a commer-
cially available enzymatic colorimetric assay kit (FUJIFILM Wako 
Chemicals) according to the manufacturer's protocol. Likewise, 
plasma triglycerides were measured using enzymatic colorimetry-
based Infinity™ Triglycerides Liquid Stable Reagents (Thermo Fisher) 
following the manufacturer's protocol. Total cholesterol, total tri-
glycerides, LDL, and HDL levels were measured using dedicated on-
board reagents from Abbott Laboratories (Cat#7D62-21, 7D74-21, 
1E31-20, and 3k33-22).

2.6  |  Flow cytometry

Following euthanasia, the chest cavity was opened, and the right 
atrium was nicked. To remove circulating T cells, a cannula was 
placed in the left ventricle and the animals were perfused with saline 
+10 U/ml of heparin at physiological pressure until the effluent was 
cleared of blood. Adipose tissue was excised, weighed, and digested 
using collagenase type I (2 mg/ml), and DNAse (0.1 mg/ml) dissolved 
in phosphate-buffered saline containing calcium and magnesium for 
30–60 min at 37°C. The tissues were further dispersed using re-
peated pipetting and the resultant homogenate was passed through 
a 70-μm sterile filter, yielding single-cell suspensions. Single-cell 
suspensions were labeled with the following anti-mouse antibodies 
at a 1:100 concentration: violetfluor450-CD45, Tonbo #75-0454 
(total leukocytes); 1:100 concentration: APC-CD3, Tonbo #20-0032 
(pan T cells). Dead cells were labeled with violetFlour510 Ghost Dye 
(Tonbo) and excluded from analysis. Cell subpopulations were as-
sessed on a BD FACS Canto. The “fluorescence minus one” tech-
nique was used to establish gating, as described previously (Trott 
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et al.,  2018). Macrophages were assessed as described previously 
(Trott et al.,  2021) with violetfluor450-CD45 (total leukocytes); 
APC Cy7-CD19, Biolegend #115529 (B cells); PE-CD64, Biolegend 
#139303 (macrophages); FITC-CD11c, Tonbo #35-0114 (exclu-
sion of dendritic cells); and APC-CD206, Biolegend #141707 (mac-
rophage phenotype).

2.7  |  Quantitative polymerase chain reactions

Assessment of gene expression was performed as described previ-
ously (Machin et al., 2020). Total mRNA was extracted from frozen 
liver, gastrocnemius muscle, and visceral, perigonadal adipose tis-
sue using RNeasy Mini Kit (Qiagen) according to the manufacturer's 

protocol. cDNA was synthesized from 800 ng of total mRNA using 
QuantiTect Reverse Transcription Kit (Qiagen) according to the 
manufacturer's protocol. Quantitative PCR was performed on 96-
well plates using SsoFast™ EvaGreenR Supermix (Bio-Rad) with 
the Bio-Rad CFX™ Real-Time System. Expression of the genes was 
normalized to 18s and fold change was calculated using the ΔΔCt 
method. Primer sequences were as follows: 18s  F 5′-TAGAG​GGA​
CAA​GTG​GCGTTC-3′, 18s R 5′-CGCTG​AGC​CAG​TCA​GTGT-3′; p16 
F 5′-CGCAG​GTT​CTT​GGT​CACTGT-3′, p16 R 5′-TGTTC​ACG​AAA​
GCC​AGAGCG-3′; p21 F 5′-CCTGG​TGA​TGT​CCG​ACCTG-3′, p21 R 
5′-CCATG​AGC​GCA​TCG​CAATC-3′; mcp1 F 5′-GCATC​CAC​GTG​TTG​
GCTCA-3′, mcp1 R 5′-CTCCA​GCC​TAC​TCA​TTG​GGATCA-3′; cxcl2 
F 5′-CCTGG​TTC​AGA​AAA​TCA​TCCA-3′, cxcl2 R 5′-CTTCC​GTT​GAG​
GGA​CAGC-3′; cxcl10 F 5′-TCATC​CTG​CTG​GGT​CTGAGT-3′, cxcl10 

F I G U R E  1 Administration of D&Q 
suppresses age-related increases in 
senescence and inflammatory markers 
in pgWAT. (a) Schematic representation 
of the dasatinib and quercetin (D&Q) 
treatment and the non-terminal 
experiments such as glucose-, insulin-, 
pyruvate-, and intralipid-tolerance tests 
(GTT, ITT, PTT, and LTT), insulin secretion 
during GTT, insulin-stimulated free fatty 
acid suppression (Ins-FFA) measurement, 
(b) representative H&E images of 
perigonadal white adipose tissue 
(pgWAT) after staining with senescence-
associated β-galactosidase (SA β-gal), 
blue arrowheads indicate SA β-gal+ cells 
and red arrowheads indicate crown-like 
structures (CLS) (c and d) quantification 
of SA β-gal+ cells and CLS, (e) p16 and 
p21 gene expression relative to 18s in 
pgWAT, (f and g) Western blot images and 
quantification of P16 protein expression 
relative to vinculin, (h) mcp1, tnf-α, il-1α, 
il-1β, il-6, cxcl2, and cxcl10 gene expression 
relative to 18s in pgWAT. Data are shown 
as mean ± SEM with individual data points 
in the bar graphs. N = 5–8/group. *Denote 
p ≤ 0.04 versus Y Ctrl, †denote p ≤ 0.04 
versus O Ctrl. Group differences were 
assessed by one-way ANOVA with Tukey's 
post hoc tests.
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R 5′-ATCGT​GGC​AAT​GAT​CTC​AACAC-3′; il-6  F 5′-CTGGG​AAA​
TCG​TGG​AAT-3′, il-6 R 5′-CCAGT​TTG​GTA​GCA​TCCATC-3′; il-1α F 
5′-CGAAG​ACT​ACA​GTT​CTG​CCATT-3′, il-1α R 5′-GACGT​TTC​AGA​
GGT​TCT​CAGAG-3; il-1β F 5′-CACAG​CAG​CAC​ATC​AACAAG-3′, il-
1β R 5′-GTGCT​CAT​GTC​CTC​ATCCTG-3′; tnf-α F 5′ ATGAG​AAG​TTC​
CCA​AATGGC-3′, tnf-α R 5′-CTCCA​CTT​GGT​GGT​TTGCTA-3′; cd3e 
F 5′-GACTA​TGA​GCC​CAT​CCG​CAAA-3′, cd3e R 5′-TAGGA​CAC​GTG​
TTC​ACC​AGGA-3′; foxp3 F 5′-GGCCC​TTC​TCC​AGG​ACAGA-3′, foxp3 
R 5′-GCTGA​TCA​TGG​CTG​GGTTGT-3′; cpt1α F 5′-CTCCG​CCT​GAG​
CCA​TGAAG-3′ cpt1α R 5′-CACCA​GTG​ATG​ATG​CCA​TTCT-3′, pck1 
F 5′-CCTGG​AAG​AAC​AAG​GAGTGG-3′, pck1 R 5′-AGGGT​CAA​TAA​
TGG​GGCACT-3′; pck2 F 5′-CCCTA​TCA​CAA​GGC​AAGAGA-3′, pck2 
R 5′-CCACT​TCC​CCT​GTC​CTATTT-3′; fbp2 F 5′-GGGGG​AAA​TAT​
GTG​GTT​TGCT-3′, fbp2 R 5′-TCCTC​CGT​GGT​CTT​TCT​GTAAA-3′; 
g6pc F 5′-GTCTG​GAT​TCT​ACC​TGCTAC-3′, g6pc R 5′-AAAGA​CTT​
CTT​GTG​TGT​CTGTC-3′; irs1 F 5′-TCCCA​AAC​AGA​AGG​AGGATG-3′, 
irs1 R 5′-CATTC​CGA​GGA​GAG​CTTTTG-3′; fgf21 F 5′-CTGCT​GGG​
GGT​CTA​CCAAG-3′, fgf21 R 5′-CTGCG​CCT​ACC​ACT​GTTCC-3′; 
pparα F 5′-AGAGC​CCC​ATC​TGT​CCTCTC-3′, pparα R 5′-ACTGG​TAG​
TCT​GCA​AAA​CCAAA-3′.

