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Abstract. Transforming growth factor β-activated kinase-1 
(TAK1), a member of the mitogen-activated protein kinase 
family, plays a key role in the pathogenesis and progression 
of rheumatoid arthritis (RA). Estrogen has been previously 
reported to delay arthritis progression. However, the exact 
association between TAK1 and estrogen remains elusive. The 
present study demonstrated that TAK1 was upregulated in 
synoviocytes of patients with RA compared with patients with 
osteoarthritis and healthy controls. In addition, TAK1 was also 
expressed in cultured fibroblast‑like synoviocytes (FLS), and 
its levels decreased significantly in 17β-estradiol (E2)-treated 
cells in a dose‑dependent manner. Furthermore, administration 
of E2 significantly decreased TAK1 expression and attenuated 
the development of collagen-induced arthritis (CIA). Taken 
together, the findings of the present study suggested that E2 
mediates a decrease of TAK1 in both FLS and CIA, which 
subsequently results in a suppression of the pathological 
process of CIA. Therefore, estrogen may serve as a potential 
therapeutic agent for the treatment of RA by targeting TAK1.

Introduction

Human rheumatoid arthritis (RA) is characterized by 
chronic inflammation and destruction of multiple joints (1). 
Fibroblast‑like synoviocytes (FLS) in synovial tissues play 
critical roles in the pathogenesis of RA, such as initiation 
of inflammatory responses and inflammation-associated 
cartilage damage (2). In addition, FLS can promote various 
processes in RA by secreting different types of inflamma-

tory cytokines, which has been demonstrated to be closely 
associated with the activation of cellular mitogen-activated 
protein kinase (MAPK) and nuclear factor (NF)‑κB signaling 
pathways (3-5). Transforming growth factor β-activated 
kinase-1 (TAK1) is a member of the MAPK family. A recent 
study has reported that TAK1 is involved in cartilage and 
bone destruction through its downstream signaling molecules, 
which are involved in pro‑inflammatory cytokine signaling, 
including c‑Jun N‑terminal kinase (JNK), p38 and NF‑κB (6). 
Choi et al (7) demonstrated that TAK1, a dominant MAP3K, is 
involved in JNK activation in RA‑FLS. Knockdown of TAK1 
in RA‑FLS effectively inhibits the activation of interleukin 
(IL)-1β-induced activator protein 1 and matrix metallopro-
teinase (MMP)3 expression, and IL-6 production. Notably, in 
RA‑FLS, signaling molecules are dependent on TAK1, such 
as tumor necrosis factor, toll-like receptor (TLR)2 and IL-1, 
but not TLR4 (8). These findings demonstrated TAK1 to be a 
central regulator of cytokine signaling networks in RA, and 
a therapeutic strategy for inhibiting TAK1 may prove to be 
beneficial for the treatment of RA.

Sex may affect susceptibility to certain autoimmune 
diseases, such as RA, which has a 3:1 female:male ratio. Sex 
hormones and their receptors are the basis of sex-related differ-
ences in RA activity (9). Estrogen treatment delays arthritis 
progression, which has been reported in collagen-induced 
arthritis (CIA), a well-established experimental model (10,11). 
However, it is difficult to describe the association between 
estrogen and RA. Since the pathogenesis of RA involves both 
estrogen and TAK1, it is important to determine whether 
TAK1 is an estrogen-responsive gene.

The aim of the present study was to investigate the levels 
of TAK1 in synoviocytes of patients with RA, and determine 
whether the effect of 17β-estradiol (E2) on the level of TAK1 
mRNA in FLS is dependent on estrogen receptor (ER). The 
findings of the present study may help improve our under-
standing of the association between estrogen and TAK1 and 
determine whether TAK1 may serve as a potential diagnostic 
and therapeutic target in the treatment of RA.

