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Article 
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Abstract: Polygonum sibiricum is a traditional Chinese food and medicine homologues with multiple 

active ingredients and extensive bioactive effects. Polygonum sibiricum polysaccharides (PSP) are one 

of the main active ingredients with the antidepressant activity, meanwhile the specific mechanisms 

of its action are still unclear. Recently, it is recognized by researchers that microglia play a double-

edged role in neuroinflammation and the transformation of M1/M2 microglial phenotypes appears 

to be a potential therapeutic strategy in depression. Therefore, the present study evaluated the 

effects of PSP on microglial M1/M2 polarization and the molecular mechanisms were studied based 

on the lipopolysaccharide (LPS)-induced BV2 cell activation model. The results show that PSP 

significantly inhibited NO and LDH release and reduced ROS levels in LPS-induced BV2 cells. PSP 

could significantly reduce the protein expression level of Iba-1, decreased the mRNA levels of TNF-

α, IL-1β and IL-6, increased the mRNA level of IL-10. PSP also significantly reduced the protein 

expression level of CD16/32 and increased it of CD206, reduced the mRNA level and fluorescence 

intensity of iNOS and increased them of Arg-1. However, PSP pretreatment reversed the alterations 

of BDNF/TrkB/CREB and Notch/Hes1 pathways in LPS-induced BV2 cells. These results suggested 

that PSP exerted the anti-inflammatory effects by inhibiting M1 phenotype polarization and 

promoting microglia polarization toward M2 phenotype, and its regulation of microglia M1/M2 

polarization may be associated with modulating the BDNF/TrkB/CREB and Notch/Hes1 pathways. 

Keywords: Polygonum sibiricum polysaccharides; neuroinflammation; microglia polarization 

 

1. Introduction 

In recent years, depression has become a serious global health problem. The World Health 

Organization predicts that by 2030, depression will rise from the third highest global burden of 

diseases to the first (WHO, 2008). The biological mechanisms of depression are complex and mianly 

related to the multiple different systems and targets (Malhi & Mann, 2018), which poses great 

difficulties to the development of depression drugs. Frontline antidepressants such as selective 

serotonin reuptake inhibitors (SSRIs) not only take a long time to produce therapeutic effects, but are 

often accompanied by serious side effects such as sexual dysfunction, weight gain, nausea, and 

headache (Moret, Isaac, & Briley, 2009). Therefore, it is urgent to discover new methods and targets 

for the treatment of depression. 

Patients with depression usually experience an increase in systemic inflammation and 

neuroinflammation, and the inflammatory process is related to the pathophysiology of depression 

(Beurel, Toups, & Nemeroff, 2020). Inflammatory response is the result of immune system activation. 
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Increasing evidence suggests that there are different types of immune cell behavior imbalances in 

mental illnesses, including depression. Immune cells release cytokines, chemokines, and secondary 

inflammatory mediators such as prostaglandins in response to inflammatory stimuli (Leonard, 2018). 

Microglia plays an important role in various physiological processes of the central nervous system, 

including immunity, inflammation, synaptic transmission, neural plasticity, maintenance of neural 

networks, and tissue damage repairments (Tremblay et al., 2011). Behavioral imbalance of microglia 

is considered as an important trigger for inflammatory response in depression. However, studies 

have shown that by regulating the polarization phenotype of microglia, which is usually simplified 

as the M1/M2 polarization phenotype, it is possible to antagonize behavioral imbalance of microglia, 

counteract inflammatory damage, and promote the recovery and remodeling of neural tissue (Guo, 

Wang, & Yin, 2022). Therefore, inhibition of overactivated inflammatory M1 microglia by switching 

to the protective M2 phenotype is considered as one of the potential therapeutic targets of depression. 

