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Background: Gouty arthritis is characterized by the accumulation of monosodium urate crystals (MSU) in the synovial joints and 
surrounding tissues. Mastoparan M (Mast-M) is a biologically active peptide composed of 14 amino acids, extracted from wasp 
venom. This study aims to assess the impact of Mast-M on in vitro and in vivo gouty arthritis induced by lipolyaccharide (LPS) plus 
MSU crystal stimulation.
Methods: PMA-differentiated THP-1 macrophages were pre-treated with Mast-M or left untreated, followed by stimulation with LPS 
and MSU crystals. Cell lysates were collected to assess the expression of the NLRP3 inflammasome, inflammatory signaling pathways, 
and oxidative stress. Furthermore, to evaluate the in vivo anti-inflammatory effect of Mast-M, an experimental acute gouty arthritis 
mouse model was established through intra-articular injection of MSU crystals.
Results: Mast-M treatment demonstrated significant inhibition of the phosphorylation of MAPKs/NF-κB signaling pathways and 
reduction in oxidative stress expression in LPS and MSU-induced THP-1 macrophages. This resulted in the suppression of down
stream NLRP3 inflammasome activation and IL-1β release. In vivo, Mast-M effectively attenuated the inflammation induced by MSU 
in mice with gouty arthritis. Specifically, Mast-M reduced swelling in the paws, inhibited the infiltration of neutrophils and 
macrophages into periarticular tissue, and decreased the activation of the NLRP3 inflammasome and IL-1β production.
Conclusion: Mast-M significantly improves gouty arthritis, and its potential mechanism may be achieved by inhibiting the MAPK/ 
NF-κB pathway and alleviating oxidative stress, thus suppressing the activation of NLRP3 inflammasomes.
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Introduction
Gouty arthritis is a painful and inflammatory disease caused by the accumulation of MSU crystals in joints and 
surrounding tissues.1 Numerous studies conducted in Asia, Europe, and North America have reported varying prevalence 
rates for gout, ranging from 0.6 to 2.9 cases per 1000 person-years. Among adults, the prevalence rates have been 
documented between 0.68% and 3.9%, with a notable increase in both incidence and prevalence over time.2 Currently, 
the main drugs used to treat gouty arthritis are nonsteroidal anti-inflammatory drugs (NSAIDs), colchicine, and 
corticosteroids.3 Due to the potential occurrence of adverse reactions and inconsistent treatment effectiveness associated 
with these medications,3,4 there is an urgent need to develop new drugs for the treatment of gouty arthritis.

Research findings have demonstrated the pivotal role of prolonged macrophage activation in the inflammatory 
response mechanism of gouty arthritis.5 On one hand, macrophages are triggered by pathogens such as lipopolysacchar
ide (LPS). By activating signaling pathways such as mitogen-activated protein kinase (MAPK) and nuclear factor-kappa 
B (NF-κB), they mediate the expression of inflammatory genes such as TNF-α and cyclooxygenase-2 (COX-2).6,7 On the 
other hand, macrophages engulf and internalize MSU crystals, triggering the activation of the NLRP3 inflammasome.8 
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The activated NLRP3 inflammasome subsequently processes pro-IL-1β into active IL-1β, which plays a pivotal role in 
the inflammatory response and pain linked to gouty arthritis.9 Additionally, recent research has reported that MSU 
crystals can also activate the NLRP3 inflammasome during gout by promoting excessive production of reactive oxygen 
species (ROS).10–12

Mastoparan M (Mast-M) (C70H131N19O15) (Figure 1A) is one of the major active components of wasp venom, 
accounting for approximately 70–80% of the crude extract.13 Wasp venom is a complex mixture of various bioactive 
proteins and peptides, sharing similar pharmacological effects with bee venom.14 Previous research has shown that wasp 
venom can alleviate rheumatoid arthritis,15 and inhibit LPS-induced neuroinflammation in microglia through the 
inhibition of the NF-κB pathway.16 Notably, the compound Mast-M, derived from wasp venom, has garnered recognition 
for its potent anti-inflammatory, antioxidant, and antimicrobial properties.13,14,17,18 However, there is a lack of studies 
investigating the effect of Mast-M specifically on gouty arthritis. Based on the known anti-inflammatory and antioxidant 
activities of Mast-M, we hypothesized that it could be an effective treatment for gouty arthritis. Therefore, in this study, 
we utilized an arthritis mouse model and a macrophage inflammation model to investigate the potential mechanisms and 
therapeutic effects of Mast-M on gouty arthritis.

