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Abstract. Resveratrol (Res) is a natural compound 
that possesses anti‑inflammatory properties. However, 
the protective molecular mechanisms of Res against 
lipopolysaccharide  (LPS)‑induced inflammation have not 
been fully studied. In the present study, RAW264.7 cells were 
stimulated with LPS in the presence or absence of Res, and 
the subsequent modifications to the LPS‑induced signaling 
pathways caused by Res treatment were examined. It was 
identified that Res decreased the mRNA levels of Toll‑like 
receptor 4 (TLR4), myeloid differentiation primary response 
protein MyD88, TIR domain‑containing adapter molecule 2, 
which suggested that Res may inhibit the activation of the 
TLR4 signaling pathway. It suppressed the expression levels 
of total and phosphorylated TLR4, NF‑κB inhibitor, p38 
mitogen‑activated protein kinase (MAPK), c‑Jun N‑terminal 
kinase, extracellular signal‑regulated kinase  1/2 and 
interferon (IFN) regulatory factor 3 (IRF3) proteins. Following 
treatment with Res or specific inhibitors, the production 
of pro‑inflammatory mediators including tumor necrosis 
factor‑α, interleukin (IL)‑6, IL‑8 and IFN‑β were decreased 
and the expression of anti‑inflammatory mediator IL‑10 
was increased. These results suggested that Res may inhibit 
the signaling cascades of NF‑κB, MAPKs and IRF3, which 
modulate pro‑inflammatory cytokines. In conclusion, Res 
exhibited a therapeutic effect on LPS‑induced inflammation 
through suppression of the TLR4‑NF‑κB/MAPKs/IRF3 
signaling cascades.

Introduction

Inflammation is a response of tissues to chemical and 
mechanical injury or infection, which is usually caused by 
various bacteria (1). The inflammatory response or chronic 
infections may cause significant damage to the host, including 
rheumatoid arthritis and psoriasis. Lipopolysaccharide (LPS), 
a component of the outer membrane of gram‑negative bacteria, 
initiates a number of major cellular responses that serve critical 
roles in the pathogenesis of inflammatory responses (2). LPS 
may lead to an acute inflammatory response towards patho-
gens. Bacterial LPS has been extensively used to establish an 
inflammatory model as it stimulates the release of inflamma-
tory cytokines including interleukin (IL)‑8, IL‑6 and IL‑1β in 
various cell types (3,4).

Toll‑like receptor 4 (TLR4) is the cell‑surface receptor for 
LPS. Regulation of TLR4 activation involves glycosylphos-
phatidylinositol (GPI)‑anchored monocyte differentiation 
antigen CD14 (CD14), lymphocyte antigen 96 (MD‑2), and 
the lipopolysaccharide‑binding protein (LBP). LBP binds to 
the lipid A moiety of LPS and transfers LPS to CD14, which 
guarantees and optimizes signaling through the TLR4/MD‑2 
complex (5). A total of 2 signaling pathways are initiated by 
TLR4 activation; one leads to the activation of NF‑κB and 
mitogen‑activated protein kinases  (MAPKs) through the 
recruitment and activation of myeloid differentiation primary 
response protein MyD88  (MyD88) and Toll/interleukin‑1 
receptor domain‑containing adapter protein (TIRAP). The 
other pathway is modulated by TIR domain‑containing 
adapter molecule 2 (TRAM) and TIR domain‑containing 
adaptor molecule 1 (TRIF), requiring the internalization of 
TLR4, which activates IκB kinase and interferon (IFN) regu-
latory factor 3 (IRF3), leading to the induction of type 1 IFN 
genes (6). These cascaded transcriptional reactions induce 
robust expressions of thousands of genes, finally regulating 
the release of inflammatory cytokines and anti‑inflammatory 
factors. Therefore, the TLR4/NF‑κB/MAPKs pathways are 
considered as some of the primary signaling pathways involved 
in inflammatory response (7).

Resveratrol (3,4', 5‑Trihydroxy‑trans‑stilbene; Res), a type of 
natural phytoalexin polyphenol with marked biological effects, 
is present in a number of plants. It has been suggested that Res 
has a number of therapeutic properties, including antioxidant, 
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cardio‑protective, antiviral, anti‑aging and anti‑inflammatory 
effects (8). At present, Res is present in food, medicine and 
health care products. One of the primary ways that Res exerts 
its anti‑inflammatory activity is regulation of a number of 
signaling pathways. It has been suggested that Res may inhibit 
the NF‑κB activation induced by TLR4‑mediated signaling (9). 
In addition, another important anti‑inflammatory action of Res 
it the suppression of LPS‑induced TNF receptor‑associated 
factor 6 (TRAF6) expression and ubiquitination, consequently 
attenuating the LPS‑induced TLR4‑TRAF6, MAPK and Akt 
pathways (10). Previous data suggests that Res inhibits the 
inflammation via regulating the NF‑κB, MAPKs, TLR4 and 
AKT signaling pathways; however, to the best of our knowl-
edge, the combined evaluation of all these pathways following 
Res treatment has not been performed. Therefore, the aim 
of present study was to evaluate the association between the 
anti‑inflammatory effect of Res and the production of inflam-
matory factors and finally to reveal the protective mechanism 
of Res in LPS‑induced inflammation.