Polygonum sibiricum is a Chinese traditional food and medicine homologues with multiple active 

ingredients and extensive pharmacological effects. Polygonum sibiricum polysaccharides (PSP) are one 

of the main active ingredients with the antidepressant activity. PSP could reverse the depressive-like 

behavior in lipopolysaccharides (LPS)- induced mice by inhibiting oxidative stress, hypothalamic-

pituitary-adrenal (HPA) axis hyperfunction, and inflammatory response (Shen et al., 2021). PSP also 

exerted the antidepressant effects by regulating the oxidative stress-calpain-1-NLRP3 signaling axis 

(Shen et al., 2022). PSP also could improve the performance of acute despair mouse in forced 

swimming and tail suspension tests, which may be related to reduce the monoamine 

neurotransmitter levels, inhibit the release of inflammatory cytokines, and regulate tryptophan 

metabolism (Wei et al., 2022). PSP could restore beneficial gut microbiota, improve intestinal barrier 

integrity, and exert antidepressant effects through the microbiota gut brain axis (Zhang et al., 2023; 

Zhang et al., 2023). However, it is unclear whether PSP could inhibit the activation of microglia and 

promote M2 phenotype polarization, and its related molecular mechanisms still need further 

research. 

Therefore, in order to provide a new perspective for the potential of PSP in the prevention and 

treatment of depression, the current study was conducted to evaluate the potential effects of PSP on 

M1/M2 polarization of microglia and its molecular mechanisms on the LPS-induced BV2 cell 

activation model.  

2. Materials and Methods 

2.1. Materials 

BV2 mouse microglial line was purchased from Wuhan sunncell Bio-Technology Co., Ltd 

(Wuhan, China); fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) from 

Gibco; PSP from Shanghai yuanye Bio-Technology Co., Ltd (Shanghai, China); lipopolysaccharides 

(LPS) from Sigma; enzyme-linked immunosorbent assay (ELISA) kits for tumor necrosis factor (TNF-

α), interleukin (IL)-6, IL-1β and IL-10 from Jianglai Biological Technology Co., Ltd (Shanghai, China); 

Nitric Oxide (NO) assay kit, CCK-8 assay kit and DCFH-DA Reactive Oxygen (ROS) Fluorescent 

Probe from Solarbio Science & Technology Co., Ltd (Beijing, China). Antibodies targeting iNOS, 

BDNF, ERK, Phospho-ERK, CREB, Phospho-CREB, TrkB and Phospho-TrkB from Abcam; antibody 

targeting Arginase-1 from Cell Signaling Technology; antibodies targeting Iba-1, Notch1 and Hes1 

from Santacruz; goat anti-rabbit AlexFluor 488® secondary antibodies from Servicebio Co., Ltd 

(Shanghai, China); CD16/CD32 monoclonal antibody PE and CD206 (MMR) monoclonal antibody PE 

from Ebioscience. 

2.2. Cell Culture and Treatment 

The BV2 mouse microglial cell lines were cultured in DMEM medium containing 10% FBS, 5% 

CO2, at 37°C. Cells were passaged every 24 h. After 24 h, the experiment was performed with control 

group, LPS group (1 μg/mL), and PSP groups (400, 800 and 1000 μg/mL). PSP was added to pre-

activate for 24 h, and then 1 μg/mL of LPS was added to co-stimulate for 12 h. 
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2.3. Cell Viability Assay 

BV2 cells were seeded in a 96-well plate at a density of 5 × 103 cells/well. After 12 h, cells were 

pretreated with different concentrations of PSP for 24 h, and incubated with or without LPS for 12 h. 

10 μL of CCK-8 solution was added to each well. After incubation for 1 h at 37 °C, the absorbance at 

450 nm was read on a microplate reader. 

2.4. NO Assay 

Seeding BV2 cells in the logarithmic growth phase into a 24-well culture plate at a density of 2.5 

× 104 cells/well. After 12 h, cells were pretreated with different concentrations of PSP for 24 h, and 

incubated with or without LPS for 24 h. The NO contents in the supernatant were determined 

following NO assay kit protocol (Beyotime Biotechnology, Shanghai, China). 

