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Abstract

Joint contracture is a fibrotic complication induced by joint immobilization and trauma, which is char-

acterized as excessive myofibroblast proliferation in joint capsule. The treatments of joint contracture

are unsatisfied and patients are suffered from joint dysfunction. Our previous study has shown that

curcumin can inhibit myofibroblast proliferation in vitro, but the major challenge is the low aqueous

solubility and biological activity of curcumin. In this study, hyaluronic acid-curcumin (HA-Cur) conju-

gate was synthesized to suppress myofibroblasts in joint contracture. Cells were isolated from the

joint capsules of joint contracture patients and induced to active myofibroblasts by transforming

growth factor-b (TGF-b). The anti-fibrotic function and mechanisms of HA-Cur were investigated by

immunohistochemistry, reverse transcription-quantitative polymerase chain reaction (PCR),

methylation-specific PCR, western blot, transwell migration assay and proliferation assay. Results

showed that 30 lM HA-Cur significantly attenuated the fibrotic functions of myofibroblast in joint

contracture in vitro by regulating the methylation of prostaglandin E receptor 2 (PTGER2) and inhibit-

ing TGF-b signaling. This may provide a mechanism for the treatment of joint contracture, and pro-

vide a molecular target PTGER2 for therapy during the pathogenesis of joint contracture.
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Introduction

Joint contracture is a central complication after joint surgery or

longtime immobilization, which will result in irreversible joint dis-

ability [1]. Contractive joint is a common complication which

affects at least 34% of patients who experienced joint surgery or im-

mobilization [2]. However, only 36% of patients can achieve full re-

covery because the traditional treatments of joint contracture

(rehabilitation or surgery resection of fibrotic tissue) were dissatis-

factory [3–5]. The hallmark pathological changes in joint contrac-

ture are myofibroblasts (active fibroblasts) proliferation and the

deposition of extracellular matrixes (ECM) in joint capsule [6].

Therefore, elucidating the mechanisms of myofibroblasts is essential

to the development of joint contracture and molecules which sup-

press myofibroblast functions are possible treatments to prevent

joint contracture.

Curcumin, a polyphenol pigment extracted from Curcuma

longa, has been reported to exert anti-oxidant, anti-inflammatory

and anti-tumor effects [7]. We previously demonstrated that curcu-

min can significantly suppress myofibroblast proliferation, fibrotic

marker expressions as well as collagen synthesis in vitro [8]. Studies

over the past few years have reported that curcumin could inhibit fi-

brotic diseases in different organs. For example, curcumin prevented
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transforming growth factor-b (TGF-b) inducing plasminogen activa-

tor inhibitor 1 (PAI-1) and a-smooth muscle actin (a-SMA) expres-

sions of myofibroblasts in renal fibrosis [9]. In another study of liver

fibrosis, curcumin treatment reversed liver fibrosis by demethylation

of fibrotic genes, indicating that aberrant methylation was closely

associated with fibrotic pathogenesis [10]. Although curcumin is po-

tential for anti-fibrosis treatment, the major challenge is its poor

aqueous solubility and low availability in biological systems [11].

Hyaluronic acid (HA), a natural polysaccharide drug which is the

standard clinical intra-articular treatment of knee osteoarthritis, has

a strong affinity with cell-specific markers [12]. The HA-Curcumin

conjugate (HA-Cur) elevated the solubility of curcumin in water to

7.5 mg/ml, which is equivalent of 265 lM of curcumin [13].

However, it remains obscure whether curcumin can suppress the

myofibroblasts from joint contracture, and, if it is, what is the exact

mechanism and signaling pathway in the inhibition of myofibro-

blasts induced by curcumin.

Prostaglandin E2 (PGE2), a lipid mediator derived from the cy-

clooxygenase metabolism of arachidonic acid, potently inhibits

myofibroblast functions such as cell proliferation, migration and

ECM accumulation [14–19]. In some fibrotic diseases, such as idio-

pathic pulmonary fibrosis (IPF), the inhibition of PGE2 expression

in myofibroblasts was due to the decreased expression of the prosta-

glandin E receptor 2 (PTGER2), the major G protein-coupled recep-

tor of PGE2 [20, 21]. Moreover, the PTGER2 promoter contains

numerous CpG dinucleotides susceptible to methylation [22, 23].

