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ARTICLE INFO ABSTRACT

Keywords: Skeletal muscle atrophy with high prevalence can induce weakness and fatigability and place huge burden on
COX-2 both health and quality of life. During skeletal muscle degeneration, excessive fibroblasts and extracellular
lsfsletal muscle atrophy matrix (ECM) accumulated to replace and impair the resident muscle fiber and led to loss of muscle mass.
1brogenesis

Cyclooxygenase-2 (COX-2), the rate-limiting enzyme in synthesis of prostaglandin, has been identified as a
positive regulator in pathophysiological process like inflammation and oxidative stress. In our study, we found
injured muscles of human subjects and mouse model overexpressed COX-2 compared to the non-damaged region
and COX-2 was also upregulated in fibroblasts following TGF-p stimulation. Then we detected the effect of se-
lective COX-2 inhibitor celecoxib on fibrogenesis. Celecoxib mediated anti-fibrotic effect by inhibiting fibroblast
differentiation, proliferation and migration as well as inactivating TGF-p-dependent signaling pathway, non-
canonical TGF-p pathways and suppressing generation of reactive oxygen species (ROS) and oxidative stress.
In vivo pharmacological inhibition of COX-2 by celecoxib decreased tissue fibrosis and increased skeletal muscle
fiber preservation reflected by less ECM formation and myofibroblast accumulation with decreased p-ERK1/2, p-
Smad2/3, TGF-pR1, VEGF, NOX2 and NOX4 expression. Expression profiling further found that celecoxib could
suppress PDK1 expression. The interaction between COX-2 and PDK1/AKT signaling remained unclear, here we
found that COX-2 could bind to PDK1/AKT to form compound. Knockdown of COX-2 in fibroblasts by phar-
macological inactivation or by siRNA restrained PDK1 expression and AKT phosphorylation induced by TGF-f
treatment. Besides, si-COX-2 prevented TGF-p-induced K63-ubiquitination of AKT by blocking the interaction
between AKT and E3 ubiquitin ligase TRAF4. In summary, we found blocking COX-2 inhibited fibrogenesis after
muscle atrophy induced by injury and suppressed AKT signaling pathway by inhibiting upstream PDK1
expression and preventing the recruitment of TRAF4 to AKT, indicating that COX-2/PDK1/AKT signaling
pathway promised to be target for treating muscle atrophy in the future.

PDK1/AKT
TRAF4

1. Introduction in significant tissue remodeling that can affect its function [4-6].
Aberrant fibrosis during skeletal muscle atrophy induced by surgical

Skeletal muscle atrophy caused by acute surgical injury always leads injury even replaces functional and contractile muscle fibers and impairs

to proinflammation and profibrotic factors release, numerous fibroblasts skeletal muscle regeneration and function [7-10], thus requiring mea-
accumulation, extensive collagen cross-linkage and extra cellular matrix sures to control the abnormal physiological condition [11]. In fact, se-
(ECM) deposition [1-3]. The process is defined as fibrosis, which results vere fibrosis of the tissue parenchyma accounts for almost 45% of the
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deaths in developed countries, and significantly reduces the quality of
life [12]. Several drugs and biomaterials can attenuate fibrosis after
surgery and promote tissue regeneration over scar formation [13-17],
but have not been translated to clinical applications.

Fibrosis can be divided into three stages: (a) inflammation, (b) ECM
expansion, and (c) tissue remodeling [18,19]. The inflammatory
response is triggered by recruitment of effector cells that secrete cyto-
kines and chemokines, including TGF-p that has been defined as a core
role of fibrosis by promoting differentiation of fibroblasts to myofibro-
blasts. The binding of TGF-f to the TGF-p receptor type I activates the
downstream canonical signaling Smad2/3 and phosphorylation of
Smad2/3 binds to Smad4 and translocated into nucleus to drive acti-
vated myofibroblast phenotype and fibrosis-associated gene expression
[20,21]. Non-canonical TGF-§ (Smad independent) pathways like
ERK1/2 (extracellular regulated protein kinase 1/2) of MAPK (mitoge-
n-activated protein kinase) [22], YAP/TAZ (yes-associated protein and
transcriptional coactivator with PDZ-binding motif) of Hippo [23] and
VEGF (vascular endothelial growth factor) [24] pathways, all of which
have been clarified to contribute to fibrotic progression. However,
pro-fibrotic effect of TGF-p is not completely blocked after inhibiting
these signaling pathways, suggesting that additional factors are essential
for signal transduction of TGF-B. Recognition of downstream significant
regulators of TGF-p may provide the theory for therapy for fibrotic
diseases. Besides, oxidative stress is also required to promote fibro-
genesis [25], thus inhibition of generation of ROS could relieve the
process of fibrosis.

COX-2 (also known as PTGS2), upon synthesis, localizes to the lumen
of the endoplasmic reticulum and nuclear envelope and promotes the
synthesis of prostaglandins that induce pain by sensitizing the periph-
eral and central nociceptors [26]. COX-2 is encoded by genes located on
chromosome 1 [27] and contains two separate active sites: 1) cyclo-
oxygenase active site, which increases the oxygenation of poly-
unsaturated fatty acids to transform to hydroperoxy endoperoxides; 2)
peroxidase active site, which decreases the hydroperoxide to synthesize
alcohol. COX-2 is normally absent in all tissues and organs but is highly
inducible in response to harmful stimuli or cytokine induction, such as
inflammation, oxidative stress, autoimmune reactions, mechanical
injury and TGF-f stimulation [28]. It regulates cell growth, migration,
proliferation, autophagy, apoptosis, immune responses [29-32].