2.5. ROS Assay 

BV2 cells were cultured overnight in a 24-well culture plate at a density of 5 × 104 cells/well, then 

exposed to different concentrations of PSP for 24 h, and incubated with or without LPS for 6 h. The 

cells were stained with 4 μM DCFH-DA fluorescent probe (Solarbio Science & Technology, China) 

for 10 min at 37℃ and washed with PBS. All images were observed with fluorescence microscopy 

(Olympus, Japan) and analyzed by Image J software (National Institutes of Health, USA). 

2.6. Quantitative PCR (qPCR) Assay 

Seeding BV2 cells into a 6-well culture plate at a density of 1 × 105 cells/well. After 12 h, cells 

were pretreated with different concentrations of PSP for 24 h, and incubated with or without LPS for 

12 h. RNA was isolated according to the EASYspinPlus rapid tissue/cellular RNA extraction kit 

(Aidlab Biotechnologies, China). GoScript Reverse Transcription System (Promega Biotech, China) 

was used for synthesis of cDNA. qRT-PCR was performed in Applied Biosystems QuantStudio 7 Flex 

system (Thermo FisherScientific, United States) using NovoStart SYBR qPCR SuperMix Plus kit 

(Novoprotein, China). The amplification parameters were 95°C for 1 min, followed by 40 cycles of 

95°C for 2 s and 60°C for 1 min. Relative gene expression was calculated using the 2 -ΔΔCT method and 

normalized with control gene β-actin. Primers information is shown in Table 1. 

Table 1. Primers for qPCR. 

Gene Sense Anti-sense 

TNF-α CACCACCATCAAGGACTCAA AGGCAACCTGACCACTCTCC 

IL-1β AAATACCTGTGGCCTTGGGC CTTGGGATCCACACTCTCCAG 

IL-6 CCAGAGATACAAAGAAAT ACTCCAGAAGACCAGAGGAAAT 

IL-10 GTGGAGCAGGTGAAGAGTGA TCGGAGAGAGGTACAAACGAG 

iNOS GAGGCCCAGGAGGAGAGAGATCCG TCCATGCAGACAACCTTGGTGTTG 

CD206 CTTCGGGCCTTTGGAATAAT TAGAAGAGCCCTTGGGTTGA 

Arg-1 GTGAAGAACCCACGGTCTGT CTGGTTGTCAGGGGAGTGTT 

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) 

Seeding BV2 cells into a 6-well culture plate at a density of 1 × 105 cells/well. After 12 h, cells 

were pretreated with different concentrations of PSP for 24 h, and incubated with or without LPS for 

12 h. The supernatant was collected to measure the levels of TNF-α, IL-1β, IL-6 and IL-10 using 

commercial ELISA kits (Jianglai Biological Technology, Shanghai, China) based on the 

manufacturer's instructions. 
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2.8. Immunofluorescence Staining 

BV2 cells were seeded in 6-well culture plate at a density of 1 × 105 cells/well, and cultured and 

treated as before mentioned. BV2 cells were fixed with 4% paraformaldehyde for 10 min at room 

temperature, then permeabilized using 0.5% Triton X-100 for 30 min on the ice. The cells were blocked 

with 5% BSA for 1 h. The cells were incubated with iNOS (1:50, ab283655) and Arg-1 (1:50, #93668) 

primary antibodies at 4°C overnight. On the following day, cells were washed with PBS and 

incubated with AlexFluor 488® (1:500) secondary antibodies at 37°C for 1 h. The cells were treated 

with an anti-fade mounting medium with DAPI for 10 min at 37°C. All images were observed with 

fluorescence microscopy (Olympus, Japan) and analyzed by Image J software (National Institutes of 

Health, USA). 

2.9. Flow Cytometry 

BV2 cells in 6-well culture plate were cultured and treated as indicated. Then, the cells were 

washed and re-suspended in cold PBS at a density of 1 × 106 cells/mL. Added 0.125 μg of anti-

CD16/CD32 PE (93), and anti-CD206 PE (MR6F3), separately. Incubated at room temperature in dark 

for 30 min. The cells were washed twice with PBS and re-suspended in 400 μL PBS. The samples were 

analyzed using flow cytometry (CytoFLEX, USA). 