Methods
Materials and Reagents
NLRP3, Caspase 1, P38, P-P38, JNK, P-JNKP, ERK, P-ERK, IKK, P-IKK, IκB, P-IκB, P65, P-P65, caspase3, and 
cleaved caspase3 were acquired from Cell Signaling Technology (Danvers, MA). Nrf2, HO-1, SOD2, TNF-α, and 
GAPDH were obtained from Proteintech (Wuhan, China). COX-2, LY6G and β-actin were sourced from Abcolnal 
(Wuhan, China), while IL-1β and F4/80 were procured from Abcam (UK). Mastoparan M (Mast-M, purity >99%) was 
provided by the Shanghai Institute of Materia Medica (Shanghai, China). Colchicine (Col, purity >98%, C106738) was 
obtained from Aladdin Reagent (Shanghai, China). Lipopolysaccharide (LPS), phorbol 12-myristate 13-acetate (PMA), 
and uric acid (UA) were acquired from Sigma (USA). RPMI-1640 and fetal bovine serum (FBS) were sourced from 
Gibco (Shanghai, China).

Animals
C57BL/6 male mice, aged 6–8 weeks and weighing 23 ± 2g, were acquired from Xiamen University’s Laboratory 
Animal Center (Xiamen, China). Before commencing the experiments, a total of 5 mice were housed in each cage for 1 
week, allowing them to acclimate to the standard laboratory conditions, including a 12/12-hour light-dark cycle and 
a temperature of 24 ± 2 °C. During this period, the mice were provided with ad libitum access to food and water. All 
animal experiments followed the guidelines of the Guide for the Protection and Use of Laboratory Animals and were 
ethically approved by the Ethics Committee of Xiamen University ((license no. XMULAC20200122).

Preparing MSU
MSU crystals were prepared following a previously described protocol with minor modifications.19 Briefly, 1g of UA and 
0.5g of NaOH were dissolved in 100 mL of double-distilled water (ddH2O). The pH of the solution was adjusted to 
approximately 7.4 using HCl, ensuring that the sodium urate dissolved to the saturation point. The mixture was then 
allowed to crystallize overnight at 4°C. The MSU crystals were subsequently recovered by centrifugation at 3600 rpm for 5 
minutes at 4°C. The crystals underwent two washes with ddH2O, followed by drying, autoclaving at 130°C for 30 minutes, 
and weighing under sterile conditions. Finally, the MSU crystals were suspended in PBS at a concentration of 20mg/mL.

Cell Culture and Viability Assay
The THP-1 cell line was procured from the American Type Cell Collection. These cells were cultivated in RPMI-1640 
medium (Gibco, Shanghai) supplemented with 10% FBS at 37°C in a humidified atmosphere with 5% CO2. To induce 
differentiation into adherent macrophages, THP-1 cells were incubated with 160 nM PMA for 24 hours. Aiming to 
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Figure 1 Effects of Mast-M on THP-1 macrophage cytotoxicity and apoptosis. (A) Mast-M structure. (B) in vitro experiment protocol. (C) in vivo experiment protocol. (D) 
cell viability assay of THP-1 macrophage. (E and F) THP-1 macrophages were treated with Mast-M (0.1–20μg/mL) for 10h. The Protein levels of C-CASP3 and CASP3 were 
analyzed by Western blot. Data were expressed as mean ± SEM (n=3). *p<0.05 vs Control group.
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evaluate the impact of Mast-M on THP-1 cells, a Cell Counting Kit-8 (CCK8) (Cat# K1018, APExBIO, USA) assay was 
performed as described.20

Murine Gouty Arthritis Model
To induce gouty arthritis, mice were anesthetized using isoflurane and then injected with 0.5 mg MSU in 25 μL PBS into 
the right hind paw. Control group mice were injected with sterile PBS 25ul intra-articular injection. 3 hours after the 
MSU injection, the joint swelling degree was measured with a digital caliper to determine whether the gouty arthritis 
model was established successfully (see Figure 1C for more details).

