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Editorial on the Research Topic

Community series in advances in pathogenesis and therapies of gout,
volume II
Gout is a common sterile inflammatory disease caused by abnormal purine metabolism

(1). Uric acid is the final product of purine metabolism in the human body. The

pathogenesis of gout involves the formation and deposition of monosodium urate

(MSU) crystals in tissues due to elevated serum uric acid. MSU is recognized and

phagocytic by macrophages, and subsequently activates the inflammasome NOD-like

receptor thermal protein domain associated protein 3 (NLRP3), produces interleukin

(IL)-1b and promotes the release of other pro-inflammatory factors and the aggregation of

neutrophils, thereby triggering local or even systemic inflammatory responses (2). With the

improvement of living standards and the increase in purine intake, the incidence of

hyperuricemia and gout is increasing annually (3). It is worth noting that hyperuricemia

has become an independent risk factor for various systemic diseases, especially

cardiovascular diseases and chronic kidney diseases (4, 5). To further identify new

strategies for the prevention and improvement of hyperuricemia as well as gout, this

Research Topic exhibits a number of original research articles on the topic of advances in

diagnosis, genetic involvement, pathogenesis, and comorbidities of hyperuricemia

and gout.

In this Research Topic, He et al. explored the relationship between the Oxidative

Balance Score (OBS, composed of scores for 20 dietary and lifestyle factors) and

hyperuricemia/gout. Among adult participants in the National Health and Nutrition

Examination Survey (NHANES) spanning from 2009 to 2018, higher OBS was found to

be associated with a decreased risk of developing hyperuricemia/gout, underscoring its

potential in the prevention and management of these conditions. Life’s Essential 8 (LE8) is

a comprehensive measure of cardiovascular health promoted by the American Heart
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Association, and Wang et al. suggested that higher LE8 scores are

robustly associated with lower odds of hyperuricemia.

Recent reports have suggested that the intestine may play a

crucial role in the excretion of uric acid outside the kidneys (6).

Yang et al. performed a large Taiwanese population study to

examine the risk factors for self-reported peptic ulcer disease

(PUD), and found that hyperuricemia was associated with low

prevalence of self-reported PUD in males, but not in females. Gouty

nephropathy (GN) is a renal condition caused by precipitation of

MSU in the kidney tubules (7). Li et al. introduced a new approach

for the induction of GN by intrarenal injection of MSU, which may

potentially serve as an experimental groundwork for future studies

on the pathogenesis and prevention strategies of GN. Uric acid

excretion in the intestine and kidney is closely related to the

polymorphism of ABCG2 gene. Many common variants

associated with gout have been reported, e.g., rs22331142 in

ABCG2 in a Taiwanese population (8). Nevertheless, Tseng et al.

identified the rare variants rs559954634, rs186763678, and 13-

85340782-G-A for the first time to be associated with gout in

Taiwanese male, and the mechanism of these rare variants is worthy

of further study.

The above-mentioned excessive intake of purine and the

excretion disorder of uric acid lead to the formation of MSU,

which participate in pyroptosis, to activate NLRP3 inflammasome

of innate immune cells. IL-38 is a newly discovered anti-

inflammatory cytokine, and a cardiovascular study highlighted that

IL-38 inhibits the activation of the NLRP3 inflammasome (9). Huang

et al. reported in this Research Topic that the serum levels of IL-38

were reduced in patients with gout compared to that in negative

controls, suggesting that IL-38 may have immunomodulatory

effects on gout inflammation and possesses clinical application

value. In addition, Absent in melanoma 2 (AIM2) inflammasome

stimulates apoptosis-associated speck-like protein containing a

CARD (ASC) to facilitate the oligomerization and subsequent

proteolytic maturation of pro-caspase-1 (10). Chu et al.

investigated the action of AIM2 in the inflammatory processes of

acute gouty arthritis (AGA) and asymptomatic hyperuricemia

(AHU), which provide new insights into the involvement of the

AIM2 mediated pyroptosis pathway in the development of AGA

and strategies for treating gout.

In addition to inflammasomes, there are more biomarkers

involved in the pathogenesis of gout. Using the gout-associated

transcriptome dataset GSE160170, Wang et al. found that there

were significant differences in the expression levels of CXCL8,

CXCL1, and CXCL2 between the gouty group and the healthy

group, and they also predicted 10 chemicals related to these

proteins. Utilizing a high-quality, high-throughput proteomic

analysis technique, Huang et al. identified differentially expressed

proteins in the serum and synovial fluid of gout patients in
Frontiers in Immunology 025
comparison to that of healthy controls and osteoarthritis. These

discoveries are potential biomarkers for diagnostic purposes and are

believed to have critical roles as pathogenic factors in the

pathophysiology of gout.

Overall, the original research articles in this Research Topic

cover a series of important aspects in the field of potential

biomarkers, influencing factors and clinical management of gout,

which may provide new insights into the diagnosis and intervention

of gout and hyperuricemia.
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Background: Although hyperuricemia is not always associated with acute gouty

arthritis, uric acid is a significant risk factor for gout. Therefore, we investigated

the specific mechanism of uric acid activity.

Methods: Using the gout-associated transcriptome dataset GSE160170, we

conducted differential expression analysis to identify differentially expressed

genes (DEGs). Moreover, we discovered highly linked gene modules using

weighted gene coexpression network analysis (WGCNA) and evaluated their

intersection. Subsequently, we screened for relevant biomarkers using the

cytoHubba and Mcode algorithms in the STRING database, investigated their

connection to immune cells and constructed a competitive endogenous RNA

(ceRNA) network to identify upstream miRNAs and lncRNAs. We also collected

PBMCs from acute gouty arthritis patients and healthy individuals and constructed

a THP-1 cell gout inflammatory model, RT−qPCR and western blotting (WB) were

used to detect the expression of C-X-Cmotif ligand 8 (CXCL8), C-X-Cmotif ligand

2 (CXCL2), and C-X-C motif ligand 1 (CXCL1). Finally, we predicted relevant drug

targets through hub genes, hoping to find better treatments.

Results: According to differential expression analysis, therewere 76 upregulated and

28 downregulated mRNAs in GSE160170. Additionally, WGCNA showed that the

turquoise module was most strongly correlated with primary gout; 86 hub genes

were eventually obtained upon intersection. IL1b, IL6, CXCL8, CXCL1, and CXCL2 are

the principal hub genes of the protein–protein interaction (PPI) network. Using RT

−qPCR and WB, we found that there were significant differences in the expression

levels of CXCL8, CXCL1, and CXCL2 between the gouty group and the healthy

group, and we also predicted 10 chemicals related to these proteins.

Conclusion: In this study, we screened and validated essential genes using a variety of

bioinformatics tools to generate novel ideas for the diagnosis and treatment of gout.
KEYWORDS

gout, CXCL8, CXCL2, CXCL1, WGCNA
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1 Introduction

Gout is a common type of arthritis that heals on its own. The

prevalence of gout varies greatly between races and geographical

areas, with rates ranging from less than 1% to 6.8% (1). The latest

projections indicate that gout mortality may increase by 55% in

2060 (2), and the frequency and incidence of this disease have

increased globally (3–5). Monosodium urate crystals accumulate in

joints, tendons, and other tissues because of persistently high serum

urate levels, which causes gout and recurrent episodes of severe,

acute, painful arthritis. Gout is more common in older people than

in younger people and is related to more risk factors, such as

obesity, chronic kidney disease (CKD), and cardiovascular disease

(CVD), all of which have a negative effect on patients (6, 7). There

are four phases of gout: persistent hyperuricemia, acute

inflammation generated by monosodium urate (MSU) crystal

activation of immune cells, deposition of MSU crystals, and

chronic gouty bone deterioration (8, 9).

MSU is an injury-related molecule whose accumulation in the

joint does not always result in inflammation. Initially, MSU

stimulates NF-kB via TLR4 and TLR2 and synthesizes pro-IL-1b
and NLRP3. Second, MSU crystals also lead to the assembly of

NLRP3 and the activation of caspase-1, the proteolytic hydrolysis of

which results in the maturation of IL-1b. Ultimately, neutrophils

and other cells are transported to the site of crystal deposition, and

innate stimulatory immune pathways are activated when IL-1b
interacts with IL-1b-interacting receptors, initiating a downstream

signaling cascade that includes proinflammatory cytokines and

chemokines (9, 10). A reduction in joint inflammation is an

essential component of gout treatment. Oral prednisolone,

nonsteroidal anti-inflammatory medications, and low-dose

colchicine are the most used clinical treatments for gout flare

control. However, these oral medicines have diverse modes of

action and can cause side effects (10–13). As a result, biomarkers

capable of guiding the prevention and treatment of acute gouty

arthritis, as well as specific medications, are urgently needed.

Bioinformatics, which includes genomics, proteomics, gene

regulation, biological networks, and other fields, employs

computer technology to analyze and process enormous amounts

of biological data to help researchers obtain a better understanding

of disease mechanisms. Weighted gene coexpression network

analysis (WGCNA) is a widely used bioinformatics method (14,

15) that clusters highly correlated genes into the same module to

reveal functional associations between genes, reflect the biological

processes or functions in which these genes are involved, and assess

the correlations between gene features and clinical characteristics to

discover potential biomarkers or new therapeutic targets. The AGA

transcriptome dataset GSE160170 was used in our study to screen

for differentially expressed genes (DEGs), andWGCNA was used to

identify the most relevant modules for gout. Next, we screened for

genes that overlapped between DEGs and the most relevant

modules, analyzed these overlapping genes using GO and KEGG

functional enrichment analyses, and constructed a protein−protein

interaction (PPI) network. Finally, we identified hub genes and

validated them using population blood samples and a THP-1 cell

model. Using these hub genes, we investigated the connections
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between immune cells, generated competing endogenous RNA

(ceRNA) networks, and predicted target drugs. Through the

identification of biomarkers indicative of acute gouty arthritis

diagnosis and treatment, we hope to identify new therapeutic

options for this disease.
2 Materials and methods

2.1 Dataset collection

The NCBI-GEO database (https://www.ncbi.nlm.nih.gov/geo)

is a free microarray/gene profile database. Gout-related noncoding

RNAs, comprising differentially expressed lncRNAs and mRNAs,

were obtained from the GEO database GSE160170. After screening

the differentially expressed mRNAs using the “Limma” package in R

3.6.1, a P value< 0.05 and a |log2-fold change (FC)| >2 was used.

The “ggplot2” package was used to visualize volcanic activity. The

flowchart of our study design is shown in Figure 1.
2.2 Weighted gene correlation
network analysis

The “WGCNA” package, a rigorous biological strategy that

uncovers highly synergistic mRNAs by establishing scale-free

networks and combining them with clinical data, was used to

identify the most relevant gout genes.
2.3 Enrichment analysis

GO and KEGG functional enrichment analyses were

subsequently used to investigate the biological activities and

important pathways associated with the significant enrichment of
FIGURE 1

The flowchart of our research.
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DEGs. Based on the “clusterProfiler” package, functional enrichment

analysis was carried out, and the “ggplot2” package was used to

visualize the results. The standard was established at a p value<0.05.
2.4 Protein–protein interaction
(PPI) network

The STRING database (http://string.embl.de/) is a biological

database used to retrieve protein interactions. PPIs of DEGs were

constructed with a confidence score of ≥0.7 based on the STRING

web tool. Afterward, the Mcode and cytoHubba plugins in

Cytoscape 3.5.1 software were used to screen and visualize the

hub genes of the PPI network.
2.5 Immune cell infiltration analysis

The “GSVA” package was used to conduct ssGSEA on the

GSE160170 dataset. Three files were used for GSVA: the

transcriptome matrix, the immune cell type list, and the grouping

data. Grouping box plots were created to show the differences in

immune cells between the two groups. Heatmap was utilized to

show the link between hub genes and immune cells.
2.6 Construction of the ceRNA network

The “MultiMir” package was used to search the MIRTARBASE

database for potential upstream miRNAs. Then, miRNA−lncRNA

data were downloaded from the STARBASE database

(STARBASEV3_HG19_CLIP-SEQ_LNCRNA_ALL) with

Pancancernum>10 and Clipexpnum>5, and Cytoscape 3.5.1

software was used to visualize the ceRNA network.
2.7 Patient samples

Twelve healthy control individuals and male patients with

primary gout were recruited from Guangxi Medical University’s

First Affiliated Hospital. Our research was approved by the First

Affiliated Hospital of Guangxi Medical University’s Ethics

Committee[2023-E710-01]. The gout diagnosis satisfied the 2015

American College of Rheumatology/European League Against

Rheumatism gout classification criteria (16). We evaluated each

patient by determining their sex, age, serum urate (SUA), white

blood cell count (WBC), neutrophil granulocyte counts (NEU),

lymphocyte counts (LYM), monocyte counts (MONO), total

cholesterol (TC), triglycerides (TG), high density lipoprotein

cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C)

and blood glucose (GLU) (Table 1).
2.8 THP-1 gout inflammatory model

THP-1 cells (Procell, Wuhan, China) were cultured in RPMI-

1640 medium (Procell, Wuhan, China) supplemented with 10% FBS
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(Gibco, USA), 0.05 mM b-mercaptoethanol (Solarbio, Beijing,

China), and 1% P/S (Solarbio, Beijing, China). THP-1 cells were

stimulated for 24 hours to produce macrophages using 100 ng/L

phenol 12-myristate 13-acetate (PMA; Sigma−Aldrich USA) (17–19).

PMA-treated THP-1 cells were stimulated with 0 μg/ml, 50 μg/

ml, 100 μg/ml, or 200 μg/ml MSU crystals, and the optimal

stimulation concentration was selected by CCK8 (NCM, Suzhou,

China) to establish the gout inflammation model.

Cell viability ( % ) 

=  ½A(spiked) − A(blank)�=½A (0 spiked) − A(blank)� �  100
2.9 RT−qPCR

All primer sequences are shown in Table 2, and GAPDH was

used as an internal reference. RNA was extracted from peripheral

blood mononuclear cells (PBMCs) from human blood and THP-1

cells using TRIzol reagent (Takara, Japan), and cDNA was

produced by reverse transcription using HiScript@III RT

SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China).

The target genes were amplified and detected via Stepone Plus

(Thermo Fisher Scientific, USA) using ChamQ Universal SYBR

qPCR Master Mix (Vazyme, Nanjing, China), and the relative

mRNA expression of the hub genes was calculated via the 2

−DDCt method.
2.10 Western blot

RIPA high-efficiency tissue cell lysates and 1% PMSF proteinase

inhibitor (Solarbio, Beijing, China) were used to lyse the THP-1

cells. A bicinchoninic acid (BCA) kit (Beyotime, Shanghai, China)

was used to measure the protein concentration. After being
TABLE 1 The clinical data of gout patients.

HC GA p

Sex (F/M) 0/12 0/12

Age (year) 44 ± 5.8 45 ± 13 0.886

SUA (mmol/L) 391 [66] 519 [121] 0.001 **

WBC (×109/L) 6.3 [1.8] 9 [5.9] 0.024 *

NEU (×109/L) 3.2 [0.93] 6.1 [5.2] 0.002 **

LYM (×109/L) 2.2 ± 0.46 1.6 ± 0.77 0.0347 *

MONO (×109/L) 0.43 [0.17] 0.91 [0.36] 0.006 **

TC (mmol/L) 5.3 ± 0.82 5.9 ± 1.3 0.18

TG (mmol/L) 1.6 [0.87] 1.7 [1] 0.603

HDL-C (mmol/L) 1 [0.25] 1.1 [0.14] 0.603

LDL-C (mmol/L) 3.2 [1] 3.9 [0.81] 0.133

GLU (mmol/L) 4.9 [0.36] 5.4 [1.9] 0.453
* P<0.05, ** P<0.01.
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separated via 15% sodium dodecyl sulfate−polyacrylamide gel

electrophoresis (SDS−PAGE), the proteins were transferred to a

polyvinylidene difluoride (PVDF) membrane. The PVDF

membranes were blocked with 5% skim milk containing Tris-

buffered saline/Tween 20 (TBST) for 1 hour before being

incubated at 4°C for 18 hours with antibodies against CXCL8

(1:800; Proteintech, Wuhan, China), CXCL2 (1:800; Bioss,

China), and CXCL1 (1:800; Proteintech, Wuhan, China). The

membrane was incubated with secondary antibody at room

temperature for one hour (anti-rabbit immunoglobulin G,

1:12,000; Absin). Enhanced chemiluminescence (ECL) (Biosharp,

China) was used in an imaging device (iBright FL1000, Thermo

Fisher Scientific, USA) to visualize the bands.
2.11 ELISA

Following the manufacturer’s instructions, an ELISA kit

(Solarbio, Beijing, China) was used to measure IL-1b secretion

into the serum by THP-1 cells.
2.12 Prediction of potential drugs

With the use o f the Enr i chr p l a t fo rm (ht tps : / /

amp.pharm.mssm.edu/Enrichr/), we were able to access the Drug

Signature Database (DSigDB), which contains a variety of publicly

available drug-related gene expression data, and the candidate drugs

we obtained were sorted from smallest to largest based on adjusted

p values.
2.13 Statistical analysis

Ordinary one-way ANOVA was utilized for multiple group

comparisons. When two groups were compared, the independent

Student’s t test was used for normally distributed variables, and the

Mann−Whitney U test was used for nonnormal variables. The
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median was used to represent nonnormal distributions, and the

mean ± standard deviation was used to express data that

approximated a normal distribution. SPSS26 was used for all the

statistical tests, and P values less than 0.05 were regarded as

statistically significant. *** P<0.001, ** P<0.01, * P<0.05,

ns insignificance.
3 Results

3.1 Screening and identification of DEGs

We applied the only microarray dataset for human primary gout

in the GEO dataset, GSE160170 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE160170), and the GPL21827 data platform

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL21827),

to screen the DEGs. We then analyzed the microarray data of

mRNAs using the “Limma” package, visualizing DEGs (Figure 2A)

with volcano plots based on P<0.05 and |log fc|>2. Each point on the

plot represents a separate gene. Red represents upregulated genes,

green represents downregulated genes, and black represents

nondifferentially expressed genes. The GSE160170 dataset included

28 downregulated and 76 upregulated mRNAs.
3.2 Identifying the most relevant module

Using the WGCNA algorithm, we constructed a coexpression

network and modules for the GSE160170 dataset. We set the soft

threshold power b to 15 (R2 = 0.8) to construct a scale-free network

(Figure 2B). Following that, a clustering dendrogram demonstrating

the arrangement of the genes within the module (Figure 2C). After

the acquisition of seven functional modules (Figure 2D), the

turquoise module showed positive correlations between module

membership and gene importance (Figure 2E) and was the most

strongly connected and statistically significant module linked to

primary gout (Figure 2D). Eighty-six hub genes were ultimately

obtained by intersecting the turquoise module with the

DEGs (Figure 2F).
3.3 GO and KEGG enrichment analyses of
the hub genes

We were able to explore the main pathways enriched by the hub

genes using the “clusterProfiler” package. The DEGs were divided into

three categories according to their GO annotations (Figure 3A):

molecular function (MF), cellular composition (CC), and biological

process (BP). The top 8 pathways were chosen for further evaluation

based on the number of enriched genes and P value. For the biological

process (BP) category, DEGs were associated mainly with cell

chemotaxis. For the cellular component (CC) category, the main

pathway was on the external side of the plasma membrane. For the

molecular function (MF) category, DEGs were involved mainly in

receptor ligand activity and signaling receptor activator activity. KEGG
TABLE 2 The primer sequences of different genes.

gene name sequence (5’-3’)

GAPDH-F AATCAAGTGGGGCGATGCTG

GAPDH-R GCAAATGAGCCCCAGCCTTC

CXCL8-F ACTGAGAGTGATTGAGAGTGGAC

CXCL8-R AACCCTCTGCACCCAGTTTTC

CXCL2-F CTCAAGAACATCCAAAGTGTG

CXCL2-R ATTCTTGAGTGTGGCTATGAC

CXCL1-F GCCCAAACCGAAGTCATAGCC

CXCL1-R ATCCGCCAGCCTCTATCACA

IL1b-F GTTCCCTGCCCACAGACCT

IL1b-R TGGACCAGACATCACCAAGC
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analysis (Figure 3B) revealed that the DEGs were associated mainly

with cytokine−cytokine receptor interactions.
3.4 PPI network analysis of the hub genes

To identify important key genes, we entered 86 hub genes into

the STRING database (Figure 3C). The minimum required

interaction score was a high confidence interval of 0.700.

Eventually, we obtained a PPI network with 73 nodes and 86

edges. The average node degree was 2.36, and the average local

clustering coefficient was 0.379. The PPI concentration p value was

less than 1.0e-16. The results were imported into Cytoscape for
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network visualization and analysis via the cytoHubba_MCC

algorithm (Figure 3E). We chose the 5 most highly expressed

genes—CXCL8, CXCL1, CXCL2, IL1b, and IL6—for the following

study. We also performed a module analysis using the Mcode

plugin (Figure 3D) and ultimately discovered that these 5 key

genes were found in the most crucial modules.
3.5 Immune cell infiltration analysis

We used the ssGSEA algorithm to assess the association

between immune cell infiltration and patients with primary gout.

The results of our study indicate that (Figure 4A) patients with
B

C D

E F

A

FIGURE 2

DEGs in GSE160170. (A)Volcano map of GSE160170, P<0.05 and |log fc|>2, with red indicating high expression, green indicating low expression, and
black indicating no difference. (B) b=15 was selected to establish a scale-free network. (C) The correlations between gene module and clinical
features, each module contains the corresponding correlation coefficient and p-value. Turquoise module has the highest correlation with gout. (D) A
clustering dendrogram that illustrates how the genes are grouped within the module. (E) The correlation in turquoise module. (F) 27 mRNA were
down-regulated, and 59 mRNA were up-regulated between DEGs and turquoise module.
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primary gout exhibited greater levels of CD56dim natural killer

cells, eosinophils, gamma delta T cells, immature B cells, immature

dendritic cells, macrophages, mast cells, memory B cells, natural

killer cells, plasmacytoid dendritic cells, regulatory T cells, T

follicular helper cells and type 17 T helper cells; however, patients

with primary gout also exhibited lower levels of activated CD8 T

cells, CD56bright natural killer cells, central memory CD4 T cells,

central memory CD8 T cells, effector memory CD4 T cells, effector

memory CD8 T cells, MDSCs, monocytes, natural killer T cells,

neutrophils, type 1 T helper cells, and type 2 T helper cells. We also

found that (Figure 4B) these hub genes were positively correlated

with immune cells such as activated CD4 T cells, immature B cells,

CD56dim natural killer cells, Eosinophils and T follicular helper

cells, and negatively correlated with immune cells such as effector

memory CD4 T cells, monocytes, type 1 T helper cells, CD56bright

natural killer cells, type 2 T helper cells, effector memory CD8 T

cells, activated CD8 T cells and central memory CD4 T cells. These

findings may also suggest a potential target for immunotherapy.
3.6 Construction of the ceRNA network

CeRNAs were found to be related to mRNAs, lncRNAs, and

microRNAs, and we found 53 miRNAs and 18 lncRNAs that

correlated with our hub genes (Figure 4C). Cytoscape was

subsequently used to display the network.
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3.7 Building a model of gouty inflammation

MSU crystals (0 μg/ml, 50 μg/ml, 100 μg/ml, and 200 μg/ml)

were added after THP-1 cells were induced into macrophages. The

CCK-8 assay results indicated that the viability of THP-1 cells

decreased with increasing MSU concentration (Figure 5A), and 100

μg/ml MSU crystals were chosen for the generation of a gouty

inflammation model in THP-1 cells. Compared with those in the

group not treated with MSU crystals, RT–qPCR (p=0.0001) and

ELISA (p<0.0001) showed that the expression of IL1b was

significantly greater and that our gout inflammatory model was

successfully established (Figures 5B, C).
3.8 The expression of hub genes in the
population and in THP-1 cells

After PBMCs were harvested from five healthy individuals and

six patients suffering from acute gouty arthritis, RT−qPCR revealed

that patients with AGA expressed significantly more CXCL8 (p =

0.0173), CXCL2 (p = 0.0087), and CXCL1 (p = 0.0303) than healthy

control individuals did (Figures 5D–F). After further validation of

the expression of CXCL8, CXCL2, and CXCL1 in the THP-1 gouty

inflammation model, MSU crystal stimulation was found to

increase the expression of CXCL8, CXCL2, and CXCL1 compared
B

C D E

A

FIGURE 3

GO and KEGG functional enrichment analysis of DEGs in GSE160170. (A) Bubble diagram of GO enrichment in biological process terms, cellular
component terms, and molecular function terms. (B) Bubble diagram of KEGG enriched terms. (C) The PPI network which contained 73 nodes and
86 edges, an average node degree of 2.36, an average local clustering coefficient of 0.379, and a PPI enrichment p-value of<1.0e-16, was visualized
in STRING. (D) The densest connected region in the PPI network was identified using MCODE. (E) Top 10 genes with the highest degree values were
found using CytoHubba_MCC and the depth of the color correspond to the weighted score.
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to that in the group not stimulated with MSU crystals according to

the RT−qPCR (Figure 5G) and WB (Figures 5H−K) results.
3.9 The prediction of candidate drugs

To anticipate potentially useful medications, we employed the

Enrichr platform, which is based on the DSigDB database. The top

ten candidate compounds were chosen based on their adjusted p

values (Table 3).
4 Discussion

Gout is a prevalent kind of metabolic arthritis in which urate

crystals accumulate in joints and nonjoint tissues. The consumption

of seafood, red meats and shellfish, fructose, sugar-containing soft

drinks, and alcoholic beverages, particularly beer, increases the risk

of gout (1). Acute arthritis, particularly in the big toe joints, is the

most common sign of gout. Patients may experience excruciating

pain at night along with joint swelling, redness, and burning. Other

joints, such as the knees and ankles, may also become affected as the

illness progresses. The identification of effective therapies is crucial

for managing and preventing gout. The transcriptome sequencing

dataset GSE160170 was used for analysis, and we concentrated on

mRNAs. By identifying genes with differential expression, building

a WGCNA network to identify gout-related mRNAs, and inputting

these overlapping mRNAs into the STRING database to construct a
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protein interaction network, the Mcode module analysis and the

cytoHubba_MCC algorithm identified CXCL8, CXCL1, CXCL2, IL-

1b, and IL6 as important biomarkers. Since IL-1b and IL6 have been
linked to gout in numerous studies (20–23), our main focus was on

the connection between CXCL8, CXCL1, and CXCL2 and acute

gouty arthritis.

Chemokines are typically intimately linked to the migration and

distribution of white blood cells within the immune system.

Immune cells respond to infection or injury by releasing

chemokines, which instruct other immune cells to migrate toward

the site of infection or injury to carry out their defensive role. The

majority of chemokines are currently categorized as inflammatory

since they are essential for regulating leukocyte recruitment during

the inflammatory response (24). CXCL8, also known as interleukin-

8 (IL8), was the first chemokine discovered (25) and is secreted by

numerous cells, including monocytes, endothelial cells, and

macrophages, in response to suitable stimulation to trigger an

endogenous or external inflammatory response (26). In a study

by Anna Scanu et al. (27), synovial fluids were collected from a

range of patients with untreated arthritis. The authors reported the

highest expression of IL-1b, IL-8, and IL-6 in gouty synovial fluid.

Additionally, other researchers have shown that the IL-8 rs4073 T

allele is linked to a significantly greater risk of primary gouty

arthritis. These findings imply that CXCL8 may be a unique

biomarker for gout. Several cohort studies have shown that higher

CXCL8 levels in gout patients increase the risk of CVD and type 2

diabetes (28, 29). As a result, CXCL8 might be a crucial target for

the management and prevention of gout patients with diabetes
B

C

A

FIGURE 4

Immune infiltration analysis and CERNA networks. The distribution of 28 types of immune cells in GSE160170 are shown in the boxplot (A) and
heatmap (B) show the relationship between hub genes and immune cells. (C) CERNA networks associated to hub genes have been built. Green
denotes microRNA, blue denotes lncRNA, and red denotes mRNA. **** P < 0.0001, *** P < 0.001, ** P 0.01, * P < 0.05, ns insignificance.
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mellitus or CVD. Studies on the role of CXCL2 in gout are rare,

although CXCL2 has a chemotactic effect on neutrophils during

MSU crystal-induced neutrophil migration (30). CXCL1 is an

essential chemokine that can be activated by activating the NF-kB
signaling pathway (31). Numerous researchers were able to alleviate

gout by reducing the expression of CXCL1 (32–34). Kyle Jablonski

et al. reported that (35) regular, moderate physical activity prevents

acute inflammation in a gout model through the downregulation of

circulating neutrophils by TLR2 and the inhibition of serum

CXCL1. Ouratea spectabilis, especially ouratein D, acts as an
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antigout drug by reducing the migration of total inflammatory

cells, monocytes and neutrophils and reducing the levels of IL-1b
and CXCL1 in synovial tissue (36).

THP-1 cells are human monocytes that may be induced into

macrophages by PMA. PMA-treated THP-1 cells are common

cellular models for investigating the mechanism of gout because

they replicate the release of inflammatory cytokines by MSU-

stimulated macrophages in vitro. We observed that the expression

of CXCL8, CXCL1, and CXCL2 increased after PMA-treated THP-

1 cells were exposed to MSU. These findings are consistent with the
B C D
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A

FIGURE 5

Gene expression and validation. (A) CCK8 was used to detect the proliferation of MSU on THP-1 cell activity. (B,C) ELISA and RT-qPCR were used to
detect the release of IL-1b in THP-1 cells. (D–F) The relative mRNA expression of CXCL1, CXCL2, and CXCL8 in crowds. (G) The relative mRNA
expression of hub genes in THP-1. (H–K) Protein level expression of hub genes. *** P < 0.001, ** P < 0.01, * P < 0.05, ns insignificance.
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findings in gout patients and healthy individuals, suggesting that

CXCL8, CXCL1, and CXCL2 may be the keys to preventing and

controlling gout. Furthermore, we discovered ten related

therapeutic targets using the Enrichr platform, and a strong and

statistically significant link between profenamine and hub genes was

found. Profenamine, had sedative properties, is mainly used to treat

Parkinson’s disease (37). At present, there are few studies related to

Profenamine, numerous additional tests are still required to confirm

the follow-up.

Although we used multiple methods to validate the data above,

there are still some limitations. Our findings could lead to the

development of new approaches for the treatment of gout; however,

the precise regulatory mechanisms of CXCL8, CXCL1, and CXCL2

in gout remain unclear. Additionally, the sample sizes we obtained

were too small, and the pharmacological therapeutic targets we

identified have not yet been verified in animal models. Furthermore,

we investigated the alterations in immune cells associated with gout.

The ability of the ceRNA network to predict miRNAs and lncRNAs

upstream of CXCL8, CXCL1, CXCL2, IL-1b, and IL6 may lead to

the use of a novel diagnostic and prognostic marker for gout. In

summary, CXCL8, CXCL1, and CXCL2 may be gout biomarkers,

and this research may lead to novel approaches for the clinical

management of individuals with gouty arthritis.
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Background: Hyperuricemia may play a role in various systemic diseases.

However, few studies have investigated the relationship between hyperuricemia

and the risk of peptic ulcer disease (PUD). Therefore, in this population-based

study, we enrolled over 120,000 participants from the Taiwan Biobank (TWB) and

examined the risk factors for self-reported PUD. In addition, we investigated sex

differences in the association between hyperuricemia and self-reported PUD.

Methods: Data of 121,583 participants were obtained from the TWB. Male

participants with a serum uric acid level >7 mg/dl and female participants with a

serum uric acid level >6 mg/dl were classified as having hyperuricemia. Details

of self-reported PUD were obtained by questionnaire. The association between

hyperuricemia and self-reported PUD in the male and female participants was

examined using multivariable logistic regression analysis.

Results: The overall prevalence of self-reported PUD was 14.6%, with a higher

incidence in males (16.5%) compared to females (13.5%). After multivariable

adjustment, male sex [vs. female sex; odds ratio (OR) = 1.139; 95% confidence

interval (CI) = 1.084–1.198; p < 0.001], and hyperuricemia (OR = 0.919; 95%

CI = 0.879–0.961; p < 0.001) were significantly associated with self-reported

PUD. Further, a significant interaction was found between sex and hyperuricemia

on self-reported PUD (p = 0.004). Hyperuricemia was associated with a low risk

of self-reported PUD in males (OR = 0.890; 95% CI = 0.837–0.947; p < 0.001)

but not in females (p = 0.139).
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Conclusion: The prevalence of self-reported PUD was higher in the male

participants than in the female participants. Hyperuricemia was associated with

low prevalence of self-reported PUD in males, but not in females. Further

studies are needed to clarify the mechanisms behind these observations and

verify the potential protective role of hyperuricemia on the development of

self-reported PUD.

KEYWORDS

sex difference, hyperuricemia, self-reported peptic ulcer disease, Taiwan Biobank, Risk
factors

Introduction

Peptic ulcer disease (PUD) is defined as a mucosa defect greater
than 3–5 mm extending through the muscularis mucosa over the
gastrointestinal tract, although it usually presents in the stomach
and proximal duodenum (1). A 2020 study, which analyzed PUD
burden according to the Global Burden of Disease, Injuries and
Risk Factors Study, estimated that there were 8.09 million prevalent
cases in 2019 globally (2). A 2004 prospective study in Taiwan
of 6,457 subjects who underwent esophagogastroduodenoscopy
during a health examination found that two-thirds of the patients
diagnosed with PUD endoscopically were asymptomatic (3).
PUD is associated with Helicobacter pylori infection (4) and
the use of nonsteroidal anti-inflammatory drugs (NSAIDs) (5),
and additional risk factors include advanced age, smoking, and
alcoholism (6, 7). These factors may influence various aspects
of gastrointestinal physiology, such as gastric acid secretion
and mucosal defense mechanisms, ultimately contributing to the
development of PUD (8). Sex differences have been observed in
many diseases, including cancer, liver and cardiovascular diseases,
and these differences can have an essential influence on the clinical
presentation, disease progression, and response to treatment (9).
While PUD was predominantly observed in males in the past,
there has been a shift from a male-dominated pattern in Western
countries to a nearly equal prevalence between males and females
(10). PUD can lead to serious complications such as acute upper
gastrointestinal bleeding, perforation, gastric outlet obstruction,
and even mortality (11). Therefore, identifying risk factors which
may be associated with PUD is important to decrease healthcare
system burden and prompt the development of new treatment
strategies for improving patient care.

Hyperuricemia is a chronic disease caused by high levels
of uric acid due to conditions including dysfunctional purine
metabolism and a reduction in the excretion of uric acid
(12, 13). Purine metabolism to uric acid occurs through the
catalyzation of hypoxanthine to xanthine by xanthine oxidase
(14). Moreover, the reactive oxygen species generated during this
process have been shown to contribute to metabolic dysfunction
(14). These mechanisms imply that hyperuricemia may play a role
in various systemic diseases. Associations between hyperuricemia
and a higher risk of gout (15) and cardiovascular issue such
as hypertension, low left ventricular ejection fraction, and high
left atrial diameter have been reported (16, 17), along with

dyslipidemia, thyroid dysfunction, chronic kidney disease, and
metabolic syndrome (15, 16, 18, 19). However, several studies have
suggested that hyperuricemia or gout might act as a protective
factor against neurodegenerative diseases such as Alzheimer’s
disease or neurological functional outcomes after an acute
ischemic stroke (20–22). Nevertheless, some studies have reported
conflicting results (23), and the same debate has arisen in the
context of osteoporosis and hyperuricemia. Some studies have
indicated that individuals with normal or elevated levels of uric
acid were associated with a decrease in bone mineral density and
lower risk of bone fractures (24). Other studies have demonstrated
that elevated levels of serum uric acid were linked to increased
bone mass, reduced bone turnover, and a lower incidence of
vertebral fractures in postmenopausal women (25). Recent studies
have reported that the intestine may play a crucial role in the
excretion of uric acid outside the kidneys (26). However, few
studies have investigated the relationship between hyperuricemia
and the risk of PUD. Therefore, in this population-based study,
we enrolled over 120,000 participants from the Taiwan Biobank
(TWB) and examined the risk factors for self-reported PUD. In
addition, we investigated sex differences in the association between
hyperuricemia and self-reported PUD.

Materials and methods

TWB

To enhance biomedical and epidemiological research and
address the aging population in Taiwan, the TWB is an ongoing
prospective study launched by the Ministry of Health and Welfare
in 2012 of community-dwelling cancer-free women and men (27,
28). Ethical approval for the TWB was given by the Ethics and
Governance Council of the TWB and Institutional Review Board
on Biomedical Science Research, Academia Sinica, Taiwan.

The TWB contains medical, genomic and lifestyle factor data,
including age, weight, height, and diagnoses of hypertension and
diabetes mellitus (DM). In addition, laboratory tests on fasting
serum samples (Roche Diagnostics GmbH, D-68298 Mannheim
COBAS Integra 400) are conducted to collect data on glucose,
hemoglobin, triglycerides, total cholesterol, high- and low-density
lipoprotein cholesterol (HDL-C/LDL-C), and uric acid. Estimated
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glomerular filtration rate (eGFR) and serum creatinine levels were
calculated as reported in previous studies (29).

