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Abstract. Rheumatoid arthritis (RA) is a chronic inflamma‑
tory disease that mainly targets the synovial membrane, thus 
causing stiffness, deformity and dysfunction of joints. To date, 
no effective anti‑inflammatory treatments are available for RA. 
Piceatannol (PIC) is a natural derivative of resveratrol, which 
has been reported to attenuate the inflammatory response. 
To evaluate the effect of PIC on RA and to determine the 
underlying molecular target of PIC, both in vitro and in vivo 
experiments were performed in the present study. A CIA rat 
model was established to evaluate the therapeutic effects of 
PIC. TNF‑α, IL‑1β and IL‑6 levels in blood were measured by 
ELISA. Western blotting, immunofluorescence analysis and 
reverse transcription‑quantitative PCR (RT‑qPCR) were used 
to analyze the expression levels of protein and mRNA. In vitro, 
RA‑fibroblast‑like synoviocytes (FLSs) were pretreated with 
PIC and subsequently stimulated with TNF‑α. The results 
revealed that PIC significantly upregulated the expression 
levels of proapoptotic proteins such as Bax and cleaved 
caspase‑3. PIC also significantly reduced the production of 
proinflammatory cytokines, including PGE2, IL‑6 and IL‑1β, 
and significantly downregulated the expression of cyclo‑
oxygenase‑2 at both the mRNA and protein expression levels. 
Furthermore, PIC downregulated the expression of MMP‑3 
and MMP‑13, which have been found to be highly expressed 
in the synovium of patients with RA. Mechanistically, PIC 

was capable of significantly downregulating the expression 
levels of proteins involved in the NF‑κB and MAPK signaling 
pathways. The results of the in vivo experiments using a rat 
collagen‑induced arthritis model demonstrated that PIC 
decreased the arthritis score and exerted beneficial effects in 
cartilage and significantly reduced the expression of MMP‑13. 
In conclusion, the findings of the present study revealed that 
PIC could suppress the inflammatory response, promote apop‑
tosis, and exert a significant regulatory effect on the NF‑κB 
and MAPK signaling pathways in RA‑FLSs. Therefore, PIC 
may represent a potential drug for the future treatment of RA.

Introduction

Rheumatoid arthritis (RA) is a chronic and complex inflam‑
matory disorder that mainly affects the synovial membrane. 
RA results in the consequential damage of articular cartilage 
and bone, as well as in joint swelling and space narrowing, 
which leads to joint stiffness, deformity and dysfunction (1,2). 
RA is characterized by synovitis and synovial hyperplasia 
with the infiltration of immune cells. Synovial tissues express 
numerous cytokines, such as IL‑6, and the dysregulation of 
pro‑ and anti‑inflammatory cytokine levels has been directly 
implicated in the pathogenesis of multiple pathological 
processes, including induction of neovascularization, infil‑
tration of inflammatory cells and synovial hyperplasia (3). 
The drug treatment of rheumatoid arthritis mainly includes 
nonsteroidal anti‑inflammatory drugs (NSAIDs), anti-
rheumatic drugs, immunosuppressants, immune and biological 
agents, and botanical drugs. NSAIDs show adverse effects in 
gastrointestinal, cardiovascular, hepatic, renal, cerebral, and 
pulmonary complications (4). Methotrexate can lead to hepatic 
fibrosis (5). Therefore, novel therapeutic targets are required.

Accumulating evidence has revealed that fibroblast‑like 
synoviocytes (FLSs) are crucial in RA, as they produce 
proteases and cytokines that perpetuate inflammation (3,6). 
Furthermore, TNF‑α, a proinflammatory cytokine produced 
by monocytes or macrophages, serves a disease‑promoting 
role in RA  (7,8). Selectively inhibiting TNF‑α alleviates 
the progression of RA symptoms (9). Previous studies have 
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reported that TNF‑α is highly expressed in the synovium of 
patients with RA, where it is required to initiate subsequent 
inflammatory responses (9,10). In the inflamed synovium, 
RA‑FLSs are also found to contribute to RA pathogenesis by 
producing matrix‑degrading enzymes, such as MMP‑3 and 
MMP‑13, which are involved in articular cartilage dysfunction 
and destruction (11,12). Therefore, targeting TNF‑α‑induced 
inflammation and proliferation may be a novel therapeutic 
strategy for preventing and treating RA (8).

