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Abstract
Background  Abnormal activation of microglia is involved in the pathogenesis of schizophrenia. Minocycline and 
antipsychotics have been reported to be effective in inhibiting the activation of microglia and thus alleviating 
the negative symptoms of patients with schizophrenia. However, the specific molecular mechanism by which 
minocycline and antipsychotics inhibit microglial activation is not clear. In this study, we aimed to explore the 
molecular mechanism of treatment effect of minocycline and antipsychotics on schizophrenia.

Methods  Microglia cells were activated by lipopolysaccharide (LPS) and further treated with minocycline, 
haloperidol, and risperidone. Then cell morphology, specific marker, cytokines, and nitric oxide production process, 
and the proteins in related molecular signaling pathways in LPS-activated microglia were compared among groups.

Results  The study found that minocycline, risperidone, and haloperidol significantly inhibited morphological 
changes and reduced the expression of OX-42 protein induced by LPS. Minocycline significantly decreased the 
production of interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1beta (IL-1β). Risperidone also 
showed significant decrease in the production of IL-6 and TNF-α, while haloperidol only showed significant decrease 
in the production of IL-6. Minocycline, risperidone, and haloperidol were found to significantly inhibit nitric oxide (NO) 
expression, but had no effect on inducible nitric oxide synthase (iNOS) expression. Both minocycline and risperidone 
were effective in decreasing the activity of c‑Jun N‑terminal kinase (JNK) and extracellular signal-regulated kinase 
(ERK) in the mitogen-activated protein kinases (MAPKs) signal pathway. Additionally, minocycline and risperidone 
were found to increase the activity of phosphorylated-p38. In contrast, haloperidol only suppressed the activity 
of ERK. Minocycline also suppressed the activation of janus kinase 2 (JAK2) and signal transducer and activator of 
transcription 3 (STAT3), while risperidone and haloperidol only suppressed the activation of STAT3.

Conclusions  The results demonstrated that minocycline and risperidone exert stronger anti-inflammatory and 
neuroprotective effects stronger than haloperidol, through MAPKs and Janus kinase-signal transducer and activator of 
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Background
Schizophrenia is a neurodevelopmental disease charac-
terized by positive symptoms, negative symptoms and 
cognitive symptoms. The mechanisms of schizophrenia 
have not yet been elucidated. Microglia are neuroprotec-
tive, immunocompetent cells of the central nervous sys-
tem (CNS) that play a pivotal role in neurodevelopmental 
processes [1, 2]. Accumulating evidence has shown that 
abnormal activation of microglia is involved in the 
pathogenesis of schizophrenia by facilitating the release 
of proinflammatory cytokines and various free radicals, 
leading to developmental abnormalities [3–5]. Clinical 
studies have found that anti-inflammatory drugs that can 
inhibit the abnormal activation of microglia can allevi-
ate the negative symptoms of schizophrenia. In addition, 
previous studies have found that atypical antipsychotics, 
which have been found to be effective in treating nega-
tive symptoms, also inhibit the activation of microglia, 
suggesting that atypical antipsychotics also ameliorate 
the negative symptoms of schizophrenia by inhibiting the 
abnormal activation of microglia.

Microglial activation is manifested by changes in cell 
morphology (retraction of processes and hypertrophy), 
changes in the expression of specific cell surface markers 
(OX-42, a complement type III receptor) and the release 
of some harmful substances (proinflammatory cytokines, 
free radicals, etc.). There are a wide range of factors that 
trigger the activation of microglia, such as LPS, interferon 
alpha (INF-α), and β-amyloid (Aβ). When microglia are 
stimulated, they are exposed to a series of signals, lead-
ing to the expression of related inflammatory factors and 
thereby regulating the inflammatory response [1]. Stud-
ies have found that some signaling molecules involved in 
the activation process of microglia are related to mental 
illness. Studies have found that the Janus kinase-signal 
transducer and activator of transcription (JAK-STAT) 
signaling pathway is involved in synaptic plasticity in the 
hippocampus and related to depression [6–9]. A study 
involving a model of neuroinflammation found that the 
atypical antipsychotic risperidone inhibited the increase 
in p38 mitogen-activated protein kinases (MAPK) 
expression induced by LPS [10]. Based on the above 
results, we believe that these two signaling pathways are 
likely related to the therapeutic effects of antipsychotics.

Minocycline is a tetracyclic antibiotic that exerts anti-
inflammatory and neuroprotective effects by inhibit-
ing the activation of microglia [11]. Previous study [12] 
have shown that the MAPK, and JAK-STAT signaling 
pathways are involved in the anti-inflammatory effect 

of minocycline. Clinical evidence has shown that when 
used as an adjunct therapy, minocycline can alleviate the 
negative symptoms of schizophrenia better than placebo 
[13]. Some in vitro and in vivo studies have found that 
minocycline and atypical antipsychotics can inhibit the 
activation of microglia, while typical antipsychotics have 
little effect on microglial activation [14, 15]. Our previ-
ous study also found that minocycline and risperidone 
can significantly rescue behavioral deficits and attenuate 
microglial activation in rat models of schizophrenia [16, 
17]. Haloperidol is a typical antipsychotic used for the 
treatment of positive symptoms, and its inhibitory effect 
on microglial activation is significantly weaker than that 
of risperidone [18].

