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Abstract

Background Muscle wasting is a common complication of chronic kidney disease (CKD) that is associated with higher
mortality. Although the mechanisms of myofibre loss in CKD has been widely studied, the contribution of muscle pre-
cursor cell (MPC) senescence remains poorly understood. Senescent MPCs no longer proliferate and can produce pro-
inflammatory factors or cytokines. In this study, we tested the hypothesis that the senescence associated secretory phe-
notype (SASP) of MPCs contributes to CKD-induced muscle atrophy and weakness.
Methods CKD was induced in mice by 5/6th nephrectomy. Kidney function, muscle size, and function were measured,
and markers of atrophy, inflammation, and senescence were evaluated using immunohistochemistry, immunoblots, or
qPCR. To study the impact of senescence, a senolytics cocktail of dasatinib + quercetin (D&Q) was given orally to mice
for 8 weeks. To investigate CKD-induced senescence at the cellular level, primary MPCs were incubated with serum
from CKD or control subjects. The roles of specific proteins in MPC senescence were studied using adenoviral transduc-
tion, siRNA, and plasmid transfection.
Results In the hindlimb muscles of CKDmice, (i) the senescence biomarker SA-β-gal was sharply increased (~30-fold);
(ii) the DNA damage response marker γ-H2AX was increased 1.9-fold; and (iii) the senescence pathwaymarkers p21 and
p16INK4a were increased 1.99-fold and 2.82-fold, respectively (all values, P < 0.05), whereas p53 was unchanged.
γ-H2AX, p21, and p16INK4A were negatively correlated at P < 0.05 with gastrocnemius weight, suggesting a causal rela-
tionship with muscle atrophy. Administration of the senolytics cocktail to CKD mice for 8 weeks eliminated the
disease-related elevation of p21, p16INK4a, and γ-H2AX, abolished positive SA-β-gal, and depressed the high levels of
the SASP cytokines, TNF-α, IL-6, IL-1β, and IFN (all values, P < 0.05). Skeletal muscle weight, myofibre cross-sectional
area, and grip function were improved in CKD mice receiving D&Q. Markers of protein degradation, inflammation, and
MPCs dysfunction were also attenuated by D&Q treatment compared with the vehicle treatment in 5/6th nephrectomy
mice (all values, P< 0.05). Uraemic serum induced senescence in cultured MPCs. Overexpression of FoxO1a in MPCs in-
creased the number of p21+ senescent cells, and p21 siRNA prevented uraemic serum-induced senescence (P < 0.05).
Conclusions Senescent MPCs are likely to contribute to the development of muscle wasting during CKD by producing
inflammatory cytokines. Limiting senescence with senolytics ameliorated muscle wasting and improved muscle
strength in vivo and restored cultured MPC functions. These results suggest potential new therapeutic targets to im-
prove muscle health and function in CKD.
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Introduction

Chronic kidney disease (CKD) is a global health challenge that
impacts more than 700 million patients.1 The ensuing
uraemia and other pathological responses frequently lead
to muscle wasting or atrophy. Loss of muscle mass and re-
duced function negatively impact the quality of life of CKD
patients, leading to higher risks of frailty, co-morbidities and
mortality.2

Muscle loss in CKD results from abnormalities in physio-
logic signals that collectively produce an imbalance between
protein synthesis and degradation. Metabolic acidosis, insulin
resistance, inflammation, and other factors can decrease pro-
tein synthesis and consistently upregulate protein degrada-
tion via the ubiquitin–proteasome system (UPS), lysosomal
proteolysis and caspase-3.2,3 Downregulation of IGF-PI3K-
AKT signalling in myofibres and muscle precursor cells
(MPCs), which are also known as satellite cells or muscle stem
cells, has been linked to CKD-associated muscle atrophy.2 In
patients and animals with CKD, persistent systemic inflamma-
tion was positively correlated with all-cause mortality and
muscle wasting.4–6 Levels of inflammatory cytokines, specifi-
cally TNF and IL-6, were increased in muscle biopsies of pa-
tients and mice with CKD.7,8 The causes and sources of in-
flammation in muscle during CKD remain poorly understood.

Senescence is a cellular state that is characterized by irre-
versible cell-cycle arrest and associated with many diseases
including CKD.9,10 Physiological processes and pathologic
stresses, such as aging, DNA damage, and mitochondrial or
metabolic dysfunction can activate the p16INK4a/Rb and
p53/p21 senescence pathways which arrest the cell cycle.9,11

Although senescent cells no longer divide and proliferate,
they remain capable of producing and secreting various pro-
inflammatory factors, a state known as senescence associ-
ated secretory phenotype (SASP).12 Secreted factors such as
cytokines, chemokines, growth factors, and other inflamma-
tory molecules are associated with chronic inflammation
and tissue damage.9,10 For example, p16INK4a+ cells have been
observed in kidney in different types of kidney diseases, in-
cluding membranous nephropathy, focal segmental
glomerulosclerosis, IgA nephropathy, and in transplanted
kidneys.13,14 SA-β-gal and p16INK4a were also increased in kid-
ney epithelial cells of patients with diabetic nephropathy.13

