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Background: Heterotopic ossification on the enthesis, which develops after subsequent 

inflammation, is one of the most distinctive features in ankylosing spondylitis (AS). Prostaglandin 

E2 (PGE-2) serves as a key mediator of inflammation and bone remodeling in AS. Celastrol, 

a well-known Chinese medicinal herb isolated from Tripterygium wilfordii, is widely used in 

treating inflammatory diseases, including AS. It has been proven that it can inhibit lipopolysac-

charide-induced expression of various inflammation mediators, such as PGE-2. However, the 

mechanism by which celastrol inhibits inflammation-induced bone forming in AS is unclear.

Objective: To investigate whether celastrol could inhibit isolated AS fibroblast osteogenesis 

induced by PGE-2.

Methods: Hip synovial tissues were obtained from six AS patients undergoing total hip replace-

ment in our hospital. Fibroblasts were isolated, primarily cultured, and then treated with PGE-2 

for osteogenic induction. Different doses of celastrol and indometacin were added to observe 

their effects on osteogenic differentiation. Cell proliferation, osteogenic markers, alizarin red 

staining as well as the activity of alkaline phosphatase were examined in our study.

Results: Celastrol significantly inhibits cell proliferation of isolated AS fibroblasts and in vitro 

osteogenic differentiation compared with control groups in a time- and dose-dependent manner.

Conclusion: Our results demonstrated that celastrol could inhibit isolated AS fibroblast prolif-

eration and in vitro osteogenic differentiation. The interaction of PI3K/AKT signaling and Wnt 

protein may be involved in the process. Further studies should be performed in vivo and animal 

models to identify the potential effect of celastrol on the bone metabolism of AS patients.

Keywords: ankylosing spondylitis, celastrol, osteogenesis, fibroblasts, proliferation, prosta-

glandin E2

Introduction
Ankylosing spondylitis (AS), an inflammatory and immune disease that mainly affects 

axial joints,1 is characterized by a strong correlation between chronic inflammation 

and abnormal new bone formation.2 However, it is not entirely understood.

As an important mediator of inflammation, prostaglandin E2 (PGE-2) modulates 

the anabolic/catabolic process, which occurs in the bone forming and absorption,3 

and is the most abundant among prostaglandins in osteoblasts.4 PGE-2 promotes bone 

remodeling through inducing osteoblast cell differentiation5,6 and is widely involved 

in the heterotopic ossification.7,8 Moreover, PGE-2 plays a more essential role in the 

development of heterotopic ossification than other prostaglandins in the rabbit model.9 
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PGE-2 could exert antiapoptotic effects on bone marrow stem 

cells, leading to an increase in the number of cells and subse-

quent osteoblastic cell differentiation.10 Beside this, PGE-2 

is commonly used for osteogenic induction via upregulation 

of bone morphogenetic protein 2 (BMP-2),11 which has the 

ability to induce osteoblastic precursor cell differentiation 

and in vitro osteogenesis.12,13

To date, the possibility of PGE-2 involvement in 

the pathophysiogenesis and AS progression has been 

investigated.14 Genome-wide association studies on AS 

recently reported that gene prostaglandin E receptor 4, one of 

the four genes that encode the PGE-2 receptors (EP1–EP4),15 

was associated with AS.16 Indeed, EP4-knockout mice exhib-

ited a marked reduction in bone resorption, causing impaired 

formation of osteoclasts, matrix metalloproteinase MMP-2 

and MMP-13.17,18 Furthermore, PGE-2 downregulated Wnt/ 

β-catenin inhibitors, including dickkopf-1 and sclerostin, which 

have been proven to be two crucial negative regulated factors 

in AS bone forming,19,20 through AKT/PI3K and Wnt signal-

ing cross-interactions.21 Nonsteroidal anti-inflammatory drugs  

(NSAIDs) were frequently used for patients with AS to inhibit 

heterotopic ossification over the years, which supports the 

possibility that prostaglandins were local mediators of inflam-

mation and bone remodeling involved in this process.22–24

Although NSAIDs are generally used for AS patients, com-

mon side effects associated with the long-term use of NSAIDs 

include gastrointestinal and cardiovascular toxicities.25,26 

Searching for new drugs with low side effects to target AS 

inflammation and new bone formation are thus urgent tasks.

