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� Hyperuricemia has become a public
health problem that needs to be
solved urgently.

� Sulforaphane may have great
potential in reducing uric acid.

� Sulforaphane provides benefits in
epigenetic modification of Nrf2,
intestinal homeostasis, and
host metabolism.

� Succinic acid and oxoglutaric acid
were the critical host-gut microbiome
co-metabolites of hyperuricaemic
rats treated with sulforaphane.

� The findings may provide a good
means for efficiently preventing and
treating hyperuricemia.
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Introduction: Currently, revealing how to prevent and control hyperuricemia has become an essential
public health issue. Sulforaphane has a wide range of applications in the management of hyperuricemia.
Objective: The study objective was to verify the uric acid-lowering effects and the regulation of the gut-
kidney axis mediated by sulforaphane and identify host-microbial co-metabolites in hyperuricemia.
Methods: A hyperuricemia model was established by administering feedstuffs with 4% potassium oxo-
nate and 20% yeast. Forty male Sprague–Dawley rats were randomly divided into the normal control,
hyperuricemia, allopurinol, and sulforaphane groups. Animals were treated by oral gavage for six consec-
utive weeks, and then phenotypic parameters, metabolomic profiling, and metagenomic sequencing were
performed.
Results: Sulforaphane could lower uric acid by decreasing urate synthesis and increasing renal urate
excretion in hyperuricemic rats (P＜0.05). We identified succinic acid and oxoglutaric acid as critical
host-gut microbiome co-metabolites. Moreover, sulforaphane improved the diversity of microbial
ecosystems and functions, as well as metabolic control of the kidney. Notably, sulforaphane exerted its
renoprotective effect through epigenetic modification of Nrf2 and interaction between gut microbiota
and epigenetic modification in hyperuricemic rats.
Conclusion: We revealed that sulforaphane could ameliorate the progression of hyperuricemia by repro-
gramming the gut microbiome and metabolome. Our findings may provide a good means for efficiently
preventing and treating hyperuricemia.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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including metagenomics and metabolomics to verify uric acid-

Introduction

Hyperuricemia is a chronic disease characterized by abnormally
elevated serum uric acid levels. An increasingly aging population
and changes in lifestyle have resulted in the yearly increase in
the incidence of hyperuricemia. The prevalence of hyperuricemia
was approximately 20% in America [1] and even higher in Korea,
up to 26.6% [2]. As the largest developing country, the prevalence
of hyperuricemia in China was estimated at 16.4% according to
the latest meta-analysis of 177 studies and showed a trend of
affecting younger individuals in recent years [3]. Hyperuricemia
even in asymptomatic patients increases the risk of chronic kidney
disease [4], cardiovascular disease [5], metabolic syndrome, and
even mortality [6]. These problems are so substantial to families
and society that it is essential to identify effective prevention
and treatment approaches.

Currently, urate-lowering drug targets are downstream
enzymes, and the therapeutic effect is often unsatisfactory and
accompanied by liver and kidney damage and myelosuppression.
Limited effects and poor adherence to a low-purine diet are also
barriers to successful treatment [7]. Notably, increased serum uric
acid levels in patients may be a compensatory mechanism for
excessive oxidative stress due to its strong antioxidant capacity
[8]. Current management strategies, which only target uric acid
rather than upstream mechanisms, may not effectively control
hyperuricemia.

Hyperuricemia is caused by the excessive production and/or
decreased excretion of uric acid. Accumulating studies have indi-
cated that the gut microbiota evidently influences the develop-
ment of hyperuricemia [9]. Due to the gut-kidney axis [10],
dysbiosis of gut microbiota decreases intestinal mucosal barrier
function, inducing both low-grade systemic inflammation and
local inflammation in the kidney, further leading to elevated serum
urate levels and exacerbating gut dysbiosis. Recent research has -
showed that the effect of the gut microbiota on hyperuricemic
hosts partly derives from host and/or microbiome metabolism or
co-metabolism [11]. Furthermore, the gut microbiota is reported
to communicate with the host through epigenetic mechanisms
[12]. Aberrant epigenetic modification in the kidney [13] and intes-
tine [14] may contribute to abnormalities in uric acid excretion.
Hence, epigenetic control and the improvement of the intestinal
microbiota may become important targets for treating
hyperuricemia.