Joint Evaluation of Edema
The degree of paw edema was assessed by measuring the increase in paw thickness using a digital caliper. The 
calculation was performed by subtracting the initial measurement (taken before establishing the gout model) from the 
observed measurement at various time points. This difference in paw thickness served as an indicator of the extent of 
edema in the affected paw.

Drug Administration
The administration protocol was as follows: Mast-M (0.3mg/kg), colchicine (1mg/kg), or PBS (model) was injected 
intraperitoneally (i.p.) one hour before MSU injection, and then again at 5 and 23 hours after MSU injection. An hour 
after the final injection, the mice were euthanized, and tissue samples were collected for further analysis (see Figure 1C 
for more detailed information).

Measurement of Intracellular Reactive Oxygen Species (ROS)
To assess the production of reactive oxygen species (ROS) in THP-1 cells, a fluorescent probe called dichloro-dihydro- 
fluorescein diacetate (DCFH-DA) from Sigma was utilized, following the method described by Xie et al.21 A 6-well plate 
was used to seed THP-1 cells at a density of 2.0 x 10^5 cells per well. Following that, the cells were treated with DCFH- 
DA (10μmol/L) and incubated at 37°C for 30 minutes. Following the incubation, the cells were washed twice with PBS. 
Fluorescence microscopy was then employed to capture images of cells labeled with DCFH-DA in three random regions 
per sample, enabling the visualization and quantification of ROS levels.

Histopathological Analysis
The paw tissues from the feet were fixed using a 10% paraformaldehyde buffer and underwent decalcification with 
EDTA for 3 weeks. After decalcification, paraffin-embedded specimens were prepared. The paraffin specimens were then 
sectioned to a thickness of 5 μm. Hematoxylin and eosin staining was performed on these sections, allowing for the 
visualization of inflammatory infiltration in the joint tissues. The stained sections were observed under a light microscope 
at a magnification of 200X to assess the extent of inflammatory changes in the joint tissues.

Immunohistochemistry
Neutrophil and macrophage markers (anti-Ly6G and anti-F4/80 monoclonal antibodies) were utilized for immunohisto
chemical staining of mouse joints embedded in paraffin. The procedure involved dewaxing the sample sections in xylene, 
rehydrating them in varying concentrations of ethanol, and repairing the antigen using a pepsin antigen repair solution. 
Afterward, the slides were subjected to blocking with 10% goat serum at room temperature for 1 hour. This was followed 
by overnight incubation with the primary antibody at 4°C. The tissue sections were then exposed to an HRP-conjugated 
secondary antibody for 40 minutes, and subsequently stained with DAB and counterstained with hematoxylin. The 
expression of neutrophils and macrophages was observed under a 200x light microscope.

Enzyme-Linked Immunosorbent Assay (ELISA)
The analysis of IL-1β concentrations in hind paw tissue was conducted using ELISA kits (Neobioscience, Shenzhen) by 
the manufacturer’s instructions.
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Quantitative PCR
Total RNA was extracted from cultured THP-1 cells and mouse tissues using Trizol reagent (Sangon, Biotech, Shanghai). 
Subsequently, the extracted RNA was reverse-transcribed into cDNA using a Tiangen Reverse Transcription Kit (Beijing). 
The mRNA expression levels were assessed using SYBR Green Master Mix (Yeason, Shanghai), with GAPDH serving as 
the endogenous control. The primer sequences employed for qRT-PCR analysis can be found in Table 1.