Materials and methods

Materials and reagents. E2, ICI 182,780, bovine type II 
collagen and Freund's Complete Adjuvant were purchased from 
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Sigma‑Aldrich; Merck KGaA. Mouse monoclonal antibody 
against TAK1 (1:200, cat. no. sc‑7967), mouse anti‑GAPDH 
monoclonal antibody (1:1,000, cat. no. sc-365062) and mouse 
IgGκ light chain binding protein conjugated to horseradish 
peroxidase (1:1,000, cat. no. sc-516102) were obtained from 
Santa Cruz Biotechnology, Inc.

Human synovial tissues and FLS. Human synovial tissue 
specimens were obtained from 6 healthy controls (3 men and 
3 women, with ages ranging between 40 and 72 years and a mean 
age of 55.5±2.6 years) who had undergone knee arthroscopic 
inspection, 6 patients with osteoarthritis (OA; 3 men and 
3 women, with ages ranging between 46 and 72 years and a 
mean age of 53.0±4.5 years) and 6 patients with RA (3 men 
and 3 women, with ages ranging between 38 and 68 years 
and a mean age of 52.5±2.8 years) who had undergone joint 
replacement surgery or synovectomy at the Department 
of Sports Medicine and Joint Surgery, The First Affiliated 
Hospital of China Medical University between January 2007 
and December 2007. The present study was approved by 
the Ethics Committee of China Medical University and all 
patients provided written informed consent. The RA patients 
fulfilled the 1987 revised criteria or the 2010 criteria for the 
disease (12,13). FLS were prepared from synovial tissue as 
previously described (14). All specimens were stored in liquid 
nitrogen (195.79˚C) prior to use. For functional assays, FLS 
were cultured in 0.1% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
RNA isolation was performed using the RNeasy Mini Kit 
(Qiagen, Inc.). The QuantiTect Reverse Transcription kit 
(Qiagen, Inc.) was used to synthesize complementary DNA 
under the following conditions: 42˚C for 15 min and 95˚C for 3 
min. qPCR was performed using RT² SYBR® Green qPCR 
Master Mix (cat. no. 330500; Qiagen, Inc.). Samples were 
normalized to internal control GAPDH and compared to the 
control group. The primers used in the present study were as 
follows: TAK1 forward, 5'‑ATCGTCATATCAGGCAACG 
GAC‑3' and reverse, 5'‑TGAGGTTGGTCCTGA GGTAGT‑3'; 
GAPDH forward, 5'‑GCACCGTCAAGGCTGA GAAC‑3' and 
reverse, 5'‑TGGTGAAGACGCCAGTGGA‑3'. The qPCR 
reaction conditions were as follows: 10 min at 95˚C, followed 
by 40 cycles of 15 sec at 95˚C and 1 min at 60˚C. Gene expres-
sion values were calculated using the 2‑ΔΔCq relative 
quantification method, wherein the control group was desig-
nated as the calibrator (15).

Western blot analysis. All proteins were isolated using RIPA 
buffer (Beijing Solarbio Science & Technology Co., Ltd.) 
from E2‑treated and untreated FLS with a bicinchoninic 
acid assay to measure protein concentration. The whole-cell 
extracts (20 mg protein) were fractionated by 10% SDS‑PAGE 
and blotted onto PVDF membranes. Following blocking of 
non‑specific protein binding in 5% skimmed milk at room 
temperature for 1 h, the membranes were incubated at 25˚C 
for 4 h with primary antibodies diluted in primary antibody 
dilution buffer (Beyotime Institute of Biotechnology). Then, 
the membranes were further incubated with horseradish 
peroxidase‑conjugated secondary antibody at 25˚C for 2 h. 

The membranes were then visualized using enhanced chemi-
luminescence (Sigma‑Aldrich; Merck KGaA).

