
RESEARCH ARTICLE

GSK-3β inhibition alleviates arthritis pain via

reducing spinal mitochondrial reactive oxygen

species level and inflammation

He-Yu Yang1☯, Xu Sun1☯, Shu-Qing Zhen2☯, Liang-Zhu Yu1, Jie-Qiong Ding1, Ling Liu1,

Min Xie1, Hai-Li ZhuID
1*

1 School of Pharmacy, Xianning Medical College, Hubei University of Science and Technology, Xianning,

China, 2 Matang Hospital of Traditional Chinese Medicine, Xianning, China

☯ These authors contributed equally to this work.

* hkhaili_zhu@163.com

Abstract

Pain is the main symptom of osteoarthritis, which severely reduces the patients’ quality of

life. Stimulated neuroinflammation and elevated mitochondrial oxidative stress are associ-

ated arthritis pain. In the present study, arthritis model was established by intra-articular

injection of complete Freund’s adjuvant (CFA) on mice. Knee swelling, pain hypersensitivity

and motor disability were observed in CFA-induced mice. In spinal cord, neuroinflammation

was triggered and presented as severe infiltration of inflammatory cells and up-regulated

expressions of glial fibrillary acidic protein (GFAP), nuclear factor-kappaB (NF-κB), PYD

domains-containing protein 3 (NLRP3), cysteinyl aspartate specific proteinase (caspase-1)

and interleukin-1 beta (IL-1β). Mitochondrial function was disrupted and characterized as

elevated expressions of B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax), dihydrooro-

tate dehydrogenase (DHODH) and cytochrome C (Cyto C), and reduced expressions of

Bcl-2 and Mn-superoxide dismutase (Mn-SOD) activity. Meanwhile, as a potential target for

pain management, glycogen synthase kinase-3 beta (GSK-3β) activity was up-regulated in

CFA induced mice. To explore potential therapeutic options for arthritis pain, GSK-3β inhibi-

tor TDZD-8 was intraperitoneally injected for three days on CFA mice. Animal behavioral

tests found that TDZD-8 treatment elevated mechanical pain sensitivity, suppressed spon-

taneous pain and recovered motor coordination. Morphological and protein expression anal-

ysis indicated that TDZD-8 treatment decreased spinal inflammation score and

inflammatory related protein levels, recovered mitochondrial related protein levels, and

increased Mn-SOD activity. In summary, TDZD-8 treatment inhibits GSK-3β activity,

reduces mitochondrial mediated oxidative stress, suppresses spinal inflammasome

response, and alleviates arthritis pain.

Introduction

Osteoarthritis (OA) is a chronic joint disease, affects mostly middle-aged and older adults.

With the aging and increasing life expectancy of the population, OA globally affects about 250
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million people, severely reduces the patients’ quality of life and poses a major challenge to

social and public health [1]. Pain is the main symptom of OA, especially knee OA, and is

described as a dull, aching and unpredicted pain initially, and subsequently more constant

over time in OA patients [2]. The common drugs for OA pain management were NASIDs,

acetaminophen, and opioid analgesics. Based on the side effects of drugs and the not well-

understanding pathogenesis, the current strategy for OA pain relief is not satisfied by patients

[3]. Thus, research on the mechanisms of OA pain offers critical new insights for the develop-

ment of pain treatment.

Central mechanisms and sensitization play an important role in OA pain. Continuous and

uncontrolled joint injury or inflammation stimulates nociceptive afferent nerve which endings

innervates the joints [4]. These nociceptive signals transmit to the spinal dorsal horn and

supraspinal domain, induces central sensitization which presents as amplify pain and reduce

threshold, and finally causes the development and maintenance of OA chronic pain [5].

