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Myrtenal and β-caryophyllene oxide 
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suppress NLRP3 in�ammasome components 
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Abstract 

Background: Liquidambaris Fructus (LF) is the infructescence of Liquidambar formosana. In Traditional Chinese 

Medicine, LF has been used to treat joint pain, a common symptom of arthritis and rheumatism; however, a lack of 

pharmacological evidence has limited its applications in modern clinics. Therefore, this study aims to explore the 

protective effect of LF on rheumatoid arthritis (RA) and to identify its active ingredients.

Methods: Rats with adjuvant-induced arthritis (AIA) were divided into 4 groups and administered petroleum ether 

extract of LF (PEL), ethyl acetate extract of LF (EEL), water extract of LF (WEL), or piroxicam (PIR) respectively for 

3 weeks. Two additional groups were used as normal control (NC) and model control (MC) and administered distilled 

water as a placebo. The clinical scores for arthritis, bone surface, synovial inflammation and cartilage erosion were 

used to evaluate the therapeutic efficacy of each treatment. The serum IL-1β and TNF-α level and the expression of 

NLRP3, IL-1β and caspase-1 p20 in the synovial tissue of AIA rats were evaluated by ELISA and Western blot. The active 

ingredients of LF were investigated using network pharmacology and molecular docking methods, and their inhibi-

tion of NLRP3 inflammasome activation was verified in the human rheumatoid arthritis fibroblast-like synovial cells 

(RA-FLS) model.

Results: PEL could alleviate paw swelling, bone and joint destruction, synovial inflammation and cartilage erosion in 

the AIA rats, with significantly superior efficacy to that of EEL and WEL. PEL reduced IL-1β and TNF-α serum levels, and 

attenuated the upregulation of NLRP3, IL-1β and caspase-1 p20 expression in the synovial tissue of AIA rats. Network 

pharmacology and molecular docking results indicated that myrtenal and β-caryophyllene oxide were the main 

two active ingredients of PEL, and these two compounds showed significant inhibition on TNF-α, NLRP3, IL-1β and 

caspase-1 p20 expression in RA-FLS.

Conclusions: Myrtenal and β-caryophyllene oxide screened from PEL could suppress the activation of NLRP3 inflam-

masome, thereby alleviating RA symptoms.
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Background
Rheumatoid arthritis (RA) is an autoimmune disease 

characterized by chronic inflammation of the synovium. 

Untreated RA can cause progressive joint destruction, 

leading to disability, poor quality of life, and increased 
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mortality. Approximately 1% of the world’s population is 

affected by RA. Onset of disease usually occurs between 

the ages of 30 and 50, with a higher incidence in women 

[1–4]. Fibroblast-like synoviocytes (FLS) and inflamma-

tory cells, such as macrophages and T cells, produce pro-

inflammatory cytokines, such as IL-1β and TNF-α, which 

play key roles in the pathogenesis of RA [5].

In the innate immune system, sentinel immune cells 

sense the invasion of pathogens and initiate the body’s 

inflammatory defense response, thereby playing a role 

in resisting pathogen infection. Nucleotide-binding, oli-

gomerization domain (NOD)-like receptor family, pyrin 

domain containing 3 (NLRP3) gene polymorphisms 

have been reported to be associated with susceptibility, 

disease activity and anti-tumour necrosis factor (TNF) 

treatment response in RA. RA is a heterogeneous disease 

entity with a wide range of immunopathological mecha-

nisms and various manifestations, including articular 

and extra-articular manifestations. In this regard, NLRP3 

inflammasome activation is one of the most notable path-

ological mechanisms that contribute to the pathogenesis 

of RA [6]. It was reported that the NLRP3 inflamma-

some is activated in the synovium of RA mice, and treat-

ment with a selective NLRP3 inhibitor can reduce the 

symptoms of arthritis and cartilage destruction, indicat-

ing that targeting the NLRP3 inflammasome with small 

molecule chemical inhibitors may be a potential thera-

peutic strategy for the treatment of RA [7–9]. In 2002, 

the concept of the inflammasome was first proposed by 

the Tschopp experimental team [10]. Inflammasomes 

are large multimeric protein complexes, mainly present 

in innate immune cells that attack pathogens. �e three 

main components of the inflammasome include sensor 

Nod-like receptors (NLRs), an adaptor protein called 

ASC and an effector caspase which can hydrolyze and 

activate pro-IL-1β and pro-IL-18. NLRs are a family of 

pattern recognition receptors in the cytoplasm that rec-

ognize pathogen-related molecular patterns (PAMPs) or 

damage-related molecular patterns (DAMPs). �ese pat-

terns are indicative of invading pathogens, prompting 

NLRs to trigger an innate immune response. Before the 

inflammasome is activated, the PAMP/DAMP signal trig-

gers the innate immune cells to transcriptionally upregu-

late the expression of IL-1β and inflammasome sensors. 

When the triggered cells are stimulated by additional 

PAMPs/DAMPs, the inflammasome complex assembles 

and initiates a proteolytic cascade, leading to the hydroly-

sis and release of IL-1β and IL-18. �is usually leads to 

an inflammatory form of programmed cell death called 

pyroptosis [10–16].

Liquidambaris Fructus (LF), the infructescence of Liq-

uidambar formosana, has been used to treat joint pain 

and some gynecological diseases in Traditional Chinese 

Medicine [17]; however, a lack of pharmacological evi-

dence limits the applications of LF in modern clinics. It 

has been reported that LF shows significant anti-inflam-

matory effects on xylene-induced ear swelling in mice 

as well as carrageenan-induced paw edema in rats [18]. 

LF treatment may decrease the level of inflammatory 

cytokines in serum, including TNF-α, IL-1β and IL-6, 

while also increasing the levels of the anti-inflammatory 

cytokine IL-10. �is anti-inflammatory effect is linked 

to the suppression of COX-2, iNOS and NF-κB p65 [18], 

indicating LF is a potential crude drug in the treatment of 

some inflammatory diseases. As joint pain is a common 

symptom of RA, and it is also the major indication for LF. 

�is study aims to explore the protective effect of LF on 

RA and to identify its active ingredients while also eluci-

dating the underlying molecular mechanism of action of 

LF.

Methods
Medicinal materials

LF (800 g) was ground and refluxed with 6 times 95% 

ethanol (w/v). �e extraction process was repeated 3 

times and the extracting solution was concentrated under 

reduced pressure. �e residue was dispersed in water and 

successively extracted with petroleum ether and ethyl 

acetate to obtain petroleum ether extract of LF (PEL), 

ethyl acetate extract of LF (EEL) and water extract of LF 

(WEL). Each extract was concentrated under reduced 

pressure and dried. �e content of β-caryophyllene oxide 

and myrtenal in PEL were 0.13 and 0.16%, respectively, 

as detected by high performance liquid chromatography 

(HPLC).