CIA. CIA was induced as previously described (10,11). Briefly, 
bovine type II collagen (5 mg) was dissolved in 25 ml acetic 
acid with a concentration of 0.1 mol/l, which was prepared 
as a solution with a concentration of 2 mg/ml, followed by 
preservation overnight at 4˚C in a refrigerator. Subsequently, 
2.5 ml Freund's Complete Adjuvant was added to prepare the 
collagen emulsion, which was stored at 4˚C until use. A total 
of 30 female rats (4 months old, weighing 80-100 g) were 
randomly divided into the normal control (n=10), CIA model 
(n=10) and E2-CIA (n=10) groups. Rats were purchased from 
Beijing Vital River Laboratory Animal Technology, Co. All 
animals were housed at 25˚C with a 12‑h light/dark cycle, 
with a relative humidity of 40-70%, and had free access to 
food and water. The experimental protocol conformed to the 
Animal Welfare Act Guide for Use and Care of Laboratory 
Animals and was approved by the Institutional Animal Care 
and Use Committee of China Medical University. Rats in 
the normal control group were injected via the tail vein with 
0.1 ml normal saline, and rats in the CIA model and E2-CIA 
groups received an injection of 0.1 ml collagen emulsion 
via the tail vein. At 21 days after the model establishment, 
drug administration was performed, in which 100 µg E2 was 
injected into rats of the E2‑CIA group for 3 days, and normal 
saline was given to rats in the normal control and CIA model 
groups. The injection dose of E2 was significantly higher 
compared with endogenous levels, therefore, normal secre-
tions may not be taken into consideration (16). Assessment of 
arthritis severity was performed using scores between 0 and 3 
for each paw, and each rat was given a maximum of 12 points, 
determined as follows: 1, Swelling or erythema in one joint; 
2, swelling or erythema in two joints; and 3, severe swelling 
or erythema of more than two joints, or ankylosis of the 
entire paw (17). Weighing the uteri at termination confirmed 
successful estrogen treatment. The rats were euthanized with 
an overdose of pentobarbital (200 mg/kg) and death was 
confirmed through observing respiratory and cardiac arrest 
and the absence of any pain response to needle puncture of 
the extremities.

Statistical analysis. Statistical analyses were performed using 
SPSS version 16.0 (SPSS, Inc.). Data are presented as the mean 
and standard deviation. Student's t test was used to compare 
two groups and one way ANOVA with Dunnett's post hoc test 
was used to compare multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

TAK1 level is upregulated in synoviocytes of patients with 
RA. To investigate the role of TAK1 in patients with RA, 
TAK1 expression levels were first determined in synovio-
cytes from patients with RA, patients with OA and healthy 
controls. As shown in Fig. 1A and B, compared with OA 
patients and healthy controls, patients with RA exhibited an 
increase in TAK1 mRNA and protein levels. This suggests 
that an increase of TAK1 expression may be implicated in 
RA pathogenesis.
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Downregulation of TAK1 expression by E2 in FLS. To assess 
whether the expression of TAK1 is regulated by E2, the TAK1 
mRNA and protein levels were examined in FLS. RT‑qPCR 
analysis demonstrated that TAK1 mRNA expression was 
evidently decreased by E2 in a dose‑dependent manner; 
compared with the control, mRNA levels decreased by 15, 50 
and 70% at E2 concentrations of 1, 10 and 100 nM, respec-
tively. In addition, concomitant treatment with ICI 182,780, an 
ER antagonist, restored the inhibition (Fig. 2A). The results of 
western blot analysis demonstrated that after a 24 h-treatment 
of FLS with E2 (100 nM), the protein level was also decreased, 
which is in agreement with the decrease in mRNA (Fig. 2B). 
These results indicate that E2 affects the mRNA and protein 
expression of TAK1 in the genomic pathway involving ER.

Systemic administration of E2 attenuates the severity of CIA 
by regulating TAK1 gene expression in vivo. The present 
data suggested that TAK1 and E2 may both play impor-
tant roles in the pathogenesis of osteoarthritis in human 
RA. Therefore, it was next investigated whether E2 could 
alleviate the inflammation and joint destruction observed 
in CIA by regulating TAK1 in mice. Mice were randomly 
assigned to receive treatment with E2 or saline and CIA 
was established; arthritis development was then assessed. 
Measurement of swelling degree of the toes at 21 days after 
model establishment revealed a significant difference in 
joint swelling degree of the rats' left feet between the CIA 
model group and the E2-CIA and control groups (P<0.01), 
indicating that the models were successfully established. 
E2 was administered at 21 days after model establishment. 
The left foot joint swelling degrees of the rats in the normal 
control, CIA model and E2-CIA groups were detected at 21 
days after drug administration. The results demonstrated that 
there was a significant difference between the E2‑CIA and 
CIA model groups (P<0.01; Table I).

