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Abstract

Background: Skeletal muscle atrophy and fibrosis are pathological conditions that contribute to morbidity in
numerous conditions including aging, cachexia, and denervation. Muscle atrophy is characterized as reduction of
muscle fiber size and loss of muscle mass while muscle fibrosis is due to fibroblasts activation and excessive
production of extracellular matrix. Purinergic receptor P2Y2 has been implicated in fibrosis. This study aims to
elucidate the roles of P2Y2 in sleketal muscle atrophy and fibrosis.

Methods: Primary muscle fibroblasts were isolated from wild type and P2Y2 knockout (KO) mice and their
proliferating and migrating abilities were assessed by CCK-8 and Transwell migration assays respectively. Fibroblasts
were activated with TGF-31 and assessed by western blot of myofibroblast markers including a-SMA, CTGF, and
collagen I. Muscle atrophy and fibrosis were induced by transection of distal sciatic nerve and assessed using
Masson staining.

Results: P2Y2 KO fibroblasts proliferated and migrated significantly slower than WT fibroblasts with or without TGF-
B1.The proliferation and ECM production were enhanced by P2Y2 agonist PSB-1114 and inhibited by antagonist
AR-C118925. TGF-B31 induced fibrotic activation was abolished by P2Y2 ablation and inhibited by AKT, ERK, and PKC
inhibitors. Ablation of P2Y2 reduced denervation induced muscle atrophy and fibrosis.

Conclusions: P2Y2 is a promoter of skeletal muscle atrophy and activation of fibroblasts after muscle injury, which
signaling through AKT, ERK and PKC. P2Y2 could be a potential intervention target after muscle injury.
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Background

Muscle atrophy may occurs as a systemic response to
fasting and various diseases including cancer, AIDS,
cardiac and renal failure, and sepsis or in specific mus-
cles due to denervation or inactivity [1-3]. The degrad-
ation of both myofibrillar and soluble proteins is
accelerated during atrophy. Denervation causes several
biochemical, morphological and physiological changes in
the muscle fiber, which might proceed to terminal atro-
phy [4]. Although muscle atrophy is a result of inhibition
of protein synthesis and / or acceleration of proteasomal
degradation, many singaling pathways have been impli-
cated in skeletal muscle atrophy [5].

Fibroblasts are metabolically active cells and exist in
most tissues of the body, which play critical roles main-
taining tissue integrity, regulating extracellular matrices,
interstitial fluid volume and pressure, and wound healing
[6, 7]. Fibroblasts are characterized as vimentin*, o-
smooth muscle actin (a-SMA)~, and desmin~, whose
ability to produce and respond to growth factors main-
tains the homeostasis of adjacent cell types such as epi-
thelial and endothelial cells [6]. Fibroblasts are the
dominant type of cells within the connective-tissue cell
family and its physiological roles include producing
ECM production and regulating tissue homeostasis and
inflammation and the differentiation of the surrounding
cells [8]. Moreover, fibroblasts are also the source of the
matrix metalloproteinases (MMPs) [9] that are involved
in matrix remodeling, cell motility, proliferation, and
death. The array of growth factors secreted by fibroblasts
further facilitate interactions among surrounding cells
[10]. In skeletal muscle, fibroblasts produce the amority
of the extracellular matrix (ECM) [11, 12] even though
they only account for a small number of cells [13]. These
fibroblasts reside in the interstitial space between muscle
fibers and play a critical role in maintaining muscle
structure. Moreover, fibroblasts are required for muscle
regeneration as the differentiation of satellite cells is pre-
mature and muscle fibers are poorly regenerated with
decreased diameters when fibroblasts are ablated [14].