Optimization of the dietary structure has been shown to regu-
late epigenetics and gut microbiota, representing an important
emerging target for lowering uric acid levels. In addition to probi-
otics directly acting on the gut microbiota, phytochemicals [15]
can influence the intestinal microflora through anti-inflammatory
and epigenetic modifications [16]. A growing body of evidence sug-
gests that plant-derived substances have been commonly used to
combat various diseases. However, the effects of multiple phyto-
chemicals have been greatly limited due to their bioavailability
of only 1%-8% [17]. Sulforaphane (SFN), an isothiocyanate derived
from cruciferous vegetables, yields a bioavailability of 80% due to
its small-size and lipophilic nature [18]. Studies have revealed that
SFN is a potent nuclear factor erythroid 2-related Factor 2 (Nrf2)
activator [19], which plays an important role in the management
of cancers [20] and neurodegeneration [21] by modulating
epigenetic mechanisms. Interestingly, SFN can be used to treat
acute gout [22] and improve intestinal permeability and intesti-
nal function by decreasing Helicobacter pylori colonization [23]
and regulating the imbalance of the intestinal flora [24]. Based
on the above research, we hypothesize that SFN can improve hype-
ruricemia by regulating gut microbiota and activating the Nrf2
pathway through epigenetic modulation.
To validate this hypothesis, we integrated multi-omics data,

lowering effects and the regulation of the gut-kidney axis of sul-
foraphane and identify host-microbial co-metabolites.

Material and methods

Materials and reagents

Hyperuricemia feedstuffs made from common feedstuffs and
20% yeast with 4% potassium oxonate were purchased from Beijing
Botaihongda Biotechnology Co., Ltd. [SCXK (Jun) 2012-0003]. Glu-
coraphanin was purchased from Chengdu Geshun Technology
Co., Ltd., and myrosinase was provided by Beijing Chemical Univer-
sity. The details regarding the remaining reagents are provided in
Appendix A.

Ethics statement

All experiments were conducted according to the Institutional
Animal Care and Use Committee of Peking University
(2019PHE017) and followed the Guide for the Care and Use of Lab-
oratory Animals (NIH publication no. 85-23, revised 1996).

Animal treatment

Forty male Sprague–Dawley rats (weighing 180–220 g) were
purchased from Beijing Vital River Experimental Animal Technol-
ogy Co., Ltd., and after seven days of acclimatization, forty rats
were randomized into 4 groups (n = 10): the normal control group
(NC group), the hyperuricemia group (HUA group), the allopurinol
group (10 mg/kg, ALL group), and the sulforaphane group (10 mg/
kg glucoraphanin and myrosinase, SFN group). Glucoraphanin
(10 mg/kg) was metabolized to SFN by myrosinase as described
in previous studies [25]. Rats were gavaged for 6 consecutive
weeks. The experimental procedures are described in Appendix A.

Uric acid, liver function, and kidney function assays

The levels of serum uric acid (SUA), blood urea nitrogen (BUN),
serum creatinine (SCr), cystatin C (CysC), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urinary uric acid (UUA),
and urinary creatinine (UCr) were measured with an automatic
biochemical device. Uric acid clearance (CUA) and creatinine clear-
ance (CCr) were calculated by the following formulas: CUA = UUA/
SUA � Urine volume (mL/min); CCr = UCr/SCr � Urine volume (mL/
min).

Morphological observation

Half of the right kidney samples were fixed in 4% paraformalde-
hyde. Then, the fixed kidney was dehydrated, made transparent,
dipped in wax, embedded, sliced, and then encased in paraffin as
previously described [26]. Then, the sections were stained by
haematoxylin-eosin (HE), dehydrated, cleared and sealed. An
examination of tissues under a light microscope was completed
as a final step. Five fields per sample at 400 � magnification were
analyzed. A tubulointerstitial damage score was assigned as
described previously [27].

The other half of the right kidney samples were fixed in 4% glu-
taraldehyde. Dehydration, transparency preparation, wax dipping,
and embedding were used to prepare paraffin sections as previ-
ously described [28]. Sections were then processed for electron
microscopic examination. Five fields per sample at
3000 � magnification were analyzed. The foot process fusion rate
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was estimated by dividing the total length of the glomerular base-
ment membrane by the total length of the foot process fusion.

Xanthine oxidase (XOD) and adenosine deaminase (ADA) activity
assay

A 10% homogenate of liver samples was prepared with saline.
Subsequently, the liver homogenate supernatant was used for the
measurement of XOD activity by a commercial kit (A002-1–1; Nan-
jing Jiancheng Bioengineering Institute). The coefficient of varia-
tion (CV) was 1.6%. Serum supernatant was used for the
measurement of XOD and ADA activity by commercial kits
(A048-1–1; Nanjing Jiancheng Bioengineering Institute). The CV
of the ADA kit was 1.7%. Samples were measured in duplicate.