2.10. Western Blot Analysis 

BV2 cells were seeded in 6-well culture plate at a density of 1 × 105 cells/well, cultured and treated 

as mentioned above. BV-2 microglia were washed with pre-cooled PBS. The samples were collected 

by centrifugation (1000 rpm, 5 min). Then added the RIPA buffer (containing PMSF) and incubated 

on ice for 10 min, followed by centrifugation (12,000g, 10 min, 4℃) to collect the supernatant. The 

protein concentration was determined by BCA Kit (Beyotime, Nanjing, China). According to the 

protein quantitative results, the protein concentrations were unified. Proteins were separated by 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 

polyvinylidene fluoride (PVDF) membranes for 120min at 300mA. The membranes were sequentially 

incubated with primary (BDNF, ab108319; ERK, ab32537; CREB, ab32515; Phospho-CREB, ab32096; 

TrkB, ab187041; Phospho-TrkB, ab229908; Notch1, sc-376403-1; Hes1, sc-166410-1) and secondary 

antibodies and enhanced chemiluminescence (ECL) solutions, followed by autoradiography. The 

intensity of the blot was analyzed using Image pro plus 6.0.  

2.11. Statistical Analysis 

Statistical analysis was performed using SPSS 23.0, GraphPad Prism 8.0 and ImageJ software, 

and the results were expressed as mean ± standard error (Mean ± SEM). Multiple group comparisons 

were performed using one-way ANOVA, while pairwise comparisons between groups were 

performed using the Least Significant Difference (LSD) method. P<0.05 was considered statistically 

significant. 

3. Results 

3.1. Effects of PSP on the Viability of BV2 Cells and Microglial Activation 

The effects of different concentrations of PSP on BV2 cell viability was shown in Figure 1A. PSP 

concentrations ranging from 100 to 1000 μg/mL did not decrease the viability of BV2 cells after 24 h 

treatment. PSP did not induce any detectable cytotoxicity compared with the control group. The 

combined effects of PSP and LPS on BV2 cell viability was shown in Figure 1B. The CCK-8 results 

showed that PSP at different concentrations (400,800,1000 μg/mL) with or without LPS (1 μg/mL) had 

no significant toxic effects on cell viability. Thus, 400,800 and1000 μg/mL of PSP were used in 

subsequent experiments. 
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Figure 1. Effects of PSP on the viability and activation of BV2 cells. (A) Effects of different 

concentrations of PSP on cell viability. (B) Effects of PSP on cell viability with LPS stimulation. (C) 

Protein expression of Iba-1, representative protein bands. (D) The ratio of Iba-1/β-actin. The data are 

expressed as the means ± SEM. ###P < 0.001 versus the control group; *P < 0.05, ***P < 0.001, versus 

the LPS-treated group. 

Iba-1 is a marker protein of microglia. To investigate the effects of PSP on LPS-induced 

microglial activation, the protein expression levels of Iba-1 in BV2 cells were evaluated. As shown in 

Figure 1C and D, LPS induced microglial activation. The protein expression level of Iba-1 was 

significantly increased after LPS stimulation (P<0.001). However, PSP intervention significantly 

reduced the protein expression level of Iba-1 (P<0.05, P<0.001). These results indicated that PSP 

pretreatment could reverse LPS induced microglial activation. 

3.2. Effects of PSP on Intracellular Reactive Oxygen Species in LPS-Induced BV2 Cells 

The fluorescence intensity of LPS group was substantially higher than the control group (Figure 

2, P<0.001). LPS stimulation increased ROS production in BV2 cells. Compared with the LPS group, 

PSP (200, 400, 800, 1000 μg/mL) pretreatment significantly reduced fluorescence intensity (P<0.01, 

P<0.001), indicating that PSP could inhibit LPS induced oxidative damage in BV2 cells to a certain 

extent. 
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Figure 2. Effects of PSP on ROS release in LPS-induced BV2 cells. (A) Representative microscopic 

images. (B) Fluorescence intensity of ROS analysed with Image J. The data are expressed as the means 

± SEM. ###P < 0.001 versus the control group; ***P < 0.001, versus the LPS-treated group. 