Although the “Microglia hypothesis of schizophrenia” 
has attracted much attention, the molecular mecha-
nism by which atypical antipsychotics inhibit microglia 
activation is still unclear [19, 20]. Therefore, the aim of 
this study was to explore the molecular mechanism of 
treatment effect of minocycline and antipsychotics on 
schizophrenia through observation of related molecular 
signaling pathways in activated microglia. Our research 
hypothesis is that atypical antipsychotic risperidone, sim-
ilar to minocycline, inhibits the activation of microglia 
through the MAPK, and JAK-STAT signaling pathways, 
thereby exerting a therapeutic effect on the negative 
symptoms of schizophrenia. The inhibitory effect of typi-
cal antipsychotic haloperidol on MAPK, and JAK-STAT 
signaling pathway and microglia activation is significantly 
weaker than that of minocycline and risperidone. This 
study provides evidence for the pathogenesis of negative 
schizophrenia symptoms and new targets for treatment.

Methods
Drugs and reagents
Minocycline hydrochloride, risperidone, haloperidol and 
LPS were purchased from Sigma Chemical Co. (St. Louis, 
MO, USA, catalog no. WXBB4793V, R3030, H1512, and 
025M4040V, respectively). RPMI 1640 medium, fetal 
bovine serum, penicillin/streptomycin antibiotics and 
0.25% trypsin-EDTA were purchased from Gibco BRL 
(Grand Island, NY, USA, catalog no. 11875119, 10091148, 
15140148, and 25200072, respectively). The measurement 
of nitric oxide using the Nitrite/Nitrate Assay Kit pur-
chased from Sigma-Aldrich (St. Louis, MO, USA, catalog 
no. 23479-1KT-F). Rabbit anti-OX42 Polyclonal Anti-
body was purchased from Absin Bioscience Inc. (Shang-
hai, China, catalog no. abs137035). Sheep Anti-Rabbit 
IgG H&L (DyLight® 488) was purchased from Abcam 
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Bioscience Inc. (Cambridge, UK, catalog no. ab96923). 
Mouse TNF-α, IL-1β ELISA kits were from R&D Sys-
tems, Inc. (NE Minneapolis, USA, catalog no. MTA00B, 
and MLB00C, respectively). Mouse IL-6 ELISA kits pur-
chased from CUSABIO (Fannin St., Houston, USA, cata-
log no.CSB-E04639m). P38 MAPK (D13E1) XP ®Rabbit 
mAb, Phospho-p38 MAPK (Thr180/Tyr182) (D3F9) XP 
®Rabbit mAb, iNOS (D6B6S) Rabbit mAb, JNK Rabbit 
mAb, ERK Rabbit mAb antibody, and α-Tubulin Rab-
bit mAb antibodies were purchased from CST (Boston, 
USA, catalog no. 8690, 4511, 13120, 67096, 4695, and 
3873, respectively), STAT3 Rabbit mAb and JAK2 Rabbit 
mAb antibodies were purchased from Novus (Colorado, 
USA, catalog no. NBP2-61588, and NBP3-15825).

BV-2 cell culture
The BV2 murine microglial cells were gifted from Shang-
hai Institutes for Biological Sciences (SIBS, Shanghai, 
China). The cells were cultured in RPMI 1640 medium 
supplemented with 10% fetal bovine serum in a 5% CO2 
cell incubator at 37 °C. The cells were subcultured when 
the cell monolayer reach approximately 80% confluence.

Viability assay
BV-2 cell viability was measured by the CCK-8 assay. In 
brief, BV-2 cells (100 μL) were seeded in each well of a 
96-well culture plate (0.5 × 104 cells/mL). Twenty-four 
hours later, different concentrations of drug-contain-
ing and serum-free medium were added. The cells were 
treated with different concentrations of minocycline 
(0.01, 0.1, 1.0, 10, and 100 μmol/L), risperidone (0.1, 1.0, 
10, 50 and 100 μmol/L) and haloperidol (0.1, 1.0, 10, 50 
and 100 μmol/L); normally cultured cells were estab-
lished as controls for each experimental group. Cells 
from each group were plated in 3 wells of a 96-well cul-
ture plate and cultured at 37  °C and 5% CO2 for 24  h. 
Then, 10 μL of CCK-8 reagent was added to each well for 
3 h, and the absorbance (OD) at 450 nm was measured 
using a microplate reader connected to an enzyme label-
ing instrument. The relative survival rate of the cells was 
calculated as follows:

