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Weizmannia coagulans BC99 alleviates
hyperuricemia by restoring liver—kidney—gut axis
dysfunction caused by hyperuricemia+t
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Hyperuricemia (HUA) has emerged as a global metabolic disorder that poses significant risks to human
health. To investigate the effects and mechanisms of Weizmannia coagulans BC99 in alleviating hyperuri-
cemia, we established a hyperuricemia mouse model. The results demonstrate that BC99 significantly
downregulates the expression of uric acid (UA) reabsorption proteins in the kidneys and intestines, while
upregulating the expression of UA excretion proteins. This modulation leads to a reduction in UA syn-
thesis, mediated through the Nrf2/NLRP3 pathway. Additionally, BC99 intervention restored gut micro-
biota intestinal dysbiosis in HUA mice, increased the beneficial short-chain fatty acid (SCFA)-producing
bacterial genera, and corrected disturbances in amino acid, purine, and pyrimidine metabolism.
Collectively, our findings suggest that BC99 exhibits strong anti-hyperuricemic effects and holds promise

rsc.li/ffood-function

1. Introduction

Hyperuricemia (HUA) is a metabolic disorder resulting from
either excessive production of uric acid (UA) or imbalanced
excretion." The prevalence of HUA has been steadily increasing
worldwide, with higher rates observed in coastal regions. It is
reported that approximately 20% of the individuals in the
United States, 25% in Japan, and between 19% and 25% in
Europe are affected by HUA.> Between 2018 and 2019, the
prevalence of HUA among adults in China was observed to be
14%,* with a noticeable trend towards earlier onset.* Elevated
UA levels can lead to conditions such as gout, chronic kidney
disease, hypertension, and cardiovascular diseases.”” UA is
the final product of purine metabolism, primarily synthesized
in the liver. Both excessive production and insufficient
excretion of UA can disrupt serum UA homeostasis. The
kidneys are the primary organs responsible for UA excretion,

“College of Food and Bioengineering, Henan University of Science and Technology,
Luoyang, P.R. China. E-mail: shaobingu@haust.edu.cn, shaobingu@126.com;
Tel: 86+0379-64283053; Fax: 86+0379-64283053

YHenan Engineering Research Center of Food Microbiology, Luoyang, P.R. China
“National Demonstration Center for Experimental Food Processing and Safety
Education, Luoyang, P.R. China

dGermline Stem Cells and Microenvironment Lab, College of Animal Science and
Technology, Nanjing Agricultural University, Nanjing, 210095, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5f000951k

{These authors contributed equally to this work.

6080 | Food Funct, 2025, 16, 6080-6100

as a dietary supplement for lowering uric acid levels.

accounting for approximately 70% of the total excretion, while
the remaining 30% is eliminated through the intestines.® In
the kidneys, uric acid is primarily reabsorbed by glucose trans-
porter protein 9 (GLUT9) and uric acid transporter 1 (URAT1)
and is subsequently excreted by ATP-binding cassette subfam-
ily G member 2 (ABCG2) and organic anion transporters (OAT1
and OAT3).” Additionally, ABCG2 and GLUT9 also play roles in
the excretion and reabsorption of uric acid through the gastro-
intestinal tract."® However, HUA often causes damage to the
liver, kidneys, and gastrointestinal tract, likely due to inflam-
mation and oxidative stress induced by elevated UA levels.'"'?
When the body experiences inflammation and oxidative stress,
organ damage could occur, leading to altered expression of
uric acid transporters. This alteration resulted in insufficient
uric acid excretion, ultimately causing elevated levels of uric
acid.™ Currently, the main medications developed for treating
hyperuricemia include allopurinol, febuxostat, and benzbro-
marone.'* However, these drugs can cause adverse reactions,
such as rash, severe allergic reactions, and renal toxicity,
which may limit their clinical use.’® Therefore, finding safe
and effective alternatives for treating HUA is crucial.
Increasing evidence suggests that the gut microbiota plays a
role in abnormal uric acid metabolism and systemic inflam-
mation in HUA patients."® The gut microbiota not only partici-
pates in the metabolism of purines and uric acid but also pro-
duces short-chain fatty acids (SCFAs), which are essential for
maintaining human health."” Dysbiosis of the gut microbiota
can exacerbate intestinal inflammation and damage, leading to

This journal is © The Royal Society of Chemistry 2025
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inflammation in the kidneys and liver, ultimately causing organ
dysfunction and worsening HUA."® Recent studies have shown
that the gut microbiota is involved in purine and uric acid
metabolism."® For example, the gut microbiota can secrete
xanthine oxidase, which is involved in the oxidative metabolism
of purines.*® Thus, adjusting the gut microbiota may be a prom-
ising strategy for treating hyperuricemia. Numerous studies
have demonstrated that probiotics can enhance the richness
and diversity of the gut microbiota, thereby reducing the pro-
duction of uric acid. For instance, research has shown that
Lactobacillus plantarum LLY-606 can increase the abundance of
beneficial bacteria such as Akkermansia muciniphila,
Lactobacillus plantarum, and Parabacteroides merdae. By modu-
lating the gut microbiota and its metabolites and inhibiting
inflammation, Lactobacillus plantarum LLY-606 alleviates hyper-
uricemia. Additionally, Lactobacillus paracasei MJM60396 upre-
gulates uric acid transporters, increases the expression of tight
junction proteins such as ZO-1 and occludin, and significantly
reduces serum uric acid levels to normal ranges. Weizmannia
coagulans is a spore-forming, lactic acid-producing bacterium
that is Generally Recognized As Safe (GRAS) by the U.S. Food
and Drug Administration (FDA) and is considered an ideal pro-
biotic for improving gut health. Although W. coagulans is not a
natural resident of the gut, it can transiently inhabit the gastro-
intestinal tract and promote a beneficial balance of microbial
community. This transience of W. coagulans in the gastrointesti-
nal tract reduces the risk of developing opportunistic infections
and pathogenicity-related gene transfer compared with other
probiotics that adhere to and colonize the gastrointestinal epi-
thelium. Its probiotic functions and stability during processing
and storage have garnered significant attention from research-
ers and food manufacturers. Furthermore, W. coagulans can
produce metabolic by-products such as diacetyl, SCFAs, diges-
tive enzymes, and vitamins. It also stimulates intestinal peristal-
sis, reduces the production of harmful substances like amines,
and improves the intestinal metabolic environment, thereby
promoting healthy bowel movements and preventing the
accumulation of toxins in the body.>' Additionally, research has
demonstrated that strains of W. coagulans play a crucial role in
regulating the composition of the microbiota, enhancing
immune function, and alleviating metabolic disorders.*>">*
These studies suggest that W. coagulans has potential to prevent
and treat HUA.

This study established a HUA mouse model and employed
epigenetic indicators and multi-omics analysis to reveal the
mechanisms through which BC99 supplementation reduces
HUA. The objectives are to (i) verify whether BC99 has a posi-
tive regulatory effect on HUA mice, (ii) assess whether BC99
supplementation can inhibit the activation of inflammatory
signaling pathways and improve the expression of uric acid
transporters in the kidney and intestine, and (iii) explore the
potential relationship between the gut microbiota and differ-
ential metabolites and HUA. This is the first report on the
effects of Weizmannia coagulans in reducing uric acid and its
underlying mechanisms, offering a novel strategy for the treat-
ment and prevention of hyperuricemia.

