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Introduction

Gouty arthritis is an autoinflammatory disorder cha-
racterized by monosodium urate (MSU) crystal deposition 
in articular and periarticular tissues, which is related to 
hyperuricemia (1). Gout clinically manifests as recurrent 
attacks of joint pain, redness, and dysfunction. In severe 
cases, it can lead to joint deformity and even kidney inju-
ry (2). The prevalence of gout ranges from a prevalence 
of <1% to 6. 8% and an incidence of 0. 58-2. 89 per 1, 
000 person-years in different regions of the world (3). 
The initiating mechanism of an acute gout attack is the 
stimulation of macrophages by MSU crystals to activate 
the NOD-like receptor family pyrin domain containing 3 
(NLRP3) inflammasome, an inflammatory protein com-
plex composed of the innate immune receptor NLRP3, lin-
ker protein apoptosis-associated speck-like protein (ASC) 
and protease caspase-1, resulting in the maturation and 
release of interleukin-1β (IL-1β) (4). The secretion of IL-
1β requires two stages: the first stage (priming) is media-
ted by Toll-like receptor (TLR) activation and the NF-κB 
pathway, a signaling cascade that induces the activation 
of NLRP3, and the second signal (activation) promotes 
NLRP3 inflammasome assembly and ASC recruitment 
into the inflammasome. Activated caspase-1 promotes 
pro-IL-1β proteolysis into biologically active IL-1β, cau-
sing the inflammatory process of gout (2, 5, 6). 

Macrophages are key effector cells in acute gout at-
tacks. TLR ligands activate macrophages, converting their 
core metabolism from oxidative phosphorylation to gly-
colysis, and glycolysis is closely related to inflammatory 
reactions (7). Hypoxia-inducible factor 1 α (HIF-1α) is a 
key regulator of glycolysis that induces the expression of 
glycolytic enzymes that promote continuous energy ge-
neration. HIF-1α plays a significant role in the immune/
inflammatory response (8). Succinate, the Krebs cycle 
metabolite, is an inflammatory signal that induces IL-1β 
expression by regulating HIF-1α (7). Succinate is one of 
the most common immunometabolites in macrophages, 
when an acute gout attack starts, macrophages activate 
TLR4, which blocks the Krebs cycle, restricting succi-
nate oxidation and resulting in succinate accumulation (9). 
Traditionally, HIF-1α is regulated by prolyl hydroxylases 
(PHDs), which induce proteasomal degradation of HIF-
1α by facilitating hydroxylation (10). However, elevated 
succinate levels inhibit PHDs and activate HIF-1α trans-
criptional activity, which results in the accumulation of 
HIF-1α in macrophages under inflammatory conditions, 
enhancing the production of IL-1β (8, 9). Considering this 
accumulation of HIF-1α in macrophages during episodes 
of an acute gout attack, HIF-1α is a potential therapeutic 
avenue for acute gouty arthritis. 

Resveratrol (3, 5, 4-trihydroxy-trans-stilbene, RV), a 
natural phytoalexin and a polyphenolic compound, is hi-
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activation and IL-1β secretion. Furthermore, resveratrol and the HIF-1α inhibitor PX478 both inhibited the 
expression of the NLRP3 inflammasome, IL-1β, and HIF-1α. This study demonstrated that resveratrol signi-
ficantly improved the symptoms of acute gouty arthritis and its potential mechanism may be IL-1β reduction 
via HIF-1α modulation and inhibition of NLRP3 inflammasome activation. Our study might offer a novel sight 
for the treatment of gouty arthritis.
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ghly concentrated in grapes, Polygonum cuspidatum and 
other plants (11). The accumulated evidence on resveratrol 
has confirmed its potential applications in the prevention 
and treatment of inflammation-related diseases (12-14). 
Moreover, resveratrol can be a useful medicine for treating 
NLRP3-associated diseases (15). Therefore, we believe 
that the antioxidant resveratrol can help prevent acute 
gouty arthritis. Furthermore, resveratrol has been shown to 
reduce the MSU-induced inflammatory response by inhi-
biting TAK1 activity (16), and it alleviates gouty arthritis 
by promoting mitophagy to inhibit NLRP3 activation (17). 
Resveratrol is beneficial in the treatment of inflammatory 
diseases and tumors (3). Furthermore, resveratrol inhibits 
cancer cell glucose uptake by regulating HIF-1α activation 
(18). However, the underlying mechanism of resveratrol 
mediation of the NLRP3 inflammasome and the expres-
sion of HIF-1α in gout remains largely unclear. 

We uncovered the role of the NLRP3 inflammasome 
and HIF-1α in the pathogenesis of MSU-induced acute 
gouty arthritis models in vitro and in vivo, providing in-
sight into the effect of resveratrol in acute gouty arthritis.

Materials and Methods

Animals
Specific pathogen-free (SPF) male Sprague Dawley 

(SD) rats, 200–220 g, 6–8 weeks old, were provided by 
Chengdu Enswell Biotechnology Co. Ltd. (Chengdu, 
China). The animals were reared in a standard environ-
ment of temperature (23 ± 1 °C) and relative humidity (55 
± 5%). All experimental procedures were approved by the 
Ethics Committee of the Western Theater Command Ge-
neral Hospital, the authorization number is 2022EC3—ky 
061.