Low-grade chronic systemic inflammation is a hallmark
feature of CKD that is associated with pathological features
of the disease such as muscle wasting.4 Senescence has
been linked to the progression of muscle injury and
age-related sarcopenia. Chiche et al.15 reported that
cardiotoxin-injured tibialis anterior (TA) muscle contained
SA-β-gal+ cells, and expression of p16INK4a, p21, and the
SASP-related molecules IL-6, MMP3, and MMP13 was in-
creased. Oxidative stress also has been associated with in-
creased p21 expression and SASP factors, including IL-6,
and prevented activation and regeneration of MPCs.16 Al-

though cellular senescence and muscle atrophy are both
linked to inflammation and chronic diseases, the causal rela-
tionship between the two conditions is unclear.

When considered together, these findings led us to hy-
pothesize that cellular senescence contributes to CKD-
induced muscle atrophy and weakness. To test this possibil-
ity, hindlimb muscles of mice with CKD were evaluated for
markers of cellular senescence by SA-β-gal staining and
measuring the abundance of DNA damage response marker
γ-H2AX, p16INK4a, p53, p21, and SASP-associated proteins.
Mice with CKD were fed a cocktail of senolytics to elimi-
nate senescent cells, and the treatment impact on muscle
size, function, and markers of muscle atrophy was evalu-
ated. We also conducted experiments with MPCs incubated
with uraemic serum from CKD patients. Our results indicate
that cellular senescence has a contributory role in the in-
flammatory environment and muscle wasting associated
with CKD.

Methods

Human serum collection

The human subject protocol was reviewed and approved by
the Emory University Institutional Review Board. Human sera
were obtained from non-CKD volunteers and CKD stage 4 pa-
tients of different ages, ranging from 55 to 70 years old. De-
tails of those patients are provided in Table S1.

Mouse models and drug treatments

All animal experiments protocols were approved by the In-
stitutional Animal Care and Use Committee (IACUC) at
Emory University. C57BL/6J mice were purchased from
Jackson Laboratories (Bar Harbour, ME, USA). CKD was in-
duced in mice by two-step 5/6th nephrectomy protocol.17

Mice were randomly distributed to four cohorts: control,
CKD, CKD with glycerol vehicle, and CKD with senolytics.
The senolytics dasatinib (D) (5 mg/kg body weight) and
quercetin (Q) (50 mg/kg body weight) were given to CKD
mice by oral gavage in 100–150 μL glycerol twice per
week.18 Food and body weights were measured three times
per week. Grip strength was measured with a grip strength
meter equipped with dual computerized sensors (Columbus
Instruments, Columbus, OH) 8 weeks after surgery just prior
to the harvest of muscles and serum. CKD was confirmed by
measuring blood urea nitrogen (BUN) and creatinine with a
BUN Kinetic Procedure Kit (Thermo Electron, Louisville, CO)
and Creatinine (Serum) Colorimetric Assay Kit (Caymen
Chemical Co), respectively.
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Muscle progenitor cell (MPC) isolation and culture

MPCs were isolated from mouse skeletal muscles using a
Mouse Satellite Cell Isolation Kit (MACS Miltenyi Biotec Inc.
130-104-268).17 Briefly, single-cell suspensions were obtained
from mouse skeletal muscle use the Skeletal Muscle Dissoci-
ation Kit (MACS 130-098-305). Non-target cells were de-
pleted using a MACS column and separator column. MPCs
in the effluent were cultured on a Cell Attachment Matrix
Gel (Millipore/Sigma, Burlington MA #08-110) coated dish
in Ham’s F-12 Nutrient Mixture medium (Invitrogen) supple-
mented with 20% fetal bovine serum, 100 U/mL penicillin,
100 μg/mL streptomycin and 5 ng/mL human β-FGF (fibro-
blast growth factor) (Atlanta Biologicals, Atlanta, GA). For ex-
periments, MPCs were seeded in collagen-coated plates on
Day 1 using medium without β-FGF. When cells reached
60% confluence on Day 2, differentiation of MPCs was in-
duced by switching medium to Ham’s F-12 medium contain-
ing 2% horse serum. On Day 3, MPCs were treated with
F-12 medium with 2% pooled control or uraemic human se-
rum with or without 12.5 nM dasatinib and 25 nM quercetin
(dissolved in DMSO). When applicable, adenovirus transduc-
tion or plasmid/siRNA transfection were also performed on
Day 3. MPCs were harvested for assessment on Day 5.

Virus reagents

All experiments involving recombinant adenovirus were ap-
proved by the Emory University Environmental Health and
Safety Office. Ad-CDK1 and Ad-CDK4 were provided by Dr
Mohamed (University of Louisville)19; the constitutively ac-
tive FoxO3a virus (CA-FOXO3a,) was purchased from Vector
Biolabs (#1025; Malvern, PA).

