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Abstract. Rheumatoid arthritis (RA) is now widely recog‑
nized as a chronic systemic inflammatory autoimmune disease 
characterized by swelling, pain and stiffness, which are often 
disabling. Although the number of drugs available for the 
treatment of RA has increased in recent years, they are gener‑
ally expensive, leave patients prone to relapse and can result in 
severe effects when discontinued. Thus, there is a need for an 
inexpensive drug with fewer side effects that can be adhered 
to relieve pain and slow down the progression of the disease. 
Strychnine, a traditional Chinese medicine, was often used 
in ancient times to treat swollen and painful joints; however, 
because of its somewhat toxic nature, it is often combined 
with Atractylodes  macrocephala to reduce its toxicity 
for safer therapeutic action. The present study performed 
high‑performance liquid chromatography (HPLC)‑tandem 
mass spectrometry (MS/MS) analysis to confirm whether 
the use of strychnine with Atractylodes  macrocephala 
had the effect of reducing strychnine content. MH7A cells 
were induced using IL‑1β to study the effect of strychnine 
with Atractylodes macrocephala on the Toll‑like receptor 
4 (TLR4)/NF‑κB/NLR family pyrin domain‑containing 3 
(NLRP3) pathway in order to verify its role in the treatment 
of RA. The results indicated that the combined application of 
HPLC‑MS/MS strychnine and Atractylodes macrocephala 
had a reducing effect on the strychnine content. From the 
subsequent experimental results, it can be inferred that 
Strychnine combined with Atractylodes macrocephala extract 
could promote the apoptosis of synovial cells, and could 
inhibit the expression levels of TLR4, NF‑κB and NLRP3 in 

the cells as well as reducing the MH7A‑positive cells. The 
expression levels of TLR4, IκB kinase β, NF‑κB and NLRP3 
were significantly reduced after treatment with each adminis‑
tration group, resulting in a decrease in the phosphorylation 
levels of TLR4 and NF‑κB, indicating that the combination 
potently inhibited their phosphorylation. The combination of 
strychnine and atractylenolide II was also revealed to be the 
main active ingredient in the treatment of RA.

Introduction

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune 
disease (1‑3), which is characterized by pain and swelling, 
stiffness and deformity of the joints, and this can lead to 
disability in severe cases. In vivo, it manifests as persistent 
synovitis, systemic inflammation and the generation of auto‑
antibodies (4), elevated levels of pro‑inflammatory cytokines 
and inflammatory mediators such as interleukins IL‑1β, IL‑6, 
IL‑8, TNF‑α, chemokines and interferons from synovial 
tissue (5‑7), leading to the development of disease and even 
accumulation of peripheral organs  (8). The impaired joint 
function and dysfunction induced by RA limit a patient's 
ability to move freely and seriously affects daily life, resulting 
in increased psychological stress, reduced quality of life and a 
heavy financial burden (9,10).

Research into the pathogenesis of RA is not yet fully 
understood, but it is generally accepted that its development is 
associated with genetics, environmental factors and immune 
dysregulation (11). Associated pathogenic mechanisms include 
an imbalance between Th1 and Th2 cells and Th17/Treg cells, 
leading to an inflammatory response in the synovium and 
activation of synovial fibroblasts, leading to the development 
of RA (12,13). Fibroblastic synovial cells (FLS), a common 
type of cell found in synovial joints, serves an important role 
in the development of RA and the over‑proliferation of FLS 
has been reported to be a significant factor in joint damage 
in RA (14,15). MH7A cells are an RA synovial fibroblast 
cell line and an established in vitro cell model for the study 
of RA (16). An early step in the development of RA is the 
activation of synovial fibroblasts, which causes local auto‑
immune cells to infiltrate the synovial tissues in response 
and promote the release of pro‑inflammatory cytokines 
leading to ongoing synovial inflammation. Toll‑like receptor 
(TLR), an important pattern recognition receptor mediating 
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natural immunity, mediates signaling pathways that play 
an important role in the development of inflammation (17). 
During the development of inflammation, NLR family pyrin 
domain‑containing 3 (NLRP3), NF‑κB and other inflamma‑
tory pathways are activated as a result of the excitement of 
TLR4 on the cell membrane  (18). TLR4 primarily plays a 
role in triggering an immune response and phagocytosis of 
bacteria when substances that cause activation of MH7A cells 
bind to TLR4 and activate NF‑κB phosphorylation and thus 
translocation to the nucleus, thereby initiating NLRP3 inflam‑
matory vesicles (19). Inflammasomes were first proposed by 
Tschopp in 2002  (20), and among the several subtypes of 
inflammasomes, the NLPR3 inflammasome is one of the most 
extensively studied; a multi‑class protein complex thought to 
be widely involved in the body's inflammatory and immune 
responses, it is widely present in immune cells, including 
granulocytes, antigen‑presenting cells (APCs), macrophages, 
T and B lymphocytes (21) and in inflammatory vesicles, by 
activating Caspase‑1, IL‑β and IL‑8 and initiating an inflam‑
matory response (22,23).

Strychnine, the dried mature seeds of Strychnos nurvomica L.  
(family, Strychnosaceae), has a long history of use in Chinese 
medicine and has been widely used in China for swelling and 
pain in joints  (24,25). In modern times, strychnine is also 
widely used in Chinese medicine to treat diseases such as 
cancer and orthopedic and inflammatory conditions (26‑28). 
The primary pharmacological component of strychnine are 
alkaloids, which account for 1.5‑5% of the total chemical 
composition (29), with strychnine being the most abundant 
and potent component (30). Alkaloid constituents in strych‑
nine have strong and long‑lasting analgesic effects. Brucine 
is not only a medicinal component of strychnine but is also a 
toxic constituent. It has toxic effects on the nervous, immune, 
urinary and digestive systems  (31‑34). These toxic effects 
are the main reason that the widespread use of strychnine in 
clinical practice is limited (35‑37).