The average of three blood pressure measurements was used for
analysis, with each measurement being performed in the absence
of caffeine, nicotine and exercise by a nurse using an electronic
monitor. Regular exercise was defined according to the “Physical
Fitness 333 Plan” in Taiwan as at least three sessions of exercise
per week with each session lasting at least 30 min (30). This study
complies with the Declaration of Helsinki and was performed
according to institutional review board approval (KMUHIRB-E(I)-
20210058).

Sample population and sample size

The TWB enrolls cancer-free members of the community
aged 30–70 years, and includes data on medical, genetic, and
lifestyle factors. We collected 121,583 enrollees in the TWB. These
participants were then classified into those with and without
hyperuricemia based on a serum uric acid concentration of >7.0
and >6.0 mg/dl in males and females, respectively (31) (Figure 1).

Definitions of self-reported PUD

A history of self-reported PUD was recorded using self-
reported questionnaires. The presence of self-reported PUD was
defined by asking the participants whether they a history of PUD.

Statistical analysis

The statistical analyses in this study were performed using
SPSS version 19.0 for Windows (IBM Inc., Armonk, NY,
USA). Continuous variables were expressed as mean ± standard
deviation, and between-group differences were analyzed using
the independent t-test. Categorical variables were presented
as frequencies and percentages, and between-group differences
were analyzed using the Chi-square test. Associations between
hyperuricemia and self-reported PUD in the male and female
participants were examined using multivariable logistic regression
analysis, which included significant variables in univariable
analysis. An interaction p in logistic analysis: Model disease
(y) = x1 + x2 + x1 × x2 + covariates. x1 × x2 was the interaction
term, in which y = self-reported PUD; x1 = sex; x2 = hyperuricemia;
covariates = age, sex, DM, hypertension, smoking and alcohol
history, regular exercise habit, systolic blood pressure (SBP), body
mass index (BMI), hyperuricemia, fasting glucose, hemoglobin,
triglycerides, total cholesterol, LDL-cholesterol, and eGFR. A two-
tailed p-value < 0.05 was considered statistically significant.

Results

Of the 121,583 participants, 43,698 were male and 77,885 were
female, with a mean age of 49.9 ± 11.0 years. The overall prevalence
of self-reported PUD in the study cohort was 14.6%, and the
difference between the male and female participants was significant
(16.5% vs. 13.5%, p < 0.001).

Comparison of the participants with and
without self-reported PUD

Table 1 shows the comparisons of the participants with and
without self-reported PUD. The participants in the self-reported
PUD group were older, predominantly female, and had higher rates
of DM, hypertension, smoking and alcohol consumption, regular
exercise, and higher SBP, uric acid, hemoglobin, triglycerides, total
cholesterol, and LDL-C, and lower BMI, eGFR and fasting glucose
compared to those without self-reported PUD (Table 1).

Factors associated with self-reported
PUD

Table 2 shows the factors associated with self-reported PUD.
The results of multivariable logistic regression analysis with
adjustments for the covariates listed in section “Statistical analysis”
showed that older age (p < 0.001), male sex [vs. female sex;
odds ratio (OR) = 1.139, 95% confidence interval (CI) = 1.084–
1.198, p < 0.001], DM (p = 0.001), hypertension (p < 0.001),
smoking history (p < 0.001), alcohol history (p < 0.001), without
regular exercise habits (p < 0.001), low SBP (p < 0.001), low BMI
(p < 0.001), without hyperuricemia (OR = 0.919; 95% CI = 0.879–
0.961, p < 0.001), low fasting glucose (p < 0.001), and high
hemoglobin (p = 0.019) were significantly associated with self-
reported PUD (Table 2).

Comparisons of the male and female
participants with and without
self-reported PUD

Table 3 shows the comparisons of the male and female
participants with and without self-reported PUD. The male
participants with self-reported PUD were older and had higher
rates of DM, hypertension, smoking and alcohol consumption,
regular exercise, and higher HDL-C, and lower diastolic blood
pressure, BMI, uric acid, hyperuricemia prevalence, hemoglobin,
triglycerides, LDL-C, and eGFR than those without self-reported
PUD (Table 3). The female participants with self-reported PUD
were older and had higher prevalence rates of DM, hypertension,
alcohol and smoking consumption, regular exercise, and higher
SBP, uric acid, fasting glucose, hemoglobin, triglyceride, total
cholesterol, and LDL-C, and lower BMI and eGFR than those
without self-reported PUD (Table 1).

Association and interaction of
hyperuricemia with self-reported PUD in
the male and female participants

Table 4 shows the association and interaction of hyperuricemia
with self-reported PUD in the male and female participants. The
results of multivariable logistic regression analysis with adjustments
for the covariates listed in section “Statistical analysis” except sex
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FIGURE 1

Flowchart of study population.

showed that hyperuricemia was associated with a lower risk of self-
reported PUD (OR = 0.890; 95% CI = 0.837–0.947; p < 0.001) in the
male participants, but that hyperuricemia was not associated with
self-reported PUD (OR = 0.952; 95% CI = 0.893–1.016; p = 0.139)
in the female participants. In addition, a significant interaction
was found between sex and hyperuricemia on self-reported PUD
(p = 0.004) (Table 4).

Discussion

In this large Taiwanese population-based study, we examined
the risk factors for self-reported PUD and sex differences in the
association between hyperuricemia and self-reported PUD. Our
results showed that compared to the female participants, the male
participants had a higher prevalence of self-reported PUD. Further,
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TABLE 1 Clinical characteristics of the study participants classified by the presence of self-reported PUD.

Characteristics Self-reported PUD (n = 121,583)

Self-reported PUD (−)
(n = 103,887)

Self-reported PUD (+)
(n = 17,696)

p

Age (year) 49.3 ± 11.0 53.2 ± 1.01 <0.001

Male sex (%) 35.1 40.7 <0.001

DM (%) 4.9 6.7 <0.001

Hypertension (%) 11.7 15.6 <0.001

Smoking history (%) 26.4 32.6 <0.001

Alcohol history (%) 8.2 10.3 <0.001

Regular exercise habits (%) 39.9 44.5 <0.001

Systolic BP (mmHg) 120.3 ± 18.7 121.1 ± 18.3 <0.001

Diastolic BP (mmHg) 73.8 ± 11.4 73.9 ± 11.1 0.076

BMI (kg/m2) 24.2 ± 3.8 24.1 ± 3.7 <0.001

Laboratory parameters

Uric acid (mg/dl) 5.42 ± 1.43 5.46 ± 1.40 <0.001

Hyperuricemia (%) 19.5% 19.0% 0.199

Fasting glucose (mg/dl) 95.8 ± 20.8 86.8 ± 19.9 <0.001

Hemoglobin (g/dl) 13.7 ± 1.6 13.9 ± 1.6 <0.001

Triglyceride (mg/dl) 115.2 ± 94.8 117.8 ± 89.0 0.001

Total cholesterol (mg/dl) 195.5 ± 35.9 196.6 ± 35.6 <0.001

HDL-C (mg/dl) 54.6 ± 13.4 54.4 ± 13.7 0.111

LDL-C (mg/dl) 120.8 ± 31.8 121.5 ± 31.6 0.007

eGFR (ml/min/1.73 m2) 103.8 ± 23.9 100.4 ± 23.6 <0.001

Hyperuricemia was defined as serum uric acid concentration greater than 7.0 and 6.0 mg/dl in the male and female participants, respectively. PUD, peptic ulcer disease; DM, diabetes mellitus;
BP, blood pressure; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate.

a significant interaction was found between sex and hyperuricemia
on self-reported PUD, and hyperuricemia was associated with a low
prevalence of self-reported PUD in the male participants, but not in
the female participants.

Our finding of a higher prevalence of self-reported PUD in
males compared to females (16.5% vs. 13.5%, p < 0.001), male sex
(vs. female sex; OR = 1.139; 95% CI = 1.084–1.198; p < 0.001) was
significantly associated with self-reported PUD, which is similar
to a large-scale, multicenter trial involving over 2,000 patients
taking NSAIDs (32). The trial aimed to assess the effectiveness
of omeprazole compared to other agents including misoprostol
and ranitidine in healing and preventing NSAID-induced ulcers,
and the results showed that the incidence of these lesions tended
to be higher in in men (62%) compared to women (50%) (32).
In addition, duodenal ulcers were more prevalent in men (26%)
than in women (8%) (32). In a population-based study involving
204 countries, males had a higher incidence and prevalence of
PUD, along with higher mortality and disability-adjusted life years
associated with PUD than women in all years from 1990 to 2019
(2). In 2019, there were 3.92 million prevalent cases of PUD in
females compared to 4.17 million in males, and the proportion
of prevalent cases between males and females was 1:0.94 (2).
Possible reasons for the higher prevalence of PUD in males may
involve biological and physiological differences between males
and females, such as hormonal differences (i.e., the protective

effects of estrogen in women) affecting the development of
ulcers (33–35).

Another interesting finding is that hyperuricemia was
associated with a low prevalence of self-reported PUD in the
male participants (OR = 0.890; 95% CI = 0.837–0.947; p < 0.001).
This finding provides evidence supporting the protective effect
of hyperuricemia against PUD in males. Previous studies have
reported a link between hyperuricemia with an increased risk of
several systemic diseases, notably gout and various cardiovascular
issues (such as hypertension, heart structure and function),
dyslipidemia, chronic kidney disease, thyroid disorders, and
metabolic syndrome (15–19). Whereas, another study discussing
the relationship between uric acid and osteoporosis suggested
that hyperuricemia could have a protective effect against
neurodegenerative diseases and may reduce the risk of bone
fractures by affecting bone mineral density (24). In the narrative
review by Otani et al. (36), the authors investigate the complex
role of uric acid in neurological disorders. It details how uric
acid’s antioxidant properties might confer neuroprotection by
scavenging free radicals and inhibiting lipid peroxidation (36).
Notably, the review presents evidence indicating that higher
uric acid levels might be linked to a decreased risk and slower
progression of Parkinson’s disease (36). High uric acid levels might
have contributed to the development of higher intelligence and
better neurological health in humans by providing significant
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TABLE 2 Determinants for self-reported PUD using multivariable logistic
regression analysis.

Variables Multivariable (self-reported PUD)

Odds ratio
(95% CI)

p

Age (per 1 year) 1.038 (1.036–1.040) <0.001

Male (vs. female) 1.139 (1.084–1.198) <0.001

DM 1.142 (1.058–1.273) 0.001

Hypertension 1.160 (1.103–1.220) <0.001

Smoking history 1.286 (1.232–1.342) <0.001

Alcohol history 1.113 (1.051–1.179) <0.001

Regular exercise habits 0.939 (0.907–0.972) <0.001

Systolic BP (per
1 mmHg)

0.993 (0.992–0.994) <0.001

BMI (per 1 kg/m2) 0.982 (0.977–0.987) <0.001

Laboratory parameters

Hyperuricemia 0.919 (0.879–0.961) <0.001

Fasting glucose (per
1 mg/dl)

0.998 (0.997–0.999) <0.001

Hemoglobin (per 1 g/dl) 1.016 (1.003–1.030) 0.019

Triglyceride (per
10 mg/dl)

1.002 (1.000–1.004) 0.109

Total cholesterol (per
10 mg/dl)

0.993 (0.982–1.004) 0.191

LDL-C (per 1 mg/dl) 1.001 (1.000–1.002) 0.143

eGFR (per
1 ml/min/1.73 m2)

0.999 (0.999–1.000) 0.099

Values expressed as odds ratio and 95% confidence interval (CI). Abbreviations are the
same as in Table 1. Adjusted for age, sex, DM and hypertension, smoking and alcohol
history, regular exercise habit, systolic BP, BMI, uric acid, fasting glucose, hemoglobin,
triglyceride, total cholesterol, LDL-cholesterol, and eGFR. Hyperuricemia was defined as
serum uric acid concentration greater than 7.0 and 6.0 mg/dl in the male and female
participants, respectively.

antioxidant capacity (36, 37). In a randomized, double-blind,
placebo-controlled study involving 24 participants, the effects of
intravenously administered uric acid on endothelial function were
explored (38). Each participant received 1,000 mg of uric acid,
vitamin C, vehicle alone, or saline across separate sessions. Forearm
blood flow responses to acetylcholine and sodium nitroprusside
were measured using venous occlusion plethysmography. The
study found that uric acid, like vitamin C, improved endothelial
responses to acetylcholine in diabetics and smokers, suggesting
that high levels of uric acid could have protective cardiovascular
effects in conditions associated with increased oxidative stress
(38). In addition, a study conducted in Taiwan of 1,166 patients
hospitalized for ischemic stroke found that higher serum uric
acid levels were correlated with better neurological outcomes in
male patients but not in female patients, especially in those with
the large-artery atherosclerosis stroke subtype (22). The study
suggested that serum uric acid level might have a neuroprotective
role due to its antioxidant properties, which could be particularly
beneficial in the context of oxidative stress during acute ischemic
stroke (22). In addition, an animal study observed a relationship
between the intestinal tract in mice and uric acid (39). In that

study, mice were given inosinic acid to create high and moderate
levels of serum uric acid. When the mice were given indomethacin,
a medication that typically causes enteropathy, those with higher
uric acid levels showed less damage and reduced intestinal reactive
oxygen species. The authors concluded that elevated levels of
uric acid in the mice seemed to protect their intestines from
damage (39). It is also mentioned that uric acid significantly
influences gut microbiota composition, which plays a key role in its
protective effects against enteropathy. Studies have demonstrated
that mice with elevated uric acid levels exhibit richer α-diversity
and distinct β-diversity in their gut microbiota compared to
controls. This more diverse microbiota potentially enhances the
gut’s defense against pathogenic bacteria and supports intestinal
integrity (39). Hyperuricemia might reduce the risk of PUD due
to its strong antioxidant properties, which can mitigate oxidative
stress—an underlying factor in the pathogenesis of PUD (39).
Oxidative stress can damage gastric mucosal linings (39), and
the antioxidant capability of uric acid may help protect against
this damage. The study by Wada et al. (39) provides significant
insights into the potential protective mechanisms of uric acid
against indomethacin-induced enteropathy, particularly focusing
on its role within the intestinal lumen. Their findings suggest that
luminal uric acid may protect against gastrointestinal damage
through antioxidant properties of uric acid and modulation of gut
microbiota. Furthermore, the transplantation of fecal microbiota
from mice with high uric acid levels into other mice ameliorated
indomethacin-induced enteropathy, underscoring the significant
role of microbiota in mediating uric acid’s protective effects (39).
These findings may partially explain our finding that hyperuricemia
was associated with a low prevalence of self-reported PUD in the
male participants.

We also found that hyperuricemia was associated with a
low prevalence of self-reported PUD in the male participants
(OR = 0.890; 95% CI = 0.837–0.947; p < 0.001), whereas this
association was not found in the female participants (p = 0.139).
The absence of a relationship between high uric acid levels and
PUD in women might be due to sex differences in uric acid
metabolism and its biological effects (40). Sex differences have been
observed in many diseases, including cancer, cardiovascular and
liver diseases, and these differences can have a major influence
on the clinical presentation, disease progression, and response
to treatment (9). The mechanism behind sex differences and
sexual dimorphism is considered to be linked to sex hormones
(41). Another possible reason may be that women have larger
subcutaneous fat stores than men, providing better lipid storage
and starvation resistance. Female mitochondria exhibit higher
functional capacity and resistance to oxidative damage, reducing
the transmission of metabolic disorders (42). Sex differences have
also been noted in immune responses, with females exhibiting
stronger T cell and humoral immune responses compared to males
in adaptive immunity (43). Hormonal differences, especially the
role of estrogen, may influence how uric acid affects the body (44),
potentially altering the risk and severity of PUD. Moreover, women
typically have lower uric acid levels than men due to hormonal
regulation and renal excretion, which could account for the lack
of association (45). Further research is required to delineate these
mechanisms more clearly.

The key strength of this population-based investigation is
that we included a large study cohort of adults living in the
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TABLE 3 Clinical characteristics of the study participants classified by the presence of different sex and self-reported PUD.

Characteristics Male (n = 43,698) Female (n = 77,885)

Self-reported
PUD (−)

(n = 36,494)

Self-reported
PUD (+)

(n = 7,204)

p Self-reported
PUD (−)

(n = 67,393)

Self-reported
PUD (+)

(n = 10,492)

p

Age (year) 49.1 ± 11.4 53.8 ± 10.2 <0.001 49.4 ± 10.8 52.7 ± 9.9 <0.001

DM (%) 6.5 8.4 <0.001 4.0 5.6 <0.001

Hypertension (%) 16.0 21.1 <0.001 9.3 11.9 <0.001

Smoking history (%) 56.3 62.8 <0.001 10.1 11.8 <0.001

Alcohol history (%) 18.2 21.4 <0.001 2.8 3.2 0.017

Regular exercise habits
(%)

41.5 46.6 <0.001 39.0 43.1 <0.001

Systolic BP (mmHg) 126.3 ± 17.3 126.7 ± 17.2 0.098 117.1 ± 18.6 117.5 ± 18.1 0.017

Diastolic BP (mmHg) 78.5 ± 11.1 78.2 ± 10.7 0.024 71.2 ± 10.8 71.0 ± 10.4 0.069

BMI (kg/m2) 25.5 ± 3.6 24.9 ± 3.5 <0.001 23.6 ± 3.8 23.5 ± 3.7 0.028

Laboratory parameters

Uric acid (mg/dl) 6.45 ± 1.37 6.28 ± 1.35 <0.001 4.86 ± 1.12 4.90 ± 1.13 0.002

Hyperuricemia (%) 30.5 26.2 <0.001 13.5 14.2 0.051

Fasting glucose (mg/dl) 99.3 ± 23.6 99.8 ± 22.2 0.064 93.9 ± 18.9 94.8 ± 17.9 <0.001

Hemoglobin (g/dl) 15.1 ± 1.2 15.0 ± 1.3 <0.001 13.0 ± 1.3 13.1 ± 1.2 <0.001

Triglyceride (mg/dl) 138.8 ± 121.4 133.0 ± 97.7 <0.001 102.5 ± 73.6 107.3 ± 80.8 <0.001

Total cholesterol (mg/dl) 192.0 ± 35.2 191.2 ± 34.5 0.080 197.4 ± 36.1 200.2 ± 35.8 <0.001

HDL-C (mg/dl) 47.9 ± 11.1 48.5 ± 11.3 <0.001 58.2 ± 13.2 58.5 ± 13.7 0.093

LDL-C (mg/dl) 121.9 ± 31.5 120.9 ± 31.4 0.020 120.3 ± 31.9 121.9 ± 31.7 <0.001

eGFR (ml/min/1.73 m2) 94.1 ± 19.3 92.0 ± 20.0 <0.001 109.0 ± 24.5 106.2 ± 24.1 <0.001

Abbreviations are the same as in Table 1. Hyperuricemia was defined as serum uric acid concentration greater than 7.0 and 6.0 mg/dl in the male and female participants, respectively.

TABLE 4 Association of factors with self-reported PUD in different sex using multivariable logistic regression analysis.

Characteristics Male (n = 43,698) Female (n = 77,885)

OR 95% CI p OR 95% CI p

Age (per 1 year) 1.039 1.036–1.042 <0.001 1.037 1.034–1.039 <0.001

DM 1.047 0.938–1.170 0.414 1.237 1.112–1.376 <0.001

Hypertension 1.183 1.102–1.270 <0.001 1.140 1.060–1.225 <0.001

Smoking history 1.226 1.161–1.295 <0.001 1.387 1.296–1.483 <0.001

Alcohol history 1.135 1.062–1.212 <0.001 1.084 0.959–1.225 0.197

Regular exercise habits 0.928 0.879–0.980 0.008 0.949 0.907–0.992 0.022

Systolic BP (per
1 mmHg)

0.995 0.993–0.996 <0.001 0.993 0.991–0.994 <0.001

BMI (per 1 kg/m2) 0.968 0.960–0.977 <0.001 0.990 0.984–0.997 0.004

Laboratory parameters

Hyperuricemia (%) 0.890 0.837–0.947 <0.001 0.952 0.893–1.016 0.139

Fasting glucose (per
1 mg/dl)

0.998 0.997–0.999 0.005 0.998 0.997–0.999 0.005

Hemoglobin (per 1 g/dl) 1.007 0.984–1.029 0.565 1.026 1.008–1.044 0.004

Triglyceride (per
10 mg/dl)

1.000 0.997–1.003 0.911 1.004 1.001–1007 0.005

Total cholesterol (per
10 mg/dl)

0.995 0.976–1.014 0.624 0.995 0.981–1.008 0.432

LDL-C (per 1 mg/dl) 1.001 0.999–1.003 0.451 1.001 0.999–1.002 0.468

eGFR (per
1 ml/min/1.73 m2)

0.999 0.998–1.001 0.435 0.999 0.998–1.000 0.123

Values expressed as odds ratio (OR) and 95% confidence interval (CI). Abbreviations are the same as in Table 1. Adjusted for age, DM and hypertension, smoking and alcohol history,
regular exercise habit, systolic BP, BMI, hyperuricemia, fasting glucose, hemoglobin, triglyceride, total cholesterol, LDL-cholesterol, and eGFR. Hyperuricemia was defined as serum uric acid
concentration greater than 7.0 and 6.0 mg/dl in the male and female participants, respectively.
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community. Several limitations should also be mentioned. First,
as this was a cross-sectional study, we were unable to evaluate
the duration of illness, and consequently we were unable to
evaluate causal relationships between hyperuricemia and PUD.
Longitudinal studies to evaluate the risk of incident PUD are
warranted. Second, the presence of PUD was assessed using self-
reported questionnaires, and therefore the severity and type of
PUD were unknown. Nevertheless, Wu et al. (46) reported a
moderate concordance between claims records and self-reported
renal diseases in Taiwan. Third, some medications may influence
the value of uric acid, and result in PUD were lacking in TWB,
which may influence our analysis. Finally, the Chinese ethnicity
of our participants may limit the applicability of our findings
to other groups.

Conclusion

In conclusion, we identified a higher prevalence of self-reported
PUD in the male participants than in the female participants.
Furthermore, we found a significant interaction between sex
and hyperuricemia on self-reported PUD. Hyperuricemia was
associated with a low prevalence of self-reported PUD in the
male participants but not in the female participants in this large
Taiwanese population study. Further studies are needed to clarify
the mechanisms behind these observations and verify the potential
protective role of hyperuricemia on the development of PUD.
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The pathogenic mechanism
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injury in a rat model
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Guangzhou University of Chinese Medicine, The Second Clinical College of Guangzhou University of
Chinese Medicine, Guangzhou, China, 2Department of Nephrology, The Second Affiliated Hospital of
Guangzhou University of ChineseMedicine (Guangdong Provincial Hospital of Chinese Medicine),
Guangzhou, China, 3State Key Laboratory of Dampness Syndrome of Chinese Medicine, The Second
Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou, China, 4Nephrology
Institute of Guangdong Provincial Academy of Chinese Medical Sciences (NIGH-CM),
Guangzhou, China, 5Ministry of Education Key Laboratory of Pharmacology of Traditional Chinese
Medical Formulae, Tianjin University of Traditional Chinese Medicine, Tianjin, China, 6School of
Chinese Materia Medica, Tianjin University of Traditional Chinese Medicine, Tianjin, China, 7State Key
Laboratory of Component-based Chinese Medicine, Tianjin University of Traditional Chinese
Medicine, Tianjin, China, 8Cadre Department, Guizhou Provincial People’s Hospital, Guizhou, China
Objective: (MSU) crystals usually in the kidney tubules especially collecting ducts

in the medulla. Previous animal models have not fully reproduced the impact of

MSU on kidneys under non-hyperuricemic conditions.

Methods: In the group treated with MSU, the upper pole of the rat kidney was

injected intrarenally with 50 mg/kg of MSU, while the lower pole was injected

with an equivalent volume of PBS solution. The body weight and kidney mass of

the rats were observed and counted. H&E staining was used to observe the

pathological damage of the kidney and to count the number of inflammatory

cells. Masoon staining was used to observe the interstitial fibrosis in the kidneys of

the rat model. Flow cytometric analysis was used for counting inflammatory cells

in rats. ElISA was used tomeasure the concentration of serum and urine uric acid,

creatinine and urea nitrogen in rats.

Results: At the MSU injection site, a significantly higher infiltration of

inflammatory cells and a substantial increase in the area of interstitial fibrosis

compared to the control group and the site of PBS injection were observed. The

serum creatinine level was significantly increased in the MSU group. However,

there were no significant differences in the rats’ general conditions or blood

inflammatory cell counts when compared to the control group.
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Conclusion: The injection of urate crystals into the kidney compromised renal

function, caused local pathological damage, and increased inflammatory cell

infiltration and interstitial fibrosis. Intrarenal injection of MSU crystals may result in

urate nephropathy. The method of intrarenal injection did not induce surgical

infection or systemic inflammatory response.
KEYWORDS

MSU crystal, uric acid, gouty nephropathy, hyperuricemic nephropathy, model
Introduction

Gouty nephropathy (GN) is a renal condition caused by

precipitation of monosodium urate (MSU) crystals in the kidney

tubules especially collecting ducts in the medulla (1).

Hyperuricemia is prevalent in China, with a notable prevalence of

13.3% (2). The persistent presence of supersaturated level of uric

acid (UA) in biological fluids causes the formation of MSU crystals

in the kidneys. A subnormal pH also promotes precipitation of

MSU crystals as the first pKa value of uric acid is about 5.6 (3, 4).

Mechanistically, following phagocytosis, intracellular MSU crystals

via activation of the NLRP3 inflammasome complex in monocytes/

macrophages stimulates the secretion of IL-1b, IL-18 etc. into the

extracellular space that cause recruitment of leucocytes from the

bloodstream into the inflamed site of the tissue (3, 5, 6). MSU

crystals were also shown to directly activate neutrophils (7).

Generally, it was believed that asymptomatic hyperuricemia is

less likely to cause kidney injury. However, recent research indicates

that asymptomatic hyperuricemia can actually induce inflammation

and consequently lead to kidney injury (7, 8). This new finding

suggests that animal models previously used for understanding the

cause of GN were likely simulating hyperuricemic nephropathy

(HN) instead of GN. The majority of these prior models employed

various methodologies to elevate blood uric acid levels, such as

raising blood uric acid, by inhibiting uric acid excretion (9), and

inhibiting hepatic uricase that converts uric acid into more soluble

allantoin (10). Rat models elicited by these methods were primarily

used to simulate renal injuries caused by hyperuricemia. Although

lengthening the modeling period may result in MSU deposition in

the kidneys, which could cause injury, it is unclear whether the

causal factors are hyperuricemia, MSU, or a combination of both.

Therefore, in these models, it is impossible to know the impact of

only deposited MSU on kidneys under the condition of normal

blood urate level.

In this study, we have introduced a new approach that involves

the intrarenal injection of MSU to induce GN. The aim is to

elucidate the pathological impact of MSU on the kidney. This

approach could potentially serve as an experimental groundwork

for future research on the pathogenesis and prevention strategies

of GN.
0227
Materials and methods

Animals

The use of animals in this study was approved by the Animal

Policy and Welfare Committee of Guangdong Academy of Chinese

Medicine (Approval Document No. 2022051) and all animal

experiments were conducted in accordance with the guidelines of

the National Institutes of Health (NIH). The experiments were also

performed in accordance with NIH guidelines. Male SD (Sprague

Dawley rat) rats were purchased from Charles River and placed in

an SPF(Specific-pathogen-free)-grade environment (SPF) with a

relative humidity of 40% to 70%, an ambient temperature of 20–25°

C, and a photoperiod of 12/12 h.
Experimental grouping

After one week of acclimatization, the rats were randomly

divided into a control group, a GN group (MSU group), a HN

group(UA group), and a Joint GN and HN modelling group (UA

+MSU group). Each group was further divided into two observation

time points, at the third and fourth weeks, respectively. Each group

consisted of eight rats. GN was induced in the rats by injecting urate

crystals into their kidneys. HN was induced by intragastric

administration 750 mg/kg potassium oxonate (PO; a competitive

inhibitor of uricase) (Cat # 2207–75-2, Sigma-Aldrich) and 300 mg/

kg uric acid (Cat # A8626 Sigma-Aldrich). For combined GN and

HN model group MSU crystals were injected into kidneys the day

before gavage of a mixture of PO and uric acid. The

administrationof PO and uric acic was continued for 3 or 4 weeks

(Figure 1A). To anesthetize the rats, chloral hydrate (350 mg/kg, i.p)

was administered intraperitoneally. The hair on the rats’ backs

below the sternum was removed and disinfected with iodophor. The

rats were considered suitably anesthetized when they exhibited

general weakness or responses. The rats were positioned supine

on a sterile operating table. The epidermis and muscle layers were

incised using surgical scissors, and the abdomen was gently

compressed to extrude the kidney from the abdominal cavity

through the dorsal surgical opening. The MSU crystals were
frontiersin.org
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administered with an injection needle at the renal cortico-medullary

junction at the upper pole (suprarenal pole) of the rat kidney,

approximately 1.3–2/3 of the width of the rat kidney (i.e. 5–10 mm).

The injection volume was 100 µl (0.1 mg/µl) per kidney, and the

needle was removed after the injection. An equal volume of

Phosphate buffered sal ine (PBS) (AR0032, Bosterbio

Biotechnologies) was injected into the lower pole (infrarenal pole)

of the kidney. The kidneys were replaced in the abdominal cavity

and replenished with 1 ml of saline. Finally, the muscle and

epidermal layers of the rats were closed using sutures. After

suturing, the wounds were cleaned with saline cotton pads to

remove any blood. The rats were then placed on a heating plate

and returned to their cage once they had awoken. The rat model of

GN induced by MSU was successfully obtained.
Preparation of MSU crystals for injection

Uric acid was dissolved in pure water with the help of 3M

NaOH added dropwise until complete dissolution. The pH was

adjusted to 8.9 using NaOH and glacial acetic acid. The uric acid

was then left to crystallize for 2 days at room temperature. The

crystals were collected on filter paper, washed 3 times with 70%

ethanol, allowing to dry at 37–45°C. MSU crystals were collected in

centrifuge tubes and autoclaved at 120°C and 15 psi for about

30 min. A sterile PBS solution was used to prepare the MSU

crystal suspension.
H&E staining

The kidneys were fixed in a 4% paraformaldehyde solution and

trimmed to a suitable shape using a scalpel. Subsequently, the tissue
Frontiers in Endocrinology 0328
was dehydrated using alcohol of increasing concentration. The

dehydrated tissue was then dipped in wax to get paraffinembedded

tissue blocks. The chilled paraffin-embedded tissue blocks are sectioned

into 4 µm thin sections. The paraffin sections of rat kidneys on glass

slides were dewaxed in Xylene, dehydrated by washing in absolute

ethanol and then washed in water for 3–5 minutes. After

deparaffinization, dehydration and subsequent hydration, slides were

immersed in water and stained with the H&E Staining Kit (HEC005M,

Beyotime). The slides containing hydrated tissue sections were

completely submerge in hematoxylin staining solution for 15–20 min

until the nuclei were clearly stained. The sections were then washed in

PBS buffer with sufficient swirling and stained with Eosin. The extent of

the staining was observed under the microscope. Finally, the tissue

sections were allowed to dry and sealed with a neutral resin before

observing and photographing the morphological changes in the rat

kidney under a light microscope. We randomly selected 10 fields of

view for the sections of whole rat kidneys in the control group, and 5

fields of view each for the sections of upper and lower poles of the

kidney of rats in the GN group.
Masson’s Trichrome staining

The Masson (Trichrome) staining (used primarily to

demonstrate connective tissue elements, collagen and muscle

fibers) of the kidney sections, involves fixing, dehydrating,

embedding, and sectioning in order before staining using the

Masson staining kit (DC0033, Leagene Biotechnology). After

staining, collagen becomes colored blue, muscle fibers, cytoplasm

and keratin in red and the nuclei blue/black. The staining of the

tissue sections was performed in the order of Bouin’s solution (an

excellent fixative for preserving soft and delicate structures), azurite

blue staining solution, hematoxylin staining solution (to stain
BA

FIGURE 1

Flowchart of strategic study design in animal model (rat). (A) Control, uric acid (UA), MSU and UA+MSU groups: For the UA group, the 8-week-old
male rats were gavaged (intragastric; ig) with 750 mg/kg potassium oxonate (PO) and 300 mg/kg uric acid once daily. For the MSU group, the
suspension of MSU crystals (10 mg/100 ml/kidney) was injected (intrarenal; ir) with an injection needle into the renal cortico-medullary junction at
the upper pole of the kidneys of the 8-week-old male rats. An equal volume (100 ml) of PBS (pH 7.4) was injected into the lower pole of the kidney
for site-specific control of the MSU-injected kidney. For the UA+MSU group, the suspension of MSU crystals (10 mg/100 ml/kidney) was injected (ir)
into the renal cortico-medullary junction at the upper pole of the kidneys of the 8-week-old male rats that were gavaged (ig) with PO + UA as
described above on the first day after the MSU injection. An equal volume (100 ml) of PBS (pH 7.4) was injected into the lower pole of the kidney for
site-specific control for UA+MSU effect. Urine samples, blood samples and kidney tissues were collected three or four weeks (3W/4W) after
injection. (B) MSU suspension was injected into the upper pole of the kidney as shown in the figure. MSU, monosodium urate crystal.
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nuclei), color separation solution, and Rejuvenate red staining

solution. Phosphomolybdic acid solution was used for staining

connective tissue fibers to Aniline Blue. Finally, the sections were

dried and sealed with resin. The level of fibrosis in rat kidney tissue

was observed and photographed under a microscope. In the control

group, 10 random fields of view were selected from the entire

kidney tissue, while in the GN group, 5 random fields of view were

selected from each of the suprarenal and infrarenal poles. The

positive area was counted by analyzing the collected fields of view

using Image J software.
Immunohistochemistry

Kidney sections were formalin fixed, dehydrated, sectioned into

4µm thickness and then embedded on glass slides. For heat induced

antigen retrieval, tissue sections fixed on slides were dipped in 10mM

sodium citrate solution (pH 6.0) (AR0024,Bosterbio Biotechnologies)

and heated in a pressure cooker for 4 minutes. Endogenous

peroxidase enzymes in the tissue sections were inhibited by dipping

the tissue-embedded slides in 3% H202 solution for 15 minutes. The

slides were then blocked with 5% BSA (bovine serum albumin) in

PBS (phosphate-buffered saline)solution (180728, Genxion

Biotechnologies) for 1 h at room temperature to minimize non-

specific binding of primary and secondary antibodies before

incubating with the appropriate primary antibody (diluted in 1%

BSA in PBS) for twelve hours at 4°C. The tissue sections embedded

on slides were washed three times with PBS and stained appropriate

secondary antibody (KIT-5020, MXB Biotechnologies) for one hour

at 25°C. The tissue sections were then washed with PBS to remove

non-specifically adhering the secondary antibodies and then stained

using 3,3 ’-diaminobenzidine (DAB) (DAB 2031, MXB

Biotechnologies) to develop dark-brown color by hydrogen

peroxide in the presence of HRP-linked secondary antibody

attached to the primary antibody which is bound to the antigen.

After drying the sections, we used neutral resin to seal them before

observing and photographing the morphological changes in the rat

kidney under a light microscope. We randomly selected 10 fields of

view for the sections of whole rat kidneys in the control group, and 5

fields of view each for the sections of upper and lower poles of the

kidney of rats in the GN group.

To identify crystal deposits in the kidneys, paraffin sections of

kidneys frommice on the day 28 were stained with hematoxylin and

eosin (H&E) and UA crystal deposits were visualized under

polarized light.