Plasmid and siRNA transfection

A FOXO1a plasmid was a gift from Domenico Accili (Addgene
plasmid #17551; Watertown, MA)20; a p16INK4a plasmid
(SR403922) was from OriGene Technologies (Rockville, MD);
p21Waf1/Cip1(sc-29427) siRNA was from Santa Cruz, (Dallas,
TX). Effectene transfection reagent (Qiagen, Germantown,
MD) was used for plasmid transfection whereas Lipofecta-
mine RNAiMAX transfection reagent (Thermo Fisher
Scientific; Waltham, MA) was used for siRNA transfection.

Proliferation assay

The Cell Proliferation Assay (Chemicon/Fisher, Waltham, MA)
was used for quantification of MPCs proliferation. MPCs were
seeded in collagen coated 96-well plates and differentiated
for 24 h. Experimental reagents were added to cells for

48 h. To evaluate proliferation, WST-1/ECS solution was
added to each well, and cells were incubated for 1 h before
measuring absorbance at 450 nm using a TECAN microtiter
plate reader.

Apoptosis assay

Apoptosis was measured using the Click-iT™ Plus TUNEL Assay
(Invitrogen/Fisher, Waltham, MA). Cell images were captured
with a Olympus 1 × 51 inverted microscope equipped with a
DP73-1-51-17MP colour camera; 10–20 fields/plate were ran-
domly acquired and quantified.

Histology

Gastrocnemius muscles were frozen and cut into 10 μm sec-
tions. For immunochemical analyses, muscle sections or MPC
cells were fixed in 4% paraformaldehyde and washed with
PBS. After permeabilization in 0.05% Triton X-100 and
quench-fixation in 50-mM NH4Cl, tissues were blocked in
3% bovine serum albumin for 0.5 h and incubated with pri-
mary antibody overnight at 4°C. The sections were washed
in TBST and incubated with FITC-labelled secondary antibody
for 1 h at RT. Nuclei were stained by DAPI. Cell images were
captured with an Olympus 1 × 51 inverted microscope
equipped with a DP73-1-51-17MP colour camera; 10–20
fields/plate were randomly acquired and quantified. To eval-
uate the senescent state of MPCs in vivo, frozen sections
were double stained for p21, a senescent marker, and pax
7, a MPC marker. Skeletal muscle fibre cross-sectional areas
(700–900 fibres in each cohort) were measured after staining
with an anti-laminin antibody (Sigma-Aldrich). Images were
analysed using NIH ImageJ.

SA-β-gal staining

Senescence associate β-gal was evaluated with a β-galactosi-
dase staining kit from Cell Biolabs (San Diego, CA) for in vitro
experiments; an X-Gal staining kit from Genlantis (San Diego,
CA) was used for in vivo experiments. For whole tissue stain-
ing, skeletal muscles were fixed in 4% PFA for 1 h at RT,
washed with PBS 3 times and then incubated in 1× X-Gal so-
lution overnight at 37°C in a humidifying container. The next
day, the tissues were sectioned to 10 μm slides, and the im-
ages were captures and analysed as described above.

Protein immunoblotting and antibodies

Gastrocnemius muscle and MPC cell lysates were homoge-
nized in RIPA buffer containing protease/phosphatase inhib-
itors. Equal amounts of protein were separated by SDS-
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PAGE, proteins were transferred to PVDF membranes, and
the blots were blocked and processed with primary and
secondary antibodies. Processed blots were quantified using
a LI-COR Odyssey infrared scanning system (Li-COR Biosci-
ences, Lincoln, NE). Antibodies used for experiments are
listed in Table S2.

Quantitative real-time PCR

RNA was extracted from frozen muscle samples using
Tri-Reagent (Molecular Research Inc., Cincinnati, OH) and
reverse-transcribed to cDNA using a Thermoscript RT-PCR
kit (Invitrogen Carlsbad, CA). Real-time quantitative PCR
was performed using SYBR Green PCR reagent (Bio-Rad,
Hercules, CA) using the following PCR cycle parameters:
94°C for 2 min followed by 40 cycles of 94°C for 15 s, 55°C
for 30 s, and 72°C for 30 s with final extension at 72°C for
10 min.21 The 18S rRNA was used as control for comparison.
Primers are listed in Table S3.

Statistical analysis

Data were expressed as mean ± SE. A two-tailed Student’s t-
test was performed to identify statistically significant differ-
ences between two cohorts. A one-way analysis of variance
(ANOVA) with a post hoc analysis using Tukey’s multiple com-
parisons test was used to compare more than two cohorts.
Differences were considered significant when P ≤ 0.05.

Results

CKD induces cellular senescence markers in the
muscles of mice

To investigate the relationship between muscle atrophy and
senescence in CKD, a mouse partial nephrectomy model
was used. Two-month-old C57BL/6J mice were randomly
assigned to sham-operated, or 5/6th nephrectomy (CKD) co-
horts, and skeletal muscles were harvested 8 weeks after the
partial nephrectomy. Renal dysfunction in the CKD mice was
confirmed by measuring blood urea nitrogen (BUN) and se-
rum creatinine (Figure 1A). CKD mice had lower body
weights, muscle grip strength (Figure 1B), and individual
wet muscle weights (Figure 1C). Abundance of the DNA dam-
age marker γ-H2AX and the cell cycle arrest markers p21 and
p16INK4a were increased in the skeletal muscle of the CKD co-
hort compared to the sham operated cohort (Figure 1D). No-
tably, another senescence marker, p53, was not significantly
changed by CKD. Senescence-associated beta-galactosidase
(SA-β-gal) staining was higher in skeletal muscle of the CKD
mice (Figure 1E). All three senescence markers γ-H2AX, p21,

and p16INK4a were negatively correlated with the weights of
the gastrocnemius muscles (Figure 1F). These results docu-
mented the presence of a senescent phenotype in hindlimb
muscles of mice with CKD.