It has been demonstrated that strychnine significantly 
inhibits TNF‑induced proliferation of HFLS‑RA through 
activation of the JNK signaling pathway (25). The mechanism 
of action of strychnine and Tripterygium wilfordii in the treat‑
ment of RA is through the blocking of the angiogenic mediator 
cascade by targeting multiple interactions (38). Research has 
confirmed that Atractylodes macrocephala extract has an 
antagonistic effect on the intestinal absorption of strych‑
nine (39). A study has confirmed the antagonistic effect of 
Atractylodes macrocephala extract on the intestinal absorp‑
tion of stilbene  (39). The above studies show strychnine's 
potential in the clinical treatment of RA.

Methotrexate is an anti‑folate oncology drug but has 
been revealed to treat RA as early as 1951 (40). It also has a 
specific role; as a first‑line anti‑rheumatic drug, it modulates 
the function of the inflammatory cells involved in rheumatoid 
arthritis (41). Because it is highly efficacious and well‑toler‑
ated, is beneficial in the vast majority of patients and, if used 
early in life, will achieve the same results as other biological 
agents (42). Therefore, the present study selected methotrexate 
as a control drug.

In the current clinical treatment of RA, pharmaceu‑
ticals remain the primary option of treatment, primarily 
non‑steroidal anti‑inflammatory drugs, anti‑rheumatic drugs, 

glucocorticoids and biological agents, amongst others; 
however, these drugs generally have other issues such as a 
high risk of relapse, complicated administration instructions 
resulting in poor adherence, development of drug resistance 
and expense. Botanicals and their extracts have been of great 
interest in the treatment of RA due to their high efficacy and 
lower risk of side effects. In the present study, HFLS cells 
were used as a blank control group and MH7A cells, which 
have a greater migratory and invasive capacity compared with 
HFLS cells (43), were used as a model group to investigate 
whether strychnine with Atractylodes macrocephala extract 
could affect the proliferation of MH7A cells and whether it 
was associated with the TLR4/NF‑κB/NLRP3 pathway.

Materials and methods

Reagents. Strychnine and Atractylodes  macrocephalae 
were purchased from Shandong Provincial Hospital of 
Traditional Chinese Medicine (Jinan, China). Strychnine 
(cat. no. DS0026; Chengdu Desite Biotechnology Co., Ltd.), 
Brucine (cat. no. DM0019; Chengdu Desite Biotechnology 
Co., Ltd.) Atractylenolide II (cat. no.  DB0015; Chengdu 
Desite Biotechnology Co., Ltd.) and Methotrexate (cat. 
no. H31020644; Tonghua Maoxiang Pharmaceutical).

Cell culture. MH7A cells (cat. no. BNCC358158; BeNa Culture 
Collection; Beijing Beina Chunglian Institute of Biotechnology) 
were cultured in H‑DMEM (cat. no. 12100046; Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin mix (cat. 
no. P1400‑100; Beijing Solarbio Science & Technology Co., 
Ltd.) at 37˚C in a humidified incubator supplied with 5% 
CO2. HFLS cells (cat. no. JNO171‑71; Jennio Biotech Co., 
Ltd.) were cultured in DMEM (cat. no. SH30243.01; Hyclone; 
Cytiva) supplemented with 10% FBS and 1% penicillin mix at 
37˚C in a humidified incubator supplied with 5% CO2. Both 
types of cells were purchased as the second‑generation cell 
lines and passed through once in about 48 h, with subsequent 
experiments starting when both types of cells reached the 7th 
generation.

High‑performance liquid chromatography (HPLC)‑tandem 
mass spectrometry (MS/MS) analysis of chemical composition. 
The same batch of Strychnine and Atractylodes  macro‑
cephala was weighed, and 20  g Strychnine and 1,000  g 
Atractylodes macrocephala were weighed in 10  times the 
amount of water (w/v) (in the current study, 20 g of Strychnine 
and 200 g of water, 1,000 g of Atractylodes macrocephala 
and 10,000 g of water were used). The same method was 
adopted for a common decoction of 20 g Strychnine and 
120 g Atractylodes macrocephala, and 20 g Strychnine and 
240 g Atractylodes macrocephala. The drug was added to a 
round‑bottom flask, about half of its capacity, and water was 
added to soak the surface of the restorative material by 1‑2 cm, 
heated at 100˚C, refluxed and decocted and kept boiling for 
1 h. After cooling to room temperature, a 0.22 microporous 
membrane was used for filtration. After decoction, 3 ml of 
the decoction was suspended in a 10‑ml volumetric flask (3:7 
ratio of decoction to HPLC grade methanol), diluted to the 
required scale using HPLC‑grade methanol (cat. no. 34860; 
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Sigma‑Aldrich; Merck KGaA) and transferred to a centrifuge 
tube at 25˚C, 1,610 x g for 15 min. When the centrifugation 
was completed, the supernatant was collected, the missing 
solution (the discarded precipitated fraction of liquid) was 
made up with methanol, the solution was filtered through a 
0.22‑µm microporous membrane and 2 µl of liquid was used 
for mass spectrometry analysis.

The strychnine, brucine, and Atractylenolide II were 
accurately weighed (all 1 mg) and dissolved in 1 ml HPLC 
grade methanol to obtain the ‘master mix’ of each substance. 
Subsequently, different proportions of the master mix were 
accurately aspirated and placed in the same 5‑ml volumetric 
flask and mixed thoroughly to obtain the mixed reference 
substance solution for subsequent standard curve plotting. 
The concentrations of the resulting controls are presented in 
Table I.