This journal is © The Royal Society of Chemistry 2025
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2. Materials and methods
2.1 Materials and reagents

The W. coagulans BC99 strain was obtained from Wecare
Probiotics Co., Ltd (Suzhou, China). The following substances
were purchased from Shanghai Aladdin Bio-Chem Technology
Co., Ltd (Shanghai, China), hypoxanthine (HX, purity > 98%),
potassium oxytetracycline (PO, purity > 98%), and carboxy-
methyl cellulose sodium (CMC-Na). The mouse interleukin-6
(IL-6), interleukin-1 beta (IL-1f), tumor necrosis factor-alpha
(TNF-a), interleukin-18 (IL-18), and interleukin-10 (IL-10)
ELISA kits were purchased from Nanjing Boyan Biotechnology
Co., Ltd (Nanjing, China). The catalase (CAT), malondialde-
hyde (MDA), glutathione (GSH), superoxide dismutase (SOD),
adenosine deaminase (ADA), xanthine oxidase (XOD), creati-
nine (Cr), and blood urea nitrogen (BUN) assay kits were pur-
chased from Iseju (Lianyungang, Jiangsu) Biotechnology Co.,
Ltd (Jiangsu, China). The ALT and AST assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The UA assay kits were purchased from
Shanghai Xinfan Biotechnology Co., Ltd The BCA protein
quantification assay kits were purchased from Beyotime
Biotechnology Co., Ltd (Shanghai, China). The anti-ABCG2,
anti-NLRP3, anti-Caspase-1, anti-Nrf2, anti-HO-1, anti-Keap1,
and anti-IgG antibodies were all purchased from Wuhan
Cloud-Clone Corp Co., Ltd (Wuhan, China). The anti-B-actin
antibody was purchased from Affinity Biosciences Co., Ltd
(Jiangsu, China). Anti-GLUT9 antibodies were purchased from
Proteintech Biotech Co., Ltd (Wuhan, China).

2.2 Establishment of the hyperuricemia mouse model and
drug administration

Male ICR mice (6 weeks old) were purchased from SPF
Biotechnology Co., Ltd (Beijing, China) and were housed
under controlled conditions (22 + 2 °C, 50% relative humidity,
and a 12 h light/dark cycle). After a one-week adaptation
period, the mice were randomly divided into 6 groups (n = 9),
as shown in Fig. 1A. All groups, except for the CON group,
were fed a special diet containing 20% yeast extract (by system
weight). All modeling drugs were prepared as solutions with
0.05% carboxymethyl cellulose sodium, and BC99 was resus-
pended in sterile saline. The CON group was gavaged with a
0.05% carboxymethyl cellulose sodium solution, while the
other groups were gavaged with 280 mg kg™" potassium oxyte-
tracycline and 100 mg kg™' hypoxanthine, based on body
weight. Six hours later, the CON and HUA groups were gavaged
with sterile saline, while the BL, BM and BH groups received
10°%, 107 and 10® CFU per g body weight of bacteria, respect-
ively. The AL group was administered allopurinol at 42 mg
kg™, All gavage doses were approximately 0.2 mL and were
administered continuously for three weeks. During the treat-
ment period, body weight and food intake were monitored
every three days. At the end of the experiment, the mice were
fasted for 12 hours before blood, liver, kidney, intestinal and
cecal contents were collected and immediately stored at
—80 °C for subsequent analysis. All animal procedures were
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Fig. 1 Effects of Weizmannia coagulans BC99 on serum indices in mice at different time points. (A) Schematic diagram of the study design. (B) Body

weight. (C) Food intake. (D) Serum uric acid in urine. (E) Uric acid in uri
Aspartate aminotransferase (AST). (J) Alanine aminotransferase (ALT). (K)
0.001 respectively, vs. the control group; *, ** and *** represent p < 0.05,

approved by the Zhengzhou University Animal Ethics

Committee (License No.: SCXK (Yu) 2022-0005).

2.3 Histopathological examination

Liver, kidney and intestinal samples from the mice were col-
lected, rinsed with PBS, and then fixed in 4% paraformalde-
hyde. After embedding in paraffin and sectioning, the samples
were fixed for 48 hours and stained with hematoxylin and
eosin (H&E). Tissue pathological changes were observed under

6082 | fFood Funct, 2025, 16, 6080-6100

ne. (F) Xanthine oxidase (XOD). (G) Creatinine (CRE). (H) Uric acid (UA). (1)
Blood urea nitrogen (BUN). #, ## and ### represent p < 0.05, 0.01 and
0.01 and 0.001 respectively, vs. the hyperuricemia model group.

an optical microscope (E100, Nikon Corporation, Japan) using
bright-field illumination.

2.4 Immunohistochemical staining

Liver, kidney, and intestinal samples from the mice were har-
vested, rinsed with PBS, and fixed in 4% paraformaldehyde.
After paraffin embedding and sectioning, the slides were sub-
jected to baking, dewaxing, and rehydration. Antigen retrieval
was performed in a citrate buffer (pH 6.0). The slides were

This journal is © The Royal Society of Chemistry 2025
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treated with 3% hydrogen peroxide to block endogenous per-
oxidase activity. Following PBS rinses, the primary antibody
was applied and incubated overnight at 4 °C. After three PBS
washes, the secondary antibody was added and incubated at
room temperature for 20-30 min. The slides were then stained
with DAB, counterstained with hematoxylin for 3 min, and
washed. The slides were examined under a microscope, and
the results were analyzed using Image] software.

2.5 Measurement of inflammatory factors

Mouse blood samples were centrifuged at 4 °C for 15 min at
4000 rpm to obtain plasma samples. The concentrations of
IL-6, IL-1f, TNF-a, IL-18 and IL-10 in the plasma were
measured using ELISA kits, following the instructions provided
in the kit manuals.

2.6 Real-time PCR

Total RNA was isolated from the kidney and intestine samples
using Trizol (Accurate Biology, Hunan, China) following the
manufacturer’s protocol. The extracted messenger RNA was
then reverse transcribed into cDNA using a reverse transcrip-
tion kit (Accurate Biology, Hunan, China). Quantitative real-
time polymerase chain reaction (RT-PCR) was conducted to
quantify gene expression, with cycle threshold values com-
pared using the 2Ct method, actin served as the internal refer-
ence gene. Specific primers for each gene were custom-
designed and synthesized by Sangon Biotechnology (Table 1).

2.7 16S rRNA sequencing analysis

At the end of the 21 day modeling period, the cecal contents
were collected and placed into sterile centrifuge tubes, rapidly
frozen in liquid nitrogen, and stored at —80 °C to prevent DNA
degradation. DNA from various samples was isolated using the
CTAB method, following the manufacturer’s instructions. The
V3-V4 hypervariable region of the bacterial 16S rRNA gene
was amplified with primer pairs 341F (5CCTACGGGNGGCWG-
CAG-3") and 805R (5'GACTACHVGGGTATCTAATCC-3'). The
amplicon pools were prepared for sequencing, and the size
and amount of the amplicon library were determined using
the Agilent Bioanalyzer (Agilent, USA) and the Library
Quantification Kit for Illumina (KapaBiosciences, Woburn,

Table 1 Primers used for PCR and RT-PCR
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MA, USA). The libraries were sequenced using the NovaSeg
PE250 platform.

2.8 UPLC-Q-TRAP-MS/MS analysis

We utilized LC-MS for thorough targeted analysis (Biotree,
Shanghai, China). The LC separation was performed using a
UPLC System (H-Class, Waters), equipped with a Waters
Atlantis Premier BEH 2-HILIC Column (1.7 pm, 2.1 mm X
150 mm). The mobile phase A consisted of a mixture of H,O
and acetonitrile (8:2), with 10 mmol L™" ammonium acetate,
while the mobile phase B was a combination of H,O and aceto-
nitrile (1:9) with 10 mmol L™' ammonium acetate. The pH of
mobile phases A and B was adjusted to 9 using aqueous
ammonia. The autosampler temperature was set at 8 °C, and
the injection volume was 1 pL. The raw data files from LC-MS
were processed using SCIEX Analyst Work Station Software,
and metabolite quantification was performed using BIOTREE
Bio Bud.

