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Abstract. Chronic pain is the primary symptom of osteoar‑
thritis affecting a patient's quality of life. Neuroinflammation 
and oxidative stress in the spinal cord contribute to arthritic pain 
and represent ideal targets for pain management. In the present 
study, a model of arthritis was established by intra‑articular 
injection of complete Freund's adjuvant (CFA) into the left 
knee joint in mice. After CFA inducement, knee width and pain 
hypersensitivity in the mice were increased, motor disability 
was impaired, spinal inflammatory reaction was induced, 
spinal astrocytes were activated, antioxidant responses were 
decreased, and glycogen synthase kinase 3β (GSK‑3β) activity 
was inhibited. To explore the potential therapeutic options for 
arthritic pain, lycorine was intraperitoneally injected for 3 days 
in the CFA mice. Lycorine treatment significantly reduced 
mechanical pain sensitivity, suppressed spontaneous pain, 
and recovered motor coordination in the CFA‑induced mice. 
Additionally, in the spinal cord, lycorine treatment decreased 
the inflammatory score, reduced NOD‑like receptor protein 3 
inflammasome (NLRP3) activity and IL‑1β expression, 
suppressed astrocytic activation, downregulated NF‑κB levels, 
increased nuclear factor erythroid 2‑related factor 2 expression 
and superoxide dismutase activity. Furthermore, lycorine was 
shown to bind to GSK‑3β through three electrovalent bonds, 
to inhibit GSK‑3β activity. In summary, lycorine treatment 
inhibited GSK‑3β activity, suppressed NLRP3 inflammasome 

activation, increased the antioxidant response, reduced spinal 
inflammation, and relieved arthritic pain.

Introduction

Osteoarthritis (OA) is a chronic, debilitating, and degen‑
erative joint disease, that affects ~250 million individuals 
worldwide (1). Chronic pain is the primary symptom of OA, 
and it reduces a patient's quality of life, and is an important 
factor in the management of OA (2). Common pharmaco‑
logical treatments for OA are acetaminophen, non‑steroidal 
anti‑inflammatory drugs, and opioids (3). Due to the uncertain 
efficacies and overall safety of these agents, OA pain manage‑
ment remains largely inadequate, it is becoming a major public 
health concern (4). Therefore, illustrating the mechanisms of 
OA pain may be useful for developing novel treatments for the 
management of OA pain.

Joint destruction and disability trigger numerous 
pain‑producing agents and stimulate nociceptive signals, which 
are transmitted to the spinal dorsal horn and brain, and finally 
cause chronic pain (5). During this process, the spinal cord 
undergoes central sensitization, resulting in increased excit‑
ability and synaptic efficacy of neurons and activation of glial 
cells (6). The prevalence of central sensitization is observed in 
35.3% of 150 inflammatory arthritis patients (7). Lower pain 
thresholds and punctate hyperalgesia in the area of concern 
are thus often observed in patients with OA (8). Patients with 
advanced OA often experience widespread pain at the OA 
joint and even in the whole leg (9). In an OA animal model, 
mechanical hyperalgesia and allodynia are also observed (5). 
Activated glial cells, especially astrocytes, undergo morpho‑
logical changes, activating a neuroinflammatory response via 
the release of a variety of pro‑inflammatory cytokines, stimu‑
lating nociceptive synaptic transmission, modulating pain 
signaling, and regulating pain maintenance (10). In spinal cord 
injury patients who experience neuropathic pain, the levels of 
metabolites that regulate neuroinflammation are elevated based 
on magnetic resonance spectroscopy (11). In patients suffering 
from a common chronic pain disorder (lumbar radiculopathy), 
the levels of the neuroinflammation marker 18 kDa translocator 
protein in the spinal cord are also elevated (12). The levels of 
IL‑1α, IL‑1β, TNF‑α, IL‑17, and other inflammatory mediators 
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are also significantly increased in the lumbar spinal cord of 
the OA pain rat model (13). Additionally, NF‑κB expression (a 
transcription factor for inflammatory responses) and astrocyte 
proliferation are also increased in the spinal dorsal horn (14). 
Further, spinal inhibition of NF‑κB significantly alleviates 
mechanical hyperalgesia and decreases the expression of the 
inflammatory cytokines IL‑1β, TNF‑α, and IL‑33 in the dorsal 
horn of OA animals (15). Inhibition of spinal inflammation 
alleviates OA pain.

Oxidative stress, a result of an imbalance between the 
production of reactive oxygen species (ROS) and their clear‑
ance by the antioxidant defense system, is a major cause of 
chronic inflammation and pain (16). In the whole blood and 
in the monocytes of rheumatoid arthritis patients, mitochon‑
drial ROS production is increased five‑fold, compared with 
healthy subjects (17). Blood concentrations of a lipid oxidation 
biomarker, malondialdehyde (MDA), in rheumatoid arthritis 
patients are significantly increased (18). In an OA murine 
model, deletion of the transcription factor nuclear factor 
(erythroid‑derived 2)‑like 2 (Nrf2) resulted in increased OA 
severity (19). Additionally, oxidative stress‑activated cellular 
signal transduction pathways, such as NF‑κB inflammatory 
signal and the caspase signaling pathway, leading to chronic 
inflammation (20). In a monoarthritic rat model, injection 
of methane‑rich saline suppressed oxidative stress (MDA 
and 8‑OHDG), increased superoxide dismutase and catalase 
activity, and reduced chronic inflammatory pain (21). Thus, 
targeting oxidative stress may be an effective treatment for the 
management of spinal inflammation and OA chronic pain.

