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Background: Post-stroke depression (PSD) is a common complication after stroke. 
Ganoderic acid A (GAA), one of the main bioactive Ganoderma triterpenoids, exerts 
preventive and therapeutic effects in many diseases. However, the function of GAA in 
PSD has not been well studied.
Methods: PSD model was established via stimulating rats with chronic unpredictable mild 
stress stimulations (CUMS) after middle cerebral artery occlusion (MCAO). Rats were 
treated with GAA before CUMS. Depressive-like behaviors were investigated by body 
weight alteration, open field test (OFT), and sucrose preference test (SPT). Neuronal damage 
was evaluated by hematoxylin and eosin (HE) staining and Western blotting. Inflammation 
was detected by enzyme-linked immunosorbent assay (ELISA) and quantitative reverse 
transcriptase polymerase chain reaction (qRT-PCR). Microglial polarization was analyzed 
via qRT-PCR and Western blotting. The extracellular signal-regulated kinase (ERK)/cAMP- 
response element-binding protein (CREB) pathway was analyzed by Western blotting, and 
inactivated by the inhibitor PD98059 (PD).
Results: GAA attenuated PSD-induced depressive-like behaviors in rats. GAA mitigated 
PSD-induced neuronal damage and reduced BDNF and NGF levels in the cerebral hippo-
campus. GAA weakened PSD-induced inflammatory response in the cerebral hippocampus. 
GAA prevented pro-inflammatory (M1) polarization and promoted anti-inflammatory (M2) 
polarization, as indicated by decreased iNOS and CD86 levels and increased Arg-1 and 
CD206 levels. GAA restored the PSD-induced inactivation of the ERK/CREB pathway. 
GAA regulated M1/M2 microglial polarization by activating the ERK/CREB pathway.
Conclusion: GAA alleviated the depressive-like behaviors and brain inflammation in PSD 
rats, indicating its potential for PSD therapy.
Keywords: ganoderic acid A, post-stroke depression, neuronal damage, inflammation, 
microglial polarization, extracellular signal-regulated kinase

Introduction
Post-stroke depression (PSD) is a neuropsychiatric disease complicated by stroke, 
resulting in disability and mortality.1,2 The PSD occurs in 45.79% (34.21% early 
and 1.58% late-onset PSD) of stroke patients in China.3 Medeiros et al4 proved that 
the rates of PSD range from 18% to 33%, yet it is vastly underdiagnosed and 
undertreated. Guo et al5 found, based on a large number of studies, that the 
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incidence of PSD within 2 years was 11% to 41%. In the 
last few years, many reports have studied antidepressants, 
while the effective treatments for PSD remain limited.6 

The PSD is related to the neuronal damage, inflammation, 
and microglial polarization.7–9 Hence, exploring new 
drugs targeting these events may help to find promising 
approaches for PSD therapy.

Traditional Chinese medicine is a common therapy for 
depression.10 Ganoderic acid A (GAA), one of the major 
triterpenoids isolated from Ganoderma, is a traditional 
Chinese medicine and plays anti-oxidant, anti-inflammatory, 
and anti-tumor activities.11–13 A pharmacokinetic research of 
GAA in rats shows that GAA can rapidly absorb in the 
circulation after orally dosing and can enter the brain lateral 
ventricle after intravenously dosing with an 8.68% or 2.96% of 
bioavailability, respectively.14 Moreover, GAA protects 
against neuronal damage under nitric oxide stress or 
epilepsy.15,16 Thus, we hypothesize that GAA has a potential 
neuroprotective function. However, the function of GAA in 
PSD is largely unknown.

The purposes of this research were to study the phar-
macological effects of GAA on PSD in rat model and to 
explore its potential mechanism. This study might provide 
a new therapy strategy for PSD.