2.9 Statistical analysis

The experiments were independently repeated three times.
SPSS software was used for the analysis, and the results were
presented as mean + standard deviation (SD). Data analysis
was performed using GraphPad Prism software. One-way ana-
lysis of variance (ANOVA) was conducted to assess the signifi-
cance of differences between means. Tukey’'s HSD or
Bonferroni was used for correction.

3 Results

3.1 Effect of W. coagulans BC99 on physical signs and
biochemical indices of HUA mice

To assess the influence of BC99 on HUA, a mouse model of
hyperuricemia was established as shown in Fig. 1A.
Fluctuations in body weight were monitored throughout the
feeding period. Nine days after potassium oxytetracycline (PO)
and hypoxanthine modeling, the weight of the HUA mice
decreased significantly, but returned to normal after sup-
plementation with probiotics (Fig. 1B and C). As expected,
mice in the HUA group exhibited higher serum uric acid levels

Gene Forward (5’ - 3') Reverse (5’ — 3')

URAT1 GGTGCTGACCTGGAGCTATC AGAGGCTGGCTGTGTTCATC
GLUT9 ATGGCAGGTCATCACTGTCG CTCAATTCCTCCGGTGCTCA
OAT1 AACTTCACTGCCGCTATCCC TTCGGGTTGTCCTTGCTTGT
OAT3 AACGGCAAGAAGGAGGAAGG ATGGACACCCGGAACAAGTC
ABCG2 TAGGTCGGTGTGCGAGTCA TAGCACATCTCCCTCTGCGA
PPARy CGCCAAGGTGCTCCAGAAGATG AGGGTGAAGGCTCATATCTGTCTCC
NLRP3 AGCCTCAGGGCACCAAA GGGATGAAGCACATAGTAAACA
ASC AGACCACCAGCCAAGACAAG CTCCAGGTCCATCACCAAGT
Caspasel AACCACTCGTACACGTCTTGCC CCAGATCCTCCAGCAGCAACTTC
Nrf2 CTTTAGTCAGCGACAGAAGGAC AGGCATCTTGTTTGGGAATGTG
HO-1 AGGTACACATCCAAGCCGAGA CATCACCAGCTTAAAGCCTTCT
B-Actin GGTTGCCGCTCTTGTTGTAGAC TACCGACCATGACTCCTTGATGAC

This journal is © The Royal Society of Chemistry 2025
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compared to those receiving a normal diet (CON) (Fig. 1E).
Nevertheless, there were no observable phenotypic alterations
(e.g., body weight, kidney and liver weight to body weight
ratios) among them (Fig. SIA-Ct). To determine the potential
differences in circulating uric acid in HUA mice with or
without supplementation of W. coagulans BC99, uric acid levels
in the serum and urine and urate in urine were monitored
every three days. Interestingly, mice supplemented with coagu-
lated W. coagulans BC99 showed lower serum uric acid levels
from day 18 onwards compared to the HUA mice (Fig. 1D and
E), with a trend similar to that of the allopurinol treatment
group. Meanwhile, the therapeutic effects of W. coagulans
BC99 on liver and kidney damage in mice with hyperuricemia
were examined. The findings demonstrated a significant
increase in the serum levels of CRE, BUN, ALT, and AST in the
hyperuricemic mice, while the addition of BC99 notably
reduced the levels of these serum markers in hyperuricemic
mice (p < 0.001) (Fig. 1F-K), among them, the BM group
exhibited the most significant effect. This phenomenon may
be attributed to BC99 reaching its maximum efficacy within a
certain dosage range, resulting in no further significant
increase in the effect at higher doses.

3.2 Effects of W. coagulans BC99 on uric acid metabolism
enzyme activity

The liver is a crucial organ for decomposition, metabolism,
and detoxification, and is also the primary organ for synthesiz-
ing purine nucleotides in the body.>> As shown in Fig. 24, the
livers of mice in the MOD group exhibited abnormal coloration
and lost their luster, while the livers of mice in the other
groups appeared bright red. H&E staining also showed that a
large number of fat vacuoles appeared in the cytoplasm of
HUA mice, indicating that liver cells were damaged and the
ability to transport and metabolize fat decreased (Fig. 2B). In
contrast, the liver cells treated with BC99 showed considerable
improvement in structural disarray, reflecting a better organiz-
ation of liver cords. Xanthine oxidase (XOD) is a rate-limiting
enzyme in purine and nucleotide metabolism pathways and is
the most important biological protease regulating uric acid
production. As shown in Fig. 2C and D, the activities of ADA
and XOD in the livers of HUA mice were significantly increased
compared to the CON group. AL, as an XOD inhibitor, notably
reduced the activity of uric acid synthesis-related enzymes in
the livers of HUA mice (p < 0.001). Compared to the HUA
group, the activities of ADA and XOD in the livers of mice
treated with three different doses of BC99 were significantly
reduced (p < 0.001). Additionally, UA-mediated oxidative stress
damage led to the depletion of antioxidants, causing dis-
ordered fatty acid oxidation in liver cell mitochondria, substan-
tial deposition of free fatty acids in the liver, lipid peroxidation
of liver cell membranes, and an increase in MDA production.>®
As shown in Fig. 2E-H, compared with the CON group, the
SOD, CAT and GSH contents of the HUA group decreased sig-
nificantly, while the MDA content increased significantly. The
SOD levels of the BC99 low, medium and high dose groups
increased by 33.73%, 31.94% and 40.3% compared with the

6084 | Food Funct,, 2025, 16, 6080-6100
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HUA group. The GSH level increased by 15%, 25% and 10%
compared with the HUA group, and the CAT level increased by
10.32%, 15% and 16.61% compared with the HUA group.
These increases in antioxidant enzyme activities indirectly
reflected BC99’s ability to scavenge hepatic oxygen free rad-
icals, while changes in MDA levels indicated BC99’s effective-
ness in inhibiting lipid peroxidation. This suggests that BC99
demonstrated a strong hepatoprotective effect by alleviating
oxidative stress damage and reducing the activity of liver syn-
thesis enzymes in HUA mice.

3.3 W. coagulans BC99 restored the altered expression level
of UA transporters and suppressed inflammation in the
kidneys of HUA mice

HUA is often accompanied by kidney damage.>” Thus, we first
used serum biochemical parameters and histopathological
examination to investigate the effects of BC99 on renal func-
tion in HUA mice. The kidneys of the HUA mice are shown in
Fig. 3A and appeared pale and noticeably enlarged with white
spots; in both BC99 groups, however, the kidneys recovered to
being reddish and smooth. It is noteworthy that the kidneys in
the AL group were enlarged, which is consistent with previous
studies showing that allopurinol treatment can cause kidney
damage.”® H&E staining revealed that the HUA group exhibited
significant degeneration and necrosis of renal tubular epi-
thelial cells, along with marked inflammatory cell infiltration
in the interstitium. BC99 intervention at various doses demon-
strated dose-dependent ameliorative effects on these patho-
logical changes (Fig. 3B). These findings showed that
W. coagulans BC99 supplementation had a beneficial effect
and was safe for lowering blood urate levels. To assess the
influence of the kidney on the reabsorption and excretion of
uric acid, we employed RT-PCR analysis and IHC to analyze
the expression of uric acid reabsorption and excretion trans-
porters in the kidney. As shown in Fig. 3C, D and G, there was
a remarkable increase in the expression of UA reabsorption
proteins GLUT9 and URAT1, while UA excretion proteins
ABCG2, OAT1 and OAT3 showed a significant decrease in the
model group (p < 0.01). These findings were in line with pre-
vious research.>

