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Abstract: Objective: Esketamine (ESK), an intravenous anesthetic, exerts antidepressant effects; however, the an-
tidepression mechanism is not clear. The aim of this study was to explore whether microglial cannabinoid type 
2 (CB2) receptor and protein kinase C (PKC) are involved in the antidepressant effects of ESK. Methods: In this 
investigation, lipopolysaccharide (LPS) was used to stimulate BV-2 microglia to mimic neuroinflammation. An en-
zyme-linked immunosorbent assay (ELISA) and Griess reagent kits were used to determine cytokine and nitrite 
concentrations in the medium. CB2, inducible nitric oxide synthase (iNOS) and nuclear factor (NF)-κB (p65) protein 
expression were evaluated by immunocytochemistry and western blot analysis. Results: Compared with the control, 
LPS enhanced proinflammatory factor and nitrite concentration in the medium, upregulated iNOS and NF-κB (p65) 
expressions, and coadministration of ESK decreased proinflammatory cytokine and nitrite levels, and downregu-
lated iNOS and NF-κB (p65) expression. Moreover, ESK exposure enhanced CB2 receptor expression; coadministra-
tion of the CB2 receptor antagonist AM630 or the PKC inhibitor chelerythrine (Che), however, markedly blocked the 
anti-inflammatory effect of ESK in reducing cytokine and nitrite concentration, and downregulating iNOS and NF-κB 
(p65) expression. Conclusions: These observations demonstrated that the microglial CB2-PKC pathway mediates 
ESK-induced anti-inflammation in LPS-stimulated microglial cells.
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Introduction

Psychiatric disorders account for 22.8% of the 
global burden of diseases [1]. Depression is 
one of the leading psychiatric diseases. Glo- 
bally, there are approximately 350 million 
patients with depression. In the US alone, the 
economic burden of depression is 210 billion 
USD, causing great economic distress to indi-
viduals and the whole country [2]. Unfortu- 
nately, the incidence of depression is increas-
ing annually. Therefore, exploring effective and 
safe therapies for depression is an urgent and 
important task.

Traditionally, monoamine neurotransmission 
system modulation has been used to effective-

ly treat depression [3]. However, traditional 
antidepressant therapy requires several weeks 
to induce obvious clinical effects [4, 5]. Sui- 
cidal tendency is a severe clinical feature of 
depression [6, 7]. Therefore, exploring a fast-
acting therapy to block the suicidal tendency is 
of great importance. Esketamine (S-ketamine, 
ESK) is an intravenous anesthetic agent that is 
the enantiomer of ketamine. An increasing 
number of investigations have shown that  
ESK can exert antidepressant effects [8, 9]. 
Moreover, many investigations have indicated 
that microglial activation-induced neuroinflam-
mation is a key mechanism in the development 
of depression, and inhibiting the secretion of 
proinflammatory cytokines from microglial cells 
is regarded to be useful in controlling depres-
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sion [10, 11], especially for blocking suicidal 
tendencies. The N-methyl-D-aspartate (NMDA) 
receptor, expressed in the cell membrane, is 
usually considered to be the therapeutic target 
of ESK/ketamine in treating depression; never-
theless, several recent studies have shown 
that the endocannabinoid system is also 
involved in the antidepressant effects of ket-
amine [12, 13]. At present, two main types of 
cannabinoid receptors, CB1 and CB2, have 
been discovered in brain tissue. CB1 is found in 
neuronal cells and astrocytes; in contrast, the 
CB2 receptor is located in glial cells, including 
microglia and astrocytes [14]. Upregulation of 
microglial CB2 receptors can reduce the gen-
eration of inflammatory cytokines and alleviate 
neuroinflammation [15]. Protein kinase C is 
commonly involved in the inhibition of microgli-
al inflammation induced by various types of 
medicine [16, 17].

In the current study, BV-2 microglial cells (a 
microglial cell line) were stimulated with lipo-
polysaccharide (LPS) to imitate the neuroin-
flammation associated with depression, and 
we hypothesized that the microglial CB2-PKC 
pathway mediates ESK-induced anti-inflamma-
tion in microglial cells exposed to LPS.

