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Purpose: Berberine (BBR) is an active component of Phellodendri Cortex (PC), which is
a traditional Chinese medicine that has been prescribed clinically for hyperuricemia (HUA) for
hundreds of years. Many studies reported the anti-inflammatory and nephroprotective properties
of BBR and PC; however, the therapeutic effects of BBR on HUA have not been explored. This
study aims to investigate the efficacy and mechanism of BBR for treating HUA.

Methods: The mechanism of BBR in the treatment of HUA were predicted by network
pharmacology. A mouse model of HUA established by potassium oxonate and hypoxanthine
was used to verify the prediction. The levels of serum uric acid (UA), urea nitrogen (BUN)
and creatinine (CRE) were determined by biochemical test kits. Hematoxylin and eosin
staining of kidney tissues was used to observe the kidney damage. ELISA kits were applied
to detect the levels of interleukin (IL)-1P and IL-18 in serum and kidney tissues. Quantitative
real-time PCR and Western blotting were adopted to analyze the expression of NLRP3, ASC,
Caspasel, IL-1p and URATI. The expressions of URAT1 in the kidney tubules were
visualized by immunohistochemical staining. Molecular docking was used to assess the
interaction between URAT1 and BBR.

Results: The network pharmacology screened out 82 genes and several inflammation-related
signaling pathways related to the anti-hyperuricemia effect of BBR. In the in vivo experi-
ment, BBR substantially decreased the level of UA, BUN and CRE, and alleviated the
kidney damage in mice with HUA. BBR reduced IL-1f and IL-18, and downregulated
expressions of NLRP3, ASC, Caspasel and IL-18. BBR also inhibited expression of
URAT1 and exhibited strong affinity with this target in silico docking.

Conclusion: BBR exerts anti-HUA and nephroprotective effects via inhibiting activation of
NLRP3 inflammasome and correcting the aberrant expression of URAT1 in kidney. BBR
might be a novel therapeutic agent for treating HUA.
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Introduction

Hyperuricemia (HUA) is a potentially harmful condition involving high uric acid
(UA) serum levels (>7.0 mg/dL)" induced by purine metabolism disorders. The
prevalence of HUA is increasing, and it is therefore becoming an important
problem.” It is likely to become even more prevalent in the future due to unhealthy
modern lifestyles. HUA is frequently asymptomatic, but it contributes to the
development of gout and kidney disease,”* and is closely associated with cardio-
vascular diseases” and various metabolic diseases.® Notably, increased UA and the
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formation of monosodium UA crystals can both cause
severe inflammatory responses, leading to kidney injury
without spontaneous remission.”*

For HUA treatment, it is also important to reduce the
UA production and promote excretion of UA in patients.
However, current anti-HUA reagents often also cause
adverse effects. Xanthine oxidase (XOD) is known as
a pivotal enzyme which plays an important part in UA
formation.” Allopurinol, an XOD inhibitor, is a major
therapeutic option but causes various side effects, such as
severe cutaneous adverse reactions and Stevens-Johnson
syndrome.'® Benzbromarone (BZB) targets renal organic
anion transporters that regulate UA excretion to exert an
anti-HUA effect. However, the clinical application of BZB
is hampered by its kidney toxicity.'' Febuxostat is a novel
and more efficacious XOD inhibitor; however there is
evidence demonstrating its relationship with cardiovascu-
lar diseases.'> Although a recent clinical trial did not
support this finding,"* its cardiovascular safety is still
controversial.'* Therefore, it is very urgent to find
a more effective and safer candidate for treating HUA.

Phellodendri Cortex (PC), known as Huangbai in tradi-
tional Chinese medicine, has been applied in classical
formulas, such as Simiao powder, Jinhuang cream and
Tongfeng decoction, to treat gout for hundreds of
years.'> Research has demonstrated that PC and these
formulas exert anti-gout effects by relieving inflammation
and reducing UA.'® The pharmacological mechanism may
be closely related to certain chemical ingredients derived
from them. Berberine (BBR, Figure 1A), a major alkaloid
in PC, has been considered as a promising compound for
ameliorating HUA."