Previous studies have confirmed a connection between
HUA and renal inflammation, leading to severe kidney
damage.’® Furthermore, the inflammatory response was
decreased by blocking the activation of the NLRP3 inflamma-
some and activating the Nrf2 signaling pathway.*'*> To
explore the possible mechanisms, the gene expressions of
Nrf2, HO-1, NLRP3, caspase-1, and ASC were examined. As
shown in Fig. 3H, the mRNA expression of NLRP3, caspasel,
ASC, Nrf2, and HO-1 in hyperuricemia model mice was con-
siderably higher than that in the CON group. However, sup-
plementation with BC99 treatment significantly reduces the
mRNA expression of NLRP3, caspasel, ASC, Nrf2, HO-1 in the
kidneys (p < 0.05). Similarly, IHC results indicated that the
HUA group upregulated the protein expressions of NLRP3 and
caspase-1. The intervention with BC99 reversed this phenom-
enon (Fig. 3E and F). This suggested that the Nrf2/HO-1/

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Weizmannia coagulans BC99 alleviated liver damage in hyperuricemic mice. (A) Appearance of the liver. (B) Hematoxylin and eosin staining
of the liver. (C and D) Liver enzyme activities. (E) Superoxide dismutase (SOD) concentration. (F) Catalase (CAT) concentration. (G) Glutathione (GSH)
concentration. (H) Malondialdehyde (MDA) concentration. #, ## and ### represent p < 0.05, 0.01 and 0.001 respectively, vs. the control group; *, **
and *** represent p < 0.05, 0.01 and 0.001 respectively, vs. the hyperuricemia model group.

NLRP3 pathway might be involved in the uric acid-lowering
effects mediated by BC99. In addition, the expression of
inflammatory factors such as IL-1pfL-6, IL-18 and TNF-a con-
tinued to be up-regulated in the kidneys of HUA mice (Fig. 3I),
and the level of the anti-inflammatory factor IL-10 was signifi-
cantly down-regulated (p < 0.001). BC99 administration inhib-
ited the elevated levels of IL-1f, IL-6, IL-18 and TNF-q, in the
hyperuricemia mouse kidney (p < 0.001). These results indi-
cated that BC99 could alleviate renal inflammation in HUA

This journal is © The Royal Society of Chemistry 2025

mice by activating Nrf2 expression and inhibiting the acti-
vation of the NLRP3 inflammasome in the kidneys. This, in
turn, reduced inflammation and the expression of downstream
inflammatory factors such as IL-1fp, IL-6, IL-18, and TNF-a.
Additionally, BC99 exerted a nephroprotective effect by upregu-
lating the expression of renal transporters OAT1, OAT3, and
ABCG2, while downregulating GLUT9 and URAT1 levels,
thereby decreasing uric acid production and renal tubular
damage.
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Fig. 3 Weizmannia coagulans BC99 reversed the aberrant expression of uric acid (UA) transporter proteins and suppressed inflammation in the
kidney of hyperuricemic mice. (A) Renal appearance. (B) Hematoxylin and eosin staining of kidneys. (C) Immunohistochemistry (IHC) images of
ABCG2, GLUT9. (D) The mean density of ABCG2 and GLUT9. (E) IHC images of NLRP3, Caspasel, Nrf2 and HO-1. (F)The mean density of NLRP3,
Caspasel, Nrf2 and HO-1. (G) The gene expression of ABCG2, GLUT9, OAT1, OAT3 and URATL1. (H) The gene expression of NLRP3, Caspasel, ASC,
Nrf2 and HO-1. (I) Serum levels of interleukin-1 beta (IL-1p), interleukin-6 (IL-6), interleukin-18 (IL-18), tumor necrosis factor-alpha (TNF-a), and
interleukin-10 (IL-10). #, ## and ### represent p < 0.05, 0.01 and 0.001 respectively, vs. the control group; *, ** and *** represent p < 0.05, 0.01
and 0.001 respectively, vs. the hyperuricemia model group.
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3.4 W. coagulans BC99 reduces intestinal damage and
dysfunction in hyperuricemic mice

The bowel plays an important role in excreting uric acid."®
Nonetheless, various studies have demonstrated that high
levels of uric acid could cause damage to the intestines.®
Therefore, H&E staining was conducted to evaluate the extent
of intestinal damage. Compared to the CON group, the HUA
group exhibited villous atrophy, looseness, shedding of epi-
thelial cells in the intestinal lumen, and separation of the sub-
mucosa. After intervention with BC99, improvements were
observed to varying degrees in all groups, with the BM group
showing the most significant effect. This indicated that BC99
could alleviate intestinal damage in mice with hyperuricemia
(Fig. 4A). Mucosal damage could increase intestinal per-
meability and affect the intestinal mechanical barrier. This
study found that the levels of lipopolysaccharides (LPS) were
significantly elevated in the HUA group mice. Abnormal LPS
not only damaged the intestinal barrier but also reduced the
expression of tight junction proteins and induced pro-inflam-
matory responses in the gut (Fig. 4E).>* To assess the intestinal
barrier, tight junction proteins ZO-1 and Occludin were ana-
lyzed using IHC. Compared to the CON group, the HUA group
showed a significant decrease in ZO-1 and Occludin levels (p <
0.001). However, BC99 intervention effectively inhibited this
decrease (p < 0.01). The consistency of these results indicated
that BC99 could mitigate intestinal damage in mice, protect
intestinal epithelial cells, and partially maintain the integrity
of the intestinal mucosa. To investigate the effect of BC99 on
intestinal UA excretion, we measured the gene expression
levels of ABCG2 and GLUT9. As shown in Fig. 4D, the
expression of ABCG2 in the intestines of HUA mice was signifi-
cantly reduced, while GLUT9 expression was significantly
increased (p < 0.05). BC99 treatment at all three doses reversed
these trends. In addition, the results of this study found that
supplementation with W. coagulans BC99 could upregulate
ABCG?2 transcription by activating PPARy, which is consistent
with the study by Xu et al®® (Fig. 4D) (p < 0.05).
Immunohistochemistry revealed a significant increase in
ABCG2 and a significant decrease in GLUT9 in the BC99 treat-
ment groups, with the BM group showing the most pro-
nounced effects. Additionally, the BM group demonstrated a
more extensive promotion of UA excretion in the intestines
compared to the AL group (Fig. 4D) (p < 0.05). Interestingly, we
observed that compared to the CON group, the colons of HUA
mice were shorter (Fig. S2AT) and displayed alterations in H&E
staining images (Fig. S2Bt). Multiple lines of evidence
suggested that inflammation in the mice was exacerbated,
leading to edema and shortening of the colon.***” Similar to
the findings in the kidneys, levels of NLRP3, caspase-1, and
ASC in the intestines were significantly upregulated (p <
0.001), whereas moderate doses of BC99 significantly inhibited
these levels. In addition, BC99 intervention activated the
expression of Nrf2 and HO-1 (Fig. 4H). These results suggest
that BC99 can promote intestinal uric acid excretion by activat-
ing the expression of Nrf2 and inhibiting NLRP3 activation.