By using X-ray imaging, the effect pre- and post-adminis-
tration of E2 on joint swelling and destruction in CIA mice was 
also observed. The results demonstrated that the soft tissue in 
the control group was not swollen and the joint remained intact. 
In the CIA group, the soft tissue was swollen and the tarsal 
bones were scattered; osteophytes were seen around the tarsal 
bones, and free ‘articular bones’ were observed. However, soft 
tissue swelling and joint damage were significantly relieved in 
the E2‑CIA group following administration of E2 (Fig. 3A).

TAK1 is a well-known key player in the pathogenesis of RA. 
Therefore, the present study examined whether administration 
of E2 was associated with the level of TAK1 in vivo. RT-qPCR 
analysis and western blotting revealed a significant decrease 
in TAK1 expression following treatment with E2. As shown 
in Fig. 3B and C, the expression of TAK1 in joint soft tissue 
in the CIA model group was significantly increased compared 
with that in the control group (P<0.05). TAK1 expression was 
significantly lower in the E2‑CIA group compared with that 
in the CIA group (P<0.05). In summary, these results suggest 
that systemic administration of E2 ameliorates the incidence 
and severity of CIA through regulation of TAK1 expression 
in mice.

Discussion

To the best of our knowledge, the present study was the first 
to report that TAK1 is present in the synoviocytes of patients 
with RA. In addition, E2 decreased the expression of TAK1 
in FLS, an effect that was dependent on ER. Furthermore, 
systemic administration of E2 markedly reduced the incidence 
and symptoms of arthritis, and decreased the expression of 
TAK1 in mice with CIA.

In recent years, a number of studies have suggested that 
TAK1 is implicated in the pathogenesis of RA. According to 
an epistasis analysis in a study by Gottar‑Guillier et al, as a 
downstream mediator of TAK1 in the inflammatory signaling 
pathways, IL-8 production in primary human endothelial 

Figure 1. TAK1 expression is increased in FLS from patients with RA. 
(A) Cells extracted from the synovial tissues of 6 patients with RA, 6 patients 
with OA and 6 healthy controls were assessed by reverse transcription-quan-
titative PCR analysis. The mRNA expression of TAK1 was determined. Data 
are presented as relative expression units, normalized to GAPDH. Values are 
the mean ± standard error of the mean from three independent experiments. 
*P<0.05. (B) Cells extracted from the synovial tissues of 6 patients with RA, 
6 patients with OA and 6 healthy controls were assessed by western blot-
ting. The protein expression of TAK1 was determined. Data are presented 
as the mean ± standard error of the mean. RA, rheumatoid arthritis, OA, 
osteoarthritis; TAK1, transforming growth factor β‑activated kinase‑1; FLS, 
fibroblast‑like synoviocytes.

Figure 2. Effect of E2 on TAK1 mRNA and protein expression in FLS. 
(A) FLS were exposed to E2 with or without the ER antagonist ICI 182,780 
for 24 h. TAK1 mRNA was measured by reverse transcription-quantitative 
PCR analysis. Data are presented as relative expression units, normalized 
to GAPDH. Values are the mean ± standard error of the mean from three 
independent experiments. *P<0.05. (B) TAK1 and GAPDH levels were deter-
mined by western blot analysis of FLS that were incubated with or without 
E2 for 24 h. Data are presented as the mean ± standard error of the mean. 
TAK1, transforming growth factor β‑activated kinase‑1; FLS, fibroblast‑like 
synoviocytes; E2, 17β-estradiol.
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cells was inhibited by small interfering RNA knockdown of 
the tyrosine kinase bone marrow kinase on chromosome X 
(BMX). Furthermore, BMX‑deficient mice were protected 
from developing K/BxN serum transfer-induced arthritis. 
This indicates a potential role for TAK1 in RA pathogenesis 
through BMX possibly working together with the TAK1-TAB1 
complex (18).