	
%cell viability = (ODexperimental group−ODblankgroup)

/(ODnormal group−ODblankgroup)×100%

After selecting the most effective concentrations of each 
drug, the optimal LPS treatment duration was selected. 
The experiment was divided into three parts to investi-
gate the effects of minocycline, risperidone and haloperi-
dol on cell viability. In each part of the experiment, the 
cells were divided into three groups: the normal culture 
group, LPS treatment group and drug pretreatment plus 
LPS treatment group. Cells from each group were plated 
in three wells in each part of the experiment, and the 

96-well culture plate was cultured at 37 °C for 24 h in 5% 
CO2. The cells were treated with the optimal concentra-
tions of the three drugs for 24  h and then treated with 
1.0 μg/ml LPS for 12, 24 or 48 h. After incubation for 3 h 
with 10 μL of CCK-8 reagent, the OD value of each well 
was measured by an enzyme labeling instrument, and the 
optimal LPS treatment duration was determined by cal-
culating the relative survival rate of the cells in each well.

Morphological observation
The BV2 cells were plated into 6-well plates at a den-
sity of 5 × 104cells per well. After the cells had adhered 
to the wall overnight, they were randomly divided 
into 5 groups: (1) the blank control group; (2) the 
LPS group; (3) the minocycline preconditioning + LPS 
group; (4) the risperidone preconditioning + LPS 
group; and (5) the haloperidol preconditioning + LPS 
group. The cells in each group were photographed 
under a phase contrast microscope at the end of the 
treatment period to observe the effects of the drugs on 
the activation of cells stimulated with LPS. The num-
ber of branches and the branch length of each cell were 
measured using ImageJ.

Immunofluorescence staining and measurement of mean 
fluorescence intensity
The protein expression of OX42 (CD11b/c), a microg-
lia-specific marker, in BV-2 cells was assessed by 
immunofluorescence, and changes in its expression 
were observed. After the cells in the five groups were 
digested with 0.25% trypsin, they were inoculated onto 
slides at a density of 1 × 105 cells/ml and washed with 
PBS. After that, the cells were fixed with 4% parafor-
maldehyde in PBS, permeabilized with 0.1% Tween in 
PBS (PBST) and blocked with a 5% BSA working solu-
tion. After being diluted 1:100, the first antibody was 
added to the cells and incubated at 4 °C overnight. The 
cells in the negative control group were treated with 
PBS rather than the primary antibody. The next day, 
the cells were allowed to recover at 37  °C for 45 min, 
washed with PBS, and then incubated with a sheep 
anti-rabbit secondary antibody (diluted 1:1000) at 
room temperature for 30  min. Finally, after washing 
with PBS, the slides were sealed with glycerin and pho-
tographed under a microscope. For relative fluores-
cence analysis, all settings such as condenser opening, 
objective, zoom, exposure time, and gain parameters 
were maintained constant for all samples.

Initially fluorescence images were converted to 
Lab Stack and then split into single channel images. 
32-bit images of single channel were converted into 
8-bit images. The gray value of each pixel represents 
the fluorescence intensity of the point. Mean fluores-
cence intensity (MFI), mean gray value, was calculated 
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using integrated intensity per unit area. A threshold 
was then chosen using the ‘Auto threshold’ function 
of ImageJ. Furthermore, the image was processed with 
the Analyze Particles algorithm of ImageJ to determine 
the number of single fluorescence cells computation-
ally. The mean fluorescence intensity of single-cell was 
quantified in ImageJ using the ROI (region of interest) 
toolbox.

Measurement of nitric oxide and inflammatory factors 
production
The BV-2 microglial cells in the logarithmic growth 
phase were suspended and seeded in 6-well culture 
plates (10 × 104 cells/mL). The cells were randomly 
divided into 5 groups. After 24  h, the drugs at the 
appropriate concentrations, as determined by the 
CCK-8 assay, were added to the three drug groups, 
while serum-free medium was added to the blank con-
trol and LPS groups. The cells in the five groups were 
incubated for 24 h. All groups except the blank control 
group were stimulated with 1 μg/mL LPS for 24 h. The 
cell supernatant was collected, and the level of NO in 
the medium was measured with a nitric oxide one-
step kit. The levels of IL-1β, IL-6 and TNF-α in the cell 
supernatant were measured by ELISA kits according to 
the manufacturer’s instructions.

Western blot analysis
After discarding the culture media of the five groups 
of BV-2 cells, the cells were washed with PBS twice, 
and 2 μL of the protease inhibitor PMSF and 200 μL 
of protein lysate were added. After lysis for 30 min, the 
cells were centrifuged; the precipitate was discarded, 
and the supernatant was collected. The proteins were 
separated by SDS-PAGE (10%) and then transferred 
onto PVDF membranes. The membranes were incu-
bated with specific antibodies (anti-iNOS, anti-p38, 
anti-pho-p38, anti-JNK, anti-ERK, anti-JAK-2, anti-
STAT3 and anti-α-Tubulin) diluted 1:2000 overnight 
at 4  °C. The membrane was then washed with TBST, 
destained, dried, and incubated with a secondary anti-
body diluted 1:5000 at 37  °C for 2 h. Using α-Tubulin 
as an internal reference, the relative densities of the 
bands were analyzed by ImageJ software.