This journal is © The Royal Society of Chemistry 2025
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3.5 W. coagulans BC99 ameliorated gut microbiota dysbiosis
in hyperuricemic mice

The variances in the gut microbiota among cohorts were
assessed through the sequencing of the bacterial 16S rRNA
gene. The gut microbiome plays a crucial role in preserving
intestinal equilibrium and managing gastrointestinal func-
tion.*® We analyzed the gut microbiota of HUA mice and
explored the impact of BC99 intervention on the gut micro-
biota of patients with HUA mice. Fig. 5A represents the species
accumulation curve. The curve tends to plateau, indicating the
reasonableness of the sequencing data. The sequencing
results indicate that the overwhelming majority of bacterial
species information in this experimental sample is suitable for
further analysis of bacterial community diversity and species
composition. The Venn diagram demonstrates a clear distinc-
tion in the makeup of the six OTU groupings (Fig. 5B). The
number of OTUs in the HUA group decreased compared with
that in the CON group, whereas it recovered after BC99 group.
Alpha diversity analysis showed no significant differences
between the groups (Fig. 5C and D). Principal coordinate ana-
lysis (PCoA) was used to examine community composition and
detect potential changes in the gut microbiota structure.
Furthermore, the beta diversity score revealed changes in the
architecture of mouse flora among groups. These findings
revealed that the organization of the intestinal flora was radi-
cally different in the mice from three groups (Fig. 5E and F).
Based on the unweighted species abundance data, the
samples were clustered using the unweighted pair group
method with arithmetic mean (UPGMA). The inter-sample dis-
tances were computed to evaluate how similar the species
compositions were between the samples. The results revealed
that BC99 intervention induced the microbiota structure of
hyperuricemic mice to become similar to that of the animals
in the normal group (Fig. 5F). Fig. 5G-M depicts the altera-
tions in intestinal flora at the phylum level in mice from
various groups. The probiotic intervention group exhibited a
reduction in the presence of Verrucomicrobia and
Bacteroidetes, while an increase was observed in the abun-
dance of Firmicutes, Proteobacteria, and Actinobacteriota. The
composition of the intestinal flora at the genus level showed
that Hungatella, Escherichia-Shigella and Lachnoclostridium
had a dramatically higher percentage in the HUA group
(pathogenic bacteria that lead to elevated uric acid levels) than
that of the CON group, while the percentage of (beneficial bac-
teria) Lachnospiraceae_NK4A136_group, Pseudoflavonifractor,
Muribaculaceae_unclassified,  Lactobacillus,  Enterorhabdus,
Alistipes, Burkholderia-Caballeronia—-Paraburkholderia,
Alloprevotella, and Clostridium significantly decreased. And
probiotic supplementation reversed these changes again
(Fig. 5L-S).

LEfSe analysis was performed to explore the key microbiota
of the changes among the groups. As presented in Fig. 6A and
B, the pathogenic bacteria Hungatella and Bacteroides were sig-
nificantly enriched in the HUA group, while potentially ben-
eficial short-chain fatty acid-producing microbes, such as
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Fig. 4 Weizmannia coagulans BC99 relieved the intestinal damage and dysfunction of hyperuricemic mice. (A) Hematoxylin and eosin staining of
the intestine. (B) Immunohistochemistry (IHC) images of ABCG2 and GLUT9. (C) The mean density of ABCG2 and GLUT9. (D) The gene expression of
PPAPy, ABCG2 and GLUT9, (E) LPS. (F) IHC images of the intestinal mechanical barrier (occludin and ZO-1). (G) The mean density of ZO-1 and
occluding. (H) Expression levels of NLRP3, Caspasel, ASC, Nrf2 and HO-1. #, ## and ### represent p < 0.05, 0.01 and 0.001 respectively, vs. the
control group; *, ** and *** represent p < 0.05, 0.01 and 0.001 respectively, vs. the hyperuricemia model group.

Alloprevotella, Enterorhabdus, Lactobacillus, Lachnospiraceae_
NK4A136_group, and Blautia, were enriched in the BC99 group.
Additionally, by analyzing the correlations between the gut
microbiota and inflammatory factors and oxidative stress, the
study identified key bacterial strains in BC99 that alleviate
inflammation and oxidative stress in HUA mice. At the

6088 | Food Funct, 2025, 16, 6080-6100

genus level, Bacteroides, Parabacteroides, Lachnoclostridium,
Escherichia-Shigella, and Acetatifactor were positively correlated
with pro-inflammatory cytokines and oxidative stress markers.
Conversely, Prevotellaceae_UCG-001, Muribaculaceae_unclassified,
Bacillus, Anaerotruncus, and Enterorhabdus played roles in
alleviating inflammation and oxidative stress. These strains

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The effect of Weizmannia coagulans BC99 on the regulation of the intestinal microbial structure and composition in hyperuricemic mice. (A)
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chart of the alpha diversity illustrating the diversity of each group. (E) The plot of principal co-ordinate analysis (PCoA). (F) The plot of UPGMA clus-
tering analysis. (G—M) Phylum level. (L—S) Genus level. * p < 0.05, ** p < 0.01.

showed significant negative correlations with pro-inflamma-
tory cytokines and oxidative stress markers and positive corre-
lations with anti-inflammatory factors and antioxidant
enzymes (Fig. 6C).

3.6 Effect of BC99 intervention on the relationship between
SCFA levels and microbiota in hyperuricemic mice

Short-chain fatty acids (SCFAs) are by-products generated
through the fermentation process of beneficial gut microbiota
bacteria, primarily comprising acetate, propionate, and buty-

This journal is © The Royal Society of Chemistry 2025

rate. These fatty acids play a crucial role in regulating both gut
and systemic immunity and are closely associated with diet,
microbiota, and antibiotic use.>®> Compared to the CON group,
the levels of acetic acid, propionic acid, isovaleric acid, butyric
acid, valeric acid, and isobutyric acid were significantly
reduced in the HUA group (p < 0.001). In contrast, after BC99
treatment, SCFA levels notably increased, with significant
elevations in acetic acid, propionic acid, and isobutyric acid,
especially in the BM group (Fig. 6D). These results suggest that
BC99 may alleviate HUA by increasing SCFA levels.
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Fig. 6 (A) Cladogram. (B) Distribution histogram based on LDA (LDA score > 4.0). (C) Heatmap of the correlation between gut flora and inflamma-
tory factors and oxidative stress. (D) SCFA content. (E) Heatmap of the correlation between gut flora and SCFAs. (F) Correlation heat map of SCFAs
and inflammatory factors and oxidative stress. * p < 0.05, ** p < 0.01, *** p < 0.001.

Additionally, Pearson correlation analysis revealed a positive
correlation between SCFAs and the gut microbiota genera
Enterorhabdus, Akkermansia, Bacillus, Prevotellaceae UCG-001,

6090 | Food Funct, 2025, 16, 6080-6100

and Lactobacillus (Fig. 6E). The analysis of the relationship
between SCFAs and inflammatory markers and oxidative stress
indicators revealed a positive association between acetic acid,
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propionic acid, butyric acid, valeric acid, isobutyric acid, and
isovaleric acid with antioxidant enzymes, while showing a
negative correlation with inflammatory factors (Fig. 6F). These
findings indicate that SCFAs can modulate the expression of
inflammatory cytokines and antioxidant enzymes and that
BC99’s anti-uric acid effects are closely related to its role in
reshaping the gut microbiota and regulating its microbial
metabolites.

