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Purpose: Gouty arthritis could be triggered by the deposition of monosodium uric acid (MSU) crystals. Palmatine (PAL),
a protoberberine alkaloid, has been proven to possess compelling health-beneficial activities. In this study, we aimed to explore the
effect of PAL on LPS plus MSU crystal-stimulated gouty arthritis in vitro and in vivo.
Methods: PMA-differentiated THP-1 macrophages were primed with LPS and then stimulated with MSU crystal in the presence or
absence of PAL. The expression of pro-inflammatory cytokines and oxidative stress-related biomarkers and signal pathway key targets
were determined by ELISA kit, Western blot, immunohistochemistry and qRT-PCR, respectively. In addition, the anti-inflammatory
and antioxidant activities of PAL on MSU-induced arthritis mice were also evaluated.
Results: The results indicated that PAL (20, 40 and 80 μM) dose-dependently decreased themRNAexpression and levels of pro-inflammatory
cytokines (interleukin-1beta (IL-1β), IL-6, IL-18 and tumor necrosis factor alpha (TNF-α)). The levels of superoxide dismutase (SOD) and
glutathione (GSH) were remarkably enhanced, while the level of malondialdehyde (MDA) was reduced. Western blot analysis revealed that
PAL appreciably inhibitedNF-κB/NLRP3 signaling pathways through inhibiting the phosphorylation of p-65 and IκBα, blocking the expression
ofNLRP3,ASC, IL-1β andCaspase-1, aswell as enhancing the antioxidant protein expression ofNrf2 andHO-1. In vivo, PALattenuatedMSU-
induced inflammation in gouty arthritis, as evidenced by mitigating the joint swelling, and decreasing the productions of IL-1β, IL-6, IL-18,
TNF-α and MDA, while enhancing the levels of SOD and GSH. Moreover, PAL further attenuated the infiltration of neutrophils into joint
synovitis.
Conclusion: PAL protected against MSU-induced inflammation and oxidative stress via regulating the NF-κB/NLRP3 and Nrf2
pathways. PAL may represent a potential candidate for the treatment of gouty arthritis.
Keywords: palmatine, NF-κB/Nrf2 signal pathways, NLRP3 inflammasome, gouty arthritis

Introduction
In recent years, gouty arthritis or gout is one of the most common metabolic diseases. The number of gouty patients is gradually
increasingwith the aging of the population and the change in lifestyle, especiallymen and postmenopausal women.1 They usually
exhibit extreme pain, erythema, redness and joint swelling.2 If the joint is not treated in time, it will become stiff and deformed,
which could seriously increase their financial burden, affect their quality of life and may even lead to incapacity of action.3

The hallmark for the diagnosis of this disorder is the precipitation of monosodium urate (MSU) crystals in the joint or
periarticular tissues.4 NLRP3 inflammasome has received particular attention in the development ofMSU-induced gout arthritis.4

It is composed ofNLRP3, apoptosis-associated speck-like protein containing aCARD (ASC), and pro-caspase-1.5 The activation
of NLRP3 inflammasome requires a two-step process.6 The first priming signal is that lipopolysaccharide (LPS) activates nuclear
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factor-κB (NF-κB) signal pathway, which promotes the expression of inflammasome components, such as NLRP3 and pro-IL-
1β.7 The second activation signal is that monosodium urate (MSU) crystals are taken up by macrophages, which promotes the
assembly and activation of the NLRP3 inflammasome.5

Furthermore, MSU-induced gouty inflammation was mediated by specific mechanisms that were involved in nuclear
factor-erythroid 2-related factor 2 (Nrf2) signal pathway, which has a negative regulatory effect on the activation of
NLRP3 inflammasome.8–10 Collectively, this provides a direction for understanding the pathogenesis of gouty arthritis
and looking for drugs with anti-inflammatory and antioxidant properties for targeted therapy.

