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KEY WORDS Abstract In recent decades, the prevalence of hyperuricemia and gout has increased dramatically due

. to lifestyle changes. The drugs currently recommended for hyperuricemia are associated with adverse re-
Eirl:))eerziliec;emia' actions that limit their clinical use. In this study, we report that berberine (BBR) is an effective drug
Gut microbiota: candidate for the treatment of hyperuricemia, with its mechanism potentially involving the modulation
AMPD2: of gut microbiota and its metabolite, succinic acid. BBR has demonstrated good therapeutic effects in
Succinic acid; both acute and chronic animal models of hyperuricemia. In a clinical trial, oral administration of BBR
Uric acid synthesis; for 6 months reduced blood uric acid levels in 22 participants by modulating the gut microbiota, which
Gut—liver axis; led to an increase in the abundance of Bacteroides and a decrease in Clostridium sensu stricto_1. Further-
Bacteroides fragilis more, Bacteroides fragilis was transplanted into ICR mice, and the results showed that Bacteroides fra-

gilis exerted a therapeutic effect on uric acid similar to that of BBR. Notably, succinic acid, a metabolite
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of Bacteroides, significantly reduced uric acid levels. Subsequent cell and animal experiments revealed
that the intestinal metabolite, succinic acid, regulated the upstream uric acid synthesis pathway in the
liver by inhibiting adenosine monophosphate deaminase 2 (AMPD2), an enzyme responsible for convert-
ing adenosine monophosphate (AMP) to inosine monophosphate (IMP). This inhibition resulted in a
decrease in IMP levels and an increase in phosphate levels. The reduction in IMP led to a decreased
downstream production of hypoxanthine, xanthine, and uric acid. BBR also demonstrated excellent reno-
protective effects, improving nephropathy associated with hyperuricemia. In summary, BBR has the po-
tential to be an effective treatment for hyperuricemia through the gut—liver axis.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

An increase in the prevalence of hyperuricemia has been noted due
to the intake of high-energy diets (high in sugar, fat, and protein)
over the past decades, and the age of hyperuricemia onset is
becoming younger'. Hyperuricemia has become the second most
common metabolic disease in China after diabetes”. Hyperuricemia
is defined as a serum uric acid concentration >7 mg/dL
(>420 pumol/L) in males and >6 mg/dL (>360 pmol/L) in females.
Uric acid is mainly synthesized in the liver and is the end product of
the metabolism of nucleosides in food and a precursor for sub-
stances involved in nucleotide synthesis and endogenous purine
metabolism (including DNA decomposition products and adeno-
sine triphosphate (ATP) decomposition products). Hyperuricemia
often occurs with complications, among which gout arthritis is the
most common”. Approximately 2/3 of uric acid elimination occurs
in the urine through the kidney, and the rest is excreted in the
gastrointestinal tract’. Both the overproduction and reduced
excretion of uric acid can lead to hyperuricemia. For instance, the
knockdown of uric acid transporters glucose transporters 9 and
ATP-binding cassette transporter G2 in the gut results in hyperuri-
cemia’. Long-term high plasma uric acid levels often lead to renal
impairment and worse renal pathology, including segmental glo-
merulosclerosis, tubular atrophy, and interstitial fibrosis®. At pre-
sent, the mechanisms of the drugs for hyperuricemia are mainly as
follows: 1) inhibition of xanthine oxidase; 2) promotion of the renal
excretion of uric acid; and 3) the use of recombinant uricase to
oxidize uric acid to produce allantoin. Nevertheless, xanthine oxi-
dase inhibitors remain the mainstream drugs used to reduce blood
uric acid in the clinic, but serious side effects and poor patient
compliance hamper their clinical use’.

Recent studies have shown that febuxostat, a xanthine oxidase
inhibitor, may be associated with an increased incidence of all-
cause mortality and cardiovascular disease’. Uric acid excretion
drugs increase the risk of inducing kidney stones and have con-
traindications, including impaired renal function and chronic liver
disease. Recombinant uricase (uric acid oxidase) can generate
allantoin by oxidizing uric acid, thereby reducing the level of uric
acid content, and is mainly used to treat refractory gout when the
abovementioned drugs are ineffective; however, its large-scale use
is limited due to its drug immunogenicity. Therefore, finding and
developing safe and effective drugs to alleviate hyperuricemia is
very important.

Recent studies suggest that the gut microbiota plays a major role
in hyperuricemia and gout. Patients with hyperuricemia often
experience changes in the structure and function of the intestinal

flora®’. Moreover, the gut microbiota participates in the metabolism
of uric acid precursors and decomposes uric acid to influence the
level of uric acid precursors and uric acid entering the circulatory
system'’. Metabolites produced by the intestinal flora affect the
excretion of uric acid''. The gut microbiota is also involved in the
regulation of immune inflammation in patients with gout'”. How-
ever, the specific intestinal flora and their metabolism of uric acid
are still unclear and are worthy of in-depth study.

Berberine (BBR) is the main active ingredient of the traditional
Chinese medicine Coptis chinensis Franch. The safety and effi-
cacy of BBR, as a common natural medicine for diarrhea, have
been demonstrated throughout the years of usage. Moreover, the
low solubility and poor permeability (ionic form) of BBR result in
low bioavailability, which leads to the accumulation of a large
amount of BBR in the gut and provides the possibility of
interactions between BBR and the gut microbiota; thus, studies on
the therapeutic efficacy and mechanism of BBR via the gut
microbiota have emerged, including studies on hyperlipid-
emia'®'* type 2 diabetes', chronic kidney disease'®, Parkinson’s
disease'’, and nonalcoholic fatty liver disease'®. BBR could be a
promising candidate drug for the treatment of energy metabolism
disorders via a multitarget mechanism.

In this study, we revealed the therapeutic effect of BBR in
hyperuricemia via the gut—liver axis. BBR significantly alleviated
hyperuricemia and the gut microbiota disturbances caused by
hyperuricemia. In particular, BBR restored the abundance of Bac-
teroides and reduced the abundance of Clostridium sensu stricto_1
in both animal models and clinical fecal samples. Bacteroides
fragilis transplantation experiments revealed that B. fragilis
significantly decreased blood uric acid levels and increased the
content of succinic acid, which altered uric acid metabolism in the
liver. Furthermore, BBR directly inhibited the activity of AMPD2 to
reduce the production of uric acid in the liver, suggesting that this
natural drug may have the potential to regulate nucleic acid meta-
bolism in addition to regulating glycolipid metabolism'>'>.

2. Materials and methods
2.1.  Cell culture

Human embryonic kidney 293T (HEK293T) cells (China Infra-
structure of Cell Line Resource, Beijing, China) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Gibco, Thermo Fisher Scientific, Inc.) and 1%
penicillin—streptomycin (Jiangsu KeyGEN BioTECH Co., Ltd.,
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Nanjing, China). HEK293T cells were cultured in an incubator at
37 °C with 95% humidity and 5% CO,, respectively.

Bacteroides fragilis (ATCC 25285) was cultured in Bacter-
oides Phage Recovery Medium Broth (Psaitong Co., Ltd., China)
supplemented with 5% fetal bovine serum (Gibco, Thermo Fisher
Scientific, Inc.) at 37 °C under anaerobic conditions.

2.2. Pharmacodynamic study of BBR in ICR mice with chronic
hyperuricemia

Forty 8-week-old male ICR mice were randomly divided into four
groups: the control group, the model group, the BBR low-dose
group (BBR, 100 mg/kg) and the BBR high-dose group (BBR,
200 mg/kg). After one week of adaptive feeding, the model was
established by administering a high-purine diet (10% yeast
powder) and intraperitoneally injecting potassium oxazinate
(100 mg/kg/day). After 4 weeks of modeling, the mice in the BBR
low-dose group and the BBR high-dose group were given BBR
(orally, 100 mg/kg/day or 200 mg/kg/day) while continuing
modeling; subsequently, blood samples were taken to determine the
levels of plasma uric acid 1 week and 2 weeks after drug adminis-
tration. At the end of the experiment, fecal samples were collected
for analysis of the gut microbiota composition. The V3 and V4
regions were analyzed by 16S rRNA gene sequencing (See
Supporting Information).

