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Abstract

Background Fibro-adipogenic progenitors (FAPs) in the muscles have been found to interact closely with muscle
progenitor/stem cells (MPCs) and facilitate muscle regeneration at normal conditions. However, it is not clear how
FAPs may interact with MPCs in aged muscles. Senolytics have been demonstrated to selectively eliminate senescent
cells and generate therapeutic benefits on ageing and multiple age-related disease models.
Methods By studying the muscles and primary cells of age matched WT mice and Zmpste24�/� (Z24�/�) mice, an
accelerated ageing model for Hutchinson–Gilford progeria syndrome (HGPS), we examined the interaction between
FAPs and MPCs in progeria-aged muscle, and the potential effect of senolytic drug fisetin in removing senescent FAPs
and improving the function of MPCs.
Results We observed that, compared with muscles of WT mice, muscles of Z24�/� mice contained a significantly in-
creased number of FAPs (2.4-fold; n > =6, P < 0.05) and decreased number of MPCs (2.8-fold; n > =6, P < 0.05).
FAPs isolated from Z24�/� muscle contained about 44% SA-β-gal+ senescent cells, in contrast to about 3.5%
senescent cells in FAPs isolated from WT muscle (n > =6, P < 0.001). The co-culture of Z24�/� FAPs with WT
MPCs resulted in impaired proliferation and myogenesis potential of WT MPCs, with the number of BrdU positive
proliferative cells being reduced for 3.3 times (n > =6, P < 0.001) and the number of myosin heavy chain (MHC)-
positive myotubes being reduced for 4.5 times (n > =6, P < 0.001). The treatment of the in vitro co-culture system
of Z24�/� FAPs and WT MPCs with the senolytic drug fisetin led to increased apoptosis of Z24�/� FAPs (14.5-fold;
n > =6, P < 0.001) and rescued the impaired function of MPCs by increasing the number of MHC-positive myotubes
for 3.1 times (n > =6, P < 0.001). Treatment of Z24�/� mice with fisetin in vivo was effective in reducing the
number of senescent FAPs (2.2-fold, n > =6, P < 0.05) and restoring the number of muscle stem cells (2.6-fold,
n > =6, P < 0.05), leading to improved muscle pathology in Z24�/� mice.
Conclusions These results indicate that the application of senolytics in the progeria-aged muscles can be an efficient
strategy to remove senescent cells, including senescent FAPs, which results in improved function of muscle
progenitor/stem cells. The senescent FAPs can be a potential novel target for therapeutic treatment of progeria ageing
related muscle diseases.
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Introduction

Muscle progenitor/stem cells (MPCs) progressively lose their
capacity for proliferation and myogenic differentiation during
the ageing process,1,2 likely through both autonomous and
non-autonomous mechanisms.3,4 The cell autonomous mech-
anism mainly involves increased DNA damage, telomere
shortening and activation of chronic inflammatory signalling
(i.e. NF-κB), whereas the cell non-autonomous mechanism
involves the regulatory roles of other types of neighbouring
cells in the tissues on the function of local stem cells.3–5

However, the mechanism of MPCs being regulated by
neighbouring cells during the ageing process of muscles
remains largely unknown.

Adjacent to MPCs in the skeletal muscle are myofibres, im-
mune cells, blood vessel endothelial cells and fibro-adipogenic
progenitors (FAPs).6–8 FAPs are tissue-resident mesenchymal
stromal cells (MSCs) characterized by the high expression of
PDGFR-α that play important roles in the homeostasis and
repair of multiple tissues.9,10 In the skeletal muscle, FAPs in-
teract closely with MPCs and facilitate muscle regeneration
in normal conditions.10,11 However, in diseased or dystrophic
muscle, FAPs can play a negative role for proper muscle
regeneration by promoting fibrosis and fatty infiltration.12–14

Our recent study in a muscular dystrophy mouse model
demonstrated that partial ablation of FAPs in dystrophic
muscle was able to mitigate muscle damage and delay the loss
of muscle function.15

Senescent cells (SnCs) accumulate with age in multiple tis-
sues where they are considered to be the driving factor for
numerous age-related disorders.16,17 Senescence is a cell fate
elicited in response to external and internal cellular stress
signals, which causes extensive changes in gene expression,
histone modifications, organelle function, elevated protein
production and profound morphologic and metabolic shifts.18

