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ARTICLE INFO ABSTRACT
Keywords: Background: Hyperuricemia elevates gut permeability; however, the risk of its influence on the
hyperuricemia compromised intestinal barrier is poorly understood.
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Aims: This study was carried out, aiming to elucidate the orchestrators and disruptors of intestinal
barrier in hyperuricemia.

Methods: A mouse model of hyperuricemia was induced by administering adenine and oteracil
potassium to mice. Allopurinol was used to decrease uric acid level, and antibiotics were
administered to mice to deplete gut microbiota. Intestinal permeability was assessed using FITC-
labeled dextran. Changes in gut microbial community were analyzed through 16S rRNA
sequencing. IL-1p and TNF-a levels were quantified using ELISA. The expression of tight junction
protein genes, TLR4, p65 and IL-1j, was determined with Q-PCR and Western blotting.

Results: Allopurinol treatment effectively reduced intestinal permeability and serum TNF-a levels.
Antibiotic treatment alleviated but not abolished intestinal permeability. Uric acid alone was
insufficient to increase Coca2 monolayer permeability. Allopurinol treatment altered microbial
composition and suppressed opportunistic infections. Re-establishing hyperuricemia in a germ-
free mouse model protected mice from intestinal injury. Allopurinol and antibiotic treatments
reduced TLR4 and IL-1p expressions, increased occludin and claudin-1 expressions but suppressed
NF-kB p65 signaling. However, removing gut microbiota aggravated lipid metabolic dysfunction.
Conclusion: Gut microbiota is a direct and specific cause for intestinal barrier dysfunction.

1. Introduction

Hyperuricemia has been emerged as a burgeoning epidemic metabolic disease and increases the risk of obesity, diabetes, hyper-
tension and cardiovascular diseases [1-3]. Most treatments focus on kidney from the perspective of lowing serum uric acid level;
however, effective treatments remain elusive. Recently, studies have shown that intestinal barrier dysfunction is associated with
metabolic syndrome [4], which is attracting increasing attention.

The intestinal barrier comprises various structural and functional components, which form a coordinated and dynamic network
responding the dynamic microenvironment [5,6]. Increased intestinal barrier allows the entry of microbial antigens, toxins and
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inflammatory mediators into the systemic circulation, which, in turn, initiates a vicious cycle of systemic low-grade inflammation.
Increasingly, researchers have been showing that the dysfunction of the intestinal barrier features metabolic syndrome [7,8]. In mouse
models of obesity and diabetes, previous studies have shown that hyperglycemia drives intestinal barrier permeability through
GLUT2-dependent transcriptional reprogramming, resulting in enhanced systemic infection and inflammatory responses [4].
Alcohol-induced tissue damage and organ dysfunction are also associated with increased intestinal permeability [9]. Recently, evi-
dences has highlighted hyperuricemia as a distinctive feature of compromised intestinal barriers, which is accompanied by an
increased systemic tumor necrosis factor (TNF-a) and lipopolysaccharide (LPS) levels [10-12]. More than one third of uric acid is
excreted through intestine, and dysfunction of intestine increases the risk of hyperuricemia [13]. Our previous studies demonstrated a
positive correlation between elevated uric acid and increased intestinal permeability [10], which evidenced the important role of
intestinal barrier. Thus, elucidating the orchestrators and disruptors of the intestinal barrier in hyperuricemia is momentous for the
treatment of hyperuricemia and its complications. However, the mechanism underlining the influence of hyperuricemia on the in-
testinal barrier is poorly understood.

Intrinsic and extrinsic stimuli including abnormal acidity, alcohol and inflammation can instigate compromised intestinal barrier
[14]. In vitro studies have shown that elevated uric acid can promote oxidative stress and inflammation, and further disrupte tight
junctions [15,16]. Recently, microbiota has been emerged as a key regulator of intestinal barrier function by activating toll-like re-
ceptors (TLRs) [17,18]. In mouse models of obesity and diabetes, studies have shown that it is hyperglycemia rather than microbial
change plays a critical role in glucose-mediated barrier dysfunction. Emerging evidences have shown that hyperuricemia is charac-
terized by gut microbiota dysbiosis [19]. However, in mouse mode of hyperuricemia, whether the increased intestinal permeability is
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Fig. 1. Both hyperuricemia and gut microbiota were associated with intestinal barrier dysfunction. (A-B) The experimental protocol. (C) The
relative abundance of the total gut community at family level after oral administration of antibiotic for two weeks on mouse model of hyperuri-
cemia, as determined by 16S rRNA gene sequencing of stool. n = 5 mice per group. (D-F) Serum levels of UA (D), BUN (E) and CREA detected using
an automatic biochemical analyzer after treatment with allopurinol or antibiotic for two weeks. n = 6 mice per group. (G) FITC-dextran recovered
from the serum after oral gavage allopurinol and antibiotic for two weeks. n = 6 mice per group. NC, control group; HY, hyperuricemia mice. Bars
and error bars represent the Means + SEM, respectively. **p < 0.01 verse Con or *#p < 0.01 verse HY using one-way ANOVA followed by Tukey’s
multiple comparison post-test.
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result from elevated uric acid or alternated microbial composition remains unknown. Although researchers are actively investigating
these relationships to gain deeper insights into the underlying mechanism, a definitive cause-and-effect relationship has not yet been
established.

