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ARTICLE INFO ABSTRACT

Keywords: Gout is a metabolic disease affected by monosodium urate (MSU) deposition, which is directly related to hy-

Gout peruricemia. Recent reports on the prevalence and incidence of gout have been widely circulated worldwide.

Rgﬁ“ Currently, the anti-gout drugs in clinical practice are mainly small-molecule synthetic drugs, and the effec-
)ljri]c)Aci d tiveness and safety are limited. Reducing uric acid and inhibiting inflammation are the focused areas of drug
ROS research and development on gout. Rutin, a natural flavonoid, has been reported to alleviate inflammation in

various diseases. However, whether rutin exerts protective effects on gout remains to be elucidated. This study
used quails without urate oxidase as experimental animals to induce endogenous gout models through a high
purine diet. We confirmed that quail in the model group developed gout symptoms at 30 days of the experiment.
And the targets of uric acid metabolism, oxidative stress level, and NLRP3 inflammasome were dysregulated in
quails. Rutin treatment improves gout and reduces inflammatory expression in quail. We further confirmed that
rutin treatment reduced XOD activity and uric acid levels in quail. And rutin inhibited ROS production, restored
oxidative stress balance, inhibited NLRP3 inflammasome activation, and exerted anti-inflammatory effects. We
extracted and identified the fibroblast-like synoviocytes (FLS) for the first time. The results showed that rutin
could reduce ROS production and NLRP3 inflammasome activation of FLS after uric acid stimulation. In
conclusion, our findings underscore that rutin may be a gout protective agent by reducing XOD activity,
inhibiting ROS production and NLRP3 inflammasome activation. Meanwhile, this study also provides an avail-
able animal model for the research drugs of gout.

NLRP3 inflammasome

Meeting 2020 Draft Gout Clinical Practice Guidelines (Draft) broke
through the previous understanding that acute inflammation in gout

1. Introduction

Gout is a metabolic disease in which the metabolism of purines is
impaired, and uric acid in the blood is continuously elevated, resulting
in the deposition of crystallized urate precipitates in tissues or organs,
causing tissue damage. The clinical manifestations are repeated joint
inflammation and dysfunction, uric acid nephropathy, and so on [1-3].
Recent reports on the prevalence and incidence of gout have been widely
circulated worldwide, bringing a substantial economic burden to society
[4-6].

Gout is a progressive metabolic disease closely related to hyperuri-
cemia and urate deposition. Its disease process includes the hyperuri-
cemia stage, urate deposition stage, and acute inflammation stage [7,8].
In 2019, the American College of Rheumatology Academic Annual

could not be treated with urate-lowering therapy. And it pointed out that
gouty arthritis should be treated with urate-lowering intervention and
anti-inflammatory treatment [9]. However, most anti-gout drugs
currently used in clinical practice are chemical drugs with clear targets,
aiming to reduce blood uric acid and anti-inflammatory and analgesia.
Although they have significant therapeutic effects, they lack the overall
intervention of lowering uric acid and anti-inflammatory and have
different safety risks, which makes it challenging to meet the clinical
treatment needs of gout [10]. Therefore, according to the characteristics
of the disease, the overall intervention of gout and safe drug develop-
ment will be an essential direction for the prevention and treatment of
gout in the future. In a recent study, we found that the function and
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application value of glycans and glycosylation has gradually emerged in
inflammation, especially in gout. Most glycoproteins are potential drug
targets and biomarkers for disease diagnosis. Therefore, an in-depth
study of the glycophorin structure of glycoprotein will eventually
improve the sensitivity and specificity of a glycoprotein for the clinical
detection of gout, which also provides a reference for further gout
studies [11].

Rutin is a natural flavonoid compound. Studies have shown that
rutin has various pharmacological activities, including myocardial
protection [12-16], anti-inflammatory [17-19], antioxidant [20-24],
anti-apoptosis [25-27], and other effects [28-32]. Recent studies have
shown that rutin can inhibit the activity of xanthine oxidase (XOD) in
vitro, the key enzyme responsible for uric acid production in the target
group of uric acid metabolism [33]. Hyperuricemia is the biochemical
basis of gout, and the target group of uric acid metabolism regulates its
pathological process. Recent studies have found that when the XOD
inhibitor is given, a significant decrease in serum interleukin-1p (IL-1p)
level was observed in patients with hyperuricemia. Uric acid is the end
product of purine metabolism, and the physiological concentration of
uric acid is an essential antioxidant in the body, which can reduce
oxidative damage caused by ROS [34,35]. Uric acid with higher than
physiological concentration is mainly deposited in the form of crystals in
the body tissues or organs, which can induce mitochondrial damage,
promote the expression and release of ROS, activate the
nucleotide-binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome, resulting in tissue and organ damage [36].