Materials and methods

Reagents. Res was purchased from Beijing Solarbio Science 
and Technology Co., Ltd. SP600125 (cat. no. HY‑12041), 
BAY11‑7082 (cat. no.  HY‑13453) and SB203580 (cat. 
no. HY‑10256) were purchased from MedChemExpress. LPS 
(Escherichia coli 055:B5; cat. no. L2880) and L‑glutamine 
(cat. no. G3126) were purchased from Sigma‑Aldrich; Merck 
KGaA The mice mononuclear macrophage RAW264.7 cell 
line was obtained from the China Center for Type Culture 
Collection. Fetal bovine serum was purchased from Beijing 
TransGen Biotech Co., Ltd. The Cell Counting Kit‑8 (CCK‑8) 
was purchased from Dojindo Molecular Technologies. 
Dulbecco's modified Eagle medium (DMEM) and PBS were 
purchased from HyClone; GE  Healthcare Life Sciences. 
Revert Aid first‑strand cDNA synthesis kit was purchased 
from Thermo Fisher Scientific, Inc. The total protein extrac-
tion kit for cultured cells was purchased from Wuhan Boster 
Biological Technology, Ltd. (cat. no. AR0103). The BCA kit 
was purchased from Beijing Solarbio Science and Technology 
Co., Ltd. (cat. no. PC0020). IQ SYBR Supermix extraction 
reagent and TRIzol® reagent were purchased from Bio‑Rad 
Laboratories, Inc. Mouse tumor necrosis factor‑α (TNF‑α; 
cat. no.  ml002095), IL‑6 (cat. no.  ml063159) IL‑8 (cat. 
no. ml058632), IL‑10 (cat. no. ml002285) and IFN‑β (cat. 
no. ml063095) ELISA kits were purchased from Shanghai 
Enzyme‑linked Biotechnology Co., Ltd. Anti‑β‑actin (cat. 
no. 12620), anti‑NF‑κB inhibitor (IκBα; cat. no. 4814), extracel-
lular signal‑regulated kinase (ERK; cat. no. 4695), p38 MAPK 
(cat. no.  8690), phosphorylated (p)‑IκBα (cat. no.  2859), 
p‑p38  MAPK (cat. no.  4511) and p‑ERK (cat. no.  4370) 
antibodies were purchased from Cell Signaling Technology, 
Inc. Stress‑activated kinases (SAPK)/c‑Jun N‑terminal 
kinase (JNK; cat. no.  ab179461), phospho‑SAPK/JNK 
(cat. no. ab76572), IRF3 (cat. no. ab76493), phospho‑IRF3 
(cat. no. ab68481) and TLR4 (cat. no. ab13556) antibodies 
were purchased from Abcam. Secondary antibody for goat 
anti‑rabbit and anti‑mouse immunoglobulin (IgG) horse-
radish peroxidase (HRP) were acquired from BIOSS (cat. 
nos. BS‑0293G and BS‑0296G).

Cell culture. RAW264.7 cells were cultured in endotoxin‑tested 
DMEM with 10% fetal calf serum (FCS) supplied by Beijing 
Transgen Biotech Co., Ltd. in the presence of 5% CO2 at 37˚C. 
Prior to treatment, cells were incubated overnight at 37˚C.

Cell viability assay. CCK‑8 assays to measure the viability of 
cells. Briefly, the cells were cultured into 96‑wells plate with 
a density of 5x103 cells/well and incubated overnight in the 
presence of 5% CO2 at 37˚C. Then the cells were washed with 
fresh 1% FCS and treated with or without LPS (625, 1,500, 
2,500, 5,000 and 10,000 ng/ml), Res (6.25, 12.5, 25, 50 and 
100 µM), BAY11‑7082 (the inhibitor of NF‑κB; 2.5, 5, 10, 
20 and 40 µM), SP600125 (the broad‑spectrum inhibitor of 
JNK; 2.5, 5, 10, 20 and 40 µM) or SB203580 (the inhibitor 
of p38 MAPK; 2.5, 5, 10, 20 and 40 µM) for 24 h. The cells 
were washed with PBS. In each well, 10 µl CCK‑8 solution 
was added and incubated for 1 h at 37˚C. The absorbance was 
measured at 450 nm. The cell viability was calculated and 
represented graphically.