Approximately 5–25% of patients with OA have pain with neuropathic features, which overlap

with indicators of centralization [6]. In OA patients, muscle hyperalgesia and extended pain

areas are induced by intramuscular infusion of 0.5 ml hypertonic saline [7]. Central sensitiza-

tion in OA patients has been confirmed by quantitative sensory testing analyses and functional

magnetic resonance imaging (MRI) [4, 8, 9]. Accumulating evidences suggest that central sen-

sitization is driven by neuroinflammation, which is characterized by the activation of glial

cells, the releasing of pro-inflammatory cytokines and chemokines [10]. In the monosodium

iodoacetate (MIA) model of OA joint pain rats, pain behaviors (change in weight bearing and

distal allodynia) are assessed, spinal glial cells are activation. Two known inhibitors of glial

activation (nimesulide and minocycline) attenuate pain behavior and reduce the number of

activated microglia and astrocytes [11]. In collagenase-induced knee osteoarthritis model rats,

the development of nociception affects joint and activates of glial cells in the spinal cord. Inhi-

bition of glial cell activation by fluorocitrate decreases these osteoarthritis-associated nocicep-

tive behaviors [12]. Therefore, suppressing neuroinflammation in spinal cord plays a role in

the management of chronic OA pain.

Elevated oxidative stress is associated with OA pain. A measurement of 84 patients with

chronic osteoarthritis show that higher oxidative stress is associated with greater pain inten-

sity, more widespread pain, greater pain catastrophizing, higher pain interference, and lower

function [13]. Mitochondria are the predominant source of intracellular reactive oxygen spe-

cies (ROS) which is generated by the reaction between oxygen and a little quantity of electrons

form electron transport chain (ETC) [14, 15]. Mitochondrial dysfunction and mitochondrial

oxidative stress are involved in epigenetic regulation of OA pain [16]. Dichloroacetate admin-

istration significantly increases mitochondrial respiratory function and reduces the ipsilateral

pain-related behavior in inflammatory pain model rats [17]. The mitochondrial-targeted anti-

oxidant, mitoquinone (MitoQ) treatment inhibits oxidative stress and alleviates vincristine-

induced neuropathic pain [18]. Thus, targeting on mt-ROS and inflammation is a potential

therapy for neuropathic pain.

Glycogen synthase kinase-3β (GSK-3β) is a potential target for pain management. GSK-3β
activity is increased and the mechanical allodynia and thermal hyperalgesia are elevated in the

spinal nerve ligation model rats. GSK-3β selective inhibitor administration inhibits GSK-3β
activity and decreases the mechanical allodynia [19]. Inhibition of GSK-3β by ghrelin in the

spinal dorsal horn markedly alleviates neuropathic pain in a rat model of chronic sciatic nerve

constriction injury [20]. Injection of GSK-3β activity inhibitor TDZD-8 suppressed PYD

domains-containing protein 3 (NLRP3) inflammasome cascade and consequently decreased

mechanical pain sensitivity in cancer-induced bone pain rat model [21]. Pharmacological

inhibitors inactivate the GSK-3β/β-catenin pathway and attenuate the apoptosis in knee
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osteoarthritis model [22]. In the current study, in order to clarify the role and pathological

mechanism of GSK-3β on arthritic pain, a complete Freund’s adjuvant (CFA)-induced

arthritic pain mouse model was constructed, TDZD-8 was intraperitoneally administered on

mice for three consecutive days, and changes in behavioral, morphological and protein expres-

sion were analyzed. Our study provides theoretical basis for the mechanism of arthritis pain.

Materials and methods

Animals

A total of 27 male C57BL/6J mice weighing 18–20 g (6–8 weeks old) were purchased from

Hubei Province Experimental Animal Center (Wuhan, CHN). All animals were housed in a

12h light/dark circumstance with food and water ad libitum. All experimental procedures

were performed according to the local and international guidelines on the ethical use of ani-

mals, and all efforts were made to minimize the number of animals used and their sufferings.

Ethics approval was obtained from the Laboratory Animal Ethics Committee of Hubei Univer-

sity of Science and Technology (2019-03-021).