The precise pathological mechanism of gout mainly involves the
release of IL-1p mediated by the NLRP3 inflammasome. As a urate-
lowering and anti-inflammatory agent, the role of rutin in gout is an
intriguing research topic. The uric acid metabolism of quail is similar to
that of humans, and neither of them has urate oxidase in vivo, which
cannot convert uric acid to allantoin. Therefore, the quail model can be
used to simulate the corresponding process of the human body. The
previous study of our research group showed that quail is the dominant
animal model in modeling gout disease and evaluating drug efficacy
[37-42]. Therefore, this study clarified the therapeutic effect of rutin on
gout and investigated its mechanism. Rutin may play a role in the
treatment of gout by inhibiting the activity of XOD and reducing the
level of uric acid in the body, thereby improving the level of oxidative
stress in the body, inhibiting the activation of ROS and NLRP3 inflam-
masome, reducing inflammation in the body. At the same time,
fibroblast-like synoviocytes (FLS) were extracted and identified in quail
for the first time. Using FLS as a vehicle for in vitro studies further
confirmed our conclusions. Our findings suggest that rutin may be a
promising drug for gout treatment.

2. Materials and methods
2.1. Antibodies and reagents

Rutin was purchased from Yuanye (Shanghai, China). Antibodies to
NLRP3 (27458-1-AP) and GAPDH were purchased from Proteintech
(Rosemont, IL, USA). Antibody to vimentin was purchased from Bioss
(Beijing, China). Yeast powder (LP0021B) was purchased from Oxoid
(Basingstoke, United Kingdom). D (-)-Fructose (18G3056118) was pur-
chased from Amresco (Solon, OH). Reagent test kits of IL-1p, [L-18, TNF-
a, IL-8, ASC, and Caspase-1 were purchased from Jianglai (Shanghai,
China). The reagents for detecting MDA, GSH, SOD, and DCHF-DA were
purchased from Solarbio (Beijing, China). Collagen I (sc-28654) was
purchased from Santa Cruz Biotechnology (San Diego, CA, USA). The
reagents for the detection of serum and fecal uric acid (UA), serum
creatinine (Cre), and serum urea nitrogen (BUN) test kits were pur-
chased from Jiancheng Biological Technology, Co., Ltd (Nanjing,
China). DMSO and all other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, USA).
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2.2. Quails model construction

All quail surgeries were approved by the Animal Care and Ethics
Committee of Beijing University of Chinese Medicine (NO. BUCM-
4-2021070102-3105). Four-week-old male French quail (Beijing Deling
Quail Farm) were housed in 90 x 80 x 40 cm3 cages in a temperature-
controlled chamber (temperature 25 + 2 °C, air humidity 50-55 %, and
a 12-h light cycle). And the ventilation is in a standard environment. The
quails were randomly divided into two groups: the control group (Con,
16 quails/group), which was fed a regular diet, and the model group
(Mod, 48 quails/group), which was fed a formula supplemented with
yeast and bone extract powder and drinking water containing 10 %
fructose (15 mL per quail) (Patent No.202210651513.3). At 30 days of
the experiment, 8 quails in Con group and Mod group were sacrificed to
establish the gout quail model. The remaining quails were usually fed in
the Con group. In contrast, the Mod group was randomly divided into
five groups (8 quails/ group) for therapeutic administration and fed
under the above conditions. Allopurinol, the treated group (All), quails
were fed the same as the model group and treated with 35 mg/kg
allopurinol by intragastric administration. In colchicine treated group
(Col), quails were provided the same as the model group and treated
with 0.6 mg/kg colchicine by intragastric administration. In the high-
dosage rutin-treated group (Rut H), quails were fed the same as the
model group and treated with 300 mg/kg rutin by intragastric admin-
istration. In the low-dosage rutin-treated group (Rut L), quails were fed
the same as the model group and treated with 150 mg/kg rutin by
intragastric administration. Feed was added twice daily, and the
remainder was weighed the following day. After fasting for 12 h, cer-
vical venous blood samples were collected. After fasting for 12 h, cer-
vical venous blood was collected and placed at room temperature until
serum precipitated. Centrifugation at 3500 r/min for 10 min, the uric
acid level was detected. The joint cavity was washed with 0.2 mL normal
saline, the ankle fluid was collected, and the uric acid level of the joint
fluid was detected. All animals were sacrificed at the end of the exper-
iment, and kidney and joint tissues were collected for subsequent ex-
periments. The whole experiment lasted 40 days.