Statistical analysis
Each experiment was repeated more than three 
times, and the experimental results were expressed as 
mean ± standard error. The comparison between two 
groups was compared by one-way analysis of variance 
(ANOVA) followed by the LSD post-hoc test using 
SPSS 23.0 software, p < 0.05 was considered to be sta-
tistically significant.

Results
BV-2 cell viability
To determine the appropriate concentrations of mino-
cycline, risperidone and haloperidol, their cytotoxic-
ity to BV-2 microglia was assessed by treating the cells 
with different concentrations of the drugs for 24 h and 
then measuring cell viability by the CCK-8 assay. The 
results showed that minocycline at a concentration 
of 10 μmol/L, risperidone at concentrations of 50 and 
100 μmol/L and haloperidol at a concentration of 100 
μmol/L significantly decreased the viability of BV-2 
cells, while there was no significant change in cell 
viability after treatment with the other concentrations 
of the drugs (Fig.  1). Therefore, we chose 10 μmol/L, 
10 μmol/L and 50 μmol/L as the appropriate concen-
trations of minocycline, risperidone and haloperidol, 
respectively, for subsequent experiments.

To determine the optimal duration of LPS treatment, 
BV-2 microglial cells were pretreated with the optimal 
concentrations of minocycline, risperidone and halo-
peridol for 24  h and then treated with LPS for 12  h, 
24 or 48  h. The CCK-8 assay showed no significant 
differences in the viabilities of cells treated with the 
three drugs after LPS treatment for different amounts 
of time. However, in the LPS group, cell activity was 
decreased after 48 h of LPS treatment; thus, 24 h was 
chosen as the appropriate LPS treatment duration 
(Fig. 2).

Effects of minocycline and antipsychotics on 
morphological changes of microglia activated by LPS
We directly observed the morphological charac-
teristics of cells treated with different antipsychot-
ics and LPS. As depicted in Fig.  3A, normal BV-2 
cells possess slender processes and long branches, 
with an average branch number of 1.98 ± 0.13/cell 
and an average branch length of 39.14 ± 2.93  μm/
cell. Following 24  h of LPS stimulation (Fig.  3B), the 
BV2 cells exhibited a round cell body and retract-
ing processes, resulting in an amoeboid morphol-
ogy with an average branch number of 0.39 ± 0.09/
cell (p < 0.001, compared with the blank group) and 
an average branch length of 12.51 ± 2.91  μm/cell 
(p < 0.001, compared with the blank group). Pretreat-
ment with minocycline (Fig.  3C) resulted in a notice-
able increase in the number of branches per cell, with 
an average of 3.08 ± 0.25/cell (p < 0.001, compared 
with the LPS group), and an increase in the average 
branch length to 66.67 ± 5.09  μm/cell (p < 0.001, com-
pared with the LPS group). Pretreatment with risperi-
done (Fig.  3D) increased the number of branches per 
cell to 1.73 ± 0.22 (p < 0.001, compared with the LPS 
group), with an increase in the average branch length 
to 40.03 ± 5.88  μm/cell (p < 0.001, compared with the 



Page 5 of 12Long et al. BMC Psychiatry          (2023) 23:514 

LPS group). For BV-2 cells pretreated with haloperidol 
(Fig. 3E), the number of branches per cell increased to 
1.13 ± 0.17 (p < 0.01, compared with the LPS group), 
whereas the average branch length did not change 
from the LPS group at 15.70 ± 4.47  μm/cell. The sta-
tistical results of the number of branches and average 
branch length were showed in Fig.  3F. These findings 
suggest that minocycline, risperidone, and haloperidol 
attenuate LPS-induced morphological changes in BV2 
cells. Moreover, from our results, minocycline has the 
most significant effect in attenuating cell morphology 
(p < 0.001, compared with the risperidone and halo-
peridol groups), with risperidone exhibiting the sec-
ond-most substantial effect (p < 0.05, compared with 
the haloperidol group, in terms of branch numbers 
and p < 0.001, compared with the haloperidol group, in 
terms of branch length), and haloperidol showing the 
weakest effect.