Lycorine is a pyrrolo[de]phenanthridine ring‑type 
alkaloid isolated from the Amaryllidaceae family of plants 
that possesses anti‑tumor, anti‑viral, and anti‑inflammatory 
properties (22). Lycorine works as a potent anti‑tumor 
compound against various types of cancer cells, including 
gastric cancer, bladder cancer, colorectal cancer, prostate 
cancer, and breast cancer, amongst others (23). Lycorine is 
effective in a very low, single digit µM concentration and is 
well tolerated with minimal toxicity. In tumor xenografted 
mouse models, 5‑15 mg/kg/day lycorine treatment did not 
induce any significant changes in the mice, thus being indica‑
tive of very low to no toxicity (24). Additionally, lycorine 
possesses significant anti‑inflammatory and hepatoprotective 
effects on mice at doses ranging from 1‑2 mg/kg, decreases 
the percentages of immature granular leukocytes, and 
may be useful in the management of acute promyelocytic 
leukemia at 5‑10 mg/kg (25). Lycorine also has analgesic 
effects. In an acetic‑acid and carrageenan‑induced rat model 
of pain, lycorine intraperitoneal administration (i.p) showed 
antinociceptive and anti‑inflammatory effects at doses of 
1.0 and 1.5 mg/kg (26). In an intervertebral disc degenera‑
tion model, 5 mg/kg lycorine (i.p) inhibited NF‑κB‑mediated 
proinflammatory cytokine expression to prevent degenera‑
tion (27). In a model of pulmonary inflammation and fibrosis, 
lycorine inhibited NOD‑like receptor protein 3 (NLRP3) 
inflammasome activation and pyroptosis to act as a thera‑
peutic agent (28). In a model of cardiac dysfunction, lycorine 
treatment inhibited inflammation and oxidative stress in heart 
tissues (29). Thus, in the present study, the role and patho‑
logical mechanism of lycorine on neuroinflammation and 
arthritic pain were studied.

A complete Freund's adjuvant (CFA) induced arthritic 
pain mouse model was established, which is a commonly 
used model for research on chronic polyarthritis for the 
evaluation of the anti‑inflammatory and analgesic potential of 
drugs (30,31). CFA inducement results in pathophysiological 
changes such as synovial hyperplasia and cartilage degrada‑
tion, which are similar to clinical arthritis (32). Here, lycorine 
was intraperitoneally administered in mice, and the effects of 
lycorine on behavioral, morphological, and protein expres‑
sion changes were analyzed. The results of the present study 
provide a theoretical basis for the development of lycorine as 
an analgesic drug for the management of arthritic pain.

Materials and methods

Animal model and drug administration. A total of 30 male 
C57BL/6J mice weighing 18‑20 g (6‑8 weeks old) were 
purchased from Hubei Province Experimental Animal Center. 
All animals were housed with a 12 h light/dark with ad libitum 
access to standard mouse chow and water. All efforts were 
made to minimize the number of animals used and their 
suffering. The toe‑pinch reflex and a loss of righting reflex 
were used to determine the level of anesthesia in the present 
study (33,34). Apnea and the cessation of the heartbeat were 
used to confirm death (35). If mice became sick or injured, 
they were euthanized using an overdose (150 mg/kg) of pento‑
barbital sodium by intraperitoneal injection.

Mice were acclimatized to the environment for 5 days prior 
to the experiments, and randomly divided into three groups: 
Control, CFA, and CFA + lycorine (n=10 per group). A mouse 
model of CFA was established by intra‑articular injection 
with 10 µl CFA into the left hind knee joint on days 0 and 7; 
the control group was injected with the same volume of 
saline (36). Behavioral tests were performed on days 0, 7, and 
14. On days 15‑17 after CFA injection, mice from the CFA and 
CFA + lycorine groups were intraperitoneally injected with 
vehicle or lycorine (10 mg/kg), respectively, for 3 consecutive 
days (37). Lycorine (Shanghai yuanye Bio‑Technology) was 
dissolved in DMSO and diluted with 0.9% NaCl before use. 
Subsequently, behavioral tests were performed at 4 h after 
lycorine administration. Following completion of the behav‑
ioral tests, all animals were sacrificed for further experimental 
analysis.