Stimulation conditions of LPS and Res concentration. 
RAW264.7 cells in 6‑well (5x105 cells/ml) plates were pretreated 
with 62.5‑500 ng/ml LPS for 12 and 24 h. The TNF‑α and 
IL‑6 levels were measured using ELISAs. To investigate the 
optimal Res concentration against LPS‑induced inflammation, 
cells were pretreated with 6.25‑25 µM of Res for 2 h followed 
by the stimulation with LPS (500 ng/ml) for 12 h. The TNF‑α 
and IL‑6 levels were analyzed using ELISA.

Western blot analysis. RAW264.7 cells in 6‑well 
(5x105 cells/ml) plates were pretreated with different concen-
trations of Res (6.25, 12.5 and 25 µM) for 2 h prior to the 
addition of 500 ng/ml LPS for 12 h. After incubation for 12 h, 
the total proteins were extracted following the instructions of 
protein extraction kit. Protein concentrations were measured 
by the BCA Protein Assay kit. Following this, equal amounts 
of protein (25 µg) from each sample were heated to 95˚C for 
5 min with 4X Protein SDS‑PAGE Loading Buffer and then 
separated by SDS‑PAGE (30% gel). Proteins were transferred 
onto polyvinylidene fluoride membranes. Following blocking 
for 1 h with 5% skim milk at room temperature, the membranes 
were incubated with primary antibodies against β‑actin, IκBα, 
p‑IκBα, p38 MAPK, p‑p38 MAPK, IRF3, p‑IRF3, ERK1/2, 
p‑ERK1/2, JNK, p‑JNK overnight at 4˚C. Following washing 
3  times with TBST buffer, the membranes were incubated 
with the aforementioned secondary antibodies for 1 h at room 
temperature. The electrochemiluminescence kit purchased 
from Beijing Solarbio Science & Technology Co., Ltd. (cat. 
no. PE0010) was used to detect the bands. ImageJ v1.8.0 soft-
ware (National Institutes of Health) and GraphPad Prism v.6 
software (GraphPad Software, Inc.) were used to perform the 
densitometric analysis.

Cytokine assays. RAW264.7 cells in 6‑well (5x105 cells/ml) 
plates were pretreated with Res (25 µM), SP600125 (10 µM), 
SB203580 (20 µM) or BAY11‑7082 (10 µM) for 2 h prior to 
the addition of 500 ng/ml LPS for 12 h. Then, the supernatants 
were collected by centrifugation at 0.12 x g for 10 min at 4˚C. 
Levels of TNF‑α, IL‑6, IL‑10, IL‑8 and IFN‑β were measured 
by ELISA kits.
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Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). RAW264.7 cells in 6‑well (5x105 cells/ml) 
plates were pretreated with Res (25 µM), SP600125 (10 µM), 
SB203580 (20 µM) or BAY11‑7082 (10 µM) for 2 h prior to 
adding 500 ng/ml LPS for 12 h. Then, the supernatants were 
harvested at 0.12 x g for 10 min at 4˚C. The total RNA of 
RAW264.7 cells samples were extracted using TRIzol® 
according to the manufacturer's protocol. Then, RNA quality 
was determined by measuring the 260/280  ratio. Samples 
measuring >2.0 were considered to be of sufficient quality 
for further analysis. A total of ~1.5 µg total RNA was reverse 
transcribed to cDNA following the Revert Aid first‑strand 
cDNA synthesis kit. The primer sequences are presented 
in Table I. RT‑qPCR was used to estimate the mRNA expres-
sion levels using the IQ SYBR Supermix extraction reagent. 
Quantification cycle (Cq) values were recorded and the relative 
expression level of target genes was calculated using the 2‑ΔΔCq 
method (7,11).

Effects of Res on LPS‑induced signaling pathway. RAW264.7 
cells in 6‑well (5x105 cells/ml) plates were pretreated with 
Res (25  µM), SB203580 (20  µM), SP600125 (10  µM) or 
BAY11‑7082 (10 µM) for 2 h prior to the addition of 500 ng/ml 
LPS for 12 h. The phosphorylation of IκBα, p38 MAPK and 
JNK in the in the presence of specific inhibitors or Res were 
measured.

To measure the expression of TLR4, RAW264.7 cells in 
6‑well (5x105 cells/ml) plates were pretreated with different 
concentrations of Res (6.25, 12.5 or 25 µM) for 2 h prior to the 
addition of 500 ng/ml LPS for 12 h. The expression of TLR4 
was measured.

