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Abstract. The anesthetic drug, ketamine (KTM) has been 
shown to induce therapeutic effects against major depressive 
disorder (MDD), however the related underlying mechanisms 
remain unclear. In the present study, HT22 neuronal cells 
were treated with glutamate to imitate oxidative stress injury 
in MDD, and it was hypothesized that the cannabinoid type 1 
(CB1) receptor mediates KTM‑induced neuroprotection via 
ameliorating mitochondrial function in glutamate‑treated 
neuronal cells. Compared with the control, glutamate decreased 
cell viability and intracellular antioxidants, including gluta‑
thione (GSH), catalase and superoxide dismutase 2 levels, and 
inhibited mitochondrial function simultaneously. Moreover, 
glutamate increased lactate dehydrogenase release, cellular 
apoptosis level, cleaved caspase‑3 expression and intracellular 
oxidants, such as reactive oxygen species, oxidized GSH and 
mitochondrial superoxide in the cells. The presence of KTM, 
however, significantly decreased the glutamate‑induced oxida‑
tive stress injury, ameliorated the antioxidant/oxidant levels in 
the cells, enhanced mitochondrial function and upregulated 
CB1 receptor expression (P<0.05). Co‑administration of the 
CB1 receptor antagonist AM251 markedly abolished the 
KTM‑induced cytoprotective effects and ameliorations of anti‑
oxidant/oxidant levels and mitochondrial function, and also 
reversed CB1 upregulation (P<0.05). These observations indi‑
cated that KTM decreases the oxidative stress injury caused 
by glutamate in HT22 neuronal cells, and the neuroprotective 
effects may be mediated by the CB1 receptor.

Introduction

Major depressive disorder (MDD) is a common psychiatric 
condition, and it is predicted that MDD affects ~264 million indi‑
viduals globally (1,2). In China, the incidence of MDD is ~3.4%, 
and in the USA, the incidence is up to 16.2%, causing a heavy 
burden for the families of patients with MDD and the nation as a 
whole (3). At present, traditional anti‑depressants, such as mono‑
amine oxidase inhibitors, tricyclic agents and selective serotonin 
reuptake inhibitors, require up to six weeks to induce obvious 
anti‑depressive effects (4,5). As patients with MDD carry a high 
risk of death by suicide, it is urgent that solutions are found to 
reduce suicidal tendencies amongst these individuals (6,7). 
Therefore, investigations into the development of a fast‑acting 
anti‑depressants are of great importance. Previously, a number 
of studies have shown that ketamine (KTM), an intravenous 
anesthetic agent, is effective in treating MDD, and notably has 
been revealed to reduce suicidal tendencies in patients with 
MDD in a short period of time (several days to 1‑2 weeks) (6,8). 
Although KTM is effective in treating MDD, the anti‑depressive 
mechanism of KTM remains unknown. Traditionally, it has 
been hypothesized that KTM induces pharmacological effects 
via inhibition of the cellular N‑methyl‑D‑aspartic acid receptor. 
However, recent studies have demonstrated that cannabinoid (CB) 
receptors, including CB1 and CB2 receptors, are involved in 
KTM‑induced anti‑depressive effects (9,10).

In the pathological processes of MDD, oxidative 
injury‑induced mitochondrial dysfunction plays a critical 
role (11,12). In cells, mitochondria produce energy for cellular 
activities, however in the leukocytes of patients with MDD, 
a lower mitochondrial DNA copy number was recorded 
compared with individuals without MDD (13,14). In addition, 
serum antioxidant levels in patients with MDD are notably 
lower than that of healthy individuals (15). Moreover, the 
cerebral glutamate level in patients with MDD is higher than 
healthy individuals (15). Due to the aforementioned reasons, 
glutamate‑induced cell injury is used widely to mimic 
oxidative stress injury in neurons (16).