Palmatine (C21H25NO4, PAL, Figure 1A), one of the major active protoberberine alkaloids in Cortex Phellodendri,11 exists in
medicinal plants likeCorydalis yanhusuo andAristolochiaeHerba, etc.12 PALhas been used as an anti-inflammatory agent to cure
gynecological inflammation, enteritis, and conjunctivitis in clinical practice.13,14 Furthermore, it also has a wide range of health-
beneficial effects in the treatment of gastric ulcer, skin cancer and ulcerative colitis due to its anti-inflammatory and antioxidant
properties mediated by NF-κB/Nrf2 signal pathways and NLRP3 inflammasome.15–17

Furthermore, PAL has been found to exert protective effect on the experimental osteoarthritis rabbit model and possess
potential antalgic effect.18,19 It has been also found to be a xanthine oxidase inhibitor with potential application in the treatment of
hyperuricemia.20 However, whether PAL could alleviate inflammatory response on MSU-induced gouty arthritis was unclear.
Therefore, the present studymade a pioneering endeavor to explore the potential effect and underlyingmechanism of PAL in LPS
plus MSU crystal-induced inflammation in THP-1 cells, and MSU crystal-induced gouty arthritis in mice.

Materials and Methods
Materials and Reagents
Palmatine (PAL, purity >98%, the chemical structure is shown in Figure 1A) was provided by Xi’an Ruilin
Pharmaceutical (Xi’an, China). Colchicine (Col, purity >98%, MB1063) was purchased from Dalian Meilun
Biotechnology Co., LTD (Dalian China). Lipopolysaccharide (LPS, L4391), phorbol myristate acetate (PMA, P1585)
and monosodium urate (MSU, U2875) were obtained from Sigma-Aldrich (St. Louis, MO, USA). RPMI1640 media,
fetal bovine serum (FBS) and phosphate-buffered saline (PBS) were purchased from Gibco (Grand Island, NY, USA).

Cell Culture and Viability Assay
THP-1 cells were obtained from the Central South University (Hunan, China), which has obtained the qualification of national
laboratory qualification (measurement certification, certificate number: 170021002479) and the laboratory accreditation certifi-
cate of China National Accreditation Service for Conformity Assessment (certificate number: CNAS L10220). Cells were
cultured in RPMI-1640medium supplementedwith 10%FBS, and 1%penicillin streptomycin at 37°C and 5% (v/v) CO2. THP-1
cells were differentiated into macrophages by incubation with 50 nM of PMA for 24 h. In order to assess the effect of PAL on
THP-1 cells, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was performed as previously
described.21

Figure 1 (A) Chemical structure of PAL. (B) Effect of PAL on cell viability of THP-1 cells. Data are shown as mean ± SD (n = 3).
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Briefly, cells were seeded in a 96-well plate at a density of 2×105 cells/well until they reached a density of 90%.
Various concentrations of PAL (2.5–80 μM) were added to each well for 24 h. PAL was dissolved in DMSO and the final
concentration of DMSO was 0.1%. Thereafter, the medium was decanted, and 20 μL solution (5 mg/mL in PBS buffer)
was replaced. After incubation at 37°C for 4 h, the supernatant was removed and 150 μL DMSO was added to each well
for 15 min at 37°C. To calculate the relative cell viability, the plate was determined by spectrometry at 570 nm under
gentle shaking and the relative viability in untreated control was designed to be 100%.

Cell Stimulation
THP-1 cells were first primed with LPS stimulation (500 ng/mL) for 4 h. And then PAL (20, 40, 80 μM) was added to the
cell culture medium for 1 h, followed by stimulation with MSU (200 μg/mL) for 5 h. Col (1 μM) served as the positive
control according to the previous report.21

Animals
KM male mice (6–8 weeks old), weighing 20 ± 2 g, were bought from Laboratory Animal Center of Guangzhou University of
Chinese Medicine (GZUCM, Guangzhou, China). In order to acclimate to the new environment, all animals were housed under
a light/dark cycle for 12 h at 22–24°C in the specific pathogen-free (SPF) environment, and given free access to food andwater for
the duration of the experiment. The experimental procedures were performed according to the guidelines approved by the
Institutional Animal Care and Use Committee of Guangzhou University of Chinese Medicine (NO. 20210113001).

Measurement of Inflammatory Cytokines and Oxidative Stress
The supernatants of the cells and serum were collected to determine the levels of TNF-α (#ml002095), IL-1β
(#ml063132), IL-18 (#ml002294) and IL-6 (#ml063159) by mouse enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s instructions (Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). In addition, the
cell lysate was used for the assessment of the enzymatic antioxidants of superoxide dismutase (SOD, #A001-3),
glutathione (GSH, #A006-2) and the levels of malondialdehyde (MDA, #A003-1), by using corresponding commercially
available assay kits (Jiancheng Company, Nanjing, China).