Effects of minocycline and antipsychotics on OX42 marker 
of microglia activated by LPS
We measured the mean fluorescence intensity (MFI) 
of OX-42 treated with different antipsychotics and 
LPS. As showed in Fig.  4, the MFI of OX-42 in nor-
mal BV-2 cells was 16.85 ± 0.99. Following 24 h of LPS 
stimulation, the MFI of OX-42 was significantly higher 
at 44.91 ± 3.12 (p < 0.001, compared with the blank 
group). Pretreatment with minocycline significantly 
decrease the MFI of OX-42 to 23.78 ± 2.02 (p < 0.001, 
compared with the LPS group). Pretreatment with ris-
peridone significantly decrease the MFI of OX-42 to 
22.30 ± 3.26 (p < 0.001, compared with the LPS group). 
Pretreatment with haloperidol significantly decrease 
the MFI of OX-42 to 36.47 ± 3.27 (p < 0.05, compared 
with the LPS group). After pre-treatment with mino-
cycline and risperidone, the MFI of OX-42 in LPS-
activated BV-2 cells did not show any significant 
difference when compared to the blank group. How-
ever, pre-treatment with haloperidol resulted in a sig-
nificantly higher MFI of OX-42 compared to the blank 
group (p < 0.001). The MFI of OX-42 in the risperidone 
group was not significantly different from the minocy-
cline group (p = 0.724), and it was significantly lower 
than the haloperidol group (p < 0.001). Furthermore, 
the haloperidol group showed a significantly higher 
MFI than the minocycline group (p < 0.01). Overall, 
our data suggest that these drugs may have potential 
therapeutic effects in reducing microglial activation in 
neuroinflammatory conditions.

Effects of minocycline and antipsychotics on inflammatory 
cytokines production of microglia activated by LPS
The concentration of interleukin-6 (IL-6) in nor-
mal BV-2 cells was found to be 13.04 ± 0.51 pg/ml, 

Fig. 1  Effects of minocycline, risperidone and haloperidol on viability of 
BV-2 cells. Cells were treated with minocycline (A) at concentrations of 
0.01–100 μmol/L or risperidone (B) at concentrations of 0.1–100 μmol/L 
or haloperidol (C) at concentrations of 0.1–100 μmol/L for 24 h. The cell 
viability was measured by CCK-8 assay. Each column represents the results 
of three independent experiments. ** p < 0.01 and *** p < 0.001 was used 
as statistical significance to compare with the untreated control.
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whereas it was significantly higher in BV-2 cells 
treated with LPS, with a concentration of 26.57 ± 0.51 
pg/ml (p < 0.001). On pretreatment with minocycline 
and antipsychotics, the concentration of IL-6 sig-
nificantly decreased. The concentration was found 
to be 14.56 ± 1.75 pg/ml with minocycline (p < 0.001), 
19.39 ± 2.46 pg/ml with risperidone (p < 0.001), and 
22.40 ± 0.65 pg/ml with haloperidol (p < 0.001). 
(Fig. 5A)

Similarly, the interleukin-1β (IL-1β) in normal BV-2 
cells had a concentration of 22.83 ± 5.43 pg/ml, while 
LPS-treated BV-2 cells had a significantly higher 

concentration of 45.56 ± 5.62 pg/ml (p < 0.001). Pre-
treatment with minocycline resulted in a significant 
decrease in IL-1β concentration to 26.06 ± 4.05 pg/
ml (p < 0.001). However, pretreatment with risperi-
done and haloperidol resulted in concentrations of 
39.61 ± 4.06 pg/ml and 38.83 ± 3.03 pg/ml, respectively, 
which were not significantly different from the con-
centration in LPS-treated BV-2 cells. (Fig. 5B)

In the blank group, the levels of TNF-α were 
65.00 ± 4.17 pg/ml. Compared to the blank group, the 
LPS group had significantly higher levels of TNF-α, 
measuring at 102.50 ± 11.39 pg/ml (p < 0.001). The 

Fig. 3  Effects of minocycline, risperidone and haloperidol on LPS induced morphological changes in BV2 cells. The cells were randomly divided into 5 
groups. The blank control group (A) was treated with nothing, the LPS group (B) was treated with 1.0 ug/ml LPS for 24 h. The three drug groups were 
pretreated with 10 μmol/L minocycline (C), 10 μmol/L risperidone (D) and 50 μmol/L haloperidol (E) respectively for 24 h, and then 1.0 ug/ml LPS was 
added for 24 h. The morphology of BV2 cells was observed under 400X-ray light microscope. Each group chose one of the three separate images as a 
representative. Scale bar in Fig.A is 15 μm, in Fig.B-E is 25 μm. The bar chart (F) shows statistical results of WB. ###p < 0.001 was compared with the blank 
control group; **p < 0.01 and ***p < 0.001 were compared with the LPS group.