Western Blotting
PMSF and phosphatase inhibitor (Topscience, China) was added to the RIPA buffer (SparkJade Biotechnology, China) 
for protein extraction from THP-1 cells and mouse tissues. And then the concentration of each sample was determined 
using the BCA assay kit (Beyotime, China). The protein separation was performed using Tris-glycine gels (Solarbio, 
China), followed by transfer onto polyvinylidene difluoride membranes (Millipore, USA). Following sealing with TBST 
containing 5% skim milk for 1 hour at room temperature, the membranes were subjected to overnight incubation at 4°C 
with primary antibodies (diluted 1:1000). Subsequently, they were further incubated with HRP-coupled secondary 
antibodies (diluted 1:3000) for 1 hour. Finally, blots were imaged in the imaging system (US Azure, C300) by using 
ECL Super Kit.

Statistical Analysis
Data analysis was conducted using GraphPad Prism 8 software. The results are presented as means ± standard error of the 
mean (SEM), and each experiment was performed three times. The data were analyzed using One-way ANOVA and 
Tukey’s multiple comparison tests, with statistical significance considered at P < 0.05.

Results
Mast-M Displays Low Cytotoxicity and Apoptosis to THP-1 Cells in vitro
To examine the cytotoxicity of Mast-M on THP-1 cells, we conducted a CCK8 assay to determine the minimum effective 
dose. The results revealed that the concentrations of Mast-M ranging from 0 to 10 μg/mL had no significant impact on 
cell viability when compared to the control group (Figure 1D). To evaluate the effect of Mast-M on apoptosis, we 

Table 1 Primer Sequences

Gene Sequence (5’→3’)

mNLRP3-F ATGTGAGAAGCAGGTTCTACTC
mNLRP3-R CTCCAGCTTAAGGGAACTCATG

mCASPASE1-F GAGGATTTCTTAACGGATGCA

mCASPASE1-R TCACAAGACCAGGCATATTCTT
mASC-F TGGAAGAGTCTGGAGCTGTGG

mASC-R GCCATACAGAGCATCCAGCAA

mIL-1β-F CAACTGTTCCTGAACTCAACTG
mIL-1β-R GAAGGAAAAGAAGGTGCTCATG

mGAPDH-F CACAGGGAGAGGTAGGGAAAC
mGAPDH-R GATTTCAAGGCCACCCTCTGG

hNLRP3-F AACATGCCCAAGGAGGAAGA

hNLRP3R GGCTGTTCACCAATCCATGA
hCASPASE1-F GCACACGTCTTGCTCTCATT

hCASPASE1-R GCCTCCAGCTCTGTAGTCAT

hASC-F GTCACAAACGTTGAGTGGCT
hASC-R AAGTCCTTGCAGGTCCAGTT

hIL-1β-F TGCTCAAGTGTCTGAAGCAG

hIL-1β-R TGGTGGTCGGAGATTCGTAG
hGAPDH-F TCAACGACCACTTTGTCAAGCTCA

hGAPDH-R GCTGGTGGTCCAGGGGTCTTACT
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examined the ratio of cleaved caspase3/caspase3 using Western blot analysis and showed that Mast-M did not alter the 
ratio of cleaved caspase3/caspase3 at the protein level compared with the control group (Figure 1E and F). We selected 
Mast-M concentrations of 0.25, 0.5, and 1.0 μg/mL for subsequent in vitro experiments based on these findings.

Mast-M Attenuates the Activation of the NLRP3 Inflammasome
To establish a suitable in vitro gout model, we employed three different stimulations: LPS (200ng/mL) alone, MSU (200μg/ 
mL) alone, and the combination of LPS (200ng/mL) plus MSU (200μg/mL) to induce THP-1 cells (refer to Figure 1B for 
more details). In the pathogenesis of gout, the cytokine IL-1β plays a crucial role.1,22,23 Clinical trials have demonstrated 
that biologics targeting IL-1β exhibit significant anti-inflammatory effects in inhibiting gout attacks.24,25 Therefore, we 
verify the success of inducing gout characteristics in our in vitro model by assessing the expression levels of IL-1β. As 
depicted in Figure 2A, the release of IL-1β was observed to be maximal only when LPS plus MSU were combined.

