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TNF-a increases the expression of inflammatory factors in
synovial fibroblasts by inhibiting the PI3K/AKT pathway in a
rat model of monosodium iodoacetate-induced osteoarthritis
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Abstract. Osteoarthritis is a degenerative disease that often
causes patients to experience joint pain and deformity. It has
been demonstrated that tumor necrosis factor (TNF)-a. is asso-
ciated with the progression of osteoarthritis; however, to the best
of our knowledge, the mechanisms by which TNF-a simulates
the progression of osteoarthritis and the signaling pathway(s) it
influences remain unknown. Therefore, the aim of the present
study was to investigate the therapeutic effects of TNF-a inhib-
itor in an iodoacetate-induced rat model of osteoarthritis and
identify its potential mechanisms of action. Western blotting,
ELISA and histological analyses were performed to assess the
effects of the TNF-a inhibitor on osteoarthritis. The effects
of TNF-a and phosphoinositide 3-kinase (PI3K) inhibition
on synovial fibroblasts isolated from rats with osteoarthritis
were tested in vitro. Furthermore, the expression of various
inflammatory cytokines and the PI3K/protein kinase B (AKT)
signaling pathway were assessed in vitro. The results indicated
that the inflammatory factors TNF-a, interleukin (IL)-1§,
IL-17a and IL-8 were upregulated in synovial fibroblasts taken
from rats with osteoarthritis compared with normal rats. By
contrast, TNF-a inhibition downregulated IL-1f, IL-17a and
IL-8 expression in synovial fibroblasts in vitro. The PI3K/AKT
pathway was also upregulated in synovial fibroblasts harvested
from rats with osteoarthritis compared with that in normal rats.
It was demonstrated that treatment with the TNF-a. inhibitor
downregulated the serum and protein levels of IL-1§, IL-17a
and IL-8 in rats with osteoarthritis. Furthermore, treatment
with the TNF-a inhibitor also decreased matrix metallopro-
teinase (MMP)-3, MMP-9, vascular endothelial growth factor
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and ADAMTS4 expression in synovial fibroblasts isolated
from rats with osteoarthritis. Treatment with the TNF-a
inhibitor also inhibited the PI3K/AKT pathway in synovial
fibroblasts isolated from rats with osteoarthritis. Treatment
with the PI3K inhibitor ameliorated TNF-a-induced increases
in IL-1p, IL-17a and IL-8 expression in synovial fibroblasts
isolated from rats with osteoarthritis. Furthermore, treatment
with the TNF-a inhibitor decreased inflammation, as well
as joint and cartilage destruction in vivo. Taken together, the
results of the present study indicate that TNF-a inhibition
may downregulate the expression of inflammatory factors in
synovial fibroblasts, suggesting that TNF-a inhibition may be
a novel method for treating osteoarthritis by downregulating
the PI3K/AKT signaling pathway.

Introduction

Osteoarthritis is one of the most common joint diseases and is
primarily caused by inflammation and synovial cell dysfunc-
tion (1). A number of factors, including patient age, body
mass index, level of physical function and level of physical
activity are associated with hip or knee osteoarthritis (2). The
pathological causes of joint osteoarthritis development are
complex (3).

The incidence of osteoarthritis (~8% of the population) has
increased since 2012 and this disease poses a serious threat to
human health and quality of life due to the pain and disability
caused (4-6). Inflammation serves a crucial role in osteoar-
thritis and is associated with joint and cartilage destruction (7).
Previous studies have demonstrated that anti-inflammatory
therapies targeting the inflammatory factors accumulating in
the synovial fluid of patients with osteoarthritis induce thera-
peutic effects (8-10).