3.7 Extensive targeted metabolomics analysis of differential
metabolites and pathways in HUA mice

Through the use of comprehensive targeted serum metabolo-
mics, combined with multivariate statistical analysis and
bioinformatics analysis, the study explored the effects of BC99
on the metabolic characteristics of HUA mice. It identified
potential biomarkers and corresponding metabolic pathways
associated with the anti-hyperuricemia effects and elucidated
the potential mechanisms of action of BC99 in combating
high uric acid levels. Principal Component Analysis (PCA) and
Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA) were both used for multivariate statistical analysis
on 340 metabolites in this investigation. PCA, an unsupervised
model, was used to uncover the internal structure of the data,
thereby providing a clearer interpretation of the data vari-
ables.” The PCA score plots revealed distinct separations
between the CON and HUA groups, as well as between the
HUA and BC99 groups (Fig. 7A and B), indicating that BC99
intervention significantly affected the metabolites in HUA
mice. Orthogonal Projections to Latent Structures
Discriminant Analysis (OPLS-DA) was then utilized for statisti-
cal analysis in order to get more trustworthy data on the inter-
group variations in metabolites and their significance to the
experimental groups. Consistent with the PCA results, clear
separations were observed between the CON and HUA groups
and between the HUA and BC99 groups (Fig. 7C and D). The
R’Y and Q® values are crucial parameters for the OPLS-DA
model; values closer to 1 indicate greater reliability of the
model. In this study, the R*Y value of the OPLS-DA model was
0.98, indicating that the model was effectively established with
good explanatory and predictive power (Fig. S3A-Bf). Based on
the above analyses and considering both univariate and multi-
variate statistical results, metabolites with P < 0.05 and VIP > 1
were selected as differential metabolites. These results are pre-
sented in the form of a volcano plot. As shown in Fig. 7E, com-
pared to the CON group, the HUA group exhibited significant
upregulation of 6 differential metabolites and significant
downregulation of 10 differential metabolites. Compared to
the HUA group, BC99 intervention resulted in significant upre-
gulation of 16 differential metabolites and significant downre-
gulation of 27 differential metabolites (Fig. 7F). Furthermore,
these differential metabolites were categorized into 15 groups
(Fig. 7G), with the major categories being amino acids, pep-
tides, and analogues (28.824%), organic acids and derivatives
(13.529%), carbohydrates and carbohydrate conjugates
(12.059%), nucleosides, nucleotides, and analogues (8.824%),
benzenoids (7.059%), and biogenic amines (6.765%). This dis-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

tribution indicates the crucial role played by these substances
in the anti-hyperuricemic effects of BC99. Subsequently, the
quantitative values of the differential metabolites were used to
calculate corresponding ratios, which were then log-trans-
formed with base 2. The top 10 significantly upregulated and
downregulated metabolites were selected. As shown in Fig. 7H
and I, the x-axis displays the log-transformed fold changes,
and the color intensity of the points represents the VIP values.
Compared to the CON group, the HUA group exhibited signifi-
cant downregulation of differential metabolites such as
2-methylglutaric acid, N6,N6,N6-trimethyl-i-lysine, cortisone,
acetaminophen, trigonelline, and 1,1-dimethyl-prolinium.
Conversely, metabolites like pantothenic acid, orotic acid, and
3,4-dihydroxymandelic acid were significantly upregulated.
Following BC99 intervention, there was a notable upregulation
of differential metabolites such as 3-(3-hydroxyphenyl) propa-
noic acid, trigonelline, and 1,1-dimethyl-prolinium. These
findings further support the conclusion that BC99 improves
metabolic disturbances in HUA mice. Subsequently, Pearson
correlation analysis was performed to assess the associations
between these differential metabolites and biochemical indi-
cators, inflammatory factors, and oxidative stress markers.
Interestingly, pantothenic acid, orotic acid, 3,4-dihydroxyman-
delic acid, N-carbamoyl-t-aspartate, and octopamine showed
positive correlations with inflammatory factors and liver and
kidney damage indicators, and negative correlations with anti-
inflammatory factors and antioxidant enzymes. In contrast, 3-
(3-hydroxyphenyl)propanoic acid, trigonelline, 1,1-dimethyl-
prolinium, 2-methylglutaric acid, and mesaconic acid were
negatively correlated with inflammatory factors and liver and
kidney damage indicators, and positively correlated with anti-
inflammatory factors and antioxidant enzymes. Research has
indicated that 3-(3-hydroxyphenyl)propanoic acid (PPA) has
potential biological activity in stimulating the differentiation
and proliferation of osteoblasts in cell culture.*’ In addition,
the correlation analysis between differential metabolites and
the gut microbiota revealed that 3-(3-hydroxyphenyl) propanoic
acid was positively correlated with beneficial bacteria (such as
Lachnospiraceae_ NK4A136_group, Muribaculaceae_unclassified,
Enterorhabdus, Anaerotignum, Alistipes, Anaerotruncus, and
Prevotellaceae_UCG-001) and negatively correlated with the
pathogenic bacterium Hungatella. These results suggest that
changes in these potential biomarkers may alter associated
metabolic pathways, thereby improving metabolic disturb-
ances and reducing uric acid levels in HUA mice. Then, in
order to determine which major pathways were most strongly
linked to metabolite differences, a thorough investigation of
the pathways connected to the differential metabolites was
carried out, utilizing topological and enrichment analyses.*?
The name of the KEGG metabolic route is shown by the ordi-
nate, and the abscissa shows the RichFactor associated with
each pathway. The number of differential metabolites enriched
in the route is indicated by the size of the dots. The color
corresponds to the magnitude of the p value. A smaller p value
results in a deeper red color, indicating a higher level of
enrichment. As shown in Fig. 7L, the main enriched metabolic
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Fig. 7

(A) PCA score diagram of the CON group and HUA group in ESI+ mode and ESI- mode. (B) PCA score diagram of the HUA group and

BC99 group in ESI+ mode and ESI- mode. (C) OPLS-DA score diagram of the CON group and HUA group in ESI+ mode and ESI- mode. (D)
OPLS-DA score diagram of the HUA group and BC99 group in ESI+ mode and ESI- mode. (E) Volcano plot (CON/MOD). (F) Volcano plot (HUA/
BC99). (G) Pie chart of metabolite classification. (H) Matchstick plot analysis of differential metabolites (CON/HUA). (I) Matchstick plot analysis of
differential metabolites (HUA/BC99). (J) Correlation analysis between different bacterial genera and different metabolites. (K) Correlation analysis
between differential metabolites and biochemical indicators. (L) KEGG enrichment map of differential metabolites in different groups.
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pathways were amino acid metabolism, especially glycine,
serine, and threonine metabolism.

3.8 The construction and analysis of the metabolic
mechanism network for potential biomarkers and related
metabolic pathways were carried out

There was a certain connection between pyrimidine metab-
olism and high uric acid levels. Pyrimidines and purines are
products of RNA and DNA, playing important roles in cellular
energy metabolism and signal transduction.*® In terms of pyri-
midine metabolism, deoxycytidine and orotic acid were identi-
fied as metabolites with disrupted levels. UMP is an intermedi-
ate of deoxycytidine and orotic acid, with deoxycytidine being
a major nucleoside in DNA. Orotic acid serves as an intermedi-
ate in the pyrimidine nucleotide synthesis pathway. The levels
of orotic acid can significantly increase in conditions such as
certain genetic urea cycle enzyme deficiencies, ammonia over-
load due to high-protein diets, and abnormalities in arginine
metabolism. These conditions might indirectly affect the pro-
duction and excretion of uric acid by influencing metabolic
pathways in the body. As shown in Fig. 8, compared to the
CON group, the HUA group showed increased levels of orotic
acid. After treatment with BC99, the disrupted pyrimidine
metabolism returned to normal levels. A recent study also indi-
cated that metabolites related to pyrimidine metabolism were
significantly dysregulated in patients with hyperuricemia and
gout.*® This finding is consistent with the results of this study.