Figure 2 Mast-M inhibits NLRP3 inflammasome activation in THP-1 macrophages stimulated by LPS plus MSU. (A) The protein expression of IL-1β was evaluated by 
Western blot of macrophages treated with different treatments LPS (200ng/mL) alone for 8h, MSU (200μg/mL) alone for 8h, LPS (200ng/mL) first for 4h and MSU (200μg/mL 
for 4h). THP-1 macrophages were pre-treated with Mast-M for 2 hours, followed by separate inductions using LPS and MSU. QPCR determination of the mRNA expression 
of (B) NLRP3, (C) Caspase-1, (D) ASC, and (E) IL-1β. (F and G) The expression of NLRP3 inflammasome was determined by Western blot. Data were expressed as mean ± 
SEM (n=3). #p<0.05, ##p<0.01, ###p<0.001 vs Control group; *p<0.05, **p<0.01, ***p<0.001 vs LPS plus MSU group.
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The activation of NLRP3 inflammasome induced by MSU is strongly correlated with the secretion of pro- 
inflammatory cytokines and the infiltration of inflammation in gouty arthritis.11,26 Consequently, we proceeded with 
qPCR and Western blot analyses to further study whether Mast-M could interfere with the activation of NLRP3 
inflammasome in THP-1 cells induced by LPS plus MSU. The qPCR results showed that LPS plus MSU increased 
the expression NLRP3, Caspase 1, and IL-1β, but had no significant effect on the mRNA expression level of ASC 
(Figure 2B–E). However, pretreatment with Mast-M was able to reverse the overexpression of NLRP3, Caspase 1, and 
IL-1β. Next, we investigated the impact of Mast-M on the activation of NLRP3 inflammasome using Western blot 
analysis. Our results indicated that Mast-M could inhibit the activation of NLRP3, Caspase 1 (P20), ASC, and IL-1β 
(P17) (Figure 2F and G). Hence, Mast-M is capable of suppressing NLRP3 inflammasome activation in vitro.

Mast-M Inhibits the Activation of MAPK and NF-κB Pathways
Numerous experimental studies have provided evidence supporting the significant roles of MAPK and NF-κB in the 
inflammatory stress response and NLRP3 inflammasome activation.27,28 Using the Western blot method, we investigated 
whether Mast-M can inhibit the activation of NLRP3 inflammasome by intervening in the MAPK and NF-κB pathways. 
We observed that Mast-M inhibited the upregulation of phosphorylated forms of P38 and JNK (P-P38/P38 and P-JNK/ 
JNK, respectively) in THP-1 macrophages induced by LPS plus MSU (Figure 3A and B). However, Mast-M did not 
significantly affect the expression of phosphorylated ERK (P-ERK/ERK) (Figure 3A and B). Furthermore, Mast-M 
downregulated the overexpression of p-p65/p65, p-IκBα/ IκBα, p-IKK/IKK (Figure 3C and D). Additionally, considering 
the pivotal roles of COX-2 and TNF-α as inflammatory factors downstream of NF-κB in the inflammatory response,29 we 
investigated their protein expression levels. As expected, Mast-M demonstrated a significant inhibitory effect on the 
expression of COX-2 and TNF-α (Figure 3E and F). These data suggest that Mast-M may have the potential to impede 
the initial stage of NLRP3 inflammasome by obstructing MAPK and NF-κB pathways in vitro.

Mast-M Inhibits ROS Production and Restored the Antioxidant Capacities
The production of ROS serves as a crucial upstream signaling event in the activation of the NLRP3 inflammasome. The 
DCFH-DA fluorescent staining results demonstrated that the treatment with Mast-M markedly suppressed the production 
of ROS in macrophages primed with LPS plus MSU (Figure 4A). Additionally, we considered the nuclear factor- 
erythroid 2-related factor 2 (NRF2)-mediated antioxidant pathway, which is a crucial endogenous mechanism for 
combating oxidative stress. NRF2 stimulates the expression of downstream antioxidant enzymes such as heme oxyge
nase-1 (HO-1) and superoxide dismutase (SOD).30 Therefore, we examined the expression of NRF2, HO-1, and SOD2. 
The results revealed that Mast-M treatment enhanced the expression of NRF2 and SOD2 in LPS+MSU-stimulated cells, 
while also reversing the decrease in HO-1 expression (Figure 4B and C). Collectively, these findings suggest that Mast-M 
activates the NRF2/HO-1 antioxidant response, thereby protecting against oxidative stress.