BBR exhibits various pharmacological activities and
low toxicity.'® Several studies have indicated that BBR
has many positive effects on HUA. A clinical trial showed
that BBR could reduce UA in patients with difference

complications.”” BBR combined with benzbromarone,*

2122 or silymarin® did not only lower UA

amlodipine
level but also regulate metabolism disorders and reduce
blood pressure. The hypouricemic effect of BBR was
further demonstrated on a rat model,* and might be asso-
ciated with urate transporter 1 (URAT1) which is a key
factor regulating the UA level in kidney.”
Hyperuricemia has been recognized as a potential risk
factor for kidney injury.>* Emerging evidence from animal
and clinical studies validates that BBR has an outstanding
nephroprotective effect. Previous researches have shown
that BBR suppresses NLRP3 inflammasome activation and

therefore alleviates inflammation induced by UA crystal in
26,27

rat and cell models. The pronounced anti-
inflammatory effects of BBR might contribute to its ben-
28-30

eficial effects against acute and chronic kidney injury.

In summary, BBR has anti-hyperuricemia and nephropro-
tective potential; however, its therapeutic effects on HUA and
underlying mechanisms are still incomplete and confused. To
fill this gap in the literature, we predicted the anti-HUA
efficacy and mechanisms of BBR via network pharmacology
and validated our hypothesis in mice with potassium oxonate
(PO)- and hypoxanthine (HX)-induced HUA. The results
show that high-dose BBR lowers the serum uric acid (UA),
blood urea nitrogen (BUN), creatinine (CRE), and pro-
inflammatory cytokine (interleukin [IL]-1p and IL-18) levels
in vivo. This study further reveals the mechanisms underlying
the anti-HUA and nephroprotective effects of BBR, which
involve suppressing NLRP3 inflammasome activation and
inhibiting the expression of URAT1. These findings provide
evidence that BBR might be an effective UA-lowering and
nephroprotective agent for treating HUA.

Materials and Methods

Chemical Reagents

Potassium oxonate (PO, high-performance liquid chromato-
graphy [HPLC] purity >98%), hypoxanthine (HX, HPLC
purity >98%), and benzbromarone (BZB, HPLC purity
>98%) were supplied by Yuan-Ye Biotechnology Co., Ltd.
(Shanghai, China). Berberine (BBR, HPLC purity >98%) was
obtained from Meilun Biotechnology Co., Ltd. (Dalian,
China). Pentobarbital sodium was provided by Shanghai
Harvest Pharmaceutical Co., Ltd. (Shanghai, China).

The assay kits for UA, BUN, and CRE were obtained
from Jiancheng Biotechnology Co., Ltd. (Nanjing, China).
Enzyme-linked immunosorbent assay (ELISA) kits for IL-
18 and IL-1B) were bought from Milbio Co. Ltd.
(Shanghai, China). Mouse gene primers were obtained
from Sangon Biological Engineering Co., Ltd. (Shanghai,
China). TRIzol® reagent was obtained from Thermo Fisher
(Waltham, MA, USA). The HiScript IT Q RT SuperMix kit
and the ChamQ™ SYBR® gqPCR Master Mix kit were
provided by Vazyme Biotech Co., Ltd. (Nanjing, China).
Primary antibodies against NLRP3, IL-1p and [-actin
were obtained from Abcam (Cambridge, UK), primary
antibodies against ASC and caspasel were obtained from
Biosciences (Cincinnati, OH, USA), and primary antibo-
dies against URAT1 was obtained from Proteintech
(Wuhan, China). A secondary antibody for Western
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Figure | The network pharmacology of BBR in the treatment of HUA. (A) The chemical structure of BBR. (B) The Venn diagram of BBR-HUA. (C) The BBR-target-HUA

network.

blotting was supplied by Affinity Biosciences (Cincinnati,
OH, USA). Horseradish peroxidase (HRP)-conjugated sec-
ondary antibody for immunohistochemical staining and
HRP-conjugated streptavidin were purchased from
Thermo Fisher. Other reagents used in the study were of

analytical or HPLC grade.