Complete Freund’s adjuvant (CFA)-induced arthritis

A modified version of a previously validated mouse model of arthritic inflammation of the

knee joint [23]. was produced by performing two intra-articular injections of CFA at days 0

and 7 into the keen joint. Briefly, mice were anesthetized by pentobarbital sodium (60 mg/kg,

intraperitoneal injection), followed by an intra-articular injection of CFA (P2036, Shanghai

yuanye Bio-Technology, Shanghai, CHN) using a 30-gauge needle that was fitted with cannu-

lation tubing such that only 2.5 mm of the needle was allowed to puncture the left hind joint

and ten microliters of CFA was injected into the articular space. The mice in control group

were injected with same volume of saline.

Experimental design

Mice were habituated to the environment for 5 days prior to the experiments, and randomly

divided into three groups: Control, CFA and CFA+TDZD-8. Every group contains nine ani-

mals. The mice in CFA and CFA+TDZD-8 groups received 10 μl CFA injection on days 0 and

7. At the same time, the mice in control group received equivalent volume vehicle (saline solu-

tion). At the 14th day after CFA injection, the mice in CFA+TDZD-8 group received intraperi-

toneal TDZD-8 (5 mg/kg, S2926, Selleck, Shanghai, CHN) injection for three consecutive days

[24]. TDZD-8 was dissolved in DMSO (ST038, Shanghai yuanye Bio-Technology, Shanghai,

CHN) and diluted with 0.9% NaCl before used. The control and CFA group received equiva-

lent volume vehicle (DMSO and 0.9% NaCl). Subsequently, behaviors tests were performed at

4 h after TDZD-8 administration. One part of the mice was euthanized with an overdose of

pentobarbital sodium (150 mg/kg) by intraperitoneal injection, and then the spinal cords were

separated for the ELISA assay and Western blot. The other part was fixed and sectioned for

histopathological and immunohistochemical analysis.

Mechanical threshold test

Mice were placed in a 30 × 30 × 30 cm plexiglass chamber and habituate for at least 30 min

before behavioral experiments. The von Frey filaments (Stoelting, Wood Dale, IL, ranging

from 0.07 g to 2.0 g) were used by stimulating the left hind paw. Briefly, the filaments were

pressed vertically against the plantar surfaces until the filaments were bent and held for 3–5 s.

At this situation, a brisk withdrawal and paw flinching was considered as positive response.
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Once a positive response occurred, the von Frey filament with the next lower force was

applied, and whenever a negative response occurred, the filament with the next higher force

was applied. Then, the pattern of positive and negative withdrawal response was converted to

mechanical threshold [25].

Spontaneous flinches test

Mice were placed in a 30 × 30 × 30 cm plexiglass chamber and habituated for at least 30 min.

The number of flinches was counted sustained 5 min for three times. Take the average of the

total number of flinches [26].

Rotarod test

An accelerating rotarod was used to assess motor coordination and balance of animals

(ZS-RDM-XS, Beijing, CHN). Three days before the experiment, the animals accepted accli-

matization training at a fixed speed of 4 r/min for 10 min and repeat 3 times at 10-minute

intervals. At the beginning of experiment, the rotation speed is set at a fixed value of 10 r/min

for 10 s and then accelerate for 10 s. After that, the rod is working at a speed of 20 r/min for 30

s and then accelerate for 10 s. The movement was continuously carried out for 10 min. Repeat-

ing three times with an interval of 10 min. The latency to fall of mice was recorded [27].

H&E staining

After behavioral tests, mice were deeply anesthetized with 60 mg/kg sodium pentobarbital,

perfused transcardially with saline containing heparin, following with perfusing to 4% parafor-

maldehyde (PFA, 0.1 M phosphate buffer, pH 7.4) until the animal body was stiff and rigid.