2.3. Assessment of Ankle Edema

Ankle edema formation was assessed as an increase in ankle
circumference. We measured ankle circumference at 0.5 mm below the
ankle joint on days 30 and 40 of the experiment. Each measurement was
repeated three times, and the average value was taken. ASD is calculated
using a formula [4].

Ankle swelling degree (%) = [ankle circumference after modeling
(mm) - ankle circumference before modeling (mm)] / [ankle circum-
ference before modeling (mm)] x 100 %.

2.4. Hematoxylin and eosin (HE) staining analysis of kidney and joint

Kidney and joint tissue were excised and fixed in buffered formalin
(10 %). Fixed tissue specimens were used to prepare 4-6 um thick
paraffin sections, dehydrated with successive concentrations of ethanol,
and then stained with H&E stain. Finally, tissue sections were observed,
analyzed, and imaged using a light microscope (Leica DMR 3000; Leica
Microsystems).

2.5. Measurement of biochemical indicators in Gout Quails

Blood samples and tissues were collected according to the experi-
mental design. The serum and tissues were isolated, and SOD, MDA,
GSH, XOD, TNF-q, IL-14, IL-8, and IL-18 were detected according to the
kit instructions.
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Fig. 1. The general state of quail in the modeling process. (A) Swelling degree of quail joints in Mod group. (B) The body weight of quails in each group. (C) The food
intake of quail in each group. (D) The serum uric acid level in each group. The left (E) and right (F) of the swelling degree of the quail ankle joint during the
experiment. (G) The XOD activity in the serum in each group. Data are expressed as mean + SEM for 8 quails in each group. *P < 0.05, * *P < 0.01 and

* **P < 0.001 versus Con group.

2.6. Acquisition and culture of primary fibroblast-like synoviocytes

In this study, fibroblast-like synoviocytes (FLS) were extracted and
identified from quail for the first time. Quail bilateral posterior knee
joints were cut off. After cleaning the knee joints with PBS, the quail
were transferred to a PBS plate containing 100 p/mL penicillin and 100
mg/mL streptomycin on an ultra-clean work table for synovial tissue
separation. Ice bath and sterility were maintained during tissue isola-
tion. Synovial tissue was cut into 1 mm x 1 mmx 1 mm, transferred to a
10 mL centrifuge tube, centrifuged at low speed, discarded supernatant,
resuspended by adding 1 mL 0.2 % type I collagenase, transferred to
culture flask, and diluted to 3 mL with collagenase to distribute synovial
tissue at the bottom of culture flask evenly. The synovial cells were
cultured at 37 °C in an incubator with 5 % CO, to observe the
morphology and growth status of synovial cells.

2.7. Immunofluorescence staining

The number of cultured third passage synovial cells was adjusted to
5 x 104/mL and cultured for 24 h in an incubator. Add 300uL of 4 %
paraformaldehyde and fix for 20 min. After permeation with 0.2 %,
Triton X-100 at 37 °C for 20 min, Vimentin antibody (1:200) was added
at 4 °C overnight in a wet box. Subsequently, fluorescent 488 IgG
(1:500) was added at 37 °C for 1 h in the dark. After nuclei were stained
with DAPI (37 °C) for 15 min, slides were fixed with an anti-fluorescence
quencher. They were observed and photographed with a fluorescence
microscope. The purity of FLS was determined by vimentin staining of
synovial membrane cells. For example, more than 98 % of the synovial
cells were stained with Vimentin, so more than 98 % of the cells were
FLS.
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Fig. 2. The oxidative stress level and NLRP3 inflammasome was activated and IL-1p expression increased in synovial tissue. (A)The content of SOD in the joint
synovial tissue. (B) The content of MDA in the joint synovial tissue. (C)The content of GSH in the joint synovial tissue. (D) Western blot was conducted to evaluate the
protein level of NLRP3 and GAPDH in synovial tissue (n = 3). (E) Box plot showing the densitometry analysis of NLRP3 normalized by GAPDH. (F) The expression
level of ASC in synovial tissue. (G) The expression level of Caspase-1 in synovial tissue. (H) The expression level of IL-1 in synovial tissue. Data are expressed as mean
=+ SEM for 8 quails in each group. *P < 0.05, * *P < 0.01 and * **P < 0.001 versus Con group.

