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Background: Gouty arthritis (GA) is a common joint inflammation closely related to hyperuricemia and urate crystal deposition, and
its incidence is on the rise worldwide. Allicin, the primary biologically active component found in freshly crushed garlic extracts, has
been reported to possess many beneficial biological functions.

Methods: An animal model was used to evaluate the efficacy of allicin on GA rats, and 16S rRNA sequencing and metabolomics
were used to explore changes in the gut microbiota and metabolites. Fecal microbiota transplantation (FMT) and fibroblast-like
synoviocytes (FLS) used to explore the mechanism of allicin treating GA.

Results: The results showed that allicin effectively improved the general state of GA rats, inhibited XOD activity, and significantly
reduced ROS production and activation of the NLRP3 inflammasome, thereby exerting therapeutic efficacy to protect the kidneys and
joints. Examination of the gut microbiota showed that the composition of the gut microbiota of GA rats improved after allicin
treatment (increase in Lactobacillus). Metabolomic analysis revealed a significant increase in gut microbial short-chain fatty acid
metabolites (butyric acid) following allicin treatment. Furthermore, FMT confirmed that allicin significantly alleviated GA and
increased butyric acid content in a gut microbe-dependent manner. Finally, the role of butyric acid in inhibiting ROS generation
and NLRP3 inflammasome activation in FLS was elucidated.

Conclusion: This study highlights allicin as a promising therapeutic candidate for GA, emphasizing its potential to inhibit oxidative
stress and inflammatory responses by regulating the gut-joint axis.
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Introduction

Gouty arthritis (GA) is a common inflammatory condition that is progressive and can lead to significant disability. It is
closely associated with hyperuricemia and the deposition of urate crystals, and its incidence is rising, particularly among
younger individuals worldwide.' Epidemiological data on GA indicates that the prevalence is increasing annually, with
a global prevalence of 1-4% and an incidence of 0.1-0.3%. Additionally, GA affects 3.9% of adults and 8.7% of people
over the age of 80.* As living standards improve, the consumption of processed foods increases, and the use of

medications that elevate uric acid levels becomes more widespread, the annual incidence of GA continues to rise. This
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trend results in substantial health losses, disabilities, and economic burdens, placing significant strain on global
healthcare systems.®®

Modern medicine for GA treatment mainly includes febuxostat, benzbromarone, allopurinol, nonsteroidal drugs, and
glucocorticoids, and each treatment stage is targeted.” ' However, it is more challenging for existing pharmaceutical
agents to target inflammatory lesions and rapidly inactivate the systemic circulation, resulting in reduced efficacy, drug
side effects, and adverse drug reactions.'>'® Therefore, there is an urgent clinical need to find a safe, effective, and
economical new drug for uric acid-lowering anti-inflammatory treatment of GA.

Garlic is widely used as a flavoring agent because of its intense and distinctive flavor. Allicin is a biologically active
component of garlic. Several studies have explored the potential health benefits of allicin. Allicin possesses

S 17,18 19,20 21,22
antioxidant,” ’ ’

anti-inflammatory, antidiabetic, cardioprotective.”>** Previous studies have shown that allicin
inhibits XOD activity, suggesting that allicin may exert a urate-lowering effect.”> It has also been shown that allicin
regulates NLRP3 inflammasomes and inflammatory responses.”®?” As a drug with urate-lowering and anti-inflammatory
activities, the effects of allicin on GA are an exciting research topic.

In recent years, increasing evidence has suggested that the gut microbiota and its metabolites play a significant role in
GA, including purine metabolism, uric acid excretion, protection of the intestinal barrier, and regulation of immune
function.”® 2 Our previous studies have also indicated that the gut microbiota is closely associated with GA, and regulating
the gut microbiota may be an effective method for treating GA.>* Dietary organic sulfur compounds are known for their low
bioavailability, and the therapeutic effects of allicin on GA may be closely related to the remodeling of the gut microbiota and
its metabolites. Recent studies have shown that changes in the gut microbiota are associated with the development of GA,
suggesting its potential for monitoring the onset, progression, and recovery of GA, and implying the existence of an gut-joint
axis.** 7 Therefore, the therapeutic effects of allicin on GA may be closely related to the gut-joint axis.

This study first identified the anti-GA effect of allicin in rats and then evaluated changes in the gut microbiome and
metabolome. Furthermore, fecal microbiota transplantation (FMT) confirmed that allicin alleviated GA in a gut micro-
biota-dependent manner. Finally, the inhibitory effect of butyric acid, a microbial metabolite of allicin, on ROS
production and NLRP3 inflammasome activation in fibroblast-like synovial cells (FLS) was identified. Overall, the
aim of this study was to demonstrate that allicin may be an effective therapeutic agent for GA by reducing oxidative

stress and inflammatory responses through regulation of the gut-joint axis.
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Materials and Methods

Antibodies and Reagents

Allicin (purity > 99%) was obtained from Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). Potassium oxonate
and monosodium urate were sourced from Sigma-Aldrich (St. Louis, MO, USA). Yeast powder (LP0021B) was
purchased from Oxoid (Basingstoke, United Kingdom). Antibodies against NLRP3 (27458-1-AP) and B-actin (20536-
1-AP) were sourced from Proteintech (Rosemont, IL). Antibodies against vimentin were obtained from Bioss (Beijing,
China). Allopurinol (purity > 99%) and colchicine (purity > 99%) were also purchased from Shanghai Macklin
Biochemical Co. Ltd. (Shanghai, China). The reagents for detecting MDA, GSH, SOD, and DCHF-DA were obtained
from Solarbio (Beijing, China). Reagent test kits for TNF-a, IL-8, IL-18, IL-1B, ASC, and Caspase-1 were sourced from
Jianglai (Shanghai, China). The reagents for measuring serum and fecal uric acid (UA), serum creatinine (Cre), serum
urea nitrogen (BUN), and butyric acid test kits were purchased from Jiancheng Biological Technology Co., Ltd.
(Nanjing, China). Collagen I was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). DMSO and all other
chemicals were sourced from Sigma-Aldrich (St. Louis, MO, USA).