The study was carried out on a TSQ Quantis triple‑stage 
quadrupole mass (TSQ QUANTIS; Thermo Fisher Scientific, 
Inc.) with a Waters Symmetry‑C18 (4.6x75 mm; 3.5 µm; Waters 
Corporation) column. The mobile phase was 1% formic acid 
(A)‑acetonitrile (B) with gradient elution (0‑35 min, 95‑65% 
B; 35‑40  min, 65% B; 40‑55  min, 65‑5% B; 55‑56  min, 
5‑95% B; 56‑60 min, 95% B) at a flow rate of 0.2 ml/min, 
column temperature of 30˚C and injection volume of 2.0 µl. 
The ion source was carried out using positive ion electrospray 
ionization (ESI) source with the sheath gas (N2) flow rate set 
to 1.2 l/min; the auxiliary gas (N2) was set to a flow rate of 
0.09 l/min; the collision gas was argon (Ar) assigned to a flow 
rate of 2 m Torr; the atomization temperature was 300˚C; the 
atomizer pressure of 35 psi, the capillary temperature was 
280˚C; and the spray voltage is 3,500 V. The scanning method 
was Selective Response Monitoring) for each ion. Strychnine 
m/z 395.16‑243.97 with a collision energy of 37.73 eV, Brucine 
m/z 335.11‑184 with a collision energy of 38.66 eV and 
Atractylenolide II m/z 232.3‑158.1 with a collision energy 
of 17.93 eV. Data were acquired using Xcalibur software 4.1 
(Thermo Fisher Scientific, Inc.), peak areas were calculated 
and standard curves were plotted using the concentration and 
peak area of the markers. AM group=the mixed standard. SS 
group=the liquid obtained by decoction of strychnine (20 g); 
S:A (1:6) group=liquid from decoction of strychnine (20 g) 
and Atractylodes macrocephala (120 g); S:A (1:12) liquid from 
decoction of strychnine (20 g) and Atractylodes macrocephala 
(240 g).

CCK‑8 assay. Strychnine and Atractylenolide II were accu‑
rately weighed, and the two drugs were dissolved in the 
culture medium (H‑DMEM medium containing 10% FBS 

and 1% penicillin‑streptomycin) to the desired concentration. 
The Strychnine concentrations were 130, 390 and 780 µg/ml, 
while the concentrations of Atractylenolide II were 2, 20 and 
40 µg/ml, followed by filtration through a 0.22‑µm micropo‑
rous filter membrane. Cells in the logarithmic phase of growth 
were digested for 1 min in a 5% CO2 incubator at 37˚C with 
trypsin‑EDTA digest (0.25%; cat. no. T1300‑100; Beijing 
Solarbio Science & Technology Co., Ltd.) and made into cell 
suspensions. Subsequently, 100 µl of each of the aforemen‑
tioned solutions were added to a 96‑well plate and 100 µl of 
medium was used as a blank control. The plate was incubated 
overnight before dividing into seven groups: i) Control group; 
ii) strychnine 130 µg/ml group; iii) strychnine 390 µg/ml group; 
iv) strychnine 780 µg/ml group; v) Atractylenolide II 2 µg/ml; 
vi) Atractylenolide II 20 µg/ml; and vii) Atractylenolide II 
40  µg/ml. After incubation for 0, 12, 24 or 48  h, a Cell 
Counting Kit‑8 (CCK‑8; cat. no. CP002; Signalway Antibody 
LLC) and serum‑free H‑DMEM were mixed in a 1:10 volume 
ratio, and 100 µl was added per well, after which cells were 
incubated for 1 h. Subsequently, the absorbance at 450 nm 
was measured using an enzyme marker (cat. no. DNM‑9602; 
Beijing Prolong New Technology Co., Ltd.), and the values for 
each plate were recorded. A total of three replicates were used 
for each experimental group.

Flow cytometry analysis. Cells were divided into 7 
groups: i) Control group (HLFS); ii) model group (MH7A); 
iii) methotrexate group (MTX, 0.1 mg/ml); iv) strychnine 
group (780 µg/ml); v) Atractylodes macrocephala group 
(12 µg/ml); vi) strychnine with Atractylodes macrocephala 
1:6 group (S:A 1:6); and vii) strychnine with Atractylenolide 
II (S:A 1:6 component 780‑12 µg/ml) group. After adding 
drugs, the above groups were put in a humidified incubator 
at 37˚C supplied with 5% CO2 for 24 h. Among them, the 
strychnine and Atractylodes macrocephala group (S:A 1:6) 
consisted of two drugs, strychnine and Atractylodes macro‑
cephala, two drugs co‑decocted in a ratio of 1:6. The 
strychnine and atractylenolide II (S:A 1:6 component 
780‑12 µg/ml) group consisted of only two extracts, strych‑
nine and Atractylenolide II, configured together. The media 
was removed from the drug‑treated groups of cell cultures, 
the cells were washed with PBS, and the cells were digested 
using trypsin‑EDTA digest. The cells were observed to be 
rounding under the microscope and the wall of the flask was 
gently tapped to observe when the cells fell off in a quick‑
sand pattern. Medium was added to the flask to terminate 
the digestion. The cell cultures from the previous step were 
collected, mixed slightly and transferred to a centrifuge tube, 

Table I. Control component concentrations.

	 Control mixture number
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Component	 1	 2	 3	 4	 5	 6

Strychnine, µg/ml	 0.292	 0.584	 1.167	 2.334	 4.668	 9.336
Brucine, µg/ml	 0.272	 0.545	 1.089	 2.178	 4.356	 8.712
Atractylodes II, µg/ml	 0.260	 0.519	 1.038	 2.076	 4.152	 8.304
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centrifuged at 1,000 x g, 25˚C for 5 min and then resus‑
pend in PBS and drop resuspended onto the cell counting 
chamber for manual counting under a microscope. Between 
50‑100,000 resuspended cells were collected, centrifuged 
at 1,000 x g, 25˚C for 5 min, the supernatant was discarded 
and 200 µl Annexin V‑FITC conjugate (cat. no. C1062S; 
Beyotime Institute of Biotechnology) was added and gently 
resuspended, mixed gently and incubated for 15 min at 4˚C in 
the dark. Subsequently, 5 µl propidium iodide staining solu‑
tion was added, gently mixed and incubated for 5 min at 4˚C, 
while a tube without Annexin V‑FITC and PI was used as 
the negative control. Flow cytometry analysis was performed 
using a BD Accuri C/6 flow cytometer (Becton, Dickinson 
and Company). Annexin V‑FITC fluoresces green, corre‑
sponding to the FL1 detection channel; PI fluoresces red, 
corresponding to the FL2 detection channel. The analysis 
was performed using FlowJo 7.6.1 software (FlowJo LLC). A 
total of five replicates were used for each experimental group.