Activated fibroblasts are the main effectors for the ini-
tiation of fibrosis as a result of excessive collagen depos-
ition and an improper extracellular matrix [15].
Fibrobalasts are activated by TGF-Bf1 and other factors
and differentiate into myofibroblasts, which are contract-
ile and express a-SMA and the synthesize extracellular
matrix proteins. Both acute (e.g. stroke or muscle
trauma) and chronic (e.g. muscular dystrophy and cere-
bral palsy) injuries could cause skeletal muscle fibrosis
[16, 17]. Regeneration is initiated by muscles after dam-
ages but dystrophin is lack from the regenerated muscle,
which eventualy causes myofiber necrosis. The muscle
damage induces an inflammatory response cascade in-
volving the inflitration of inflammatory cells into the
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injured tissue [18, 19]. These inflammatory cells release
soluble mediators (alarmins, cytokines, chemokines) that
promote the activation of fibroblasts and ECM produc-
tion. Moreover, muscular dystrophies induced chronic
inflammation results in a positive feedback secretion of
inflammatory cytokines from fibroblasts and additional
ECM production [18-20]. The chronic inflammation in-
duces persistent activation of skeletal muscle fibroblasts
and ECM overproduction in the diseased muscle, which
ultimately causes muscle fibrosis.

P2Y receptors are a family of purinergic G protein-
coupled receptors which are stimulated by nucleotides.
There are 8 mammanlian P2Y family members identified
so far: P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13
and P2Y14 [21]. P2Y2 is strongly activated by both ATP
and UTP with approximately equal potency while it is
insensitive to or only weakly activated by ADP or 2-
methylthio ADP (2MeSADP) [22]. P2Y2 is coupled to
Gg/os,12 and signals through phospholipase C (PLC) and
Ca®* to induce cell proliferation and migration [23]. De-
letion of P2Y2 gene completely blocked ATP and UTP
induced Ca®* responses in fibroblasts [24] and impaired
skin wound healing [25]. Moreover, P2Y2 is overex-
pressed in idiopathic pulmonary fibrosis patients or the
lungs of bleomycin treated mouse [26]. P2Y2 has been
shown to play important roles in in human airway epi-
thelia repair and remodeling through regulating the pro-
liferation and migration of pulmonary endothelial cells,
smooth muscle cells and fibroblasts, collagen deposition,
and neovascularization [27]. UTP activates P2Y2 recep-
tor in cardiac fibroblast to elicit a profibrotic response
[28]. However, it is not clear whether P2Y2 plays a role
in denervation caused muscle atrophy and fibrosis. This
study aims to investigate the role of P2Y2 receptor in
the activation of myofibroblasts and skeletal muscle
fibrosis.

Material and methods

Ethics approval and consent to participate

The animal protocol was approved by the institutional
animal care and usage committee of Navy Medical
University (Approval #: NMU-20190037). All procedures
were performed strictly conforming with the approved
protocol and the Guidelines for Laboratory Animal
Wellness issued by the Ministry of Science and Technol-
ogy of China, and the study was carried out in compli-
ance with the ARRIVE guidelines.

Skeletal muscle injury model

C57B/] and P2Y2 knockout mice were purchased from
Shanghai Nanfang Model Animal Biotechnology Co
(Shanghai, China). After quarantine and acclimation, 8
week old male WT and P2Y2 KO mice were used to
establish  skeletal muscle injury model. After
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anesthetizing the mice by intraperitoneal injection of
100 mg/kg ketamine (catalog no. 511485, Merck & CO.,,
Kenilworth, NJ), the skin of the left hind leg was incised
and the muscles were separated. The sciatic nerve was
exposed and about 1/3 to 1/2 of the distal sciatic nerve
was transected and ligated with a size 7 nylon suture.
The skin was sutured back and penicillin ointment was
applied to the wound area for 3 days and the mice were
kept in the SPF facility. Five mice (WT and P2Y2 KO
each) were sacrificed by CO, inhalation followed by cer-
vical dislocation and gastrocnemius muscle tissues were
removed from the left (injured side) and right (normal
control) hind legs of each mouse at 2, 4, and 6 weeks
post-injury.