Animals

Male Sprague-Dawley rats, specifically pathogen-free, weighing between 200 and 220 g, were acquired from SPF
Biotechnology Co., Ltd. in Beijing, China. Prior to the formal experiments, the rats were given food and water to
acclimatize to their new environment for one week. The temperature was maintained between 21°C and 25°C, with
humidity levels kept between 50% and 70%. A light/dark cycle of 12 hours was also established. All laboratory
procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 and relevant
guidelines.”® And it received approval from the Welfare and Ethics Committee of the Zhengzhou University
Laboratory Animal Centre (approval number: NO. 202206290101).

Animal Treatment with Allicin

A flowchart outlining the in vivo experiments is presented in Figure 1A. Sixty rats were randomly divided into six groups
(SPSS version 23.0), each containing ten rats (n = 10): a normal control group (Con), a model group treated with
potassium oxonate (GA group, Mod), a low-dose allicin group (All-L, 15 mg/kg), a high-dose allicin group (All-H,
30 mg/kg), an allopurinol-positive drug group (Alr, 10 mg/kg), and a colchicine group (Col, 0.35 mg/kg). To establish
hyperuricemia models, we administered 750 mg/kg potassium oxonate, 10 g/kg yeast, and 0.5% CMC-Na in the Mod,
All-L, All-H, Alr, and Col groups. The Con group received an equal volume of 0.5% CMC-Na solution. Four hours after
this administration, the treatment groups were given their respective doses of allicin, allopurinol, and colchicine via
intragastric administration, while the Con and Mod groups received 0.5% CMC-Na. All treatments were conducted daily
for seven consecutive days. On the fifth day of the experiment, a 25 mg/mL monosodium urate suspension (0.15 mL) was
injected into the ankle joint cavity of rats in the model group and each treatment group using a sterile syringe. In contrast,
rats in the normal control group received the same volume of saline in the same manner. On Day 7, 24-hour urine
samples were collected from metabolic cages. All rats were sacrificed at the end of Day 8, and blood samples were
collected. The liver, kidney, and joint tissues were quickly harvested using an ice disc. After weighing and recording the
tissues, a portion was used for biochemical analysis, Western blotting, and ROS detection. The remaining tissues were
fixed in 4% paraformaldehyde for histopathological analysis.

Allicin for GA Rats by Fecal Microbiota Transplantation Treatment

The rats were randomly assigned to three groups (SPSS version 23.0): Con, Mod, and All, with 10 rats in each group.
The modeling method for each group followed the same procedure as described previously. All groups of rats received
allicin orally at a dosage of 30 mg/kg once daily (a high-dose allicin group). Feces from the donor rats were collected
daily for seven days in a laminar flow fume hood under sterile conditions. Feces from each group were suspended in
1 mL of sterile saline, and the supernatant was collected as the transplant material. To prevent changes in bacterial
composition, fresh graft material was prepared within 10 minutes before tube feeding on the day of transplantation.
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Figure | The general state of GA rats after allicin treatment. (A) The flowchart of the part in vivo experiments. (B) Swelling degree of joints in each group. (C) The body
weight of rats in each group. (D) The food intake. (E) The water intake. (F) The serum uric acid level was 0 h before the joint MSU injection. (G) The serum uric acid level
was 48 h after the joint MSU injection. (H) The XOD activity in the serum in each group. Data are expressed as mean + SEM for 8 rats in each group. ***P < 0.001 versus
Con group, "P < 0.01 versus Mod group.

Recipient rats were randomly divided into FT-Con, FT-Mod, and FT-All groups. The recipient groups were administered
fresh fecal transplant material (corresponding to the donor groups Con, Mod, and All) orally every day for 7 days.

Assessment of Skin Temperature and Ankle Edema After Allicin Treatment
The skin temperature of the ankle joint was measured using thermometers at 4, 8, 12, 24, and 48 hours after the injection
of monosodium urate (MSU). An increase in ankle circumference was used to evaluate the formation of ankle edema.
Ankle circumference was measured 0.5 mm below the ankle using a digital caliper before the injection and at 4, 8, 12, 24,
and 48 hours afterward. Each measurement was repeated three times to obtain an average value. The degree of ankle
swelling (ASD) was calculated using the following formula:*

Ankle Swelling Degree (%) = [(ankle circumference after modeling (mm) - ankle circumference before modeling
(mm)) / ankle circumference before modeling (mm)] x 100.
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Assessment of Autonomous Activity After Allicin Treatment
The posture score, gait score, and inflammatory index of the rats in each group were assessed at 12 and 24 h after ankle
MSU injection. The evaluation was conducted by three testers, each based on the following criteria:>**°

Posture Score: Each group of rats was placed in a plexiglass chamber with a mirror at the bottom and was allowed to
move freely for 5 min. The scoring criteria for posture were as follows: level 0, normal; the weight of both hind paws
was the same, score 0; level 1, slightly abnormal, the back paws were entirely on the ground, but the toes were curled up,
2 points; level 2, moderate abnormality, with the toes curled up and the hind paws partially on the ground, 4 points; level
3, severe abnormality, back paws entirely off the ground, score 6 points.

Gait Score: The same posture score was observed for 5 min. The gait grading criteria were as follows: level 0, normal
gait; the weight of both hind paws was the same, score 0; grade 1: slight claudication, excessive crouching of the foot
after injection during walking, score 2; level 2: claudication, short foot landing after injection while walking; 4 points;
level 3: severe claudication, three feet on the ground, score 6 points.

Inflammatory Activity: 0 points: the ankle joint has obvious bone signs; 3 points: slight swelling of the ankle joint,
visible bone signs; 4 points: the ankle joint is severely swollen, and the bony signs are not visible; and 6 points: edema of
limbs except the ankle joints.

