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Gouty arthritis (GA) is an inflammatory disorder characterized by the deposition of monoso-
dium urate (MSU) crystals in joint tissues. Pulchinenoside B4 (B4) has broad-spectrum anti-
inflammatory properties, but its role and potential mechanism in the pathogenesis of GA are
still unclear. The purpose of this study is to comprehensively elucidate the therapeutic effect
and mechanism of B4 on GA by integrating transcriptome analysis and in vitro and in vivo ex-
periments. In the MSU-induced mouse GA model, B4 treatment significantly improved ankle
edema and reduced inflammatory cell infiltration. Through the analysis of transcriptome se-
quencing results, we identified multiple differentially expressed long non-coding RNAs
(IncRNAs), such as Nod1, Rbck1 and Pycard. In the in-depth exploration of the mechanism, we
focused on the NOD-like receptor signaling pathway, NF-«kB signaling cascade, and B4-regu-
lated macrophage polarization. In vitro and in vivo models, we confirmed that B4 significantly
inhibited the expression and activation of key components of NLRP3 inflammasome
(such as ASC, Caspase-1 and IL-1B) by qPCR, Western blot and immunofluorescence. Flow
cytometry and immunofluorescence analysis further showed that B4 could prevent MSU-in-
duced macrophage polarization to pro-inflammatory M1 phenotype.Based on these results,
this study elucidated the mechanism of B4 improving MSU-induced GA inflammatory re-
sponse by inhibiting NLRP3 inflammasome activation and blocking M1 macrophage polariza-
tion. These results suggest that B4 has great potential as a candidate drug for the treatment
of GA.
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1. Introduction

GA is essentially an inflammatory response caused by MSU
crystal deposition. This reaction is self-limited, mainly involving
adjacent joints and soft tissues '. One of its characteristics is that
MSU crystals are deposited on the surface of synovial epithelial
cells. On the one hand, MSU crystals activate local macrophages,
thereby triggering GA, which in turn promotes inflammatory sig-
nal transduction and immune cell recruitment; on the other hand,
this cascade reaction leads to the release of pro-inflammatory
mediators (such as IL-1f) and chemokines, and triggers the rap-
id infiltration of pro-inflammatory leukocytes (such as neutro-
phils and monocytes). Monocytes play a key role in the acute im-
mune response and have multiple functions in anti-inflammatory
and tissue repair processes . Under physiological conditions, the
function of monocytes is to supplement the number of macro-
phages in tissues; when tissue inflammation occurs, monocytes
can quickly sense inflammatory signals, and then proliferate or
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differentiate into macrophages to coordinate the immune re-
sponse. The latest evidence shows that macrophages not only
participate in the formation of GA, but also play a central role in
the process of disease progression and regression **.
Macrophages, as an important part of the innate immune sys-
tem, play a crucial role in the pathogenesis of GA. When macro-
phages are exposed to various microenvironment signals, they
will polarize, form two phenotypes, M1 and M2, and secrete vari-
ous cytokines. In the acute inflammation stage of GA, M1 polariz-
ation is dominant, while in the remission stage, M2 polarization is
dominant °. The dynamic changes of macrophage polarization are
closely related to the development of chronic inflammation,
metabolic disorders and autoimmune diseases. New evidence
shows that M1/M2 phenotypic polarization plays a central role in
the pathogenesis of macrophage-mediated GA. Specifically, activ-
ation of inflammatory NLRP3 in macrophages significantly en-
hanced the inflammatory response caused by MSU. In contrast,
inhibition of this pathway can effectively reduce the production
of IL-1B, thereby reducing the frequency and severity of GA
seizures “’. By interfering with the polarization process of macro-
phages and the activation of NLRP3 inflammasome, it can inhibit
the production of IL-1f and TNF-a. If this strategy is adopted, it
may become a potential effective method for the treatment of GA.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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In the treatment of gouty arthritis, the main drugs used in
clinical practice are still limited to several types. One is col-
chicine, the second is non-steroidal anti-inflammatory drugs
(NSAIDs), and the third is glucocorticoids. Although the thera-
peutic effect of these drugs is quite significant, but often accom-
panied by some adverse reactions. For example, long-term use
may lead to drug resistance, or inhibit the body’s own hormone
synthesis process. In addition, they may also cause gastrointest-
inal irritation. It is worth noting that, on the one hand, with the
deepening of research, people’s understanding of the pathogen-
esis of GA is increasingly thorough; on the other hand, traditional
Chinese medicine (TCM) such as Si Miao Decoction °, Resvera-
trol °, and Si Miao San '’ have been shown to have a significant ef-
fecton improving GA progression. Natural medicines have al-
ways occupied a central position in modern drug research and
continue to promote the progress of research on the treatment of
various human diseases . The main pharmacodynamic compon-
ent B4 of Pulsatilla chinensisis obtained via a systematic extrac-
tion and purification process of medicinal compounds from
Pulsatilla chinensis herbs. First, Pulsatilla chinensis was pro-
cessed to prepare standardized herbal tablets for subsequent re-
fined use. The component B4 extracted from it has been proved
to have a wide range of biological activities, including anti-tumor,
anti-inflammatory, anti-virus, kidney protection, analgesia and
immune regulation, and has multiple functional properties. In re-
cent years, a large number of studies have explored the anti-in-
flammatory, immunomodulatory and anti-tumor activities of B4.
Based on the results of various studies, it is consistent that B4 has
good safety characteristics '*"'*. Our previous studies have also
confirmed that B4 has a significant improvement effect on GA dis-
ease, which is characterized by rapid onset, high safety and pro-
tection of immune function. Compared with western drugs, B4
shows irreplaceable unique advantages, which highlights its im-
portant scientific research value.

However, to date, the specific mechanism by which B4 ex-
erts beneficial effects on GA remains unclear. Therefore, this
study established a MSU-induced GA model, combined with tran-
scriptome sequencing technology and experimental verification.
By systematically studying the mechanism of B4 alleviating GA,
the final research results provide a more comprehensive experi-
mental basis for the future application of B4 in GA treatment to
achieve multi-pathway and multi-target combination therapy.

2. Materials and methods

2.1. Reagents and chemicals

Monosodium urate purchased from Sigma-Aldrich (St. Louis,
MO, USA). Diclofenac sodium is from Shanghai Aladdin Biochem-
ical Technology Company Limited. Fetal bovine serum (FBS) was
purchased from Gibco (Scoresby, Australia). The decalcification
solution was purchased from Biosharp Life Sciences, China. TRI-
zol reagent was purchased from Beijing All Style Gold Biotechno-
logy Company Limited. The reverse transcription PCR kit and SY-
BR real-time quantitative fluorescence (qPCR) kit were pur-
chased from Next Sense Biotechnology (Shanghai) Company Lim-
ited. BCA protein assay kit, protease inhibitor and phosphatase
inhibitor were purchased from Jiangsu Kangwei Century Biotech-
nology Company Limited. PVDF membranes were purchased
from milipore. iNOS (ab 178945), NLRP3 (ab 263899), Caspase-1
(ab 207802), and IL-1B (ab 254360) antibodies were purchased
from Abcam, p-NF-kB (3033T) was purchased from Cell Signal-
ing Technology, USA. ASC (10500-1-AP) antibody was purchased
from Wuhan Three Eagles Biotechnology Company Limited. Su-
perSignal™ West Pico PLUS chemiluminescent substrate was pur-
chased from Thermo, USA.
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2.2. B4 extraction and purification

In this study, the B4 utilized was isolated by our research
group from the rhizomes of Pulsatilla chinensis (Bunge) Regel,
with a purity exceeding 98%. The structure of B4 was verified by
means of ultra-performance liquid chromatography-time-of-flight
mass spectrometry (UPLC-Q-TOF-MS), nuclear magnetic reson-
ance (NMR), ultraviolet (UV) spectroscopy, and infrared (IR)
spectroscopy. Simultaneously, the content of B4 was calibrated.