Therefore, in the present study, HT22 neuronal cells were 
treated with glutamate to imitate oxidative injury in MDD, 
and it was hypothesized that the CB1 receptor mediates 
KTM‑induced protection against glutamate via ameliorating 
mitochondrial function in HT22 cells.
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Materials and methods

Cells and reagents. HT22 cells, a murine hippocampal cell line, 
were obtained from The Affiliated Hospital of The Xuzhou 
Medical University (Jiangsu, China). KTM was purchased 
from Fujian Gutian Pharmaceutical Co., Ltd. (Fujian, China). 
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine 
serum (FBS), penicillin‑streptomycin mixed solution and 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) powder were purchased from MilliporeSigma. Lactate 
dehydrogenase (LDH, cat. no. A020‑1‑2), glutathione (GSH, 
cat. no. A006‑1‑1), catalase (CAT, cat. no. A007‑1‑1) and 
oxidized GSH (GSSG, cat. no. A061‑2‑1) reagent kits were 
obtained from Nanjing Jiancheng Bioengineering Institute 
(Jiangsu, China).

Cell culture and treatments. HT22 cells were cultured in 
DMEM containing 10% FBS (v:v) and 1% penicillin‑strep‑
tomycin mixed solution (1x104 IU penicillin and 1x104 µg 
streptomycin/ml). The medium was changed 3 times/week, 
and the cells were cultured at 37˚C in 95% oxygen and 5% 
carbon dioxide with 100% humidity. The cells were passaged 
2‑3 times/week.

The cells were divided into five groups to determine an ideal 
concentration of KTM. The groups were as follows: i) Control 
group (cultured in the medium without any drug); ii) glutamate 
exposure group (exposed to the medium with 15 mM glutamate); 
iii) 1 µg/ml KTM treatment group (exposed to the medium with 
1 µg/ml KTM plus 15 mM glutamate); iv) 10 µg/ml KTM treat‑
ment group (exposed to the medium with 10 µg/ml KTM plus 
15 mM glutamate); and v) 20 µg/ml KTM group (exposed to 
the medium with 20 µg/ml KTM plus 15 mM glutamate). After 
incubation for 24 h, the degree of cell injury was assessed by 
determining the cell viability and LDH release.

Next, the role of the CB1 receptor in the KTM‑treated cells 
was investigated and the cells were divided into five groups, 
including: i) Control group; ii) 15 mM glutamate group; 
iii) 10 µg/ml KTM + 15 mM glutamate group; iv) 10 µM CB1 
antagonist AM251 + 10 µg/ml KTM + 15 mM glutamate 
group; and v) 10 µM AM251 + 15 mM glutamate group. After 
incubation for 24 h, the degree of cell injury and intracellular 
oxidant/antioxidant levels were assessed. Moreover, to explore 
the KTM‑induced effects on the intracellular superoxide 
dismutase (SOD) 1 and SOD2 levels, the cells were divided 
into the control and 10 µg/ml KTM exposure groups. After 
treatment for 24 h, intracellular SOD1/SOD2 activity and 
expression levels were measured.

MTT and LDH assay. A 96‑well cell culture plate was used 
to culture the cells with a cell intensity of 1x105 cells/well. As 
the treatments were completed, 20 µl of MTT solution with a 
concentration of 5 mg/ml was added to each plate well, and 
the plate was sent back into the incubator. After incubation 
for 4 h at 37˚C, the medium was removed and discarded, and 
the generated formazan of the plate was dissolved by adding 
150 µl DMSO into each well. After shaking for 15 min using 
an agitator, once the formazan was dissolved completely, an 
enzyme‑labeled instrument (Tecan Group, Ltd.) was used to 
measure the absorbance. An empty well containing 150 µl 
distilled water was added to serve as a blank control.

A 96‑well cell culture plate was used to culture the cells 
and upon treatment completion, 50 µl of supernatant of the 
cell culture medium was collected and centrifuged at a speed 
of 400 x g for 30 min at room temperature. After centrifu‑
gation for 30 min, as previously described (17), 40 µl of the 
medium from each well was harvested to measure the LDH 
release level.