Piceatannol (PIC) is a hydroxylated resveratrol deriva‑
tive (13,14) that exerts multiple biological activities, including 
antiproliferative, anti‑adipogenic and anti‑inflammatory 
effects (15,16). PIC was also found to suppress lipopolysac‑
charide‑induced proinflammatory responses by blocking 
NF‑κB in RAW264.7 macrophages (17-19). Furthermore, PIC 
inhibits TNF‑α‑mediated inflammation by blocking IκBα 
phosphorylation and NF‑κB activation via the suppression 
of the nuclear translocation of p65 and JNK/MAPK activa‑
tion (20). However, to the best of our knowledge, the effect 
of PIC on RA remains unclear. Collagen‑induced arthritis 
(CIA) models are widely used as RA models. The pathological 
features of a rat CIA model are consistent with typical chronic 
proliferative synovitis, resembling adjuvant arthritis, which is 
observed in patients with RA (21). Therefore, the present study 
aimed to establish an in vivo CIA model using Wistar rats, 
and to investigate the anti‑inflammatory and antiproliferative 
effects of PIC in RA. The present study also investigated the 
effect of PIC on TNF‑α‑stimulated RA‑FLSs, and explored 
the underlying mechanism in vitro and in vivo.

Materials and methods

Reagents and antibodies. PIC (>98% pure) was purchased 
from Nantong FeiYu Biological Technology Co., Ltd. Cell 
Counting Kit‑8 (CCK‑8) assay was purchased from Dojindo 
Molecular Technologies, Inc. Rat TNF‑α (cat. no. RTA00), 
IL‑1β (cat. no. PRLB00), PGE2(KGE004B) and IL‑6 (cat. 
no. R6000B) ELISA kits were purchased from R&D Systems, 
Inc. DAPI nuclear stain was purchased from Beyotime Institute 
of Biotechnology. DMEM/F12, FBS and BSA were purchased 
from HyClone (Cytiva). TRIzol® reagent was purchased from 
Invitrogen (Thermo Fisher Scientific, Inc.). SYBR‑Green 
Master Mix was purchased from Bio‑Rad Laboratories, Inc., 
while QuantiTect Reverse Transcription kit was purchased 
from Qiagen, Inc.

The following primary antibodies were used in the 
present study: Anti‑GAPDH (cat. no.  ab8245; Abcam), 
anti-cyclooxygenase‑2 (COX‑2; cat. no.  ab179800; 
Abcam), anti‑Bax (cat. no. ab182733; Abcam), anti‑cleaved 
caspase‑3 (cat. no. 9661; Cell Signaling Technology, Inc.), 
anti‑caspase‑3 (cat. no.  9662; Cell Signaling Technology, 
Inc.), anti-MMP‑3 (cat. no. ab52915; Abcam), anti‑MMP‑13 
(cat. no. 18165‑1‑AP; Wuhan Sanying Biotechnology), anti‑phos‑
phorylated (p)‑p65 (cat. no. 3033; Cell Signaling Technology, Inc.), 
anti‑p65 (cat. no. 3034; Cell Signaling Technology, Inc.), anti‑p-
IκBα (cat. no. 2859; Cell Signaling Technology, Inc.), anti‑IκBα  
(cat. no. 4812; Cell Signaling Technology, Inc.), anti‑p‑JNK 
(cat. no.  ab76572; Abcam), anti‑JNK (cat. no.  ab179461; 
Abcam), anti‑p‑ERK (cat. no. ab184699; Abcam), anti‑ERK 
(cat. no.  ab201015; Abcam), anti‑p38 (cat. no.  ab170099; 

Abcam) and anti‑p‑p38 (cat. no.  ab195049; Abcam). 
HRP‑conjugated goat anti‑rabbit (cat. no. HAF017) and goat 
anti‑mouse IgG (cat. no. HAF007) antibodies were acquired 
from R&D Systems, Inc. Alexa Fluor 488‑ and Alexa Fluor 
594‑conjugated goat anti‑rabbit IgG (heavy + light chain) 
secondary antibodies(111‑546‑003; 115‑585‑006) were 
purchased from Jackson ImmunoResearch Laboratories, Inc.

Cell coutning kit (CCK)‑8 assay. The effect of PIC on cell 
viability were detected via CCK‑8 (Dojindo Co.) according 
to the manufacturer's protocol. RA‑FLSs were transferred 
to 12‑well plates at a density of 3x105  cells/ml and incu‑
bated with PIC (0, 2, 5, 10 µM) for 24 h in 37˚C. Cells were 
washed with PBS and 10 µl CCK‑8 solution was added to 
each well for 2 h at 37˚C. The absorbance of the wells was 
then measured at 450  nm using a microplate reader. All 
experiments were performed in triplicate.