Non-steroidal anti-inflammatory drugs (NSAIDs) prevent the syn-
thesis of PGs from AA by suppressing the cyclooxygenase reactions of
COX-1 and COX-2 [33]. Anti-inflammatory and analgesic effects of
NSAIDs is principally realized by inhibiting the expression of COX-2 in
inflammatory cells [34,35]. Celecoxib, as selective non-steroidal COX-2
inhibitor, was demonstrated to be applicated in clinical trial for treat-
ment of diverse tumors including carcinoma of the bladder [36], breast
cancer [37], colorectal adenomas [38] and familial adenomatous pol-
yposis [39] and intervention of bipolar depression [40] and arthritis
[41]. Inhibition of celecoxib was also verified to ameliorate liver fibrosis
[42], tendon tissue fibrosis [43,44] and intra-abdominal adhesion [45],
but not investigated in fibrogenesis after skeletal muscle injury induced
by surgery. In addition, celecoxib was reported to show anti-fibrotic in
various organ fibrosis via inactivating PDK1 (3-phosphoinositide
dependent protein kinase-1)/AKT signaling pathway [46]. However, the
specific mechanism underlying the interaction between COX-2 and
PDK1/AKT remains unclear. The serine/threonine kinase AKT, known
as protein kinase B, is phosphorylated and activated by PDK1. The
PDK1-Akt signaling induces downstream expression of PI3K and plays a
key role in various cellular functions, including cell survival, cell cycle
progression, cell polarization, cell migration and microtubule stabili-
zation [47]. AKT regulates a wide range of biological processes and is
activated by E3 ubiquitin ligase TRAF4 [48]. K63-linked ubiquitination
has been confirmed to be important for AKT activation and transduction
by promoting its membrane recruitment. As regulator of Lys63 poly-
ubiquitination, TRAF4 could activate downstream signaling and
mediate DNA repair [49]. Here we found COX-2 knockdown inactivated
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AKT by inhibiting its upstream signaling PDK1 and blocked recruitment
of TRAF4 to activate AKT Lys63 polyubiquitination.

In this study, we demonstrate that COX-2 is hyperactive in injured
skeletal muscles and fibroblasts cultured with TGF-f. Pharmacological
or genetic inhibition of COX-2 suppresses canonical and non-canonical
TGF-f signaling pathways and attenuates tissue fibrosis in skeletal
muscle injury models. The results presented here indicate that COX-2
could be target for therapeutic applications of skeletal muscle atrophy.

2. Results
2.1. High levels of COX-2 expression were found in injured muscles

In order to determine whether the expression of COX-2 was induced
by muscle injury, we determined COX-2 levels in muscles that had been
injured as a result of bone fractures, compared with normal muscles
without NSAIDs treatment. Notably, the damaged areas of the muscles
showed a greater degree of heterogeneity than the non-injured sites,
with respect to levels of COX-2 expression (Fig. 1A). Immunoblotting
analysis of muscle tissues confirmed that the injured muscles contained
higher COX-2 protein levels than normal muscles (Fig. 1B and C). Par-
allel studies were performed through surgical incision of muscles in
mice. Consistently, muscle tissue from the site of surgery was found to
have expressed significantly higher levels of COX-2 protein expression
(Fig. 1D and E). Previous studies show that active ECM deposition is
principally composed of myofibroblasts to form idiopathic pulmonary
fibrosis (IPF) focus [50,51], which polarizes into two parts: active
fibrotic front and myofibroblast core. The former is a high-density
fibroblast region constitutive of proliferating cells. The latter is
composed of noncycling myofibroblasts actively secreting collagen and
fibronectin. We conducted immunofluorescent staining for COX-2,
a-SMA and collagen I. The analysis verified a-SMA + myofibroblasts
and collagen I + ECM in the focus core with low cellular region and
COX-2-expressing cells in the active fibrotic front with high cellular
region (Fig. SIA-H). We also examined fibroblastic foci for the mesen-
chymal progenitor cell (MPC) marker S100A4 and proliferating cell
marker Ki67, which displays the proliferative mesenchymal progenitor
cells of active fibrotic front. Double staining for S100A4 and Ki67 sug-
gested MPC and proliferating cells in the active fibrotic front
(Fig. S11-K), indicating that COX-2-expressing cells in the high cellular
density region had the characteristic of MPC.

2.2. Celecoxib exerted inhibitory effect on myofibroblast differentiation
and fibrogenesis by inhibiting canonical and non-canonical TGF-
signaling pathways

To further ascertain whether celecoxib participates in the induction
of fibroblast differentiation into activated myofibroblasts and secretion
of the extracellular matrix (ECM), we investigated the expression of
fibrogenesis-associated genes. Myofibroblasts, which are characterized
by the expression of a-SMA, produce ECM containing collagen I, IIl and
extra domain A fibronectin (EDA fibronectin) [52-54]. Activation of
fibroblasts proceeds in a TGF-p dependent manner. Indeed, recombinant
TGF-p significantly increased COX-2 expression both in the nucleus and
cytoplasm of fibroblasts, with the maximum level detected after treat-
ment with TGF-p for 24h (Fig. 2A). As expected, western blotting anal-
ysis confirmed that TGF-p expression significantly increased the
expression of fibrogenesis-regulated genes a-SMA, YAP-TAZ, collagen I,
collagen IIIT and fibronectin, as well as COX-2 expression at the protein
level (Fig. 2B), suggesting that TGF-p endowed fibroblasts with
pro-fibrotic ability. In order to investigate the potential molecular
mechanisms underlying analgesic-regulated fibrosis, we focused on the
canonical TGF-f signaling like Smad2/3 and non-canonical TGF-f
signaling including ERK1/2 and YAP-TAZ pathways, as these kinases has
been shown to be closely associated with fibrogenesis [55-57]. Cele-
coxib elicited a substantial inhibitory effect on COX-2 expression, and
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Fig. 1. COX-2 is overexpressed in injured muscle tissues. (A) Representative images of H&E, Masson-stained and fluorescence intensities of COX-2 (Red), a-SMA
(Green) and DAPI (Blue) from normal and injured muscle tissues of fracture patients or mouse. Scale bar = 200 pm. (B) Immunoblot and corresponding bar graphs
showing COX-2 levels in the injured and normal muscle tissues from 6 patients. (C) Quantitative analysis of (B). (D) Immunoblot and corresponding bar graphs
showing COX-2 levels in injured and normal muscle tissues from 3 mice. (E) Quantitative analysis of (D). Each lane in the blots represents an individual patient- or

mouse. Values indicate mean =+ SD. **p < 0.01.