Preparation process of B4 monomer: take the appropriate
amount of Bactrianthus saponins, add 10 times the amount of
70% ethanol reflux extraction twice, each time for 2 h, combined
extract, concentrated to no alcohol flavor, adsorbed by AB-8 mac-
roporous resin column, in turn, with 2-3 BV water, 70% ethanol,
70% ethanol eluent was collected, concentrated to no alcohol,
and then the liquid phase was prepared by Dynamic Axial HPLC
to 50%-55% methanol water and 25%-30% acetonitrile water as
the mobile phase for separation and purification, collected the
content greater than 98% of the stream fraction, that is, B4
monomer. 30% acetonitrile water as the mobile phase for separa-
tion and purification, collect the content of more than 98% of the
flow fraction, after concentration, dewatering, drying under re-
duced pressure, that is, the albizia saponin B4 monomer.

2.3. Preparation of MSU crystals

To prepare MSU crystals, 1 g of uric acid and 0.5 g of sodium
hydroxide were dissolved in 100 mL of ddH,0. The resultant
solution was heated to 80 °C and maintained at this temperature
for 20 min to ensure complete dissolution. Subsequently, the
solution was allowed to crystallize overnight at 4 °C. The pH of
the solution was then adjusted to 7.2 using dilute hydrochloric
acid. Following this, the MSU crystals were harvested via centri-
fugation, extensively washed with deionized water to remove im-
purities, and finally dried at 80 °C for 24 h under controlled con-
ditions.

2.4. Cell culture

The human-derived monocytic leukemia cell line, THP-1
cells, were cultured in RPMI-1640 medium supplemented with
10% FBS. The cultures were maintained at 37 °C in a humidified
incubator with an atmosphere of 5% CO,. THP-1 cells in the log-
arithmic growth phase were differentiated into macrophages by
treatment with 150 ng-mL™" phorbol 12-myristate 13-acetate
(PMA) for 48 h.

2.5. Cell viability

The effects of B4 and diclofenac sodium on the viability of
THP-1 cells were assessed using the CCK-8 assay. THP-1 cells
were suspended at a concentration of 1 x 10° cells/mL, and 100
uL of the suspension was evenly distributed into each well of a 96-
well plate. Subsequently, 100 uL of RPMI-1640 medium supple-
mented with 10% CCK-8 reagent was added to each well. The
plate was incubated under standard conditions for 1-2 h. Finally,
the OD value of the cells in each well was measured at 450 nm us-
ing a microplate reader, and cell viability was calculated based on
these measurements.

2.6. Establishment of a GA model for MSU-induced THP-1 cells and
pharmacological intervention

THP-1 cells in the logarithmic growth phase were harvested,
resuspended in a cell suspension, centrifuged, and subsequently
re-suspended for cell counting. The cells were then seeded into 6-
well plates at a density of 1.5 x 10° cells/mL. Groups were ran-
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domly assigned using the randomized numerical table method
and included the following: normal control group, MSU model
group, diclofenac sodium (50 pg-mL™) group, MUS + B4 (2.5
ug-mL™) group, MUS + B4 (5 pg-mL™") group, and MUS + B4 (10
ug-mL'l) group. In this experiment, an MSU suspension at a con-
centration of 0.2 mg-mL™" was utilized to establish the THP-1 in-
flammatory cell model, and THP-1 cells were collected after 24
hours of incubation.

2.7. Establishment and processing of mice GA model

5-6 week old male C57BL/6 mice (weighing 18-20 g) were
procured from Henan Skebes Bio-technology Co., Ltd. (Certificate
No.: SYXK 2022-0002). The animals were maintained in a con-
trolled environment with a temperature of 23 + 1 °C and relative
humidity of 55% % 5%. Prior to the experiment, the mice were ac-
climatized and provided standard chow for one week.
Throughout the study, all mice had ad libitum access to food and
water and were treated humanely in accordance with ethical
guidelines. All experimental procedures adhered to the prin-
ciples outlined in the Guide for the Care and Use of Laboratory
Animals [National Institutes of Health (NIH), Bethesda, MD,
United States] and were approved by the Laboratory Animal Eth-
ics Committee of Jiangxi University of Traditional Chinese Medi-
cine (Nanchang, China; License No.: ZLLSC20220188).

Sixty male C57BL/6 mice were randomly allocated into six
groups (n = 10 per group): control, MSU, MSU + diclofenac sodi-
um (11.25 mg-kg™"), MSU + B4 (7.5 mgkg™), MSU + B4 (15
mg-kg™"), and MSU + B4 (30 mg-kg™"). In the treatment groups,
the corresponding drugs were administered intragastrically ac-
cording to body weight (10 mg-kg™") starting 1 h prior to B4 mod-
eling, with subsequent doses given every 3 h for a total of four ad-
ministrations. Diclofenac sodium was administered once, 1 h be-
fore modeling. mice were anesthetized via intraperitoneal injec-
tion of pentobarbital sodium. Subsequently, 25 mg-mL™" MSU sus-
pension was subcutaneously injected into the dorsal side of the
right ankle joint in both the model group and the treatment
group, with a volume of 0.02 mL per mouse. The control group
received an equivalent volume (0.02 mL) of sterile normal saline
at the same site. This procedure established the GA model. Fol-
lowing successful injection, a visible swelling was observed on
the contralateral side of the injection site. After 24 h, the skin and
muscle tissues adjacent to the ankle joint were carefully excised
along the line above the ankle joint. A portion of the ankle joint
tissue was collected for histopathological examination, while the
remaining tissue was stored at =80 °C for subsequent analyses.

2.8. Evaluation of ankle joint swelling in mice

Before MSU injection, a horizontal line was marked 5 mm
above the ankle joint using an indelible marker to standardize the
measurement of toe volume. Foot volume in mice was assessed
via foot volumetry prior to modeling and at 1, 3, 6, 9, and 24 h
post-modeling. The ankle swelling rate was calculated using the
following formula: Ankle swelling rate (%) = (b - a)/a x 100%,
where a represents the initial circumference of the joint, and b
denotes the circumference of the joint after MSU crystal injection.

All of the aforementioned measurements were conducted in
ablinded manner by the designated experimenter under con-
trolled experimental conditions.