Cell apoptosis. A 6‑well plate was used to culture the cells 
with a cell density of 1x106 cells/well. Upon treatment comple‑
tion, the medium of the plate was removed and discarded, 
and the cells were collected through centrifugation at a speed 
of 400 x g for 30 min at room temperature. A total of 2 ml 
phosphate‑buffered saline (PBS) at 4˚C was used to wash 
the cells twice, and the cells were resuspended in binding 
buffer. Next, the anti‑annexin‑V staining antibody (1:1,000; 
cat. no. SAB5702648; MilliporeSigma), which was labelled 
with fluorescein isothiocyanate isomer plus propidium 
iodide solution, was added into the buffer. After which, the 
cells were mixed with the buffer slowly. In darkness at room 
temperature, the cells were incubated for 15 min. Finally, cell 
apoptosis was measured by flow cytometry (FACSCanto II; 
BD Biosciences), which was operated via BD FACSCanto 
System II Software v2.4 (BD Biosciences).

Western blot analysis. A 6‑well plate was used to culture the 
cells with 1x106 cells seeded into each well. Following treat‑
ment completion, the cells were washed with PBS three times 
for 5 min. After which, the cells were harvested using a cell 
scraper and the protein level of the cells was measured using 
the Bradford method. The western blotting procedure was 
conducted as previously described (18). The subsequent anti‑
bodies were used including anti‑cleaved caspase‑3 antibody 
(cat. no. ab231289; Abcam), anti‑CB1 primary antibody (cat. 
no. ab259323, Abcam) and anti‑SOD1/SOD2 antibody (cat. 
no. ab13498/ab12533; Abcam) at a dilution of 1:200. β‑tubulin 
(1:500; cat. no. ab179511; Abcam) and β‑actin (1:500; cat. 
no. ab8226; Abcam) served as the loading control. Image 
Lab Software 6.0.1 (Bio‑Rad Laboratories, Inc.) was taken to 
analyze the images from the western blotting results.

Immunocytochemistry. A confocal microscope‑specific cell 
culture plate was taken to culture the cells, and the cells 
were seeded at a density of 1x105 cells/well. Upon treatment 
completion, the medium in the plate was discarded and PBS 
solution was used to wash the cells three times for 5 min. After 
which, the cells were incubated with 1 ml of 4% paraformal‑
dehyde solution for 20 min, and PBS was used to wash the 
cells three times for 5 min. Next, the cells were incubated with 
50 µl anti‑CB1 primary antibody (1:50) at 4˚C for 12 h. After 
incubation, the primary antibody was discarded and PBS was 
used to wash the plate three times. Next, 100 µl Cy3‑labelled 
goat‑anti‑rabbit antibody (red; 1:100; cat. no. A0516; Beyotime 
Institute of Biotechnology) was added into each plate; after 
30‑min incubation in darkness at room temperature, 50 µl 
DAPI solution was added into each plate. After an additional 
incubation in darkness for 10 min, the plate was washed again 
with PBS. Finally, a laser confocal fluorescence microscope 
(FV10i; Olympus Corporation) was used to observe the cell 
culture plate, and the images were captured at random.
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Intracellular GSH, CAT, GSSG and SOD measurements. A 
6‑well plate was used to culture the cells, and 1x106 cells was 
seeded into each well. Following cell lysis induction, 1 ml PBS 
(0.1 M; pH 7.4) was used. After which the cells were centri‑
fuged at a speed of 400 x g for 20 min at 4˚C. The supernatants 
were harvested to measure the intracellular GSH, CAT and 
GSSG levels, and a spectrophotometer (Tecan Group, Ltd.) 
was used to detect the absorbance.

The SOD1 and SOD2 activities were measured according 
to an investigation described previously (19). Briefly, total SOD 
activity was measured first and then SOD2 activity was evalu‑
ated. As the total SOD activity is equal to the SOD1 activity 
plus the SOD2 activity, the SOD1 activity can be calculated 
according to the total SOD and SOD2 values.

Intracellular ROS assay. A confocal microscope‑specific cell 
culture plate was used to culture the cells, and the cells were 
seeded at a density of 2x104 cells/well. Upon treatment comple‑
tion, 1 ml FBS‑free cell culture medium containing 100 µM 
dichlorofluorescein (DCF)‑DA was added into each well, after 
incubation for 20 min at 37˚C. After which, PBS was used to 
wash the cells three times for 5 min. A confocal microscope 
was used to observe and capture images, and the excitation 
and emission wavelengths were 480 and 535 nm, respectively. 
Non‑fluorescence DCF‑DA can be oxidized into fluorescence 
DCF (green) by intracellular ROS, with more ROS producing 
more DCF. Image Pro‑Plus Software 6.0 (Media Cybernetics, 
Inc.) was used to assess the fluorescence intensity of images.