Animals

36 Specific Pathogen Free (SPF) male Wistar rats (170–

200 g) (Liaoning Changsheng Biotechnology Co., Ltd.) 

were maintained in the Laboratory Animal Depart-

ment of China Medical University. �e rats were kept at 

22 ± 2 °C, 55 ± 5% humidity and a 12-h light/dark cycle 

with access to food and water ad libitum. �e experiment 

was approved by the Animal Ethics Committee of China 

Medical University (Approval Number: CMU2019128) 

before the experiment. �e experiment was carried out 

in strict accordance with the international rules and reg-

ulations of laboratory animal ethics.

Adjuvant-induced arthritis (AIA) animal model

36 rats were divided into 6 groups (n = 6). Healthy rats 

without any treatment were used as the normal control 

group (NC). Except for NC, all rats were injected intracu-

taneously with 150 μl Freund’s complete adjuvant (CFA) 

in the plantar area of the right hind paw on day 0 to 

establish the AIA rat model as the model control group 
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(MC) [19]. �ree different extracts of LF (PEL, EEL and 

WEL) as well as piroxicam (PIR) were each dissolved in 

distilled water for administration. Intragastric adminis-

tration of each treatment was performed starting on the 

8th day after CFA injection until the 28th day post-injec-

tion. NC and MC were given water (2 ml). �e positive 

control group was given PIR (10 mg/kg/day) as the stand-

ard therapy for AIA rats. �e other three groups of AIA 

rats were given PEL (75 mg/kg/day), EEL (100 mg/kg/day) 

and WEL (130 mg/kg/day), respectively.

Clinical scoring of AIA

On day 0 of CFA injection, the body weight and the paw 

volume of the right hind paw were measured. To meas-

ure the paw volume, the area 0.2 mm below the ankle 

joint of each rat’s right hind paw was marked. �en, 18 ml 

of water was drawn into a 20 ml syringe. �e right hind 

paw of the rat was moved into the 20 ml syringe until the 

water reached the mark under the ankle. �e water in 

excess of the 18 ml mark was then removed using a 5 ml 

syringe. �e volume of water that was drawn into the 

5 ml syringe was equal to the volume of the rat paw. �e 

thickness and circumference of the right hind paw was 

measured with a vernier caliper and a soft ruler. Body 

weight, paw volume, paw thickness and paw circumfer-

ence were further measured on days 7, 12, 16, 20, 24 and 

28, and the relative inhibition of paw swelling was calcu-

lated. �e arthritis index was used to assess the clinical 

severity of arthritis. �e presence of edema and erythema 

was measured in the ipsilateral and contralateral paws on 

a scale of 0 to 4 (0 = no swelling, 1 = toe joint swelling, 

2 = toe and toe joint swelling, 3 = ankle joint swelling, 

and 4 = swelling of the whole paw, resulting in immobil-

ity) [20]. On the 29th day, the animals were anesthetized 

with urethane, their serum was collected, the animals 

were sacrificed by cervical dislocation, and their right 

hind limbs were taken and fixed in 4% paraformaldehyde.

Micro-computed tomography (Micro-CT)

Bone destruction was measured using micro-CT. �e 

rats underwent micro-CT scans of their right hind limbs 

under anesthesia [21]. �e procedure was executed using 

the Skyscan 1276 Micro-CT from Bruker, Germany.

Hematoxylin-eosin (HE) and safranin O-fast green staining

After decalcification with 10% ethylenediaminetet-

raacetic acid (EDTA) for 4 weeks, the ankle joints of the 

hind limbs were embedded in paraffin wax. Ankle joint 

sections were stained with HE staining. Safranin O-fast 

green staining was used to evaluate inflammation and 

cartilage destruction. �e following scale was used to 

evaluate inflammation: 0 = no inflammation; 1 = slightly 

thickened lining or some infiltration within the lining; 

2 = slightly thickened lining and some infiltration within 

the lining; 3 = thickened lining, a large influx of cells in 

the lower layer, and an increased number of cells in the 

synovial space; 4 = profound infiltration of inflamma-

tory cells within the synovium. �e following scale was 

used to evaluate cartilage destruction: 0 = no damage; 

1 = minimal corrosion limited to a single spot; 2 = slight 

to moderate corrosion in a limited area; 3 = wider corro-

sion range; 4 = widespread damage to cartilage.

Cytokine detection

Quantification of IL-1β and TNF-α in rat serum and 

cell culture supernatant was accomplished with human 

IL-1β (Elabscience, Wuhan, China) and TNF-α (mlbio, 

Shanghai, China) enzyme-linked immunosorbent assay 

(ELISA) kits according to the manufacturer’s protocols. 

Cytokine concentration was evaluated using a microplate 

reader (�ermo) at 450 nm.

Western blot

RIPA lysis buffer (PMSF: RIPA = 1:99) supplemented 

with PMSF (Beyotime, Shanghai, China) was used to 

extract protein from ankle joint synovial tissue or cell 

culture. Protein concentration was determined using 

a bicinchoninic acid (BCA) kit (Beyotime, Shanghai, 

China). �e protein extract was loaded on 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) for electrophoresis, and then transferred to a 

polyvinylidene fluoride (PVDF) membrane (Merck Mil-

lipore, Darmstadt, Germany) at 300 mA for 2.5 h. �e 

membrane was blocked with 5% skimmed milk powder 

(diluted with 0.05% Tween-20 in TBS) at room tempera-

ture for 1 h and incubated with primary antibodies over-

night at 4 °C, including rabbit anti-NLRP3 (Abcam, UK) 

(1/1000 dilution), rabbit anti-caspase-1 p20 (Abclonal, 

China) (1/1000 dilution), rabbit anti-IL-1β (Abclonal, 

China) (1/1000 dilution) and rabbit anti-glyceraldehyde 

phosphate phosphate dehydrogenase (GAPDH) (Bio-

world, China) (1/10000 dilution). After washing, the 

membrane was incubated with goat anti-rabbit immu-

noglobulin (IgG) coupled with horseradish peroxidase 

(HRP) (Abclonal, China) (1/10000 dilution) at room tem-

perature for 2 h. After washing, the target protein was 

visualized by detecting the fluorescence generated by 

enhanced chemiluminescence (ECL) treatment.

Network pharmacology analysis and molecular docking

Structural information of components in PEL was 

obtained from the Traditional Chinese Medicine Inte-

grated Database (TCMID, http:// www. megab ionet. org/ 

tcmid/), the TCM Database@Taiwan (http:// tcm. cmu. 

edu. tw/), the Traditional Chinese Medicine Systems 

Pharmacology Database (TCMSP) and literature reports 

http://www.megabionet.org/tcmid/
http://www.megabionet.org/tcmid/
http://tcm.cmu.edu.tw/
http://tcm.cmu.edu.tw/
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[22–24]. Potential targets of these components were pre-

dicted using the PharmMapper server (http:// lilab. ecust. 

edu. cn/ pharm mapper/) [25]. �e top 99 targets of each 

component acquired from PharmMapper were selected 

as potential targets in the present study. �e different 

genes associated with RA were gathered from �era-

peutic Target Database (TTD) (http:// bidd. nus. edu. sg/ 

group/ cjttd/) [26] with keywords “Rheumatoid Arthritis”.

