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A B S T R A C T   

Background: An evident association between mood disorders and TMJ dysfunction has been 
demonstrated in previous studies. This study observed both the behavioral changes and the 
pathological changes in hippocampal tissue of rats in an animal model of TMJ-OA by injecting 
MIA into TMJ. 
Methods: Eighteen SD rats were randomly assigned to the NC group and the MIA groups. A TMJ- 
OA model was established to assess the HWT in the TMJ region, and the rats were subjected to the 
OFT and EPM. HE, O-fast green staining, qRT-PCR and immunofluorescence were used to detect 
condylar damage. Serum and hippocampal oxidative stress levels were detected. Functions of 
genes obtained by RNA-Seq were investigated using H2O2, ZnCl2 and transfection of siRNA on 
HT22 cells. 
Results: Injection of MIA resulted in disorganization of the chondrocyte layer on the condylar 
surface of rats, with reduced synthesis and increased degradation of the condylar cartilage matrix 
and reduced HWT. The results of the OFT and EPM showed that the rats in the MIA group 
developed anxiety-like behavior during the sixth week of MIA injection. Increased Nox4 
expression, decreased SOD2 expression, elevated MDA level, and reduced GSH level were 
detected in serum and hippocampal neurons in the MIA group, with nuclear pyknosis and reduced 
Nissl bodies observed in neurons. The expression of Slc39a12 in hippocampal neurons of rats in 
the MIA group decreased. Slc39a12 knockdown in HT22 cells induced increased Nox4 expression, 
decreased SOD2 expression, increased MDA level, and reduced GSH and intracellular Zn2+. 
Oxidative stress in HT22 cells after transfection and H2O2 stimulation was reversed when ZnCl2 
was added. 

Abbreviations: CFA, complete Freund’s adjuvant; CUMS, chronic unpredictable mild stress; EPM, elevated plus maze test; GSH, glutathione; HE, 
hematoxylin and eosin; ICP-MS, inductively coupled plasma mass spectrometry; MDA, malondialdehyde; MIA, sodium iodoacetate; HWT, head 
withdrawal threshold; NC, negative control; Nox, NADPH oxidase; OA, osteoarthritis; OFT, open field test; siRNA, small interfering RNA; Slc39a12, 
solute carrier family 39 member 12; SOD2, superoxide dismutase 2; TMD, temporomandibular disorders; TMJ, temporomandibular joint; UAC, 
unilateral anterior crossbite. 
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Fig. 1. MIA injection induced TMJ-OA. 
(A) In vivo experimental flow chart. (B) Marking point on the body surface of rat condyle. (C) Schematic diagram of insertion point and direction of 
MIA injection. (D) Macroscopical view of rat condyle. (E) HE staining of TMJ. (F) Safranin O-fast green staining of TMJ. (G–J) Relative mRNA 
expression of Col2a1, MMP13, Aggrecan, and ADAMTS5 in condylar cartilage. (K) Immunofluorescence staining of MMP13 (red) and Collagen II 
(green) in condylar cartilage. All data were mean ± SD, n = 5, **p < 0.01 vs. NC. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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Conclusion: Loss of Slc39a12 in hippocampal neurons results in cellular oxidative stress, further 
leading to neuronal damage. This may potentially explain how TMJ-OA triggers anxiety-like 
behavior in rats.   

1. Introduction 

Temporomandibular disorders (TMD) are a range of diseases affecting the masticatory muscles, temporomandibular joint (TMJ) 
and associated structures, which can cause discomfort and/or dysfunction of maxillofacial region. Approximately 31% of adults or 
elderly people suffer from TMD [1]. Since the late 20th century, several researches have shown that TMD patients usually experience 
pain, disability and diminished quality of life [2]. Specifically, self-reported jaw masticatory function declines and general somatic 
symptoms and pressure pain sensitivity in the orofacial region increase. TMD have been evaluated clinically from physiological and 
psychological perspectives, and both pharmacological and behavioral treatments can be taken into account at the same time [3]. 

One subtype of TMD is osteoarthritis of the temporomandibular joint (TMJ-OA), with a high incidence of 40% in TMD patients [4]. 
TMJ-OA is characterized by focal excessive cartilage degeneration with subchondral bone erosion, sclerosis, and remodeling, as well as 
persistent synovial inflammation [5]. The primary goals of treating TMJ-OA are directed at decreasing related-pain and disability, 
decelerating future disease progression, and restoring TMJ function. Most of the therapy is confined to symptomatic treatment options 
in clinical practice, however, in view of the uncertain etiology of the disease and irreversible damage [6]. Consequently, the prolonged 
treatment cycle and partially effective response may considerably affect the patient’s daily activities and quality of life of patients [7, 
8], accompanied by mood disorders like anxiety, fear, stress, anger or depression [9–11]. This is a major challenge for clinicians and a 
phenomenon worth talking about. 

The use of appropriate animal models helps to disclose the pathogenesis by which TMJ-OA may play a role in psychiatric disorders, 
providing clues for possible interventions. Currently, chemical, mechanical, and surgical methods can be used to construct TMJ-OA 
models in rats or mice, among which the most commonly used is intra-articular injection of chemical agents [12]. MIA, as one of 
the main injected chemical agents, can cause pathological changes in arthritis models similar to those in clinical OA patients, and the 
established rat TMJ-OA model has been proved reproducible and reliable in several studies [13,14]. 