After perfusion, spinal cords were removed and post-fixed in 4% PFA for 12 h at 4˚C and

embedded in paraffin, and cut into 4-μm sections using a microtome (RM 2165; Leica Micro-

systems GmbH, Nußloch, GER). The sections were stained using the standard H&E method

(H&E staining solution, BL735B, Biosharp Life Sciences, Anhui, CHN). Briefly, sections were

treated with xylene, 100% ethanol, 90% ethanol, 70% ethanol for dewaxing, dyed with hema-

toxylin solution, stained with eosin, sealed with neutral balsam and observed using a fluores-

cence microscope (IX73, Olympus Corp, Tokyo, JPNp). H&E images were analyzed using the

ImageJ 1.51j8 software (National Institutes of Health, US). The scoring criteria of inflamma-

tion cell infiltration (26) is: 0 (normal); 1 (lymphocyte infiltration around meninges and blood

vessels); 2, 1–10 lymphocytes in a field); 3 (11–100 lymphocytes in a field); 4 (>100 lympho-

cytes in a field).

Immunofluorescence analysis

Spinal cord sections were dewaxed, conducted to antigen retrieval (Improved Citrate Antigen

Retrieval Solution, P0083, Beyotime Biotechnology, Shanghai, CHN), treated with 3% hydro-

gen peroxide for 10 min, blocked with immunofluorescence blocking solution (P0102, Beyo-

time Biotechnology, Shanghai, CHN, room temperature) for 1 h, and then incubated with

primary antibody overnight at 4˚C, subsequently, incubated with fluorescent secondary anti-

body at room temperature for 1 h and observed under a fluorescence microscope (IX73, Olym-

pus Corp, Tokyo, JPN). The fluorescence intensities were analyzed using ImageJ 1.51j8

(National Institutes of Health, US). The following primary antibodies were used: anti-IL-1β
(1:100, A19635), anti-GFAP (1:100, A0237), anti-NLRP3 (1:100, A5652), anti-caspase-1 (1:100,

A0964), anti-Bcl-2 (1:100, A0208) and anti-GSK-3β (1:100, A6164) were from Abclonal

(Wuhan, CHN); anti-NF-κB (1:100, BF8005) and anti-DHODH (1:100, DF3991) were from

PLOS ONE GSK-3β Inhibition alleviates arthritis pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0284332 April 14, 2023 4 / 15

https://doi.org/10.1371/journal.pone.0284332


Affinity (Jiangsu, CHN). The secondary antibodies used for immunofluorescence analysis

were goat anti-mouse IgG H&L (1:100, FITC, ab6785) and goat anti-rabbit IgG H&L (1:100,

FITC, ab6717) were purchased from Abcam (Cambridge, UK).

Western blotting

After behavioral tests, mice were euthanized with an overdose of pentobarbital sodium (150

mg/kg) by intraperitoneal injection and sacrificed through decapitation. Lumber spinal cord

samples were collected, homogenized in RIPA lysis buffer containing 1% protease inhibitors

(BBI, Shanghai, CHN), centrifugated at 12,000 g, 4˚C for 20 min. Then the supernatant was

collected, separated on SDS-PAGE, and transferred to 0.22 μm PVDF membranes. Protein

concentration was quantified using a BCA protein assay kit (BL521A, Biosharp Life Sciences,

Anhui, CHN). Then the membranes were blocked with QuickBlock™ Blocking Buffer for

Western Blot (P0023B, Beyotime Biotechnology, Shanghai, CHN), incubated with the appro-

priate primary antibodies overnight at 4˚C. And HRP-conjugated secondary antibodies in

TBST (1:5,000) at room temperature for 1 h. Protein bands were visualized using ECL detec-

tion reagent (BL520A, Biosharp Life Sciences, Anhui, CHN) and detected with an iBright 1500

instrument (Invitrogen, Thermo Fisher Scientific, Inc). The grey values of bands were analyzed

using ImageJ 1.51j8 software (National Institutes of Health, US). β-actin was used as a loading

control. The following primary antibodies were used: anti-IL-1β (1:1000, A19635), anti-GFAP

(1:1000, A0237), anti-NLRP3 (1:1000, A5652), anti-caspase-1 (1:1000, A0964), anti-Bcl-2