Mitochondrial complex activity assay. A 6‑well plate was used 
to culture the cells, and 1x106 cells was seeded into each well. 
Upon treatment completion, the cells were collected using a 
cell scraper. After which, the cells were treated with trypsin 
for 1‑2 min at room temperature. Next, the cells were centri‑
fuged at a speed of 400 x g for 30 min at room temperature for 
mitochondrial isolation. A mitochondrial isolation reagent kit 
(cat. no. 37612; Qiagen GmbH) was taken to collect and isolate 
the mitochondria from the cells. A spectrophotometer (Tecan 
Group, Ltd.) was used to measure the mitochondrial complex I 
and complex IV activities at 30˚C.

Mitochondrial superoxide measurement. Mitochondrial super‑
oxide levels were evaluated using a MitoSOX Red Reagent 
Kit (cat. no. M36008; Invitrogen; Thermo Fisher Scientific, 
Inc.). Briefly, a confocal microscope‑specific plate was used 
to culture the cells, and the cell density was 2x104 cells/plate. 
Upon treatment completion, 5 µl MitoSOX reagent was added 
into each plate. In darkness, the cells were incubated for 
20 min at 37˚C, and the nuclei of the cells were marked by 
adding 20 µl DAPI staining solution into each plate. The fluo‑
rescent images were captured at random following incubation 
for 15 min in darkness at room temperature. The excitation 
and emission wavelengths for mitochondrial superoxide (red) 
were 510 and 580 nm, respectively. The two wavelengths for 
the nuclei (blue) were 340 and 488 nm, respectively. An Image 
Pro‑Plus Software 6.0 (Media Cybernetics, Inc.) was used to 
assess the fluorescence intensity of the images.

Statistical analysis. SPSS 12.0 (SPSS, Inc.) was used to 
conduct the statistical assessments. All data were presented as 

the mean ± standard deviation, and one‑way ANOVA followed 
by Tukey's Multiple Comparison Test were used to compare 
the differences between groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

KTM decreases cell injury induced by glutamate. Glutamate 
(15 mM) was used to imitate oxidative injury in HT22 cells. To 
search for a suitable KTM dose, cell viability and LDH release 
were used to assess the degree of cell injury (Fig. 1). Compared 
with the control (cultured in drug‑free medium), 15 mM gluta‑
mate decreased cell viability and enhanced the release of LDH 
significantly (P<0.05), and 10 and 20 µg/ml KTM restored 
cell viability and inhibited LDH release (P<0.05). However, 
1 µg/ml KTM did not induce marked protection against the 
cell injury caused by glutamate (P>0.05). Therefore, 10 µg/ml 
KTM was the selected dosage for subsequent experiments.

CB1 receptor antagonist AM251 reverses KTM‑induced 
neuroprotection against glutamate in neuronal cells. To 
further explore the underlying cytoprotective mechanism of 
KTM, AM251, a selective CB1 receptor antagonist, was used 

Figure 1. KTM increases cell viability and inhibits LDH release in 
glutamate-treated HT22 cells. The cells were grouped as follows: i) Control 
(cultured in drug-free medium); ii) Glu (exposed to the medium with 15 mM 
Glu); and iii) 3 KTM treatment groups (treated with the medium containing 
1, 10 or 20 µg/ml KTM plus 15 mM Glu, respectively). MTT assay and LDH 
release were used to measure the degree of cell injury. (A) KTM increased 
the cell viability (n=10). (B) KTM decreased LDH release (n=8). *P<0.05. 
NS, no significance; KTM, ketamine; Glu, glutamate; LDH, lactate dehy-
drogenase.
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to study the CB1 receptor in KTM‑induced neuroprotection. 
Compared with the cells of control group (Fig. 2), 15 mM 
glutamate decreased the degree of cell viability (Fig. 2A), 
and enhanced the LDH level (Fig. 2B), cell apoptosis rate 
(Fig. 2C and D) and cleaved caspase‑3 expression (Fig. 2E) 
(P<0.05). Co‑administration of 10 µg/ml KTM significantly 
attenuated the glutamate‑induced cell injury (Fig. 2A‑E); 
however the presence of the CB1 receptor antagonist AM251 
(10 µM), partially blocked the KTM‑induced cytoprotec‑
tion, and AM251 did not bring about notable effects on the 
glutamate‑induced cell injury (P>0.05). According to the flow 
cytometry results, the right two quadrants indicated early 
(lower quadrant) and late (upper quadrant) apoptotic cells, 
respectively, and the rate of apoptotic cells was the sum of 
the percentage of the lower right and upper right quadrants 
(Fig. 2C and D).