subsequently inhibited TGF-B-mediated fibrosis in protein levels
(Fig. 2B-D). We employed a dose of 10 nM, based on higher levels of
inhibition in the following experiments. Consistent with the suppressive
function of celecoxib on COX-2 protein expression, a concentration of
10 nM resulted in a significant decrease in levels of COX-2 and profi-
brotic gene mRNA expressions (Fig. 2E-J). Immunofluorescence stain-
ing further validated the anti-fibrosis effect of celecoxib during
fibroblastic differentiation (Fig. 2K).

2.3. Celecoxib inhibited intracellular oxidative stress and fibroblast
proliferation and migration

Oxidative stress is essential for the fibrosis pathogenesis at its early
stage and high levels of ROS were observed in activated fibroblasts. In
the present study, we found that TGF-p induced oxidative stress in fi-
broblasts by increasing the expression of NOX2 and NOX4 as well as ROS
level, while celecoxib showed significantly antioxidant effect against
TGF-B (Fig. 3A-D).

The well-known mechanisms of fibrogenesis involve fibroblast pro-
liferation at the permanent location and migration from the wound

injury site [58,59]. Therefore, we observed the effect of celecoxib on
fibroblast proliferation and migration. The results of the Edu analysis
showed increase levels of proliferation after TGF-§ treatment (Fig. 3E).
Administration of celecoxib significantly decreased Edu positive cell
number and inhibited proliferative effect of TGF-p on fibroblasts (Fig. 3E
and F). Furthermore, we further explored fibroblast migration using
wound healing experiments and counted the number of cells that had
migrated into cell-free gaps. Silencing of COX-2 significantly inhibited
directional fibroblast movement into the wound, compared with control
cells. Additionally, celecoxib markedly inhibited TGF-p-induced fibro-
blast movement into the gaps (Fig. 3G and H). In order to determine the
regulation effect of celecoxib on directed migration, Transwell chamber
assays were employed to detect levels of chemotaxis migration of fi-
broblasts. We found that fibroblasts treated with TGF-p showed higher
number of migrated fibroblasts than control group, and migration was
blocked by celecoxib (Fig. 31 and J).
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Fig. 2. Celecoxib inhibits myofibroblast differentiation and fibrosis by inhibiting canonical and non-canonical TGF-f signaling pathways. (A) Representative images
showing COX-2 staining of TGF-B-stimulated fibroblasts in time dependent manner. Scale bar = 40 pm. (B) Representative immunoblot showing expression levels of
a-SMA, YAP-TAZ, collagen I, collagen III, fibronectin, COX-2 Smad2/3, p-Smad2/3, ERK1/2 and p- ERK1/2 in fibroblasts pre-treated with celecoxib for different
concentrations after TGF-p stimulation. (C, D) Quantitative analysis of COX-2 and a-SMA expression treated with TGF-f or celecoxib (10 nM). (E-J) Relative COX-2
(E), a-SMA (F), collagen III (G), YAP (H), fibronectin (I) and collagen I (J) mRNA levels in the suitably treated fibroblasts (n = 6). **p < 0.01, compared to the control
group. ##p < 0.01, compared to the TGF-B group. (K) Immunofluorescence analysis of a-SMA and COX-2 expression in TGF--cultured fibroblasts treated with 10 nM
celecoxib for 24 h. a-SMA (green), COX-2 (red) and DAPI (blue) are shown in representative immunofluorescence microscopic images. Scale bar = 50 pm.
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Fig. 3. Celecoxib inhibited oxidative stress and fibroblast proliferation and migration. (A) Representative immunoblot showing expression levels of NOX2 and NOX4
in fibroblasts pre-treated with celecoxib or TGF-p stimulation. (B) DCFH-DA staining of ROS after fibroblasts was treated with celecoxib or TGF-p. Scale bar = 20 pm.
(C) Flow cytometry and analysis of ROS fluorescent cells. (D) Quantitative analysis of POS expression (E) Edu analysis showing proliferative fibroblasts after celecoxib
or TGF-B treatment. Scale bar = 100 pm. (F) Quantitative analysis of proliferative cells in control, celecoxib, TGF-B, TGF-p+celecoxib groups. (G) Representative
images of wound-healing assay at 0 and 24h. Scale bar = 10 pm. (H) Quantitative analysis of number of migrating cells into the gap. (I) Representative images of
transwell assay with fibroblasts treated as indicated. Scale bar = 100 pm. (J) Quantitative analysis of number of cells migrating across the membrane. Data represent
mean + SD of 6 independent experiments. **p < 0.01, compared to the control group. **p < 0.01, compared to the TGF-p group.
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2.4. Pharmacological inhibition of COX-2 showed potent antifibrotic
effects for the improvement of muscle preservation