A protein-protein interaction (PPI) network was con-

structed using String [27]. �e network visualization 

software Cytoscape (http:// cytos cape. org/) was adopted 

to visualize the PPI networks [28]. �ree topological fea-

tures of each node in the network were calculated to find 

the key nodes: “degree,” “node betweenness,” and “close-

ness.” “Degree” is defined as the number of edges to node 

i; “node betweenness” represents the number of shortest 

paths between pairs of nodes that run through node i; 

“closeness” is the inverse of the sum of the distance from 

node i to other nodes.

Crystal structures of protein targets were collected 

from the Protein Data Bank (PDB), and ligands contained 

in the crystal structures were set as reference ligands. 

Molecular docking experiments were performed in 

Molecular Operating Environment (MOE, 2020). Pocket 

atoms were set as docking sites. For each component-

protein target complex, 5 conformations with the lowest 

binding free energy were obtained. Docking results were 

analyzed by contrasting the ligand-target interactions of 

the components with that of the reference ligand, with 

higher similarity corresponding to better binding affinity.

Cell culture and treatment

�e source of human rheumatoid arthritis fibroblast-like 

synovial cells (RA-FLS) in this study was from the Euro-

pean Collection of Authenticated Cell Cultures (ECACC), 

and human synovial tissues were collected from donors 

with RA. RA-FLS were purchased from Jennio Bio-

technology Co., Ltd. Under an inverted phase-contrast 

microscope, RA-FLS have certain characteristics that 

distinguish them. FLS are triangular and spindle-shaped, 

with an oval nucleus, a clear nucleolus in the center of 

the cell, with an accumulation of secretions surrounding 

the cells. RA-FLS were cultured in DMEM-H complete 

medium (Jennio, Guangzhou, China) supplemented with 

2% GermClean, L-glutamine, sodium bicarbonate and 

15% heat-inactivated FBS (Gibco, Carlsbad, California, 

USA). Before stimulation, the cells were seeded in a six-

well plate and treated with DMEM-H medium contain-

ing 10 μmol/L β-caryophyllene oxide (TargetMol, China) 

and myrtenal (yuanye, Shanghai, China) for 24 h. Cells 

were stimulated with 10 ng/ml lipopolysaccharide (LPS) 

(Solarbio Life Science, Beijing, China) for 6 h. Cell lysates 

and supernatants were collected and used for cytokine 

detection and Western blot analysis.

Statistical analysis

All data collected are expressed as mean ± standard error 

of mean (SEM). SPSS software version 16 was used to 

analyze the data. Differences were assessed by Dunnett’s 

multiple comparisons test and one-way or two-way anal-

ysis of variance (ANOVA). P values less than 0.05 were 

considered statistically significant.

Results
PEL treatment alleviated arthritis in AIA rats

Beginning on the 8th day after CFA injection, AIA rats 

were given one of the 3 different extracts of LF, PIR, or 

water daily via intragastric administration until the 

28th day. Results showed that treatment with PEL could 

improve the clinical arthritic score and paw inflamma-

tion of AIA rats from the start of treatment until the end 

of the study, and the efficacy was superior to that of EEL 

and WEL (Fig.  1A, B). Compared with NC, untreated 

AIA rats showed significantly increased foot swelling and 

surface area, as well as increased bone destruction. Treat-

ment with PEL significantly attenuated the paw swelling 

of AIA rats (Fig.  2A). �e results of micro-CT imaging 

and bone surface area analysis also consistently showed 

that the bone and joint destruction of AIA rats were sig-

nificantly alleviated after the treatment with PEL, but had 

no significant change after the treatment with EEL or 

WEL (Fig. 2B, C).

PEL treatment alleviated synovial in�ammation 

and cartilage erosion in AIA rats

In order to further evaluate the influence of LF on syn-

ovial pathology and cartilage destruction, histological 

evaluation was performed at the end of the study. Com-

pared with NC, significant synovial hyperplasia, pan-

nus formation and inflammatory cell infiltration were 

observed in the ankle joint of AIA rats. Conversely, only 

a small amount of local synovial hyperplasia was found 

after the treatment with PEL (Fig.  3A). �e synovium 

of AIA rats destroyed the bone continuum from both 

sides and spread to the bone marrow cavity. However, 

treatment with PEL led to less severe bone destruction 

(Fig. 3B).

PEL treatment inhibited the production of IL-1β and TNF-α 

in AIA rats

Similar to the morphological changes and histopatholog-

ical lesions, the serum levels of inflammatory cytokines 

IL-1β and TNF-α of the AIA rats also increased sig-

nificantly compared with NC. After 3 weeks of treat-

ment, the three different extracts of LF all significantly 

http://lilab.ecust.edu.cn/pharmmapper/
http://lilab.ecust.edu.cn/pharmmapper/
http://bidd.nus.edu.sg/group/cjttd/
http://bidd.nus.edu.sg/group/cjttd/
http://cytoscape.org/
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reduced the production of IL-1β in the serum of AIA 

rats (P  < 0.0001). However, WEL treatment showed no 

effects on the serum levels of TNF-α of the AIA rats, and 

PEL exhibited efficacy superior to that of EEL (Fig. 4).

PEL inhibited the activation of NLRP3 in�ammasome 

in AIA rats

Because the activation of the NLRP3 inflammasome 

could induce the overproduction of IL-1β, resulting in 

inflammation and arthritis, we evaluated the expression 

of NLRP3, caspase-1 p20 (a functional caspase-1 subunit) 

and IL-1β in the ankle joint synovial tissue by Western 

blot. AIA rats displayed significantly higher expression 

of all three proteins, but expression was significantly 

decreased by treatment with PEL. However, treatment 

with EEL or WEL did not show significant improvement 

in NLRP3 inflammasome activation in the ankle joint syn-

ovial tissue of the AIA rats (Fig. 5).

Fig. 1 Petroleum ether extract of LF (PEL) alleviated the severity of adjuvant-induced arthritis (AIA), and the efficacy was superior to that of 

ethyl acetate extract of LF (EEL) and water extract of LF (WEL). A Mean clinical scores of AIA rats with different treatments. B Inhibition of paw 

inflammation of AIA rats with different treatments. Paw inhibition rate was calculated as follows: (paw volume before treatment − paw volume after 

treatment)/paw volume before treatment. Data were recorded as mean ± SEM. Differences were assessed by Dunnett’s multiple comparisons test 

and two-way ANOVA, *P < 0.05 vs MC, **P < 0.01 vs MC, ***P < 0.001 vs MC, ****P < 0.0001 vs MC. (n = 6)

Fig. 2 Petroleum ether extract of LF (PEL) treatment significantly alleviated paw swelling and bone erosion in adjuvant-induced arthritis (AIA) rats, 

and the efficacy was superior to that of ethyl acetate extract of LF (EEL) and water extract of LF (WEL). A Macroscopic observation of paws of AIA 

rats with different treatments. B Micro-CT analysis of joints of AIA rats with different treatments under anesthesia using the Skyscan 1276 Micro-CT. 