The association between synovial inflammation and
structural damage during the progression of osteoarthritis
has been evaluated and it has been suggested that inflam-
matory cytokines may predict the prognosis of patients with
osteoarthritis (11). The tumor necrosis factor (TNF) family
is one such cytokine that may serve an important role in the
inflammatory responses that occur during osteoarthritis (12).
TNF-a-associated joint inflammation has been analyzed in
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patients with rheumatoid arthritis and osteoarthritis and TNF-a
was identified as a potential target for rheumatoid arthritis
therapy (13). Currently, anti-TNF-a-targeted therapy is being
applied to treat patients with osteoarthritis and is achieving
satisfactory outcomes by decreasing inflammation (14,15).
A number of different agents that target TNF-a, including
etanercept, trastuzumab, adalimumab and infliximab, have
been developed to treat patients with osteoarthritis (16-18).
However, to the best of our knowledge, the mechanisms
mediated by TNF-a in the synovial fibroblasts of patients with
osteoarthritis remain unknown.

The present study investigated the potential mechanism(s)
of TNF-a in synovial fibroblasts taken from a monosodium
iodoacetate-induced rat model of osteoarthritis in vitro. Levels
of inflammatory cytokines in the synovial fibroblasts were
also analyzed in vivo. The results of the present study indicate
that TNF-a is able to regulate inflammation in a rat model
of osteoarthritis by downregulating the phosphoinositide
3-kinase/protein kinase B (PI3K/AKT) signaling pathway in
synovial fibroblasts.

Materials and methods

Ethics statement. The present study was performed in strict
accordance with the Guide for the Ethics Committee of The
Fourth Hospital affiliated to Harbin Medical University. All
surgeries and euthanasia were performed under intravenous
injection of sodium pentobarbital anesthesia (35 mg/kg,
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). All
mice were sacrificed using isoflurane (0.5 ml) euthanasia as
described previously (19).

Animal model. A total of 36 female Sprague-Dawley rats (eight
weeks old; body weight, 280-300 g) were purchased from
Shanghai SLAC laboratory Animal Co.,Ltd. (Shanghai, China).
All rats were housed under controlled temperatures (23°C, 50%
humidity) under a 12 h light/dark cycle with access to food and
water ad libitum. All rats were identified by ear punching. A
rat model of osteoarthritis was produced using intra-articular
injections of monosodium iodoacetate (0.2 mg per rat;
Sigma-Aldrich; Merck KGaA; n=24) administered at a volume
of 30 ul once per day, for 10 days, as previously described (20);
however, healthy control rats did not undergo this procedure
(n=12). On day 10, rats were randomly assigned to one of three
groups: A control group (n=12), a vehicle group (n=12) and
a TNF-a inhibitor group (n=12). All rats received subcuta-
neous injections of vehicle (30 mg/kg/day; control group) or
TNF-a inhibitor (30 mg/kg/day; cat. no. 1049741-03-8, Merck
KGaA). Treatments were continued seven times and rats
received the vehicle or TNF-a inhibitor once every 2 days for
a total of 14 days. All rats were euthanized on day 14 prior to
histological analysis. Rats were weighed following 14 days of
treatment.

Cells and reagents. Synovial fibroblasts were isolated from the
same rats as those described in the preceding paragraph and
cultured in Dulbecco's Modified Eagle's medium supplemented
with 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA) at
37°C in a 5% CO, humidified atmosphere. Synovial fibroblasts
were treated with the TNF-a inhibitor (2 mg/ml) (21), PI3K
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inhibitor (2 mg/ml; cat. no. 526559-5MGCN, Merck KGaA) or
an equal volume of PBS at 37°C for 24 h.

ELISA. Blood was extracted from experimental rats on day 15
and sera was obtained via centrifugation (6,000 x g for 15 min)
at 4°C. TNF-q, interleukin (IL)-1f, IL-17a and IL-8 concentra-
tions in the serum of experimental rats were analyzed using
ELISA Kits (cat. nos. MTAOOB, MLBOOC, DY421 and P8000,
respectively; all Bio-Rad Laboratories, Inc., Hercules, CA,
USA), following the manufacturer's protocol. The results were
analyzed using the 1775xMark™ ELISA reader system at
450 nm (Bio-Rad Laboratories, Inc.).