Detection of Uric Acid, Creatinine, and Blood Urea Nitrogen in Serum and Urine
After Allicin Treatment

Blood and urine samples were centrifuged at 3500 rpm for 15 minutes at 4 °C to separate the supernatant from any
precipitate. The uric acid level was measured using enzyme colorimetry, following the manufacturer’s instructions. The
urea nitrogen assay was conducted using the urea enzyme method, and the creatinine level was assessed using the
sarcosine oxidase method, also in accordance with the manufacturer’s guidelines.

Histopathological Examination in GA Rats After Allicin Treatment

The rats were sacrificed 48 hours after the injection of MSU, and both kidney and joint tissues were preserved for
analysis. The kidney tissue was fixed in standard paraffin and sliced into 4-micrometer-thick sections for H&E staining.
The ankle samples were fixed in 4% paraformaldehyde for 24 hours, then decalcified using EDTA-2Na. Afterward, the
ankle samples were dehydrated through a graded series of alcohol, embedded in paraffin, and sliced into 3-micrometer
sections, which were then H&E stained.

Measurement of Biochemical Indicators in GA Rats After Allicin Treatment
Blood samples were centrifuged at 3500 rpm for 15 minutes at 4°C. The serum was then collected, and the expression
levels of XOD, TNF-a, IL-1B, IL-8, and IL-18 were measured according to the manufacturer’s instructions.
Subsequently, the joints of the rats were dissected, and the synovial tissue was collected and homogenized. The
expression levels of SOD, MDA, and GSH were also determined following the manufacturer’s guidelines.

Acquisition and Culture of Primary Fibroblast-Like Synoviocytes

In this study, fibroblast-like synoviocytes (FLS) were extracted from the synovial tissues of rat joints. To begin, the rats
were soaked in 75% ethanol for 20 minutes. Both stifle joints were then excised, washed with PBS, and transferred to
PBS dishes containing 100 pg/mL penicillin and 100 mg/mL streptomycin. This process was conducted on a super clean
bench under sterile conditions, with the samples kept in an ice bath and soaked in PBS. The synovial tissues were cut into
small pieces measuring 1 mm x 1 mm X 1 mm. After low-speed centrifugation, the supernatant was discarded. One
milliliter of 0.2% Collagenase type 1 was added to resuspend the synovial tissues, which were then transferred to
a culture flask to ensure even distribution. The tissue was digested for 4 hours at 37 °C in a 5% CO, environment. The
morphology of the tissues was observed to resemble cotton wool, and digestion was terminated by adding 10% FBS.
Following this, the synovial tissues were collected and subjected to low-speed centrifugation again. The supernatant was
collected and added to a complete culture medium. The cell growth and morphology were observed daily.
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Immunofluorescence Staining

Third-generation synovial cells were cultured and passaged, then fixed in 4% paraformaldehyde for 20 minutes. After
fixing, the cells were washed twice with phosphate-buffered saline (PBS) and permeabilized with 0.2% Triton X-100
at 37 °C for 20 minutes. Subsequently, a mouse anti-vimentin antibody (1:200) was added and incubated overnight at
4 °C. Following this, a fluorescent anti-mouse IgG (1:500) was applied and incubated for 1 hour. The nuclei were
stained with DAPI for 15 minutes, and the cells were mounted with an anti-fluorescent quencher. Fluorescence
microscopy was performed, and images of the cells were captured. The purity of the FLS was assessed based on
vimentin staining, with more than 98% of the synoviocytes exhibiting vimentin positivity, confirming that over 98%
were FLS.

Cell Treatment

Cells were cultured in DMEM (HyClone) medium supplemented with 10% fetal bovine serum (Gibco) at 37 °C in an
atmosphere of 5% CO,. Subculturing was performed when cell confluence exceeded 70%. The cells used for experi-
mentation were in passages three to seven and exhibited stable growth. They were reseeded in 6-well plates and
stimulated with MSU in the model group, while the treatment group received both MSU and allicin (20 mM). After
24 hours of culture, the cells were collected for detection and analysis. All in vitro experiments were repeated three times
to ensure reliability.

Reactive Oxygen Species (ROS) Assay

Total reactive oxygen species (ROS) levels were measured using DCFH-DA staining. The cells were incubated in
a DCFH-DA staining solution at a concentration of 10 umol/L for 20 minutes at 37°C. After incubation, the cells were
washed three times with phosphate-buffered saline (PBS) to stop the reaction. Finally, the mean fluorescence intensity
was compared using flow cytometry.

Western Blot Analysis

Rat synovial tissue samples were collected for tissue homogenization and cell lysis. The fibroblast-like synoviocytes
(FLS) were washed three times with phosphate-buffered saline (PBS), and protein samples were obtained through cell
lysis. Protein concentrations were measured using the BCA protein assay kit from Beyotime Biotech Inc. in Shaanxi,
China. The protein samples were then separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) at a voltage of 70 V for 120 minutes. Following this, the protein bands were transferred to polyviny-
lidene fluoride (PVDF) membranes from Bio-Rad in Hercules, CA, USA. The membranes were incubated overnight at
4 °C with diluted primary antibodies. After a 2-hour incubation with horseradish peroxidase (HRP)-labeled secondary
antibodies, protein signals were measured using an enhanced chemiluminescence (ECL) visualization system from
Pierce Biotechnology. The intensity of the protein bands was analyzed using Image Lab analysis software from Bio-
Rad.