Statistical analysis. The data were expressed as the 
mean ± standard deviation. The SPSS 17.0 software was used 
for data analysis. GraphPad Prism v.6 software (GraphPad 
Software, Inc.) was used to analyze the cytokine concentra-
tions, mRNA expression levels and protein densitometry data. 
Comparisons between the control and experimental groups 
were made using a one way analysis of variance followed by 
a Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Cell viability. Res and inhibitors were examined for toxicity 
against RAW264.7 cells in the absence or presence of LPS for 
24 h. The maximum non‑toxic concentrations of LPS, Res, 
BAY11‑7082, SP600125 and SB203580 were 1250  ng/ml, 
25, 10, 10 and 20 µM, respectively  (Fig. 1). Therefore, in 
subsequent experiments, cells were treated with the different 
compounds at nontoxic concentrations.

Appropriate stimulus conditions. To explore the appropriate 
stimulus conditions, RAW264.7 cells were treated with different 
concentrations of LPS for 12 or 24 h. ELISA was used to 
measure the concentrations of TNF‑α and IL‑6, which are two 
inflammatory cytokines. The results indicated that RAW264.7 
cells, under stimulation with LPS, expressed increased TNF‑α 
and IL‑6 levels compared with the untreated cells. With the 
increase of LPS concentration, the expression levels of TNF‑α 

and IL‑6 were increased (Fig. 2A and B). In terms of treatment 
time intervals, there was no significant difference observed in 
the contents of TNF‑α between the groups (Fig. 2A). These 
results revealed that LPS stimulated TNF‑α and IL‑6 expres-
sion, and suggested that adding 500 ng/ml LPS to the cells and 
culturing for 12 h is an appropriate cell model of LPS‑induced 
inflammation. Res inhibited the secretion of TNF‑α and IL‑6 
(Fig. 3A and B) and effective dose was between 6.25‑25 µM.

Effects of Res on LPS‑induced NF‑κB signaling pathway. 
The IκB/NF‑κB signaling pathway has been suggested to 
regulate a number of the genes involved in the inflammatory 
response and the production of inflammatory cytokines and 
pro‑inflammatory enzymes (2,12). To investigate whether Res 
inhibited the NF‑κB signaling pathway, the effects of Res on 
IkB phosphorylation were first investigated. As demonstrated 
in Fig. 4A, the protein level of the p‑IκBα in the LPS group 
was increased compared with that in the blank control group. 
Compared with the untreated cells, LPS‑induced phosphoryla-
tion of IκB was significantly decreased in the Res‑treated cells 
in a concentration‑dependent manner.

Effects of Res on LPS‑induced MAPKs induction. The 
MAPK pathway serves a key role in the LPS‑induced inflam-
matory (7). Therefore, whether Res inhibited inflammation 
through the MAPK pathway was determined. As indicated in 
Fig. 4B‑D, LPS was able to stimulate the phosphorylation of 
ERK, p38 MAPK and JNK, whereas the phosphorylation of 
these proteins was inhibited by pretreatment with Res.

Table I. Reverse transcription‑quantitative polymerase chain 
reaction primer sequences.

Gene	 Peimer sequences

TNF‑α	 F:	5'‑CCCTCACACTCAGATCATCTTCT‑3'
	 R:	5'‑GCTACGACGTGGGCTACAG‑3'
IL‑6	 F:	5'‑TAGTCCTTCCTACCCCAATTTCC‑3'
	 R:	5'‑TTGGTCCTTAGCCACTCCTTC‑3'
IL‑8	 F:	5'‑TGTGGGAGGCTGTGTTTGTA‑3'
	 R:	5'‑ACGAGACCAGGAGAAACAGG‑3'
IFN‑β	 F:	5'‑CAGCTCCAAGAAAGGACGAAC‑3'
	 R:	5'‑GGCAGTGTAACTCTTCTGCAT‑3'
IL‑10	 F:	5'‑GCTCTTACTGACTGGCATGAG‑3'
	 R:	5'‑CGCAGCTCTAGGAGCATGTG‑3'
MyD88	 F:	5'‑ACTCGCAGTTTGTTGGATG‑3'
	 R:	5'‑CACCTGTAAAGGCTTCTCG‑3'
TRAM	 F:	5'‑AGCCAGAAAGCAATAAGC‑3'
	 R:	5'‑CAAACCCAAAGAACCAAG‑3'
TLR4	 F:	5'‑GGACTCTGATCATGGCACTG‑3'
	 R:	5'‑CTGATCCATGCATTGGTAGGT‑3'
GAPDH	 F:	5'‑GGTGAAGGTCGGTGTGAACG‑3'
	 R:	5'‑CTCGCTCCTGGAAGATGGTG‑3'