2.8  |  Western blots

Mice were fasted for 2 h before euthanasia. After euthanasia, tis-
sues were harvested, frozen in liquid nitrogen, and stored at −80°C. 
Protein lysates were prepared from liver using ice-cold RIPA buffer 
(Sigma Aldrich) with proteases and phosphatase inhibitor cocktails 
(Thermo Fisher). Protein concentration was measured using BCA 
assay (Thermo Fisher) according to the manufacturer's protocol. 
Protein expression was measured by standard western blot proce-
dures using anti-mouse primary antibodies against p16 (CDKN2A/
p16INK4a; 1:1000; 16 kDa; Abcam #211542), total Akt (pan-Akt; 
1:1000; 60 kDa; cell signaling), phosphorylated Akt (s-473 p-Akt; 
1:1000; 60 kDa; cell signaling), total CREB (CREB; 1:1000; 43 kDa; 
Cell Signaling), phosphorylated CREB (s-133 p-CREB; 1:1000; 43 kDa; 
Abcam), and vinculin (hVIN-1, monoclonal; 1:1000; 116 kDa, Sigma 
Aldrich). Goat Anti-Rabbit IgG (H + L)-HRP Conjugate (Bio-Rad) and 
Goat Anti-Mouse IgG (H + L)-HRP Conjugate (Bio-Rad) were used as 
the secondary antibody. Images were visualized and quantified using 
Bio-Rad ChemiDoc™ XRS+ with Image Lab™ Software.

2.9  |  Adipose tissue histology

Adipose tissue histology and senescence-associated β-galactosidase 
(SA β-gal) staining were performed as described previously (Xu, 
Tchkonia, et al., 2015). Briefly, a small piece of perigonadal adipose 
tissue was collected in phosphate-buffered saline (PBS), lightly fixed 
with 2% paraformaldehyde (PFA) and 0.25% glutaraldehyde for 
1 h, washed three times in PBS and placed in SA β-gal activity solu-
tion containing X-gal at pH 6.0 at 37°C for 18–20 h. Samples were 
washed three times in PBS and fixed with 4% PFA overnight, typically 

12–16 h, at 4°C, washed three times in PBS and transferred to 70% 
ethanol solution until paraffin embedding. Paraffin-embedded sam-
ples were sliced into 8 μm sections and stained with hematoxylin and 
eosin (H&E) according to the manufacturer's instructions. Four to 
five images per samples were captured using EVOS light microscope 
with 20X magnification. SA β-gal+ cells as a percent of all cells were 
quantified by an examiner blinded to the treatment group. Crown-
like structures were also counted as a marker of inflammation.

2.10  |  Liver histology

Following euthanasia, a lobe of the liver was dissected, washed in 
PBS, and fixed in 4% PFA solution for 48 h. After the fixation, sam-
ples were washed in PBS and transferred to 70% ethanol solution 
until paraffin embedding. Paraffin-embedded samples were sliced 
into 5  μm sections and stained with hematoxylin and eosin (H&E) 
according to the manufacturer's instructions. H&E-stained slides 
were scanned and assessed by an examiner, typically a veterinary 
pathologist, blinded to the treatment condition. Five to six samples 
were analyzed from each experimental group. To examine the col-
lagen deposition, 5 μm sections were stained with picrosirius red 
(PSR) according to manufacturer's protocol. Slides were scanned and 
the pixel positivity for PSR were quantified using the Image J FIJI 
software.

2.11  |  Statistics

Statistical analyses were performed using GraphPad Prism software, 
and data are presented as mean ± SEM with individual data points 
where appropriate. Most of the differences between vehicle and 
D&Q-treated mice were assessed by two-way ANOVA or student's 
t test. Differences in glucose, insulin, and pyruvate tolerance tests 
were assessed by repeated measure ANOVA with Tukey's LSD post 
hoc tests. Statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Effects of advanced age and D&Q on body 
and tissue mass

Body mass of the old mice was higher compared with young mice 
and the administration of D&Q reduced the body mass in old mice 
(both p ≤ 0.05; Table 1). Likewise, perigonadal white adipose tissue 
(pgWAT) mass was higher in old compared with young mice and D&Q 
treatment reduced pgWAT mass in old mice (both p ≤ 0.04; Table 1). 
Subcutaneous white adipose tissue (scWAT) mass was lower in old 
compared with young mice and D&Q treatment increased scWAT 
mass in old mice (both p ≤ 0.001; Table 1). Kidney mass was higher in 
old compared with young mice (p = 0.02; Table 1) and D&Q did not 
alter kidney mass in old mice (p = 0.53; Table 1). Although age did not 
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alter heart mass (p = 0.97; Table 1), D&Q increased heart mass in old 
mice (p = 0.05; Table 1). We did not find any difference in the mass of 
the liver, skeletal muscles, or spleen (all p ≥ 0.11; Table 1).

3.2  |  Advanced age and D&Q treatment 
demonstrated differential impacts on senescence and 
inflammatory markers in pgWAT, liver, and muscle

We first sought to examine the effects of advanced age and D&Q 
treatment on senescence and inflammatory senescence-associated 
secretory phenotype (SASP) factor burden in metabolically ac-
tive tissues such as pgWAT, liver, and gastrocnemius muscle. To 
do so, we performed histological assessments as well as meas-
ured gene and protein expression for senescence and a subset of 
inflammatory SASP markers in tissue lysates. Aging increased 
senescence-associated β-galactosidase (SA β-gal) + cells and crown-
like structures (CLS) in pgWAT, and these were lower in pgWAT of 
D&Q-treated old mice (all p  ≤ 0.001; Figure 1b–d). Likewise, aging 
increased the gene expression of p16 and p21 in pgWAT, which was 
reduced by D&Q treatment (all p ≤ 0.04; Figure 1e). Advanced age 
also increased P16 protein expression and D&Q treatment reduced 
P16 (both p ≤ 0.001; Figure 1f,g). Gene expression of a subset of in-
flammatory SASP markers such as mcp1, tnf-α, il-1α, il-1β, il-6, cxcl2, 
and cxcl10 was higher in pgWAT from old compared with young mice 
and D&Q treatment reduced these markers in pgWAT from old mice 
(all p ≤ 0.03; Figure 1h).

Gene expression for p16 was higher in liver of old compared with 
young mice and D&Q treatment reduced p16 gene expression in liver 
of old mice (both p ≤ 0.003; Figure S1a). Gene expression for p21 in 
liver was not influenced by age or D&Q (both p ≥ 0.67; Figure S1a). 
Advanced age increased p16 protein expression in liver (p = 0.03), 
however, D&Q treatment did not alter P16 protein expression in 
the liver of old mice (p  =  0.83; Figure  S1b,c). Likewise, advanced 

age increased the gene expression of inflammatory SASP markers 
mcp1, tnf-α, and il-1β in the liver (all p ≤ 0.03; Figure S1d). D&Q re-
duced the expression of mcp1 (p = 0.04), but not tnf-α or il-1β (both 
p ≥ 0.31; Figure S1d). Finally, treatment with D&Q did not alter gene 
expression of senescence or inflammatory markers in the gastrocne-
mius muscle (all p ≥ 0.19; Figure S1e,f). Taken together, these results 
suggest that advanced age increases senescence and inflammatory 
SASP burden in the pgWAT and liver. Treatment with D&Q reduces 
age-related increases in senescence and inflammatory burden in the 
adipose tissue and demonstrates no major effects in the liver and 
skeletal muscle.

3.3  |  D&Q reduced the age-related increase 
in the abundance of T lymphocyte and macrophages 
in pgWAT

To examine the relation between senescence and inflammatory SASP 
burden with immune cells, we assessed the abundance of T cells 
and macrophages in pgWAT using flow cytometry. The T cells and 
macrophages gating strategies are shown in Figure S2a,b. Because 
we found that the D&Q treatment reduced the expression of senes-
cence and inflammatory markers predominantly in the pgWAT, but 
not liver and skeletal muscle, we performed T cells and macrophages 
counting only in the pgWAT. Advanced age increased T cells (CD3+) 
in the pgWAT and D&Q treatment reduced the number of T cells in 
the pgWAT of old mice (both p ≤ 0.04; Figure 2a,b). Likewise, gene 
expression of the transcriptional regulators of total and regulatory 
T cells, CD3e and Foxp3, was higher in the pgWAT from old com-
pared with young mice and D&Q treatment reduced CD3e and FoxP3 
gene expression in the pgWAT of old mice (all p ≤ 0.02; Figure 2c). 
Additionally, aging increased total, pro-inflammatory (M1), and anti-
inflammatory (M2) macrophages in the pgWAT and D&Q treatment 
reduced the abundance of macrophages in the pgWAT of old mice 
(all p ≤ 0.01; Figure 2d–g). Thus, our findings demonstrate that ad-
vanced age increases the numbers of T cells and macrophages in 
the pgWAT and treatment with D&Q reverses these age-related in-
creases in immune cells in the pgWAT.