Multiplex fluorescence immunohistochemistry was conducted in

accordance with the instructions provided in the staining kit (G1236–

50T, ServiceBio), utilizing paraffin sections of rat kidneys and TSA-

488 dye-conjugated NLRP3 antibody, TSA-555 dye-conjugated F4/80

antibody, and TSA-647 dye-conjugated CD11b antibody. The stained

sections were then subjected to tissue panoramic scanning using a

tissue panoramic scanner(VS200,PanoView).
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Antibody: Anti-a-smooth muscle actin antibody (a-SMA)(Cat

# ab124964, abcam); anti-Vimentin antibody (Cat # ab92547,

abcam) for cytoskeleton detection; anti-NLRP3 antibody (Cat #

T55651, Abmart), anti-integrin aM/CD11b antibody (Cat # sc-

1186, Santa Cruz); anti-F4/80 antibody (Cat # ab300421, abcam) for

macrophage detection.
Uric acid dissolution test

A 50X solution (50 mM, pH 9.0) of ethylenediaminetetraacetic

acid (EDTA; P0084, Beyotime) was diluted to 1X (1 mM, pH 9.0)

using ultrapure water. One milligram of uric acid oxidoreductase

(S10175, Yuanye Bio) was volumized to 1 ml of 1X EDTA solution

to formulate a uric acid oxidase (UOX) solution at a concentration

of 37.87 u/ml. The prepared MSU crystals were placed on slides and

the UOX solution or EDTA solution (as a negative control) was

added dropwise. Following the dropwise addition of the solutions,

observations were conducted under a microscope at 200x

magnification at 0, 5, 10, 20 and 30 minutes.
Analysis of circulating inflammatory
cell counts

The rats were anesthetized with chloral hydrate (350 mg/kg, i.p)

and confirmed the depth of anesthesia suitable for surgery by

monitoring their heart rate, respiratory rate, blood pressure,

weakness and unresponsiveness. The abdominal cavity was then

opened to expose the abdominal aorta and blood was drawn using a

blood collection needle and collected in vial containing heparin

(EDTAK2,SANLI CHINA) and sent to the the Laboratory

Department of Guangdong Provincial Hospital of Traditional

Chinese Medicine, University Town Branch, for testing. The

blood was analyzed using a fully automated blood cell analyzer

(Myriad, BC-6000Plus).
Test of renal functioning

Glomerular filtration rate (GFR) is the best overall index of

kidney function. The value of GFR is calculated from the

concentration of creatinine and blood urea nitrogen (BUN) in

serum and in urine, respectively. Therefore, urine was collected

from each rat in a metabolic cage for 24 hours prior to observation.

Blood samples were collected as described above, centrifuged, and

the upper serum layer was separated. The levels of uric acid (Cat #

C012–2-1, Nanjing Jiancheng Bioengineering Insitute), creatinine

(Cat # C011–2-1,Nanjing Jiancheng Bioengineering Insitute), and

blood urea nitrogen (BUN) (Cat # C013–2-1, Nanjing Jiancheng

Bioengineering Insitute) in both serum and urine were measured

following supplied protocols of the respective appropriate kits.
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ELISA

The concentration of IL-1b in the serum was measured using

the ELISA kit for rat IL-1b (Cat # CSB-E08055r, Cusabio) following

manufacturer’s supplied protocol. The absorbances (Optical

Density, OD) of ELISA tests were read at 450 nm.
Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8.0

(GraphPad Software Inc., San Diego, CA, USA). The data were

presented as mean ± SEM. The normality of the data (relative value

of the SD with respect to mean) was confirmed, and group

comparisons were assessed using either one-way ANOVA or
Frontiers in Endocrinology 0530
Student’s t-test. A p-value of less than 0.05 was considered

statistically significant. The symbol” * “ is employed to indicate

statistical differences from the control group, the symbol “ # “ is

employed to indicate statistical differences between any two groups,

with the exception of the control group.
Results

Intrarenal administration of MSU crystal
suspension shows no impact on the whole
body weight and kidney mass of rats

The outward appearance of the rat kidneys and the mass were

compared across two different groups post-injection. The results
B

C D

A

FIGURE 2

Intrarenal administration of MSU crystals appears to have no significant effect on physical appearance of the animals (rats), whole body weight and
outward appearance and mass of kidney. (A) The pictures of the rats were taken at three or four weeks (3W/4W) after injection of suspension of
MSU crystals. (B) The whole body weight (g) of rats were measured three or four weeks after injection of suspension of MSU crystals. (C) The
pictures of the physical appearance of rat kidneys taken at three or four weeks after injection of suspension of MSU crystals. (D) The weight (g) of rat
kidneys was measured at three or four weeks after injection of suspension of MSU crystals.
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show that intrarenal injection of MSU crystals did not significantly

alter the physical appearance (Figure 2A), whole body weight

(Figure 2B) and overall appearance (Figure 2C) or weight

(Figure 2D) of the kidneys compared to controls during the third

and fourth weeks after the injections. Thus, intrarenal injection of

MSU crystals seems did not affect the overall health conditions of

rats in the third and fourth weeks post-procedure.
Intrarenal MSU injection caused localized
renal tubular damage and an increase in
inflammatory cell infiltration

To examine the impact of intrarenal MSU crystals on renal

pathology, we conducted Hematoxylin and Eosin (H&E) staining of

renal tissue sections. The results revealed the presence of uratoma at the
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upper pole of the kidneys injected with MSU crystals by the end of

third and fourth weeks post-injection (Figure 3A). The MSU crystals

exhibited significant damage to the peripheral renal tubules,

characterized by tubular dilatation and vacuolar degeneration (White

arrows and black arrows). In contrast, the lower renal pole injected

with PBS revealed no significant pathological changes like the control

group, with no discernible damage at weeks three and four (Figure 3A).

MSU crystals were shown to provoke pathological damage at its

location by inducing innate immunity (11). To know the mechanism

of how MSU crystals induce renal tissue inflammation, we measured

the number of infiltrated inflammatory cells (cellular components of

innate immunity) into the interstitium of renal tissues (Figure 3B). The

results of panoramic scanning of slides of kidney sections stained for

multiplex fluorescence immunohistochemistry with TSA-488 dye

conjugated NLRP3 antibody, TSA-555 dye conjugated F4/80

antibody (for labeling matured macrophages), and TSA-647 dye
B

A

FIGURE 3

Intrarenal administration of MSU crystals exhibited significant damage to the peripheral renal tubules; characterized by tubular dilatation,vacuolar
degeneration and substantial infiltration of inflammatory cells into the renal interstitium. (A) The Hematoxylin and Eosin (H&E) staining of a
representative of the kidney sections (n = 6; mean ± SEM) of the MSU crystals injected upper pole and PBS injected lower pole. Scale bar = 50 mm.
Arrow sign (→) on the picture shows damage to the peripheral renal tubules, the white arrow indicates tubular dilatation, while the black arrow
denotes vacuolar degeneration. (B) Inflammatory cell count infiltrated into the interstitium of rat kidneys three or four weeks (3W/4W) after injection
of suspension of MSU crystals in the upper pole (3W-U/4W-U) and PBS injection in the lower pole (3W-I/4W-I) of the rat kidney. (n = 5–6; mean ±
SEM). **** P < 0.0001. #### P < 0.0001.
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conjugated CD11b antibody (for labeling monocytes, activated

lymphocytes, macrophages) revealed a significant increase in

inflammatory cell infiltration at the upper renal pole injected with

MSU crystals during weeks four, compared to the PBS-injected and

control kidneys (Figures 3B, 4A–C). We did not find any significant

increase in infiltration of inflammatory cells in the PBS-injected lower

renal pole compared to the control kidneys during these time periods.
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Intrarenal injection of MSU crystals did not
induce systemic inflammatory response
in rats

To know the impact of intrarenal injection with MSU crystals

on systemic inflammatory response we conducted a thorough

analysis of inflammatory cell types in rat blood samples. The
B

C

D

E

F

A

FIGURE 4

Intrarenal injection of MSU crystals into the kidneys of normal rats or PO-induced hyperuricemic rats induces the activation of NLRP3 inflammasome
protein complexes in renal monocytes and macrophages and elevate serum IL-1b levels. (A) Representative images of kidney sections of control rat,
PO-induced hyperuricemic rat (UA group), MSU crystals-injected rat (MSU group), and MSU crystals-injected PO-induced hyperuricemic rat (UA
+MSU group) at 28 days of after MSU injection/gavage that were stained using TSA-488 dye-conjugated NLRP3 antibody, TSA-555 dye-conjugated
F4/80 antibody, and TSA-647 dye-conjugated CD11b antibody for Multiplex immunohistochemical staining. Green fluorescence represents NLRP3,
red fluorescence represents F4/80, and pink fluorescence represents CD11b. White arrows represent double-positive cells (macrophages and
monocytes) for NLRP3+CD11b+; yellow arrows represent double-positive cells (macrophages) for NLRP3+F4/80+. Scale bars = 2.5 mm and 50 mm.
(B) Quantification of the pink area immune-stained for CD11b (n = 5; mean ± SEM). (C) Quantification of the read area immune-stained for F4/80 (n
= 5; mean ± SEM). (D) The relative number of double-positive cells for NLRP3+CD11b+ per view (n = 5; mean ± SEM). (E) The relative number of
double-positive cells for NLRP3+F4/80+ per view (n = 5; mean ± SEM). (F) The concentrations of IL-b in the sera of all four groups of rats (n = 5;
mean ± SEM). Rat kidneys were sectioned four weeks (4W) after MSU injection/gavage. Blood samples from all four groups of rats (for sera) were
collected four weeks after MSU injection/gavage. *, # <0.05; **, ## P < 0.01; ***, ### P < 0.001; ****, P < 0.0001 The panoramic scanning of slides
of kidney sections stained for multiplex fluorescence immunohistochemistry with TSA-488 dye conjugated NLRP3 antibody, TSA-555 dye
conjugated F4/80 antibody (for labeling matured macrophages), and TSA-647 dye conjugated CD11b antibody (for labeling monocytes, activated
lymphocytes, macrophages) was used for counting the number of infiltrated inflammatory cells.
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results of flow cytometry analyses revealed almost no significant

differences in counts or proportions of leukocyte, neutrophil,

lymphocyte, and monocyte in the circulation during the third and

fourth weeks post-injection compared to the control group

(Figure 5). The results suggest that the intrarenal injection of

MSU crystals did not cause any infection or induce systemic

inflammatory response in the rats.
Intrarenal Injection of MSU crystals induces
focal renal interstitial fibrosis

The MSU crystal-induced nephropathy was previously shown

as the result of stimulation of renal inflammation and fibrosis

through activation of the cytosolic Nod-like receptor protein 3

(NLRP3) inflammasome (12). We assessed the effect of intrarenal

MSU crystal injection on renal fibrosis by Masson’s Trichrome

staining of connective tissue fibers and collagen in renal tissue

sections and measured the positively stained (blue) area. The results

show a significant increase in fibrosis in the renal interstitium at the

upper pole of kidneys injected with MSU crystals during the third

and fourth weeks, compared to the lower pole injected with PBS and

control rat kidneys. We did not find any significant increase in
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fibrosis at the PBS-injected lower pole of the kidneys at weeks 3 and

4 compared to the control rats (Figure 6). The results are indicative

of the effect of MSU crystals on localized induction of interstitial

fibrosis only at the site of MSU crystal injection in kidney during the

third and fourth weeks.
Intrarenal injection of MSU crystals results
in renal impairment in rats without
influencing blood uric acid levels

To assess the effect of intrarenal injection of MSU crystals on rat

kidney function, we measured the levels of uric acid, creatinine, and

urea nitrogen in urine and serum. Comparative analysis revealed no

significant differences in uric acid and urea nitrogen levels in rat

serum and urine three and four weeks after MSU injection

compared to control rats (Figures 7A, B, E, F). However, the

serum creatinine levels showed a significant increase four weeks

after the MSU injection compared to the control group, while no

noticeable changes were observed in urine creatinine (Figures 7C,

D). These results indicate that the intrarenal injection of MSU

crystals did not interfere with the renal function related to uric acid

transport (reabsorption/secretion) or metabolism. However, the
B

C

D

E
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G

A

FIGURE 5

Intrarenal administration of MSU crystals did not induce a systemic inflammatory response in rats. The percentage and total number of inflammatory
cells per liter in the blood of rat was analyzed using a fully automated blood cell analyzer. (A) Blood leukocyte (WBC) count (109/L). (B) Blood
neutrophil (NEU) percentage (%). (C) Blood neutrophil count(109/L). (D) Blood monocyte (MONO) percentage (%). (E) Blood monocyte count (109/L).
(F) Blood lymphocyte (LYM) percentage (%). (G) Blood lymphocyte count (109/L). Blood samples from rata were collected three or four weeks (3W/
4W) after injection of suspension of MSU crystals in the upper pole and after injection of PBS in the lower pole of the rat kidney.
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injection of MSU crystals significantly increased serum creatinine (a

waste product of the muscles) indicating MSU crystals might have

triggered renal dysfunction in rats by the fourth week

post-injection.
Both MSU crystals and soluble UA results
in renal impairment, pathological damage
and fibrosis

To know the difference in the impacts of MSU crystals (MSU

group) and soluble UA on renal injury, we induced hyperuricemia

in rats by gavaging potassium oxonate (PO) and UA (UA group) to

simulate the effect of soluble UA on the kidney. We also used rats

with hyperuricemia (by gavaging PO and UA) after intrarenal

injection of MSU crystals (UA+MSU group) to simulate the

effects on the kidney when MSU crystals and soluble uric acid are

present in the kidney at the same time (Figures 1A, B). The outward

appearance of the rat kidneys and the mass were compared across

four different groups. The results demonstrate that the UA, MSU,
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and UA+MSU groups exhibited no significant differences in

physical appearance (Figure 8A), whole body weight (Figure 8B),

or overall appearance (Figure 8C) or weight (Figure 8D) of the

kidneys compared to controls during the third and fourth weeks.

Thus, in the presence of MSU crystals, soluble UA and both in the

kidney, the overall health conditions of rats did not change after the

third and fourth weeks post-procedure. A comparative analysis of

kidney function indicators revealed that at the third and fourth

weeks of modelling, there was no significant difference in serum UA

(sUA) levels between the MSU and control groups. Nevertheless,

sUA levels were found to be significantly elevated in the UA and UA

+MSU groups in comparison to the control and MSU groups.

Furthermore, at the fourth week, sUA levels were found to be

significantly higher in the UA+MSU group than in the UA group

(Figure 8E). There was no significant difference in serum creatinine

(sCr) levels between the UA group and the control group at week

four. However, sCr levels were significantly higher in the MSU

group and the UA+MSU group (Figure 8G). The modelling groups

exhibited no significant differences in urine UA (uUA), urine

creatinine (uCr), serum urea nitrogen (sUN) and urine urea
B

A

FIGURE 6

Intrarenal injection of MSU crystals induces focal renal interstitial fibrosis as revealed by Masson (Trichrome) staining of rat kidney sections.
(A) Masson (Trichrome)staining of connective tissue fibers and collagen in the kidney sections as shown by positively stained (blue) area of rat kidney
sections (n = 6; mean ± SEM). Scale bar = 50 mm. (B) Quantification of the area of Masson (Trichrome) stained blue region (n = 5–6; mean ± SEM).
Rat kidneys were sectioned three or four weeks (3W/4W) after injection of suspension of MSU crystals in the upper pole (3W-U/4W-U) and PBS
injection in the lower pole (3W-I/4W-I) of the rat kidney. # P < 0.05, *** P < 0.001.
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nitrogen (uUN) compared to the control group at weeks three and

four (Figures 8F, H–J). The results indicate that the administration

of PO and UA by gavage may affect renal function related to uric

acid transport (reabsorption/secretion) or metabolism.

Furthermore, the presence of MSU crystals in the kidney appears

to exacerbate this effect. Concurrently, the injection of MSU crystals

into the kidneys of PO and UA gavaged rats resulted in a significant

elevation in serum creatinine (a byproduct of muscle), indicating

that MSU crystals may be the primary contributor to renal

dysfunction in rats during the fourth week following injection,

rather than soluble UA.

The results of hematoxylin and eosin (H&E) staining show that

the UA group, UA+MSU group, and the upper pole of the kidney in

MSU groups suffered significant damage, as evidenced by tubular

dilatation and vacuolar degeneration (shown by the arrows in the

Figure 8K). In contrast, the lower pole of the kidney in the MSU

group did not exhibit any significant pathological changes or

damages compared to the control group after third and fourth

weeks of the procedures. It is noteworthy that pathological damage

in the MSU group was present only in the vicinity of the MSU

crystals. In contrast, pathological damage in the UA and UA+MSU

groups was observed diffused throughout the renal tissue
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(Figure 8K). To know the mechanism how MSU crystals and

soluble UA induce pathological changes in the renal tissue, the

number of inflammatory cells infiltrating the interstitium of renal

tissue was quantified (Figure 8L). The results show a significant

increase in the infiltration of inflammatory cells in the third and

fourth weeks after procedures in the kidneys of UA group, UA

+MSU group, and the upper pole of the kidney in the MSU groups

compared with control group. Furthermore, the number of

inflammatory cells was significantly increased in the upper pole of

the kidney in the MSU group and the UA+MSU group in the

presence of MSU crystals compared to the lower pole of the kidney

injected with PBS.

To demonstrate that intrarenal injection of MSU crystals results

in kidney damage, we employed uric acid oxidase (UOX)to dissolve

the intrarenally injected MSU and used polarized light microscopy

to observe the kidney tissue after injection. The results indicated

that uricase could dissolve the intrarenally injected MSU and within

30 minutes, while the dissolution reagent without UOX was

ineffective (Figure 8M). Interestingly, the results of polarized light

microscopy of rat kidney sections also showed the increased

growth/size/number of the injected MSU crystals in the kidney of

UA+MSU group of rats (Figure 8N). This indicates that under
B
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FIGURE 7

Effect of intrarenal injection of MSU crystals on serum and urinary indices of renal function in rats. (A) Serum urate (sUA) (ummol/L). (B) Urinary uric
acid (uUA) (ummol/L). (C) Serum creatinine (sCr) (ummol/L). (D) Urinary creatinine (uCr)(ummol/L). (E) Serum urea nitrogen (sUN) (ummol/L).
(F) Urinary urea nitrogen (uUN) (ummol/L).*, # P < 0.05.
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FIGURE 8

Intrarenal injection of MSU crystals into the kidneys of normal rats or PO-induced hyperuricemic rats triggers renal impairment, pathological damage
and inflammatory cell infiltration. (A) The pictures of rats from left to right are the representative control rat, PO-induced hyperuricemic rat (of UA
group), MSU crystals-injected rat (of MSU group), and MSU crystals-injected PO-induced hyperuricemic rat (of UA+MSU group). These pictures were
taken four weeks (4W) after injection of suspension of MSU crystals (MSU group). The PO-induced group of hyperuricemic rats (UA group) was
generated by intragastric gavage of 750 mg/kg of PO and 300 mg/kg of UA. The UA+MSU group of rats was generated by intragastric gavage of 750
mg/kg of PO and 300 mg/kg of UA after intrarenal injection of MSU crystals. (B) Whole body weight (g) of rats of the control, UA, MSU, and UA+MSU
groups were measured from zero to four weeks after MSU injection/gavage. (C) The pictures show the physical appearance of rat kidneys in the
control, UA, MSU and UA+MSU groups taken at four weeks after after MSU injection/gavage. (D) The weight (in grams) of the kidneys of the rats was
measured four weeks after MSU injection/gavage. (E) Serum urate (sUA) (ummol/L); (F) Urinary uric acid (uUA) (ummol/L); (G) Serum creatinine (sCr)
(ummol/L); (H) Urinary creatinine (uCr)(ummol/L); (I) Serum urea nitrogen (sUN) (ummol/L) and (J) Urinary urea nitrogen (uUN) (ummol/L).
(K) Hematoxylin and Eosin (H&E) staining of a representative of the kidney sections (n = 5–8; mean ± SEM) of control, UA, MSU and UA+MSU
groups. Tissue Imaging and 200x field of view. Scale bar = 2mm, 50 mm. Arrow sign (→) on the picture shows damage to the peripheral renal
tubules; the white arrow indicates tubular dilatation, while the black arrow denotes vacuolar degeneration. (L) Inflammatory cell count infiltrated into
the interstitium of rat kidneys three or four weeks (3W/4W) after MSU injection/gavage. (n = 5–6; mean ± SEM). The panoramic scanning of slides of
kidney sections stained for multiplex fluorescence immunohistochemistry with TSA-488 dye conjugated NLRP3 antibody, TSA-555 dye conjugated
F4/80 antibody (for labeling matured macrophages), and TSA-647 dye conjugated CD11b antibody (for labeling monocytes, activated lymphocytes,
macrophages) was used for counting the number of infiltrated inflammatory cells. (M) The intrarenally accumulated MSU crystals were shown
getting dissolved by UOX (urate oxidas’uricase) treatment for about 10–30 min. The EDTA solution used to make UOX solution had no effect in
dissolving MSU crystals at the site of injection. The picture was taken at 200X magnification. Scale bar, 50mm. (N) The photograph of rat kidney
sections was taken using a polarized light microscope. Scale bar,100mm. The white arrow symbol (→) shows the presence of MSU Crystals.
*, # <0.05; **, ##P < 0.01; ***, ###P < 0.001; ****, ####P < 0.0001.
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condition of hyperuricemia, intrarenally injected smaller MSU

crystals acted like seeding crystals to accelerate the growth of the

injected smaller MSU crystals that ultimately results in more

damages to the kidney.

Next, we stepped forward to know the differences in the impacts

of intrarenal MSU crystals, soluble UA, and UA+MSU on the

degree of renal fibrosis through evaluation of the fibrosis marker

proteins a-SMA and vimentin proteins of connective tissue fibers in

renal tissue sections using Masson’s trichrome staining and

immunohistochemical staining. The results show significant

degree of fibrosis, in the renal tissues of the UA and UA+MSU

groups, as well as in the upper pole of the kidneys in the MSU group

at the location of MSU crystal injection (Figures 9A–F).

Quantitative analyses reveal that the UA group, the UA+MSU

group, and the upper pole of the kidney in the MSU group

exhibits significantly higher level of Vimentin and a-SMA than

the control group (Figures 9G–I). In contrast, no significant

difference was observed in the positive area of the three indicators

in the lower pole of the kidney in the MSU group compared to the

control group (Figures 9G–I). The results thus indicate that MSU

crystals, soluble UA, and their combination can induce interstitial

fibrosis during the third and fourth weeks.
MSU crystals induce NLRP3 activation in
renal tissue monocytes and macrophages
and elevate serum IL-1b levels

MSU crystals have been demonstrated to release inflammatory

factors by activating the Nod-like receptor protein 3 (NLRP3) in

monocytes and macrophages, thereby exacerbating the tissue

inflammatory response (12). In order to ascertain the role of

MSU crystals and soluble UA in the regulation of inflammatory

factors in renal tissues, kidney tissue sections were stained using

multiplex immunohistochemical staining. Green signals

represented NLRP3, red signals represented F4/80 (a marker for

macrophages) and pink signals represented CD11b (a marker for

monocytes). The results demonstrated that there was no significant

difference in the CD11b-positive area between the UA, MSU and

UA+MSU groups (Figures 4A, B). The F4/80-positive area was

significantly greater in the UA group, MSU group and UA+MSU

group compared to the control group. Furthermore, the F4/80-

positive area of the upper pole of the kidney injected with MSU

crystals was significantly greater than that of the lower pole injected

with PBS in the MSU group and UA+MSU group (Figures 4A, C).

The number of cells that were positive for both NLRP3 and CD11b

or F4/80 was counted. The results reveal a remarkable increase in

the number of NLRP3, CD11b and F4/80-positive cells in the MSU

and UA+MSU groups in comparison to the control group. A

significant increase in the number of CD11b and F4/80-positive

cells was also observed in the PBS-injected lower pole of the kidney

in the UA+MSU group compared to the PBS-injected lower pole of

the kidney of MSU group of rats (Figures 4A–E). Since, NLRP3

activation in macrophages and monocytes was reported to increase

IL-1b secretion (12), we examined the level of IL-1b in the blood of

all these experimental groups of rats. The results show that the level
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of IL-1b in the blood of UA group, MSU group and the UA+MSU

group was significantly increased compared to that of the control

group. (Figure 4F) The results thus indicate that the intrarenal

injection of MSU crystals may be the causal factor to the observed

increase in IL-1b expression.
Discussion

GN is caused by the precipitation of MSU crystals in the kidney

tubules, usually collecting ducts with tubular injury (1). Patients

suffering from acute GN usually have severe hyperuricemia, gout

and kidney failure and/or impaired kidney function with renal

fibrosis (1, 2). In this study, we found that direct administration of

the suspension of MSU crystals into the rat kidney caused

significant infiltration of inflammatory cells and interstitial

fibrosis at the site of injection, while the other uninjected sites or

sites injected with PBS remained almost normal. However, we can’t

rule out the impact of MSU crystals on other sites of kidney over

longer periods of time.

Previous studies on GN have mainly relied on models that had

elevated levels of serum urate (11, 13). In contrast, this study design

aimed to explore the localized effect of MSU crystals in the rat

kidney compared with the other parts of the kidney. We monitored

the presence of MSU crystals at the site of injection directly by light

microscopy to confirm direct effect of MSU crystals on infiltration

of inflammatory cells and fibrosis. However, in other previous

studies, confirming the presence of MSU crystals at the site of

infiltration of inflammatory cells and fibrosis was a challenging

issue to prove that the symptoms of GN was caused directly by MSU

crystals, not by circulating higher level of urate (11).

To assess the role of only the MSU crystals on the pathogenesis

of GN, it is important to exclude the interference caused by elevated

levels of circulating uric acid, which can be very challenging. In this

study, renal inflammation, fibrosis and tubular injury was induced

by the MSU crystals (detectable at the site of injection directly by

light microscopy) while keeping the serum urate at normal level

during the study period. Furthermore, by comparing this study

model of GN with the GN model having elevated uric acid levels, it

might be possible to simulate renal injury in patients with clinically

comorbid hyperuricemia and gout. The use of this study approach

can be helpful to understand the differences between the pathogenic

mechanisms of HN and GN.

GN is characterized by the presence of mostly MSU crystals in

the renal tubules usually collecting ducts with tubular injury1 and/

or interstitium, with infiltrating inflammatory cells such as

macrophages, lymphocytes, and granulocytes in the interstitium

of kidneys (2, 14) accompanied by fibrosis. The results of this study

confirm that the presence of MSU crystals at the site of injection in

the rat kidney caused profound infiltration of inflammatory cells

accompanied by fibrosis without affecting other areas of kidney

injected with PBS. In this study, serum urate levels remained almost

unaffected in both serum and urine in the MSU crystals injected rats

like the control group. Thus, the induction of GN symptoms and

renal injury by MSU crystals in this study, unlike that in the HUA

model, was under the conditions of normal serum urate levels.
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FIGURE 9

Intrarenal injection of MSU crystals into the kidneys of normal rats or PO-induced hyperuricemic rats induces renal interstitial fibrosis, as evidenced
by Masson’s trichrome staining (for detection of the extent of collagen fibers deposition indicative of fibrosis) and immune-staining of a-SMA (a-
smooth muscle actin, a marker of fibrosis) and vimentin (a cytoskeletal protein, a marker of fibrosis) in rat kidney sections. (A) Images of kidney
sections taken after Masson’s trichrome staining. Scale bar = 2mm. Muscle fibers are stained red and collagens are stained blue. (B) Images of kidney
sections taken after immune staining using anti-Vimentin antibody, HRP-linked secondary antibody and DAB+ [3,3’-diaminobenzidine (DAB+)
substratechromogen which results in a brown-colored precipitate at the antigen site. Scale bar = 2mm. (C) Images of kidney sections taken after
immune staining using anti-a-SMA antibody, HRP-linked secondary antibody and the above-mentioned substrate-chromogen. Scale bar = 2mm.
(D) Representative images of kidney sections taken after Masson’s trichrome staining of connective tissue fibers particularly collagen (blue) (n = 5–8;
mean ± SEM). Scale bar = 50 mm. (E) Representative images of kidney sections taken after immune-staining using anti-vimentin antibody (brown) (n
= 5–8; mean ± SEM). Scale bar = 50 mm. (F) Representative images of kidney sections taken after immune-staining using anti-a-SMA antibody
(brown) (n = 5–8; mean ± SEM). Scale bar = 50 mm. (G) Quantification of the Masson’s trichrome stained blue region (for collagen fibers deposition)
(n = 5–8; mean ± SEM). (H) Quantification of the of brown-stained area for Vimentin expression (n = 5–8; mean ± SEM). (I) Quantification of the
brown-stained area for a-SMA expression (n = 5–8; mean ± SEM). Rat kidneys were sectioned three or four weeks (3W/4W) after MSU injection/
gavage. *, # <0.05; **, ## P < 0.01; ***, ### P < 0.001; ****, #### P < 0.0001.
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Regrettably, our study was not designed for a longer observation

period to determine the pathological development of rat kidney

tissue after MSU crystal injection at 4 weeks. Therefore, extending

the observation time after injection might bring some data valuable

for the mechanism of pathological progression of disease.

A comparison of renal function indexes, pathological damage

and fibrosis in rats subjected to different modelling methods

revealed that both MSU crystals and soluble UA in the kidneys

are associated with renal impairment, pathological damage and

fibrosis. Furthermore, these factors appear to act in a synergistic

manner, contributing to the pathogenesis of renal disease. However,

the indexes of renal impairment were not identical. MSU crystals

primarily affected the excretion or production of sCr, whereas PO

and UA gavage primarily affected the excretion or production of

sUA, resulting in elevated sUA levels. This is attributed to the fact

that PO is a selective competitive inhibitor of uricase/urate oxidase

(EC 1.7. 3.3) that causes hyperuricemia by blocking the conversion

of uric acid to more soluble allantoin (10). Furthermore, the renal

pathology and fibrosis induced by MSU injection only at a specific

site of kidney differ from that induced by PO. MSU crystals induce

tissue damage, inflammatory cell infiltration, and fibrosis at the site

of their action, whereas in PO-induced hyperuricemia, soluble UA

induces tissue damage, inflammatory cell infiltration, and fibrosis in

all over the kidney KO can cause hyperkalemia which may cause

unexpected animal death due to heart failure (15, 16). It is

noteworthy that the combined intrarenal injection of MSU and

gavage feeding of PO approach resulted in further exacerbation of

some renal function parameters, renal pathology and fibrosis. Our

results are consistent with recent findings suggesting that soluble

UA can trigger renal injury as well as MSU crystals (7, 8). In our

study, we administered 750 mg/kg PO and 300 mg/kg UA by

gavage, resulting in sUA levels of approximately 250–280 umol/L at

weeks 3 and 4. This indicates that this concentration of soluble UA

may act as a pro-inflammatory or pathologically damaging agent.

It is believed that the activation of immune cells, primarily

macrophages and monocytes, is the primary cause of the

inflammatory response induced by MSU crystals (5). The results

of our investigation indicate that the intrarenal injection of MSU

crystals can result in the infiltration of macrophages into renal

tissues and the activation of NLRP3 in macrophages and

monocytes. In this study, we did not find any significant effect of

injected intrarenal MSU crystals on infiltration of monocytes, which

could be due to the imperfect choice of CD11b as the proper marker

of the monocytes in renal tissues at this stage of the disease. It has

been demonstrated in the literature that monocytes exhibit distinct

subtypes of expression at different stages of gout (17), suggesting

that future study with appropriate selection markers for staining of

different populations of monocytes might give us better conclusive

results. Activation of NLRP3 in macrophages and monocytes

releases IL-1b (12), which amplifies the inflammatory response.

The results indicate that blood levels of IL-1b may be elevated

following intrarenal MSU crystal deposition. However, further

validation is necessary to ascertain whether the increased IL-1b
originates from activated macrophages and monocytes.

Furthermore, MSU crystals have been observed to influence the

activity of a range of immune cells, thus, the present study might act
Frontiers in Endocrinology 1439
as the basis for further detailed study identifying and associating

which population of infiltrating inflammatory cells in the renal

interstitium, are the major players of crystal-induced renal injury

and what kind of proinflammatory cytokines they secrete into the

extracellular space.

In conclusion, we were able to induce the symptoms of gouty

nephropathy in a rat model by intrarenal injection of the suspension

of MSU crystals. We verified that the stable presence of MSU

crystals (in absence of hyperuricemia) in renal tissue caused

infiltration of inflammatory cells accompanied by interstitial

fibrosis and tubular injury localized at the site of injection

without affecting the other areas of the kidney injected with PBS.

Renal impairment was observed four weeks after MSU crystal

injection. This strategic study design is effective for studying

gouty nephropathy triggered by MSU crystals only, as it isolates

from the impact of elevated level of circulating urate.
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The impact of AIM2
inflammasome-induced
pyroptosis on acute gouty
arthritis and asymptomatic
hyperuricemia patients
Jiyan Chu1,2†, Jing Tian3†, Ping Li1*, Diyu Fu1,2, Lin Guo1

and Rui Sun1

1Department of Rheumatology, General Hospital of Northern Theater Command, Shenyang,
Liaoning, China, 2Graduate School, Dalian Medical University, Dalian, Liaoning, China, 3Department of
Orthopedics, General Hospital of Northern Theater Command, Shenyang, Liaoning, China
Objective: This study aimed to evaluate the role of absent in melanoma 2 (AIM2)

inflammasome-mediated pyroptosis in the pathogenesis of acute gouty arthritis

(AGA) and asymptomatic hyperuricemia(AHU).

Methods: A cohort of 30 AGA patients, 30 AHU individuals, and 30 healthy

controls (HC) was assembled. Demographic and biochemical data, along with

blood samples, were collected. Serum double-stranded DNA (dsDNA) levels

were quantified using a fluorescent assay. Transcriptomic and proteomic analysis

of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 in peripheral blood mononuclear

cells was performed using qRT-PCR and Western blot. Enzyme-linked

immunosorbent assay (ELISA) was employed to measure serum IL-1b and IL-

18. Spearman correlation analysis was utilized to assess relationships

between variables.

Results: Both AGA and AHU groups demonstrated elevated metabolic indicators

and serum levels of dsDNA, IL-1b, and IL-18 compared to the HC group. AGA

patients exhibited higher inflammatory markers than the AHU group. In the AGA

group, there was a significant increase in the mRNA and protein levels of AIM2,

Caspase-1, GSDMD, IL-1b, and IL-18 (P<0.05 to P<0.001). The AHU group

showed higher AIM2, Caspase-1, GSDMD, and IL-18 mRNA levels than the HC

group (P<0.001 to P<0.01), with a non-significant increase in AIM2, GSDMD, and

IL-1b proteins (P>0.05). In contrast, Caspase-1 and IL-18 proteins were

significantly higher in the AHU group (P<0.05). Notable correlations were

observed between AIM2 protein expression and levels of Caspase-1 and

GSDMD in both AGA and AHU groups. In the AGA group, AIM2 protein

correlated with IL-1b, but not in the AHU group. The AIM2 protein in the AHU
Abbreviations: AGA, acute gouty arthritis; AHU, asymptomatic hyperuricemia; HC, healthy control;

dsDNA, double strand DNA; PBMCs, Peripheral blood mononuclear cells; PRR, pattern recognition

receptor; AIM2, Absent in melanoma 2; GSDMD, Gasdermin D; IL-1b, interleukin-1b; ELISA, enzyme-

linked immunosorbent assay; UA, uric acid; TC, total cholesterol; TG, triglycerides; Scr, serum creatinine;

Ccr, creatinine clearance rate; WBC, white blood cells; ESR, erythrocyte sedimentation rate; CRP, C-reactive

protein; BG, blood glucose; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood

urea nitrogen; NETs, neutrophil extracellular traps.
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group was positively associated with IL-18, with no such correlation in the

AGA group.

Conclusion: AIM2 inflammasome may play a role in the inflammatory processes

of AGA and AHU and that its activation may be related to the pyroptosis pathway.
KEYWORDS

absent in melanoma 2(AIM2), pyroptosis, caspase-1, gasdermin D (GSDMD), acute gouty
arthritis, asymptomatic hyperuricemia
Introduction

Gout and asymptomatic hyperuricemia (AHU) are impacting

individuals worldwide, with a growing prevalence among younger

people (1, 2). Acute gout arthritis (AGA) is an inflammatory

disorder characterized by hyperuricemia and the deposition of

monosodium urate (MSU) crystals in joints and tissues (3).

Patients with AGA have episodes of severe inflammation,

swelling, and pain. Without appropriate treatment, chronic gout

can lead to cardiovascular disease and renal impairment (1, 3). In

hyperuricemia, serum uric acid levels exceed the saturation

threshold. The condit ion is known as asymptomatic

hyperuricemia when it occurs in the absence of inflammation

caused by monosodium urate crystals (4, 5). Asymptomatic

hyperuricemia, traditionally considered a metabolic abnormality

linked to gout and kidney stones, is now recognized as a

significant risk factor for hypertension, adiposity, diabetes

mell i tus, hepatic steatosis , chronic nephropathy, and

cardiometabolic diseases (5, 6). As safe and effective medications

for AGA treatment are lacking, and the necessity of urate-lowering

therapy for individuals with asymptomatic hyperuricemia is

debatable, there is an urgent need to investigate the etiology of

AGA and silent hyperuricemia.

Pyroptosis is a type of inflammatory programmed cell death,

first proposed by Brennan and Cookson in 2001 (7). Unlike necrosis

and apoptosis, it induces cellular membrane disruption and the

secretion of pro-inflammatory cytokines, which amplify the

inflammatory response (8). In individuals suffering from gout, the

body activates innate immune cells by recognizing MSU through

endogenous damage associated molecular patterns (DAMPs),

which participate in pyroptosis (9). Pyroptosis is known to occur

through three main pathways: the canonical pathway, the non-

canonical pathway, and the Caspase-3 mediated pathway (10). The

canonical pathway is mediated by inflammasomes and Caspase-1.