Quantitative Real-Time PCR
Total RNA was extracted from THP-1 cells with Trizol reagent according to the manufacturer’s instructions. Total RNA was
reversely transcribed into cDNAwith the PrimerScript RT reagent kit (#R222-01, Vazyme Biotech Co. Ltd., Nanjing, China).
Gene primers were designed by using NCBI/primer-BLAST tool software and synthesized by Shanghai Bioengineering
(Shanghai, China) (Table 1). Afterwards, cDNAwas used for real-time PCR amplification as follows: 95°C for 3 min, followed
by 39 cycles at 95°C for 10 sec, 60°C for 10 sec and 72°C for 20 sec, and a final single cycle at 95°C for 10 sec. The target gene
expression levels were calculated using the 2−ΔΔCt method and GAPDH was used as a reference for normalization.

Table 1 Primer Sequences

Gene Sequence (5’ to 3’)

IL-1β Forward GGACAGGATATGGAGCAACAAGTGG

Reverse TCATCTTTCAACACGCAGGACAGG
TNF-α Forward AGCCCTGGTATGAGCCCATCTATC

Reverse TCCCAAAGTAGACCTGCCCAGAC

IL-6 Forward GACAGCCACTCACCTCTTCAGAAC
Reverse GCCTCTTTGCTGCTTTCACACATG

IL-18 Forward TTGACCAAGGAAATCGGCCTC

Reverse GCCATACCTCTAGGCTGGCT
GAPDH Forward GGTCGGAGTCAACGGATTTG

Reverse GGAAGATGGTGATGGGATTTC
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Western Blot Analysis
Cells were harvested and lysed in ice-cold RIPA (Radio-Immunoprecipitation Assay) buffer mixed with cocktail and PMSF
for 30 min. The BCA protein assay kit (BB-3401, Shanghai Beibo Biotechnology, Shanghai, China) was used to measure the
protein concentration. Then, equal amounts of protein were resolved by 7.5% to 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes.

After blocked with 5% skim milk for 2 h at room temperature, the membranes were incubated with appropriate primary
antibodies against p-NF-κB p65 (CST, #3033S, 1:1000), NF-κB p65 (CST, #8242S, 1:1000), p-IKB-α (GeneTex, #32224,
1:1000), IKB-α (GeneTex, #110521, 1:1000), NLRP3 (Abcam, #ab263889, 1:1000), ASC (Affinity, #DF6304, 1:500), IL-1β
(Affinity, #AF5103, 1:1000), caspase-1 (Affinity, #AF5418, 1:1000), Nrf2 (Affinity, #AF0639, 1:1000), HO-1 (Affinity,
#AF5393, 1:1000) and β-actin (Affinity, #AF7018, 1:1000) overnight at 4°C. Subsequently, membranes were incubated with
secondary HRP-conjugated goat anti-rabbit IgG (Immunoglobulin G, Affinity, #072102, 1:5000) for 1 h. Protein bands were
visualized using the enhanced chemiluminescence (ECL) (Tanon 4200SF, China) detection system. The intensity of the
bands was assessed using the ImageJ software (National Institutes of Health, Bethesda, MA, USA) tool.

MSU-Induced Gouty Arthritis Model
Gouty arthritis model in mice was established as previously described.22,23 Sixty mice were randomly divided into the
following six groups: Control group, Model group, Col (1 mg/kg) group, PAL-L (25 mg/kg) group, PAL-M (50 mg/kg)
group and PAL-H (100 mg/kg) group. Before injecting MSU, PAL (dissolved in 0.9% NaCl) or Col (dissolved in PBS)
was orally administered to the treatment group, respectively.

The dosages of PAL were selected according to our preceding report and our pilot trial.24 Col served as a positive control.25

One hour later, the MSU crystal suspension (0.1 mg/20 μL of PBS per mouse) or PBS alone was injected in the left knee joint of
eachmouse. The joint swelling of eachmouse at different time pointswasmeasuredwith an electronic caliper. After 24 h, the joint
tissues were homogenized in RIPA buffer, and then centrifuged at 12,000 rpm for 15min. The supernatants were used for TNF-α,
IL-1β, IL-18 and IL-6 assays.