3.4  |  D&Q reduced fasting blood glucose and 
improved glucose tolerance in old mice

To assess the impact of advanced age and D&Q treatment on sys-
temic metabolic function, we first measured fasting blood glucose 
and performed a glucose tolerance tests (GTT) in young control, old 
control, and D&Q-treated old mice. Although advanced age did not 
alter fasting blood glucose (p = 0.74) and glucose tolerance (interac-
tion, p = 0.21; age, p = 0.18; Figure S3a), D&Q treatment reduced 
fasting blood glucose (p = 0.002) and improved glucose tolerance in 
old mice (interaction, p ≤ 0.0001; treatment, p ≤ 0.0001; Figure 3a). 
When the GTT data were expressed as percentage changes from 
baseline, the blood glucose at 30 min was lower in old D&Q-treated 

TA B L E  1 Body and tissue mass of young control, old control, and 
old D&Q-treated mice

Y Ctrl O Ctrl O D&Q

Body mass (g) 29.0 ± 0.8 31.3 ± 0.6* 29.4 ± 0.7†

Liver mass (g) 1.53 ± 0.1 1.58 ± 0.1 1.51 ± 0.1

pgWAT (mg) 310 ± 12 403 ± 27* 315 ± 32†

scWAT mass (mg) 387 ± 23 244 ± 24* 421 ± 24†

Gastrocnemius 
mass (mg)

257 ± 13 256 ± 9 260 ± 9

Quadriceps mass (mg) 313 ± 19 326 ± 9 304 ± 11

Kidney mass (mg) 201 ± 11 231 ± 7* 224 ± 9

Heart mass (mg) 153 ± 7 154 ± 4 171 ± 6†

Spleen mass (mg) 104 ± 7 99 ± 4 101 ± 8

Note: Data are shown as mean ± SEM. N: Y Ctrl = 8, O Ctrl = 15, O 
D&Q = 17.
†Denotes p ≤ 0.04 vs. O Ctrl.
*Denotes p ≤ 0.04 vs. Y Ctrl.
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compared with old control mice (p = 0.04; Figure S3b). Likewise, the 
baseline blood glucose-adjusted area under the curve during the 
GTT was lower in old D&Q-treated compared with old control mice 
(p = 0.0004; Figure 3b). During the GTT, we observed an expected 
increase in plasma insulin concentration in both old control and old 
D&Q-treated mice (both p ≤ 0.01); however, no difference in plasma 

insulin at baseline or during GTT was observed between the groups 
(both p ≥ 0.69; Figure 3c).

To examine the contribution of insulin sensitivity to the im-
provement in glucose tolerance, we next performed an insulin tol-
erance test (ITT). Blood glucose was not different at baseline, 15, 
30, and 60 min time points during the ITT between young and old 

F I G U R E  2 Suppressed senescence and inflammatory burden is concomitant to reduced T cells and macrophages in pgWAT. (a and 
b) representative images and quantification of total T cells (CD45+, CD3+) in perigonadal white adipose tissue (pgWAT), (c) CD3e and 
FoxP3 gene expression relative to 18s in pgWAT, (d–g) representative images and quantification of total, M1 (CD206−) and M2 (CD206+) 
macrophages in pgWAT. Data are shown as mean ± SEM with individual data points in the bar graphs. N = 7/group. *Denote p ≤ 0.01 versus Y 
Ctrl, †denote p ≤ 0.04 versus O Ctrl. Group differences were assessed by one-way ANOVA with Tukey's post hoc tests.
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control mice (all p  ≥ 0.09; Figure S3c), suggesting no difference 
in peripheral insulin sensitivity. However, at 90 and 120 min time 
points, old mice demonstrated lower blood glucose compared 
with young control (both p ≤ 0.03; Figure S3c), indicating an im-
pairment in the ability to restore blood glucose after the initial 
decline during ITT. When we compared old control and old D&Q-
treated mice, we found a difference in blood glucose at baseline 
and at 15 min during ITT (both p  ≤ 0.02; Figure  3d), but no dif-
ference in later time points (all p ≥ 0.37) or overall time response 
curve between the groups (interaction, p˂0.0001; treatment, 
p = 0.19; Figure 3d). When the ITT was expressed as percentage 
change from baseline blood glucose, the difference in blood glu-
cose at 15 min during ITT was abolished (p = 0.24) and at the later 
time points, the D&Q-treated mice demonstrated higher blood 
glucose compared with old control mice (all p ≤ 0.05; Figure S3d), 
enhancing the ability to restore blood glucose after the initial 
decline during ITT. Taken together, our findings indicate that the 
senolytic drug cocktail D&Q reduces fasting blood glucose and 
improves glucose tolerance in old age. The improvement of glu-
cose tolerance is independent of pancreatic beta cell function or 
peripheral insulin sensitivity.

3.5  |  D&Q increased insulin-stimulated 
suppression of plasma NEFAs in old mice

Because plasma non-esterified fatty acids (NEFAs) play a criti-
cal role in systemic glucose metabolism, we measured fasted and 
insulin-stimulated (1 U/kg, 15 min, ip) plasma NEFAs in old control 
and old D&Q-treated mice. Fasted plasma NEFAs were not differ-
ent between groups (p = 0.87). However, stimulation with insulin 
reduced plasma NFFAs in old D&Q-treated mice (p = 0.009), but no 
effect of insulin was found in old control mice (p = 0.11; Figure 3e). 
We also found a higher transcript level expression of irs-1 and 
cpt-1α in the pgWAT from old D&Q-treated mice compared with old 
control mice (both p ≤ 0.04; Figure 3f). We next measured insulin-
stimulated (1 U/kg, 30 min, ip) phosphorylation of Akt in the liver 
and pgWAT and did not find any difference between the groups 
(both p ≥ 0.23; Figure 3g–j). Collectively, these results suggest that 
the D&Q administration enhances the ability of insulin to suppress 
plasma NEFAs, which may have contributed to the improvement 
in glucose metabolism although the mechanisms require further 
elucidation.

3.6  |  Improved glucose tolerance was associated 
with reduced hepatic gluconeogenesis

To gain insight into the contribution of hepatic gluconeogenesis to 
improved glucose tolerance resulted by the administration of D&Q, 
we performed a pyruvate tolerance test (PTT). Although, advanced 
age did not influence pyruvate tolerance (interaction, p = 0.95, age, 
p  =  0.12; Figure  S4a), treatment with D&Q improved blood glu-
cose response during the PTT (interaction, p  =  0.012, treatment, 
p = 0.004; Figure 4a), suggesting suppressed hepatic gluconeogene-
sis. When the PTT data were expressed as percentage changes from 
baseline, the blood glucose at 15 min was lower in old D&Q-treated 
compared with old control mice (p = 0.006; Figure S4b).

To further elucidate the mechanisms that underlie reduced glu-
coneogenesis after D&Q administration, we examined transcript 
level expression of gluconeogenic genes (pck1, pck2, fbp2, and g6pc) 
as well as total and phosphorylated protein expression of a key tran-
scription factor, cAMP-response element-binding protein (CREB). 
Aging increased the expression of gluconeogenic genes (all p ≤ 0.03; 
Figure  S4c) and D&Q treatment reduced the expression of these 
genes (all p ≤ 04; Figure 4b). Likewise, the ratio of phosphorylated to 
total CREB protein was lower in D&Q-treated mice compared with 
vehicle-treated mice (p = 0.047; Figure 4c,d). We also examined the 
hepatic gene expression of important metabolic regulators, fgf21 and 
pparα, and found that advanced age reduced the expression of fgf21 
(p = 0.04; Figure S4d) and D&Q treatment increases the expression 
of fgf21 (p = 0.03; Figure 4e). Expression of pparα was not altered 
either by age or treatment (p ≥ 0.16; Figure S4d and Figure 4e). Taken 
together, these findings suggest that D&Q treatment results in lower 
CREB phosphorylation, leading to attenuated transcription of glu-
coneogenic genes and hepatic gluconeogenesis. These findings also 
suggest that a decline in hepatic gluconeogenesis is a major contrib-
utor to improved glucose tolerance in D&Q-treated old mice.