2.8. Cell treatment

FLS were cultured in DMEM containing 10 % fetal bovine serum
(Gibco), 100 U/mL penicillin, and 100 U/mL streptomycin at 370C in a
wet incubator containing 5 % CO2. Then uric acid (UA, 600 pM) was
added to the model group, and rutin (Rut, 50 pM) was added to the
treatment group for 24 h. Twenty-four hours after stimulation, cells
were harvested for further analysis. All in vitro experiments were
repeated no less than three times.

2.9. Immunoblot Analysis

Synovial tissue samples were removed and homogenized with cell
lysis buffer, PMSF, and phosphatase inhibitors. FLS were washed three
times with ice-cold PBS and collected in RIPA buffer containing PMSF
and phosphatase inhibitors. Proteins were separated by SDS-PAGE and

transferred to 0.2 mM nitrocellulose membranes. After incubation with
5 % skims milk for 1 h at room temperature, cells were incubated with
primary antibody overnight at 4 °C, followed by incubation with the
appropriate amount of horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. Bound antibodies are detected by
chemiluminescence. Image J software (National Institutes of Health,
Bethesda, MD) was used to analyze the optical density of the immuno-
blot results.

2.10. Statistical analysis

Data are presented in the figure as mean + SEM for each group. All
results were tested for normality to determine the use of parametric or
nonparametric tests. Data containing two normally distributed groups
were analyzed with the unpaired student t-test and with the Mann-
Whitney U test for nonparametric data. When more than two factors
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Fig. 3. The general state of quail after rutin
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were present in the analysis, a two-way ANOVA test was performed,
followed by Sidak’s multiple comparison test. Statistically significant
differences between means are marked in each graph. P < 0.05 was
considered statistically significant.

3. Results
3.1. General state and expression level of uric acid of quail after modeling

In this study, the quails in the Con group were in a normal mental
state, with shiny feathers, loud calls, and lively and active; the quails in
the Mod group were in a poor mental state, with black feathers, low
calls, and less activity. In addition, the quail joints in the Mod group
were significantly swollen, which was consistent with the clinical fea-
tures of gout (Fig. 1-A). Compared with the Con group, the body weight
level of the quails in the Mod group was significantly lower in the
experiment (P < 0.01) (Fig. 1-B). The food intake of the quails in the
Mod group was significantly decreased (P < 0.01) (Fig. 1-C). And the
ankle swelling in the Mod group was significantly increased (P < 0.01)
(Fig. 1-EF), indicating that the quails in the Mod group developed gout

symptoms. The uric acid levels of quails in each group at 30 days were
detected. The results showed that compared with the Con group, the
serum uric acid levels of the quails in the Mod group were significantly
increased (P < 0.001) (Fig. 1-D), and the expression level of XOD was
also increased considerably (P < 0.01) (Fig. 1-G). This part showed that
30 days after modeling, the quails in the Mod group developed obvious
gout symptoms, and the serum uric acid level and uric acid-producing
enzyme were significantly increased.

3.2. Expression levels of oxidative stress and NLRP3 inflammasome after
modeling

On the 30th day of the experiment, eight quails in each group were
sacrificed, and cervical venous blood and synovial tissue were collected.
The levels of oxidative stress in quail in each group were detected. The
results showed that SOD content in the synovium of the joint of quail in
the Mod group was significantly lower than in the Con group (P < 0.05).
MDA content in the Mod group was significantly higher than in the Con
group (P < 0.01). And GSH content in the MOD group was significantly
lower than in the Con group (P < 0.01). These results suggested that the
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Fig. 4. Serum kidney function, HE staining of quails in different groups. (A)The activity of Bun in the serum. (B) The activity of Cre in the serum. (C) The fractional
renal uric acid excretion of the quails. (D) Kidney index. (E) HE staining. *P < 0.05, * *P < 0.01 and * **P < 0.001 versus Con group, #p < 0.05, *#P < 0.01 and

###p < 0.001 versus Mod group.

oxidative stress level in the model quail was destroyed 30 days after
modeling (Fig. 2-ABC). We also detected the expression of NLRP3, ASC,
Caspase-1, and IL-1p in synovial tissue. The results showed that the
expression of NLRP3 in the Mod group was significantly higher than in
the Con group at 30 days. After performing Image J analysis, NLRP3
expression was significantly increased in the Mod group compared to the
Con group (P < 0.001) (Fig. 2-DE). The expression levels of ASC,
Caspase-1, and IL-1p in synovial tissue of quail in each group were
analyzed. On the 30th day of the experiment, the expression level of ASC

in the Mod group was significantly higher than that in the Con group
(P < 0.01) (Fig. 2-F). The expression level of Caspase-1 was detected,
and the expression of the Mod group was significantly higher than that
of the Con group (P < 0.001) (Fig. 2-G). Finally, the expression of IL-1p
in synovial tissue of quail joints was detected, and the results showed
that the expression level of IL-1f in the Mod group was significantly
higher than that in the Con group at 30 days of the experiment
(P < 0.01) (Fig. 2-H).
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3.3. General state and expression levels of uric acid of quail after rutin
treatment

