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Abstract

Background Mammalian skeletal muscles consist of two main fibre types: slow-twitch (type I, oxidative) and fast-twitch
(type IIa, fast oxidative; type IIb/IIx, fast glycolytic). Muscle fibre composition switch is closely associated with chronic
diseases such as muscle atrophy, obesity, type II diabetes and athletic performance. Prostaglandin D2 (PGD2) is a bioactive
lipid derived from arachidonic acid that aggravates muscle damage and wasting during muscle atrophy. This study aimed
to investigate the precise mechanisms underlying PGD2-mediated muscle homeostasis and myogenesis.
Methods Skeletal muscle-specific PGD2 receptor DP2-deficient mice (DP2fl/flHSACre) and their littermate controls (DP2fl/
fl) were subjected to exhaustive exercise and fed a high-fat diet (HFD). X-linked muscular dystrophy (MDX) mice and
HFD-challenged mice were treated with the selective DP2 inhibitor CAY10471. Exercise tolerance, body weight,
glycometabolism and skeletal muscle fibre composition were measured to determine the role of the skeletal muscle
PGD2/DP2 signalling axis in obesity and muscle disorders. Multiple genetic and pharmacological approaches were also used
to investigate the intracellular signalling cascades underlying the PGD2/DP2-mediated skeletal muscle fibre transition.
Results PGD2 generation and DP2 expression were significantly upregulated in the hindlimb muscles of HFD-fed mice
(P < 0.05 or P < 0.01 vs. normal chow diet). Compared with DP2fl/fl mice, DP2fl/flHSACre mice exhibited remarkable
glycolytic-to-oxidative fibre-type transition in hindlimb muscles and were fatigue resistant during endurance exercise
(154.9 ± 6.0 vs. 124.2 ± 8.1 min, P < 0.05). DP2fl/flHSACre mice fed an HFD showed less weight gain (P < 0.05)
and hepatic lipid accumulation (P < 0.01), reduced insulin resistance and enhanced energy expenditure (P < 0.05)
compared with DP2fl/fl mice. Mechanistically, DP2 deletion promoted the nuclear translocation of nuclear factor of ac-
tivated T cells 1 (NFATc1) by suppressing RhoA/Rho-associated kinase 2 (ROCK2) signalling, which led to enhanced
oxidative fibre-specific gene transcription in muscle cells. Treatment with CAY10471 enhanced NFATc1 activity in the
skeletal muscles and ameliorated HFD-induced obesity (P < 0.05 vs. saline) and insulin resistance in mice.
CAY10471 also enhanced exercise tolerance in MDX mice (100.8 ± 8.0 vs. 68.9 ± 11.1 min, P < 0.05 vs. saline) by in-
creasing the oxidative fibre-type ratio in the muscles (45.1 ± 2.3% vs. 32.3 ± 2.6%, P < 0.05 vs. saline).
Conclusions DP2 activation suppresses oxidative fibre transition via RhoA/ROCK2/NFATc1 signalling. The inhibition
of DP2 may be a potential therapeutic approach against obesity and muscle disorders.

Keywords DP2 receptor; muscle fibre; NFATc1; oxidative; prostaglandin D2

Received: 28 June 2022; Revised: 19 October 2022; Accepted: 27 October 2022
*Correspondence to: Ying Yu, MD, PhD, and Yujun Shen, PhD, Department of Pharmacology, School of Basic Medical Sciences, Tianjin Medical University, 22 Qixiangtai Road,
Heping District, Tianjin 300070, China. Email: yuying@tmu.edu.cn and yujun_shen@tmu.edu.cn
Huying Ning, Huiwen Ren and Yan Zhao have equal contribution.

ORIG INAL ART ICLE

© 2022 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of Society on Sarcopenia, Cachexia and Wasting Disorders.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 342–355
Published online 16 December 2022 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.13136

mailto:yuying@tmu.edu.cn
mailto:yujun_shen@tmu.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction

In mammals, skeletal muscle comprises approximately 40–
55% of the body mass and functions to generate forces and
regulate whole-body energy metabolism. Mammalian skel-
etal muscles are composed of two major types of muscle
fibres: slow-twitch (type I, oxidative) and fast-twitch (type
II) fibres. The latter can be further divided into fast oxida-
tive (type IIa) and fast glycolytic (type IIb/IIx) fibres. Oxida-
tive fibres are rich in mitochondria and display aerobic me-
tabolism and fatigue resistance. In contrast, glycolytic
fibres primarily use anaerobic glycolysis as their ATP source
for rapid force, but they fatigue quickly. The components
of muscle fibre types mediate their susceptibility or resis-
tance to muscle or metabolic disorders, such as Duchenne
muscular dystrophy (DMD), obesity and type 2 diabetes.
For instance, DMD sequentially degenerates glycolytic
and oxidative fibres, whereas genetic or pharmacological
activation of oxidative fibres ameliorates DMD symptoms.1