Materials and methods

Cells and reagents

BV-2 microglial cells were obtained as a  
gift from Air Force Medical University (Xi’an, 
China). Dulbecco’s Modified Eagle Medium 
(DMEM, Product No. D5796), fetal bovine 
serum (FBS, Product No. 12103C), lipopolysac-
charide (O55:B5, Product No. L2880) and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Product No. 2003) were 
purchased from Sigma-Aldrich (St. Louis, MO, 
USA). ESK was obtained from Hengrui Phar- 
maceuticals Co., Ltd. (Jiangsu, China). The  
penicillin-streptomycin mixed solution was 
obtained from Solarbio (Beijing, China). En- 
zyme-linked immunosorbent assay (ELISA) 
reagent kits and Griess Reagent Kit, were pur-
chased from Abcam (Cambridge, UK). The anti-
CB2 (ab3561), anti-inducible nitric oxide syn-
thase (iNOS) (ab178945) and anti-NF-κB p65 
(ab32536) rabbit anti-mouse primary antibod-
ies were purchased from Abcam (Cambridge, 
UK), and the Cy3-labeled fluorescence anti- 
body (red) was purchased from Beyotime 

Biotechnology (China). The horseradish peroxi-
dase (HRP)-conjugated secondary antibody 
was purchased from Thermo Fisher Scientific, 
Inc. (cat. No. PA1-86329, USA).

Cell culture and treatments

The BV-2 microglial cells used in this study were 
cultured in DMEM medium containing 10% FBS 
and 1% penicillin-streptomycin solution (v:v). 
The air in the incubator consisted of 5% CO2 
and 95% O2 with a humidity of 100%, and the 
temperature of the incubator was 37°C. The 
cell culture medium was replaced once every 
2-3 days, and the BV-2 cells were passaged 2-3 
times per week.

To determine an ideal ESK concentration, BV-2 
cells were divided into five groups: control (cul-
tured in drug-free medium), LPS (exposed to 
medium with 1 μg/mL LPS) and three ESK 
treatment groups (cultured in medium with 1,  
5 or 10 μg/mL ESK plus 1 μg/mL LPS). After 
incubation for 24 h, ELISA was performed to 
evaluate cytokine release, and immunocyto-
chemistry staining and western blot analysis 
were performed to measure iNOS and cannabi-
noid CB2 receptor expression. Then, to exclude 
the potential neurotoxic effects of ESK, the 
cells were divided into four groups: one control 
and three ESK exposure groups (medium with 
1, 5 or 10 μg/mL ESK). After 24 h of treatment, 
the cell viability was measured.

To explore the role of the CB2 cannabinoid 
receptor in this study, the cells were divided 
into five groups: control (cultured in drug-free 
DMEM), LPS (exposed to medium with 1 μg/mL 
LPS), ESK+LPS (exposed to medium with 10 
μg/mL ESK plus 1 μg/mL LPS), AM630+ESK+ 
LPS (exposed to medium with 10 μM CB2 
receptor antagonist AM630, 10 μg/mL ESK 
and 1 μg/mL LPS) and AM630+LPS (exposed 
to medium with 10 μM AM630 and 1 μg/mL 
LPS). After incubation for 24 h, cytokine release, 
iNOS, CB2, NF-κB (p65) protein expression, 
nitrite level and cell viability were evaluated.

We also investigated the function of protein 
kinase C in this study. There were five cell 
groups: control, LPS, ESK+LPS (same as the 
experiments above), Che+ESK+LPS (exposed 
to medium with 10 μM PKC inhibitor Che, 10 
μg/mL ESK and 1 μg/mL LPS) and Che+LPS 
(exposed to medium with 10 μM Che and 1 μg/
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mL LPS). Pro-inflammatory cytokine and nitrite 
concentrations, iNOS expression and cell viabil-
ity were measured after the treatments.