Since our in vitro findings showed anti-fibrosis effect of celecoxib,
their characteristics during fibrogenesis were further explored in vivo.
we sought to determine whether suppression of COX-2 caused by cele-
coxib was able to ameliorate skeletal muscle atrophy induced by surgery
during the fibrotic stage. As shown in Fig. 4A, celecoxib was adminis-
tered p.o. every 24 h after skeletal muscle injury. Fibrosis initiation did
not cease or regress even after surgical injury was terminated and
showed a self-sustaining ability. The restoration process of skeletal
muscle degeneration is characterized by high levels of collagen forma-
tion and muscle atrophy. In the present study, examination of histo-
logical sections of injured skeletal muscle demonstrated the progression
of skeletal muscle deterioration due to replacement of fibrous scars with
collagen deposition, while in uninjured skeletal muscles, collagen fiber
was undetectable. The levels of muscle degeneration significantly
increased from 3 days to 28 days after injury and the fibrotic areas had
grown larger as time went by (Fig. 4B-G). Selective inhibition of COX-2
by celecoxib significantly reduced the severity of muscle deterioration as
a result of significantly decreased levels of scar formation and skeletal
muscle atrophy at different time points after injury (Fig. 4H-L). We also
found that injured tissues of mice treated with celecoxib displayed
decreased levels of COX-2 expression (Fig. 4M). Importantly, immuno-
fluorescence analysis suggested that increased a-SMA, collagen I,
fibronectin and YAP/TAZ positive areas were distributed throughout the
fibrotic regions of injured muscles, compared with the control group and
in vivo treatment of celecoxib significantly decreased the expression of
these genes expression (Fig. 4M). Consistent with the results of the in
vitro experiments, injured tissues from the celecoxib-treated mice
demonstrated significantly decreased levels of expression of mRNA
encoding the fibrosis-associated genes (Fig. 4N-R).

2.5. Celecoxib weakened profibrotic kinase pathways and oxidative stress
in vivo

Given that myofibroblasts secrete collagen in an extracellular ERK-
dependent pathway and that TGF-§ signaling pathway plays a crucial
role in fibrogenesis, we first evaluated whether celecoxib could decrease
phosphorylation of ERK1/2 and Smad2/3. We found that phosphory-
lation of Smad2/3, ERK1/2 and TGF-pR1 were significantly increased in
injured muscle tissues (Fig. 5J-M) compared to control group
(Fig. 5A-D). Similarly, celecoxib markedly decreased p-Smad2/3, p-
ERK1/2 and TGF-BR1 positive areas (Fig. 5S-V). Western blotting
analysis further confirmed that the inhibition of COX-2 expression
weakened these profibrotic kinase pathways in vivo (Fig. 5BB and CC).
Angiogenesis is a process by which new blood vessels are formed. During
this process, vascular endothelial growth factor (VEGF) acts as a positive
key regulator of fibrogenesis. We found that celecoxib could decrease
the expression levels of VEGF in vivo, compared to injury group (Fig. 5E,
N, W and CC) and reduced VEGF expression in supernatant of fibroblasts
after TGF-p treatment (Fig.5DD). Besides, celecoxib also significantly
inhibited oxidative stress by decreasing the level of NOX2 and NOX4
compared to injury group (Fig. 5P-R, Y-AA, CC).

2.6. COX-2 regulated multiple genes by wide-range interactions

We employed RNA-seq to further explore the regulatory elements by
COX-2. RNA-seq analysis indicated significant changes in mRNA after
COX-2 was inhibited (Fig. 6A). The transcriptomic study implicated 101
differentially expressed genes (DEGs) in the three TGF-p groups
compared to the TGF-B+celecoxib groups, including 58 up-regulated
and 43 down-regulated genes (Fig. 6B and C). By GO annotation, the
enrichment trends of differentially expressed genes were found in pre-
synaptic process involved in chemical synaptic transmission, detoxifi-
cation and cell killing of biological process; virion part, nucleoid part
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and other organism part of cellular component; signal transducer ac-
tivity, molecular transducer activity, electron carrier activity, antioxi-
dant activity and translation regulator activity of molecular function
(Fig. 6D). Moreover, PDK1 was significantly altered in PI3K-AKT
pathway after celecoxib treatment (Fig. S4). Reportedly, PDK1/AKT
pathway is associated with fibrogenesis [60] and complex regulatory
networks by COX-2 still requires further investigations.

2.7. Knockdown of COX-2 inhibited AKT activation by reducing PDK1
expression and E3 ubiquitin ligase TRAF4 recruitment

To further confirm the relationship between COX-2, PDK1 and its
downstream AKT signaling, we first explored the colocalization of COX-
2 and PDK1 by immunofluorescence methods (Fig. 7A). Pearson’s for
image above thresholds was 0.8489 (Fig. 7B) and co-located plot profile
image was shown in Fig. 7C. Then we detected the PDK1/AKT compo-
nents in the COX-2 associated CO-IP complex. The results of immuno-
precipitation analysis indicated that COX-2 interacted with PDK1 and
AKT (Fig. 7D and E). Inhibition or overexpression of COX-2 by siRNA or
rebamipide was confirmed by RT-PCR (Fig. 7F) and we observed that si-
COX-2 could significantly decrease the level of PDK1 while over-
expression of COX-2 markedly increased PDK1 content (Fig. 7G). Both
Pharmacological or genetic inactivation of COX-2 inhibited the expres-
sion of PDK1 and subsequently suppressed phosphorylation of AKT
(Fig. 7H). Besides, previous studies indicated that TRAF4 of E3 ligases
activated AKT by facilitating its K63-linked ubiquitination [49]. Both
TGF-p and oe-COX-2 could promote the association between TRAF4 and
AKT, which was blocked by si-COX-2 (Fig. 7I). Immunoprecipitation
analysis further confirmed the inhibitory effect of si-COX-2 on Lys63
polyubiquitination of AKT in fibroblasts cultured with TGF-§ (Fig. 7J).
Overall, we demonstrated that knockdown of COX-2 inhibited TGF-f
induced AKT activation by suppressing its upstream signaling PDK1 and
blocking the interaction between TRAF4 and AKT and the subsequent
Lys63 polyubiquitination of AKT.