Patients with type 2 diabetes have reduced proportions of
oxidative fibres,2 which are positively correlated with
whole-body insulin sensitivity.3 In contrast, an oxidative-
to-glycolytic fibre-type switch leads to severe dilated car-
diomyopathy in mice.4 Thus, oxidative skeletal fibres con-
fer molecular, cellular and physiological benefits in muscle
and metabolic disorders, and targeting oxidative fibre tran-
sition may be a novel therapeutic strategy for these
diseases.1

Skeletal muscle fibre-type specification begins from em-
bryonic development and shifts after birth via intrinsic ge-
netic and epigenetic programs and extrinsic factors such
as neural input and hormonal influence.5 Several transcrip-
tion factors, including nuclear factor of activated T cells 1
(NFATc1) and PPARγ coactivator (PGC)-1α, play central
roles in controlling oxidative muscle fibre transition. NFAT
acts as a muscle nerve sensor and maintains the oxidative
fibre phenotype by promoting oxidative gene expression
and suppressing glycolytic gene transcription.6 PGC-1α
drives mitochondrial biogenesis and protects oxidative fi-
bres from denervation-induced muscle atrophies.7 These
transcription factors convert environmental signals at the
cell surface to phenotypic changes in skeletal muscle fibres.
Neural impulses, cytokines (transforming growth factor-β,
tumour necrosis factor-α and myostatin)8 and hormones
(glucocorticoids and thyroid hormone)9,10 are the main en-
vironmental signal components. Recently, metabolites de-
rived from glucose, proteins and lipids have emerged as
novel modulators of muscle fibre specification.11,12 How-
ever, the precise role of these metabolites in muscle fibre
remodelling remains unclear.

Prostaglandins (PGs), a subgroup of bioactive lipid metab-
olites, including PGD2, PGE2, PGF2α, PGI2 and thromboxane
A2, are derived from arachidonic acid through a reaction se-

quentially catalysed by cyclooxygenase (COX)-1/2 and PG syn-
thase. PGs perform essential functions in skeletal muscle ho-
meostasis and plasticity by binding to a family of G protein-
coupled receptors in an autocrine- and paracrine-dependent
manner.13 PGs such as PGF2α, PGE2 and PGI2 exhibit
pro-myogenic effects by promoting the growth, fusion and
survival of myoblasts.13 In contrast, leukocyte-derived PGD2

inhibits the onset of myogenesis during the early stages of
inflammation14 and the blockage of haematopoietic prosta-
glandin D synthase (HPGDS) ameliorates injury-induced mus-
cle necrosis and genetic muscular dystrophy in mice.15 These
results indicate a unique role for PGD2 signalling in skeletal
muscle myogenesis. However, whether PGD2 and its recep-
tors (DP1 and DP2) regulate myofiber plasticity, thereby af-
fecting the progression of muscular dystrophy and metabolic
diseases, remains unknown.

In this study, we found that PGD2/DP2 signalling was acti-
vated in the skeletal muscles of high-fat diet (HFD)-chal-
lenged and X-linked muscular dystrophy (MDX) mice.
Muscle-specific deletion of DP2 promoted glycolytic-to-oxida-
tive muscle fibre transition and attenuated HFD-induced obe-
sity and insulin resistance in mice. Furthermore, the nuclear
translocation of NFATc1, which controls oxidative fibre gene
expression, was significantly increased in DP2-deficient mus-
cle cells. A DP2 agonist inhibited the oxidative fibre-type
switch by impeding NFATc1 nuclear entry via Gi/RhoA/Rho-
associated kinase 2 (ROCK2)-mediated NFATc1 phosphoryla-
tion at Ser243. Treatment with the selective DP2 inhibitor
CAY10471 ameliorated HFD-induced obesity in mice and im-
proved muscle atrophy in MDX mice.

Methods

Mice

Male mice (6–8 weeks old) with a C57BL/6 background were

used for the experiments. Wild-type (WT) mice were pur-
chased from Beijing Vital River Laboratory Animal Technology
Company. DP1 global knockout (DP1 KO), DP2 KO, DP2flox/flox

(DP2fl/fl) and MDX mice were maintained in our
laboratory.16,17 DP2fl/fl mice were crossed with human skele-

tal actin Cre (HSACre) mice18 to generate DP2fl/flHSACre mice.
Mice were maintained in an environment with a controlled
temperature (22 ± 1°C) and relative humidity (50 ± 5%) on
a 12:12-h light/dark cycle, with free access to a normal chow
diet (ND) and water. All the experiments were conducted

using age-matched controls. All animal experiments were
performed in accordance with the guidelines and approval
of the Institutional Animal Care and Use Committee of the
Tianjin Medical University.
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High-fat diet-induced obesity

Mice were fed an ND (MD12031, Medicience) or an HFD
(MD12033, Medicience) for 12 weeks. Food intake and body
weight were monitored weekly. Body composition analysis
was performed using Echo MRI (Echo Medical Systems,
Houston, TX, USA).

CAY10471 treatment

Mice were fed an HFD for 12 weeks to induce obesity and
were treated with CAY10471 (10 mg/kg, i.p., every other
day) or saline (0.9% NaCl) for another 8 weeks. Food intake
and body weight were monitored weekly. Six-week-old male
MDX mice were treated with CAY10471 (10 mg/kg, i.p., every
other day) or saline (0.9% NaCl) for 6 weeks. Their body
weights were measured weekly.