TNF‑α, tumor necrosis factor‑α; Il, interleukin; MyD88, myeloid differ-
entiation primary response MyD88; TRAM, TIR domain‑containing 
adapter molecule 2; TLR4, Toll‑like receptor 4; F, forward; R, reverse.

https://www.spandidos-publications.com/10.3892/etm.2019.8396
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Figure 2. Effects of different concentrations of on LPS‑induced inflammatory mediator expression. (A) TNF‑α and (B) IL‑6 secretion levels were analyzed 
by ELISA. Data are presented as the mean ± SEM (n=3). **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. 12 h. LPS, lipopolysaccharide; TNF‑α, tumor necrosis 
factor‑α; IL‑6, interleukin‑6.

Figure 1. Effect of Res on RAW264.7 cell viability. (A) Cells viability following treatment with different concentrations of LPS. (B) Cells viability following 
treatment with different concentrations of Res. (C) The viability of LPS‑treated RAW264.7 cells in the absence or presence of BAY11‑7082. (D) The viability 
of LPS‑treated RAW264.7 cells in the absence or presence of SB203580. (E) The viability of LPS‑treated RAW264.7 cells in the absence or presence of 
SP600125. Data are expressed as the mean ± standard error of the mean (n=3). **P<0.01 vs. control. Cell viability was calculated as the proportion of viable 
cells as compared with the control. Res, resveratrol; LPS, lipopolysaccharide.
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Effects of Res on LPS‑induced IRF3 signaling pathway. 
IRF3 has been demonstrated to regulate cell proliferation, 
apoptosis, inflammation, innate immune responses and insulin 
resistance (13‑16). It can be activated by LPS. TRIF‑mediated 
signaling in response to LPS challenge may activate IRF3, 
resulting in the production of IFN‑β, IP‑10 and other 
IRF‑3‑dependent genes (17). As shown in Fig. 4E, compared 
with the blank group, the phosphorylated protein level of IRF3 
in the LPS‑only group was increased. However, following 
treatment with Res, the expression levels of the phosphorylated 
proteins were decreased compared with the LPS‑only group.

Res inhibits the LPS‑induced pro‑inflammatory cytokines 
production. The pro‑inflammatory cytokines IL‑1β, TNF‑ 
α, IL‑6, IL‑8 and IL‑10 serve pivotal roles in inflammation 
progression as a result of monocyte activation (18). To explore 
the effect of Res on the expression levels of these inflammatory 
mediators, LPS‑stimulated cells were treated with Res (25 µM) 
and inhibitors including SP600125 (10 µM), BAY11‑7082 
(10 µM), SB203580 (20 µM) for 2 h. Then, the mRNA levels 
and serum concentrations of TNF‑α, IL‑6, IL‑8, IFN‑β and 
IL‑10 were detected by RT‑qPCR and ELISA, respectively. 
Res and the pathway‑specific inhibitors successfully inhibited 
the expression and secretion of TNF‑α, IL‑6, IL‑8 and IFN‑β, 
which were increased by LPS treatment (Fig. 5A‑G and I). 
By contrast, the level of IL‑10 was decreased following 
LPS‑stimulation, and was recovered following Res treat-
ment (Fig. 5H and J).

Res serves an anti‑inflammatory effect through the MAPK and 
NF‑κB pathway. The above experiments investigated whether 
Res had an impact on the expression of phosphorylated proteins 
including IκBα, p38 MAPK, JNK, ERK1/2 and IRF3. The 
results revealed that Res inhibited IκBα, p38 MAPK and JNK 
activation through the MAPK and NF‑κB pathways. In order 
to reveal the protective mechanism of Res on LPS‑induced 
RAW264.7 cells inflammation, the RAW264.7 cells were 
pretreated with 25 µM Res and inhibitors, including SP600125 
(10 µM), BAY11‑7082 (10 µM) and SB203580 (20 µM) for 2 h, 
followed by treatment with LPS for 12 h.

For IκBα, the expression level of its phosphorylated 
form in the LPS group was increased compared with the 
control group, but it was significantly decreased following 
treatment with Res. Similar results were obtained when Res 
was replaced by BAY11‑7082, which is a selective inhibitor 
of NF‑κB kinase (Fig. 6A). There was an increased expres-
sion of p‑p38 MAPK in the LPS‑treated group as compared 
with the control group. However, when RAW264.7 cells were 
pretreated with SB203580, a specific p38 MAPK signaling 
inhibitor, this increase was markedly inhibited, which was 
similar to the effects of Res treatment (Fig. 6B). Similar results 
were obtained when the inhibitor was replaced by SP600125, 
which is a broad‑spectrum inhibitor of JNK (Fig. 6C).