To elucidate the mechanism of compromised intestinal barrier in hyperuricemia, we performed systemic studies in vitro and in vivo.
We comprehensively documented the effect of uric acid and gut microbiota on intestinal barrier, and deciphered the mechanisms
including lowering uric acid, removing gut microbiota and re-establishing hyperuricemia in a germ-free mouse model. Our findings
provided targeted interventions for ameliorating hyperuricemia and the related complications from a novel perspective.

2. Materials and method
2.1. Mouse models

These experiments were conducted according to established animal welfare guidelines. The experiments were approved by the
Affiliated Hospital of Qingdao University of Animal Care Committee (AHQU-mal2018079), and the study complied with all regula-
tions. C57BL/6J mice, six weeks old, male (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China), were accli-
matized for two weeks in a 12 h light — 12 h dark illuminance rhythm before experiments. Mice were randomly assigned to
experimental groups, 6 mice each. Hyperuricemia (HY) was established through daily intragastric administration of adenine (50 mg/
kg) and oteracil potassium (125 mg/kg) (diluted in 0.5 % of carboxymethyl cellulose sodium) for 21 days [20]. The control group
(Con) received intragastric 0.5 % of carboxymethyl cellulose sodium alone. On day 7, HY groups were treated with allopurinol (50
mg/kg) or antibiotic (5 mg of vancomycin, 100 mg of metronidazole, 100 mg of neomycin, and 100 mg of ampicillin) or PBS via gavage
for the remaining 14 days. Con groups received PBS or antibiotic at the same intervals (Fig. 1A). All procedures were performed in
compliance with relevant laws and institutional guidelines and that the appropriate institutional committee have approved them.

For antibiotic experiment, mice received oral antibiotics for 14 days, followed by oral gavage with adenine and oteracil potassium
to established hyperuricemia model, or 0.5 % of carboxymethyl cellulose sodium as control. Oral gavage of antibiotics continued
throughout the experiments (Fig. 1B). Blood samples were collected by retro-orbital bleeding after an overnight fast at various time
points. Biochemical indicators, including serum uric acid, triglyceride (TC), total cholesterol (TG), and high- and low-density lipo-
protein cholesterols (HDL and LDL), creatinine (CREA) and urea nitrogen (BUN) were determined using an automatic biochemical
analyzer (Toshiba, Tokyo, Japan). At the end of experiments, fecal, blood and colon tissue samples were collected and frozen in liquid
nitrogen immediately.

2.2. Microbiome sequencing analysis

The V3-V4 regions of 16S rRNA gene were amplified with specific primers, 319f 5-ACT CCT ACG GGA GGC AGC AG-3' and 806r 5-
GGA CTA CHV GGG TWT CTA AT-3/, for the analysis of microbiomes. The amplicons were purified using AxyPrep DNA GelExtraction
Kit (Axygen Biosciences, Union City, CA, USA) and quantificated with QuantiFluor-ST (Promega, Madison, WI, USA). The qualified
amplicons were paired-end sequenced on an Illumina Novaseq 6000 according to the standard protocol by Beijing Biomarker Tech-
nology. Raw reads were quality filtered using Trimmomatic v0.33 and primer removed using cutadapt 1.9.1 to clean ones. After
merging paired ends, error correction and chimera detection, OTUs with 97 % similarity cutoff were clustered using UPARSE v10. The
taxonomy each OTU representative sequence was analyzed with Ribosomal Database Project (RDP) Classifier v.2.2. Alpha diversity
index was estimated using QIIME 2. Principal Coordinate Analysis (PCoA) based on weighted and Bray-Curtis dissimilarity was used to
identify microbial community structure. Linear discriminant analysis effect size (LEfSe) was performed to identify differentially
enriched bacterial taxa with LDA logarithmic score above 3.0. A Wilcoxon rank-sum test (FDR <0.05) was performed to identify the
differential bacterial taxa between two groups. The sequencing data have been deposited in NCBI Sequence Read Archive
(PRINA1059487).