2.3. Pharmacodynamic study of BBR in ICR mice with acute
hyperuricemia

Fifty 8-week-old male ICR mice were randomly divided into
5 groups, namely, the control group (Control Group), the
model group (Model Group), the BBR low-dose group (BBR-L,
100 mg/kg), the BBR high-dose group (BBR-H, 200 mg/kg) and
the positive group (benzbromarone, 20 mg/kg). After one week of
adaptive feeding, the model was established by 2 weeks of
continuous oral administration of xanthine (50 mg/kg/day) and
intraperitoneal injection of potassium oxazinate (100 mg/kg/day).
Drug administration was performed while modeling. After two
weeks of intervention, blood samples were collected, and uric acid
and creatinine levels in the blood were measured using the cor-
responding detection kits. The animal experiment was conducted
in strict accordance with the guidelines and ethical guidelines for
experimental animals and was approved by the Animal Ethics
Committee of the Institute of Experimental Zoology of the Chi-
nese Academy of Medical Sciences and Peking Union Medical
College (No. 00003464, 00003546, 00002648).

2.4.  Determination of the levels of metabolites in the AMPD?2
metabolic pathway using LC—MS/MS

The quantitative determination of uric acid, xanthine, hypoxan-
thine, inosine, AMP, and IMP levels was performed by high-
performance liquid chromatography—triple quadrupole mass
spectrometry (LCMS-8060, Shimadzu, Kyoto, Japan). An Alltima
C18 (5 pm, 4.6 mm x 150 mm) column was used for chro-
matographic separation. The linear gradient elution flow rate was
0.4 mL/min. Water was used as mobile phase A, and methanol
was used as mobile phase B. The gradient elution procedure was
as follows: 1.00 min (95% A and 5% B), 14.00 min (10% A and
90% B), 17.00 min (10% A and 90% B), 17.01 min (95% A and
5% B), and stopping at 22 min. The column temperature was

maintained at 40 °C. The detection method used for mass spec-
trometry was multiple reaction mode (MRM). The mass spec-
trometry parameters were set as follows: 1) nebulizing gas flow,
2.8 L/min; 2) heating gas flow, 10.0 L/min; 3) drying gas flow,
10.0 L/min; 4) interface temperature, 300 °C; 5) DL temperature,
250 °C; and 6) heating block temperature, 400 °C. The m/z
transitions are 167.15 — 124.00 (m/z) for wuric acid,
135.40 — 92.05 (m/z) for hypoxanthine, 151.35 — 108.05 (m/z)
for xanthine, 267.25 — 135.10 (m/z) for inosine,
346.25 — 79.05 (m/z) for AMP, 347.25 — 79.00 (m/z) for IMP.

Plasma was collected by centrifuging the blood samples at
3380 x g for 5 min at 4 °C. Then, 3 times the volume of aceto-
nitrile (including IS) was added to 50 pL of plasma for protein
precipitation. After centrifugation at 13,500 x g for 5 min, 5 pL of
the supernatant was collected for analysis.

2.5.  Clinical study of the efficacy of BBR in ameliorating
hyperuricemia

Eight hyperuricemia patients (2 males, 6 females; age
68.75 £ 4.65 with high levels of blood uric acid:
421.6 £ 57.52 mmol/L) and 14 volunteers without hyperuricemia
(9 males, 5 females; age 63.00 £ 5.68 with normal levels of blood
uric acid: 320.0 = 65.52 mmol/L) were enrolled in this study in
the Outpatient Section of the First Hospital of Jilin University in
Changchun in the summer of 2017. This study was approved by
the institutional ethics committee of the First Hospital of Jilin
University (ChiCTR-OPN-17012942), and all patients and vol-
unteers without hyperuricemia signed informed consent forms.
Notably, the abovementioned study was a subgroup analysis of a
clinical study in patients with abnormal lipid metabolism and
atherosclerosis, so all subjects received BBR (0.5 g, bid, for 6
months) for intervention. In this part of the study, we focused
mainly on the blood uric acid index and the renal function index.

The criteria for hyperuricemia were as follows: under normal
diet conditions, after fasting for more than 12 h before the test,
fasting blood uric acid levels >420 pmol/L for males and
>360 pmol/L for females on two different days.

The 22 enrolled volunteers were orally administered BBR (0.5 g,
bid) for 6 months. Blood samples were collected in the morning on
the first day and 2, 4 and 6 months later and stored at —20 °C. Blood
uric acid, serum creatinine and blood urea nitrogen (BUN) levels
were measured by the Laboratory Department of the First Hospital
of Jilin University using a Hitachi series 7600 automatic
biochemical analyzer (Tokyo, Japan). At the same time, fecal
samples were collected for analysis of the gut microbiota
composition.

2.6.  Correlation analysis of the uric acid content in serum and
the intestinal flora in patients with hyperuricemia

Feces were collected before treatment and 2, 4, and 6 months after
BBR treatment. The V3 and V4 regions were analyzed by 16S
rRNA gene sequencing. The correlations between microbiota at
the genus level and plasma uric acid content were evaluated.

2.7.  The hypouricemic effect of Bacteroides fragilis in animals
with fructose-induced hyperuricemia

Thirty-six eight-week-old male ICR mice were randomly divided
into 4 groups: the control group (n = 9), the model group (n = 9),
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the Bacteroides fragilis group (n = 9) and the combined treatment
group (Bacteroides fragilis and BBR, n = 9). The model group, the
Bacteroides fragilis group, and the combined treatment group were
fed 10% fructose in the drinking water and were intraperitoneally
injected with 100 mg/kg/day potassium oxazinate (2 times a day, at
8:00 and 18:00) for 7 consecutive days. The exposure conditions of
each group were as follows: 1) the Bacteroides fragilis group was
orally administered 1 x 10'" colony-forming units (CFUs) of
Bacteroides fragilis per day, and 2) the combined treatment group
was treated with 1 x 10'® CFUs of Bacteroides fragilis per day and
orally administered BBR (200 mg/kg). Plasma was collected after 7
days of treatment, and the uric acid level was determined by LC-
MS/MS. Fecal samples were collected for the determination of
short-chain fatty acid levels.

2.8.  Determination of short-chain fatty acid levels in vitro

Fecal samples (approximately 0.2 g) from the previous experiment
were pretreated by dilution [weight (g): volume (uL) = 1:1000] in
water. The mixture was centrifuged at 18,400 x g for 10 minat4 °C.
Then, 100 pL of the supernatant was added to acetone (with 1%
phosphoric acid, v/v) for short-chain fatty acid (SCFA) extraction.
The mixture was centrifuged at 18,400 x g for 10 min at 4 °C, and
the supernatant was directly injected for analysis. The quantifica-
tion of SCFAs by gas chromatography (GC) was performed as
previously described'”. A gas chromatograph (GC-2020) from
Shimadzu Corporation (Kyoto, Japan) was used in this study. A high
polarity Alltech capillary column (AT-WAX,
30 m x 0.25 mm x 0.25 um, Alltech Corporation, Chicago, USA)
was used for separation with the following parameters: nitrogen
flow, 1.27 mL/min; purge flow, 3.0 mL/min; total pressure,
105.0 kPa; injection port temperature, 230 °C; and FID detector
temperature, 250 °C. The temperature program started at 80 °C for
1 min, linearly increased to 130 °C at a rate of 5 °C/min, and was
maintained for 5 min.

2.9.  The hypouricemic effect of sodium succinate in animals
with hyperuricemia

Forty 8-week-old male C57BL/6 mice were randomly divided
into 5 groups, namely, the control group, the model group, the BBR
group (200 mg/kg), the SUC group (sodium succinate, 200 mg/kg),
and the positive control group (benzbromarone, 20 mg/kg). After
one week of adaptive feeding, the model was continuously estab-
lished for 30 days via 300 mmol/L sodium glutamate (final con-
centration) in the drinking water. Drug administration was
performed during modeling. After 30 days, orbital blood samples
and the liver were collected for further study.

Forty 8-week-old male ICR mice were randomly divided into 5
groups: the control group, the model group, the BBR group
(200 mg/kg), the SUC group (sodium succinate, 200 mg/kg), and
the positive control group (benzbromarone, 20 mg/kg). The model
was continuously established by feeding with 10% fructose in the
drinking water, as well as injecting potassium oxazinate intra-
peritoneally (100 mg/kg/day, 2 times a day, at 8:00 and 18:00) for
7 consecutive days. After 7 days of intervention, orbital blood
samples and the liver were collected for further study.

The levels of metabolites in the AMPD2 metabolic pathway in
plasma were determined by LC-MS/MS. The levels of uric acid,
BUN, and creatinine were determined by the corresponding test
kits. The phosphate level and enzyme activity of AMPD2 in the
liver were evaluated as described above.