3.7  |  Administration of D&Q reduced age-related 
increase in collagen deposition in liver

To test the impact of aging and D&Q on the histopathologi-
cal features of liver, we performed hematoxylin and eosin (H&E) 
and picrosirius red (PSR) staining in paraformaldehyde-fixed and 
paraffin-embedded liver sections. In the H&E-stained slides, we 
did not observe any noticeable differences between D&Q-treated 

F I G U R E  3 Administration of D&Q ameliorates glucose tolerance and insulin-stimulated NEFA suppression independent of the Akt 
signaling. (a and b) Blood glucose response curves and area under the curves (AUC) during glucose tolerance test (GTT: 2 g/kg, ip), (c) 
plasma insulin at baseline and during GTT, (d) blood glucose response during insulin tolerance test (ITT: 1 U/kg, ip), (e) plasma non-esterified 
fatty acids (NEFA) at baseline and during ITT, (f) irs-1 and cpt-1α gene expression relative to 18s in pgWAT, (g–j) Western blot images and 
quantification for total Akt, phosphorylated Akt and vinculin form the liver and pgWAT. Data in the time response curves are shown as 
mean ± SEM. Other data are shown as mean ± SEM with individual data points in the bar graphs. N = 7–12/group. *Denote p ≤ 0.03 versus 
O Ctrl, †denote p ≤ 0.02 versus baseline. Group differences in GTT, ITT and plasma insulin at baseline and during GTT as well as plasma NEFA 
at baseline and during ITT were assessed by two-way repeated measure ANOVA with Tukey's post hoc tests. Unpaired Student's t tests 
were used when comparing two groups.
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and old control mice (Figure 4f). In the PSR-stained slides, we ob-
served an age-related increase in collagen deposition (p  =  0.008; 
Figure S3f,g), that was reduced by D&Q treatment in the old mice 
(p = 0.007; Figure 4f,g). These data suggest that the D&Q treatment 
reduces age-related increases in collagen deposition in the liver that 
may contribute to the improvement in metabolic function such as 
suppressed gluconeogenesis.

3.8  |  D&Q lowered fed and fasting plasma 
triglycerides and improved lipid tolerance but did not 
alter plasma cholesterols

To examine the impact of D&Q on systemic lipid metabolism, we 
first measured fed and fasted plasma triglycerides. Despite no dif-
ference between young and old control mice (p = 12; Figure S4g), 

administration of D&Q reduced fed and fasted plasma triglycerides 
in old mice (both p ≤ 0.04; Figure 5a,b). We next performed a lipid-
tolerance test (LTT) and found that aging did not alter lipid tolerance 
(interaction, p  =  0.46, age, p  =  0.36; Figure S4h); however, D&Q 
improved systemic lipid tolerance in old mice (interaction, p = 0.014, 
treatment, p = 0.006; Figure 5b). When the LTT data were expressed 
as percent change from baseline, plasma triglyceride at 30 min was 
lower in old D&Q-treated compared with old control mice (p = 0.01; 
Figure  S4i). Likewise, the baseline plasma triglyceride-corrected 
area under the curve (AUC) during LTT was lower in D&Q-treated 
mice compared with old control mice (p  =  0.006; Figure  5c). We 
also examined the impact of aging and D&Q on plasma total cho-
lesterol, LDL/VLDL, and HDL. Advanced age did not alter total 
cholesterol (p = 0.16), but reduced HDL and increased LDL/VLDL 
(both p  ≤ 0.004; Figure  S4g). Treatment with D&Q did not alter 
plasma cholesterol, LDL/VLDL, and HDL (p  ≥ 0.62; Figure  5d–f). 

F I G U R E  4 Improvement in glucose 
tolerance is accompanied by attenuated 
hepatic gluconeogenesis and collagen 
content. (a) Blood glucose response 
during pyruvate tolerance test (PTT: 2 g/
kg, ip), (b) gluconeogenic gene (pck1, 
pck2, fbp2, and g6pc) expression relative 
to 18s in liver, (c) representative Western 
blot images of phosphorylated- and 
total-cAMP-response element-binding 
protein (CREB) as well as vinculin in 
liver, (d) densitometric quantification of 
p-CREB and CREB, (e) fgf21 and pparα 
gene expression relative to 18s in liver, 
(f) representative hematoxylin and eosin 
(H&E) and picrosirius red (PSR) staining 
of liver, (g) quantification of the pixel 
positivity for collagen in the liver. Data 
in the time response curves are shown 
as mean ± SEM. Other data are shown as 
mean ± SEM with individual data points in 
the bar graphs. N = 5–12/group. *Denote 
p ≤ 0.05. Group difference in PTT was 
assessed by two-way repeated measure 
ANOVA with Tukey's post hoc tests. 
Unpaired Student's t tests were used 
when comparing two groups.
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Collectively, our results suggest that reducing the burden of senes-
cence, inflammatory SASP, and adipose tissue immune cells using 
D&Q improves systemic lipid metabolism in old mice.

4  |  DISCUSSION

The purpose of this study was to examine the impact of the seno-
lytic drug cocktail, dasatinib, and quercetin (D&Q) on adipose tissue 
inflammation and metabolic function in old age. Administration of 
D&Q attenuated age-related increase in cellular senescence in per-
igonadal white adipose tissue (pgWAT) of old mice. This treatment 
also reduced the gene expression of a subset of inflammatory SASP 
factors in pgWAT. Attenuated burden of senescence and inflamma-
tory SASP was concomitant with lower abundance of T cells and 
macrophages in the pgWAT. D&Q administration reduced fasting 
glucose and improved glucose tolerance in old mice. Plasma insulin 
during the glucose tolerance, blood glucose response during an in-
sulin tolerance test, and insulin-stimulated Akt phosphorylation did 
not differ between D&Q-treated and control mice. However, blood 
glucose response during a pyruvate tolerance test, phosphorylation 
of c-AMP-response element-binding protein, and gluconeogenic 
gene expression was lower in D&Q-treated compared with control 
mice. Together, these results indicate that the improved glucose tol-
erance was primarily due to suppressed hepatic gluconeogenesis but 
was independent of improvements in pancreatic beta cell function 
or peripheral insulin sensitivity. Despite no difference in systemic 
insulin sensitivity, insulin-stimulated suppression of plasma NEFAs 

was better in D&Q-treated compared with control mice. Finally, 
D&Q administration reduced plasma triglycerides and improved 
lipid tolerance but did not alter plasma cholesterols. To the best of 
our knowledge, this is the first study demonstrating that D&Q ame-
liorates metabolic function in old age in a preclinical animal model. 
Although D&Q are currently being investigated in many different 
clinical trials and one trial has already been completed (clini​caltr​ials.
gov), metabolic effects are largely absent in the outcomes of those 
clinical trials (Kirkland & Tchkonia, 2020). Our findings support the 
investigation of D&Q to treat age-related metabolic dysfunction in 
humans and have the potential for rapid translation.

Advancing age results in elevated senescence and SASP burden 
across multiple organs and tissues (Yousefzadeh et al., 2020). Here, 
we demonstrate that intermittent administration of D&Q attenu-
ates age-related increase in the burden of senescence and a subset 
of inflammatory SASP in pgWAT. This treatment does not demon-
strate any major effects on liver and skeletal muscle. Dasatinib is 
a tyrosine kinase inhibitor that primarily targets senescent adipo-
cyte progenitor cells, while quercetin inhibits anti-apoptotic BCL-xL, 
HIF-1α, and other senescence-associated anti-apoptotic proteins 
and eliminates senescent endothelial cells by inducing apoptosis 
(Kirkland & Tchkonia, 2020; Lindauer & Hochhaus, 2018; Marunaka 
et al., 2017; McCafferty et al., 2018; Özgür Yurttaş & Eşkazan, 2018; 
Vinayak & Maurya,  2019). When administered as a drug cocktail, 
D&Q has been demonstrated to be effective at inducing apoptosis 
and thus eliminating senescent cells and SASP burden in adipose 
tissue from both humans and mice (Hickson et al.,  2019; Palmer 
et al., 2019; Wissler Gerdes et al., 2020). For example, intermittent 

F I G U R E  5 Administration of D&Q ameliorates plasma triglycerides and lipid tolerance but does not alter plasma cholesterols. (a) Fed 
plasma triglycerides, (b and c) plasma triglycerides response curves and area under the curves (AUC) during an intralipid-tolerance test (LTT: 
15 μl/g, oral gavage), (d) plasma cholesterol, (e) plasma low-density and very low-density lipoprotein, (f) plasma high-density lipoprotein. Data 
in the time response curves are shown as mean ± SEM. Other data are shown as mean ± SEM with individual data points in the bar graphs. 
N = 8–10/group. *Denote p ≤ 0.01. Group difference in LTT was assessed by two repeated measure ANOVA with Tukey's post hoc tests. 
Other differences were assessed by unpaired Student's t test.

http://clinicaltrials.gov
http://clinicaltrials.gov
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administration of D&Q attenuated adipose tissue senescence bur-
den and plasma SASP factors in human subjects with diabetic kid-
ney disease (Hickson et al., 2019). Likewise, D&Q has been shown 
to reduce SA-β-gal+ adipocytes and p16 gene expression in the ad-
ipose tissue from naturally aged and high-fat diet-fed obese mice 
(Palmer et al., 2019; Sierra-Ramirez et al., 2020; Xu et al., 2018; Zhu 
et al., 2015). Compared with adipose tissue, the effects of D&Q on 
liver and skeletal muscle senescence have received less attention. 
However, a recent study showed that D&Q did not alter p16 protein 
expression in soleus muscle in a mouse model of accelerated aging 
which is consistent with our fundings (Ota & Kodama, 2022). Taken 
together, our results are in agreement with previous reports and fur-
ther demonstrate novel evidence that D&Q attenuates senescence 
and SASP burden in a tissue-specific manner in old age.