The hippocampus, as a major part of the limbic system [15], plays vital roles in memory, cognition, spatial and situational pro
cessing, and emotional regulation, all of which affect mental health. Emotional abnormalities were described as associated with the 
disorganization of processing or changes in synaptic plasticity in hippocampus. In a type of chronic orofacial injury, burning mouth 
syndrome also showed a crucial regulatory effect of the hippocampus on emotional symptoms. 

Meanwhile, as a common physiological phenomenon in eukaryotes, oxidative stress refers to a state of excessive production of 
reactive oxygen species and the reduced antioxidant function. Excessive oxidative stress damages DNA, RNA, and proteins, disrupting 
the normal structure and function of cells and triggering several diseases, including mood disorders [16]. 

Previous studies suggest that oxidative stress in hippocampus generates disturbances in neurotransmission that affect neuronal 
functioning and overall brain activity. In addition, this stress can also impact on membrane integrity through lipid peroxidation, 
decreasing membrane fluidity and protein activity, and leading to neuronal death ultimately. 

Interestingly, the current mechanisms underlying the association between TMJ-OA and mood disorders, especially the changes in 
cellular regulation within hippocampus along temporomandibular inflammatory injury have remained underexplored. This study 
aimed to establish a TMJ-OA model by injecting MIA into the TMJ of rats and investigating their emotional performance through 
behavioral tests. By selecting hippocampus as the research center, we examined the possible mechanisms behind the correlation 
between TMJ-OA and mood disorders, and proposed future clinical treatment and prevention strategies. 

2. Material and methods 

2.1. Animals 

The male SD rats, aged 6 weeks, were acquired from Liaoning Changsheng Biotechnology Co., Ltd (Liaoning, China). All procedures 
followed the care standards for laboratory animals and had been approved by the Laboratory Animal Ethics Committee of Anhui 
Medical University (LLSC20221097). Animals were kept in a standard environment of 22–25 ◦C, 12 h light and dark cycle, 40–60% 
relative humidity. 

2.2. TMJ-OA model 

Eighteen SD rats were randomly divided into NC and MIA groups (n = 9 per group). A small animal anesthesia machine was used 
with a mixture of 3% isoflurane (RDW, China) and 97% air for anesthesia induction, followed by a 2% isoflurane mask for mainte
nance. To induce TMJ-OA, 50 μL of 10 mg/mL MIA (Sigma-Aldrich, USA) dissolved in isotonic sodium chloride solution (NS) was 
bilaterally injected into the sub-articular cavities of rats (Fig. 1B and C). The NC group received only sterile NS. Bilateral TMJ injections 
of NS or MIA in rats were recorded as day 0. The open field test (OFT) was performed on day 43 of model construction, and elevated 
plus maze test (EPM) was performed on day 44, followed by animal tissue sampling (Fig. 1A). 
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2.3. Animal behavior tests 

Each animal was acclimatized to the experimental environment for at least 1 h prior to behavioral testing. Following the detection 
of each animal, the excreted feces were meticulously wiped and dried with 75% alcohol cotton balls to prevent any impact on the 
results due to odor or foreign bodies before testing the next animal. Electric VonFrey (IITC, USA) and Visu Track (Xinruan, China) were 
used to record and analyze the behavior of each animal. 

2.3.1. Head withdrawal threshold (HWT) measurement 
To test HWT, the rat was cupped in the palm of the hand by one of the experimenters, with restriction of its lower limb movement 

and free movement of its forelimbs and head. The skin in TMJ region of the rat was stimulated with a rigid tip connected to the Electric 
VonFrey, and values were recorded when the rat hissed, avoided, scratched, or attacked. Each rat was tested five times at intervals of a 
few seconds on each side, and the results were shown as the average of ten different test values. HWT was recorded on day 1 prior to 
MIA injection as the baseline (BL), and on days 1, 3, 5, 7 and 14 after injection. In order to maintain consistency in assessing behavioral 
responses, all behavioral observations were conducted by a single experimenter, unaware of the experimental conditions. 

2.3.2. Open field test (OFT) 
The experimental apparatus consisted of a large roofless box with dimensions of 100 × 100 × 40 cm, which was divided into two 

areas. The 50 × 50 cm area in the center was called the central area, and the other fell into peripheral areas. Rats were gently placed in 
the central area and allowed to move freely for 5 min. The trajectory of each rat was recorded and analyzed; the total distance moved 
and the distance moved in the central area were calculated. 

2.3.3. Elevated plus maze test (EPM) 
A cross-shaped platform placed 60 cm above the ground was used. It was composed of two open (45 × 10 cm) and two closed arms 

(50 × 10 cm). The closed walls were 40 cm high. At the beginning of the experiment, the rats were gently placed in the center of the 
maze and allowed to freely explore their environment for 5 min. The trajectory of each rat was recorded and analyzed to determine the 
total movement distance and open arm movement distance. 