Materials and Methods
Animal Experiments
The Sprague–Dawley rats (male; 240–260 g) were pro-
vided by Sipeifu (Beijing, China) and maintained in 
a specific environment. A total of 62 rats were used in 
this study. Eight rats were in the sham group. Fifty-four 
rats underwent middle cerebral artery occlusion (MCAO) 
surgery. Of these, 4 MCAO rats died within 2 days post 
MCAO surgery. Two survivors that did not meet neuro-
logical functional score were excluded from the present 
study. The surviving MCAO rats were randomly 
assigned to 6 groups. Three rats died before the sacrifice 
and acquisition of brain tissue. The final numbers of rats 
in each group were 8 (sham), 7 (MCAO), 7 (PSD), 8 
(PSD+L-GAA), 8 (PSD+M-GAA), 8 (PSD+H-GAA), 
and 7 (PSD+PD+GAA), respectively. (1) Rats in the 
sham group were not subjected to stress but the sham 
operation. (2) the rats in the MCAO group were intro-
duced with a nylon to the ends via the right internal 
carotid to the right middle cerebral artery.17 (3) the rats 
in the PSD group were exposed to CUMS for 3 weeks. 
Rats in the PSD group were intravenously injected with 

normal saline. (4) Rats in the PSD + L-GAA group were 
intravenously injected with 10 mg/mL GAA 
(MedChemExpress, Monmouth Junction, NJ, USA) 
before PSD. (5) Rats in the PSD + M-GAA group were 
intravenously injected with 20 mg/mL GAA before PSD. 
(6) Rats in the PSD + H-GAA group were intravenously 
injected with 30 mg/mL GAA before PSD. (7) Rats in 
the PSD + PD + GAA group were treated with 5 μL 100 
μM of PD98059 (PD; MedChemExpress) by intracereb-
roventricular injection and intravenously injected with 
30 mg/mL GAA before PSD. CUMS was conducted 2 
days after MCAO as previously described.2 Briefly, the 
CUMS was composed of 7 different stimulating factors, 
including: stimulation with 80 dB noise for 12 h; tilting 
the cage ~45° in moist bedding for 24 h; stimulation 
with LED flash for 12 h; swimming in ice water for 5 
min; food and water deprivation for 12 h; reversing the 
light of day and night; and clamping the tail with the 
needle holder for 3 min. Rats were received one random 
stimulus daily, and the stressors were conducted for 3 
weeks. Body weight and behaviors were measured after 
MCAO and CUMS weekly. Then, rats were sacrificed by 
cervical dislocation, and the hippocampus tissues were 
collected for histopathological or molecular analysis. 
Animal experiments were performed in keeping with 
the Guide for the Care and Use of Laboratory 
Animals18 and permitted by the Animal Ethical 
Committee of The First Affiliated Hospital of Jinzhou 
Medical University (approval No. IACUC 2019007).

Neurological Functional Assessments
Neurological functions of MCAO rats were determined 
using a modified Longa five-point scale scoring system. 
Evaluators were blinded to the experimental groups. The 
five-point scale was as follows: 0: no neurological deficits; 
1: failure to extend the contralateral forepaw fully when 
held by the tail; 2: spontaneous left circling; 3: falls to the 
contralateral side of brain damage; and 4: no spontaneous 
movement or loss of consciousness. Rats with scores of 1– 
3 points were included in the follow-up experiments.

Open Field Test (OFT) and Sucrose 
Preference Test (SPT)
The behavioral analyses were conducted by experimenters 
who were blind to the experimental groups. The beha-
vioral tests included OFT and SPT. The OFT was con-
ducted to test the spontaneous activity and anxiety-like 
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behavior as previously reported.19 In brief, rats were indi-
vidually placed in the center of the open-field test box (100 
× 100×40 cm), and allowed to freely explore for 5 min. 
The behaviors were recorded using the animal behavior 
video analysis system (Xinxin Soft Information 
Technology, Shanghai, China). Times of rats’ horizontal 
and vertical activities were analyzed. The OFT scores were 
recorded after CUMS.

The SPT was performed to investigate the state of 
anhedonia according to the protocols as a previous 
report.20 Briefly, rats were kept in separate cages with 2 
bottles of 1% sucrose solution the first day. Then, one 
bottle of the sucrose solution was changed to a bottle of 
tap water the second day. SPT was carried out the next day. 
In the test phase, rats were deprived of water and food for 
24 h, and then placed in a cage containing one bottle of 
1% sucrose solution and one bottle of tap water for 3 
h. The position of the two bottles was changed 
every hour. The test was performed after CUMS. The 
consumption of sucrose was recorded.