Cytokine release measurement

BV-2 microglial cells were plated and cultured 
in a 96-well cell culture plate at a density of 
1×105 cells per well. As the treatment was com-
pleted, 20 μL of supernatant from each well 
was sampled. The cytokine levels in the super-
natants were evaluated according to the 
instructions of the ELISA reagent kits respec-
tively [17], including TNF-α (ab285327, sensitiv-
ity: 1 pg/mL, range: 15.6 pg/mL-1000 pg/mL), 
IL-1β (ab197742, sensitivity: 1 pg/mL, range: 
1.56 pg/mL-100 pg/mL) and IL-6 (ab222503, 
sensitivity: 11.3 pg/mL, range: 15.6 pg/
mL-1000 pg/mL). After 90-min incubation, the 
absorbance of each well was evaluated at a 
wavelength of 405 nm by using an enzyme-
labeled instrument (TECAN, CH). The cytokine 
concentration (pg/mL) was calculated from a 
standard curve provided by the kits.

Nitrite concentration measurement

The BV-2 microglial cells were seeded into a 
96-well plate at a density of 2×104 cells per 
well. The level of nitrite, a stable NO oxidation 
product, in the medium was measured by using 
a Griess Reagent Kit (ab234044, Abcam, 
Cambridge, UK), After the treatments, 50 μL 
supernatant from each well was collected and 
mixed with 50 μL Griess Reagent. Then, the 
absorbance of the mixture (50 μL supernatant 
plus 50 μL Griess Reagent) was measured by 
using an enzyme-labeled instrument (TECAN, 
CH), and the wavelength was 570 nm. The data 
of the samples were determined by the external 
calibration curve.

Western blot analysis

A 6-well cell culture plate was used to culture 
the BV-2 cells, and the cell seeding density was 
1×106 cells per well. As the treatment was com-
pleted, the supernatants of the medium were 
removed and discarded, and then the culture 
plate was washed three times with phosphate-
buffered saline (PBS) for 5 min/wash. Then, 
200 μL lysis buffer was added into every well, 
and the plate was placed on ice. The lysis buf-
fer consisted of NaCl (0.15 M), sucrose (0.3 M), 
PMSF (0.3 mM), Tris-HCl (20 mM), EDTA (2 mM) 

and leupeptin (10 μg/ml). For detecting the 
microglial NF-κB p65 expression, the nuclei 
protein was extracted by using a Cytoplasmic 
and Nuclear Protein Extraction Kit (cat. No. 
KGB5302-50, Keygen Biotech, Jiangsu, China). 
Next, the protein level of the treated cells was 
assessed by using the Bradford method [18]. 
Next, equal amounts of protein (25 μL, 500 ng/
mL) were separated on 10% SDS-PAGE mini 
gels, and then transferred to nitrocellulose 
membranes. Then 5% skimmed milk was used 
to block the membranes for 45 min, then the 
primary antibodies, including anti-iNOS, anti-
CB2, anti-NF-κB (p65) and anti-GAPDH (1:1000 
in dilution), were used to incubate the mem-
branes overnight at 4°C. Next, the membranes 
were washed three times with Tris-buffered 
saline with Tween-20 (0.05%; TBST), 10 min, 
one time. Subsequently, the membranes were 
incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:2000 in 
dilution) for 2 h at room temperature. Then, the 
blots were washed three times again with TBST, 
10 min for once, and the target proteins in the 
cells were determined by using chemilumines-
cence kit (SLF1021, Thermo Fisher Scientiffc, 
Inc.). The images of this study were assessed 
by using computerized analysis software (Bio-
Rad, USA).

Immunocytochemistry staining

BV-2 microglial cells were plated into a con- 
focal microscope-specific dish (Corning, USA), 
and the cell density was 1×105 cells per dish. 
As the treatments were completed, the medi-
um in the dish was discarded, and 1 mL of PBS 
at room temperature was used to wash each 
dish, three times in total, 5 min per time. Then, 
4% paraformaldehyde (500 μL) was added to 
one dish to fix the microglia, and 30 min later, 
the paraformaldehyde was removed. Then, PBS 
was used to wash the dishes three times. Then, 
to block the heterogenetic antigen of the cells, 
100 μL of 5% bovine serum albumin (BSA) solu-
tion was added to every dish. Thirty minutes 
later, the BSA was removed, and 100 μL anti-
CB2 primary antibody (1:100 dilution) was 
added to every dish. Then, the dishes were 
placed in a refrigerator at 4°C overnight. Then, 
the dishes were washed three times again by 
using PBS at room temperature. After washing, 
100 μL of Cy-3-labeled secondary antibody 
(red) was added to each dish. After incubation 
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in the dark at room temperature for 1 h, to mark 
the cell nuclei (blue), 50 μL DAPI staining solu-