Western blotting. Western blotting was performed to
measure protein expression following a previously described
method (22). Briefly, synovial fibroblasts (1x107) were lysed in
a lysis buffer containing 1% phenylmethane sulfonyl fluoride
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) for three
cycles of freezing-thawing and subsequently centrifuged
at 8,000 x g for 10 min at 4°C. Protein concentrations were
measured using a BCA assay kit (cat. no. 23225; Thermo
Fisher Scientific, Inc.). Proteins (20 ug) were separated by 10%
SDS-PAGE and transferred onto a nitrocellulose membrane,
which was blocked with 5% (w/v) nonfat dry milk dissolved
in Tris-buffered saline plus Tween-20 (TBST) solution for
2 h at 37°C. Membranes were subsequently incubated with
primary rabbit anti-rat antibodies against TNF-a (1:1,000,
cat. no. ab6671), IL-1B (1:1,000, cat. no. ab200478), 1L-17a
(1:1,000, cat. no. ab180904), IL-8 (1:1,000, cat. no. ab34100),
PI3K (1:2,000, cat. no. ab1678), phosphorylated (p)-PI3K
(1:1,000, cat. no. ab182651), AKT (1:1,000, cat. no. ab8805),
pAKT (1:1,000, cat. no. ab64148), matrix metalloproteinase
(MMP)-3 (1:1,000, cat. no. ab53015), MMP-9 (1:1,000,
cat. no. ab38898), vascular endothelial growth factor
(VEGF; 1:1,000, cat. no. ab39256), ADAMTS4 (1:1,000,
cat. no. ab185722) and p-actin (1:1,000, cat. no. ab8226;
all Abcam, Cambridge, UK) for 12 h at 4°C. Horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G
monoclonal secondary antibodies (cat. no. PV-6001; OriGene
Technologies, Inc., Beijing, China) were added for 24 h at 4°C.
A Ventana Benchmark automated staining system was used
to analyze protein expression (BX51; Olympus Corporation,
Tokyo, Japan). Protein expression signals were analyzed
using scanning densitometry with a Microtek ScanMaker
8700 (Beijing Zhongjing Electronic Technology Co., Ltd.,
Beijing, China) using ScanWizard 5 software (Shanghai
Microtek Technology Co., Ltd., Shanghai, China). Band
densities were analyzed using Quantity One v.4.62 (Bio-Rad
Laboratories, Inc.).

Histopathological analysis. Rats with osteoarthritis were
euthanized under pentobarbital anesthesia on day 14. Joints and
articular cartilage were separated and fixed in 10% formalin
for 10 min at room temperature. Paraffin-embedded joints
and articular cartilages were sliced into 4-ym sections. Tissue
sections were stained with hematoxylin and eosin for 30 min at
room temperature for histological evaluation. Safranin O-fast
green and Toluidine blue staining for 20 min at room tempera-
ture was used to evaluate proteoglycans in the cartilage matrix
using a light microscope at a magnification, x40.
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Figure 1. Inflammatory factor levels in a rat model of osteoarthritis. (A) Serum levels of TNF-a, IL-13, IL-17a and IL-8 in rats with osteoarthritis compared
with healthy rats, as determined by an enzyme-linked immunosorbent assay. (B) Levels of TNF-a, IL-1p, IL-17a and IL-8 expression in synovial fibroblasts
isolated from rats with osteoarthritis or healthy rats, as measured by western blot analysis. (C) Serum levels of TNF-a, IL-1f, IL-17a and IL-8 in rats with
osteoarthritis rat following treatment with TNF-a inhibitor or vehicle. (D) Levels of TNF-a, IL-13, IL-17a and IL-8 expression in synovial fibroblasts from
rats with osteoarthritis following treatment with TNF-a inhibitor or vehicle. Data are expressed as the mean + standard deviation. ““P<0.01. TNF-a, tumor

necrosis factor a; IL, interleukin.