Hematoxylin and Eosin (HE) Staining
The hippocampus tissues were collected, and immersed in 
3.7% formaldehyde (Sigma-Aldrich, St. Louis, MO, 
USA), followed via dehydration and paraffin embedding. 
After that, the tissues were cut to 4-μm sections. Next, the 
sections were deparaffinized, rehydrated, and stained with 
hematoxylin and eosin (Beyotime, Shanghai, China) for 10 
min. The images of hippocampus sections were observed 
under a microscope (Olympus, Tokyo, Japan).

Western Blotting
Hippocampus tissues were lysed in radio- 
immunoprecipitation assay buffer (Beyotime) containing 
1% protease/phosphatase inhibitor (Beyotime). The pro-
tein samples were harvested after centrifugation at 10, 000 
× g for 5 min, and quantified with a bicinchoninic acid 
(BCA) assay kit (Beyotime). The samples (20 μg) were 
separated via sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, and transferred onto polyvinylidene fluor-
ide membranes (Bio-Rad, Hercules, CA, USA). After 
blocking in 3% bovine serum albumin (Solarbio, Beijing, 
China), the membrane was incubated with anti-BDNF 
(ab108319, 1:1000 dilution, Abcam), anti-NGF (ab52918, 
1:500 dilution, Abcam), anti-iNOS (ab136918, 1:2000 
dilution, Abcam), anti-CD86 (ab112490, 1:500 dilution, 
Abcam), anti-Arg-1 (ab203490, 1:1000 dilution, Abcam), 
anti-CD206 (ab64693, 1:500 dilution, Abcam), anti-ERK 

(ab184699, 1:1000 dilution, Abcam), anti-p-ERK 
(ab201015, 1:500 dilution, Abcam), anti-CREB 
(ab32515, 1:500 dilution, Abcam), anti-p-CREB 
(ab32096, 1:1000 dilution, Abcam), or anti-β-actin 
(ab20272, 1:5000 dilution, Abcam) antibody overnight at 
4°C. Membranes were then incubated with HRP- 
conjugated IgG (ab6721, 1:5000 dilution, Abcam) for 2 
h. β-actin acted as a control. After exposure to the ECL 
Western Blotting Substrate (Solarbio), the blots were ana-
lyzed utilizing Quantity One software (Bio-Rad).

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The hippocampus samples of rats were used to detect 
inflammatory cytokines using the TNF-α, IL-1β, IL-6, or 
IL-10 ELISA kit (Thermo Fisher Scientific, Waltham, MA, 
USA) in accordance with the kit’s instructions. The absorp-
tion at 450 nm was measured through a microplate reader 
(Biotek, Winooski, VT, USA). The concentration of inflam-
matory cytokine was calculated according to the standard 
curve. Total protein concentration was determined with 
a BCA assay kit. The levels of inflammatory cytokines 
were expressed as the calculated concentration/total protein.