A significant fraction of SnCs release inflammatory factors,
chemokines, growth factors, proteases, bioactive lipids,
prostenoids, extracellular vesicles and pro-coagulant factors,
termed the senescence-associated secretory phenotype or
SASP.19–21 The genetic or pharmacologic elimination of se-
nescent cells in mouse models has shown therapeutic bene-
fits on ageing and multiple age-related disease models.21–24

Compounds able to induce apoptosis of SnCs specifically,
termed senolytics, include the combination of dasatinib and
quercetin (D + Q), navitoclax (ABT263), 17-DMAG and
fisetin.21–23,25–29 Senolytics selectively eliminate senescent
cells by targeting senescent cell anti-apoptotic (SCAP) signal-
ling pathways that are overtly upregulated in senescent cells,
such as BCL2 and BCL-xL.21–23,25

Hutchinson–Gilford progeria syndrome (HGPS) is an auto-
somal dominant disease associated with premature ageing
(progeria).30,31 Among various ageing-related symptoms, se-
vere muscle atrophy is also developed in HGPS patients.30,31

Cells in HGPS patients is defective in generating normal Lamin

A, a nuclear envelope protein.30,32 In normal cells, prelamin A
needs to undergo a final processing step mediated by the zinc
metalloprotease Zmpste24 that catalyses the cleavage of
farnesylated cysteine to produce mature, unfarnesylated
lamin A; however, genetic mutations in HGPS cells diminish
this final proteolytic cleavage step, resulting in the accumula-
tion of permanently farnesylated forms of prelamin A.30–32

Farnesyl-prelamin A is targeted to the nuclear envelope,
where it interferes with the integrity of the nuclear envelope
and causes misshapen cell nuclei.30–32 Zmpste24 is Lamin
A-processing zinc metalloproteinase required for generating
normal Lamin A, and knocking out Zmpste24 (Z24�/�) in mice
leads to accelerated ageing and ageing-related pathologies
common to HGPS. Z24�/� mice have been studied as an im-
portant murine model for HGPS and progeria ageing.33–35

Z24�/� mice are short lived (~6 months) and develop severe
musculoskeletal abnormalities including muscle atrophy.33–35

In this study, we have utilized the Z24�/� mouse model to
investigate the potential correlation between FAPs and MPCs
in aged muscle tissue. Our recent study of skeletal muscle of
Z24�/� mice revealed the increased dominance of PDGFR-α+

FAPs and exhaustion of MPCs in skeletal muscle, leading to a
higher ratio of FAPs/MPCs.36 Here, we demonstrate that
Z24�/� FAPs undergo cellular senescence and impair the
function of MPCs through a paracrine effect. Depletion of
senescent FAPs with the senolytic drug fisetin improved the
function of MPCs (i.e. proliferation and myogenesis poten-
tials), suggesting a clinically relevant approach for improving
MPC function in aged skeletal muscle and potential treat-
ment of HGPS.

Methods

Animal models

Zmpste24�/� (Z24�/�) mice are deficient in Zmpste24, a me-
talloproteinase involved in the formation of mature lamin A,
and are an established model for HGPS disease and prema-
ture ageing. Age-matched C57/BL6J mice were used as wild-
type (WT) controls. All mice were housed and maintained in
the Center for Laboratory Animal Medicine and Care (CLAMC)
at UTHealth (University of Texas Health Science Center at
Houston) in accordance with established guidelines and pro-
tocols approved by the UTHealth Animal Welfare Committee.
Both male and female mice were used for this study.