As complementary and alternative medications, tradi-

tional Chinese medicine not only has a long history of thera-

peutic use but also is acceptable and tolerated by patients.27 

In People’s Republic of China, Tripterygium wilfordii, 

which is a medicinal herb, has been used in the treatment 

of inflammatory and rheumatic diseases for thousands of 

years. T. wilfordii is reported to improve physical activity 

and relieve symptoms in patients with rheumatoid arthritis 

(RA)28 and AS.29 Celastrol, one of the active compounds 

present in T. wilfordii, has been identified to have strong 

anti-inflammatory activity30,31 and reduce the severity of clini-

cal arthritis.32,33 Previous reports demonstrated that celastrol 

strongly suppressed lipopolysaccharide-induced expression 

of PGE-2 at low concentrations,34 via the downregulation of 

COX-1 and -2 activation.35 This provided a theoretical basis 

for understanding the inhibitory effects of celastrol against 

PGE-2-induced osteogenesis.

So far, most studies related to celastrol in inflammatory dis-

ease were mainly focused on RA.36 However, the effects of cel-

astrol on AS bone forming have not been documented before. 

Therefore, our study was carried out to investigate the effect of 

celastrol on the proliferation and osteogenesis of isolated AS 

fibroblasts induced by PGE-2 for the first time. To elucidate 

the mechanisms, we examined the inhibitory role of celastrol 

on isolated AS fibroblast proliferation and in vitro osteogenic 

differentiation by using different modern techniques.

Materials and methods
Isolation and culture of hip synovial 
fibroblasts
Six AS patients with hip joint involved received total hip 

replacement in our hospital. In this study, patients were 

referred to a rheumatologist if they were: 1) age #45 years, 

2) symptoms duration $3 months, and 3) asymmetrical 

arthritis pain plus more than one spondyloarthritis (SpA) 

feature (Table 1). All the surgical procedures and experiments 

were approved by the Ethics Committee, Southern Medical 

University, People’s Republic of China. All patients signed 

the informed consent. Briefly, the hip capsule synovium 

Table 1 Basic clinical data for AS patients

Patient number 1 2 3 4 5 6

Diagnosis AS AS AS AS AS AS
Age, in years 43 39 35 41 37 26
Sex (male or female) M F M M M M
BMI 20.2 21.3 20.7 21.9 19.7 18.5
HLA-B27 + + + + + +
BASDAI 4.1 3.7 4.5 5.6 5.5 4.9
NSAIDs used Yes Yes Yes Yes Yes Yes
DMARDs used MTX + SSZ MTX + SSZ MTX + SSZ MTX + SSZ MTX + SSZ MTX + SSZ
Corticosteroids used No No No No No No
TNF-blockade used No No No No No No
mSASS scores 42 33 39 48 55 22
New York grading IV IV IV IV IV IV

Note: + is HLA-B27 positive and - is HLA-B27 negative.
Abbreviations: AS, ankylosing spondylitis; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; DMARDs, Disease Modifying Antirheumatic Drugs; mSASS, modified 
Stoke Ankylosing Spondylitis Spinal Score; NY, New York; MTX, methotrexate; NSAIDs, nonsteroidal anti-inflammatory drugs; SSZ, sulfasalazine; TNF, tumor necrosis factor.
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tissues were excised from the hip synovial tissue. Synovium 

was minced and digested with 3 mg/mL collagenase (type 

I; Sigma-aldrich, Shanghai, China) in sterile phosphate-

buffered saline (PBS) for 2.5 hours at 37°C. The isolated 

tissues were passed through a 70 mm cell strainer (Becton 

Dickinson, Franklin Lakes, NJ, USA) to form a single-cell 

suspension. The released cells were washed with PBS, centri-

fuged at 300× g for 5 minutes, and subsequently resuspended 

in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher 

Scientific, Waltham, MA, USA), a medium containing 10% 

fetal bovine serum, and supplemented with 100 U/mL peni-

cillin, 100 mg/mL streptomycin, and 2 mM l-glutamine (all 

of them from Thermo Fisher Scientific). The isolated cells 

were incubated at 37°C under 5% CO
2
 to form colonies. 