H&E Staining
At the end of the experiment, the joint tissues were fixed in 4% paraformaldehyde for more than 24 h. Then the samples
were embedded in paraffin, which were sectioned into 5 µm for hematoxylin-eosin (HE) staining. The histologic score
was performed according to the previous report.26

Immunohistochemistry
The sample sections were deparaffinized, rehydrated with different concentrations of ethanol, and washed with PBS. Then the
slides were incubated with primary antibodies at 4°C overnight. After that, tissue slices were incubated with HRP-conjugated
secondary antibodies and stained with 3,3′-diaminobenzidine (DAB), followed by hematoxylin counterstaining.

Statistical Analysis
Data were presented as mean ± standard deviation (SD). The differences between multiple groups were analyzed by one-
way analysis of variance (ANOVA) followed by LSD or Dunnett’s test using SPSS software (version 20.0, SPSS,
Chicago, IL, USA). P < 0.05 was considered statistically significant.

Results
Assessment of Cell Toxicity of PAL on THP-1 Cells
As shown in Figure 1B, PAL at a concentration up to 80 µM did not show significant cytotoxic effect on the viability of THP-1
cells after incubation for 24 h (P > 0.05). Therefore, 20, 40 and 80 μMof PALwere used in the subsequent experiments according
to our pre-experiment results. 1 μM of Col was used as the positive control according to previous reports.21,27
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Effect of PAL on the Levels of IL-1β, TNF-α, IL-6 and IL-18 in THP-1 Cells
As shown in Figure 2, treatment with LPS (500 ng/mL) and MSU (200 μg/mL) significantly increased IL-1β, TNF-α, IL-
18 and IL-6 productions in the supernatant (all P < 0.01), as compared to the control group. Nevertheless, these changes
were dose-dependently reversed by PAL and Col (all P < 0.01). The above results indicated that the anti-inflammatory
effect of PAL might be associated with its regulation of the productions of pro-inflammatory mediators.

Effect of PAL on IL-1β, TNF-α, IL-6 and IL-18 mRNA Expression in THP-1 Cells
To further investigate the inhibitory effect of PAL on the mRNA expression of IL-1β, TNF-α, IL-6 and IL-18, RT-PCR
analysis was performed. As illustrated in Figure 3, in contrast to the control group, the expression of IL-1β, TNF-α, IL-6
and IL-18 was significantly upregulated (all P < 0.01). Meanwhile, these changes were strikingly reversed by PAL and
Col (P < 0.01) in a dose-dependent manner.

Effect of PAL on the Levels of SOD, MDA and GSH in THP-1 Cells
As shown in Figure 4, the production of MDA was also dramatically increased in the model group in parallel to that of
the control group (P < 0.01). On the contrary, the levels of antioxidant enzymes (SOD and GSH) were significantly
suppressed relative to those of the control group (all P < 0.01). However, treatment with PAL significantly elevated the
levels of SOD and GSH in a dose-dependent manner. Notably, there was no significant difference between the effects of
PAL (80 µM) and Col in LPS plus MSU-induced THP-1 cells.

Effect of PAL on NF-κB/NLRP3 and Nrf2 Signaling Pathways in THP-1 Cells
When macrophages are exposed to LPS, it can activate NF-κB signaling pathway and release multiple pro-inflammatory
factors.28 To further explore whether the anti-inflammatory effect of PAL was associated with the two pathways, the
expression of several key proteins was examined. As shown in Figure 5A, B and D-I, the expression of p-p65, p-IKBα,

Figure 2 Effects of PAL and Col (1 µM) on the levels of IL-1β (A), TNF-α (B), IL- 6 (C) and IL-18 (D) in LPS plus MSU-activated THP-1 cells. Data are shown as mean ± SD
(n = 3); ##P < 0.01 vs Control group; **P < 0.01 vs Model group.
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Figure 4 Effects of PAL and Col (1 µM) on the levels of SOD (A), MDA (B) and GSH (C) in LPS plus MSU-activated THP-1 cells. Data are shown as mean ± SD (n = 3);
##P < 0.01 vs Control group; *P < 0.05, **P < 0.01 vs Model group.