Western blotting

Western blotting was used to measure Nrf2, toll-like receptor 4
(TLR4), nuclear factor-jB (NF-jB), myeloid differentiation Factor
88 (MyD88), NOD-like receptor protein 3 (NLRP3), tissue inhibitor
of metalloproteinase 1 (TIMP-1), tissue injury markers
metalloproteinase-2 (MMP-2) and metalloproteinase-9 (MMP-9),
and urate transporters urate ATP-binding cassette, subfamily G,
member 2 (ABCG2), transporter 1 (URAT1), and glucose transporter
9 (GLUT9) expression in the kidney tissue obtained from rats. Pro-
tein concentration was quantified by a BCA assay. SDS–PAGE and
transmembrane electrophoresis were performed on 10% separa-
tion gels and 5% stacking gels. The samples were electrophoresed
and transferred to 5% skim milk-blocked polyvinylidene fluoride
membranes. Then, the primary antibodies were incubated over-
night followed by incubation with the secondary antibodies. A
quantitative analysis of the protein bands was conducted using
ImageJ software after the image was captured after development.

Metabolomics study based on GC–MS/MS

Urine samples were thawed at 4 ℃ before analysis and cen-
trifuged at 10,000 rpm at 4℃ for 10 min. The supernatant was sub-
sequently injected into the GC–MS/MS system for analysis. GC–MS
analysis was carried out using the Hybrid Quadrupole-Orbitrap
GC–MS/MS System (Q Exactive GC, Thermo Fisher). The raw data
files generated by GC–MS/MS were processed using Compound
Discoverer 3.1 (CD3.1, Thermo Fisher) to perform peak alignment,
peak selection, and quantitation for each metabolite. The normal-
ized data were used to predict the molecular formula based on
additive ions, molecular ion peaks, and fragment ions. Then, peaks
were matched with the mzCloud (https://www.mzcloud.org/),
mzVault, and MassList databases to obtain accurate qualitative
and relative quantitative results.

Metagenomic sequencing analysis of gut microbiota

Fecal contents were collected, and microbial DNA was
extracted. The amplified DNA was subjected to library preparation
(Agilent 2100/Q-PCR) and sequenced on the Illumina NovaSeq
platform according to the manufacturer’s instructions (PE 150).
Sequencing data preprocessing was performed to obtain clean
data, including quality control, quality trimming, and adapter clip-
ping. To study the species composition and diversity information in
the samples, we annotated and classified all valid sequences of all
samples with Kraken2. To functionally annotate genes, we used
HUMAnN2 software to compare the sequences after quality control
(based on DIAMOND) and host removal with the protein database
(UniRef90), further filtering out reads that failed to be compared.
According to the results of mapping between the ID obtained from
UniRef90 and the ID obtained from the KEGG databases, the rela-
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tive abundance of the corresponding functions of each functional
database was calculated.

Statistical analysis

Non-omics data analysis
Data were analysed with SPSS V.27 and expressed as the

mean ± standard deviation (X ̅±SD). Normality and homogeneity
of variance were determined using the Shapiro–Wilk normality
test and Levene’s test. Analysis of variance (ANOVA) was used to
compare significant differences between multiple groups. Pairwise
comparisons were tested by the least significant difference (LSD)
test. The criterion of significance was set as P < 0.05.

Metabolomics analysis
The metabolite databases (KEGG and HMDB) were used for

metabolite annotation. The normalization function in MetabolAna-
lystR was used to make the distribution of the data closer to a nor-
mal distribution. Orthogonal partial least squares discriminant
analysis (OPLS-DA) analyses were conducted, and metabolites
were separated with value importance in projection (VIP)＞1.
ANOVA and Kruskal–Wallis tests were used in this metabolite
analysis (FC � 2 or FC � 0.5, and FDR P＜0.05). Random forest
(RF) was also performed to determine differentially abundant
metabolites. Overrepresentation analysis (ORA) enrichment analy-
sis and topology analysis were conducted, and the key metabolic
pathways were identified based on P＜0.05 (ORA) and the
pathway impact score.

Metagenomics analysis
Principle coordinates analysis (PCoA) plots of Bray–Curtis dis-

tance were used to determine beta diversity. LDA effect size (LEfSe)
analysis was applied to discover the differential microbiota (LDA
scores＞4 and FDR P＜0.05). KEGG and Enzyme nomenclature
databases were used to analyze gut microbiota functions. Heatmap
analysis and LEfSe analysis (LDA scores＞2 and FDR P＜0.05) were
performed to compare functional relative abundances.

Association analysis
We used a three-pronged approach to determine the associa-

tions between the metabolome, gut microbiome, and phenotype.
Spearman correlation coefficients were calculated, a heatmap
was plotted by the Pheatmap package in R language, and a net-
work association graph was generated using Cytoscape 3.7.2.

Results

SFN reduced the uric acid level and improved urate excretion in rats

At week 0, no statistically significant differences in the SUA,
BUN, and SCr levels were found among all groups (P = 0.548,
0.191, and 0.429, respectively). At week 6, the SUA level in the
HUA group significantly higher than that in the NC group
(P = 0.007). The SUA level in HUA rats was decreased by SFN, while
allopurinol treatment was not as effective (P = 0.045). The BUN
level was significantly higher in the HUA group than in the NC
group (P = 0.034). The BUN level was not significantly different
between the SFN and ALL groups and the HUA group (P = 0.183
and 0.924, respectively), while the SCr level was lower in the SFN
group (P = 0.042) (Fig. 1A-C).