Limiting senescence with the senolytics
ameliorated muscle wasting in CKD mice

In earlier reports, a senolytic cocktail consisting of dasatinib
plus quercetin (D&Q) selectively eliminated senescent cells
in vivo and in vitro.18,22 To investigate the relationship be-
tween CKD-induced cellular senescence and muscle atro-
phy, CKD mice were administered D&Q twice a week for
8 weeks and muscles were evaluated for muscle loss and
markers of senescence. The amounts of histologically de-
tectable γ-H2AX, retinoblastoma protein (Rb: inhibitor of
cell cycle progression) and SA-β-gal were increased in the
gastrocnemius muscles of the CKD cohort vs shams
(Figure 2A) and administration of D&Q reduced these
markers of senescence. The intervention also prevented
the CKD-induced increase in p21 and p16INK4a and increased
the amounts of two cyclin-dependent kinases (CDKs) family
members, CDK1/2 and CDK4, in the muscle of CKD mice.
CDKs support progression of the cell cycle by inhibiting Rb.

Curiously, administration of D&Q did not significantly im-
prove the CKD-induced overall loss of body weight. However,
the treatment did cause an increase in the wet weights of the
gastrocnemius and TA muscles over the same muscles of
vehicle-treated CKD mice; the EDL and soleus muscles also
tended to be bigger but the differences from vehicle were
not significant. This improvement in muscle mass in CKD
mice translated into muscle function, indicated by an in-
creased in muscle grip strength (Figure 2(C)). The average
cross-sectional areas (CSA) of the myofibres were also larger
in the CKD plus D&Q cohort (means ± SE: 7845 ± 329) than in
the vehicle-treated CKD cohort (4907 ± 240, n = 500,
P < 0.001 vs. CKD/D&Q). The frequency distribution of fibre
cross-sectional area in the CKD plus D&Q cohort has a signif-
icant right shift (toward bigger cross-sectional areas) com-
pared to the CKD/vehicle cohort (Figure 2(D)). Markers of
muscle atrophy, FBXO32/atrogin-1, myostatin, and TRIM63/
MuRF1, were increased in the gastrocnemius of CKD mice,
versus controls and were reduced following treatment with
D&Q (Figure 2E). These data suggest that a rise in the popu-
lation of senescent cells in muscle contributes to muscle loss
and dysfunction.

Senolytics reduce inflammation in muscles of CKD
mice

SASP is a key feature of senescent cells that if persistent, can
lead to chronic inflammation and tissue damage.11 Inflamma-
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Figure 1 Cellular senescence appeared in the muscle of chronic kidney disease mice. A partial nephrectomy (5/6Nx) or sham operation (S) was per-
formed in two-month-old C57BL6 mice; sham and CKD mice were harvested 2-month later. (A) Blood urea nitrogen (BUN) serum and creatinine and (B)
body weight and hindlimb muscle grip strength were measured. (C) Changes of muscle weight in gastrocnemius, tibialis anterior (TA), extensor
digitorum longus (EDL) and soleus were evaluated in sham and CKD group. (D) the amount of p53, γ-H2A.X, p21, and 16