(1:1000, A0208), anti-BAX (1:1000, A0207), anti-Cytochrome C (1:1000, A4912), anti-GSK-3β
(1:1000, A6164), and anti-β-actin (1:50000, AC026) were from Abclonal (Wuhan, CHN); anti-

Phospho-GSK3β (Ser9) (AF2016), anti-NF-κB (1:1000, BF8005,) and anti-DHODH (1:1000,

DF3991) were from Affinity (Jiangsu, CHN). The secondary antibodies used for Western blot-

ting were HRP goat anti-rabbit IgG (H+L) (1:10000, AS014) and HRP goat anti-mouse IgG (H

+L) (1:10000, AS003) were purchased from ABclonal Technology.

Mn-SOD activity detection

For determination of manganese superoxide dismutase (Mn-SOD) enzyme activity, Cu/Zn-

SOD and Mn-SOD assay kit with WST-8 (S0103, Beyotime Biotechnology, Shanghai, CHN)

was prepared. Briefly, spinal cords were homogenized on ice-cold phosphate buffered saline

(PBS) buffer, centrifuged at 12,000 g for 15 min, and the supernatant was collected and incu-

bated with Cu/Zn-SOD inhibitors for 1 h at 37˚C. After mixed with WST-8 enzyme working

solution for 20 min at 37˚C, the OD 450 nm absorbance value of each pore was measured.

Mn-SOD activity was expressed as units per milligram of total protein (U/mg protein).

Mitochondrial membrane potential (MMP) measurement

Mitochondrial membrane potential was measured using fluorescent probe JC-1 (C2003S,

Beyotime Biotechnology, shanghai, CHN). Cells were inoculated in the 24-well plate with ster-

ilized coverslips, stimulated with IL-1β (5 ng/ml) for 30min and incubated with 1 μM TDZD-8

for 24 h. Then, cells were cultured with 200 μl JC-1 for 20 min at 37˚C in the dark, and the

fluorescence intensity was detected by fluorescence microscopy (IX73, Olympus Corp, Tokyo,

JPN).

Mitochondrial ROS measurement

MitoSOX Red mitochondrial superoxide indicator (Invitrogen, Thermo Fisher Scientific, Inc),

a novel fluorogenic dye, was used to detect mitochondrial superoxide in cells. Briefly, the cells
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were inoculated in the 24-well plate with sterilized coverslips, stimulated with IL-1β, incubated

with TDZD-8, and subsequently incubated with 5 μM MitoSOX Red (Molecular Probes) in

the dark at 37˚C for 10 min and detected under fluorescence microscope (IX73, Olympus

Corp, Tokyo, JPN).

Statistical analysis

All statistical analyses were performed using Prism version 8.02 (GraphPad Software, San

Diego, CA). One-way analysis of variance (one-way ANOVA) was used to check differences in

experimental groups followed by Bonferroni post hoc tests. Results of behavioral tests pre-

sented as mean ± SEM. Other experiment data are presented as mean ± SD unless otherwise

noted. P< 0.05 was considered as the criterion for a significant statistical difference.

Results

TDZD-8 treatment relieves pain hypersensitivity on CFA-induced mice

Behavioral tests were performed following protocol as shown in Fig 1A. On day 14, CFA

inducement leads to knee swelling presenting as increased knee width in CFA group (Fig 1B).

Meanwhile, on day 7 and 14 of mice, CFA inducement significantly decreased mechanical

threshold values presenting mechanical pain sensitivity (Fig 1C), dramatically increased num-

bers of flinches presenting spontaneous pain (Fig 1D), also reduced latency to fall presenting

motor coordination (Fig 1E). These data revealed that CFA inducement caused pain hypersen-

sitivity and motor disability on mice.