Antibodies and reagents. Anti‑IL‑1β rabbit polyclonal antibody 
(cat. no. AF5103), glial fibrillary acidic protein (GFAP) rabbit 
polyclonal antibody (cat. no. DF6040), p‑GSK3β (S9) rabbit 
polyclonal antibody (cat. no. AF2016), GSK3β rabbit poly‑
clonal antibody (cat. no. AF5016), Caspase 1 rabbit polyclonal 
antibody (cat. no. AF5418), cleaved‑Caspase 1 rabbit poly‑
clonal antibody (cat. no. AF4005), and β‑actin rabbit antibody 
(cat. no. AF7018) were obtained from Affinity Biosciences, 
Ltd. Nrf2 rabbit polyclonal antibody (cat. no. A1244), NLRP3 
rabbit polyclonal antibody (cat. no. A5652), and NF‑κB 
rabbit polyclonal antibody (cat. no. A19653) were purchased 
from ABclonal Biotech Co., Ltd. Hematoxylin and eosin 
(H&E) staining solution (cat. no. BL735B) was purchased 
from Biosharp Life Sciences. Lycorine was purchased from 
Shanghai yuanye Bio‑Technology. The secondary antibody 
used for western blotting was an HRP Goat anti‑rabbit IgG 
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(H+L) (cat. no. AS014, ABclonal Biotech Co., Ltd.). The 
secondary antibody used for immunofluorescence analysis 
was a Goat Anti‑Rabbit IgG H&L (FITC) (cat. no. ab6717, 
Abcam).

Mechanical threshold test. Mechanical threshold values, which 
are indicative of mechanical pain sensitivity, were measured 
and presented as the paw withdrawal threshold (38). Von Frey 
filaments (Stoelting; ranging from 0.008 to 6.0 g) were used to 
stimulate the left hind paw. Mice were placed in a 30x30x30 cm 
plexiglass chamber and allowed to acclimatize for at least 
30 min before the behavioral experiments were performed. 
Filaments were pressed vertically against the plantar surfaces 
until the filaments were bent and held for 3‑5 sec, and a brisk 
withdrawal and paw flinching was considered a positive 
response. Once a positive response was observed, the von Frey 
filament with the next lower force was applied, and whenever 
a response was not observed, the filament with the next higher 
force was applied. Then, the pattern of positive and nega‑
tive withdrawal responses was converted to the mechanical 
threshold as described previously (39).

Spontaneous flinch test. The number of flinches representa‑
tive of spontaneous pain was recorded. Mice were placed in a 
30x30x30 cm plexiglass chamber and acclimatized for at least 
30 min. The number of flinches in 5 min was counted three 
times independently. The mean of the total number of flinches 
was taken (40).

Rotarod test. An accelerating rotarod was used to assess motor 
coordination and the balance of animals. Three days before 
the experiments, the mice were trained at a fixed speed of 
4 revolutions/min for 10 min and this was repeated 3 times 
at 10 min intervals. At the beginning of the experiment, the 
rotation speed was set at a fixed value of 10 revolutions/min for 
10 sec, accelerated for 10 sec to a working speed of 20 revolu‑
tions/min for 30 sec, and then accelerated again for 10 sec. 
This movement was continuously carried out for 10 min. 
Experiments were repeated three times with intervals of 
10 mins. The latency to fall of rats was recorded (41).

H&E staining. After behavioral tests were performed, 5 
C57BL/6J mice in each group were anesthetized using 
60 mg/kg sodium pentobarbital by intraperitoneal injec‑
tion, perfused transcardially with saline containing heparin, 
following perfusion with 4% paraformaldehyde (PFA, 0.1 M 
phosphate buffer, pH 7.4) until the animal body was stiff 
and rigid. After perfusion, spinal cords were collected and 
post‑fixed in 4% PFA for 12 h at 4˚C, embedded in paraffin, 
and cut into 4 µm sections using a microtome (RM 2165; Leica 
Microsystems GmbH). The sections were stained using the 
standard H&E method. Briefly, after dewaxing, the sections 
were dyed with hematoxylin solution for 20 min at 25˚C and 
washed with tap water for 10 sec. Subsequently, the sections 
were stained with eosin for 5 min at 25˚C and washed with 
tap water for 10 sec. The dehydration and transparent treat‑
ment were conducted by placing the slices in 70% ethanol 
(10 sec at 25˚C), 80% ethanol (10 sec at 25˚C), 90% ethanol 
(30 sec at 25˚C), 100% ethanol (1 min at 25˚C) and xylene 
(1 min twice at 25˚C). Finally, the sections were sealed with 

neutral balsam and observed using a fluorescence microscope 
(Olympus IX73; Olympus Corporation). The images were 
analyzed using ImageJ version 1.51j8 (National Institutes of 
Health). The scoring criteria of inflammatory cell infiltration 
was: 0, normal; 1, lymphocyte infiltration around meninges 
and blood vessels; 2, 1‑10 lymphocytes in a field; 3, 11‑100 
lymphocytes in a field of view; 4, >100 lymphocytes in a field 
of view.