CB1 antagonist AM251 blocks KTM‑induced upregulation of 
the CB1 receptor in glutamate‑treated HT22 cells. Compared 
with the cells cultured in drug‑free medium (Fig. 3A and B), 

15 mM glutamate did not cause marked changes in CB1 
receptor expression in HT22 cells (P>0.05), and 10 µg/ml 
KTM significantly upregulated CB1 expression. However, 
10 µM CB1 antagonist AM251 (P<0.05) partially reversed the 
KTM‑induced CB1 upregulation (P<0.05); and AM251 did not 
induce notable effects on CB1 expression, compared with the 
glutamate‑treated cells (P>0.05).

To exclude the potential cytotoxicity caused by KTM or 
AM251, the cell grouping was as follows (Fig. 3C): i) Control; 
ii) 10 µg/ml KTM group; iii) KTM + AM251 group and 
iv) 10 µM AM251 group. After incubation for 24 h, no notable 
cell injury was observed in the other three groups (P>0.05), 
compared with that of the control group, indicating that the 
KTM‑induced cytoprotection was via pharmacological effects 
rather than cytotoxic effects.

KTM blocks glutamate‑induced oxidative injury in HT22 cells 
and cytoprotection is reversed by the CB1 antagonist AM251. 
A high concentration of glutamate brings about oxidative 
injury to neuronal cells. In the present study, compared with 

Figure 2. CB1 antagonist AM251 blocks KTM‑induced protective effects in HT22 cells treated with Glu. The cells were grouped as follows: i) Control 
(cultured in drug-free medium); ii) Glu (exposed to the medium with 15 mM Glu), iii) KTM + Glu (the medium with 10 µg/ml KTM and 15 mM Glu); iv) CB1 
receptor antagonist AM251 + KTM + Glu (the medium with 10 µM AM251, 10 µg/ml KTM and 15 mM Glu); and v) AM251 + Glu (the medium with 10 µM 
AM251 and 15 mM Glu). MTT assay and LDH release were used to measure the degree of cell injury level, and flow cytometry was used to assess cell 
apoptosis rate, and apoptosis protein cleaved caspase‑3 was measured by western blotting. (A) AM251 blocked KTM‑induced restoration of cell viability 
(n=10). (B) AM251 blocked KTM‑induced inhibition of LDH release (n=8). (C) Cell apoptosis results. (D) AM251 reversed KTM‑induced anti‑apoptosis 
effects (n=6). (E) AM251 blocked KTM‑induced downregulation of cleaved caspase‑3 expression (n=4). *P<0.05. NS, no significance; KTM, ketamine; 
CB1, cannabinoid receptor 1; Glu, glutamate; LDH, lactate dehydrogenase.
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the control cells, 15 mM glutamate decreased intracellular 
redox glutathione (Fig. 4A) and CAT (Fig. 4E) levels (P<0.05), 
and enhanced the GSSG (Fig. 4B) and ROS (Fig. 4C and D) 
levels. In addition, 10 µg/ml KTM notably blocked the gluta‑
mate‑induced consumption of intracellular GSH and CAT, and 
decreased the generation of ROS and GSSG (P<0.05). The CB1 
antagonist AM251, however, significantly reversed the afore‑
mentioned KTM‑induced effects on intracellular antioxidants 
and oxidants, and AM251 alone did not cause marked influ‑
ence on the glutamate‑induced effects on intracellular GSH, 
GSSG, ROS and CAT (P>0.05). These findings supported 
the hypothesis that the CB1 receptor mediates KTM‑induced 
antioxidative injury against glutamate in neurons.