Thus, it was reported that DNA methylation is responsible for the

decreased PTGER2 expression [24]. These findings strongly suggest

a causal role of methylation of PTGER2 in fibrotic pathogenesis.

In the present study, we hypothesized that HA-Cur conjugate

would be a solution to suppress the fibrotic functions of myofibro-

blasts from contractive joint. To verify this hypothesis, HA-Cur con-

jugate was synthesized and myofibroblasts were isolated from the

posterior joint capsule. Gene, protein and tissue analyses of a-SMA,

collagen type I alpha 1 (Col-I) and PTGER2 were performed by re-

verse transcription-quantitative polymerase chain reaction (RT-

qPCR), western blot and immunohistochemistry. Myofibroblast

functional experiments were conducted by transwell migration assay

and myofibroblast proliferation assay. The effects of methylation of

PTGER2 were determined by methylation-specific PCR (MSP)

methylation inhibitor, and PTGER2 siRNA transfection, followed

by myofibroblast functional tests to conform an anti-contracture

mechanism.

Materials and methods

Cell isolation and culture
The fibroblasts were obtained from knee joint capsule of patients

whose tissue histopathology is normal. All patients received in-

formed consent. All the cells were incubated at 37�C with 5% CO2.

The fibroblasts were cultured in DMEM (dulbecco’s modified eagle

medium; Keygen Biotech, Jiangsu) supplemented with 10% fetal bo-

vine serum (FBS) (PAN SERATECH, German) and studied between

passage 3–9. All the myofibroblasts in our studies were induced by

TGF-b1 (Pepro Tech, USA) at concentration of 5 ng/ml for 72 h fol-

lowed by 24-h serum starvation [25]. For studies on the effect of

HA-Cur conjugate, we dissolved 0.85 mg HA-Cur conjugate in 1 ml

of culture medium (equivalent to 30 lM of curcumin). Cells were

treated for 72 h in DMEM with 10% FBS. For DNA demethylation

studies, the myofibroblasts were plated at 30–50% confluence and

treated with 5-aza-20-deoxycytidine (5-aza-dC; Sigma, USA) at

concentration of 5 lM for 72 h in DMEM with 10% FBS. The doses

used were based on previously published reports [24, 26]. For cell

transfection assays, all cells used in the study were myofibroblasts.

Cells were harvested for DNA or RNA isolation. Total protein

extracted from cells was subjected to western blot analysis.

Synthesis of HA-Cur conjugate
The conjugate was synthesized as previously described [13]. In brief,

800 mg of HA (1000–1500 kDa, Yuanye Bio-Technology, Shanghai)

dissolved in 1:1 V/V (H2O/DMSO) mixture (80 g) was added with

100 mg of 1,3-dicyclohexylcarbodiimide (DCC; Sigma, USA) and

40 mg of 4-dimethylaminopyridine (DMAP; Sigma, USA). After stir-

ring for 1 h to activate carboxylic group of HA, the solution was mix-

ture with 75 mg of curcumin (Sigma, USA) dissolved in 50 ml of

dimethyl sulfoxide (DMSO; Sigma, USA). The mixture was stirred

for about 6 h at 65�C. In order to remove unbound entities, the above

solution was dialyzed against DMSO for 1 day and against deionized

water (Keygen Biotech, Jiangsu) for 3 days using a dialysis membrane

(MWCO: 3500 Da; West Gene, Shanghai). HA-Cur conjugate was

dehydrated with dehydrant (BestBio, Shanghai) and kept at 4�C.

HA-Cur conjugate was verified by 1HNMR measured in DMSO-d6

using a 300 MHz spectrometer (Bruker Avance DPX 300).