Isolation of FAPs and MPCs

Gastrocnemius muscles of Z24�/� mice and WT mice
(~5 months old) were surgically harvested and incubated in
minimal essential media containing 0.1% Collagenase A at
37°C for 1.5 h, as previously described.36,37 MSCs adhere to
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the culture surface quickly in hours, and MPCs maintain float-
ing in medium and only attach and start to grow 3 or 4 days
later.36,37 MPCs were then cultured in the proliferation me-
dium (DMEM with 20% FBS and 1% CEE/chicken embryo
extracts).36,37 FAPs (PDGFR-α + MSCs) were isolated and puri-
fied from MSCs with flow cytometry sorting after incubation
with anti-PDGFRα antibody (Cell Signaling). FAPs were known
to specifically express PDGFR-α, but not PDGFR-β (a marker
for perivascular cells such as pericytes), and PDGFR-β was
applied as a negative marker in cell sorting here to avoid
potential collection of cells positive with both PDGFR-α
and PDGFR-β. FAPs were then cultured in growth
medium (DMEM supplemented with 10% FBS). Muscle
stem/progenitor cells (MPCs) were isolated fusing the modi-
fied preplate technique,36,37 based on their slow adhering ca-
pacity to collagen-coated surface/substrate. MPCs were then
cultured in growth medium (DMEM supplemented with 20%
FBS and 1% chicken embryo essentials/CEE).

mRNA analysis via reverse transcriptase-PCR

Total RNA was obtained from MPCs using the RNeasy Mini Kit
(Qiagen, Inc., Valencia, CA) according to the manufacturer’s
instructions. Reverse transcription was performed using an
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules,
CA). Quantitative real-time PCR was performed using an
iCycler thermal cycler (Bio-Rad Laboratories). The
gene-specific primer sequences used are listed in Table 1 for
TNF-α, IL-1α, IL-1β, CXCL1, MCP1, IFN-γ, TGF-β1, p16 and IL-
10 and Gapdh, which was used as an internal control to nor-
malize gene expression. The cycling parameters used for all
primers were as follows: 95°C for 10 min; PCR, 40 cycles of
30 s at 95°C for denaturation, 1 min at 54°C for annealing

and 30 s at 72°C for extension. All data were normalized to
the expression of GAPDH.

SA-β-gal staining for senescent cells

The percent of senescent cells cultured in vitro and in skeletal
muscle tissue was measured using the SA-β-gal Staining Kit
(Cell Signaling Technology) following the manufacturer’s pro-
tocol. The number of cells positive for β-gal activity at pH 6, a
known characteristic of senescent cells, was determined. The
quantification of SA-β-gal+ cells in muscle tissues was per-
formed by calculating the ratio of the number of SA-β-gal+
cells to the number of myofibres (number of SA-β-gal+
cells/number of myofibres).

Cell co-culture system of FAPs and MPCs

MPCs from WT muscle were seeded in the lower chamber of
a transwell, with WT FAPs or Z24�/� FAPs being seeded in
the upper chamber. The pore size of the transwell membrane
was 0.4 μm and coated with a layer of Matrigel (20% of
Matrigel in water, 0.2 cm of thickness).

Fisetin treatment of cell co-culture system

For in vitro cell treatment, fisetin (Selleckchem, Houston TX)
was applied to treat the cell co-culture system of Z24�/�

FAPs and WT MPCs at 20 μM of concentration, and the pro-
liferation assay and myogenesis assay of WT MPCs were per-
formed and compared with non-treated controls.

Proliferation assay of WT-MPCs in co-culture
system

For proliferation assay, WT MPCs revived from frozen vial
were seeded as ~70% confluence in the lower chamber of
transwell, with WT or Z24�/� FAPs being co-cultured in the
upper chamber (8000 cells/cm2). Cells were then co-cultured
in the proliferation medium (DMEM medium containing 20%
FBS and 1% CEE) for 24 h (with or without fisetin) and contin-
ued to be cultured with BrdU added in the medium for an-
other 12 h. Thus, MPCs were fixed before cells reaching
confluency to make sure the cells were examined during their
proliferation state. MPCs were then imaged to compare the
number of BrdU+ WT MPCs for proliferation potential in
different cell groups (WT FAPs+ WT FAPs, WT FAPs+ Z24�/�

FAPs, WT FAPs+ WT FAPs+ fisetin and WT FAPs+ Z24�/�

FAPs+ fisetin).