Upon stimulation by PAMPs or DAMPs, the inflammasomes

activate Caspase-1, promoting the maturation and release of pro-

inflammatory cytokines like interleukin-1b (IL-1b) and IL-18, as

well as the activation of gasdermin D (GSDMD). The activated

effector molecule GSDMD forms non-selective pores on the cell

membrane, leading to the loss of its integrity (11). Various
0242
inflammatory factors are released through these pores, while

extracellular substances enter the cell, accelerating cell swelling

and organelle damage, ultimately resulting in cell rupture.

Inflammasomes, composed of pattern recognition receptors

(PRRs), apoptosis-associated speck-like protein containing a

CARD (ASC), and inactive pro-caspase-1, are multiprotein

complexes found in the cytoplasm (12). They can only function

after they are activated. PRRs serve as the initial signal to induce

transcription and synthesis of inactive pro-IL-1b and pro-IL-18.

Inflammasomes then act as the second signal to convert pro-

caspase-1 to active Caspase-1 (13). The PRRs of inflammasomes

mainly include members of the nucleotide-binding oligomerization

domain-like receptor (NLR) family and the absent in melanoma 2

(AIM2)-like receptor (ALR) family (14).

Absent in melanoma 2 (AIM2) constitutes a component of the

AIM-like receptor (ALR) family, which contains an N-terminal

pyrin domain (PYD) and a C-terminal domain that belongs to a

group known as hematopoietic, interferon-inducible, nuclear

proteins with a 200-amino-acid repeat (HIN-200). This receptor

helps recognize cytosolic DNA via its HIN-200 region, which

st imulates the adaptor protein ASC to faci l i tate the

oligomerization and subsequent proteolytic maturation of pro-

caspase-1 (15, 16). AIM2 is an intracellular DNA sensor that

identifies genomic material originating from several sources, such

as pathogenic bacteria, viral entities, genotoxic stress from ionizing

radiation, and endogenously derived DNA disseminated via

exosomal mechanisms (17–21). Researchers have found through

experiments that the oligomeric assembly kinetics of the AIM2

inflammasome depends on the chain length of double-stranded

DNA (dsDNA). The oligomerization is optimally induced by

dsDNA that is 80–200 base pairs in length (22, 23). In the

context of autoimmune diseases, such as systemic lupus

erythematosus (SLE), rheumatoid arthritis (RA), and Sjögren’s

syndrome (SS), dysregulated hyperactivation of the AIM2

inflammasome pathway may occur due to the continuous

accumulation of self-derived DNA substrates (24–26). However,

only a few studies have investigated the role of the AIM2

inflammasome in AGA. Therefore, in this study, we evaluated the

expression of AIM2, Caspase 1, and GSDMD in PBMCs of patients

diagnosed with AGA and AHU, estimated the levels of the
frontiersin.org
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inflammatory cytokines IL-1b and IL-18 in serum, hope to provide

new insights into the involvement of the AIM2 mediated pyroptosis

pathway in the development of AGA and strategies for

treating gout.
Materials and methods

Participants and samples

Data were collected from patients attending outpatient clinics at

the General Hospital of Northern Theater Command between

December 2021 and August 2022. The study included 90 male

participants aged between 18 and 70 years. Among them, 30

individuals were diagnosed with acute gouty arthritis based on

the 2015 ACR/EULAR gout classification criteria and assigned to

the AGA group (27). Another 30 individuals were diagnosed with

asymptomatic hyperuricemia based on the hyperuricemia criteria

(4) and assigned to the AHU group. Finally, 30 healthy participants

who visited the medical examination center for a physical

examination were assigned to the control group. Care was taken

to match the age and gender distribution among the three groups.

The study excluded the following patients: (1) individuals with

acute purulent arthritis, traumatic arthritis, and rheumatoid

arthritis; (2) those with other crystal-related diseases like calcium

pyrophosphate deposition disease; (3) patients with mental

disorders, abnormal liver and kidney function, and cardiovascular

and cerebrovascular diseases; (4) individuals with secondary gout;

(5) pregnant women or those with malignancy.

All procedures used in the study were approved by the Medical

Ethics Committee of the General Hospital of Northern Theater

Command. Written informed consent was obtained from each

participant. Total RNA and protein were extracted from blood

samples stored at –80°C for subsequent analyses.
Hematology analysis and determination of
biochemical parameters

Peripheral venous blood (8mL) was collected from the participants

and processed by a hematology analyzer to quantify the white blood

cell (WBC) count, hemoglobin (Hb) level, and platelet count (PLT). An

automated biochemical analyzer was used to determine the levels of

fasting blood glucose (FBG), uric acid (UA), triglycerides (TG), total

cholesterol (TC), alanine aminotransferase (ALT), aspartate

aminotransferase (AST), serum creatinine (Scr), blood urea nitrogen

(BUN), erythrocyte sedimentation rate (ESR), and C-reactive protein

(CRP). Creatinine clearance rate (Ccr) was calculated using the

equation Ccr = (140-age) × body weight (kg)/72×Scr (mg/dL).
Fluorescent quantification for determining
serum dsDNA levels

The serum dsDNA was quantified using the Quant-iT

PicoGreen dsDNA Kit (Invitrogen, USA), following the
Frontiers in Immunology 0343
manufacturer’s instructions. Briefly, 90 µL of TE buffer was added

to each well of a 96-well plate, followed by 10 µL of serum. Next, 100

µL of PicoGreen solution diluted 200 times with TE buffer was

added to each well. The samples were incubated at room

temperature for 10 min in the dark. A BioTek Synergy2

multifunctional microplate reader was used to detect and

calculate the concentration of dsDNA under the excitation light

at 480 nm and emission light at 520 nm.
Total RNA isolation and real-time
PCR analysis

Blood samples were processed using the Whole Blood Total

RNA Kit (IVDSHOW, China) to extract total RNA according to the

manufacturer’s instructions. The RNA was then used to synthesize

cDNA using a reverse transcription kit (TaKaRa, Japan). Next, 1uL

of the synthesized cDNA was used to measure the mRNA

expressions of AIM2, Caspase-1, and GSDMD with specific

primers as templates. The primers used in the amplification of

the target mRNAs are shown below: AIM2: forward: 5′-AGCAA
GATATTATCGGCACAGTG-3′, reverse: 5′-GTTCAGCGGGACA
TTAACCTT-3′; Capase-1: forward: 5′-TTTCCGCAAGGTTCG
ATTTTCA-3′, reverse: 5′-GGCATCTGCGCTCTACCATC-3′.

TACCATC-3′; GSDMD: forward: 5′-GTGTGTCAACCTGTCT
ATCAAGG-3′, reverse: 5′-CATGGCATCGTAGAAGTGGAAG-3′.

CATCGTAGAAGTGGAAG-3′; IL-18: forward: 5′-TTCAAGA
CCAGCCTGACCAAC-3′, reverse: 5′-GCTCACCACAACCTCTA
CCTCC-3′; IL-1b: forward: 5′-TGAGCTCGCCAGTGAAATGAT-
3′, reverse: 5′-TGCTGTAGTGGTGGTCGGAG-3′; GAPDH:

forward: 5′-ACAACTTTGGTATCGTGGAAGG-3′.
AAGG-3′, reverse: 5′-GCCATCACGCCACAGTTTC-3′.

The analysis was performed using the Applied Biosystems

7500 Real-Time PCR system (Applied Biosystems, USA). The

conditions used for thermal cycling were heating at 95°C for

5 min, followed by 40 cycles of denaturation at 95°C for 15s, and

annealing at 60°C for 34s. The expression levels of AIM2, Caspase-1,

and GSDMDmRNA were analyzed using the 2–DDCTmethod after

normalized by the expression of glyceraldehyde-3-phosphate

dehydrogenase (GAPDH).
Western blotting

PBMCs from various groups were lysed using a specific lysis

buffer for Western blotting and immunoprecipitation. Protein

concentrations were measured by the BCA assay kit (abs9232,

Absin, China) and normalized. Next, proteins were separated by

SDS-PAGE on either 10% or 12% gels (PG112 and PG113, Epizyme

Scientific, China) according to their molecular weight and

transferred to a 0.45 µm PVDF membrane. The proteins on the

membrane were blocked with 5% non-fat milk for two hours at

room temperature, then rinsed three times with tris-buffer saline

tween (TBST) for 5 min. After rinsing, the protein on the

membrane was incubated with primary antibodies against AIM2

(abs125828, rabbit polyclonal, 1:500, Absin, China), Caspase-1
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(#3866, rabbit monoclonal, 1:1000, cell signaling technology,

Danvers, MA), GSDMD (P57764, rabbit polyclonal, 1:500, Bioss,

China), IL-1b (#12703, rabbit monoclonal, 1:1000, cell signaling

technology, Danvers, MA), IL-18 (#54943, rabbit monoclonal,

1:1000, cell signaling technology, Danvers, MA), or GAPDH

(GB15004, rabbit monoclonal, 1:2000, Servicebio, China) at 4°C

on a shaker overnight. After thoroughly washing with TBST, the

protein on the membranes was incubated with HRP-conjugated

goat anti-rabbit IgG antibodies (GB23303, 1:3,000, Servicebio,

China) at room temperature for 2 hours. The protein bands were

visualized using an ECL chemiluminescence kit (abs920, Absin,

China) and imaged with a GE AI 680 ultra-sensitive multifunctional

imaging system. Image J software was used to analyze band

intensities and calculate relative protein expression levels.
ELISA

The concentrations of IL-18 and IL-1b in the cell supernatants

were quantified using a human enzyme-linked immunosorbent

assay kit (No:0139H1, Meimian, China; No: 0181H1, Meimian,

China), following the manufacturer’s instructions. Duplicate

samples were analyzed. The optical density (OD) values of the

participants’ peripheral blood serum at 450 nm were measured

using a Rayto RT-6100 microplate reader. Standard curves were

generated by plotting the absorbance values against the graded

concentrations of the standards provided with the kits. Positive and

negative controls were simultaneously analyzed on the same plate.
Statistical analysis

SPSS 23.0 was used for statistical analysis, and GraphPad Prism

10.1.2 was employed to generate graphs. Quantitative data following a

normal distribution were presented as mean ± standard deviation (�x

± s), and intergroup differences were assessed using Student’s t-test.

Quantitative data not conforming to a normal distribution were

presented as Median (P25, P75), and intergroup differences were

evaluated using the non-parametric Mann-Whitney U test.

Intergroup differences were determined using one-way ANOVA

followed by Tukey’s post-hoc test. Spearman correlation analyses

were conducted to assess the relationship between variables. A

statistically significant difference was defined as P < 0.05.
Results

Clinical characteristics and laboratory
indices of the three groups

The clinical and laboratory characteristics of the three groups are

summarized in Table 1. In contrast to the HC group, both the AGA

and AHU groups exhibited significantly elevated levels of body mass

index (BMI), uric acid (UA), total cholesterol (TC), triglyceride (TG),

and platelet count(PLT). There were no statistically significant

distinctions between the AGA and AHU groups. These findings
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suggest that gout/hyperuricemia is a contributory factor to metabolic

syndrome, often accompanied by obesity, hyperlipidemia, and an

inflammatory state. The AGA group exhibited significantly higher

levels of white blood cells (WBC), erythrocyte sedimentation rate

(ESR), and C-reactive protein (CRP) compared to the AHU group,

aligning with the characteristic features of an acute gout attack. There

were no significant differences in age, blood glucose (BG), alanine

aminotransferase (ALT), aspartate aminotransferase (AST), and

blood urea nitrogen (BUN) among the three groups. The level of

creatinine clearance (Ccr) was higher in both the AGA and AHU

groups than the healthy control group, indicating gout/

hyperuricemia associated with increased renal blood flow,

perfusion, and compensatory renal function.
Serum dsDNA levels of the participants

The serum dsDNA level was significantly higher in the AGA

group compared to both the AHU and HC groups, with a highly

significant statistical difference (P < 0.001). In addition, the AHU

group demonstrated a modest elevation in serum dsDNA

concentration compared to the HC group, showing a statistically

significant variance (P < 0.05), as illustrated in Figure 1.
TABLE 1 Clinical characteristics and laboratory indices of the
three groups.

Items
AGA Group
(n = 30)

AHU Group
(n = 30)

HC Group
(n = 30)

Age (year)
33.00

(26.00,39.00)
33.50 (30.50,37.25) 34.50

(28.75,46.50)

BMI (kg/m2) 28.18 ±2.93## 27.40 (25.63,28.40)## 23.89 ±2.27

WBC
(×109/L)

8.85 ±1.74##** 6.68 ±1.63 5.80 ±1.21

PLT (×109/L) 276.03 ±50.67## 247.53 ±43.30# 226.17 ±46.58

ESR (mm/h) 17.70 ±10.94##** 3.00 (2.00,6.25) 2.00 (2.00,2.00)

CRP (mg/L)
14.35

(6.85,28.40)##**
2.90 (2.90,2.90) 2.90 (2.90,2.90)

UA (µmol/L)
535.37 ±97.02## 498.50

(466.00,549.25)##
355.10 ±38.35

FBG
(mmol/L)

5.31 (5.00,5.66) 5.37 (5.16,5.53) 5.21 ±0.39

TC (mmol/L) 5.29 ±0.86## 4.90 (4.59,5.51)## 3.67 (3.36,4.48)

TG (mmol/L) 1.83 (1.41,2.76)## 2.01 (1.09,3.30)## 0.76 (0.65,1.41)

ALT (U/L)
28.50 (21.75,59.25) 26.50 (18.75,37.75) 25.50

(16.75,29.25)

AST (U/L)
22.00 (18.00,34.00) 20.50 (16.75,27.25) 20.50

(18.75,24.25)

BUN
(mmol/L)

4.00 (4.00,5.00) 5.00 (4.38,6.00) 5.00 (4.83,6.00)

Scr (µmol/L) 92.53 ±17.00##* 84.10 ±9.42 82.83 ±9.19

Ccr
(mL/min)

125.89 ±31.22# 127.81
(109.72,140.92)#

109.34 ±18.32
#P<0.05, ##P<0.01 vs. HC group; *P<0.05, **P<0.01 vs. AHU group.
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Relative level of expression of the mRNAs
of AIM2, Caspase 1, GSDMD, IL-1b, and
IL-18 in PBMCs of the three groups

As shown in Figure 2, compared with the HC group, the levels

of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 mRNAs expression

were higher in the AGA group, and the difference was statistically

significant (P<0.05, P<0.01, P<0.001, P<0.01, P<0.001). The levels of

AIM2, Caspase-1, GSDMD, and IL-18 mRNA expression were

higher in the AHU group than in the HC group, with significant

differences (P<0.001, P<0.01, P<0.01, P<0.01). The relative mRNA

expression levels of IL-1b was also slightly higher in the AHU group

than in the HC group, however, without statistically significant

difference (P>0.05). The level of Caspase-1 mRNA expression was

higher in the AGA group than that in the AHU group, while AIM2

mRNA expression in the AHU group higher than that in the AGA

group, and the differences were all significant(P<0.05 for both).
Relative level of proteins expression of
AIM2, caspase 1, GSDMD, IL-1b, and IL-18
in the PBMCs of the three groups

Figure 3 demonstrates that in PBMCs, the levels of proteins such

as AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 were markedly

elevated in the AGA group when compared to the HC group, with
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statistical significance (P<0.05 for AIM2 and Caspase-1; P<0.01 for

GSDMD; P<0.001 for IL-1b and IL-18). Moreover, the AGA group

also displayed a substantial increase in the proteins AIM2, IL-1b, and
IL-18 relative to the AHU group, which was statistically significant

(P<0.05 for each). Conversely, the AHU group showed only a

marginal rise in the proteins AIM2, GSDMD, and IL-1b compared

to the HC group, which was not statistically significant (P>0.05 for

all). Nonetheless, the proteins Caspase-1 and IL-18 were present at

significantly higher levels in the AHU group compared to the HC

group with significant differences (P<0.05 for both).
The concentration of IL-18 and IL-1b in the
serum of the three groups

Figure 4 indicates that the concentrations of IL-18 in the serum

for participants in the AGA and AHU cohorts were markedly

elevated compared with the HC group, with the difference being

statistically significant (P < 0.001 for both). Additionally, the same

figure shows that the concentrations of IL-1b in the AGA and AHU

groups were significantly greater than in the HC group (P < 0.001,

P < 0.05). However, there was no statistical significance in the

concentrations of IL-18 or IL-1b when comparing the AGA group

to the AHU group (P > 0.05 for both).
Correlation analysis of the level between
dsDNA with Clinical characteristics and
laboratory indices

Analysis revealed a moderate correlation between dsDNA

concentrations and levels of BMI (r = 0.353, P = 0.001), TG

(r = 0.311, P = 0.003), UA (r = 0.371, P = 0.000), WBC (r = 0.360,

P = 0.000), ESR (r = 0.414, P = 0.000) and CRP (r = 0.427,

P = 0.000), and a weak correlation with PLT (r = 0.277, P = 0.008),

TC (r = 0.242, P = 0.022), serum IL-1b (r = 0.271, P = 0.010), and

serum creatine (r = 0.252, P = 0.017) in this research (shown

in Table 2).
Correlation analysis between AIM2 protein
and the inflammasome components

The analysis depicted in Figure 5 indicated a significant

correlation between the expression of AIM2 protein and the levels

of Caspase-1 and GSDMD proteins in the AHU (R = 0.517,

P = 0.016; R = 0.761, P = 0.000) and AGA groups (R = 0.572,

P = 0.000; R = 0.665, P = 0.000). The expression of AIM2 protein

correlated with IL-1b protein in the AGA group (R = 0.304,

P = 0.026). However, the expression of AIM2 protein didn’t

correlate with IL-1b protein in the AHU group (R = 0.064,

P = 0.820). In the AHU group, the AIM2 protein demonstrated a

statistically significant positive correlation with IL-18 (R = 0.478,

P = 0.028). Conversely, in the AGA group, there was no observed

correlation between AIM2 protein and IL-18 (R = -0.348,

P = 0.122).
FIGURE 1

Serum dsDNA concentration of the three groups. Each cohort
comprised 30 specimens. Serum levels of dsDNA detected by
fluorescent quantification were most elevated in the AGA group,
succeeded by the AHU group, with both groups exhibiting higher
concentrations than the healthy control group. Comparative
analyses between groups demonstrated statistically significant
variances. *P < 0.05, ***P < 0.001.
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Discussion

Double-stranded DNA is the sole ligand of the AIM2

inflammasome. To assess the feasibility of this study, we first

measured the plasma levels of double-stranded DNA in the

healthy control (HC), AHU, and AGA groups. Plasma DNA is

non-cellular DNA circulating in the blood, which can exist as DNA-

protein complexes or as free DNA fragments. Due to the release of

DNA from a small number of necrotic or apoptotic cells during

metabolism, the generation and clearance of DNA are in dynamic

equilibrium, resulting in a relatively stable low concentration of free
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DNA in the blood of healthy individuals. Our findings underscore

the impact of obesity on chronic low-grade inflammation (see

Table 1, Figure 4), which may precipitate DNA damage and

impair DNA repair mechanisms, as suggested by previous studies

(28, 29). The accumulation of DNA damage, particularly in

response to high-fat diets (30, 31), is further supported by the

presence of gH2AX foci, an early indicator of DNA double-strand

breaks (32). Additionally, the correlation between overweight status

in adolescents and lymphocytic DNA damage (33) and the

association of obesity with various DNA lesions, including

double-strand breaks and oxidative base damage, which are
FIGURE 2

The mRNA expression levels of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 relative to GAPDH in PBMCs were determined by real-time PCR in the
three groups. Compared with the HC group(n=26), the AGA group (n=26) demonstrated elevated mRNA expression levels of AIM2, Caspase-1,
GSDMD, IL-1b, and IL-18; similarly, the AHU group (n=26) exhibited increased expression levels of AIM2, Caspase-1, GSDMD, and IL-18 mRNAs when
compared to the HC group; the level of AIM2 in the AHU group is higher than the AGA group, and all these differences were statistically significant.
*P<0.05, **P < 0.01, ***P < 0.001.
BA

FIGURE 3

The relative expression levels of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 protein in the PBMCs of the three groups. (A) Western blot analysis was
conducted to measure the protein expression of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 relative to GAPDH. (B) Statistical analysis was performed to
compare relative protein levels of AIM2, Caspase-1, GSDMD, IL-1b, and IL-18 in PBMCs from healthy controls (n=8, n=5, n=6, n=6, n=6), asymptomatic
hyperuricemia patients (n=8, n=7, n=7, n=5, n=7), and acute gouty arthritis patients (n=8, n=7, n=7, n=5, n=8). *P<0.05, **P < 0.01, ***P < 0.001.
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reflective of BMI and DNA damage indices (29), align with our

observations. In the AHU group, significantly elevated dsDNA

levels were observed compared to the HC group (see Figure 1),

which is consistent with the metabolic syndrome phenotype

characterized by obesity, dyslipidemia, and mild inflammation

(see Table 1, Figure 4). Moreover, the AGA group exhibited even

higher dsDNA levels (see Figure 1), suggesting a more pronounced

inflammatory state. Despite no significant differences in metabolic

factors between the AGA and AHU groups, the AGA group

displayed significantly higher levels of inflammatory markers,

such as platelets, ESR, and CRP (see Table 1). The moderate

correlation between dsDNA levels and these inflammatory

markers indicates a potential role for acute inflammation in the

elevated dsDNA levels observed in AGA patients (refer to Table 2).

AGA is recognized as a disease involving a complex interplay within

the “metabolic-immune-inflammatory” network, where various

inflammatory factors contribute to disease onset and progression

(34). The aggregation of neutrophils at crystal deposition sites in

AGA and their subsequent release of inflammatory mediators, such

as IL-1b and IL-18, initiate a local acute inflammatory response.

The activation of IL-1b further stimulates the secretion of

neutrophil extracellular traps (NETs), composed of DNA,

histones, and granules, which, when in excess or not promptly
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cleared, can induce the release of damage-associated molecular

patterns (DAMPs) and trigger inflammatory responses (35). The

detection of dsDNA in the synovial fluid of gout patients (36) and

the association of acute gout attacks with increased oxidative stress

and mitochondrial dysfunction, leading to the release of

mitochondrial DNA into the circulation, further support the role

of dsDNA in inflammatory processes. Additionally, the recent

discovery that pyroptosis can lead to the loss of membrane

integrity and leakage of intracellular contents, potentially

contributing to increased dsDNA levels, highlights the complexity

of dsDNA dynamics in disease states. In conclusion, the clearance of

plasma dsDNA fragments emerges as a promising therapeutic

target for AGA.

AIM2 is the sole inflammasome capable of detecting double-

stranded DNA. Recent studies using gene-silenced cells and gene-

knockout animal models have shown that AIM2 recruits ASC to

form an inflammatory complex upon sensing dsDNA fragments of

80-200bp, which in turn activates Caspase-1 and facilitates the

maturation and release of inflammatory cytokines such as IL-1b
and IL-18 (9, 37). Our understanding of the AIM2 inflammasome’s

role in pathogenesis has been furthered by observations of its

upregulated expression, alongside that of ASC and Caspase-1, in

PBMCs and neutrophils of rheumatoid arthritis patients. This

increase correlates with the severity of the disease (25).

Additionally, impaired DNase1 activity in the ductal tissues of

Sjögren’s syndrome patients and non-tumor salivary gland

epithelial cell lines has been implicated in the insufficient

degradation of cytoplasmic DNA, leading to the persistent

activation of AIM2 (26). Notably, diminished AIM2 expression in

a murine lupus model corresponded to improvement in lupus

symptoms (38). Discrepancies may exist, however, between the

immune mechanisms of AIM2 inflammasome observed under

artificial conditions and those in human physiology. Prior studies

have reported elevated dsDNA levels in the peripheral blood of

systemic lupus erythematosus (SLE) patients, alongside heightened

AIM2mRNA expression in PBMCs. These findings were associated

with kidney involvement and disease activity (24). Su X and

colleagues extended this research by examining AIM2

inflammasome expression in Chinese patients with acute and

chronic brucellosis (39). Their findings indicate a disease-stage-

specific modulation of AIM2 inflammasome components. Acute

brucellosis patients exhibit higher AIM2 and lower ASC expression,

while chronic brucellosis patients show the opposite pattern.
FIGURE 4

The concentration of IL-1b and IL-18 in serum was assessed by
ELISA. There were 30 samples in each group. *P<0.05, ***P < 0.001.
TABLE 2 Correlation analysis of the level between dsDNA with Clinical characteristics and laboratory indices.

BMI WBC Hb PLT ESR CRP FBG TC

dsDNA

r 0.353** 0.360** 0.113 0.277** 0.414** 0.427** -0.007 0.242*

P 0.001 0.000 0.290 0.008 0.000 0.000 0.946 0.022

TG UA ALT Scr BUN Ccr Serum IL-1b
Serum
IL-18

r 0.311** 0.371** 0.075 0.252* -0.102 0.118 0.271** 0.149

P 0.003 0.000 0.484 0.017 0.337 0.267 0.010 0.160
*P<0.05, **P<0.01.
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Furthermore, acute brucellosis was associated with significantly

higher serum IL-18 levels (39). In our study, we document a

pronounced upregulation of AIM2 mRNA and protein in PBMCs

from individuals with AGA and AHU, in contrast to healthy

controls (as shown in Figures 2, 3). The AHU group displayed a
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statistically significant higher concentration of AIM2 mRNA

compared to the AGA group (indicated in Figure 2). Conversely,

the AGA group presented with markedly elevated AIM2 protein

levels compared to the AHU group, as shown in Figure 3. These

findings suggest a nuanced role of AIM2 in the pathogenesis of gout
FIGURE 5

Correlation analysis of the AIM2 protein with inflammasome components and inflammatory factors.
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and asymptomic hyperuricemia. NLRP3 is a widely recognized

inflammasome and identified as playing a crucial role in the

innate immune response associated with gout. Both NLRP3 and

AIM2 mediated the canonical pyroptotic pathway. The regulation

of NLRP3 and AIM2, as well as the release of pro-IL-1b are

associated with NF-kB activation through various receptors,

culminating in the transcription of pro-inflammatory cytokine

genes and the attraction of inflammatory cells to the joint. Mild-

to-moderate pyroptosis can be beneficial, but severe pyroptosis can

harm the organism by increasing cell death (40). Our findings

suggest that the AIM2 inflammasome responds differently in

different states, and the influence of AIM2 on patients with AGA

and AHUmay be biphasic regulation to protect the host. It deserves

more attention to investigate further to clarify the impact of AIM2

inflammasome on AHU and AGA. The interplay of NLRP3 and

AIM2 in cellular inflammatory dialogues is an area that requires

further investigation.

Caspase-1 as one of the members of the caspase family, functions

as the principal effector in the canonical pyroptotic pathway. The

canonical pyroptotic pathway, also known as the caspase 1-

dependent pathway, involves the activation of inflammasomes

such as NLRP3, NLRC4, AIM2, Pyrin, etc. In the molecular

pathways of MSU-triggered inflammation, the NLRP3

inflammasome plays a crucial role in the innate immune response

associated with gout. The NLRP3 inflammasome depends on a two-

signal initiation system, which avoids unregulated activation that

would damage the host. The first signal stimulates NF-kB via TLR4

and TLR2, leading to the production of pro-IL-1b, pro-caspase-1,
and inflammasome components (41). In the cytoplasm, pro-caspase-

1 exists as an inactive zymogen. Monosodium urate crystals act as

the second activation signal, causing the assembly of inflammasome

and activation of Caspase-1 (42). After activation, pro-caspase-1 is

cleaved and separated into its subunits, p20 and p10. These subunits

combine to form a functional p20/p10 heterodimeric enzyme, which

functions as the activated form of Caspase-1, which proteolyzes pro-

IL-1b to mature IL-1b (43). IL-1b then interacts with the IL-1b
receptor to trigger a downstream signaling cascade involving

proinflammatory cytokines and chemokines, resulting in the

recruitment of neutrophils and other cells to the site of crystal

deposition. Several regulatory mechanisms are involved in NLRP3

inflammasome activation by MSU crystals, such as NETosis,

mitochondrial ROS generation, ATP, K+ efflux, etc (41). Many

researches besides our previous investigation revealed a significant

upregulation of NLRP3 and Caspase-1 expression in the PBMCs of

individuals with AGA and the synovial tissues of rodent AGA

analogs (44). AIM2 inflammasome is the first non-NLR family

member and belongs to the Caspase-1-dependent canonical

pyroptotic pathway. In previous studies, elevated expression of

AIM2 and Caspase-1 has been observed in rheumatoid arthritis

(25), systemic lupus erythematosus (45), Sjogren’s syndrome (26),

and psoriasis (46). AIM2 mRNA or protein expression is associated

with Caspase-1 mRNA or protein expression and is related to disease

severity. In this study, we observed an increase in the levels of

Caspase-1 mRNA and protein expression not only in the PBMCs of

individuals with AGA but also in those with AHU (see Figures 2, 3).

Moreover, the expression levels of the Caspase-1 protein positively
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correlated with the AIM2 protein (as shown in Figure 5). These

findings suggest a synergistic effect between Caspase-1 expression

and AIM2 inflammasome activation in the pathogenesis of AGA.

Both NLRP3 and AIM2, as components of the canonical pyroptosis

pathways, can activate Caspase-1. What relationship do they have in

acute gout attacks and asymptomatic hyperuricemia? Further

investigation is warranted.

GSDMD and GSDME are members of the Gasdermin

superfamily and are closely associated with the process of

pyroptosis (47, 48). GSDMD acts as a substrate of Caspase-1 and

participates in inflammatory responses (49). Cleaved by Caspase-1,

GSDMD converted into C-terminal and N-terminal domains

during pyroptosis. The N-terminal domain can initiate

pyroptosis, whereas the C-terminal domain inhibits pyroptosis by

binding to the N-terminal domain. Caspase-1 can release GSDMD-

N from the inhibitory state of GSDMD-C, which leads to the

formation of pores on the cell membrane that are 10–20 nm in

diameter. Intracellular substances flow out, and water flows in

through these pores, leading to an increase in the osmotic

pressure, which causes cell membrane rupture and cell pyroptosis

(37, 50). Studies have shown that GSDMD-deficient cells cannot

undergo pyroptosis upon stimulation, resulting in a significantly

reduced mortality rate post-stimulation, indicating that GSDMD

plays a crucial role in pyroptosis (51). Previous studies have also

documented similar findings, albeit with the involvement of the

NLRP3 inflammasome (52, 53). Accompanied by the inhibition of

pyroptosis and reduced IL-1b release, the expression of NLRP3

inflammasome was suppressed both in vivo and in vitro through

knockdown of GSDMD (54). In mice with AGA induced by MSU,

GSDMD inhibition via siRNAmarkedly reduced ankle swelling and

inflammation, verified by histopathological analysis (54). In this

study, the mRNA and protein levels of the GSDMD increased

significantly in the AGA group compared with the HC group (see

Figures 2, 3). GSDMD mRNA and protein levels increased in the

AHU group compared to the HC group, but only the mRNA level

exhibited significance (see Figures 2, 3). GSDMD protein slightly

increased without statistically significant, aligning with the AHU

group’s characteristics. There were significantly positive

correlations between the protein levels of GSDMD and AIM2 in

both AGA and AHU groups. These findings suggested that

GSDMD may be involved in AIM2 inflammasome-mediated

pyroptosis in patients with AGA and AHU.

The cytokines IL-1b and IL-18 are common pro-inflammatory

factors in the IL-1 family. IL-1b is primarily secreted by activated

macrophages, which trigger downstream pro-inflammatory cytokines

and chemokines by binding to IL-1b receptors. This interaction

stimulates the accumulation of neutrophils and other cells at the

site of crystal deposition, thus initiating and exacerbating local

inflammatory reactions. IL-18 is found in monocytes in the blood

of healthy individuals and epithelial cells throughout the

gastrointestinal tract. Its secretion is mainly related to Caspase-1,

thereby playing a critical role in inflammation and immune

regulation (55). Some studies have found that the concentrations of

uric acid in the serum of AGA patients and the synovium of model

mice positively correlated with the levels of IL-1b and IL-18 (56, 57).

Moreover, IL-1b blockers can significantly improve the symptoms of
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acute gouty arthritis (56, 57). In this study, we found that the levels of

IL-1b and IL-18 increased significantly in the sera and PBMCs of

patients with AGA, and slightly increased in the patients with AHU

compared with healthy volunteers (see Figures 2–4). The expression

of AIM2 protein correlated with IL-1b protein in the AGA group, on

the contrary, unrelated to IL-1b protein in the AHU group (as

depicted in Figure 5). AIM2 protein exhibited a positive correlation

with IL-18 in the AHU group and no correlation was observed in the

AGA groups (as illustrated in Figure 5). This distinction is congruent

with the distinct immunopathological characteristics of

asymptomatic hyperuricemia and a tendency for acute gouty

arthritis spontaneous remission.

To summarize, AGA is a complex disorder characterized by

metabolic, immunologic, and inflammatory dysregulation. The

AIM2-mediated canonical pathway plays a significant role in the

onset and development of AGA and AHU. The modulation of

AIM2 inflammasome expression might be a promising target for

AGA therapy. Our research has certain limitations, such as a limited

sample size, a single-site design, potential selection bias, and

neglecting the impact of NLRP3. Therefore, further investigations

involving cultivated gene-silenced cells and gene knockout animal

models are warranted to elucidate the precise contribution of the

AIM2 inflammasome-mediated pyroptosis pathway in AGA and

asymptomatic hyperuricemia.
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Whole-genome sequencing
reveals rare variants associated
with gout in Taiwanese males
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To identify rare variants (RVs) of gout, we sequenced the whole genomes of
321 male gout patients and combined these with those of 64 male gout patients
and 682 normal controls at Taiwan Biobank. We performed ACAT-O to identify
682 significant RVs (p < 3.8 × 10−8) clustered on chromosomes 1, 7, 10, 16, and 18.
To prioritize causal variants effectively, we sifted them by Combined Annotation-
Dependent Depletion score >10 or |effect size| ≥ 1.5 for those without CADD
scores. In particular, to the best of our knowledge, we identified the rare variants
rs559954634, rs186763678, and 13-85340782-G-A for the first time to be
associated with gout in Taiwanese males. Importantly, the RV
rs559954634 positively affects gout, and its neighboring gene NPHS2 is
involved in serum urate and expressed in kidney tissues. The kidneys play a
major role in regulating uric acid levels. This suggests that rs559954634 may be
involved in gout. Furthermore, rs186763678 is in the intron of NFIA that interacts
with SLC2A9, which has the most significant effect on serum urate. Note that
gene-gene interaction NFIA-SLC2A9 is significantly associated with serum urate
in the Italian MICROS population and a Croatian population. Moreover, 13-
85340782-G-A significantly affects gout susceptibility (odds ratio 6.0; P =
0.038). The >1% carrier frequencies of these potentially pathogenic
(protective) RVs in cases (controls) suggest the revealed associations may be
true; these RVs deserve further studies for the mechanism. Finally, multivariate
logistic regression analysis shows that the rare variants rs559954634 and 13-
85340782-G-A jointly are significantly associated with gout susceptibility.

KEYWORDS

association study, CADD, gout, rare variant, serum urate, whole-genome sequencing

Introduction

Gout is a joint and excruciating inflammatory arthritis caused by hyperuricemia and
inflammation dysregulation. Furthermore, gout and serum urate levels are heritable. Several
genes reported to be associated with serum uric acid (SUA) or gout are involved in the renal
urate transporter system, such as SLC22A12 (Enomoto et al., 2002), SLC2A9 (Matsuo et al.,
2008; Dinour et al., 2010) and ABCG2 (Matsuo et al., 2009; Higashino et al., 2017) that
modulate uric acid levels (Reginato et al., 2012; Chen et al., 2018). However, the pathogenic
mechanisms of hyperuricemia and gout differ. Furthermore, although many common
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variants of gout have been discovered, they can not fully explain its
susceptibility. Moreover, most of the 400 million detected variants
from the ~53 K diverse human genomes are rare, and functional
variants tend to be rare (Taliun et al., 2021). Thus, we aim to
discover novel rare variants that may cause gout in this study.

Many common variants associated with gout have been
reported, e.g., rs22331142 in ABCG2 (Chen et al., 2018) in a
Taiwanese population. Matsuo and colleagues sequenced ABCG2
to reveal multiple common and rare variants in a Japanese
population (Higashino et al., 2017). Nevertheless, most of the
variants for gout identified thus far are common variants
(MAF > 5%). In this study, we aim to identify rare variants
(MAF < 1%) that are associated with gout in male Taiwanese, as
rare variants can have much larger per-allele effect sizes than
common variants (Cheng et al., 2022). We integrated whole
genome sequencing (WGS) data of 321 male gout patients from
China Medical University Hospital (CMUH), 64 male gout patients,
and 682 normal controls from Taiwan Biobank (TWB), to reveal
rare variants associated with gout disease.