Network Pharmacology

The 250 BBR-related targets were retrieved from CTD data-
base (http://ctdbase.org/search/) (Table S1), and 289 HUA-
related disease genes were obtained from CTD (Inference
Score>30) and DiseGeNET databases (PLI>0.05, https://
www.disgenet.org/) (Table S2). These two gene collections

were analyzed by R programming language (version 4.0.3) to
identify BBR-HUA common targets.

The protein-protein interaction (PPI) network was con-
structed by the STRING database (https://string-db.org/)
with a high confidence level (interaction score > 0.70).
The BBR-target-HUA network was
Cytoscape software (version 3.8.0). The core genes were

visualized by

screened two times by CytoNCA (a program in Cytoscape
software) according to Betweenness Centrality (BC).
Functional and pathway enrichment analyses of 50
core targets, the result of the first screen (Table S4), was
performed using a tool provided by OmicShare (https://
www.omicshare.com/tools/Home/Soft/getsoft) based on

GO (http://gencontology.org/) and KEGG databases
and  20-top
ranked results were displayed in a bubble chart.

(https://www.kegg.jp/kegg/pathway.html),

Animals and Treatments
Male Institute of Cancer Research (ICR) mice (20+2 g,
4 weeks) were obtained from Guangdong Medical
Laboratory Animal Center (Foshan, China). All ICR mice
were specific-pathogen-free. The mice were fed in standard
conditions at least 7 days before the experiment (constant
temperature of 24+1 °C and a 12/12 h light-dark cycle). All
animal experiments were approved by the Animal
Experimental Ethics Committee of Guangzhou University of
Chinese Medicine (no. 20200510001) and conducted in accor-
dance with the Declaration of Helsinki (as revised in 2013).
The mice were randomly divided into five groups
(n=10 per group): normal negative control (Con group),
HUA (model group), benzbromarone (5 mg/kg; BZB
group; positive control), 50 mg/kg berberine (low-dose
BBR group), and 100 mg/kg berberine (high-dose BBR
group). In all groups except for the Con group, HUA was
induced by PO and HX, as previously reported.®' Briefly, all
mice were administered intraperitoneally with PO (300 mg/
kg) and orally with HX (300 mg/kg) except those in Con
group (received 0.9% physiological saline at the same

volume). At 1h after completing the model treatment, the
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mice were treated with the relevant drugs (BZB or BBR) or
saline. The mice were administered as described above for 10
consecutive days. The dosages of BZB and BBR were based
on our pilot experiment.

Sample Collection and Relative Kidney
Weight

After fasted overnight, mice were anesthetized by intraper-
itoneal injection with 2% pentobarbital sodium (50mg/kg)
according to the guideline.*” The blood samples were
taken from the abdominal aorta and then were centrifuged
at 3000 rpm at 4°C for 10 min to obtain serum. Kidneys
were harvested, weighed, and cut into small pieces for the
following analyses. The relative kidney weight was calcu-
lated by dividing the weight of the kidney by the body
weight. All samples were preserved at —80 °C.

Biochemical and Cytokine Level Analysis
The levels of UA, BUN, and CRE in serum were measured
by commercial kits. ELISA kits were used to detect the
levels of IL-1P and IL-18 in the serum and kidney tissues.
The test was performed according to the specification form
manufacturer of kits.