Tissue preparation and histopathological evaluation. Tissue
sections were fixed in 10% formalin at 37°C for 24 h, decalci-
fied using Gooding and Stewart's fluid (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and subsequently embedded
in paraffin. Sections (4-pum thick) were stained with 0.05%
Toluidine blue (pH 4.1) for 20 min at room temperature and
the degree of osteonecrosis was evaluated using the modified
Mankin scoring system (23). The Mankin scoring system was
scored as follows: 0, normal; 1, irregular surface; 2, pannus;
3, absence of superficial cartilage layers; 4, slight disorga-
nization; 5, fissure into the calcified cartilage layer; and 6,
disorganization. Histopathological evaluation was performed
by two independent blinded observers.

Statistical analysis. All data are expressed as the
mean + standard deviation. Each experiment was performed
in triplicate. All data were analyzed using SPSS software ver.
19.0 (SPSS, Inc., Chicago, IL, USA). Statistical analyses were
performed using one-way analysis of variance followed by
Tukey's multiple comparison post hoc tests and P<0.05 was
considered to indicate a statistically significant difference.

Results

Inflammatory factors are upregulated in the iodoacetate-
induced osteoarthritis rat model. The expression of
inflammatory factors was measured in the osteoarthritis rat
model and compared with that of healthy rats. The results
demonstrated that serum TNF-a, IL-18, IL-17a and IL-8
expression was significantly higher in rats with osteoarthritis
compared with healthy rats (P<0.01; Fig. 1A). Furthermore,
TNF-a, IL-1p, IL-17a and IL-8 expression was significantly
upregulated in synovial fibroblasts isolated from rats with

osteoarthritis compared with healthy rats (P<0.01; Fig. 1B).
By contrast, treatment with the TNF-a inhibitor significantly
decreased TNF-a, IL-1f, IL-17a and IL-8 expression in the
serum of rats with osteoarthritis (P<0.01; Fig. 1C). The TNF-a
inhibitor also significantly decreased TNF-a, IL-1f, IL-17a
and IL-8 expression in synovial fibroblasts isolated from rats
with osteoarthritis (P<0.01; Fig. 1D). These results suggest
that inflammatory factors are upregulated in the serum and
synovial fibroblasts of rats with osteoarthritis.

Effects of TNF-a on the expression of pro-inflammatory
factors in synovial fibroblasts. The effects of TNF-a on
macrophage-regulated MMP levels were analyzed in the
synovial fibroblasts of rats with osteoarthritis. MMP-3,
MMP-9, VEGF and ADAMTS4 expression was significantly
increased in the synovial fibroblasts of rats with osteoarthritis
compared with healthy rats (P<0.01; Fig. 2A). Treatment with
the TNF-a inhibitor significantly decreased MMP-3, MMP-9,
VEGF and ADAMTS4 expression in synovial fibroblasts from
rats with osteoarthritis compared with those from healthy rats
(P<0.01; Fig. 2B). These results suggest that TNF-a inhibition
may be used to treat osteoarthritis.

TNF-a regulates the expression of inflammatory factors via
the PISK/AKT signaling pathway. It has been reported that
the PI3K/AKT signaling pathway is involved in inflamma-
tion during the progression of osteoarthritis (24). Therefore,
the current study investigated the effects of TNF-a on the
PI3K/AKT signaling pathway in synovial fibroblasts. PI3K
and AKT expression and phosphorylation were significantly
upregulated in synovial fibroblasts from rats with osteoarthritis
compared with those from healthy rats (P<0.05; Fig. 3A).
However, PI3K and AKT expression and phosphorylation
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Figure 2. Effect of the TNF-a inhibitor on the expression of inflammation-associated factors in synovial fibroblasts isolated from rats with osteoarthritis.
(A) Levels of MMP-3, MMP-9, VEGF and ADAMTS4 expression in the synovial fibroblasts of rats with osteoarthritis and healthy rats, as determined by
western blotting. (B) Levels of MMP-3, MMP-9, VEGF and ADAMTS4 expression in synovial fibroblasts taken from rats with osteoarthritis following
treatment with TNF-a inhibitor or vehicle. Data are expressed as the mean + standard deviation. “P<0.01. TNF-a, tumor necrosis factor a; MMP, matrix

metalloproteinase; VEGF, vascular endothelial growth factor.