 

Fig. 2  Effects of different LPS treatment time on viability of BV-2 cells. Cells were divided into five groups. The blank control group was treated with noth-
ing. The three drug groups were pretreated with 10 μmol/L minocycline, 10 μmol/L risperidone and 50 μmol/L haloperidol respectively for 24 h. Then, 
the LPS group and three drug groups were treated with 1.0 ug/ml LPS for 12, 24 and 48 h, respectively. The cell viability was measured by CCK-8 assay.
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minocycline group had TNF-α levels of 70.50 ± 9.41 
pg/ml (p < 0.001), while the risperidone group had lev-
els of 82.83 ± 4.34 pg/ml (p < 0.01), both significantly 
lower than the LPS group. The haloperidol group had 
TNF-α levels of 97.17 ± 4.45 pg/ml, which did not dif-
fer significantly from the concentration in LPS-treated 
BV-2 cells. (Fig. 5C)

Effects of minocycline and antipsychotics on NO 
production and iNOS expression of microglia activated by 
LPS
Supernatants were collected from five groups and used 
in the experiment. Following treatment with LPS, the 
production of NO in BV2 cells significantly increased 
from 9.92 ± 2.04 μM/L to 47.33 ± 3.49 μM/L (p < 0.001). 
Pretreatment with minocycline resulted in a decrease 
in NO production to 16.25 ± 1.54 μM/L compared to 
the LPS group (p < 0.001). Similarly, pretreatment with 
risperidone resulted in a decrease in NO production to 
29.28 ± 2.36 μM/L (p < 0.001) and haloperidol resulted 
in a decrease to 40.37 ± 2.36 μM/L (p < 0.001) com-
pared to the LPS group.

In order to determine whether this inhibition was 
related to the expression of intracellular iNOS, the 
expression of iNOS in each group was analyzed by 
western blot analysis. The results showed that only 
minocycline significantly inhibited the overexpres-
sion of iNOS induced by LPS (p < 0.01). The expres-
sion of iNOS in risperidone and haloperidol group also 

showed a downward trend, but there was no signifi-
cant difference compared with the LPS group. (Fig. 6)

Effects of minocycline and antipsychotics on MAPK 
inflammatory signaling pathway in BV-2 microglial cells
The MAPK family consists of three key members: 
extracellular signal-regulated kinases (ERK), c-Jun 
N-terminal kinases (JNK) and p38 MAPK. Administra-
tion of LPS induced a decrease in phosphorylated p38 
(pho-p38) (p < 0.001) and increased the expression of 
JNK, and ERK in MAPK inflammatory signaling path-
way (p < 0.01). Minocycline and risperidone signifi-
cantly down-regulated the expression of JNK (p < 0.01), 
ERK (p < 0.01) and increased the phosphorylation 
level of p38 (p < 0.001 for minocycline, and p < 0.01 
for risperidone) in BV2 cells activated by LPS, while 
haloperidol down-regulated the expression of ERK sig-
nificantly (p < 0.05) and increased the phosphorylation 
level of p38 (p < 0.05) (Fig. 7).

Effects of minocycline and antipsychotics on JAK-STAT 
inflammatory signaling pathway in BV-2 microglial cells
To examine whether the JAK-STAT pathway was acti-
vated by LPS in microglia cells, we examined the acti-
vation of two main proteins (JAK2 and STAT3) by 
western blot analysis in BV2 cells. The expression of 
JAK2 and STAT3 were measured by western blot anal-
ysis. Data (Fig.  8) showed that administration of LPS 
induced an increase the expression of JAK2 (p < 0.01) 

Fig. 4  Effects of minocycline and antipsychotics on OX42 marker of microglia activated by LPS. The cells were randomly divided into 5 groups. The blank 
control group (A) was treated with nothing, the LPS group (B) was treated with 1.0 ug/ml LPS for 24 h. The three drug groups were pretreated with 10 
μmol/L minocycline (C), 10 μmol/L risperidone (D) and 50 μmol/L haloperidol (E) respectively for 24 h, and then 1.0 ug/ml LPS was added for 24 h. The 
changes of microglia specific marker OX-42 were observed by immunofluorescence. Each group chose one of the three separate images as a representa-
tive. Scale bar in Fig.A is 15 μm, in Fig.B-E is 25 μm. The bar chart (F) shows statistical results of MFI. ###p < 0.001 was compared with the blank control group; 
*p < 0.05, **p < 0.01, and ***p < 0.001 were compared with the LPS group.
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and STAT3 (p < 0.01) in BV2 cells. Minocycline sig-
nificantly decreased the overexpression of these two 
proteins activated by LPS (p < 0.01), while risperidone 
(p < 0.05) and haloperidol (p < 0.05) only down-regu-
lated the expression of STAT3 significantly (Fig. 8).

Discussion
Negative symptoms have long been challenging in the 
treatment of schizophrenia. Minocycline and atypi-
cal antipsychotics have been reported to be more 
effective in attenuating negative symptoms [16, 21], 
but the specific mechanism underlying their effects 
is poorly understood. In this study, we first reported 
that risperidone exerted stronger anti-inflamma-
tory and neuroprotective effects than haloperidol in 
microglia stimulated with LPS through the MAPK and 
JAK-STAT signaling pathways, revealing the underly-
ing mechanisms of minocycline and atypical antipsy-
chotics in the treatment of negative schizophrenia 
symptoms.