Establishment of a CIA rat model and effect of PIC treatment. A 
total of 24 male Wistar rats (age 8 weeks; weight,180±10 g) were 
purchased from the Animal Laboratory Center of Wenzhou 
Medical University. Rats were housed at a stable temperature 
of 22‑24˚C, 60‑65% humidity, under a 12‑h dark/light cycle 
and access to standard laboratory food and water at all times. 
CIA was induced in Wistar rats using bovine type II collagen 
(CII; MilliporeSigma) emulsified in complete Freund's adjuvant 
(CFA; MilliporeSigma). The present study was performed 
according to the recommendations outlined in the Guide for the 
Care and Use of Laboratory Animals of the National Institutes 
of Health (22). All animal treatments, surgical interventions and 
postoperative care procedures were approved by the Animal 
Care and Use Committee of Wenzhou Medical University 
(Wenzhou, China; approval no. wydw2019‑0129).

Briefly, male rats received an injection of 150 µl emul‑
sion at the base of the tail. The day of the first injection was 
considered as day 0. On day 14, the rats were injected with 
the same volume of CII emulsified in CFA through a booster 
injection to ensure induction of CIA. Control rats were injected 
in the same manner, but with saline or CFA only. Following 
injection, the rats were evaluated every 3 days for arthritis 
incidence. Each paw was evaluated and scored individually on 
a scale of 0‑4, with 4 indicating the most severe inflamma‑
tion. The clinical arthritis score for each limb was then scored 
using the following scoring system ranging from 0 to 4: 0, 
normal; 1, presence of erythema and mild swelling confined 
to the ankle joint and toes; 2, presence of erythema and mild 
swelling extending from the ankle to the midfoot; 3, presence 
of erythema and severe swelling extending from the ankle 
to the metatarsal joints; and 4, presence of severe swelling, 
erythema and joint rigidity of the ankle, foot and digits (23).

To evaluate the therapeutic effects of PIC, 8 rats were 
used as negative controls in a non‑arthritis group, while 
arthritic rats (those with an arthritis score of ~6 on day 14) 
were randomly divided into a PIC‑treated group (CIA + 
PIC group) and a vehicle‑treated group (CIA group) (n=8 
rats/group). In each group, 50 mg/kg PIC dissolved in 0.5% 
Carboxymethylcellulose (CMC) or vehicle (0.5% CMC alone) 
was intragastricly administered once/day from day 14 to 
day 41. The arthritis score for each rat was calculated as the 
sum of the scores for the four limbs. The rats were sacrificed by 
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inhalation of 5% isoflurane maintained for 2 min. All the rats 
involved in the experiment exhibited a weight of 350±30 g at 
the time of sacrifice, and animal death was verified by judging 
factors such as breathing, heartbeat and body temperature for 
10 min. After the rats were euthanized on day 41, 200 µl blood 
was taken from tail vein of rats to detect the levels of IL‑1β, 
IL‑6 and TNF‑α via ELISA.

Preparation and culture of RA‑FLSs. RA‑FLSs from the 
synovial tissues of CIA model rats were isolated using the 
tissue explant cultivation method, as previously described (24). 
Briefly, CIA model rats were anesthetized with 2% pentobar‑
bital sodium solution (45 mg/kg; intraperitoneal injection) and 
sacrificed by exsanguination by collecting 1 ml blood from 
the abdominal aorta on day 41 following the primary immu‑
nization. Fresh synovial tissue was removed from each rat 
under sterile conditions, which was subsequently placed into 
culture dishes and washed by PBS, and all fat and connective 
tissues were then removed. The CIA rat synovial membranes 
were cut into small pieces (~2 mm), incubated and cultured in 
DMEM/F12 supplemented with 20% FBS at 37˚C with 5% 
CO2. The complete medium was replaced every 2 days. As 
RA‑FLSs proliferated from synovial tissue, small pieces of 
synovial tissue were discarded. Adherent cells were trypsin‑
ized, and the cells were routinely split at 1:2/1:3 ratios and 
cultured in medium. The RA‑FLSs obtained from the 3rd and 
4th passages were used for the subsequent experiments.

ELISA. After rats were sacrificed, 1 ml of blood was imme‑
diately collected from five randomly selected rats from each 
group, and ELISA kits were used to determine the levels 
of IL‑6, IL‑1β PGE2 and TNF‑α in blood, according to the 
manufacturer's instructions. All assays were performed in 
triplicate.