were significantly decreased in the synovial fibroblasts of rats
treated with the TNF-a inhibitor compared with those from
rats treated with vehicle (P<0.01; Fig. 3B). The results of an
in vitro assay revealed that the PI3K inhibitor significantly
reversed the TNF-a-induced increase in IL-1f,1L-17a and IL-8
expression in synovial fibroblasts from rats with osteoarthritis
(P<0.01; Fig. 3C). These results suggest that TNF-a regulates
the expression of inflammatory factors in synovial fibroblasts
via the PI3K/AKT signaling pathway.

Treatment with TNF-a inhibitor helps to treat rats with
iodoacetate-induced osteoarthritis. Finally, the effect of the
TNF-a inhibitor on the iodoacetate-induced osteoarthritis rat
model was assessed in vivo. The results indicated that mice
treated with the TNF-a inhibitor experienced a significantly
decreased total Mankin score compared with rats treated with
vehicle (P<0.01; Fig. 4A), indicating that the TNF-a inhibitor
ameliorates bone osteoarthritis. Furthermore, treatment with the
TNF-a inhibitor significantly increased the body weight of rats
compared with the vehicle group (P<0.01; Fig. 4B). Histological
analyses indicated that treatment with the TNF-a inhibitor
inhibited inflammatory cell infiltration (Fig. 4C) and decreased
bone destruction in the joints and cartilage of rats with osteo-
arthritis (Fig. 4D). These results suggest that TNF-o inhibition
may improve inflammation, inflammatory cell infiltration and
bone destruction in a rat model of osteoarthritis.

Discussion

Synovial inflammation leads to structural damage and bone
destruction in osteoarthritis and may decrease synovial

function in osteoarthritis (25); therefore, alleviating syno-
vial inflammation may be an effective method of treating
patients with osteoarthritis (25). It has been demonstrated
that the TNF-a inhibitor etanercept may alleviate pain in
patients with moderate to severe osteoarthritis, suggesting
that TNF-o may be an important pathological factor during
the progression of osteoarthritis (26). The aim of the present
study was to analyze the association between TNF-a and
the PI3K/AKT signaling pathway in synovial fibroblasts
from rats with osteoarthritis. The results indicated that
treatment with TNF-a inhibitor decreased the expression of
IL-1B, IL-17a and IL-8 by downregulating the PI3K/AKT
signaling pathway in synovial fibroblasts taken from rats
with osteoarthritis.

Previous studies have indicated that inflammatory
cytokines are associated with synovial injury during the
development of osteoarthritis (24,27,28). A previous study
has also demonstrated that IL-13 and/or TNF-a induces the
upregulation of MMP-1 and MMP-3 expression in chondro-
cyte subpopulations, which may be a pathogenic cause of
osteoarthritis (29). The present study demonstrated that IL-1f3
and TNF-a are upregulated in synovial fibroblasts taken from
rats with osteoarthritis. This is in accordance with the results
of a previous study, which demonstrated that levels of IL-6 and
IL-8 cytokines are upregulated in human osteoarthritis (30).
Additionally, IL-17a expression is increased in inflamma-
tory osteoarthritis, which may explain the non-response to
anti-IL-17 therapy in subsets of patients with osteoarthritis (31).
The present study indicated that IL-17a and IL-8 expression
was upregulated in synovial fibroblasts taken from rats with
osteoarthritis. Notably, TNF-a inhibition decreased levels of
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Figure 3. The TNF-a inhibitor regulates the expression of inflammatory factors via the PI3K/AKT signaling pathway. (A) Expression and phosphorylation
levels of PI3K and AKT in synovial fibroblasts from rats with osteoarthritis and healthy rats were determined by western blotting. (B) Expression and phos-
phorylation levels of PI3K and AKT in the synovial fibroblasts from rats with osteoarthritis following treatment with TNF-a inhibitor or vehicle. (C) Effects
of the PI3KIR on levels of the inflammatory factors IL-1f3, IL-17a and IL-8 expression in synovial fibroblasts following treatment with TNF-a. Data are
expressed as the mean + standard deviation. "P<0.05 and “"P<0.01. ns, not significant; TNF-a, tumor necrosis factor o; PI3KR, PI3K inhibitor; PI3K/AKT,