Masson staining

Muscle fibrosis was evaluated by Masson staining, which
was performed using a commercially available kit (Servi-
ceBio, Shanghai, China). The sections were deparaffi-
nized and rehydrated in xylene for 20 min twice,
anhydrous ethanol for 5min twice, 75% ethanol for 5
min, and rinsed with distilled water. The slides were
immesed in potassium dichromate working solution
overnight and washed with distilled water, immersed in
iron hematoxylin staining solution for 3 min and washed
in distilled water, immersed in ponceau acid fuchsin for
5-10 min, rinse with distilled water, dipped in molybdo-
phosphoric acid solution for 1-3 min and then in the
aniline blue dyeing solution for 3—6 min, differentiated
with 1% glacial acetic acid and dehydrated in two rounds
of absolute ethanol. The slides were passed through a
third round of 100% ethanol for 5min and then in xy-
lene for 5 min before sealed with neutral gum.

Isolation of primary fibroblasts from mouse skeletal
muscle

Mouse skeletal muscle fibroblasts were isolated using
differential attachment method. Briefly, after the wild
type and P2Y2 KO mice were sacrificed, the skin of the
thighs was carefully removed and the entire hind legs
were dissected and placed in a petri dish containing RP-
1640. Under a dissecting microscope, the muscles from
mouse thighs were dissected out and the blood vessels
and bones were removed from the muscles. The muscle
tissues were placed in a new petri dish (on ice) and cut
into 2 mm? pieces (slurry). The tissue slurry was trans-
ferred into a 50ml centrifuge tube containing 3 ml
DPBS. Then dissociation enzyme solution (Collagenase
Type 2 final concentration 0.2% and Neutral Protease
final conc. 0.5U/ml) was added, mixed with gentle
shake, incubated at 37 °C for 45 min with periodic gentle
shake. At the end of incubation, 5ml fibroblast growth
medium (FGM, Millipore-Sigma, Shanghai, China) was
added into the tube and gently blew the mixture 5-8
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times with a 10 ml pipette. and then add 12 ml of FGM
culture solution. The cell suspension was passed through
a 70 um cell strainer and then centrifuged at 300g at
4°C for 5 min. The cells were resuspended in 5 ml FGM
and passed through a 40 um disposable strainer. The
cells were cultured at 37°C in a 5% CO, incubator for
40 min. After gentle shaking, The non-adherent cells
and culture medium were aspirated and remaining cells
were cultured in fresh FGM at 37°C in a 5% CO,
incubator.

Quantitative real-time polymerase chain reaction (RT-
qPCR)

The change of gene expression at mRNA level was
assessed with RT-qPCR. RNA was extracted using
RNeasy mini kit (Qiagen, Germantown, MD) following
manufacturer’s manual. Total RNA (0.5 pg) was reverse-
transcribed into ¢cDNA using Invitrogen SuperScript III
Reverse Transcriptase kit (ThermoFisher, Shanghai,
China). Real-time RT-PCR amplication was carried on
an ABI 7500 Fast (Applied Biosystems, Foster City, CA)
using SYBR Premix Ex Taq™ kit (Takara, Dalian, China).
The PCR primers were ACCCTCAACGCCATCAACAT
and CGTCTTGAGTCGTCACTGCT for P2Y2; CTTC
GTGACTACTGCCGAGC and AGGTGGTTTCGTGG
ATGCC for a-SMA; CGATGGATTCCCGTTCGAGT
and CGATCTCGTTGGATCCCTGG for Collal;
TCCGGACACCTAAAATCGCC and TTCATGATCT
CGCCATCGGG for CTGF and CCGAGAATGGGAAG
CTTGTC and AAGCACCAACGAGAGGAGAA for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The relative gene expression level was calculated with
242 method using GAPDH as internal control.