Western blotting. RA‑FLSs were seeded in DMEM/F12 in 
6‑well plates at a density of 3x105 cells/ml and incubated for 
24 h at 37˚C. Following pretreatment with 0, 2, 5 or 10 µM 
PIC for 12 h and stimulation with after pre‑treatment with 
10 ng/ml TNF‑α for 24 h at 37˚C. Total protein was extracted 
from RA‑FLSs by adding RIPA lysis buffer (MilliporeSigma) 
supplemented with 1 mM PMSF, placing the cells on ice for 
10 min and then centrifuging for 15 min at 12,800 g at 4˚C. 
Protein concentration was quantified using a BCA protein 
assay kit (Beyotime Institute of Biotechnology), and 40 µg 
protein/well was separated via 6‑12% SDS‑PAGE. The separated 
proteins were subsequently transferred onto PVDF membranes 
(Bio‑Rad Laboratories, Inc.) and blocked with 5% skimmed 
milk for 2 h at room temperature. The membranes were then 
incubated with the following primary antibodies overnight at 
4˚C: Anti‑Caspase‑3 (1:1,000), anti‑cleaved caspase‑3(1:1,000), 
anti‑Bax(1:1,000), anti‑COX‑2 (1:1,000), anti‑GADPH (1:5,000), 
anti‑p‑IκBα (1:1,000), anti‑IκBα (1:1,000), anti‑MMP‑3 
(1:1,000), anti‑MMP‑13 (1:1,000), anti‑p65 (1:1,000), anti‑p‑p65 
(1:1,000), anti‑p‑ERK (1:1,000), anti‑ERK (1:1,000), anti‑JNK 
(1:1,000) and anti‑p‑JNK (1:1,000). Following the primary anti‑
body incubation and washing with TBST (0.1% Tween‑20; cat 
no. P0231; Beyotime Institute of Biotechnology), the membranes 
were incubated with secondary antibodies (1:1,000) for 2 h 
at room temperature. Protein bands were visualized using an 

ECL solution (MilliporeSigma) and were semi‑quantified using 
Image Lab 3.0 software (Bio‑Rad Laboratories, Inc.). GAPDH 
was used as the loading control.

Immunofluorescence analysis. Samples were fixed with 
4% paraformaldehyde for 2 h at 4˚C, incubated with 0.5‑2% 
Triton X‑100, blocked with 10% FBS for 1 h at 37˚C. RA‑FLSs 
were subsequently incubated overnight with an anti‑MMP‑13 
primary antibody (1:200) at 4˚C. Following the primary 
antibody incubation, cells were washed with PBS and incu‑
bated with Alexa Fluor 488‑ or Alexa Fluor 594‑conjugated 
secondary antibodies (1:400) in the dark for 1  h at room 
temperature. Finally, the sections were counterstained with 
DAPI (cat. no. P0131; Beyotime Institute of Biotechnology) for 
5 min at room temperature. Three fields of each slides were 
chosen randomly for observation with a fluorescence micro‑
scope (Olympus Inc.; magnification x100), and fluorescence 
intensity was measured using ImageJ software 2.1 (National 
Institutes of Health) by observers who were blinded to the 
experimental groups.

Reverse transcription‑quantitative PCR (RT‑qPCR). RA‑FLSs 
were seeded in DMEM/F12 in 6‑well plates at a density of 
3x105  cells/ml and incubated for 24 h at 37˚C. Following 
pretreatment with 0, 2, 5 or 10 µM PIC for 12 h and 10 ng/ml 
TNF‑α for 24 h at 37˚C, total RNA was extracted from the 
monolayer of cultured RA‑FLSs using TRIzol reagent. 
RT‑qPCR was performed using SYBR‑Green (Bio‑Rad 
Laboratories, Inc.). The RNA concentration was determined 
using a NanoDrop  2000 spectrophotometer (NanoDrop 
Technologies; Thermo Fisher Scientific, Inc.) at a wavelength 
of 260 nm, and the quality and purity of RNA were deter‑
mined using the A260/A280 ratio. Total RNA (1,000 ng) was 
reverse transcribed into cDNA using a QuantiTect Reverse 
Transcription kit according to the manufacturer's instructions. 
qPCR was subsequently performed using a CFX96 Real‑Time 
PCR system (Bio‑Rad Laboratories, Inc.). The following 
thermocycling conditions were used: Initial denaturation 
for 10 min at 95˚C; followed by 40 cycles of 15 sec at 95˚C, 
annealing at 60˚C for 30 sec and elongation at 72˚C for 1 min, 
and a final extension at 72˚C for 5 min. The following primer 
sequences were used for qPCR: COX‑2 forward (F), 5'‑AAC​
CCA​GGG​GAT​CGA​GTG​T‑3' and reverse (R), 5'‑CGC​AGC​
TCA​GTG​TTT​GGG​AT‑3'; and GAPDH F, 5'‑GCA​AGT​TCA​
ACG​GCA​CAG‑3' and R, 5'‑CGC​CAG​TAG​ACT​CCA​CGA​
C‑3'. mRNA expression levels were quantified using the 2‑∆∆Cq 
method (25) and normalized to GAPDH expression levels. 
Experiments were performed in triplicate.