Metabolic analysis

Mice were singly housed in a Promethion Metabolic Analyzer
(Sable Systems, North Las Vegas, NV, USA) at ambient tem-
perature (20–22°C). Prior to the study and data collection,
mice were acclimated to calorimetry cages. The O2 consump-
tion and CO2 production rates were measured for each
mouse for 1 min at 5-min intervals. Energy expenditure was
calculated using the Weir equation. Ambulatory activity and
position were detected using XYZ beam arrays (BXYZ-R; Sable
Systems) with a beam spacing of 1 cm. Data acquisition and
instrument control were coordinated using MetaScreen
v2.3.15.1, and the raw data obtained were processed using
ExpeData Release 1.9.22.

Glucose tolerance test and insulin tolerance test

For glucose tolerance test (GTT), mice were fasted overnight
and injected intraperitoneally with a 20% glucose solution
(2.0 g/kg body weight). For insulin tolerance test (ITT), mice
were injected intraperitoneally with 1 U/kg after 4 h of
fasting. Tail blood samples were collected and measured at
30, 60, 90, 120 and 150 min after injection for analysis using
a glucose metre (ACCU-CHEK Performa, Roche).

Additional methods

Additional details regarding the methods and materials are
provided in the supporting information.

Statistical analysis

Data are expressed as the mean ± standard error of the
mean. Data were analysed using GraphPad Prism 8.0
(GraphPad Software). Unpaired two-tailed Student’s t-test
was used for comparisons between two groups. Multiple
comparisons were performed using one-way ANOVA with
uncorrected Fisher’s least significant difference test,
two-way ANOVA with the Sidak multiple-comparisons test
or repeated measures two-way ANOVA with the Sidak test.
A linear mixed model (LMM) was used to analyse the mean
mitochondrial length using SPSS software (Version 26.0; IBM
Corp., Armonk, NY, USA). Statistical significance was set at
P < 0.05.

Results

Deletion of the DP2 receptor increases the
proportion of oxidative muscle fibres in mice

PGD2 signalling is mediated via two G protein-coupled recep-
tors: DP1 and DP2. Interestingly, we found that DP2, rather
than DP1, was predominantly expressed in the quadriceps
(Quad), tibialis anterior (TA; predominantly glycolytic fibres),
gastrocnemius (GC; a mixture of oxidative and glycolytic fi-
bres), extensor digitorum longus (EDL; predominantly glyco-
lytic fibres) and soleus (Sol; predominantly oxidative fibres)
muscles of mice (Figure S1A). In mice fed with an HFD, both
DP1 and DP2 mRNA expression levels, along with PGD2 levels,
were significantly increased in the EDL and Sol muscles
(Figure 1A,B). Strikingly, DP2 KO mice, but not DP1 KO mice,
exhibited increased mRNA levels of oxidative fibre markers
such as Myh7 and Myh2; reduced mRNA levels of the glyco-
lytic fibre marker Myh1 in the EDL, Sol and GC muscles
(Figure 1C); and higher protein levels of MHC I (encoded by
Myh7) and MHC IIa (encoded by Myh2) in the GC muscles
(Figure 1D), when compared with WT mice. Succinate
dehydrogenase (SDH) staining confirmed a marked increase
in the percentage of oxidative fibres in the TA muscles of
DP2 KO mice (Figure 1E). These results indicate that the loss
of DP2 promotes glycolytic-to-oxidative muscle fibre
transition.

Skeletal muscle-specific deletion of DP2 enhances
exercise tolerance in mice by promoting oxidative
muscle fibre transition

To further determine the role of DP2 in skeletal muscles, we
generated skeletal muscle-specific DP2 deletion mice by
crossing DP2fl/fl mice with HSACre mice. Consistent with the
results from the global DP2 KO mice, the loss of DP2 in skel-
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Figure 1 The ablation of DP2 leads to glycolytic-to-oxidative muscle fibre transition in murine muscles. (A) RT-qPCR analysis of the mRNA levels of DP1
(left) and DP2 (right) in the muscles of mice fed a normal chow diet (ND) or a high-fat diet (HFD) for 12 weeks (n = 6). (B) Prostaglandin D2 (PGD2) levels
in the muscles of mice fed an ND or HFD for 12 weeks (n = 6). (C) Relative mRNA levels of type I, IIa, IIx or IIb muscle markers (myosin heavy chain
[Myh] 7, Myh2, Myh1 and Myh4) in the extensor digitorum longus (EDL) (left), soleus (Sol) (middle) and gastrocnemius (GC) (right) muscles of
wild-type (WT), DP1 KO and DP2 KO mice (n = 6). (D) Representative image (top) and quantification (bottom) of western blot of myosin heavy chain
(MHC) I, IIa and IIb expression in the GC muscles of WT, DP1 KO and DP2 KO mice (n = 3). (E) Representative image (top) and quantification (bottom) of
the succinate dehydrogenase (SDH) staining of the tibialis anterior (TA) muscles of WT, DP1 KO and DP2 KO mice (n = 4). Scale bar, 100 μm. Data are
expressed as the mean ± standard error of the mean (SEM). Statistical significance was determined using an unpaired two-tailed Student’s t-test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus ND or WT. AU, arbitrary unit
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etal muscles (Figure 2A) also led to a remarkable glycolytic-
to-oxidative fibre-type switch in the EDL, Sol, GC and TA mus-
cles of mice (Figure 2B–D). When subjected to a low-intensity
run-to-exhaustion exercise protocol on a motorized treadmill,
DP2fl/flHSACre mice showed a significant increase in running
duration and distance, with a lower blood lactate concentra-
tion (Figure 2E,F). Transmission electron microscopy (TEM)
analysis showed that the skeletal muscle mitochondria in
DP2fl/flHSACre mice appeared larger than those in their litter-
mate controls (Figure 3A). Consistently, we also observed a
marked increase in the mRNA expression of electron trans-