2.9. Hematoxylin and eosin (H&E) staining

Ankle tissue specimens were harvested and fixed in a 4%
paraformaldehyde solution. Following fixation, the specimens un-
derwent decalcification using an EDTA-based decalcification solu-
tion as part of the paraffin-embedding procedure. Subsequently,
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paraffin-embedded sections were stained with hematoxylin and
eosin (H&E). Histopathological analysis was then performed us-
ing a panoramic slide scanner (3DHISTECH, Hungary).

2.10. Transcriptome of ankle joint

Total RNA was extracted using TRIzol™ Reagent. The purity
of the RNA samples was assessed by measuring the 0D260/280
ratio with a NanoDrop spectrophotometer, and the concentra-
tion was quantified using the Qubit 3.0 fluorometer. RNA integ-
rity was evaluated using the Agilent Bioanalyzer 4200 system.
Subsequently, 1 pg of total RNA was processed to remove ri-
bosomal RNA using the Ribo-off rRNA Depletion Kit, followed by
the construction of a strand-specific library with the VAHTS Uni-
versal RNA-Seq Library Prep Kit. Amplification products were
purified using KAPA HiFi HotStart ReadyMix and VAHTS DNA
Clean Beads. The library concentration was then measured using
the Qubit®3.0 fluorometer, the fragment size distribution was
analyzed using the Agilent 4200 TapeStation system, and the
molar concentration of the library was determined by qPCR on
the QuantStudio 5 platform. Finally, sequencing was performed
on the lllumina NovaSeq X Plus instrument (San Diego, CA, USA)
using the NovaSeq X Series 25B Reagent Kit (300 cycles; Catalog
No. 20104706).

2.11. Differential expression LncRNA screening and data analysis

String software was used to count the raw sequence counts
of known expressed LncRNAs, and the expression of known
LncRNAs was calculated using FPKM to calculate the metrics, and
DESeq R software was utilized to satisfy the |log, FC| 21 and P <
0.05 differential expression ranges to screen for differential
LncRNAs between the control group vs the MSU group and the
MSU group vs the B4 group . Volcano plots were used to show the
distribution of differentially expressed LncRNAs between groups,
heat maps to show clustering between groups, and finally GO
functional analysis and KEGG enrichment analysis of common dif-
ferentially expressed LncRNAs.

2.12. Molecular docking

The 3D structures of target proteins NLRP3, NF-kB and iNOS
were downloaded from the PDB (http://www.rcsb.org/) datab-
ase. CB-Dock2 database (http://clab.labsh are.co.uk/cb-dock/php.
index.php) was adopted for protein-small molecule docking *°.

2.13.q-PCR

Total RNA was extracted from cells or tissues by following
the instructions provided in the TRIzol reagent protocol, using
TRIzol, chloroform, and isopropanol. The RNA concentration was
subsequently determined by measuring the optical density at 260
nm after centrifugation of the supernatant. The purified RNA was
stored at -80 °C for further analysis. Reverse transcription of the
RNA into cDNA was performed using a reverse transcription kit
in a 20 pL reaction volume. The resulting cDNA was used as a
template for quantitative PCR (qPCR) analysis employing the SY-
BR Green I fluorescent detection method. The primer sequences
utilized in this study are listed in Tables S1 and S2.

2.14. Western blot analysis

THP-1 cells and ankle tissues were harvested, lysed in RIPA
buffer supplemented with 1% phosphatase inhibitor and pro-
tease inhibitor, and subsequently centrifuged at 4 °C for 10 min
at 14 000 rmin " to collect the supernatants. The protein concen-
tration was quantified using a BCA protein assay kit (CoWin Bi-
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otech Co., Ltd., Jiangsu, China). Equal amounts of protein extracts
were separated by SDS-PAGE and subsequently transferred onto
PVDF membranes. The membranes were blocked with a protein-
free rapid blocking solution, followed by incubation with primary
antibodies against NLRP3, ASC, Caspase-1, IL-1B, iNOS, p-NF-
KB, or S-actin on a shaker overnight at 4 °C. Afterward, the mem-
branes were incubated with the corresponding secondary anti-
body for 1.5hours at room temperature and then visualized
using enhanced chemiluminescence detection. The relative pro-
tein expression levels in each group were quantified using Im-
age] analysis software, with B-actin serving as an internal refer-
ence.

2.15. Flow cytometry

THP-1 cells were immunostained with APC-conjugated anti-
CD80 antibodies. Data acquisition was performed using a FACS
Aria III flow cytometer (Beckman Coulter, Gallios, USA), followed
by analysis using FlowJo software.

2.16. Immunofluorescence

Mice ankle joint tissues were collected, fixed with 4% para-
formaldehyde, and subsequently decalcified. The tissues were
then embedded in paraffin and sectioned. Paraffin sections were
baked, rehydrated, and placed in a repair cassette for antigen re-
trieval using citric acid. Sections were permeabilized with 0.1%
Triton X-100 at room temperature and blocked with 3% bovine
serum albumin (BSA) for 1.5 h. The cells were subsequently sub-
jected to immunostaining with an iNOS antibody (1:100 dilution)
and incubated overnight at 4 °C. This was followed by incubation
with an Alexa Fluor-labeled secondary antibody (1:300 dilution)
for 1.5 h. Nuclear staining was performed using Hoechst for 5
minutes. Images were acquired using a LEICA laser confocal mi-
croscope (SP8 model).

2.17. Statistical analysis

The experimental data were statistically analyzed using SPSS
statistical software (SPSS, Chicago, IL, USA), and the data were
expressed as mean * standard deviation , and comparisons
between two groups were made using the two independent
samples t-test, and comparisons between multiple groups were
made using One-Way ANOVA, with P < 0.05 being considered as
the statistically significant difference.

3. Results

3.1. Effect of B4 and diclofenac sodium on THP-1 cell viability

The THP-1 cell line has clear characteristics. It is an acute
monocytic leukemia cell line, so it is widely used in many laborat-
ories and can be regarded as an ideal model for studying immune
response and inflammatory processes. Therefore, we selected
THP-1 cell line to design subsequent experiments. Firstly, we
used CCK-8 method to comprehensively evaluate the effects of B4
and diclofenac sodium on the viability of THP-1 cells in the con-
centration range of 0 to 1000 pg-mL™, and carefully analyzed
these effects. As shown in Fig.1A, compared with the control
group, B4 had no significant effect on cell viability in the concen-
tration range of 0-1000 pg-mL™". However, when the cells were
exposed to 1000 ug-mL™" diclofenac sodium for 24 h, their viabil-
ity was significantly inhibited (P < 0.05). Based on these results, it
can be concluded that B4 had little effect on the proliferation of
THP-1 cells within the test concentration range, while diclofenac
sodium showed moderate cytotoxicity. Therefore, both com-
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pounds are suitable for subsequent experimental analysis.