Mast-M Inhibited MSU-Induced Foot and Paw Swelling
To establish a gout arthritis model, we injected MSU crystals dissolved in PBS (0.5 mg/25 μL i.a.) into the right hind foot 
paw of mice, while the control group received a PBS injection (25 μL, i.a.). Mice injected with MSU crystals exhibited 
significant foot and paw swelling compared to the control group. However, treatment with Mast-M significantly inhibited 
the swelling of the foot and paw (Figure 5A–D). After 24 hours of model establishment, the mice were euthanized for 
subsequent experiments. Mast-M treatment effectively suppressed the excessive production of IL-1β in the edema tissue 
homogenates (Figure 5C). Hematoxylin and eosin (H&E) staining demonstrated that MSU administration led to 
increased infiltration of inflammatory cells, whereas Mast-M treatment significantly reduced the infiltration of inflam
matory cells (Figure 5D and E). Immunohistochemistry (IHC) staining using a Ly6G antibody or an F4/80 antibody was 
conducted to assess the aggregation of neutrophils and macrophages in joint sections. The IHC results revealed that MSU 
crystals recruited a large number of neutrophils and macrophages to the synovial tissue. However, Mast-M and colchicine 
effectively reduced the accumulation of neutrophils and macrophages (Figure 5D–G). These findings indicate that Mast- 
M is effective in reducing swelling and decreasing inflammatory cell infiltration in mice with gouty arthritis.
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A

C

Figure 3 Mast-M inhibits MAPKs and NF-κB pathways in THP-1 macrophages stimulated by LPS plus MSU. THP-1 macrophages were pre-treated with Mast-M for 2 hours, 
followed by separate inductions using LPS and MSU. (A and B) The expression of P38, P-P38, JNK, P-JNK, ERK, and P-ERK were determined by Western blot. (C and D) 
The expression of P65, P-P65, IKK, P-IKK, IκB, and P-IκB were determined by Western blot. (E and F) The expression of COX-2 and TNF-α was determined by Western 
blot. Data were expressed as mean ± SEM (n=3). #p<0.05, ##p<0.01, ###p<0.001 vs Control group; *p<0.05, **p<0.01, ***p<0.001 vs LPS plus MSU group.
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Mast-M Inhibited NLRP3 Inflammasome Activation in the Gout Mouse Model
The qPCR results showed that Mast-M significantly downregulated the excessive expression of NLRP3, Caspase 1, ASC, 
and IL-1β induced by MSU crystals at the gene level in mouse paw joint tissues (Figure 6A–D). Similarly, the Western 
blot results also demonstrated that after treatment with Mast-M, the protein expression level of NLRP3, Caspase1, ASC, 
and IL-1β (Figure 6E and F) was suppressed. Hence, these results provide evidence that Mast-M effectively blocked the 
MSU-induced activation of NLRP3 inflammasomes in vivo.

Discussion
The deposition of MSU crystals serves as the clinicopathological basis of gouty arthritis.1 In this study, a mouse model of 
gouty arthritis was constructed by injecting MSU crystals into the hind paw of mice to study the therapeutic effect 
of Mast-M. Injected MSU crystals can cause inflammatory effusion of the synovial membrane, congestion, and swelling 
of periarticular tissues.31 Therefore, the degree of joint swelling can reflect the severity of acute gouty arthritis and is 
widely used to evaluate the effectiveness of the treatment of gouty arthritis.32 In the current study, we have shown that 
Mast-M has a therapeutic effect on MSU-induced gouty arthritis. Mast-M effectively alleviated MSU-induced joint 
swelling, reduced the production of inflammatory factors, and inhibited the aggregation of neutrophils and macrophages 
in the paw tissue of mice, similar to the effects observed with colchicine treatment. Moreover, in THP-1 cells, Mast-M 
pretreatment significantly inhibited the activation of LPS plus MSU-induced NLRP3 inflammasomes. Furthermore, 
Mast-M demonstrated inhibitory effects on MAPKs/NF-κB signaling and ROS activation. Through our study, we have 
revealed the potential of Mast-M as a treatment for gouty arthritis and have provided insights into its possible 
mechanisms of action.