TLR4 is the target protein of Res. MYD88 and TRAM are two 
upstream proteins of the TLR4 pathway. Whether Res affected 
the TLR4 pathway through the MYD88 or TRIF‑dependent 
pathways is not known. Therefore, the effects of Res on the 
transcription levels of TRAM, MYD88 and TLR4 and the 
expression of TLR4 protein were investigated. Res exhibited 
an inhibitory effect on the transcription levels of TRAM 
and MYD88 and the expression level of TLR4 protein 
(Figs. 7 and 8). The results of the current study indicated that 
Res suppressed the release of TNF‑α, IL‑6, IL‑8 and IFN‑β 
and increased the release of IL‑10 through inhibiting the 
TLR4‑NF‑κB/MAPKs/IRF3 signaling pathway (Fig. 9).

Discussion

Inflammation, which presents with the classical features 
of swelling, redness, heat and often pain is a key defense 
response to injury, tissue ischemia, autoimmune responses or 
infectious agents. Inflammation is also a major contributing 
factor to the damage observed in autoimmune diseases (19). 
It can induct or activate the production of the inflammatory 
mediators such as kinins, cyclooxygenases and cytokines. The 
mouse macrophage RAW264.7 cell line is a type of monocyte 
macrophage in mice with leukemia, which is commonly used 
in biological experiments investigating inflammation. For 
example, a previous study used RAW264.7 cells to examine 

Figure 3. Effects of different concentrations of Res on LPS‑induced inflammatory mediator expression. (A) TNF‑α and (B) IL‑6 secretion levels were analyzed 
by ELISA. Data are presented as the mean ± standard error of the mean (n=3). **P<0.01 vs. control; ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; 
TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6.

https://www.spandidos-publications.com/10.3892/etm.2019.8396
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the mechanism of how mono‑ (2‑ethylhexyl) phthalate aggra-
vates inflammatory response (20). In the present study, an 
inflammatory model was successfully established using LPS 
stimulation in RAW264.7 cells. LPS was demonstrated to 
promote the secretion of TNF‑α and IL‑6 in a dose‑dependent 
manner (Fig. 2). TNF‑α is the earliest endogenous mediator of 
an inflammatory reaction, and IL‑6 is a major pro‑inflamma-
tory cytokine that serves an important role in the acute‑phase 
response of inflammation (1). These inflammatory factors can 
be used as markers of the degree of inflammation.

Firstly, overactivation of the NF‑κB and MAPKs pathways 
were observed in LPS‑induced inflammation (7,21). NF‑κB, a 
critical regulator of cytokine production, cell activation and 
proliferation, serves an important role in regulating inflam-
mation and immune responses to extracellular stimulus (22). 
The present study identified that LPS‑induced inflammation 
was associated with the activation of the NF‑κB pathway, 
likely involving the disruption of the interaction with IκBα. 
In addition, Res was demonstrated to decrease IκBα overex-
pression in the present study. These results were similar to 

Figure 4. Effects of different concentrations of Res on LPS‑induced NF‑κB, MAPKs and IRF3 signaling pathway. Protein samples were analyzed by western 
blot analysis with specific antibodies. (A) The expression levels of the total and phosphorylated proteins associated with the NF‑κB signaling pathway. 
(B‑E) The expression levels of the total and phosphorylated proteins associated with the (B‑D) MAPKs and (E) IRF3 signaling pathways. Data are presented 
as the mean ± standard error of the mean (n=3). **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; MAPKs, 
mitogen‑activated protein kinases; IκBα, NF‑κB inhibitor; ERK1/2, extracellular signal‑regulated kinase; p38, p38 MAPK; JNK, c‑Jun N‑terminal kinase; p‑, 
phosphorylated; IRF3, interferon regulatory factor 3.
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those of our previous study, which revealed that Res mitigated 
LPS‑mediated acute inflammation in rats by inhibiting the 
TLR4/NF‑κBp65/MAPKs signaling cascade  (7). MAPKs, 

including p38  MAPK, ERK and JNK, are members of a 
ubiquitous protein serine/threonine kinase family responsible 
for signal transduction in eukaryotic organisms (23). It has 

Figure 5. Effect of Res on the production and gene expression of pro‑inflammatory cytokines in LPS‑stimulated RAW264.7 cells. The RNA and secreted protein 
levels of proinflammatory cytokines including (A and D) TNF‑α, (B and E) IL‑6, (C and F) IL‑8, (G and I) IFN‑β and (H and J) IL‑10, were analyzed by reverse 
transcription‑quantitative polymerase chain reaction and ELISA. Data are presented as the mean ± standard error of the mean (n=3). *P<0.05 and **P<0.01 vs. control; 
#P<0.05 and ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; TNF‑α, tumor necrosis factor‑α; IL, interleukin; IFN‑β, interferon‑β.