port chain genes (CI–CIV) and ATP synthase in the Sol muscles
of DP2fl/flHSACre mice (Figure 3B), accompanied by a higher
citrate synthase activity (Figure 3C) and mtDNA/nDNA ratio
(Figure 3D). Furthermore, primary myoblasts from the hind-
limb muscles of DP2 KO mice had higher basal and maximal
oxygen consumption rates than in control mice (Figure 3E).
Additionally, ATP content was also significantly higher in the
Sol and EDL muscles from DP2 KO mice compared with WT
mice (Figure 3F). These results indicate that DP2 deficiency
in skeletal muscle enhances muscle function by facilitating
oxidative muscle fibre transition.

Figure 2 Skeletal muscle-specific deletion of DP2 enhances endurance exercise performance in mice. (A) RT-qPCR analysis of the mRNA levels of DP2
in various tissues of DP2

fl/fl
and DP2

fl/fl
HSA

Cre
mice. BAT, brown adipose tissue; WAT, white adipose tissue (n = 6). (B, C) Relative mRNA levels of myosin

heavy chain (Myh) 7,Myh2, Myh1 orMyh4 in the extensor digitorum longus (EDL) (B left), soleus (Sol) (B right) and gastrocnemius (GC) (C) muscles of
DP2

fl/fl
and DP2

fl/fl
HSA

Cre
mice (n = 5–6). (D) Representative image of succinate dehydrogenase (SDH) and immunofluorescence (IF) staining (left) and

quantification (middle for SDH, right for IF) of different fibre markers in the tibialis anterior (TA) muscles of DP2fl/fl and DP2fl/flHSACre mice (n = 6). Scale
bar: 100 μm (SDH), 500 μm (IF). (E) Running duration (left) and distance (right) of DP2fl/fl and DP2fl/flHSACre mice subjected to exhaustion exercise on a
motorized treadmill (n = 8). (F) Blood lactate levels in mice after exhaustive exercise (n = 8). Data are expressed as the mean ± SEM. Statistical signif-
icance was determined using an unpaired two-tailed Student’s t-test (A–F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus DP2fl/fl. AU,
arbitrary unit
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DP2 deficiency in skeletal muscle alleviates high-fat
diet-induced obesity and insulin resistance in mice

Skeletal fibre components play an important role in
whole-body glucose utilization. Muscle-specific deletion of

DP2 had no obvious effect on body weight, body composi-
tion, glucose tolerance or insulin tolerance in mice fed a nor-
mal chow diet (Figure S2A–D). When challenged with HFD,
DP2fl/flHSACre mice had lower body weight (Figure 4A), body
fat composition (Figure 4B) and serum insulin levels (Figure

Figure 3 DP2-deficient skeletal muscles exhibit enhanced oxidative metabolism. (A) Representative transmission electron microscopy (TEM) image
(left) and quantification of the number (middle) and length distribution (right) of mitochondria in the soleus (Sol) muscles of DP2fl/fl and DP2fl/flHSACre

mice. Arrows indicate the mitochondria (n = 3). Scale bar, 2 μm. LMM, linear mixed model. P < 0.05. (B) RT-qPCR analysis of the mRNA levels of the
electron transport chain genes (CI, Nd1; CII, Sdha; CIII, Cyc1; CIV, Cox7a1) and ATP synthase in the mouse Sol muscles (n = 6). (C) Citrate synthase (CS)
activity in the mouse Sol muscles (n = 8). (D) Mitochondrial DNA (mtDNA)/nuclear DNA (nDNA) ratio in the mouse Sol muscles (n = 6). (E) Oxygen
consumption rate (OCR) of primary myoblasts isolated from the mouse hindlimbs. Determination of the OCRs of basal, uncoupled (or proton leak, with
oligomycin), maximal (with FCCP) and non-mitochondrial respiration (with rotenone plus antimycin A [Rot + AA]) (n = 5). (F) Determination of ATP
content in mouse Sol and extensor digitorum longus (EDL) muscle tissues (n = 6). Data are expressed as the mean ± SEM. Statistical significance
was determined using an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus DP2fl/fl or wild-type (WT). AU, arbitrary unit
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4C) and improved glucose tolerance as determined by the
GTT and ITT (Figure 4D) compared with their littermate
controls. Glycogen content was markedly increased in the
skeletal muscles of DP2fl/flHSACre mice (Figure S3A), whereas
there were no significant differences in triglyceride (TG) con-
tent in the muscles of DP2fl/flHSACre and DP2fl/fl mice
(Figure S3B). In addition, liver lipid accumulation was signifi-
cantly reduced in DP2fl/fl HSACre mice as determined via hae-
matoxylin and eosin (H&E) and Oil Red O staining (Figure S3C,
D). However, the glycogen content in the livers of DP2fl/fl