Quantitative Reverse Transcriptase 
Polymerase Chain Reaction (qRT-PCR)
Hippocampus tissues were lysed in Trizol (Vazyme, Nanjing, 
China), and RNA was isolated according to the protocols. 
The cDNA was generated from 800 ng RNA using M-MLV 
reverse transcription kit (Thermo Fisher Scientific), and used 
for qRT-PCR together with SYBR (Thermo Fisher Scientific) 
and primer pairs. The specific primers were designed by 
GenScript (Nanjing, China), and the sequences were shown 
as follows: TNF-α (Forward: 5ʹ-ACTGAACTTCG 
GGGTGATCG-3ʹ, Reverse: 5ʹ-GCTTGGTG 
GTTTGCTACGAC-3ʹ); IL-1β (Forward: 5ʹ-TTGA 
GTCTGCACAGTTCCCC-3ʹ, Reverse: 5ʹ-GTCCTGGG 
GAAGGCATTAGG-3ʹ); IL-6 (Forward: 5ʹ-CCAGTTGCCT 
TCTTGGGACT-3ʹ, Reverse: 5ʹ-TCTGACAGTGCAT 
CATCGCT-3ʹ); IL-10 (Forward: 5ʹ-CCTGCTCTTACTG 
GCTGGAG-3ʹ, Reverse: 5ʹ-TGTTGTCCAGCTG 
GTCCTTC-3ʹ); iNOS (Forward: 5ʹ-GGTGAGGGGA 
CTGGACTTTTAG-3ʹ, Reverse: 5ʹ-TTGTTGGGCTGGGA 
ATAGCA-3ʹ); CD86 (Forward: 5ʹ-CGAACACTATTT 
GGGCGCAG-3ʹ, Reverse: 5ʹ-CAAACTGGGGCTGCG 
AAAAA-3ʹ); Arg-1 (Forward: 5ʹ-GGACATCGTGTACA 
TCGGCT-3ʹ, Reverse: 5ʹ-TTTGCTGTGATGCCCCAGAT 
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-3ʹ); CD206 (Forward: 5ʹ-GTGCAAACACTG 
GGCAGAAG-3ʹ, Reverse: 5ʹ-ATTGTCTTGAGGA 
GCGGGTG-3ʹ); and GAPDH (Forward: 5ʹ -GAAGG 
TCGGTGTGAACGGAT-3ʹ, Reverse: 5 ʹ -GGCATGGA 
CTGTGGTCATGA-3ʹ). GAPDH functioned as a reference. 
Relative RNA expression was calculated with 2−ΔΔCt 

method.

Statistical Analysis
The data were shown as mean ± standard deviation from 3 
repeats. The difference was investigated by analysis of 
variance (ANOVA) followed via Tukey post hoc test 
using GraphPad Prism 8 (GraphPad, La Jolla, CA, USA). 
It was significant at P<0.05.

Results
GAA Relieves PSD-Induced 
Depressive-Like Behaviors
To study the function of GAA in PSD, we firstly established 
PSD model through stimulating rats with 3-week CUMS after 
MCAO treatment, and rats were treated with different con-
centrations of GAA prior to CUMS stimulation (Figure 1A). 
The rats were divided into sham, MCAO, PSD, PSD + 
L-GAA, PSD+ M-GAA, or PSD + H-GAA group. The struc-
tural formula of GAA is displayed in Figure 1B. Moreover, the 
body weight of rats was detected in each group. As shown in 
Figure 1C, the body weight of rats in the PSD group was 
markedly declined in comparison to the sham group, but 
administration of GAA attenuated the weight loss compared 

with the PSD group, especially in the PSD+ M-GAA or PSD + 
H-GAA groups. Additionally, the depressive-like behaviors 
were assessed with OFT and SPT. After 3 weeks of CUMS, 
a significant decrease in motion activity and sucrose consump-
tion was observed in the PSD group relative to the sham group, 
which was stored after GAA administration (Figure 1D–F). 
Besides, there was no significant difference in the results 
between the PSD group and the PSD+Vehicle group 
(Supplemental Figure 1). These results indicated that GAA 
mitigated the depressive-like behaviors in PSD rats.

GAA Weakens PSD-Induced Neuronal 
Damage in Cerebral Hippocampus of PSD 
Rats
To explore the effect of GAA on neuronal damage in PSD 
rats, HE staining was performed to detect the morpholo-
gical change in the hippocampus. As exhibited in 
Figure 2A, the neurons were clearly impaired, sparse, 
and absent in the hippocampal CA1 region in the PSD 
group relative to the sham group, but this neuronal damage 
was progressively weakened by GAA treatment. 
Furthermore, the BDNF and NGF proteins were closely 
linked to the hippocampal neuronal damage. Hence, their 
expression levels were detected in the hippocampus. 
BDNF and NGF protein levels were significantly reduced 
after MCAO treatment, and their levels were further 
downregulated by PSD stimulation, while GAA revised 
this effect (Figure 2B–D). These findings suggested that 
GAA attenuated the neuronal damage in PSD rats.