Ultraviolet spectrophotometer assay
Twenty milligram of curcumin was accurately weighed and dis-

solved in 20 ml of DMSO at 25�C to prepare for the 1.0 mg/ml stan-

dard solution of curcumin. 0.04, 0.08, 0.12, 0.24, 0.48 and 0.72 ml

of standard curcumin were respectively diluted to 10 ml with

DMSO to prepare a series of standard solutions. Full wavelength

scanning was performed between 300 and 700 nm with an Epoch

ultra-micro spectrophotometer (Bio Tek, USA). The maximum ab-

sorption peak of curcumin is 440 nm. At the wavelength of 440 nm,

the absorbance of the standard solutions above was measured se-

quentially to obtain the concentration-absorbance standard curve of

the curcumin. Then, we accurately weighed 10 mg of HA-Cur conju-

gate and dissolved it in 10 ml of PBS. Finally, we measured its absor-

bance at 440 nm and calculated the content of curcumin according

to standard curve. The formula is Y¼0.03202 � Xþ0.05947.

Immunohistochemistry
For immunohistochemical analysis of PTGER2 expression in human

knee joint capsule, 4-lm tissue microarray sections obtained from

all fibrotic and non-fibrotic tissues were paraffin-embedded and cut

to construct tissue microarrays. The primary antibody anti-PTGER2

(1:100; Abcam, USA) was used for immunohistochemistry accord-

ing to the manufacturer’s instructions. Slides were routinely treated

for deparaffinization and hydration, and then heated in 0.01 mM

citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked

in 3% hydrogen peroxide in methanol for 20 min at room tempera-

ture. Immunohistochemical signals were observed under a micro-

scope (Nikon, Japan).

Reverse transcription-quantitative polymerase chain

reaction
Total RNA was isolated from cells using 1 ml Trizol (Keygen

Biotech, Jiangsu) for 5 min, and then Chloroform (200 ll; Oneshine,

Guangzhou) was added. After vigorous shaking for 15 s and centri-

fugation (Eppendorf, German) at 12 000 g for 15 min at 4�C, the

aqueous phase was collected. Isopropanol (300 ll; Oneshine,

Guangzhou) was mixed and maintained at 4�C for 10 min, and the
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mixture was centrifuged at 12 000 g for 10 min at 4�C. One milliliter

of 75% ethanol (�20�C; Keygen Biotech, Jiangsu) was used to wash

precipitation. After centrifugation at 7500 g for 5 min at 4�C, the

RNA was dissolved in DEPC water (Keygen Biotech, Jiangsu). The

qPCR was conducted on an ABI 7500-Fast (Applied Biosystems,

USA) using a One Step SYBR PrimeScript RT-PCR kit II (TaKaRa,

Dalian). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

served as an internal control to normalize for differences in the

quantity of total RNA in each sample, and expression was calcu-

lated using the 2�DDCt method [27]. A total of three independent

experiments at least were performed. The sequences of the primers

used are summarized in Supplementary Table S1.

Western blot analysis
According to the manufacturer’s instructions, proteins were extracted

using a total protein extraction kit (Keygen Biotech, Jiangsu) and

detected with a bicinchoninic acid (BCA) protein assay kit (Keygen

Biotech, Jiangsu). Proteins were resolved by SDS-PAGE and trans-

ferred to polyvinylidene difluoride membranes. These membranes

were blocked with 5% fat-free milk in PBS-Tween 20 (Solarbio,

Beijing) and incubated with primary antibodies against PTGER2

(1:1000; Abcam, USA), a-SMA (1:2000; Servicebio, Wuhan), Col-I

(1:2000; Servicebio, Wuhan) or b-actin (1:3000; Servicebio, Wuhan).

Membranes were then incubated with the proper horseradish

peroxidase (HRP)-conjugated secondary antibodies (all at 1:3000;

Servicebio, Wuhan). After subsequent washing, the immunoreactive

bands were developed by enhanced chemiluminescence, exposed in

the dark room and analyzed for densitometry.

Methylation-specific PCR
Genomic DNA was extracted from the cells and bisulfite modifica-

tion of the DNA was performed using Methylation-Gold Kit

(Tiangen Biotech, Beijing) according to the manufacturer’s instruc-

tions. The primers of PTGER2-M and PTGER2-U represent the

methylated sequence and the unmethylated sequence, respectively.