tion was added to each dish. After incubation in 
the dark for 10 min, the solution was removed. 
After washing with PBS, the dish was observed 
under a confocal fluorescence microscope 
(Olympus, Japan), and pictures were randomly 
taken.

Cell viability

A 96-well cell culture plate was used to culture 
the cells, and the cell seeding density was 
1×105 cells/well. As the treatments were com-
pleted, a total volume of 20 μL MTT solution 
was added into each well, and the MTT concen-
tration was 5 mg/mL. After incubation at 37°C 
in the cell incubator for 3 h, the supernatants  
of the cells were discarded. Then, 150 μL 
dimethyl sulfoxide (DMSO) was added to each 
well to dissolve the formazan. After 15 min  
of shaking with an agitator, as DMSO dissolved 
all the formazan, the absorbance was evaluat-
ed by using an enzyme-labeled instrument 
(TECAN, CH).

Statistical analysis

SPSS 13.0 (SPSS, USA) was used to analyze 
the data of the present investigation. Each 
experiment was repeated at least three  
times, and all the data of this work are ex- 
pressed as the mean ± standard deviation 
(SD). One-way ANOVA followed by Tukey’s mul-
tiple comparison was used to analyze the dif-
ferences between different groups. P < 0.05 
indicated significance.

Results

ESK decreased LPS-induced inflammatory re-
sponses in microglial cells

To search for a suitable ESK concentration in 
LPS-stimulated BV-2 microglia, proinflammato-
ry factor release and the expression of induc-
ible nitric oxide synthase (iNOS), a microglial 
inflammatory biomarker, were measured (Fig- 
ure 1). Compared with the control group, the 
LPS stimulation significantly increased TNF-α 
and IL-6 release and upregulated iNOS expres-
sion (P < 0.05), and the presence of 5 μg/mL or 
10 μg/mL ESK obviously reduced the release  
of TNF-α and IL-6 into the medium and down-
regulated iNOS expression (P < 0.05), indicat-
ing that ESK can alleviate LPS-induced inflam-
mation in microglial cells.

Figure 1. Esketamine inhibited LPS-induced proin-
flammatory cytokine release and iNOS protein upreg-
ulation. The number of cell groups was five in total, 
including the control group, 1 μg/mL LPS-stimulated 
group, and three esketamine (ESK) treatment groups 
(cultured in medium with 1, 5 or 10 μg/mL ESK plus 
1 μg/mL LPS). After 24 h of incubation, TNF-α and 
IL-6 concentrations and iNOS expression were mea-
sured. A. The TNF-α concentration in the medium (n 
= 10). B. The IL-6 concentration in the medium (n = 
10). C. iNOS expression (n = 4). *: P < 0.05; NS: no 
significance.
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ESK upregulated cannabinoid CB2 receptor 
expression in microglial cells

To investigate the effects of ESK on cannabi-
noid CB2 expression, immunocytochemistry 
staining and western blot analysis were per-
formed to evaluate CB2 protein levels (Figure 
2A, 2B). Compared with the control, LPS expo-
sure for 24 h did not cause marked effects on 
CB2 expression (P > 0.05); however, the coad-
ministration of 5 μg/mL or 10 μg/mL ESK, but 
not 1 μg/mL (P > 0.05), obviously upregulated 
CB2 expression (P < 0.05).