3.3. Effects of PSP on the Production of NO and Inflammatory Cytokine in LPS-Induced BV2 Cells 

Results showed (Figure 3A) that NO level was significantly increased after LPS treatment 

compared with the control group. PSP (400, 800, 1000 μg/mL) reduced NO levels in a dose-dependent 

manner. Both qRT-PCR and ELISA were used to determine the effects of PSP on the expression and 

release of inflammatory factors in LPS induced BV2 cells. The qRT-PCR results (Figure 3B-G) showed 

that LPS stimulation significantly increased the expression level of M1 pro-inflammatory cytokines 

(TNF-α, IL-1β, IL-6 and iNOS) and decreased M2 anti-inflammatory cytokines (Arg-1) (P<0.001). PSP 

intervention significantly decreased the mRNA levels of M1 markers (TNF-α, IL-1β, IL-6 and iNOS) 

and increased M2 marker (IL-10, Arg-1) (P<0.05, P<0.01, P<0.001). Consistent with the results of q-

PCR, ELISA (Figure 3H-K) showed that treatment with LPS significantly increased the level of pro-

inflammatory cytokines (TNF-α, IL-1β and IL-6) while the anti-inflammatory cytokine (IL-10) level 

was markedly decreased (P<0.001). These changes were reversed in the presence of PSP (P<0.001). 

These results indicated that PSP could promote the polarization of BV2 cells from the M1 to M2 

phenotype, inhibit the expression and release of pro-inflammatory cytokines, exerting the anti-

inflammatory effects. 
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Figure 3. Effects of PSP on LPS-induced NO production and inflammatory cytokine production in 

BV2 cells. (A) Effects of PSP on NO release in LPS-induced BV2 cells. (B-E) The mRNA expression 

levels of M1 phenotype genes (TNF-α, IL-1β, IL-6, iNOS). (F, G) The mRNA expression levels of M2 

phenotype genes (IL-10, Arg-1). (H-K) TNF-α、IL-1β、IL-6、IL-10 levels of cell supernatant detected 

by ELISA. The data are expressed as the means ± SEM. ###P < 0.001 versus the control group; *P < 

0.05, **P < 0.01,***P < 0.001, versus the LPS-treated group. 

3.4. PSP Promoted Microglial Polarization to the M2 Phenotype in LPS-Induced BV2 Cells 

CD16/32 and iNOS were markers of M1 polarization in microglia, while CD206 and Arg-1 are 

markers of M2 polarization. The effects of PSP on polarization phenotype of BV2 cells was analyzed 

by flow cytometry and immunofluorescence staining. Firstly, the protein expression levels of 

CD16/32 and CD206 were measured by flow cytometry. As shown in Figure 4, LPS treatment 

significantly increased the protein expression of CD16/32 and reduced CD206 (P<0.001). The protein 

expression of CD16/32 was markedly downregulated and CD206 was upregulated by PSP 

pretreatment compared with LPS group (P<0.05, P<0.001). Then, the expression of iNOS and Arg-1 

were further measured by immunofluorescence staining. As shown in Figure 5, the fluorescence 
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intensity of iNOS in the LPS group was significantly increased (P<0.001), and PSP intervention 

significantly reduced the fluorescence intensity of iNOS (P<0.05, P<0.01, P<0.001). Although the 

fluorescence intensity of Arg-1 in the LPS group did not significantly change compared with the 

control group, PSP pretreatment obviously enhanced the immunoreactivity of Arg-1 (P<0.05, 

P<0.001). These results suggested that PSP inhibited microglial polarization to the M1 phenotype and 

promoted microglial polarization to the M2 phenotype. 