After 30 days of the experiment, the quails in each group were
treated with drugs, and the general state and uric acid levels were
observed. The results showed that the body weight of the quail in the
Mod group was significantly decreased compared with the Con group
(P < 0.001). In contrast, the body weight of quail in the Rut H and Rut L
groups was significantly increased compared with the Mod group
(P < 0.05 or P < 0.01) (Fig. 3-A). The food intake of quail in the Mod
group was significantly decreased compared with that in the Con group
(P < 0.01), and the food intake of quail in Col, Rut H, and Rut L groups
was significantly increased compared with that in Mod group (P < 0.05
or P < 0.01) (Fig. 3-B). Ankle swelling was significantly increased in the
Mod group (P < 0.01), indicating gout symptoms in quail in the Mod
group, and rutin treatment could effectively reduce ankle swelling
(P < 0.05 or P < 0.01) (Fig. 3-CD). The levels of uric acid and XOD
expression in the serum of quail in each group were detected. Compared
with the Con group, the levels of uric acid and XOD expression in the
Mod group were significantly increased (P < 0.001). The expression
levels of uric acid and XOD of quail in Rut H and Rut L groups were
significantly lower than those in the Mod group (P < 0.001) (Fig. 3-EF).
The results showed that rutin treatment could effectively alleviate the
gout symptoms of quail in the Mod group and reduce the expression
levels of serum uric acid and uric acid-producing enzymes.

3.4. Renal function level and staining of HE

To investigate the effect of rutin treatment on the renal function of
quail. Compared with the Con group, the serum urea nitrogen level of
quail in the Mod group was significantly increased (P < 0.01). In
contrast, the serum urea nitrogen level of quail in the Rut H and Col

groups was significantly decreased compared with the Mod group
(P < 0.05) (Fig. 4-A). The serum creatinine level of the quail in the Mod
group was significantly increased compared with the Con group
(P < 0.01), and the creatinine level of quail in the Rut H and Rut L
groups was significantly decreased compared with the Mod group
(P < 0.05) (Fig. 4-B). The renal excretion fraction and renal index of
quail in each group were detected. Compared with the Con group, the
renal excretion fraction of quail in the Mod group was significantly
decreased (P < 0.01), and the renal index was significantly increased
(P < 0.01). Compared with the Mod group, the renal excretion fraction
of quail in Rut H and Rut L groups was significantly increased (P < 0.05
or P < 0.01), and the renal index was significantly decreased (P < 0.01)
(Fig. 4-CD). HE staining showed that the renal structure of the quail in
the Con group was normal, the renal tissue of the quail in the Mod group
showed a large number of glomerular atrophy, renal tubule dilatation,
epithelial cell necrosis, and shedding, and the renal tissue of quail in Rut
H, Rut L, and Col groups showed vacuolar degeneration of some renal
tubules. Renal tissue of some quail in the All group showed glomerular
atrophy, renal tubule lumen dilation, and cell boundary disorder (Fig. 4-
E). The results showed that the renal function and structure of quails in
the Mod group were damaged, which could be relieved by rutin
treatment.

3.5. Cytokine expression levels

ELISA kits detected the changes in IL-1p, IL-18, TNF-a, and IL-8 cy-
tokines. The results showed that compared with the Con group, the
expression levels of IL-1p, IL-18, TNF-a, and IL-8 cytokines in the Mod
group were significantly increased (P < 0.01 or P < 0.001). Compared
with the Mod group, the expression levels of IL-1p, IL-18, TNF-a, and IL-
8 in the Rut H group were significantly decreased (P < 0.05 or
P < 0.01). The expression levels of IL-1f, IL-18, and TNF-« cytokines in
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Rut H - Col : vRutL

Fig. 6. The levels of uric acid in joint fluid and HE staining of joints of quails in each group after rutin treatment. (A) The joint fluid uric acid level of the quails. (B)
The urate crystals appeared in the synovial fluid of quails. (C) HE staining of ankle joint (200 x). (D) HE staining of claw joint (200 x). Data are expressed as mean
+ SEM for 8 quails in each group. *P < 0.05, * *P < 0.01 and * **P < 0.001 versus Con group, “P < 0.05, **P < 0.01 and ###p < 0.001 versus Mod group.