Histopathological Examination

The kidneys were fixed in 4% paraformaldehyde and the
embedded in paraffin and sliced into sections (4 pum) after
24 h. Hematoxylin and eosin (H&E) were used to stain the
kidney sections. Micropathological observation of the cor-
tex and medulla in the kidney tissue was conducted under
a light microscope (OLYMPUS, Tokyo, Japan) at 200x

and 400x. The kidney histopathological lesions were
scored by a blinded assessor according to the criteria in
Table 1.%°

Quantitative Real-Time PCR
The experiment was carried out according to the published
protocols and guidelines.>**> TRIzol® reagent was used to
obtain total RNA from the kidney samples. The RNA was
reverse transcribed to cDNA by using the HiScript I Q RT
SuperMix kit. The cDNA was amplified using primers as
follows: URAT1 forward primer: 5- TGTCAAC
AGGAGGAAGGCAGAGG-3'; URAT1 reverse primer: 5'-
CACAGCATGGAGATGATGGTTCGG-3"; NLRP3 forward
primer: 5'-GCTGCGATCAACAGGCGAGAC-3'; NLRP3
reverse primer: 5-AAGGCTGTCCTCCTGGCATACC-3';
ASC forward primer: 5-GATGCCATCCTGGACGC
TCTTG-3'; ASC reverse primer: 5-GCCCATAGCCTT
CTCGCAGTTG-3; Caspasel forward primer: 5'-
AGGACTGACTGGGACCCTCAAG-3'; Caspasel reverse
primer: 5'-GGGCAAGACGTGTACGAGTGG-3'; IL-1p for-
ward primer: 5-TCGCAGCAGCACATCAACAAGAG-3';
IL-1B 5'- TGCTCATGTCCTCATC
CTGGAAGG-3% B-acin forward primer: 5'"-
GGTCATCACTATTGGCAACG-3'; B-acin reverse primer:
5'-ACGGATGTCAACGTCACACT-3'

The reaction conditions of cycle procedures were set at
95 °C for 10 min, and 40 cycles at 95 °C for 15 s and 60
°C for 60 s. B-actin was used to housekeep the expression

Teverse primer:

levels of gene and the relative expression levels of target

genes were calculated using the 272" method.

Table | Criteria and Scores for H&E-Stained Histopathological Lesions

Criteria

Score: Percent (%) of the Visual Field for the Respective Criteria

Glomeruli Damaged glomeruli

0: No change

Renal tubular Irregular contour and dilatation

I: <15% change

Brush border loss of proximal tubular cells

2: 16-30% change
3: 31-50% change
4: >50% change

Other Necrosis

Inflammatory cell infiltration

Crystalline-type deposit

The total amount

Abbreviations: BBR, Berberine; BC, Betweenness centrality; BZB, Benzbromarone; BUN, Blood urea nitrogen; CRE, Creatinine; ELISA, Enzyme-linked immunosorbent
assay; HUA, Hyperuricemia; HX, Hypoxanthine; H&E, Hematoxylin and eosin; HPLC, High-performance liquid chromatography; IL, Interleukin; NLRP3, Nucleotide binding

oligomerization domain-like receptor protein 3; PMSF, phenylmethylsulfonyl fluoride;

PO, Potassium oxonate; PPI, Protein-protein interaction; PVDF, polyvinylidene fluoride;

RIPA, Radioimmunoprecipitation assay; TBST, Tris-buffered saline-Tween 20; URAT |, Urate transporter |; UA, Uric acid; XOD, Xanthine oxidase.
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Western Blotting

The procedure of Western blotting was referred to the pub-
lished protocol.***”  Radioimmunoprecipitation ~ assay
(RIPA) lysis buffer (contained 1 mM of the protease inhi-
bitor phenylmethylsulfonyl fluoride [PMSF]) was used to
extract kidney proteins and then loading buffer was used to
denature kidney proteins. Samples of proteins were sepa-
rated by 10% polyacrylamide gel and transferred to mem-
branes of polyvinylidene fluoride (PVDF). 5% skim milk
was prepared by Tris-buffered saline-Tween 20 (TBST) and
applied to block the PVDF membranes for lh. Primary
antibody against NLRP3, ASC, caspasel, IL-13, URATlor
B-actin (1:1000) was used to incubate the membranes over-
night at 4°C after washing three times with TBST and HRP-
conjugated secondary antibody (1:3000) was used to incu-
bate for 1 h at room temperature. An enhanced chemilumi-
nescence kit was applicable to visualize the blots. All the
results were analyzed by using ImageJ software (National
Institutes of Health, MA, USA). All blots were quantified
and normalized against B-actin.