 

Figure 4. Effects of PSP on LPS-induced protein expression of CD16/32 and CD206 in BV2 cells. (A, 

B) CD16/32 (M1) and (C, D) CD206 (M2) protein expression measured by flow cytometry. The data 

are expressed as the means ± SEM. ###P < 0.001 versus the control group; *P < 0.05, ***P < 0.001, versus 

the LPS-treated group. 
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Figure 5. The relative fluorescence intensity of iNOS and Arg-1 in the different groups of BV-2 cells. 

Representative immunofluorescence picture of (A) iNOS (M1) and (C) Arg-1 (M2), Fluorescence 

intensity of (B) iNOS (M1) and (D) Arg-1 (M2) analysed with Image J. The data are expressed as the 

means ± SEM. ###P < 0.001 versus the control group; *P < 0.05, **P < 0.01, ***P < 0.001, versus the LPS-

treated group. 
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3.5. Effects of PSP on the BDNF/TrkB/CREB Signaling Pathway in LPS-Induced BV2 Cells 

As shown in Figure 6, the results indicated that the expressions of BDNF, p-TrkB/TrkB and p-

CREB/CREB were remarkably decreased in the LPS group when compared with that of the control 

group (P < 0.01, P<0.001). Meanwhile, PSP pretreatment significantly reversed these changes (P<0.05, 

P < 0.01, P <0.001). The results indicated that PSP could regulate the BDNF/TrkB/CREB pathway, 

which may probably be contribute to the regulation of microglial polarization. 

 

Figure 6. Effect of PSP on the BDNF/TrkB/CREB signaling pathway in LPS-induced BV2 cell. (A) 

Representative protein bands, (B) protein expression of BDNF. Phosphorylation of (C) TrkB (D) ERK 

(E) CREB. The data are expressed as the means ± SEM. ##P < 0.01, ###P < 0.001 versus the control 

group; *P < 0.05, **P < 0.01, ***P < 0.001, versus the LPS-treated group. 

3.6. Effects of PSP on the Notch Signaling Pathway in LPS-Induced BV2 Cells 

As shown in Figure 7, we measured the expressions of Notch1 and Hes1. The results indicated 

that the expressions of Notch1 and Hes1 were remarkably increased in the LPS group when 

compared with that of the control group (P < 0.001). Meanwhile, PSP pretreatment significantly 

reversed these changes (P <0.05, P <0.001). The results indicated that PSP could regulate the Notch 

pathway, which may be related to the regulation of microglial polarization. 

 
Figure 7. Effect of PSP on the Notch signaling pathway in LPS-induced BV2 cell. (A) Representative 

protein bands. Protein expression of Notch1 (B), and Hes1 (C). The data are expressed as the means ± 

SEM. ###P < 0.001 versus the control group; *P < 0.05, ***P < 0.001, versus the LPS-treated group. 
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4. Discussion 

In recent years, a growing number of studies have shown that neuroinflammation plays a crucial 

role in the function of the central nervous system(CNS), such as controlling stress response, emotion 

and cognitive activities (Kip & Parr-Brownlie, 2023), and inflammation has a dual effect on CNS. 

Acute inflammatory reactions help maintain the body balance, eliminate necrotic and damaged cells, 

initiate tissue repair, and exert protective effects. However, excessive inflammatory reactions often 

release the multiple inflammatory and toxic factors, resulting in toxic damage and various diseases, 

including depression. Among them, the imbalance of M1/M2 polarization of microglia is considered 

to be the key factor affecting the severity of neuroinflammation. M1 phenotype leads to chronic 

neuroinflammatory reaction, induce the release of proinflammatory cytokines such as TNF-α and IL-

1β, exacerbate tissue damage, and further aggravate the pathological process of depression. M2 

phenotype promotes damage repair and functional recovery by releasing the anti-inflammatory 

factors such as IL-4 and IL-10 and some neurotrophic factors (Yang et al., 2023). Therefore, current 

research believes that in the treatment of neuroinflammatory-related diseases, inhibiting M1 

phenotype while activating M2 phenotype polarization may bring more significant overall effects 

than inhibiting M1-microglia alone. 