Table 1 RT-PCR primer sequences

Gene Primer sequence

GAPDH Forward: TCCATGACAACTTTGGCATTG
Reverse: TCACGCCACAGCTTTCCA

TNF-α Forward: CCTGTAGCCCACGTCGTAG
Reverse: GGGAGTAGACAAGGTACAACCC

TGF-β1 Forward: CTCCCGTGGCTTCTAGTGC
Reverse: GCCTTAGTTTGGACAGGATCTG

IL-1α Forward: TCTCAGATTCACAACTGTTCGTG
Reverse: AGAAAATGAGGTCGGTCTCACTA

IL-1β Forward: GCAACTGTTCCTGAACTCAACT
Reverse: ATCTTTTGGGGTCCGTCAACT

CXCL1 Forward: CTGGGATTCACCTCAAGAACATC
Reverse: CAGGGTCAAGGCAAGCCTC

MCP1 Forward: TAAAAACCTGGATCGGAACCAAA
Reverse: GCATTAGCTTCAGATTTACGGGT

IFN-γ Forward: CAGCAACAGCAAGGCGAAAAAGG
Reverse: TTTCCGCTTCCTGAGGCTGGAT

p16 Forward: CGCAGGTTCTTGGTCACTGT
Reverse: TGTTCACGAAAGCCAGAGCG

IL-10 Forward: ATTTGAATTCCCTGGGTGAGAAG
Reverse: CACAGGGGAGAAATCGATGACA
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Myogenesis assay of WT-MPCs in co-culture
system

For myogenesis assay, WT MPCs were seeded as ~90% con-
fluence in the lower chamber of transwell, with WT or
Z24�/� FAPs being co-cultured in the upper chamber
(8000 cells/cm2); cells were co-cultured in the myogenic
differentiation medium (DMEM medium containing 2%
horse serum/HS), and allowed for differentiation for 96 h
with or without fisetin, before being fixed and imaged to
compare the number of myotubes formed by WT MPCs
in different cell groups (WT FAPs+ WT FAPs, WT FAPs+
Z24�/� FAPs, WT FAPs+ WT FAPs+ fisetin and WT FAPs+
Z24�/� FAPs+ fisetin). Multinucleated cells with two or
more nuclei in the cell were classified as myotubes. Immu-
nofluorescent staining of fMHC (fast-type myosin heavy
chain, a marker of myofibres/myotubes) was performed
to mark myotubes and indicate the progression of myo-
genic differentiation.

Fisetin treatment of mice

For in vivo treatment of Z24�/� mice, fisetin was solved in
10% EtOH and 90% PEG-400 in 10 mg/ml stock, and 4-
month-old mice were weighed and given fisetin (100 mg/kg)
weekly via oral gavage for 4 weeks. A control group of Z24�/�

mice were given the same volume of 10% EtOH and 90%
PEG-400 vehicle solution as the group with fisetin treatment.
Muscle tissues (gastrocnemius) were then harvested and fro-
zen for histology assays.

Immunofluorescent staining and imaging

Cultured FAPs and MPCs were fixed with 4% paraformalde-
hyde, and frozen tissue sections were fixed with 10% forma-
lin. The primary antibodies used - PDGFR-α (Cell Signaling),
CD68 (Abcam), p-4E-BP1 (Cell Signaling), Lamin A/C (Cell Sig-
naling), fMHC (fast-type myosin heavy chain, R&D Systems),
dystrophin (Abcam), collagen type IV (Cell Signaling) and
Pax7 (DSHB) were all applied at a 1:100 to 1:300 dilution. Cell
nucleus was stained with DNA binding reagent 4′,6-diami-
dino-2-phenylindole (DAPI). Immunofluorescent images of
cells were imaged and photographed with a Nikon
high-resolution microscope.

Trichrome staining

Fibrosis formation in muscle tissues was visualized by Masson
trichrome staining with the Trichrome Stain (Masson) Kit
(Sigma-Aldrich). Sections were incubated in Weigert’s iron
haematoxylin working solution for 10 min and rinsed un-

der running water for 10 min. Slides were transferred to
Biebrich scarlet-acid fuchsin solution for 15 min before in-
cubation in aniline blue solution for another 5 min. Slides
were then rinsed, dehydrated and mounted as earlier. The
ratio of the area of fibrotic collagen (blue) to the area of
normal muscle (red) was quantified to measure fibrosis
formation.