2.10.  Effect of succinic acid on the purine metabolism pathway
in HEK293T cells

To test the effect of succinic acid on normal HEK293T cells
viability, HEK293T cell lines were purchased from Beijing Hex-
iucheng Biotechnology Co., Ltd. (Beijing, China). Routine culture
was performed in DMEM supplemented with 100 units/mL
penicillin and 100 mg/mL streptomycin and 10% fetal bovine
serum at 37 °C and 5% CO, incubation condition.

HEK?293T cells were cultured in 96-well plates for 24 h until
the cells were adherent. Succinic acid of 10 mmol/L, 5 mmol/L,
2.5 mmol/L, 1.25 mmol/L, 625 pmol/L, 312.5 umol/L and
156.25 pmol/L were added to the plates, respectively. After 24 h
of culture in the incubator, the cell viability was measured by
CCKS8 kit (Solarbio, Beijing, China).

Then, the effect of succinic acid on purine metabolism
pathway in normal HEK293T cells was carried out. HEK293T
cells were cultured in 12-well plates for 24 h until the cells were
adherent. DMSO, 2.5 mmol/L, 1.25 mmol/L and 625 pmol/L
succinic acid were added to the cells, respectively, and cultured in
an incubator for 24 h. Phosphate and ATP were determined using
the phosphate detection kit and ATP detection kit (Beyotime,
Shanghai, China). AMP, IMP, inosine, hypoxanthine, xanthine,
and uric acid were determined using LCMS-8060.

Finaly, fructose-induced HEK293T cells were used to test the
effects of succinic acid on purine metabolism pathway. HEK293T
cells were cultured in a 12-well plate and cultured for 24 h until
the cells were adherent. DMSO, fructose (20 mmol/L), fructose
(20 mmol/L) + 625 pumol/L succinic acid (SA-L) and fructose
(20 mmol/L) + 2.5 mmol/L succinic acid (SA-H) were added to
the plates, respectively. After 24 h of continuous culture, the
phosphate detection kit and ATP detection kit (Beyotime,
Shanghai, China) were used for determination.

2.11.  Effect of BBR on nephropathy in animals with
hyperuricemia

Thirty-five 8-week-old male SD rats were randomly divided into 5
groups, namely, the control group (control group), the model
group (model group), the positive control group (febuxostat,
10 mg/kg/day), the BBR low-dose group (BBR, 100 mg/kg/day)
and the BBR high-dose group (BBR, 200 mg/kg/day). After one
week of adaptive feeding, the model was established by feeding
the animals 10% yeast with 0.15% adenine continuously for 6
weeks. Drug intervention was conducted during modeling. After 6
weeks of intervention, the levels of xanthine, uric acid, creatinine,
and trimethylamine-N-oxide (TMAO) in plasma were determined
by using LC-MS/MS, while the level of BUN was determined by
a BUN assay kit from Nanjing Jiancheng Institute of Bioengi-
neering (Nanjing, China). Kidneys were fixed with 4% para-
formaldehyde (Beijing Solarbio Technology Co., Ltd., Beijing,
China), embedded in conventional paraffin, sliced and stained
with an HE staining kit (Beijing Solarbio Technology Co., Ltd.,
Beijing, China).

2.12.  Statistical analysis

The data were analyzed using Prism version 8.0 (GraphPad
Software, La Jolla, CA, USA). The data in the figures are
expressed as the mean =+ standard deviation (SD), and the dif-
ferences between groups were analyzed by a two-sided ¢ test. P
values less than 0.05 were considered to indicate statistical
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significance (*P < 0.05, **P < 0.01, and ***P < 0.001). A P
value less than 0.05 is considered statistically significant.

3. Results

3.1.  BBR significantly improves chronic/acute hyperuricemia in
ICR mice

First, we established a chronic hyperuricemia model with ICR
mice by feeding them a high-purine diet and injecting potassium
oxazinate intraperitoneally to investigate the therapeutic effect of
BBR on hyperuricemia (Fig. 1A). After 6 weeks of modeling, the
plasma uric acid concentration in the model group was signifi-
cantly greater than that in the control group (***P < 0.001),
indicating that the hyperuricemia model was successfully
established (Fig. 1B). Furthermore, the uric acid levels were
significantly decreased after the oral administration of BBR in
both the low-dose BBR group (100 mg/kg, by 29% after 1 week of
treatment and by 47% after 2 weeks of treatment, **P < 0.01) and
the high-dose BBR group (200 mg/kg, by 48% after 1 week of
treatment and by 54% after 2 weeks of treatment, ***P < 0.001)
in a time- and dose-dependent manner (Fig. 1B).

high-purine diet Grouping:
1. Control

A (10% yeast powder)
é’ & 2. Model

potassium oxazinate i.p. 3 BBR-L (100 mglkg)
4. BBR-H (200 mg/kg)

Moreover, the hypouricemic effect of BBR was confirmed in
an acute xanthine-induced hyperuricemia mouse model (Fig. 1C).
The level of uric acid was significantly elevated after 14 days of
modeling (**P < 0.01, Fig. 1D) and decreased after the oral
administration of BBR (*P < 0.05, Fig. 1D). Notably, the thera-
peutic effect of BBR in terms of lowering uric acid levels is
similar to that of benzbromarone (a positive control drug).
Furthermore, the kidneys of mice in the xanthine-induced hyper-
uricemia model group exhibited slight swelling, and the kidney/
weight ratio in the model group was significantly greater than that
in the control group (*P < 0.05, Fig. 1E). BBR decreased the
kidney/weight ratio, which suggested that BBR protected the
kidney (Fig. 1E). In addition, BBR reversed the elevation in
creatinine levels in xanthine-induced hyperuricemia model mice
in a dose-dependent manner (**P < 0.01, Fig. 1F).

Then, the uric acid-lowering effect of BBR was validated by
determining the uric acid levels after single or multiple oral ad-
ministrations of BBR in normal SD rats (Fig. 1G and H). As shown
inFig. 1G, after oral administration of one dose of BBR (200 mg/kg)
for 6, 12 or 24 h, the plasma uric acid concentration decreased by
20%,22% or 17%, respectively (Fig. 1H), compared with that in the
control rats (no change); this result indicated that BBR may rapidly
lower uric acid levels. After continuous oral administration of BBR
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Xanthine p.o. (50 mg/kg) 1. Control

1
& 2. Model
t - inate i 3. BBR-L (100 mg/kg)
potassium oxazinate ip. ,  pgrH (200 mgikg)
5.

(100 mglkg) (100 mg/kg) . Positive (Benzbromarone)
7 Days 28 Days 14 Days » S
ICR mice ICR mice 14 Days
B M Control W Control D = E © 15 Fkk F
W Model B Mode! 5 3 S = T s 30
[ BBR (100 mg/kg) W BBR (100 mg/kg) ZQ é % 'Lé'L' 8 N
BBR (200 mg/kg) BBR (200 mg/kg) °= S E Eo
*kk = = % 1.0 EC) £ 26
307 kkk Kk @ x °s é =
P Phakadd TRk < 2 = X g 24
o 2 o S 3 S % o
o & 8 ~E co 52 2 z
Egg €l 58 330.5 §'c22
x 3> x B2 3 58 T g
053 oS8 & T fol=1 3320
cgd cgd RS 5B S
£E9 £ES 2 g < 00 £ 18
S &€ 3eE 2L S & OB @
522 sg3 & SO S
T 3L T oL K& N
5 %o STe ..
< = AN @Q‘\Q,‘z‘ &)
S P
1 week 2 week
¢ = Vehicle m o o : \Eg;:iad;oo /k
m * BBR (200 mg/kg) . M BBR (200 mgkg) ( o o
Y Y 5 6 B 800, i ** o8
Oh2h 6h  12h S a5 —x £ —
111 1 1 IS “ € 600 QEe6
F34 5% <2 i
a = =1
SD rats 25 20T A7% £ F400 ggt i i
Vehicle — 2 §a g 8
o -22% X T 200 232
; - . e
>
BBR (200 mg/kg) % 0 T 0 0 O A o A
0 2 6 12 24 IR R S PP
Time (h) FF PP
Figure 1  BBR significantly improves chronic/acute hyperuricemia in ICR mice. (A) Experimental grouping and scheme of the chronic hyper-