Moreover, to rule out the possible toxic effects 
induced by ESK, the cells were divided into  
four groups (Figure 2C): control and three ESK 
treatment groups (1, 5 and 10 μg/mL ESK). 
Compared with the control group, the ESK 

treatment groups did not exhibit significant  
cell injury (P > 0.05). The above results showed 
that the ESK-induced anti-inflammation and 
CB2 upregulation occurred via its pharmaco-
logical effects rather than toxic effects. Thus, 
10 μg/mL ESK was chosen for subsequent 
experiments.

CB2 receptor antagonist blocked ESK-induced 
anti-inflammation in BV-2 microglial cells

To explore the action of the CB2 receptor in 
cells treated with ESK, a CB2 receptor antago-
nist, AM630, was used in this study. The num-
ber of cell groups was five in total. Compared 
with the control, LPS stimulation enhanced 
TNF-α, IL-1β and IL-6 release from BV-2 microg-
lia (Figure 3A-C) and upregulated iNOS (Figure 
3D) and NF-κB (p65) expression (Figure 3F) (P 

Figure 2. Esketamine upregulated CB2 protein expression in microglial cells. The grouping and treatments were the 
same as in Figure 1, and immunocytochemistry staining and western blot analysis were performed to assess CB2 
expression. Then, the cells were assigned into four groups, including the normal cultured control and three concen-
trations of esketamine (ESK) groups. After 24 h of treatment, the cell injury was assessed by using the MTT assay. 
A. CB2 receptor staining (magnification: 40×10). B. CB2 expression level (n = 4). C. Microglial viability (n = 10). *: 
P < 0.05; NS: no significance. 
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< 0.05), meanwhile, increased the nitrite (a 
stable nitric oxide oxidation product) concen-
tration in the medium (Figure 3E); however, 
coadministration of ESK inhibited the secretion 
of the three cytokines, downregulated iNOS 
and NF-κB (p65) expression (P < 0.05), and 
decreased the nitrite level. The addition of 
AM630 markedly blocked the ESK-induced 
inhibition of cytokine release and iNOS and 
NF-κB (p65) expression (P < 0.05), and also the 
nitrite concentration. The AM630 group did  
not show obvious changes in the LPS-induced 
inflammatory factor release, upregulation of 
iNOS and NF-κB (p65) or the nitrite increase (P 
> 0.05), compared with those in the LPS group. 
These results showed that the cannabinoid 
CB2 receptor mediates the anti-inflammatory 
effect of ESK in LPS-stimulated microglial cells.

CB2 receptor antagonist inhibited ESK-induced 
CB2 receptor upregulation in microglia

The microglial CB2 protein expression level was 
determined by immunocytochemistry and west-

ern blot analysis (Figure 4A, 4B). Compared 
with the control, LPS did not change CB2 
expression (P > 0.05), and ESK obviously up- 
regulated CB2 expression; however, the CB2 
antagonist AM630 partially blocked the ESK-
induced CB2 protein elevation (P < 0.05), and 
no obvious changes in CB2 expression were 
observed in the AM630 group (P > 0.05) com-
pared with the LPS group.

To exclude the potential neurotoxicity of the 
drugs used in this experiment, an MTT assay 
was performed (Figure 4C). No significant cell 
injury was observed among the five groups (P > 
0.05). These results support that the CB2 
receptor antagonist AM630 can reverse ESK-
induced CB2 upregulation in BV-2 microglial 
cells.

Protein kinase C inhibitor blocked ESK-induced 
anti-inflammation in microglia

Protein kinase C (PKC) is an intracellular protein 
that is involved in many drug-induced anti-

Figure 3. CB2 antagonist AM630 blocked esketamine-induced inhibition of pro-inflammatory cytokine release, ni-
trite accumulation and downregulation of iNOS and NF-κB (p65) expression. ELISA was used to measure cytokine 
release, and western blot analysis was performed to evaluate iNOS and NF-κB (p65) expression. A. The TNF-α con-
centration (n = 10). B. The IL-1β concentration (n = 10). C. The IL-6 concentration (n = 10). D. iNOS expression (n = 
4). E. Nitrite concentration (n = 8). F. NF-κB (p65) expression (n = 4). *: P < 0.05; NS: no significance.