Muscle strength test

Four-limb hanging test was performed to measure and
compare muscle strength of Z24�/� mice with or without
fisetin treatment. Four-limb hanging test was done as
described in TREAT-NMD standard operating procedure
DMD_M.2.1.005.38,39 Briefly, the mouse was placed on a
wire grid and allowed to accommodate to this environment
for 3–5 s before the wire grid being turned upside down
above a cage filled with bedding. The wire grid holding
time (or ‘hang time’ in seconds) is defined as the amount
of time that it takes the mouse to fall from the inverted
screen, and is measured from the time the wire grid is
inverted to the time that the mouse falls off the wire grid.
The holding impulse associated with the hang test was cal-
culated as the longest hanging time multiplied by the body
weight (given as Newton-second; conversion factor is
9.806 Newton/kg).

Measurements of results and statistical analysis

Image analysis was performed using Nikon NIS-Elements
(Nikon Instruments, Inc.) and ImageJ software (version
1.32j; National Institutes of Health, Bethesda, MD). Data from
at least six samples from each subject were pooled for statis-
tical analysis. Prism software (GraphPad) was used to plot
graphs as mean ± standard deviation (SD). The statistical sig-
nificance of any difference was calculated using Student’s t-
test or one-way ANOVA test. P values < 0.05 were consid-
ered statistically significant.

Results

Z24�/� muscle displays increased number of FAPs
and decreased number of muscle stem cells

To interrogate the relative number of FAPs and MPCs in the
Z24�/� model, immunofluorescent staining of PDGFR-α
(a marker for FAPs) and Pax7 (a marker for muscle progeni-
tor/stem cells, MPCs) was performed with cryosections of
gastrocnemius muscle from aged-matched 5-month-old WT
and Z24�/� mice. Co-staining of dystrophin was performed
to verify the interstitial location of PDGFR-α + FAPs or
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Pax7 + MPCs among myofibres. Results showed that, com-
pared with WT muscle, there was a significant increase in
the number of PDGFR-α + cells and a decrease in the num-

ber of Pax7 + MPCs in Z24�/� muscle (Figure 1A), demon-
strating an increased ratio of FAPs/MPCs in the muscle of
Z24�/� mice.

Figure 1 Increased number of senescent FAPs in the Zmpste24�/� muscle. (A) Immunofluorescent staining were performed with WT and Z24�/� mus-
cle tissues for PDGFR-α + FAPs, and Pax7 + MPCs, with co-staining of dystrophin being applied to verify the interstitial location of PDGFR-α + FAPs or
Pax7 + MPCs among myofibres. SA-β-Gal staining was performed to identify senescent cells. The number of FAPs and senescent cells was increased in
Z24�/� muscle, whereas the number of MPCs was decreased. Data analysis was performed with random pictures from each group of muscle sections,
and the sample number here N = 6 (biological replicates). (B) Co-immunofluorescent staining of WT and Z24

�/�
muscle tissues for PDGFR-α+/p-4E-BP1

+ cells, confirming that a higher fraction of FAPs is positive with p-4E-BP1 in Z24�/� muscle. Data analysis was performed with random pictures from
each group of muscle sections, and the sample number here N = 6 (biological replicates).
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FAPs in Z24�/� muscle develop a senescence-like
phenotype

To explore the presence of senescent cells in skeletal
muscle from Z24�/� mice, cryosections of skeletal muscle
of WT and Z24�/� mice stained for SA-β-gal showed that
there is increase in SA-β-Gal+ cells in Z24�/� muscle

(Figure 1A). mTORC1 activation is a hallmark of senescent
cells, which is independent of growth factor signalling and
is relevant to higher metabolic stress and cellular
dysfunction.40,41 Immunofluorescence staining of PDGFR-α
and p-4E-BP1 (a substrate of mTORC1) indicated that a
large fraction of PDGFR-α + FAPs were also positive with
p-4E-BP1 (Figure 1B), indicating higher mTORC1 activation

Figure 2 Isolated primary FAPs from aged muscle contain higher ratio of senescent cells. (A) PDGFR-α + FAPs were isolated from WT and Z24�/� skel-
etal muscle by FACS based on PDGFR-α expression. (B) Immunofluorescent staining of WT and Z24�/� FAPs for p-4E-BP1 show that the ratio of p-4E-
BP1+ cells are higher in Z24