They were used to amplify the promoter region of the PTGER2 that

incorporated a number of CpG sites and the primers were summa-

rized in Supplementary Table S2. MSP reactions were performed us-

ing a QuantiTect SYBR Green PCR kit (QIAGEN, Shanghai)

according to the manufacture’s protocol. Methylation levels (%)

were calculated as the density of the M band versus the total density

of ‘UþM’. All experiments were performed at least in triplicate.

Cell proliferation assay
Cells were plated in 96-well plates (Corning, USA) at a density of

1�103 cells per well under respective condition. The assay was de-

termined using a Cell Counting Kit-8 kit (Keygen Biotech, Jiangsu),

measuring absorbance at 450 nm by a microplate reader (Bio Tek,

USA) in accordance with the manufacturer’s instructions. The for-

mula is as follows: cell viability (%) ¼ (a � c)/(b � c). The ‘a’ is ab-

sorbance of an experimental well. The ‘b’ is the mean absorbance of

control wells without any treatment. The ‘c’ is the mean absorbance

of wells without treatments as well as cells.

Cell migration
Cell migration assays were performed using 8.0 lm pore transwell

chambers (Corning, USA). Cells respectively treated with or without

TGF-b or HA-Cur conjugate were seeded into the upper chambers

of the transwells (1�105 cells/chamber) with no FBS. DMEM con-

taining 10% FBS as a chemoattractant was placed in the bottom

chambers. After incubation for 48 h at 37�C in a 5% CO2 atmo-

sphere, the cells remaining on the upper membrane were removed

with cotton wool and the cells adhering to the bottom surface were

fixed in 4% paraformaldehyde (Keygen Biotech, Jiangsu) and dyed

with 1% crystal violet (Oneshine, Guangzhou) for 30 min. The cells

that migrated through the membrane were imaged and counted us-

ing an upright metallurgical microscope (Nikon, Japan). The experi-

ments were repeated at least in triplicate.

Cell transfection
Cells were seeded into 24-well plates (Corning, USA) at a density of

1�105 cells per well. Exponentially growing cells were transfected

with 50 nM of PTGER2 siRNA or negative control siRNA for 48 h

using a pre-designed siRNA kit (Ribobio, Guangzhou) in accordance

with the manufacturer’s instructions before the treatment of HA-

Cur conjugate. The siRNA was designed by Guangzhou Ribobio

Co., Ltd and the target sequence is GCCTGCAACTTCAGTGTCA.

Statistical analysis
All data were collected in triplicate for each independent prepara-

tion and expressed as the mean 6 SD. The results were analyzed by

analysis of Student’s t-test, as appropriate, using GraphPad Prism

7.0 software (GraphPad Software, USA) with P<0.05 considered to

indicate a statistically significant difference.

Results

30 lM HA-Cur conjugate suppressed myofibroblast

functions by inducing PTGER2 up-regulation
The synthesis of HA-Cur conjugates was confirmed by 1HNMR

analysis (Fig. 1A–C). A strong acetyl (-NHCOCH3) peak was ob-

served at 2.115 ppm along with glucosidic H at 2.954 ppm. Peaks

associated with aromatic protons of curcumin were identified at

6.605–6.825 ppm. Singlet peaks at 3.795 ppm were attributed to

OCH3 groups in the curcumin moiety of the HA-Cur conjugate. We

quantified the amount of curcumin conjugated onto the HA-Cur

with ultraviolet spectrophotometer assay (Supplementary Fig. S1).