Wasp venom is considered to be a natural toxin with powerful anti-inflammatory properties.33 Our previous study found 
that at lower concentrations, either wasp venom mixture or Mast-M alone had a notable suppressive effect on the generation of 
inflammatory cytokines, such as IL-1β and TNF-α.13,34 The findings from this study indicate that Mast-M might effectively 
suppress the inflammatory response in acute gouty arthritis by diminishing the production of the pro-inflammatory cytokine 

Figure 4 Mast-M inhibits oxidative stress production in THP-1 macrophages stimulated by LPS plus MSU. (A and B) ROS is detected by DCFH-DA fluorescent probe in 
macrophages pretreated with Mast-M for 2 h and then incubated with LPS plus MSU. (C and D) The protein levels of Nrf2, HO-1, and SOD2 were evaluated by Western 
blot in macrophages pretreated with Mast-M for 2 h and then incubated with LPS plus MSU. Data were expressed as mean ± SEM (n=3). #p<0.05, ###p<0.001 vs Control 
group; *p<0.05, **p<0.01, ***p<0.001 vs LPS plus MSU group.
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Figure 5 Mast-M alleviates MSU-induced gouty arthritis in C57BL/6 mice. (A and B) Foot paw thickness changes were measured at different times after MSU injection. (C) 
Edema tissue IL-1β content was detected. (D) After MSU injection for 24h, the foot paws were taken pictures and subjected to HE staining, the F4/80 and LY6G were 
analyzed by immunochemical staining. (E–G) Densitometric analysis was used to quantify the levels of HE staining, F4/80, and LY6G. Data were expressed as mean ± SEM 
(n=5). #p<0.05, ###p<0.001 vs Control group; **p<0.01, ***p<0.001 vs MSU group.
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Figure 6 Mast-M inhibits NLRP3 inflammasome activation in a mouse model of gout. QPCR analysis of (A) NLRP3, (B) Caspase 1, (C) ASC, and (D) IL-1β in the 
homogenate of paw tissue from mice. (E and F) Western blot analysis of NLRP3, pro-Caspase 1, Caspase 1 P20, ASC, pro-IL-1β, and IL-1β in the homogenate of paw tissue 
from mice. Data were expressed as mean ± SEM (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.
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IL-1β and inhibiting the aggregation of neutrophils and macrophages. The evidence from the present study further deepens our 
understanding of the anti-inflammatory activity of Mast-M.

When MSU crystals act on macrophages, it triggers activation of NLRP3 inflammasome, which is composed of 
NLRP3/ASC/caspase1 and cleaves pro-IL-1β into mature IL-1β.8 IL-1β promotes neutrophil recruitment at sites of 
inflammation as well as activates peripheral nociceptive receptors, causing intense pain and subsequently triggering the 
initiation of gout inflammation.8,23 Hence, it becomes evident that the successful inhibition of NLRP3 inflammasome 
activation and the release of inflammatory factors are crucial for providing relief in cases of gout. Our data show that 
Mast-M significantly reduces the expression of NLRP3, ASC, caspase1, and IL-1β in both in vivo and in vitro models. 
These findings indicate that Mast-M holds the potential to alleviate gouty arthritis by inhibiting the activation of NLRP3 
inflammasome.