Esketamine reduces microglial inflammation

4472 Am J Transl Res 2024;16(9):4466-4478

inflammatory effects in microglial cells and 
other immune cells [16, 17]. In the present 
investigation, we explored whether PKC is re- 
lated to the anti-inflammatory effect of ESK  
by using chelerythrine (Che), a PKC inhibitor. 
Compared with the control (Figure 5A-E), LPS 
significantly increased the TNF-α, IL-1β and  
IL-6 releases, iNOS expression and nitrite level 
in the medium (P < 0.05), and ESK decreased 
the three inflammatory factor releases, iNOS 
expression and nitrite level (P < 0.05). However, 
coadministration of the PKC inhibitor Che par-
tially blocked the ESK-induced actions on the 
three cytokine releases, iNOS expression and 
the nitrite level; and compared with the LPS 
group, the Che group did not show obvious 
changes in the LPS-induced pro-inflammation 

metrics (P > 0.05). In addition, no marked dif-
ference in cellular injury (Figure 5F) was ob- 
served in the five groups (P > 0.05), showing 
that the changes in inflammatory level among 
the five groups were induced by pharmacologi-
cal effects, not by cytotoxic effects, of the drugs 
used in this study. These findings demonstrat-
ed that PKC mediates the anti-inflammatory 
effect of ESK in LPS-stimulated BV-2 cells.

Discussion

In the present investigation, we explored the 
CB2-PKC pathway in ESK-induced anti-inflam-
mation in LPS-stimulated BV-2 microglia. We 
noticed that LPS exposure enhanced the se- 
cretion of proinflammatory cytokines, including 

Figure 4. The CB2 antagonist AM630 blocked esketamine-induced CB2 protein upregulation in LPS-stimulated 
microglia. Immunocytochemistry staining and western blotting were used to determine microglial CB2 receptor 
levels, and the cell injury was assessed by using the MTT assay. A. Immunocytochemistry results of CB2 expression 
(magnification: 40×10). B. Western blot results of microglial CB2 expression (n = 4). C. Microglial viability (n = 10). 
*: P < 0.05; NS: no significance.
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TNF-α, IL-1β and IL-6, from microglial cells, 
upregulated the expression of iNOS and NF-κB, 
and increased the nitrite level in the medium; 
coadministration of the intravenous anesthetic 
agent ESK reduced cytokine and the nitrite con-
centration, and downregulated iNOS and NF-κB 
levels in BV-2 cells while increasing microglial 
cannabinoid CB2 protein expression; and the 
CB2 receptor antagonist AM630 or PKC inhibi-
tor Che markedly blocked the ESK-induced 
changes in cytokine release, nitrite production 
and the expression of iNOS and NF-κB proteins. 
These observations showed that ESK can de- 
crease LPS-induced inflammation in BV-2 cells, 
and the CB2-PKC pathway might mediate the 
anti-inflammatory effects of ESK, causing anti-
depression efficacy ultimately (Figure 6).

Depression is an extremely common and 
severe psychiatric disease, and the incidence 

of depression is approximately 15% in the gen-
eral population, leading to cardiovascular dis-
eases and even suicide [19, 20]. At present, 
two main pathophysiological mechanisms of 
depression have been reported: regulatory dys-
function of the hypothalamus-pituitary-adrenal 
(HPA) axis and production of adult-generated 
neurons in hippocampal dentate gyrus tissue 
[20]. Unfortunately, only approximately 33% of 
patients with depression can obtain complete 
remission after a single antidepressant admin-
istration, and an approximately 60% remission 
rate can be obtained after the use of two differ-
ent antidepressants [21]. This evidence show- 
ed that the occurrence and development of 
depression could not be completely explained 
by the above two pathological mechanisms, 
and there may be other mechanisms associat-
ed with the development of depression. Several 
recent studies have indicated that alleviating 