quail in the Rut L group were significantly decreased (P < 0.05 or 3.6. The effect of rutin treatment for uric acid level in synovial fluid,

P < 0.01) (Fig. 5). The results showed an inflammatory response in the polarized light observation, and HE staining

quail in the Mod group, and rutin treatment could reduce the expression

of proinflammatory factors in the quail. We detected the level of uric acid in the joint fluid of quail in each
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Fig. 7. The level of oxidative stress in the joint synovial tissue of quails after rutin treatment. (A) Detection of ROS expression levels in the joint synovial tissue by
flow cytometry. (B) The mean fluorescence intensity of the joint synovial tissue in each group. (C)The content of SOD in the joint synovial tissue. (D) The content of
MDA in the joint synovial tissue. (E)The content of GSH in the joint synovial tissue. Data are expressed as mean + SEM for 8 quails in each group. *P < 0.05,
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Fig. 8. Rutin alleviates NLRP3 inflammasome in gouty quail. (A) Western blot was conducted to evaluate the protein level of NLRP3 and GAPDH in synovial tissue.
(B) Box plot showing the densitometry analysis of NLRP3 normalized by GAPDH. (C) The expression level of ASC in synovial tissue. (D) The expression level of
Caspase-1 in synovial tissue. (E) The expression level of IL-1p in synovial tissue. Data are expressed as mean -+ SEM for 8 quails in each group. *P < 0.05, * *P < 0.01
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group, and the results showed that the level of uric acid in the joint fluid
of quail in the Mod group was significantly higher than that in the Con
group (P < 0.01), and the level of uric acid in the Rut H group was
significantly lower than that in the Mod group (P < 0.01) (Fig. 6-A). The
joint fluid of quail was observed under a polarized light microscope at
200 times. Under the black field, no urate crystals were observed in the
Con group. Compared with the Con group, blue-yellow bright, needle or
fine rod-shaped urate crystals were observed in the model group, and a
few crystals were observed in the Rut H group compared with the Mod
group (Fig. 6-B). The HE staining of quail ankle tissue showed that the
quail ankle tissue structure in Con group was clear, the joint surface was
smooth and flat, and the synovial cells were loose and normal in shape.
Synovial fibrous tissue hyperplasia, pannus formation and a large
number of inflammatory cells infiltration were observed in the ankle
tissues of Mod group. Compared with the Mod group, the inflammatory
cell infiltration and the degree of synovial fibrous tissue proliferation
were significantly reduced in the Rut H, Rut L and Col groups. In the Con
group, the paw joint tissue structure was clear, the joint surface was
smooth, and the synovial tissue morphology was normal. In the Mod
group, obvious cartilage and bone destruction, synovial fibrous tissue
proliferation, and inflammatory cell infiltration were observed in the
paw joint tissue of quail. Compared with the Mod group, there was a
small amount of inflammatory cell infiltration in the Rut H and Rut L
groups, which could alleviate synovial fibrous tissue hyperplasia to
different degrees (Fig. 6-CD).

3.7. Oxidative stress levels after rutin treatment

The levels of oxidative stress in synovial tissues of quail joints were
measured. Flow cytometry was used to detect ROS expression in each
group’s joint synovial tissue. The experimental results showed that
compared with the Con group, the ROS fluorescence intensity of the Mod
group was significantly increased (P < 0.001). The fluorescence in-
tensity of Rut H and Rut L groups was significantly decreased than that
of Mod group (P < 0.05 or P < 0.001) (Fig. 7-AB). The results showed

that compared with the Con group, the SOD content in the joint synovial
tissue of quail in the Mod group was significantly lower than that in the
Con group (P < 0.001). And the SOD content in the body of quail in the
Rut H and Rut L groups was significantly higher than that in the Mod
group (P < 0.01) (Fig. 7-C). The level of MDA in synovial tissue of quail
in the Mod group was significantly increased compared with that in the
Con group (P < 0.001), and the level of MDA in Rut H and Rut L groups
was significantly decreased compared with that in Mod group (P < 0.01
or P < 0.001) (Fig. 7-D). We further detected the expression level of GSH
in synovial tissues, and we found that compared with the Con group, the
content of GSH in synovial tissues of quail joints in the Mod group was
significantly lower than that in the Con group (P < 0.001). The GSH
content in quail in Rut H and Rut L groups was significantly increased
compared with that in the Mod group (P < 0.05 or P < 0.01) (Fig. 7-E).