16S rRNA Sequencing

The total genomic DNA of the microbial community was extracted from each set of rat fecal samples following the
instructions provided in the PF Mag-Bind Stool DNA Kit (Omega Bio-tek, Georgia, USA). The integrity of the extracted
genomic DNA was assessed using 1% agarose gel electrophoresis, while the concentration and purity of the DNA were
determined with a NanoDrop 2000 (Thermo Scientific, USA). PCR amplification of the V3-V4 variable region of the 16S
rRNA gene was performed using the upstream primer 338F (5'-ACTCCTACGGGGGAGGCAGCAG-3") and the down-
stream primer 806R (5'-GGACTACHVGGGGTWTCTAAT-3"). The amplified products were analyzed for 16S rRNA
using the barcode sequence. The purified PCR products were then used to construct libraries with the NEXTFLEX Rapid
DNA-Seq Kit (Bioo Scientific, Austin, Texas, USA) and were sequenced using the PE300/PE250 platform (Illumina,
Shanghai, China).
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Non-Targeted Metabolomics

Metabolite extraction was conducted by placing 200 mg of fecal sample into a 2 mL centrifuge tube along with 6 mm-
diameter grinding beads. For the extraction, 400 uL of an extraction solution (methanol:water in a 4:1 ratio, v:v) containing
0.02 mg/mL of an internal standard (L-2-chlorophenylalanine) was added. The sample was ground in a frozen tissue mill for
6 minutes at —10 °C and 50 Hz, followed by a cryo-extraction at 5 °C for 30 minutes at 40 kHz. After being allowed to stand
at —20 °C for 30 minutes, the samples were centrifuged for 15 minutes at 4 °C and 13,000 g. The supernatant was then
pipetted into a syringe vial equipped with an internal cannula for analysis. The samples were separated using an HSS T3
column (100 mm X 2.1 mm i.d., 1.8 um) and analyzed through mass spectrometry. Mobile phase A consisted of 95% water
and 5% acetonitrile (with 0.1% formic acid), while mobile phase B contained 47.5% acetonitrile, 47.5% isopropanol, and 5%
water (also with 0.1% formic acid). For the mass spectrometry conditions, the Ion Spray voltage was set to 3500 V for
positive ion mode and 2800 V for negative ion mode. The sheath gas was maintained at 40 psi, with the auxiliary heating gas
at 10 psi. The ion source heating temperature was set to 400 °C, and the cyclic collision energy ranged from 20 to 60 V. The
MSI resolution was 70,000, while the MS2 resolution was 17,000.

Statistical Analysis

All experimental results were analyzed using IBM SPSS version 23.0 for Windows (USA). One-way ANOVA was
employed when the variance was consistent across the data. In cases where variance was inconsistent, non-parametric
tests were utilized. Data are presented as mean + standard deviation (SD), and statistical significance was determined at
a level of P < 0.05.

Results
General State and Expression Level of Uric Acid in GA Rats After Allicin Treatment

Experimental flowchart of allicin in the treatment of GA rats (Figure 1A). Observation of the joints revealed that
24 hours after the injection, the level of joint swelling in the Mod group was significantly higher than in the other groups.
In contrast, joint swelling decreased in both the All H and All L groups (Figure 1B). Analysis of the body weight, food
intake, and water intake of the rats showed no significant differences among the groups (Figure 1C—E). Serum uric acid
levels were measured both before and 48 hours after the joint injection in each group. The results suggest that allicin
effectively alleviated joint swelling and reduced serum uric acid levels, as well as the expression levels of the uric acid-

producing enzyme (XOD) (Figure 1F-H).

The Therapeutic Effect of Allicin on Joints in GA Rats

The results indicated that the degree of joint swelling in the Mod group was significantly higher than that in the Con
group at 4, 8, 12, 24, and 48 hours following MSU injection (P < 0.01), with the peak swelling occurring at 12 hours
post-injection. In comparison to the Mod group, the swelling in the tested joints of the Col, All H, and All L groups
showed significant reduction (P < 0.05, P < 0.01) at 8, 12, 24, and 48 hours after MSU injection into the ankle joint
suspension (Table 1). The skin temperatures of the joints in each group were measured. The results indicated that the
skin temperature of the joints in the Mod group was significantly higher than that in the Con group at 4, 8, 12, 24,
and 48 hours after the joint injection of the MSU suspension (P < 0.01), peaking at 12 hours post-injection. In
comparison to the Mod group, the skin temperatures of the joints in the Col and All H groups were significantly
lower at 4, 8, 12, 24, and 48 hours after the MSU suspension (P < 0.05, P < 0.01) (Table 2). The posture,
inflammatory, and gait scores of the Mod group were significantly higher than those of the Con group at both 12
and 24 hours after the joint injection of MSU suspension (P < 0.01). In comparison to the Mod group, the postural,
inflammatory, and gait scores of the Col, All H and All L groups were significantly reduced (P < 0.05, P < 0.01)
(Table 3).
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Table | Effect of Allicin on Joint Swelling Degree at Different Time After MSU Injection in
Rats with Gout

Group | 4h 8h 12h 24 h 48 h
Con 532 + 0.88 529 + 0.82 5001+ 1.12 483 +0.58 421 +0.62
Mod 13.72  3.12% | 1876 + 4.13%* | 21.33 + 3.84%¢ | 20.77 + 4.32%* | 1832 + 4.| |**
Ben 10.35 + 2.77 14.53 + 3.67 17.51 + 4.57 16.32 £ 3.19 14.25 + 4.38
Col 8.13 + 1.25% 10.52 + 2.17% | 12.38 + 2.53% | |1.31 257 | 9.78 + 1.52%
All H 8.78 + 1.35 10.81 +2.19% | 13.14 £ 2.18% | 12.12 + 2.78" | 9.58 + 1.72%
All L 9.02 + 1.51 11.25 £ 2.35% | 13.69 £ 2.82% | 12,69 £ 2.35% | 10.11 + 1.97%

Notes: Data are expressed as mean % SEM for 8 rats in each group. **P < 0.01 versus Con group, “P < 0.05 and
#Pp < 0.01 versus Mod group.