Immunofluorescence analysis. Spinal cord sections were 
dewaxed, antigen retrieval was performed using Improved 
Citrate Antigen Retrieval Solution (cat. no. P0083, Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocol, treated with hydrogen peroxide, blocked with 
immunofluorescence blocking solution (Beyotime Institute 
of Biotechnology) at 25˚C for 1 h, incubated with a primary 
antibody overnight at 4˚C, and subsequently incubated with 
fluorescent secondary antibody at 25˚C for 1 h and observed 
under a fluorescence microscope (Olympus IX73; Olympus 
Corporation). The fluorescence intensities were analyzed 
using ImageJ. The following primary antibodies were used: 
Anti‑IL‑1β (1:100), anti‑Nrf2 (1:100), anti‑GFAP (1:100), 
anti‑Caspase 1 (1:100), anti‑p‑GSK3β (S9) (1:100), and 
anti‑NF‑κB (1:100).

Western blotting. After behavioral tests, another 5 mice from 
each group were euthanized with an overdose of pentobarbital 
sodium (150 mg/kg) by intraperitoneal injection and sacrificed 
through decapitation. Lumbar spinal cord samples were 
collected, homogenized in RIPA lysis buffer containing 
1% protease inhibitors (MilliporeSigma), centrifuged 
at 13,523 x g, 4 ˚C for 20 min. The supernatant was collected, 
loaded on an 8‑12% SDS gel, resolved using SDS‑PAGE, and 
transferred to PVDF membranes. Protein concentrations were 
quantified using a BCA protein assay kit (Beyotime Institute 
of Biotechnology). The membranes were blocked with 
QuickBlock™ Blocking Buffer for Western Blot (Beyotime 
Institute of Biotechnology) for 15 min at 25˚C, and incubated 
with the appropriate primary antibodies overnight at 4˚C, 
followed by HRP‑conjugated secondary antibodies in TBST 
(1:50,000) at 25˚C for 1 h. Protein bands were visualized using 
Super‑sensitive Enhanced Chemiluminescence Substrate Kit 
(Biosharp Life Sciences) and visualized using an iBright 
1500 instrument (Invitrogen; Thermo Fisher Scientific, 
Inc.). Densitometry analysis was performed using ImageJ. 
β‑actin was used as a loading control. The following primary 
antibodies were used: Anti‑IL‑1β (1:1,000), anti‑GFAP 
(1:1,000), anti‑NF‑κB (1:1,000), anti‑Cleaved‑Caspase 1 
(1:1,000), anti‑Nrf2 (1:1,000), anti‑NLRP3 (1:1,000), 
anti‑Phospho‑GSK3β (S9) (1:1,000), anti‑GSK3β (1:1,000), 
and anti‑β‑actin (1:50,000).

Molecular docking. The X‑ray crystal structure of GSK‑3β 
was obtained from the Protein Data Bank (PDB ID: 2o5k, 
https://www.rcsb.org/). The structure of lycorine was down‑
loaded from the PubChem database (https://www.pubchem.
ncbi.nlm.nih.gov/compound) and optimized using ChemBio3D 
Ultra 14.0 software (PerkinElmer Informatics). Auto Dock 
Vina 1.2.0 software (Center for Computational Structural 
Biology) was used for docking conformation between GSK‑3β 
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and lycorine. PyMOL version 2.2.3 (DeLano Scientific) was 
used to visualize the conformation.

Measurement of superoxide dismutase (SOD) activity. For the 
determination of SOD enzyme activity, the CuZn/Mn‑SOD 
assay kit with WST‑8 (cat. no. S0103; Beyotime Institute of 
Biotechnology) was used. Briefly, spinal cords were homog‑
enized in ice‑cold PBS buffer, centrifuged at 13,523 x g at 4˚C 
for 15 min, and the supernatant was collected and mixed 
with WST‑8 enzyme working solution for 20 min at 37˚C, the 
OD450nm absorbance value of each well was measured. SOD 
activity was expressed as units per mg of total protein (U/mg 
protein).

Statistical analysis. All statistical analysis was performed 
using SPSS 21.0 statistics software (IBM Corp.). A paired 
samples t‑test was used to compare the means of knee width. A 
one‑way ANOVA followed by Tukey's post‑hoc test was used 
to analyze the data for behaviors, H&E staining, immunofluo‑
rescence analysis, and western blotting. Data for behavioral 
tests are presented as the mean ± SEM. Data for H&E staining, 
immunofluorescence, and western blotting are presented as the 
mean ± SD. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Lycorine treatment relieves pain hypersensitivity in the 
CFA mice. Behavioral tests were performed using the protocol 
shown in Fig. 1A. As shown in Fig. 1B, on day 14, CFA treatment 
led to a swelling of the knee. The knee width of the mice in the 
control group was 5.32±0.17 mm, while in the CFA group, it 
was 7.85±0.17 mm (P<0.05). Additionally, compared with the 