Immunohistochemical Staining

The Immunohistochemical staining was conducted as
described previously.**~° The paraffin-embedded kidney sec-
tions were deparaffinized using xylene and dehydrated using
graded concentrations of alcohol. The kidney samples of
section were autoclaved with citrate buffer (pH 6.0) at
120°C. After 15 min, 3% hydrogen peroxide was used to
inactivate the endogenous peroxidase. 10% horse serum was
used to block the sections and then incubated with primary
antibodies against URAT1 (1:200) at 4°C overnight. The
sections were then incubated at 37°C for 30 min with an HRP-
conjugated secondary antibody and subsequently incubated
with HRP-conjugated streptavidin (Bioss, Beijing, China).
A microscope was used to observe the sections and the
expression of URAT1 was analyzed using ImageJ software.

Molecular Docking

The docking analysis was performed using AutoDock
4.2.6 (Scripps Research Institute, La Jolla, CA, USA).
The structure of the URAT! protein was modeled using
Modeller  9.11 (https://salilab.org/modeller/)
EasyModeller 4.0  (http://modellergui.blogspot.com/)
according to a previous report.*” Crystal structures of

and

BBR were obtained from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/, CID: 2353) and used as the
ligands for docking. The parameters for the docking

calculation were set as previously described.*” Briefly,
the protein receptor was placed in a grid box of
30x30x30 A with 0.375 A spacing. The binding free
energy (kcal/mol) was predicted using the Lamarckian
genetic algorithm to evaluate the affinity. The specific
interaction between URAT1 and BBR was visualized
using PyMOL (Schrodinger LLC, NY, USA).

Statistical Analysis

Statistical analysis complied with the recommendations on
experimental design and analysis in pharmacology®' and
undertaken only for at least five biologically independent
replicates. Any data with small group sizes (n < 5) were
not subjected to statistical analysis.

Q-Q plot was used to assess data distribution (all
Q-Q plots were shown in Figure S8). For data following
normal distribution the ANOVA test with Fisher’s least
significant difference (LSD) test was used to compare
different groups. P values < 0.05 were considered signifi-
cant. All results were analyzed by SPSS 25.0 (IBM Corp.,
Armonk, NY, USA) and showed as mean = SEM.

Results
Potential Anti-HUA Effect and Its

Mechanisms of BBR

82 BBR-HUA common targets were identified (Figure 1B
and C and Table S3). To narrow the key targets of BBR
treating HUA, the PPI network was constructed and ana-
lyzed by STRING database and Cytoscape (Figure 2A).
Ranked by the BC score, 15 core genes were obtained:
AKT1, IL6, VEGFA, STAT3, TP53, INS, MAPKI,
MAPK3, IGF1, TNF, JUN, MAPKS, MYC, IL1B, and
ESR1. (Figure 2B) (Table S5).

The GO and KEGG enrichment analyses were performed
to further predict the underlying mechanism of BBR in HUA.
Several biological processes, such as cellular response to
oxygen-containing compound and endogenous stimulus
might be involved the treatment of HUA (Figure 3A). The
cellular membrane components might play an important role
on the mechanism of BBR on HUA (Figure 3B). The anti-
HUA effect of BBR was possibly related to signaling recep-
tor binding, identical protein binding, enzyme binding, etc.
(Figure 3C), and its underlying signaling might be AGE-
RAGE, TNF-a and IL-17 pathway (Figure 3D). Based on
these results and literature review, the NLRP3 inflammation
was selected as the cellular signaling we were interested and
validated in HUA mice as described below (Figure 3E).
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Figure 2 The potential targets though which BBR regulate HUA. The protein-protein interaction (PPl) network of 82 BBR-HUA common genes after (A) the first screen or

(B) the second screen (Yellow node: core targets).