 
Cell culture and Treatment

Human THP-1 cells were supplied by Wuhan Pu-nuo-
sai Life Technology Co. Ltd. (Wuhan, China). Routine 
culture of THP-1 cells was performed in RPMI 1640 (Gib-
co) containing 10% fetal bovine serum (FBS, Gibco), 1% 
penicillin/streptomycin, and 0. 05 mM β-mercaptoethanol 
at 37 °C and 5% CO2. THP-1 cells in the logarithmic 
growth phase were induced to differentiate into macro-
phages using 100 nM horbol-12-myristate-13-acetate 
(PMA, Abcam) for 24 h (19, 20). 

Cell viability assay
The Cell Counting Kit 8 (CCK-8, Biosharp Life 

Sciences) was used to examine the effect of resveratrol on 
the viability of THP-1-derived macrophages. We seeded 
THP-1 cells (1×106 cells/ml) in a 96-well plate, stimula-
ted them with 100 nM PMA overnight (37 °C, 5% CO2), 
removed the culture medium and washed the cells three 
times with PBS. Resveratrol (Sigma–Aldrich) was added 
at final concentrations of 0, 5, 10, 50, 100, 200, 300, 400 
and 500 µM for 24 h. After the resveratrol treatment, we 
added 100 µl RPMI-1640 complete medium-diluted CCK-
8 reagent to each well and then measured the optical den-
sity (OD) at 450 nm of each well using a microplate reader 
after 1 h of incubation at 37 °C. 

Similarly, in 96-well plates, THP-1 cells were seeded 
(1×106 cells/ml) and stimulated with 100 nM PMA over-
night. After pretreatment with 100 ng/ml LPS (Sigma–
Aldrich ) for 3 h, cells were incubated with resveratrol (0, 

5, 10, 20 50, 70, 100 µM) and 200 µg/ml MSU (InvivoGen) 
for 24 h. Cell viability was then determined as described 
above. Cell viability was calculated using the formula:

. 
In vitro MSU-Induced Acute Gouty Arthritis Model

THP-1 cells (1 ×106 cells/mL) were seeded in a 6-well 
plate and stimulated with 100 nM PMA overnight. After 
the removal of the culture media, the cells were washed 
three times with PBS. Two groups were treated separately 
after 3 hours of LPS (100 ng/ml) addition. Group I: cells 
were incubated with resveratrol (0, 20, 50, 100 µM) and 
MSU (200 µg/ml) for 24 h. Group II: The cells were stimu-
lated with MSU (200 µg/ml), then co-cultured with resve-
ratrol and PX478 (MCE) for 24 h, respectively. 

Creating an MSU-Induced Acute Gouty Arthritis Rat 
Model

The model was constructed based on pre-experiment 
and previous studies (21, 22). 36 rats were randomly as-
signed to one of six groups: the control group (control), 
model group (MSU), colchicine group (Col), low-dose 
resveratrol group (res L), middle-dose resveratrol group 
(res M) and high-dose resveratrol group (res H). The me-
dicine was administered intragastrically for 7 days, with 
rats in the drug treatment groups receiving resveratrol (10, 
20 or 50 mg/kg/day) or colchicine (0. 3 mg/kg/day). Both 
resveratrol and colchicine were dissolved using 2 ml of 
PBS. Rats in the control and model groups were given 
the same volume of PBS. On day 5, following dosing, all 
groups except the control group were injected with 0. 1 ml 
of MSU suspension (50 mg/ml) into the right ankle joint 
cavity, while the control group received an equal volume 
of phosphate-buffered saline (PBS). To assess ankle joint 
swelling, the ankle circumference of each rat was measu-
red at the beginning and end of the experiment. The ankle 
joints were removed to perform a pathomorphological 
study. The ankle swelling index was calculated using the 
following formula:

Histopathological Analysis
The degree of inflammatory cell infiltration in rat syno-

vial tissues was assessed using hematoxylin-eosin (HE) 
staining. The ankle tissues were fixed with 4% parafor-
maldehyde solution, decalcified with 10% ethylenedia-
mine tetraacetic acid (EDTA), embedded in paraffin and 
sectioned into 4 μm thickness. Followed by standard his-
tological protocols, the samples were stained with hema-
toxylin for 5 min. After washing, eosin was added for in-
cubation for about 2 min. The images were captured using 
an Olympus VS200 slide scanner light microscope with 
200× total magnification. 

IL-1β and HIF-1α Detection by ELISA
Centrifugation at 1500 rpm/min for 20 minutes at 4 °C 

was used to collect cell culture supernatants from MSU-
treated THP-1-derived macrophages. IL-1β and HIF-1α 
were measured in cell culture supernatants using human 
IL-1β and HIF-1α enzyme-linked immunosorbent assay 
(ELISA) kits (Abcam, USA) according to the manufactu-
rer’s protocols. 
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Tukey’s test. P < 0. 05 indicates a statistically significant 
difference.