Figure 3 Effects of PAL and Col (1 µM) on the mRNA expression of IL-1β (A), TNF-α (B) IL-6 (C) and IL-18 (D) in LPS plus MSU-activated THP-1 cells. Data are shown as
mean ± SD (n = 3); ##P < 0.01 vs Control group, **P < 0.01 vs Model group.
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NLRP3, ASC, IL-1β and Caspase-1 (all P < 0.01) was dramatically increased in the model group. Nevertheless,
treatment with PAL at various concentrations blocked their expression to different extents, and dose-dependently arrested
the activation of NF-κB and NLRP3.

To further explore the mechanism underlying the protective effect of PAL on LPS plus MSU-induced oxidative stress, the
protein expression of Nrf2 and HO-1 was measured. As shown in Figure 5C, J and K, the protein expression of Nrf2 and HO-1
in the model group was significantly down-regulated when compared with that of the normal control group. However, PAL
significantly restored the protein expression of Nrf2 and HO-1 (P < 0.05). In general, these results suggest that the protective
effect of PAL against oxidative damage was associated with the activation of Nrf2/HO-1 antioxidant response. Collectively,
the therapeutic effect of PAL might be related to suppression of NF-κB/NLRP3 activation and Nrf2 pathway.

Figure 5 Effects of PAL and Col (1 µM) on NF-κB/NLRP3 and Nrf2 signaling pathways in LPS plus MSU-activated THP-1 cells. (A) Representative Western blotting images of
p-p65, p65, p-IKBα, IKBα and β-actin. (B) Representative Western blotting images of NLRP3, ASC, IL-1β, Caspase-1 and β-actin. (C) Representative Western blotting images
of Nrf2, HO-1 and β-actin. Changes in the relative protein expression levels of p-p65/p65 (D), p-IKBα/IKBα (E), NLRP3 (F), ASC (G), IL-1β (H), Caspase-1 (I), Nrf2 (J) and
HO-1 (K). Data are shown as mean ± SD (n = 3); ##P < 0.01 vs Control group; *P < 0.05, **P < 0.01 vs Model group.
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Effect of PAL on Knee Joint Inflammation in Mice
We then investigated the role of PAL and Col in MSU-induced gouty arthritis. After mice were orally administrated with
different concentrations of test articles, MSU crystals (0.1 mg) were injected into the knee joints of mice (Figure 6A). As
shown in Figure 6B, there was an obvious swelling in the model group after injection of MSU. However, in the PAL and
Col treatment groups, the swelling was significantly decreased.

The infiltration of a large number of neutrophils into the joint space has been deemed as an obvious feature of gouty
arthritis.29 As shown in the histological examination (Figure 6C), in the model group, there were obvious neutrophil cells
recruited to synovium and joint cavity caused by MSU crystals. However, oral gavage of 25, 50 and 100 mg/kg PAL
significantly attenuated neutrophil infiltration in the synovial cavity. The microscopic score (Figure 6D) of PAL groups
(25, 50 and 100 mg/kg) was also observably lowered in a dose-dependent manner (all P < 0.01). Col was also observed
to significantly reverse the MSU-induced neutrophil infiltration.

Evaluation of MSU-Induced Inflammation in Knee Gouty Arthritis
As depicted in Figure 7, PAL substantially suppressed the increase of IL-1β, TNF-α, IL-6 and IL-18 levels (all P < 0.01)
in the joint tissues injected with MSU crystals as compared to the model group. Notably, there was no significant
difference between the anti-inflammatory effects of PAL (100 mg/kg) and Col in joint tissues.