3.2. B4 attenuates MSU crystal-induced inflammatory response in
mice with gouty arthritis

Joint pain, stiffness, swelling, and intra-articular/periarticu-
lar inflammation are among the most common symptoms in MSU-
related conditions. Compared with the control group, serum uric
acid levels in MSU-injected mice were significantly elevated. Stat-
istical analysis confirmed a significant difference in serum uric
acid concentrations between the MSU and control groups (P <
0.05). However, compared with the MSU group, the low-, medium-,
and high-dose groups treated with diclofenac sodium or B4 ex-
hibited some inhibitory effect on serum uric acid levels. Notably,
these reductions did not reach statistical significance (Fig. 1B). In
order to evaluate the effect of B4 on the recovery process of GA,
we closely observed the condition of mice. It was found that 24
hours after injection of MSU, the hind paws of mice showed
symptoms of fever, redness and swelling, and the difference
between the groups was statistically significant. Then we meas-
ured the swelling degree of these joints. The results showed that
the ankle joint of mice showed progressive edema after adminis-
tration of MSU. The ankle swelling ratio at each experimental
time point after 6 hours of MSU injection was significantly higher
than that of the control group (P < 0.05), confirming that the GA
model was successfully established. It is worth noting that in the
control group and the B4 group (30 mg-kg™), the ankle swelling
ratio began to decrease significantly after reaching a peak at 3
hours. At 24 h, the swelling ratio of the MSU group continued to
rise and peaked. In contrast, the degree of swelling in the B4
group was significantly lower than that in the MSU group. It is
worth noting that compared with the positive control group
treated with diclofenac sodium, the low-dose, medium-dose and
high-dose B4 groups showed more significant short-term efficacy
in inhibiting GA symptoms (Figs. 1C-1D).

To observe the state of tissue inflammation (Fig. 1E), we se-
lected the ankle joints of mice and sliced them, followed by HE
staining. Firstly, the synovial tissue structure of the control group
remained intact, the cell morphology was normal, and no inflam-
matory cell infiltration was observed. Secondly, the MSU model
group was completely different, the phenomenon of inflammat-
ory cell infiltration was significant, and the pathological manifest-
ations were extremely obvious. However, compared with the
MSU model group, the positive drug group and the B4 group
showed that the pathological changes in each group were signific-
antly reduced. It is worth noting that the HE staining results of
synovial tissue after high-dose B4 treatment were closer to those
of the control group. Based on the above results, it can be clearly
confirmed that B4 can not only effectively inhibit inflammatory
cell infiltration, but also alleviate the progression of GA induced
by MSU crystals in mice. Combining all the data, it can be further
confirmed that B4 has a significant relief effect on GA symptoms
induced by MSU crystals.

3.3. Effect of B4 on the transcriptome of the ankle joint in GA mice

Using |log, FC| > 1 and P < 0.05 as filters, a total of 640 differ-
entially expressed IncRNAs were identified between the blank
and model groups, including Cxcl1, Rbck1, and Ctsb. Of these, 294
IncRNAs were up-regulated and 346 were down-regulated. In
contrast, 2026 differentially expressed IncRNAs—such as Atg12,
Csnk2a2, and Pik3r2—were detected between the model and B4
groups, with 1512 up-regulated and 514 down-regulated. The
heatmap revealed a clear separation of differentially expressed
IncRNAs between the B4 and model groups (Fig. 2A). To further
characterize IncRNA expression changes in B4-treated GA, vol-
cano plots were generated using DESeq2 software. As shown in
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the differential volcano plots, significant fold change differences
in differentially expressed IncRNAs were observed between the
blank and model groups, as well as between the model and B4
groups (Figs. 2B-2C).

To further clarify the GA mechanism and the biological func-
tions of IncRNAs altered by B4 treatment in GA, this study per-
formed GO functional enrichment analysis on 640 differentially
expressed IncRNAs identified between the blank and model
groups, as well as 2026 differentially expressed IncRNAs detec-
ted between the model and B4 groups. The results showed that
differentially expressed IncRNAs in the blank vs model comparis-
on were primarily enriched in functions such as cell growth regu-
lation, xenobiotic stimulus response, signaling receptor activity
modulation, and cytokine production involved in inflammatory
responses (Fig. 2D). In contrast, differentially expressed IncRNAs
in the model vs B4 comparison were mainly associated with pro-
cesses like nuclear envelope organization, binding activities,
muscle cell differentiation, and immune response-related cell ac-
tivation (Fig. 2E).
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The KEGG database was used to classify differentially ex-
pressed IncRNAs between the model and control groups, as well
as between the B4 and model groups, via functional annotation
and pathway enrichment analysis. A screening criterion of P <
0.05 was established, and the results were sorted based on the
gene ratio. As illustrated in Fig. 2F, enrichment analysis of 640
differentially expressed IncRNAs identified between the control
and model groups indicated their primary involvement in key sig-
naling pathways, including the PI3K-Akt signaling pathway, NOD-
like receptor signaling pathway and Toll-like receptor signaling
pathway. First, we performed functional enrichment analysis of
2026 differentially expressed long non-coding RNAs (IncRNAs) in
the model group and the B4 group. KEGG results showed that
more signaling pathways were involved in the regulation process,
including NOD-like receptor signaling pathway, TNF signaling
pathway and TGF-f signaling pathway (Fig. 2G). Secondly, as
shown in Fig. 2H, we used quantitative PCR to verify the mRNA
expression levels of candidate IncRNA downstream target genes
Nod1, Rbck1 and Pycard. Compared with the control group, the
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mRNA expression of NodI and Pycard in the MSU group was sig-
nificantly up-regulated, while the mRNA expression of Rbck1 was
significantly down-regulated. By comparing the B4 group and the
MSU group, it was found that the expression of Nod1 and Pycard
mRNA was significantly inhibited after B4 treatment, while the
expression of Rbckl mRNA was enhanced. Subsequently, we per-
formed molecular docking analysis of B4 with key targets NLRP3,
NF-xB, and iNOS. The analysis results show that the free binding
energy range of the interaction is from -5.4 to -=10.9 kcal-mol™,
indicating that these key targets have good binding affinity with
our core compounds (Fig. 21). Therefore, based on these findings,
in our study on GA, we carried out molecular biology experi-
ments to further explore how B4 affects the mechanism of action
of key components in the NOD-like receptor signaling pathway,
including NLRP3, ASC, Caspase-1, NF-«B, IL-1 and TNF-a.
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3.4. B4 inhibits MSU-induced activation of NLRP3 inflammatory in
THP-1 cells