INK4a
were measured by im-

munoblot analysis in gastrocnemius muscle. The results are reported in the bar graph as the fold change of each protein, normalized to the GAPDH
(mean ± SE; n = 6/cohort; *P < 0.05; **P < 0.01; ***P < 0.001 vs. sham). (E) Muscles were stained with SA-β-gal (scale bar 50 μm), and the staining
was quantified using ImageJ software. The results are reported in the bar/point graph as percentage of positive area (mean ± SE; n = 6/group;
*P < 0.05; **P < 0.01; ***P < 0.001 vs. sham). (F) The gastrocnemius muscle weight was plotted versus the quantified senescence markers
γ-H2A.X, p21, and p16 and the data were analysed by linear regression. Each point represents one animal (n = 12).
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Figure 2 Limiting senescence with the senolytics ameliorated muscle wasting in CKD mice. CKD mice were fed a cocktail of dasatinib and quercetin
(D&Q) two times per week and skeletal muscles were harvested 8 weeks later. (A) γ-H2A.X+, Rb+, and SA-β-gal+ were stained in gastrocnemius (scale
bar 50 μm). The positive cells were counted using ImageJ software. The results are reported in the bar/point graphs as the percentage positive cells or
area for sham (S), CKD (Nx) CKD plus vehicle (V), and CKD plus D&Q (DQ) (n = 6/group; mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001). (B) The
protein level of senescence markers, γ-H2A.X, p21, 16INK4a, cyclin-dependent kinases (CDK)1/2, and CDK4 were measured by immunoblot analysis.
The graphs show the normalized fold changes of the indicated proteins compared with the levels of sham group (presented as one-fold) (n = 6/group;
mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001). (C) Muscle function was measured using a mouse grip strength meter with dual computerized sen-
sors to detect and record the grip force in each group of mice. Data are presented as mean ± SE (n = 6/group; KGF = kilogram force, ***P < 0.001). (D)
Representative images of muscle cross-sections immunostained with anti-laminin antibody are presented. Cross-sectional areas of 700–900 fibres per
cohort were measured and the frequency distribution of fibre CSA are reported in the bar graph: Sham (blue), 5/6Nx (red), 5/6Nx + vehicle (green), and
5/6Nx + D&Q (purple) (mean ± SE; n = 6/group; scale bars = 50 μm). (E) The muscle atrophy markers atrogin-1, MuRF1, and myostatin in the gastroc-
nemius muscle were measured by immunoblot analysis and normalized data are reported in arbitrary units in the bar/point graph (n = 6/group;
mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001).
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tion has been linked to CKD-induced muscle atrophy by
through activation of multiple proteolytic pathways.2,3 To
evaluate the contribution of senescent cells to muscle inflam-
mation in CKD mice, inflammatory cytokines in the gastrocne-
mius were evaluated by immunoblot analyses and real time
quantitative PCR. IL-1β and TNF-α were increased in the mus-
cles of the CKD cohort and when the senolytics cocktail was
administered, these proteins were reduced in muscle to the
levels in the control cohort (Figure 3A). Similarly, the expres-
sion of IL-1β, IL-6, TNF-α and IFN-γ mRNAs were increased in
muscles of CKD mice and provision of the senolytics elimi-
nated these responses (Figure 3B). These results indicate se-

nescent cells contribute to deleterious CKD-related inflamma-
tion in muscle.

Senolytics suppress senescent markers in muscles
of CKD mice

Healthy skeletal muscle is a post-mitotic tissue. In response
to injury or other physiologic stresses such as exercise, mus-
cle regenerates via a process that is involves activation, pro-
liferation, differentiation, and fusion of MPCs to myofibres.
When MPCs become senescent, muscle repair is impaired.

Figure 2 Continued
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To evaluate the regenerative capacity of muscle in CKD mice,
we evaluated the proliferation marker ki67, the MPC marker
Pax7+, and the senescent marker p21 by immunostaining
muscle cross-sections. The percentage of cells that were pos-
itive for ki67 (Figure 4A) and Pax7+ (Figure 4B1) were similarly
reduced in CKD mice whereas the percentage of cells that
were positive for p21 was increased; the ratio of Pax7+p21+/
Pax7+ cells, which indicates the proportion of senescent
MPC in the total MPC population, was also increased
(Figure 4B2). Treatment of CKD mice with the senolytic cock-
tail prevented these changes in proliferative and senes-
cence markers (Figure 4A,B). To further explore the impact
of senolytics on myogenesis, we performed immunoblot
analysis of pax7 and myogenin proteins in muscle. Consis-
tent with our other data, CKD suppressed both myogenesis
markers and provision of the senolytics cocktail reversed
the effect in muscle (Figure 4C). These results suggest that
senolytics improve MPC proliferation (increasing ki67 and
pax7 positive cells and protein) and decrease the popula-

tion of resident senescent cells (p21 positive cells) in mus-
cle of CKD mice.

Senolytics suppress uraemic serum-induced
senescence in MPCs

To determine if CKD-related serum factors are responsible
for inducing the MPC senescent phenotype, cultured
mouse MPCs were incubated with serum from CKD or
healthy patients. Uraemic serum reduced the percentage
of proliferating cells expressing ki67 (Figure 5A) and
increased the DNA damage indicator γ-H2AX, as well as
the senescence markers p21 and p16INK4a (Figure 5A). To
test whether the reduction in MPC proliferation was due
to a transition to senescence, p21 or p16INK4a were silenced
using siRNA and the rate of cell proliferation was mea-
sured. Uraemic serum significantly decreased the prolifera-
tion rate of culture MPCs and silencing p16INK4a or p21 re-

Figure 3 Senolytics reduce inflammation and senescent responses in muscle. CKD mice were treated with D&Q twice per week and gastrocnemius
muscles were harvested 8 weeks after surgery. (A) The abundance of IL-1β and TNF-α, proteins in gastrocnemius muscles, were measured by immu-
noblot analyses for sham (S), CKD (Nx) CKD plus vehicle (V), and CKD plus D&Q (DQ) cohorts. Data are reported in the bar/point graphs as the fold
change of normalized proteins of interest (n = 6/group; mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001). (B) Total RNA was isolated from gastroc-
nemius muscles of sham, CKD, CKD plus vehicle, and CKD plus D&Q mice. The relative abundances of mRNAs encoding IL-1β, IL-6, interferon gamma
(IFN) and TNF-α were measured by real time qPCR. Results are reported in the bar/point graph as the fold changes of individual mRNAs, normalized
with 18S, for each treatment cohort (n = 4/group; mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001).
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stored their ability to proliferate (Figure 5B). The silencing
of p21 or p16INK4a by siRNA was confirmed by
immunohistological analysis for these proteins in MPCs
(Figure S3).