Immunofluorescence analysis. The dilution, batch number 
and supplier of the primary antibodies used were: TLR4 
(1:800; cat. no. ab22048; Abcam), NF‑κBP65, (1:1,200; cat. 
no. ab16502; Abcam) and NLRP3 (1:800; cat. no. ab214185; 
Abcam). The secondary antibodies used were IgG 
(Fluorescent dye FITC coupling; 1:100; cat. no. ZF‑0316; 
OriGene Technologies, Inc.). The cells were digested with 
0.25% trypsin‑EDTA in a 5% CO2 37˚C incubator for 1 min; 
the digested cell suspension was dropped onto a slide placed 
in the culture dish. After waiting for ~30 min for the cells 
to adhere to the wall, the medium (H‑DMEM medium 
containing 10% FBS and 1% penicillin‑streptomycin) was 
added and incubated in a 37˚C 5% CO2 incubator for 2 h. 
The slide was removed after 2 h and rinsed three times with 
PBS for 2 min each time. Cells were fixed using 4% para‑
formaldehyde for 30 min at room temperature and washed, 
permeabilized using 0.5% Triton X‑100 (in DPBS) for 
20 min, followed by treatment with 3% methanolic hydrogen 
peroxide for 20 min at room temperature and then placed in 
PBS. A Pap Pen was used to draw circles surrounding the 
cells being examined on the slide to avoid the running and 
spreading of the fluid during staining. Goat serum sealant 
(no. ZLI‑9022; ZSGB) was added dropwise for 20 min at 
room temperature to block the cells. The primary antibody 
was added dropwise and cells were incubated overnight at 
4˚C, removed the next day and left for 20 min before adding 
the fluorescently labeled secondary antibody (IgG) dropwise. 
Cells were incubated in the dark for 20 min at 37˚C, placed 
in PBS, washed with water, air‑dried and sealed with neutral 
resin. Overall, three replicates were used for each experi‑
mental group. Cells were observed using a fluorescence 
microscope at a magnification of 100x and 400x. Analysis of 
gray value with Image J 1.8.0 software (National Institutes of 
Health). An ‘immunohistochemical score (IHS)’ was calcu‑
lated for each group by multiplying the percentage of stained 
cells with the score for staining intensity, using the following 
criteria: A=Grading the number of positive cells (0‑1%=0; 
1‑10%=1; 10‑50%=2; 50‑80%=3; 80‑100%=4); B=grading of 
the intensity of color development of positive cells [0 (nega‑
tive), 1 (weakly positive), 2 (positive), 3 (strongly positive)]. 
Therefore, IHS=A x B.

Reverse transcription‑quantitative PCR (RT‑qPCR) assay. 
Total RNA was extracted from the tissue samples using an 
ultra‑pure RNA extraction reagent (cat. no.  9108; Takara 
Bio, Inc.). Using the property that nucleic acids have strong 
absorption ~260  nm and proteins have strong absorption 
~280 nm, the A260/A280 ratio of RNA was determined using 
a Nanodrop 2000 ultra‑micro spectrophotometer; the ideal 
RNA purity A260/A280 should be in the range of 1.9‑2.1. 
The residual genomic DNA in the RNA was digested using 
a gDNA Eraser (cat. no. RR047A; Takara Bio, Inc.). RT was 
performed using a Reverse Transcription kit according to the 
manufacturer's protocol (cat. no. DRRO47A; Takara Bio, Inc.). 
qPCR was performed using a SYBR Premix Ex Taq kit (cat. 
no. DRR420A; Takara Bio, Inc.) and amplification procedure: 
95˚C for 30 sec, (95˚C for 5 sec; 60˚C for 34 sec) x40 cycles. The 
data were analyzed using the 2‑ΔΔCq method (44). Amplification 
was performed on an ABI 7500 fluorescent qPCR instrument. 
The sequences of the primers were: TLR4 forward, 5'‑CAG​
GAT​GAT​GTC​TGC​CTC​GC‑3', and reverse, 5'‑TGG​TTT​AGG​
GCC​AAG​TCT​CC‑3'; IκB kinase (IKKβ) forward, 5'‑CTA​
AGG​TGG​AAG​TGG​CCC​TC‑3', and reverse, 5'‑CTG​GAT​
CCT​ACA​AGG​GAC​CG‑3'; NF‑κB p65 forward, 5'‑TGA​ACC​
AGG​GCA​TAC​CTG​TG‑3', and reverse 5'‑CCC​CTG​TCA​CTA​
GGC​GAG​TT‑3'; NLRP3 forward, 5'‑GCT​GGC​ATC​TGG​
GGA​AAC​CT‑3', and reverse, 5'‑GGT​CCT​TAG​GCT​TCG​
GTC​CA‑3'; TNF‑α forward, 5'‑GCT​GCA​CTT​TGG​AGT​GAT​
CG‑3' and reverse, 5'‑TCA​CTC​GGG​GTT​CGA​GAA​GA‑3'; 
and GAPDH forward, 5'‑GCA​AAT​TCC​ATG​GCA​CCG​TC‑3' 
and reverse, 5'‑AGC​ATC​GCC​CCA​CTT​GAT​TT‑3'. A total of 
five replicates were used for each experimental group.