HSACre mice was comparable with that in DP2fl/fl mice
(Figure S3E). Meanwhile, we observed unchanged food intake
(Figure 4E) and locomotor activity (Figure S4) but a dramatic

increase in total body energy expenditure (Figure 4F) in DP2fl/
flHSACre mice. Thus, the deletion of DP2 in skeletal muscle im-
proves HFD-induced obesity and insulin resistance by acceler-
ating whole-body energy expenditure.

Deletion of DP2 reprograms myofibers to the
oxidative phenotype via RhoA/Rho-associated
kinase 2 signalling

As a G protein-coupled receptor, the activation of DP2
dissociates trimeric G proteins into the Gi and Gβγ subunits,
which in turn triggers complex signalling cascades, such as

Figure 4 Skeletal muscle-specific deletion of DP2 improves diet-induced obesity and insulin resistance in mice. (A) Body weights of DP2fl/fl and DP2fl/
flHSACre mice fed a high-fat diet (HFD) for 12 weeks (n = 8). (B) Lean and fat mass composition of HFD-challenged mice (n = 8). (C) Serum insulin levels
in HFD-challenged mice (n = 4). (D) Glucose tolerance test (GTT) (left) and insulin tolerance test (ITT) (right) in HFD-challenged mice (n = 8). (E) Food
consumption of HFD-challenged mice (n = 8). (F) Average energy expenditure (EE) per hour in HFD-challenged mice during 12/12-h light/dark cycle
(n = 8). Data are expressed as the mean ± SEM. Statistical significance was determined using repeated measures two-way ANOVA with the Sidak test
for multiple comparisons (A and D), two-way ANOVA with the Sidak test for multiple comparisons (C and F) or unpaired two-tailed Student’s t-test (B
and E). *P < 0.05, **P < 0.01 versus DP2fl/fl; ###P < 0.001, ####P < 0.0001 versus normal chow diet (ND)
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cAMP/protein kinase A (PKA) and phospholipase C-mediated
signalling, and mobilizes β-arrestin to activate MAP
signalling.19 We then explored the mechanisms underlying
DP2-mediated glycolytic-to-oxidative fibre conversion. During
the differentiation of the C2C12 myoblast cell line, treatment
with the selective DP2 agonist DK-PGD2 markedly suppressed
the expression of the oxidative myofiber marker Myh7 and
increased the expression of the glycolytic fibre marker
Myh4 (Figure 5A). Strikingly, treatment with the Gi inhibitor
pertussis toxin (PTX) rescued the reduced Myh7 mRNA ex-
pression (Figure 5B) and MHC I protein levels in differenti-
ated C2C12 myotubes induced by DK-PGD2 (Figure 5C). Be-
cause cAMP/PKA inhibits RhoA activity20 and the blockage
of RhoA/Rock signalling enhances oxidative fibre
generation,21 we reasoned whether PKA/RhoA signalling is
involved in DP2-mediated glycolytic-to-oxidative fibre conver-
sion. We found that treatment with PTX abolished the DK-
PGD2-induced inhibition of cAMP generation (Figure 5D)
and completely abrogated the enhanced RhoA activity

evoked by DK-PGD2 in C2C12 myoblasts (Figure 5E). Pharma-
cological blockage of RhoA or ROCK or genetic silencing of
ROCK2 rescued the impaired Myh7 (Figures 5F and S5A–D)
and MHC I expression (Figure S5E) in differentiated C2C12
myotubes upon DK-PGD2 treatment. These results indicate
that the deletion of DP2 facilitates glycolytic-to-oxidative
muscle fibre conversion by suppressing RhoA/ROCK2
signalling.

DP2 activation inhibits oxidative muscle fibre
conversion by inhibiting the nuclear translocation
of nuclear factor of activated T cells 1

Muscle fibre determination involves the sequential induction
of fibre-specific transcription factors, such as NFATc1 and
PGC-1α. In particular, NFATc1 activation governs oxidative fi-
bre generation by promoting oxidative gene expression and
concomitantly repressing the expression of glycolytic genes.6