The mean absorbance of HA-Cur at 440 nm was 0.4787. Therefore,

according to the formula (Y¼0.03202�Xþ0.05947), the actual

curcumin concentration in the HA-Cur conjugate was: (0.4787 �
0.05947)/0.03202�13.1 lg per 1 mg of HA-Cur. In the myofibro-

blast proliferation and migration assays, 30 lM HA-Cur conjugate

significantly suppressed cellular proliferation and migration of myo-

fibroblasts (Fig. 2). Moreover, in the immunohistochemistry of hu-

man knee joint capsule, we found that the PTGER2 expression from

joint contracture was obviously lower than non-fibrotic knee joint

capsule (Fig. 3). The mRNA and protein levels of PTGER2 in myofi-

broblasts were elevated after 30 lM HA-Cur treatment, while the a-

SMA expression level was significantly reduced (P<0.05) (Fig. 4).

These results indicated that HA-Cur conjugate increased PTGER2

expression and exerted protective effects against joint contracture.

Hypermethylation of PTGER2 was observed in

myofibroblasts from contractive joint, while reduced by

HA-Cur treatment
In the MSP analysis, the hypermethylation of PTGER2 was detected

in myofibroblasts from contractive joint, whereas demethylation of

PTGER2 was observed after HA-Cur treatment (Fig. 5). We further

treated myofibroblasts with DNA methylation inhibitor 5-aza-dC

for 72 h or HA-Cur conjugate. We found that PTGER2 expression
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of cells treated with HA-Cur conjugate was almost at the same level

compared with the cells treated with 5-aza-dC (Fig. 6).

Regulation of PTGER2 by HA-Cur conjugate is influen-

tial on the inhibition of TGF-b signaling in myofibro-

blasts from contractive joint
For further studies, we investigated whether PTGER2 was influen-

tial on the inhibition of TGF-b signaling. Therefore, we employed

cell proliferation and a-SMA and Col-I expressions analyses as read-

outs for TGF-b signaling. As shown in Fig. 7, the expressions of

a-SMA and Col-I and the growth rate of myofibroblasts were obvi-

ously decreased in HA-Cur-treated myofibroblasts compared to neg-

ative control group (Fig. 7). These effects were almost blocked

down by the silencing of PTGER2 with PTGER2 siRNA (Fig. 7).

The results illustrated the essential role of PTGER2 in HA-Cur con-

jugate-mediated TGF-b signaling inhibition.

Discussion

It has been demonstrated that myofibroblast, the activated fibro-

blast, is the main pathogenic cell responsible for joint contracture

[6, 28]. Myofibroblasts are activated by fibrotic factors, such as

TGF-b, and express fibrotic markers a-SMA and Col-I [6]. The bal-

ance of collagen deposits and ECM generation is disorganized in

joint contracture [29]. In our previous study, we demonstrated that

curcumin can significantly suppress myofibroblast proliferation, fi-

brotic markers expressions as well as collagen synthesis in vitro [8].

The reasons for its low bioavailability of curcumin include the low

water-solubility (0.0004 mg/ml) and the rapid first-pass metabolism

Figure 1. The solid state (A) and liquid state dissolved in PBS (B) of HA-Cur conjugate. (C) 1HNMR spectra of HA-Cur in DMSO-d6.

Figure 2. (A) Myofibroblast proliferation treated with different concentration of HA-Cur. (B) Cell migration assay of myofibroblasts treated with 30 lM of HA-Cur

(n¼3). The above two lines (magnification, 40�) and the last line (magnification, 100�) are provided by transwell migration assay.
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of the absorbed curcumin [11, 30]. Thus, a new conjugate which

can improve curcumin’s solubility and bioavailability is highly desir-

able. In this study, HA was employed to increase aqueous solubility

and availability of curcumin in the myofibroblasts inhibition. We

hypothesized that HA-Cur conjugate can attenuate the fibrotic func-

tions of myofibroblasts from contractive joint which shed a new

light to employ HA-Cur for the treatment of joint contracture.