C Bone surface area calculation of joints of AIA rats with different treatments, where higher bone surface area means more severe bone erosion. 

Data were recorded as mean ± SEM. Differences were assessed by Dunnett’s multiple comparisons test and one-way ANOVA, *P < 0.05 vs MC, 

**P < 0.01 vs MC. (n = 2)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Network pharmacology analysis

To investigate the active ingredients and potential 

mechanism of LF in the treatment of RA, 17 compo-

nents of PEL were collected from the database and lit-

erature as mentioned in the Materials and Methods 

section. �e potential targets of these compounds were 

predicted and optimized, and 37 targets of the com-

ponents of LF were obtained (Fig.  6A). One hundred 

forty-six therapeutic targets in RA were also collected. 

Construction and optimization of the PPI network 

between the potential targets of the components and 

the therapeutic targets of RA yielded a main network 

containing 49 nodes, including 14 component targets 

and 35 therapeutic targets, of which 6 targets over-

lapped. (Fig. 6B). It is worth noting that the therapeutic 

target IL-1β plays an important role in the PPI network. 

Additionally, many components’ targets, including 

Src (SRC), JAK2, MEK1 (MAP  2 K1), ERK2 (MAPK1), 

JNK1 (MAPK8), p38 MAPK (MAPK14) and caspase-1 

(CASP1), had close relationships with the activation of 

the NLRP3 inflammasome pathway [29–34], indicating 

that inhibition of NLRP3 inflammasome activation is 

an important mechanism underlying the anti-arthritis 

effect of LF.

Molecular docking

According to the network pharmacology analysis, 8 

of the 14 components’ targets in the PPI network were 

protein kinases (Fig. 6B). As protein kinases play impor-

tant roles in the pathogenesis of RA, and small-molecule 

kinase inhibitors have substantially improved clinical 

outcomes [35], we used the 17 components of PEL to 

dock with the 8 protein kinases targets including Src, 

JAK2, MEK1, ERK2, JNK1, p38 MAPK, EGFR and KDR. 

We found that these components could bind with pro-

tein kinase targets, functioning as inhibitors. Among 

the 17 components, myrtenal and β-caryophyllene oxide 

exhibited better binding affinity with the targets. Moreo-

ver, among the 8 targets, p38 MAPK had highest binding 

affinity with β-caryophyllene oxide, whereas MEK1 dis-

played the highest binding affinity for myrtenal. Accord-

ing to the molecular docking results, β-caryophyllene 

oxide could form hydrogen bonds with Met109 and 

Gly110 at the hinge region of p38 MAPK (Fig. 7A), and 

myrtenal could bind with His145 and Met146 at the 

ATP-binding pocket of MEK1 (Fig. 7B), indicating they 

were potential inhibitors of the targets. Both compo-

nents could also bind with caspase-1, one of the three 

components of the NLRP3 inflammasome, as its inhibi-

tors. �erefore, myrtenal and β-caryophyllene oxide 

could be the active ingredients of LF that mediate its 

effects on arthritis symptoms.

Myrtenal and β-caryophyllene oxide in PEL inhibited IL-1β 

and TNF-α production in RA-FLS

To verify if myrtenal and β-caryophyllene oxide are 

active ingredients of LF in the treatment of RA, we used 

the RA-FLS model to evaluate the inhibitory effects of 

myrtenal and β-caryophyllene oxide on the production 

of IL-1β and TNF-α [36–38]. �e results showed that 

both myrtenal and β-caryophyllene oxide could signifi-

cantly reduce IL-1β production in RA-FLS. �e pro-

duction of TNF-α was also significantly decreased after 

treatment with myrtenal and β-caryophyllene oxide 

(Fig. 8).

Myrtenal and β-caryophyllene oxide in PEL inhibited 

activation of the NLRP3 in�ammasome pathway in vitro

To further verify the inhibitory effect of myrtenal and 

β-caryophyllene oxide on the activation of the NLRP3 

inflammasome pathway, we evaluated the expression 

of NLRP3, caspase-1 p20 and IL-1β in RA-FLS using 

Western blot. Results showed that myrtenal treatment 

could significantly suppress the expression of NLRP3, 

IL-1β and caspase-1 p20. β-caryophyllene oxide treat-

ment could inhibit the expression of caspase-1 p20 and 

IL-1β, but had no effect on the expression of NLRP3 

(Fig. 9).

Discussion
In Traditional Chinese Medicine, LF has been used to 

treat joint pain and some gynecological diseases [17]. As 

joint pain is a common symptom of RA, in this study we 

explored the anti-RA potential of LF using an AIA rat 

model. �e results showed that LF could alleviate paw 

swelling, bone destruction, synovial inflammation and 

cartilage erosion in AIA rats, and the efficacy of PEL 

was superior to that of EEL and WEL. Triterpenoids 

are generally considered the main components of LF; 

however, according to our previous study, triterpenoids 

(See figure on next page.)

Fig. 3 Petroleum ether extract of LF (PEL) treatment significantly alleviated synovial inflammation and cartilage erosion in adjuvant-induced 

arthritis (AIA) rats. A Representative HE staining images and amplification of respective typical lesions (× 100) and semiquantitative score of synovial 

inflammation. Black arrows point to the infiltration of inflammatory cells or synovial hyperplasia. B Representative safranin O-fast green staining 

images (× 100) and semiquantitative score of cartilage erosion. Red arrows point to areas of cartilage loss. Blue arrows point to areas of bone 

erosion. Semiquantitative scores of synovial inflammation and cartilage erosion in NC were set to 0. Data were recorded as mean ± SEM. Differences 

were assessed by Dunnett’s multiple comparisons test and one-way ANOVA, **P < 0.01 vs MC, ***P < 0.001 vs MC, ****P < 0.0001 vs MC. (n = 2)
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Fig. 3 (See legend on previous page.)
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Fig. 4 The serum levels of IL-1β and TNF-α of the adjuvant-induced arthritis (AIA) rats were quantified using ELISA. Petroleum ether extract of LF 

(PEL) treatment significantly reduced the production of IL-1β and TNF-α in the serum of AIA rats, and its efficacy was superior to that of ethyl acetate 

extract of LF (EEL) and water extract of LF (WEL). Data were recorded as mean ± SEM. Differences were assessed by Dunnett’s multiple comparisons 

test and one-way ANOVA, ***P < 0.001 vs MC, ****P < 0.0001 vs MC. (n = 6)

Fig. 5 NLRP3 inflammasome pathway was activated in the ankle joint synovial tissue of the adjuvant-induced arthritis (AIA) rats. Treatment with 

petroleum ether extract of LF (PEL) significantly suppressed the expression of IL-1β, caspase-1 p20 and NLRP3, whereas treatment with ethyl acetate 

extract of LF (EEL) and water extract of LF (WEL) did not show significant improvement. Data were recorded as mean ± SEM. Differences were 

assessed by Dunnett’s multiple comparisons test and one-way ANOVA, *P < 0.05 vs MC. (n = 3)
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exist in EEL and not PEL [39]. �e components of PEL 

are monoterpenoids and sesquiterpenoids (Fig.  5A). 