Figure 1 Effect of GAA on PSD-induced depressive-like behaviors in rats. (A) Experimental timeline. (B) The structural formula of GAA. (C) Body weight in each group. 
(D and E) The horizontal and vertical motion scores of open field test (OFT) in each group. (F) Sucrose preference test (SPT) consumption in each group. n=8. MCAO: 
stroke model; PSD: CUMS after MCAO; L-GAA: low dose (10 mg/kg) of GAA; M-GAA: median dose (20 mg/kg) of GAA; H-GAA: high dose (30 mg/kg) of GAA. **P<0.01 
and ***P<0.001 compared with MCAO group; #P<0.05, ##P<0.01, and ###P<0.001 compared with PSD group.
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GAA Alleviates PSD-Induced 
Inflammation in Cerebral Hippocampus of 
PSD Rats
To analyze the effect of GAA on the inflammation in PSD 
rats, the related inflammatory cytokine levels in the hippo-
campus were detected. As shown in Figure 3A–D, TNF-α, 
IL-1β, and IL-6 levels in hippocampus were obviously 
elevated, and IL-10 level was markedly decreased in the 
MCAO and PSD groups compared with the sham group, 
and there were significant differences in levels of IL-1β 
and IL-10 between the PSD and MCAO groups. However, 
GAA administration reversed this influence (Figure 3A– 
D). In addition, these inflammatory cytokine levels were 
measured in hippocampus tissues. TNF-α, IL-1β, and IL-6 
expression levels were markedly upregulated, and IL-10 
expression was obviously downregulated in the MCAO 
group compared with the sham group (Figure 3E–H). 
Moreover, higher levels of TNF-α, IL-1β, and IL-6, and 
lower expression of IL-10 were observed in the PSD group 
than those in the MCAO group (Figure 3E–H). However, 
GAA administration relieved the promotion of TNF-α, IL- 
1β, and IL-6, and inhibition of IL-10 after PSD stimulation 
(Figure 3E–H). These data suggested that GAA weakened 
the inflammation in PSD rats.

GAA Regulates Microglial Phenotypic 
Profiles and Polarization in Cerebral 
Hippocampus of PSD Rats
To analyze the function of GAA in M1/M2 microglial 
polarization in PSD rats, the expression levels of M1/M2 
microglial markers were measured in hippocampus tissues. 
The levels of M1 microglial markers (iNOS and CD86) 
were clearly upregulated in the MCAO and PSD groups 
relative to the sham group, and they were higher in the 
PSD group than the MCAO group. GAA addition progres-
sively decreased their expression compared with the PSD 
group (Figure 4A–C). Furthermore, the levels of M2 
microglial markers (Arg-1 and CD206) were greatly 
downregulated in the MCAO and PSD groups compared 
with the sham group, and they were lower in the PSD 
group than the MCAO group. However, GAA treatment 
restored their levels relative to the PSD group (Figure 4D– 
F). These results indicated that GAA promoted M1/M2 
microglial polarization in PSD rats.

GAA Reverses PSD-Induced Inactivation 
of the ERK/CREB Pathway
To probe the potential mechanism involved in the function 
of GAA in PSD rats, the levels of protein related to the 

Figure 2 Effect of GAA on PSD-induced neuronal damage in the hippocampus. (A) The histological analysis of hippocampus by HE staining. (B–D) Western blotting for 
protein levels of BDNF and NGF in hippocampus tissues. n=8. MCAO: stroke model; PSD: CUMS after MCAO; L-GAA: low dose (10 mg/kg) of GAA; M-GAA: median dose 
(20 mg/kg) of GAA; H-GAA: high dose (30 mg/kg) of GAA. **P<0.01 compared with the sham group; &P<0.05 compared with the MCAO group; #P<0.05 and ##P<0.01 
compared with the PSD group.

Neuropsychiatric Disease and Treatment 2021:17                                                                              https://doi.org/10.2147/NDT.S317207                                                                                                                                                                                                                       

DovePress                                                                                                                       
2675

Dovepress                                                                                                                                                           Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ERK/CREB signaling were detected in hippocampus tis-
sues. As displayed in Figure 5A–C, the levels of p-ERK/ 
ERK and p-CREB/CREB were significantly reduced after 
MCAO or PSD treatment, and PSD group showed the 
lower phosphorylation levels of ERK and CREB, while 
GAA administration reversed this effect. These results 
indicated that GAA promoted activation of the ERK/ 
CREB signaling in PSD rats.