At week 6, the UUA, UCr, and CCr levels increased and the CUA
level significantly decreased in rats after feeding with
hyperuricemia-inducing feedstuff (P = 0.001, 0.033, 0.191, and
0.429, respectively). SFN increased the CUA level and significantly
decreased the UCr level (P＜0.001). The level of CUA was higher

https://www.mzcloud.org/
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and the levels of UCr and CCr were lower in the ALL group than in
the HUA group (P = 0.021, 0.047, and 0.026, respectively). Among
all groups, there were no statistically significant differences in CysC
levels (P = 0.755) (Supplementary Table S1).

SFN inhibited uric acid production in rats

The activity of serum XOD and ADA was significantly higher in
hyperuricemic rats than in rats in the NC group, and there was
no significant difference in the liver XOD activity of hyperuricemic
rats at week 6 (P = 0.010, 0.004, and 0.308, respectively). The
serum ADA activity was lower in rats given SFN treatment than
in rats in the HUA group (P = 0.041). Similarly, allopurinol also
reduced serum ADA activity (P = 0.004) (Fig. 1D-F).

SFN improved liver function in rats

At week 6, both serum ALT and AST levels were significantly
higher in the HUA group than in the NC group (P = 0.013 and
0.045, respectively). SFN had certain protective effects on the liver
in hyperuricemic rats (P = 0.012 and 0.020, respectively). However,
allopurinol poorly ameliorated liver function in hyperuricemic rats
(Supplementary Table S1).

SFN ameliorated kidney pathology in hyperuricemic rats

At week 6, observation of gross pathology showed normal kid-
ney morphology with a smooth surface in the NC group. The HUA
kidneys had developed a rough surface with whitish vacuoles. The
surface of the kidneys following SFN intervention was indistin-
Fig. 1. Serum uric acid levels, blood urea nitrogen levels, serum creatinine levels, serum X
for 6 weeks with SFN (n = 10). Serum uric acid (A), blood urea nitrogen (B), serum creatin
indicates that the difference is statistically significant compared with the NC group (P＜0
group (P＜0.05); ANOVA, followed by LSD for post hoc comparisons.
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guishable from that of normal kidneys. The ALL group showed
some improvement in the rough surface of the kidneys, but
enlargement and vacuoles were still observed (Fig. 2A).

Under a light microscope, rats with hyperuricemia had dilated
renal tubules, disorderly renal tubular epithelial cells, and scat-
tered infiltrations of inflammatory cells in their renal interstitial
tissue unlike in the NC group. The structures of glomeruli, renal tu-
bules, and epithelial cells in the SFN group were similar to those in
the NC group. The extent of tubular dilation was lower in the ALL
group than in the HUA group, and neatly arranged renal tubular
epithelial cells were observed. Specific details about the tubuloin-
terstitial damage scores are provided in Fig. 2D.

Under an electron microscope, renal tissues obtained from
hyperuricemic rats showed swollen glomeruli and extensive fu-
sion of foot processes unlike in the NC group. In the SFN group,
swelling to the glomerular epithelial cells was notably ameliorated,
with the foot process arranging clearly visible, which was similar
to the NC group. The ALL group showed less glomerular epithelial
swelling than the HUA group, while the foot processes of the podo-
cytes fused. Specific details about the foot process fusion rates are
provided in Fig. 2E.

SFN regulated urate transporter expression

The kidneys of hyperuricemic rats displayed increased expres-
sion of the uric acid reabsorption transporters GLUT9 and URAT1
(P = 0.030 and 0.034, respectively). After 6 weeks of SFN interven-
tion, GLUT9 and URAT1 expression was significantly decreased.
The expression of the uric acid excretion transporter ABCG2 was
significantly lower in the HUA group than in the NC group. ABCG2
OD activity, serum ADA activity, and liver XOD activity in hyperuricemic rats treated
ine (C), serum XOD activity (D), serum ADA activity (E), and liver XOD activity (F). *
.05); # indicates that the difference is statistically significant compared to the HUA



Fig. 2. Gross pathology (A), light microscopy (B), electron microscopy observation (C), tubulointerstitial damage scores (D), and foot process fusion rates (E) of the kidney of
hyperuricemic rats treated for 6 weeks with SFN. Scale bar: 100 lm; original magnification 400� (B); and scale bar: 5 lm; original magnification 3000� (C). Five fields of view
per section and three rats per group were tested. * indicates that the difference is statistically significant compared with the NC group (P＜0.05); # indicates that the
difference is statistically significant compared to the HUA group (P＜0.05); ANOVA, followed by LSD for post-hoc comparisons.
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expression was significantly increased in the rats after SFN treat-
ment. However, allopurinol had no effect on transport-related pro-
teins (Fig. 3A).
SFN diminished renal inflammatory responses by regulating Nrf2
activity