Figure 6 PAL suppressed the MSU-induced gouty arthritis. Either 25 mg/kg (L), 50 mg/kg (M) and 100 mg/kg (H) of PAL, PBS (Con) or 1 mg/kg of Col (positive control
group) was orally administered to mice. After 1 h, either monosodium urate (MSU) crystal in 0.1 mg/10 µL of PBS or PBS alone was injected into the left knee joint of each
mouse. PAL decreased the MSU crystal-induced acute gout inflammation in mice: (A) Schematic diagram of in vivo experimental protocol. (B) Joint swelling gain at different
time points. (C) Hematoxylin and eosin staining of leukocytes in joint tissues (black arrow). (D) Histologic score. Data are expressed as mean ± SD (n = 6), ##P < 0.01 vs
Control group; *P < 0.05, **P < 0.01 vs Model group.
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Effect of PAL on the Levels of SOD, MDA and GSH in Mice
As shown in Figure 8, compared with the control group, the production of MDAwas dramatically increased in the model
group (P < 0.01). On the contrary, the levels of antioxidant enzymes (SOD and GSH) were significantly suppressed
relative to those of the control group. However, treatment with PAL significantly reduced the level of MDA (all P <
0.01), elevated the activities of SOD and GSH in a dose-dependent manner. It was noteworthy that the effect of PAL
(100 mg/kg) was comparable to that of Col in joint tissues.

Effect of PAL on the Expression of Ly6G and F4/80 in the Knee Synovium
Knee joint sections were stained with Ly6G and/or F4/80 antibody to analyze neutrophil and macrophage. The immunohis-
tochemical results showed that MSU recruited more neutrophil and macrophage to knee synovium, whereas PAL and Col
effectively reduced the infiltration of neutrophil and macrophage (Figure 9). The above results showed that PAL possessed
appreciable inhibitory effect on MSU-induced arthritis, and the effect of PAL (100 mg/kg) appeared close to that of Col. Our
results indicated that PAL could alleviate the symptoms of gouty arthritis by reducing the infiltration of immune cell.

Discussion
In the past few decades, the incidence of gouty arthritis has increased all over the word.30 Currently, colchicine and
corticosteroids are the most frequently used drugs for the prevention and treatment of gouty arthritis.31 However, clinical
studies have found that these agents usually cause many undesirable side effects in patients, including gastrointestinal
bleeding, gastrointestinal toxicity, and nephrotoxicity.32

As an acute inflammatory disease, gout has seriously affected the quality of life of patients. Some inflammatory
factors, such as IL-1β and IL-18, have been found to play essential roles in the occurrence and development of acute
gouty arthritis.33 In macrophages, the inactive precursors IL-1β and IL-18 need to be cleaved by caspase-1 to become
active form.4 Both TNF-α and IL-6 are significantly related to the pathogenesis of MSU-induced inflammatory response,

Figure 7 Levels of IL-1β (A), TNF-α (B), IL-6 (C) and IL-18 (D) in joint tissues, as measured by ELISA. Data are expressed as mean ± SD (n = 6), ##P < 0.01 vs Control
group; *P < 0.05, **P < 0.01 vs Model group.
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whose productions can be enhanced by IL-1β.33 Compared with healthy controls, patients with gout have higher levels of
inflammatory factors in serum and other tissues,34,35 which could further accelerate inflammatory reaction. Previous
studies have suggested that PAL has anti-inflammatory effect in multiple diseases.24,36 Therefore, we evaluated the
potential role of PAL in LPS plus MSU-stimulated THP-1 cells. The ELISA and qRT-PCR assays showed that PAL dose-
dependently reduced the productions and mRNA expression of IL-1β, IL-18, TNF-α and IL-6 as compared with the
model group. Interestingly, the effect of PAL (80 μM) was similar to that of Col, suggesting that PAL also had
appreciable anti-inflammatory effect.

It has been reported that gout is accompanied by the activation of NF-κB signaling pathway,37 which can regulate the
expression of NLRP3 inflammasome.38,39 Therefore, to further explore the anti-inflammatory mechanism of PAL, we
investigated whether PAL would affect NLRP3 inflammasome activation or NF-κB pathway.

NF-κB serves as a crucial initial step that triggers expression of NLRP3 inflammasome components by upregulating
the expression of NLRP3, pro-IL-1β and pro-IL-18.4 Yan et al have demonstrated that PAL exerted anti-inflammatory
effect in goat endometrial epithelial cells, at least in part, via regulation of the NF-κB pathway.16 In the present study, our
results indicated that PAL dose-dependently inhibited the activation of NF-κB pathway by blocking the phosphorylation
of p-65 and IKB-α.