Blockage of the ERK/CREB Signaling 
Attenuates the Effect of GAA on 
Microglial Polarization
To explore whether the ERK/CREB signaling was linked 
to the function of GAA in microglial polarization in PSD 
rats, the inhibitor PD was used before CUMS, and the 
expression levels of microglial markers were examined 
in hippocampus tissues (Figure 6A). As exhibited in 
Figure 6B–D, PD treatment abolished the suppressive 
effect of GAA on levels of iNOS and CD86 after PSD 
stimulation. In addition, the addition of PD reversed GAA- 
induced upregulation of Arg-1 and CD206 in PSD rats 
(Figure 6E–G). These data suggested that GAA inhibited 

M1 microglial polarization and facilitated M2 microglial 
polarization by activating the ERK/CREB pathway in PSD 
rats.

Discussion
PSD is a frequent mood disorder in stroke patients and 
a major predictor of poor outcome after stroke.21,22 

Traditional Chinese medicine can be used to treat 
depression.23 Our study wanted to explore the function 
of GAA isolated from traditional Chinese medicine 
Ganoderma in PSD. Here, we firstly found GAA attenu-
ated PSD symptoms in a rat model, indicating the potential 
of GAA for PSD therapy.

In this study, we established the PSD model through 
CUMS after stroke induced by MCAO. The depressive- 
like behaviors were displayed by the reduced motion 
activity and sucrose consumption, which was consistent 
with a previous study.19 Moreover, we found GAA could 
prevent these depressive-like behaviors in rats. 
Furthermore, we performed a histological analysis and 
found that GAA attenuated the hippocampus tissue 
damage in PSD rats. Previous reports suggested that 

Figure 3 Influence of GAA on inflammatory cytokine expression in PSD rats. (A–D) ELISA assay of TNF-α, IL-1β, IL-6, and IL-10 in hippocampus. (E–H) qRT-PCR for 
expression of TNF-α, IL-1β, IL-6, and IL-10 in hippocampus. n=8. MCAO: stroke model; PSD: CUMS after MCAO; L-GAA: low dose (10 mg/kg) of GAA; M-GAA: median 
dose (20 mg/kg) of GAA; H-GAA: high dose (30 mg/kg) of GAA. **P<0.01 and ***P<0.001 compared with the sham group; &P<0.05 and &&P<0.01 compared with the MCAO 
group; #P<0.05 and ##P<0.01 compared with the PSD group.
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Figure 4 Influence of GAA on microglial phenotypic profiles and polarization. (A–C) qRT-PCR and Western blotting for expression levels of iNOS and CD86 in 
hippocampus tissues. (D–F) qRT-PCR and Western blotting for expression of Arg-1 and CD206 in hippocampus tissues. n=8. MCAO: stroke model; PSD: CUMS after 
MCAO; L-GAA: low dose (10 mg/kg) of GAA; M-GAA: median dose (20 mg/kg) of GAA; H-GAA: high dose (30 mg/kg) of GAA. **P<0.01 and ***P<0.001 compared with 
the sham group; &P<0.05 and &&P<0.01 compared with the MCAO group; #P<0.05 and ##P<0.01 compared with the PSD group.

Figure 5 Impact of GAA on activation of the ERK/CREB pathway in PSD rats. (A–C) Western blotting for phosphorylation levels of ERK and CREB in hippocampus tissues. 
n=8. MCAO: stroke model; PSD: CUMS after MCAO; L-GAA: low dose (10 mg/kg) of GAA; M-GAA: median dose (20 mg/kg) of GAA; H-GAA: high dose (30 mg/kg) of 
GAA. **P<0.01 compared with the sham group; &P<0.05 and &&P<0.01 compared with the MCAO group; #P<0.05 and ##P<0.01 compared with the PSD group.
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BDNF and NGF were involved in depression, and 
a reduction in BDNF and NGF was responded to 
CUMS.24,25 Upregulation of BDNF and NGF induced 
the survival of hippocampus neurons.26 Hence, we 

detected BDNF and NGF expression in hippocampus sam-
ples, and found that GAA mitigated PSD-induced down-
regulation, which was consistent to a former work in 
sclerosis.12 Additionally, inflammation is another feature 