In order to alleviate CFA-induced pain, intraperitoneal administration of TDZD-8 was per-

formed on mice for three consecutive days, and the effect of TDZD-8 on pain sensitivity and

Fig 1. Effect of TDZD-8 treatment on pain behaviors of CFA-induced mice. (A) Schematic diagram of the experimental procedures. On day 0, CFA

was intra-articularly injected into the left knee joint of mice, and behavioral tests were conducted at day 0, 7, and 14. TDZD-8 was intraperitoneally

injected in mice on day 15, 16 and 17. After 4 h of TDZD-8 treatment, behavioral tests were conducted. Subsequently mice were sacrificed and spinal

cord tissues were collected for the further analysis. (B) Changes of knee width of control and CFA mice on day 14 after CFA inducement. Changes of

PWT values (C) spontaneous flinches (D) and latency (E) to fall of mice. Data are expressed as the mean ± SEM (n = 9). *P< 0.05 vs. control group,
#P< 0.05 vs. CFA group.

https://doi.org/10.1371/journal.pone.0284332.g001
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motor ability were tested. TDZD-8 treatment statistically raised mechanical threshold values

(Fig 1C), obviously descended flinches numbers (Fig 1D), and apparently increased latency to

fall on CFA+TDZD-8 mice (Fig 1E). These data illustrated that TDZD-8 treatment reduced

mechanical pain sensitivity, suppressed spontaneous pain and recovered motor coordination

of CFA-induced arthritis mice.

TDZD-8 treatment suppresses spinal inflammation

In spinal dorsal horn of CFA-induced mice, severe infiltration of inflammatory cells was

observed detecting by H&E staining (Fig 2A and 2B). Glial fibrillary acidic protein (GFAP)

was used as a marker of activation and proliferation of astrocyte which is an important source

for inflammation cytokines [28]. The intensity of GFAP in spinal dorsal horn of CFA group

was dramatically increased, and TDZD-8 treatment decreased the intensity (Fig 2C and 2D).

Consistently, spinal GFAP expression in CFA group was up-regulated, and this up-regulated

GFAP expression was reduced by TDZD-8 treatment (Fig 2E and 2F).

Meanwhile, fluorescence intensity of NF-κB, NLRP3, caspase-1, IL-1β in spinal dorsal horn

of CFA group was significantly enhanced, in comparison with control group (Fig 2C and 2D).

Western blotting showed that the expression levels of spinal NF-κB, NLRP3, caspase-1, IL-1β
in CFA group were consistently increased (Fig 2E and 2F). While TDZD-8 treatment

decreased the inflammatory response, reduced NF-κB, NLRP3, caspase-1, IL-1β intensity (Fig

2C and 2D), and decreased NF-κB, NLRP3, caspase-1, IL-1β expression levels in CFA+TDZD-

8 group (Fig 2E and 2F).

TDZD-8 treatment inhibits spinal GSK-3β activity

The effect of TDZD-8 on GSK-3β expression and activity were detected by immunofluores-

cence assay and Western blot analysis. Since Phosphorylation of GSK-3β at Ser9 presents the

inactivity state of GSK-3β [19], we detected the fluorescence intensity of phosphorylated GSK-

3β at Ser9. Immunofluorescence assay showed decreased intensity of GSK-3β at Ser9 in spinal

dorsal horn of CFA group while TDZD-8 treatment increased the intensity of this site (Fig 3A

and 3B). Western blot analysis indicated that phosphorylated GSK-3β at Ser9 level was down-

regulated in the CFA group and increased upon TDZD-8 treatment in CFA+TDZD-8 group

(Fig 3C and 3D).

TDZD-8 treatment recovered mitochondrial dysfunction

The expression levels of mitochondrial outer membrane Bax and Bcl-2 were analyzed. In com-

parison with control group, fluorescence intensity of Bcl-2 in spinal dorsal horn of CFA group

was significantly weakened (Fig 4A and 4B), and expression level of spinal Bcl-2 was obviously

reduced in CFA group. Reversely, Bax expression level was elevated in CFA group (Fig 4C and

4D). Mitochondrial enzymes DHODH expression and Mn-SOD activity was further detected.