3.8. Expression levels of NLRP3 inflammasome after rutin treatment

We detected the expression of NLRP3, ASC, Caspase-1, and IL-1f in
each group’s synovial tissue of quail. The results showed that the
expression of NLRP3 in the Mod group was significantly higher than that
in the Con group at 40 days of the experiment. After analysis, the
expression of NLRP3 in the Mod group was significantly increased
compared with that in the Con group (P < 0.001). And the expression of
NLRP3 in the Rut H and Rut L group was significantly decreased
compared with the Mod group (P < 0.01 or P < 0.001) (Fig. 8-AB). The
expression levels of ASC, Caspase-1, and IL-1f in synovial tissue of quail
in each group were analyzed. On the 40th day of the experiment, the
expression level of ASC in the Mod group was significantly higher than
that in the Con group (P < 0.001), and the expression level of ASC in the
Rut H and Rut L groups was significantly lower than the Mod group
(P < 0.05 or P < 0.01) (Fig. 8-C). The expression level of Caspase-1 in
the Mod group was significantly higher than the Con group (P < 0.001),
and the expression level of quail in the Rut H and Rut L groups was
significantly decreased (P < 0.01) (Fig. 8-D). Finally, the expression of
IL-1f in the synovial tissue of quail joints was detected. The results
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showed that the expression level of IL-1p in the Mod group was signif-
icantly higher than the Con group (P < 0.001). In contrast, the expres-
sion level of IL-1f in the synovial tissue of quail in the Rut H and Rut L
groups was significantly lower (P < 0.01) (Fig. 8-E). These results
indicated that rutin treatment could inhibit the activation of NLRP3
inflammasome and exert anti-NLRP3 effects.

3.9. Effects of ROS and NLRP3 inflammasome in FLS after rutin
treatment

Synovial tissue from quail joints was isolated for cell culture. After
one day of culture, the cells swam out. Most of them were spindle-
shaped (Fig. 9-A). On the 10th day of culture, the synovial cells of the
third generation showed spindle shape. The cells grew and proliferated
well (Fig. 9-B). Immunostaining showed that the cell morphology was
regular and spindle-shaped, and the nucleus was oval in the center of the
cell. Vimentin is a characteristic marker protein of FLS, suggesting that
the cultured synovial cells are FLS, and the positive rate of vimentin
staining in synovial cells is more than 98 % (Fig. 9-C).

To explore the effect of rutin on ROS and NLRP3 inflammasome in
FLS. According to the results of previous research and cell viability ex-
periments of our research group, 50 pM rutin was selected as the
experimental drug group for analysis. The Mod group was stimulated
with 600 pM uric acid, the Rut group, was stimulated with uric acid, and
50 pM rutin was added for observation. After 24 h, the expression of
ROS in the cell supernatant was detected by flow cytometry. Compared
with other groups, the fluorescence intensity of ROS in the Mod group
was significantly increased (P < 0.001). In contrast, the fluorescence
intensity of ROS in the Rut group was significantly lower than that in the
Mod group (P < 0.001), indicating that uric acid stimulation increased
the expression of ROS in the FLS. Rutin could reduce the over-expression
of ROS caused by uric acid (Fig. 9-DE).

The expressions of NLRP3, ASC, Caspase-1, and IL-1f in cell lysates of
each group were detected. The results showed that the expression level
of NLRP3 in the Mod group was significantly higher than in the Con
group (P < 0.001). The expression level of NLRP3 protein in the Rut
group was significantly lower than that in the Mod group (P < 0.001)
(Fig. 9-FG). At the same time, the expression levels of ASC, Caspase-1,
and IL-1f in the Mod group were significantly higher than those in the
Con group (P < 0.01 or P < 0.001). In contrast, the expression levels of
ASC, Caspase-1, and IL-1p in the Rut group were significantly lower than

;
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-
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those in the Mod group (P < 0.05 or P < 0.01) (Fig. 9-HLJ).
4. Discussion

Gout is a progressive metabolic disease closely related to hyperuri-
cemia and urate deposition. The pathogenesis of gout includes hyper-
uricemia, MSU crystalline deposition, and acute inflammation,
characterized by progressive and recurrent disease [7,8]. Gout is caused
by abnormally elevated circulating urate levels, resulting in urate
crystals in joints, tendons, and other tissues [5,43]. Recent studies have
shown a high incidence of gout worldwide, including among young
people [4,5]. Gout can cause considerable disability, health loss, and
economic burden, and there is an urgent need for clinical treatment [6].
In 2019, the Gout, Hyperuricemia, and Crystal-Associated Diseases
Network (G-CAN) defined hyperuricemia and gout as different states of
the same disease [44]. It can be seen that the latest studies have a new
understanding of the development characteristics of gout as a whole and
gradually realize that asymptomatic hyperuricemia and gout are a
continuous pathological process. At the same time, improving the
sensitivity and specificity of glycoprotein in clinical detection of gout
can also provide reference for further research on gout [11].