Figure 5. Protein kinase C inhibitor reversed esketamine-induced inhibition of pro-inflammatory cytokine release, 
nitrite accumulation and iNOS expression. ELISA was used to measure cytokine release, and western blot and MTT 
assays were used to evaluate iNOS expression and cell injury, respectively. A. The TNF-α concentration (n = 10). B. 
The IL-1β concentration (n = 10). C. The IL-6 concentration (n = 10). D. The iNOS expression level (n = 4). E. Nitrite 
concentration (n = 8). F. Microglial viability (n = 10). *: P < 0.05; NS: no significance.
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neuroinflammation can control the symptoms 
of depression, and nonsteroidal anti-inflamma-
tory drugs (NSAIDs) and other medicines with 
anti-inflammatory abilities are effective in treat-
ing depression [22]. In addition, microglial cells 
are vital immune cells in the brain and spinal 
cord, and reducing microglial activation can 
obviously decrease neuroinflammation [23]. 
Therefore, inhibiting the activation status of 
microglia is considered to be a useful method 
in alleviating many neurological and psychologi-
cal disorders, including Alzheimer’s disease 
(AD), Parkinson’s disease (PD) and depression. 
ESK (the S enantiomer of ketamine) is a gener-
al intravenous anesthetic drug and NMDA 
receptor antagonist that is used widely in pedi-
atric and short-term anesthesia [8]. In the 
pathophysiological process of severe depres-
sion, microglial cells can be activated, and 
secrete proinflammatory cytokines, in addition, 
the NF-κB protein and iNOS protein of microgli-

al cells can be up-regulated [24, 25], which are 
very similar with the observed indicators of this 
study. Moreover, the secretion of inflammation 
cytokines and up-regulation of iNOS protein are 
very classic features of activated microglial 
cells, for these reasons aforementioned, we 
tested these indictors to evaluate the anti-
depressive ability of ESK. BV-2 microglial cell 
exposed to LPS is used very widely to mimic 
depression in the in vitro investigation, and this 
cell model was used in many recent studies to 
explore the occurrence and treatment of de- 
pression [26-28]. Recently, several investiga-
tions showed that ESK was effective in alle- 
viating neuroinflammation and symptoms of 
depression [9, 29], so in the present investiga-
tion, we used LPS-treated BV-2 microglial cells 
to imitate the neuroinflammation associated 
with depression and explored the anti-inflam-
mation and anti-depression mechanism of 
ESK. The LPS exposure can enhance iNOS 

Figure 6. Esketamine exerts anti-inflammatory effects on LPS-stimulated microglia via the CB2-PKC pathway. Es-
ketamine upregulated microglial cannabinoid CB2 receptors and then downregulated microglial NF-κB protein in 
the nucleus via protein kinase C (PKC), and fewer cytokines were released from the microglia, ultimately leading to 
anti-inflammatory and antidepressant effects.
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expression and nitric oxide (NO) production in 
microglial cells, and the produced NO exists as 
the nitrite, a stable NO oxidation product in the 
medium. We found that ESK administration 
obviously reduced LPS-induced proinflamma-
tory cytokine release from BV-2 microglial cells, 
downregulated iNOS and NF-κB (p65) expres-
sion, attenuated the nitrite accumulation in the 
medium and upregulated cannabinoid CB2 
expression; however, coadministration of the 
CB2 antagonist AM630 obviously blocked the 
ESK-induced changes in cytokine release, 
nitrite production and the expression of iNOS, 
NF-κB (p65) and CB2 proteins, indicating that 
the cannabinoid CB2 receptor might mediate 
the anti-inflammatory effect of ESK on LPS-
treated microglia. The PKC inhibitor Che in- 
duced similar effects as AM630 in reversing 
the ESK-induced anti-inflammation described 
above. In fact, ESK and cannabinoids are simi-
lar in many ways; for instance, they are addic-
tive, analgesic, anti-inflammatory and neuro-
protective. Moreover, ESK/ketamine and can-
nabinoids can also be used in treating psychiat-
ric disorders, including schizophrenia, anxiety 
and depression [30, 31]. However, although it 
has been widely accepted that ESK/ketamine 
induces pharmacological effects by inhibiting 
NMDA receptors, several recent studies have 
revealed that ESK or ketamine can also acti-
vate cannabinoid CB1 and CB2 receptors [12]. 
As the CB2 receptor is located in immune cells 
and is involved in modulating inflammation in 
the central nervous system (CNS) [32], in this 
investigation, we studied the CB2 receptor’s 
action in ESK-induced anti-inflammation. In 
addition, in basic research, administration of a 
CB2 agonist alleviated depression-like behav-
iors in rats [33]. In another in vivo study, 
Khakpai et al. reported that ketamine exerted 
antidepressant effects by modulating cannabi-
noid CB1 and CB2 receptors [12]. In addition, 
several clinical trials showed that ESK induc- 
ed obvious and rapid antidepressant effects 
with fewer and mild or moderate side effects 
[34]. Traditional anti-depressants, including 
monoamine oxidase inhibitors (MAOIs), tricyclic 
agents (TCAs) and selective serotonin reuptake 
inhibitors (SSRIs) [35], require approximately 
three to six weeks to exert obvious antidepres-
sant effects, and the remission rate with single 
medicine is approximately 30%. In addition, tra-
ditional antidepressants usually bring about 
obvious side effects, such as marked elevated 