Results

Effect of resveratrol on THP-1 derived macrophage 
viability. 

THP-1-derived macrophages were treated with resvera-
trol at various concentrations, and cell viability was mea-
sured using CCK-8. The results were shown in Figure 1A. 
Resveratrol had no impact on viability in the concentration 
range of 0-100 μM, but there was a significant decrease in 
cell viability when the concentration was above 100 µM. 
Hence, in the following experiments, the concentration of 
resveratrol used was 0-100 µM. 

The protective effects of resveratrol with various 
concentrations on THP-1 cells stimulated by LPS and 
MSU were further investigated. MSU crystal stimulation 
significantly decreased THP-1 cell viability, as shown 
in Figure 1B, but resveratrol administration (0-100 µM) 
increased the viability of THP-1 cells, and there were no 
significant differences between the concentrations. There-
fore, 20, 50 and 100 µM were used as intervention concen-
trations in the following experiments. 

Resveratrol alleviated the inflammatory response in 
MSU-treated THP-1-derived macrophages

To examine whether resveratrol treatment had sup-
pressive effects on inflammation, LPS/MSU-treated THP-
1 cells were cotreated with resveratrol (20, 50, 100 µM) 
for 24 h. Secreted cytokines in the supernatants of treated 
THP-1-derived macrophages were detected by ELISA. As 
shown in Figure 1C, LPS induction and MSU stimulation 
significantly increased IL-1β secretion, but IL-1β secre-
tion was decreased in a dose-dependent manner after res-
veratrol treatment. The secretion of IL-1β was the lowest 
at 100 µM resveratrol. The results of both RT-PCR for IL-
1β mRNA and Western blot analysis for IL-1β protein ex-
pression were in agreement with the ELISA results (Figure 
1D, 1E). 

Resveratrol inhibited NLRP3 inflammasome activa-
tion in MSU-treated THP-1-derived macrophages

Since the NLRP3 inflammasome regulates inflam-
mation by inducing IL-1β maturation and secretion, we 
investigated the role of NLRP3 in the effects of resve-
ratrol on inflammation in MSU-treated THP-1-derived 
macrophages. As illustrated in Figure 1F, Western blot 
indicated that resveratrol inhibited the protein expression 
of NLRP3, ASC, and Caspase-1, but this effect was not 
dose-dependent. 

Western Blotting Analysis
The protein samples from each group were loaded onto 

10% separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) gels and transferred to 
polyvinylidene fluoride (PVDF) membranes. After being 
blocked, The PVDF membranes were incubated over-
night at 4 °C with the corresponding primary antibodies 
for NLRP3 (1:1000; Abcam), HIF-1α (1:1000; Abcam), 
ASC (1:1000; Abcam), Caspase-1 (1:1000; ABclonal), IL-
1β (1:1000; Cell Signaling Technology), β-actin antibody 
(1:5000; Proteintech). Then the membranes were incuba-
ted with secondary antibodies (1:2000, Abcam) for 1 h. 
The enhanced chemiluminescent (ECL) visualization sys-
tem was used to visualize the protein signals, and the blots 
were analyzed for optical density using ImageJ. 

RNA preparation and reverse transcription polyme-
rase chain reaction (RT-PCR)

Total RNA was extracted from the THP-1 cell groups 
using TRIzol reagent (Invitrogen, USA). RT‒PCR was 
performed employing a One-Step TB Green™ PrimeS-
cript™ RT‒PCR Kit II (Takara, Japan). The experiment 
was performed with Thermal Cycler Dice Real-time sys-
tem series amplifiers. The first step was a reverse-trans-
cription reaction (held at 42 °C for 5 min and 95 °C for 10 
sec), and the second step was PCR (40 times at 95 °C for 
5 sec and 60 °C for 30 sec). The last step was dissociation. 
Relative gene expression was calculated using the 2−(ΔΔCt) 

method. The primer sequences used were shown in Table 
1. 

Immunofluorescence Detection
THP-1 cells treated as described above were collected, 

fixed with 4% paraformaldehyde, and permeabilized with 
0. 1% Triton X-100 at room temperature. Then, the cells 
were blocked with 5% goat serum for 30 min and incuba-
ted with primary HIF-1α (1:100, Abcam) or ASC antibody 
(1:100, Abcam) at 4 °C overnight. The cells were then 
washed with PBS and labeled with secondary antibodies 
(1:200, Abcam) at room temperature for 1 h, and 4’, 6-dia-
midino-2-phenylindole (DAPI) was used to stain the nu-
clei. The cells were analyzed using a fluorescence micros-
cope (Nikon) with 10× objectives, and the fluorescence 
intensity was quantified using Image-Pro Plus software. 
ASC specks (%) = ASC specks/total cell numbers.