uricemia model induced by a high-purine diet. (B) Uric acid levels in the plasma after 1 week (left) and 2 weeks (right) of treatment (n = 10). (C)
Experimental grouping and scheme of the xanthine-induced acute hyperuricemia model. (D) Uric acid level in the plasma of animals in the xanthine-
induced model (Control: n = 7; Model: n = 9; BBR 100 mg/kg: n = 9; BBR 200 mg/kg: n = 8; Benzbromarone: n = 8). (E) Ratio of kidney weight/
body weight of animals in the xanthine-induced model (Control: n = 10; Model: n = 11; BBR 100 mg/kg: n = 9; BBR 200 mg/kg: n = 10;
Benzbromarone: n = 10). (F) Plasma creatinine level of animals in the xanthine-induced model (n = 6). (G, H) Experimental grouping and scheme of
the single-dose oral administration of BBR group (G) and the uric acid level in the plasma (n = 5) (H). (I) Hypoxanthine levels in the plasma after
multiple doses of oral BBR (n = 6). (J) Uric acid levels in the plasma after multiple doses of oral BBR (n = 6). The r-test is used for pairwise
comparison within the group (two-sided, unpaired), the data are shown as the mean £ SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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for 5 and 7 days, hypoxanthine (the precursor of uric acid) levels in
the plasma were reduced significantly (**P < 0.01, Fig. 1I).
Moreover, the uric acid level in the BBR group also decreased
(*P < 0.05, Fig. 1]). Due to the decrease in the level of hypoxan-
thine, we can infer that BBR-induced decreases in uric acid levels
may be associated with the uric acid synthesis pathway.

Based on the demand for mass spectrometry detection of a
large number of nucleic acid analogues in this study, we con-
structed a targeted LC—MS/MS detection method, and the
extracted ion chromatogram of the targeted method, as well as the
standard curves was shown in Supporting Information Fig. S1.
The indexes of the methodological validation met the re-
quirements, including specificity, linearity and lower limit of
quantification, accuracy and precision, recovery and matrix effect
and dilution linearity, and the results are displayed in Supporting
Information Tables S1—S5.

3.2. BBR lowered blood uric acid levels by targeting the gut
microbiota

Due to the difficulty in absorbing BBR after oral administration,
BBR inevitably interacts with gut bacteria after entering the in-
testine. Thus, the regulatory effect of BBR on the composition of
the gut microbiota in a model of chronic hyperuricemia (induced
by a high-purine diet) was studied. As shown in Fig. 2A, the re-
sults of principal component analysis (PCA) showed that the
structure of the intestinal flora in the hyperuricemia model group
was different from that in the control group, and BBR significantly
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altered the structure of the intestinal flora in the hyperuricemia
state (Fig. 2A), suggesting that the gut microbiota participates in
the uric acid-lowering effect of BBR. Furthermore, BBR also
affected the a-diversity of the intestinal flora in the hyperuricemia
model. The Chaol index of the BBR group was significantly lower
than that of the model group (Supporting Information Fig. S2A),
and the Shannon index tended to decrease after BBR adminis-
tration (Fig. S2B). Fig. 2B shows the composition of the intestinal
flora at the phylum level. Significant differences were observed in
various intestinal phyla. There was a significant decrease in the
abundance of Verrucomicrobia (Fig. 2C) and a significant increase
in the abundance of Actinobacteria (Fig. 2D) in the model group.
Verrucomicrobia contains numerous probiotics, with Akkermansia
muciniphila being the most well-known. BBR administration
significantly increased the abundance of Verrucomicrobia and
reduced the abundance of Actinobacteria, which restored the
composition and function of the intestinal flora. Next, we focused
on changes at the genus level. As shown in Fig. 2E, the abundance
of Anaerotruncus was significantly reduced in the model group,
while BBR increased the abundance of Anaerotruncus. Anaero-
truncus, which was originally isolated from bariatric surgery pa-
tients, produces succinic acid, which can be utilized for obesity
treatment”’. We also observed that BBR significantly reduced the
abundances of Coriobacteriaceae_ UCG-002, Ruminococa-
ceae_UCG-001, Prevotellaceae_UCG-001 and Allobaculum
while increasing the abundance of Bacteroides. As shown in
Fig. 2F, Coriobacteriaceae_UCG-002 abundance increased in
the hyperuricemia state, and BBR significantly inhibited its
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BBR changed the gut microbiota composition in an animal model of chronic hyperuricemia. (A) Differences in PCA analysis between

the control group and the model group (left), as well as the model group and the BBR group (right). (B) Differences in the intestinal flora at the
phylum level. (C) Changes in the relative abundance of the phylum Verrucomicrobia. (D) Changes in the relative abundance of the phylum
Actinobacteria. (E) Heatmap of the gut microbiota at the genus level. (F) Changes in the relative abundance of the genus Coriobacter-
iaceae_UCG-002. (G) Changes in the relative abundance of the genus Bacteroides. The t-test is used for pairwise comparison within the group
(two-sided, unpaired), the data are shown as the mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 5.
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growth. Furthermore, the abundance of Bacteroides increased by
268% compared with that in the model group (Fig. 2G).

3.3.  BBR alleviated hyperuricemia in 22 clinical subjects by
increasing Bacteroides abundance and decreasing that of
Clostridium sensu stricto_1

BBR has been proven to regulate glucose and lipid metabolism in
the clinic'*'®. To determine whether BBR administration
decreased serum uric acid levels in humans, 22 individuals with
hyperlipidemia were randomly enrolled in a BBR treatment study
in the outpatient section of the First Hospital of Jilin University in
Changchun in the early spring of 2017 (clinical approval number
ChiCTR-OPN-17012942). Twenty-two individuals (8 patients
with hyperuricemia and 14 volunteers with normal uric acid
levels; all 22 enrolled subjects had hyperlipidemia) were enrolled
and given BBR as an intervention for 6 months to investigate
whether BBR could decrease uric acid levels when used clinically.
There were 11 males and 11 females in this trial, with an average
age of 65 £ 5.9 years. The criteria for hyperuricemia were a
blood uric acid concentration that exceeded 420 pmol/L for
men and 360 pmol/L for women. At enrollment, the blood uric
acid concentration in the hyperuricemia group was
421.6 + 57.52 pmol/mL, and that in the non-hyperuricemia group
was 320.0 £ 65.52 pumol/mL. There were significant differences
between the two groups at enrollment (Supporting Information
Table S6). Blood samples were collected every 2 months. Dur-
ing the trial, all subjects showed good tolerance to BBR, no
serious adverse reactions and no drug withdrawal due to severe
adverse reactions. After the administration of BBR, the average
uric acid levels of all 22 subjects significantly decreased at 2 (by
6.95%, *P < 0.05), 4 (by 10.37%, **P < 0.01) and 6 months (by
11.34%, ***P < 0.001) in a time-dependent manner (Fig. 3A,
Table 1). With prolonged administration of BBR, the blood uric
acid levels in patients with hyperuricemia decreased by 8.80%,
12.10% and 11.00% after taking BBR for 2, 4, and 6 months,
respectively (Fig. 3B, Table 1). Furthermore, with prolonged
administration of BBR, the blood uric acid levels in volunteers
without hyperuricemia decreased by 5.50%, 9.10% and 12.70%
after taking BBR for 2, 4, and 6 months, respectively (Fig. 3C,
Table 1). In this study, with increasing BBR treatment time, the
rate of decrease in uric acid levels increased. BBR has a certain
ability to lower blood uric acid levels, and it is effective in both
patients with hyperuricemia and subjects with normal blood uric
acid levels.

At the same time, the blood creatinine and BUN levels of the
enrolled subjects were also analyzed as patients with hyperuri-
cemia are more likely to suffer renal injury with age. As shown in
Fig. 3D, after taking BBR for 2, 4, or 6 months, the blood
creatinine level significantly decreased in a time-dependent
manner. However, BBR did not obviously reduce the blood
BUN level (Fig. 3E). These results indicate that BBR also has a
therapeutic effect in terms of improving renal function.