Hyperuricemic rats displayed lower expression of Nrf2 in the
kidneys than rats in the NC group. SFN intervention enhanced
the expression of Nrf2 (P = 0.001), but allopurinol treatment failed.
The NLRP3 level was increased in the HUA group, and SFN treat-
ment significantly inhibited the levels of NLRP3 (P = 0.026). TLR4,
MyD88, and NF-jB expression in the HUA group was significantly
higher than that in the NC group (P = 0.043, 0.005, and 0.003,
respectively). In contrast, SFN treatment significantly downregu-
lated the expression of these signalling molecules (P = 0.014,
0.001, and 0.030, respectively). Furthermore, SFN had better effi-
Fig. 3. GLUT9, URAT1, ABCG2, Nrf2, NLRP3, TLR4, MyD88, NF-jB, MMP-2, MMP-9,
and TIMP-1 levels in hyperuricemic rats treated for 6 weeks with SFN. GLUT9,
URAT1, and ABCG2 (A) and Nrf2, NLRP3, TLR4, MyD88, NF-jB, MMP-2, MMP-9, and
TIMP-1 (B) (n = 5). The samples derived from the same experiment and that blots
were processed in parallel.
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cacy than allopurinol. MMP-2 and MMP-9 expression showed no
significant changes among all the groups. Hyperuricemic rats dis-
played a reduced level of TIMP-1, which was significantly attenu-
ated by SFN treatment (Fig. 3B).

SFN improved metabolic function in hyperuricemic rats

Screening of differential metabolites
The metabolic profile of rats in the SFN group differed from that

of the HUA group by OPLS-DA (R2X = 0.686, R2Y = 0.954, Q2 = 0.731,
P＜0.05). To identify important metabolites that may be related to
how SFN influenced hyperuricemia, we used three approaches,
including OPLS-DA, Kruskal–Wallis tests, and random forest (-
Supplementary Fig. 1). The details for significantly differential
metabolites are shown in Supplementary Table S2.

Metabolic pathway analysis
To identify the key metabolic pathways, we applied pathway

enrichment analysis and topology analysis (Fig. 4; Supplementary
Table S3). In the HUA group, glycine, threonic acid, D-mannose,
sucrose, and L-methionine levels were significantly lower, while
uracil and pipecolic acid levels were higher than those in the NC
group. SFN treatment significantly elevated the levels of threonic
acid, oxoglutaric acid, and succinic acid, while SFN reduced the
contents of L-proline, pipecolic acid, and 4-hydroxyproline. The
pathways involved in the response to SFN treatment of hyper-
uricemia were ascorbate and aldarate metabolism; glyoxylate
and dicarboxylate metabolism; alanine, aspartate and glutamate
metabolism; the citrate cycle (TCA cycle); and arginine and proline
metabolism. Among them, the ascorbate and aldarate metabolism
pathway was obviously disturbed by hyperuricemia and could act
as a target for SFN treatment. Interestingly, although both SFN and
allopurinol functioned in hyperuricemia progression by modulat-
ing these pathways, they acted by correcting and reversing the
levels of different metabolic biomarkers.

SFN intervention altered gut microbiota in hyperuricemic rats

SFN altered the gut microbiota composition in hyperuricemic rats
SFN treatment significantly increased the beta diversity of

hyperuricemic rats, while allopurinol intervention did not achieve



Fig. 4. Metabolic alterations of hyperuricemic rats treated for 6 weeks with SFN (n = 10). Pathway enrichment analysis of ORA (the darker the color, the smaller the p value)
(A) and the scatter plots for a summary of the joint evidence from enrichment analysis (p value) and topology analysis (pathway impact) (B).
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comparable effects (Supplementary Fig. 2A). At the phylum level,
the rats in the HUA group showed a lower abundance of Firmicutes
and an increased abundance of Bacteroidetes than rats in the NC
group. The SFN group displayed a significantly higher Firmicutes/
Bacteroidetes ratio than the HUA group (Supplementary Fig. 2B).
At the family level, the abundance of Lactobacillaceae and Clostridi-
aceae was decreased in hyperuricemic rats. Of interest, SFN greatly
increased the relative abundance of both (Supplementary Fig. 2C).