3. Discussion

Skeletal muscle atrophy can significantly delay recovery of motor
function, extend hospital stay and increase morbidity and mortality.
However, the molecular mechanism underlying its occurrence and
development remains unclear [61,62]. Considering its extensive clinical
implications, pharmacological therapies are desperately indispensable.
In the present study, we focused on the preservation of resident of
skeletal muscle fibers and the reduction of myofibroblasts accumulation
and collagen deposition by pharmacological or genetic inactivation of
COX-2.

NSAIDs (nonselective or selective COX-2 inhibitor like celecoxib) are
predominantly used as analgesics to manage postoperative pain world-
wide [33,35,63]. Only a few studies have evaluated the effect of cele-
coxib on skeletal muscle fibrosis. The role of celecoxib in various types of
fibrogenesis remains controversial. Administration of celecoxib prevents
tendon fibrosis [44] and reduces peritoneal fibrosis [64], as well as
ameliorates cystic fibrosis [65], whereas, on the other hand, the inhi-
bition of COX-2-derived PGE2 after celecoxib treatment may accelerate
the progression of fibrosis [66]. It is well known that COX is a limited
enzyme in the synthesis process of converting arachidonic acid into
prostaglandin H2 and further conversion of the product into prosta-
glandins, such as PGD2 and PGE2. Exogenous PGD2 and PGE2 exert a
strong inhibitory effect on fibroblast proliferation and differentiation.
We found that levels of PGD2 and PGE2 decreased after celecoxib pro-
moted dedifferentiation (Fig. S2A-C), while both exogenous PGD2 and
PGE2 inhibited the expression of a-SMA and collagen I. Interestingly,
celecoxib decreased PGD2 and PGE2 expression in fibroblasts, while
inhibiting TGF--induced myofibroblast activation and collagen depo-
sition, instead of severe fibrosis. These results indicated that the po-
tential cellular mechanism of COX-2 in fibrogenesis has not been fully
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Fig. 4. Inhibition of COX-2 suppresses
fibrosis and alleviates skeletal muscle
atrophy. (A) Treatment regimen for
skeletal muscle injury mouse model.
(B-J) Representative images of Masson
stained skeletal muscle tissues from the
control (B-D), injury (E-G) and cele-
coxib (H-J) groups at different time
points after surgery-induced injury.
Scale bar = 50 pm. Percentage of
collagen (K) and muscle fibers (L) in
the indicated groups. (M) Representa-
tive images of muscle tissues immu-
nostained for COX-2, a-SMA, collagen
I, YAP and fibronectin. Scale bar = 50
pm.(N-R) Relative mRNA expression
levels of fibrotic markers in the indi-
cated groups. Each symbol represents
an individual mouse (n = 6). **p <
0.01, compared to the control group.
##p < 0.01, compared to the injury
group.
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Fig. 5. Celecoxib weakened oxidative
stress and profibrotic kinase path-
ways in vivo. Representative images of
p-ERK1/2, TGF-pR1, p-Smad2/3,
VEGF, NOX2 and NOX4 immuno-
staining in injured muscles of the
control (A-I), injury (J-R) and cele-
coxib (S-AA) groups. Scale bar = 50
pm. (BB) Immunoblot showing p-
ERK1/2 and p-Smad2/3 levels in the
muscles of indicated groups. (CC)
Immunoblot  showing  TGF-BR1,
VEGF, NOX2 and NOX4 levels in the
muscles of indicated groups. (DD)
VEGF levels in the supernatant of fi-
broblasts treated with celecoxib
before TGF-p stimulation (n = 6). **p
< 0.01, compared to the control
group. ##p < 0.01, compared to the
TGF-B group.
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Fig. 6. COX-2 interacted with multiple genes. (A) A heat map showed differentially expressed genes (DEGs) in TGF-f activated fibroblasts that were pretreated with
celecoxib or not. (B) The MA diagram provided an intuitive view of the overall distribution of expression levels and differential multiples of two groups of genes. (C)

Volcano Plot displayed DEGs between two groups. (D) Based on DEGs and all genes, the enrichment of the secondary functions of GO reflected the status of the

secondary functions in the two backgrounds and antioxidant activity was involved (indicated by red circle). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 7. Knockdown of COX-2 inhibited PDK1 expression and E3 ubiquitin ligase TRAF4 recruitment to suppress AKT activation. (A) The colocalization of COX-2 and
PDK1 was evaluated by immunofluorescence. Scale bar = 20 pm (B) Co-localization analysis was shown by scatter plot of all fibroblasts. (C) Plot profile image
displayed colocalization of the fibroblasts indicated by the white arrow. (D) Co-immunoprecipitation and silver staining analysis of COX-2 associated proteins in
fibroblasts. (E) Co-immunoprecipitation analyses of the interaction between COX-2, PDK1 and AKT in fibroblasts. (F) mRNA of COX-2 was detected after knockdown
by COX-2 si-RNA or overexpression by rebamipide. (G) mRNA of PDK1 was measured after gain or loss of COX-2. (H) Western blotting analysis was utilized to
measure COX-2, PDK1 and p-AKT expression levels in fibroblasts after suitable treatment. (I) Co-immunoprecipitation assays were done to confirm the interaction
between TRAF4 and AKT. (J) Immunoprecipitation was then conducted to detect the effect of COX-2 on the expression of Lys63-polyubiquitination of AKT.
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elucidated.

COX-2 has been widely investigated in cancer and it is especially
intriguing that activated fibroblasts and cancer cells show numerous
similarities in phenotype and share a gene-expression pattern. COX-2 is
highly expressed in various tumors, including breast [67], lung [68],
prostate [69], and colorectal cancers [70]. We found that COX-2
expression was remarkably higher in the muscle injury site caused by
bone fracture as opposed to normal regions muscles of both humans and
mice that had been affected by surgery-induced muscle injury,
compared to non-damaged muscles. It has been reported that the
morphological structures of the fibroblastic foci are heterogeneous and
can be divided into two different regions: the active fibrotic front and
the myofibroblast core, based on content and size, positioning the active
fibrotic front as a temporal growth of the fibroblastic foci that can
invade into adjacent normal skeletal muscle tissue and the myofibro-
blast core, as a source of collagen deposition and fibronectin production
[51]. As shown in the present study, the results of our immunohisto-
chemical studies characterized the active fibrotic front using the
expression of Ki67 and S100A10, the markers of mesenchymal progen-
itor cell. Besides, COX-2 was also significantly increased in the in the
high cellular density region, indicating that COX-2 positive cells are
crucial components of the active fibrotic front in the fibroblastic foci.