Immunohistochemistry. Collected joint tissues were fixed 
in 4% paraformaldehyde for 24 h at 4˚C and subsequently 
decalcified in 10% EDTA solution (MilliporeSigma) at 4˚C 
for 2  weeks. The tissues were subsequently embedded in 
paraffin blocks and cut into 5‑µm‑thick sections. The sections 
were deparaffinized in xylene, rehydrated in alcohol gradient 
and then rinsed in PBS. Then the sections were incubated 
with 0.4% pepsin (Sangon Biotech Co., Ltd.) in 5 mM HCl 
at 37˚C for 15 min for antigen retrieval. The sections were 
then incubated with 5% BSA for 30 min at room temperature. 
Following 12 h of incubation at 4˚C with an anti‑MMP‑13 
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primary antibody (1:100), the histological sections were 
incubated with an appropriate HRP‑conjugated secondary 
antibodies (Beyotime Institute of Biotechnology) for 2 h at 
room temperature. The slides were then stained with a DAB 
substrate system (OriGene Technologies, Inc.) for 5 min at 
room temperature, and nuclei were stained with hematoxylin 
for 10 min at room temperature. The slides were observed 
and captured observed with inverted light microscope (x200; 
Leica). At least three sections from each sample were used to 
analyze the expression of these proteins. The number of posi‑
tive cells in each area was counted by observers blinded to the 
experimental groups, and was semi‑quantified using Image J 
software version 2.1 (National Institutes of Health). The area 
of positive and negative cells in each section was calculated 
and shown as a percentage of the total number of cells.

Statistical analysis. Statistical analysis was performed using 
SPSS 17.0 software (SPSS, Inc.). Data are presented as the 
mean  ±  SD of three independent experiments. Statistical 
differences between groups were determined using one‑way 

ANOVA followed by Tukey's post hoc test. P<0.05 was consid‑
ered to indicate a statistically significant difference.

Results

Effect of PIC on arthritic progression. To determine if PIC 
treatment reduced the RA arthritis scores, a CIA model was 
established in Wistar rats (Fig. 1A). PIC or vehicle solution 
was administered every day following first injection, and the 
arthritis scores were recorded every 3 days. The levels of the 
proinflammatory cytokines IL‑1β, IL‑6 and TNF‑α in the 
blood were analyzed via ELISA on day 41. The development of 
CIA was inhibited by treatment with PIC, which was demon‑
strated by differences in the arthritis scores between the CIA 
+ PIC‑treated and CIA groups on day 41 (Fig. 1B). Notably, the 
PIC group decreased from day 21 with regards to the arthritis 
scores compared with the CIA group (Fig. 1B). These results 
were also demonstrated in the changes in serum concentra‑
tions of proinflammatory cytokines in the control, CIA and 
CIA + PIC‑treated rats. The levels of IL‑1β, IL‑6 and TNF‑α 

Figure 1. PIC inhibits the progression and reduces the arthritis scores of rheumatoid arthritis. (A) Development of CIA was inhibited by treatment with PIC. Scale 
bar, 1 cm. (B) Differences in arthritis scores between CIA + PIC‑treated, CIA and control rats. (C) Levels of IL‑1β, IL6 and TNF‑α. (D) Immunohistochemical 
staining of joint tissue sections of MMP13 (arrow). (E) Expression of MMP‑13 in cartilage tissue. Scale bar, 100 µm. (F) MMP‑13‑positive cell rate. n=8 
rats/group. ##P<0.01 vs. control; and **P<0.01 vs. CIA. PIC, piceatannol; CIA, collagen‑induced arthritis. 



Molecular Medicine REPORTS  25:  180,  2022 5

were significantly increased in CIA rats compared with those 
in control rats. However, the inflammatory cytokine levels 
were significantly decreased in PIC‑treated rats compared 
with those in CIA group (Fig. 1C). The expression levels of 
MMP‑13 in the cartilage matrix were further investigated using 
immunohistochemistry. The results demonstrated that the CIA 
group exhibited an increased number of MMP‑13‑positive cells 
compared with that of the control group (Fig. 1D). However, 
treatment with PIC decreased the number of MMP‑13‑positive 
cells compared with that of the CIA group.