In addition to senescence and SASP burden, aging also results in 
the infiltration and accumulation of T cells in adipose tissue (Trott 
et al., 2021). In this study, we provide evidence that reduction in 
senescence and inflammatory SASP burden concomitantly attenu-
ates the age-related increases in the abundance of T cells and mac-
rophages in the pgWAT of old mice. Previous studies have been 
demonstrated that senescent cells can recruit immune cells, am-
plifying inflammation. For example, Shirakawa et al.  (2016) report 
that high-fat diet-induced obesity, which is known to induce adipose 
tissue senescence, promotes adipose tissue accumulation of T cells 
and macrophages. Induction of senescence in cutaneous fibroblasts 
in older adults resulted in infiltration of monocytes via SASP chemo-
kine CCL2, demonstrating a direct role of senescent cells in recruit-
ing immune cells (Chambers et al., 2021). Also, evidence exists that 
elimination of senescent cells can reduce adipose tissue immune cell 
populations (Hickson et al., 2019). In humans, reduction in adipose 
tissue senescence burden using D&Q has been demonstrated to re-
duce macrophage and crown-like structures (Hickson et al., 2019). 
Likewise, in mouse model of diet-induced obesity, clearing senes-
cent cells using D&Q reduced adipose tissue macrophages (Palmer 
et al., 2019). While these studies were performed in the setting of 
obesity and primarily focused on macrophages, our study elucidates 
the impact of attenuating senescence and inflammatory SASP mark-
ers on age-related T cells and macrophages burden in the adipose 
tissue.

Elevated burden of cellular senescence and SASP as well as 
T-cell mediated chronic sterile inflammation contributes to a host 
of age-related pathologies (Chung et al.,  2019; Wissler Gerdes 
et al., 2020). Therefore, senescence and inflammation have emerged 
as potential targets for therapeutics aimed at treating a multitude 
of age-related diseases, for example, diabetes, cardiovascular dis-
eases, cancers, neurological disorders, and fibrotic diseases (Farr 
et al., 2017; Kirkland & Tchkonia, 2020; Palmer et al., 2019). Despite 
no difference in fasting blood glucose, glucose-, pyruvate-, and lipid 
tolerance between young and old mice, we demonstrate that the 
administration of D&Q improved metabolic function in old mice. 
The lack of difference in metabolic function between young and old 
mice is well-evident in the literature (Biljes et al., 2015; Marmentini 
et al., 2021; Oh et al., 2016; Petr et al., 2021; Reynolds et al., 2019). 

However, a preclinical model that recapitulates every aspect of 
metabolic dysfunction that is observed in older human is currently 
unavailable. As such, the C57BL/6 mouse remains one of the most 
common models to study metabolic function in old age (Green 
et al., 2022; Martin-Montalvo et al., 2013; Xu, Palmer, et al., 2015). 
It should also be noted that human aging is often compounded by 
environmental factors (e.g., diet, lifestyle, and microbiota) that sig-
nificantly contribute to metabolic dysfunction; whereas, such con-
founding factors are absent in experimental mice that remain on 
standard rodent chow and sedentary cage activity throughout their 
lifespan. While further research is needed to determine the impact 
of aging per se on metabolic function in humans, the development 
and characterization of better preclinical models compared with ex-
isting models may play an instrumental role in future investigations 
of metabolic function in old age.

In previous studies, administration of D&Q resulted in an im-
provement in glucose tolerance in high-fat diet-fed obese mice 
(Palmer et al., 2019; Sierra-Ramirez et al., 2020). However, our study 
is the first to demonstrate a beneficial effect of D&Q on metabolic 
dysfunction in old mice. Moreover, our findings suggest that the 
underlying mechanisms of improved glucose tolerance in old mice 
is distinct from what was found in obese mice. For example, stud-
ies that demonstrate D&Q improved obesity-associated glucose 
tolerance did not report any findings on hepatic gluconeogene-
sis and one study indicated that insulin sensitivity was improved 
(Palmer et al.,  2019; Sierra-Ramirez et al., 2020). By contrast, our 
study demonstrates that the improvement in glucose tolerance 
was accompanied by suppressed hepatic gluconeogenesis and was 
independent of increased systemic insulin sensitivity or pancreatic 
beta cell function. Beneficial effects of reducing senescent cells and 
inhibiting their secreted products on metabolic function in old age 
has been suggested by the literature. Particularly, genetic deletion of 
p16 positive cells prevented age-related loss of adipose tissue by en-
hancing adipogenesis in old mice (Xu, Palmer, et al., 2015). Likewise, 
inhibition of senescent adipocyte-secreted product activin A using 
ruxolitinib improved glucose tolerance and insulin sensitivity in old 
mice (Xu, Palmer, et al., 2015). Our findings support these previous 
results and provide a more comprehensive picture of the mecha-
nisms that underlie these improvements in metabolic function in old 
age after treatment with D&Q.

In addition to the improvement in glucose metabolism, we 
demonstrate that D&Q lowered fasted and fed plasma triglycerides 
and improve lipid tolerance but does not alter plasma cholesterols. 
Evidence demonstrating the impact of reducing senescence, SASP 
and immune cells on lipid metabolism is scarce in the literature. 
One study examined the effects of pharmacological inhibition of 
activin A and found that this inhibition reduced plasma-free fatty 
acids, but not triglycerides, in contrast to the effects of D&Q that 
we observed (Xu, Palmer, et al., 2015). However, it was found that 
inhibition of activin A reduced hepatic triglyceride content and 
improved the gene expression of adipogenesis, triglyceride syn-
thesis, and lipolysis (Xu, Palmer, et al., 2015). The impact of D&Q 
on plasma cholesterol in old age has not been reported previously. 
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However, in a murine model of diet-induced obesity, administra-
tion of D&Q did not alter plasma total cholesterol, LDL, and HDL, 
which is in agreement with our findings (Raffaele et al., 2021). It 
should be noted that cholesterol metabolism in mice is distinct 
from humans. For example, while human plasma contains more 
LDL (considered detrimental) compared with HDL (considered 
beneficial), mice carry more HDL compared with LDL (Emini Veseli 
et al., 2017). In addition, without genetic manipulation, mice do 
not demonstrate a robust change in plasma cholesterol with aging 
(Emini Veseli et al., 2017). Thus, the relevance of changes, or the 
lack thereof, in cholesterol in mice after D&Q to clinical popula-
tions requires further study. Taken together, our study uncovers 
important insight into the effects of lowering senescence, SASP, 
and inflammation on systemic lipid metabolism.

5  |  CONCLUSION AND FUTURE 
DIREC TIONS

In summary, our study demonstrates that reduction in senescence 
and inflammatory SASP burden attenuates the abundance of im-
mune cells in the pgWAT and improves metabolic function in old 
age. Our previous work has revealed that aging results in increased 
infiltration of T cells in pgWAT and pharmacological depletion of T 
cells can improve metabolic function in old age (Trott et al., 2021). 
The mechanisms that underlie the increase in tissue T-cell accumu-
lation with aging remain poorly understood. However, it has been 
hypothesized that this could be due to increased SASP-related 
chemokine production or immune cell dysfunction that may dimin-
ish their ability to clear senescent cells (Prata et al., 2018). Shirakawa 
et al. (2016), provides evidence that obesity results in the accumula-
tion of adipose tissue senescent T cells. Therefore, it is plausible to 
think that D&Q may attenuate pgWAT-resident senescent immune 
cells contributing to an overall reduction in the abundance of im-
mune cells; a possibility that requires further investigation. Likewise, 
determining the relative contribution of senescence in individual 
tissue/cell types such as pgWAT and immune cells requires further 
investigations. Also, whether adipose tissue senescence drives im-
mune cell infiltration and their accumulation independent of immune 
cell senescence or whether the induction of immune cell senescence 
allows for the accumulation of overall senescence burden across 
semi-solid organs as seen with advancing age is of interest for future 
research. Transgenic mouse models of tissue-specific gene manipu-
lation can be instrumental in these endeavors.