The old culture medium was removed and PBS was used 

to wash the cells one to two times. Then trypsin–EDTA 

(1 mL/25 cm2) was added to wash the bottom of the culture 

dish. Then trypsin–EDTA was removed and the culture 

dish was put into the 37°C cell incubator for 2–3 minutes. 

Trypsin was inhibited by adding a medium containing 10% 

FBS. Fresh medium was added and cells were transferred 

into a new culture dish with normal conditions. The cultured 

medium with PGE-2 was changed every 2 days throughout 

the experiments. Flow cytometry was used for fibroblast 

sorting and identification marked by CD90 and CD106 as 

previously described.37,38

Cultured fibroblasts were stimulated with PGE-2 (Sigma) 

at concentrations of 10-7 M as previously described39 and then 

incubated in 3 mL of Dulbecco’s Modified Eagle’s Medium 

supplemented with antibiotics and fungizone. PGE-2 was 

added for proliferation and osteogenesis in the whole cell 

culture process. The medium was changed every 2 days 

throughout the experiments.

Preparation of celastrol and indometacin
A stock solution of celastrol (20 mg in 0.6 mL of dimethyl 

sulfoxide [DMSO]) was prepared and stored as small aliquots 

at -20°C until used (Sigma-Aldrich Co., St Louis, MO, USA). 

Different doses of celastrol (0.5, 1.0, and 2.0 μM) used in vitro 

in this study were based on that used in a previous study.34 

Celastrol stock was diluted in PBS, and PBS–DMSO (1.2%) 

served as its negative control. Indometacin (1.0 μM) was 

selected as a positive control. DMSO, 1.0 μM of nonselective 

NSAIDs–indometacin, and the indicated concentrations of 

celastrol (0.5, 1.0, and 2.0 μM) were added on day 12.

Proliferation assay
Cells were seeded in 24-well plates at a density of 1×105 cells/

well. Cell proliferation was investigated using an MTS assay 

on days 12, 14, 17, and 20, respectively. In brief, cells were 

added to 500 μL of MTS solution and incubated for 4 hours. 

After that, cells were washed with PBS and added to 500 μL 

of DMSO to remove the MTS solution. The optical density 

was measured at 570 nm using a Sunrise absorbance reader 

(Tecan Group Ltd., Shanghai, People’s Republic of China).

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was examined accord-

ing to a published protocol.13 Culture medium was aspirated 

from AS fibroblasts that were incubated in plates. The 

plates were rinsed with 150 mM NaCl and 1 mL of reaction 

buffer containing 0.25 M 2-methyl-2-amino propanol and 

1 mM magnesium chloride. An amount of 2.5 mg/mL of 

p-nitrophenyl phosphate (Sigma) at pH 10.3 was added to 

each well at 37°C, respectively. The reaction was stopped 

after 30 minutes by adding 0.5 mL of 0.3 M Na
3
PO

4
 at pH 

12.3. ALP activity was assessed by measuring the absor-

bance of light at 410 nm and comparing the experimental 

samples with standard solutions of p-nitrophenol and a blank 

group. ALP was normalized for protein concentration using 

BCA Protein Assay Reagent (Pierce, Rockford, IL, USA), 

compared with the standard protein, and measured by spec-

trophotometry at 562 nm.

RNA isolation and quantitative real-time 
PCR
Total RNA was isolated from the cells by using Trizol 

(Invitrogen, Carlsbad, CA, USA). cDNA was synthesized 

from 4 μg of total RNA using 200 U of reverse transcriptase 

(Invitrogen) according to the manufacturer’s instructions. 

The gene expression was normalized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as a housekeeping gene. 