2.3. Serum levels of TNF-a and IL-1 measurements

Blood samples were collected at a specific time period, and centrifuged at 3000 rpm for 10 min to isolate serum. Serum concen-
trations of TNF-a and IL-1f were measured in duplicate using mice TNF-o ELISA Kit and mice IL-1p ELISA Kit (Mibio, China) (n = 6)
following the instructions. Standard samples were used to create the concentration standard curve. Absorbance at 405 nm was read on
a microplate reader. The TNF-a and IL-1f antibody concentrations were calculated based on the standard curve.
2.4. Blood and urine measurements

Blood samples of all groups were collected from the suborbital vein at a specific time period. The sample was then centrifuged at
3000 rpm for 10 min to acquire serum. Serum concentrations of TG, TC, HDL, LDL, creatinine and urea nitrogen were measured using a
7020 automatic biochemistry analyzer (Hitachi Ltd., Tokyo, Japan).

2.5. Mouse intestinal permeability assay

Mice were administered 40 mg 4-kDa FITC-labeled dextran (FD4; Sigma—Aldrich) per 100 g body weight after a 4-h water and food
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deprivation. Four hours later, blood was obtained through retro-orbital bleeding and subsequently centrifuged at 2000 rpm for 10 min.
Serum samples were assayed for FITC fluorescence at 485 nm excitation and 530 nm emission using a TECAN Infinite M200 plate
reader. Concentrations of FITC-dextran were quantified based on a standard curve.

2.6. Cell culture and in vitro permeability measurement

Caco-2 cells (human, ATCC, HTB-37) were seeded at a density of 6 x 10° cells/mL on 12-well Polycarbonate Membrane Transwell
Inserts with the pore size of 0.4 pm (Corning Life Sciences), and cultured for 10-14 days. Subsequently, Caco-2 cells were exposed to 6
mg/dL of soluble uric acid for 24 and 48h, respectively. After the removal of the culture medium, 250 pg/mL FITC-labeled dextran (4
kDa; Sigma-Aldrich) was added to the apical compartment. The basolateral compartment was filled with 1 mL of the same medium
without FITC dextran and the transwells were cultured at 37 °C for 2h. Concentration of FITC-dextran in the basolateral compartment
was measured in duplicate using a TECAN Infinite M200 plate reader with excitation at 485 nm and emission at 530 nm. Values were
expressed as a percentage of the average control value.

2.7. RNA isolation and gene expression analyses

Total RNAs were extracted from the colon using TRIzol reagent (Life Technologies, United States) following the manufacturer’s
instructions. The cDNA was synthesized using a PrimeScript RT reagent kit (Takara, Tokyo, Japan) following manufacturer’s in-
structions. Real-time PCR was performed in triplicate with an SYBR Premix Ex Taq Kit (Takara, Kyoto, Japan). The specific primers for
Occludin (Gene ID 18260) were 5'- TTG AAA GTC CAC CTC CTT ACA GA T CTC AAA GAC-3' (, orward) and 5'- CCG GAT AAA AAG AGT
ACG CTG G-3' (reverse). The primers specific for ZO-1 (Gene ID 21872) were 5'-ACT CCC ACT TCC CCA AAA AC-3' (forward) and 5-
CCA CAG CTG AAG GAC TCA CA-3' (reverse). The specific primer of Claudin-1 (Gene ID 12737) were 5- AGA TAC AGT GCA AAG TCT
TCG A-3' (forward) and 5'- CAG GAT GCC AAT TAC CAT CAA G-3' (reverse). The specific primers for GAPDH (Gene ID 14433) were 5-
ATC TCC ACT TTG CCA CTG C-3' (forward) and 5- ACA TTG GGG GTA GGA ACA CGG A-3' (reverse). All primers were verified for the
production of a single specific PCR product with a melting curve program. The fold increase of transcript abundance was calculated
with the 2"(—AACT) method and normalized to that of GAPDH as an internal control.