The dominant microorganisms in the groups were explored
using LefSe analysis (Fig. 5). Lactobacillus, Parabacteroides, Eubac-
terium, and Lachnoclostridium were depleted in the HUA group
but enriched with SFN treatment (P＜0.05). Moreover, SFN treat-
ment significantly increased the abundance of Saccharomyces and
decreased the abundances of Bacteroides, Parasutterella, and Alis-
tipes in hyperuricemic rats (LDA＞2, P＜0.05). At the species level,
the hyperuricemic rats exhibited a lower abundance of Lactobacil-
lus murinus, Lactobacillus reuteri, Eubacterium plexicaudatum, and
Odoribacter splanchnicus than normal rats (P＜0.05). Moreover,
the hyperuricemic rats had significantly higher abundances of Bac-
teroides cellulosilyticus and Clostridium bolteae than rats in the NC
group, which was reversed after SFN intervention (P＜0.05). SFN
can also increase the abundance of Odoribacter splanchnicus and
Actinomyces ruminicola. The ALL group had significantly lower
abundance of Clostridium bolteae than the HUA group.
SFN altered microbial function in hyperuricemic rats
A change in bacterial taxonomy could affect the metabolic func-

tions of the gut microbiota (Supplementary Fig. 3). Activation of
the aminoacyl-tRNA biosynthesis and pantothenate and CoA
24
biosynthesis pathways was significantly lower in the HUA group
than in the NC group, and rats given SFN treatment exhibited sig-
nificantly higher activation of the TCA cycle and alanine, aspartate
and glutamate metabolism pathways than rats in the HUA group,
which was consistent with the findings in metabolomic analysis.
Moreover, SFN treatment also downregulated valine, leucine and
isoleucine biosynthesis and upregulated D-glutamine and D-
glutamate metabolism, D-alanine metabolism, lysine biosynthesis,
pyruvate metabolism, the pentose phosphate pathway, biosynthe-
sis of amino acids, glycolysis/gluconeogenesis, one carbon pool by
folate, antifolate resistance, and drug metabolism.

In addition, the functional enzymes of the gut microbiota are
shown in Supplementary Fig. 4. The activities of malate dehydroge-
nase, acetate kinase, and thymidine kinase, which are involved in
the TCA cycle, and adenylosuccinate lyase, which is involved in
purine metabolism, significantly decreased in the HUA group.
The expression of shikimate dehydrogenase and peroxiredoxin,
which exert antioxidant and anti-inflammatory effects, was signif-
icantly increased in the HUA group. All these changes were signif-
icantly reversed after SFN treatment. Intriguingly, there was a
significant difference in many epigenetic enzymes for pairwise
comparisons between groups. The activity of 16S rRNA (cytidine(
1402)-20-O)-methyltransferase, leucine-tRNA ligase, and DNA
(cytosine-5-)-methyltransferase) was lower in the HUA group than
in the NC group and higher in the SFN group than in the HUA
group. The activity of cobalt-precorrin-5B (C(1))-methyltransferase
was higher in the HUA group than in the NC group and lower in
the SFN group than in the HUA group. Moreover, SFN significantly
increased the expression of aminoacyl-tRNA hydrolase and tRNA
pseudouridine synthase (P＜0.05).



Fig. 5. Gut microbial alterations in hyperuricemic rats treated for 6 weeks with SFN (n = 10). LEfSe significant differences in abundance at the genus level between groups
(LDA score＞4) (A) and LEfSe significant differences in abundance at the species level between groups (LDA score＞4) (B).
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We used HUMAnN2 to identify the species source of function
and drew bar charts (Supplementary Fig. 5). The energy metabo-
lism, purine metabolism, nucleotide methylation, and tRNA modi-
fication functions were derived from Lactobacillus reuteri and
Lactobacillus murinus. The antioxidant and anti-inflammatory func-
tions and the amino acid methylation function were derived from
Clostridium clostridioforme, Clostridium symbiosum, Clostridium bol-
teae, and Odoribacter splanchnicus.
Relationships between hyperuricemic gut microbiota and phenotypes
As shown in Supplementary Fig. 6, the SUA, UCr, and AST levels

were negatively related to the abundances of two probiotic bacte-
ria, Lactobacillus murinus and Lactobacillus reuteri, and positively
related to the abundance of Clostridium bolteae (P＜0.05, r＞0.4 or
r＜-0.4). The BUN level was negatively related to Eubacterium plex-
icaudatum abundance and positively related to Clostridium bolteae
abundance (P＜0.05, r＞0.4 or r＜-0.4). The CUA level was nega-
tively related to Clostridium bolteae abundance and positively
related to Lactobacillus murinus and Lactobacillus reuteri abundance
(P＜0.05, r＞0.4 or r＜-0.4). The CCr level was negatively related to
Eubacterium plexicaudatum abundance (P＜0.05, r＜-0.4).
Correlation of metagenomics and metabolome