Western blotting. The dilutions, batch numbers and suppliers 
of the antibodies used were: TLR4 (1:800; cat. no. ab22048; 
Abcam), p‑NLRP3 (1:600; cat. no.  AF4320; Affinity 
Biosciences), NLRP3 (1:800; cat. no. ab214185; Abcam), phos‑
phorylated (p‑)NF‑κB P65 (1:600; cat. no. ab86299; Abcam), 
TNF‑α (1:1,000; cat. no. ab6671; Abcam), IKKβ (1:800; cat. 
no. ab124957; Abcam), NF‑κB P65 (1:1,200; cat. no. ab16502; 
Abcam) and β‑actin (1:1,000; cat. no.  TA‑09; OriGene 
Technologies, Inc.). The cells were collected, centrifuged at 
1,000 x g for 5 min at 25˚C to remove the original culture 
fluid, washed with PBS and lysed using 200 µl lysis solution 
(0.303 g Tris base, 0.4383 g NaCl, 0.05 g SDS, 40 ml H2O; pH 
adjusted to 8.0 with HCl to a fixed volume of 50 ml) supple‑
mented with PMSF. After centrifuging at 1,200 x g, 15˚C for 
10 min to remove the cell debris, the protein concentration 
of each sample was determined using the Coomassie Blue 
Staining method (45), gently mixed with 5x protein gel loading 
buffer, denatured at 95˚C for 10 min and stored at ‑80˚C until 
required. The extracted total protein samples were removed 
from the ‑80˚C freezer and immediately inserted into ice and 
left to melt; according to the results of protein quantification, 
the corresponding volume of total protein was added to each 
lane (~30 µg protein/lane). Total protein was separated by 
SDS‑PAGE on a 10% gel and transferred to a PVDF membrane. 
The PVDF membrane was carefully removed and placed in a 
sealing solution consisting of 100 ml 1X TBST (cat. no. T1085; 
Beijing Solarbio Science & Technology Co., Ltd.) and 5 g of 
skimmed milk powder (20:1) for 1 h at room temperature 
using a shaker with slow shaking, and then incubated with 
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the primary antibodies followed by the secondary antibody is 
horseradish peroxidase labelled goat anti‑rabbit IgG (1:3,000; 
cat. no. ZB‑2301; OriGene Technologies, Inc.), slow shaking 
at room temperature and away from light for 60 min. Analysis 
of gray values was performed using ImageJ 1.8.0 software 
(National Institutes of Health). The visualization reagents 
used are BeyoECL Plus luminescent liquids (cat. no. P0018S; 
Beyotime Institute of Biotechnology). A total of five replicates 
were used for each experimental group.

Statistical analysis. Data are expressed as mean ± standard 
deviation. All experiments were repeated at least three times. 
Differences between multiple groups were assessed using 
one‑way analysis of variance and the Bonferroni post hoc 
test. When the data contains non‑parametric data, the data are 
tested for normality. When the data conform to the normal 
distribution, the Kruskal‑Wallis test was used for analysis. If 
the Kruskal‑Wallis was significant, the Bonferroni method 
was used for analysis. All statistical analyses were performed 
in SPSS version 26.0 software (IBM Corp). P<0.05 was 
considered to indicate a statistically significant difference.

Results

The use of strychnine in combination with Atractylodes macro‑
cephala can reduce the strychnine content. To determine 
the changes in the contents of strychnine, brucine and 
Atractylenolide II before and after the combination of 
Strychnos and Atractylodes macrocephala, the horizontal 
coordinate was set as the concentration of the control, the 
vertical coordinate was set as the peak area and the standard 
curves of the three chemical components were calculated 
and the linear regression was calculated. The regression 
equations and results of three chemical components were 
calculated respectively: y=2E+06x+88958, R2=0.9986; 
y=2E+06x‑273931, R2= 0.9996; y=115567x‑4142.5, 
R2=0.9993. The value of R2 was calculated to determine 
whether the standard curve has a good linear relationship. 
That is, the relationship between the concentration and 
the readout indicated a linear relationship, and when the 
R2>0.997, the standard curve has a good linear relationship. 
From the aforementioned results, it was determined that the 
contents of strychnine, brucine and Atractylenolide II could 
be ascertained from the linear curve relationship established. 
A quantity of the control was injected six times in succession 
according to the aforementioned method and the concentra‑
tions of the three controls were subsequently measured. 
By calculating the relative standard deviation, the results 
exhibited <4% deviance, demonstrating that the method 
had good precision, reproducibility and accuracy. Precise 
quantities of each group of samples were injected three times 
and the external standard method was used to calculate the 
strychnine, brucine and Atractylenolide II levels. The results 
are presented in Table II. Compared with the SS group, the 
SA (1:6) and SA (1:12) groups contained lower levels of 
strychnine and brucine. The chromatograms of each group 
were obtained using HPLC‑MS/MS (Fig.  1). Overall, the 
combination of strychnine and Atractylodes macrocephala 
could reduce the content of toxic components in strychnine 
and improve the safety of the medication.

MH7A cell proliferation is inhibited by strychnine. When 
MH7A cells were treated with 780 µg/ml strychnine for 24 h, 
there was a significant decrease in the proliferation of cells 
compared with the control group (P<0.01), and the effect was 
time‑dependent with treatment for 48 h showing a further 
decrease. However, given the bigger decrease in the number 
of cells after 48, 24 h of treatment was used for all subsequent 
experiments. When MH7A cells were treated with 2, 20 
and 40 µg/ml of Atractylenolide II for 12, 24 and 48 h, the 
cell proliferation demonstrated an upward trend compared 
with the control, which was significant for the 40 µg/ml of 
Atractylenolide II group at 48 h (P<0.01). This effect was also 
time‑dependent, as no significant inhibitory trend was observed 
within 48 h of treatment, indicating that Atractylenolide II did 
not affect cell proliferation. Combined with the inhibitory 
effect of strychnine on cell proliferation, 24 h treatment was 
used for all subsequent experiments (Fig. 2). These results 
indicated that high doses of strychnine intervention MH7A 
cells at 48 h significantly impacted cell proliferation and, 
therefore, strychnine has some toxicity to cells.