In our in vivo studies, CDK1/2 and CDK4 were decreased in
the muscle of uraemic mice (Figure 2B), and the senolytic
cocktail reversed these changes. We next examined the role
of cyclin-dependent kinases on the CKD changes in MPC pro-

Figure 4 Senolytics suppressed senescent markers in muscles of CKD mice. (A) Immunostaining of ki67 was performed in frozen sections of gastroc-
nemius muscles harvested from sham (S), CKD (Nx), CKD + vehicle (V), and CKD + D&Q (DQ) mice. Results are reported in the Bar/point graphs as the
percentage of ki67 positive cells in uraemic muscles compared to shams by the arbitrary unit (bar: mean ± SE; scale bar = 10 μm; n = 6/group;
*P < 0.05; **P < 0.01; ***P < 0.001). (B) Sections of gastrocnemius muscles were double immunostained for p21 and Pax7. White arrows indicate
Pax7

+
cells (muscle progenitors) and pink staining represents p21

+
cells (senescent cells). DAPI staining was used to determine the number of nuclei

(total cell population). The percentages of pax7+ cells in the total cell population (B1) and p21+ cells in total pax7+ cells population (B2) were analysed
using image-J software and results are summarized in the bar/point graphs (bars: Mean ± s.e.; scale bar = 10 μm; n = 6/group; *P < 0.05; **P < 0.01;
***P < 0.001). (C) Proteins involved in muscle regeneration (Pax7 and myogenin) were evaluated by immunoblot analysis in samples from the gas-
trocnemius muscle of sham, CKD (Nx), CKD + vehicle (V), and CKD + D&Q (DQ) mice. Results are reported in the bar/point graph as the fold change
of each protein, normalized to GAPDH (n = 4/group; bar: mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001).

134 Y. Huang et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 126–141
DOI: 10.1002/jcsm.13112



liferation by overexpressing CKD1 or CKD4 in MPCs using ad-
enovirus mediated gene transfer (Figure S1A,B). Overexpres-
sion of CDK1 did not significantly change the proliferation

rate of MPCs; however, augmenting CDK4 sharply increased
the proliferation rate of MPCs incubated with either control
or uraemic serum (Figure 5C). The results indicate that the

Figure 5 Senolytics suppress uraemic serum-induced senescence in MPCs. (A) MPCs were isolated from the skeletal muscle of normal C57BL6 mice
and cultured in 2% control (CS) or uraemic serum (US) for 48 h and the amount of γ-H2A.X, p21, 16INK4a, and ki67 immunofluorescence was measured.
DAPI staining was used to determine the number of nuclei (total cell population). The percentages of positive cells for each marker are reported in the
bar/point graphs (scale bar = 50 μm). (B) MPCs were treated in 2% control or uraemic serum for 48 h. siRNAs corresponding to control (ctrlsi), p16
(p16si), or p21 (p21si) were transfected into the cells and cell proliferation was measured 48 h later. (C) MPCs were treated with 2% control or uraemic
serum for 48 h, followed by transduction with ad-ctrl, ad-CDK1 or ad-CDK4. After 48 h, cell proliferation was measured. Results are reported in the bar/
point graph; data represent the absorbance in arbitrary units for each group. N = 6/group; bar: mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001.
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CKD induced reduction in MPC proliferation is mediated by
serum factors that upregulate p21 and p16INK4a while simul-
taneously downregulating CDK4.

FOXO1 inhibits MPC proliferation via upregulating
p21

The FOXO transcription factors have been linked to induction
of p21 and senescence in non-muscle cell types.23,24 Consis-

tent with earlier studies, FOXO1 and FOXO3a were increased
in muscles of mice with CKD3 and administering senolytics to
CKD-mice prevented induction of the FOXOs (Figure 6A). To
explore the relationship between FOXO1/3a and cell prolifer-
ation, constitutively active FOXO1 or FOXO3a were overex-
pressed in MPCs. The number of p21+ cells was increased fol-
lowing overexpression of activated FoxO1 but not activated
FOXO3a (Figures 6B and S2). As seen in earlier experiments,
treating MPCs with uraemic serum increased the number of

Figure 6 FOXO1 inhibited MPC proliferation via p21. (A) FOXO proteins in gastrocnemius muscle of sham, CKD (Nx), CKD + vehicle (V), and CKD + D&Q
(DQ) mice were evaluated by immunoblot analysis. Results are reported in the bar/point graph as the fold change of FOXO proteins, normalized to
GAPDH (n = 6/group; bar: mean ± SE; *P < 0.05; **P < 0.01; ***P < 0.001). (B) MPCs were transfected with a plasmid encoding FOXO1a and the
levels of p21 immunofluorescence were measured. DAPI staining was used to measure the number of nuclei. FoxO1 intensity, the percentages of
p21+ cells were counted, and the results are presented in the bar/point graph (bars: mean ± SE; scale bar = 50 μm; *P < 0.05; **P < 0.01;
***P < 0.001). (C) MPCs were cultured in 2% control or uraemic serum and transfected with FOXO1a plasmid and/or p21 siRNA. Some cells were also
treated with D&Q. the number of p21+ or Ki67+ cells were measured. DAPI staining was used to determine the number of cell nuclei. The percentages
of p21