control group, mechanical threshold values were significantly 
lower in the CFA mice from 0.92±0.05 (day 0) to 0.49±0.08 
(day 7, P<0.05), 0.30±0.07 (day 14, P<0.05) (Fig. 1C). The 
number of flinches was significantly increased in the CFA mice 
from 2.78±0.49 (day 0) to 7±0.55 (day 7, P<0.05), 9.44±0.82 
(day 14, P<0.05) (Fig. 1D). Latency to fall was reduced in the 
CFA mice from 518.34±28.34 (day 0) to 374.23±33.36 (day 7, 
P<0.05), and 252.91±26.48 (day 14, P<0.05) (Fig. 1E). These 
data showed that CFA treatment‑induced pain hypersensitivity 
and motor disability in the mice; that is, the mouse model 
of arthritis had been successfully established. The effect 
of lycorine on pain sensitivity and motor ability was next 
assessed. After lycorine treatment on days 15‑17, mechanical 
threshold values of CFA + lycorine mice were significantly 
higher, 0.59±0.04, 0.76±0.06, and 0.74±0.04 on days 15‑17, 
respectively (P<0.05 vs. CFA group) (Fig. 1C). The number 
of flinches in the CFA + lycorine mice was notably lower, 
6.67±0.62, 6.56±0.78, and 6.11±0.61, on days 15‑17, respec‑
tively (P<0.05 vs. CFA group) (Fig. 1D). The latency to fall 
of CFA + lycorine mice were increased to 396.97±34.35, 
411.65±28.43 and 413.21±23.69, on days 15‑17, respectively 
(P<0.05 vs. CFA group) (Fig. 1E). Thus, lycorine treatment 
increased mechanical pain sensitivity, suppressed spontaneous 
pain, and promoted recovery of motor coordination in the 
CFA‑induced mice.

Lycorine treatment decreases spinal inflammation. Spinal 
inflammatory reactions were determined based on inflam‑
matory infiltration and IL‑1β expression levels. Using H&E 
staining, infiltration of inflammatory cells was increased in the 
spinal dorsal horn of the CFA mice with the relative inflam‑
mation score at 2.80±0.14. (P<0.05 vs. control group, Fig. 2A); 
lycorine treatment decreased the inflammatory response 

Figure 1. Effect of lycorine treatment on pain response in the CFA mice. (A) Schematic diagram of the experimental procedures. On days 0 and 7, CFA was 
intraarticularly injected into the left knee joint of the mice, and behavioral tests were performed on days 0, 7, and 14. Lycorine was intraperitoneally injected in 
mice on days 15‑17; 4 h after lycorine treatment, behavioral tests were performed. Subsequently mice were sacrificed, and the spinal cord tissues were collected 
for further analysis. (B) Changes of knee width from control in the CFA mice on day 14 after CFA treatment. (C) Changes of PWT values, (D) spontaneous 
flinches, and (E) latency to fall values in the mice. Data are presented as the mean ± SEM (n=9). *P<0.05 vs. control group; #P<0.05 vs. CFA group. CFA, 
complete Freund's adjuvant; PWT, paw withdrawal threshold; SOD, superoxide dismutase.
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with a relative inflammation score of 2.55±0.12 (P<0.05 vs. 
CFA group, Fig. 2B). Meanwhile the expression levels of 
IL‑1β were detected using immunofluorescence staining 
and western blotting. Compared with the control group, the 
fluorescence intensity of IL‑1β in the spinal dorsal horn was 
significantly higher in the CFA group (P<0.05), and lycorine 
treatment decreased IL‑1β intensity (P<0.05 vs. CFA group) 
(Fig. 2C). Relative intensity values of IL‑1β in the CFA and 
CFA + lycorine groups were 1.89±0.08 and 1.22±0.11, respec‑
tively (Fig. 2D). Western blotting showed that the expression 
levels of spinal cord IL‑1β in the CFA mice were increased 
to 1.71±0.09 (P<0.05 vs. control group). Lycorine treatment 
reduced IL‑1β expression levels to 1.06±0.11 (P<0.05 vs. CFA 
group) (Fig. 2E and F).

Lycorine treatment suppresses spinal astrocytic activation. 
Astrocytic activation is an important source of inflammatory 
cytokines and is assessed based on GFAP levels, which is 
used as a marker of abnormal astrocyte activation and prolif‑
eration (42). The intensity of GFAP in the spinal dorsal horn 
of the CFA group was significantly increased to 1.53±0.09 
(P<0.05 vs. control group), and lycorine treatment decreased 
the intensity to 1.10±0.11 (P<0.05 vs. CFA) (Fig. 3A and B). 

Consistently, spinal GFAP expression in the CFA group was 
increased (P<0.05 vs. control group), and this was reversed by 
lycorine treatment (P<0.05 vs. CFA group) (Fig. 3C). Relative 
gray values of GFAP in the CFA and CFA + lycorine groups 
were 1.60±0.12 and 1.01±0.12, respectively (Fig. 3D).

Lycorine treatment inhibits spinal NLPR3 inflammasome 
activity. NLRP3 inflammasome mediates Caspase 1 activation 
and IL‑1β secretion (43). The fluorescence intensity of Caspase 
1 in the spinal dorsal horn was increased in the CFA group 
with a relative intensity value of 1.50±0.12 (P<0.05 vs. control 
group). Lycorine treatment reduced the intensity of Caspase 
1 to 1.03±0.09 (P<0.05 vs. CFA group) (Fig. 4A and B). 
Western blotting showed that spinal expression of NLRP3 and 
Cleaved‑Caspase 1 were increased in the CFA group (P<0.05 
vs. control group; Fig. 4C), and the relative grey values were 
1.44±0.13 and 1.68±0.11, respectively. Lycorine treatment 
decreased the expression levels of NLRP3 and Caspase 1 to 
1.00±0.12 and 1.03±0.06, respectively (P<0.05 vs. CFA group; 
Fig. 4D).