The M1/M2 phenotype of Microglia represents two extremes of the neuroinflammatory 

phenotype. Studies show that different phenotypes can also be divided into different subtypes, for 

example, M2 phenotype can also be divided into M2a, M2b, M2c, and M2d subtypes (Franco & 

Fernandez-Suarez, 2015), however, these are not completely independent activation states. Therefore, 

Simple classification of microglia into classic activated-M1 phenotype and alternative activated-M2 

phenotype is the most common method to clarify the role of microglia in the CNS. At present, the 

identification of M1/M2 phenotype mainly focuses on three aspects, cell surface specific molecule 

expression, cell secretion of inflammatory and anti-inflammatory factors and arginine pathway 

metabolites (Jaguin, Houlbert, Fardel, & Lecureur, 2013; Kittan et al., 2013; Mills, Kincaid, Alt, 

Heilman, & Hill, 2000; Orecchioni, Ghosheh, Pramod, & Ley, 2019). Based on these reports and 

combined with the previous relevant researches, our study selected iNOS, TNF-α, IL-1β, IL-6, 

CD16/32 as M1 phenotype markers and Arg-1, IL-10, CD206 as M2 phenotype markers. 

LPS is the inflammatory response inducer and a classic activator of microglia (Bernath, Murray, 

Shirley Yang, Gibon, & Klegeris, 2023). Immortality mouse BV2 cell line retains many morphological, 

phenotypic and functional characteristics of microglia (Li et al., 2021). LPS-induced BV2 cell 

activation model is the most commonly used model for studying the M1/M2 polarization regulation 

of active ingredients in vitro. In rodent models, intraperitoneal injection of LPS is a classic depression 

model based on the neuroinflammation hypothesis. It can induce the depressive-like behaviors such 

as lack of pleasure, reduced social and exploratory activities in rodents, and also result in the 

excessive activation of microglia (Shi et al., 2023). Consistent with the previous research (Kim et al., 

2022), NO and ROS levels and the expression level of microglial marker protein Iba-1 significantly 

were increased after exposed to LPS, indicating that BV2 cells were activated. The mRNA levels and 

supernatant contents of M1 phenotype markers (iNOS, TNF-α, IL-1β, IL-6) and protein expression of 

CD16/32 were markedly increased. However, the mRNA levels and supernatant contents of M2 

phenotype markers (IL-10, Arg-1) and protein expression of CD206 were significantly decreased. 

These results indicated that LPS induced the transition of BV2 cells to M1 phenotype, and 

neuroinflammation model in vitro was successfully constructed. 

Based on that the antidepressant and anti-inflammation effects of PSP have been reported, our 

study mainly focused on the role of PSP in the modulation of microglial polarization.Treatment with 

PSP prior to LPS stimulation reversed the M1 polarization and strongly increased the expression of 

the M2 microglial markers, IL-10, CD206 and Arg-1. Collectively, these results indicated that PSP 

switched the polarization of LPS activated BV2 microglia from M1 to a predominantly M2 phenotype, 

which was correlated with a significant decrease in neurotoxicity and enhanced anti-inflammatory 

cytokine production. However, the molecular mechanisms about that how PSP induces changes in 

microglial polarization remains unclear. 
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BDNF (Brain-derived neurotrophic factor), widely expressed in CNS, is an important regulator 

of synaptic formation and synaptic plasticity, and also a key point for the brain to regulate emotional 

behaviors. The neurotrophic hypothesis of depression makes BDNF an important biomarker of 

depression. In the LPS-induced depression model of rats, the reduced level of BDNF and the related 

changes of synaptic plasticity in the hippocampus were observed (Fang et al., 2019). During brain 

development, microglia plays an important role in synaptic plasticity by trimming synapses and 

refining neural circuit through phagocytosis (Schafer & Stevens, 2013). BDNF secreted by Microglia 

is an important material basis for maintaining the formation of learning dependent synapse 