Amino acids are essential for the growth and development
of organisms, with certain amino acids acting as critical regu-
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latory factors in key metabolic pathways.*> Changes in amino
acid metabolism are closely associated with inflammation.*®
In terms of amino acids, the metabolism of tyrosine is particu-
larly important. Sodium urate (MSU) stimulates an increase in
tyrosine levels, activates neutrophils and the tyrosine kinase
Tec, and induces the release of IL-1f, IL-8, and tyrosine,
thereby triggering an inflammatory response.?” Elevated tyro-
sine levels in the body can also impact the activity of enzymes
like citrate synthase, malate dehydrogenase, and succinate
dehydrogenase in the tricarboxylic acid cycle, resulting in dis-
turbance of mitochondrial energy metabolism and oxidative
stress.® In this study, elevated levels of tyrosine and decreased
levels of phenylalanine were observed in the HUA group, indi-
cating that excess uric acid disrupts the biosynthesis of phenyl-
alanine, tyrosine, and tryptophan by accelerating the conver-
sion of phenylalanine to tyrosine. However, after BC99 inter-
vention, tyrosine levels were reduced and phenylalanine levels
were increased. This suggests that BC99 may alleviate inflam-
mation and lower uric acid levels by modulating the metabolic
pathways of phenylalanine and tyrosine. 3-(3-Hydroxyphenyl)
propanoic acid is a hydroxylated phenylalanine metabolite
with various biological activities. For instance, 3HPPA exhibits
strong vasodilatory potential in rats and has anti-inflammatory
and antioxidant effects in RAW264.7 cells.”® In this study, the
level of 3-(3-hydroxyphenyl) propanoic acid was significantly
reduced in the HUA group, and this trend was reversed with
BC99 intervention. Additionally, research has shown that
dietary 1-lysine can prevent adenine-induced arterial calcifica-
tion in uremic rats.’® A higher intake of lysine helps reduce
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the risk of hyperuricemia, while a decrease in r-lysine levels
may increase the risk of cardiovascular diseases.’™>*> The
results of this study found that r-lysine levels were significantly
reduced in the HUA group of mice, and BC99 intervention
reversed this effect. Glyoxylic acid and dicarboxylic acid metab-
olism is a biochemical pathway involving the synthesis and
degradation of a series of organic acids, which is particularly
significant in microorganisms. Additionally, kynurenic acid
(KYNA), a metabolite derived from the kynurenine pathway
of tryptophan catabolism, exerts immunoregulatory effects on
macrophages.” This suggests that kynurenic acid may regulate
immune responses by affecting specific stages in dicarboxylic
acid metabolism, such as p-oxidation or w-oxidation.
Additionally, research has shown that kynurenic acid exerts
anti-inflammatory effects by reducing the expression of LPS-
induced inflammatory factors, such as IL-1f, IL-6, and IL-10.>*
This indicates that kynurenic acid may influence inflammation
by affecting the activity of certain enzymes or metabolic fluxes
in the dicarboxylic acid metabolism pathway. Additionally, suc-
cinic acid has been shown to exert anti-inflammatory, anti-
oxidant, and neuroprotective effects. Although current
research has not definitively established a direct link between
glyoxylic acid and dicarboxylic acid metabolism pathways and
the development of hyperuricemia (HUA), this pathway is sig-
nificantly associated with lipid metabolism, amino acid
metabolism, and various other processes.>® Studies have indi-
cated that serine is involved in the metabolism of glyoxylic
acid and dicarboxylic acids. Serine is an important intermedi-
ate in these metabolic pathways. Elevated levels of serine may
saturate certain metabolic enzymes, leading to the accumu-
lation of intermediate products in the metabolic pathways,
which in turn affects cellular energy metabolism and other
metabolic processes. Additionally, serine metabolism can
produce pyruvate, an intermediate in the tricarboxylic acid
(TCA) cycle. Pyruvate can further be converted into precursors
of uric acid, such as phosphoribosyl pyrophosphate (PRPP).
Increased serine metabolism may lead to the accumulation of
PRPP, thereby increasing uric acid production. Furthermore,
cysteine can be synthesized from methionine or serine via the
transsulfuration pathway. During its breakdown, cysteine can
release a thiol group and an amino group, producing pyruvate. In
this study, increased levels of 1-serine were observed in the serum
of the HUA group mice, while BC99 intervention significantly
reduced these levels. This suggests that BC99 may inhibit inflam-
mation and oxidative stress and reduce uric acid production by
regulating metabolites related to amino acid metabolism.

4. Discussion

Mounting evidence suggests that HUA is caused by either over-
production or insufficient excretion of uric acid.>® URAT1 is
the primary transport protein responsible for reabsorbing
urate from the blood, and it is expressed on the apical surface
of renal tubular cells.”” GLUT9 is also considered to play a
crucial role in uric acid reabsorption, primarily located on
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both the basolateral and apical membranes.”® OAT1, OAT3,
and ABCG2 primarily regulate the excretion of uric acid from
the blood into the proximal tubular lumen and are located on
the apical brush border and basolateral membranes, respect-
ively.>® Defects in these uric acid transport proteins lead to the
occurrence of hyperuricemia,®®®" further supporting their role
as effective targets for the prevention and treatment of HUA.
Additionally, ABCG2 and GLUTY are crucial for intestinal uric
acid excretion.®® Therefore, uric acid transport proteins in
these two organs are considered the most promising and
effective targets for treating hyperuricemia. Furthermore, the
liver is the primary organ responsible for uric acid synthesis.*?
Elevated uric acid levels increase liver lipid accumulation,
induce oxidative stress, and trigger inflammatory responses.
However, no studies have reported the simultaneous uric acid-
lowering effects of W. coagulans on the liver, kidneys, and
intestines. In this study, W. coagulans BC99 was found to sig-
nificantly reduce the levels of hepatic uric acid synthase,
decrease the expression of URAT1 and GLUT?9 in the kidneys of
hyperuricemia model mice, and increase the expression of
PPARy, ABCG2, OAT1, and OAT3 (Fig. 9). Additionally, the gut
microbiota can increasing the excretion of uric acid by secret-
ing intestinal transport proteins, promote the regeneration
and repair of intestinal epithelial tissue cells, and alter the
number and distribution of uric acid transport proteins in
intestinal epithelial cells. Recent research indicated that acti-
vating PPARy could upregulate the transcription of ABCG2.*®
This study found that BC99 intervention can activate the
expression of intestinal PPARy, thereby upregulating the tran-
scription of ABCG2 and increasing the excretion of uric acid.
Interestingly, this study found that BC99 was more effective
than allopurinol in significantly regulating the expression of
uric acid transport proteins in the kidneys and intestines of
hyperuricemia model mice. These results suggest that
BC99 might have superior anti-hyperuricemic effects com-
pared to allopurinol, as it could simultaneously reduce uric
acid production and promote uric acid excretion in the
kidneys and intestines. However, further research is needed to
elucidate how BC99 improves the expression of uric acid trans-
port proteins in the kidneys and intestines.

HUA is often accompanied by inflammation and oxidative
stress. Research findings suggest that uric acid and mono-
sodium urate (MSU) crystals may exacerbate organ damage
and malfunction by inducing inflammation and triggering
inflammatory signaling pathways.®* 1L-1f, IL-18, IL-6, and
TNF-a, as pro-inflammatory cytokines, are commonly observed
cytokines in the early stages of uric acid-induced inflam-
mation.®® Inhibiting these inflammatory cytokines has been
considered an effective approach for treating uric acid-related
conditions. In this study, the serum levels of pro-inflammatory
cytokines were significantly elevated in HUA model mice,
while the anti-inflammatory cytokine IL-10 was significantly
reduced. Caspase-1 and IL-1p are important markers of NLRP3
activation.®® The activation of the NLRP3 inflammasome also
results from ASC oligomerization.®” Under MSU stimulation,
the NLRP3 protein recruits the adaptor protein ASC, which

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Potential mechanism of action of Weizmannia coagulans BC99 in alleviating HUA. BC99 intervention increased the abundance of SCFA-pro-
ducing bacteria, thereby producing more SCFAs. SCFAs activated the Nrf2 pathway, inhibited the activation of NLRP3, and reduced the secretion of
proinflammatory cytokines. This reduced the expression of uric acid reabsorption proteins, increased the expression of UA excretion proteins, and
reduced the synthesis of UA. Furthermore, BC99 restored amino acid and purine-pyrimidine metabolism homeostasis in hyperuricemic mice.