The regulatory effect of BBR on the gut microbiota in patients
with hyperuricemia was also investigated. Bacteroides and Clos-
tridium sensu stricto_1 were the most variable strains identified
during the experiment. At enrollment, the abundance of Bacter-
oides in patients with hyperuricemia was lower than that in vol-
unteers without hyperuricemia (Fig. 3F), and the abundance of
Clostridium sensu stricto_I was enriched in patients with hyper-
uricemia (Fig. 3G). After 6 months of treatment, the abundance of
Bacteroides in volunteers without hyperuricemia did not change

significantly during BBR treatment (Fig. 3H). However, the
abundance of Bacteroides in patients with hyperuricemia
increased significantly in a time-dependent manner (Fig. 3I). The
abundance of Bacteroides had a significant negative correlation
with the plasma uric acid level (R* = 0.3046, P = 0.077) in the
subjects (Fig. 3J). There was a decreasing trend in Clostridium
sensu stricto_l abundance in both volunteers without hyperuri-
cemia (Fig. 3K) and patients with hyperuricemia (Fig. 3L) during
BBR treatment. Similarly, the abundance of Clostridium sensu
stricto_1 showed a significant positive correlation with plasma
uric acid levels (R* = 0.2719, P = 0.0128) in subjects (Fig. 3M).
Thus, BBR-induced increases in Bacteroides abundance and de-
creases in Clostridium sensu stricto_I abundance may be related
BBR-mediated regulation of the gut microbiota in a personalized
manner, which can ameliorate hyperuricemia.

3.4.  Bacteroides fragilis and its metabolite succinic acid
elevated by BBR significantly reduced plasma uric acid levels in
animal models of hyperuricemia

As the abundance of Bacteroides was elevated after treatment with
BBR both in hyperuricemia animal models and in clinical pa-
tients, and a significant negative correlation between Bacteroides
and blood uric acid was observed in the clinical study, we
considered that Bacteroides may have a unique biological mech-
anism through which it ameliorates hyperuricemia. After obtain-
ing basic information on the Bacteroides genus, we found that the
Bacteroides genus has a remarkable ability to metabolize carbo-
hydrates and is capable of fermenting carbohydrates to produce a
variety of short-chain fatty acids (such as succinic acid and pro-
pionic acid). In this study, Bacteroides fragilis was selected for the
experiment for the following reasons: 1) Bacteroides fragilis is a
well-studied Bacteroides, and strains are relatively easy to obtain;
2) Bacteroides fragilis utilizes significant amounts of carbohy-
drates, such as fructose and polyfructose’' **; and 3) Bacteroides
fragilis is beneficial for the immune system in the host 2

Therefore, the fructose-induced acute hyperuricemia model
was chosen to evaluate the possible metabolic mechanism by
which Bacteroides ameliorates hyperuricemia (Fig. 4A). As
shown in Fig. 4B, the blood uric acid level of the model group was
significantly greater than that of the control group (**P < 0.01),
while the Bacteroides fragilis  transplantation  group
(***P < 0.001) and the Bacteroides fragilis transplantation
combined with BBR group (¥**P < 0.001) had significantly lower
blood uric acid levels, which indicated that Bacteroides fragilis
plays a role in regulating uric acid levels.

Then, we determined the levels of SCFAs in the feces. As
shown in Fig. 4C and D, the succinic acid content in the fecal
samples of model mice decreased significantly, while that in the
Bacteroides fragilis group and the combination of Bacteroides
fragilis and BBR group significantly increased (Fig. 4C). The
content of propionic acid in the feces was also significantly
increased following Bacteroides fragilis intervention or treatment
with the combination of Bacteroides fragilis and BBR (Fig. 4D).
The abundances of both succinic acid (R2 = 0.3361, P = 0.0074,
Fig. 4E) and propanoic acid (R* = 0.2496, P = 0.0249, Fig. 4F)
showed a significant negative correlation with plasma uric acid
levels. Interestingly, we observed that Bacteroides fragilis lowered
blood uric acid levels in the context of hyperuricemia, which may
be related to the elevated production of short-chain fatty acids,
especially succinic acid.
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Figure 3

BBR alters the gut microbiota composition in patients with hyperuricemia. (A) Uric acid levels in 22 subjects after 2, 4 and 6 months

of treatment with BBR. (B) Uric acid levels in 8§ patients with hyperuricemia. (C) Uric acid levels in 14 volunteers without hyperuricemia. (D)
Creatinine levels in 22 subjects after 2, 4 and 6 months of treatment with BBR. (E) BUN levels in 22 subjects after 2, 4 and 6 months of treatment

with BBR. (F) Abundance of Bacteroides in hyperuricemia patients and

volunteers without hyperuricemia at enrollment. (G) Abundance of

Clostridium_sensu_stricto_1 in hyperuricemia patients and volunteers without hyperuricemia at enrollment. (H) Abundance of Bacteroides in

volunteers without hyperuricemia after 2, 4 and 6 months of treatment with
after 2, 4 and 6 months of treatment with BBR (n

BBR (n = 7). (I) Abundance of Bacteroides in hyperuricemia patients

13). (J) Correlation analysis of the abundance of Bacteroides and the uric acid level in

subjects. (K) Abundance of Clostridium sensu stricto_1 in volunteers without hyperuricemia after 2, 4 and 6 months of treatment with BBR
(n = 12). (L) Abundance of Clostridium_sensu_stricto_I in hyperuricemia patients after 2, 4 and 6 months of treatment with BBR (n = 7). (M)
Correlation analysis of the abundance of Clostridium_sensu_stricto_I and the uric acid level in the subjects. The t-test is used for pairwise

comparison within the group (two-sided, unpaired). The data are shown a

Thus, the therapeutic effect of succinic acid on hyperurice-
mia was further investigated. Sodium succinate was adminis-
tered to model animals with fructose-induced (Fig. 4G)
hyperuricemia. With the administration of sodium succinate, the
uric acid level decreased (Fig. 4H). Furthermore, the hepatic
phosphate level slightly increased following sodium succinate
administration (Fig. 4I), leading to the inhibition of AMPD2
activity (Fig. 4J). However, the regulatory effect of sodium
succinate was weaker than that of BBR, suggesting that sodium
succinate may also regulate hyperuricemia via other pathways.
Analysis of the uric acid synthesis pathway showed that the
levels of most metabolites (AMP, IMP, inosine, hypoxanthine
and xanthine) in the pathway in both the fructose-induced and
sodium glutamate-induced models decreased due to the
administration of sodium succinate (Fig. 4K—0); thus, we can
infer that succinic acid may play an important role in regulation
of the uric acid synthesis pathway, which can alleviate
hyperuricemia.

s the mean £ SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

3.5.  BBR inhibits uric acid synthesis pathway by reducing liver
AMPD? activity and increasing phosphate levels in the body
through intestinal succinic acid

To clarify the mechanism underlying the hypouricemic activity of
BBR, we incubated BBR with xanthine oxidase, and the classic
xanthine oxidase inhibitor febuxostat was used as a positive
control. As shown in Supporting Information Fig. S3, the rate of
inhibition of xanthine oxidase by febuxostat was 24.52% at
1077 mol/L and 63.91% at 10~® mol/L. However, BBR did not
have an obvious inhibitory effect at 10~* mol/L, with an inhibition
rate of only 0.043%; this result indicated that BBR is not a direct
inhibitor of xanthine oxidase.

Then, we investigated whether BBR impacted the uric acid
synthesis pathway. A sodium glutamate-induced hyperuricemia
model with abnormal uric acid metabolism was established
(Fig. 5A). The principle underlying the sodium glutamate-induced
hyperuricemia model is as follows. Excess glutamate is
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Table 1  The serum uric acid of patients before and after BBR treatment.
Group Participant No.  Code Serum uric acid (pmol/L)
Before treatment®  After treatment”
2 months 4 months 6 months
Hyperuricemia group (n = 8) 1 L M 374 372 318 312
2 L QC 534 427 429 387
3 F XL 389 377 414 384
4 LR 383 364 377 357
5 CIJR 438 405 386 424
6 CLJ 474 490 421 474
7 C GQ 410 350 325 301
8 Y XY 371 289 296 364
Mean + SD (n = 8) 421.6 £+ 57.52 384.3 £ 5892 370.8 £ 51.44 3754 + 56.46
% of reduction™: (b-a)la x 100 = 8.80% 12.10% 11.00%
Non hyperuricemia group (n = 14) 9 Y GY 410 376 370 335
10 YZY 249 186 185 190
11 L ZF 416 410 336 339
12 CK 325 282 273 252
13 TWM 342 245 305 248
14 W YH 331 336 291 288
15 K LH 386 434 504 371
16 ZLY 276 260 258 264
17 L CX 286 262 275 226
18 W SC 231 253 235 255
19 S HB 284 346 292 323
20 Y CR 407 400 322 357
21 SLT 228 209 216 195
22 Q SF 309 234 211 266
Mean + SD (n = 14) 320.0 £ 65.52 302.4 £ 80.10 290.9 &+ 79.84  279.2 + 58.01
% of reduction™: (b-a)la x 100 = 5.50% 9.10% 12.70%
Mean £+ SD (n = 22) 357.0 &£ 79.15 332.1 £82.19 320.0 £79.83 314.2 £ 73.40
% of reduction™: (b-a)la x 100 = 6.95% 10.37% 11.34%