It is important that fibroblasts differentiate into myofibroblasts since
this process produces collagen deposition for repair of the injury site. In
parallel experiments performed in vitro, COX-2 expression increased
when fibroblasts were activated but decreased as fibroblasts matured
into myofibroblasts. The use of celecoxib to pharmacologically interfere
with COX-2 levels simultaneously promoted myofibroblast dedifferen-
tiation and inhibited ECM formation, as reflected by the downregulation
of a-SMA and other fibrosis related genes (collagen I, collagen III and
fibronectin) (Fig. 8). Our results linked the upregulation of COX-2
expression with myofibroblast differentiation and the mechanism by
which COX-2 expression promoted differentiation remains to be exam-
ined further. The YAP-TAZ and phosphorylation of Smad2/3 and ERK1/
2 induced by additional TGF-p expression was shown to aggravate the
fibrosis response [71,72]. Since celecoxib could partially reverse TGF-f
induced myofibroblast differentiation, the underlying mechanisms need
to be investigated further. Celecoxib caused downregulation of
YAP-TAZ, phosphorylated Smad2/3 and ERK1/2 expression after TGF-
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treatment. Fibroblasts undergo remarkable alteration in phenotype and
gene expression, which results in cell proliferation and migration. We
found that inactivation of COX-2 could suppress fibroblast proliferation
and migration induced by TGF-f.

We sought to explore the contribution of celecoxib towards fibro-
genesis in vivo using a skeletal muscle injury mouse model. In accor-
dance with the ex vivo analysis, the in vivo results revealed that
inactivation of COX-2 resulted in the dedifferentiation of myofibroblasts
and decreased ECM levels of a-SMA, collagen, and fibronectin content.
Celecoxib interfered with TGF-3/SMAD signaling through the inhibition
of TGF-BR1 expression and the phosphorylation of Smad2/3. Non-
canonical TGFp pathways, such as YAP of Hippo, ERK1/2 of MAPK
signaling, as well as VEGF were also mediated by inhibition of COX-2 in
the skeletal muscle fibrosis mouse model. In addition, inhibition of COX-
2 relieved oxidative stress and ROS generation. These results indicate
that the overexpression of COX-2 confers fibroblasts with fibrogenic
properties that result in collagen deposition and ECM products. Our
results demonstrated that the administration of celecoxib exert anti-
fibrosis effects on fibrosis and that the pharmacological inhibition of
COX-2 expression was sufficient to provide remarkable protection
against fibrosis at all the fibrotic end points detected.

We further investigate other pathways that are involved in skeletal
muscle fibrosis by RNA-seq. In the present study, we found celecoxib
could significantly inhibit the expression of PDK1 and PDK1/AKT
signaling was previously to be closely associated with fibrosis [60]. We
demonstrated that COX-2 could interact with PDK1 and AKT and
knockdown of COX-2 could significantly inhibit the PDK1 expression
and subsequently suppress the phosphorylation of AKT. In addition, we
observed that inhibition of COX-2 decreased the TGF-f mediated K63
ubiquitination of AKT by suppressing the interaction between TRAF4
and AKT. On the contrary, overexpression of COX-2 was found to reverse
this effect.

In conclusion, we identified COX-2 as a promoter of fibroblast pro-
liferation, differentiation and migration and showed that COX-2 positive
cells are crucial components of the active fibrotic front in the fibroblastic
foci. Inactivation of COX-2 showed potent anti-fibrotic properties by
inhibiting canonical and non-canonical TGF-§ signaling pathways. In
general, based on the results of this study, controlling COX-2 expression
might be available treatment of skeletal muscle atrophy in the future.

TGF-B

i) 4 COX-2

>
ERRID variTAz (F'DK1 >
3
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Inhibition of COX-2 fibrosis-associated gene expression

Fig. 8. Schematic representation of fibrogenesis during skeletal muscle atrophy. (A) After skeletal muscle injury, resident fibroblasts or migrated from peripheral
region proliferated and differentiated into myofibroblasts to produce ECM. Mass collagen deposition replaced skeletal muscle regeneration and induced atrophy. (B)
Skeletal muscle injury induced release of various cytokines activated TGF-p-dependent signaling pathway, non-canonical TGF-p pathways and oxidative stress. COX-2
promoted AKT activation by increasing its upstream signaling PDK1 and facilitating the interaction between TRAF4 and AKT and the subsequent Lys63 poly-
ubiquitination of AKT. Inhibition of COX-2 showed significant inhibitory effect on the signaling pathway that were positive for fibrogenesis.
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4. Materials and methods
4.1. Tissue specimens and cell culture

Injured muscle tissues surrounding bone fractures and normal mus-
cle specimens were resected from 6 patients (Table S1) admitted to the
Department of Orthopedics at the First Affiliated Hospital of Nanjing
Medical University of China. To isolate primary fibroblasts, the injured
muscle tissues were separated into hair-like strands (5 mm x 5 mm) by
soaking in 75% alcohol for 10 min. After incubating the muscle strands
with trypsin-EDTA (Keygen, Nanjing, China) for 5 min at 37 °C, the
digested tissue masses were centrifuged at 1300 rpm for 5 min. The
extracted fibroblasts were seeded in 25 cm? culture flasks in Dulbecco’s
modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco), and
cultured at 37 °C under 5% CO».