2.4. Tissue sampling 

Rats were euthanized by administering an isoflurane overdose. Following this procedure, blood was collected from the heart tip of 
the rats, and the serum was obtained by centrifugation at 3000r/min for 15min after standing at room temperature for 40min. Then NS 
was injected into the heart to facilitate rapid blood drainage. The rats were then decapitated, split in half, and the condyles were 
exposed. Lastly, the entire bilateral TMJ was carefully dissected for further experimental procedures. A midline incision was then made 
to expose the brain. The rat brain tissue, including both the left and right hippocampus, was promptly isolated on ice and preserved at 
− 80 ◦C in a cryogenic refrigerator as per the Brainmaps 4.0 atlas until future analysis [17]. 

2.5. Histopathological staining 

TMJ tissue harvested from each group of rats was fixed in 4% paraformaldehyde for 48 h and subsequently immersed in decal
cifying fluid for 12 weeks, with the fluid replaced twice a week. Following decalcification, the TMJ tissue was sliced into 4 μm in 
thickness after gradient dehydration and embedding. The TMJ tissue sections were then deparaffinized and stained with hematoxylin 
and eosin (HE) and safranin O-fast green. The hippocampus tissue was soaked in 4% paraformaldehyde for 48 h, dehydrated, 
embedded, and cut into 4 μm-thick slices. The acquired slices were deparaffinized and stained with HE and Nissl. Subsequently, a 
gradient of xylene was used for dehydration before sealed with a neutral resin. Lastly, the pathological sections were examined under a 
photographic microscope (Leica, Germany). 

2.6. RNA-seq and data analysis 

The RNA-Seq method for transcriptomics was in line with the research team’s previous research report [18]. Differences in gene 
expression were analyzed using DESeq (version 1.30.0) with the following screening conditions: Basemean >10, expression difference 
multiple |log2FoldChange| > 1, significant p-value <0.05. 

2.7. Quantitative real-time PCR (q-PCR) 

Tissue and cells’ total RNA extraction and q-PCR methods were in line with the research team’s previous research report [18]. A 
LC96 real-time fluorescence quantitative PCR instrument was used for amplification and analysis. Using β-actin as the internal 
reference, the final result was calculated using the 2− ΔΔCt method. The primer sequences used for detection were listed in Sup
plementary Table 1. 
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2.8. Western blot 

Tissue and cells’ protein extraction and Western blot methods were in line with the research team’s previous research report [18]. 
Protein bands were detected by chemiluminescence using an ECL system. Primary and secondary antibody removal solutions 
(Beyotime, China) were used to eliminate antibodies present on the nitrocellulose membrane. The primary and secondary antibodies 
were then re-blocked and incubated to detect protein band signals. Quantification of the results was performed using ImageJ software 
(National Institutes of Health). Primary antibodies targeting Slc39a12 (1:500; HUABIO, China), Nox4 (1:800; Zen-Bioscience, China), 
SOD2 (1:1000; Proteintech, China), and β-actin (1:3000; Proteintech, China) were used. HRP-conjugated goat anti-rabbit (1:7500; 
ZSGB, China) and HRP-conjugated goat anti-mouse antibodies (1:7500; ZSGB, China) were employed for the subsequent analysis. 

2.9. Immunofluorescence staining 

The paraffin sections were dewaxed. The antigen was obtained by heating the EDTA solution in a microwave for 10 min. The cells 
that propagated on climbing plates required fixation with 4% paraformaldehyde for 15 min and did not require repair antigens. The 
slices were sealed with an immunostaining sealing solution (Beyotime, China) for 10 min at 22–25 ◦C. The slices were then washed 
three times for 10 min each and subsequently maintained at 4 ◦C for 16 h using the MMP13 antibody (1:150; Proteintech, China), 
Collagen II antibody (1:100; Abcam, USA), Slc39a12 antibody (1:80) or NeuN antibody (1:100; Proteintech, China). The sections were 
rinsed three times with PBS-T and then incubated with a fluorescent secondary antibody at a 1:100 dilution for 2 h. After sealing the 
cross-sections with an anti-fluorescence quenching reagent containing DAPI, the results were observed and photographed using a 
fluorescent microscope (Motic, China). 

2.10. HT22 cells culture and exposure to H2O2 

HT22 cells from mouse hippocampal neurons were sponsored by Professor Deyong Chu of Anhui Medical University. These cells 
were cultured with DMEM high glucose medium (Gibco, USA) containing 10% fetal bovine serum and 100 U/ml penicillin- 
streptomycin at 37 ◦C under a humidified atmosphere of 95% air and 5% CO2. The culture dish was subcultured after the conflu
ence rate reached 80–90%, using a specialized culture medium for all subsequent experiments. To verify the role of Zn2+ in the process 
of oxidative stress occurring in neurons, we divided HT22 cells into three groups and cultured them for 72h using dedicated medium, 
medium with 200 μmol/L H2O2 added, and medium with 200 μmol/L H2O2 added and mixed with 2 μmol/L ZnCl2. 