Figure 5 Activation of DP2 suppresses oxidative muscle fibre switching via RhoA signalling. (A) RT-qPCR analysis of the mRNA levels of myosin heavy
chain genes in differentiated C2C12 myotubes after DK-PGD2 treatment (n = 6). (B) Relative mRNA levels of Myh7 in differentiated C2C12 myotubes
treated with the Gi inhibitor, pertussis toxin (PTX) (100 ng/mL); Gβγ inhibitor, gallein (20 μM); β-arrestin inhibitor, barbadin (100 μM); Gs inhibitor,
NF449 (1 μM); or Gq inhibitor, YM-254890 (1 μM) in the presence or absence of DK-PGD2 (n = 6). (C) Western blot analysis of MHC I expression in
differentiated C2C12 myotubes treated with PTX in the presence or absence of DK-PGD2. (D) Cellular cAMP levels in C2C12 myoblasts treated with
PTX in the presence or absence of DK-PGD2 (n = 3). (E) Western blot analysis of GTP-bound RhoA and total RhoA levels in C2C12 myoblasts treated
with PTX in the presence or absence of DK-PGD2. (F) Relative mRNA levels ofMyh7 in differentiated C2C12 myotubes treated with the RhoA inhibitor,
C3 (1 μg/mL); Ca

2+
inhibitor, BAPTA-AM (10 μM); or PKC inhibitor, Ro 31-8220 (10 μM) in the presence or absence of DK-PGD2 (n = 6). Data are

expressed as the mean ± SEM. Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01 versus di-
methyl sulfoxide (DMSO). AU, arbitrary unit
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We found that the deletion of DP2 selectively increased the
nuclear translocation of NFATc1 in mouse hindlimb muscles
and differentiated C2Cl2 myotubes (Figures S6 and 6A). Phar-
macological inhibition of Gi, RhoA or ROCK eliminated the inhi-
bition of nuclear translocation of NFATc1 induced by DK-PGD2
in differentiated C2C12 myotubes (Figure 6A). It has been
shown that ROCK2 inactivates NFATc1 by phosphorylating
NFATc1 at Ser243.21 Transfection of the NFATc1 plasmid mu-
tant at Ser243, but not Ser347, restored the expression of
Myh7 inhibited by DK-PGD2 in differentiated C2C12 myotubes
(Figure 6B). Using a phospho-specific antibody, we observed
that mutating the Ser243 of NFATc1 to alanine eliminated
Ser243 phosphorylation of NFATc1 (Figure 6C). Moreover, the
inhibition of Gi, RhoA or ROCK activity abolished the DK-
PGD2-induced NFATc1 Ser243 phosphorylation in differentiated
C2C12 myotubes (Figure 6D). Taken together, the activation of
DP2 prevents the translocation of NFATc1 from the cytoplasm
to the nucleus by promoting the RhoA/ROCK2 signalling-medi-
ated phosphorylation of NFATc1 at Ser243, thereby suppressing
glycolytic-to-oxidative fibre transition (Figure 6E).

Pharmacological inhibition of DP2 ameliorates
diet-induced obesity and insulin resistance in mice

Given the inhibitory effect of DP2 on oxidative muscle fibre
generation, we tested whether treatment with a DP2 antago-
nist could attenuate metabolic disorders in mice. After
12 weeks of feeding with an HFD, the mice were treated with
the DP2 antagonist CAY10471 for another 8 weeks (Figure 7A).
We found that treatment with CAY10471 significantly de-
creased body weight (Figure 7B left), body fat composition
(Figure 7B right) and serum insulin levels (Figure 7C) and im-
proved glucose tolerance (Figure 7D) in HFD-fed mice.
CAY10471 treatment also markedly increased glycogen levels
in the skeletal muscles (Figure S7A) without affecting TG levels
in the skeletal muscles of HFD-fed mice (Figure S7B). Moreover,
it attenuated HFD-induced lipid accumulation in themouse liver
(Figure S7C,D) without affecting glycogen deposition
(Figure S7E). Importantly, treatment with CAY10471 had no sig-
nificant effect on food intake (Figure 7E left) and locomotor ac-
tivity (Figure S8) but boosted total body energy expenditure

Figure 6 DP2 activation inhibits nuclear factor of activated T cells 1 (NFATc1)-mediated oxidative muscle fibre transition via the Rho-associated kinase
2 (ROCK2)-mediated phosphorylation of NFATc1 at Ser243. (A) Western blot analysis of the nuclear distribution of NFATc1 in differentiated C2C12
myotubes treated with various inhibitors in the presence or absence of DK-PGD2. Gi inhibitor, pertussis toxin (PTX); RhoA inhibitor, C3; ROCK inhibitor,
Y-27632. (B) Relative mRNA levels ofMyh7 in differentiated C2C12 myotubes transfected with wild-type (WT) or serine-to-alanine mutant NFATc1 plas-
mids in the presence or absence of DK-PGD2 (n = 6). (C) Western blot analysis of phosphorylated NFATc1 (p-NFATc1 [Ser243]) levels in differentiated
C2C12 myotubes transfected with WT or serine-to-alanine mutant NFATc1 plasmids in the presence or absence of DK-PGD2. (D) Western blot analysis
of p-NFATc1 (Ser243) and total NFATc1 levels in differentiated C2C12 myotubes treated with PTX, C3 or Y-27632 in the presence or absence of DK-
PGD2. (E) Schematic illustration of DP2-mediated oxidative myofiber-type conversion via the Gi/RhoA/ROCK2/NFATc1 signalling pathway. Data are
expressed as the mean ± SEM. Statistical significance was determined using an unpaired two-tailed Student’s t-test. *P < 0.05 versus dimethyl sulf-
oxide (DMSO). AU, arbitrary unit
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(Figure 7E right) in HFD-fed mice. Finally, CAY10471 treatment
significantly suppressed RhoA activity and increased NFATc1 ac-
tivity, as evidenced by decreased p-NFATc1 (Ser243) levels,
which led to reduced MyoD expression (negatively regulated
by NFATc1) in the GCmuscles of HFD-fedmice (Figure 7F). Thus,
DP2 inhibition may alleviate obesity by increasing the propor-
tion of oxidative fibres in mice.