Strychnine promotes apoptosis of synovial cells when 
combined with Atractylodes macrocephala. The cells started 
to adhere to the wall after 3‑6 h of incubation; the morphology 
of the cells appeared fibrous before adherence to the wall. After 
24 h of incubation, the distribution of cells indicated a certain 
direction and regularity. Both HFLS cells and MH7A cells 
possessed fibroblast‑like characteristics, being spindle‑shaped. 
There were no markedly different morphological changes in 
the cells under bright light microscopy after the addition of the 
drug treatment (Fig. 3).

The results of the flow cytometry assay revealed that the 
rate of early apoptosis was low in the Control and Model 
groups and did not differ significantly from each other. After 
treatment with MTX, strychnine, S‑A1:6 and S‑A1:6 compo‑
nent, the apoptosis rate of MH7A cells was significantly higher 
compared with that of the control group (P<0.05 or P<0.01; 
Fig. 4). These results indicated that the drugs in each group 
had no significant effect on the cell morphology but could 
significantly promote the apoptosis of MH7A cells after the 
intervention of two drugs.

Table II. Quantitative results of the effective components of 
brucine, strychnine and Atractylenolide.

	 Brucine,	 Strychnine,	 Atractylenolide II
Sample	 µg/ml	 µg/ml	 µg/ml

SS	 129.212	 127.234	 Not detected
AM	 0.222	 0.0785	 0.341
SA (1:6)	 108.261	 101.411	 2.086
SA (1:12)	 105.935	 100.583	 3.353

SS group, the liquid obtained by decoction of strychnine (20 g); AM 
group, the mixed standard; S:A (1:6) group, liquid from decoction of 
strychnine (20 g) and Atractylodes macrocephalae (120 g); S:A (1:12) 
liquid from decoction of strychnine (20 g) and Atractylodes macro‑
cephalae (240 g).
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The strychnine and Atractylodes macrocephala combination 
inhibits the expression of TLR4, NF‑κB and NLRP3. Compared 
with the control group, the expression levels of TLR4, NF‑κB 
and NLRP3 were significantly enhanced in MH7A cells treated 
with IL‑1β (P<0.01; Fig. 5). TLR4 expression was predomi‑
nantly observed at the cell membrane, NLRP3 expression 
predominantly in the cytoplasm and NF‑κB present at both. 
The number of positive cells was significantly reduced after 
MTX, S‑A 1:6 and S‑A 1:6 component treatment compared 
with the IL‑1β‑induced group (P<0.05 or P<0.01; Fig. 5). These 

results showed that the expression levels of TLR4, NF‑κB and 
NLRP3 were significantly increased in MH7A cells induced 
by IL‑1β, and the expression was significantly decreased after 
drug intervention. This demonstrated that the combination of 
the two drugs had the potential to inhibit the expression of 
TLR4, NF‑κB and NLRP3.

The mRNA expression levels of TLR4, NF‑κB and NLRP3 
are significantly reduced after drug intervention. Compared 
with the control group, the mRNA expression of TLR4, IKKβ, 

Figure 1. Image and chemical structure of strychnine and Atractylodes macrocephala alongside HPLC‑MS/MS chromatography. (A) Strychnine chemical 
structure and formula of Strychnine and Brucine. (B) Atractylodes macrocephala chemical structure and formula of Atractylodes II. (C) HPLC‑MS/MS 
chromatography (mixed standard, strychnine soup, strychnine and Atractylodes macrocephala 1:6 and strychnine and Atractylodes macrocephala 1:12). 
HPLC‑MS/MS, high performance liquid chromatography with tandem mass spectrometry; AM group, the mixed standard. SS group, the liquid obtained by 
decoction of strychnine (20 g); SA (1:6) group, liquid from decoction of strychnine (20 g) and Atractylodes macrocephala (120 g); SA (1:12), liquid from 
decoction of strychnine (20 g) and Atractylodes macrocephala (240 g).
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NF‑κB, NLRP3 and TNF‑α were significantly increased in 
IL‑1β‑induced MH7A cells (P<0.01; Fig. 6). Following MTX, 
S‑A 1:6 and S‑A 1:6 component treatment, expression levels of 
TLR4, IKKβ, NF‑κB and NLRP3 were significantly reduced 
(P<0.01; Fig. 6). The results showed that the expression levels 

of TLR4, IKKβ, NF‑κB, NLRP3 and TNF‑α were significantly 
enhanced in IL‑1β‑mediated MH7A cells, and the expression 
levels were significantly decreased after the combination of the 
two drugs. This indicated that the combination of the two drugs 
has the potential to reduce the expression of these factors.

Figure 2. Cell Counting Kit‑8 assay. Effect of different concentrations of strychnine and Atractylenolide II on the proliferation of MH7A cells at the same time. 
*P<0.05 and **P<0.01 vs. Control.

Figure 3. Images of the cell morphology after 24 h. MTX, Strychnine, Atractylodes macrocephala; S:A 1:6, co‑decoction of two drugs, Strychnine and 
Atractylodes macrocephala; S:A 1:6 component group, extract of strychnine and Atractylenoloid II. 
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Phosphorylation of TLR4 and NF‑κB is significantly reduced 
following treatment with strychnine combined with white 
Atractylodes  macrocephala. Compared with the control 
group, IL‑1β‑induced total protein expression levels of TLR4, 
IKKβ and NF‑κB were significantly increased in MH7A 
cells (P<0.01; Fig. 7). The results showed that the ratios of 

pNF‑κBP65/NF‑κBP65 and pNLRP3/NLRP in MH7 A cells 
mediated by IL‑1β were lower than those in the Control group. 
After drug intervention, the ratios of pNF‑κBP65/NF‑κBP65 
and pNLRP3/NLRP increased. In addition, the phosphory‑
lation levels of NF‑κB and NLRP3 were elevated in the 
IL‑1β‑induced group compared with the Control group 