further recruits pro-caspase-1. Once pro-caspase-1 on the
inflammasome precursor is cleaved into caspase-1, it activates
a biologically active mature NLRP3 inflammasome, thereby
mediating the extensive production of cytokines. Our study
indicated that the inflammatory NLRP3 pathway was activated
in the kidneys and intestines of HUA mice. In contrast, the
administration of BC99 significantly reduced the levels of pro-
inflammatory cytokines in the serum of HUA mice and inhib-
ited NLRP3 activation in the kidneys and intestines. These
findings are consistent with previous research.®®*7° Nrf2 is a
key transcription factor that maintains redox balance by pre-
serving redox homeostasis.”" Nrf2 translocates into the cell
nucleus to induce the expression of the HO-1 protective
protein, thereby alleviating inflammation mediated by the
NLRP3 inflammasome.”” In this study, BC99 significantly
increased the nuclear translocation of Nrf2, thereby upregulat-
ing HO-1 protein levels and reducing oxidative stress.
Additionally, H&E staining analysis showed that BC99 effec-
tively alleviated liver, kidney, and intestinal damage in hyper-
uricemic mice. These results indicated that BC99 could miti-
gate inflammatory damage in the kidneys and intestines of
HUA mice and reduce oxidative stress. Furthermore, the study
found that the expression of uric acid transport proteins was
influenced by the inflammatory NLRP3 signaling pathway.
Zhang et al. demonstrated that fucoidan could effectively
inhibit the induction of uric acid transport proteins URAT1
and GLUT9 by suppressing the activation of NF-«B, JNK, and
PI3K/Akt signaling pathways in HK-2 cells.”® Han et al. also
found that ellagic acid could restore the expression of uric acid
transport proteins through the MAPK/NF«B signaling

This journal is © The Royal Society of Chemistry 2025

pathway.®® This study demonstrated that BC99 could signifi-
cantly inhibit NLRP3 in the kidneys and intestines of hyperuri-
cemic mice, activate Nrf2 expression, and thereby restore the
expression of uric acid transport proteins. However, these find-
ings have not yet been directly validated through functional
experiments (e.g., Nrf2 knockout or NLRP3 inhibitors) to estab-
lish causal relationships. Elucidating this mechanistic detail
will be a key focus of future research.

Increasing data indicate that the gut microbiota and its
metabolites are critical mediators of the liver-kidney-intestine
axis, playing a fundamental role in human health.” The gut
barrier prevents hazardous chemicals from entering the sys-
temic circulation.”” The homeostasis of the gut microbiota is
closely related to intestinal permeability.”® In this work, BC99
repaired the structural morphology of the intestines and
boosted the expression levels of intestinal tight junction pro-
teins in HUA mice. It also alleviated intestinal inflammation,
damage, and dysfunction, thereby promoting uric acid
excretion. Furthermore, we discovered that the BC99 treatment
increased the relative abundance of Firmicutes while decreas-
ing the number of Bacteroidetes, which is consistent with the
findings of Cao et al.”” Existing studies have shown that gut
microbiota-derived SCFAs can alleviate hyperuricemia by inhi-
biting inflammation and promoting intestinal uric acid
Akkermansia is a bacterium that produces SCFAs
and can improve metabolic health by increasing SCFA levels.
Lactobacillus, Prevotellaceae, and Bacillus can modulate the gut
microbiota and SCFA levels, thereby reducing inflammatory
responses.”® Enterorhabdus is a beneficial gut bacterium with
various positive effects. It can promote the metabolism of poly-

excretion.”®
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phenols and carbohydrates in the intestine, thereby contribut-
ing to the maintenance of intestinal health.®® Additionally, in
the treatment of colorectal cancer (CRC), Enterorhabdus has
been found to increase the levels of butyrate and isovalerate.
These metabolites have positive effects on intestinal health
and cancer prevention.?! This study found that bacteria produ-
cing SCFAs were positively correlated with SCFAs and signifi-
cantly reduced in the hyperuricemia mouse model. BC99 treat-
ment effectively increased the abundance of these beneficial
bacteria. Additionally, SCFAs had a negative correlation with
pro-inflammatory cytokines and a favorable correlation with
anti-inflammatory and antioxidant enzymes. In contrast, the
abundance of the harmful gut bacterium Hungatella signifi-
cantly increased in the HUA group and was positively corre-
lated with inflammatory factors and oxidative stress markers,
while negatively correlated with SCFAs. Therefore, the increase
in Hungatella may contribute to renal dysfunction through
various mechanisms. Overall, BC99 may alleviate hyperurice-
mia and reduce inflammation and oxidative stress by remodel-
ing the gut microbiota. However, the beneficial effects of BC99
on hyperuricemia through the gut microbiota require further
validation  through  gut  microbiota transplantation
experiments.

Extensive studies have revealed a direct relationship
between HUA and metabolic diseases.®” Metabolomics is
increasingly used to diagnose diseases and understand their
underlying mechanisms.®®> Broad-targeted metabolomics
technology, as an emerging technique combining both untar-
geted and targeted metabolomics approaches, offers advan-
tages over traditional metabolomics techniques in terms of
broader coverage and higher sensitivity.** Here, we conducted
a broad-targeted metabolomics study of serum to assess meta-
bolic differences between HUA mice that received and did not
receive BC99 treatment. Metabolomics analysis revealed that,
compared to the CON group, multiple pathways were signifi-
cantly dysregulated in the HUA group. Metabolites such as
guanosine, inosine, and adenosine in the purine metabolism
pathway were significantly elevated in hyperuricemic mice, but
these levels were reduced following BC99 treatment. In
addition to purine and pyrimidine metabolism, metabolites
involved in amino acid metabolism and glyoxylate and dicar-
boxylate metabolism were also significantly dysregulated.
Interestingly, these metabolic pathways are primarily intercon-
nected through amino acids, with glycine, serine, and threo-
nine metabolism appearing to be key nodes. Glycine, serine,
and threonine are important precursors for protein synthesis,
nucleic acids, and lipids, with glycine and serine also serving
as precursors for uric acid. In this study, glycine and serine
were significantly elevated in the HUA group, leading to exces-
sive uric acid production and ultimately resulting in hyperuri-
cemia. BC99 was able to significantly reverse these metabolic
pathways. This effective action may be attributed to glycine
and serine participating in various biosynthetic pathways and
stress responses, channeling energy into other metabolic path-
ways (such as glyoxylate and dicarboxylate metabolism, and
cysteine and methionine metabolism). This, in turn, produces
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beneficial metabolites that alleviate inflammatory responses
and reduce HUA. Therefore, we speculate that hyperuricemia
may stimulate amino acid metabolism dysregulation, exacer-
bating the condition. BC99 effectively reversed the amino acid
metabolism disturbances, suggesting that its protective effect
against HUA may be partly attributed to the improvement of
amino acid metabolism. Furthermore, the beneficial effects of
BC99 on HUA through the regulation of amino acid metab-
olism require further validation.

This study confirmed that BC99 treatment can reduce
purine synthesis, improve the expression of transport pro-
teins in the kidneys and intestines by inhibiting inflamma-
tory signaling pathways and enhancing oxidative stress.
Additionally, BC99 can correct gut microbiota dysbiosis and
restore purine and amino acid metabolism imbalances in
hyperuricemic mouse models. This research provides impor-
tant insights and directions for studying the mechanisms of
BC99 in lowering uric acid and offers a theoretical basis for
its application in preventing and treating HUA. Future
studies will further validate the relationship between metab-
olite changes and the uric acid-lowering mechanisms
through cellular experiments and other biotechnological
approaches.
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