+
cells or ki67

+
cells in the cell population were calculated and summarized in the bar/point graphs (bars: mean ± SE; scale bar = 50 μm;

*P < 0.05; **P < 0.01; ***P < 0.001).
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p21+ cells and co-treatment with senolytics prevented the in-
crease by CKD serum (Figure 6C). Inclusion of D&Q with
uraemic serum also increased the number of ki67+ cells over
MPCs treated with uraemic serum alone, suggesting the
senolytic cocktail increased cell proliferation (Figure 6C2). Im-
portantly, overexpression of activated FoxO1 blocked the re-
sponses to senolytics in MPCs treated with uraemic serum
(Figure 6C) Moreover, knockdown of p21 by siRNA prevented
the senescence-inducing effect of FOXO1 as evidenced by
maintenance of the number of ki67+ MPCs (Figure 6C). These
findings suggest that CKD induces FoxO1, which then inhibits
proliferation of MPCs by upregulating p21.

Senolytics induce apoptosis in senescent MPCs

An important characteristic of senescent cells is they are re-
sistant to apoptosis.25 To test whether senolytics treatment

makes senescent cells more susceptible to apoptosis, MPCs
were incubated with uraemic serum with or without D&Q
and then cellular senescence markers (p16INK4a and p21)
were measured and apoptosis assessed using the TUNEL
method (Figure 7A,B). Uraemic serum alone slightly increased
apoptosis as evidenced by the elevated the number of TUNEL
+ cells in MPCs; the change was not statistically significant.
However, senolytics significantly increased apoptosis in MPCs
that expressed p16INK4a (Figure 7A) and p21 (Figure 7B).
These results indicate that senolytics only increase apoptosis
in senescent MPCs.

Discussion

Our investigation provides evidence that experimental CKD
leads to MPC senescence in the muscles of mice. In mice with
CKD for 8 weeks, elevated levels of the SA-β-gal, γ-H2AX

Figure 6 Continued
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which is a marker for DNA damage, and p16INK4a and p21
which are senescence signalling proteins, as well as cytokine
production are present in muscle; all are associated with a
senescence-associated secretory phenotype. Furthermore,
we found that a cocktail of senolytics reduced the levels of
senescent MPCs, improved MPC proliferation and markers
of myogenesis, and attenuated muscle wasting induced by
CKD. These positive actions of the senolytics were linked to
a suppression of FOXO1, p21, and p16INK4a (Figure 8).

In general, there are two causes of cellular senescence.
Telomerase dysfunction leads to telomere erosion that is
linked to proliferative exhaustion.26 This process is called rep-
licative senescence and is associated with the aging process. In
contrast, stress-induced premature senescence is caused by
stress stimuli in the absence of telomere shortening and the
process is reversible. Chronic exposure to oxidative stress,
hyperglycaemia, or radiation are examples of signals that can
cause stress-induced premature senescence.27 Stressors that

Figure 7 Senolytics induced apoptosis in senescent MPCs. MPCs were cultured in 2% control or uraemic serum and treated with vehicle or D&Q for
48 h. (A) MPCs were evaluated for apoptosis by TUNEL and for p16

INK4a
by immunostaining; DAPI staining was used to determine the number of nuclei.

TUNEL and p16INK4a positive cells are indicated by white arrows. The percentages of TUNEL positive cells that were also p16INK4a positive cells were
calculated and summarized in the bar/point graph (bars: mean ± SE; scale bar = 50 μm.; *P < 0.05; **P < 0.01; ***P < 0.001). (B) MPCs were eval-
uated for apoptosis by TUNEL and for p21 by immunostaining; DAPI staining was used to determine the number of nuclei. Both TUNEL and p21+ cells
were indicated by white arrows. The percentages of TUNEL+ cells that were also p21+ cells were calculated and summarized in the bar/point graph
(bars: mean ± SE; scale bar = 50 μm.; *P < 0.05; **P < 0.01; ***P < 0.001).
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induce DNA damage can cause cell cycle arrest and loss of its
proliferative capacity,28 leading to replicative or stress-
induced cellular senescence.28,29 The fact that knockdown of
the p21 or p16INK4a in uraemic serum-treated MPCs led to in-
creased expression of the proliferation marker ki67 indicates
that CKD causes stress-induced premature senescence.