Pharmacological inhibition of the DP2 receptor
improves muscle function in X-linked muscular
dystrophy mice

DMD is a lethal, degenerative skeletal muscle disease. The ac-
tivation of oxidative muscle fibres has been proposed as a
therapeutic strategy for DMD.1 We then investigated

Figure 7 CAY10471 treatment ameliorates high-fat diet (HFD)-induced obesity in mice. (A) Protocol for the administration of the DP2 inhibitor,
CAY10471 (10 mg/kg, i.p., every other day), to mice fed an HFD. wk, week. (B) Body weight (left) and body composition (right) of mice fed an HFD
with or without CAY10471 treatment (n = 8). (C) Serum insulin levels in obese mice after CAY10471 treatment (n = 4). (D) Glucose tolerance test
(GTT) (left) and insulin tolerance test (ITT) (right) in obese mice after CAY10471 treatment (n = 8). (E) Food consumption (left) and average energy
expenditure (EE) per hour (right) in obese mice after CAY10471 treatment (n = 6). (F) Western blot analysis of GTP-RhoA, total RhoA, phosphorylated
nuclear factor of activated T cells 1 (NFATc1) (p-NFATc1 [Ser243]), total NFATc1 and MyoD protein levels in the gastrocnemius (GC) muscles of obese
mice after CAY10471 treatment. Data are expressed as the mean ± SEM. Statistical significance was determined using repeated measures two-way
ANOVA with the Sidak test for multiple comparisons (B left and D), two-way ANOVA with the Sidak test for multiple comparisons (E right) or unpaired
two-tailed Student’s t-test (B right, C and E left). *P < 0.05 versus saline
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whether the inhibition of DP2 could ameliorate DMD by pro-
moting oxidative muscle fibre generation in a mouse model
of DMD. We found that both PGD2 synthesis and DP2 expres-
sion were significantly increased in the hindlimb muscles of

MDX mice (Figure S9A,B). Treatment with CAY10471 (Figure
8A) did not significantly affect the body weight (Figure S10),
but markedly increased the running duration and distance
(Figure 8B) and grip strength (Figure 8C) in MDX mice, as well

Figure 8 CAY10471 treatment ameliorates muscle atrophy in X-linked muscular dystrophy (MDX) mice. (A) Protocol for the administration of the DP2
inhibitor, CAY10471 (10 mg/kg, i.p., every other day), to MDX mice. wk, week. (B) Running duration (left) and distance (right) of CAY10471-treated MDX
mice subjected to exhaustive exercise on a treadmill (n = 6). (C) Grip strength of CAY10471-treated MDX mice (n = 6). (D) Serum creatine kinase (CK)
levels in CAY10471-treated MDX mice (n = 6). (E) Representative haematoxylin and eosin (H&E)-stained images of the tibialis anterior (TA) and immu-
nofluorescence (IF) staining of the soleus (Sol) muscles (left) and quantification of muscle fibres with centrally located nuclei (middle) and MHC I mus-
cle fibre percentage (right) in CAY10471-treated MDX mice (n = 6). Scale bar: 100 μm (H&E), 500 μm (IF). (F) Western blot analysis of GTP-RhoA, total
Rho A, MyoD, phosphorylated nuclear factor of activated T cells 1 (NFATc1) (p-NFATc1 [Ser243]) and total NFATc1 protein levels in TA muscles of
CAY10471-treated MDX mice. Data are expressed as the mean ± SEM. Statistical significance was determined using one-way ANOVA with uncorrected
Fisher’s least significant difference (LSD) test for multiple comparisons (B–D and E right) or unpaired two-tailed Student’s t-test (E middle). *P < 0.05,
**P < 0.01 versus MDX_Saline
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as decreased serum creatine kinase levels (Figure 8D). Histo-
logical analysis showed fewer regenerated myofibers, as indi-
cated by the decreased number of centrally nucleated fibres
and increased number of MHC I fibres (Figure 8E) in the mus-
cles of CAY10471-treated MDX mice. CAY10471 treatment
markedly reduced RhoA activity, enhanced NFATc1 activity
and suppressed MyoD expression in the hindlimb muscles of
MDX mice (Figure 8F). Therefore, the inhibition of DP2 may al-
leviate DMD by promoting oxidative muscle fibre generation.