2.11. Transfection of HT22 cells with siRNA 

Small interfering RNA (siRNA) was designed and synthesized by HANBIO Technology (Shanghai, China) to target Slc39a12. The 
sequences of the Slc39a12 siRNAs (mouse) were as follows: sense, 5′-CCACCACUCUGGAGAAAUATT-3′ and antisense, 5′-UAUUU
CUCCAGAGUGGUGGTT-3′. Negative scrambled siRNAs (sense, 5′-UUCUCCGAACGUGUCACGUTT-3′; antisense, 5′-ACGUGA
CACGUUCGGAGAATT-3′) were used as control. HT22 cells were pre-inoculated into 24-well plates. Subsequent transfection 
experiments were performed when the cells reached 50% confluence, and 2 μL of siRNA and 1 μL of Lipo3000 (Thermofisher, USA) 
were added to 50 μL of Opti-Mem medium (Gibco, USA) and incubated at 37 ◦C for 10 min, followed by the addition of 350 μL of high- 
sugar DMEM medium to the mix and then added to the pre-laid cells. After transfection for 6 h, the medium was replaced with a 
complete medium, adding 2 μM ZnCl2 into ZnCl2 group culture medium. After 42 h, the samples were collected for further analysis. 

2.12. Quantification of malondialdehyde (MDA) and reduced glutathione (GSH) content 

The cells were digested using trypsin; after washing with PBS twice, the cells were added to 300 μL of PBS and subsequently crushed 
using an ultrasonic cell crusher at 300 W. This process was repeated four times, with a 30 s interval for each 5 s. Animal tissues were 
mixed with PBS at a ratio of 1 mL per 0.1 g and then ground using a tissue grinder. The tissues were then crushed four times with an 
ultrasonic cell crusher at 300 W, with a 30 s interval for each 5 s. Hippocampal tissue was processed in the same steps as above after 
grinding. Finally, the levels of MDA and reduced GSH in the serum, hippocampus and cells were measured according to the manu
facturer’s instructions for the MDA assay kit (Beyotime, China) and the reduced GSH assay kit (Nanjing Jiancheng Biotech, China), 
respectively. 

2.13. Determination of intracellular Zn2+ content 

Cells were seeded onto polylysine-coated 12-well plates before transfection or stimulation with H2O2. After 48 h of transfection or 
72 h of H2O2 stimulation, the culture medium was removed, and the cells were washed with PBS. Subsequently, a 5 μg/mL Zinpyr-1 
solution (Santa Crus, USA) was added to the cells, which were incubated in a cell culture incubator for 30 min. Following incubation, 
the cells were detached and harvested using EDTA-free trypsin before centrifugation at 1000 rpm for 5 min. Next, 1 mL of PBS was 
added to resuspend the cells. The mixture was centrifuged at 1000 rpm for 5 min, and the process was repeated twice. The cells were 
resuspended by adding 500 μL of PBS solution. Lastly, cell fluorescence intensity was measured using a flow cytometer at a wavelength 
of 488 nm. 
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2.14. Detection of Zn2+ content in cell culture medium by inductively coupled plasma mass spectrometry (ICP-MS) 

The cell culture medium was collected and centrifuged at 1000 rpm for 5 min, and 250 μL of the upper culture medium was ob
tained for detection. Standard solutions were prepared at concentrations of 1, 2, 5, and 10 ppb. The cell culture supernatant was diluted 
50-fold with the working solution. ICP-MS was used to measure the Zn2+ content in the cell culture medium. 

2.15. Statistical analysis 

Statistical analysis was conducted using SPSS 21.0 software (IBM, USA). The T-test was used to compare the two groups of data, 
while a one-way analysis of variance (ANOVA) was used to compare the three groups of data against each other. Statistical significance 
was set at p < 0.05. The results were presented as the mean ± standard deviation (SD). 

3. Results 

3.1. MIA injection induced TMJ-OA 

Macroscopic observation of the TMJ joints revealed defects on the articular surface of condyle and articular cartilage in all MIA 

Fig. 2. TMJ-OA induced pain and anxiety-like behavior in rats. 
(A) HWT (% of BL) of rats in NC group and MIA group from day 0 to day 14. (B) Rat movement trajectory in the OFT. (C) The total distance covered 
by rats in the OFT. (D) Distance covered by rats in the center area. (E) Rat motion trajectory in the EPM. (F) Total distance covered by rats in the 
EPM. (G) Distance covered by rats in the open arm. All data were mean ± SD, n = 9, *p < 0.05, **p < 0.01, ***p < 0.001 vs. NC. 
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groups. In contrast, the NC group exhibited relatively smooth surface with cartilage integrity and no notable defects (Fig. 1D). HE 
staining of the sagittal sections of the rat TMJ condyles indicated that the condylar cartilages of healthy rats in the NC group manifested 
a consistent alignment of multilayer chondrocytes, comprising four unique layers: fibrous, proliferative, hypertrophic, and calcified 
cartilage layers. Six weeks after MIA injection, distinct lesions were evident in the condylar cartilage of rats in the MIA group, namely, a 
partial defect on the condylar cartilage surface, reduced and irregular chondrocyte arrangement, cartilage fibrosis, thinning or 
disappearance of the hypertrophic layer, disordered cell layers, and severe discontinuity (Fig. 1E). Safranin O-fast green staining 
revealed that the condylar cartilage proteoglycans of rats in the MIA group were significantly less than those in the NC group (Fig. 1F). 
The qRT-PCR results showed that Col2a1, Aggrecan mRNA expression in condylar cartilage of the MIA group was lower than that of the 
NC group (Fig. 1G and I), and MMP13 mRNA expression was elevated (Fig. 1H). Although not statistically significant (p=0.0764), the 
relative expression of ADAMTS5 mRNA increased (Fig. 1J). Immunofluorescence of condylar cartilage showed decreased expression of 
Collagen II protein and increased expression of MMP13 protein in the MIA group compared to the NC group (Fig. 1K). 