The images showed that the fluorescence intensity of DHODH in spinal dorsal horn of CFA

group were significantly enhanced (Fig 4A and 4B). Presenting bands for expression levels of

spinal DHODH was up-regulated in CFA group (Fig 4C and 4D). While, TDZD-8 treatment

statistically decreased the fluorescence intensity of DHODH (Fig 4A and 4B) and reduced grey

values of spinal DHODH in CFA group (Fig 4C and 4D). Mn-SOD activity, the primary anti-

oxidant enzyme in mitochondria, dramatically decreased in spinal cord of CFA mice. TDZD-8

treatment remarkably increased Mn-SOD activity of CFA mice, and had no effect on control

mice (Fig 4E). Moreover, Cyto C expression was up-regulated in CFA group, and TDZD-8

treatment down-regulated Cyto C expression level.
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TDZD-8 reduces IL-1β induced mitochondrial ROS levels in cells

The changes of mitochondrial membrane potential (MMP) were detected by JC-1. Monomeric

green form presents lower MMP, while red aggregates form presents higher MMP. IL-1β stim-

ulation in C6 cells induced lower MMP. TDZD-8 treatment restored MMP in IL-1β+TDZD-8

Fig 2. Effects of TDZD-8 treatment on spinal inflammatory infiltration and spinal GFAP, NF-κB, NLRP3,

caspase-1 protein levels. (A) Representative H&E staining images of spinal cord sections from control, CFA and CFA

+ TDZD-8 groups. The red arrows indicated inflammatory cells, scale bar = 20 μm. (B) Quantitative analysis of

inflammation score for the H&E staining in each group. (C, D) Representative immunofluorescence staining images of

GFAP, NF-κB, NLRP3, caspase-1, IL-1β expressions in spinal dorsal horn (C) and quantitative fluorescence intensity

analysis (D), scale bar = 20 μm. (E, F) Western blot analysis (E) and quantification of the relative grey value (F) of

GFAP, NF-κB, NLRP3, caspase-1, IL-1β expression level in spinal cord of control, CFA and CFA + TDZD-8 groups.

Data are presented as mean ± SD (n = 3). *P< 0.05 vs. control group, #P< 0.05 vs. CFA group.

https://doi.org/10.1371/journal.pone.0284332.g002
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Fig 3. Effect of TDZD-8 treatment on GSK-3β activity. (A, B) Representative immunofluorescence staining images (A) and

quantitative intensity analysis of GSK-3β in spinal dorsal horn of control, CFA and CFA + TDZD-8 groups (B). Scale bar = 20 μm.

(C, D) Western blot analysis and relative grey values of expression levels of phosphorylated GSK-3β (Ser9) in spinal cord. The

relative level of the phosphorylated GSK-3β (Ser9) was normalized to the total GSK-3β. β-actin was used as a loading control. Data

are presented as mean ± SD (n = 3). *P< 0.05 vs. control group, #P< 0.05 vs. CFA group.

https://doi.org/10.1371/journal.pone.0284332.g003

Fig 4. Effect of TDZD-8 treatment on oxidative stress level. (A) Immunofluorescence staining of Bcl-2 and DHODH on spinal

cord sections. Scale bar = 20 μm. (B) Quantitative analysis of Bcl-2 and DHODH fluorescence intensity. Data are expressed as the

mean ± SD (n = 3). (C, D) Western blot analysis (C) and relative grey values (D) of expression levels of Bcl-2 and DHODH in spinal

cord. β-actin was used as a loading control. (E) Changes in Mn-SOD activity detected by Mn-SOD Assay Kit. Data were expressed as

the mean ± SD (n = 3). *P< 0.05 vs. control group, #P< 0.05 vs. CFA group.

https://doi.org/10.1371/journal.pone.0284332.g004
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group (Fig 5A and 5B). Mitochondrial ROS level was detected using MitoSOX red indicator

which specifically bind with mitochondrial superoxide. Mito-ROS intensity was enhanced

after IL-1β stimulation, and TDZD-8 treatment obviously reduced mito-ROS level in IL-1β
+TDZD-8 group (Fig 5C and 5D).