 
Statistics

Each experiment was carried out at least three times. 
The data were analyzed using GraphPad Prism 8. 0 (Gra-
phPad Software, La Jolla, CA, USA). All data are repre-
sented as the mean ± SEM. Comparisons between mul-
tiple groups were performed using ANOVA followed by 

Gene Primer sequence
IL-1β Forward 5’-TGCTCAAGTGTCTGAAGCAG-3’

Reverse 5’-TGGTGGTCGGAGATTCGTAG-3’
HIF-1α Forward 5’-GAACGTCGAAAAGAAAAGTCTCG-3’

Reverse 5’-CCTTATCAAGATGCGAACTCACA-3’
β-actin Forward 5’-GAGCTACGAGCTGCCTGACG-3’

Reverse 5’-GTAGTTTCGTGGATGCCACAG-3’

Table 1. Primer sequences. 
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HIF-1α was overexpressed in MSU-treated THP-1-de-
rived macrophages, but resveratrol inhibited HIF‐1α 
expression

THP-1-derived macrophages were induced with LPS 
for 3 h and then cocultured with MSU and varying concen-
trations of resveratrol for 24 h to investigate the effect of 
resveratrol on HIF-1α. RT- PCR was used to detect HIF-1α 
mRNA, as shown in Figure 1G, LPS induction and MSU 
stimulation significantly increased HIF-1α secretion, 
while HIF-1α secretion was decreased after resveratrol 
treatment, but not in a dose-dependent manner. ELISA and 
Western blotting yielded the same results (Figure 1H, 1I). 

Resveratrol reduced the release of IL-1β by inhibi-
ting HIF-1α activation and thereby suppressing in-
flammatory responses

It has been reported that HIF-1α regulates the pro-
duction and release of IL-1β, and resveratrol can inhibit 
HIF‐1α expression (7, 18). Therefore, we hypothesized 
that resveratrol could confer protective effects in MSU-
treated THP-1-derived macrophages by suppressing HIF-
1α expression. LPS/MSU-treated THP-1-derived macro-
phages were cotreated for 24 h with 100 µM resveratrol 
or HIF-1α inhibitor (PX478, 50 µM). Resveratrol reduced 
the protein expression of NLRP3, ASC, and caspase-1, 
as measured by western blot, and PX478 produced near-

ly identical results (Figure 2A). NLRP3 inflammasome 
activation promotes ASC oligomerization to form ASC 
specks, thereby recruiting and activating Caspase-1 (23). 
ASC oligomerization is a commonly used indicator of 
inflammasome activation (24). Therefore, we examined 
whether resveratrol affects ASC oligomerization. The re-
sults showed that ASC specks were significantly reduced 
in the resveratrol intervention group compared with the 
LPS/MSU-treated group. The same results as resveratrol 
treatment were obtained using PX478 (Figure 2B, 2C). 

Resveratrol also reduced the protein expression of HIF-
1α and HIF-1α mRNA (Figure 3A, 3E). HIF-1α immu-
nofluorescence staining revealed that resveratrol inhibited 
HIF-1α expression in a manner similar to that of PX478 
(Figure 3B, 3C). In addition, decreased IL-1β protein ex-
pression and IL-1β mRNA were observed following the 
use of PX478, identical to the effect of resveratrol (Figure 
3A, 3E). The same results were obtained using ELISA for 
cell supernatants (Figure 3D).  

Resveratrol reduced ankle joint swelling and attenua-
ted inflammatory cell infiltration and synovial hyper-
plasia in rats with MSU-induced gouty arthritis

Acute gouty arthritis in rats was induced by MSU. The 
rats were treated with colchicine and various concentra-
tions of resveratrol for 7 days. The model was established 
on the 5th day to observe the effect of different concen-
trations of resveratrol on the degree of swelling of the 
ankle joint and synovial pathology in rats with acute gouty 
arthritis. As shown in Figures 4A and 4B, ankle swelling 
in the model group was significantly higher than that in 
the control group, which indicated that the model was 
successfully constructed. Meanwhile, the results showed 
that treatment with different concentrations of resveratrol 
ameliorated ankle swelling, and higher doses had a consi-
derably greater effect. Moreover, treatment with colchi-

Figure 1. Resveratrol’s effect on MSU-treated THP-1-derived 
macrophages. (A)THP-1-derived macrophages were treated for 24 
hours with various concentrations of resveratrol (0-500 µM), and 
cell viability was determined using CCK-8 kits. (B) THP-1 cells 
were induced with PMA (100 nM) overnight and then treated for 24 
hours with resveratrol (0, 5, 10, 20, 50, 70, and 100 µM) and MSU 
(200 µg/ml) after being pretreated with LPS (100 ng/ml) for 3 hours. 
Cell viability was assessed by CCK-8 assay. (C-I) THP-1 cells were 
induced with PMA (100 nM) overnight and then treated with resve-
ratrol (20, 50, and 100 µM) and MSU (200 µg/ml) for 24 hours after 
being pretreated with LPS (100 ng/ml) for 3 hours. secreted IL-1β was 
measured in supernatants by ELISA (C), IL-1β mRNA was measured 
by RT‒PCR (D), IL-1β protein expression was observed by western 
blot (E), NLRP3, ASC, and caspase-1 protein expression was detected 
by western blot (F), HIF-1α mRNA was measured by RT‒PCR (G), 
secreted HIF-1α was measured in supernatants by ELISA (H), and 
HIF-1α protein expression was detected by western blot (I). Data are 
represented as the mean ± SEM of at least three independent experi-
ments. ****P< 0. 0001 or **P<0. 01 compared with the control group; 
####P<0. 0001 or ###P<0. 001 or ##P<0. 01 or #P<0. 05 compared with 
the LPS+MSU group; &&&&P<0. 0001 or &P<0. 01 as shown in the 
figure.