�/�
FAPs, compared with WT FAPs; SA-β-gal staining for senescent cells further confirm that there is increased ratio of

senescent cells in Z24�/� FAPs. Data analysis was performed with random pictures from each group of cells, and the sample number here N = 6 (three
biological replicates with two technical replicates for each). (C) Immunofluorescent staining of WT MPCs and WT FAPs for desmin to verify the myo-
genic nature of MPCs, in contrast to FAPs. Data analysis was performed with random pictures from each group of cells, and the sample number here
N = 6 (three biological replicates with two technical replicates for each).
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in these FAPs. In order to further characterize potential cel-
lular senescence in Z24�/� FAPs, PDGFR-α + FAPs were iso-
lated from WT and Z24�/� gastrocnemius muscles via flow
cytometry-based cell sorting (Figure 2A) and cultured for
6 h before being fixed for p-4E-BP1 immunostaining and
SA-β-gal staining (~2 × 104 FAPs/one well of 24-well plate).
In contrast to WT FAPs, it showed that there were much
more Z24�/� FAPs being positive with p-4E-BP1 and SA-
β-gal ( a marker of cellular senescence) (Figure 2B),
suggesting increased cellular senescence in Z24�/� FAPs.
Thus, in Z24�/� muscle, there was increased cellular
senescent in FAPs and decreased number of MPCs,
highlighting a potential interactive correlation between
the two types of cells, which is to be elucidated in the
following experiments.

Co-culture of Z24�/� FAPs with WT MPCs results in
impaired function of WT MPCs

Given the increased number of FAPs with senescent signa-
tures in Z24�/� muscle, we next set up cell co-culture system
to examine the potential impact of FAPs from Z24�/� muscle
on healthy muscle stem cells. MPCs were isolated from the
muscle of WT mice, and the myogenic purity of the cell pop-
ulation was verified by immunofluorescent staining of desmin
(a marker for myogenic cells), in contrast to FAPs from mus-
cle of WT mice (Figure 2C). FAPs from muscles of WT or
Z24�/� mice were co-cultured with WT MPCs in a transwell
system, with FAPs in the upper chamber and WT MPCs in
the lower chamber. Cell proliferation and myogenesis assays
of WT MPCs showed that Z24�/� FAPs in the cell co-culture

Figure 3 Fisetin treatment of cell co-culture system of Z24
�/�

FAPs and WT MPCs. (A) BrdU proliferation assay and myogenesis assay showed that the
proliferation and myogenesis potentials of WT MPCs were decreased when being co-cultured with Z24�/� FAPs; while the treatment of the co-culture
system of WT MPCs and Z24

�/�
with fisetin effectively rescued the proliferation potential of the WT MPCs; also, fisetin treatment of WT MPCs or

co-culture system of WT MPCs and WT FAPs did not affect the proliferation and myogenesis potentials of WT MPCs. Immunofluorescent staining
of f-MHC (fast-type myosin heavy chain) in WT MPCs was performed to compare myogenesis potential (myotube formation) in the co-culture system.
(B) Schematic presentation of the transwell co-culture system with WT FAPs or Z24

�/�
FAPs being cultured in the upper chamber and WT MPCs being

cultured in the lower chamber. (C) Quantitation of proliferation and myogenesis of the different groups shown in (A). The quantification of myotube
formation was presented by the fusion index of muscle cells, which is the number of nucleus incorporated into multinucleate myotubes (f-MHC+),
compared with total number of nuclei. Data analysis was performed with random pictures from each group of cells, and the sample number here
N = 6 (three biological replicates with two technical replicates for each).
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system led to the impaired proliferation and myogenesis po-
tential of WT MPCs (Figure 3A–C).

Treatment of Z24�/� FAPs with fisetin rescues the
impaired function of co-cultured WT MPCs

In order to directly implicate the potential effect of senescent
FAPs from Z24�/� skeletal muscle in impacting the function
of healthy WT MPC, we examined whether the removal of se-
nescent cells in FAPs with senolytic drug fisetin might rescue
the function of MPCs from healthy WT donors. When fisetin
(20 μM) was applied to the cell co-culture system of Z24�/�

FAPs and WT MPCs for 48 h, there was improved prolifera-
tion and myogenesis capacities of WT MPCs compared with
non-treated controls (Figure 3A–C). Fisetin treatment of WT

MPCs was also performed as a control group here to verify
the specific effect of fisetin on senescent cells (Figure 3A–C).