4.2. Cell treatment and transfections

The fibroblasts from passages 3 and 5 were activated with 10 ng/ml
transforming growth factor-beta (TGF-f, BioLegend) following a 24h
pre-treatment with 5, 10, 20 and 40 nM celecoxib (Abcam). COX-2
siRNA (Santa Cruz Biotechnology, TX, USA) was used to transfect fi-
broblasts using DharmaFECT 1 transfection reagent based on the man-
ufacturer’s protocol. In brief, Serum-free medium was added to cells 1 h
before transfection. A total of 100 pl COX-2 siRNA and 40 pl transfection
reagents were diluted in 2 ml separate serum-free medium and incu-
bated at room temperature for 15 min. Then the mixture was added to
the 10% DMEM to get the final concentration of 50 nM. After 24 h of
incubation, the medium containing the COX-2 siRNA was replaced by
siRNA free culture. Rebamipide (MedChemExpress) at the concentration
of 10 nM was used to overexpress COX-2 level. 5 yM PDK1 activator
PS48 (MedChemExpress) was employed to overexpress PDK1.

4.3. Establishment of muscle injury model

Male C57BL/6J mice aged 6-8 weeks and weighing 20-25g were
obtained from Experimental Animal Center of Nanjing Medical Uni-
versity, Nanjing, China. The mice were housed at 25 + 1 °C, relative
humidity 60 + 10%, and 12h/12h light and dark cycle, and provided
with food and water ad libitum. To induce muscle injury, the mice were
first anesthetized by intraperitoneal injection of ketamine and xylazine,
and placed on the console in a prone position. The dorsal region was
depilated, and the skin was disinfected with iodophor and incised. The
underlying fascia was separated, and the latissimus dorsi muscle was cut
through. After the injured muscle was flushed with saline, and the
wound was sutured layer by layer, followed by disinfection of the skin.
The mice were randomly divided into the control, injury and celecoxib
groups. Mice in control group underwent no surgery and in injury or
celecoxib group, mice were intra-gastrically infused with 0.9% NaCl, or
100 mg/kg celecoxib [73] (dissolved in normal saline) respectively (Qd
for 3 or 7 days after operation) after surgery.

4.4. Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from the cultured cells using Trizol reagent
according to the manufacturer’s instructions, and reverse transcribed to
cDNA using Prime Script TM Master Mix (Takara). The RT-PCR was
performed using the SYBR Green Mix (Vazyme Biotech) and the
following primers (Table S2). The relative gene expression levels were
calculated with the 222Ct formula with GAPDH as the internal control.

4.5. Western blotting and immunoprecipitation

Protein was extracted from the suitably treated fibroblasts using the
Whole Cell Lysis Kit (Keygen, Nanjing, China). The lysate was
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centrifuged for 15 min at 4 °C and 12000 rpm, and the protein content in
the supernatant was analyzed by the Bradford method. Equal amount of
proteins per sample were resolved by SDS-PAGE using a 10% separating
gel, and transferred into polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% skim milk in tris-buffered saline with Tween-20
(TBST) at room temperature for 1h, the membranes were washed thrice
with TBST (5min each time). The blots were then incubated overnight at
4 °C with primary antibodies against YAP/TAZ (#8418S), Smad2/3
(#12470S), p-Smad2/3 (#8828S), Erkl/2 (#4695P), p-Erkl/2
(#43708S), p-P38 (#4511S), AKT (#4685), p-AKT (#13038) (all from
Cell Signaling Technologies), a-SMA (#ab5694), COX-2 (#ab15191),
collagen I (#ab34710), fibronectin (#ab6328), P38 (#ab31828) and
TRAF4 (#ab245666) (all from Abcam), collagen III (#13548-1-AP),
NOX2 (#19013-1-AP), NOX4 (#14347-1-AP) and GAPDH (#HRP-
60004) (Proteintech). The anti-GAPDH antibody was diluted 1:10000,
and the other antibodies were diluted 1:1000. After washing thrice with
TBST (10min each time), the blots were incubated with goat-anti-rabbit
IgG (#YFSA02) or goat-anti-mouse 1gG (#YFSA01) (YiFeiXue Biotech)
at room temperature for 1h. The blots were washed again, and the bands
were visualized by electrochemiluminescence (ECL). The western bands
were quantified using Image J software.

Immunoprecipitation analysis was conducted according to previ-
ously study [74]. Briefly, proteins from the treated fibroblasts was mixed
with COX-2, AKT or TRAF4 antibody at 4 °C overnight. Protein A/G
agarose beads (Invitrogen, USA) was then used to incubate the mixture
at 4 °C for 4 h and the final product was analyzed by Western blot.

4.6. Immunofluorescence

The suitably treated fibroblasts were seeded into 12-well plates
(WHB, Shanghai, China) and cultured till the desired confluency. The
cells were then washed with PBS and fixed with 4% paraformaldehyde
(PFA) (Servicebio, Wuhan, China) for 20min. After washing thrice with
PBS (3min each time), the cells were permeabilized with 0.5% Triton X-
100 (Biofroxx), and then blocked with serum (Beyotime) homologous to
the secondary antibody for 30 min. The serum was discarded, and the
cells were incubated overnight with the suitable antibodies at 4 °C.
Following a PBS wash, the cells were incubated with Alexa Fluor
488goat anti-rabbit IgG (1:500; #136832, Jackson) and Alexa Fluor 568
donkey anti-rabbit IgG (1:500; #A10042, Invitrogen) at 37 °C for 30min
in the dark. Finally, the cells were washed with PBS, counterstained with
DAPI Fluoromount-G (Southernbiotech), and observed under a fluores-
cence microscope.

Measurement of colocalization areas was conducted using ImageJ
software. Colocalization analysis was done by Image J plugins JaCop,
Colocalization colormap and Colocalization threshold according to a
previous study [75].