KTM increases intracellular SOD2 levels, but not SOD1 
levels. To further explore the KTM‑induced antioxidative 
injury mechanism, intracellular SOD1 and SOD2 levels were 
measured. A concentration of 10 µg/ml KTM was used to 
treat the cells. After treatment for 24 h, western blotting and 
SOD reagent kits were used to evaluate intracellular SOD1 
and SOD2 expression levels and activities (Fig. 5A‑D). KTM 
exposure did not alter SOD1 expression and activity (P>0.05); 

however, it increased SOD2 expression and activity in HT22 
cells (P<0.05), compared with the cells of the control group. As 
SOD1 is expressed in the cytoplasm, and mitochondria contain 
SOD2 protein, according to the findings of the present study, it 
can be inferred that the KTM‑induced cytoprotection against 
glutamate may be via maintaining mitochondrial function and 
SOD2 levels.

CB1 antagonist AM251 reverses KTM‑induced mitochon‑
drial function amelioration, superoxide decrease and SOD2 
upregulation. To explore the role of CB1 in KTM‑induced cyto‑
protection, the mitochondrial function, superoxide and SOD2 
protein levels were measured. Compared with the control, 
the mitochondrial complex activities (complex I and IV) 
and SOD2 expression levels (Fig. 6A, B and E) were 
significantly reduced in the presence of 15 mM glutamate, 
and mitochondrial superoxide levels (Fig. 6C and D) were 
increased. In addition, 10 µg/ml KTM significantly increased 
the mitochondrial complex activities and SOD2 expression 
levels, and decreased mitochondrial superoxide levels in 
the glutamate‑treated neuronal cells. AM251 significantly 
blocked the KTM‑induced effects on complex I and IV 

Figure 3. CB1 antagonist AM251 blocks KTM‑induced CB1 receptor upregulation in HT22 cells exposed to Glu. CB1 expression level was evaluated 
by immunocytochemistry and western blotting. Initially, cells were grouped as described in Fig. 2. Then, the cells were grouped as follows: i) Control; 
ii) 10 µg/ml KTM group iii) 10 µM AM251 group; and iv) KTM + AM251 group. After treatment for 24 h, an MTT assay was used to measure cell viability. 
(A) Immunocytochemistry results of CB1 protein expression (magnification, x400). (B) Western blotting results of CB1 protein expression (n=4). (C) No 
obvious cytotoxicity was observed in the presence of AM251 and KTM (n=10). *P<0.05. NS, no significance; KTM, ketamine; CB1, cannabinoid receptor 1; 
Glu, glutamate; LDH, lactate dehydrogenase.
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levels, and mitochondrial superoxide and SOD2 expression 
levels (P<0.05). AM251 did not cause notable changes in the 
aforementioned single glutamate‑induced oxidative injuries. 
These findings suggested that KTM‑induced cytoprotection 
against glutamate is mediated by the CB1 receptor through 
maintaining mitochondrial function.

Discussion

In the present study, HT22 neuronal cells were treated with 
glutamate to imitate oxidative stress injury in MDD, and it 
was found that glutamate decreased cell viability and intra‑
cellular antioxidants levels, including GSH, CAT and SOD2, 
and inhibited mitochondrial complex levels. In addition, LDH 
release, intracellular ROS, GSSG, cell apoptosis, cleaved 
caspase‑3 expression and mitochondrial superoxide levels 
were increased. However, the presence of KTM significantly 
decreased the glutamate‑induced cell oxidative injury and 
the effects on the intracellular antioxidant/oxidant levels, 
and upregulated mitochondrial function and CB1 receptor 

expression simultaneously. Co‑administration with the 
CB1 antagonist AM251 notably blocked the KTM‑induced 
cytoprotective effects against glutamate, and downregulated 
CB1 upregulation. AM251 did not induce marked effects on 
glutamate‑induced oxidative injury. These findings indicated 
that KTM can decrease glutamate‑induced oxidative injury 
in neuronal cells, and the CB1 receptor may mediate the 
aforementioned protective mechanisms.