PIC treatment induces the apoptosis and decreases the 
viability of RA‑FLSs. To evaluate the effect of PIC on apoptosis, 
the effect of PIC on Bax upregulation and cleaved caspase‑3 
protein expression was determined via western blotting. The 
results of western blot analysis revealed that PIC treatment 
significantly upregulated the TNF‑α‑induced downregulation 
of cleaved caspase‑3 protein expression compared with the 
TNF‑α only group. Furthermore, Bax expression was signifi‑
cantly upregulated in a dose‑dependent manner in RA‑FLSs 
treated with TNF‑α and PIC compared with that observed in 
the group subjected to TNF‑α treatment only (Fig. 2A and B).

CCK‑8 assay was used to determine the effects of PIC on 
RA‑FLS cell viability. RA‑FLSs were pretreated with different 
concentrations of PIC (0, 2, 5 and 10 µM) for 12 h followed 
by stimulation with 10 ng/ml TNF‑α for 24 h. Treatment with 
TNF‑α only for 24 h significantly increased cell viability 
compared with that of the control group. However, following 
treatment with PIC, the viability of RA‑FLSs significantly 
decreased in a dose‑dependent manner compared with that 

of cells subjected to TNF‑α treatment only (Fig. 2D). The 
morphology of RA‑FLSs was also observed via microscopy 
under the same conditions and grouping as those described for 
the aforementioned CCK‑8 assay (Fig. 2C).

Effect of PIC on the expression levels of COX‑2, an 
inflammatory mediator. To evaluate the anti‑inflammatory 
effects of PIC, the expression levels of COX‑2 following PIC 
treatment were analyzed using western blotting and RT‑qPCR. 
RA‑FLSs were pretreated with different concentrations of 
PIC (0, 2, 5 or 10 µM) for 12 h followed by stimulation with 
10 ng/ml TNF‑α for 24 h. Western blotting demonstrated 
that PIC significantly downregulated the TNF‑α‑induced 
upregulation of COX‑2 expression levels in a dose‑dependent 
manner in RA‑FLSs compared with those exhibited by the 
cells subjected to TNF‑α treatment only (Fig. 3A and B). 
Furthermore, RT‑qPCR analysis demonstrated that TNF‑α 
treatment significantly upregulated the mRNA expression 
levels of COX‑2 in RA‑FLSs compared with the those of the 
control, while PIC treatment significantly reduced these effects 
compared with the findings in the group subjected to TNF‑α 
treatment only (Fig. 3C). Subsequently, the effects of PIC on 
IL‑6 and IL‑1β production in TNF‑α‑stimulated RA‑FLSs 
were investigated. The results demonstrated that TNF‑α 
only treatment significantly induced the production of IL‑6 
compared with that of the control, whereas pretreatment with 
PIC significantly inhibited TNF‑α‑induced IL‑6 production in 
RA‑FLSs compared with that exhibited by the cells subjected 
to TNF‑α treatment only (Fig. 3D). Furthermore, pretreat‑
ment with PIC also significantly suppressed TNF‑α‑induced 

Figure 2. PIC increases the apoptosis and decreases the viability of rheumatoid arthritis‑fibroblast‑like synoviocytes. (A) Protein expression levels of Bax 
and cleaved caspase‑3 were analyzed using western blotting. (B) Semi‑quantification of cleaved caspase‑3 and Bax protein expression levels. (C) Activity of 
different groups of cells under a microscope. Scale bar, 10 µm. (D) Cell viability was assessed via Cell Counting Kit‑8 assay. n=3. ##P<0.01 vs. control; and 
**P<0.01 vs. TNF‑α. PIC, piceatannol. 
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IL‑1β and prostaglandin E2 (PGE2) production in RA‑FLSs 
compared with the results obtained in cells subjected to 
TNF‑α treatment only.

PIC downregulates the TNF‑α‑induced upregulation of MMP 
expression in RA‑FLSs. MMPs are considered to be crucial 
factors involved in the development of RA. Western blot‑
ting demonstrated that TNF‑α significantly upregulated the 
protein expression levels of MMP‑3 and MMP‑13 compared 
with those of the control (Fig. 4A and B). However, PIC treat‑
ment significantly reduced the MMP‑3 and MMP‑13 protein 
expression levels in a dose‑dependent manner compared with 
those exhibited by cells subjected to TNF‑α treatment only. 
Furthermore, the results of immunofluorescence staining of 
MMP‑13 expression were consistent with the western blot‑
ting data. PIC inhibited the TNF‑α‑induced upregulation of 
mmp‑13 fluorescence staining intensity. (Fig. 4C and D).