The sequences of forward and reverse primers used were as 

follows: BMP-2, 5′-CAGCTTCCACCATGAAGAAT-3′ 
(F ) ,  and  5 ′ -CCAACCTGGTGTCCAAAAGT-3 ′ 
(R); runt-related transcription factor 2 (Runx-2), 

5 ′ -CTCCCTGAACTCTGCACCAA-3 ′  (F ) ,  and 

5′-GTTCTGAAGCACCTGAAATGCG-3′ (R); collagen 

type I alpha 1, 5′-CCTGGATGCCATCAAAGTCT-3′ 
(F), and 5′-ACTGCAACTGGAATCCATCG-3′ (R); 

osteocalcin, 5 ′-ATGAGAGCCCTCACACTCCT-3 ′ 
(F), and 5′-CTTGGACACAAAGGCTGCAC-3′ (R); 

and GAPDH, 5′-CCATGGAGAAGGCTGGGG-3′ (F), and 

5′-CAAAGTTGTCATGGATGACC-3′ (R).

Alizarin red staining
For Alizarin red staining, the cells were fixed for 1 hour 

using 70% ethanol at 4°C. After washing with distilled 
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water for three times, Alizarin red solution (40 mM) was 

added for 10 minutes. Cells were rinsed with distilled water 

and subsequently washed with PBS. The stained cells were 

observed under an inverted microscope. Photomicrographs 

were obtained by using a charge-coupled device camera. 

Thereafter, Alizarin red was eluted with 10% cetylpyridinium 

chloride, and the optical density value was read at 510 nm 

for quantified analysis of ossification activity.

Western blot analysis
Whole cells were lysed using RIPA buffer (10 mM Tris-

HCl, pH 7.4, 0.15 M NaCl, 0.5% sodium dodecyl sulfate, 

1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 1 mM 

phenylmethanesulfonyl fluoride, 1 μg/mL of pepstatin, and 

1 μg/mL of leupeptin). Secretory protein was extracted by 

precipitation with trichloroacetic acid. Western blot analy-

sis was performed with anti-PGE-2, anti-AKT, anti-PI3K, 

anti-GSK-3β, anti-β-catenin, anti-DKK-1, anti-SOST, or 

anti-β-actin antibodies (all from Abcam, Cambridge, UK).

Statistical analysis
Data in each group were shown as the mean ± standard devia-

tion calculated from the results of the six samples. Statistical 

significance was assessed by one-way analysis of variance, 

and multiple comparison tests were employed by Scheffe’s 

method. A P-value of ,0.05 was considered significant.

Results
Effect of celastrol on proliferation of 
isolated AS fibroblasts
Hip synovial fibroblasts were successfully primary cultured 

(Figure 1). In order to investigate the potential effect of 

celastrol on proliferation of isolated AS fibroblasts, we 

conducted various concentrations of celastrol, indometacin 

1.0 μM, normal and DMSO control, and cell viability was 

determined using MTS assay. Treatment with 2.0 μM cel-

astrol most greatly decreased cell viability, in comparison 

with other controls (Figures 2 and 3). To further explore the 

effect of celastrol on cells, we monitored cell proliferation on 

day 14 using EdU incorporation assay (Figure 4). It was also 

shown that treatment with 2.0 μM celastrol greatly decreased 

cell viability, and cells treated with 2.0 μM celastrol led to a 

significant percentage reduction of EdU-positive AS fibro-

blasts. An amount of 1.0 µM celastrol exhibited stronger 

ability to suppress AS fibroblast proliferation compared with 

1.0 µM indometacin determined by MTS and EdU analysis 

(Figures 2–4). The treatment with 1.0 µM indometacin 

showed slightly more decreased cell viability as well as 

percentage reduction of EdU-positive AS fibroblasts and was 

not statistically significant as compared with that in 0.5 µM 

celastrol (Figures 2–4).

Effect of celastrol on PGE-2-induced 
osteogenesis in isolated AS fibroblasts
We performed several assays to assess the effect of celastrol 

on the osteogenesis of AS fibroblasts.