Our lab is currently investigating the bioactive chemi-

cal ingredients of LF, and in a previous study we inves-

tigated the anti-breast cancer effects and mechanisms 

of action of the triterpenoids in LF [40]. �is study 

supports the traditional utility of LF in the treatment 

of gynecological diseases. However, this study showed 

that monoterpenoids and sesquiterpenoids play a more 

important role than triterpenoids in the anti-RA effect 

of LF. According to some Traditional Chinese Medicine 

literature, such as Bencao Gangmu Shiyi (1765 AD), LF 

was burned and the resulting smoke inhaled to treat 

joint pain, indicating that the active ingredients are vol-

atile components [41].

As one of the most important multimeric protein 

complexes, NLRP3 inflammasome activation leads to 

increased cleavage of caspase-1 and downstream IL-1β 

production, and plays a pathological role in many dis-

eases including diabetes, atherosclerosis and cardiovas-

cular diseases [42–44]. Recently, studies have revealed 

the significance of the NLRP3 inflammasome in innate 

and adaptive immune responses, and activation of the 

NLRP3 inflammasome pathway has been implicated 

in many autoimmune diseases, such as systemic lupus 

erythematosus, systemic sclerosis, inflammatory bowel 

disease and RA [45, 46]. It has been reported that the 

NLRP3 inflammasome is activated in the synovium of 

RA mice, and that treatment with a selective NLRP3 

inhibitor can reduce the symptoms of arthritis and 

cartilage destruction [7–9]. �erefore, in this study we 

evaluated the effects of LF on the expression of IL-1β, 

caspase-1 p20 and NLRP3 in the ankle joint syno-

vial tissue of AIA rats, and quantified the serum levels 

of inflammatory cytokines IL-1β and TNF-α. Among 

the 3 extracts, PEL showed the strongest inhibition on 

the activation of the NLRP3 inflammasome pathway, 

which was consistent with the morphological and his-

topathological results. In addition, network pharmacol-

ogy analysis also showed that many potential targets of 

components of PEL, including MEK1, ERK2, JNK1, p38 

MAPK, Src, JAK2 and caspase-1, were closely related 

to the NLRP3 inflammasome pathway. �e ERK signal-

ing pathway is an important upstream regulator of the 

NLRP3 inflammasome. p38 MAPK plays an important 

role in proinflammatory cytokine synthesis. It has been 

reported that the activation of p38 MAPK is required 

for NLRP3-mediated IL-1β secretion in cultured human 

monocyte - derived macrophages [31]. It has also been 

reported that inhibition of ERK strongly suppresses 

NLRP3 expression both in 3 T3-L1 adipocytes induced 

by TNF-α and in LS14 preadipocytes induced by cal-

cium-sensing receptors [32]. MEK1 activates ERK and 

functions specifically in the ERK cascade, acting as an 

essential component of MAPK signal transduction. It 

has been reported that when THP-1 macrophages are 

stimulated with oxidized low-density lipoprotein, the 

MEK/ERK pathway is activated and the expression of 

NLRP3 inflammasome-related proteins is upregulated 

[33]. Conversely, MEK inhibitors have been shown to 

decrease TNF-α induced NLRP3 expression in 3 T3-L1 

cells [32]. Taken together, this evidence indicates that 

components of PEL probably suppress NLRP3 expres-

sion by inhibiting the MAPK signal transduction path-

way, which might play a major role in the anti-RA 

effect of LF (Fig.  10). Other components’ targets of 

LF, including Src and JAK2, are also important regula-

tors of the NLRP3 inflammasome. Cellular responses 

to TNF are initiated by the TNF receptor [47]. It has 

been reported that the type 1 TNF receptor (TNFR1) 

could form complexes with Src or JAK2, and then play 

a role in activating p38 MAPK, JNK1, Akt and NF-κB 

[30]. Activation of TNFR1 increased the IL-1β expres-

sion in THP-1 macrophages, which could be impeded 

by inhibitors of Src and JAK2 [30]. Moreover, Src can 

also activate TNF-α converting enzyme and then lead to 

increased TNF-α release and p38 MAPK activation in 

myogenic precursor cells [29]. �ese lines of evidence 

suggest that components of PEL are likely to exert their 

inhibitory effects on caspase-1 expression by inhibiting 

Src and JAK2, resulting in inhibition of the TNF signal-

ing pathway. After the NLRP3/ASC/pro-caspase-1 pro-

tein complex assembles, pro caspase-1 self-cleaves into 

the activated form, and the activated caspase-1 releases 

IL-1β precursors into the extracellular cleavage activa-

tion. �ese predicted mechanisms of the anti-RA effect 

of LF are shown in Fig. 10.

�e molecular docking study showed that components 

of PEL could bind with protein targets including MEK1, 

ERK2, JNK1, p38 MAPK, Src, JAK2 and caspase-1 as 

Fig. 6 Network pharmacology analysis indicated that many components’ targets were closely related to NLRP3 inflammasome activation. A 

Components of petroleum ether extract of LF (PEL) are represented by diamonds, and their potential targets are represented by hexagons. B 

Optimized PPI network between the components’ targets and the therapeutic targets of rheumatoid arthritis (RA). Components’ targets are marked 

in orange; therapeutic targets of RA are marked in green, with larger size indicating a more important role in the network; common targets are 

marked in purple; targets related to NLRP3 inflammasome activation are marked in yellow. Protein targets are represented by their gene names

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Fig. 7 Binding interaction between β-caryophyllene oxide and p38 MAPK, and myrtenal and MEK1. A β-caryophyllene oxide can form hydrogen 

bonds with Met109 and Gly110 in the hinge region of p38 MAPK. B Myrtenal can bind with His145 and Met146 in the ATP-binding pocket of MEK1

Fig. 8 The production of IL-1β and TNF-α in human rheumatoid arthritis fibroblast-like synovial cells (RA-FLS). ELISA was used to quantify the IL-1β 

and TNF-α secretion. Myrtenal and β-caryophyllene oxide could significantly reduce IL-1β production. The production of TNF-α was also significantly 

decreased after treatment with myrtenal and β-caryophyllene oxide. Data are recorded as mean ± SEM. Differences were assessed by Dunnett’s 

multiple comparisons test and one-way ANOVA, *P < 0.05 vs MC, ***P < 0.001 vs MC, ****P < 0.0001 vs MC. (n = 6)
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their inhibitors. Among the components, myrtenal and 

β-caryophyllene oxide exhibited superior binding affin-

ity with these targets, especially MEK1 and p38 MAPK. 