(Parkhurst et al., 2013). BDNF is also an important medium for information transmission between 

microglia and neurons. Promoting M2 phenotype polarization of microglia can directly enhance the 

synthesis of BDNF and the expression of neurotrophic receptors, thus protecting neuron survival or 

preventing neuron apoptosis (Song, Zhang, & Dong, 2013). TrkB is a specific receptor for BDNF, 

which binds to cause receptor dimerization and self-phosphorylation, activating intracellular 

signaling pathways (Fayard, Loeffler, Weis, Vogelin, & Kruttgen, 2005). ERK pathway (including 

ERK1 and ERK2) is one of the activated downstream signal pathways. Activation of ERK can induce 

phosphorylation of CREB serine 133 residue, produce activated transcriptional complexes, and 

trigger activation of target genes (Lesiak et al., 2013). CREB is a transcription factor that plays an 

important role in neuronal plasticity and neurogenesis (Tao, Finkbeiner, Arnold, Shaywitz, & 

Greenberg, 1998). CREB and BDNF/TrkB signaling pathways form the positive feedback loop, and 

phosphorylated CREB promotes BDNF transcription and translation and enhances the TrkB 

signaling pathway, exerting the antidepressant-like effects. In the present study, LPS stimulation 

significantly reduced the protein expression level of BDNF and phosphorylation levels of TrkB, ERK, 

CREB in BV2 cells, while PSP intervention reversed these changes. Thus, M1/M2 polarization 

regulation and inhibition of PSP in LPS-induced neuroinflammatory responses might be related to 

activate the BDNF/TrkB/CREB signaling pathway. 

The Notch signaling pathway is mainly composed of receptors, ligands, transcription factors, 

regulatory molecules, and downstream effector molecules. When the Notch signaling pathway is 

activated, intracellular domains are released into the cytoplasm and translocated to the nucleus, 

promoting the production of transcription activating factors and inducing the expression of 

downstream target genes such as Hes1 and Hes5 (Iso, Kedes, & Hamamori, 2003; Oswald, Liptay, 

Adler, & Schmid, 1998). It has been found that the Notch signaling pathway can regulate the 

polarization of monocyte macrophages. Activation of the Notch signaling pathway leads to an 

increase in M1 type macrophages and large release of inflammatory cytokines (Tao, Chen, Lin, & 

Dong, 2020; Xu et al., 2012). Ganoderma lucidum polysaccharides can regulate M1/M2 polarization 

of macrophage, and its regulatory mechanism is related to the Notch signaling pathway (Li et al., 

2022). Several studies have shown that Notch signaling pathway is also closely related to the 

activation and polarization of Microglia. The expressions of Notch1, Jagged1, Hes1 and TNF-α, IL-1β 

is increased in LPS stimulated BV2 cells. However, the expression level of Hes1 is reduced and the 

translocation of NF-κB/p65 was inhibited when blocking the Notch signaling pathway (Cao et al., 

2010). Lipoxygenase A4 may regulate the microglial polarization after cerebral ischemia-reperfusion 

injury through Notch signaling pathway (Li, Ding, Wang, Sun, & Wu, 2021). Notch pathway may be 

an important target for regulating the activation, polarization and inflammatory response of 

Microglia. In the present study, LPS stimulation significantly reduced the protein expression level of 

Notch1 and Hes1, while PSP intervention reversed these changes. Thus, M1/M2 polarization 

regulation and inhibition of PSP in LPS-induced neuroinflammatory responses might be associated 

with modulating the Notch signaling pathway. 

5. Conclusions 

In summary, the present study demonstrates that PSP facilitates microglial polarization from the 

pro-inflammatory phenotype towards the anti-inflammatory phenotype, which may be related to the 

regulate of BDNF/TrkB/CREB and Notch/Hes1 signaling pathways. This study provides novel 

insights into fully elucidating the molecular mechanisms of PSP treatment in depression. 
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