ALP activity
The results demonstrated that large, medium, and small doses 

of celastrol as well as indometacin had significant inhibitory 

effects on the ALP activity of PGE-2-induced AS fibroblasts 

at 2, 3, and 4 weeks (Figure 5). The ALP activity was inhib-

ited by celastrol in a dose-dependent manner. As shown in 

Figure 5, its activity decreased gradually when stimulated 

with increasing doses of celastrol. Similarly, data obtained 

from the medium dose of celastrol and indometacin had a 

similar effect on the ALP activity.

Alizarin red staining
The results demonstrated that large, medium, and small doses 

of celastrol as well as indometacin had a significant inhibitory 

effect on the alizarin red staining activity of PGE-2-induced 

AS fibroblasts on days 14, 21, and 28. Mineralization had the 

largest decline in 2.0 μM celastrol. The medium dose of cel-

astrol and indometacin had a similar effect on the ARS activ-

ity. Celastrol 2.0 μM exhibited stronger inhibition effects of 

mineralization than indometacin 1.0 μM (Figure 6).

Real-time PCR
The mRNA expressions of BMP-2, type I collagen, 

Runx-2, and osteocalcin were involved in PGE-2-induced 

AS fibroblasts. Therefore, to investigate whether celastrol 

could inhibit PGE-2-induced AS fibroblasts, mRNA levels 

of BMP-2, type I collagen, Runx-2, and osteocalcin were 

assessed by real-time PCR on days 14, 21, and 28. Treatment 

with 1.0 μM celastrol suppressed mRNA and protein expres-

sion in a time-dependent manner (Figure 7). The results indi-

cated that the group with 1.0 μM celastrol had a significantly 

higher mRNA expression of BMP-2, type I collagen, Runx-2, 

and osteocalcin than the normal group. Especially, celastrol 

treatment significantly reduced the expression of BMP-2 on 

days 21 and 28 (**P,0.01). These findings indicated that the 

medium dose of celastrol had a significant inhibitory effect 

on mRNA expressions of BMP-2, type I collagen, Runx-2, 

and osteocalcin in PGE-2-induced AS fibroblasts compared 

with the normal group (*P,0.05).
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Effect of celastrol on PGE-2, Wnt, and 
AKT/PI3K signaling cross-interactions by 
Western blot analysis
In order to explore the potential mechanism of celastrol on 

osteogenesis in isolated AS fibroblasts, we performed Western 

blot analysis to examine the expression of related proteins 

pretreated with a medium dose of celastrol. The untreated 

bands were used as controls. The intensity of the bands was 

quantified by densitometric analysis and normalized against 

the appropriate controls. The average results from six indepen-

dent experiments are shown in Figure 8 and Table S1. Accord-

ingly, we found the expression of PGE-2, AKT, and PI3K 

reduced substantially. The expression of GSK-3β increased 

significantly, whereas the level of β-catenin decreased with 

time. On the other hand, the expression of DKK-1 and scle-

rostin, Wnt signaling inhibitors, elevated gradually.

Figure 1 Fibroblasts were successfully cultured and subcultured regularly by changing the culture medium. 
Notes: (A) Fibroblasts were isolated from the hip synovium tissue. (B) third generation of cultured fibroblasts. Scale bar is 100 μm and magnification is 1010. (C) and (D) 
indicates CD90-FITC-positive cells and self control, respectively. The line is the gate that contains wanted CD90-FITC-positive cells. R2 is the classification of CD90-FITC-
positive cells. (E) and (F) indicates CD 106-negative and CD90-positive cells, respectively.
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Figure 2 Cell proliferation growth curve treated by various doses of Celastrol, 
1.0 μM Indometacin as well as negative controls.
Note: This experiment was repeated six times. 
Abbreviation: DMSO, dimethyl sulfoxide.

Figure 3 Celastrol inhibits cell proliferation by an MTS assay. 
Notes: The results of the MTS assay indicated that celastrol inhibits fibroblast 
proliferation in a time- and dose-dependent manner. This experiment was repeated 
six times. Values are shown as mean ± standard deviation. The error bars represent 
the standard deviation of the mean. *P,0.05, **P,0.01 versus normal control 
group. OD Value (%) = (mean OD value at different time ÷ mean OD value at 
baseline) ×100% (the same sample).
Abbreviations: DMSO, dimethyl sulfoxide; OD, optical density.