Table 2 Effect of Allicin on Joint Skin Temperature at Different Time After MSU Injection
in Rats with Gout

Group | 4h 8h 12h 24 h 48 h
Con 3425 + 0.22 35.02 + 0.23 35.23 + 0.21 3476 + 0.19 3432 + 0.25

Mod 36.05 + 0.32°% | 36.32 + 0.33% | 36.75 + 0.36%* | 36.41 + 031 | 36.11 + 0.29%*
Ben 35.52 + 0.28 35.78 + 0.36 36.13 + 0.35% | 35.56 + 0.28% | 35.28 + 0.257
Col 35.11 + 0.35% | 3546 + 037 | 35.77 + 0.34" | 3545 + 025" | 3529 + 0.21%
AllH 3521 + 0.28% | 3535+ 0277 | 3587 + 021" | 3539 + 031" | 3528 + 0.30"
All L 35.45 + 0.32 35.67 + 0.31% | 3588 + 0.23% | 3556 + 0.23% | 35.50 + 0.227

Notes: Data are expressed as mean + SEM for 8 rats in each group.**P < 0.01 versus Con group, "P < 0.05 and
#p < 0.01 versus Mod group.

Table 3 Effect of Allicin on Spontaneous Activity at Different Time After MSU Injection in Rats with

Gout
Posture Score Gait Score Inflammatory Activity Index
12h 24 h 12 h 24 h 12 h 24 h
Con |0 0 0 0 0 0
Mod | 4.11 +0.35% | 324 + 0.32% | 4.25 + 0.42% | 3.67 + 0.35%* | 4.36 + 0.42%* | 3.53 + 0.36%*
Ben | 3.65 + 0.42 2.88 + 0.35 3.78 £ 0.36 3.13 £ 045 3.97 £ 0.43 3.08 £ 0.29
Col | 227 +0.38% | 1.65 + 022 | 2.62 + 0.31% | 2.05 + 0.24" | 3.12 + 038" | 2.35 + 0.35%*
AllH | 261 +029% | 205 + 0.3 | 2.87 + 032" | 2.12 + 0.17% | 3.38 + 0.29% 2,65 + 0.31"
AllL | 278 + 031" | 229 + 0.34% | 3.72 + 0.23 2.75 + 0357 | 3.65 + 0.34 2.77 +0.34"

Notes: Data are expressed as mean + SEM for 8 rats in each group. **P < 0.01 versus Con group, “P < 0.05 and P < 0.01 versus
Mod group.

Renal Function Level and Staining of HE in GA Rats After Allicin Treatment

The effects of allicin on renal function and histopathology in rats were studied. Compared with the Con group, the levels of serum
urea nitrogen and creatinine in the Mod group significantly increased after 7 days of the experiment, the renal excretion fraction
significantly decreased, and the renal index significantly increased (P < 0.01). Compared with the Mod group, the levels of serum
urea nitrogen and creatinine in the All H and All L groups were significantly decreased (P < 0.05), and the renal excretion fraction
and renal index were significantly improved (Figure 2A-D). HE staining of rat renal tissue revealed distinct differences between
groups. In the Con group, the renal structure appeared normal, with clear boundaries between glomeruli and tubules. In contrast,
the Mod group exhibited significant renal damage, characterized by extensive glomerular atrophy, tubular dilation, tissue edema,
infiltration by inflammatory cells, epithelial cell necrosis, and shedding. The renal tissue of rats in the All and Col groups also
showed signs of glomerular atrophy and severe tubular luminal dilation, along with disorganized cell demarcation. Additionally,
the kidney tissues of rats in All H and All L groups displayed tubular vacuolar degeneration, occasional edema, and some

inflammatory cell infiltration (Figure 2E).
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Figure 2 Serum kidney function, HE staining of rats 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 rats. (D) Kidney index. (E) HE staining. **P < 0.01 versus Con group, #P < 0.05 versus Mod group.

The Effect of Allicin Treatment on Cytokine Expression Levels and Uric Acid Level in

Synovial Fluid, Polarized Light Observation, and HE Staining in GA Rats
The ELISA assay kits detected changes in the cytokines TNF-a, IL-8, IL-18, and IL-1f3. The results indicated that,
compared to the Con group, the expression levels of TNF-a, IL-8, IL-18, and IL-1p in the synovial tissue of the Mod

Drug Design, Development and Therapy 2025:19 hetps: 7895



Wu et al

group were significantly increased (P < 0.01 or P <0.001). In contrast, the expression levels of these cytokines in the All
H and All L groups were significantly lower than those in the Mod group (P < 0.01) (Figure 3A-D). The ankle joint fluid
of rats in each group was examined. The results showed that allicin treatment could reduce the uric acid content in the
joint fluid. Observe uric acid deposition under a 200x polarizing microscope. No urate crystals were observed in the
synovial fluid of rats in the Con group. On the contrary, different degrees of fine rod-shaped or needle-shaped urate
crystals were observed in other groups. Compared with the Mod group, the degree and quantity of uric acid deposition in
the All H group were significantly reduced (Figure 3E and F).

HE staining was performed on the ankle joint tissues of rats in each group to assess histomorphological changes. The
results revealed that the synovial cells in the ankle joints of the Con group were neatly arranged with no evidence of
inflammatory cell infiltration. In the Mod group, there was proliferation of some synovial tissues, along with edema and
numerous inflammatory cell infiltrations in the ankle joints. The Alr group also exhibited inflammation, edema, and
proliferation of synovial tissue. In the Col group, only a small amount of inflammatory cell infiltration was noted in the
synovial tissue of the ankle joint, accompanied by some tissue edema. Across All H and All L groups, a mild presence of
inflammatory cell infiltration, occasional edema, and synovial hyperplasia were observed in the ankle joint’s synovial
tissue (Figure 3G).

The Oxidative Stress and NLRP3 Inflammasome Levels After Allicin Treatment in GA

Rats

To clarify the role of oxidative stress in GA, we measured the expression levels of ROS, SOD, MDA, and GSH in the
synovial tissues of rat joints. The results indicated that the rats in the Mod group experienced an oxidative stress
response, leading to increased ROS production. Following treatment with allicin, the ROS levels in the synovial tissue of
all groups were significantly lower than the Mod group (P < 0.01 or P < 0.001) (Figure 4A and B). In comparison to the
Con group, the Mod group displayed significantly lower levels of SOD and GSH in the synovial tissue (P < 0.01), while
the level of MDA was significantly higher (P < 0.001). Allicin treatment can improve the expression of oxidative stress
factors (Figure 4C-E).