Since fibroblast-like synoviocytes in the synovial intimal 

lining play a key role in the pathogenesis of RA by pro-

ducing cytokines that perpetuate inflammation and pro-

teases that contribute to cartilage destruction [36], they 

were used to verify the anti-RA potential of myrtenal and 

β-caryophyllene oxide. Our results showed that these 

two components could suppress the release of IL-1β and 

TNF-α and the expression of NLRP3 and caspase-1 p20, 

similar to the effect of PEL, indicating that they were the 

active ingredients of LF in the treatment of RA. Given the 

critical function of NLRP3 activation and induction of 

IL-1β in the pathogenesis of diseases such as gout, these 

mechanisms of action suggest that LF could have utility in 

other diseases as well [48–50].

Fig. 9 The NLRP3 inflammasome pathway was activated in human rheumatoid arthritis fibroblast-like synovial cells (RA-FLS). The expression of 

NLRP3, caspase-1 p20 and IL-1β in RA-FLS were significantly reduced after treating with myrtenal. β-caryophyllene oxide showed inhibitory effects 

on the expression of caspase-1 p20 and IL-1β, but not NLRP3. Data were recorded as mean ± SEM. Differences were assessed by Dunnett’s multiple 

comparisons test and one-way ANOVA, *P < 0.05 vs MC, **P < 0.01 vs MC, ***P < 0.001 vs MC. (n = 3)
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Conclusions
PEL can alleviate paw swelling, bone destruction, syno-

vial inflammation and cartilage erosion in AIA rats. 

�ese effects are associated with inhibition of the NLRP3 

inflammasome activation. Inhibition of the upstream 

MAPK signaling pathway and the TNF signaling path-

way is also likely to be involved. Two components, 

myrtenal and β-caryophyllene oxide, screened from PEL, 

showed a similar inhibitory effect on the release of IL-1β 

and TNF-α and the expression of NLRP3 and caspase-1 

in RA-FLS, indicating they might be the major active 

ingredients of LF in the treatment of RA.

Abbreviations

LF: Liquidambaris Fructus; AIA: Adjuvant-induced arthritis; RA: Rheumatoid 

arthritis; FLS: Fibroblast-like synovial cells; NLRP3: Nucleotide-binding, oli-

gomerization domain (NOD)-like receptor family, pyrin domain containing 3; 

TNF: Anti-tumour necrosis factor; PAMP: Pathogen-related molecular patterns; 

DAMP: Damage-related molecular patterns; HPLC: High performance liquid 

chromatography; PEL: Petroleum ether extract of LF, EEL, ethyl acetate extract 

of LF and WEL, water extract of LF; SPF: Specific Pathogen Free; CFA: Freund’s 

complete adjuvant; Micro-CT: Micro-Computed Tomography; HE: Hematox-

ylin-eosin; ELISA: Enzyme-linked immunosorbent assay; SDS-PAGE: Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis; PVDF: Polyvinylidene 

fluoride; GAPDH: Glyceraldehyde phosphate phosphate dehydrogenase; HRP: 

Horseradish peroxidase; ECL: Enhanced chemiluminescence; PPI: Protein-

protein interaction; LPS: Lipopolysaccharide.

Fig. 10 The predicted mechanism of the anti-RA effect of LF upon selected key targets



Page 15 of 16Li et al. BMC Complement Med Ther          (2021) 21:242  

Supplementary Information
The online version contains supplementary material available at https:// doi. 

org/ 10. 1186/ s12906- 021- 03410-2.

Additional �le 1. 

Acknowledgements

Not applicable.

Authors’ contributions

WXL and PQ designed the study and modified the manuscript. WXL, YTG, 

LG and JJ performed the experiments. WXL wrote the manuscript. PQ, YB 

and DFZ revised the manuscript. WXL performed the extracts preparation. 

WXL and PQ analyzed the data. WXL drafted all figures. All authors read and 

approved the final version of the manuscript.

Funding

This work was supported by the Natural Science Foundation of Liaoning 

Province (No.20170541028) and the National Natural Science Foundation of 

China (No.81803530).

Availability of data and materials

The datasets used and analysed during the current study are available from 

the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The experiment has been approved by the Animal Ethics Committee of China 

Medical University (Approval Number: CMU2019128) before the experiment. 

The experiment was carried out in strict accordance with the international 

rules and regulations of laboratory animal ethics. The study was carried out in 

compliance with the ARRIVE guidelines.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 3 February 2021   Accepted: 15 September 2021

References

 1. Croia C, Bursi R, Sutera D, Petrelli F, Alunno A, Puxeddu I. One year in 

review 2019: pathogenesis of rheumatoid arthritis. Clin Exp Rheumatol. 

2019;37:347–57 https:// pubmed. ncbi. nlm. nih. gov/ 31111 823.

 2. Kumar LD, Karthik R, Gayathri N, Sivasudha T. Advancement in contem-

porary diagnostic and therapeutic approaches for rheumatoid arthritis. 

Biomed Pharmacother. 2016;79:52–61. https:// doi. org/ 10. 1016/j. biopha. 

2016. 02. 001.

 3. Pisetsky DS. Advances in the treatment of rheumatoid arthritis: costs and 

challenges. N C Med J. 2017;78:337–40. https:// doi. org/ 10. 18043/ ncm. 

78.5. 337.

 4. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J 

Med. 2011;365:2205–19. https:// doi. org/ 10. 1056/ NEJMr a1004 965.

 5. Harris EDJ. Rheumatoid arthritis. Pathophysiology and implications for 

therapy. N Engl J Med. 1990;322:1277–89.

 6. George G, Shyni GL, Raghu KG. Current and novel therapeutic targets 

in the treatment of rheumatoid arthritis. Inflammopharmacology. 

2020;28:1457–76.

 7. Guo C, Fu R, Wang S, Huang Y, Li X, Zhou M, et al. NLRP3 inflammasome 

activation contributes to the pathogenesis of rheumatoid arthritis. Clin 

Exp Immunol. 2018;194:231–43.

 8. Zhao C, Gu Y, Zeng X, Wang J. NLRP3 inflammasome regulates Th17 dif-

ferentiation in rheumatoid arthritis. Clin Immunol. 2018;197:154–60.

 9. Coll RC, Hill JR, Day CJ, Zamoshnikova A, Boucher D, Massey NL, et al. 

MCC950 directly targets the NLRP3 ATP-hydrolysis motif for inflamma-

some inhibition. Nat Chem Biol. 2019;15:556–9. https:// doi. org/ 10. 1038/ 

s41589- 019- 0277-7.