Discussion
In terms of AS, inflammation is frequently on the sacro-

iliac joints,40 anterior and posterior vertebral corners of the 

spine,41 and hip joints42 where syndesmophytes develop. 

Previous studies have proposed a positive association 

between vertebral corner inflammation of baseline mag-

netic resonance imaging and subsequent development of 

new syndesmophytes,43–45 which supports a hypothesis that 

inflammation is implicated in new bone formation of patients 

with AS. In recent years, the inflammation biomarkers 

related to AS bone turnover have been mostly focused on 

tumor necrosis factor-α. Nevertheless, interventions target-

ing tumor necrosis factor-α were not expected to obtain 

favorable prognosis on AS radiographic progression.46,47 To 

date, NSAIDs acted as the most effective drugs to prevent 

structural damage in AS patients22–24 by inhibiting COX-1 

and -2 to reduce the production of PGE-2. This fact indicated 

that PGE-2 may play a crucial role in the interplay between 

inflammation and new bone formation in AS.

This study was aimed to investigate the underlying 

mechanism by which celastrol exerts its activity on AS 

fibroblast proliferation and osteogenesis, thus finding new 

potential ways for the treatment of AS.

Celastrol is one of the remedial ingredients isolated from the 

root of the Thunder God Vine, also named “Lei Gong Teng” 

in Chinese. The Thunder God Vine is a perennial vine of Cel-

astraceae family (bittersweet), which has been widely used in 

People’s Republic of China for the treatment of autoimmune and 

inflammatory diseases for centuries.48 The plant is poisonous, but 

its root pulp contains several therapeutically active compounds. 

Moreover, celastrol is the most widely studied and promising 

compound isolated from the Thunder God Vine.28 Celastrol 

contains electrophilic sites within the rings of quinone methide 

structure and it can react with the nucleophilic thiol groups 

of cysteine residues and form covalent Michael adducts.49 Its 

inhibitory effects against COX-1, COX-2, and PGE-2 have been 

identified,33,34 which are similar with NSAIDs. The difference 

is that celastrol is also endowed with cytotoxic-like function 

and could exhibit anticancer effects.49–51

In the present study, results showed that celastrol 

effectively inhibited proliferation and bone formation of 

PGE-2-induced AS fibroblasts. Notably, to elucidate the 

potential mechanism of antibone forming action of celastrol, 

we found that cross-interactions of Wnt, BMP-2, and AKT/

PI3K signaling pathways were involved in this process.

We selected AS fibroblasts as target cells. In addition 

to mesenchymal stem cells, fibroblast are another category 

with osteogenic potentials, especially in pathological condi-

tions.52 Fibroblasts are the most common cells in connective 

tissues around joints. Fibroblasts and osteoblasts all originate 

from mesenchymal stem cells with overlapping phenotypes 

and similar differentiation pathways, which enables pos-

sible mutual biological transformation.53 Fibroblasts could 

also provide surroundings for calcium deposition and bone 

formation by producing extracellular matrix vesicles and 
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type I collagen, which plays a crucial role in trauma repair and 