Discussion

GSK-3β participates arthritis pain via modulating mitochondrial mediated oxidative stress.

Mitochondrial distribution and morphology depend on energy requirements. High energy

requirements in neuron drives mitochondrial fragment and dysfunction, which causes mito-

chondrial ROS releasing into the cytoplasm [29, 30]. Complexes I, II and III of electron trans-

port chain have been identified as the most relevant sites of ROS production [31]. Complex III

transfers the electrons received from complex I and complex II to Cyto C [32]. During these

Fig 5. Effect of TDZD-8 on mitochondrial function in IL-1β-induced C6 cells. (A) Detection of the mitochondrial membrane potential in control,

IL-1β, and IL-1β + TDZD-8 groups by labeling with the JC-1. Scale bar = 20 μm. (C) Detection of mitochondrial ROS by labeling with the MitoSOX.

Scale bar = 20 μm. (B, D) Quantitative fluorescence intensity of JC-1 (C) and Mito-ROS (D). Data are expressed as the mean ± SD. *P< 0.05 vs. control

group, #P< 0.05 vs. IL-1β group.

https://doi.org/10.1371/journal.pone.0284332.g005
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processes, electron leaks and interacts with O2 to the generation of O2
•–, which is converted

into H2O2 by Mn-SOD [14]. While, a block in electron transfer across complex III induces

ROS production [33]. DHODH associates with respiratory complexes II and III and mediated

ROS generation. Bax is a member of the Bcl-2 protein family, resides in the outer mitochon-

drial membrane, and controls mitochondrial permeability [34]. Activated Bax increases mito-

chondrial permeability, disrupts MMP and ATP depletion, induces Cyto C release, promoted

caspase-3 and -7, following by both activating caspase-8 and IL-1β maturation and secretion

[35–37]. While, Bcl-2 prevents Bax oligomerization in the mitochondrial outer membrane

[38]. In our study, CFA inducement increased DHODH and Bax activity, reduced Bcl-2 and

Mn-SOD activity. GSK-3β regulates mitochondrial function via several ways. GSK-3β inhibits

the activity of complex I-IV in the respiratory chain, attenuates ATP production and produces

more ROS [39]. Activated GSK-3β directly interacted with Bax, caused Bax oligomerization

and activation [28]. GSK-3β modulates mitochondrial biogenesis by regulating the expression

of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) [40].

Fig 6. Schematic representation of the potential mechanisms of TDZD-8 treatment on alleviating arthritis pain.

https://doi.org/10.1371/journal.pone.0284332.g006
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GSK-3β is reported to phosphorylate mitochondrial transporter dynein at Ser87 and Thr88,

negatively regulates dynein and mitochondrial motility [41]. In our study, we found GSK-3β
inhibition decreased DHODH and Bax expression, and increased Mn-SOD activity, reduced

mitochondrial mediated oxidative stress.

GSK-3β regulates inflammation via modulating NF-κB recruitment and regulating gene

transcription. NF-κB served as a pivotal mediator of inflammatory responses via inducing the

expression of various pro-inflammatory genes, including those encoding cytokines and che-

mokines, and also participating in NLRP3 inflammasome regulation [42, 43]. In GSK-3β null

cells or cells treated with a GSK-3β pharmacological inhibitor, NF-κB DNA binding activity is

reduced [44]. GSK-3β also modulated NF-κB essential modifier NEMO phosphorylation at

serine 8, 17, 31 and 43, and ordered NF-κB signaling [45]. In our study, we found GSK-3β
inhibition decreased NF-κB expression and the activation of NLRP3 inflammation.

Conclusion

During osteoarthritis processing, spinal inflammatory reaction is triggered, mitochondrial-

mediated oxidative stress is increased, and neuropathic pain is triggered. GSK-3β inhibitor

TDZD-8 treatment suppresses spinal Bax and DHODH mediated mitochondrial ROS levels,

inhibits NF-κB mediated NLRP3 inflammation activation, and alleviates arthritis pain (Fig 6).
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