To investigate the effect of allicin on NLRP3 inflammasomes, the expression levels of NLRP3, ASC, caspase-1, and
IL-1p were measured in the synovial tissues of rats from each group. It was found that when GA occurred, the NLRP3
inflammasome was activated, and the expression levels of ASC, caspase-1, and IL-1f3 were significantly increased. After
allicin treatment, it could exert an anti-inflammatory effect by inhibiting the NLRP3 inflammasome (Figure 4F-J).

Effect of Allicin on Gut Microbial Diversity in GA Rats

The effects of allicin treatment on gut microorganisms were examined by measuring gut microbial diversity. Initially, the
species profiles of the Pan and Core groups were analyzed for each sample set, revealing that both the number of gut
microbial species and the sequencing sample size in each group were adequate for further analysis (Figure 5A and B).
Next, the o-diversity of the samples was assessed using several indices: Sobs, Shannon, Chao, and Ace, which
correspond to the number of samples, sample diversity, sample homogeneity, and sample richness, respectively. The
results indicated a significant increase in the a-diversity of gut microorganisms following allicin treatment (Figure SC—F).
Further analysis of B-diversity using PCA, PLS-DA, NMDS, and NCM indicated that the gut microbial composition of
rats in the Con and All groups was significantly different from that of the rats in the Mod group. The analysis with the
NCM revealed that the microbial community structure in this study was more influenced by deterministic processes and
less affected by stochastic processes (Figure 5G-J). Additionally, the gut microflora dysbiosis index was used to assess
the degree of microbial ecological dysbiosis. The results demonstrated that allicin treatment significantly modulated the
gut microbial dysbiosis induced by GA (Figure 5K).

Analysis of the samples using Venn diagrams revealed the presence of unique or shared gut microbes in each group
(Figure 5L). At the phylum level, community abundance analysis showed that the Mod group had an increased
abundance of Bacteroidota and Verrucomicrobiota and a decreased abundance of Firmicutes, Patescibacteria, and
Actinobacteriota and that allicin treatment reversed the effect of GA on these species (Figure SM). We also examined
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Figure 3 Expression of inflammatory factors and the levels of uric acid in joint fluid and HE staining of joints of rats in each group after allicin treatment. (A) The expression
levels of TNF-a. (B) The expression levels of IL-8. (C) The expression levels of IL-18. (D) The expression levels of IL-1B. (E) The joint fluid uric acid level of the rats. (F) The
urate crystals appeared in the synovial fluid of rats. (G) HE staining of ankle joint (200%). Data are expressed as mean * SEM for 8 rats in each group. **P < 0.0l and ***P <
0.001 versus Con group, “P < 0.05 and P < 0.01 versus Mod group.

the abundance of gut microorganisms at the genus level and observed differences in the dominant species among the
three groups, with the Mod group being dominated by Muribaculaceae. In contrast, the Con and All groups were
dominated by Lactobacillus (Figure 5N).

The circle graph shows the microorganisms and their relative abundance in each group of samples. The results
suggested at the phylum level, there was a higher abundance of Firmicutes, Bacteroidota, and Patescibacteria
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Figure 4 The level of oxidative stress and NLRP3 inflammasome in the joint synovial tissue of rats after allicin 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. (F) Western blot was conducted to evaluate the protein level of NLRP3 and
B-Actin in synovial tissue. (G) Box plot showing the densitometry analysis of NLRP3 normalized by p-Actin. (H) The expression level of ASC in synovial tissue. (I) The
expression level of Caspase-1 in synovial tissue. (J) The expression level of IL-1f in synovial tissue. Data are expressed as mean * SEM for 8 rats in each group. **P < 0.0l and

#¥5P < 0,001 versus Con group, “P < 0.05, P < 0.01 and *P < 0.001 versus Mod group.
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Figure 5 Allicin improved GA rats by restoring gut microbial diversity. (A) Pan analysis. (B) Core analysis. (C) Shannon index. (D) Sobs index. (E) Ace index. (F) Chao
index. (G) PCA analysis. (H) PLS-DA analysis. (I) NMDS analysis. (J) NCM analysis. (K) Microbial dysbiosis index. (L) Venn diagram. (M) Community abundance analysis at
the phylum level. (N) Community abundance analysis at the genus level. (O) Circos plots analysis at the phylum level. (P) Heat map. (Q) LDA discriminant histogram. (R)
LEfSe multilevel species level tree. *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.

(Figure 50). Functional information on the microbial communities in each group of samples was predicted using the
PICRUSt2 functional prediction method. Metabolic pathways in the disease processes were further predicted using
functional composition and abundance (KEGG) (Figure 5P). Lefse Multilevel Species Difference Discriminant Analysis
is used to test for differences among various species at multiple levels. This analysis identifies characteristic taxa with
significant differences in abundance (Figure 5Q and R).

Effect of Allicin on Gut Microbial Metabolites in GA Rats
LC-MS was used to observe the changes in microbial metabolites after allicin treatment. The results showed that the QC
samples were well-grouped, indicating good bioanalysis and data quality. All three groups of samples with positive and
negative ions were separated using PCA (Figure 6A and B). PLS-DA showed that the intestinal metabolic profiles of rats
treated with allicin differed significantly from those of rats in the Mod group (Figure 6C—E). Volcano plots illustrating
changes in metabolite levels revealed that, compared to the Mod group, the Con group had 771 metabolites upregulated
and 142 downregulated. When comparing the Mod group to the All group, 45 metabolites were upregulated and 108
were downregulated. Additionally, when the Con group was compared to the All group, 873 metabolites were
upregulated, while 156 were downregulated (Figure 6F—H).