#Absolute value.

metabolized into glutamine in the liver and hypothalamus and
ultimately into IMP through the purine pathway while consuming
ATP and generating AMP; AMP then enters the purine degrada-
tion pathway to generate uric acid via AMPD2?. The uric acid
content in the model group was significantly greater than that in
the control group (***P < 0.001, Fig. 5B), and BBR significantly
lowered the blood uric acid level in a dose-dependent manner
(***P < 0.001). Additionally, metabolites in the uric acid syn-
thesis pathway (Fig. 5C) were analyzed by LC-MS/MS. As
shown in Fig. 5SD—H, the plasma AMP level in the model group
was significantly decreased (**P < 0.01, Fig. 5D), and both the
high doses of BBR and succinic acid significantly restored the
level of AMP (***P < 0.001, Fig. 5D). Furthermore, the IMP
level in the model group was significantly greater than that in the
control group (**P < 0.01, Fig. 5E). BBR reversed the increase in
IMP (Fig. S5E). Finally, as shown in Fig. SF—H, the levels of the
downstream metabolites of IMP, including inosine (***P < 0.001,
Fig. 5F), hypoxanthine (**P < 0.01, Fig. 5G), and xanthine
(Fig. 5H), were increased in the model group, from which we can
infer that the IMP pathway was enriched in the hyperuricemia
state. Similarly, BBR significantly decreased the levels of inosine
(Fig. 5F), hypoxanthine (Fig. 5G) and xanthine (Fig. 5H), which
proved that BBR regulated the uric acid pathway, especially the
flux of AMP to IMP.

As the AMPD?2 protein is responsible for the conversion of
AMP to IMP in this pathway, evaluating the influence of BBR on
AMPD?2 is necessary. The process for evaluating AMPD2 activity

was based on previous reports with some modifications. Briefly,
AMP was added to a freshly prepared liver homogenate and the
sample was incubated for 15 min. As IMP is rapidly metabolized
to inosine in the system and it is difficult to track the changes in
intermediates, the decomposition rate of AMP and the generation
rate of inosine were considered to represent AMPD?2 activity. In
this study, liver AMPD2 activity in sodium glutamate-induced
hyperuricemia model mice was reduced after BBR treatment
(Fig. 5I). Also as shown in Fig. SD—F, the rate of AMP reduction
in the model group was significantly greater than in the control
group (**P < 0.01, Fig. 5D); furthermore, BBR remarkably
slowed this transformation process (***P < 0.001, Fig. 5D).
Similarly, the rate of inosine generation in the model group
significantly increased (***P < 0.001, Fig. 5F), and BBR treat-
ment clearly reduced this rate (*P < 0.05, Fig. 5F). Hepatic
phosphate is a natural inhibitor of AMPD2 **. Here, we measured
the hepatic phosphate level (Fig. 5J). The hepatic phosphate
concentration in the model group decreased significantly
compared to that in the control group (*P < 0.05, Fig. 5J), but
BBR obviously reversed this effect and significantly elevated the
phosphate concentration (*P < 0.05, Fig. 5J). Thus, BBR may
endogenously inhibit the activity of hepatic AMPD?2 by increasing
the phosphate concentration in hepatocytes.

Although the above results suggested that BBR could reduce
uric acid synthesis by inhibiting liver AMPD2, an important
question appeared that BBR was difficult to absorb and had low
exposure in the liver”. Since Bacteroides fragilis and its
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Figure 4  Bacteroides fragilis and its metabolite succinic acid significantly reduced plasma uric acid levels in animal models of hyperuricemia.
(A) Experimental grouping and scheme of the study of Bacteroides fragilis in the fructose-induced hyperuricemia model. (B) Uric acid levels in
the Bacteroides fragilis-treated hyperuricemia model animals (Control: n = 9; Model: n = 9; B. fragilis: n = 8; B. fragilis + BBR: n = 8). (C)
The succinic acid content in the feces of the Bacteroides fragilis-treated hyperuricemia model animals (n = 5). (D) The propanoic acid content in
the feces of the Bacteroides fragilis-treated hyperuricemia model animals (n = 5). (E) Correlation analysis of the contents of succinic acid and
uric acid. (F) Correlation analysis of the content of propanoic acid and the uric acid level. (G) Experimental grouping and scheme for the study of
sodium succinate in the fructose-induced hyperuricemia model. (H) Uric acid levels after sodium succinate administration in the fructose-induced
hyperuricemia model (Control: n = 8; Model: n = 8; BBR 200 mg/kg: n = 7; SUC: n = 8; Positive: n = 8). (I) Hepatic phosphate levels after
fructose-induced sodium succinate administration in the hyperuricemia model (n = 8). (J) AMPD?2 activity evaluated based on the rate of inosine
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metabolite succinic acid elevated by BBR significantly reduced
plasma uric acid levels in animal models of hyperuricemia, we
hypothesized that succinic acid may inhibit liver AMPD2 activity,
leading to a decrease level in uric acid in BBR. Based on the
hypothesis above, the effect of succinic acid on the uric acid
synthesis pathway at the cellular level was further investigated to
validate the direct lowering-uric acid effect and mechanism of
succinic acid. The cytotoxicity of succinic acid was evaluated
using the HEK 293T cell lines to determine the appropriate con-
centration for further study (Supporting Information Fig. S4). As a
result, succinic acid was used at concentrations no greater than
2.5 mmol/L in HEK 293T cells. Then, to validate succinic acid
regulation of the uric acid synthesis pathway, HEK 293T cells
were incubated with a serial concentration of succinic acid (0.625,
1.25 and 2.5 mmol/L) for 24 h respectively, as 293T cells were
well tolerant to succinic acid. As shown in Fig. 5K—R, uric acid
was significantly decreased (***P < 0.001, Fig. 5K) under high
dosage of succinic acid, while the phosphate level was inhibited
(***P < 0.001, Fig. 5L). Other metabolites in the uric acid syn-
thesis pathway also showed corresponding changes, the ATP
content significantly decreased (***P < 0.001, Fig. 5M), and the
AMP content significantly increased (***P < 0.001, Fig. 5N).
Moreover, the levels of IMP (***P < 0.001, Fig. 50), inosine
(***P < 0.001, Fig. 5P), hypoxanthine (***P < 0.001, Fig. 5Q),
and xanthine (***P < 0.001, Fig. 5R) were significantly
decreased, suggesting that the therapeutic effect of succinic acid
was related to regulation of the uric acid synthesis pathway.
Furthermore, fructose was added to the medium to quickly deplete
intracellular phosphate, and succinic acid at two dosages of 0.625
or 2.5 mmol/L respectively significantly restored the phosphate
level in a dose-dependent manner (Fig. 5S). Similarly, the
fructose-induced increase in ATP was reversed by succinic acid
(Fig. 5T).

Overall, we can infer that disturbance of the intracellular ATP
content by succinic acid can significantly alter the intracellular
phosphate pool, thereby increasing the concentration of intracel-
lular free phosphate, which is an endogenous inhibitor of AMPD2.
The uric acid synthesis pathway was inhibited, and uric acid levels
are decreased (Fig. 5U).

3.6.  BBR can prevent renal damage caused by hyperuricemia

The results of the above study showed that BBR administration
decreased the creatinine level in xanthine-induced acute hyper-
uricemia model animals and in clinical patients, suggesting that
BBR has renal protective effects. As hyperuricemia often disrupts
renal function, the effect of BBR on nephropathy in patients with
hyperuricemia should be investigated.