2.8. Western blot analysis

Total proteins from colon tissues were extracted using homogenised lysis buffer containing 1 % PMSF. After smashing using high
throughput tissue grinder, supernatant containing total proteins was collected and resolved through by SDS-PAGE and transferred onto
the polyvinylidene fluoride membranes (Millipore, MA, United States). The membranes were blocked with 5 % skimmed milk for 2 h at
room temperature and then incubated with the following primary antibodies, mouse anti-TLR4 (Cat” sc-293072, 1:500, Santa Cruz
Biotechnology, United States), rabbit anti-IL-1b (Cat® ab9722, 1:1000, Abcam), mouse anti-occludin (Cat” 33-1500, 1:1500, Thermo
Fisher Scientific, United States) and rabbit anti-claudin-1 (Cat” NBP1-77036, 1:1000, Novus), rabbit anti-ZO-1 (Cat” AF5154, 1:1000,
Affinity Biosciences, United States), rabbit anti-NF—«xB p65(Cat#cst 8242, 1:1000, Cell Signaling Technology, United States) and rabbit
anti-Phospho-NF—«B p65(Cat” cst 3033, 1:1000, Cell Signaling Technology, United States) at 4_C overnight, and then with the sec-
ondary antibodies at room temperature (RT) for 1 h. The protein signals were detected on an imaging system using a chem-
iluminescence kit (Millipore, MA, United States) and analyzed using Image-Pro Plus software (Bio-Rad, United States). $-actin and
GAPDH was used as the internal loading control.

2.9. Statistical analyses

Bars and error bars represent the mean and standard error of the mean (SEM). Normal distribution was tested using Shapiro-Wilk
test. The comparisons of more than three groups were analyzed by ANOVA, which was followed by with Tukey tests using SPSS 17.0
under the condition of the normal distribution. The differential bacteria between group was tested by LEfSe. P-values <0.05 indicated
statistically significant differences.

3. Results
3.1. Hyperuricemia is associated with but not required for intestinal barrier dysfunction

To investigate the drivers of intestinal barrier dysfunction in hyperuricemia, we explored the roles of uric acid and gut microbiota
in regulating barrier integrity. As showed in Fig. 1C, antibiotic treatment depleted almost all of commensals. Compared with HY group,
allopurinol treatment significantly reduced uric acid (P = 0.00) and BUN (P = 0.00) levels. Compared with HY group, antibiotic
treatment had no effect on uric acid (P = 0.99) and BUN (P = 0.08) levels, but significantly decreased CREA level (P = 0.00)
(Fig. 1D-F). There was no difference in uric acid (P = 0.33), BUN (P = 0.84) and CREA (P = 0.97) levels between Con and Con with
antibiotic addition groups.

We proceeded to investigate the impact of uric acid and gut microbiota on intestinal barrier. Compared with Con group, intestinal
permeability robustly rised in HY group (P = 0.00) but significantly reduced if treated with allopurinol (P = 0.00). Surprisingly,
compared with HY group, antibiotic treatment significantly ameliorated gut permeability (P = 0.00). However, gut permeability in HY
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with antibiotics treatment group remained higher than that in Con group (P = 0.00) (Fig. 1 G). No significant difference was observed
between the Con and Con with antibiotics addition groups (P = 0.60). Collectively, these results suggested that hyperuricemia per se
may not provide a sufficient explanation to barrier dysfunction.

3.2. Allopurinol alleviates systemic inflammation by reducing uric acid

We further assessed whether the changes of uric acid and gut microbiota have effect on systemic inflammation. As showed, there
was no difference of circulating IL-18 among all groups (Fig. 2A). HY mice exhibited elevated systemic TNF-a levels (P = 0.00). In
contrast, TNF-a level was reduced to that of controls after treatment with allopurinol (P = 0.00, HY + allopurinol vs HY; P = 0.99 HY +
allopurinol vs Con). However, compared with HY group, antibiotic treatment slightly increased systemic TNF-u level (P = 0.56)
(Fig. 2B). Compared with Con group, LDL (P = 0.00), HDL (P = 0.00), TC (P = 0.01) and TBA (P = 0.00) levels were significantly
elevated in HY group (Fig. 2D-F). However, allopurinol treatment markedly reduced LDL level (P = 0.00) and slightly decreased HDL
(P =0.28) and TC (P = 0.92) levels compared with HY group. Antibiotics treatment showed a less pronounced effect on LDL, HDL, TC
and TBA levels when compared with HY group (Fig. 2C-E). Notably, compared with Con group, HDL (P = 0.00), TC (P = 0.00) and TBA
(P = 0.95) levels were also elevated in Con + antibiotics group. The level of TG did not show significant difference among all groups
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Fig. 2. Lowering uric acid level alleviates systemic inflammation and lipid metabolism. (A-B) Serum levels of IL-1p (A) and TNF-a (B) were detected
using ELISA after treatment with allopurinol or antibiotic. (C-G) Serum levels of LDL (C), HDL (D), TC (E), TBA (F), and TG (G) were detected using
an automatic biochemical analyzer after treatment with allopurinol or antibiotic. n = 6 mice per group. NC, control group; HY, hyperuricemia mice.
Bars and error bars represent the Means - SEM, respectively. *p < 0.05, **p < 0.01 verse Con, **p < 0.01 verse HY using one-way ANOVA followed

by Tukey’s multiple comparison post-test.
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(Fig. 2 G).