As rare variants appear very infrequently in the population, set-
based methods that jointly analyze variants in a set are much more
powerful than the single-variant analysis applied to common
variants in genome-wide association studies (GWASs). Thus, we
applied ACAT-O (Liu et al., 2019), which combines the strength of
the sequence kernel association test (SKAT; Wu et al., 2011), the
burden test (Li and Leal, 2008; Madsen and Browning, 2009; Price
et al., 2010) and ACAT-V test (Liu et al., 2019). The power of
ACAT-O to detect rare variants is robust against the sparsity of
causal variants and the directionality of effects. After the rare
variants associated with gout are detected, we further sift these
variants by their Combined Annotation-Dependent Depletion
(CADD (Kircher et al., 2014; Rentzsch et al., 2019; van der Velde
et al., 2015), scores. CADD is a widely used measure of variant
deleteriousness, and it can prioritize causal variants in genetic
analysis. Next, we compute the odds ratio and proportion test of
the rare variants with CADD ≥10 or |effect size| ≥ 1.5 for those
without CADD scores.

Materials and methods

Study population

This study aimed to identify genes and rare variants associated
with gout in Taiwanese male patients. Because there were no normal
controls at China Medical University Hospital(CMUH henceforth,
Taichung, Taiwan), we integrated the WGS data from CMUH with
those from the Taiwan Biobank (TWB henceforth, Taipei, Taiwan)
database. There were 321 male gout patients recruited at CMUH;
64 male gout patients and 682 normal controls (with serum urate
level <6 mg/dL; according to the 2012 guideline of the American
College of Rheumatology) from TWB, which provided WGS data,
age, gout annotation, and serum urate levels for each sample. The
746 WGS data from TWB were the total male subjects sequenced
when we started this investigation. The clinical information of gout
patients and normal control analyzed are in
Supplementary Table S1.

TWB is a database established in 2012 for research, a prospective
study of 200,000 individuals aged 30–70 recruited from Taiwan.
TWB consists of individuals, predominantly of Han Chinese
ancestry, whose genomic profiles were integrated with lifestyle
patterns to study the relationships between diseases and genetics.
All participants underwent biochemical tests with blood and urine
specimens and physical examination; they all signed informed
consent for genotyping. The phenotype of gout disease was the
self-report of physician-diagnosed gout, which was reported to
retain good reliability and sensitivity (McAdams et al., 2011).

The IRB-BM committee of Academia Sinica (AS-IRB02-
113170) and the CMUH Institutional Review Board in Taiwan
(CMUH108-REC1-091) approved this study. All data from
human participants were obtained from CMUH and the Taiwan
Biobank database, for which data sharing and data linkage were
parts of the consent, so a waiver of consent was granted by the
CMUH IRB. Both the Declaration of Helsinki and the Good Clinical
Practice Guidelines were followed, and informed consent was signed
by all participants.

Genotyping

The whole genomes of male gout patients at CMUH and
participants of TWB were sequenced by the Illumina NovaSeq
6000 platform at least 30x depth, mapped to reference genome
(hg38) by Dragon and BWA, and variant calling (.gvcf) performed
by Dragon and GATK, respectively; both .gvcf files were annotated
by VEP (McLaren et al., 2016). As we only assessed .vcf files from
TWB, we combined the .bed files (converted by PLINK version 1.9)
from the two sources. Because the batch effect of the union of the
called variants from both sites could not be adjusted well even using
99 principle components (PCs), we intersected both sets of variants
to result in the overlappings, and we called these SNPs CMUH_
TWB data henceforth.

Quality control

The standard per-individual and per-marker quality control
(Anderson, et al., 2010) were performed on the CMUH_TWB
data using PLINK 1.9 software. We first adopted the procedure
of per-individual quality control. Individuals were excluded if
identification of 1) individuals with incorrectly recorded or
missing sex status, 2) individuals with genotyping call rates below
90% or outlying heterozygosity rate, namely homozygosity rate out
of the sample mean ±3 s.e. confidence bounds, 3) individuals of
divergent ancestry, or 4) uric acid levels missing. Moreover, we
implemented per-marker quality control procedures to remove
SNPs if 1) genotyping call rate below 100% (i.e., no missing
allowed) or significant deviation from Hardy-Weinberg
equilibrium in the controls (p < 0.001 and MAF >1%).

Finally, SNPs with MAF <1% were called to result in
8,703,559 rare variants, which satisfied the above QC procedures,
from 287 CMUH and 63 TWB male gout patients and 671 TWB
male controls. Supplementary Figure S1 shows that all subjects from
CMUH and TWB share the same genetic background.
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Batch effect and population stratification
correction by PCA

To adjust the effect that the integrated SNPs were from two
resources and population stratification (different ethnic groups
among Taiwanese, e.g. Fujian and Hakka), we performed PCA
on SNPs with MAF >1% and satisfying the Hardy-Weinberg
equilibrium QC. When plotted against PC9 and PC10, the SNPs
of the two sites were finally mixed, so the first nine PCs were used for
correction of the batch effects; PCA plots are in
Supplementary Figure S2).

Uncovering significant rare variants by
ACAT-O

We applied the aggregated Cauchy association test (ACAT-O
(Liu, et al., 2019); in R software to identify significant rare variants.
ACATO is a set-based test that is particularly powerful when sparse
causal variants exist in a variant set (window). ACAT-O first
transforms the p-value of the burden test (Li and Leal, 2008;
Madsen and Browning, 2009; Price, et al., 2010), SKAT test (Wu,
et al., 2011), and ACAT-V (Liu, et al., 2019), to Cauchy variables.
Then ACAT-O combines the above variables, each with two choices
of weights, as the test statistic and evaluates the significance. We
used the default Beta (1, 25) and Beta (1, 1) for the above
two weights.

We split the 8,703,559 rare variants into ~1.31 M windows of
4 kb with 2 kb overlaps in adjacent windows. In each window, we
conducted ACAT-V, which implemented a logistic regression of
gout status on all variants in the window conditional on covariates of
age, uric acid levels, and the aforementioned nine PCs; similarly, the
burden test and SKAT were also implemented. The significance
threshold of ACAT-O was p < 3.8 × 10−8 after Bonferroni correction
for multiple testing of ~1.31 million windows.

Statistical analysis

There are 682 rare variants (MAF < 1%) among the 61 windows
uncovered to be significantly associated with gout susceptibility by
ACAT-O (P < 3.8 × 10−8), and these RVs are deemed significant
according to ACAT-O. For each significant rare variant, we
computed the odds ratio and the associated 95% confidence
interval, as well as the two-sample t-test for the equality of the
proportion in cases and controls. Finally, logistic regression adjusted
on serum urate levels was performed to evaluate the effects of rare
variants on gout susceptibility.

Results

Study population

This study includes 350 male gout patients (287 from China
Medical University Hospital (CMUH henceforth) and 63 from
the Taiwan Biobank database (TWB henceforth)), whose data
passed our QC procedures. In addition, it also included 671 male

normal controls from TWB, which provided gout history, uric
acid levels, demographic, and whole genome sequencing data.
There were 40, 644, 135 and 42, 571, 357 SNPs called from the
WGS data of CMUH and TWB, respectively. We intersected the
SNP called from the two sites (CMUH_TWB) and subjected the
18, 426, 362 overlapping SNPs to quality check, of which
8,703,559 rare variants (MAF < 1%) satisfied the QC
procedures; please see SNP genotyping and quality control in
Materials and Methods for details.

The mean age of male gout patients and normal controls were
49.56 years (±15.99) and 49.69 years (±11.58), respectively, which
was not significantly different (P = 0.888). There was too many
mssing values of the covariate BMI for patients from CMUH, so
BMI was not analyzed. However, uric acid of the two groups was
significantly different (P < 2.2 × 10−16); see Supplementary Table S1
for details. In the subsequent analysis, serum urate was treated as a
potential confounder of gout.

Results of rare variant association tests

The overall rare-variant analysis identified 61 windows
significantly associated with gout disease (p < 3.8 × 10−8; ACAT-
O), out of 1,314,794 windows analyzed. These windows consist of
682 distinct rare variants (Supplementary Table S2). The Manhattan
plot depicted all p-values after the negative logarithm
transformation of all ~8.7 million RVs that passed QC across
22 pairs of autosomal chromosomes; note all RVs in a window
share the same p-value from ACAT-O (Figure 1A). We further used
balls with sizes proportional to the number of significant rare
variants in each window (Figure 1B), and found significant RVs
are clustered on chromosomes 1, 7, 10, 16, and 18.

Of the 682 significant rare variants, we further sifted these by
CADD scores (Kircher, et al., 2014; Rentzsch, et al., 2019; van der
Velde, et al., 2015) greater than 10; CADD is a widely used measure
for variant deleteriousness that can prioritize causal variants
effectively in genetic analysis, in particular highly penetrate
contributors to severe Mendelian disorders. CADD is an
annotation integrated from >60 genomic features, such as
surrounding sequence context and gene model annotations. For
any given variant, all the features are integrated into a CADD score
which is a phred-scale rank score for all ~9 billion potential single
nucleotide variants (Rentzsch et al., 2019).

In particular, we identified rare variant rs559954634 (p =
6.4 × 10−9; ACAT-O; CADD = 13.5), and rs186763678 (p = 3.2 ×
10−8; ACAT-O; CADD = 10.5) which is in intron of NFIA. NFIA
is known to interact with SLC2A9 that has the largest effect on
serum urate levels. Gene-gene interaction NFIA-SLC2A9 was
reported to be significantly associated with serum urate in the
Italian MICROS population (n = 1,201) and replicated in a
Croatian population (n = 1772) (Wei, et al., 2011). The rare
variant rs186763678 has an effect size of −1.79, odds ratio 0.24
(P = 0.176), and the proportion test of gout patients versus
controls (P = 0.075) in this study.

The rare variant rs559954634 positively affects gout
susceptibility (odds ratio = 4.85; P = 0.060); this is the first
report. This variant has been annotated in dbSNP (Sherry, et al.,
2001) but not in ClinVar (Landrum, et al., 2018) and GWAS
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(Uffelmann, et al., 2021). Table 1 consists of significant rare variants
(p < 3.8 × 10−8; ACAT-O) with CADD score >10 or without CADD
scores but |effect size| > 1.5, as WGS may reveal unannotated rare
variants, so we also report the latter. Supplementary Table S3-1
summarizes their effect sizes, odds ratios, P values (the proportion

test of gout patients versus normal controls, and logistic regression
adjusted on serum urate), and CADD phred scores.

Next, we merged adjacent significant windows of ACAT-O into
larger ones and extended both edges of these windows upstream and
downstream 1 Mb. Of these extended windows, the window of

FIGURE 1
(A) The Manhattan plot depicted all p-values after the negative logarithm transformation of all ~8.7 million RVs which passed QC across 22 pairs of
autosomal chromosomes, where the red line corresponds to the threshold 3.8 × 10−8 (ACAT-O) for significant rare variants. (B) The log10 (1/P) of rare
variants significantly associated with gout susceptibility show clusters in chromosomes 1, 7, 10, 16 and 18, where larger balls denote more variants in the
corresponding windows.
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TABLE 1 The significant rare variants with CADD ≥10 or without CADD score but |effect size| ≥ 1.5 found in this study.

SNP name Locus Chr Position HGVS.ca HGVS.p Allele CADD score

MAF Case Control

rs765272850 FAM92B 16 85,110,461 c.G21-1C n.G21-1C 0.001 1 1 32.00

rs199599166 FAM92B 16 85,108,054 c.G301A p.G101A 0.002 3 1 25.40

rs753091695 FAM92B 16 85,110,392 c.C89T p.S30L 0.004 3 5 23.20

rs746009560 OR7D4
OR7E24

19 9,214,314 c.C524T p.P175L 0.001 1 1 21.80

rs75755442 LINC00687 20 11,878,042 c.C176 + 212T NA 0.007 7 8 18.73

rs375422213 CELF4b 18 39,025,897 NA NA 0.001 1 2 18.03

rs1447484432 CELF4b 18 39,026,967 NA NA 0.001 1 1 17.52

rs932402166 AC015660.5 15 99,475,249 c.G248-442T NA 0.002 3 2 17.24

rs77675394 CELF4b 18 39,027,680 NA NA 0.0005 1 0 17.10

rs144030951 CELF4b 18 39,025,679 NA NA 0.0005 1 0 16.56

rs57012644 CELF4b 18 39,027,584 NA NA 0.0005 1 0 16.06

rs1487893445 SORCS1b 10 1,06,218,086 NA NA 0.001 2 0 15.59

rs1485225053 CELF4b 18 39,027,007 NA NA 0.0005 1 0 15.41

rs1344344694 LINC00687 20 11,878,021 n.176 + 229_176 + 232del NA 0.001 1 1 15.25

rs1258043800 12 10,489,523 NA NA 0.001 0 3 14.68

rs541620279 12 10,492,869 NA NA 0.001 1 1 14.44

rs950806939 18 39,027,469 NA NA 0.001 1 1 14.30

rs559954634c 1 178,632,863 NA NA 0.003 5 2 13.48

rs369183475 AC105362.1 4 135,809,425 NA NA 0.004 3 6 13.45

rs1323073113 15 99,534,543 NA NA 0.001 0 3 12.93

rs75734921 PLA2G4D 15 42,094,432 c.C28A p.P10T 0.0005 1 0 12.89

rs531158543 12 10,493,640 NA NA 0.001 0 2 12.53

rs181190277 10 1,06,217,544 NA NA 0.0005 1 0 11.91

rs1359426229 13 37,067,584 NA NA 0.001 2 1 11.47

rs1475570291 12 10,492,576 NA NA 0.002 1 3 11.18

rs375254150 C16orf95 16 87,170,326 n.C111-29223T NA 0.004 3 6 11.03

rs745657928 AL162726.3 9 82,527,931 n.T247 +
31073A

NA 0.0005 1 0 10.74

rs77904948 12 10,489,582 NA NA 0.002 1 3 10.65

rs186763678c NFIA 1 61,147,493 c.G559 +
58813T

n.G559 +
58813T

0.004 1 8 10.47

rs200909907 20 11,877,823 n.G176 +
431A

NA 0.001 1 1 10.25

rs148751159 RALGPS2 1 178,770,651 c.A-83-6031G n.A-83-6031G 0.008 5 11 10.16

rs914948342 10 106,226,226 NA NA 0.0005 1 0 10.01

— SLITRK6b 13 85,340,105 NA NA 0.002 0 5 —

— SLITRK6b 13 85,340,778 NA NA 0.003 6 1 —

(Continued on following page)
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rs559954634 intersected with NPHS2, which is involved in serum
urate and indirectly linked to gout through hyperuricemia.
Moreover, NPHS2 expresses in kidney tissues (queried from
GTEx portal), and the kidneys play a major role in regulating
uric acid levels. This suggests rs559954634 may be involved in
gout, though further research is warranted. All overlapping genes
in the 1 Mb-extended windows of rs559954634 are summarized in
Supplementary Table S3-2. Moreover, there are 39 genes in the 1-
Mb extended window of rs186763678; however, none is related to
gout or serum urate, so we summarize these 39 genes in
Supplementary Table S3-3.

Prioritization of the rare variants in NPHS2

Gene NPHS2 encodes podocin, which is directly involved with
serum urate levels (hyperuricemia; (Romi et al., 2017). Of the rare
variants that passed the QC checks, 39 distinct rare variants are in
NPHS2; however, none is significant in ACAT-O. Among these rare
variants, rs202036853 (effect size = 5.79) shows a nominal association
with gout adjusted on serum urate (P = 0.038; logistic regression) and

has a CADD score of 11.0. Figure 2A shows the positions of these
variants and the corresponding effect sizes. Figure 2B depicts that the
rare variants of NPHS2 with higher CADD scores are associated with
more significant positive effects on gout susceptibility. The effect size,
proportion test, logistic regression, and CADD score of these variants in
NPHS2 are in Supplementary Table S3-4.

Another novel rare variant discovered

We also uncovered a novel rare variant 13-85340782-G-A
(chr. 13; P = 3.5 × 10−8; ACAT-O), which has an odds ratio
of 6.02 (P = 0.038) and is significant in the proportion test (P =
0.002). Two other RVs in the same window of 13-85340782-G-A
also have |effect size| > 1.5, but their odds ratio for gout is
insignificant (Supplementary Table S3-1). The RV 13-85340782-
G-A is significantly associated with gout (P = 0.038; logistic
regression), but the significance diminished when adjusted on
serum urate (P = 0.124; logistic regression), which may indicate
the association of this variant with gout is through serum urate. The
1 Mb-extended windows of this rare variant do not intersect with

TABLE 1 (Continued) The significant rare variants with CADD ≥10 or without CADD score but |effect size| ≥ 1.5 found in this study.

SNP name Locus Chr Position HGVS.ca HGVS.p Allele CADD score

MAF Case Control

— SLITRK6b 13c 85,340,782c NA NA 0.006 11 1 —

ac. denotes coding DNA, reference sequence; n. denotes non-coding RNA, reference sequence. p denotes protein reference sequence; N + M denotes nucleotide M in the intron after (3′of)
position N in the coding reference sequence; N-M denotes nucleotideM in the intron before (5′of) position N in the coding reference sequence; -N +M/-N-M denotes nucleotide in an intron in

the 5′UTR; _ (underscore) denotes nucleotide numbering, used to indicate a range (e.g. in combination with a deletion, duplication, insertion, or variable sequence).
bGenes not mapped in the merged window of the rare variants, but they are in the extended windows.
cThe novel RVs associated with gout in Taiwanese males revealed in this study.

FIGURE 2
The putative rare variants in NPHS2 which is involved in serum urate and indirectly linked to gout. (A) The scheme shows the positions of these
variants inNPHS2 and the corresponding effect sizes. (B) the rare variants ofNPHS2with higher CADD scores are associatedwith larger positive effects on
gout susceptibility.
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any known gene involved in gout or serum urate. The genes in this
1 Mb-extended window are in Supplementary Table S3-5.

Rs559954634 and 13-85340782-G-A jointly
are significantly associated with gout
susceptibility

Recently, several genetic studies have reported that multiple rare
variants play essential roles in complex genetic diseases, e.g.,
Alzheimer’s disease (Cruchaga et al., 2014), which support the
“Common Disease Multiple Rare Variants” (CDMRVs) or
“Common Disease Rare Variants” (CDRV) hypothesis (Schork
et al., 2009). CDMRV and CDRV hypotheses argue that multiple
rare variants and a single rare variant, each with relatively high
penetrance, are the major contributors to common diseases,
respectively. In this section, we applied multivariate logistic
regression analysis to evaluate the joint effect of the rare variant in
NFIA rs186763678, rs559954634, and 13-85340782-G-A discovered by
ACAT-O and CADD scores/or effect size. The results support the
“CDMRVs” hypothesis at P < 0.06 (multiple logistic regression).
Specifically, univariate logistic regression analysis reveals that
rs559954634 and 13-85340782-G-A are significantly associated with
gout susceptibility (Table 2). When analyzed jointly, 13-85340782-G-A
(beta = 1.80, P = 0.037; OR = 6.06) and rs559954634 (beta = 1.60, P =
0.057; OR = 4.93) are significantly associated with gout susceptibility at
P < 0.06; the result supports CDMRVs at a non-stringent criteria.

Rare variants in known gout-related genes
ABCG2, SLC2A9 and SLC22A12

This study found 16 (16, 3) rare variants in the known gout-
related gene ABCG2 (SLC2A9, SLC22A12). However, none of these
are significant in ACAT-O; the smallest P values of these variants in
ABCG2, SLC2A9, and SLC22A12 are 0.004, 0.012, and 0.122,
respectively (Supplementary Table S4-1). This may be due to our
samples and those in previous studies being of different ancestry or
our sample size not being large (under budget constraints). The
position, allele frequency, and CADD score of these variants are
summarized in Supplementary Table S4-2.

In the following, we report the rare variants in these genes, which
have CADD scores ≥10 and are significant in both the odds ratio and
the proportion test. The rare variant rs199897813 in ABCG2 has a
CADD score of 28.3, an effect size of 1.96, and an odds ratio equal to
9.71 (P = 0.038), respectively, and its proportion test of patients versus
controls has P = 0.051. Moreover, three rare variants identified in
ABCG2, rs548254708, rs34678167, and rs149106245, were previously
reported in a Japanese cohort (Higashino et al., 2017), but neither is
significant in odds ratio and the proportion test in this study; this is
reasonable as individuals of these two cohorts are of different ancestry.
Of the rare variant revealed in SLC2A9, rs150391338 has a CADD score
of 10.4, effect size of −2.37, odds ratio 0.25 (P = 0.068), and it is
significant in the proportion test (p = 0.018); detailed information is
summarized in Supplementary Table S4-3.

The rare variants in the remaining
merged windows

We also computed the odds ratio and conducted the proportion
test in the remaining merged windows of the significant rare variants
(P < 3.8 × 10−8; ACAT-O). However, none of the rare variants
therein satisfies both CADD ≥10 and is significant in odds ratio or
the proportion test (P < 0.10).

Discussion

Rare variants often contribute to complex diseases with large effect
sizes per allele; however, the power to detect these variants remains
limited (Chen et al., 2022). This study integrated data from male gout
patients from CMUH and TWB and normal controls of TWB to
identify 682 significant rare variants by ACAT-O. We further sifted
these variants by the measure of variant deleteriousness CADD >10 (|
effect size| > 1.5) to find rs559954634 and rs186763678 (13-85340782-
G-A). These variants have been identified for the first time as associated
with gout susceptibility in Taiwanese males. The carrier frequency of
potentially pathogenic rs559954634 and 13-85340782-G-A is higher in
gout patients when compared to normal controls (1.4% versus 0.30%;
P = 0.046, and 3.1% versus 0.15%; P = 0.011; the proportion test).
Conversely, the carrier frequency of potentially protective variant
rs186763678 is higher in controls than in patients (0.29% versus
1.2%; P = 0.037; the proportion test). The identified potentially
pathogenic (protective) RVs with a prevalence >1% in cases
(controls) indicate that these RVs may be associated with gout in
this population. Nevertheless, further studies are warranted, as the
inflation factor λ of the ~8.7 million QC-passed RVs is moderate (1.42).

In the neighborhood of rs559954634, we found NPHS2 that
encodes podocin, which is directly involved in hyperuricemia (Romi
et al., 2017). Moreover, NPHS2 is expressed in kidney tissues (queried
from the GTEx portal), and the kidneys play a major role in regulating
uric acid levels. This suggests that rs559954634may be involved in gout,
though further research is warranted. The rare variant rs186763678 is in
the intron of NFIA which interacts with SLC2A9, while SLC2A9 is
known for lowering serum urate and protecting gout (Tin et al., 2018).
The RV 13-85340782-G-A has an odds ratio of 6.06 (P = 0.037) and a
large effect size (3.15).

TABLE 2 Logistic regression analysis of gout susceptibility on the three
identified rare variants.

Univariate variable β̂ Odds ratio
(95% CI)

P value

rs559954634 1.58 4.84 (1.04 – 33.97) 0.060

rs186763678 −1.44 0.24 (0.01 – 1.30) 0.176

13-85340782-G-A 1.80 6.02 (1.74 –89.68) 0.038

Multivariate Variable β̂ Odds ratio
(95% CI)

P value

rs559954634 1.60 4.93 (1.06 – 34.56) 0.057

13-85340782-G-A 1.80 6.06 (1.75 – 90.45) 0.037
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We caution that these findings were statistically significant and
prioritized by CADD scores, but the revealed RVs have not been
verified biologically.

ACAT-O is a sliding-window-based method that uses the
conventional 4 kb window size with 2 kb overlaps. Varying the
window size to 5 kb (3 kb), we reran ACAT-O to yield the p value of
rs559954634, rs186763678, and 13-85340782-G-A equal to 6.2 × 10−9,
3.15 × 10−8, and 3.4 × 10−8 (6.36 × 10−9, 3.15 × 10−8, and 3.40 × 10−8),
respectively; all the three RVs remain significant for the ACAT-O (with
5 kb-windows) cutoff 4.7 × 10−8 (resulted from ~1.06 million windows),
but only rs559954634 is significant for the ACAT-O (with 3 kb-windows)
cutoff 2.86 × 10−8 (resulted from ~1.78 million windows). As the number
of windows increases, e.g., prespecifying 3 kb for window size, the
Bonferroni correction for multiple testing becomes too conservative,
leading to power loss. Furthermore, it is noted in Li et al. (2019) that
the sliding window methods are likely to lose power if the pre-specified
window size is too big because it might include toomany neutral variants,
or if the pre-specified window size is too small that it might exclude
adjacent regions containing association signals. To circumvent the
difficulty of specifying a window size a priori, Li and colleagues
introduced a dynamic scan procedure (SCANG) to flexibly detect the
sizes and locations of RV association regions of WGS studies. Thus,
applying SCANG to our data to yield robust RVs of gout in Taiwanese
males is an interesting future research. As the number of subjects in this
study ismoderate, it will be valuable to further sequence whole genomes
of male gout patients in Taiwan or analyze an independent cohort, such
as the UK Biobank, to confirm/compare these unraveled RVs.
Moreover, the combination of individual variants into a polygenic
risk score (PRS) has the potential to be a predictor for a disease (Elliott
et al., 2020); it may be helpful for the diagnosis of gout, in addition to
increasing statistical power to detect genetic associations. Therefore,
deriving a PRS using the identified 682 rare variants and integrating our
data with WGS data of individuals of other ancestry, e.g., the UK
Biobank, are also promising future research directions for gout study.
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Background: Interleukin (IL)-38 is a newly discovered anti-inflammatory

cytokine. However, its concentration and clinical significance in patients with

gout remain unclear. This study aimed to investigate the levels of IL-38 in patients

with gout and evaluate their clinical significance.

Methods: Thirty-two patients with active gout, 27 patients with inactive gout, and 20

negative controls (NCs) were included in the study. Clinical parameters, including

white blood cell count, C-reactive protein, serum amyloid A, erythrocyte

sedimentation rate, uric acid, urea, creatinine, alanine aminotransferase, aspartate

aminotransferase, glutamyl transpeptidase, and glycoserated serum protein, were

obtained from laboratory tests of blood samples. The serum concentration of IL-38

was determined using enzyme-linked immunosorbent assay. Spearman’s correlation

analysis and receiver operating characteristic curve assessments were used to

investigate the role and diagnostic value of IL-38 in gout.

Results: Patients with active and inactive gout exhibited significantly lower serum

IL-38 levels than NCs. No significant differences were observed between the two

gout groups. A negative correlation was observed between IL-38 and white

blood cell counts, whereas a positive correlation was found between IL-38 and

creatinine levels. Furthermore, IL-38, either alone or in combination with uric

acid, demonstrated substantial diagnostic potential.

Conclusion: The findings suggest that the decreased serum levels of IL-38 in

patients with gout compared to that in NCs indicates that IL-38 may have

immunomodulatory effects on gout inflammation and possesses clinical

application value.
KEYWORDS

gout, interleukin-38, uric acid, inflammation, biomarker
frontiersin.org0161

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1434738/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1434738/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1434738/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1434738&domain=pdf&date_stamp=2024-10-17
mailto:wuxiudinbey@163.com
mailto:mingcaili@126.com
https://doi.org/10.3389/fimmu.2024.1434738
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1434738
https://www.frontiersin.org/journals/immunology


Huang et al. 10.3389/fimmu.2024.1434738
1 Introduction

Gout is a common type of joint inflammation caused by

abnormal purine metabolism (1, 2). The overall prevalence of

gout in China is approximately 1% and continues to increase

annually (3). Gout mainly affects men, and the incidence of gout

in women does not increase significantly until menopause (2).

Acute episodes of gout are often characterized by severe pain,

redness, and limited joint movement that lasts from several hours

to tens of hours (4, 5). The first acute episode in a person with gout

is usually self-limiting, occurring within a week or two when the

signs and symptoms of arthritis completely subsided (4). However,

this reprieve is temporary, as without proper treatment, the arthritic

symptoms of gout can recur, worsen, and even turn into chronic

gout (4, 6).

Accumulation of monosodium urate (MSU) crystals in patients

with gout stimulates an inflammatory response via two pathways.

First, toll-like receptor 2 and 4 synthesize pro-interleukin (IL)-1b
and inflammatory components in macrophages or monocytes via

the nuclear transcription factor-kB signaling pathway.

Subsequently, the MSU crystals stimulate the assembly of the

inflammasome NOD-like receptor thermal protein domain

associated protein 3 (NLRP3), activating the cysteinyl aspartate-

specific proteinase-1, which cleaves pro-IL-1b into IL-1b. The
inflammasome mediates the binding of IL-1b to IL-1b receptors,

inducing acute inflammatory responses (2, 7). Uric acid-lowering

therapy is a comprehensive strategy for the long-term management

of gout. During acute flares, colchicine, non-steroidal anti-

inflammatory drugs, and corticosteroids, are commonly

administered in clinical treatment (4, 5). Furthermore, due to the

vital role of IL-1 inflammation in gout pathogenesis (8), IL-1

inhibitors are also utilized in clinical treatment (7, 9).

First discovered in 2001, IL-38 is a novel cytokine belonging to

the IL-1 family (IL-1F), also known as IL-1F10 (10). IL-38,

originating from B-lymphocytes, peripheral blood mononuclear

cells, and various immune cells, is expressed in multiple tissues,

such as the skin, tonsils, spleen, and thymus (11, 12). IL-38 shares

amino acid homology with IL-1 receptor antagonists (IL-1Ra) and

IL-36Ra (13). In addition, IL-38 can bind to specific receptors, such

as IL-36 receptor (IL-36R), IL-1R1, and IL-1 receptor accessory

protein-like 1 (IL-1RAPL1), to exert its biological functions (12, 14).

IL-38 regulates autoimmune diseases and exhibits anti-

inflammatory effects in the inflammatory response (12, 15). The

IL-36R pathway has been extensively studied, and its involvement

in autoimmune diseases and inflammatory conditions, such as

systemic lupus erythematosus (16), rheumatoid arthritis (17),

ankylosing spondylitis (18), and asthma (19), has been reported.

The presence of both the full-length and truncated forms of the

recombinant IL-38 protein (20) is controversial regarding the

activation of the IL-1R1 pathway (21). The IL-1RAPL1 pathway

is highly associated with immune and tumor processes (21). The

full-length and truncated recombinant IL-38 proteins can bind to

IL-1RAPL1 to promote or inhibit inflammation, respectively (20).

IL-38 gene overexpression can modulate the balance between IL-1b
and IL-1R, thereby controlling the inflammatory response (22).
Frontiers in Immunology 0262
In addition, a cardiovascular study highlighted that IL-38 inhibits

the activation of the NLRP3 inflammasome, inhibiting

inflammation (23).

In summary, a potential association between IL-38 and gout

exist, indicating that IL-38 controls the occurrence and

development of gout by binding to specific receptors and

inhibiting the inflammatory response. Therefore, we hypothesized

that IL-38 can be a novel biomarker for gout and provide valuable

insights into the diagnosis and treatment of this disease. This study

aimed to investigate the effect of IL-38 on gout by measuring the

serum levels of IL-38 in patients with active and inactive gout.
2 Materials and methods

2.1 Participants

Fifty-nine patients with gout and 20 negative controls (NCs)

from the Ningbo No. 6 Hospital from June 2022 to November 2022,

were included in the study. The detailed screening process is

illustrated in Figure 1.

Due to the high prevalence of gout in men, male gout patients

older than 18 years were included. The diagnosis of gout is

confirmed by two or more rheumatologists using diagnostic

criteria (24). On the other hand, hormone administration,

infection, tumor, autoimmune disease, and other diseases were

excluded, as well as gout related treatment prior to admission.

Active and inactive gout were distinguished in 32 and 27 patients,

respectively, depending on their gout episode and subjective feelings

(25, 26). NCs were obtained from outpatient patients. Their

inclusion and exclusion criteria are as follows. (1) No obvious

signs of disease were found during routine examination; (2) Age

over 18 years old; (3) Male; (4) Exclude hormone administration,

infections, tumors, autoimmune diseases, and other diseases

especially gout.

This study was approved by the Ethical Review Board of the

relevant institutions and conducted in accordance with the

Declaration of Helsinki. Informed consent was obtained from

all participants.
2.2 Clinical data

The age and sex of all participants were recorded prior to

inclusion in the study. Clinical data, including white blood cell

(WBC) count, C-reactive protein (CRP), serum amyloid A (SAA),

erythrocyte sedimentation rate (ESR), uric acid (UA), urea (UR),

creatinine (CR), alanine aminotransferase (ALT), aspartate

aminotransferase (AST), glutamyl transpeptidase (GGT), and

glycoserated serum protein (GSP), total cholesterol (TC), and

triglyceride (TG), were obtained from laboratory tests of blood

samples. Blood samples were collected from the participants after

fasting for 12 h. Blood samples were kept at room temperature (20–

25°C) for 2 h. Subsequently, the samples were centrifuged at 1,000 g

for 15 min at 2-8°C to separate the serum. Laboratory tests were
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performed using automated blood (BC-6800, Mindray) and

biochemical (AU640, Olympus Corporation) analyzers.
2.3 Quantification of serum IL-38

The IL-38 concentration in the serum samples of the

participants was determined using enzyme-linked immunosorbent

assay (ELISA) kit (CSB-EL011615HU, Cusabio Technology,

Wuhan, China) according to the manufacturer’s instructions. The

precision within an assay and between assays of the ELISA kits was

less than 8% and 10%, respectively. The assay detection range was

31.25–2,000 pg/mL.

The experimental procedure is summarized as follows: melted

serum and diluted standards were added to an enzymatic plate

balanced at room temperature for 30 min. After incubating at 37 °C

for 2 h, the supernatant was removed, and the biotin antibody and

horseradish peroxidase avidin were added and incubated at 37°C for

1 h. Finally, after adding 3,3´,5,5´-tetramethylbenzidine (TMB)

solution for 30 min in the dark, the reaction was ended using

termination solution. Then, the absorbance was measured at 450

nm using a spectrophotometer (Multiskan GO; Thermo Fisher

Scientific). A standard curve was constructed using equally

diluted standard solutions.
2.4 Statistical analysis

All statistical analyses in this study were performed using

GraphPad Prism 9.0 version. The measurement data were tested

using the Shapiro–Wilk test for normal distribution. According to
Frontiers in Immunology 0363
the distribution, the measurement data were presented as mean ±

standard deviation (SD) or median and interquartile range (IQR).

For the analysis of the three sets of data, one-way analysis of

variance (ANOVA) or the Kruskal–Wallis test was used. In

multiple comparisons between the three groups, the Dunn’s post-

hoc test was used. Correlations between clinical data were analyzed

using rank correlations. The diagnostic value of the disease was

demonstrated using receiver operating characteristic (ROC) curves.

All tests were two-sided, with a test level of 0.05.
3 Results

3.1 Characteristics of participants

The ages of the participants in the three groups were

comparable (P = 0.195). The levels of UR (P = 0.345) and GSP

(P = 0.088) in serum did not differ among the participants. The

pairwise comparison using Dunn’s post-hoc test showed that all

other indicators of patients with active gout were different from

those of NCs. However, only SAA, UA, CR, and ALT levels were

significantly different in patients with inactive gout. Detailed clinical

data are presented in Table 1.
3.2 Serum IL-38 concentrations

Serum IL-38 concentrations of the participants are shown in

Figure 2. The levels of IL-38 in active gout, inactive gout, and NCs

were 113.45 (88.04, 126.75), 117.55 (90.48, 149.89), and 145.51

(113.12, 203.37) pg/mL, respectively. The nonparametric test
FIGURE 1

Participants screening process. WBC, white blood cell count; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; UA, uric acid.
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showed that IL-38 concentrations in the three groups differed. The

Dunn’s post-hoc test showed that both active gout patients (P =

0.0013) and inactive gout patients (P = 0.0356) had lower IL-38

levels than NCs. However, no significant difference between the two

groups was observed (P = 0.9667).
3.3 Correlation analysis

The correlation between the clinical data of the patients was

demonstrated using Spearman’s correlation analysis (Figure 3).

In patients with gout, IL-38 levels was correlated with WBC

counts (r = -0.2813, P = 0.031) and CR levels (r = 0.2626,
Frontiers in Immunology 0464
P = 0.045). No correlation was found between IL-38 and UA

levels (r = -0.1535, P = 0.2459). Similarly, the association

between WBC counts (r = 0.2419, P = 0.0649) and CRP levels

(r = 0.1140, P = 0.3899), two common indicators of

inflammation, and UA levels was not statistically significant.

No correlation was found between IL-38 and CRP (r = -0.07925,

P = 0.5507), SAA (r = -0.06257, P = 0.6378), ESR (r = -0.08203,

P = 0.5368) and other inflammatory indicators.
3.4 ROC curve analysis

The ROC curve for evaluating the diagnostic value of gout

showed that the areas under the curve (AUC) for IL-38 and UA

levels were 0.7564 and 0.8339, respectively. Combined analysis of

these two indicators showed that the AUC increased to

0.9034 (Figure 4).
4 Discussion

This study was conducted in Ningbo, China, and included 79

participants. Based on the ELISA results, this study is the first to

identify differences in serum IL-38 levels between patients with gout

and negative individuals. The serum IL-38 levels of patients with

gout were lower than that of NCs, and the level of IL-38 in patients

with active gout was lowest. Furthermore, correlation analysis

demonstrated a negative association between IL-38 and WBC

count, whereas a positive correlation was observed between IL-38
FIGURE 2

Serum IL-38 concentrations of the participants. NCs, negative
controls. The P-values of the three groups were obtained by
Kruskal-Wallis test. The P-value of pairwise comparison was
obtained by Dunn’s post-hoc test. *P < 0.05, **P < 0.01, ns,
no significance.
TABLE 1 Characteristics of participants.