The activation of NLRP3 inflammasome plays a key role in
the inflammatory response induced by MSU crystals. NLRP3
(NOD-like receptor hot protein domain-associated protein 3) is
the core component of the NOD-like receptor family. The NLRP3
inflammasome complex is composed of NLRP3, apoptosis-associ-
ated speck-like protein ASC and Caspase-1. To elucidate this
mechanism, we used qPCR to detect the mRNA expression levels
of NLRP3 and Caspase-1. First of all, compared with the control
group, the mRNA expression of NLRP3 and Caspase-1 in the mod-
el group was significantly increased (P < 0.05). Secondly, in THP-
1 cells treated with MSU, the mRNA expression of NLRP3 and Cas-
pase-1 in the model group could be significantly inhibited by B4
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(P < 0.05, Fig. 3A). In addition, for THP-1 cells stimulated by MSU,
B4 also effectively inhibited the mRNA expression of inflammat-
ory factors such as IL-1f3, PGE2 and TNF-a (P < 0.05, Fig. 3B). Sub-
sequently, the results were further verified by Western blot, and
it was confirmed that B4 had a significant inhibitory effect on the
expression of NLRP3 inflammasome components and related pro-
teins. Specifically, B4 could effectively inhibit the expression of
NLRP3, ASC, Caspase-1 and IL-1f in THP-1 cells (P < 0.05, Figs.
4A-4E). It is worth noting that NF-kB is a key regulator of vari-
ous pro-inflammatory cytokines such as IL-1f, PGE 2 and TNF-
a.Therefore, we explored whether B4 can also regulate NF-«B sig-
naling pathway. Consistent with the expected results, B4 signific-
antly reduced the expression of p-NF-kB protein in THP-1 cells
treated with MSU (Figs. 4F-4G). Based on all the experimental
results, B4 can inhibit the activation of NLRP3 inflammasome,
thereby weakening the subsequent inflammatory cascade and its
downstream effects. Finally, B4 could inhibit the inflammatory
response of THP-1 cells induced by MSU.

3.5. B4 inhibits MSU-induced M1 polarization in THP-1 macro-
phages

This M1 polarization phenomenon occurs in the early stage
of the GA model. In order to explore whether B4 treatment can in-
hibit M1 polarization by down-regulating the expression of these
markers, we used CD80 and CD86 as established M1 macrophage
polarization biomarkers for detection. As shown in Fig. 5A, com-
pared with the normal control group, the mRNA expression levels
of CD80 and CD86 in the model group were significantly in-
creased, and the difference was statistically significant. However,
when comparing the B4 treatment group with the model group,
the MSU-induced increase in CD80 and CD86 mRNA expression
was significantly inhibited by B4. M1 macrophages can secrete a
large number of pro-inflammatory cytokines (IL-6) and play a key
role in antigen presentation. The experimental results also
showed that compared with the model group, IL-6 in the B4
treatment group was significantly reduced, confirming that B4
could effectively inhibit IL-6 secretion. To further explore wheth-
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er the anti-inflammatory effect of B4 is mediated by inhibiting
macrophage polarization, we used flow cytometry to detect the
expression level of CD80 in THP-1 cells. Flow cytometry analysis
showed that the level of CD80 in the MSU-treated model group
was significantly higher than that in the untreated control group.
On the contrary, all B4 treatment groups showed a dose-depend-
ent decrease in CD80 levels compared with the MSU model group
(Figs.5B-5C), and there were statistically significant differences
between the dose groups. These results indicate that B4 can ef-
fectively inhibit the expression of M1 macrophage marker CD80
in THP-1 cells induced by MSU.

iNOS protein, which is involved in inflammatory response
and immune defense, is also a marker of M1 macrophage polariz-
ation. As shown in Figs.5D and 5E, the iNOS protein level in the
model group was significantly higher than that in the control
group. In contrast, the expression of iNOS in the B4 treatment
group was significantly reduced (P < 0.05), showinga statistic-
ally significant difference.Taken together, these results clearly
confirm that B4 can inhibit MSU-induced M1 macrophage polariz-
ation in THP-1 cells. In summary, our results demonstrate that B4
can effectively inhibit MSU-induced M1 macrophage polarization
in THP-1 cells.

3.6. Effect of B4 on NLRP3 inflammatory expression in MSU-in-
duced GA mice

In order to verify the results of previous studies, we used
MSU-induced GA mouse model to evaluate the effect of drug B4
on NLRP3, inflammasome and M1 macrophage polarization. QP-
CR analysis showed that compared with the normal control group
without any treatment, the mRNA expression levels of markers
reflecting inflammatory signals (such as NLRP3, IL-1, TNF-a and
PGE?2) in the MSU model group were significantly increased and
showed a significant upward trend. On the other hand, compared
with the model group, the mRNA levels of all the treatment
groups receiving B4 were significantly reduced, and the degree of
reduction was statistically significant (Fig. 6A). Based on the
above results, it can be concluded that B4 can effectively inhibit
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Fig. 3 B4 inhibits the expression of NLRP3 inflammasome-related mRNA in THP-1 cells induced by MSU. (A) Expression of NLRP3 inflammatory associated mRNA by qPCR.

(B) qPCR detection of inflammatory factor mRNA expression. Data are presented

0.01, P<0.001 vs MSU group.

the expression of NLRP3 inflammasome-related messenger RNA
in MSU-induced GA mice.

Subsequently, we used Western blotting for further analysis,
and the results confirmed that B4 could inhibit the expression of
NLRP3 inflammasome-related proteins. Specifically, the protein
levels of p-NF-xB p65, NLRP3, Caspase-1 and ASC in the ankle tis-
sue of the model group were significantly increased ; after using
B4, the expression levels of these proteins (p-NF-«B p65, NLRP3,
ASC and Caspase-1) in ankle joint tissues were significantly de-
creased (P < 0.05; Figs. 6B-6G). In summary, these results indic-
ate that B4 can inhibit NLRP3 inflammasome, thereby inhibiting

A
Caspase-1 [ - - ‘ i A !45 kDa

iw-1p |

R — |31kDa

f-Actin | NS M ———— 13 D

Relative expression of protein

MSU - + + + + +
Dic (ug'mL™") - - 50 - - -
B4 (ugmL") - - - 25 5 10
D E
ASC IL-1B
= = 15
S S
S .= &=
ey iy
2% 2 ©
= =
& &
> S & &€ X X
SE OV SELO Y
C &Q c{‘)& Qf\ %f‘\ C \@0 S &
%5*;;‘* oF ¥ SQ%\QQ
x7 X s X «
NS S
SE &

as means # SD (n = 3). *P < 0.05,*P < 0.01,"**P < 0.001 vs Control group; ‘P < 0.05, "P <

MSU-induced inflammatory response. Therefore, the down-
stream inflammatory cascade triggered by MSU crystals is also
weakened. Based on all the above findings, it is clear that B4 can
inhibit the polarization of M1 macrophages in THP-1 cells in-
duced by MSU.

3.7. Effect of B4 on MSU-induced polarization of M1 macrophages
in GA mice

In order to explore the effect of B4 on the phenotypic changes
of macrophages induced by MSU in the ankle joint of GA mice, we
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Fig. 4 B4 inhibits the expression of NLRP3 inflammasome-related proteins in THP-1 cells induced by MSU. (A) Western blot for the expression of NLRP3, ASC, Caspase-1,
and IL-1 proteins. (B) Gray scale analysis of NLRP3. (C) Gray scale analysis of Caspase-1. (D) Gray scale analysis of ASC. (E) Gray scale analysis of IL-1p. (F) Western blot de-
tection of p-NF-kB protein expression. (G) Gray scale analysis of p-NF-kB. Data are presented as means + SD (n = 3). P < 0.05,"*P < 0.01,""*P < 0.001 vs Control group; P <
0.05, P <0.01,”"P < 0.001 vs MSU group.