In the study of gouty animal models, we found that many scholars
adopted the method of Coderre et al. to establish gouty arthritis animal
models by local injection of sodium urate into joints [45]. In the gout
model constructed by MSU injection, only local inflammatory reactions
could be observed, including knee joint injection, foot pad injection,
ankle joint injection, etc. This modeling method has a short duration and
low specificity. Our research group has been studying gout-related an-
imal models for a long time and finally adopted quail as the model an-
imal, which has a similar metabolic pathway of uric acid to humans
[38-42]. Quail do not contain urate oxidase, which is physiologically
consistent with human uric acid metabolism. The modeling method used
in this study simulated the whole pathological process from hyperuri-
cemia to gout attack in clinical practice, and the gout model was more in
line with the characteristics of human uric acid metabolism. In addition,
the induction method simulates the clinical high-purine diet, which is
consistent with the clinical etiology of gout and is an advantageous
animal model for developing gout prevention and treatment drugs.

The formation of hyperuricemia is related to abnormal uric acid
homeostasis in vivo, and its pathological process is closely related to the
target groups of uric acid metabolism [46,47]. Uric acid is the end
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Fig. 10. Schematic model of the inhibitory effect of rutin on gout. Rutin ameliorates gout via inhibiting XOD activity, ROS and NLRP3 inflammasome activation.
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product of purine metabolism in the human body, and the physiological
concentration of uric acid is an essential antioxidant for the human
body, which can reduce oxidative damage caused by ROS. Uric acid
beyond the physiological concentration is mainly deposited in the form
of crystals in human tissues or organs, which is considered a danger
signal that can induce mitochondrial damage, promote the release of
ROS expression, activate signaling pathways such as the NLRP3
inflammasome, and cause tissue and organ damage. Therefore, new
therapeutic strategies for gout must consider modulating uric acid
metabolic targets and inflammation production.

Rutin is a natural flavonoid derivative with a wide range of phar-
macological effects, including myocardial protective [12-16],
anti-inflammatory [17-19], antioxidant [20-24], anti-apoptosis
[25-27], and other effects [28-32]. We have conducted many litera-
ture searches on the dosage of rutin in pharmacological experiments.
The results show that rutin has good pharmacological activity at
50 mg/kg-300 mg/kg in rats or mice [48-54]. Therefore, before the
formal experiment, we conducted a preliminary experimental study on
the dosage of rutin on quail models. Our results showed that 300 mg/kg
rutin dose did not affect quail’s body weight, food intake, and other
general states. At the same time, the indexes of liver and kidney function
were detected 10 days after the administration of rutin, and the liver and
kidney were histopathologically observed. And we tested the liver
function and kidney function index after 10 days of rutin administration.
The results showed that compared with the Con group, this dose of rutin
did not affect the liver function and kidney function of quail (P > 0.05).
Histopathological results showed that after 300 mg/kg rutin adminis-
tration, liver and kidney tissue structure was normal, epithelial cells
were arranged neatly, and no inflammatory infiltration and pathological
changes were observed in quail (Fig. S1).

Gout is a metabolic disease closely related to the target of uric acid
metabolism and inflammation. Rutin has anti-inflammatory effect, but
the protective effect of rutin on gout has not been elucidated. Therefore,
the quail gout model induced by a high-purine diet was used to conduct
experiments in this study. And it was clear that quail had gout symptoms
at 30 days of the experiment, and the expression of XOD in vivo was
increased, the level of uric acid was increased, the balance of oxidative
stress was destroyed, the NLRP3 inflammasome was activated, and in-
flammatory response was generated. After treatment with rutin, it can
effectively relieve the symptoms of gout in quail and reduce the level of
uric acid and inflammation in the body. Further study on the mechanism
of action showed that rutin could reduce the level of uric acid in vivo by
inhibiting the activity of XOD, restore the balance of oxidative stress by
reducing the level of ROS, inhibit the activation of the NLRP3 inflam-
masome, and reduce the expression of inflammatory factors (Fig. 10).
This study further demonstrates the potential of rutin as a gout drug.

5. Conclusion

In conclusion, our data show that rutin attenuates gout by reducing
XOD activity, inhibiting ROS production and NLRP3 inflammasome
activation. Our findings underscore rutin as a promising agent for the
treatment of gout.
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