Figure 6 Effect of GAA on M1/M2 microglial polarization depends on the ERK/CREB pathway. (A) Experimental timeline. (B–D) qRT-PCR and Western blotting for 
expression of iNOS and CD86 in hippocampus tissues. (E–G) qRT-PCR and Western blotting for expression of Arg-1 and CD206 in hippocampus tissues. n=8. MCAO: 
stroke model; PSD: CUMS after MCAO; GAA: high dose (30 mg/kg) of GAA; PD: 100 μM PD (ERK inhibitor). **P<0.01 and ***P<0.001 compared with the sham group; 
&P<0.05 and &&P<0.01 compared with the MCAO group; ##P<0.01 compared with the PSD group; @P<0.05 and @@P<0.01 compared with the PSD+GAA group.
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of PSD.27 The pro-inflammatory cytokines (TNF-α, IL-1β, 
and IL-6) and anti-inflammatory cytokine (IL-10) are 
related to the inflammatory response in depressive 
disorder.28 Here, we confirmed that GAA weakened the 
inflammatory response in PSD rats by decreasing TNF-α, 
IL-1β, and IL-6 and increasing IL-10 level, indicating the 
anti-inflammatory role of GAA. These results were also in 
agreement with previous studies on other diseases.12,29,30 

These findings suggested the therapeutic effect of GAA on 
PSD rats.

Similar to macrophages, microglia also exhibit polarity, 
including M1 (pro-inflammatory) and M2 (anti-inflammatory) 
phenotypes.31 Microglia polarization is considered as a new 
strategy for the treatment of ischemic stroke.32 

Neuroinflammation plays an important role in the develop-
ment of depression and is considered a sign of depression. M1/ 
M2 phenotype microglia acts as critical mediators in the 
pathological process of neuroinflammation.33 In addition, 
M1/M2 microglial polarization is associated with psychiatric 
disorders.9 Inhibition of M1 microglial polarization and pro-
motion of M2 microglial polarization contribute to the anti-
depressant therapies.34,35 By detecting the microglial markers, 
we found that GAA repressed M1 microglial polarization and 
increased M2 microglial polarization in PSD rats. Considering 
the important role of microglia M1/M2 polarization in stroke 
and depression, we believe that the anti-inflammatory effect of 
GAA in PSD rats may be through inducing microglia to 
polarize the anti-inflammatory M2 phenotype.

Next, we wanted to explore a potential mechanism 
driven by GAA. Previous studies have reported that 
GAA could inhibit the Janus kinase 2/signal transducer 
and activator of transcription 3, phosphoinositide 
3-kinase/protein kinase B, and nuclear factor-κB path-
ways in many diseases.13,30,36 Here, we aimed to explore 
a new downstream pathway for GAA. The ERK/CREB 
pathway, a downstream signaling of BDNF, plays impor-
tant roles in depressive disorders.37 Many studies have 
reported that this pathway was related to the prevention of 
depressive-like behaviors.38,39 Having established the 
increased BDNF by GAA, we assumed that the ERK/ 
CREB pathway was also mediated by GAA. Here, we 
found that this pathway was inactivated in PSD rats after 
CUMS, which was also consistent with previous 
reports.40–42 Furthermore, our study showed that GAA 
could activate the ERK/CREB pathway by increasing the 
phosphorylation of ERK and CREB. Additionally, the 
inhibition of this signaling using PD reversed GAA- 
induced M1/M2 microglial polarization, further 

suggesting GAA exerted its activity in PSD by regulating 
the ERK/CREB pathway.

In conclusion, our research showed that GAA pre-
vented the depressive-like behaviors, neuronal damage, 
inflammation, and M1/M2 microglial polarization in PSD 
rats. This study reveals a novel insight into the function of 
GAA in PSD rats, and indicates the potential of GAA for 
PSD treatment.
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