Figure 2. Resveratrol inhibited NLRP3 inflammasome activation 
by inhibiting HIF-1α. (A) Western blot revealed the presence of 
NLRP3, ASC, and caspase-1 proteins. (B) Cells were fixed and per-
meabilized, and immunofluorescent staining was performed for ASC. 
DAPI (blue fluorescence) was used to stain the cell nucleus, and ASC 
specks are presented as green fluorescence shown by white arrows. 
Images were acquired by fluorescence microscopy. (C) ASC specks 
were statistically analyzed. Data are represented as the mean ± SEM 
of at least three independent experiments. ****P<0. 0001 or***P<0. 001 
or **P<0. 01 or *<0. 05 compared with the control group; ####P<0. 0001 
or ###P<0. 001 or ##P<0. 01 or #P<0. 05 compared with the LPS+MSU 
group. 
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cine led to virtually identical results. We further evaluated 
inflammatory cell infiltration and histological changes in 
the ankle joints with HE staining. Figure 4C showed that 
the infiltration of synovial membranes, synovial hyperpla-
sia, and some neovascularization areas was significantly 
higher in the model group than in the other groups. The 
joint tissue sections of the resveratrol treatment groups 
showed varying degrees of decreased inflammatory cell 
infiltration, with high-dose resveratrol showing the grea-

test decrease. Colchicine showed a similar pattern.

Discussion

Acute gouty arthritis is a synovial inflammatory di-
sease characterized by the accumulation of MSU crys-
tals in joints (25). The self-limiting nature of acute flares 
and the IL-1β pathway are essential in acute gout attacks, 
suggesting that pro- and anti-inflammatory regulatory pa-
thways are involved in gout (26). In recent years, the pre-
valence of gout has increased and the affected population 
has tended to be younger; and recurrent gout attacks have 
a serious impact on patients’ quality of life (27, 28). Col-
chicine, non-steroidal anti-inflammatory drugs (NSAIDs), 
and corticosteroids are currently used to treat acute gout. 
However, these drugs are associated with varying degrees 
of adverse effects, including liver damage, nephrotoxicity, 
and myelodysplasia (11, 29, 30). As a result, there is an 
immediate need for a drug that is both safe and effective in 
the treatment of acute gouty arthritis. Many studies have 
shown the potential efficacy of herbal medicine for gout, 
reducing adverse effects and improving patient compliance 
(31, 32), such as Rhizoma Smilacis Glabrae extracts (33), 
celery seed extracts (34), gallic acid (35). Resveratrol is a 
known natural polyphenol found in grapes, peanuts, ber-
ries, and other plants. It has been studied extensively for its 
potential to exert immunomodulatory effects by targeting 
inflammatory cytokines (14). Furthermore, resveratrol has 
an effect on the recurrent attacks of gouty arthritis (36). 
Therefore, the current study focused on the potential mole-
cular mechanism of resveratrol’s effect on gouty arthritis. 
Our findings indicated that resveratrol effectively reduced 
ankle swelling and synovial inflammation in vivo in a rat 
model of acute gouty arthritis through inhibition of HIF-
1α- and NLRP3-derived IL-1β secretion in macrophages. 

Macrophages and other innate immune cells play cri-
tical roles in the pathogenesis of gouty arthritis (37). The 
phagocytosis of MSU crystals by macrophages activates 
the formation of the NLRP3 inflammasome, which results 
in the release of mature IL-1β, causing localized joint in-
flammation (6). THP-1 cells were chosen as an in vitro 
gout model because they have been widely used to study 
monocyte/macrophage function and the effects of anti-in-
flammatory drugs in vitro (38). The results showed that 
both IL-1β mRNA and IL-1β protein levels were increased 
in MSU-treated THP-1-derived macrophages, indica-
ting an in vitro gout model was successfully constructed. 
Moreover, resveratrol inhibited the release of IL-1β from 
MSU-treated THP-1-derived macrophages, consistent 
with previous findings (17, 39). Resveratrol also conside-
rably enhanced the viability of LPS/MSU-treated THP-
1-derived macrophages in vitro, illustrating the protective 
effect of resveratrol on macrophages. Furthermore, resve-
ratrol effectively alleviated ankle swelling and synovial 
inflammation in acute gouty arthritis in vivo. When resve-
ratrol was administered at high doses (50 mg/kg/day), the 
effects were similar to those of colchicine. Colchicine is a 
first-line clinical drug for acute gout, but it has side effects 
such as abdominal pain, diarrhea, abnormal liver func-
tion, and poor bone marrow hyperplasia, which can lead 
to renal failure, thus limiting the wide clinical application 
of colchicine (40). Previous studies have confirmed that 
colchicine can reduce capillary permeability, inhibit the 
exudation of inflammatory cells and aggregate and block 