Zhong et al have reported that baicalin, an inhibitor of NLRP3, could effectively attenuate MSU crystal-induced
inflammatory response in vivo.22 Our previous study has indicated that PAL exhibited anti-inflammatory activity by
downregulating the expression of NLRP3-related proteins in ulcerative colitis and THP-1 cells.24 As a follow-up study,
we further investigated the effect of PAL on NLRP3 inflammasome. Consistent with previous study, treatment with PAL
dramatically suppressed the activation of NLRP3 inflammasome in LPS plus MSU-primed macrophages, as evidenced by
the decreased protein expression of NLRP3, ASC, IL-1β and Caspase-1. Taken together, the therapeutic effect of PAL
might be related to the inhibition of NLRP3 inflammasome assembly and the activation of NF-κB pathway. Importantly,
it was noteworthy that PAL (80 μM) exhibited similar anti-inflammatory effect to Col.

Figure 8 Effects of PAL and Col (1 mg/kg) on the levels of SOD (A), MDA (B) and GSH (C) in joint tissue. Data are shown as mean ± SD (n = 6); ##P < 0.01 vs Control
group; **P < 0.01 vs Model group.

https://doi.org/10.2147/DDDT.S356307

DovePress

Drug Design, Development and Therapy 2022:162128

Cheng et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Multiple studies have shown that the inflammatory response is closely related to the oxidative stress.40 Nrf2 signal
pathway could alleviate oxidative stress by promoting its downstream antioxidant enzymes, such as HO-1, SOD and
GSH.41,42 Previous report has suggested that transfection with the Nrf2 plasmid greatly inhibited the NLRP3 expression
at both the mRNA and protein levels, thereby inhibiting the priming step of NLRP3 inflammasome activation.10 In this
study, PAL treatment was found to significantly increase SOD and GSH levels, reduce MDA content and restore the
protein expression of Nrf2 and HO-1. Interestingly, the effect of PAL was comparable to that of Col.

We then investigated whether PAL could exert beneficial effect in gout mouse model. Results indicated that MSU
crystal injection led to the joint swelling, increased the productions of IL-1β, IL-18, TNF-α and IL-6, elevated the levels
of SOD and GSH, reduced MDA content and accented neutrophil infiltration in joint tissues as shown by histologic
examination. While PAL effectively decreased the joint swelling to almost normal levels and significantly suppressed the
productions of IL-1β, IL-18, TNF-α and IL-6 in joint tissues. There was no significant difference between the effect of
PAL (100 mg/kg) and Col. Excessive neutrophil infiltration in the synovial space can cause severe pain and swelling.43

The results of histological analysis showed that PAL blocked the infiltration of inflammatory cell into synovium and joint
cavity. Immunohistochemistry was used to detect the cell subsets of macrophage and neutrophil in joint synovium of
arthritic mice. The results also indicated that PAL could reduce proinflammatory cell infiltration. This result was
consistent with the in vitro data, indicating that PAL had therapeutic effect in the mouse model of gouty arthritis.

Together, the results obtained clearly indicated that PAL could effectively alleviate the inflammatory response and
oxidative stress in THP-1 cells and gouty arthritis mouse model, which provided experimental evidence for the traditional
application of Cortex Phellodendri in the treatment of gout. In the future, more investigations are needed to improve our
understanding of PAL. The present study solely focused on acute gouty arthritis of the knee, further researches on the
mechanisms underlying chronic gouty arthritis were merited.

Figure 9 Effects of PAL and Col (1 mg/kg) on the inflammatory cell infiltration in vivo. (A) Representative immunohistochemistry images of knee joint sections stained with
Ly6G or F4/80 (red arrow). (B) The percentage of Ly6G or F4/80 positive cells relative to total cells was calculated. Data are shown as mean ± SD (n = 3). ##P < 0.01 vs
Control group; **P < 0.01 vs Model group.
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Conclusion
In summary, PAL exerted anti-inflammatory and antioxidant effects, at least in part, by inhibiting NF-κB/NLRP3
activation and Nrf2 pathway in LPS plus MSU-stimulated THP-1 cells. Furthermore, PAL effectively prevented acute
gouty arthritis induced by MSU in KM mice (Figure 10). Collectively, our results revealed that PAL had potential to be
further developed into a promising therapeutic agent against gouty arthritis. Further investigations on the in-depth studies
were warranted to provide more detailed mechanism.
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