447



Z. Zheng et al.

Chinese Journal of Natural Medicines 24 (2026) 440-453

400+ 34 25
300 .
200 201 U
< < 2 <
Z 100 Z
& I~ Z 15
= _ = I~
< 20 . g E
8 154 =2, . 104
O (SR * . =
10 5 |
54 T T #rx o per
0 0 0 -
S - > Y] R
RGN R & &0 RS S R & &Q RN R N
s S v & & & O 2 S NG & SN & 4 &
S & S S &S S & &
> A <+ AR W A A )
A A ¥ A ¥ Q¥ A A ¥
Ny < SN x RS o
NI NS N I,
& ¥ & ¥ ROSIE )
B c
I
Control @ 50 —
5
=
MSU 8 40 1
g
MSU + Dic £304 . e
=}
= 20
5
MSU +2.5 yg'mL ! B4 k=
210 -
2
MSU + 5 ug-mL™' B4 % 0
& .
& & P
MSU + 10 pg-mL "' B4 ¢ S v & ©
T e T T T ey & & &S
10° 10! 102 108 104 109 108 (\,‘.)Q oY oF
x
b A b & § X
\;\‘6 %«\ W +
i 5 3 oW
b Co““(’\ N\g\)* v x 5\)*59 \))“\
172]
o
Z
Hoechst b}
33342 z
5
153
2
g
iNOS £
=
=
2
200 um | 200 pm 200 pm 200 pm 200 pm 'g
5
-4
Merge

Fig. 5 B4 inhibited MSU-induced activation of M1 macrophage polarization in THP-1 cells. (A) qPCR detection of macrophage M1 polarization-associated m RNA expression.
(B) Flow cytometry analysis of CD80 expression. (C) Expression level of CD80 fluorescence intensity. (D) Immunofluorescence detectlon of iNOS expression. (E) Fluores-
cence intensity analysis of iNOS. Data are presented as means * SD (n = 3). *P < 0.05,"*P < 0.01,"**P < 0.001 vs Control group; ‘P < 0.05, "P < 0.01, "P < 0.001 vs MSU group.

200 um 200 um

analyzed the expression of M1 macrophage polarization-related
mRNA in ankle joint tissue. The results of qPCR showed that the
expression of iNOS, CD80 and CD86 mRNA (M1 polarization
markers) was significantly up-regulated in the MSU model group
compared with the control group. On the contrary, the expres-
sion of INOS, CD80 and CD86 mRNA in all B4 treatment groups
was significantly down-regulated compared with the MSU model
group (Fig. 7A). In addition, we detected the expression of iNOS
protein (M1 macrophage marker) in ankle tissue of GA mice. As
shown in Figs.7B-7C, the level of iNOS protein in the ankle joint
of the model group was significantly higher than that of the con-
trol group.

Compared with the model group, the expression level of iNOS
protein in ankle joint tissue was significantly decreased after B4
treatment. On the other hand, the polarization state of M1 macro-
phages was observed by immunofluorescence analysis. In GA syn-
ovial tissue, the proportion of iNOS positive area was signific-
antly higher than that in the control group. However, after B4
treatment, the proportion of iNOS positive areas in synovial tis-
sue decreased significantly (Figs.7D-7E). By integrating and sum-
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marizing all the experimental results, the following conclusions
can be drawn: B4 can reduce the expression of inducible nitric
oxide synthase (iNOS) in synovial macrophages, thereby inhibit-
ing the polarization process of M1 macrophages. Comprehensive
analysis of these experimental data can clearly confirm that B4
can indeed inhibit the polarization of M1 macrophages induced
by MSU in the ankle joint of mice (Fig. 8).

4. Discussions

Gout is a metabolic disorder characterized by hyperuricemia
and the deposition of MSU crystals. When serum uric acid levels
exceed the saturation threshold, MSU crystals form and deposit in
joints, triggering activation of resident macrophages. This pro-
cess elicits local inflammatory responses and tissue damage, ulti-
mately leading to the development of GA '°. Macrophages act as
key mediators in GA pathogenesis, servingas central compon-
ents of innate immunity. When deposited in joints and adjacent
tissues, MSU crystals are recognized and phagocytosed by resid-
ent macrophages via Toll-like receptors (TLRs), triggering neut-
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P <0.001 vs MSU group.

rophilic inflammation and recruiting additional macrophages.
Moreover, M1-polarized macrophages release abundant reactive
nitrogen/oxygen species and pro-inflammatory cytokines, driv-
ing inflammatory progression, inducing endothelial cell injury,
and initiating an amplified inflammatory cascade

17
. Numerous

studies "**" have confirmed the involvement of multiple cell sig-

naling pathways in GA pathogenesis, including the NF-xB signal-

ing pathway, NLRP3 inflammasome-related pathways, and aden-

osine triphosphate (ATP)-gated purinergic ion channels. Future

research may focus on investigating additional signaling path-
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Fig. 8 Schematic illustration of B4’s mechanism in ameliorating GA via regula-
tion of the NLRP3 inflammasome and macrophage polarization. B4 alleviates GA
by suppressing NF-«B signaling, inhibiting NLRP3 inflammasome activation, redu-
cing IL-1 secretion, and blocking MSU-induced M1 macrophage polarization.

ways and targeting key components within these networks,
which could potentially identify novel therapeutic targets for ex-
ploring B4’s application in GA treatment.

In the traditional Chinese medicine treatment system, its
core concept is mainly reflected in the holistic view and syn-
drome differentiation and treatment . The theory regards the
human body as a whole system, and achieves the treatment goal
by harmonizing the balance of yin and yang and promoting the
operation of qi and blood *’. The advantage of traditional Chinese
medicine is that it has a multi-target treatment strategy and relat-
ively mild side effects. On the one hand, it emphasizes the devel-
opment of personalized treatment programs for patients. On the
other hand, it can show unique efficacy in dealing with chronic
and difficult diseases **. B4 is compound extracted from Pulsatilla
chinensis . As a triterpenoid saponin compound, B4 has many
functions such as anti-tumor, anti-inflammatory, anti-virus, kid-
ney protection, analgesia and immune regulation *°. Studies have
confirmed that * B4 can inhibit the release of inflammatory
factors by regulating the signal axis composed of myosin light
chain kinase (MLCK)/phosphorylated myosin light chain-2 (p-
MLC2)/NLRP3 inflammasome, thereby exerting a therapeutic ef-
fect on colitis. In addition, B4 (2.5, 5 or 10 mg-kg™") can also in-
hibit the release of inflammatory mediators by regulating the
TLR4/NF-kB pathway, and has a significant improvement effect
on lipopolysaccharide (LPS), Klebsiella pneumoniae and influ-
enza virus FM1-induced pneumonia **.