Figure 3. Resveratrol reduces the release of IL-1β by inhibiting 
HIF-1α. (A) HIF-1α and IL-1β protein expression was detected by 
western blot. (B and C) Cells were fixed and permeabilized, and im-
munofluorescent staining was performed for HIF-1a. DAPI (blue fluo-
rescence) was used to stain the cell nucleus, and HIF-1α is presented 
as red fluorescence. Fluorescence microscopy was used to capture the 
images (B). The fluorescence intensity data were statistically analyzed 
(C). (D) Secreted HIF-1α and IL-1β were detected in supernatants by 
ELISA. (E) HIF-1α and IL-1β mRNA was detected by RT‒PCR. Data 
are represented as the mean ± SEM of at least three independent expe-
riments. ****P<0. 0001 or***P<0. 001 or **P<0. 01 or *<0. 05 compared 
with the control group; ####P<0. 0001 or ###P<0. 001 or ##P<0. 01 or 
#P<0. 05 compared with the LPS+MSU group. 

Figure 4. Effect of resveratrol on ankle joint swelling in rats with 
MSU-induced acute gouty arthritis. (A) Representative images of 
ankle joint swelling in rats from each group 48 hours after MSU injec-
tion. (B) The ankle swelling index was calculated by measuring ankle 
circumference in rats pre- and post-modeling. (C) Ankle joint tissue 
samples were excised and stained with HE. The data are presented as 
the mean ± SEM of at least three separate experiments. ****P<0. 0001 
compared with the control group; ###P<0. 001 or ##P<0. 01 or #<0. 05 
compared with the MSU group. 
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the release of macrophages from the cytokines IL-1β, IL-
6, and IL-8. Furthermore, in vitro studies have shown that 
colchicine can reduce NLRP3 inflammasome activation 
and IL-1β production (15, 29). These findings suggested 
that resveratrol’s therapeutic benefit in gouty arthritis may 
be strongly associated with the downregulation of inflam-
matory cytokines, which could be associated with the inhi-
bition of NLRP3 inflammasome activation. Therefore, the 
mechanism of action of resveratrol was consistent with 
colchicine, suggesting that it could be used as an alterna-
tive drug in the treatment of acute gout. 

To better understand the mechanism of resveratrol’s 
anti-inflammatory effect, we investigated its impacts on 
NLRP3 inflammasome. Phagocytosis of MSU by macro-
phages can initiate the NLRP3 inflammasome, which is 
thought to be important in acute gout attacks (15). Here, 
we demonstrated that resveratrol concentrations above 
50 µM could inhibit the MSU-induced protein expres-
sion of NLRP3, caspase-1 and ASC in THP-1-derived 
macrophages. However, one study has shown that resve-
ratrol cannot affect the protein expression of NLRP3 and 
ASC (17), possibly due to insufficient concentrations of 
resveratrol. In addition, our immunofluorescence results 
showed that resveratrol could alleviate ASC oligomeri-
zation caused by MSU. We found that resveratrol might 
reduce the maturation and release of IL-1β by inhibiting 
the synthesis or assembly of NLRP3 inflammasomes, the-
reby alleviating MSU-induced gouty arthritis. 

Resveratrol can suppress HIF-1α expression by inhibi-
ting HIF-1α protein synthesis or promoting HIF-1α protein 
degradation via the proteasome (41). Furthermore, it is dis-
covered that HIF-1α mediates the activation of the NLRP3 
inflammasome (42), and HIF-1α activation induces the 
proinflammatory cytokine IL-1β (7). Consequently, we 
speculated that resveratrol might regulate the inflamma-
tory reaction of gout through HIF-1α expression. Our re-
sults suggested that HIF-1α was expressed at a high level 
in MSU-treated THP-1-derived macrophages. Meanwhile, 
we found that both resveratrol treatment and the HIF-1α 
inhibitor, PX478, inhibited the activation of IL-1β. Fur-
thermore, protein expression of NLRP3 inflammasome 
components was reduced, and ASC oligomerization was 
inhibited due to resveratrol treatment. These findings in-
dicated that resveratrol inhibited NLRP3 inflammasome 
activation by suppressing HIF‐1α expression, causing 
a decrease in IL‐1β release. Previous studies have indi-
cated that the knockdown of HIF-1α attenuates NLRP3 
activation and reduces the release of IL-1β (43), and the 
conclusions are similar to those in our study. HIF-1α has 
been shown to play a significant part in the pathogenesis of 
other joint symptoms, such as rheumatoid synovitis (44), 
further supporting our perspective. 

There are some limitations to this study. First, the rat 
model we used was initiated by MSU crystals and given 
that some patients in the clinic have had high uric acid 
levels for years without a gout attack, clinical trials are 
required to determine whether the use of resveratrol in 
patients with gout should be recommended. Second, while 
studies have shown that resveratrol reduces gouty arthritis 
by inhibiting the expression of HIF-1α, additional details 
of the mechanism remain to be discovered. 