ectopic ossification in certain pathophysiologic processes.54,55 

In addition, fibroblasts also express osteogenic markers Runx-2 

and osteocalcin (OCN). It has been reported that NIH3T3 cells 

(a fibroblast cell line derived from mouse) could express 

osteogenic markers and develop mineralization deposits in 

vitro induced by dexamethasone and 1,25(OH)2D3.56 Human 

derived ligament fibroblasts could also develop osteogenic 

differentiation in conditioned medium.57 Previous studies also 

identified that activities of fibroblast proliferation and collagen 

synthesis could be enhanced by inflammatory mediators in 

vitro, which develop bone formation, proliferation of the con-

nective tissues, or fibrosis.58,59 An early immunohistochemistry 

analysis by Ono et al60 found four cell types are present in 

the ossified ligament tissues: chondrocytes, chondrocyte-like 

cells, fibroblast-like cells, and fibroblasts. According to the 

distribution of cells, the authors believed that chondrocytes 

are derived from fibroblasts. In addition, chondrocyte-like 

cells and fibroblast-like cells are the same cell types, both 

originating from fibroblasts.56 Other experimental and animal 

studies have also proved that fibroblasts have osteogenic 

potential in certain conditions.61,62 All these findings suggest 

fibroblasts in AS may convert to osteoblast-like type cells and 

express osteogenic makers under certain conditions.

Fibroblasts isolated from AS patients were signifi-

cantly affected by PGE-2-induced expression of osteo-

genic phenotype. The results of our study highlighted 

a marked reduction in cell proliferation and distinctive 

attenuation of osteogenic activity of celastrol-treated AS 

fibroblasts compared to negative controls in a time- and 

dose-dependent manner. In addition, a medium dose of 

celastrol exhibited similar effects in both ARS staining 

and ALP activity, as indometacin. As mentioned above, 

we hypothesized that this protection against abnormal new 

bone formation may be mediated via the cross-interactions 

of PGE-2 and different signaling pathways, such as Wnt, 

Figure 4 Cell proliferation is measured by performing an EdU incorporation assay on day 14. 
Notes: Positive DAPI staining was in blue in the nucleus, showing the numbers of cells as the control. Red fluorescence revealed the number of EdU-positive cells (all ×100). 
Histogram indicates the positive rates of EdU-positive cells (*P,0.05). *P,0.05, **P,0.01 versus normal control group. The scale bar is 50 μm.
Abbreviation: DMSO, dimethyl sulfoxide.
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Figure 5 Effect of different doses of celastrol on ALP activity in isolated ankylosing 
spondylitis fibroblasts compared with indometacin and negative control. 
Notes: ALP activity was shown as a specific activity (unit/g protein). The 
concentration of ALP in each chamber was plotted as the mean ± standard deviation 
in six replicated experiments. *P,0.05, **P,0.01 versus normal control group. 
Data from indometacin (1.0 μM) and different doses of celastrol as well as negative 
controls were compared at the same time duration and evaluated by one-way 
analysis of variance. Multiple comparisons were performed by Scheffe’s method.
Abbreviations: DMSO, dimethyl sulfoxide; ALP, alkaline phosphatase.

Figure 6 Effect of different doses of celastrol on Alizarin red staining in isolated ankylosing spondylitis fibroblasts compared with indometacin and negative control.
Notes: Dimethyl sulfoxide (DMSO), 1.0 μM of nonselective nonsteroidal anti-inflammatory drugs–indometacin, and the indicated concentrations of celastrol (0.5, 1.0, and 
2.0 μM) were added on day 12. Representative images of Alizarin red staining were demonstrated on days 14, 21, and 28. The area of mineral deposit in each well was 
calculated by randomly choosing from four microscopic fields. The Alizarin red was eluted with 10% cetylpyridinium chloride, and the OD value was read at 510 nm for 
quantification. Each bar represents the mean ± standard deviation in six replicated experiments. Data from cultured fibroblasts treated with different drugs were compared 
at the same time duration and evaluated by one-way analysis of variance. *P,0.05, **P,0.01 versus control group. The scale bar is 100 μm.
Abbreviation: OD, optical density.