Figure 4. Apoptosis of MH7A cells following treatment with strychnine combined with Atractylodes macrocephala. n=5. #P<0.05 and ##P<0.01 vs. Model. 
MTX, Strychnine, Atractylodes macrocephala; S:A 1:6, co‑decoction of two drugs, Strychnine and Atractylodes macrocephala; S:A 1:6 component group, 
extract of strychnine and Atractylenoloid II.
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(P<0.01; Fig.  7). By contrast, expression levels of TLR4, 
p‑NF‑κB, NF‑κB, p‑NLRP3, TNF‑α and IKKβ were signifi‑
cantly reduced after MTX, S‑A 1:6 and S‑A 1:6 component 

treatment (P<0.05 or P<0.01; Fig. 7). In addition, expression 
of NLRP3 was significantly reduced after MTX and N‑A1:6 
treatment (P<0.5; Fig. 7). The above results showed that the 

Figure 5. Immunofluorescence analysis of TLR4, NF‑κB and NLRP3 expression and localization in MH7A cells following treatment with the strychnine and 
Atractylodes macrocephala combination. n=3. **P<0.01 vs. Control; #P<0.05 and ##P<0.01 vs. induced by IL‑1β. TLR4, Toll‑like receptor 4; NF‑κB; NLRP3, 
NLR family pyrin domain‑containing 3 expression; MTX, Strychnine, Atractylodes macrocephala; S:A 1:6, co‑decoction of two drugs, Strychnine and 
Atractylodes macrocephala; S:A 1:6 component group, extract of strychnine and Atractylenoloid II.
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combination of the two drugs could significantly inhibit the 
expression of TLR4, IKKβ and NF‑κB in IL‑1β cells.

Discussion

RA is a chronic, multifactorial inflammatory immune disease, 
the primary symptom of which is synovitis (46). In the early 
stages of the disease, pain and swelling of the joints are the 
primary manifestations, and, as the disease progresses, the 
joints become increasingly stiff and deformed. In severe cases 
this can lead to disability and thus seriously affect the quality 
of life of a patient; in addition, the cost of lengthy treatment 
adds to the burden of living. At present, the complexity of the 
pathogenesis of RA means that the current understanding of 
this disease and its underlying causes is incomplete, resulting 
in unsatisfactory treatment outcomes  (47,48). Although 
non‑steroidal anti‑inflammatory drugs, glucocorticosteroids 
and biological agents (such as etanercept, infliximab and 
adalimumab.) have their own advantages in the treatment of 
RA, they also have a slow onset of action, are prone to relapse 
when stopped, are expensive, can induce gastrointestinal reac‑
tions and increase the risk of cardiovascular disease (49). It 
is therefore important to actively investigate alternative thera‑
peutic approaches, such as complementary and alternative 
medicines, in addition to conventional medication.

Strychnine has been used in traditional Chinese medicines 
for >600 years and is widely used for rheumatism, swelling 
and pain (50,51). However, as toxic drugs, strychnine and 

brucine are both active ingredients and primary components 
that can cause poisoning and, in severe cases, it may lead to 
death (51). Therefore, in clinical practice, it is important to 
configure strychnine correctly to reduce its toxic component 
content. The combination of Atractylodes macrocephala 
and strychnine can reduce the level of toxic components of 
strychnine and enhance its analgesic and anti‑inflammatory 
effects.

To the best of our knowledge, the present study was the 
first to reveal through CCK‑8 experiments that when cells 
were treated with 780 µg/ml strychnine for 24 h, cell viability 
was significantly reduced compared with the control group, 
and this effect was time‑dependent. Data from subsequent 
flow cytometry experiments demonstrated significant differ‑
ences in the apoptotic rate of MH7A cells in the Control group 
following treatment with MTX, Strychnine, S:A 1:6 and S:A 
1:6 component, indicating that the combination promoted 
apoptosis in synovial cells. In the follow‑up experimental data, 
treatment with strychnine with Atractylodes macrocephala 
extract reduced the inflammatory response via IL‑1β‑induced 
activation of TLR4, NF‑κB and NLRP3 inflammatory vesicles 
in MH7A cells.

TLR4/NF‑κB/NLRP3 has been indicated to be involved 
in the inf lammatory response and apoptosis  (52,53). 
TLR‑mediated signaling pathways are needed in the develop‑
ment of inflammation, and they play an integral role in the 
innate immune system as one of the most important pattern 
recognition systems (54), and modulation of TLR4 signaling 

Figure 6. Effect of strychnine with Atractylodes macrocephala on IL‑1β‑mediated mRNA expression of TLR4, IKKβ, NF‑κBp65, NLRP3 and TNF‑α in 
MH7A cells. n=5. **P<0.01 vs. Control; ##P<0.01 vs. Induced by IL‑1β. TLR4, Toll‑like receptor 4; IKK, IκB kinase; NF‑κBp65; NLRP3, NLR family pyrin 
domain‑containing 3; TNF‑α expression; MTX, Strychnine, Atractylodes macrocephala; S:A 1:6, co‑decoction of two drugs, Strychnine and Atractylodes 
macrocephala; S:A 1:6 component group, extract of strychnine and Atractylenoloid II.
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Figure 7. Effect of the strychnine and Atractylodes macrocephala combination on IL‑1β‑mediated expression of TLR4, NF‑κB, IKKβ, NF‑κB p65, p‑NF‑κB 
p65, NLRP3, p‑NLRP3 and TNF‑α in MH7A cells. n=5. **P<0.01 vs. Control; #P<0.05 and ##P<0.01 vs. Induced by IL‑1β. TLR4, Toll‑like receptor 4; IKK, IκB 
kinase; p‑NF‑κB p65; NF‑κB p65. NLRP3, NLR family pyrin domain‑containing 3; p‑, phosphorylated; TNF‑α expression;, MTX, methotrexate; Strychnine; 
Atractylodes macrocephala; S: A 1:6 co‑decocted of two drugs co‑decocted of two drugs, Strychnine, and Atractylodes macrocephala, S: A 1:6 extract of 
Strychnine and Atractylodes macrocephala is strychnine and Atractylenoloid II component group.
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pathways may have potential therapeutic advantages in the 
treatment of RA.