MDD is a common psychiatric condition, with symptoms 
including prolonged low mood, insomnia and pessimism, 
and a high risk of suicide (20,21). In the United States, MDD 
costs the economy $210 billion USD (45% direct losses, 50% 
workplace losses and 5% suicide‑associated losses), causing 
a great economic load to families of patients and to society 
as a whole (21). Previous investigations have indicated 
that a sub‑clinical dose of KTM can bring about notable 
therapeutic effects to treat MDD, and the administration of 
KTM may also decrease the risk of suicide in patients with 
MDD (6,8). However, the therapeutic mechanisms of KTM 
in the treatment of MDD remain unknown. Previous studies 

Figure 4. CB1 antagonist AM251 reverses KTM‑induced ameliorations of intracellular antioxidants/oxidants. Cells were grouped as described in Fig. 2. 
Intracellular GSH, GSSG, ROS and CAT levels were measured, and the fluorescence images were captured using a fluorescence microscope. (A) AM251 
reversed KTM-induced ameliorations of intracellular GSH levels (n=6). (B) AM251 reversed KTM-induced intracellular GSSG decrease (n=6). (C) Intracellular 
ROS images (magnification, x400). (D) AM251 reversed KTM‑induced intracellular ROS decrease (n=6). (E) AM251 reversed KTM‑induced ameliorations 
of intracellular CAT level (n=6). *P<0.05. NS, no significance; GSH, glutathione; GSSG, oxidized GSH; ROS, reactive oxygen species; CAT, catalase; KTM, 
ketamine; CB1, cannabinoid receptor 1; Glu, glutamate.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  27:  268,  2024 7

Figure 5. KTM exposure upregulates SOD2 expression and activity, but not SOD1, in HT22 cells. The cells were grouped as follows: i) Normal cultured 
control and ii) 10 µg/ml KTM group. After treatment for 24 h, SOD1/SOD2 expression levels and activities were measured by western blotting and reagent 
kits. (A) KTM did not have notable effects on SOD1 expression (n=4). (B) KTM upregulated SOD2 expression (n=4). (C) KTM did not change intracellular 
SOD1 activity (n=6). (D) KTM enhanced intracellular SOD2 activity (n=6). *P<0.05. NS, no significance; KTM, ketamine; SOD, superoxide dismutase.

Figure 6. CB1 antagonist AM251 reverses KTM-induced ameliorations of mitochondrial function, superoxide and SOD2 protein levels in glutamate-treated 
neuronal cells. The mitochondrial function was evaluated according to the mitochondrial complex activities via reagent kits, and mitochondrial superoxide 
and SOD2 protein levels were measured by immunocytochemistry and western blotting analysis, respectively. (A) Mitochondrial complex I activity (n=6). 
(B) Mitochondrial complex IV activity (n=6). (C) Mitochondrial superoxide fluorescence staining (magnification, x400). (D) AM251 reversed KTM‑induced 
inhibition of mitochondrial superoxide (n=6). (E) AM251 inhibited KTM‑induced upregulation of  intracellular SOD2 protein  level (n=4).  *P<0.05. 
NS, no significance; KTM, ketamine; SOD, superoxide dismutase; CB1, cannabinoid receptor 1.
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have indicated that administering KTM can increase CB1 and 
CB2 receptor expressions in vivo, and that CB receptors may 
be involved in the anti‑MDD effects of KTM (9,10). Moreover, 
a previous study showed that CB receptors can modulate the 
psychostimulant effects of KTM in mice (22). At present, two 
CB receptors, CB1 and CB2, have been discovered in the brain 
tissue. The CB1 receptor is located in neurons and astrocytes, 
and the CB2 receptor is expressed in microglial cells and 
astrocytes (23). Therefore, in the present study, the role of the 
CB1 receptor in KTM‑induced anti‑depressive effects was 
explored.