B4 is a triterpenoid saponin compound with multiple glyc-
osidic bonds in its molecular structure. Since glycosides are
prone to hydrolysis under acidic conditions and the gastrointest-
inal environment itself is acidic, the combined action of these two
factors will lead to the hydrolysis of glycosidic bonds in B4.
Therefore, B4 undergoes a significant degradation process be-
fore being absorbed into the body. This structural feature signific-
antly limits the absorption of B4, which ultimately leads to its rel-
atively low oral bioavailability. In the rat experiment, the maxim-
um plasma concentration (C,,,, value) achieved by intraperiton-
eal injection of 122 mgkg" B4 was 94.47 + 28.99 ng-mL’;
the C,., value can reach 10 394.16 + 5041.38 ng-mL™" , which is
significantly higher. The (., of enteric-coated capsules was
219.96 + 103.32 ng-mL™". In terms of in vivo exposure levels, the
area under the plasma curve (AUC) was 592.55 + 57.78 ng-h-mL ™.
However, after rectal administration of B4 suppository, the AUC
value of plasma could reach 29 115.16 * 14 345.48 ng-h-mL™,
which was about 49 times of the AUC value of oral B4 solution.
The plasma AUC value of oral B4 enteric-coated capsules was
measured to be 1049.00 *+ 101.54 ng-h-mL™", which was about
1.77 times that of direct drinking B4 solution *’. In this study, the
pharmacokinetic method was used to systematically evaluate the
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plasma concentration-time curves of B4 in rats under different
routes of administration (including intravenous injection, rectal
suppository, oral enteric-coated capsules and direct drinking of
B4 solution), and the corresponding pharmacokinetic paramet-
ers were calculated. The results showed that compared with dir-
ect oral administration of B4 solution, intravenous injection,
rectal suppository and oral enteric-coated capsules could signific-
antly shorten the peak time (Tmax) and improve the bioavailabil-
ity of the drug **~**. It can be clearly seen from the pharmacokin-
etic studies of these B4 that different routes of administration can
significantly affect the pharmacokinetic characteristics of the
drug in rats. This finding can provide key guidance for how to
choose the most appropriate route of administration and dosage
form in the process of new drug research and development, and
also provide scientific basis for subsequent clinical research. In
addition, the rigorous design of this study can effectively im-
prove the success rate of clinical trials and accelerate the trans-
formation of laboratory research results into clinical applications.

Recent studies have deepened the understanding of the
pathogenesis of GA. The pathological process of the disease has
gradually become clear, revealing that it is the result of the inter-
action of multiple factors. Among them, uric acid metabolism dis-
order, NLRP3 inflammasome overactivation and oxidative stress
injury are the key factors. In addition, the release of pro-inflam-
matory cytokines such as IL-1f3 and TNF-a is also involved. These
factors work together. In this context, many traditional Chinese
medicines and their bioactive components are considered to have
multi-target regulation potential, which can alleviate the develop-
ment of gout. At present, single cell RNA sequencing technology
has been applied to the study of the pathogenesis of gout. Taking
the rat arthritis model as an example, 932 differentially ex-
pressed long non-coding RNAs (IncRNAs) were identified by se-
quencing. Further analysis showed that the analgesic compound
N°-(2-hydroxyethyl) adenine extracted from Cordyceps sinensis
could activate A1 adenosine receptor and inhibit A2A receptor.
Through these two mechanisms, this substance can regulate mul-
tiple signaling pathways related to inflammatory response and
ion channels, thereby achieving analgesic effect. This provides a
promising new method for the treatment of gout **. Zhang et al.
found that Huanggin Qingre Guanjie Capsule (HQC) can inhibit
the PI3K/AKT signaling pathway by targeting the long-chain non-
coding RNA (IncRNA) H19/APN axis, which can improve the lipid
metabolism disorder and inflammatory response in patients with
gout. This study elucidates the molecular mechanism of HQC’s
therapeutic effect through IncRNA H19/APN/PI3K/AKT pathway,
and points out that IncRNA APN may become a future therapeut-
ic target *. This study integrated transcriptomics and network
pharmacology analysis to confirm that YGG can inhibit the
TLR4/MYD88/NF-«B signaling pathway to alleviate the inflam-
matory response. Specifically, the phosphorylation level of p65
protein decreased, and the contents of IKKa/B and IkBa also de-
creased accordingly. These results indicate that YGG achieves
therapeutic effects by acting on uric acid metabolism and inflam-
matory pathways through its active components. The mechanism
discovery provides a theoretical basis for the application of YGG
in clinical practice of gout under the guidance of traditional
Chinese medicine theory **. In addition, our previous studies have
confirmed that B4 has significant therapeutic potential for MSU-
induced GA. It can quickly relieve joint swelling and fever symp-
toms and help restore foot function. This clearly shows that this
study has important value. Therefore, in this study, we aimed to
use transcriptomics technology for in-depth analysis to elucidate
the mechanism of B4 alleviating GA.

In the field of transcriptomics, the core goal is to compre-
hensively analyze the dynamic changes of gene transcription in
different cell environments *>*’. In this study, the mechanism of
the effect of B4 treatment on the mechanism of GA was explored
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by using transcriptomics technology. The specific research pro-
cess includes systematic difference analysis of IncRNA . By com-
paring the blank group with the model group, IncRNAs with signi-
ficant expression differences such as Nod1l, Rbckl and Nfkbib
were identified. Pycard, Card9, Antxr1 and other differentially ex-
pressed IncRNAs were detected in the comparison between the
model group and the B4 group. It is worth noting that the Nod1
protein encoded by this gene plays a key role because it can activ-
ate the pathogen recognition signaling pathway **. RBCK1 is an
E3 ubiquitin ligase that promotes the degradation of NLRP3 pro-
tein through ubiquitination, thereby effectively inhibiting the as-
sembly of inflammasomes. At the same time, it can also inhibit
the release of pro-inflammatory cytokines including IL-1f and IL-
18 *. On the other hand, Pycard protein, as a key adaptor protein,
is mainly involved in the assembly process of inflammasome, in-
cluding the formation of NLRP1/2/3/6 complex, AIM2 complex
and IFI16 complex. The protein can participate in all the above
biological processes and activate caspase-1 enzyme, and can also
accelerate the maturation process of proinflammatory cytoki-
nes *’. These IncRNA-mediated mechanisms work together to reg-
ulate the inflammatory cascade. Therefore, B4 has become a
multi-target candidate drug for the treatment of GA, and sub-
sequent analysis results have confirmed this view. Firstly, GO en-
richment analysis of differentially expressed IncRNAs showed
that they were significantly enriched in immune system pro-
cesses and inflammatory response-related pathways. Secondly,
through KEGG pathway analysis, multiple enrichment pathways
were found, including NOD-like receptor signaling pathway, TNF
signaling pathway, NF-kB signaling pathway, rheumatoid arthrit-
is-related pathway and a variety of inflammation-related cy-
tokine networks. Subsequently, we performed molecular docking
experiments on the key targets of these pathways (NLRP3, p-NF-
kB and iNOS) with B4, and the results showed that they had
strong binding affinity, confirming that these molecules are in-
volved in B4-mediated GA treatment. All pathways related to in-
flammatory stimulation were triggered, which further verified
the consistency of the results of this transcriptome analysis with
previous research conclusions *>*'~*, The key targets NLRP3, p-
NF-kB and iNOS in the pathway were combined with B4 for mo-
lecular docking. The results showed that there was a strong bind-
ing affinity between them, which clearly indicated that they were
indeed involved in the treatment of GA by B4. These pathways
are related to the response triggered by inflammatory stimula-
tion, and the results of this transcription analysis further confirm
that they are consistent with previous studies.