We identified four host-gut microbiome co-metabolic pathways
from metabolomics and metagenomics analysis, including pan-
tothenate and CoA biosynthesis, aminoacyl-tRNA biosynthesis, ala-
nine, aspartate and glutamate metabolism, and the TCA cycle.
Among the key metabolites in these pathways, succinic acid and
oxoglutaric acid are critical host-gut microbiome co-metabolites.
Furthermore, we analyzed the correlation between the levels of
sixty differentially abundant bacteria at the species level and the
levels of twelve key metabolites by Spearman’s correlation analy-
sis. In this association network plot (Fig. 6), pipecolic acid, orotic
acid, and 4-aminobutyric acid were crucial nodes closely con-
nected with the gut microbiota. Notably, pipecolic acid showed
the largest number of associations (thirty-two associations)
with microbial species, and its levels were strongly associated with
the metabolism of lysine biosynthesis in microorganisms. Pipecolic
acid levels were significantly positively correlated with Clostridium
bolteae, Clostridium symbiosum, and Clostridium innocuum abun-
dance. Orotic acid levels were significantly negatively correlated
with Eubacterium plexicaudatum abundance (P＜0.05, r＞0.4 or r
25
＜-0.4). 4-Aminobutyric acid levels were significantly negatively
correlated with Lactobacillus animalis, Eubacterium plexicaudatum,
Bacteroides coprophilus, Ruminococcus bromii, and Faecalibacterium
prausnitzii abundance (P＜0.05, r＞0.4 or r＜-0.4).
Discussion

In this study, we demonstrated the excellent curative potential
of SFN in lowering uric acid levels by decreasing urate synthesis
and increasing renal urate excretion. For the first time, we revealed
that SFN could ameliorate the progression of hyperuricemia by
reprogramming the gut microbiome and metabolome.

We first explored the effects of SFN on uric acid production and
revealed that SFN can decrease XOD and ADA activity and partly
reduce liver damage to decrease urate synthesis. Promisingly, SFN
can achieve a similar performance to allopurinol. We next focused
on the influence of SFN on the excretory function of the kidney by
assessing the following four dimensions. We discovered that SFN
could improve renal morphological changes. Moreover, SFN not
only increased uric acid excretion by upregulating renal ABCG2
protein expression but also inhibited uric acid reabsorption by
downregulating renal URAT1 and GLUT9 expression. We further
revealed that SFN could suppress NF-jB-mediated NLRP3 inflam-
masome activation by inhibiting TLR4/MyD88 signaling, which is
in partial agreement with previous literature [29]. We also found
that SFN activated TIMP-1, which was different from previous
studies [30].

We integrated metagenomic and metabolomic analyses to iden-
tify two host-microbial co-metabolites, oxoglutaric acid and suc-
cinic acid. SFN treatment increased the levels of oxoglutaric acid
and then improved ascorbate and aldarate metabolism. Succinic
acid can be affected by short-chain fatty acids (SCFAs) and modu-
late DNA methylation through ten-eleven translocation methylcy-
tosine dioxygenases [31]. Coincidentally, succinic acid can enter
the host-gut microbiome co-metabolic pathway TCA cycle. The -
metabolic fluxes in the TCA cycle were suppressed when rats were
administered SFN, suggesting that SFN might hamper hyper-
uricemia in rats by regulating this important metabolite. In our
study, the decreased levels of the host-gut microbiome co-
metabolic pathway alanine, aspartate and glutamate metabolism
in the HUA group were possibly related to abnormal renal function.
Under hyperuricemic conditions, the kidney maintains the acid
balance by taking up more glutamine and glutamate [32], causing



Fig. 6. Network plot of network analysis for the correlation between metabolite types and the gut microbiome. Each node in the network represents a metabolite or microbe,
and each edge represents the relationship between any two nodes, with the line color determined by the direction of association (red: positive; blue: negative). Correlations
with differences in correlation strengths ＞0.6 were selected for visualization. (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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the levels of both to decline. SFN treatment affected alanine, aspar-
tate and glutamate metabolism to alleviate oxidative stress in rats,
resulting in further improvements in intestinal barrier function
[33]. Alterations in another host-gut microbiome co-metabolic
pathway, aminoacyl-tRNA biosynthesis, probably affect cell func-
tion, leading to the development of hyperuricemia. Recent research
suggests that tRNA metabolism contributes to metabolic diseases
by affecting insulin sensitivity [34]. By altering the activity of
tRNA-modifying enzymes, oxidative stress may influence the tRNA
epigenome [35]. SFN could upregulate the activity of aminoacyl-
tRNA hydrolase. Notably, we found that pipecolic acid is the
metabolite most strongly associated with gut microflora. It is
important to regulate immunity with pipecolic acid, a non-
proteinacious product of lysine catabolism. Our findings suggest
that pipecolic acid levels were elevated in hyperuricemic rats and
positively related to the abundance of intestinal pathogens, includ-
ing Clostridium bolteae, Clostridium innocuum, and Clostridium sym-
biosum. Fortunately, SFN treatment reversed the increases in the
abundance of the three species in this genus. Our results also
showed that Clostridium bolteae abundance was positively related
to the indices of kidney and liver injury and urate excretion. Fur-
thermore, we found that orotic acid was the second most con-
26
nected with the gut microbiota and negatively correlated with
Eubacterium plexicaudatum abundance and that the latter was neg-
atively correlated with the indices of kidney injury. Research has
shown that the urea cycle can be disrupted by excessive orotic acid
[36]. As a result of SFN, intestinal flora are regulated, and orotic
acid levels are reduced to maintain the urea cycle balance. There-
fore, interactions between the host gut microbiome and metabo-
lome are perturbed in hyperuricemic individuals, and fortunately
SFN can treat or ameliorate the interactions.