The peak incidence of RA in women coincides with 
the perimenopausal period, when estrogen levels rapidly 
decline (19). During pregnancy, when the levels of sex 
hormones increase, ≤75% patients with RA experience 
symptom relief, which suggests an association between 
estrogen deficiency and the development of RA (20). By 

contrast, men have fairly continuous levels of estrogen 
throughout their adult lives (21). In addition, estrogen levels 
tend to be lower in postmenopausal women compared with 
those in men of similar ages (22). A major pathological RA 
manifestation is reorganization of the synovial architecture, 
with immune cells infiltrating the synovium, FLS prolif-
eration, synovial inflammation and pannus formation (23). 
Estrogen exerts a direct effect on monocytes and macro-
phages. It can increase the production of proinflammatory 
cytokines, which promote cartilage reabsorption, inhibit 
proteoglycan synthesis and trigger inflammation, which are 
all characteristic of RA (24-26). However, to date, there is 
limited evidence on the association between TAK1 and E2. 

Table I. Comparison of joint swelling degrees of the left posterior foot among three groups of rats (n=10).

 Swelling degree of the Swelling degree of the
 left posterior foot after left posterior foot after
 model establishment drug administration
 ---------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------
Groups 21 days 7 days 14 days 21 days

Control  0 0 0 0
CIA  2.1±0.2a 2.5±0.4a 2.8±0.2a 2.5±0.4a

E2-CIA  2.0±0.1a 1.6±0.2a,b 1.2±0.1a,b 1.1±0.3a,b

aP<0.01 vs. control group. bP<0.01 vs. CIA. CIA, collagen‑induced arthritis; E2, 17β-estradiol.

Figure 3. Systemic administration of E2 attenuates the severity of CIA by regulating TAK1 gene expression in vivo. CIA was treated with E2 (100 µg/day) 
or saline for 3 days. Arthritis severity was assessed by macroscopic scoring of arthritis in the paws. (A) X‑ray imaging demonstrates joint damage. 1, control 
group; 2, CIA group; 3, E2‑CIA group. Macroscopic evidence of arthritis, such as swelling or scattered tarsal bones, was markedly observed in the CIA group, 
while treatment with E2 significantly attenuated arthritis severity in CIA. (B) The mRNA level of TAK1 was determined by reverse transcription‑quantitative 
PCR analysis. Data are presented as relative expression units, normalized to GAPDH. Values are the mean ± standard error of the mean from three independent 
experiments. *P<0.05. (C) TAK1 protein expression was determined by western blotting. Data are presented as the mean ± standard error of the mean. CIA, 
collagen‑induced arthritis; E2, 17β‑estradiol; TAK1, transforming growth factor β-activated kinase-1.
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In the present study, E2, a terminal active estrogen with the 
highest affinity for ER, was used to determine the effect of 
estrogen on TAK1 expression in FLS. It was observed that 
E2 decreased the mRNA level of TAK1 in a dose-dependent 
manner, and this decrease was prevented by the selective 
ER antagonist ICI 182,780. In agreement with previous 
findings, the results of the present study indicated that the 
effects of estrogen can be exerted directly through the ER in 
monocytes/macrophages (27). This is also in agreement with 
another report demonstrating that the expression and phos-
phorylation level of TAK1 significantly decreased following 
treatment with estradiol in PC12 cells (28).

A previous study reported that treatment with E2 signifi-
cantly inhibited experimental autoimmune arthritis (29). 
However, the mechanism underlying these effects has yet to be 
fully elucidated. The data of the present study demonstrated 
that treatment with E2 decreased the incidence and severity of 
CIA and also decreased the expression of TAK1. However, the 
molecular mechanisms underlying the role of E2 in regulating 
the expression of TAK1 must be further investigated in future 
studies.

In summary, the results of the present study uncovered a 
previously unidentified role of E2 in regulating TAK1 expres-
sion and suppressing the pathological process of CIA. Thus, 
TAK1 may serve as a potential diagnostic and therapeutic 
target for the treatment of RA.
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