BMP-2, and AKT/PI3K. The Wnt pathway and PGE-2 

have mutual cross-interactions. Especially, canonical 

Wnt proteins promoted PI3K/Akt activity, resulting in 

GSK-3β phosphorylation and the growth of free β-catenin 

levels.63 On the other hand, PGE-2 activated the trimetric 

G-protein by binding to its EP2 receptor. The Gβγ subunits 

activated PI3-kinase which in turn activated Akt. After 

that, Akt phosphorylated GSK-3β leading to inhibiting 

its phosphorylation of β-catenin.64 All in all, the PI3K-

Akt signaling pathway is involved in PGE-2-induced 

osteogenic differentiation. Besides, PGE-2 exerted its 

anabolic effects to induce BMP-2 and COX-2 via activat-

ing osteoblastic EP2 and EP4 receptors.65 BMP-2 in turn 

induced COX-2 expression, resulting in accelerating the 

production of PGE-2.66

Previous studies widely reported the effect of celastrol 

on osteoclasts in RA models. Nanjundaiah et al67 found 

celastrol could inhibit inflammation-induced osteoclasto-

genesis in arthritic rats via stimulating RANKL production 

and increasing RANKL/OPG ratio. Moreover, Gan et al68 
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Figure 7 An amount of 1.0 μM celastrol inhibits mRNA expressions of osteogenic genes in prostaglandin E2-induced ankylosing spondylitis fibroblasts compared with 
untreated control. 
Notes: The mRNA expressions of bone morphogenetic protein 2 (BMP-2), type I collagen, Runx-2, and osteocalcin were detected by real-time PCR on days 14, 21, 
and 28. The relative expression level was calculated from the threshold cycle (Ct) value of each PCR product and normalized with that of GAPDH by using a comparative 
Ct method. *P,0.05, **P,0.01.

observed that celastrol not only directly suppressed the 

formation and function of osteoclasts, but also reduced 

the RANKL-induced expression of osteoclastic genes and 

transcriptional factors. In our study, celastrol inhibited fibro-

blast proliferation and osteogenesis, which implicated that 

celastrol performed “complete inhibition” of osteoblasts, 

fibroblasts, and osteoclasts. This was why celastrol impaired 

their further activities and functions.

AS damages bone in the same way as RA in the initial 

stage of the disease. Nevertheless, some cases are followed 

by abnormal bone formation, which is probably linked with 

the subtle modulation via inflammation and bone metabolism 

on the different stages of disease. Although the underlying 

mechanism has not been clearly delineated, we hypothesize 

that it is associated with the attenuation of PGE-2. Our results 

supported this proposition. A low dose of exogenous PGE-2 

(,0.5 mg) stimulated bone apposition. Instead, high doses 

caused bone resorption, which is expected to be identified 

in a further study.

In our study, several limitations should be taken into 

account. First, we only took in vitro AS fibroblasts as 

study samples. Therefore, animal models or other in vivo 

models should be performed to substantiate these results. 

Second, we only demonstrated the role of celastrol on PGE-2 

and downstream proteins of PGE-2. Despite all this, other 

inflammation markers related to bone metabolism are worthy 

of further in-depth study. Last, we only obtained tissues from 

AS patients due to ethical reasons. Additional tissue samples 

from healthy controls, RA, OA patients, and so on would be 

helpful to identify whether the findings are specific to AS.

In conclusion, our study provided a novel insight regard-

ing the inhibitory effect of celastrol on the proliferation of AS 

fibroblasts and PEG-2-induced osteogenesis. We demonstrated 

for the first time that celastrol inhibited PGE-2-induced osteo-

genic differentiation in AS fibroblasts. Meanwhile, celastrol 

could also reduce the number of fibroblasts in a time- and dose-

dependent manner. These results revealed that celastrol inhibits 

further differentiation of fibroblasts into osteogenic phenotype. 
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Figure 8 Celastrol (1.0 μM) impacts the expression of related proteins in isolated 
fibroblasts. 
Notes: Cultured fibroblasts were pretreated with 1.0 μM celastrol. The protein 
levels were detected by Western blot analysis. The bands of Western blot analysis 
were digitally detected and normalized with that of β-actin. Each bar represents the 
mean ± standard deviation in six replicated experiments. Data were evaluated by 
one-way analysis of variance, and multiple comparisons were performed by Scheffe’s 
method. *P,0.05, **P,0.01 versus normal control group.
Abbreviation: PGE-2, prostaglandin E2.

β

β

β

β

β

In future studies, application of celastrol might be a promis-

ing approach in the treatment of new bone formation in AS 

by performing pharmacokinetic and toxicological analyses in 

animals and humans as well as randomized control studies.
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