Effect of PIC treatment on the TNF‑α‑induced increase in 
NF‑κB and MAPK signaling pathway activation in RA‑FLSs. 
To further determine the underlying mechanisms of PIC treat‑
ment, the roles of the NF‑κB and MAPK signaling pathways 
following PIC treatment were analyzed. RA‑FLSs were 
pretreated with or without PIC (10 µM) for 12 h, then stimu‑
lated with 10 ng/ml TNF‑α for 24 h. The phosphorylation levels 
of p65 and IκBα in the NF‑κB signaling pathway, and those 
of JNK, ERK and p38 in the MAPK signaling pathway were 
determined using western blotting. The results revealed that 
the expression levels of all the aforementioned phosphorylated 

biomarkers were significantly upregulated following TNF‑α 
induction compared with those of the control. Furthermore, 
the expression levels of all the phosphorylated molecules 
analyzed were significantly downregulated in the PIC‑treated 
groups compared with those observed in the TNF‑α + PIC 
treatment (Fig. 5A and B). Semi‑quantitative analyses also 
identified that the suppressive effects of PIC were positively 
associated with the concentration of PIC in the treatment 
groups (Fig. 5C and D).

Discussion

Numerous studies have focused on the potential of key mole‑
cules derived from natural compounds in treating RA, due to 
their low toxicity profiles and side effects (26,27). Piceatannol 
(PIC) is a compound with a chemical structure similar to 
resveratrol that is widely found in fruit, such as grapes and 
blueberries. The potential of PIC as a treatment option in 
several diseases has been widely reported. PIC was found to 
exert anti‑inflammatory effects and suppress LPS‑induced 
NO synthase induction in macrophages. PIC also was shown 
antioxidant activity in leukemia cell lines. and it had reported 
to suppressed the proliferation and induced apoptosis of osteo‑
sarcoma cells through PI3K/AKT/mTOR pathway (17,28,29). 
And a previous study reported that resveratrol inhibited 
inflammation in RA‑FLSs  (30). Notably, Piceatannol had 
shown more potent than resveratrol in free radical scavenging 
in association with antiarrhythmic and cardioprotective activi‑
ties in ischaemic‑reperfused rat hearts (31). RA is identified as 

Figure 3. Effect of PIC on COX‑2 expression levels. (A) Protein expression levels of COX‑2 were analyzed via western blotting. (B) Semi‑quantification of 
COX‑2 protein expression levels. (C) COX‑2 mRNA expression levels were analyzed using reverse transcription‑quantitative PCR. (D) IL‑6, IL‑1β and PGE2 
levels were quantified via ELISA. n=3. ##P<0.01 vs. control; and **P<0.01 vs. TNF‑α. PIC, piceatannol; COX‑2, cyclooxygenase‑2; PGE2, prostaglandin E2.
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chronic arthritic inflammation accompanied by hyperplasia of 
the synovial joint lining, which invades and degrades cartilage, 
eventually leads to severe joint pain and functional impairment. 
Previous studies have identified an apoptosis‑resistant RA‑FLS 
phenotype, which may be related to cleaved‑caspase‑3 (32). 
Thus, the present study aimed to investigate the effects of 
PIC in RA. TNF‑α is considered to play a central role in RA 
pathogenesis, and is used to stimulate synovial fibroblasts to 
model RA (33). TNF‑α not only stimulates FLS proliferation, 
but also causes the secretion of pro‑inflammatory cytokines 
and induces the activation of inflammation‑related pathways 
such as the MAPK signaling pathway (34). The present study 
demonstrated that PIC treatment significantly suppressed the 
inflammatory response and decreased cell viability in vitro 
by possibly blocking the activation of the NF‑κB and MAPK 
signaling pathways. Furthermore, the present data indicated 
that PIC exerted a therapeutic effect in a CIA rat model.

Cleaved caspase‑3 and Bax proteins are closely associated 
with apoptosis, and the upregulation of the expression of Bax 
induces apoptosis in RA‑FLSs (35). The present study demon‑
strated that PIC may decrease abnormal cell proliferation by 
significantly upregulating the expression of Bax and cleaved 
caspase‑3. The inflammatory mediator PGE2 is generated 
from endogenous arachidonic acid via COX‑2 (36). The present 
study demonstrated that PIC treatment significantly inhibited 
the production of PGE2 and the upregulation of COX‑2 at the 

mRNA and protein expression levels. The current data also 
demonstrated that PIC inhibited TNF‑α‑related inflammation 
in RA‑FLSs.