Under LPS stimulation, microglia are activated, and 
their morphology changes from branched to amoe-
boid. Amoeboid microglia can release inflammatory 
mediators and proinflammatory cytokines, thus caus-
ing neuronal damage. Numerous studies [18, 22, 23] 
have found that antipsychotic drugs can inhibit the 
inflammatory response caused by microglial activa-
tion, but few studies have investigated the effects of 
antipsychotic drugs on the morphological changes 
attributed to microglial activation. In the present 
study, we found that minocycline and risperidone 
inhibited morphological changes and reduced the pro-
tein expression of OX-42 in LPS-induced activated 
microglia, while haloperidol did not rescue cell mor-
phology as effectively as minocycline and risperidone. 
This further confirmed the inhibitory effect of antipsy-
chotic drugs on the activation of microglia.

In vivo [10, 24] and in vitro [15, 18] studies have 
confirmed that minocycline and atypical antipsychot-
ics, such as risperidone, can inhibit the production 
of proinflammatory cytokines in activated microg-
lia, which is consistent with the findings of our study. 
The anti-inflammatory effect of typical antipsychotics 
in vivo has been reported. Two studies [25, 26] found 
that flupentixol and trifluperidol reduced the release 
of IL-1β, IL-2 and TNF-α by activated microglia, and 
chlorpromazine and loxapine [27] have also been 
reported to reduce the release of IL-1β and IL-2 by 
activated microglia. A recent study using single-cell 
RNA-sequencing has provided further evidence that 
pathways associated with microglial activation and 
inflammation play a role in the response to antipsy-
chotics. The study also found that long-term exposure 
to atypical antipsychotic drugs, such as olanzapine, 
resulted in significantly more differentially expressed 
genes in mouse striatal microglia compared to typi-
cal antipsychotic drugs like haloperidol [28]. However, 
research on whether haloperidol can inhibit the release 
of proinflammatory cytokines by activated microg-
lia is limited. Another recent study found that both 

Fig. 5  Effects of minocycline and antipsychotics on inflammatory cyto-
kines production of microglia activated by LPS. The cells were randomly 
divided into 5 groups. The blank control group was treated with nothing, 
the LPS group was treated with 1.0 ug/ml LPS for 24  h. The three drug 
groups were pretreated with 10 μmol/L minocycline, 10 μmol/L risperi-
done and 50 μmol/L haloperidol respectively for 24 h, and then 1.0 ug/ml 
LPS was added for 24 h. Then, the conditioned medium was collected and 
the production of IL-6 (A), IL-1β (B), and TNF-α (C) was quantified by ELISA 
kit. The results were from six independent experiments. ###p < 0.001 was 
compared with the blank control group; **p < 0.01 and ***p < 0.001 were 
compared with the LPS group.
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Fig. 7  Effects of minocycline and antipsychotics on MAPKs inflammatory signaling pathway in BV-2 microglial cells. The cells were randomly divided 
into 5 groups. The blank control group was treated with nothing, the LPS group was treated with 1.0 ug/ml LPS for 24 h. The three drug groups were 
pretreated with 10 μmol/L minocycline, 10 μmol/L risperidone and 50 μmol/L haloperidol respectively for 24 h, and then 1.0 ug/ml LPS was added for 
24 h. The band density was used to quantify the expression levels of JNK, ERK, and pho-p38/ p38 normalized with a band density of α-Tubulin (A). The 
expression of the proteins was determined by western blot analysis (B). ##p < 0.01 and ###p < 0.001 were compared with the blank control group; *p < 0.05, 
**p < 0.01 and ***p < 0.001 were compared with the LPS group. The original image of the full gels/blots was included in the Supplementary Fig. S2, Fig.S3, 
Fig.S4, and Fig.S5.

 

Fig. 6  Effects of minocycline and antipsychotics on NO and iNOS expression of microglia activated by LPS. The cells were randomly divided into 5 groups. 
The blank control group was treated with nothing, the LPS group was treated with 1.0 ug/ml LPS for 24 h. The three drug groups were pretreated with 
10 μmol/L minocycline, 10 μmol/L risperidone and 50 μmol/L haloperidol respectively for 24 h, and then 1.0 ug/ml LPS was added for 24 h. The produc-
tion of NO (A) in conditioned medium was measured by Griess’s reagent assay, and the band density of iNOS (B) was used to quantify the expression 
level normalized with a band density of α-Tubulin. The expression of iNOS was determined by western blot analysis (C). ###p < 0.001 was compared with 
the blank control group; **p < 0.01 and ***p < 0.001 were compared with the LPS group. The original image of the full gels/blots was included in the 
Supplementary Fig. S1.
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haloperidol and risperidone reduce the pro-inflamma-
tory action of BV2 cells [29].In the present study, we 
explored the anti-inflammatory effect of haloperidol in 
vitro and found that it had a slight anti-inflammatory 
effect, as it inhibited the production of IL-6 but not 
IL-1β and TNF-α. These data are consistent with the 
findings of a previous study [18] showing that risperi-
done significantly inhibited inflammatory responses 
following interferon-gamma-induced microglial 
activation.