The balance in host microflora is closely related to health. Our
results showed that feeding mice hyperuricemia-inducing feed-
stuff decreased the abundance of Lactobacillaceae and Clostridi-
aceae, while SFN was effective in reversing these changes.
Lactobacillaceae is well known for its beneficial effects in modulat-
ing intestinal microbiota and its contribution to reducing uric acid
levels [37]. It has been reported that Clostridiaceae can degrade uric
acid [38]. The change in probiotic abundances, such as the abun-
dances of Lactobacillus, Parabacteroides, and Saccharomyces, was
consistent with that in previous studies, which showed that this
genus was depleted in hyperuricemia [39]. The gene function anal-
ysis of the predicted metagenomes showed high agreement with
the metabolomic profiling results, mainly reflected in pathways
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involved in energy metabolism, purine metabolism, and antioxi-
dant and anti-inflammatory effects. Interestingly, we showed that
these functions are largely due to Lactobacillus spp. This finding
was also confirmed by the results of correlation analysis, which
suggested that Lactobacillus spp. abundance was negatively associ-
ated with SUA, UCr, and AST levels and positively associated with
CUA levels. Fortunately, SFN treatment contributed to a higher
abundance of Saccharomyces. A cohort study demonstrated that
Saccharomyces spp. can improve insulin resistance by influenc-
ing bacterial diversity [40]. Saccharomyces was also revealed to
promote Nrf2 in ulcerative colitis mice [41]. Therefore, the modu-
lation of Saccharomyces and activation of Nrf2-modulated antioxi-
dant defence and immunomodulatory effects may partially explain
how SFN ameliorates hyperuricemia. Studies have identified that
the abundance of Bacteroides was higher in the gut microbiota of
hyperuricemic patients than in healthy subjects [42], which is con-
sistent with the results reported here. Fortunately, we found SFN
reduced the relative abundance of Bacteroides. Our results, there-
fore, indicated that SFN may reduce antigen load to the host and
help alleviate inflammation and immune reactions by decreasing
the levels of opportunistic pathogens.

SFN treatment increased the abundance of the SCFA producers
Lachnoclostridium, Eubacterium, and Odoribacter. SCFAs promote
uric acid excretion by providing energy to cells in the intestinal
wall [43], enhancing epithelial barrier function [44], suppressing
pro-inflammatory cytokine release, and leading to amelioration
of kidney inflammation [45]. We also studied gut microbiota at
the species level, which is distinct from the family or genus level
observations performed in other studies; this approach made our
pooled estimate more exact and credible. Hyperuricemic rats
showed a significant increase in the abundances of pathogenic
and potentially harmful enterobacteria. Interestingly, SFN could
also enhance Actinomyces ruminicola abundance, which produces
formic, acetic, and lactic acids as end products from glucose [46].
Taken together, these data suggest that the gain of protective bac-
teria and loss of pathobionts mediated by SFN treatment at least in
part contribute to improvements in hyperuricemia.

Epigenetic modifications could be regulated by SFN-mediated
changes in the gut microbiome. SCFAs, as mentioned above, repre-
sent an important group of epigenetically relevant molecules [47].
We revealed that SFN treatment may increase the levels of the one
carbon pool by folate and antifolate resistance through functional
analyses of intestinal microbiota. Folate produced by Lactobacillus
species is known to contribute to DNA methylation or histone
methylation by donating methyl groups [48]. We also found that
SFN-mediated alterations in the gut microbiome could regulate
enzyme expression related to epigenetic modifications. SFN-
mediated activation of Nrf2 was partially responsible for the many
anti-inflammatory effects. Intriguingly, Nrf2 status was reported to
affect HDAC gene promoter associations [49]. In our opinion, this
was a crucial strategy for lowering uric acid levels.

The limitations of this study include three points. We used gui-
nea glucoraphanin bioactivated with myrosinase for our experi-
ments, but future experiments may directly involve sulforaphane.
Bioinformatics analysis resulted in speculations that require fur-
ther experimental testing. In addition, further investigation of the
interaction between the microbiota and the host epigenome is still
needed.

Conclusion

In summary, we were the first to identify the role of SFN in low-
ering uric acid levels. Notably, SFN provides benefits in epigenetic
modification of Nrf2, intestinal homeostasis, and host metabolism.
Our findings may provide a good means for efficiently preventing
and treating hyperuricemia.
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