The present study demonstrated that in IL‑1β‑mediated 
MH7A cells, the TLR4 receptor was primarily expressed at 
the cell membrane surface. It has been established that when 
TLR4 is activated it induces inflammatory cells to secrete 
large quantities of inflammatory cytokines such as TNF‑α, 
IL‑1β and IL‑18  (55,56). IL‑1β orchestrates the immune 
response at the local and systemic level, stimulating cells to 
secrete other inflammatory cytokines (57). From the afore‑
mentioned experiments, it was hypothesized that strychnine 
combined with Atractylodes macrocephala extract is a potent 
anti‑inflammatory agent and its inhibitory effect on inflamma‑
tion may be associated with the TLR4 signaling pathway.

When IL‑1β binds to the TLR4 receptor, the NF‑κB 
pathway is activated, and this is associated with pro‑inflamma‑
tory cytokine production (58). Therefore, NF‑κB is considered 
a key target in the treatment of inflammatory diseases (59). 
IKK is a common transcription factor‑activating protein, 
composed of IKKα, IKKβ and the IKK‑related kinases TBK1 
and IKKε  (60). These kinases are considered to be major 
regulators of inflammation and innate immunity through the 
control of transcription factors such as NF‑κB (61,62). When 
the TLR4 signaling pathway is activated by IL‑1β and inflam‑
matory factors are released to act on IKK, the heterodimeric 
protein NF‑κB is released following phosphorylation of the 
IκBα protein bound to NF‑κB in the cytoplasmic matrix. This 

allows it to be specifically recognized by E3 ubiquitin ligase, 
which then tags it with the degradation signal K48‑type polyu‑
biquitin chains, which are subsequently specifically recognized 
and degraded by the 26S proteasome (63). In the present study, 
strychnine combined with Atractylodes macrocephala extract 
significantly inhibited IL‑1β‑induced activation of NF‑κB 
and NLRP3 phosphorylation in MH7A cells, suggesting that 
Strychnine combined with Atractylodes macrocephala extract 
may reduce the levels of pro‑inflammatory cytokines through 
the TLR4/NF‑κB/NLRP3 pathway.

The NLR family of proteins are inflammatory vesicles 
present in germline‑encoded pattern recognition receptors (64) 
and include NLRP1, NLRP3 and NLRP4  (65,66). Of 
these, NLRP3 has been extensively studied on the previous 
and consists of three components, NLRP3, ASC and 
caspase‑1 (67‑69). There is evidence that NLRP3 regulates the 
production of pro‑inflammatory cytokines (70). The activation 
of caspase‑1 is conditioned by the conversion of pro‑IL‑1β to 
mature IL‑1β, which is dependent on NLPR3 inflammatory 
vesicles (71). When it is activated, the NLPR3 protein will 
induce translocation and activate pro‑caspase‑1 upon binding 
to the ASC adapter (72). The present study revealed that strych‑
nine with Atractylodes macrocephala extract could effectively 
inhibit TLR4, pNF‑κBp65, NF‑κBp65, pNLRP3, TNF‑κ and 
IKKβ protein expression levels in MH7A cells and, thus, it was 
hypothesized that this may be due to downregulation of NLPR3 
protein expression and inhibition of ASC adapter and caspase‑1 

Figure 8. Diagram of the TLR4/NF‑κB/NLRP3 signaling pathway. IKK, IκB kinase; NLRP3, NLR family pyrin domain‑containing 3; TLR4, Toll‑like 
receptor 4; PYD, pyrin domain; LRR, leucine‑rich repeat domain; ASC, apoptosis‑associated speck‑like protein; CARD, caspase recruitment domain; 
FC11A‑2, 1‑ethyl-5‑methyl‑2‑phenyl‑1H‑benzo[d]imidazole.
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activity. Strychnine combined with Atractylodes macrocephala 
extract was able to reduce IL‑1β‑stimulated production of other 
inflammatory factors (such as IL‑1β and IL‑18) in MH7A cells, 
and the combination of the two inhibited NLRP3 inflammatory 
vesicles. A simplified overview of the above signaling pathway 
is presented in Fig. 8.

In conclusion, the enhanced inhibitory effect of 
Atractylodes  macrocephala extract with strychnine on 
the inflammatory response of MH7A cells was identi‑
fied in the present study. The results revealed that 
Atractylodes macrocephala extract with strychnine promoted 
apoptosis of synovial cells and inhibited the expression of 
TLR4, the NF‑κB signaling pathway, NLRP3 and activation 
of caspase‑1 under IL‑1β induction. These results suggested 
that strychnine combined with Atractylodes macrocephala 
extract exerted its anti‑inflammatory effects by inhibiting 
the NF‑κB signaling pathway and NLRP3 inflammatory 
vesicles. This suggested that strychnine in combination with 
Atractylodes macrocephala extract may have potential in 
the treatment of RA as well as other inflammation‑related 
diseases.

Future experiments are planned to establish an animal 
model of rheumatoid arthritis by adjuvant in Wistar rats 
to obtain an inflammatory model group. The administra‑
tion groups will grouped in the same way as in the cellular 
experiments, and the efficacy of the combination of the two 
will first be verified using pharmacodynamic experiments, 
such as foot and plantar swelling scoring and hot plate in rats. 
The changes of inflammatory index factors in rat serum will 
then analyzed by ELISA assay to verify whether strychnine 
and Atractylodes  macrocephala had anti‑inflammatory 
effects. Finally, the relevant indexes will be detected using 
immunohistochemistry using the NF‑κB inhibitor Bay 
11‑7082 (73‑75). RT‑qPCR assay and western blotting will 
be performed to verify whether the combination of strych‑
nine and Atractylodes macrocephala has anti‑inflammatory 
effects through TLR4/NF‑κB/NLRP3 signaling pathway 
in treating RA, and to seek evidence that Strychnos and 
Atractylodes macrocephala II are the main active ingredients 
in the treatment.
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