3.3. Allopurinol upregulates junctional protein expression by suppresing TLR4/P65

To elucidate the mechanism underlying the ameliorative effects of allopurinol on hyperuricemia-induced barrier damage, a
comprehensive investigation was undertaken which was focused on TLR4 and proinflammatory factors. Compared with HY group,
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both allopurinol and antibiotic treatment significantly reduced TLR4 expression suppressed NF-kB p65 activation and inhibited IL-1p
release (Fig. 3A-C). At transcript levels, compared with Con group, the HY group exhibited lower levels of occludin (P = 0.00) and ZO-
1 (P = 0.00), which were effectively reversed by both allopurinol and antibiotic treatments (Fig. 3D and E). Compared with Con,
Claudin-1 transcription was significant upregulated in HY + antibiotic (P = 0.00) and Con + antibiotic groups(P = 0.00) (Fig. 3 F). At
protein level, compared to the HY group, allopurinol treatment significantly upregulated occludin (P = 0.00) and Claudin-1 (P = 0.00)
expression. Similarly, antibiotic treatment upregulated Claudin-1(P = 0.00), but not affected occludin expression (P = 0.98) when
compared to HY group (Fig. 3G). No difference of ZO-1 protein was observed between Con and HY groups (P = 0.00). However,
compared with Con group, ZO-1protein level was reduced in Con + antibiotic group (P = 0.00) (Fig. 3H). These data underscored that
lowering uric acid can rescue gut barrier by alleviating inflammation and upregulating junctional protein expression.

3.4. Allopurinol rescues intestinal barrier by changing gut microbiota

We subsequently investigated whether allopurinol may restore the barrier function or not with the mediation of gut microbiota.
Compared with WT mice, HY mice exhibited significantly elevated Ace and Shannon indices. Allopurinol treatment restored the
Shannon index but not the Ace index comapre with HY grop (Fig. 4A and B). Principal coordinate analysis (PCoA) based on weighted
unifrac distance demonstrated a clear separation among Con, HY, and HY + allopurinol groups. Notably, the gut microbial community
structure of the HY + allopurinol group exhibited a trajectory distinct from that of the HY group (Fig. 4C).

We further analyzed the differential bacteria by LEfSe (LDA> 3.0). Compared with Con group, the richness of 44 bacteria was
elevated and that of 21 bacteria was depleted in HY group (Fig. 4 D). Following allopurinol treatment, compared with HY group, the
abundance of 53 bacteria altered (differential bacteria), which included 33 elevated and 20 reduced (Fig. 4 E). Remarkably, allopurinol
treatment reversed the increased abundance of families such as Eggerthellaceae, Erysipelotrichaceae, Marinifilaceae, Saccha-
rimonadaceae, Streptococcaceae and uncultured_bacterium_o_Mollicutes_RF39, and simultaneously reversed the decreased abundance
of Tannerellaceae observed in HY group (Fig. 4 F). Similarly, the abundance of genera ASF356, Candidatus_Saccharimonas, Lacto-
coccus, Rikenellaceae_RC9_gut_group, Staphylococcus, Streptococcus and Turicibacter was restored to that of control by allopurinol
treatment (Fig. 4 G).

3.5. Gut microbiota is the major driver for intestinal barrier dysfunction

To test whether the elevated uric acid level is the major driver for barrier dysfunction, we performed in vitro experiments. We found
that uric acid alone did not increase Caco-2 monolayers permeability (Fig. 5 A).

To verify the specificity of gut microbiota as a driver of intestinal barrier, we administered antibiotics to mice for a period of two
weeks prior to inducing hyperuricemia. Antibiotics effectively depleted a significant portion of the gut microbiota (Fig. 5 B). Compared
with Con group, uric acid level in both HY and antibiotic + HY group was significant elevated in third and fourth week. However,
compared with HY group, uric acid level in the antibiotic + HY group was significant lower than that in HY group (Fig. 5C).
Intriguingly, compared with Con group, the HY group exhibited a corresponding increase in gut permeability in third and fourth week.
However, intestinal permeability was reduced in antibiotic + HY group in third and fourth week (Fig. 5 D). Collectively, these results
suggested that it is the gut microbiota, rather than uric acid, that served as a direct and specifically contributes to intestinal barrier
dysfunction.