In conclusion, our study found that resveratrol had a 
notable therapeutic and preventive effect on an MSU-in-
duced inflammatory model of THP-1 cells and a rat model 

of gouty arthritis. Its potential mechanism could be to re-
duce IL-1β maturation and secretion via HIF-1α modula-
tion and inhibition of NLRP3 inflammasome activation. 
As a result, resveratrol may be an extremely promising 
candidate for the prevention and treatment of gouty arthri-
tis. 

Data Availability
The data in this article can be obtained from the correspon-
ding author under reasonable circumstances. 

Conflicts of Interest
The authors declare that there are no conflicts of interest.
 
Funding Statement
The study was supported by the Fundamental Re-
search Funds for the Central Universities (grant no. 
2682022ZTPY043) and the Sichuan Provincial Science 
and Technology Support Program (grant no. 2023YFS0052 
and 2017SZ0128).

References 

1. Dalbeth N, Gosling AL, Gaffo A, Abhishek A. Gout. Lancet. 
2021 May 15;397(10287):1843-1855. doi: 10.1016/S0140-
6736(21)00569-9. Epub 2021 Mar 30. Erratum in: Lancet. 2021 
May 15;397(10287):1808. PMID: 33798500.

2. So AK, Martinon F. Inflammation in gout: mechanisms and thera-
peutic targets. Nat Rev Rheumatol 2017; 13(11): 639-647. 

3. Dehlin M, Jacobsson L, Roddy E. Global epidemiology of gout: 
prevalence, incidence, treatment patterns and risk factors. Nat 
Rev Rheumatol 2020; 16(7): 380-390. 

4. Cleophas MC, Crişan TO, Joosten LA. Factors modulating the 
inflammatory response in acute gouty arthritis. Curr Opin Rheu-
matol 2017;29(2):163-170.  

5. Terkeltaub R. What makes gouty inflammation so variable?. BMC 
Med 2017;15(1):158.

6. Desai J, Steiger S, Anders HJ. Molecular Pathophysiology of 
Gout. Trends Mol Med 2017;23(8):756-768.

7. Tannahill, G. M. , et al. , Succinate is an inflammatory signal that 
induces IL-1β through HIF-1α. Nature 2013; 496(7444): 238-42. 

8. McGettrick AF, O'Neill LAJ. The Role of HIF in Immunity and 
Inflammation. Cell Metab 2020;32(4):524-536. 

9. Harber KJ, de Goede KE, Verberk SGS, et al. Succinate Is an 
Inflammation-Induced Immunoregulatory Metabolite in Macro-
phages. Metabolites 2020;10(9):372.

10. Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors 
and the response to hypoxic stress. Mol Cell 2010;40(2):294-309. 

11. Zhang LX, Li CX, Kakar MU, et al. Resveratrol (RV): A pharma-
cological review and call for further research. Biomed Pharmaco-
ther 2021;143:112164. 

12. Yang G, Chang CC, Yang Y, et al. Resveratrol Alleviates Rheu-
matoid Arthritis via Reducing ROS and Inflammation, Inhibiting 
MAPK Signaling Pathways, and Suppressing Angiogenesis. J 
Agric Food Chem 2018;66(49):12953-12960.

13. Oliviero F, Scanu A, Zamudio-Cuevas Y, Punzi L, Spinella P. 
Anti-inflammatory effects of polyphenols in arthritis. J Sci Food 
Agric 2018;98(5):1653-1659.

14. Malaguarnera L. Influence of Resveratrol on the Immune Res-
ponse. Nutrients 2019;11(5):946. 

15. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-asso-
ciated uric acid crystals activate the NALP3 inflammasome. Na-
ture 2006;440(7081):237-241.

16. Li H, Ou G, He Y, Ren L, Yang X, Zeng M. Resveratrol attenuates 



34

Yamen Wang et al. / Effect of Resveratrol on Gouty Arthritic Rats, 2023, 69(7): 28-34

the MSU crystal-induced inflammatory response through the inhi-
bition of TAK1 activity. Int Immunopharmacol 2019;67:62-68.

17. Fan W, Chen S, Wu X, Zhu J, Li J. Resveratrol Relieves Gouty 
Arthritis by Promoting Mitophagy to Inhibit Activation of NLRP3 
Inflammasomes. J Inflamm Res. 2021;14:3523-3536.

18. Jung KH, Lee JH, Thien Quach CH, et al. Resveratrol suppresses 
cancer cell glucose uptake by targeting reactive oxygen species-
mediated hypoxia-inducible factor-1α activation. J Nucl Med 
2013;54(12):2161-2167.

19. Chen S, Chen Z, Li Z, et al. Tumor-associated macrophages 
promote cholangiocarcinoma progression via exosomal 
Circ_0020256. Cell Death Dis 2022;13(1):94.

20. Genin M, Clement F, Fattaccioli A, Raes M, Michiels C. M1 
and M2 macrophages derived from THP-1 cells differentially 
modulate the response of cancer cells to etoposide. BMC Cancer 
2015;15:577.

21. Cao Y. Icariin alleviates MSU-induced rat GA models through 
NF-κB/NALP3 pathway. Cell Biochem Funct 2021;39(3):357-
366.