As shown in 1HNMR spectra, HA-Cur conjugate was indicated

by specific acetyl peak (-NHCOCH3, 2.115 ppm), glucosidic H peak

(2.954 ppm), OCH3 groups peak (3.795 ppm) and peaks associated

with aromatic protons of curcumin were identified at 6.605–

6.825 ppm (Fig. 1). This result indicated that the HA-Cur conjugate

was successfully synthesized. According to Manju et al., HA-Cur

conjugate significantly elevated the solubility of curcumin in water

to 7.5 mg/ml (equivalent to 265 lM of curcumin) and favored the

stabilization of the curcumin even in alkaline media in which free

curcumin rapidly degrades [13]. More importantly, the anti-fibrosis

function of curcumin is not only time-dependent but also dose-

dependent [10]. To explore the appropriate concentration of HA-

Cur conjugate in suppressing myofibroblasts, cellular proliferation

assay was performed under various curcumin concentrations

(Fig. 2A). According to the proliferation result, the lowest cell viabil-

ity was observed at 30 and 40 lM of HA-Cur. There was no statisti-

cally significance between these two concentrations (P>0.05). In

addition, previous study showed that toxicity of curcumin occurred

at doses of 20 lM in NRK49F fibroblasts [31], thus we determined

Figure 3. Immunohistochemistry of human knee joint capsule. The left two columns (magnification, 200�) and the right column (magnification, 400�) are from

non-fibrotic and fibrotic patients, respectively.

Figure 4. The mRNA and protein expressions of PTGER2 and a-SMA (n¼ 3). (A) The mRNA expressions were measured by RT-qPCR. (B) The protein expressions

were assayed by immunoblotting, with mean densitometry relative to b-actin shown in graphs underneath the representative blot. Control group: cells were

treated neither TGF-b nor HA-Cur; fibrosis group: cells treated with TGF-b; HA-Cur group: cells treated with both TGF-b and HA-Cur. *P<0.05 relative to the con-

trol group. **P<0.05 relative to fibrosis group.
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a dose 30 lM on the premise of high-efficiency in suppressing myofi-

broblasts in our further functional experiments.

The anti-fibrosis function of HA-Cur was analyzed by cell migra-

tion assay, because the myofibroblast migration and proliferation

were indispensable in joint contracture [32]. In the procession of

joint contracture, the myofibroblast migration to the contractive

capsule is an essential pathological process [33]. In our research, cell

transwell assay was used to examine the effect of HA-Cur conjugate

on myofibroblast migration (Fig. 2B). Comparing to normal fibro-

blasts, HA-Cur conjugate significantly reduced the migration of

myofibroblasts. These data indicated that HA-Cur could not only

inhibit the proliferation of myofibroblasts, but also suppress the mi-

gration of activated fibroblasts. However, although HA-Cur can

suppress fibrotic formation, the anti-fibrosis mechanism of HA-Cur

was still obscure.

As mentioned above, PTGER2 was reported to inhibit myofibro-

blast functions in some other fibrotic diseases such as IPF [20, 21].

In the immunohistochemistry of human knee joint capsule tissues,

the fibrotic tissues expressed significantly less PTGER2 protein than

the non-fibrotic tissues (Fig. 3). Then we further analyzed the

mRNA and protein expressions of PTGER2 and a-SMA (the fibrotic

marker) of cells from control group, fibrosis group and HA-Cur

group. Figure 4 showed that the mRNA and protein levels of

PTGER2 in myofibroblasts were elevated after 30 lM HA-Cur

treatment while the a-SMA expression level was significantly re-

duced (P<0.05) (Fig. 4). These results indicated that HA-Cur con-

jugate increased PTGER2 expression and exerted protective effects

against joint contracture. Hypermethylation of CpG islands in

PTGER2 promoter induces a reduction in PTGER2 expression in

various types of cells [24, 34, 35]. To determine whether the

PTGER2 is also hypermethylated in myofibroblasts from human

knee joint capsule, we performed MSP in our study. The MSP results

demonstrated that the hypermethylation of PTGER2 was detected

in myofibroblasts from contractive joint, whereas demethylation of

PTGER2 was observed after HA-Cur treatment (Fig. 5). To further

confirm whether the increased methylation of PTGER2 in myofibro-

blasts was responsible for decreased PTGER2 expression, we further

treated myofibroblasts with DNA methylation inhibitor 5-aza-dC

for 72 h or HA-Cur conjugate. Results showed that PTGER2 expres-

sion of cells treated with HA-Cur conjugate was almost at the same

level compared with the cells treated with 5-aza-dC (Fig. 6).