3.6. Gut microbiota is indispensable to lipid metabolic

We further determined whether the resuced intstinal barrier by antibiotics can alleviate systemic inflammation and lipid metabolic.
No significant change was found in TNF-a (P = 0.78) and IL-1p (P = 0.97) levels between HY and antibiaotic + HY group (Fig. 6A-B).
Furthermore, compared with Con group, levels of HDL, TC, LDL and TBA in both Antibiotic + HY and Antibiotic + Con groups
increased significantly (Fig. 6C-F). No significant change was found in TG level among different groups (Fig. 6G). Interestingly,
compared to the HY group, there was a significant reduction in CREA and BUN levels in Antibiotic + HY group (Fig. 6H-I).

3.7. Gut microbiota regulation of hyperuricemia intestinal barrier via the TLR4/P65 signal pathway

We further deciphered how microbiota affects gut barrier under hyperuricemia condition. Compared with Con group, TLR4 (P =
0.00), P65 (P = 0.00) and P-P65 (P = 0.00) expressions were elevated in HY group while their expressions were attenuated in
Antibiotic + HY group (P = 0.00) (Fig. 7 A). Furthermore, compared with Con group, IL-1f was increased in HY group (P = 0.00), and
reduced in antibiotic + HY group compared with HY group (P = 0.00) (Fig. 7 B). Moreover, compared with HY group, antibiotic pre-
treatment significantly upregulated the expression of Occludin gene (P = 0.00) and the synthesis of Occludin (P = 0.00). Compared
with HY group, claudin-1 was influenced in antibiotic + HY group only at the protein level (P = 0.00) (Fig. 7C-E-F). Notably, antibiotic
pre-treatment upregulated ZO-1 at the mRNA level (P = 0.00), but significantly reduced ZO-1 protein levels (P = 0.00) (Fig. 7D-G).
These results indicated that depletion of gut microbiota in hyperuricemia enhances the expression of tight junction protein by
inhibiting the TLR4/P65 signaling pathway.
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Fig. 4. Allopurinol treatment reverses gut microbiota. (A and B) a diversity presented as ACE (A) and Shannon (B) index after treatment with
allopurinol for two weeks. (C) Principal coordinates analysis (PCoA) of gut microbiota composition based on weighted unifrac after treatment with
allopurinol for two weeks. PCoA2 and PCoA3 represent the top two principal coordinates that capture most of the diversity. n = 5 mice per group.
The cladogram was analyzed using A linear discriminant analysis effect size (LEfSe) to represent diferentially abundant taxa from Con (Green) and
HY (red) (D), or HY (red) and HY + allopurinol (Green) (E). Only taxa with a statistically significant LDA score >3.0 were showed. Each node
denotes a taxonomic unit within the bacterial hierarchy and nodes of different colors represent the crucial microbiome. Diameter of the small circle
is proportional to the relative abundance. n = 5 mice per group. (F and G) The taxa at family (F) and genus (G) that were rescued to normal levels. n
= 5 mice per group. NC, control group; HY, hyperuricemia mice. Bars and error bars represent the Means + SEM. *p < 0.05, **p < 0.01 verse Con,

##b < 0.01 verse HY using one-way ANOVA followed by Tukey’s multiple comparison post-test. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Gut microbiota is the major driver for intestinal barrier dysfunction. (A) Paracellular permeability was determined by the flux of
FITC-dextran through the Caco-2 monolayers. (B) The relative abundance of the total gut community at family level after administration of adenine
and potassium oxalate for two weeks on mouse model of antibiotic induced germfree mice, as determined by 16S rRNA gene sequencing of stool. n
= 5 mice per group. (C)Serum levels of UA at different time points after administration of adenine and potassium oxalate. Arrows present the time
starting administration of adenine and potassium oxalate. n = 6 mice per group. (D) FITC-dextran recovered from the serum at different time points
after oral gavage adenine and potassium oxalate. n = 6 mice per group. NC, control group; HY, hyperuricemia mice. Bars and error bars represent
the Means + SEM. *p < 0.05, **p < 0.01 verse Con, ##p < 0.01 verse HY using repetitive measurement deviation analysis.

4. Discussion

Intestinal barrier dysfunction is the feature of metabolic diseases. Increased intestinal permeability leads to translocation of mi-
crobial components into systemic circulation, resulting in systemic inflammation and contributing to disease progression [21].
Emerging evidence has highlighted the association of hyperuricemia with elevated gut permeability. However, the specific mecha-
nisms and actors played in this process remained elusive. In this study, we identified gut microbiota as a key orchestrator of
compromised intestinal barrier in hyperuricemia. Lowering uric acid with allopurinol effectively rescued intestinal barrier and sys-
temic inflammation. However, depletion of gut microbiota alleviated intestinal barrier under high uric acid level conditions, ruling out
that uric acid per se directly drives the barrier dysfunction. Re-establishing hyperuricemia in a germ-free mouse model restored in-
testinal barrier despite of high uric acid level. These results supported the role of gut microbiota as a direct and specific driver for
intestinal barrier dysfunction. However, antibiotic treatment aggravated lipid metabolic dysfunction, highlighting the indispensable
role of gut microbiota in lipid metabolism.