3.2. TMJ-OA induced pain and anxiety-like behavior in rats 

HWT levels in rats were recorded using the Electric VonFrey to reflect mechanical sensitivity in the TMJ region. HWT did not differ 
at BL between the NC and MIA groups. In the first 7 days after MIA injection, the HWT of rats in the MIA group was lower than that of 
the NC group. HWT of rats in MIA group returned to BL level on day 14 (Fig. 2A). 

We observed whether the rats showed behavioral changes in OFT and EPM at 2w, 4w, and 6w after injection of MIA. By the second 
week, there was no discernible difference in the performance of rats in the OFT and EPM tests (SFig. 1A–F). And by the fourth week, 
rats in the MIA group exhibited a reduction in movement distance only in the central area of the OFT, and no other differences were 
observed in the behavioral manifestations of either the OFT or EPM tests (SFig. 1G–L). While at 6w significant differences in movement 
trajectories were observed between rats in the NC and MIA groups during the OFT. The total travel distance of the MIA group was 
shorter than that of the NC group. Similarly, rats in the MIA group traveled shorter distances in the central area (Fig. 2B–D). Significant 
differences in the movement trajectories of the rats between the NC and MIA groups were also observed during the EPM. Throughout 
the observation period, the total distance traveled by the MIA group significantly decreased. Additionally, the MIA group 

Fig. 3. TMJ-OA caused hippocampal neuron injury and oxidative stress in rats. 
(A) HE staining of the hippocampus; injection of MIA leads to nuclear pyknosis of neurons, indicated by arrows. (B) Nissl staining of the hippo
campus; injection of MIA leads to unclear structure, decreased number of neuronal bodies, and irregular-shaped neurons, indicated by arrows. (C 
and D) Content of reduced GSH and MDA in hippocampus tissue. (E and F) Relative mRNA expression of Nox4 and SOD2 in hippocampus tissue. (G 
and H) Contents of reduced GSH and MDA in rat serum. All data were mean ± SD, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
vs. NC. 
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demonstrated significantly shorter distance traveled in the open arms than those of their matched NC group (Fig. 2E–G). Thereby it 
could be concluded that the experimentally established TMJ-OA model rats exhibited changes in anxiety-like behavior. 

3.3. TMJ-OA caused hippocampal neuron injury and oxidative stress in rats 

HE staining showed that the number of hippocampal neurons was larger and more neatly arranged in the NC group with normal 
hippocampal structure and even staining. The number of hippocampal neurons was reduced, nuclear pyknosis was evident, and the 
intercellular spaces were enlarged in the MIA group (Fig. 3A). Nissl staining showed clear and abundant Nissl bodies with deep color in 

Fig. 4. TMJ-OA reduced Slc39a12 expression in hippocampal neurons. 
(A)Volcano plot of two groups (NC and MIA) of DEGs. The left blue dot signified mRNA that expression significantly decreased in the MIA group, 
while the right red dot signifies mRNA that expression significantly increased in the MIA group. (B) Top 14 DEGs with Basemean >50, |log2
FoldChange| > 2, significant p-value <0.05. (C and D) Relative protein and mRNA expression of Slc39a12 in hippocampal tissue. (E) Immuno
fluorescence staining of NeuN (red) and Slc39a12 (green) in hippocampal tissue. All data were mean ± SD, n = 5, **p < 0.01, ****p < 0.0001 vs. 
NC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the NC group, while unclear structure, irregularly-shaped neuronal cell bodies and reduced number of Nissl bodies were detected in the 
MIA group. (Fig. 3B). Compared to the NC group, the reduced GSH content of the hippocampus and serum was significantly reduced 
(Fig. 3C and G) and MDA content was markedly increased (Fig. 3D and H) in the MIA group. The mRNA expression of NADPH oxidase 
(Nox) 4 increased in the hippocampus tissue of the MIA group (Fig. 3E), whereas the mRNA expression of superoxide dismutase (SOD) 
2 was reduced (Fig. 3F). These results suggested increased oxidative stress in hippocampus of rats in the MIA group. 