PTGER2 is a epigenetic receptor and responsible for the anti-fibrosis

function. Although epigenetic alterations have been implicated in

the development of many diseases [36], the role of epigenetic

change, such as DNA methylation, remains relatively unclear in

joint contracture. Herein, our study figured out that the increased

Figure 5. MSP Results of PTGER2 promoter methylation indicated that demeth-

ylation was observed after HA-Cur treatment (n¼ 3). U, unmethylated reactions;

M, methylated reactions. The DEPC water was used as the negative control.

Figure 6. (A) The mRNA Expressions of myofibroblasts treated with 5-aza-dC were measured by RT-qPCR (n¼3). (B) The protein expressions were assayed by

immunoblotting, with mean densitometry relative to b-actin shown in graphs underneath the representative blot. Fibrosis group: cells treated with TGF-b; 5-aza-

dC group: cells treated with TGF-b and 5-aza-dC; HA-Cur group: cells treated with both TGF-b and HA-Cur. *P< 0.05 relative to the fibrosis group.
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expression of PTGER2 in myofibroblasts treated with HA-Cur con-

jugate was induced by PTGER2 demethylation.

TGF-b is the master regulatory gene for epithelial-mesenchymal

transitions (EMT) and is required for activation of diverse EMT

biomarkers, such as a-SMA and Col-I, which are significant in fibro-

sis [37]. PTGER2 has been shown to regulate renal epithelial regen-

eration through inhibition of EMT [38]. Previous studies indicated

that curcumin could reduce inflammation and inhibit cytokine

Figure 7. Inhibition of TGF-b signaling by HA-Cur is PTGER2-dependent in myofibroblasts (n¼ 3). (A) The mRNA expressions of PTGER2, a-SMA and Col-I of fibro-

sis group, PTGER2-siRNA group, HA-Cur group and HA-Cur þ siRNA group. (B) The protein expressions of the above groups were assayed by immunoblotting,

with mean densitometry relative to b-actin shown in graphs underneath the representative blot. (C) Cell proliferation in the above groups. Fibrosis group: cells

treated with TGF-b and NC siRNA; siRNA group: cells treated with TGF-b and PTGER2 siRNA; HA-Cur group: cells treated with both TGF-b, HA-Cur and NC siRNA;

siRNAþHA-Cur group: cells treated with. TGF-b, HA-Cur and PTGER2 siRNA. *P< 0.05 relative to the fibrosis group. **P<0.05 relative to HA-Cur group.

Figure 8. The mechanistic illustration on the effect of HA-Cur on myofibroblasts. Myofibroblasts were treated with HA-Cur conjugate in aqueous medium. HA-Cur

up-regulated the PTGER2 expression, downregulated the fibrotic protein expressions and suppressed the proliferation and migration of myofibroblasts properly

by PTGER2 demethylation and TGF-b signaling inhibition.
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expression as well as the secretion of TGF-b in fibrotic diseases [39].

In the present study, TGF-b signaling in myofibroblasts was ob-

served to be inhibited in the treatment of HA-Cur conjugate; how-

ever, silencing PTGER2 obviated the effects of HA-Cur conjugate

on TGF-b signaling, which was demonstrated by changes of Col-I

and a-SMA expressions (Fig. 7). As shown in Fig. 8, our results indi-

cated that HA-Cur conjugate alleviates myofibroblast function in

joint contracture, at least partially, via the inhibition of TGF-b sig-

naling which is PTGER2-dependent. These provided us with an in-

sight to the mechanism of HA-Cur conjugate in joint contracture,

but further researches are needed to explore underlying mechanism.

Conclusions

Taken together, the current study indicates that HA-Cur conjugate

attenuates the fibrotic functions of myofibroblasts from contractive

joint in vitro by regulating the methylation of PTGER2 and inhibit-

ing TGF-b signaling. This may provide a mechanism for the treat-

ment of joint contracture, and provide a molecular target PTGER2

for therapy during the pathogenesis of joint contracture.
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