First, a nephropathy rat model of hyperuricemia was established
by feeding rats 10% yeast powder and 0.15% adenine for more than
six weeks (Fig. 6A). After successful modeling, the uric acid level in
the blood of the model group was significantly greater than that in
the blood of the control group (**P < 0.01, Fig. 6B). Febuxostat
(10 mg/kg) was used as a positive control drug and significantly
reduced blood uric acid levels (***P < 0.001, Fig. 6B). Both low-
dose (100 mg/kg) and high-dose (200 mg/kg) BBR significantly

reduced blood uric acid levels in a dose-dependent manner
(Fig. 6B). HE staining demonstrated that compared to those in the
control group, there was obvious damage to nephrons with many
vacuoles and the deposition of urate crystals in the model group
(Fig. 6C). Low-dose and high-dose BBR, as well as febuxostat,
significantly alleviated the renal damage caused by high levels of
uric acid with reduced vacuoles and urate crystals, showing obvious
renal protection effects (Fig. 6C). The blood creatinine
(***P < 0.001, Fig. 6D) and BUN (**P < 0.01, Fig. 6E) levels in
the model group were also significantly greater than those in the
control group. Both low-dose and high-dose BBR, as well as
febuxostat, significantly reduced the blood creatinine (Fig. 6D) and
BUN (Fig. 6E) levels; this result was consistent with the renopro-
tective effect of BBR in the clinical study.

Next, we quantified level of xanthine in plasma. As shown in
Fig. 6F, the level of xanthine in the model group was signifi-
cantly greater than that in the control group (***P < 0.001),
indicating the accumulation of xanthine in model rats with ne-
phropathy and hyperuricemia. Febuxostat is a strong xanthine
oxidase inhibitor that inhibits the conversion of xanthine into uric
acid; as such, an increased level of xanthine in the febuxostat
group (***P < 0.001) was observed. Moreover, the xanthine level
showed a decreasing trend in both the high- (**P < 0.01) and low-
dose (*P < 0.05) BBR groups, while BBR decreased uric acid
levels; this result was consistent with the fact that BBR is not a
xanthine oxidase inhibitor (Fig. S3) and acts by regulating the uric
acid synthesis pathway.

TMAQO is an intestinal-derived metabolite of the intestinal flora
that is closely related to cardiovascular disease and kidney dis-
ease’. As shown in Fig. 6G, TMAO accumulated in the model
group (***P < 0.001). Low-dose (**P < 0.01) and high-dose
(*P < 0.05) BBR, as well as febuxostat (***P < 0.001), signifi-
cantly reduced the concentration of TMAO in the blood, which
confirmed the renoprotective effect of BBR.

4. Discussion

Hyperuricemia is a metabolic disease caused by disordered purine
nucleic acid metabolism and the abnormal excretion of uric acid.
The comprehensive incidence rate of hyperuricemia (5.5%—
23.6%), the trend toward a younger age of onset and the large
number of complications accompanying hyperuricemia have
greatly affected people’s quality of life’. Current clinical first-line
drugs indicated for hyperuricemia treatment include allopurinol,
febuxostat and benzbromarone. However, side effects (hypersen-
sitivity from allopurinol and increased cardiovascular risk from
febuxostat, which is sometimes lethal), contraindications (benz-
bromarone), and economic burdens (febuxostat) affect the clinical
use of existing drugs’’'. Therefore, finding safe and effective
candidate compounds for the treatment of hyperuricemia is
important. The intestinal tract is closely related to the metabolism
of uric acid®®. The uric acid transporter in the intestinal tract
mediates the excretion of 1/3 of all uric acid’. At the same time,
the gut microbiota in the intestinal tract plays a role in uric acid
homeostasis in the host by participating in nucleic acid meta-
bolism and the decomposition of uric acid™*, Thus, the intestinal

generation (n = 6). (K—O) The plasma levels of AMP (n = 8) (K), IMP (Control: n = 8; Model: n = 8; BBR 200 mg/kg: n = 7; SUC: n = 8;
Positive: n = 8) (L), inosine (Control: n = 8; Model: n = 8; BBR 200 mg/kg: n = 7; SUC: n = 8; Positive: n = 8) (M), hypoxanthine (n = 8)
(N), and xanthine (Control: n = 8; Model: n = 8; BBR 200 mg/kg: n = 7; SUC: n = 8; Positive: n = 8) (O). The r-test is used for pairwise
comparison within the group (two-sided, unpaired). The data are shown as the mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 BBR inhibits uric acid synthesis pathway by reducing liver AMPD?2 activity and increasing phosphate levels in vivo through the
intestinal succinic acid. (A) Experimental grouping and scheme of the model of hyperuricemia induced by sodium glutamate. (B) Uric acid level
in the plasma (Control: n = 8; Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (C) Illustration of the uric acid synthesis
pathway. (D) AMP level in the plasma (Control: n = §; Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (E) IMP level in
the plasma (Control: n = 8; Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (F) Inosine level in the plasma (Control:
n = 8; Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (G) Hypoxanthine level in the plasma (Control: n = 8;
Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (H) Xanthine level in the plasma (Control: n = 8; Model: n = 9; BBR
200 mg/kg: n = 9; SUC: n = 12; Positive: n = 8). (I) AMPD2 activity in liver homogenate (Control: n = 8; Model: n = 9; BBR 200 mg/kg:
n = 9; SUC: n = 12; Positive: n = 8). (J) Hepatic level of phosphate (Control: n = 8; Model: n = 9; BBR 200 mg/kg: n = 9; SUC: n = 12;
Positive: n = 8). (K) Uric acid level in 293T cells (n = 6). (L) Intracellular phosphate levels in 293T cells (n = 6). (M) ATP levels in 293T cells
(n = 6). (N) AMP levels in 293T cells (n = 6). (O) IMP levels in 293T cells (n = 6). (P) Inosine levels in 293T cells (n = 6). (Q) Hypoxanthine
levels in 293T cells (n = 6). (R) Xanthine levels in 293T cells (n = 6). (S) Intracellular phosphate levels in 293T cells with succinic acid of 0.625
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Figure 6 BBR exhibited a renal protective effect in models of nephropathy with hyperuricemia. (A) Experimental grouping and scheme of the

nephropathy with hyperuricemia model. (B) Uric acid levels in the plasma (n = 7). (C) HE staining results of the kidneys (scale bar, 50 um). (D)
Creatinine levels in the plasma (n = 7). (E) BUN levels in the plasma (n = 7). (F) Xanthine levels in the plasma (Control: n = 10; Model: n = 9;
Feb 10 mg/kg: n = 10; BBR 100 mg/kg: n = 10; BBR 200 mg/kg: n = 9). (G) TMAO levels in the plasma (n = 7). The t-test is used for
pairwise comparison within the group (two-sided, unpaired). The data are shown as the mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.

tract and the gut microbiota may be targets for regulating uric acid
levels.

The therapeutic effect of BBR on lipid metabolism'® and
glucose metabolism™ suggests its potential application in the
treatment of metabolic diseases’®. The low bioavailability and
powerful bacterial-regulatory effect of BBR lead to the unique
therapeutic mechanism of action of BBR in metabolic syn-
dromes'*'®. BBR was first reported to have its metabolism regu-
lated by the gut microbiota, which converts BBR into more
absorbable forms®’. Notably, interindividual differences in gut
microbiota composition result in substantial variations in the
bioavailability of BBR, thereby influencing its efficacy in the
personalized treatment of hyperlipidemia®®. In recent years,

increasing evidence has demonstrated that BBR exerts its thera-
peutic effects by modulating microbiota-derived endogenous me-
tabolites. For instance, BBR ameliorates atherosclerosis by
inhibiting the TMA—TMAO pathway and alleviates chronic kidney
disease by suppressing intestinal p-cresol production'*'°. Due to its
unique microbiota-mediated mechanisms, BBR exhibits a multi-
target and multi-efficacy pharmacological profile, highlighting its
potential for the treatment of various metabolic disorders.

In this study, BBR significantly regulated nucleic acid meta-
bolism. The therapeutic effect of BBR on hyperuricemia was
confirmed in both preclinical and clinical studies. Although the
ability of BBR to lower blood uric acid seems relatively mild in
clinical studies, its therapeutic effect against hyperuricemia is long-

or 2.5 mmol/L (n = 6). (T) ATP levels in 293T cells with succinic acid of 0.625 or 2.5 mmol/L (n = 6). (U) Illustration of succinic acid inhibition
of AMPD2 mediated by increasing the intracellular phosphate level. #-test is used for pairwise comparison within the group (two-sided, unpaired).
The data are shown as the mean + SD, **P < 0.01, ***P < 0.001.
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lasting.  Considering the  complications accompanying
hyperuricemia, the multitarget and broad-spectrum effects of BBR
on regulating glucose and lipid metabolism provide BBR advan-
tages in restoring homeostasis and alleviating hyperuricemia with a
good safety profile. Moreover, BBR demonstrated excellent pro-
tective effects against renal dysfunction in animal models of ne-
phropathy with hyperuricemia, which indicated that BBR is a good
candidate for alleviating hyperuricemia and kidney dysfunction.