Increasing evidences have strenthened the concept that intestinal barrier dysfunction causes metabolic dysfunction. The
compromised intestinal barrier allows the translocation of pathogen-associated molecular patterns (PAMPs) into the bloodstream, and
then activates innate immune response [22,23]. Previous researches showed that hyperuricemia is associated with compromised
inteastinal barrier [12,20]; however, the mechanism has not been deciphored yet. Here, we revealed that uric acid is highly correlated
with but not required for intestinal barrier dysfunction. Uric acid has been implicated as a danger signal [24]; however, such claim was
primarily based on high uric acid level. Recently, microbiota has emerged as a key regulator of intestinal barrier function [25]. Studies
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Fig. 6. Depletion of gut microbiota aggerates lipid metabolic dysfunction. (A and B) Serum levels of IL-1f (A) and TNF-u (B) were detected using
ELISA after administration of adenine and potassium oxalate for two weeks on mouse model of antibiotic induced germfree mice. (C-I) Serum levels
of HDL (C), TC (D), LDL (E), TBA (F), TG (G), BUN (H), and CREA(I) were detected using an automatic biochemical analyzer after after admin-
istration of adenine and potassium oxalate for two weeks on mouse model of antibiotic induced germfree mice. n = 6 mice per group. NC, control
group; HY, hyperuricemia mice. Bars and error bars represent the Means + SEM, respectively. *p < 0.05, **p < 0.01 verse Con, ##p < 0.01 verse HY
using repetitive measurement deviation analysis.

have showed that mice sharing the same genetic background exhibited different gut microbiota compositions when raised in different
environments, diversifying intestinal mucus properties [26]. Commensal bacteria can prevent pathogenic infection and generate
shortchain fatty acid under normal conditions. Short chain fatty acid can serve as the energy source for the colonocytes and are
commonly attributed to improvements of the gut barrier by suppressing mucosal nuclear factor, kappa B (NF-kB), activation [27].
Unique metabolites from specific gut microbes can suppress host immune responses. Altered physiological states like nutrient avail-
ability, pH, bile acids and immune phenotype favors colonization of pathobionts. Under such condition, commensal bacteria can
provide a microenvironment favoring opportunistic infections, and the pathogen can adapt to such environment, resulting in gut
dysbiosis [28]. The invasive pathogens could trigger mucosal immune system and aggravate mucosal inflammation, which contribute
to intestinal barrier dysfunction. Pre-existing metabolic disease increases risk of opportunistic infections [29]. Previous work has
established that the hyperuricemia is accompanied by abnormal gut microbiota. Increased ratio of Firmicutes/Bacteroidetes was found
in hyperuricemia mice [20]. Experimental and clinical settings showed that there is a correlative phenotype of an increased ratio of
Firmicutes/Bacteroidetes with barrier dysfunction, mucosal inflammation and pathogenesis of chronic diseases [30]. We observed a
low abundance of families Bacteroidaceae and genus Bacteroides in HY group. Bacteroides are responsible for providing nutrients and
vitamins to both the host and intestinal microbial residents. The low abundance of Bacteroides disruptes microbiota relationships and
provides the specific microenvironment for opportunistic infections [31]. The mechanism that allopurinol exerts on intestinal barrier
may attribute to chonges of microbial composition. The opportunistic pathogens Streptococcus, Lactococcus and Staphylococcus were
suppressed after treatment with allopurinol. We showed that the instigation of hyperuricemia in mice lacking gut microbiota averted
the occurrence of intestinal barrier damage, which may be attributed to that the antibiotic treatment prevented the opportunistic
infections [32]. These findings further provided evidences supporting the identified gut microbiota as a central orchestrator in
hyperuricemia-induced intestinal barrier dysfunction.