phosphoinositide 3-kinase/protein kinase B; IL, interleukin; p-, phosphorylated.

IL-1p, IL-17a and IL-8 in synovial fibroblasts isolated from
rats with osteoarthritis (32-34).

Chen et al (35) indicated that treatment with the TNF-a
inhibitor confers many benefits including the decrease of
inflammation and pain for patients with osteoarthritis of
the hand, who are refractory to analgesia. It has also been
demonstrated that elevated VEGF levels may increase
bone destruction in an in vivo model of osteoarthritis (33).
Furthermore, it has been suggested that ADAMTS4 may be
upregulated in osteoarthritis, which, in turn, increases the
expression of the proinflammatory cytokine NF-«B (34). In
the present study, VEGF and ADAMTS4 expression were
upregulated in the synovial fibroblasts of rats with osteo-
arthritis, but were downregulated following treatment with
TNF-a inhibitor. Taken together, these results suggest that
treatment with TNF-a inhibitor may be beneficial in the treat-
ment of osteoarthritis.

Inhibiting the PI3K/AKT signaling pathway may be
developed as a promising method of treating patients with
osteoarthritis (36,37). It has been reported that PI3K/AKT
mediates the expression of TNF-o mRNA and NF-«B activa-
tion in calyculin A-treated primary osteoblasts (38). Notably,
another study indicated that regulation of the PI3K/AKT
signaling pathway may inhibit inflammation and the apop-
tosis of chondrocytes in a rat model of osteoarthritis (39).
The present study demonstrated that treatment with TNF-a
inhibitor downregulated levels of the inflammatory factors
IL-1p, IL-17a and IL-8 via the PI3K/AKT signaling pathway.
Treatment with the TNF-a inhibitor also decreased IL-1,
IL-17a and IL-8 levels by decreasing PI3K and AKT expression
in synovial fibroblasts. It has been demonstrated that inhib-
iting TNF-a may decrease inflammation by downregulating
the PI3K/AKT signaling pathway (39). These reports suggest
that the PI3K/AKT signaling pathway may be a potential
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target for the treatment of osteoarthritis. The present study
identified that treatment with a TNF-a inhibitor downregu-
lated the PI3K/AKT signaling pathway in synovial fibroblasts
isolated from rats with osteoarthritis. Previous studies have
demonstrated that the activation of the NF-xB-mediated
inflammation may be induced by TNF-a (40-42). However,
the present study did not analyze the effects of TNF-a
inhibitor on NF-xB, IL-6 and TGF-f levels. Further studies
are required to assess the other mechanisms mediated by the
TNF-a inhibitor.

In conclusion, the present study investigated the potential
mechanisms mediated by TNF-a in a rat model of osteo-
arthritis induced by monosodium iodoacetate. The results
indicate that the PI3K/AKT signaling pathway is an inflamma-
tory pathway that may be mediated by TNF-a in osteoarthritis.
The expression of inflammatory cytokines in synovial fibro-
blasts significantly decreased following treatment with TNF-a

inhibitor. These results suggest that inhibiting the PI3K/AKT
signaling pathway may contribute to the inhibition of inflam-
mation in osteoarthritis and may therefore be developed as
novel method of treating osteoarthritis.
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