Variables
Active
gout

Inactive
gout

NCs
P-

value

N 32 27 20 /

Sex (Male%) 100% 100% 100% /

Age (y) 42.4 ± 12.8 39.7 ± 13.8 35.7 ± 11.5 0.195

WBC
(109/L)

8.7 (7.6, 10.4)a 6.7 (5.5, 7.8) 5.7 (5.1, 6.9) < 0.001

CRP (mg/L)
12.3

(5.6, 31.2)a
1.4 (0.6, 2.5) 1.3 (1.2, 1.5) < 0.001

SAA (mg/L)
55.9

(6.9, 227.8)a
5.2 (2.6, 9.4)b 2.0 (1.6, 2.8) < 0.001

ESR (mm/h)
26.5

(11.0, 39.3)a
8.0 (4.0, 16.0)

8.0
(4.2, 10.75)

< 0.001

UA
(mmol/L)

445.5
(359.5, 566.5)a

442.0
(376.0, 580.0)b

345.5
(319.8, 378.5)

< 0.001

UR
(mmol/L)

4.1 (3.6, 5.3) 4.7 (4.1, 5.6) 4.9 (3.6, 5.7) 0.345

CR (mmol/L)
85.4

(75.7, 91.8)a
82.9

(77.3, 86.9)b
72.5

(65.2, 78.7)
0.001

ALT (U/L)
40.5

(27.0, 64.8)a
38.0

(28.0, 54.0)b
25.5

(20.3, 30.8)
0.002

AST (U/L)
24.0

(19.0, 38.0)a
24.0 (20.0, 32.0)

19.5
(17.0, 23.0)

0.037

GGT (U/L)
43.5

(29.8, 92.8)a
33.0 (23.0, 72.0)

23.0
(16.5, 33.3)

0.007

GSP
(mmol/L)

2.0 ± 0.3 1.9 ± 0.3 2.0 ± 0.2 0.088

TC
(mmol/L)

5.0 (4.4, 5.4) 5.1 (4.4, 5.9)b 4.4 (3.9, 5.1) 0.031

TG
(mmol/L)

2.0 (1.4, 2.5)a 2.7 (1.8, 3.7)b 1.1 (0.7, 1.4) < 0.001
NCs, negative controls; WBC, white blood cell count; CRP, C-reactive protein; SAA, serum
amyloid A; ESR, erythrocyte sedimentation rate; UA, uric acid; UR, urea; CR, creatinine; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, glutamyl transpeptidase;
GSP, glycoserated serum protein; TC, total cholesterol; TG, triglyceride. Multiple group
comparisons of age were made using one-way analysis of variance. Multiple group
comparisons of other indicators were made using Kruskal-Wallis test. Pair-to-pair
comparisons between multiple groups were made using Dunn’s post-hoc test. The P-value
was obtained by one-way analysis of variance, Kruskal-Wallis test and the Dunn’s Mpost-hoc
test. a Active gout compared with NCs, P < 0.05. b Inactive gout compared with NCs, P < 0.05.
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and CR. The ROC curve analysis supported the diagnostic value of

IL-38.

Although the role of IL-38 in other types of arthritis, such as

osteoarthritis and rheumatoid arthritis, has been gradually

uncovered (15, 17), its significance in gout remains unclear. Some

studies show that hyperuricemia is one of the independent risk

factors for gout (1, 3, 27). We found that serum IL-38 levels were

lower in patients with hyperuricemia than in healthy individuals

(28). Although not all patients with hyperuricemia will eventually
Frontiers in Immunology 0565
develop gout, the findings are valuable for this study. A previous

study showed that recombinant IL-38 protein alleviated MSU-

induced arthritis in mice (29). In other studies, serum IL-38 levels

were found to be lower in patients with gout than in RA, which is

also osteoarthritis (30). Unfortunately, studies of gout patients and

healthy people or negative controls are not discussed at this time. In

this study, patients with gout had lower IL-38 concentrations than

NCs. Patients with active gout showed a slightly greater decrease in

IL-38 levels than those with inactive gout. However, no statistical
FIGURE 3

Correlation analysis of clinical indicators. (A) Heat map with Spearman correlation analysis of all indicators in gout patients. (B–I) Correlation analysis
between various clinical indicators. WBC, white blood cell count; CRP, C-reactive protein; SAA, serum amyloid A; ESR, erythrocyte sedimentation
rate; UA, uric acid; UR, urea; CR, creatinine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, glutamyl transpeptidase; GSP,
glycoserated serum protein; TC, total cholesterol; TG, triglyceride; IL-38, interleukin-38.
FIGURE 4

The receiver operating characteristic curve of IL-38 and UA. (A) IL-38 was used to diagnose gout. (B) UA was used for diagnose gout. (C) IL-38
combined with UA were used to diagnose gout. UA, uric acid; IL-38, interleukin-38; AUC, areas under the curve.
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difference was observed between the two groups. These results

suggest that IL-38 plays a vital role in the inflammatory response

of gout. According to previous studies and existing mechanisms, the

decreased levels of IL-38 in serum of patients with gout may be

because IL-38 inhibits the action of IL-1b to prevent the occurrence

and development of the disease (22, 29). In patients with gout,

serum IL-38 failed to recover from the low level of the active period

to the high level of negative individuals, suggesting that the

disappearance of symptoms in patients with an inactive gout

period is a temporary self-limitation and a pathogenic basis for

repeated acute flares exist.

As a non-specific inflammatory indicator, the WBC count

showed a negative correlation with IL-38 levels, indicating that

IL-38 is related to the inflammatory response in gout. Studies on the

correlation between IL-38 and CR are scarce. A correlation between

CR and IL-1b in hyperuricemia has been found. Therefore, it is

speculated that CR may be somewhat related to IL-38 as an

intermediary variable (31). In this study, no correlation was

found between UA and inflammatory markers, such as WBC and

CRP, which is consistent with the results of other studies (32, 33).

Probably, UA level, a gout-specific indicator, is essentially the result

of the metabolic disorder; therefore, UA is not closely associated

with inflammation in gout. Consequently, no correlation was

expected between IL-38 and UA levels. The ROC curve analysis

showed an AUC of 0.7564 for IL-38, indicating its diagnostic value

for gout. Although lower than that of UA, the combined diagnostic

capability of UA and IL-38 was 0.9034. Moreover, we believe that

IL-38 plays a role in the inflammatory response of gout, and

whether it is in the active phase has no significant influence on

serum IL-38 content. However, the mechanism of IL-38 action in

gout has not been fully elucidated in this study.

This pioneering study investigated differences in IL-38 levels

between patients with gout and negative individuals. Additionally,

we categorized the patients into active and inactive gout phases to

explore the changes in serum IL-38 levels at different time points.

The possible role and diagnostic value of IL-38 in gout were

demonstrated using correlation and ROC curve analyses. This

study has some limitations. First, as a single-center case-control

study, the admission rate bias was unavoidable. Bias was controlled

as much as possible using measures such as matching and objective

indicators. However, we do not believe that the existence of bias will

make the results unreliable. Second, the small sample size may have

resulted in less stable outcomes. In a follow-up study, we will

conduct a multicenter, large-sample study and animal

experiments to elucidate the specific mechanism of IL-38 in the

occurrence and development of gout.

In conclusion, we found, for the first time, that serum IL-38

concentration decreased in patients with gout, suggesting its

potential role in gout inflammation.
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Introduction: Oxidative stress plays a crucial role in the development and

progression of hyperuricemia/gout. This study aims to explore the relationship

between the Oxidative Balance Score (OBS) and hyperuricemia/gout.

Methods: The study utilized complete data from adult participants in the National

Health and Nutrition Examination Survey (NHANES) spanning from 2009 to 2018.

OBS, composed of scores for 20 dietary and lifestyle factors, served as the

exposure variable. Multivariable linear regression model was applied to evaluate

the association between OBS and uric acid (UA). Multivariable logistic regression,

subgroup analyses, and restricted cubic spline (RCS) regression were conducted

to explore the relationship between OBS and hyperuricemia/gout.

Results: A total of 18,998 participants were included. In the fully adjusted model,

compared to the lowest quartile, the highest quartiles of OBS, dietary OBS, and

lifestyle OBS were negatively correlated with UA (b=-0.31 (-0.36,-0.25), b=-0.18
(-0.24,-0.12), and b=-0.64 (-0.69,-0.59), respectively) and hyperuricemia

(OR=0.63 (0.55,0.71), OR=0.76 (0.67,0.86), OR=0.37 (0.33,0.42), respectively).

Moreover, the highest quartiles of OBS and lifestyle OBS exhibited a negative

correlation with gout (OR=0.72(0.58,0.91), OR=0.54 (0.43,0.67), respectively).

Subgroup analyses revealed differences in the negative association between OBS

and hyperuricemia concerning hypertension (p for interaction =0.002) and

diabetes (p for interaction= 0.004), while gender-related disparities were

observed in the negative association between OBS and gout (p for interaction

=0.008). RCS analysis demonstrated a linear negative association between

hyperuricemia and OBS (p for non-linearity >0.05), while gout exhibited a non-

linear negative association (p for non-linearity<0.05).

Conclusion: The study found that a higher OBS was associated with a decreased

risk of developing hyperuricemia/gout, underscoring its potential in the

prevention and management of these conditions.
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1 Introduction

Uric acid (UA), a terminal product of purine analog metabolism,

plays a crucial role in the development of hyperuricemia (1).

Hyperuricemia is characterized by excessive production, arising

from increased endogenous purine catabolism and excessive

exogenous purine intake, or by impaired plasma UA excretion (2).

The manifestation of hyperuricemia occurs when UA levels surpass a

defined threshold, signifying the onset of a chronic metabolic

disorder. Prolonged deposition of substantial UA amounts in joints

and tissues eventually progresses into gout (3), affecting individuals of

all ages and genders. Gout can manifest as recurrent acute attacks

accompanied by joint damage and bone erosion, leading to functional

impairment in severe cases (4). Additionally, hyperuricemia emerges

as an independent risk factor for various systemic diseases, including

cardiovascular diseases (5), hypertension (6), diabetes (7), and

chronic kidney disease (CKD) (8).

Oxidative stress is usually defined as an imbalance between reactive

oxygen species (ROS) and antioxidants in our body, recognized as a

leading cause of cell damage and disease development. A large body

of evidence has demonstrated that oxidative stress plays a crucial role

in the development and progression of hyperuricemia/gout (4, 9).

The oxidative balance score (OBS) is a comprehensive indicator

containing 20 distinct dietary and lifestyle components, offering

a means to quantify exposure to antioxidants and pro-oxidants

in diet and lifestyle, therefore reflecting the overall burden of

oxidative stress (10). Generally, a higher OBS is indicative of a

preference for antioxidants over pro-oxidants (11). Numerous

epidemiological studies have found inverse associations between OBS
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and various inflammation-related diseases, including CKD (12),

cardiovascular disease (13), osteoarthritis (14), and type 2 diabetes

(15). Nevertheless, the existing research has yet to explore the

association between OBS and hyperuricemia/gout.

Recognizing the significance of OBS and implementing timely

interventions may be of great value in preventing the progression of

hyperuricemia and facilitating the remission of gout. To address this

knowledge gap, we employ the well-established OBS in a nationally

representative survey, the National Health andNutrition Examination

Survey (NHANES), to investigate its impact on hyperuricemia and

gout for the first time.
2 Method

2.1 Source of data and study population

The NHANES conducted a national cross-sectional study to

assess the health and nutrition status of both adults and children

within the U.S. population. Employing a “stratified multistage

probability sampling” method, the study gathered information

through interviews, examinations, dietary questionnaires, and

laboratory measurements. A total of 18998 participants were

chosen from 2009 to 2018. Exclusion criteria were as follows: age

of participants was <20 years, participants without serum UA and

gout data, participants without OBS components’ data, and

variables with missing values (Figure 1). All participants provided

signed written informed consent, and the study conformed to

ethical standards.
FIGURE 1

Flowchart of the sample selection from NHANES 2009–2018.
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2.2 Calculation of OBS

The construction of OBS in this study was based on both prior

research findings and experiential insights (16). The OBS

incorporated 16 nutrients and 4 lifestyle factors. These 20

components were further classified into pro-oxidants (total fat,

iron, alcohol intake, BMI, and cotinine) and antioxidants (dietary

fiber, b-carotene, vitamin B2, niacin, vitamin B6, total folate,

vitamin B12, vitamin C, vitamin E, calcium, magnesium, zinc,

copper, selenium, and physical activity). The mean of the two 24-

hour for diet and dietary supplements represented dietary and

dietary supplement intake, and the intake of each nutrient was

the sum of diet and dietary supplements (if available). Due to the

absence of supplementation data for vitamin E and b-carotene from
dietary supplements in NHANES, only dietary data were used for

these two nutrients. Following Zhang et al. (16)’s method for

calculating OBS, alcohol consumption was stratified into three

groups, heavy drinkers (≥15 g/d for women and ≥30 g/d for

men), non-heavy drinkers (0-15 g/d for women and 0-30 g/d for

men), and nondrinkers, who were assigned 0, 1, and 2 points,

respectively. Subsequently, the other components were categorized

based on gender and further divided into three groups according to

their tertile distributions. Antioxidants were assigned scores of 0-2

in groups 1-3, while pro-oxidants were assigned scores of 2-0 in

groups 1-3, respectively (Supplementary Table 1). The total OBS

score was the sum of scores for each component, where a higher

OBS indicated a greater predominance of antioxidant exposure.
2.3 Evaluation of hyperuricemia and gout

Hyperuricemia was defined as a level of serum UA that was ≥416

mmol/L (7 mg/dL) in men and ≥357 mmol/L (6 mg/dL) in women

(17). Gout was defined based on self-reported diagnosis by physicians,

ascertained through the following question: “Has a doctor or other

health professional ever told you that you have gout?” (17).
2.4 Covariates

Based on available literature and clinical considerations, we

identified the following covariates considered potential confounders

in the associations between OBS and hyperuricemia/gout.

Standardized household interviews provided demographic

characteristics, including age, gender (male and female), race (non-

Hispanic white, non-Hispanic black, Mexican American, and other

races), educational level(below high school, high school, and above

high school), marital status (never married, married or lived with a

partner, and others), family poverty income ratio (PIR) and total

energy intake. Hypertension, diabetes, hyperlipidemia, and CKD are

recognized as significant risk factors for hyperuricemia. Consequently,

these diseases were integrated into the analysis. The diagnostic criteria

for hypertension included an average systolic blood pressure ≥140

mmHg or average diastolic blood pressure ≥90 mmHg after at least

three measurement, the use of antihypertensive drugs, and a

physician-reported diagnosis of hypertension (18). Diabetes was
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diagnosed based on glycated hemoglobin (HbA1c) >6.5%, fasting

glucose ≥7.0 mmol/L, use of diabetes medication or insulin and a

previous diagnosis of diabetes by a physician (19). Hyperlipidemia

was determined by total cholesterol levels ≥200 mg/dL, triglyceride

levels ≥150 mg/dl, high-density lipoprotein-cholesterol ≤40 mg/dL in

men and ≤50 mg/dL in women, and low-density lipoprotein-

cholesterol ≥130 mg/dL (20). An albumin-to-creatinine ratio (ACR)

≥30 mg/g (3 mg/mmol) and estimated glomerular filtration rate

(eGFR) <60 ml/min/1.73 m2 were adopted as diagnostic criteria for

CKD (21). we utilized the Chronic Kidney Disease Epidemiology

Collaboration formulate to evaluate eGFR (22).
2.5 Statistical analysis

OBS was treated as a continuous variable. OBS group (quartile

conversion) was considered a categorical variable. Continuous

variables are presented as median (interquartile range (IQR)), and

categorical variables are presented as frequency (percentage). Baseline

characteristics were compared using the chi-square test for

categorical variables and the Kruskal-Wallis test for continuous

variables. To evaluate the association between OBS and UA,

coefficient (b) and 95% confidence intervals (CI) were calculated

using multivariable linear regression models. To explore the

relationship between OBS and hyperuricemia/gout, odds ratio (OR)

and 95% CI were calculated using multivariable logistic regression.

The crude model was not adjusted for any covariates. Model 1 was

adjusted for age, gender, and race. Model 2 was further adjusted for

education level, family PIR, marital status, hypertension, diabetes,

hyperlipidemia, CKD and energy. Heterogeneity between OBS (as a

continuous variable) and hyperuricemia/gout was assessed through

interaction and subgroup analyses for the following variables,

including gender, age groups, education, race, marital status, family

PIR, hypertension, hyperlipidemia, diabetes and CKD. Restricted

cubic spline (RCS) analysis with four knots was applied to evaluate

non-linear associations between OBS/dietary OBS/lifestyle OBS and

hyperuricemia/gout risk. All statistical analyses were performed using

R Statistical Software (Version 4.2.2, http://www.R-project.org, The R

Foundation) and the Free Statistics analysis platform (Version 1.9,

Beijing, China). Alpha was set at <0.05 for statistical significance,

and all analyses were two-sided, considering a two-sided p-value

<0.05 as statistically significant.
3 Results

3.1 Baseline characteristics

Baseline characteristics of individuals grouped by OBS quartiles are

shown in Table 1. The median age of subjects was 49 years, with 52.3%

being female. The majority of participants were non-Hispanic white

(43.5%), and the overall prevalence of hyperuricemia and gout in the

entire U.S. population was 20.1% and 4.7%, respectively. Compared to

the lowest OBS quartile (Q1), individuals in the highest OBS quartile

(Q4) had higher age, higher education levels, greater wealth, higher

total energy intake, lower UA levels, were married or partnered, and
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were non-Hispanic white or of other races. The prevalence of

hyperuricemia and gout, along with their comorbidities, including

hypertension, diabetes, hyperlipidemia, and CKD, gradually decreased

as OBS increased.
3.2 Association between OBS and UA

Linear regression was employed to assess the association between

OBS and plasma UA. The data presented in Table 2 reveals a negative

correlation between OBS and plasma UA (p < 0.05). In the fully

adjusted model (Model 2), the highest quartile of OBS exhibited a
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stronger negative association with UA levels compared to the lowest

quartile of OBS (b=-0.31 (-0.36, -0.25), p < 0.001), and this association
remained relatively stable across models. We further explored the

impact of dietary OBS and lifestyle OBS on UA using linear regression

models. In Model 2, both dietary OBS and lifestyle OBS in the highest

quartile group (Q4) were significantly associated with decreased uric

acid levels compared to the lowest quartile (Q1) (b=-0.18 (-0.24,

-0.12), p < 0.001, b=-0.64 (-0.69, -0.59), p < 0.001, respectively)

(Table 2). The trend test indicated a statistically significant

downward trend (p for trend < 0.001). These findings underscore

the inverse relationship between OBS and plasmaUA, highlighting the

potential role of oxidative balance in modulating UA levels.
TABLE 1 The baseline characteristics by quartiles of the OBS: National Health and Nutrition Examination.

Characteristic
Total Q1 Q2 Q3 Q4 P value

n = 18998 n = 4983 n = 4614 n = 5288 n = 4113

Gender, n (%) 0.259

Male 9071 (47.7) 2325 (46.7) 2241 (48.6) 2521 (47.7) 1984 (48.2)

Female 9927 (52.3) 2658 (53.3) 2373 (51.4) 2767 (52.3) 2129 (51.8)

Age, Median (IQR) 49.0 (35.0, 63.0) 49.0 (34.0, 63.0) 47.0 (33.0, 62.0) 49.0 (35.0, 63.0) 53.0 (38.0, 66.0) < 0.001

Race, n (%) < 0.001

Non-Hispanic White 8260 (43.5) 1866 (37.4) 1889 (40.9) 2352 (44.5) 2153 (52.3)

Non-Hispanic Black 3918 (20.6) 1525 (30.6) 970 (21) 898 (17) 525 (12.8)

Mexican American 2625 (13.8) 652 (13.1) 694 (15) 800 (15.1) 479 (11.6)

Others 4195 (22.1) 940 (18.9) 1061 (23) 1238 (23.4) 956 (23.2)

Education level, n (%) < 0.001

< High school 3891 (20.5) 1407 (28.2) 1026 (22.2) 937 (17.7) 521 (12.7)

High school 4267 (22.5) 1367 (27.4) 1074 (23.3) 1103 (20.9) 723 (17.6)

> High school 10840 (57.1) 2209 (44.3) 2514 (54.5) 3248 (61.4) 2869 (69.8)

Marry, n (%) < 0.001

Never married 3429 (18.0) 1073 (21.5) 875 (19) 891 (16.8) 590 (14.3)

Married or Living
with partner

11417 (60.1) 2670 (53.6) 2757 (59.8) 3324 (62.9) 2666 (64.8)

Others 4152 (21.9) 1240 (24.9) 982 (21.3) 1073 (20.3) 857 (20.8)

Family PIR, Median (IQR) 2.1 (1.1, 4.1) 1.6 (0.9, 3.0) 2.0 (1.1, 3.8) 2.4 (1.2, 4.5) 3.0 (1.5, 5.0) < 0.001

Hypertension, n (%) 9050 (47.6) 2521 (50.6) 2098 (45.5) 2449 (46.3) 1982 (48.2) < 0.001

Diabetes, n (%) 3401 (17.9) 1090 (21.9) 839 (18.2) 872 (16.5) 600 (14.6) < 0.001

Hyperlipidemia, n (%) 14171 (74.6) 3796 (76.2) 3450 (74.8) 3891 (73.6) 3034 (73.8) 0.012

CKD, n (%) 3324 (17.5) 1044 (21) 780 (16.9) 848 (16) 652 (15.9) < 0.001

UA, Median (IQR) 5.3 (4.4, 6.3) 5.5 (4.5, 6.5) 5.4 (4.4, 6.4) 5.3 (4.4, 6.3) 5.2 (4.3, 6.1) < 0.001

Hyperuricemia, n (%) 3817 (20.1) 1198 (24) 959 (20.8) 998 (18.9) 662 (16.1) < 0.001

Gout, n (%) 886 (4.7) 280 (5.6) 187 (4.1) 237 (4.5) 182 (4.4) 0.002

Energy, Median (IQR)
1923.4
(1479.1, 2475.5)

1509.0
(1151.0, 1926.2)

1892.0
(1508.2, 2342.0)

2137.2
(1683.0, 2712.6)

2270.5
(1780.5, 2880.5)

< 0.001
fro
PIR, poverty income ratio.
CKD, chronic kidney disease.
UA, uric acid.
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3.3 Association between OBS
and hyperuricemia

As shown in Table 3, logistic regression analysis revealed a

significant negative association between OBS and hyperuricemia.

The risk of hyperuricemia gradually decreased with increasing

quartiles in all models (p for trend <0.001). In the fully adjusted

model (Model 2), participants in Q4 of OBS showed a lower risk of

hyperuricemia compared to the reference Q1 (OR = 0.63 (0.55,

0.71), p < 0.001), and this association remained consistent across

models. Furthermore, in Model 2, both dietary OBS and lifestyle

OBS in Q4 compared with Q1 reduced the risk of hyperuricemia

(OR = 0.76 (0.67, 0.9), p < 0.001; OR = 0.37 (0.33, 0.42), p < 0.001,

respectively) (Table 3). The trend test indicated a statistically

significant downward trend (p for trend < 0.001).
3.4 Association between OBS and gout

As shown in Table 4, logistic regression analysis found a

significant negative association between OBS and gout. In the

fully adjusted model (Model 2), OBS was associated with a lower

risk of gout in Q4 compared to Q1 (OR = 0.72 (0.58, 0.91),

p = 0.005), and this association maintained relative stability
Frontiers in Endocrinology 0572
across models. The trend test indicated a statistically significant

downward trend (p for trend=0.014). When examining lifestyle

OBS, individuals in Q4 exhibited a decreased risk of gout (OR =

0.54 (0.43, 0.67), p < 0.001). However, the associations between

dietary OBS and gout were not statistically significant in Q3 and Q4

compared to Q1 after adjusting for all confounders. Only

participants in Q2 of dietary OBS exhibited a statistically

significant decrease in the risk of gout compared to Q1 (OR=0.75

(0.62, 0.92), p = 0.006) in Model 2.
3.5 Subgroup analysis

Subgroup analyses and interaction tests, stratified by sex, age,

education level, race, family PIR, hypertension, diabetes,

hyperlipidemia, and CKD, were conducted to identify potential

variations across different populations. In hyperuricemia, as shown

in Figure 2, statistical significance was found in hypertension and

diabetes subgroups (P for interaction =0.002, P for interaction =0.004,

respectively). The negative association effect of OBS with

hyperuricemia was significantly greater in participants without

hypertension (OR=0.96 (0.95, 0.97)) than in those with hypertension

(OR = 0.98 (0.97, 0.99)). Similarly, the negative association effect

of OBS was significantly greater in participants without diabetes
TABLE 2 Beta coefficient (95% CI) for serum UA by OBS/dietary OBS/lifestyle OBS quartiles.

Variable
Crude model Model 1 Model 2

Beta coefficient 95%CI P value Beta coefficient 95%CI P value Beta coefficient 95%CI P value

OBS

Q1 0 (Ref) 0 (Ref) 0 (Ref)

Q2 -0.11 (-0.17, -0.05) <0.001 -0.11 (-0.16, -0.06) <0.001 -0.08 (-0.13, -0.03) 0.002

Q3 -0.21 (-0.26, -0.15) <0.001 -0.2 (-0.25, -0.15) <0.001 -0.16 (-0.21, -0.11) <0.001

Q4 -0.34 (-0.39, -0.28) <0.001 -0.37 (-0.43, -0.32) <0.001 -0.31 (-0.36, -0.25) <0.001

P for trend -0.11 (-0.13, -0.09) <0.001 -0.12 (-0.14, -0.1) <0.001 -0.1 (-0.12, -0.08) <0.001

Dietary OBS

Q1 0 (Ref) 0 (Ref) 0 (Ref)

Q2 -0.05 (-0.1, 0.01) 0.096 -0.05 (-0.1, 0) 0.052 -0.02 (-0.07, 0.04) 0.541

Q3 -0.15 (-0.21, -0.1) <0.001 -0.14 (-0.19, -0.09) <0.001 -0.09 (-0.14, -0.03) 0.002

Q4 -0.21 (-0.27, -0.16) <0.001 -0.25 (-0.3, -0.2) <0.001 -0.18 (-0.24, -0.12) <0.001

P for trend -0.07 (-0.09, -0.06) <0.001 -0.08 (-0.1, -0.07) <0.001 -0.06 (-0.08, -0.04) <0.001

Lifestyle OBS

Q1 0 (Ref) 0 (Ref) 0 (Ref)

Q2 -0.29 (-0.34, -0.23) <0.001 -0.28 (-0.33, -0.23) <0.001 -0.25 (-0.3, -0.2) <0.001

Q3 -0.49 (-0.55, -0.44) <0.001 -0.48 (-0.53, -0.43) <0.001 -0.41 (-0.46, -0.36) <0.001

Q4 -0.69 (-0.75, -0.64) <0.001 -0.74 (-0.79, -0.69) <0.001 -0.64 (-0.69, -0.59) <0.001

P for trend -0.23 (-0.25, -0.21) <0.001 -0.24 (-0.26, -0.23) <0.001 -0.21 (-0.23, -0.19) <0.001
fro
Crude model: unadjusted model.
Model 1: adjusted for sex, age and race.
Model 2: adjusted for sex, age, race, education level, family PIR, marital status, hypertension, diabetes, hyperlipidemia, CKD and energy.
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(OR = 0.97 (0.96, 0.98)) than in those with diabetes (OR = 0.99 (0.98,

1.01)). In the analysis of gout prevalence (Figure 3), statistical

significance was found in gender subgroups (P for interaction

=0.008). A considerably stronger negative association between OBS

and the prevalence of gout was observed in females (OR=0.97 (0.95,

0.99)) compared to males (OR=0.99 (0.98, 1)). Despite some

inconsistent effect values in certain subgroups, our findings suggest

that the negative association between OBS and hyperuricemia/gout

was consistently maintained across all subgroups.
3.6 RCS analysis

From RCS analysis based on multivariable logistic regression

adjusting for all covariates, a linear association was observed

between OBS, dietary OBS, and lifestyle OBS and the prevalence

of hyperuricemia (all p for non−linear > 0.05) (Figures 3A–C). A

significant nonlinear relationship was identified between OBS and

the risk of gout (p for non-linear < 0.05, Figure 4A). Figures 4B, C

display that dietary OBS and lifestyle OBS were negatively and

linearly associated with the risk of gout (p for non-linear > 0.05).

These findings indicate that higher OBS is related to a lower

prevalence of hyperuricemia and gout.
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4 Discussion

To illuminate the relationship between OBS and hyperuricemia/

gout, we conducted a cross-sectional analysis of 18998 individuals in

the NHANES cohort. Our study found that total OBS was negatively

associated with the levels of UA and the prevalence of hyperuricemia/

gout. In addition, both dietary and lifestyle components exhibited

independent associations with UA and hyperuricemia. Besides, the

risk of gout was observed with higher OBS in lifestyle components.

These associations remained significant even after adjusting for

potential confounders, suggesting that increased exposure to

antioxidants and decreased exposure to pro-oxidants, as indicated

by a higher OBS, could potentially reduce the risk of hyperuricemia/

gout. To the best of our knowledge, our research is the first

comprehensive retrospective study to investigate the association

between OBS and hyperuricemia/gout prevalence. It may be

considered a good indicator of hyperuricemia/gout prevalence.

These findings may provide some potential theoretical reference for

the prevention of hyperuricemia/gout through oxidative stress.

The pathogenesis of hyperuricemia/gout is multifactorial and

complex, involving a mix of genetic, environmental, and dietary

factors (9). Mechanistically, oxidative stress is essentially due to an

imbalance between pro-oxidants and antioxidants in the body,
TABLE 3 Odds Ratio (95% CI) for hyperuricemia by OBS/dietary OBS/lifestyle OBS quartiles.

Variable
Crude model Model 1 Model 2

OR 95%CI P value OR 95%CI P value OR 95%CI P value

OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.83 (0.75, 0.91) <0.001 0.86 (0.78, 0.94) 0.002 0.88 (0.8, 0.98) 0.019

Q3 0.73 (0.67, 0.81) <0.001 0.74 (0.68, 0.82) <0.001 0.79 (0.71, 0.88) <0.001

Q4 0.61 (0.55, 0.67) <0.001 0.58 (0.52, 0.64) <0.001 0.63 (0.55, 0.71) <0.001

P for trend 0.85 (0.82, 0.88) <0.001 0.84 (0.81, 0.87) <0.001 0.86 (0.83, 0.9) <0.001

Dietary OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.9 (0.82, 0.99) 0.035 0.93 (0.85, 1.03) 0.158 0.97 (0.88, 1.08) 0.582

Q3 0.79 (0.71, 0.87) <0.001 0.8 (0.72, 0.89) <0.001 0.86 (0.77, 0.96) 0.007

Q4 0.73 (0.66, 0.81) <0.001 0.69 (0.63, 0.77) <0.001 0.76 (0.67, 0.86) <0.001

P for trend 0.9 (0.87, 0.93) <0.001 0.88 (0.86, 0.91) <0.001 0.91 (0.88, 0.95) <0.001

Life OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.68 (0.62, 0.75) <0.001 0.68 (0.62, 0.75) <0.001 0.72 (0.65, 0.79) <0.001

Q3 0.5 (0.46, 0.55) <0.001 0.51 (0.46, 0.56) <0.001 0.56 (0.51, 0.62) <0.001

Q4 0.31 (0.28, 0.34) <0.001 0.32 (0.28, 0.35) <0.001 0.37 (0.33, 0.42) <0.001

P for trend 0.69 (0.66, 0.71) <0.001 0.69 (0.67, 0.72) <0.001 0.73 (0.7, 0.75) <0.001
Crude model: unadjusted model.
Model 1: adjusted for sex, age and race.
Model 2: adjusted for sex, age, race, education level, family PIR, marital status, hypertension, diabetes, hyperlipidemia, CKD and energy.
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which is considered a major contributor to cellular damage and

disease progression (23). Existing evidence indicates that UA has

complex chemical and biological actions, featuring antioxidant

properties with potential protective effects (2). However, it can also

act as a pro-oxidant, contributing to the development of diseases

such as hypertension, metabolic syndrome, and cardiovascular

diseases (2). The exact role of UA in oxidative stress is not fully

elucidated and may depend on its chemical microenvironment

(2, 23). Increasing evidence suggests that some of the harmful

intracellular effects induced by UA are mediated by oxidative

stress. For instance, during the UA metabolism process, xanthine

oxidoreductase (XOR) catalyzes the hydroxylation of hypoxanthine

to xanthine, inducing the generation of ROS, subsequently resulting

in an imbalance in redox signaling (24). Additionally, animal

experiments have indicated that hyperuricemia-induced renal

oxidative stress promotes mitochondrial dysfunction and reduced

ATP levels in rats (25). Furthermore, a study conducted by Sánchez-

Lozada et al. demonstrated that an elevated UA concentration

exacerbates intracellular ROS production through the activation of

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

(26). Our research results indicate that a high OBS exerts a

protective effect against the development of hyperuricemia/gout,

aligning with the current understanding of the role of oxidative

stress in the pathogenesis of hyperuricemia/gout.
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A longitudinal study has revealed that individuals with high

genetic risk, who adhere to a healthy diet and lifestyle, experience a

40% reduction in the risk of developing hyperuricemia compared to

those with unhealthy dietary and living habits (27). Similarly,

maintaining a healthy diet and lifestyle is associated with a nearly

one-third reduction in the risk of gout related to genetic factors

(28). Regarding dietary factors, some studies propose that

supplementing dietary antioxidants, such as dietary fiber (29),

vitamin B2 (30), vitamin E (31), vitamin C (32), folate (33, 34),

carotenoids (35), calcium (30), and zinc (34), may contribute to

lower UA levels. Conversely, pro-oxidants, exemplified by fat (30)

and iron (36) intake, are linked to elevated UA levels. In our study,

the OBS incorporates various dietary and lifestyle factors to

comprehensively assess an individual’s antioxidant and pro-

oxidant status. The findings indicate that certain specific

antioxidants within the OBS are significantly associated with a

reduced risk of hyperuricemia and gout. Dietary fiber plays an

important role in OBS. An experimental study has demonstrated

that dietary fiber can reduce oxidative stress and inflammatory

responses in hyperuricemic mice by regulating the Toll-like

receptor 4/NF-kB signaling pathway. Additionally, dietary fiber

shows potential in alleviating hyperuricemic by modulating the

gut microbiota and metabolites (37). Vitamin E is also a potent

antioxidant. It protects cell membranes from oxidative damage by
TABLE 4 Odds Ratio (95% CI) for gout by OBS/dietary OBS/lifestyle OBS quartiles.

Variable
Crude model Model 1 Model 2

OR 95%CI P value OR 95%CI P value OR 95%CI P value

OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.71 (0.59, 0.86) <0.001 0.74 (0.61, 0.9) 0.002 0.75 (0.61, 0.92) 0.005

Q3 0.79 (0.66, 0.94) 0.009 0.78 (0.65, 0.94) 0.008 0.82 (0.67, 1) 0.052

Q4 0.78 (0.64, 0.94) 0.01 0.67 (0.55, 0.82) <0.001 0.72 (0.58, 0.91) 0.005

P for trend 0.93 (0.87, 0.99) 0.016 0.89 (0.83, 0.95) <0.001 0.91 (0.85, 0.98) 0.014

Dietary OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.72 (0.6, 0.87) 0.001 0.75 (0.62, 0.91) 0.003 0.75 (0.62, 0.92) 0.006

Q3 0.86 (0.71, 1.03) 0.099 0.86 (0.71, 1.04) 0.127 0.9 (0.73, 1.11) 0.332

Q4 0.88 (0.73, 1.05) 0.158 0.76 (0.63, 0.92) 0.005 0.8 (0.64, 1) 0.051

P for trend 0.97 (0.91, 1.03) 0.308 0.93 (0.87, 0.99) 0.019 0.95 (0.88, 1.02) 0.162

Lifestyle OBS

Q1 1 (Ref) 1 (Ref) 1 (Ref)

Q2 0.81 (0.68, 0.96) 0.016 0.75 (0.63, 0.9) 0.002 0.84 (0.71, 1.01) 0.065

Q3 0.64 (0.53, 0.76) <0.001 0.61 (0.51, 0.74) <0.001 0.71 (0.59, 0.87) 0.001

Q4 0.43 (0.35, 0.53) <0.001 0.41 (0.33, 0.51) <0.001 0.54 (0.43, 0.67) <0.001

P for trend 0.77 (0.72, 0.81) <0.001 0.76 (0.71, 0.81) <0.001 0.82 (0.77, 0.88) <0.001
Crude model: unadjusted model.
Model 1: adjusted for sex, age and race.
Model 2: adjusted for sex, age, race, education level, family PIR, marital status, hypertension, diabetes, hyperlipidemia, CKD and energy.
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inhibiting free radical production and reducing oxidative stress.