Venn diagrams showed that 41 identical metabolites were altered after allicin treatment (Figure 61). Short-chain fatty
acids were found to be the most highly enriched pathway, indicating that the short-chain fatty acid pathway may be a key
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metabolic pathway in allicin-treated GA rats (Figure 6J and K).The VIP bar charts highlights the significance of the
differential metabolites and their expression trends. Notably, butyric acid exhibited significantly lower expression in the
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Mod group but showed a marked increase in expression following allicin treatment (Figure 6L and M).
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Exploring the Therapeutic Effect and Mechanism of Allicin in GA Rats by Fecal

Microbiota Transplantation Model

To verify whether gut microbial metabolites mediate the protective effect of allicin in GA rats, we transplanted the gut
microbiota of allicin-treated GA rats into recipient Mod rats via daily gavage (Figure 7A). There were no significant
differences in body weight, food intake and water intake among the groups of rats (Figure 7B-D). The levels of serum
XOD, uric acid, urea nitrogen and creatinine in the FT-Mod group were significantly higher than those in the FT-Con
group. After treatment in the FT-All group, uric acid production in GA rats was reduced and renal indicators were
improved (Figure 7E-I).

Flow cytometry detection of ROS levels in the synovial tissue of rats in each group showed that the FT-All group had
significantly reduced GA-induced ROS production, inhibited MDA expression, and increased SOD and GSH expression
levels (Figure 7J-N). ELISA kits were utilized to measure the levels of TNF-q, IL-8, IL-18, and IL-1 in the synovial
tissues of rats across different groups. The results indicated that the levels of pro-inflammatory cytokines in the synovial
tissue of the FT-All group were significantly reduced (Figure 70-R).

Effects of ROS and NLRP3 Infllmmasome in FLS After Butyric Acid Treatment

The expression level of BA in the synovial tissues of rats in each group was detected. It was found that the BA content
increased in both the allicin treatment group and the FT-All group. It suggested that butyric acid, a metabolite of gut
microbes, may play a key role in the allicin treatment of GA (Figure 8A and B). To further confirm the role of BA in
inhibiting oxidative stress and alleviating joint inflammation, we isolated and characterized FLS of rats. It cultured until
the third passage, the cell morphology was spindle-shaped and grew well (Figure 8C). The third passage of synovial cells
was used for immunofluorescent staining. Vimentin is a characteristic marker protein of FLS, and the positive rate of
stained synoviocytes was > 98%, suggesting that the cultured synoviocytes were FLS (Figure 8D).

FLS were further stimulated by MSU, and the effects of BA on ROS and NLRP3 inflammasomes in synovial cells
following MSU stimulation were investigated. Based on preliminary research and cell viability tests, 8 uM BA was
selected as the experimental drug concentration for analysis. The ROS fluorescence intensity in the BA group was
substantially lower than that in the Mod group (P < 0.001). These results indicate that MSU-stimulated FLS significantly
increased ROS production, while treatment with BA inhibited ROS production (Figure 8E and F). The expression levels
of NLRP3, ASC, Caspase-1, and IL-1p in the cell lysates from each group were measured. The results indicated tha the
expression level of NLRP3, ASC, Caspase-1, and IL-1p in the BA group was significantly decrease (Figure 8G—K).

Discussion
The incidence of GA has significantly increased worldwide due to changes in living standards and dietary habits. GA is
a metabolic disease that poses serious threats to both physical and mental health.”* Currently, clinical treatments for GA
primarily consist of small-molecule synthetic drugs that effectively target the reduction of blood uric acid levels and
provide anti-inflammatory analgesia.* Allicin is one of the many biologically active components of garlic and has
significant anti-inflammatory, antioxidant, and other pharmacological effects.'” 2 It has potential as an anti-GA agent.
This study aims to explore the therapeutic effects of allicin on GA and clarify its mechanism through the gut-joint axis.
In the current study, it mostly used exogenous joint injection of MSU crystals to shape the GA model.*'*** Coderre
used MSU crystals to inject the ankle joints of rats, which showed significant swelling at the tested joints after
injection.>® There are clinical manifestations of limited mobility to establish a GA rat model, which has been widely
used in the screening of anti-gout drugs. In this study, potassium oxonate and yeast gavage maintained the hyperuricemic
state of rats for a long time, and MSU crystals were injected into the exogenous joints to shape the GA model in
a hyperuricemic state. Simultaneously, referring to the diagnostic criteria of clinical GA, this experiment used the
swelling degree of the tested joints, skin temperature of the tested joints, and spontaneous activity of the animals,
including posture score, gait score, and inflammatory index, to assess the clinical characteristics of GA model
animals.**** Clinical GA disease characteristics can be fully simulated by detecting serum uric acid levels in model
animals and by pathological observation of synovial tissue at the tested joints. Based on this animal model, we found that
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Figure 7 Effect of allicin on GA rats after fecal microbiota transplantation. (A) The flowchart of the part in vivo experiments. (B) The body weight. (C) The food intake. (D) The
water intake. (E) The XOD activity. (F) The serum uric acid level was 0 h before the joint MSU injection. (G) The serum uric acid level was 48 h after the joint MSU injection. (H)
The activity of BUN in the serum. (I) The activity of Cre in the serum. (J) Detection of ROS expression levels in the joint synovial tissue by flow cytometry. (K) The mean
fluorescence intensity. (L-N) The content of SOD, MDA, and GSH in the joint synovial tissue. (O—R) Inflammatory cytokines (TNF-a, IL- I, IL-8, and IL-18) levels in joint synovial
tissues. Data are expressed as mean + SEM for 6 rats in each group. *P < 0.01 and **P < 0.001 versus FT-Con group, *P < 0.05 and **P < 0.0 versus FT-Mod group.
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Figure 8 Extraction and identification of FLS and butyric acid inhibits ROS and NLRP3 inflammasome in FLS after MSU stimulation. (A) The butyric acid content in synovial
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(D) Vimentin identifies FLS as a characteristic labeling protein. (E) Detection of ROS expression levels in FLS after adding MSU and butyric acid treatment by flow cytometry.
(F) The mean fluorescence intensity of FLS in each group. (G) Western blot was conducted to evaluate the protein level of NLRP3 and B-Actin in cell lysates. (H) Box plot
showing the densitometry analysis of NLRP3 normalized by B-Actin. (I) The expression level of ASC in cell supernatant. (J) The expression level of Caspase-1 in cell
supernatant. (K) The expression level of IL-1B in cell supernatant. **P < 0.001 versus Con group, “*P < 0.01 and *#P < 0.001 versus Mod group.
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allicin significantly reduced ankle swelling and skin temperature, and improved the limitation of spontaneous movement
in rats with GA. Histopathological observations showed that allicin significantly inhibited the infiltration of inflammatory
cells in the synovium of the tested ankles 48 h after joint injection and significantly improved synovial tissue edema,
vascular proliferation, and other lesions, suggesting that allicin has an excellent anti-gout effect. Liver and kidney
function indices were measured seven days after the administration of allicin, along with an observation of liver and
kidney histopathology. And it showed that allicin had no significant effect on liver and kidney function. Histopathological
analysis revealed that the liver and kidney tissue structures appeared normal, with epithelial cells arranged neatly, and no
signs of inflammatory infiltration or pathological changes were observed (Supplementary Figure S1). These results