Discussion

PGD2 plays important roles in skeletal muscle homeostasis
and myogenesis; however, the mechanisms underlying these
functions are not yet well understood. Here, we identified
the PGD2/DP2 axis as a critical regulator of skeletal muscle fi-
bre determination. The ablation of DP2 in skeletal muscle
cells alleviated diet-induced obesity in mice by promoting
the reprogramming of myofibers to the oxidative type by in-
creasing the nuclear translocation of NFATc1. Mechanisti-
cally, DP2 activation inhibited oxidative fibre transition by
evoking RhoA/ROCK2-mediated NFATc1 phosphorylation at
Ser243 and preventing its nuclear translocation. Treatment
with a DP2 inhibitor significantly ameliorated diet-induced
obesity in mice and improved muscle atrophy in MDX mice.

Accumulating evidence has shown that a smaller proportion
of oxidative muscle fibres and a larger percentage of glycolytic
fibres (especially type IIx) are associated with a higher body
mass index, and patients with obesity have a significantly
lower prevalence of oxidative fibres.22 An increase in relative
skeletal muscle mass is inversely associated with incident non-
alcoholic fatty liver disease.23 Notably, PGD2 levels are signifi-
cantly increased during obesity and remain high even after
weight loss.24 The deletion of lipocalin-type prostaglandin D
synthase (L-PGDS) significantly reduces body weight gain in
HFD-fed mice.25 However, activation of the DP1 receptor sup-
presses HFD-induced obesity in ApoE�/� mice.26 These results
suggested that the DP2 receptor, but not DP1, mediates the
pro-obesity effect of PGD2. Indeed, we found that PGD2 levels
were also increased in the skeletal muscle tissue, and the ge-
netic ablation of DP2 in skeletal muscle or pharmacological in-
hibition of DP2 promoted glycolytic-to-oxidative skeletal mus-
cle fibre transition and significantly attenuated HFD-induced
obesity and insulin resistance in mice. The blockage of DP2
also inhibited adipogenesis by promoting lipolysis in
adipocytes.27 Hence, DP2 may be a novel therapeutic target
for metabolic diseases such as obesity and type 2 diabetes.

DMD is a genetic disorder characterized by progressive mus-
cle loss, chronic inflammation and impaired muscle regenera-
tion. The restoration or activation of oxidative fibre function
has been shown to delay and ameliorate the dystrophic phe-
notype in DMD mouse models.1,28 During the early onset of

DMD, PGD2 generation is significantly increased in the skeletal
muscles, which in turn aggravates inflammation and causes
profound muscle damage.29 The pharmaceutical inhibition of
PGD2 synthase decreases muscle necrosis and ameliorates dys-
trophic pathology in patients with DMD.30 However, the sys-
temic blockage of PGD2 synthase may also increase the risk
of developing hypertension due to the loss of vasodilator
and anti-remodelling effects of PGD2/DP1 signalling in the
vasculature.31,32 We observed that both DP1 and DP2 were
expressed in skeletal muscle cells, but only the disruption of
DP2 protected against muscle damage in MDX mice by en-
hancing glycolytic-to-oxidative fibre transition, suggesting the
indispensable role of DP2 in PGD2-mediated muscle injury. In
addition, DP2 is expressed in Th2 lymphocytes and mediates
type 2 inflammation. The depletion of T cells has also been
shown to significantly reduce muscle fibrosis in dystrophic
mice.33 Thus, PGD2/DP2 axis-mediated Th2 inflammation may
also be involved in the pathogenesis of DMD.

The transcription factor NFATc1 acts downstream of Ca2
+/calcineurin signalling to govern oxidative muscle fibre forma-
tion. However, muscular dystrophies are often associated with
impaired Ca2+ homeostasis accompanied by cytosolic Ca2+

overload and extremely low calcineurin activity.34,35 The block-
age of Ca2+ channels has almost no clinical benefit in patients
with DMD,36 indicating a compromised Ca2+–NFATc1 axis in
DMDmuscles. Notably, the suppression of RhoA/ROCK2 signal-
ling activates NFATc1 via dephosphorylation of NFATc1 at
Ser243 in HFD-challenged skeletal muscles in a Ca2+-indepen-
dent manner.21 Consistently, we found that DP2 activation
markedly increased RhoA/ROCK2 activity, the inhibition of
which markedly promoted NFATc1-guided oxidative muscle fi-
bre transformation. Indeed, RhoA/ROCK signalling can impede
muscle development at the embryonic stage, and the blockage
of ROCK enhances the beneficial effects of corticosteroid treat-
ment in dystrophic mice.37 PKA activation suppresses RhoA/
ROCK signalling in various cell types, including muscle cells,
such as cardiomyocytes and smooth muscle cells.38,39 Similarly,
we found that Gi-coupled DP2 inhibited PKA activity to en-
hance RhoA signalling and suppress NFATc1-mediated oxida-
tive muscle fibre transition. Therefore, the deletion of DP2 at-
tenuates muscular atrophy by facilitating glycolytic-to-
oxidative muscle fibre conversion via PKA/RhoA/ROCK/NFATc1
signalling.

In summary, we identified the PGD2/DP2 axis as a key reg-
ulator for reprogramming myofibers to the oxidative type and
that the inhibition of DP2 may represent a novel therapeutic
strategy for the treatment of metabolic disorders and DMD.
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