Research has shown that higher vitamin E intake is associated with a

lower risk of hyperuricemia (31). This suggests that vitamin E may

mitigate the negative impact of oxidative stress on uric acid

metabolism, thereby lowering the risk of hyperuricemia. Lifestyle

factors also play a significant role, wherein an elevated body mass

index (BMI) increases the risk of hyperuricemia, while physical

activity lowers the risk (38). A study (39) has indicated that men

with a BMI over 27.5 kg/m² have a 16-fold higher risk of gout

compared to those with a BMI below 20 kg/m², and a 4-fold higher

risk compared to those with a BMI under 25 kg/m². The impact of

alcohol consumption on hyperuricemia/gout remains controversial

(40), with some studies suggesting that moderate wine consumption

may enhance endogenous UA clearance and prevent gout attacks,

attributed to the presence of antioxidants and phytoestrogens in

wine. In contrast, others argue occasional alcohol intake is

associated with increased UA secretion and gout attacks (40).
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Considering the pro-oxidant nature of alcohol, in conjunction

with our research findings, and taking into account other health

issues associated with alcohol, we recommend limiting alcohol

intake, especially for individuals with gout or those at risk.

Interestingly, certain studies have reported that smokers exhibit

significantly lower serum UA levels. This is attributed to prolonged

exposure to cigarette smoke, which leads to a reduction in the

production of endogenous UA with antioxidant defense capabilities

(41). However, conflicting findings have been reported, suggesting

higher UA levels in smokers (42).

Recognizing the potential antagonistic and synergistic effects of

pro-oxidants or antioxidants, we employed the OBS as a

comprehensive assessment of individual oxidative balance for the

first time to study its impact on hyperuricemia/gout. Our research

indicated that the OBS in the non-hyperuricemia/gout group was

markedly higher than that in the hyperuricemia/gout group.

Notably, we found that lifestyle OBS was more effective in
FIGURE 2

(A, B) Subgroup analyses between OBS and hyperuricemia/gout. (A) Hyperuricemia; (B) Gout. OR values are based on different population
stratifications, estimated using a multivariable logistic regression model to assess the OR and 95% CI between OBS and hyperuricemia/gout. P for
interaction values pertains to the significance of models considering interaction terms between OBS and various variables (sex, age, race, education
level, family PIR, marital status, hypertension, diabetes, hyperlipidemia, and CKD) except for the stratification component itself. OBS, oxidative
balance score; OR, odds ratio; CI, confidence intervals; CKD, chronic kidney disease.
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reducing the risk of hyperuricemia compared to dietary OBS.

According to NHANES III data (43), 44%, 9%, and 8% of the risk

of hyperuricemia in the general adult population may be attributed

to obesity, unhealthy diet, and alcohol consumption, respectively. A

study suggests that dietary habits exert a greater impact on the

likelihood of developing hyperuricemia in males, while lifestyle

factors related to physical activity have a more significant impact on

females (44). Surprisingly, an unexpected finding in our study was a

seemingly insignificant correlation between dietary OBS and gout.

The underlying mechanism remains unclear, possibly because gout

is a multifactorial metabolic disease, and its pathogenesis should not

rely solely on hyperuricemia or monosodium urate (MSU) crystal

formation (45). However, a study using NHANES data indicated a

negative correlation between a comprehensive dietary antioxidant

index(CDAI), evaluated with zinc, selenium, carotenoids, and

vitamins A, C, and E, and the prevalence of gout in U.S. adults

(46). Therefore, future high-quality prospective studies are needed

to further explore the relevant mechanisms.

In the subgroup analysis, our study indicated a significant

impact of diabetes and hypertension on the relationship between

OBS and hyperuricemia. A prospective investigation revealed an
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elevated risk of developing hyperuricemia in individuals with

diabetes or hypertension at baseline (47). The potential influences

of insulin resistance and renal sodium handling on the renal

clearance rate of UA might contribute to explaining the increased

prevalence of hyperuricemia in individuals with diabetes and

hypertension (48). Consequently, we speculate that the protective

effect of OBS against hyperuricemia may not be as pronounced in

participants with these chronic diseases. In addition, our research

suggested a notable gender influence on the correlation between

OBS and gout. Specifically, in females, there is a significantly

stronger negative correlation between OBS and the incidence of

gout. It may be attributed to the differing roles of sex hormones in

oxidative stress and uric acid metabolism. Estrogen, which is more

prevalent in females, has been shown to have antioxidant properties

that can enhance the body’s defense against oxidative stress. This

hormone may reduce the production of ROS and increase the

activity of antioxidant enzymes, thereby lowering oxidative damage

and potentially reducing uric acid levels (49). A study has

demonstrated that postmenopausal hormone therapy, whether

estrogen alone or in combination with progestin, moderately

reduces the risk of gout (50). In contrast, androgens, which are
FIGURE 3

(A-C) Restricted spline curves for the associations between all OBS and hyperuricemia. (A) OBS; (B) Dietary OBS; (C) Lifestyle OBS. Red lines
represent the OR and red transparent areas represent the 95% CI. OR (95% CI) were all adjusted according to Model 2. OBS, oxidative balance score;
OR, odds ratio; CI, confidence intervals.
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more prevalent in males, have been associated with increased

oxidative stress and higher uric acid levels (50). These differences

in hormone profiles could explain why females might experience a

more pronounced protective effect from a high OBS, leading to a

stronger association with reduced gout risk. Future research should

explore whether different antioxidant interventions differ in

effectiveness between men and women. Specifically, studies could

investigate if tailored antioxidant supplementation or lifestyle

modifications based on hormonal profiles could optimize the

reduction of uric acid levels and prevent gout more effectively in

each gender.

This study suggests that the OBS may be a valuable tool for

managing hyperuricemia and gout. Clinicians could use OBS in

dietary and lifestyle counseling by encouraging patients to increase

antioxidant-rich foods, such as fruits and vegetables, while reducing

pro-oxidative factors like processed foods, potentially lowering the

risk of these conditions. However, implementing OBS-based

interventions in clinical practice presents challenges. Calculating

OBS requires detailed dietary and lifestyle information, which can

be difficult to collect and interpret. Additionally, patients’ adherence

may also vary, especially with significant lifestyle changes. Integrating
Frontiers in Endocrinology 1077
OBS into clinical workflows may require additional training for

healthcare providers and the development of supportive tools.

While antioxidants generally protect against oxidative stress,

certain antioxidants may exhibit pro-oxidative effects at high doses,

known as the “antioxidant paradox.” For example, high doses of

vitamin C may generate ROS instead of neutralizing them (51).

Similarly, high concentrations of synthetic vitamin E can exacerbate

oxidative stress (52). The threshold at which antioxidants shift from

protective to harmful effects varies depending on factors such as the

specific antioxidant, the presence of metal ions, and the redox status

of the cellular environment. These threshold effects are critical for

interpreting our study’s findings. The OBS reflects the balance

between pro-oxidative and antioxidative factors, with higher

scores suggesting a more favorable oxidative balance. However, at

high doses, antioxidants may become pro-oxidative, indicating this

balance is not linear. Individuals with very high antioxidant intake

may experience diminished or even adverse effects, which could

complicate the relationship between OBS and disease risk. While

our study supports the general protective role of antioxidants,

future research should explore dose-dependent effects, identify

conditions where antioxidants become pro-oxidative, and
FIGURE 4

(A-C) Restricted spline curves for the associations between all OBS and gout. (A) OBS; (B) Dietary OBS; (C) Lifestyle OBS. Red lines represent the OR
and red transparent areas represent the 95% CI. OR (95% CI) were all adjusted according to Model 2. OBS, oxidative balance score; OR, odds ratio;
CI, confidence intervals.
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determine optimal intake levels to maximize benefits and

minimize risks.

This study employed a nationally representative population-based

investigation, ensuring the universality and representativeness of our

findings. Additionally, we incorporated potential covariates based on

previous research, significantly reducing the impact of confounding

factors. Finally, the robustness and stability of our study results were

underscored through stratified analysis and sensitivity analysis.

However, inherent limitations do exist in our study. Firstly, due to its

cross-sectional nature, establishing causation is not feasible. Secondly,

although averaging the data from two 24-hour dietary recalls enhanced

representativeness, it may not fully capture long-term dietary habits,

considering potential recall bias and the limited variety of foods

considered. Thirdly, the study did not account for potential

threshold effects of antioxidants, as some antioxidants have

demonstrated potential pro-oxidative activity at high doses or under

specific conditions. Therefore, the results obtained are merely the

outcome of statistical analysis, and future prospective research is

needed to address these limitations and provide further insights.
5 Conclusion

In conclusion, this nationally representative cross-sectional

study revealed that a higher OBS was associated with a decreased

risk of developing hyperuricemia/gout. The finding underscores the

importance of adhering to an antioxidant-rich diet and lifestyle,

contributing to the prevention and treatment of hyperuricemia/

gout. However, further research is necessary in future studies to

investigate the causal relationship and precise mechanisms

underlying the association between OBS and hyperuricemia/gout.
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Background: Hyperuricemia is a significant risk factor for various metabolic and 
cardiovascular conditions. Life’s Essential 8 (LE8), a comprehensive measure 
of cardiovascular health promoted by the American Heart Association, may 
have a protective role against hyperuricemia. This study aims to evaluate the 
association between LE8 scores and hyperuricemia in a representative sample 
of US adults.

Methods: We conducted a cross-sectional study using data from the National 
Health and Nutrition Examination Survey (NHANES) 2005–2018, encompassing 
26,885 adults. LE8 scores were calculated based on diet, physical activity, nicotine 
exposure, sleep health, body mass index, blood lipids, blood glucose, and blood 
pressure. Hyperuricemia was defined as serum uric acid levels ≥7.0  mg/dL in 
men and  ≥  6.0  mg/dL in women. Logistic regression and generalized additive 
models (GAMs) were used to analyze the relationship between LE8 scores and 
hyperuricemia, adjusting for potential confounders.

Results: Higher LE8 scores were significantly associated with lower odds of 
hyperuricemia (OR per 10-point increase: 0.73, 95% CI: 0.72–0.75, p  <  0.001). 
Stratified analyses revealed consistent protective effects across subgroups 
defined by sex, age, race/ethnicity, PIR (poverty income ratio), education level, 
drinking status, eGFR, and CVD status. Logistic regression and GAM analyses 
both confirmed a linear relationship between increasing LE8 scores and reduced 
hyperuricemia risk. For example, in males, the OR was 0.81 (95% CI: 0.78–0.84), 
and in females, it was 0.66 (95% CI: 0.64–0.68).

Conclusion: The findings suggest that higher LE8 scores are robustly associated 
with lower odds of hyperuricemia in US adults. These results support the 
promotion of comprehensive cardiovascular health behaviors encapsulated by 
LE8 to mitigate hyperuricemia risk. Further studies are needed to explore the 
causal pathways and potential interventions.
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hyperuricemia, life’s essential 8, cardiovascular health, NHANES (National Health and 
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1 Introduction

Hyperuricemia, characterized by elevated serum uric acid levels, 
is a significant precursor to gout and is associated with several 
metabolic and cardiovascular diseases (CVDs) (1). The prevalence of 
hyperuricemia has been rising globally (2, 3), correlating with 
increased rates of obesity, hypertension, and other lifestyle-related 
conditions (4, 5). Given its multifactorial etiology, addressing 
hyperuricemia requires a comprehensive approach that includes 
lifestyle modification and management of underlying risk factors.

Recently, the American Heart Association introduced Life’s 
Essential 8 (LE8), an updated framework for cardiovascular health 
that emphasizes a holistic approach to health behaviors and factors 
(6). LE8 includes eight critical components: diet, physical activity, 
nicotine exposure, sleep health, body mass index (BMI), blood lipids, 
blood glucose, and blood pressure. Each of these elements has been 
individually associated with hyperuricemia and related metabolic 
disorders (7). For instance, poor diet and physical inactivity contribute 
to obesity, a major risk factor for hyperuricemia (8). Similarly, 
smoking and inadequate sleep have been linked to higher serum uric 
acid levels and increased risk of gout (9, 10). By integrating these 
components, LE8 offers a comprehensive framework for evaluating 
and improving overall health, which could potentially mitigate the risk 
of hyperuricemia.

Previous studies have shown an inverse relationship between LE8 
and hyperuricemia, but there are still several limitations. Research 
conducted in non-U.S. populations has limited generalizability, while 
studies using U.S. data often lack comprehensive adjustments for key 
confounders such as socioeconomic status, alcohol consumption, 
kidney function, and CVD (11–13). Moreover, while some studies 
have used advanced models to explore non-linear trends, they did not 
assess the individual contributions of LE8 components to 
hyperuricemia risk (14). This study addresses these gaps by using a 
large, representative U.S. dataset, adjusting for a wide range of 
confounders, and analyzing both overall LE8 scores and individual 
components, offering a more detailed and precise understanding of 
LE8’s impact on hyperuricemia.

This study seeks to address this gap by utilizing the National 
Health and Nutrition Examination Survey (NHANES) data to evaluate 
the relationship between LE8 scores and hyperuricemia in U.S. adults. 
Specifically, we assess the combined effects of all LE8 components, 
offering new insights into the link between comprehensive 
cardiovascular health and metabolic disorders.

2 Materials and methods

2.1 Study design and participants

The data from the NHANES 2005–2018 were utilized in this 
cross-sectional study. NHANES is a program of studies designed to 
assess the health and nutritional status of adults and children in the 
United States. It combines interviews and physical examinations to 
provide a comprehensive dataset. For this analysis, we  included 
adults aged 18 years and older with complete data on serum uric acid 
levels and LE8 components. Participants with missing data on key 
variables were excluded, resulting in a final analytical sample of 
26,885 individuals.

2.2 Demographic characteristics

The demographic characteristics collected in this study 
included a wide array of variables such as age, sex, race/ethnicity, 
poverty income ratio (PIR), and education level. Lifestyle factors 
were also assessed, including smoking status and alcohol 
consumption. Physical examination data covered measurements 
of height, waist circumference (WC), blood pressure, and BMI, 
which was calculated from height and weight. Laboratory data 
included serum uric acid levels and estimated glomerular filtration 
rate (eGFR). Additionally, self-reported health information related 
to CVD history was recorded, encompassing conditions like heart 
attack, congestive heart failure, coronary heart disease, angina, 
and stroke. The PIR was calculated by dividing the household 
income by the poverty threshold, classifying participants into 
three income groups: low (less than 1.3), medium (1.3 to 3.5), and 
high (greater than 3.5). Alcohol intake was categorized into five 
groups: current drinking groups include heavy (defined as 
consuming 3 or more drinks per day for females, 4 or more drinks 
per day for males, or engaging in binge drinking on 5 or more days 
per month), moderate (2 or more drinks per day for females, 3 or 
more drinks per day for males, or binge drinking on 2 or more 
days per month), and mild (up to 1 drink per day for females and 
up to 2 drinks per day for males). Additionally, individuals 
classified as never drinkers are those who have had less than 12 
drinks in their lifetime, while former drinkers are defined as 
individuals who had 12 or more drinks in 1 year but did not drink 
in the previous year, or those who did not drink in the previous 
year but had 12 or more drinks in their lifetime. The eGFR was 
calculated using the 2009 Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula based on serum creatinine 
levels (15).

2.3 Measurement of LE8

LE8, as defined by the American Heart Association, includes eight 
components: diet, physical activity, nicotine exposure, sleep health, 
BMI, blood lipids, blood glucose, and blood pressure (6). Each 
component is assigned a score based on predefined values, ranging 
from 0 to 100, with higher scores indicating better health status 
(Supplementary Table S1). The overall LE8 score is calculated as the 
arithmetic mean of the scores for these eight components. Based on 
the overall score, LE8 scores are categorized into three levels: low 
(below 50), moderate (ranging from 50 to 79), and high (80 or 
above) (6).

Dietary intake was assessed using the Healthy Eating Index 2015 
(HEI-2015), which evaluates diet quality based on key food and 
nutrient components (Supplementary Table S2) (16). Physical activity 
was measured in minutes per week of moderate to vigorous activity. 
Nicotine exposure was determined based on self-reported smoking 
status and exposure to secondhand smoke. Sleep health was assessed 
by self-reported average hours of sleep per night. BMI was calculated 
as weight in kilograms divided by height in meters squared. Blood 
lipids were measured using non-high-density lipoprotein (HDL) 
cholesterol. Blood glucose levels were assessed using fasting blood 
glucose or hemoglobin A1c (HbA1c). Blood pressure was measured 
using standard procedures during the physical examination.
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2.4 Measurements and definition of 
hyperuricemia

Hyperuricemia was defined as serum uric acid levels ≥7.0 mg/dL 
for men and ≥ 6.0 mg/dL for women, consistent with established 
clinical thresholds (17). Serum uric acid was measured using a 
biochemical analyzer with enzymatic methods. Blood samples were 
collected and processed following standardized NHANES protocols 
to ensure accuracy and reliability.

2.5 Statistical analysis

Descriptive statistics were used to summarize baseline characteristics 
of the study population. Continuous variables were reported as means 
and standard deviations, while categorical variables were presented as 
frequencies and percentages. Logistic regression models were employed 
to examine the association between LE8 scores and hyperuricemia, 
adjusting for potential confounders. Three models were constructed: 
Model 1 was unadjusted, Model 2 was adjusted for age and sex, and 
Model 3 was further adjusted for race/ethnicity, PIR, education level, 
alcohol consumption, eGFR, and CVD. We utilized generalized additive 
models (GAMs) to explore potential non-linear relationships between 
LE8 scores and hyperuricemia. GAMs offer greater flexibility than 
traditional linear regression models by allowing for smooth, 
non-parametric functions of predictor variables. This flexibility helps 
reduce the risk of model misspecification, particularly when the 
relationship between predictors and outcomes is complex or unknown 
(18). GAMs were fitted using the mgcv package in R, with smoothing 
splines for LE8 scores to capture the trend across its entire range. 
We  selected the degree of smoothness using restricted maximum 
likelihood (REML) to avoid overfitting. Stratified analyses were conducted 
to verify the consistency of associations across subgroups defined by sex, 
age, race/ethnicity, PIR, education level, drinking status, eGFR, and CVD 
status. Missing data were handled using Multiple Imputation by Chained 
Equations (MICE) to reduce potential bias and improve estimate precision 
(19, 20). We generated 5 imputed datasets (m = 5) with 50 iterations 
(maxit = 50) to ensure stable imputation. A random seed (seed = 500) was 
set to allow reproducibility. The imputation process was performed using 
the mice() function, which assesses convergence implicitly by monitoring 
parameter stability across iterations. A maximum of 50 iterations 
(maxit = 50) was allowed to ensure convergence. A p-value of less than 
0.05 was considered statistically significant. Statistical analyses were 
conducted utilizing R software (version 4.2.0) and EmpowerStats.1

3 Results

3.1 Participant selection and categorization

The initial dataset from NHANES 2005–2018 included 70,190 
participants. After excluding 43,204 participants with missing LE8 
score data, the sample size was reduced to 26,986 participants. Further 
exclusion of 101 participants with missing uric acid data resulted in 
an analytical sample of 26,885 participants. These participants were 
categorized based on their LE8 scores into three groups: 3,498 

1 http://www.EmpowerStats.com

participants with a low LE8 score, 18,195 participants with a moderate 
LE8 score, and 5,192 participants with a high LE8 score (Figure 1).

3.2 Baseline demographic characteristics

The study population comprised 26,885 participants from the 
NHANES 2005–2018 dataset, divided into 21,465 individuals without 
hyperuricemia and 5,420 with hyperuricemia. Significant differences 
were observed between these groups. Participants with hyperuricemia 
were older, with a mean age of 54.28 years compared to 48.87 years in the 
non-hyperuricemia group (p < 0.001). Gender distribution also showed 
a higher proportion of males in the hyperuricemia group (54.74%) than 
in the non-hyperuricemia group (47.23%), indicating a significant 
difference (p < 0.001). Racial disparities were evident, with a higher 
percentage of Non-Hispanic Black people in the hyperuricemia group 
(24.54% vs. 19.53%) and fewer Mexican Americans (10.74% vs. 16.18%) 
compared to the non-hyperuricemia group (p < 0.001). PIR categories 
revealed that a larger proportion of hyperuricemia participants were in 
the medium PIR category (39.93%) compared to the non-hyperuricemia 
group (37.83%; p = 0.015). Additionally, education levels showed a higher 
percentage of high school graduates among the hyperuricemia group 
(24.50% vs. 22.69%; p = 0.018). Drinking habits also differed significantly, 
with more former drinkers in the hyperuricemia group (p < 0.001).

Anthropometric and health measures further highlighted the 
differences between the groups. Participants with hyperuricemia had 
higher mean BMI (32.42 kg/m2 vs. 28.37 kg/m2), WC (108.12 cm vs. 
97.37 cm), systolic blood pressure (SBP; 127.80 mmHg vs. 122.55 mmHg), 
and diastolic blood pressure (DBP; 71.03 mmHg vs. 70.24 mmHg; 
p < 0.001 for all). The eGFR was significantly lower in the hyperuricemia 
group (81.25 mL/min/1.73 m2 vs. 96.12 mL/min/1.73 m2; p < 0.001). 
Furthermore, the prevalence of CVD was markedly higher among those 
with hyperuricemia (17.79% vs. 9.38%; p < 0.001; Table 1).

FIGURE 1

Flowchart of study participants selection from NHANES 2005–2018. 
NHANES, the National Health and Nutrition Examination Survey; LE8, 
Life’s Essential 8.
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TABLE 1 Baseline characteristics of the study population.

Characteristics Total n =  26,885 Non-hyperuricemia n =  21,465 Hyperuricemia n =  5,420 p-value

Age (years) 49.96 ± 17.58 48.87 ± 17.36 54.28 ± 17.77 <0.001

Sex (n, %) <0.001

Male 13,105 (48.74%) 10,138 (47.23%) 2,967 (54.74%)

Female 13,780 (51.26%) 11,327 (52.77%) 2,453 (45.26%)

Race/ethnicity (n, %) <0.001

Non-Hispanic White 12,150 (45.19%) 9,548 (44.48%) 2,602 (48.01%)

Non-Hispanic Black 5,522 (20.54%) 4,192 (19.53%) 1,330 (24.54%)

Mexican American 4,055 (15.08%) 3,473 (16.18%) 582 (10.74%)

Others 5,158 (19.19%) 4,252 (19.81%) 906 (16.72%)

PIR (n, %) 0.015

Low 8,061 (29.98%) 6,465 (30.12%) 1,596 (29.45%)

Medium 10,284 (38.25%) 8,120 (37.83%) 2,164 (39.93%)

High 8,540 (31.76%) 6,880 (32.05%) 1,660 (30.63%)

Education level (n, %) 0.018

Less than high school 6,074 (22.59%) 4,865 (22.66%) 1,209 (22.31%)

High school 6,199 (23.06%) 4,871 (22.69%) 1,328 (24.50%)

More than high school 14,612 (54.35%) 11,729 (54.64%) 2,883 (53.19%)

Drinking (n, %) <0.001

Never 3,704 (13.78%) 3,011 (14.03%) 693 (12.79%)

Former 4,486 (16.69%) 3,471 (16.17%) 1,015 (18.73%)

Mild 9,109 (33.88%) 7,327 (34.13%) 1782 (32.88%)

Moderate 4,307 (16.02%) 3,478 (16.20%) 829 (15.30%)

Heavy 5,279 (19.64%) 4,178 (19.46%) 1,101 (20.31%)

Smoking (n, %) <0.001

Never 14,843 (55.21%) 12,066 (56.21%) 2,777 (51.24%)

Former 6,729 (25.03%) 5,031 (23.44%) 1,698 (31.33%)

Now 5,313 (19.76%) 4,368 (20.35%) 945 (17.44%)

Height (cm) 167.32 ± 10.11 167.11 ± 10.04 168.16 ± 10.31 <0.001

BMI (kg/m2) 29.19 ± 6.84 28.37 ± 6.37 32.42 ± 7.61 <0.001

(Continued)
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Analysis of the LE8 components revealed significant disparities 
between the hyperuricemia and non-hyperuricemia groups (Table 2). 
Participants with hyperuricemia scored lower across several 
components, including diet quality (38.49 vs. 40.16), physical activity 
(62.88 vs. 68.49), and sleep health (79.46 vs. 81.44), with p-values of 
<0.001 for each. Notably, BMI scores were substantially lower in the 
hyperuricemia group (44.46 vs. 63.47), reflecting a higher prevalence 
of obesity (p < 0.001). Blood lipids and glucose scores were also lower 
among those with hyperuricemia (57.20 vs. 66.37 and 75.89 vs. 83.63, 
respectively), alongside lower blood pressure scores (55.95 vs. 68.68; 
p < 0.001 for all). Despite the significant differences in these 
components, the nicotine exposure score was slightly higher in 
individuals with hyperuricemia (71.20 vs. 71.03; p < 0.001), indicating 
increased nicotine exposure among hyperuricemic individuals.

3.3 Association between LE8 and 
hyperuricemia

The logistic regression analysis revealed a significant inverse 
relationship between LE8 scores and the likelihood of hyperuricemia. 
In Model 1, which was unadjusted, a 10-point increase in the LE8 
score corresponded to a 29% reduction in the odds of hyperuricemia 
(OR: 0.71, 95% CI: 0.69–0.72). This association remained robust in 
adjusted models: Model 2 (adjusted for age and sex) and Model 3 
(further adjusted for race/ethnicity, PIR, education level, drinking, 
eGFR, and CVD), with ORs of 0.73 (95% CI: 0.71–0.75) and 0.73 (95% 
CI: 0.72–0.75), respectively (P for trend <0.001 for all models; Table 3).

When examining individual components of the LE8 score, several 
components showed significant associations with hyperuricemia. 
Higher scores in diet, physical activity, sleep health, BMI, blood lipids, 
blood glucose, and blood pressure were each linked to lower odds of 
hyperuricemia. For instance, a high physical activity score (80–100) 
was significantly associated with a lower likelihood of hyperuricemia 
compared to a low score (0–49), with an OR of 0.86 (95% CI: 0.80–
0.93) in the fully adjusted model (P for trend <0.0001). Conversely, 
higher nicotine exposure scores were associated with increased odds 
of hyperuricemia, with those in the moderate category (50–79) having 
an OR of 1.32 (95% CI: 1.20–1.45) compared to the reference group 
(P for trend <0.05; Table 4).

The analysis using a GAM revealed a linear relationship between 
LE8 scores and the probability of hyperuricemia. Initially, the 
exploration aimed to identify any nonlinear associations; however, the 
results indicated a clear linear trend. As the LE8 score increased, the 
probability of hyperuricemia consistently decreased. This linear 
association suggests a potential protective impact of higher LE8 scores 
on reducing the risk of hyperuricemia (Figure 2).

3.4 Stratified analysis of the association 
between LE8 and hyperuricemia

Figures 3, 4 present stratified analyses to verify the association 
between LE8 scores and hyperuricemia across different population 
subgroups. Figure 3 employs logistic regression to assess interactions 
within various subgroups, while Figure  4 uses GAMs to further 
explore these associations, maintaining the same subgroup categories 
as in Figure 3.C
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In Figure 3, logistic regression analysis demonstrates that higher 
LE8 scores are consistently associated with lower odds of 
hyperuricemia across all subgroups, including sex, age, race/ethnicity, 
PIR, education level, drinking status, eGFR, and CVD status. For 
example, males and females both show a significant reduction in the 
odds of hyperuricemia with higher LE8 scores, with OR of 0.81 (95% 
CI: 0.78–0.84) and 0.66 (95% CI: 0.64–0.68), respectively (p < 0.05 for 
both). This pattern holds across other subgroups, indicating that the 
beneficial effects of higher LE8 scores on reducing hyperuricemia risk 
are robust and broadly applicable.

Figure 4 corroborates these findings using GAMs, revealing 
a linear decrease in the probability of hyperuricemia with 
increasing LE8 scores across the same subgroups. The analyses 
highlight that irrespective of demographic or health-related 
factors, higher LE8 scores consistently correlate with lower 
hyperuricemia risk.

4 Discussion

This study explored the relationship between LE8 scores and 
hyperuricemia among adults in the United States using data from the 
NHANES 2005–2018. The results revealed that higher LE8 scores are 
significantly associated with lower odds of hyperuricemia. Specifically, 
for every 10-point increase in the LE8 score, the likelihood of 
hyperuricemia decreased by 27%. This inverse relationship remained 
consistent across various subgroups, including differences in sex, age, 
race/ethnicity, PIR, educational level, drinking status, eGFR, and CVD 
status. These findings suggest that higher LE8 scores, which reflect 

better cardiovascular health, may lower the risk of hyperuricemia by 
improving metabolic status.

LE8, as an enhanced framework for assessing and promoting 
cardiovascular health, encompasses a comprehensive range of 
behavioral, psychological, and social factors (6). It has been widely 
demonstrated to be closely associated with cardiovascular health and 
mortality risk (21, 22). Concurrently, numerous studies have shown 
that LE8 is closely related to metabolic diseases such as diabetes 
mellitus, hypertension, and metabolic syndrome (MetS). Pang et al. 
found that higher LE8 scores were associated with lower insulin 
resistance (IR) ratios (OR per 10-unit increase, 0.57 [95% CI, 0.54–
0.61]) in a fully adjusted model (23). Ueno et al. demonstrated that the 
four health behavior factors involved in LE8 can stratify the risk of 
diabetes and hypertension, suggesting that improving these health 
behaviors can help prevent these conditions in the general population 
(24). Tian et al.’s study also identified a negative correlation between 
LE8 and hypertension risk (25). Similarly, Gou et  al. found that 
elevated LE8 scores were linked to a decreased incidence of 
MetS. Specifically, the high LE8 subgroup experienced a 79.73% 
reduction in MetS risk compared to the low LE8 subgroup (OR = 0.20 
[95% CI, 0.09–0.47]) (26). Additionally, both Cao et al. and Yang et al. 
found a negative association between LE8 and metabolic health and 
the risk of cardiometabolic diseases (27, 28). Therefore, the 
relationship between LE8 and hyperuricemia, which is closely related 
to metabolic factors such as blood pressure, blood lipid, and blood 
glucose, warrants further study and discussion.

Recent studies have explored the association between LE8 and 
hyperuricemia, yet certain limitations in methodology and scope 
highlight the need for further investigation. Yang et al. conducted an 

TABLE 2 Comparison of each component of LE8 scores between individuals with hyperuricemia and individuals without hyperuricemia.

LE8 components Total n =  26,885 Non-hyperuricemia 
n =  21,465

Hyperuricemia n =  5,420 p-value

HEI-2015 diet score 39.82 ± 31.37 40.16 ± 31.49 38.49 ± 30.88 <0.001

Physical activity score 67.36 ± 43.25 68.49 ± 42.79 62.88 ± 44.74 <0.001

Nicotine exposure score 71.06 ± 39.00 71.03 ± 39.43 71.20 ± 37.24 <0.001

Sleep health score 81.04 ± 25.71 81.44 ± 25.50 79.46 ± 26.46 <0.001

Body mass index score 59.64 ± 33.64 63.47 ± 32.75 44.46 ± 32.85 <0.001

Blood lipids score 64.52 ± 30.21 66.37 ± 29.94 57.20 ± 30.19 <0.001

Blood glucose score 82.07 ± 26.43 83.63 ± 25.90 75.89 ± 27.56 <0.001

Blood pressure score 66.12 ± 32.20 68.68 ± 31.79 55.95 ± 31.78 <0.001

LE8, life’s essential 8; HEI, healthy eating index.

TABLE 3 Association of the LE8 scores with hyperuricemia.

Exposure Model 1 Model 2 Model 3

Continuous (per 10 points) 0.71 (0.69, 0.72) 0.73 (0.71, 0.75) 0.73 (0.72, 0.75)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.55 (0.51, 0.60) 0.58 (0.54, 0.63) 0.63 (0.58, 0.69)

High (80–100) 0.18 (0.16, 0.21) 0.22 (0.20, 0.25) 0.24 (0.21, 0.27)

P for trend <0.001 <0.001 <0.001

Model 1: Non-adjusted. Model 2: Adjusted for age and sex. Model 3: Adjusted for age, sex, race/ethnicity, PIR, educational level, drinking, eGFR, and CVD. LE8, life’s essential 8; PIR, poverty 
income ratio; eGFR, estimated glomerular filtration rate; CVD, cardiovascular disease.
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TABLE 4 Associations between components of LE8 scores and hyperuricemia.

Exposure Model 1 Model 2 Model 3

HEI-2015 diet score

Continuous (per 10 points) 0.98 (0.97, 0.99) 0.97 (0.96, 0.98) 0.98 (0.97, 0.99)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 1.04 (0.97, 1.11) 0.97 (0.91, 1.05) 1.03 (0.96, 1.11)

High (80–100) 0.88 (0.81, 0.94) 0.78 (0.72, 0.84) 0.87 (0.80, 0.94)

P for trend 0.0025 <0.0001 0.0030

Physical activity score

Continuous (per 10 points) 0.97 (0.96, 0.98) 0.98 (0.97, 0.99) 0.98 (0.98, 0.99)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.88 (0.76, 1.02) 0.96 (0.83, 1.11) 1.02 (0.88, 1.19)

High (80–100) 0.76 (0.72, 0.81) 0.83 (0.78, 0.88) 0.86 (0.80, 0.93)

P for trend <0.0001 <0.0001 <0.0001

Nicotine exposure score

Continuous (per 10 points) 1.00 (0.99, 1.01) 1.00 (0.99, 1.01) 1.01 (1.01, 1.02)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 1.50 (1.37, 1.63) 1.20 (1.10, 1.32) 1.32 (1.20, 1.45)

High (80–100) 1.01 (0.94, 1.09) 1.02 (0.94, 1.10) 1.15 (1.06, 1.26)

P for trend 0.0300 0.5802 0.0237

Sleep health score

Continuous (per 10 points) 0.97 (0.96, 0.98) 0.97 (0.96, 0.98) 0.98 (0.97, 1.00)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.87 (0.80, 0.96) 0.88 (0.80, 0.97) 0.96 (0.87, 1.06)

High (80–100) 0.81 (0.75, 0.88) 0.81 (0.75, 0.88) 0.89 (0.82, 0.96)

P for trend <0.0001 <0.0001 0.0023

Body mass index score

Continuous (per 10 points) 0.84 (0.84, 0.85) 0.84 (0.83, 0.84) 0.83 (0.83, 0.84)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.50 (0.47, 0.54) 0.46 (0.43, 0.50) 0.46 (0.43, 0.50)

High (80–100) 0.24 (0.22, 0.26) 0.25 (0.22, 0.27) 0.24 (0.22, 0.27)

P for trend <0.0001 <0.0001 <0.0001

Blood lipids score

Continuous (per 10 points) 0.91 (0.90, 0.91) 0.92 (0.91, 0.93) 0.91 (0.90, 0.92)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.68 (0.63, 0.74) 0.76 (0.70, 0.82) 0.78 (0.72, 0.84)

High (80–100) 0.57 (0.54, 0.61) 0.61 (0.57, 0.65) 0.56 (0.52, 0.60)

P for trend <0.0001 <0.0001 <0.0001

(Continued)
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FIGURE 2

Relationship between LE8 and hyperuricemia. LE8, Life’s Essential 8.

analysis of the Kailuan cohort, revealing that higher LE8 scores were 
associated with a lower risk of hyperuricemia (12). However, the 
predominantly male, middle-aged population in this study limits the 
generalizability of its findings to more diverse groups (29). Similarly, 
Wang et al. examined LE8 in a multi-ethnic Chinese cohort (CMEC), 
showing an inverse association with hyperuricemia, but the study was 
geographically restricted to China, leaving the results less applicable 
to non-Asian populations (11, 30). Wang and Meng extended this 
research by using NHANES data from 2009 to 2020 to assess the 
relationship between LE8 and hyperuricemia in U.S. adults (13). 
While their study offered valuable insights, it combined data from the 
2019–2020 cycle with the 2017–2018 cycle, which may introduce 
methodological concerns, as the NHANES protocol combines these 
cycles (31). This potential duplication in the dataset could affect the 

robustness of their findings. Additionally, although they adjusted for 
some confounders, key lifestyle factors such as alcohol consumption 
were not fully considered, potentially impacting the accuracy of their 
risk estimates (32). Han et al. also investigated the association between 
LE8 and hyperuricemia in a U.S. cohort, utilizing restricted cubic 
spline models to analyze non-linear relationships (14). However, their 
study focused on overall LE8 scores and long-term health outcomes, 
such as all-cause mortality, without fully addressing the contribution 
of individual LE8 components, such as BMI, blood lipids, and blood 
glucose, to hyperuricemia risk.