AUTHOR CONTRIBUTIONS
Md Torikul Islam and Lisa A. Lesniewski were involved in all aspects 
of the study including experimental design, data collection, analy-
sis and interpretation, and manuscript preparation. Eric Tuday was 
involved with experimental design, data analysis, and manuscript 
preparation. Shanena Allen, John Kim, Daniel W. Trott, William L. 
Holland, and Anthony J. Donato participated in data collection and/
or manuscript preparation.

ACKNOWLEDG MENTS
This work was supported by the National Institutes of Health Awards 
R01 AG048366 (LAL), R01 AG050238 (AJD), R01 AG060395 (AJD), 
R01 DK112826 (WLH), R01 DK108833 (WLH), K08 AG070281 (ET), 
T35 DK103596 (SA), and Veteran's Affairs Merit Review Award 
I01 BX004492 (LAL) from the United States (US) Department of 
Veterans Affairs Biomedical Laboratory Research and Development 
Service. The contents do not represent the views of the US 
Department of Veterans Affairs, the National Institutes of Health, 
or the United States Government. The graphical abstract was made 
using BioRender.

CONFLIC T OF INTERE S T
The authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Md Torikul Islam   https://orcid.org/0000-0001-8263-0628 

R E FE R E N C E S
Bapat, S. P., Myoung Suh, J., Fang, S., Liu, S., Zhang, Y., Cheng, A., Zhou, 

C., Liang, Y., LeBlanc, C., Atkins, A. R., Yu, R. T., Downes, M., Evans, 
R. M., & Zheng, Y. (2015). Depletion of fat-resident Treg cells pre-
vents age-associated insulin resistance. Nature, 528(7580), 137–
141. https://doi.org/10.1038/natur​e16151

Biljes, D., Hammerschmidt-Kamper, C., Kadow, S., Diel, P., Weigt, C., 
Burkart, V., & Esser, C. (2015). Impaired glucose and lipid metab-
olism in ageing aryl hydrocarbon receptor deficient mice. EXCLI 
Journal, 14, 1153–1163. https://doi.org/10.17179/​excli​2015-638

Bloom, S. I., Islam, M. T., Lesniewski, L. A., & Donato, A. J. (2022). 
Mechanisms and consequences of endothelial cell senescence. 
Nature Reviews. Cardiology, 20, 38–51. https://doi.org/10.1038/
s4156​9-022-00739​-0

Borghesan, M., Hoogaars, W. M. H., Varela-Eirin, M., Talma, N., & Demaria, 
M. (2020). A senescence-centric view of aging: Implications for lon-
gevity and disease. Trends in Cell Biology, 30(10), 777–791. https://
doi.org/10.1016/j.tcb.2020.07.002

Carbone, L. (2012). Pain management standards in the eighth edition 
of the guide for the care and use of laboratory animals. Journal 
of the American Association for Laboratory Animal Science, 51(3), 
322–328.

Chambers, E. S., Vukmanovic-Stejic, M., Shih, B. B., Trahair, H., 
Subramanian, P., Devine, O. P., Glanville, J., Gilroy, D., Rustin, M. H. 
A., Freeman, T. C., Mabbot, N. A., & Akbar, A. (2021). Recruitment 
of inflammatory monocytes by senescent fibroblasts inhibits 
antigen-specific tissue immunity during human aging. Nature Aging, 
1, 101–113.

Chia, C. W., Egan, J. M., & Ferrucci, L. (2018). Age-related changes in 
glucose metabolism, hyperglycemia, and cardiovascular risk. 
Circulation Research, 123(7), 886–904. https://doi.org/10.1161/
circr​esaha.118.312806

Chung, H. Y., Kim, D. H., Lee, E. K., Chung, K. W., Chung, S., Lee, B., Seo, 
A. Y., Chung, J. H., Jung, Y. S., lm, J., Lee, J., Kim, N. D., Choi, Y. J., lm, 
D. S., & Yu, B. P. (2019). Redefining chronic inflammation in aging 
and age-related diseases: Proposal of the Senoinflammation con-
cept. Aging and Disease, 10(2), 367–382. https://doi.org/10.14336/​
ad.2018.0324

https://orcid.org/0000-0001-8263-0628
https://orcid.org/0000-0001-8263-0628
https://doi.org/10.1038/nature16151
https://doi.org/10.17179/excli2015-638
https://doi.org/10.1038/s41569-022-00739-0
https://doi.org/10.1038/s41569-022-00739-0
https://doi.org/10.1016/j.tcb.2020.07.002
https://doi.org/10.1016/j.tcb.2020.07.002
https://doi.org/10.1161/circresaha.118.312806
https://doi.org/10.1161/circresaha.118.312806
https://doi.org/10.14336/ad.2018.0324
https://doi.org/10.14336/ad.2018.0324


14 of 15  |     ISLAM et al.

Emini Veseli, B., Perrotta, P., De Meyer, G. R. A., Roth, L., Van der Donckt, 
C., Martinet, W., & De Meyer, G. R. Y. (2017). Animal models of ath-
erosclerosis. European Journal of Pharmacology, 816, 3–13. https://
doi.org/10.1016/j.ejphar.2017.05.010

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, 
J. L., Negley, B. A., Sfeir, J. G., Ogrodnik, M. B., Hachfeld, C. M., 
LeBrassseur, N. K., Drake, M. T., Pignolo, R. J., Pirtskhalava, T., 
Tchkonia, T., Oursler, M. J., Kirkland, J. L., & Khosla, S. (2017). 
Targeting cellular senescence prevents age-related bone loss in 
mice. Nature Medicine, 23(9), 1072–1079. https://doi.org/10.1038/
nm.4385

Feuerer, M., Herrero, L., Cipolletta, D., Naaz, A., Wong, J., Nayer, A., Lee, 
J., Goldfine, A. B., Benoist, C., Shoelson, S., & Mathis, D. (2009). 
Lean, but not obese, fat is enriched for a unique population of reg-
ulatory T cells that affect metabolic parameters. Nature Medicine, 
15(8), 930–939. https://doi.org/10.1038/nm.2002

Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof, O., 
Bishop, C., Campisi, J., Collado, M., Evangelou, K., Ferbeyre, G., 
Gil, J., Hara, E., Krizhanovsky, V., Jurk, D., Maier, A. B., Narita, M., 
Niedernhofer, L., Passos, J. F., Robbins, P. D., … Demaria, M. (2019). 
Cellular senescence: Defining a path forward. Cell, 179(4), 813–827. 
https://doi.org/10.1016/j.cell.2019.10.005

Green, C. L., Pak, H. H., Richardson, N. E., Flores, V., Yu, D., Tomasiewicz, 
J. L., Dumas, S. N., Kredell, K., Fan, J. W., Kirsh, C., Chaiyakul, K., 
Murphy, M. E., Babygirija, R., Barrett-Wilt, G. A., Robinowitz, J., 
Ong, I. M., Jang, C., Simcox, J., & Lamming, D. W. (2022). Sex and 
genetic background define the metabolic, physiologic, and molecu-
lar response to protein restriction. Cell Metabolism, 34(2), 209–226.
e205. https://doi.org/10.1016/j.cmet.2021.12.018

Herranz, N., & Gil, J. (2018). Mechanisms and functions of cellular se-
nescence. The Journal of Clinical Investigation, 128(4), 1238–1246. 
https://doi.org/10.1172/jci95148

Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., 
Giorgadze, N., Hashmi, S. K., Herrmann, S. M., Jensen, M. D., Jia, 
Q., Jordan, K. L., Kellogg, T. A., Khosla, S., Koerber, D. M., Lagnado, 
A. B., Lowson, D. K., LeBrasseur, N. K., Lerman, L. O., McDonald,  
K. M., McKenzie, T. J., & Kirkland, J. L. (2019). Senolytics decrease 
senescent cells in humans: Preliminary report from a clinical trial 
of Dasatinib plus quercetin in individuals with diabetic kidney 
disease. eBioMedicine, 47, 446–456. https://doi.org/10.1016/​
j.ebiom.2019.08.069