Toll-like receptors (TLRs) have been found to associate with several autoimmune disorders, and play a vital role in the interaction
between the host immune system and gut microbiota [33]. TLR4 can recognize various damage-associated molecular patterns and
trigger NF-kB activation [34,35]. We showed that both allopurinol and antibiotic treatment inhibit TLR4/NF-kB activation, suggesting
a potential signaling pathway. However, antibiotic treatment significantly reduced ZO-1 expression. TLRs are microbial-induced
proteins that enhance the intestinal epithelial barrier function through recognition of microbial motifs [36-38]. Yuki et al. showed
that the activation of TLR2 increases ZO-1 expresssion [39]. We hypothesize that the reduced ZO-1 is potentially caused by abnormal
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Fig. 7. Gut microbiota regulates intestinal barrier via TLR4/P65 signal pathway (A-B) Representative immunoblotting of TLR4, P65 (A) and IL-1f
(B) from isolated colon. (C-E) Relative expression levels of Occludin (C), ZO-1 (D) and Claudinl (E) genes were determined by qPCR from isolated
colon. n = 6 mice per group. (F and G) Representative immunoblotting of Occludin, Claudin 1 (F) and ZO-1 (G) from isolated colon. NC, control
group; HY, hyperuricemia mice. Bars and error bars represent the Means + SEM. *p < 0.05, **p < 0.01 verse Con, **p < 0.01 verse HY using one-
way ANOVA followed by Tukey’s multiple comparison post-test.
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lower expressions of TLRs due to depletion of microbiota, which may restrain lineage-dependent responses.

Our finidngs highlighted the impact of gut microbiota on intestinal barrier; however, antibiotic treatment did not impede the rise of
uric acid. Previous researches have emphasized the crucial role of gut microbiota in hyperuricemia. Liu et al. demonstrated that gut
bacteria anaerobically metabolize uric acid. Antibiotic treatments targeting anaerobic bacteria reduce bacterial uric acid genes,
potentially elevating the risk of hyperuricemia [40]. Similarly, we also observed a slight increase of uric acid level after antibiotic
treatment. However, post-antibiotic treatment did not exacerbate hyperuricemia. Our data showed that pretreatment with antibiotics
reduces serum uric acid level. Longitudinal studies suggested that gut dysbiosis precedes and contributes to the development of hy-
peruricemia [20]. A metagenome analysis on gout patients showed that gut dysbiosis is associated with dysregulated host urate
degradation and systemic inflammation [41]. Antibiotic treatment may prevent gut dysbiosis, resulting in lower uric acid level. We
utilized adenine and oteracil potassium to establish hyperuricemia model, which was a usual method for building hyperuricemia
model. Emerging evidences suggested that the way of these chemicals work can be largely associated with changes in gut microbial
diversity and metabolic functions [30]. Similarly, Xie et al. established hyperuricemia mice via daily oral gavage of potassium oxonate
and hypoxanthine, which was found to company with gut dysbiosis [42]. Thus, treatment with the chemicals in antibiotic-induced
microbiota-depleted mice resulted in the reversal of disease severity or less sensitivity to induced disease pathogenesis.

Interestingly, we found that circulating TNF-o in hyperuricemia is not coupled with the restored intestinal barrier. This suggested
that additional mechanisms beyond the gut microbiota may contribute to the systemic inflammation. In contrast, allopurinol treatment
restored not only intestinal barrier but also effectively normalized systemic inflammation, underscoring the direct effect of uric acid on
these processes. Uric acid has been implicated in the activation of inflammatory pathways, leading to the release of pro-inflammatory
cytokines and contributing to systemic inflammation [43,44]. Thus, elevated uric acid level may be a key player in systemic
inflammation. However, the observed changes in the gut microbial composition following allopurinol treatment further emphasized
the bidirectional relationship among hyperuricemia, gut homeostasis and systemic inflammation. Morever, we found that the
depletion of gut microbiota aggravates dyslipidemia. Increasing evidences have shown that gut microbiota is indispensable for lipid
metabolism [45-47]. Gut microbiota can modify bile acids into secondary bile acids, and the gut microbiota-bile acid crosstalk paly a
vital role in lipid metabolism [48-50]. Lynch et al. showed that colonizing mice with bacteria expressing bile-modifying genes from
Turicibacter strains decreases serum cholesterol and triglycerides [51]. Consistently, we found also that the bile acid level in hy-
peruricemia mice is not normal. Noteworthly, lowering uric acid using allopurinol alleviated lipid metabolism, which was accom-
panied with the alteration in gut microbobial composition.

In our study, we have not identified the specific bacteria that contribute to intestinal barrier and hyperuricemia. What we should do
included also to collect the evidences supporting the influence of specific bacteria on intestinal barrier and hyperuricemia. Removing
gut microbiota using antibiotic may have attenuated the benefit of gut microbiota. Our further studies should focus on the therapeutic
strategies towards modulating gut microbial composition. The application of probiotics, prebiotics, fecal microbiota transplantation
among others promises for the management of hyperuricemia and its related complications.

5. Conclusions

Our study carried forward the understanding of hyperuricemia by identifying gut microbiota as a central player in the regulation of
intestinal barrier. The complex interplay uncovered has laid a groundwork for future investigations and therapeutic innovations,
offered a paradigm shift in the approach to hyperuricemia and its associated metabolic consequences.
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