BBR Decreased the Levels of UA, CRE,
and BUN in Serum

The serum level of UA was increased by PO and HX treat-
ment compared to the level in the Con group (P < 0.01) as
shown in Figure 4, indicating the mouse model of HUA was
established successfully. In the model group, body weight
growth was inhibited and the kidneys were impaired, as
reflected by the significantly increased serum levels of CRE
and BUN compared to the levels in the Con group (P <0.01).
BZB and different dose BBR significantly decreased the UA
level in serum compared to the level in the model group, and
the body weight of the mice increased stably over time in
these groups (P < 0.01). BZB and high-dose BBR also
significantly obviously decreased the serum level of CRE in
comparison with the level in the model group (P < 0.01).
BZB and BBR also reduced the level of BUN, but only high-
dose BBR significantly decreased it (P < 0.01).

BBR Ameliorated Kidney
Histopathological Changes

Kidney changes were observed in the model mice
(Figure 5A and B). While the kidney tissues in the Con

group had a normal surface and cell structure, the kidneys
of the model mice were characterized by unclear bound-
aries, atrophied glomeruli, proximal tubules without brush
borders, and occasional crystal stones in the dilated
tubules. Compared to the model group, BZB and BBR
alleviated these pathological lesions to various degrees.
The low-dose BBR group exhibited some improvement
in the proximal convoluted tubules but still exhibited
severe glomerular capsule disruption and tubule dilation.
However, high-dose BBR and BZB remarkably prevented
the damage to the glomeruli and tubules, with intact glo-
meruli, regular tubules, and clear brush borders being
observed. The relative kidney weight (Figure 5C) and
histopathological scores (Figure 5D) were also signifi-
cantly lowered by high-dose BBR and BZB in comparison
with the model group (P < 0.01).

BBR Suppress NLRP3 Inflammasome

Activation to Inhibit Kidney Inflammation
As expected, in model group, there were aberrant up-
regulated in the mRNA and protein expression levels of
NLRP3, ASC, and caspasel and the downstream cytokines
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(IL-1P and IL-18). BZB and high-dose BBR significantly
decreased the serum and kidney IL-18 and IL-18 levels
compared to those in the model group (Figure 6A-D).
Additionally, in the exploratory experiments, BZB and
high-dose BBR significantly decreased the mRNA and pro-
tein expression levels of NLRP3, ASC, caspasel, and IL-1
(Figure 6E-M and the original images for all relevant
Western blots were shown in Figures S1-S5). However,
low-dose BBR had little impact regarding inhibiting
NLRP3, as it only significantly changed caspase]l mRNA
expression and ASC and IL-1f protein expression. In con-
trast, high-dose BBR exhibited obvious therapeutic effects
regarding the suppression of the key molecules in the
NLRP3 pathway, with no significant difference from the
effects in the BZB group (the positive control group).

BBR Corrected Renal Reabsorption

Transporters Expression

To further explore the effects of BBR on UA excretion in
renal, we detected the mRNA and protein expression levels of
URAT] in vivo preliminarily and simulated the binding pro-
cess of BBR and URAT1 protein in silico. The model mice had
significantly increased mRNA and protein expression levels of

URAT!1 (Figure 7B, D and E, the original images for all
relevant Western blots were shown in Figures S6 and S7)
compared to the Con group. BZB and high-dose BBR signifi-
cantly reversed these trends. High-dose BBR had similar
effects to BZB on URAT1 expression. The exploratory immu-
nohistochemical analysis of URATI1 led to similar results
(Figure 7A and C). URAT1 expression was up-regulated sig-
nificantly in the proximal convoluted tubules of the model
mice compared to the Con mice, but the expression was
significantly inhibited by BZB and high-dose BBR.