https://www.spandidos-publications.com/10.3892/etm.2019.8396
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Figure 6. Res inhibits LPS‑induced NF‑κB and MAPKs activation. (A) The expression of IκBα and p‑IκBα in the NF‑κB signaling pathway. The expression 
levels of (B) p38 and p‑p38 proteins in the p38 signaling pathway and (C) JNK and p‑JNK proteins in the JNK signaling pathway. Data are presented as the 
mean ± standard error of the mean (n=3). **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; MAPKs, mitogen‑acti-
vated protein kinases; IκBα, NF‑κB inhibitor; JNK, c‑Jun N‑terminal kinase; p‑, phosphorylated.

Figure 7. Res inhibits LPS‑induced inflammatory via MyD88‑ and TRIF‑dependent pathways. The mRNA levels of (A) MYD88 and (B) TRAM were 
measured by reverse transcription‑quantitative polymerase chain reaction. Data are presented as the mean ± standard error of the mean (n=3). **P<0.01 vs. 
control; ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; MyD88; TRIF.

Figure 8. Res inhibits LPS‑induced inflammatory via inhibition of the expression of TLR4. (A) mRNA levels of TLR4 were measured by reverse transcrip-
tion‑quantitative polymerase chain reaction. (B) The expression levels of TLR4 protein were analyzed by western blot analysis with specific antibodies. Data 
are presented as the mean ± standard error of the mean (n=3). *P<0.05 and **P<0.01 vs. control; ##P<0.01 vs. LPS. Res, resveratrol; LPS, lipopolysaccharide; 
TLR4, Toll‑like receptor 4.
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been well established that MAPK activation is implicated 
in the production of LPS‑stimulated inflammatory media-
tors (24‑26). MAPKs are a group of signaling molecules that 
appear to serve key roles in inflammatory processes (27). In 
the present study, the results demonstrated that LPS‑induced 
inflammation stimulated the phosphorylation of JNK, ERK 
and p38  MAPK, suggesting that MAPKs are involved in 
LPS‑induced inflammation. It was also revealed that Res 
treatment efficiently downregulated the LPS‑induced expres-
sion levels of p38 MAPK, JNK and ERK1/2 in RAW264.7 
cells. In addition, it was identified that the IRF3 pathway 
was overactivated and the levels of IFN‑β were significantly 
increased in the LPS group compared with that of the control 
group. The levels of p‑IRF3 were decreased when treated 
with Res. These results suggested that Res may relieve 
LPS‑induced inflammation through inhibiting the activation 
of the TLR4‑NF‑κB/MAPKs/IRF3 signaling pathway and 
downregulating the phosphorylation of IκBα, p38 MAPK, 
JNK, IRF3 and ERK1/2. A number of previous studies have 
indicated that cytokines including IL‑1, IL‑12, IFN‑β and 
IL‑10 serve important roles in the process of inflammatory 
diseases  (28). Inhibition the production of inflammatory 

cytokines and their mediators serves as a key mechanism in 
the control of inflammation.

In the present study, the production of the pro‑inflamma-
tory cytokines including TNF‑α, IL‑6, IL‑8 and IFN‑β was 
significantly inhibited by Res. In addition, the LPS‑stimulated 
mRNA expression levels of TNF‑α, IL‑6, IL‑8 and IFN‑β 
were also decreased by Res treatment, suggesting that Res 
suppressed the production of TNF‑α, IL‑6, IL‑12, IFN‑β and 
IL‑1β through the downregulation of their gene expression.

Concomitantly, Res markedly increased the release of 
IL‑10 and its mRNA expression level in LPS‑stimulated 
RAW264.7 cells. TNF‑α is a pro‑inflammatory cytokine that 
exerts multiple biological effects. NF‑κB signaling may regu-
late the transcription of certain inflammatory genes, including 
inducible nitric oxide synthase, prostaglandin G/H synthase 2, 
TNF‑α, IL‑1β and IL‑6. The pathogenesis of a number of 
inflammatory processes are associated with the pathological 
stimuli and dysregulation of the NF‑κB pathway (29). The 
MAPKs signaling pathway primarily regulates the production 
of IL‑12 through the p38 MAPK and SAPK/JNK signaling 
pathways (30), and ERK1/2 negatively regulates the signaling 
pathways leading to IL‑12 synthesis (31,32). The expression 