In order to further explore the anti-inflammatory mechan-
ism of B4 in the treatment of GA, this study verified its regulatory
effect on the key targets of NOD-like receptor (NLR) signaling
pathway. The NLR signaling pathway is a basic immune defense
mechanism, and the NLRP3 inflammasome is closely related to
the pathogenesis of GA and plays a central role in the progres-
sion of gouty arthritis ***. MSU crystals are recognized by cyto-
plasmic pattern recognition receptors as endogenous risk signals
in gout. This recognition triggers monocyte-macrophage activa-
tion and neutrophil recruitment, which in turn forms inflamma-
somes composed of ASC, caspase-1 and NLRP3. The complex ac-
tivates caspase-1 and processes pro-IL-1f into a mature pro-in-
flammatory form IL-1f. Secreted IL-1f amplifies the inflammat-
ory response by promoting the release of other inflammatory
factors and drives the pathogenesis of GA *’~*. It was observed in
the in vitro and in vivo experimental models that compared with
the control group, the mRNA expression levels of NLRP3, Caspase-
1, ASC and IL-1f in the MSU group were significantly increased,
and the up-regulation was significant. It is worth noting that the
expression levels of these genes can be significantly reduced after
B4 treatment, which clearly indicates that B4 has an inhibitory ef-
fect on the activation of NLRP3 inflammasome. Subsequently, this
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result was further verified by Western blotting analysis, and the
experimental data were also supported. In the MSU-induced GA
model, B4 can down-regulate the protein expression level re-
lated to NLRP3 inflammasome. Based on all the experimental res-
ults, it can be concluded that B4 alleviates GA symptoms by inhib-
iting the NLRP3 inflammasome pathway.

MSU crystals form a complex with CD14, which is recognized
by macrophages through binding to TLR2 and TLR4, leading to
phagocytosis and MyD88-mediated activation of the NF-kB sig-
naling pathway *’. NF-kB stimulates the release of inflammatory
factors such as cyclooxygenase-2 (COX-2), TNF-a and IL-6, and
plays a critical role in GA in concert with NLRP3 inflammatory
vesicles °'**. Thus, we investigated key targets including NF-«B,
TNF-a, and IL-6. Results showed that MSU crystal stimulation up-
regulated TNF-a and IL-6 mRNA expression in both cellular and
murine models. In contrast, B4 treatment significantly sup-
pressed TNF-a and IL-6 mRNA levels. Additionally, B4 markedly
inhibited pNF-xB protein expression. Collectively, these findings
indicate that B4 suppresses NF-kB signaling pathway activation
by modulating NF-«B, TNF-«, and IL-6 expression.

At present, we know that the activation of NF-kB and NLRP3
inflammasome is closely related to the polarization of macro-
phages to M1 phenotype **. On the one hand, Wang et al. ** repor-
ted that the expression of NLRP3 was significantly up-regulated
in GA rat model and synovial cells induced by MSU crystals. In
this model, if the expression level of NLRP3 inflammasome is
high, it will promote the polarization of macrophages to pro-in-
flammatory M1 phenotype. On the other hand, the activation of
NF-xB also plays a key role in inducing M1 macrophage polariza-
tion. If the NF-kB signaling pathway is inhibited, the polarization
of the M1 phenotype can be inhibited, thereby delaying the pro-
gression of GA inflammation °* . Another study *° showed that
MSU could significantly up-regulate the expression of SFRP2 in
mice by destroying the interaction of Wnt/B-catenin-p65, pro-
mote the nuclear translocation of NF-xB p65 subunit and en-
hance its transcriptional activity, thus promoting the polariza-
tion of macrophages in GA mice to pro-inflammatory M1 pheno-
type. In addition, silencing SFRP2 gene expression in GA mice can
inhibit the infiltration of inflammatory cells in synovial tissue, in-
hibit the polarization of M1 macrophages, and reduce ankle
swelling and endothelial injury. This study suggests that B4 may
regulate the polarization of macrophages by regulating the NF-«xB
signaling pathway and NLRP3 inflammasome, thereby exerting
an anti-inflammatory effect on MSU-induced GA. It is known that
M1 macrophages have the characteristics of high expression of
CD40, CD64, CD68, CD80, CD86 and human leukocyte antigen-
DR *. Among them, CD80 and CD86, as co-stimulatory molecules,
are expressed when M1 macrophages receive activation signals *’
and can respond to pathogen stimulation signals *'. In this study,
we observed that B4 significantly inhibited the expression of M1
polarization markers CD80, CD86 and iNOS, and reduced ankle
swelling.It also alleviated the inflammatory response induced by
GA in mice, confirming the role of B4 in regulating the polariza-
tion of M1 macrophages.

In summary, this study demonstrates the therapeutic poten-
tial of B4 in GA, with its core mechanism likely involving dual reg-
ulation of inflammatory pathways. Transcriptomic analysis
strongly indicates that B4 targets the NLRP3 inflammasome for
inhibition—a key molecular platform for sensing danger signals
like MSU crystals. Activation of the NLRP3 inflammasome drives
caspase-1 cleavage, promoting maturation and release of the po-
tent pro-inflammatory cytokines IL-1f and IL-18, which are cent-
ral to acute inflammation and tissue damage in GA. Thus, B4-me-
diated inhibition of the NLRP3 inflammasome effectively dis-
rupts this key inflammatory cascade, addressing the inflammat-
ory storm in GA at its source. Additionally, our findings show that
B4 significantly suppresses MSU crystal-induced macrophage po-
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larization toward the pro-inflammatory M1 phenotype, as evid-
enced by reduced expression of M1 polarization markers. M1
macrophages infiltrate GA lesions in large numbers, continuously
secreting pro-inflammatory factors (such as TNF-a, IL-6, PGE2
and nitric oxide) to exacerbate inflammatory responses and tis-
sue destruction. By inhibiting M1 polarization, B4 regulates mac-
rophage immune function, promoting a shift from a pro-inflam-
matory to anti-inflammatory/repair phenotypes, thereby ameli-
orating the local inflammatory microenvironment. Thus, B4 likely
exerts synergistic effects: 1) inhibiting NLRP3 inflammasome ac-
tivation to block initiation of the core inflammatory signaling
pathway and release of key cytokines; and 2) suppressing M1
macrophage polarization to reduce continuous production of pro-
inflammatory mediators. These actions work in concert to effect-
ively alleviate GA-induced inflammation and tissue damage. Not-
ably, this study has certain limitations. Future research will util-
ize integrated multi-omics analysis and gene-editing technolo-
gies to confirm whether B4 alleviates GA pathogenesis by inhibit-
ing NLRP3 inflammasome activation and subsequent macro-
phage M1 polarization.
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