The binding energy value for the BBR-URAT1 com-
plex was —8.10 kcal/mol. Figure 7F and G shows that BBR
became inserted into the tunnel-shaped pocket, with var-
ious probable interactions. C-8 on the iso-quinoline moiety
donated a hydrogen atom to the ALA359 residue, forming
a carbon H-bond. Additionally, another H-bond involving
an oxygen atom of the dimethoxy and ALA359 was
formed. A conventional H-bond was also observed
between an oxygen atom in the methylenedioxy group
and GLN245. Interestingly, there were three alkyl interac-
tions, involving the pyridine ring plus LEU445 and
PHE449 and the benzene ring plus ALA359. There were
also three kinds of Pi-effect, involving a Pi-anion bond
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with ASP389, a Pi-sigma bond with LEU445, and a Pi-Pi
stacking interaction with PHE449. These chemical inter-
actions demonstrate the promising inhibition of URAT1
by BBR.

Discussion

PC has been used to alleviate gout due to its functions of
clearing heat and drying dampness in the theory of tradi-
tional Chinese medicine.'® From a pharmacological stand-
point, these functions might be explained by its
remarkable anti-inflammatory and anti-HUA effects,
which are partly mediated by the alkaloids in PC.*?
BBR, a major alkaloid in PC, has significant anti-
inflammatory and nephroprotective effects against various
injurious factors. Studies have reported the effects of BBR
on certain transporters, indicating its potent anti-HUA
effect.”> Our bioinformatic analyses also showed that
BBR could regulate at least 82 genes related to HUA
and most of these genes enriched in the inflammatory

signaling. In the present study, we aimed to verify the anti-

HUA effects of BBR and explore its potential mechanism
in HUA mice.

Serum UA hallmark of HUA.*
Epidemiologic studies demonstrated that elevated UA

level is the

increases the risk of renal disease, revealing that UA is
not only a marker of kidney dysfunction but also a cause
of kidney damage.>*** BUN and CRE are major indicators
of renal damage.*> The levels of BUN and CRE were
significantly increased and there were severe histopatholo-
gical changes (based on H&E staining) in the model group.
Based on these results and a previous report,*> a mouse
model of HUA was successfully established in this study.
There was abundant clinical trials and laboratory studies
demonstrating the ability of BBR to reduce UA and amelio-
rate kidney injury. Oral treatment with BBR (300mg/d) for
60 days elicited a notable decrease in UA from 520.8 to 451.0
umol/L."”  Another treatment combining silymarin to
improve BBR’s bioavailability was effective in lowing UA
in obese patients with diabetes mellitus*> Compared with
BZB alone, the association BBR + BZB could achieve super-
ior hypouricemic effect.”’ A recent research that HUA rates
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Figure 6 BBR suppressed NLRP3 inflammasome activation. Levels of (A) IL-1B and (B) IL-18 in serum. Levels of (C) IL-Ip and (D) IL-18 in kidneys (n=10). mRNA
expression levels of (E) NLRP3, (F) ASC, (G) caspasel, and (H) IL-1B (n=4). (I) Representative Western blots of NLRP3, ASC, caspasel, and IL-1f protein expression.
Quantitative analysis of (J) NLRP3, (K) ASC, (L) caspasel, and (M) IL-1p protein expression (n=3). All the results are shown as mean + SEM. #p<0.01 vs Con group.

#p<0.05 and **p<0.01 vs HUA group.

were given BBR intraperitoneally also proved its remarkable
anti-hyperuricemia action.”>** In addition, BBR exhibited
pronounced capability of improving kidney function in dia-
2930 which might be attrib-
uted to its anti-oxidant, anti-apoptotic, anti-inflammatory,

betes and atherosclerosis setting,

anti-endoplasmic reticulum stress, and autophagy promotion
effects.”®*° In agreement with these studies, BBR signifi-
cantly reversed the elevated UA and ameliorated the histo-
The
nephroprotective property was further validated by decreased
BUN and CRE after BBR treatment. These findings indicate
the anti-HUA and renoprotective activity of BBR.