blood pressure, anxiety, tachycardia and ortho-
static hypotension. Moreover, patients with 
depression usually commit suicide, so it is cru-
cial to control suicidal tendency. ESK takes only 
several days to control depressive behaviors, 
especially suicidal tendency [7]. As a result of 
its active therapeutic effects and fewer side 
effects, ESK has been authorized by the Food 
and Drug Administration (FDA) of the US to treat 
depression [36].

PKC is localized in the cytoplasm and is a 
kinase family of phospholipid-dependent ser-
ine/threonine kinases consisting of three sub-
families, including classic (PKCα, PKCβI, PKCβII 
and PKCγ), non-classic (PKCε, PKCδ, PKCη, 
PKCθ and PKCμ) and atypical PKC (PKCξ) [37]. 
Many investigations have shown that PKC is 
associated with cell proliferation, differentia-
tion and death, and PKC is also a regulator of 
host defense and inflammation. As several 
studies have shown that PKC is related to anes-
thetic-induced anti-inflammation in immune 
cells, including microglia and macrophages [16, 
17, 38], in the present investigation, we studied 
PKC in ESK-induced anti-inflammatory effects 
in microglia. We found that the PKC inhibitor 
Che reversed the ESK-induced anti-inflamma- 
tory effects in LPS-stimulated microglia, show-
ing that PKC might mediate ESK-induced anti-
inflammation in BV-2 cells. As a key inflamma-
tory regulator of microglial cells, NF-κB up- 
regulation increases proinflammatory cytokine 
release. In this study, we noticed that ESK 
decreased NF-κB upregulation in microglia 
exposed to LPS, and the CB2 cannabinoid 
receptor antagonist AM630 blocked the ESK-
induced upregulation of NF-κB, indicating CB2 
receptor mediated ESK-induced anti-inflamma-
tory effects. However, there are also some limi-
tations in this study. First, what we found in the 
present research was completely in vitro, and 
whether the futural findings from in vivo or clini-
cal studies are in accordance with this study is 
unknown. Second, although we found that PKC 
was related to ESK-induced anti-inflammation 
in microglial cells, which subtype of PKC play- 
ed a more vital role is still obscure. Third, there 
are still some controversies regarding the mod-
ulatory role of CB2 in inflammation, Olabiyi et 
al. reported that depletion of CB2 receptor or 
CB2 receptor antagonist SR144528 can make 
microglial cells less responsive to inflammation 
stimulation [39], and the genetic deletion of 
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CB2 in mice reduced the severity of dementia 
[40]. In future work, we will verify what we found 
in the present study in vivo and explore which 
subtype of PKC mediates the anti-inflammatory 
and antidepressant effects of ESK.

Briefly, in this investigation, we found that ESK 
reduces inflammation in BV-2 microglial cells 
treated with LPS, and the CB2-PKC pathway 
mediates anti-inflammation. These observa-
tions indicated that the antidepressant effects 
exerted by ESK may be mediated by the microg-
lial CB2-PKC pathway.
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