Lycorine treatment decreases spinal NF‑κB levels. 
Distribution and expression of NF‑κB in the spinal cord were 

Figure 2. Effect of lycorine treatment on spinal inflammatory infiltration and IL‑1β expression. (A) Representative H&E‑stained images of spinal cord 
sections from the control, CFA and CFA + lycorine groups. Scale bar, 20 µm. (B) Quantitative analysis of inflammation score of the H&E staining in each 
group. Representative immunofluorescence staining images of (C) IL‑1β expressions in spinal dorsal horn and (D) quantitative fluorescence intensity analysis. 
Scale bar, 20 µm. (E) Representative western blots and (F) densitometry analysis of IL‑1β expression levels in the spinal cords of the control, CFA, and 
CFA + lycorine groups. Data are presented as the mean ± SD (n=5). *P<0.05 vs. control group; #P<0.05 vs. CFA group. CFA, complete Freund's adjuvant; H&E, 
hematoxylin and eosin.
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analyzed. The fluorescence intensity of NF‑κB in the spinal 
dorsal horn in the CFA group was significantly increased to 
1.75±0.13 (P<0.05 vs. control group), and lycorine treatment 

significantly reduced the intensity to 1.20±0.09 (P<0.05 vs. 
CFA group) (Fig. 5A and B). NF‑κB expression levels in the 
spinal cord was increased in the CFA group with a grey value 

Figure 4. Effect of lycorine treatment on NLRP3 inflammasome components. (A) Representative immunofluorescence staining images and (B) quantitative 
analysis of spinal Caspase 1 expression levels in the control, CFA, and CFA + lycorine groups. Scale bar, 20 µm. (C) Representative western blots and 
(D) densitometry analysis of NLRP3 and Caspase 1 expression levels the in spinal cords of the control, CFA, and CFA + lycorine groups. β‑actin was used 
as the loading control. Data are presented as the mean ± SD (n=5). *P<0.05 vs. control group, #P<0.05 vs. CFA group. NLRP3, NOD‑like receptor protein 3 
inflammasome; CFA, complete Freund's adjuvant.

Figure 3. Effect of lycorine treatment on GFAP expression. (A) Representative immunofluorescence staining images of spinal GFAP expression in the control, 
CFA, and CFA + lycorine groups. Scale bar, 20 µm. (B) Quantitative analysis of fluorescence intensity of GFAP. (C) Representative western blots and 
(D) densitometry analysis of GFAP expression levels in the spinal cords of the control, CFA, and CFA + lycorine groups. β‑actin was used as the loading 
control. Data are presented as the mean ± SD (n=5). *P<0.05 vs. control group, #P<0.05 vs. CFA group. CFA, complete Freund's adjuvant; GFAP, glial fibrillary 
acidic protein.
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of 1.45±0.10 (P<0.05 vs. control group), and lycorine treatment 
significantly reduced the grey value of spinal NF‑κB expres‑
sion to 1.00±0.06 in the CFA + lycorine group (P<0.05 vs. 
CFA group) (Fig. 5C and D).

Lycorine treatment increases spinal Nrf2 expression and SOD 
activity. Oxidative stress was determined based on the levels 
of the antioxidant element Nrf2 and SOD activity. As shown in 
Fig. 6A, the fluorescence intensity of Nrf2 in the spinal dorsal 
horn was reduced in the CFA group, with a relative intensity 
of 0.70±0.09 (P<0.05 vs. control group). Lycorine treatment 
increased the intensity of Nrf2 to 0.89±0.10 (P<0.05 vs. CFA 
group) (Fig. 6B). Western blot analysis showed that the spinal 
expression of Nrf2 was reduced in the CFA group (P<0.05 vs. 
control group; Fig. 6C), with a relative grey value of 0.67±0.08. 
Lycorine treatment increased the expression levels of Nrf2 to 
0.90±0.06 (P<0.05 vs. CFA group; Fig. 6D).

SOD is important in controlling ROS levels and is a signifi‑
cant inducer of Nrf2 (44). As shown in Fig. 6E, SOD activity 
in the control group was 15.06±0.98 U/mg. However, CFA 
treatment suppressed spinal SOD activity to 8.92±0.65 U/mg 
(P<0.05 vs. control group) and lycorine treatment increased 
the activity to 11.72±0.94 U/mg (P<0.05 vs. CFA group).

Lycorine treatment inhibits spinal GSK‑3β activity. A 
molecular docking assay was performed on the X‑ray crystal 
structures of GSK‑3β and the ligand lycorine (Fig. 7A‑C); 
lycorine formed three electrovalent bonds with GSK‑3β at 
residues I85 and R141. The electrovalent bond distances 
were measured to be 2.3 and 2.6 angstroms between the 
R141 residue and the lycorine, and 2.5 angstroms between 

the I62 residue and the lycorine. The binding affinity was 
‑7.0 kcal/mol.