The immune response has a significant effect on the

pathological kidney injuries in our work.

nephrotoxicity of UA.*® In vivo and in vitro studies
showed that UA activated the NLRP3 inflammasome and
altered its downstream effectors.!* NLRP3 has been

shown to be an essential regulator of renal inflammation
and fibrosis in a mouse study.*’ In the canonical pathway
underlying the effects of NLRP3 activation, caspasel is
activated, mature cytokines are secreted, and pyroptosis
and renal necroinflammation are triggered.*® Research has

49,50 and

linked IL-1P to acute and chronic kidney diseases
there is much evidence showing that it contributes to
kidney damage.”® Inhibitors of IL-1p and IL-18 have
become increasingly important nephroprotective therapeu-
tic agents in various diseases.**!

Our network pharmacology results indicated that the
anti-HUA effect of BBR might be linked to its anti-
inflammatory activity. Many studies have shown that
BBR suppresses NLRP3 activation and cytokine expres-
sion, including in the animal model involving monoso-

dium UA crystal-induced inflammation.?®?” Additionally,
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in other inflammation-related models, such as diabetes
mellitus, cancer, and gastroenteritis models, BBR exhibits
significant anti-inflammatory activity by decreasing cyto-
kine levels (such as IL-1f and IL-18), which might
involve its inhibition of NLRP3.°> In our study, we
found that BBR significantly reduced serum and kidney
IL-18 and IL-18 levels, which concurs with previous
reports. Thus, the effects of BBR on the NLRP3 inflam-
masome signaling pathway was further investigated. In
line with the changes in cytokine secretion, BBR inhibited
the expression of the downstream effectors of the NLRP3
inflammasome (ASC, caspasel, and IL-1B), suggesting
that the nephroprotective effects of BBR is partly attrib-
uted to the inactivation of NLRP3 inflammasome.

UA homoeostasis is largely determined by UA produc-
tion, excretion, and reabsorption. XOD is a key enzyme

for regulating the rate of UA synthesis. Hence, it has
become a classical target for reducing UA overproduction.
However, in vitro studies have shown that BBR only
slightly inhibits XOD activity (inhibition rate <50%) and
the half maximal inhibitory concentration (ICs) is rela-
tively high (3.82 mg/mL).”* The results of our pilot
study also agreed with these findings (data not shown),
suggesting that the mechanism underlying the anti-HUA
effect of BBR might not involve XOD.

URAT1, an organic anion transporter, is a major UA
reabsorption transporter that is highly expressed in the
proximal tubular epithelial cell membrane.’” It is an
attractive target for new drug development for treating
HUA.>® Although network pharmacology did not show
the relationship between BBR and organic ion transpor-
ter, BBR shows promise as a URAT1 inhibitor. The ICs,
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hyperuricemia and nephroprotective effects of berberine and (D) its potential mechanisms.

of BBR regarding inhibiting URATI is 13.6 umol/L,
indicating the potential efficacy of BBR against
URAT1.” In our study, BBR inhibited URAT1 mRNA
and protein expression levels, which indicates that the
inhibitory effect of BBR on reabsorption transporters
may underlie its anti-HUA effect. We also performed
a virtual docking analysis to predict the affinity and
interactions between the candidate compound (BBR)
and the target protein (URAT1). The in silico observa-
tion regarding the strong affinity between BBR and
URATI1 was attributed to multiple chemical bonds.

Conclusion

In summary, this pioneering study (Figure 8A, B) on the
anti-HUA and nephroprotective effects of BBR in a mouse
model of PO- and HX-induced HUA showed that BBR
effectively reduces the UA level and ameliorates the kid-
ney damage (Figure 8C). These effects are associated with
the regulation of the NLRP3 inflammasome and UA trans-
porters (Figure 8D). Our findings provide evidence that
BBR might be useful as an alternative uricosuric drug for
treating HUA. It is worthwhile to further investigate the
underlying mechanism in more detail and the efficacy of
BBR in alternative models of HUA.
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