Fisetin treatment of Z24�/� FAPs causes the
apoptosis of senescent cells

In order to verify that fisetin can cause the apoptosis of se-
nescent cells in Z24�/� FAPs,WT FAPs and Z24�/� FAPs were
treated with or without fisetin for 36 h before performing SA-
β-Gal staining. It showed that the percentage of SA-β-Gal+
cells in Z24�/� FAPs was obviously reduced with fisetin treat-
ment (Figure 4A). Also, TUNEL assay was performed with WT
FAPs and Z24�/� FAPs treated with or without fisetin for
24 h, and it showed that there was increased apoptotic cells
in Z24�/� FAPs treated with fisetin, but not in WT FAPs
(Figure 4B). Further, qRT-PCR analysis of mRNA from WT

Figure 4 Fisetin treatment of WT and Z24�/� FAPs. (A) WT FAPs and Z24�/� FAPs were treated with or without fisetin for 36 h before performing SA-
β-gal staining. It showed that the percentage of SA-β-gal+ cells in Z24�/� FAPs was obviously reduced with fisetin treatment. Data analysis was per-
formed with random pictures from each group of cells, and the sample number here N = 6 (three biological replicates with two technical replicates for
each). (B) TUNEL assay was performed with WT FAPs and Z24�/� FAPs treated with or without fisetin for 24 h, and it showed that there was obviously
increased number of apoptotic cells in Z24

�/�
FAPs treated with fisetin, but not in WT FAPs. Data analysis was performed with random pictures from

each group of cells, and the sample number here N = 6 (three biological replicates with two technical replicates for each). (C) Quantitative RT-PCR
results for gene expression level of SASP factors, p16 and IL-10 in WT FAPs, Z24�/� FAPs and Z24�/� FAPs treated with fisetin.

3144 L. Liu et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3137–3148
DOI: 10.1002/jcsm.13101



FAPs, Z24�/� FAPs and fisetin-treated Z24�/� FAPs demon-
strated up-regulated expression of SASP factors and p16 in
Z24�/� FAPs, which however was down-regulated by fisetin
treatment of Z24�/� FAPs (Figure 4C).

Treatment of Z24�/� mice with fisetin leads to
increased number of muscle stem cells and
improved muscle phenotypes

In order to investigate the efficacy of senolytics on muscle
health in vivo, adult Z24�/� mice were treated with fisetin
(100 mg/kg bw) once per week via oral gavage for 4 weeks.
Immunostaining of muscle cryosections demonstrated fisetin
treatment decreased the number of PDGFR-α + cells and in-
creased the number of Pax7 + MPCs (Figure 5). In addition,
muscle pathology was also improved as evidenced by
reduced fibrosis formation (decreased collagen deposition),
reduced muscle atrophy (increased myofibre size) and in-
creased muscle strength (Figure 5). Taken together, these

data suggest that increased abundance of senescent PDGFR-
α + FAPs in Z24�/� skeletal muscle may be driving MPC loss
and dysfunction leading to age-associated muscle pathology,
which effect however can be rescued by senolytic removal
of senescent PDGFR-α + FAPs.

Discussion

Cellular senescence is a defined hallmark of ageing, contribut-
ing to the ageing process and age-related diseases and
disorders. Senotherapeutics, including senolytics and
senomorphics, have emerged as a promising strategy to ex-
tend human healthspan, given the ability of senotherapeutics
to extent healthspan and, in some cases, lifespan of rodent
models of ageing.21–23 In recent years, senolytics have been
widely studied in various types of tissues and disease models
and well have been well-proven for their beneficial effect in
delaying ageing or treating age-related diseases.21–25

Figure 5 Intermittent treatment of Z24�/� mice with fisetin by oral gavage effectively reduced the number of senescent FAPs and increased the num-
ber of MPCs in muscles. (A) SA-β-gal staining of Z24

�/�
skeletal muscle with or without fisetin treatment was performed to compare the number of

senescent cells; immunofluorescent staining of PDGFR-α + FAPs in Z24�/� skeletal muscle with or without fisetin treatment was performed to compare
the number of FAPs; immunofluorescent staining of Pax7 + MPCs in Z24�/� muscles with or without fisetin treatment was also performed to compare
the number of muscle stem cells, with dystrophin staining to show the location of myofibres; the trichrome staining of Z24