 10. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform 

triggering activation of inflammatory caspases and processing of proIL-

beta. Mol Cell. 2002;10:417–26 https:// pubmed. ncbi. nlm. nih. gov/ 12191 486.

 11. Swanton T, Cook J, Beswick JA, Freeman S, Lawrence CB, Brough D. 

Is targeting the Inflammasome a way forward for neuroscience drug 

discovery? SLAS Discov. 2018;23. https:// doi. org/ 10. 1177/ 24725 55218 

786210.

 12. Johann S, Heitzer M, Kanagaratnam M, Goswami A, Rizo T, Weis J, et al. 

NLRP3 inflammasome is expressed by astrocytes in the SOD1 mouse 

model of ALS and in human sporadic ALS patients. Glia. 2015;63:2260–73. 

https:// doi. org/ 10. 1002/ glia. 22891.

 13. Meissner F, Molawi K, Zychlinsky A. Mutant superoxide dismutase 

1-induced IL-1beta accelerates ALS pathogenesis. Proc Natl Acad Sci U S 

A. 2010;107:13046–50. https:// doi. org/ 10. 1073/ pnas. 10023 96107.

 14. Vezzani A, Moneta D, Conti M, Richichi C, Ravizza T, De Luigi A, et al. Pow-

erful anticonvulsant action of IL-1 receptor antagonist on intracerebral 

injection and astrocytic overexpression in mice. Proc Natl Acad Sci U S A. 

2000;97:11534–9 https:// pubmed. ncbi. nlm. nih. gov/ 11016 948.

 15. Tan C-C, Zhang J-G, Tan M-S, Chen H, Meng D-W, Jiang T, et al. NLRP1 

inflammasome is activated in patients with medial temporal lobe 

epilepsy and contributes to neuronal pyroptosis in amygdala kindling-

induced rat model. J Neuroinflammation. 2015;12:18. https:// doi. org/ 10. 

1186/ s12974- 014- 0233-0.

 16. Meng X-F, Tan L, Tan M-S, Jiang T, Tan C-C, Li M-M, et al. Inhibition of 

the NLRP3 inflammasome provides neuroprotection in rats following 

amygdala kindling-induced status epilepticus. J Neuroinflammation. 

2014;11:212. https:// doi. org/ 10. 1186/ s12974- 014- 0212-5.

 17. Chinese Pharmacopoeia Commission. Pharmacopoeia of the People’s 

Republic of China. Beijing: China Medical Science and Technology Press; 

2015.

 18. Ma H, Wang F, Jiang J, Cheng L, Zhang H, Zhang G. In vivo anti-inflamma-

tory activity of liquidambar formosana hance infructescence extract. Trop 

J Pharm Res. 2017;16:2403–10.

 19. Saleem A, Saleem M, Akhtar MF, Shahzad M, Jahan S. Moringa rivae leaf 

extracts attenuate complete Freund’s adjuvant-induced arthritis in Wistar 

rats via modulation of inflammatory and oxidative stress biomarkers. 

Inflammopharmacology. 2020;28:139–51. https:// doi. org/ 10. 1007/ 

s10787- 019- 00596-3.

 20. Zhang Q, Yu Y, Li J, Guan Y, Huang J, Wang Z, et al. Anti-arthritic activi-

ties of ethanol extracts of Circaea mollis Sieb. & Zucc. (whole plant) in 

rodents. J Ethnopharmacol. 2018;225:359–66. https:// doi. org/ 10. 1016/j. 

jep. 2018. 04. 051.

 21. Østergaard M, Boesen M. Imaging in rheumatoid arthritis: the role of 

magnetic resonance imaging and computed tomography. Radiol Med. 

2019;124:1128–41. https:// doi. org/ 10. 1007/ s11547- 019- 01014-y.

 22. Huang L, Xie D, Yu Y, Liu H, Shi Y, Shi T, et al. TCMID 2.0: a comprehensive 

resource for TCM. Nucleic Acids Res. 2018;46:D1117–20. https:// doi. org/ 

10. 1093/ nar/ gkx10 28.

 23. Chen CY-C. TCM database@Taiwan: the world’s largest traditional Chinese 

medicine database for drug screening in silico. PLoS One. 2011;6:e15939. 

https:// doi. org/ 10. 1371/ journ al. pone. 00159 39.

 24. Ru J, Li P, Wang J, Zhou W, Li B, Huang C, et al. TCMSP: a database of 

systems pharmacology for drug discovery from herbal medicines. J 

Cheminform. 2014;6:13. https:// doi. org/ 10. 1186/ 1758- 2946-6- 13.

 25. Wang X, Shen Y, Wang S, Li S, Zhang W, Liu X, et al. PharmMapper 2017 

update: a web server for potential drug target identification with a 

comprehensive target pharmacophore database. Nucleic Acids Res. 

2017;45:W356–60. https:// doi. org/ 10. 1093/ nar/ gkx374.

 26. Chen X, Ji ZL, Chen YZ. TTD: therapeutic target database. Nucleic Acids 

Res. 2002;30:412–5. https:// doi. org/ 10. 1093/ nar/ 30.1. 412.

 27. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The 

STRING database in 2017: quality-controlled protein-protein association 

networks, made broadly accessible. Nucleic Acids Res. 2017;45:D362–8. 

https:// doi. org/ 10. 1093/ nar/ gkw937.

https://doi.org/10.1186/s12906-021-03410-2
https://doi.org/10.1186/s12906-021-03410-2
https://pubmed.ncbi.nlm.nih.gov/31111823
https://doi.org/10.1016/j.biopha.2016.02.001
https://doi.org/10.1016/j.biopha.2016.02.001
https://doi.org/10.18043/ncm.78.5.337
https://doi.org/10.18043/ncm.78.5.337
https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/s41589-019-0277-7
https://pubmed.ncbi.nlm.nih.gov/12191486
https://doi.org/10.1177/2472555218786210
https://doi.org/10.1177/2472555218786210
https://doi.org/10.1002/glia.22891
https://doi.org/10.1073/pnas.1002396107
https://pubmed.ncbi.nlm.nih.gov/11016948
https://doi.org/10.1186/s12974-014-0233-0
https://doi.org/10.1186/s12974-014-0233-0
https://doi.org/10.1186/s12974-014-0212-5
https://doi.org/10.1007/s10787-019-00596-3
https://doi.org/10.1007/s10787-019-00596-3
https://doi.org/10.1016/j.jep.2018.04.051
https://doi.org/10.1016/j.jep.2018.04.051
https://doi.org/10.1007/s11547-019-01014-y
https://doi.org/10.1093/nar/gkx1028
https://doi.org/10.1093/nar/gkx1028
https://doi.org/10.1371/journal.pone.0015939
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1093/nar/gkx374
https://doi.org/10.1093/nar/30.1.412
https://doi.org/10.1093/nar/gkw937


Page 16 of 16Li et al. BMC Complement Med Ther          (2021) 21:242 

•

 

fast, convenient online submission

 
•

  

thorough peer review by experienced researchers in your field

• 

 

rapid publication on acceptance

• 

 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research   ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 28. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 

Cytoscape: a software environment for integrated models of biomolecu-

lar interaction networks. Genome Res. 2003;13:2498–504. https:// doi. org/ 

10. 1101/ gr. 12393 03.