The activation of both NF-κB and MAPK pathways can induce the activation of the NLRP3 inflammasome.35,36 In 
the NF-κB signaling pathway, NF-κB forms a complex with its inhibitor IκB-α, keeping it in an inactive state. However, 
upon stimulation by bacterial component LPS, IκB is phosphorylated by its specific kinase, IKK (IκB kinase). This 
phosphorylation event triggers the ubiquitination of IκB-α, leading to its degradation by the ubiquitin-proteasome system. 
Consequently, with the degradation of IκB-α, NF-κB is released and translocates to the cell nucleus. This process 
activates the transcription of downstream genes, including various inflammatory factors and immune-related molecules, 
such as NLRP3, IL-1β, COX-2, and TNF-α.7,37,38 On the other hand, MAPKs are considered essential regulators of 
inflammatory responses and innate immunity. They are closely associated with the NF-κB signaling pathway, participat
ing in the activation of NF-κB, and they also have the ability to block the activation of the NLRP3 
inflammasome.20,31,39,40 Therefore, the protective effect of dampening the inflammatory response can be achieved 
through the inhibition of both NF-κB and MAPK signaling pathways. In this study, Mast-M inhibited NLRP3 
inflammasome priming by blocking the phosphorylation of P65, IκB-α, and IKK in the NF-κB signaling pathway. 
Additionally, Mast-M disrupted the MAPK signaling pathway by downregulating the P-P38/P38 and P-JNK/JNK ratios. 
These findings indicate that Mast-M inhibits the activation of the NLRP3 inflammasome by interfering with the NF-κB 
and MAPK signaling pathways.

According to recent research, ROS serves as a crucial signaling event triggering the NLRP3 inflammasome activation, 
and eliminating ROS can hinder NLRP3 inflammasome activation.41,42 Additionally, the Nrf2 signaling pathway 
promotes the expression of downstream antioxidant enzymes, such as HO-1, SOD2, glutathione, and NAD(P)H quinone 
oxidoreductase 1, to mitigate oxidative stress and act as negative regulators of the NLRP3 inflammasome.43,44 In our 
study, we observed that Mast-M reversed the induction of ROS by LPS + MSU in vitro, indicating its ability to mitigate 
oxidative stress. Moreover, Mast-M treatment promoted the expression of Nrf2, HO-1, and SOD2, which are important 
antioxidants. These findings suggest that Mast-M exerts its inhibitory effects on NLRP3 inflammasome activation by 
reducing ROS production and promoting the expression of antioxidant enzymes through the Nrf2 signaling pathway.

Next, we examined whether Mast-M positively impacted a gout mouse model. The results showed that Mast-M 
significantly inhibited paw swelling as well as IL-1β production, with effects close to those of the positive control drug 
colchicine. In addition, histological analysis showed that Mast-M significantly inhibited the infiltration of inflammatory 
cells into the joint tissue. Further analysis showed that Mast-M was able to inhibit the protein and transcript levels of 
NLRP3, ASC, Caspase1, and IL-1β. Based on these findings, Mast-M appears to have a therapeutic impact on mice with 
gout by hindering the activation of the NLRP3 inflammasome.

Together, our research results indicate that Mast-M effectively alleviates the inflammatory response and oxidative 
stress in THP-1 cells and a mouse model of gouty arthritis, providing experimental evidence for the traditional use of 
wasp venom in treating gouty arthritis. However, whether Mast-M can reverse the formation of tophi in chronic gouty 
arthritis and its potential impact on hyperuricemia remains unclear. Additionally, attention should be given to potential 
toxic side effects with the increasing dosage of Mast-M. Although no toxic side effects were observed in macrophages at 
concentrations of 0.25 μg/mL to 1.0 μg/mL, the therapeutic effects on certain indicators may weaken with higher doses. 
Further research is needed to assess the effective dosage range and safety of Mast-M in future studies.
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Conclusion
In summary, Mast-M, at least in part, inhibits the activation of the NLRP3 inflammasome by blocking the MAPK/NF-κB 
signaling pathway and oxidative stress, thereby exhibiting a therapeutic effect in MSU-induced gouty arthritis (Figure 7). 
Overall, Mast-M demonstrates characteristics that make it a potential candidate for treating gouty arthritis.
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