NO has been reported to be related to the etiology 
of schizophrenia. iNOS is the key enzyme responsible 
for NO production and can be found in neuronal cells 
[30]. Clinical [31] and postmortem histochemical [32] 
studies have found that NO and iNOS in the brains 
and plasma of schizophrenia patients are expressed at 
higher levels than in those in the brains and plasma of 
healthy controls. In a neurodevelopmental model of 
schizophrenia, the use of minocycline was found to 
reduce iNOS expression in the prefrontal cortex and 
caudate-putamen while also preventing morphometric 
abnormalities in the third ventricle [33]. Both in vivo 
[10] and in vitro [18, 34] studies have found that atypi-
cal antipsychotics, such as risperidone and olanzapine, 
can inhibit the production of NO and the expression of 
iNOS caused by the activation of microglia. However, 
whether typical antipsychotics have similar effects 
remains unclear. In the present study, both risperi-
done and haloperidol inhibited the production of NO 
but had no significant effect on iNOS expression. The 
lack of effect of risperidone on the expression of iNOS 
may have been related to the concentration of drug 
administered, as the concentrations of antipsychotics 

used in this study were selected based on their effects 
on cell viability, and a concentration gradient was not 
used. Researchers have differing opinions on whether 
haloperidol can inhibit the production of NO in acti-
vated microglia [18, 34]. The results of this study sug-
gest that haloperidol does inhibit NO production in 
activated microglia but that the effect of haloperidol is 
weaker than that of risperidone. Whether haloperidol 
can inhibit NO production remains to be verified by 
further experiments.

The MAPK signaling pathway plays an important 
role in regulating neuroplasticity and inflammation 
and is closely related to negative effects caused by the 
activation of microglia and the secretion of cytokines 
[35–37]. A study involving a model of mild neuroin-
flammation [10] reported that risperidone suppressed 
the increase in p38-MAPK expression in the prefron-
tal cortex. In the present study, minocycline and ris-
peridone inhibited the LPS-induced increase of JNK, 
ERK and dephosphorylation of p38, which are involved 
in the MAPK signaling pathway, while haloperidol 
suppressed the activation of only ERK signaling and 
dephosphorylation of p38. The above results indicate 
that minocycline and risperidone exert anti-inflamma-
tory effects through the same MAPK pathway, while 
haloperidol affects only part of the pathway.

The JAK-STAT signaling pathway, which mediates 
the signals that induce the early secretion of inflam-
matory cytokines in activated microglia and may 
also be closely related to the gene expression of late 
inflammatory mediators [38], is involved in neuroim-
mune regulation. Previous study [39] has found that 
the activation of microglia induced by ganglioside 

Fig. 8  Effects of minocycline and antipsychotics on JAK2-STAT3 inflammatory signaling pathway in BV-2 microglial cells. The cells were randomly divided 
into 5 groups. The blank control group was treated with nothing, the LPS group was treated with 1.0 ug/ml LPS for 24 h. The three drug groups were 
pretreated with 10 μmol/L minocycline, 10 μmol/L risperidone and 50 μmol/L haloperidol respectively for 24 h, and then 1.0 ug/ml LPS was added for 
24 h. The band density was used to quantify the expression levels of JAK2 and STAT3 normalized with a band density of α-Tubulin (A). The expression of 
the proteins was determined by western blot analysis (B). ##p < 0.01 was compared with the blank control group; *p < 0.05 and **p < 0.01were compared 
with the LPS group. The original image of the full gels/blots was included in the Supplementary Fig. S6, and Fig.S7.
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and interferon is involved in the immune inflamma-
tory response in the central nervous system through 
the JAK-STAT signaling pathway. The results herein 
demonstrated that minocycline suppressed the acti-
vation of JAK2 and STAT3 induced by LPS, while ris-
peridone and haloperidol suppressed the activation of 
only STAT3. These results suggest that the JAK-STAT 
signaling pathway is involved in the anti-inflammatory 
effects of minocycline, risperidone and haloperidol.

The limitations of our study include the use of in-
vitro conditions and immortalized BV-2 microglial 
cells instead of primary microglial cells. While BV-2 
microglial cells are commonly used for microglial stud-
ies due to their similarity to primary microglia, further 
research using primary cultures and in vivo settings is 
necessary to validate our findings.

Conclusions
In summary, this study identified the important roles 
of the MAPK and JAK-STAT signaling pathways in the 
anti-inflammatory effect of minocycline and antipsy-
chotics. This expands our current understanding of 
the mechanisms of minocycline and atypical antipsy-
chotics in the treatment of the negative symptoms of 
schizophrenia.
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