Phosphorylation of GSK‑3β at Ser‑9 (p‑GSK‑3β‑S9) 
represents an inactive state of GSK‑3β (45). The fluorescence 
intensity of p‑GSK‑3β‑S9 was lower in the spinal dorsal 
horn of the CFA group, with a relative fluorescence intensity 
of 0.59±0.06 (P<0.05 vs. control group). Lycorine treatment 
increased the intensity to 0.88±0.10 in the CFA + lycorine 
group (P<0.05 vs. CFA group) (Fig. 7D and E). Western blot 
analysis showed that p‑GSK‑3β‑S9 levels were reduced in the 
CFA group (Fig. 7F), with a relative gray value of 0.58±0.10 
(P<0.05 vs. control group; Fig. 7G). The p‑GSK‑3β‑S9 
expression was increased following lycorine treatment in the 
CFA + lycorine group (Fig. 7F), with a relative gray value of 
0.94±0.13 (P<0.05 vs. CFA group; Fig. 7G).

Discussion

In the present study, it was found that lycorine inhibited 
GSK‑3β activity and alleviated CFA‑induced arthritic pain. 
GSK‑3β is a potential target for pain management (46,47). In 
the rat model of spinal nerve ligation, mechanical allodynia 
and thermal hyperalgesia were increased, and GSK‑3β 
activity was also increased (47). Additionally, the GSK‑3β 
selective inhibitor AR‑A014418 or Thiadiazolidinone‑8 
(TDZD‑8) administration decreased mechanical allo‑
dynia (48). In a neuropathic pain rat model of chronic sciatic 
nerve constriction injury, intrathecal injection of ghrelin 
suppressed the activation of GSK‑3β in the spinal dorsal 
horn and markedly alleviated neuropathic pain (49). In a rat 
model of cancer‑induced bone pain, injection of the GSK‑3β 

Figure 5. Effect of lycorine treatment on NF‑κB expression. (A) Representative immunofluorescence stained images and (B) quantitative analysis of spinal 
NF‑κB expression in the control, CFA, and CFA + lycorine groups. Scale bar, 20 µm. (C) Representative western blots and (D) densitometry analysis of 
NF‑κB expression levels in the spinal cords of the control, CFA, and CFA + lycorine groups. β‑actin was used as the loading control. Data are presented as the 
mean ± SD (n=5). *P<0.05 vs. control group, #P<0.05 vs. CFA group. CFA, complete Freund's adjuvant.
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inhibitor TDZD‑8 suppressed the NLRP3 inflammasome 
cascade and consequently decreased mechanical pain 
sensitivity (50). In a model of knee OA, pharmacological 
inhibitors of the GSK‑3β/β‑catenin pathway attenuated 
apoptosis (51). In the present study, GSK‑3β activity was 
increased in the spinal cord of the CFA‑induced mouse 
model of arthritis. Lycorine binds to the I85 and R141 
residues of GSK‑3β, which belong to the ATP‑binding 
pocket and are known targets for kinase inhibitors (52). 
Additionally, the binding affinity between lycorine and 
GSK‑3β was ‑7.0 kcal/mol, indicative of a relatively stable 
docking result (53). Meanwhile, GSK‑3β activity was inhib‑
ited by lycorine in the spinal cord of CFA mice. Thus, the 
results suggested that lycorine alleviated arthritic pain by 
binding with GSK‑3β and inhibiting its activity.

Lycorine suppressed neuroinflammation and oxidative 
stress in the spinal cord via the GSK‑3β pathway. NF‑κB 
serves as a pivotal mediator of inflammatory responses via 
inducing the expression of various pro‑inflammatory genes, 
such as cytokines and chemokines, and by also participating in 
NLRP3 inflammasome regulation (54). In a model of inflam‑
matory pain, intrathecal pretreatment with NF‑κB inhibitors, 
namely, NF‑κB decoy or pyrrolidine dithiocarbamate, reduced 
mechanical allodynia, and thermal hyperalgesia (55). Lycorine 
inhibited NF‑κB signaling activity, IκB‑α phosphoryla‑
tion/degradation and p65 phosphorylation in prostate cancer 
cells and a mouse model (56). Lycorine decreased the levels 
of inflammatory cytokines and MDA levels by attenuating 
the activity of the high‑mobility group box 1/Toll‑like recep‑
tors/NF‑κB pathway in a model of lung injury that utilizes 