The data from this study support a model whereby CKD ac-
tivates two senescence-inducing pathways (Figure 7). The
first pathway involves DNA damage and increased amounts
of γ-H2A.X and p16INK4a.28 The second pathway involves a
FoxO1/p21 axis. In general, p53 is a major transcriptional reg-
ulator of p21 but in our study, p53 was not increased in the
muscles of CKD mice. p53-independent p21 expression has
been described during cell-cycle arrest30 and others have re-
ported that expression of p21 is regulated by non-coding
RNA,31 the GSK3β/β-catenin axis,32 the p62-Skp2 axis33 and
PI3K-FOXO1/3a signalling.34 Both P21 and p16INK4a are
cyclin-dependent kinase inhibitors which can block the G1/S
and/or G2/M transition and impede cell cycle progression.35

The regulation of p21 by FOXOs was notable because we
and others have reported that FOXO1/3 in muscle are up-
regulated by CKD and are linked to myoblast
regeneration.17,24,36 In the current study, overexpression of
FOXO1 in MPCs resulted in increased p21 expression and re-
duced proliferation. Furthermore, administration of
senolytics to mice with CKD resulted in downregulation of
FOXO1 and improved MPCs proliferation plus the levels of

Pax7 and myogenin. An interesting finding in this study
was that overexpression of FoxO1, but not FoxO3, induced
p21 in MPCs. This selectivity of FOXO1 is consistent with
our earlier reports that FOXO1 is the dominant mediator
of muscle wasting in CKD.17,37

Senescent MPCs have two properties that likely contrib-
ute to frequent characterization of CKD as a chronic inflam-
matory state. First, senescent cells are resistant to apoptosis
and therefore persist is the senescence state.38 Second, they
develop a SASP that features persistent cytokine
production.12 Initially, cytokine production is beneficial to
promote tissue repair but because the cells remain frozen
in their cell cycle, they keep generating high levels of cyto-
kines which produce a local and systemic chronic inflamma-
tory state that causes tissue damage, can lead to muscle
wasting, and increase the risks of all-cause mortality.4,35 In
this study, we took advantage of senolytic agents that selec-
tively target senescent cells. Dasatinib is an inhibitor of mul-
tiple tyrosine kinases39 and quercetin is a plant pigment (fla-
vonoid); together, they induce apoptosis in senescent cells,
but not in proliferating or quiescent cells.35,40 Treatment of
CKD mice and isolated MPCs with D&Q reduced the expres-
sion of SA-β-gal, p16INK4a, and the inflammatory cytokines—
TNF-α, IL-6, and IL-1β—while restoring the proliferative
capability of MPCs. These actions coincided with improve-
ments in the muscle fibre size, grip strength and a reduction
in cachexia-related atrogenes. Others have similarly reported

Figure 8 Mechanisms responsible for MPC senescence in CKD. CKD induces DNA damage in MPCs and activates the FOXO1 transcription factor. DNA
damage increases p16INK4a whereas the activation of FOXO1 transcription factor increases p21. Both p16INK4a and p21 are cyclin-dependent kinase
(CDKs) inhibitors, which prevent cell cycle progression and lead to cell senescence. MPC senescence prevents muscle progenitor proliferation and in-
duces the SASP in MPCs which leads to their production of inflammatory mediators and subsequent muscle wasting. Administration of dasatinib plus
quercetin (D&Q) reduces CKD-induced muscle atrophy by downregulation of FoxO1 and P16INK4a as well as inducing apoptosis of senescent cells. This
reduction of senescent cells limits inflammation and attenuates muscle wasting and dysfunction.
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that D&Q administration to irradiated mice reduced p16INK4a

expression and SA-β-gal positive cells plus increased exercise
endurance and total work capacity.41

Another interesting observation in our study was the im-
provement in renal function seen in CKD mice treated with
senolytics. D&Q lowered BUN and serum creatinine while in-
creasing the size of some muscles and overall muscle func-
tion. Inflammation is a key event in the progression of renal
dysfunction and the anti-inflammatory effects of senolytic
agents may help improve kidney function.3 Recent evidence
suggests that cellular senescence plays an important role in
the pathogenesis of different forms of renal damage, includ-
ing acute and chronic kidney disease, and renal
transplantation.42 The systemic nature of D&Q treatment
suggests that senescent cells will be eliminated in multiple
tissues including kidney. Others recently reported that reduc-
tions in kidney function were associated with increased renal
production and release of activin A and other pro-cachectic
factors which acted on skeletal muscle to induce proteolytic
pathways and muscle wasting.43 Given the latter findings,
any improvement in renal function due to a reduction in re-
nal cell senescence could contribute to the improvements
in muscle size and function.

In summary, our study links cellular senescence to
uraemia-induced muscle atrophy and persistence of
low-grade systemic inflammation (Figure 8). The induction
of MPC senescence in CKD results from activation of
FOXO1/p21 and DNA damage induced upregulation of
p16INK4a. These actions inhibit cyclin-dependent kinases and
cell cycle progression (1–4). MPC senescence limits muscle
progenitor proliferation and increases inflammation via the
SASP, leading to muscle wasting. Administration of a
senolytic cocktail attenuates CKD-induced muscle loss by re-
ducing the production of inflammatory mediators, and by im-
proving the proliferative capability of MPCs. The treatment
also reduces activation of FOXO1 in myofibres which medi-
ates other atrophy-related changes in metabolism such as in-
creased muscle protein degradation. The findings suggest

that senolytics might be effective agents in the treatment
of muscle atrophy and weakness due to CKD.
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