Islam, M. T., Henson, G. D., Machin, D. R., Bramwell, R. C., Donato,  
A. J., & Lesniewski, L. A. (2020). Aging differentially impacts va-
sodilation and angiogenesis in arteries from the white and brown 
adipose tissues. Experimental Gerontology, 142, 111126. https://doi.
org/10.1016/j.exger.2020.111126

Kalathookunnel Antony, A., Lian, Z., & Wu, H. (2018). T cells in adi-
pose tissue in aging. Frontiers in Immunology, 9, 2945. https://doi.
org/10.3389/fimmu.2018.02945

Kale, A., Sharma, A., Stolzing, A., Desprez, P. Y., & Campisi, J. (2020). 
Role of immune cells in the removal of deleterious senescent cells. 
Immunity & Ageing, 17, 16. https://doi.org/10.1186/s1297​9-020-
00187​-9

Khan, S., Chan, Y. T., Revelo, X. S., & Winer, D. A. (2020). The immune 
landscape of visceral adipose tissue during obesity and aging. 
Frontiers in Endocrinology, 11, 267. https://doi.org/10.3389/
fendo.2020.00267

Kirkland, J. L., & Tchkonia, T. (2020). Senolytic drugs: From discovery to 
translation. Journal of Internal Medicine, 288(5), 518–536. https://
doi.org/10.1111/joim.13141

Lindauer, M., & Hochhaus, A. (2018). Dasatinib. Recent Results in  
Cancer Research, 212, 29–68. https://doi.org/10.1007/978-3-
319-91439​-8_2

Machin, D. R., Auduong, Y., Gogulamudi, V. R., Liu, Y., Islam, M. T., 
Lesniewski, L. A., & Donato, A. J. (2020). Lifelong SIRT-1 overex-
pression attenuates large artery stiffening with advancing age. 

Aging (Albany NY), 12(12), 11314–11324. https://doi.org/10.18632/​
aging.103322

Marmentini, C., Soares, G. M., Bronczek, G. A., Piovan, S., Mareze-Costa, 
C. E., Carneiro, E. M., Boschero, A. C., & Kurauti, M. A. (2021). Aging 
reduces insulin clearance in mice. Frontiers in Endocrinology, 12, 
679492. https://doi.org/10.3389/fendo.2021.679492

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., 
Mote, P. L., Scheibye-Knudsen, M., Gomes, A. P., Ward, T. M., 
Minor, R. K., Blouin, M. J., Schwab, M., Pollak, M., Zhang, Y., Yu, Y., 
Becker, K. G., Bohr, V. A., Ingram, D. K., Sinclair, D. A., Wolf, N. S., 
… de Cabo, R. (2013). Metformin improves healthspan and lifespan 
in mice. Nature Communications, 4, 2192. https://doi.org/10.1038/
ncomm​s3192

Marunaka, Y., Marunaka, R., Sun, H., Yamamoto, T., Kanamura, N., Inui, 
T., & Taruno, A. (2017). Actions of quercetin, a polyphenol, on blood 
pressure. Molecules, 22(2), 209. https://doi.org/10.3390/molec​
ules2​2020209

McCafferty, E. H., Dhillon, S., & Deeks, E. D. (2018). Dasatinib: A review 
in pediatric chronic myeloid leukemia. Paediatric Drugs, 20(6), 593–
600. https://doi.org/10.1007/s40272-018-0319-8

Oh, Y. S., Seo, E. H., Lee, Y. S., Cho, S. C., Jung, H. S., Park, S. C., & Jun, H. 
S. (2016). Increase of calcium sensing receptor expression is related 
to compensatory insulin secretion during aging in mice. PLoS One, 
11(7), e0159689. https://doi.org/10.1371/journ​al.pone.0159689

Ota, H., & Kodama, A. (2022). Dasatinib plus quercetin attenuates some 
frailty characteristics in SAMP10 mice. Scientific Reports, 12(1), 
2425. https://doi.org/10.1038/s41598-022-06448-5

Özgür Yurttaş, N., & Eşkazan, A. E. (2018). Dasatinib-induced pulmonary 
arterial hypertension. British Journal of Clinical Pharmacology, 84(5), 
835–845. https://doi.org/10.1111/bcp.13508

Palmer, A. K., Xu, M., Zhu, Y., Pirtskhalava, T., Weivoda, M. M., Hachfeld, 
C. M., Prata, L. G., van Dijk, T. H., Verkade, E., Casaclang-Verzosa, 
G., Johnson, K. O., Cubro, H., Doornebal, E. J., Ogrodnik, M., Jurk, 
D., Jensen, M. D., Chini, E. N., Miller, J. D., Matveyenko, A., … 
Kirkland, J. L. (2019). Targeting senescent cells alleviates obesity-
induced metabolic dysfunction. Aging Cell, 18(3), e12950. https://
doi.org/10.1111/acel.12950

Petersen, M. C., Vatner, D. F., & Shulman, G. I. (2017). Regulation of hepatic 
glucose metabolism in health and disease. Nature Reviews. Endocrinology, 
13(10), 572–587. https://doi.org/10.1038/nrendo.2017.80

Petr, M. A., Alfaras, I., Krawcyzk, M., Bair, W. N., Mitchell, S. J., Morrell, 
C. H., Studenski, S. A., Price, N. L., Fishbein, K. W., Spencer, R. 
G., Scheibye-Knudsen, M., Lakatta, E. G., Ferrucci, L., Aon, M. A., 
Bernier, M., & de Cabo, R. (2021). A cross-sectional study of func-
tional and metabolic changes during aging through the lifespan in 
male mice. eLife, 10, e62952. https://doi.org/10.7554/eLife.62952

Prata, L., Ovsyannikova, I. G., Tchkonia, T., & Kirkland, J. L. (2018). 
Senescent cell clearance by the immune system: Emerging thera-
peutic opportunities. Seminars in Immunology, 40, 101275. https://
doi.org/10.1016/j.smim.2019.04.003

Raffaele, M., Kovacovicova, K., Frohlich, J., Lo Re, O., Giallongo, S., 
Oben, J. A., Faldyna, M., Leva, L., Giannone, A. G., Cabibi, D., & 
Vinciguerra, M. (2021). Mild exacerbation of obesity-  and age-
dependent liver disease progression by senolytic cocktail dasati-
nib + quercetin. Cell Communication and Signaling: CCS, 19(1), 44. 
https://doi.org/10.1186/s12964-021-00731-0

Reynolds, T. H., Dalton, A., Calzini, L., Tuluca, A., Hoyte, D., & Ives, S. J. 
(2019). The impact of age and sex on body composition and glucose 
sensitivity in C57BL/6J mice. Physiological Reports, 7(3), e13995. 
https://doi.org/10.14814/​phy2.13995

Rines, A. K., Sharabi, K., Tavares, C. D., & Puigserver, P. (2016). Targeting 
hepatic glucose metabolism in the treatment of type 2 diabetes. 
Nature Reviews. Drug Discovery, 15(11), 786–804. https://doi.
org/10.1038/nrd.2016.151

Shirakawa, K., Yan, X., Shinmura, K., Endo, J., Kataoka, M., Katsumata, Y., 
Yamamoto, T., Anzai, A., Isobe, S., Yoshida, N., Itoh, H., Manabe, I., 

https://doi.org/10.1016/j.ejphar.2017.05.010
https://doi.org/10.1016/j.ejphar.2017.05.010
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.2002
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.cmet.2021.12.018
https://doi.org/10.1172/jci95148
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.exger.2020.111126
https://doi.org/10.1016/j.exger.2020.111126
https://doi.org/10.3389/fimmu.2018.02945
https://doi.org/10.3389/fimmu.2018.02945
https://doi.org/10.1186/s12979-020-00187-9
https://doi.org/10.1186/s12979-020-00187-9
https://doi.org/10.3389/fendo.2020.00267
https://doi.org/10.3389/fendo.2020.00267
https://doi.org/10.1111/joim.13141
https://doi.org/10.1111/joim.13141
https://doi.org/10.1007/978-3-319-91439-8_2
https://doi.org/10.1007/978-3-319-91439-8_2
https://doi.org/10.18632/aging.103322
https://doi.org/10.18632/aging.103322
https://doi.org/10.3389/fendo.2021.679492
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
https://doi.org/10.3390/molecules22020209
https://doi.org/10.3390/molecules22020209
https://doi.org/10.1007/s40272-018-0319-8
https://doi.org/10.1371/journal.pone.0159689
https://doi.org/10.1038/s41598-022-06448-5
https://doi.org/10.1111/bcp.13508
https://doi.org/10.1111/acel.12950
https://doi.org/10.1111/acel.12950
https://doi.org/10.1038/nrendo.2017.80
https://doi.org/10.7554/eLife.62952
https://doi.org/10.1016/j.smim.2019.04.003
https://doi.org/10.1016/j.smim.2019.04.003
https://doi.org/10.1186/s12964-021-00731-0
https://doi.org/10.14814/phy2.13995
https://doi.org/10.1038/nrd.2016.151
https://doi.org/10.1038/nrd.2016.151


    |  15 of 15ISLAM et al.