Western blot

Western blot was performed following previously pub-
lished method [29] to analyze the changes of specified
proteins. Briefly, primary skeletal muscle fibroblasts were
lyzed with RIPA buffer (Beyotime Bio, Shanghai, China)
supplemented with proteinease inhibitor and phosphat-
ase cocktail (Sigma, St. Louis, MO) and total proteins
(40 pg) were resolved on 8% SDS-PAGE gels and trans-
ferred onto PVDF membranes. The membranes were
blocked in 5% nonfat milk in TBST (50 mM Tris, pH
7.5; 150 mM NaCl; 0.1% Tween 20) for 45 min, incu-
bated with primary antibodies at 4 °C overnight, washed
and incubated with proper horseradish peroxidase con-
jugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) at room temperature for 60 min before
visualized with enhanced chemiluminescence (ECL) re-
agents (Pierce, Rockford, IL). The primary antibodies
used were Col I antibody, a-SMA antibody, CTGF anti-
body, TGF-B1 antibody, Fibronectin antibody, p-AKT
antibody, AKT antibody, p-ERK antibody, PKC antibody,
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p-PKC antibody and B-Actin Antibody (sc-47,778) were
purchased from Santa Cruz Biotech (Shanghai, China).

Cell counting kit 8 (CCK-8) assay

CCK-8 assay was used to assess the viability and prolif-
eration of skektal muscle fibroblasts. Five thousand
fibrolasts per well were seeded in 96 well plates and
cultured at 37 °C with 5% CO, for 24 h with or without
treatement. Ten microliter of CCK-8 working solution
(Beyotime, Shanghai, China) was added to each well
and incubated at 37°C for 2h before the absorbance
was measured at 450 nm using a microplate reader
(Molecular Devices, San Jose,CA).

Migration assay

The role of P2Y2 in primary muscle fibroblast migration
was assessed by scratch wound healing assay [30].
Briefly, an aliquot of 200 ul of the fibroblasts (5 x 10*/
ml) cell suspension (without FBS) was placed into the
upper chamber of a Corning Transwell 24 Permeable
Support Culture Plate (Sigma, St Lois, MO.) and 500 pl
complete medium into the lower chamber. The cells
were cultured 12 h before the membrane was fixed with
10% cold methanol at 4 °C for 10 min. The cells on the
top side of the membrane were wiped off and the mem-
brane was stained with crystal violet. The number of mi-
grated cells was counted in 5 random fields (x 200).

Statistical analysis

The data were expressed as mean + standard deviation.
The difference between the groups was determined
using one-way analysis of variance (ANOVA) or two-
tailed Student’s t-test. A p values less than 0.05 was con-
sidered statistically significant.

Results

Ablation of P2Y2 alleviated denervation induced skeletal
muscle atrophy and fibrosis

To investigate the roles of P2Y2 in skeletal muscle in-
jury, we assessed gastrocnemius muscle atrophy and fi-
brosis of both wild type and P2Y2 KO mice after
denervation. The loss of muscle mass in WT mice was
deteriorated along the time after denervation (Fig. 1a-b).
The muscle mass loss was significantly reduced in P2Y2
KO mice (Fig. 1a-b). Moreover, the loss of muscle mass
was continued in wild type mice but stoped in P2Y2 KO
mice at 6 weeks after denervation (Fig. la-b). At the
same time, the interstitial collagens were significantly
less in P2Y2 KO mouse gastrocnemius muscle than that
of wild type mice at all time points after denervation
(Fig. 1a and c).
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P2Y2 enhances the proliferation of skeletal muscle
fibroblasts

As P2Y2 knockout alleviated denervation-caused muscle
loss and fibrosis, we next probed the roles of P2Y2 in
regulating the biological behavior and function of muscle
fibroblasts. Skeletal muscle fibroblasts (Fig. S1) from
P2Y2 knockout mice proliferated significantly slower
than those from wild type mice (Fig. 2a). TGF-p1 treat-
ment inhibited the proliferation of both wild type and
P2Y2 KO fibroblasts but P2Y2 KO fibroblasts still prolif-
erated much slower than wild type fibroblasts (Fig. 2a).
P2Y2 antagonist AR-C118925 significantly inhibited
while agonist PSB-1114 slightly enhanced the prolifera-
tion of WT fibroblasts (Fig. 2b).