3.4. TMJ-OA reduced Slc39a12 expression in hippocampal neurons 

Compared to the NC group, 49 genes were upregulated and 29 genes downregulated in the MIA group (Fig. 4A). Further screening 
of the above differentially expressed genes (DEGs) under the conditions of basemean >50, |log2FoldChange| > 2 and a significant p- 
value < 0.05 resulted in the discovery of 14 DEGs (Fig. 4B). We screened 14 genes and verified 13 of them by expanding the sample 

Fig. 5. Slc39a12 expression was downregulated and oxidative stress was upregulated in HT22 cells exposed to H2O2. 
(A) Relative protein expression of Slc39a12 in HT22. (B) Relative protein expression of Slc39a12, Nox4, and SOD2 in HT22. (C and D) Content of 
reduced GSH and MDA in TH22. (E) Zn2+ content in HT22 cells’ culture medium. (F) Flow cytometric analysis of HT22 cells stained with Zinpyr-1. 
All data were mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. NC. 
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size, except for the AABR07042936.2 gene, which is not expressed in humans. The mRNA expression levels of Ripk4, Insrr, Cbln4 and 
LOC103690108 genes were increased in the hippocampus of the MIA group (SFig. 2A–D), while the mRNA expression of Exoc7, Ephx2 
and Slc39a12 genes were decreased (SFig. 2E and F, Fig. 4D). The changes of Ripk4, Insrr, Cbln4, Ephx2 and Slc39a12 expression were 
consistent with the results of RNA-seq. Based on a literature review demonstrating the role of Slc39a12 in neuronal development and 
oxidative stress, Slc39a12 was selected as the study target. Western blott showed that Slc39a12 protein expression in hippocampus of 
the MIA group were reduced compared to those in the NC group (Fig. 4C). The immunofluorescence results not only confirmed the 
decreased expression of Slc39a12 in hippocampus of rats in the MIA group but demonstrated that Slc39a12 was colocalized with the 
neuronal marker NeuN, indicating its neuronal expression (Fig. 4E). 

Fig. 6. Slc39a12 knockdown increased oxidative stress in HT22 cells. 
(A) Relative protein expression of Slc39a12 in HT22 cells. (B) Relative protein expression of Slc39a12, Nox4, and SOD2 in HT22. (C and D) Content 
of reduced GSH and MDA in HT22 cells. (E) Zn2+ content in HT22 cells’ culture medium. (F) Flow cytometric analysis of HT22 cells stained with 
Zinpyr-1. All data were mean ± SD, n = 3, *p < 0.05, **p < 0.01, vs. Vehicle. 
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3.5. Slc39a12 expression was downregulated and oxidative stress was upregulated in HT22 cells exposed to H2O2 

The expression of Slc39a12 decreased in HT22 cells after exposure to H2O2 for 72 h (Fig. 5A and B). Concomitantly, Nox4 
expression in HT22 cells increased, whereas superoxide dismutase 2 (SOD2) expression decreased after exposure to H2O2 (Fig. 5B). 
Additionally, the reduced GSH content of HT22 cells decreased, whereas the MDA content increased after exposure to H2O2 (Fig. 5C 
and D). Slc39a12, a member of the zinc transporter family, facilitates extracellular Zn2+ transport into cells. After exposure to H2O2 
for 72 h, the concentration of Zn2+ in the culture medium of HT22 cells increased (Fig. 5E). Simultaneously, the fluorescence intensity 
produced by the combination of Zinpyr-1 and Zn2+ in HT22 cells decreased, pointing to a reduction in intracellular Zn2+ concen
tration (Fig. 5F). 

3.6. Slc39a12 knockdown increased oxidative stress in HT22 cells 

In order to knock down the expression of Slc39a12, siRNA and control (Vehicle) were transfected into HT22 cells in this study. A 
significant reduction in Slc39a12 protein expression in HT22 cells was detected 48 h after siRNA transfection (Fig. 6A and B). 
Moreover, the concentration of Zn2+ in the culture medium of HT22 cells increased following siRNA transfection (Fig. 6E). The 
fluorescence intensity produced by the intracellular Zinpyr-1/Zn2+ complex decreased simultaneously, implying a reduction in 
intracellular Zn2+ concentration (Fig. 6F). In HT22 cells, siRNA transfection resulted in decreased SOD2 expression and increased 
Nox4 expression(Fig. 6B). Slc39a12 knockdown led to a decline in reduced GSH content and an increase in MDA content in HT22 cells 

Fig. 7. ZnCl2 treatment alleviated oxidative stress caused by Slc39a12 deficiency in HT22 cells. 
(A) Relative protein expression of Nox4, and SOD2 in HT22 cells. (B and C) Content of reduced GSH and MDA in HT22 cells. (D) Relative protein 
expression of Nox4, and SOD2 in HT22 cells. (E and F) Content of reduced GSH and MDA in HT22 cells. All data were mean ± SD, n = 3, *p < 0.05, 
**p < 0.01 vs. H2O2 or siRNA; #p < 0.05, ##p < 0.01 vs. NC. 
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(Fig. 6C and D). These findings indicate that reduced Slc39a12 expression may increase oxidative stress levels. 

3.7. ZnCl2 treatment alleviated oxidative stress caused by Slc39a12 deficiency in HT22 cells 

The Western Blot results showed that treatment of HT22 cells with ZnCl2 alleviated up-regulation of Nox4 induced by H2O2 and 
restored expression of SOD2 (Fig. 7A). Measurements of cellular reduced GSH levels showed that ZnCl2 treatment had a tendency to 
restore reduced GSH levels, although not statistically different from cells treated with H2O2 alone (Fig. 7B). In addition, ZnCl2 was able 
to suppress MDA levels in the H2O2 environment (Fig. 7C). The addition of ZnCl2 after knockdown of Slc39a12 showed that ZnCl2 
decreased the protein expression of Nox4, increased the protein expression of SOD2 (Fig. 7D), restored the level of reduced GSH, and 
down-regulated the level of MDA compared with the knockdown group (Fig. 7E and F). 