suggest that allicin has therapeutic effects in improving the general condition of GA, without causing significant damage
to the liver and kidneys, indicating its safety.

Current research indicates that oxidative stress and inflammatory responses are key pathological features of GA.**
XOD is a key enzyme in the uric acid synthesis process within the uric acid metabolism target group. XOD uses
hypoxanthine or xanthine as substrates to produce superoxide. Uric acid is the end product of purine metabolism. Uric
acid concentrations above physiological levels primarily precipitate as crystals in bodily tissues or organs, potentially
causing mitochondrial damage, promoting the expression and release of ROS, and triggering inflammatory
responses.*®*? Our research found that during GA attacks, XOD expression levels significantly increased, leading to
increased ROS production, which further activated the NLRP3 inflammasome and exacerbated the inflammatory
response. This study showed that allicin can further reduce XOD activity and ROS production, restore oxidative stress
balance, inhibit the activation of the NLRP3 inflammasome, and regulate the expression of pro-inflammatory cytokines.

Dietary organosulfur compounds have low bioavailability and can function through metabolites fermented by gut
microbiota.’®>? Therefore, this study examined the gut microbiota and metabolites in allicin-treated GA rats. This study
found through 16S rRNA sequencing results that allicin significantly improved the a and B diversity of intestinal
microbiota in GA rats. After allicin treatment, its species composition became more similar to that of normal rats. The
MDI index also showed that allicin treatment significantly regulated the intestinal microbiota dysbiosis caused by GA. At
the phylum level, AB4 increased the abundance of Firmicutes and Actinobacteriota, which are key dominant species in
the gut microbiota. Further analysis of relative abundance at the genus level revealed that allicin significantly increased
the abundance of Lactobacillus and decreased the abundance of Muribaculaceae. Lactobacillus is a probiotic that has
been shown to alleviate various diseases and reduce inflammatory responses. Finally, after AB4 treatment, Lefse multi-
level species difference discriminant analysis and PICRUSt2 functional prediction were used to analyze microbial
taxonomic and functional information, indicating that gut microbiota may play a key role in the process of allicin
inhibiting GA-induced inflammation. In this study, we analyzed the intestinal metabolites of GA rats treated with allicin
using non-targeted metabolomics, and the results showed that the main metabolic pathways involved were SCFA
metabolism. SCFAs are metabolites produced by gut microbiota in the intestine and can inhibit inflammatory
responses.’>>* Further analysis revealed that allicin treatment primarily affects the levels of SCFA metabolites BA in
the gut microbiota. This may be one of the key mechanisms through which allicin treatment modulates the gut-joint axis
in GA.

Additionally, FMT confirmed that the protective effect of allicin on GA rats is mediated by SCFAs produced by the
gut microbiota.>>*® When the gut microbiota from GA rats treated with allicin was transplanted into recipient Mod rats,
BA levels significantly increased, effectively alleviating GA-related symptoms, reducing oxidative stress and inflamma-
tory responses in rat joints, and effectively lowering uric acid levels. These findings suggest that allicin exerts its
therapeutic effects on GA by regulating the gut microbiota and its metabolic products. Finally, the effects of BA on
synovial cells stimulated by MSU were investigated in vitro by extracting FLS to explore the mechanism. We found that
BA significantly inhibited ROS production and NLRP3 inflammasome activation, suggesting that BA is a key metabolite
in the therapeutic effects of allicin on GA. These results indicate that allicin may treat GA by regulating the gut-joint axis
and improving gut microbiota metabolites, thereby further inhibiting oxidative stress and inflammatory responses. At the
same time, this study can further validate the therapeutic effect of GA by targeting specific microbiota and metabolites,
and explore the effects of allopurinol and colchicine treatment on gut microbiota metabolites and therapeutic mechan-
isms. This will help clarify the potential of allicin as a therapeutic agent for GA.
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Conclusions

In summary, the results of this study indicate that allicin may be a potential treatment for GA, effectively alleviating the
pathological symptoms of GA attacks, reducing uric acid levels and inflammatory responses, and exerting protective
effects on the kidneys and joints. Further research has found that allicin primarily reduces oxidative stress and NLRP3
inflammasome activation to improve GA by regulating intestinal microbiota (Lactobacillus) and metabolites (butyric
acid). This study reveals a new mechanism for the protective effect of allicin on GA. Our data may provide a promising
GA treatment method by targeting key metabolites or bacteria.
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