Figure 9. Schematic presentation of resveratrol‑mediated effect on LPS‑induced inflammation through suppressing the signaling cascades of 
TLR4‑NF‑κB/MAPKs/IRF3. LPS, lipopolysaccharide; TLR4, Toll‑like receptor 4; MD‑2, lymphocyte antigen 96; MAPKs, mitogen‑activated protein kinases; 
IRF3, IRF3, interferon regulatory factor 3; CD14, monocyte differentiation antigen CD14; LBP, lipopolysaccharide binding protein; TIRAP, Toll/inter-
leukin‑1 receptor domain‑containing adapter protein; MyD88, myeloid differentiation primary response MyD88; TRAM, TIR domain‑containing adapter 
molecule 2; IRAK4, IL‑1 receptor‑associated kinase 4; TRIF, TIR domain‑containing adapter molecule 1; RIP1, receptor‑interacting serine/threonine‑protein 
kinase 1; TRAF, TNF receptor‑associated factor 6; TAB, transforming growth factor‑β‑activated kinase 1‑binding protein; TAK1, mitogen‑activated 
protein kinase kinase kinase 7; Ubc13, ubiquitin‑conjugating enzyme E2 13; Uev1A, ubiquitin‑conjugating enzyme E2 variant 1A; IKK, IκB kinase; TBK1, 
serine/threonine‑protein kinase TBK1; IκBα, NF‑κB inhibitor; p50, nuclear factor NF‑κB p105 subunit; p65, transcription factor p65; MEK, mitogen‑activated 
protein kinase kinase; JNK, c‑Jun N‑terminal kinase; ERK, extracellular signal‑regulated kinase.
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of IFN‑β may be induced by the phosphorylation of IRF. A 
number of gram‑positive pathogenic bacteria activate IFN‑β 
production in immune cells (33). Previous data indicated that 
IRF3 or IRF7 function complementarily to induce the expres-
sion of IFN‑β (34). IL‑10 is considered primarily an inhibitory 
cytokine, which is crucial in maintaining an adequate balance 
between inflammatory and immunopathological responses (35). 
The results from the present study indicated that Res elicits its 
protective effect against LPS‑induced inflammation through 
regulating the production of the cytokines that correspond 
with the NF‑κB, MAPK and IRF3 signal pathways. Consistent 
with these data, similar results have indicated that Res inhib-
ited the LPS‑induced production of IL‑1β and TNF‑α (36,37). 
The NF‑κB, MAPK and IRF3 pathways may be involved in 
the process of Res‑based alleviation of LPS‑induced inflam-
mation (38‑40). Furthermore, Res regulated the secretion of 
inflammatory factors through inhibiting the associated NF‑κB, 
MAPK and IRF3 signaling pathways.

For further confirmation of the regulation of Res on 
these signaling pathways, the inhibitors of JNK, NF‑κB and 
p38 MAPK were used and it was identified that Res has a 
similar effect as these inhibitors.

The TLR4‑NF‑κB/MAPK pathways are considered to 
be pivotal in the inflammatory response (41‑43). TLR4 can 
be activated by LPS. Then, the TLR4/MD‑2 complex can 
transmit the signal to two pairs of adaptor proteins such as 
TIRAP/MyD88 and TRAM/TRIF. MyD88 recruits the IL‑1 
receptor‑associated kinase (IRAK)4 and IRAK2 (or IRAK1) 
kinases (44‑46), which leads to the activation of NF‑κB and 
MAPK and the production of cytokines. Conversely, TRIF 
promotes the secretion of type I IFN and IFN‑inducible 
chemokines, such as IL‑10, through stimulating the IRF3 
transcription factor  (47). In the present study, Res was 
demonstrated to inhibit the mRNA expression of MYD88 and 
TRAM in LPS‑stimulated RAW264.7 cells, suggesting that 
Res alleviates inflammation via inhibiting the MYD88‑ and 
TRIF‑dependent pathways, which are 2 upstream proteins in 
the TLR4 pathway. TRAM and MYD88, or their upstream 
protein, may be the target protein of Res that was responsible 
for the inhibition of the LPS‑induced inflammation observed 
in the present study; it was also identified that Res inhib-
ited TLR4 mRNA transcription and protein expression in 
LPS‑stimulated RAW264.7 cells, suggesting that Res inhib-
ited inflammation through downregulating TLR4 expression.

In conclusion, Res is a potential anti‑inflammatory agent. 
The anti‑inflammatory mechanisms of Res attribute to a 
suppression of the release of TNF‑α, IL‑6, IL‑8 and IFN‑β 
and an increase in the release of IL‑10 through inhibiting the 
TLR4‑NF‑κB/MAPKs/IRF3 signaling pathways. TLR4 may 
be the target protein of Res, which inhibited LPS‑induced 
inflammation in RAW264.7 cells.
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