4. Discussion 

A strong correlation between TMJ injury and mood disorders has been demonstrated in previous studies, yet the underlying 
mechanism remains unrevealed. In this study, we established a TMJ-OA model by injecting MIA into the TMJ of rats. The rats 
thereafter showed decreased HWT and apparent TMJ-OA pain. Decreased synthesis and increased degradation of the condylar 
cartilage matrix were detected in rats six weeks after injection. Anxiety-like behavior and increased oxidative stress levels in the serum 
and hippocampus were observed in rats, which might be related to the reduced Slc39a12 expression. 

The gross images of TMJ obtained in this study clearly showed articular cartilage defects. Notably, the TMJ histopathological 
findings revealed a discontinuous condylar cartilage layer of rats in the MIA group six weeks after MIA injection, with thinner even 
disappearing hypertrophic layer sometimes. Aggrecan and Collagen II are major proteins in cartilage matrix. The gene Col2a1 encodes 
Collagen II, while MMP13 and ADAMTS5 are matrix protein hydrolases involved in the degradation of components of the extracellular 
matrix. The results of O-fast green staining, qRT-PCR and immunofluorescence indicated local condylar cartilage thickness and 
cartilage matrix proteoglycan levels were significantly reduced. These findings conform to those of the previous research, indicating 
that the MIA injection into TMJ could effectively induce lesions similar to the clinical and experimental observations [19–22]. 

Classic behavioral tests, such as OFT and EPM, detect animal emotions through the conflict between their desire to explore and the 
fear of opening up to an unfamiliar environment and high degree [23]. When animals experience anxiety-like emotions, their desire for 
exploration decreases, leading to changes of behaviors in the OFT and EPM. Animals with anxiety induced by either chronic unpre
dictable mild stress (CUMS) or chronic restraint stress model usually display reduced movement and time spent in the central area in 
OFT, and exhibit decreased total movement and distance in the open arm in the EPM as well [24,25]. The TMJ-OA model established in 
the present study by injecting MIA into the TMJ of rats showed reduced total and central area moving distances in OFT and decreased 
total and open arm moving distances in EPM. These changes induced anxiety-like behavior, which aligned with the findings of previous 
study. Injecting complete Freund’s adjuvant (CFA) into the TMJ of rats to simulate TMD pain resulted in decreased exploratory 
behavior, as indicated by fewer open arm entries and less time spent in the open wall during EPM experiments, less time spent in the 
bright area during light-dark box tests, and smaller shuttle number [26]. These findings suggest that CFA injection induces anxiety-like 
behavior in rats. Some researchers evaluated the emotions in OFT and EPM experiments via creating a TMJ-OA rat model through 
unilateral anterior crossbite (UAC). Two weeks after UAC, the total traveling distance in the central area significantly decreased in 
OFT. Both the time spent in the open arm of EPM and the number of entries into the arm decreased, suggesting that the TMJ-OA rat 
model via UAC also exhibited decreased exploratory behavior with anxiety-like tendencies [27]. Consistent with the findings in rodent 
models, patients with TMD tend to be more anxious and/or depressed than asymptomatic controls [28]. 

The correlation between TMD and altered levels of systemic oxidative stress in the clinical setting has been gradually confirmed by 
several studies of different populations diagnosed with TMD, which indicate increased 8-hydroxydeoxyguanosine and MDA, and 
decreased total anti-oxidant status in patients [29,30]. Reduced GSH is a major nonenzymatic antioxidant that scavenges free radicals, 
GSH level determines the antioxidant capacity of body, while the levels of MDA indirectly reflect the severity of the free radical attacks. 
The similar upregulation of MDA and down-regulation of GSH in rat serum was detected in our MIA intra-articular injection rat model, 
accompanied by articular cartilage defects anxiety often features a decrease in the organism’s antioxidant capacity [31]. A clinical 
study found that serum levels of oxidative stress were higher in patients afflicted with multiple sclerosis, and the hospital anxiety and 
depression scale confirmed that anxiety scores were higher in the affected population. Subsequently, antioxidant N-acetylcysteine 
reduced the anxiety scores of the patients. It was also shown in animal research that the intraperitoneal administration of Edaravone, a 
free radical scavenger, ameliorated the anxiety-like behavior of mice after the use of a chronic social defeat stress approach [32–34]. 