Sekai, M., Hamazaki, Y., Fukuda, K., Minato, N., & Sano, M. (2016). 
Obesity accelerates T cell senescence in murine visceral adipose 
tissue. The Journal of Clinical Investigation, 126(12), 4626–4639. 
https://doi.org/10.1172/jci88606

Sierra-Ramirez, A., López-Aceituno, J. L., Costa-Machado, L. F., Plaza, A., 
Barradas, M., & Fernandez-Marcos, P. J. (2020). Transient metabolic 
improvement in obese mice treated with navitoclax or dasatinib/
quercetin. Aging (Albany NY), 12(12), 11337–11348. https://doi.
org/10.18632/​aging.103607

Stout, M. B., Justice, J. N., Nicklas, B. J., & Kirkland, J. L. (2017). 
Physiological aging: Links among adipose tissue dysfunction, di-
abetes, and frailty. Physiology (Bethesda), 32(1), 9–19. https://doi.
org/10.1152/physi​ol.00012.2016

Trott, D. W., Henson, G. D., Ho, M. H. T., Allison, S. A., Lesniewski, L. A., 
& Donato, A. J. (2018). Age-related arterial immune cell infiltration 
in mice is attenuated by caloric restriction or voluntary exercise. 
Experimental Gerontology, 109, 99–107. https://doi.org/10.1016/​
j.exger.2016.12.016

Trott, D. W., Islam, M. T., Buckley, D. J., Donato, A. J., Dutson, T., Sorensen, 
E. S., Cai, J., Gogulamudi, V. R., Phuong, T. T. T., & Lesniewski, L. A. 
(2021). T lymphocyte depletion ameliorates age-related metabolic 
impairments in mice. Geroscience, 43(3), 1331–1347. https://doi.
org/10.1007/s11357-021-00368-4

Vinayak, M., & Maurya, A. K. (2019). Quercetin loaded nanopar-
ticles in targeting cancer: Recent development. Anti-Cancer 
Agents in Medicinal Chemistry, 19(13), 1560–1576. https://doi.
org/10.2174/18715​20619​66619​07051​50214

Wilkinson, H. N., & Hardman, M. J. (2020). Senescence in wound repair: 
Emerging strategies to target chronic healing wounds. Frontiers 
in Cell and Development Biology, 8, 773. https://doi.org/10.3389/
fcell.2020.00773

Wissler Gerdes, E. O., Zhu, Y., Tchkonia, T., & Kirkland, J. L. (2020). 
Discovery, development, and future application of senolytics: 
Theories and predictions. The FEBS Journal, 287(12), 2418–2427. 
https://doi.org/10.1111/febs.15264

Xu, M., Palmer, A. K., Ding, H., Weivoda, M. M., Pirtskhalava, T., White,  
T. A., Sepe, A., Johnson, K. O., Stout, M. B., Giorgadze, N., Jensen,  
M. D., LeBrasseur, N. K., Tchkonia, T., & Kirkland, J. L. (2015). Targeting 
senescent cells enhances adipogenesis and metabolic function in old 
age. eLife, 4, e12997. https://doi.org/10.7554/eLife.12997

Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., 
Weivoda, M. M., Inman, C. L., Ogrodnik, M. B., Hachfeld, C. M., 
Fraser, D. G., Onken, J. L., Johnson, K. O., Verzosa, G. C., Langhi,  

L. G. P., Weigl, M., Giorgadze, N., LeBrasseur, N. K., Miller, J. D., 
Jurk, D., … Kirkland, J. L. (2018). Senolytics improve physical func-
tion and increase lifespan in old age. Nature Medicine, 24(8), 1246–
1256. https://doi.org/10.1038/s41591-018-0092-9

Xu, M., Tchkonia, T., Ding, H., Ogrodnik, M., Lubbers, E. R., Pirtskhalava, 
T., White, T. A., Johnson, K. O., Stout, M. B., Mezera, V., Giorgadze, 
N., Jensen, M. D., LeBrasseur, N. K., & Kirkland, J. L. (2015). JAK inhi-
bition alleviates the cellular senescence-associated secretory phe-
notype and frailty in old age. Proceedings of the National Academy 
of Sciences of the United States of America, 112(46), E6301–E6310. 
https://doi.org/10.1073/pnas.15153​86112

Yousefzadeh, M. J., Zhao, J., Bukata, C., Wade, E. A., McGowan,  
S. J., Angelini, L. A., Bank, M. P., Gurkar, A. U., McGuckian, C. A., 
Calubag, M. F., Kato, J. I., Burd, C. E., Robbins, P. D., & Niedernhofer, 
L. J. (2020). Tissue specificity of senescent cell accumulation during 
physiologic and accelerated aging of mice. Aging Cell, 19(3), e13094. 
https://doi.org/10.1111/acel.13094

Zhu, Y., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze, 
N., Palmer, A. K., Ikeno, Y., Hubbard, G. B., Lenburg, M., O'Hara, 
S. P., LaRusso, N. F., Miller, J. D., Roos, C. M., Verzosa, G. C., 
LeBrasseur, N. K., Wren, J. D., Farr, J. N., Khosla, S., … Kirkland, 
J. L. (2015). The Achilles' heel of senescent cells: From transcrip-
tome to senolytic drugs. Aging Cell, 14(4), 644–658. https://doi.
org/10.1111/acel.12344

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Islam, M. T., Tuday, E., Allen, S., Kim, J., 
Trott, D. W., Holland, W. L., Donato, A. J., & Lesniewski, L. A. 
(2023). Senolytic drugs, dasatinib and quercetin, attenuate 
adipose tissue inflammation, and ameliorate metabolic 
function in old age. Aging Cell, 22, e13767. https://doi.
org/10.1111/acel.13767

https://doi.org/10.1172/jci88606
https://doi.org/10.18632/aging.103607
https://doi.org/10.18632/aging.103607
https://doi.org/10.1152/physiol.00012.2016
https://doi.org/10.1152/physiol.00012.2016
https://doi.org/10.1016/j.exger.2016.12.016
https://doi.org/10.1016/j.exger.2016.12.016
https://doi.org/10.1007/s11357-021-00368-4
https://doi.org/10.1007/s11357-021-00368-4
https://doi.org/10.2174/1871520619666190705150214
https://doi.org/10.2174/1871520619666190705150214
https://doi.org/10.3389/fcell.2020.00773
https://doi.org/10.3389/fcell.2020.00773
https://doi.org/10.1111/febs.15264
https://doi.org/10.7554/eLife.12997
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1073/pnas.1515386112
https://doi.org/10.1111/acel.13094
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.13767
https://doi.org/10.1111/acel.13767

	Senolytic drugs, dasatinib and quercetin, attenuate adipose tissue inflammation, and ameliorate metabolic function in old age
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animals
	2.2|Senolytic drugs and vehicle treatments
	2.3|Metabolic testing
	2.4|Enzyme-­linked immunosorbent assay
	2.5|Plasma lipids measurement
	2.6|Flow cytometry
	2.7|Quantitative polymerase chain reactions
	2.8|Western blots
	2.9|Adipose tissue histology
	2.10|Liver histology
	2.11|Statistics

	3|RESULTS
	3.1|Effects of advanced age and D&Q on body and tissue mass
	3.2|Advanced age and D&Q treatment demonstrated differential impacts on senescence and inflammatory markers in pgWAT, liver, and muscle
	3.3|D&Q reduced the age-­related increase in the abundance of T lymphocyte and macrophages in pgWAT
	3.4|D&Q reduced fasting blood glucose and improved glucose tolerance in old mice
	3.5|D&Q increased insulin-­stimulated suppression of plasma NEFAs in old mice
	3.6|Improved glucose tolerance was associated with reduced hepatic gluconeogenesis
	3.7|Administration of D&Q reduced age-­related increase in collagen deposition in liver
	3.8|D&Q lowered fed and fasting plasma triglycerides and improved lipid tolerance but did not alter plasma cholesterols

	4|DISCUSSION
	5|CONCLUSION AND FUTURE DIRECTIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