MMPs are also known to serve important roles in the 
development and progression of RA (37). A previous study 
reported that the expression levels of MMP‑3 and MMP‑13 
were upregulated in the synovial tissues and fluid of patients 
with RA (38). Furthermore, it was reported that TNF‑α influ‑
enced the expression of MMPs in RA‑FLSs (39). RA‑FLSs 
secrete MMPs that drive cartilage degradation and contribute 
to joint destruction (40). In the present study, consistent with 
the findings of these previous studies, TNF‑α treatment was 
revealed to significantly upregulate the protein expression 
levels of MMP‑3 and MMP‑13. However, pretreatment with 
PIC significantly attenuated the TNF‑α‑induced upregula‑
tion of MMP protein expression levels in RA‑FLSs. These 
results suggested that PIC may downregulate the expression of 
MMP‑3 and MMP‑13 in RA‑FLSs.

The NF‑κB and MAPK signaling pathways, which are 
known to serve important roles in the pathogenesis of RA, 
regulate numerous proinflammatory genes that contribute to 
joint inflammation, particularly TNF‑α‑stimulated inflam‑
mation  (41,42). The present study demonstrated that the 
phosphorylation levels of IκBα and p65 were significantly 
increased in TNF‑α‑induced RA‑FLSs, whereas PIC pretreat‑
ment significantly suppressed this phosphorylation. These data 

Figure 4. PIC downregulates the TNF‑α‑induced upregulation of MMP expression in rheumatoid arthritis‑fibroblast‑like synoviocytes. (A) MMP‑3 and MMP‑13 
protein expression levels were analyzed using western blotting. (B) Semi‑quantification of MMP‑3 and MMP‑13 protein expression levels. (C) MMP‑13 Protein 
expression levels of MMP‑13 were analyzed using immunofluorescence. Scale bar, 10 µm. (D) Fluorescence intensity of MMP‑13. n=3. ##P<0.01 vs. control; 
and **P<0.01 vs. TNF‑α. PIC, piceatannol.
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indicated that PIC may inhibit the activation of the NF‑κB 
signaling pathway by affecting the phosphorylation of IκBα 
and p65. The MAPK signaling pathway also serves an impor‑
tant role in the regulation of the production of inflammatory 

mediators (43). In previous studies, ERK, c‑JNK and p38 were 
found to be expressed and highly phosphorylated in tissues 
from patients with RA (44,45). In the present study, the phos‑
phorylation of JNK, ERK and p38 was significantly inhibited 

Figure 5. Effect of PIC on TNF‑α‑induced NF‑κB and MAPK signaling pathway activation in rheumatoid arthritis‑fibroblast‑like synoviocytes. (A) NF‑κB 
signaling pathway protein expression levels were analyzed via western blotting. (B) MAPK signaling pathway protein expression levels were analyzed via 
western blotting. (C) Semi‑quantification of NF‑κB signaling pathway protein expression levels. (D) Semi‑quantification of MAPK signaling pathway protein 
expression levels. n=3. ##P<0.01 vs. control; and **P<0.01 vs. TNF‑α. PIC, piceatannol; p, phosphorylated.
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by PIC treatment. The findings of the present study suggest that 
PIC may inhibit the TNF‑α‑induced inflammatory response 
and may increase apoptosis by suppressing the activation of 
the NF‑κB and MAPK signaling pathways. Further studies are 
required to elucidate the precise mechanism by which PIC acts 
on the inflammatory process in RA‑FLSs.

The CIA rat model is the most commonly used autoim‑
mune model, as it shares several pathological features with 
RA (46). Previous studies have reported different methods of 
alleviating CIA symptoms in mouse models and decreasing 
the serum levels of TNF‑α, IL‑1β and IL‑6 cytokines (21,47). 
Therefore, inhibiting the production of inflammatory factors 
may be the key to delaying the progression of RA. The 
present study first analyzed the effect of PIC treatment on 
CIA progression in CIA model rats. The results revealed 
that PIC treatment reduced the symptoms of CIA, decreased 
cartilage erosion, significantly reduced MMP‑13 expression, 
and significantly downregulated the serum levels of TNF‑α, 
IL‑1β and IL‑6. These findings indicated that PIC may serve 
a role in promoting apoptosis in overproliferated RA synovial 
fibroblasts and as an anti‑inflammatory drug in the treatment 
of RA. In addition, there are some limitations in the present 
study. For example, MMP‑3 is also a crucial protein in the RA. 
Current research only detected MMP‑3 at the cellular level, 
but for tissue slice immunohistochemistry, only MMP‑13 was 
detected. Moreover, further study of how the PIC activates the 
upstream transcription factor to make the downstream NF‑κB 
and MAPK signaling pathways work will also require further 
research in future experiments.

In conclusion, the results of the present study suggested 
the potential of PIC in attenuating the inflammatory response 
in RA in vitro and in vivo. Thus, PIC may serve as a novel 
anti‑inflammatory agent for the treatment of RA.
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