Figure 6. Effect of lycorine treatment on oxidative stress. (A) Representative immunofluorescence staining images and (B) quantitative intensity analysis of 
Nrf2 in the spinal dorsal horns of the control, CFA, and CFA + lycorine groups. Scale bar, 20 µm. (C) Representative western blots and (D) and densitometry 
analysis of the Nrf2 expression levels in the spinal cords of the control, CFA, and CFA + lycorine groups. β‑actin was used as the loading control. (E) Assay for 
SOD activity in the spinal cord of the control, CFA, and CFA + lycorine groups. Data are presented as the mean ± SD (n=5). *P<0.05 vs. control group, #P<0.05 
vs. CFA group. CFA, complete Freund's adjuvant; SOD, superoxide dismutase; Nrf2, nuclear factor (erythroid‑derived 2)‑like 2.
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LPS (57). Lycorine also alleviated oxidative stress by reducing 
total reactive oxygen species, based on the lower MDA levels 
and higher SOD activity, significantly reduced the levels of 
the inflammatory cytokines IL‑1β, IL‑6, and TNF‑α, and 
protected against cardiac dysfunction in a model of cardiac 
dysfunction (29). In the present study, it was found that lycorine 
reduced spinal inflammation and increased antioxidant reac‑
tions in the spinal cords of CFA model animals. Moreover, 
GSK‑3β controls NF‑κB recruitment and regulates gene 
transcription. GSK‑3β null cells or cells treated with a GSK‑3β 
pharmacological inhibitor exhibited reduced NF‑κB DNA 
binding activity (58). GSK‑3β also modulates the phosphoryla‑
tion of the NF‑κB essential modifier NEMO at serine residues 
8, 17, 31 and 43, and decreases NF‑κB signaling (59). Moreover, 
GSK‑3β serves a critical role in regulating and degrading Nrf2. 
In liver cancer cells, inhibiting GSK‑3β reduced nuclear export 
and degradation of Nrf2 (60). In brain ischemia and reperfu‑
sion injury, GSK‑3β downregulated the expression levels of 
Nrf2 and its downstream genes (61). Based on the results of 
the present study, it was shown that lycorine suppressed NF‑κB 
mediated spinal inflammation and enhanced the Nrf2‑mediated 
antioxidant response via inhibition of GSK‑3β activity (Fig. 8).

Figure 7. Effect of lycorine treatment on GSK‑3β activity. (A‑C) The docking results of lycorine with GSK‑3β. (A) The modelled 3D structure of GSK‑3β 
docked with lycorine. (B) Enlarged view of the binding site is shown in the inset box. (C) The interaction bonds of GSK‑3β with lycorine. The GSK‑3β protein 
is shown in cyan, lycorine is colored green, the interacting residues as red, and bonds are shown as yellow dotted lines, with bond lengths presented as numbers. 
(D) Representative immunofluorescence staining images and (E) quantitative intensity analysis of p‑GSK‑3β(S9) in the spinal dorsal horns of the control, CFA, 
and CFA + lycorine groups. Scale bar, 20 µm. (F) Representative western blots and (G) densitometry analysis of p‑GSK‑3β(S9) expression levels in the spinal 
cord. β‑actin was used as a loading control. Data are presented as the mean ± SD (n=5). *P<0.05 vs. control group, #P<0.05 vs. CFA group. CFA, complete 
Freund's adjuvant; GSK‑3β, glycogen synthase kinase 3β.

Figure 8. Schematic representation of the potential mechanism by which 
lycorine treatment alleviates arthritic pain. CFA, complete Freund's adjuvant; 
GSK‑3β, glycogen synthase kinase 3β; Nrf2, nuclear factor (erythroid‑derived 
2)‑like 2; NLRP3, NOD‑like receptor protein 3 inflammasome.
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The present study has some potential limitations. First, 
central sensitization was assessed by specific experimental 
proxies, such as widespread hyperalgesia, temporal summa‑
tion, and descending inhibition (62). In OA pain processing, 
the spinal cord and brain undergo central nervous sensitiza‑
tion (63,64). In the present study, only the changes in the spinal 
cord and pain‑related behaviors were detected; the changes 
in the brain and descending pain‑modulated pathways were 
not analyzed. Secondly, the anti‑inflammatory and pain‑relief 
effects of lycorine on the CFA model were estimated based on 
three consecutive days of treatment. However, the long‑term 
effects of lycorine and its effects (if any) on the affected joints 
are still not known. Finally, in this study, only the status of 
spinal astrocytes was evaluated; however, the microglia in the 
spinal cord also respond to injury and undergo rapid prolifera‑
tion. Thus, the functions of microglia in OA pain should be 
assessed in the future. Of note, reactive astrocytes are observed 
in different animal models of pain, but here a focus was placed 
on the CFA mice. Thus, additional models should be evalu‑
ated to elaborate the astrocyte‑mediated central inflammatory 
mechanisms.

In conclusion, during the processing of pain in OA, 
spinal inflammatory reactions are stimulated, spinal oxida‑
tive stress is increased, and neuropathic pain is induced. 
Lycorine treatment inhibits spinal GSK‑3β activity, 
suppresses spinal NF‑κB mediated inflammatory reactions, 
enhances spinal Nrf2‑mediated antioxidant responses, and 
alleviates arthritic pain. Additionally, a preliminary mecha‑
nism by which lycorine alleviated neuropathic pain was 
determined. These results highlight the potential analgesic 
value of lycorine for the management of pain in patients 
with OA.
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