 29. Niu A, Wen Y, Liu H, Zhan M, Jin B, Li YP. Src mediates the mechanical 

activation of myogenesis by activating TNFα-converting enzyme. J Cell 

Sci. 2013;126:4349–57.

 30. Pincheira R, Castro AF, Ozes ON, Idumalla PS, Donner DB. Type 1 TNF 

receptor forms a complex with and uses Jak2 and c-Src to selectively 

engage signaling pathways that regulate transcription factor activity. J 

Immunol. 2008;181:1288–98.

 31. Rajamäki K, Mäyränpää MI, Risco A, Tuimala J, Nurmi K, Cuenda A, et al. 

P38δ MAPK: a novel regulator of NLRP3 inflammasome activation with 

increased expression in coronary atherogenesis. Arterioscler Thromb Vasc 

Biol. 2016;36:1937–46.

 32. Furuoka M, Ozaki KI, Sadatomi D, Mamiya S, Yonezawa T, Tanimura S, et al. 

TNF-α induces Caspase-1 activation independently of simultaneously 

induced NLRP3 in 3T3-L1 cells. J Cell Physiol. 2016;231:2761–7.

 33. Song J, Yang S, Yin R, Xiao Q, Ma A, Pan X. MicroRNA-181a regulates 

the activation of the NLRP3 inflammatory pathway by targeting 

MEK1 in THP-1 macrophages stimulated by ox-LDL. J Cell Biochem. 

2019;120:13640–50.

 34. D’Espessailles A, Mora YA, Fuentes C, Cifuentes M. Calcium-sensing recep-

tor activates the NLRP3 inflammasome in LS14 preadipocytes mediated 

by ERK1/2 signaling. J Cell Physiol. 2018;233:6232–40.

 35. McInnes IB, Schett G. Pathogenetic insights from the treatment of rheu-

matoid arthritis. Lancet (London, England). 2017;389:2328–37.

 36. Bartok B, Firestein GS. Fibroblast-like synoviocytes: key effector cells in 

rheumatoid arthritis. Immunol Rev. 2010;233:233–55.

 37. Wu Z, Ma D, Yang H, Gao J, Zhang G, Xu K, et al. Fibroblast-like syn-

oviocytes in rheumatoid arthritis: surface markers and phenotypes. Int 

Immunopharmacol. 2021;93:107392.

 38. Masoumi M, Bashiri H, Khorramdelazad H, Barzaman K, Hashemi N, 

Sereshki HA, et al. Destructive roles of fibroblast-like Synoviocytes in 

chronic inflammation and joint damage in rheumatoid arthritis. Inflam-

mation. 2021;44:466–79.

 39. Qian P, Mu X-T, Su B, Gao L, Zhang D-F. Identification of the anti-breast 

cancer targets of triterpenoids in Liquidambaris Fructus and the hints for 

its traditional applications. BMC Complement Med Ther. 2020;20:369.

 40. Xiaoting M, Ping Q, Lulu J, Yue W, Xin J, Zhang D. Effect of betulonic acid 

on proliferation of human breast cancer MCF-7 cells and human cervical 

cancer C-33A cells. Pr Pharm Clin Remedies. 2017;20:254–7.

 41. Zhao X. Bencao Gangmu Shiyi. Beijing: China Medical Science and Tech-

nology Press; 2020.

 42. Ding S, Xu S, Ma Y, Liu G, Jang H, Fang J. Modulatory mechanisms of the 

NLRP3 Inflammasomes in diabetes. Biomolecules. 2019;9.

 43. Karasawa T, Takahashi M. Role of NLRP3 Inflammasomes in atherosclero-

sis. J Atheroscler Thromb. 2017;24:443–51.

 44. Liu D, Zeng X, Li X, Mehta JL, Wang X. Role of NLRP3 inflammasome in the 

pathogenesis of cardiovascular diseases. Basic Res Cardiol. 2018;113:5.

 45. Li Z, Guo J, Bi L. Role of the NLRP3 inflammasome in autoimmune dis-

eases. Biomed Pharmacother. 2020;130:110542.

 46. Shen H-H, Yang Y-X, Meng X, Luo X-Y, Li X-M, Shuai Z-W, et al. NLRP3: a 

promising therapeutic target for autoimmune diseases. Autoimmun Rev. 

2018;17:694–702.

 47. Hehlgans T, Pfeffer K. The intriguing biology of the tumour necrosis fac-

tor/tumour necrosis factor receptor superfamily: players, rules and the 

games. Immunology. 2005;115:1–20.

 48. Dalbeth N, Gosling AL, Gaffo A, Abhishek A. Gout. Lancet (London, Eng-

land). 2021.

 49. Choi N, Yang G, Jang JH, Kang HC, Cho Y-Y, Lee HS, et al. Loganin allevi-

ates gout inflammation by suppressing NLRP3 Inflammasome activation 

and mitochondrial damage. Molecules. 2021;26.

 50. Li W-H, Han J-R, Ren P-P, Xie Y, Jiang D-Y. Exploration of the mechanism of 

Zisheng Shenqi decoction against gout arthritis using network pharma-

cology. Comput Biol Chem. 2021;90:107358.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303

	Myrtenal and β-caryophyllene oxide screened from Liquidambaris Fructus suppress NLRP3 inflammasome components in rheumatoid arthritis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Medicinal materials
	Animals
	Adjuvant-induced arthritis (AIA) animal model
	Clinical scoring of AIA
	Micro-computed tomography (Micro-CT)
	Hematoxylin-eosin (HE) and safranin O-fast green staining
	Cytokine detection
	Western blot
	Network pharmacology analysis and molecular docking
	Cell culture and treatment
	Statistical analysis

	Results
	PEL treatment alleviated arthritis in AIA rats
	PEL treatment alleviated synovial inflammation and cartilage erosion in AIA rats
	PEL treatment inhibited the production of IL-1β and TNF-α in AIA rats
	PEL inhibited the activation of NLRP3 inflammasome in AIA rats
	Network pharmacology analysis
	Molecular docking
	Myrtenal and β-caryophyllene oxide in PEL inhibited IL-1β and TNF-α production in RA-FLS
	Myrtenal and β-caryophyllene oxide in PEL inhibited activation of the NLRP3 inflammasome pathway in vitro

	Discussion
	Conclusions
	Acknowledgements
	References