Here, we identified a unique mechanism by which BBR lowers
uric acid levels through the gut—liver axis, which is different from
that of traditional xanthine oxidase inhibitors. BBR can restructure
the composition of the intestinal flora and increase the abundance
of Bacteroides strains, which increases the production of succinic
acid and thus reduces the production of uric acid in the liver.
Furthermore, BBR can inhibit the activity and expression of the
AMPD2 protein via its metabolite succinic acid, which is
responsible for converting AMP to IMP in the liver, leading to a
decrease in uric acid levels.

Adenosine monophosphate deaminase is the key protein in the
uric acid synthesis pathway’. A study on fructose and uric acid
showed that high fructose consumption significantly increased the
activity of AMPD2, causing a large amount of AMP to enter the
degradation pathway to produce uric acid*’. A genetic poly-
morphism study revealed that genetic variation in glucokinase
regulator protein (GCKR) leads to a decrease in the inhibitory effect
of glucokinase, which in turn promotes glucose phosphorylation,
resulting in ATP depletion and increased uric acid production
through the AMPD2 pathway*'. The flux of the uric acid pathway
significantly increased in our hyperuricemia models, especially the
flux of AMP conversion to IMP. AMPD2 activity significantly
increased in the hyperuricemia model, and BBR effectively

BBR is a promising drug for the treatment of hyperuricemia based on the inhibition of hepatic AMPD2, which is triggered by the gut

inhibited AMPD?2 activity and expression, suggesting that AMPD2
could play a role in BBR-mediated regulation of hyperuricemia.
AMPD2 was shown to effectively control the ATP/AMP content
ratio*>*. Here, we found that BBR decreased the ATP level and
increased the AMP level. An increase in the intrahepatic phosphate
concentration was found in response to BBR, which further
inhibited the activity of AMPD2 as phosphate is the most direct
endogenous inhibitor of AMPD?2 activity. AMPD2 antagonizes the
adenosine 5’-monophosphate-activated protein kinase (AMPK)
protein and regulates energy metabolism®’, which is mediated by
uric acid. Recent studies have shown that the activation or over-
expression of AMPD?2 is associated with increased hepatic gluco-
neogenesis by decreasing AMPK activation and upregulating the
expression of the rate-limiting enzymes phosphoenolpyruvate car-
boxykinase and glucose-6-phosphatase**. AMPK agonists may also
act as AMPD2 inhibitors to regulate uric acid levels®*®. Energy
storage in hibernating animals depends on the interaction between
AMPD?2 and AMPK in the liver’®. In summer, overexpression of
AMPD?2 leads to the production of large amounts of uric acid, which
inhibits AMPK and results in the storage of large amounts of fat in
the liver. In winter, the opposite situation occurs. BBR has been
reported to be an activator of AMPK, which may also explain the
inhibitory effect of BBR on AMPD2*. At present, there is no
clinical drug that specifically targets AMPD?2 to lower uric acid
levels. Based on the results of this study, we propose the use of BBR
as a therapeutic candidate that may act on the target of AMPD2 to
regulate uric acid levels; BBR is the first candidate with this
mechanism of action.

Previous reports indicate that the gut microbiota participates in
the regulation of uric acid in the host'’. The intestinal flora can use
uric acid as an optional carbon source or a single carbon source to
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survive'’. Some symbiotic bacteria, such as Lactobacillus and
Pseudomonas, express uricase, allantoinase and allantoicase,
which participate in the decomposition of uric acid*®. Under the
action of the gut flora, uric acid is eventually metabolized into
oxalate, urea and glycine. In this study, for the first time, Bac-
teroides and Clostridium sensu stricto_l were found to be
significantly correlated with the plasma uric acid level.
Clostridium sensu stricto_I was significantly enriched in hy-
peruricemia patients and its abundance was greatly reduced after
BBR treatment, suggesting that Clostridium sensu stricto_I may
contribute to the pathogenesis of hyperuricemia. Clostridium
sensu stricto_I belongs to the Firmicutes phylum and is a gram-
positive bacterium. Clostridium acidurici, Clostridium cylin-
drosporum and Clostridium purinilyticum are representatives of
Clostridium that can decompose purine and use purine as the sole
carbon, nitrogen and energy source. Thus, we infer that in the
disease state of hyperuricemia, the intestinal tract is more likely to
be enriched in gut flora that utilize uric acid, which provides an
advantageous ecological niche for Clostridium®’*®. Furthermore,
gram-positive Clostridium spp. is more sensitive to BBR, which
may explain the decrease in Clostridium spp. after BBR treatment.
Our previous study also demonstrated that Clostridium spp., which
contain a series of enzymes that convert tyrosine into renal toxins,
including p-cresol, are enriched in the gut of chronic kidney dis-
ease model animals, leading to kidney damage. BBR can reduce
the abundance of Clostridium and inhibit the tyrosine — p-cre-
sol — p-cresol sulfate pathway to ameliorate chronic kidney dis-
ease'®; this finding is consistent with the renoprotective effect of
BBR in animal models of nephropathy with hyperuricemia.
Bacteroides is a common genus of intestinal bacteria that can
decompose complex polysaccharides in the diet or the intestinal
mucosal layer“. Moreover, Bacteroides can consume €Xcess 0X-
ygen in the intestine, which is beneficial for the growth of
anaerobic bacteria in the intestine®’. Moreover, Bacteroides con-
tains gene clusters that degrade polysaccharide compounds to
produce energy. In this study, the abundance of Bacteroides was
significantly negatively correlated with the plasma uric acid level.
At the same time, with the continuous administration of BBR, the
abundance of Bacteroides increased significantly, and the blood
uric acid level in clinical patients was significantly reduced. Fecal
transplantation of Bacteroides fragilis into hyperuricemic model
mice resulted in a significant reduction in uric acid levels. In this
study, succinic acid and propionic acid levels were elevated after
oral administration of Bacteroides fragilis. Both propionic acid
and succinic acid can be metabolized by Bacteroidetes, but due to
the widespread use of propionic acid as a substrate for gluco-
neogenesis in the liver/intestine, its concentration in peripheral
areas such as blood is very low. Moreover, succinic acid is mainly
produced by Bacteroidetes, and its intestinal and plasma concen-
trations are relatively easy to reach the activation concentration of
its receptors. So, we focused solely on succinic acid. Oral
administration of sodium succinate can also significantly reduce
the blood uric acid levels in various hyperuricemia model mice.
Previous reports have shown that succinic acid may be beneficial
for treating hyperuricemia®®. Bacteroides fragilis has been re-
ported to regulate host immune function by releasing outer
membrane vesicles, delivering the immunomodulatory poly-
saccharide A to immune cells, and inducing the production of IL-
10°". A recent study also revealed that oral administration of
Bacteroides fragilis attenuated renal fibrosis by decreasing the
lipopolysaccharide content, increasing the level of 1,5-
anhydroglucitol, and inhibiting oxidative stress and

inflammation™. Other studies on other diseases also show that
Bacteroides fragilis reduces the level of uric acid in models of
autism spectrum disorder™, indicating that Bacteroides fragilis
regulates nucleic acid metabolism pathways in the body.
Furthermore, Bacteroides can metabolize saccharides into short-
chain fatty acids, which can tightly regulate glucose and lipid
metabolism and reduce inflammation™. Succinic acid was re-
ported to promote the specification of tuft cells to suppress ileal
inflammation™. In this study, the liver of high uric acid model
mice after oral administration of sodium succinate was studied,
and it was found for the first time that AMPD?2 was significantly
inhibited by sodium succinate, resulting in a reduction in down-
stream uric acid production, which may be one of the pathways for
succinate to intervene in the metabolism of uric acid "gut—liver”
axis.

5. Conclusions

BBR demonstrated significant uric acid-lowering effects in both
animal models and clinical cohorts. It increased succinate levels
by upregulating the abundance of Bacteroidetes, and succinate
inhibits AMPD2 activity in the liver to reduce uric acid levels
(Fig. 7). BBR also demonstrated excellent renoprotective effects,
improving nephropathy associated with hyperuricemia. Based on
the evidence above, BBR could be a promising drug for the
treatment of hyperuricemia that acts through the inhibition of
hepatic AMPD2 activity, which is triggered by the gut microbiota.
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