The hippocampus is composed of large densely-arranged pyramidal neurons, which is crucial for memory and emotional infor
mation processing. Pathological results showed that the hippocampal neurons in the MIA group were damaged, nuclear pyknosis 
occurred, and Nissl bodies were reduced compared with the NC group in our study. Similarly, in a previous study, neuronal pyknosis 
and decreased Nissl bodies were observed in hippocampus of the anxious and depressed mice subjected to CUMS [35]. Nox4 is a 
member of NADPH oxidase family, widely expressed in all brain regions, functioning as a major source of endogenous ROS production 
[36]. As one of the major antioxidant enzymes that scavenge ROS, SOD2 plays an important role in protecting cells from oxygen-free 
radical poisoning [37]. Compared with the NC group, the reduced GSH content in hippocampus of the MIA group decreased, the MDA 
content increased, Nox4 expression increased, and SOD2 expression decreased, suggesting that TMJ-OA may induce increased 
oxidative stress levels. The hippocampus is particularly sensitive to oxidative stress and easily damaged, bringing forth anxiety. 
Traumatic brain injury causes anxiety-like behavior in rats presumably because of increased Nox4 expression in cortical tissue. 
Antioxidant Vorinostat effectively alleviates anxiety-like behavior of rats, accompanied by reduced level of Nox4 expression in the 
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cortical tissue [38]. Moreover, SOD2 expression can be reduced in hippocampus of CUMS model rats. Kaempferol exerts an 
anti-anxiety effect by upregulating SOD2 expression in hippocampal tissue [39]. Therefore, a high oxidative stress level of serum and 
subsequent injury of hippocampus may be the most probable reason for anxiety-like behaviors in our TMD rat model. 

In the present study, TMJ-OA is a causative factor for increased oxidative stress and neuronal damage in hippocampus, resulting in 
anxiety-like behaviors of rats. To explore its specific molecular mechanisms, RNA-Seq was performed to investigate related genes. 
Members of the solute carrier 39 gene family encoding zinc transport proteins contribute to critical mechanisms, by which zinc ho
meostasis can be maintained across a wide range of species. Their main function is to promote the uptake of the extracellular envi
ronment and transport Zn2+ into cells [40]. A previous study showed that oxidative stress reduced the expression of zinc transporters in 
hepatocytes. After 72 h of hydrogen peroxide treatment for murine hepatocytes, the results demonstrated that hydrogen peroxide 
treatment altered the abundance of ZIPs protein, which might explain the reason for ethanol-induced hepatic zinc deficiency [41]. The 
zinc transporter ZIP12, which is encoded by the gene Slc39a12, is highly expressed in the vertebrate central nervous system [42]. 
Slc39a12 mutations and deficiency may be linked to various genetic disorders, such as schizophrenia [43], autism [44], and Alz
heimer’s disease [45]. Strong et al. found that mitochondrial dysfunction was more severe in Slc39a12 KO N2a cells than that in the 
control group, and ROS level was markedly up-regulated. Simultaneously, the neurite outgrowth of the induced nerves into differ
entiated cells was blocked. Overexpression of SOD2 or use of the antioxidant α-tocopherol, MitoQ, and MitoTEMPO could effectively 
ameliorate the neurite shortening caused by Slc39a12 knockdown [45]. 

Given the increased oxidative stress levels observed in the hippocampal tissue of rats in the MIA group in our experiments, H2O2 
was used to stimulate mouse hippocampal neuronal cells HT22 in vitro. As expected, in accord with in vivo experiment, together with 
the increased cellular oxidative stress levels, the protein expression of Slc39a12 decreased, accompanied with decreased zinc influx. To 
explain further, the present in vitro study explored the role of Slc39a12 via constructing a siRNA to knock down the expression of 
Slc39a12 in HT22 cells, the intracellular Zn2+ concentration and cellular aggravate oxidative status accompany by reduced Slc39a12 
expression levels. Consistent with the previous report on spermatogonia C18–4 cells, which indicated that ZIP12 protects spermato
gonia from oxidative stress during spermatogenesis [46]. Therefore, our study demonstrates that the ZIP12 deficiency induced by 
oxidative stress in hippocampus can lead to a decrease in zinc-associated antioxidant activity, thereby aggravating injury in turn. 

Whereafter, we supplemented the culture medium with ZnCl2, which could reverse the damage of hydrogen peroxide treatment or 
Slc39a12 knockdown to HT22 cells. Zinc is essential for normal brain function. Zinc deficiency during early brain development can 
result in malformations, whereas Zinc deficiency in later brain development can impair multiple functions [47]. Zinc-deficient rats 
might experience anxiety-like behavior. Meanwhile, Timm’s staining in hippocampus also decreased, and the intracellular calcium 
signaling activity in hippocampal slices was more than that in the control group [48]. Other studies also produced similar results that a 
lower dose of Znic combined with standard anxiolytic and antidepressant drugs showed potentiating effect on rats with anxiety, 
depression and psychosis [49,50]. It should be clarified that we are conscious of the limitation in our vitro study. Thus, additional 
studies in vivo, such as Slc39a12 over-expression and knock-down in hippocampus, are required to understand the precise role of 
Slc39a12 in the TMJ-OA rat model related anxiety. 

In conclusion, this study demonstrates that MIA intra-articular injection induced cartilage damage, imbalance of cartilage anab
olism and catabolism. TMJ-OA may cause pain and anxiety-like behavior in rats, accompanied by hippocampal neuron injury and 
oxidative stress in serum and hippocampus. It may be attributed to the loss of Slc39a12 and a decrease in Zn2+ content in neurons, 
bringing about increased oxidative stress levels and the ultimate neuronal damage, which can be relieved by Zinc supplement. 
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