P2Y2 promotes the motility of skeletal muscle fibroblasts
Next the role of P2Y2 in cell motility was assessed by
Transwell migration assay. The migration rate of P2Y2
KO fibroblasts was about 2-time lower than that of WT
fibroblasts (Fig. 3).

Fibroblast activation and ECM production were promoted
by P2Y2

The protein levels of TGF-B1, CTGF, Collagen I, and
fibronectin of WT fibroblasts were substantially in-
creased by P2Y2 agonist PSB-1114 and inhibited by
P2Y2 antagonist AR-C118925 (Fig. 4a). Moreover, P2Y2
null fibroblasts were drastically insensitive to exogenous
TGEF-B1 induced activation. The upregulation of myofi-
broblast marker a-SMA, Col I and CTGF induced by
TGEF-B1 was very much subdued in P2Y2 null fibroblasts
(Fig. 4b).

P2Y2 signaling through AKT, ERK, and PKC

To identify the downstream signaling pathways of P2Y2
receptor, we compared the activation of different protein
kinases by P2Y2 agonist in WT and P2Y2 null fibro-
blasts. Deletion of P2Y2 drastically reduced the phos-
phorylation of AKT, ERK, and PKC (Fig. 5a). Moreover,
the expression of myofibroblast markers a-SMA, Col I
and CTGF in WT fibroblasts was considerably inhibited
by AKT inhibitor MK-2206 2HCIl, ERK inhibitor FR
180204, and PKC inhibitor Calphostin C (Fig. 5b).

P2Y2 promotes skeletal muscle fibroblast proliferation
and migration through AKT, ERK, and PKC

The proliferation rate of WT fibroblasts was much
higher than P2Y2 knockout fibroblasts and the prolifera-
tion of WT fibroblasts was significantly inhibited by
AKT inhibitor MK-2206 2HCI, ERK inhibitor FR
180204, and PKC inhibitor Calphostin C (Fig. 6a). Mean-
while, inhibition of AKT, ERK, and PKC also suppressed
WT fibroblast migration, which was markedly higher
than P2Y2 knockout fibroblast (Fig. 6b-c).
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Fig. 1 P2Y2 exacerbated denervation caused skeletal muscle atrophy and fibrosis. a Representative pictures of masson staining of mouse
gastrocnemius muscle different time after denervation. b Loss of muscle mass as a percentage of non-denervated control leg mass
gastrocnemius at specified time (n = 5). ¢ Fibrosis area of denervated gastrocnemius muscle was measured with Image J. WT, C57BI/6 N wild type;
KO, P2Y2 knockout. * p < 0.05 compared to wild type of the same time point
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Discussion

The current study elucidated the role of P2Y2 in the prolif-
eration, migration, and activation of skeletal muscle fibro-
blasts. Knockout P2Y2 inhibited the proliferation and
migration of fibroblasts at both basal and TGF-B1 treated
levels. Activation of P2Y2 increased and antagnization of
P2Y?2 reduced the proliferation of fibroblasts. The activation
of AKT, ERK and PKC in fibroblasts by ATP in P2Y2 null
fobroblasts was significantly weaker than in WT fibroblasts.
Inhibiting AKT, ERK and PKC blocked the effects of P2Y2
in fibroblast proliferation, migration and activation.

Besides promoting skeletal muscle fibrosis and muscle
mass loss after injury, P2Y2 receptor has been shown to
regulate the activation and function of fibroblasts under
various conditions and diseases. Extracellular ATP could
more strongly enhance IL-6 production in systemic scler-
osis fibroblasts than in normal fibroblasts, which was sig-
nificantly inhibited by selective P2Y2 receptor antagonists
AR-C118925XX. Moreover, AR-C118925XX also inhib-
ited ATP-induced phosphorylation of p38 and collagen I
production in systemic sclerosis fibroblasts [31]. ATP in-
duced transient increases in intracellular Ca**