22. Zhou M, Ze K, Hua L, et al. Cyr61 Promotes Inflamma-
tion of a Gouty Arthritis Model in Rats. Mediators Inflamm 
2020;2020:8298615.

23. Li S, Wang L, Xu Z, et al. ASC deglutathionylation is a 
checkpoint for NLRP3 inflammasome activation. J Exp Med 
2021;218(9):e20202637.

24. Zhen Y, Zhang H. NLRP3 Inflammasome and Inflammatory 
Bowel Disease. Front Immunol 2019;10:276.

25. Punzi L, Scanu A, Galozzi P, et al. One year in review 2020: 
gout. Clin Exp Rheumatol 2020;38(5):807-821.

26. Galozzi P, Bindoli S, Doria A, Oliviero F, Sfriso P. Autoinflam-
matory Features in Gouty Arthritis. J Clin Med 2021;10(9):1880.

27. Song J, Jin C, Shan Z, Teng W, Li J. Prevalence and Risk Factors 
of Hyperuricemia and Gout: A Cross-sectional Survey from 31 
Provinces in Mainland China. J Transl Int Med 2022; 10(2): 134-
145. 

28. Kuo CF, Grainge MJ, Mallen C, Zhang W, Doherty M. Rising 
burden of gout in the UK but continuing suboptimal management: 
a nationwide population study. Ann Rheum Dis 2015;74(4):661-
667. 

29. Pillinger MH, Mandell BF. Therapeutic approaches in the treat-
ment of gout. Semin Arthritis Rheum 2020;50(3S):S24-S30. 

30. Cohen RE, Pillinger MH, Toprover M. Something Old, Something 
New: the ACR Gout Treatment Guideline and Its Evolution from 
2012 to 2020. Curr Rheumatol Rep 2020;23(1):4. 

31. Wang X, Wang YG. Progress in Treatment of Gout Using Chinese 

and Western Medicine. Chin J Integr Med 2020;26(1):8-13. 
32. Chi X, Zhang H, Zhang S, Ma K. Chinese herbal medicine for 

gout: a review of the clinical evidence and pharmacological me-
chanisms. Chin Med 2020;15:17.  

33. Liang G, Nie Y, Chang Y, et al. Protective effects of Rhizoma 
smilacis glabrae extracts on potassium oxonate- and monosodium 
urate-induced hyperuricemia and gout in mice. Phytomedicine 
2019;59:152772.

34. Li S, Li L, Yan H, et al. Anti-gouty arthritis and anti-hyperurice-
mia properties of celery seed extracts in rodent models. Mol Med 
Rep 2019;20(5):4623-4633.

35. Lin Y, Luo T, Weng A, et al. Gallic Acid Alleviates Gouty Ar-
thritis by Inhibiting NLRP3 Inflammasome Activation and 
Pyroptosis Through Enhancing Nrf2 Signaling. Front Immunol 
2020;11:580593.

36. Chen H, Zheng S, Wang Y, et al. The effect of resveratrol 
on the recurrent attacks of gouty arthritis. Clin Rheumatol 
2016;35(5):1189-1195. 

37. Li X, Xu DQ, Sun DY, Zhang T, He X, Xiao DM. Curcumin ame-
liorates monosodium urate-induced gouty arthritis through Nod-
like receptor 3 inflammasome mediation via inhibiting nuclear 
factor-kappa B signaling. J Cell Biochem 2019;120(4):6718-
6728.

38. Lund ME, To J, O'Brien BA, Donnelly S. The choice of phorbol 
12-myristate 13-acetate differentiation protocol influences the res-
ponse of THP-1 macrophages to a pro-inflammatory stimulus. J 
Immunol Methods 2016;430:64-70. 

39. Misawa T, Saitoh T, Kozaki T, Park S, Takahama M, Akira S. 
Resveratrol inhibits the acetylated α-tubulin-mediated assembly 
of the NLRP3-inflammasome. Int Immunol 2015;27(9):425-434. 

40. McKenzie BJ, Wechalekar MD, Johnston RV, Schlesinger N, Bu-
chbinder R. Colchicine for acute gout. Cochrane Database Syst 
Rev 2021;8(8):CD006190. 

41. Nagle DG, Zhou YD. Natural product-based inhibitors of hypoxia-
inducible factor-1 (HIF-1). Curr Drug Targets 2006;7(3):355-369. 

42. Gupta N, Sahu A, Prabhakar A, et al. Activation of NLRP3 in-
flammasome complex potentiates venous thrombosis in response 
to hypoxia. Proc Natl Acad Sci U S A 2017;114(18):4763-4768. 

43. Li Y, Zheng JY, Liu JQ, et al. Succinate/NLRP3 Inflammasome 
Induces Synovial Fibroblast Activation: Therapeutical Effects of 
Clematichinenoside AR on Arthritis. Front Immunol 2016;7:532. 

44. Liu P, Wang J, Wen W, et al. Cinnamaldehyde suppresses NLRP3 
derived IL-1β via activating succinate/HIF-1 in rheumatoid arthri-
tis rats. Int Immunopharmacol 2020;84:106570.