Our findings are in alignment with previous research, highlighting 
the importance of individual components of LE8 in their association 
with serum uric acid levels and hyperuricemia. For instance, Fang 
et al. observed that patients with dyslipidemia were 1.88 times more 
likely to develop hyperuricemia compared to those without 
dyslipidemia (95% CI: 1.84–1.92) (33). Similarly, Nie et  al. 
demonstrated that adherence to a healthy diet, as measured by the 
HEI-2015, significantly lowers serum uric acid levels and decreases 
the risk of hyperuricemia (34). Additionally, Hong et al. reported that 
increased physical activity correlates with reduced serum uric acid 
levels and a lower incidence of hyperuricemia (35). These studies 
support our findings, indicating that the cumulative effect of these 
health behaviors, as reflected by LE8 scores, offers substantial 
protection against hyperuricemia.

Our study also found that higher nicotine exposure scores were 
associated with increased odds of hyperuricemia, a finding that 
contrasts with some prior studies. While Wang and Krishnan reported 
that cigarette smoking is associated with a lower risk of incident gout, 
possibly due to the inactivation of xanthine oxidase by the cyanides in 
cigarettes (36), other studies suggest a more complex relationship. For 
instance, Jee et al. indicated that the association between smoking and 
gout risk remains controversial (37), with some studies showing 
decreased risk and others showing no significant association. 
Additionally, Gee Teng et  al. highlighted the potential risk of 
hyperuricemia in smokers, attributing it to the oxidative stress and its 

TABLE 4 (Continued)

Exposure Model 1 Model 2 Model 3

Blood glucose score

Continuous (per 10 points) 0.90 (0.89, 0.91) 0.93 (0.92, 0.94) 0.94 (0.93, 0.95)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.89 (0.81, 0.98) 0.94 (0.86, 1.03) 1.07 (0.97, 1.18)

High (80–100) 0.48 (0.44, 0.52) 0.60 (0.55, 0.65) 0.65 (0.59, 0.72)

P for trend <0.0001 <0.0001 <0.0001

Blood pressure score

Continuous (per 10 points) 0.89 (0.88, 0.90) 0.91 (0.90, 0.92) 0.92 (0.91, 0.93)

Categorical

Low (0–49) Reference Reference Reference

Moderate (50–79) 0.66 (0.61, 0.71) 0.76 (0.70, 0.82) 0.84 (0.77, 0.91)

High (80–100) 0.46 (0.43, 0.49) 0.59 (0.54, 0.64) 0.62 (0.57, 0.68)

P for trend <0.0001 <0.0001 <0.0001

Model 1: Non-adjusted. Model 2: Adjusted for age and sex. Model 3: Adjusted for age, sex, race/ethnicity, PIR, educational level, drinking, eGFR, and CVD. LE8, life’s essential 8; HEI, healthy 
eating index; PIR, poverty income ratio; eGFR, estimated glomerular filtration rate; CVD, cardiovascular disease.
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impact on uric acid metabolism (38). These mixed findings suggest 
that the relationship between nicotine exposure and hyperuricemia 
may be influenced by various factors, including smoking intensity, 
duration, and concurrent health behaviors (36–39). Therefore, while 
some studies indicate that smoking may offer limited protection 
against hyperuricemia, this should not be  interpreted as an 
endorsement of smoking, given its well-documented health risks.

In addition, some studies have reported weak or inconsistent 
associations between other individual lifestyle factors, such as sleep, 
and serum uric acid levels. For example, a cross-sectional study 
involving Chinese government employees examined the relationship 
between nighttime sleep duration and hyperuricemia risk. The 
findings indicated that participants sleeping less than 7 h per night had 
a higher risk of hyperuricemia compared to those sleeping 7–8 h (40). 
Conversely, other research suggested that poor sleep quality might 
be associated with lower serum uric acid levels, particularly in patients 
with Parkinson’s disease (41). Additionally, some studies found no 
significant association between blood pressure and serum uric acid 
levels (42). Although many epidemiological studies have identified a 
strong correlation between hyperuricemia and hypertension, some 
evidence suggests that lowering uric acid levels does not substantially 
improve blood pressure control in hypertensive patients (43). 
Furthermore, variations in uric acid levels may interact with other 
metabolic factors, such as insulin resistance or dyslipidemia, 
contributing to the development of hypertension (44, 45). Therefore, 
caution is warranted when interpreting these findings, particularly 
given the complex interplay between uric acid and hypertension (46). 
Inconsistencies across studies may arise from differences in population 
characteristics, measurement tools, or definitions of lifestyle factors. 
For example, studies focusing solely on individual components of LE8 
may overlook the cumulative effects of multiple behaviors, which are 
better captured through a composite LE8 score in our research (6). 
Additionally, environmental, genetic, and cultural factors across 

populations may influence how lifestyle affects hyperuricemia risk, 
highlighting the importance of validating these findings in diverse 
demographic contexts.

The components of LE8 play a crucial role in mitigating 
hyperuricemia by addressing its underlying risk factors and 
mechanisms. Uric acid, a metabolic byproduct of purine catabolism, 
frequently exhibits elevated levels in individuals with CVD due to 
shared risk factors, including hypertension, obesity, and insulin 
resistance (47, 48). By enhancing cardiovascular health, LE8 helps 
reduce uric acid levels by attenuating systemic inflammation, 
improving insulin sensitivity, and optimizing renal function, thereby 
promoting increased uric acid excretion. A diet rich in fiber and 
antioxidants helps reduce oxidative stress and inflammation, both key 
contributors to purine accumulation and hyperuricemia development 
(49, 50). Regular physical activity enhances metabolic health, aids in 
weight management, and improves insulin sensitivity, thereby 
facilitating more efficient renal clearance of uric acid (51). 
Furthermore, avoiding nicotine exposure diminishes systemic 
inflammation and supports renal function, contributing to better uric 
acid regulation (52). In contrast, inadequate sleep exacerbates 
metabolic dysfunction, oxidative stress, and chronic inflammation, 
thus elevating the risk of hyperuricemia (53). Therefore, improving 
sleep quality and duration is critical for the prevention and 
management of hyperuricemia. Recent research suggests that elevated 
plasma aldosterone concentrations (PAC) in individuals with 
hypertension significantly contribute to the onset of hyperuricemia 
and gout by impairing renal excretion of uric acid (54). Managing 
hypertension and optimizing blood pressure—key aspects of LE8—
can help regulate aldosterone levels, mitigating its negative impact on 
uric acid metabolism. Additionally, dyslipidemia and hyperglycemia 
exacerbate metabolic dysfunction, resulting in increased uric acid 
production and reduced excretion (55). Effective management of lipid 
levels and blood glucose, both integral to LE8, supports metabolic 

FIGURE 3

Logistic regression analysis for subgroup interaction. *Each stratification adjusted for all the factors (age, sex, race/ethnicity, PIR, educational level, 
drinking, eGFR, and CVD) except the stratification factor itself. OR, odds ratio; CI, confidence interval; PIR, poverty income ratio; eGFR, estimated 
glomerular filtration rate; CVD, cardiovascular disease.
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health and reduces the risk of hyperuricemia. Finally, a higher BMI is 
associated with elevated uric acid levels due to overproduction and 
impaired excretion (56). Maintaining a healthy BMI, another crucial 
element of LE8, lowers the risk of hyperuricemia.

While our study provides valuable insights into the 
relationship between LE8 and hyperuricemia, several limitations 

should be  acknowledged. First, the cross-sectional nature of 
NHANES data limits our ability to infer causality between LE8 
scores and hyperuricemia. Longitudinal studies are needed to 
establish temporal relationships and causality. Second, this study 
relies on self-reported data for lifestyle factors, such as diet and 
physical activity, which introduces the possibility of recall bias. 

FIGURE 4

Stratified analyses [by (A) sex; (B) age; (C) race/ethnicity; (D) PIR; (E) education level; (F) drinking; (G) eGFR; (H) CVD] between LE8 and hyperuricemia 
using GAM. *Each generalized additive model and smooth curve fitting was adjusted for all factors, including age, sex, race/ethnicity, PIR, educational 
level, drinking, eGFR, and CVD, except for the stratification factor itself. PIR, poverty income ratio; eGFR, estimated glomerular filtration rate; CVD, 
cardiovascular disease; LE8, Life’s Essential 8; GAM, generalized additive model.
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However, this limitation is inherent in the design of the NHANES 
survey. Despite this, NHANES follows standardized procedures to 
enhance data accuracy, such as using validated questionnaires and 
trained interviewers. Third, one potential limitation is the 
presence of unmeasured confounding variables that could 
influence the observed relationship between LE8 scores and 
hyperuricemia. For instance, diet and physical activity are closely 
interrelated and may jointly affect serum uric acid levels. It is 
possible that diet acts as a mediator between physical activity and 
hyperuricemia, with healthier dietary habits amplifying the 
protective effect of physical activity. Future research could explore 
these potential interactions using mediation models to better 
understand how individual components of LE8 interact to 
influence hyperuricemia risk. Additionally, while we adjusted for 
major covariates such as age, sex, race/ethnicity, and eGFR, 
residual confounding by other unmeasured factors cannot 
be entirely ruled out. Fourth, although MICE was used to handle 
missing data, the method assumes that data were missing at 
random, which may not always be  the case. Finally, although 
NHANES data are representative of the U.S. population, our 
findings may not directly apply to populations with different 
genetic, environmental, or cultural backgrounds.

5 Conclusion

This study underscores the importance of comprehensive 
cardiovascular health, as captured by LE8, in reducing hyperuricemia 
risk among adults. The LE8 framework, which encompasses diet, 
physical activity, nicotine exposure, sleep health, BMI, blood lipids, 
blood glucose, and blood pressure, offers a holistic approach to health 
that effectively mitigates metabolic disorders such as hyperuricemia. The 
consistent association between higher LE8 scores and lower 
hyperuricemia risk indicates a clear metabolic association. This 
underscores the importance of considering various metabolic 
determinants in the context of hyperuricemia and suggests potential 
public health implications for promoting cardiovascular health behaviors.

For future research, longitudinal studies are needed to confirm causal 
relationships and explore the long-term effects of LE8 adherence across 
diverse groups. Mediation analysis can further clarify how LE8 
components interact to influence uric acid levels. Incorporating objective 
measures, such as wearable devices for activity tracking and dietary 
biomarkers, will improve data accuracy and reduce self-reporting bias.

From a public health perspective, promoting LE8 adherence in 
high-risk groups—such as those with obesity or hypertension—is 
essential. Community programs, educational campaigns, and policy 
efforts that improve access to healthy foods and physical activity can 
help drive sustainable lifestyle changes. Interventional studies in 
diverse populations will further guide effective prevention strategies 
for hyperuricemia.
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A targeted proteomics screen
reveals serum and synovial
fluid proteomic signature in
patients with gout
Zhengping Huang1,2,3, Xiaoyan Zhong1,2, Yuexi Zhang2,
Xinjian Li2, Meng Liu2, Yukai Huang2, Jian Yue2, Guanqun Yi2,
Hongji Liu2, Bingyan Yuan2, Xu Chen2, Shaoling Zheng2

and Tianwang Li 1,2,3*

1The Second School of Clinical Medicine, Southern Medical University, Guangzhou, China,
2Department of Rheumatology and Immunology, The Affiliated Guangdong Second Provincial
General Hospital of Jinan University, Guangzhou, China, 3Department of Rheumatology and
Immunology, Zhaoqing Central People’s Hospital, Zhaoqing, China
Objective: To characterize the inflammatory proteome in both serum and

synovial fluid (SF) of patients with gout, in comparison to healthy controls and

individuals with osteoarthritis (OA), by utilizing a high-quality, high-throughput

proteomic analysis technique.

Methods: Using the Olink Target 48 Inflammation panel, we measured serum

concentrations of 45 inflammatory proteins in gout, OA, and healthy controls.

We analyzed protein levels in SF samples from gout and OA, performed ROC

curve analyses to identify diagnostic biomarkers, evaluate efficacy, and set cut-

off values. Additionally, A protein-protein interaction (PPI) network was used to

study protein relationships and significance.

Results: We have delineated the proteomic landscape of gout and identified 20

highly differentially expressed proteins (DEPs) in the serum of gout patients in

comparison to that of healthy controls, which included VEGF-A, MMP-1, TGF-a,
and OSM with corresponding area under the curve (AUC) values of 0.95, 0.95,

0.92, and 0.91 respectively. For the analysis of synovial fluid, 6 proteins were

found to be elevated in gout in contrast to osteoarthritis (OA), among which IP-

10, VEGF-A, IL-8, and MIP-3b had corresponding AUC values of 0.78, 0.78, 0.76,

and 0.75 respectively. The protein-protein interaction (PPI) network analysis

identified significantly prominent pathways in gout.
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Conclusion: This research marks a significant advancement in elucidating the

inflammatory profile present in the serum and synovial fluid of individuals suffering

fromgout. Our discoveries have identified several novel proteins in both serumand

synovial fluid that are potential biomarkers for diagnostic purposes and are

believed to have critical roles as pathogenic factors in the pathophysiology of gout.
KEYWORDS

crystal arthropathies, osteoarthritis, biomarkers, synovial fluid analysis, proteomics,
cytokines and inflammatory mediators
Introduction

Gout is among the most prevalent forms of arthritis, defined by

an innate immune response that is activated due to hyperuricemia.

This condition is aggravated by the build-up of monosodium urate

crystals (MSU) within joints and surrounding connective tissues

(1). Epidemiological research conducted recently has highlighted a

swift and widespread rise in the incidence of both primary gout and

hyperuricemia on a global scale (2). Specifically, in China, the

adjusted prevalence rate for gout stands at 3.2%, with

hyperuricemia impacting a significant 17.7% of the population (3).

The accumulation of monosodium urate (MSU) crystals in the

joint triggers an innate immune reaction, where these crystals are

recognized as foreign bodies by the immune system (4). This

recognition leads to the activation of neutrophils, a type of white

blood cell. Central to the cellular inflammatory cascade initiated by

MSU crystals is the NLRP3 inflammasome (5). Once activated, the

NLRP3 inflammasome promotes the secretion of pro-inflammatory

cytokines, including interleukin-1 beta (IL-1b) and interleukin-18

(IL-18). Among these, IL-1b is a crucial factor in mediating the

inflammatory cascade characteristic of gout (6). The secretion of

these cytokines initiates the recruitment of additional immune cells,

setting off an inflammatory cascade. This cascade manifests as the

hallmark symptoms of gout, such as intense pain, redness, swelling,

and heat in the affected joint. While the activation of the NLRP3

inflammasome is recognized as a critical event, the exact

mechanisms driving gout remain incompletely understood. It is

thought that a complex interplay of multiple regulatory pathways

contributes to the diverse clinical manifestations observed in

gouty inflammation.

The Proximity Extension Assay (PEA) represents a cutting-edge

proteomics approach, meticulously quantifying even the most

minute protein concentrations within biological fluids, including

as little as 1ml of plasma or serum (7). Utilizing the PEA technology,

Olink reagents employ a set of 45 antibody probe pairs, each labeled

with oligonucleotides and specifically designed to bind to their

corresponding target proteins within the sample (8). This method is

further enhanced by PCR-based signal amplification, which

markedly boosts sensitivity and facilitates the detection of

proteins at ultra-low levels.
0294
To our knowledge, this study is the first to delineate the

inflammatory profile of both serum and synovial fluid (SF) in

gout patients by examining a comprehensive panel of 45

inflammatory proteins via PEA technology. Our objective was to

map the inflammatory proteome of gout patient serum and SF, with

the goal of identifying novel proteins that could serve as potential

biomarkers for diagnosis, as well as to identify proteins that may

play significant roles in the underlying mechanisms of

gout pathogenesis.
Methods

Human subjects

Research was granted ethical approval by the Ethics Committee

of Guangdong Second Provincial General Hospital under the

protocol number 2024-KY-KZ-285-01. Informed consent was

obtained from all participants prior to the collection of research

samples. Clinical data were gathered through a retrospective review

of medical records. Gout patients were selected based on the 2015

American College of Rheumatology (ACR)/European League

Against Rheumatism (EULAR) classification criteria for gout,

while osteoarthritis (OA) patients were classified according to the

clinical criteria established by the ACR (9, 10). All patients, both

with gout and OA, exhibited active disease as indicated by elevated

C-reactive protein (CRP) levels, clinical symptoms, and findings

from a physical examination conducted by a rheumatologist. Serum

and SF samples were collected from patients with active gout and

osteoarthritis (OA) during their inpatient or outpatient visits to the

Department of Rheumatology and Clinical Immunology. Healthy

control serum samples were obtained from volunteer participants.

All collected samples were stored at -80°C and were thawed

immediately prior to assay preparation.
PEA

We utilized the Olink Target 48 Cytokine Panel to analyze 45

analytes in plasma and serum samples, adhering to the
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manufacturer’s protocol. Each assay run involved processing forty

samples on a 48 × 48 integrated fluidic circuit (IFC). The samples

were incubated with 1 ml of plasma or serum and antibodies for 18

hours. Following hybridization, DNA tags were extended and

preamplified using a Bio-Rad T100 Thermocycler (Hercules, CA).

The preamplified samples, along with primers, were then loaded

onto a primed IFC, and quantitative PCR (qPCR) amplification was

performed for 40 cycles on an Olink Signature Q-100 instrument.

To maintain accuracy, each run included internal controls and

calibrators. Data analysis and quality control were performed using

the Olink NPX Signature software, which also facilitated the

conversion of NPX-values to protein concentrations in standard

units (pg/mL) by fitting them to a standard curve.
Bioinformatics and statistical analysis

For the generation of PCA, heatmap, dotplot, ggplot, and

volcano plots, the seurat package (version 4.0.1), complexheatmap

package (version 2.6.2), ggrepel package (version 0.9.2), and ggplot2

package (version 3.3.3) were utilized within the R programming

environment (version 4.1.2). Additionally, STRING (Search Tool

for the Retrieval of Interacting Genes/Proteins) functional protein

association networks and signal analysis were created using the

STRING online tool (http://string-db.org/, accessed on 10 July

2024). Independent samples were analyzed using T-tests or the

Mann–Whitney U tests. For contingency analysis involving more

than two groups, one-way independent analysis of variance or

Kruskal–Wallis tests were conducted for continuous variables. A

P-value of less than 0.05 was deemed statistically significant, unless

indicated otherwise. For differentially expressed proteins (DEPs)

between two groups, A p-value of less than 0.05 and an absolute

log2 fold change greater than 1 were defined as criteria for

significant differential expression. Receiver Operating

Characteristic (ROC) curve analysis was employed to assess the

sensitivity and specificity of potential biomarkers across a range of

threshold values. All statistical analyses, including ROC curve

evaluations, were carried out using Prism 8.0 software (GraphPad

Software, La Jolla, CA).
Results

Overall proteomic signature

In total, serum samples were collected from 8 gout patients

(GS), 8 OA patients (OS), and 8 healthy controls (HS). Additionally,

synovial fluid (SF) was collected from 14 gout patients (GJ) and 13

OA patients (OJ) (Supplementary Table S1). Subsequently, the

Olink Target 48 Cytokine Panel, which measures 45 proteins such

as cytokines, chemokines, and growth factors, was used (Table 1).

The key steps of PEA are illustrated in Figure 1A. To depict the

overall population structure and variance of the samples, Principal

Component Analysis (PCA) was utilized. PCA of serum proteins

revealed distinct clustering patterns among gout, OA, and healthy

controls (HC), effectively segregating them into their respective
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groups (Figure 1B). The PCA plot demonstrated a high level of

consistency within the protein profiles of the healthy controls, while

the protein profiles of gout serum samples exhibited significant

heterogeneity. PCA analysis of SF proteins indicated substantial

overlap between gout and OA, suggesting a similarity in proteomic

signatures within these groups (Figure 1C). A heatmap was then

used to show the expression levels of various proteins among the

groups. In GS, several proteins displayed different expression levels

compared to HS, with some proteins exhibiting significantly higher

levels (Figure 1D). Similarly, there were notable differences in

protein levels between the GJ and HS groups. In the SF analysis,

GJ did not show many significantly higher levels of proteins

compared to OJ, which aligned with the results from the PCA

plot (Figure 1E).
Profiling of gout versus controls samples

In order to elucidate the expression patterns of inflammatory

proteins among individuals with gout and to compare these with

cytokine levels in different groups, we conducted an analysis of

protein levels across the groups. A comparative analysis between GS

and HS revealed that 20 proteins are markedly increased in GS,

including IL-8, MCP-3, IL-1b, IL-6, EGF, OSM, LOX-1, MIP-1a,
MMP-1, TGF-a, VEGF-A, MIP-1b, IL-7, MMP-12, MCP-2, MCP-

1, GM-CSF, IL-2, HGF and I-TAC (Figure 2A). Most of these

proteins were also observed to be significantly higher in OS

compared to HS, except for IL-2, HGF, and MCP-1 (Figure 2B).

In the comparison between GJ and OJ, the levels of IL-8, IL-6, IP-10,

IL-17F, MIP-3b, and VEGF-A were found to be elevated in GJ

(Figure 2C). When comparing GJ to GS, a distinct pattern of protein
TABLE 1 45 inflammatory proteins in the Olink Target 48
Inflammation panel.

VEGF-A M-CSF IL-1b

TWEAK MCP-4 IL-18

TSLP MCP-3 IL-17F

TRAIL MCP-2 IL-17C

TNF-b MCP-1 IL-17A)

TNF-a LOX-1 IL-15

TGF-a I-TAC IL-13

SDF-1a IP-10 IL-10

OSM IL-8 IFN-g

MMP-12 IL-7 HGF

MMP-1 IL-6 GM-CSF

MIP-3b IL-4 G-CSF

MIP-1b IL-33 FLT3L

MIP-1a IL-27 Eotaxin

MIG IL-2 EGF
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expression was observed. A set of proteins, including IL-17A, IL-6,

MIP-3b, IP-10, IL-17F, IL-15, IL-1b, HGF, TSLP, MIG, andMCP-1,

were found to be significantly higher in GJ. In contrast, the levels of

IL-17C, Eotaxin, MCP-2, TRAIL, TGF-a, IL-7, MIP-1b, IL-27, and
EGF were significantly higher in GS (Figure 2D).

To further assess the effectiveness of these proteins in

distinguishing gout from OA and healthy controls, we performed

ROC curve analysis. The proteins that were identified to be highly

expressed in GS and GJ than in the control group were selected for

inclusion in the ROC analysis. In the serum samples, the proteins

which showed higher expression levels in GS compared with OS and

HS samples included VEGF-A, MMP-1, TGF-a, and OSM, with the

corresponding area under the curve (AUC) values of 0.95, 0.95, 0.92,

and 0.91 respectively (Figure 3). The determined cut-off values for

VEGF-A, MMP-1, TGF-a, and OSM were 674.1 pg/mL, 2169 pg/L,

25.83 pg/L, and 13.23 pg/L. In the synovial fluid (SF) samples, the

proteins presenting elevated expression in GJ as opposed to OJ

samples were IP-10, VEGF-A, IL-8, and MIP-3b, with the AUC

values of 0.78, 0.78, 0.76, and 0.75 respectively (Figure 4). The
Frontiers in Immunology 0496
identified cut-off values for IP-10, VEGF-A, IL-8, and MIP-3b were

226.0 pg/mL, 2387.0 pg/L, 148.6 pg/L, and 587.1 pg/L.
Protein-protein interaction and pathway
enrichment analysis

To understand the functional relationships and biological

significance of proteins in gout. A protein-protein interaction

(PPI) network was constructed using the STRING (Search Tool

for the Retrieval of Interacting Genes/Proteins) online tool (http://

string-db.org/, accessed on 20 June 2024) was used to analyze the

protein interaction network. Inputting proteins (Supplementary

Table S2) that show higher expression in GS compared to HS

revealed that most of these proteins participate in forming a densely

interconnected PPI network (Figure 5A). Notably, only one protein

(MYDGF) is not part of this network. The resulting network

comprises 21 nodes connected by 145 edges, with an average

node degree of 13.8 and an average local clustering coefficient of
FIGURE 1

Comprehensive proteomic profile of gout. (A) Schematic representation of the key steps in PEA. (B) PCA of serum proteins in groups GS, GJ, and HS.
Each data point corresponds to a sample, with PC1 represented on the vertical axis and PC2 on the horizontal axis. (C) PCA of serum proteins in
groups GJ and OJ. Each data point represents a sample, with PC1 shown on the vertical axis and PC2 on the horizontal axis. (D) Heatmap depicting
serum protein expression levels in groups GS, GJ, and HS, where blue indicates lower expression and red indicates higher expression. (E) Heatmap
illustrating serum protein expression levels in groups GJ and OJ, with blue indicating lower expression and red indicating higher expression.
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0.836. The number of edges in this network exceeds what would be

expected by random associations, indicating a significantly higher

number of interactions than expected. This network is characterized

by a PPI enrichment p-value of < 10e−16, underscoring the

substantial enrichment of interactions (Figure 5A). These findings

suggest that the majority of proteins with differential expression in

GS can interact with each other effectively within this internal PPI

network. To clarify the function of differentially expressed proteins

in the comparison between GS and HS, a KEGG pathways

enrichment analysis was performed. The analysis identified 53

significantly enriched pathways, with the most prominent KEGG

pathways visualized in bubble plot (Figure 5B). The bubble plot

effectively visualizes the most significantly enriched pathways,

highlighting key processes such as “Cytokine-cytokine receptor

interaction”, “Chemokine signaling pathway”, “IL-17 signaling

pathway”, “Toll-like receptor signaling pathway”, “JAK-STAT

signaling pathway” and “PI3K-AKT signaling pathway”. These

significantly enriched pathways offer valuable insights into the

underlying biological mechanisms of gout. In particular, the

“Cytosolic DNA-sensing pathway” exhibit smaller dot sizes but

remain statistically significant, suggesting their potential relevance

to gout.

Subsequently, we examined proteins (Supplementary Table S2)

that exhibit higher expression in GJ compared to OJ. The data

revealed that these proteins are primarily involved in forming a

densely interconnected PPI network (Figure 5C). The resulting
Frontiers in Immunology 0597
network consists of 11 nodes connected by 38 edges, with an

average node degree of 6.91 and an average local clustering

coefficient of 0.848. The number of edges in this network surpasses

what would be anticipated by random associations, indicating a

significantly higher number of interactions than expected. This

network is distinguished by a PPI enrichment p-value of 1.11e-15,

highlighting the substantial enrichment of interactions. These

findings suggest that the majority of proteins with differential

expression in GJ can effectively interact with each other within this

internal PPI network. Additionally, KEGG pathway enrichment

analysis was also conducted using proteins that exhibited higher

expression in GJ compared to OJ. The bubble plot provides a clear

visualization of the most significantly enriched pathways in GJ

(Figure 5D). Many of these pathways were also identified in GS

compared to HS, including “Cytokine-cytokine receptor interaction,”

“IL-17 signaling pathway,” and “Toll-like receptor signaling

pathway.” Additionally, pathways such as “Cytosolic DNA-sensing

pathway” and “AGE-RAGE signaling pathway” were found to be

associated with GJ. These enriched pathways offer valuable insights

into the underlying biological mechanisms of arthritis in gout.
Discussion

Gout is characterized by both acute and chronic inflammatory

responses. Cytokines and chemokines play crucial roles in the
FIGURE 2

Volcano plot illustrating differential protein levels between two subject groups. (A) DEPs in serum between gout patients and healthy controls.
(B) DEPs in serum between OA patients and healthy controls. (C) DEPs in SF between gout patients and healthy controls. (D) DEPs between serum
and SF in gout patients. Each data point corresponds to a protein, with the horizontal axis representing the protein’s fold change magnitude on a
log2 scale. The vertical axis indicates significance, presented as the -log10 transformation of the P value. Proteins located on the right side of the
plot indicate higher levels in the respective group’s samples.
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pathogenesis of arthritis by regulating inflammation, immune

responses, immune cells migration and tissue repair within the

joints (11). These signaling molecules are key mediators of the

complex inflammatory processes involved in various forms of

arthritis, including gout. Chemokines such as CCL2 (MCP-1),

CCL5 (RANTES), and CXCL8 (IL-8) are involved in recruiting

monocytes, T cells, and neutrophils to the synovium, contributing

to the perpetuation of inflammation and tissue damage (12–14). In

osteoarthritis (OA), TGF-b plays a role in maintaining cartilage

homeostasis and promoting chondrocyte proliferation and matrix

synthesis (15). However, dysregulation of TGF-b signaling can lead

to cartilage degradation and OA progression (15, 16).

It is now widely acknowledged that the proteome offers

profound insights into the pathophysiology of inflammatory

arthritis, serving as a pivotal resource for the discovery of novel

biomarkers (17). PEA, pioneered by Olink Proteomics, stands out as

an effective method for the simultaneous identification and

quantification of a multitude of biomarkers within a single

sample. Here, we utilized high-fidelity protein quantification

through PEA to investigate proinflammatory mediators in gout

and controls. The PCA plot revealed a high degree of consistency in

the protein profiles of the healthy controls. In contrast, the protein

profiles of the gout serum samples showed significant heterogeneity.

Additionally, the PCA analysis of SF proteins indicated a substantial

overlap between gout and OA, suggesting a resemblance in
Frontiers in Immunology 0698
proteomic signatures within these groups. Furthermore, Olink

revealed 20 proteins that are highly differentially expressed

(DEPs) in the serum of gout patients relative to healthy controls.

Notably, VEGF-A, MMP-1, TGF-a, and OSM were identified with

high discriminative power by ROC. These high AUC values suggest

that these proteins could be strong candidates for biomarkers in

gout diagnostics. In addition, our analysis of synovial fluid revealed

a distinct pattern in gout, with IP-10, VEGF-A, IL-8, and MIP-3b
showing elevated levels compared to OA.

VEGF-A, a central mediator that regulates angiogenesis, plays a

critical role in angiogenic, inflammatory, and bone-destructive

processes in rheumatoid arthritis (RA) (18). Consequently, it may

also contribute to inflammation in gout by increasing vascular

permeability and recruiting inflammatory cells to the affected

area. VEGFA can induce MMP-1 and other MMPs, which

promote angiogenesis by degrading the extracellular matrix and

enabling the migration of new cells within the synovium and the

proliferation of new blood vessels (19). TGF-a belongs to the EGF

family and promotes proliferation and differentiation in epidermal

and epithelial cells (20). OSM is a versatile cytokine that participates

in various inflammatory responses, including wound healing (21).

Interferon Gamma-induced Protein 10 (IP-10) serves as a crucial

biomarker in numerous diseases. It is a chemokine released in

reaction to IFN-g and plays a key role in the inflammatory response

(22). IL-8 is a key mediator of the inflammatory response which acts
FIGURE 3

ROC curve analysis assessing the diagnostic potential of serum VEGF-1, MMP-1, TGF-a, and OSM in differentiating gout from OA and healthy
controls. This figure presents ROC curves for the four proteins (VEGF-1, MMP-1, TGF-a, and OSM) in serum, demonstrating their ability to distinguish
gout patients from those with OA and healthy controls. The AUC values are provided for each protein, indicating their diagnostic accuracy.
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FIGURE 4

ROC curve analysis assessing the diagnostic potential of SF VEGF-1, MMP-1, TGF-a, and OSM in differentiating gout from OA and healthy controls.
Similar to Figure 3, this figure shows ROC curves for the four proteins in synovial fluid (SF), indicating their potential as diagnostic markers for
distinguishing gout from OA and healthy controls. The AUC values are provided for each protein, reflecting their diagnostic performance.
FIGURE 5

Protein-protein interaction and pathway enrichment analysis. (A) Protein-Protein Interaction Network of DEPs in GS compared to HS. The network
visualizes interactions among DEPs, highlighting key nodes and pathways. (B) KEGG Pathway Enrichment Analysis of Highly DEPs in GS compared to HS.
The analysis identifies enriched pathways, providing insights into the biological processes involved. (C) Protein-Protein Interaction Network of Highly
DEPs in GJ compared to OJ. The network visualizes interactions among DEPs, highlighting key nodes and pathways. (D) KEGG Pathway Enrichment
Analysis of Highly DEPs in GJ compared to OJ. The analysis identifies enriched pathways, providing insights into the biological processes involved.
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as a chemoattractant and a potent angiogenic factor (23). MIP - 3b
is a member of the chemokine family and plays a crucial role in the

initiation, progression, and resolution of inflammatory responses.

The clinical implications of our findings are multifaceted.

Firstly, the proteins identified as differentially expressed between

gout and healthy controls, such as VEGF-A, MMP-1, TGF-a, and
OSM, show high discriminative power and may serve as potential

biomarkers for gout diagnosis. Elevated levels of these proteins in

gout serum and synovial fluid suggest their involvement in the

inflammatory process and tissue damage associated with the

disease. The use of these biomarkers could aid in early detection

and monitoring of disease progression, potentially leading to

improved patient outcomes. Secondly, the similarity in proteomic

signatures between gout and OA highlights the need for more

specific biomarkers to differentiate between these conditions. The

distinct patterns observed in gout, particularly with respect to IP-10,

VEGF-A, IL-8, and MIP-3b, indicate their potential as differential
diagnostic markers. These findings could facilitate more accurate

diagnosis and personalized treatment strategies.

PPI on proteins with elevated expression levels in both gout

serum and synovial fluid (SF) had revealed significant enrichment of

pathways that are characteristic of gout. This approach underscores

the complex interplay of these proteins in the pathogenesis of the

disease and may provide insights into potential therapeutic targets.

There is no doubt that the “Cytokine-cytokine receptor interaction”

and “Chemokine signaling pathway” pathways were significantly

enriched in gout. We also discovered that the “IL-17 signaling

pathway” and “JAK-STAT signaling pathway” were enriched in

gout. IL-17, a pro-inflammatory cytokine, plays a crucial role in

mediating inflammation and immune responses, including arthritis.

Studies have demonstrated that the IL-17A neutralizing antibody

regulates monosodium urate crystal-induced gouty inflammation

(24). Certain cytokines and molecules involved in the JAK-STAT

signaling pathway may be overactivated or malfunctioning, leading to

the excessive production of inflammatory mediators and the

subsequent development and progression of gout symptoms (25).

During gout flare-ups, the JAK2/STAT3 signaling pathway is

activated, leading to increased expression of cytokines such as IL-6,

IL-1b, and TNF-a in both the kidneys and joints (25). Interestingly,

the “Cytosolic DNA-sensing pathway” and “AGE-RAGE signaling

pathway” were also enriched in both serum and SF of gout. The

“Cytosolic DNA-sensing pathway” plays a significant role in

inflammation and arthritis. This pathway is involved in detecting

the presence of cytosolic DNA, which can be released from damaged

cells or pathogens, leading to the activation of immune responses

(26). AGEs are formed through non-enzymatic reactions between

sugars and proteins, and their accumulation in tissues can lead to

chronic inflammation and tissue damage (27).

Based on the pathway enrichment analyses, several potential

therapeutic targets emerge. For instance, the “Cytokine-cytokine

receptor interaction” and “Chemokine signaling pathway”

pathways are significantly enriched in gout. Targeting key

components of these pathways, such as IL-17A and its receptors,

has shown promise in preclinical models and clinical trials for

rheumatoid arthritis and may also be beneficial for gout

management (24, 28). The “IL-17 signaling pathway” and “JAK-
Frontiers in Immunology 08100
STAT signaling pathway” are also enriched in both serum and

synovial fluid in gout. Given the role of IL-17 and the JAK-STAT

pathway in driving inflammation, inhibitors of these pathways

represent potential therapeutic options. For example, targeting the

JAK2/STAT3 signaling pathway could reduce the expression of pro-

inflammatory cytokines like IL-6, IL-1b, and TNF-a, thereby
alleviating gout symptoms and slowing disease progression. The

“Cytosolic DNA-sensing pathway” is enriched in the serum of gout

patients, suggesting that targeting components of this pathway, such

as cGAS-STING signaling, could dampen excessive inflammation.

Similarly, the “AGE-RAGE signaling pathway” is prominent in the

synovial fluid of gout patients, indicating that inhibiting AGE

formation or blocking the interaction between AGEs and RAGE

could mitigate chronic inflammation and tissue damage.

One limitation of the present study is the relatively small cohort

size, which could have led to an underestimation of the differences in

protein levels between the gout and OA groups, given the stringent

FDR correction applied. In reality, it is difficult to include a large

number of patients with severe gout and OA with synovial fluid in

basic science studies. Functional validation will be essential to identify

the specific proteins and predicted pathways that play a role in the

pathogenesis of gout. Another limitation of our study is that we only

collected samples from patients with active gout, without including

samples from different stages of gout, including stable gout. In future

research, we plan to characterize the inflammatory profiles of gout at

various phases, including stable gout, to provide a more

comprehensive understanding of the disease.

Overall, this study provides a detailed exploration of the serum

and SF proteomic signature in the context of gout, offering insights

into the molecular mechanisms and potential therapeutic avenues

for the condition. Further research is warranted to validate these

findings and explore their clinical implications.
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17. Cuesta-López L, Escudero-Contreras A, Hanaee Y, Pérez-Sánchez C, Ruiz-Ponce
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