4.7. Immunohistochemistry

Muscles were resected from the suitably treated mice and fixed in 4%
PFA for 24h. After routine decalcification and dehydration through an
ethanol gradient, the tissues were embedded in paraffin and cut into 3
pm sections using a rotary microtome. The sections were cleared with
xylene and ethanol, and immersed in boiling citrate buffer (pH 6) for 25
min for antigen retrieval. After blocking with BSA for an hour at room
temperature, the muscle sections were incubated overnight with pri-
mary antibodies against YAP/TAZ (1:500), fibronectin (1:500), COX-2
(1:1000), collagen I (1:500), a-SMA (1:100), Ki67 (1:200, #GB13030-
2), S100A4 (1:200, #GB12397), CD68 (1:200, #GB11067 (all from
Servicebio) at 4 °C. The sections were washed to remove the primary
antibodies, and then probed with goat-anti-rabbit IgG (#GB23303) and
goat-anti-mouse IgG (#GB23301) secondary antibodies (diluted 1:500,
Servicebio) for 50 min, followed by CY3, FITC or CY5 (Servicebio) for
10 min in the dark. After washing with TBST, the sections were coun-
terstained with DAPI Fluoromount-G and observed under a fluorescence
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microscope.

Muscle tissues were sliced into 3 pm sections as per standard pro-
tocols. Following deparaffinization and dehydration as described above,
the sections were immersed in EDTA antigen retrieval buffer (pH 8;
Servicebio) and boiled for 30 min. The sections were blocked with BSA
for 30 min, and then incubated overnight with anti-COX-2 antibody
(1:100) at 4 °C, followed by MaxVision TM HRP-Polymer anti-rabbit
antibody (MXB) and Vectastain ABC Kit (Vector) according to the
manufacturer’s protocol. The color was developed using DAB (Vector)
and hematoxylin (Servicebio) was used to counterstain for 30s. After a
final wash with PBS, the sections were cleared with 1% ethanol hydro-
chloride, dehydrated, and observed under a microscope.

4.8. Histological examination

The muscle sections were processed as described above, and stained
with hematoxylin-eosin (HE) for histopathological examination. Masson
Trichrome staining was also performed as per standard protocols to
analyze fiber deposition.

4.9. Cell proliferation assay

The fibroblasts were seeded into a 96-well plate (WHB) at the density
of 1 x 10%/well. After treating the cells with celecoxib or TGF-p for 24h,
a kFluor555-EdU kit (Keygen Biotech, Nanjing, China) was used to
evaluate the proliferative ability of fibroblasts. Briefly, 10% DMEM
containing Edu (10pM) was used to incubate cells for 72h, 4% para-
formaldehyde was employed to fix cells for 15min and DAPI staining
was then performed.

4.10. Transwell and wound-healing assays

Fibroblasts were seeded into the upper chambers of transwell inserts
(8 pm membrane pore size; Corning) in a 24-well plate (WHB) in serum-
free medium with the respective drugs at the density of 2 x 10° cells/
well, and the lower chambers were filled with 500 pl complete DMEM
containing TGF-f. After culturing for 24h, the inserts were removed and
unmigrated cells on the upper surface of the membrane were wiped with
a cotton swab. The migrated cells on the lower surface were fixed with
4% PFA for 30 min and stained with 0.1% crystal violet for 30min, and
counted under a microscope. For wound-healing assay, fibroblasts were
seeded into 4-well inserts (Ibidi) in a 12-well plate (WHB, Shanghai,
China) and grown till confluent. The monolayer was scratched with a
sterile pipette tip, and fresh medium containing TGF-f or celecoxib was
added. The wound area was photographed at Oh and 24h.

4.11. Detection of ROS

Fibroblasts treated by celecoxib or TGF-§ were washed in PBS for 3
times for 5 min. DCFH-DA (Keygen, Nanjing, China) was used to incu-
bate cells at 10 pM for 1 h at 37 °C in dark. Incubation buffer was
removed and DMEM-F12 was then employed to incubate cells for 30
min. Fibroblasts were observed by fluorescence microscope. For flow-
cytometry analysis, the fibroblasts were obtained for suspension in
DMEM-F12 and washed with PBS for 3 times for 5 min. ROS was
detected at a wavelength of 488 nm.

4.12. RNA-seq analysis

Total RNA was extracted from TGF-f-activated fibroblasts pretreated
with celecoxib or not by TRIzol reagent according to the manufacturer’s
protocol. The RNA-seq prepared libraries were sequenced using an
Illumina HiSeq 4000 sequencer (Biomarker Technologies, Beijing,
China) after ribosomal RNA was eliminated. As described previously
[76], the gene expression levels were measured by Tophat and Cufflinks.
Enrichment analysis for the biological processes, molecular function and
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cellular component were done on the basis of the GO database annota-
tions with DAVID. Differentially expressed gene pathways were anno-
tated by KEGG (Kyoto Encyclopedia of Genes and Genomes). Fusionmap
was used to investigate gene fusion events in the transcriptome. Fold
Change>1.5 and P-value< 0.01 were used as screening criteria in the
detection of differentially expressed genes.

4.13. Statistical analysis

Data are expressed as the mean + SD of three independent experi-
ments. Two-tailed t-test and one-way ANOVA followed by post hoc
Bonferroni’s correction were respectively used to compare two and
multiple groups. Statistical analysis was performed with GraphPad
Prism 6 software. P < 0.05 was considered statistically significant.

4.14. Study approval

All patients provided informed consent, and the Ethic Committee of
the First Affiliated Hospital of Nanjing Medical University approved the
study according to the Declaration of Helsinki (No. 2010-SR-088). An-
imal experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Nanjing Medical University, China (Approval
No.: IACUC-1710004) and in conformity with the Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011).
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