Chen et al. BMC Musculoskeletal Disorders (2021) 22:680

Page 6 of 10

= 1 *
=]
S *
E
g 3
g ——WT
by —8—WT+TGF-b1
£ 27 KO
= ——KO+TGF-b1
D
&
1
0

Oh 24h 48h 72h

Fig. 2 P2Y2 promoted the proliferation of skeletal muscle fibroblasts. a Primary fibroblasts isolated from wild type or P2Y2 KO mice were cultured
at 37 °C with or without TGF-B1 and assayed with cell counting kit-8 at 0, 1, 2 and 3 days. b Wild type skeletal muscle fibroblasts were treated
with 10 uM PSB-1114 or 100 uM AR-C118925 for 6, 12, 24, 48, 64, and 72 h and assayed with cell counting kit-8. WT, C57BI/6 N wild type; KO, P2Y2
knockout; PSB, PSB-1114; AR-C, AR-C118925. * p < 0.05 between specified two groups (a) or compared to wild type (b)
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concentration and contraction of rat intestinal subepithe-
lial myofibroblasts were inhibited by selective P2Y2
antagonist AR-C118925 ([32]. Knockout P2Y2 blunted
UTP-induced Ca** responses and inhibited ERK and PKC
activation in mouse cardia fibroblasts, leading to
moderation of fibrotic remodeling and fibrosis of hearts
[33]. In a full-thickness skin wound model, WT mice had
significantly decreased wound size than P2Y2 knockout
mice 14 days after injury, and silencing P2Y2 expression in
mouse skin fibroblasts reduced their migration and ECM
production [25]. Taken together, P2Y2 plays a critical role
in regulating the pysiological function of fibroblasts of
different tissues and mediating various pathological
processes.

The current data showed that P2Y2 played an import-
ant role in fibroblast activation, ECM deposit, and
muscle atrophy after denervation. Many other genes
and / or pathways were involved in the pathophysio-
logical changes of muscle injury and repair. Transcrip-
tome analyses demonstrated that many physiological
processes and genes were implicated in muscle atrophy
and fibrosis [34-36]. A transcriptional signature of
skeletal muscle atrophy was identified in human and
mouse fasting muscle, which including 35 upregulated
genes and 40 downregulated genes in both human and
mouse skeletal muscle after fasting [34]. Moreover, 4
distinct transcriptional phases were identified in rat
tibialis anterior muscle after denervation and genes

Fig. 3 Cell migration was reduced by P2Y2 ablation. a Wild type and P2Y2 knockout mouse skeletal muscle fibroblasts were subjected to Transwell migration
assay and typical pictures were shown. b quantitative analysis of migration assay results. WT, C57Bl/6 N wild type; KO, P2Y2 knockout. **, p < 0.01
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Fig. 4 P2Y2 enhanced fibrotic activity of skeletal muscle fibroblasts. a Western blot detection of the expression of fibrotic genes TGF-31, CTGF,
Collagen 1, and Fibronectin 1 after mouse skeletal muscle fibroblasts were treated with 10 uM PSB-1114 or 100 uM AR-C118925 for 12 h. B.
Immunofuorescence detection of a-SMA, collagen I, and CTCF in wild type and P2Y2 KO mouse skeletal muscle fibroblasts treated with or
without 10 uM TGF-31. WT, C57BI/6 N wild type; KO, P2Y2 knockout; PSB, PSB-1114; AR-C, AR-C118925; TGF, TGF-31
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Fig. 6 P2Y2 promotes skeletal muscle fibroblast proliferation and migration through AKT, ERK, and PKC. a Mouse skeletal muscle fibroblasts were
treated with MK-2206 2HCI, FR 180204, and Calphostin C for 72 h and assessed by CCK-8 assay. b Mouse skeletal muscle fibroblasts were treated
with MK-2206 2HCI, FR 180204, and Calphostin C and subjected to Transwell migration assay. ¢ Quantitative analysis of migration rate * p < 0.05

compared to WT. WT, C57BI/6 N wild type; KO, P2Y2 knockout; MK, MK-2206 2HCI; FR, FR 180204; CC, Calphostin C. * p < 0.05 compared to WT
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