Previous studies have identified that intracellular anti‑
oxidants could be reduced in the pathological mechanisms of 
MDD, meanwhile, neuronal mitochondrial function may also 
be decreased (24,25). In patients with MDD, it is reported that 
mitochondrial ATP production may be inhibited. Moreover, 
chronic stress could inhibit the activities of mitochondrial 
complex I, III and IV. This inhibition on mitochondrial 
complex activity could be reversed by KTM, thus supporting 
the hypothesis that KTM‑induced anti‑MDD therapeutic 
effects may act via attenuating oxidative stress injury (15). 
Glutamate is an excitatory neurotransmitter in the central 
nervous system, and high levels of glutamate are commonly 
used to imitate oxidative stress injury in vitro (16). In the 
pathophysiological processes of MDD, cerebral glutamate 
concentrations are elevated (26). In the present study, the gluta‑
mate exposure decreased intracellular antioxidants, including 
GSH, CAT and SOD2, and generated oxidants simultaneously, 
such as GSSH, ROS and mitochondrial superoxide. These 
findings revealed that glutamate can induce oxidative injury 
in HT22 cells. During oxidative injury, intracellular GSH can 
be oxidized into GSSG, therefore the intracellular GSH/GSSG 
levels are often measured to assess cellular oxidative injury. 
As mitochondria generate energy for cell metabolism, 
mitochondrial dysfunction can cause energy (ATP) supply 
deficiency for cellular activities. In the serum of patients with 
MDD, the level of the antioxidant vitamin E is lower than that 
of healthy individuals. In addition, patients with MMD have 
less mitochondrial DNA copy numbers than that of healthy 
individuals (13,14). This may explain why mitochondria play 
an important role in the progression of MDD. Moreover, SOD 
can be divided into three types including SOD1, SOD2 and 
SOD3. In animals, SOD1 and SOD3 are in the cytoplasm and 
intercellular space, respectively, and SOD2 is expressed in the 
mitochondria (27). As the present study was in vitro, SOD1 and 
SOD2 levels were observed. KTM exposure induced signifi‑
cant upregulations in SOD2 activity and expression compared 
with SOD1. Therefore, the KTM‑induced effects on the 
mitochondrial functions of HT22 cells were observed. It was 
found that KTM notably ameliorated the glutamate‑induced 
decrease of mitochondrial complex I and IV activities. 
Generally, high levels of mitochondrial complex I and IV indi‑
cate healthy mitochondrial function (28). In the present study, 
it was observed that the CB1 receptor antagonist AM251 
partially blocked KTM‑induced neuroprotection, which 
supported the hypothesis that the CB1 receptor mediates 
KTM‑induced neuroprotection against antioxidative injury. 
In fact, in neurons, the CB1 receptor is expressed in the cell 
membrane and mitochondria, and CB1 receptor upregulation 
protects neurons and maintains mitochondrial function (28). 

In the present study, it was observed that KTM restored the 
mitochondrial complex activities, upregulated SOD2 expres‑
sion and activity, and also decreased mitochondrial superoxide 
levels. As SOD2 is located in the mitochondria, the aforemen‑
tioned results indicated that KTM‑induced neuroprotection 
may occur through amelioration of neuronal mitochondrial 
function, which may be mediated by the mitochondrial CB1 
receptor. However, further experiments are required to verify 
cell membrane or mitochondrial CB1‑mediated KTM‑induced 
neuroprotection.

The present study investigated the possible therapeutic 
mechanisms underlying the effects of KTM on MDD, and also 
showed that the mitochondrial CB1 receptor may be a potential 
therapeutic target in treating MDD. However, two limitations 
were identified in the present study. Firstly, a neuronal cell line 
was used in the present study and it is therefore not known 
whether similar findings would be discovered when using 
primary cultured neurons or in vivo experiments. Secondly, 
a CB1 antagonist was used in the present study and this tool 
uncovered the neuroprotective mechanism of KTM from the 
perspective of pharmacology. However, whether similar results 
can be obtained using small interfering RNA or adenoviruses 
remains unknown. In future studies, the anti‑MDD mechanism 
of KTM will be explored using more tools, and the findings of 
the present study will be verified in animal experiments.

Finally, in the present study it was found that KTM 
decreased glutamate‑induced oxidative injury in HT22 
neuronal cells, and the protection was mediated via the CB1 
receptor.
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