�/�
muscles with or without

fisetin treatment was performed to show the differential deposition of collagen and fibrosis formation. (B) Quantification of the amount of senescent
cells (number of cells per myofibre), PDGFR-α + FAPs (number of cells per nucleus), Pax7 + MPCs (number of cells per myofibre), fibrotic tissues (% of
cross-sectional area/CSA), myofibre size (diameter, μm) and muscle strength (mean holding impulse, N s). Data analysis was performed with random
pictures from each group of muscle section samples, and the sample number here N = 6 (six biological replicates).
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However, the potential effect and mechanism of senolytics in
regulating the function of MPCs in aged skeletal muscle re-
mains unclear. Here we demonstrate that a significantly
higher percentage of FAPs in the muscle from the Z24�/�

mouse model of HGPS develop senescence. Furthermore,
the SASP, including extracellular vesicles, inhibit the proper
function of MPCs, and treatment of senescent FAPs with
the senolytic fisetin rescued the function of MPCs in culture.
Finally, intermittent treatment of Z24�/� mice with fisetin
decreased the number of PDGFR+ cells and increased the
number of Pax7 + MPCs as well as improved muscle pathol-
ogy of progeria-aged mice.

FAPs are tissue-resident mesenchymal stromal cells (MSCs)
characterized by the high expression of PDGFR-α and are
heavily involved in tissue homoeostasis and repair
processes.9–11 Similarly, FAPs in the skeletal muscle can be ac-
tivated by injury to promote muscle regeneration.10,11 How-
ever, studies with severely diseased skeletal muscle demon-
strate that FAPs can become overtly activated, leading to
increased fatty infiltration and fibrosis formation, while also
potently repressing the proliferation and function of resident
muscle stem cells.12–14 Our recent study in muscular
dystrophic mice also revealed that partial ablation of FAPs in
dystrophic muscle can be achieved with a peptide targeting
adipose stromal cells (ASCs) that was able to mitigate muscle
damage.15 The results described here in Z24�/� mice show a
similar interaction between FAPs and MPCs, with the cell ratio
of FAPs/MPCs being elevated and the function of MPCs being
repressed like by senescent FAPs.

As senescent cells accumulate in the aged tissues, they
can exert profound effects on the growth and function of
normal cells by releasing SASP factors including
exosomes.18,20,42 Senescent cells play a critical role in
inducing or mediating various types of ageing-related
diseases.16–20 A reduction in the senescent cell burden can
be achieved with several different classes of senolytics
including the combination of dasatinib and quercetin
(D + Q), navitoclax (ABT263) and related Bcl-2 family mem-
ber inhibitors, HSP90 inhibitors such as 17-DMAG and the
flavonoid fisetin.21–29

Fisetin is a member of the flavonoid family, a family of
naturally occurring polyphenolic compounds, present in
many fruits and vegetables such as apples, persimmon,
grapes, onions and cucumbers and, in particular, in
strawberries. Fisetin has been reported to have multiple
functions including blocking the PI3K/AKT/mTOR pathway,
inhibiting topoisomerase inhibitor, increasing the catalytic
activity of SIRT1 and inhibiting the activity of several pro-
inflammatory cytokines, including TNF-α, IL-6 and the
transcription factor NF-κB. Fisetin has direct activity as a re-

ducing agent, chemically reacting with and neutralizing reac-
tive oxygen species. Fisetin is anti-oxidant that scavenges
free radicals as well as up-regulates synthesis of glutathione.
It also has been reported to inhibit BCL-XL,

25 which may also
be important for its senolytic activity. Because senescent cell
usually takes weeks to re-accumulate, intermit administra-
tion of senolytics is efficient to achieve therapeutic
effects.21–23 Here, we demonstrated that weekly administra-
tion of fisetin by oral gavage is effective in eliminating many
of senescent FAPs and rescuing the growth and function of
MPCs.

In summary, our results demonstrate that senescent FAPs
play an important role in negatively regulating MPC function
in muscle from Z24�/� mice and that the elimination of se-
nescent FAPs with senolytics is effective in rescuing MPC
number and function. Importantly, these results suggest that
senescent FAPs represent a new therapeutic target for
delaying muscle pathology associated with HGPS and possibly
also with natural ageing.
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