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Abstract

Objective This study aims to investigate the mechanism of grape seed oligomeric procyanidins

(GPC) in the treatment of experimental autoimmune encephalomyelitis (EAE) mice, providing

pharmacodynamic materials for drug development in the treatment of multiple sclerosis (MS).

Methods The constituents which have nerve protective effect in GPC were collected through

literature retrieval. We used PharmMapper and STITCH database to predict drug targets, GeneCards

and OMIM database to predict MS-related genes. Targets of GPC treating MS were obtained from

intersected targets between drug and disease. The GO functional enrichment and KEGG pathway

enrichment analysis were performed by DAVID database. EAE mouse model was used to study the

therapeutic mechanism of GPC. Results Forty-two targets were discovered to be related to the

process of GPC treating MS. KEGG enriched a total of 32 pathways. The pharmacological

experiment showed that GPC improved the clinical symptoms of EAE mice, inhibited the

expression of indicators of oxidative stress and inflammatory response in CNS, and decreased the

expression of P-Akt, P-ERK, and P-JNK. Conclusion The therapeutic effect of GPC in EAE mice

is associated with the suppression of MAPK and PI3K-Akt signaling pathways, providing a

theoretical basis for the application of GPC inMS.

Keywords: grape seed oligomeric procyanidins, network pharmacology, experimental autoimmune

encephalomyelitis, multiple sclerosis, MAPK signaling pathway, PI3K-Akt signaling pathway.
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1.Materials and methods

2. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system

(CNS), affecting over 2 million people worldwide, the main pathological features of which include

inflammation, demyelination, axonal loss, and glial cell proliferation (Reich et al. 2018).

Experimental autoimmune encephalomyelitis (EAE) is the classical animal model for MS’s relevant

research and exhibits similar characteristics of MS (Robinson et al. 2014). At present, the drugs to

treat MS are mainly hormones and immunosuppressants, with many side effects and are of high

prices (Filippini et al. 2017). Therefore, many scholars are committed to find active ingredients from

natural compounds and explore new therapeutic drugs (Sanadgol et al. 2017).

Procyanidins (PC), a class of representational flavanols extracted from the skins, shells, and seeds of

plants, are characterized by low toxicity, high efficiency, and bioavailability (Rodriguez-Perez et al.

2019). PC is polymerized from catechins or epicatechins with different degrees of polymerization and

classified as procyanidolic oligomers (OPC) (dimer to tetraomers) and procyanidolic polymers (PPC)

(polymers above pentapolymeric) (Gao and Dong 2009). The grape seeds contain the most abundant

PC and show excellent effects of anti-oxidation, anti-inflammation, anti-cancer, and neuroprotection,

etc. (Bai et al. 2019). Based on the above characteristics, some studies have determined its effect on

several CNS diseases, including Alzheimer's disease and cerebrovascular disease and showed good

therapeutic effects (Kong et al. 2017; Matsuda et al. 2014; Wu et al. 2015; Zhao et al. 2019).

However, there are few experiments on the treatment of MS. Also, network pharmacology can

systematically elucidate the mechanism of drug’s actions from multiple levels, such as targets and

pathways (Liu and Sun 2012). So this study was designed to analyze the mechanism of GPC in the

treatment of EAE mice by the combination of network pharmacology and experimental verification

to provide basis for the clinical application of GPC in the treatment of MS. The specific process is

shown in Fig. 1.

2.1 The screeningofactive ingredients and thepredictionof targets forGPC

We used the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) to retrieve the references and

collect active compounds that protect the nerves in GPC. Then, target proteins were obtained from

https://pubmed.ncbi.nlm.nih.gov/
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databases of PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) and STITCH

(http://stitch.embl.de/). The targets from the PharmMapper database were filtered by a score>0.9.

Targets are standardized in the UniProt database (http://www.uniprot.org/). Cytoscape 3.6.1 software

was used to map the 'drug-target' network.

2.2 Acquisition of MS-related targetgenes

GeneCards database (https://www.genecards.org/) and OMIM database (https://omim.org/) were

employed to detecte MS-related target genes by searching 'multiple sclerosis'. The targets from the

GeneCards database were filtered by a relevance score>6.705.

2.3 Construction of network and topological analysis

We used the Excel function to take the intersection between drug and disease targets to obtain

therapeutic targets of GPC against MS, and drew Venn diagrams in the bioinformatics platform

(https://www.bioinformatics.com.cn). We introduced these common genes into STRING 11.0

database (https://string-db.org/) to collect the functional relationship between the targets. Resultant

data were introduced into Cytoscape 3.6.1 software to establish the PPI network among the

common targets. Cytoscape 3.6.1 software was used to map the 'drug-target-disease' network.

Network analyzer in Cytoscape was utilized in analyzing topological parameters of mean and

maximum degrees of freedom in PPI network among the commontargets.

2.4 Biological functionandpathwayenrichmentanalysesof thecore targets

The core targets obtained in 2.3 were imported into DAVID 6.8 (http://david.nifcrf.gov/)database in

the format of GeneSymbol for GO analysis and KEGG pathway enrichment analysis. The important

biological functions and core pathways were screened out (P<0.05, count ≥7) to draw the bubble

diagram.

2.5 Experimental animals and the establishment of the EAE model

A total of 18 female C57BL/6 mice, 10-12 weeks old, were purchased from Vital River Laboratory

Animal Technology Co. Ltd. (Beijing, China), and were raised in the condition of 25℃ without

http://www.lilab-ecust.cn/pharmmapper/
http://stitch.embl.de/
http://www.uniprot.org/
https://www.genecards.org/
https://omim.org/
https://www.bioinformatics.com.cn
https://string-db.org/
http://david.nifcrf.gov/
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pathogenic bacteria. All animal experiments were approved by the Council for Laboratory and Ethics

Committee of the Shanxi University of Chinese Medicine, Taiyuan, China.

Myelin oligodendrocyte glycoprotein peptide-35-55 (MOG35–55,

MEVGWYRSPFSRVVHL-YRNGK, CL. Bio-Scientific Company, Shanghai, China) (200μg/ mouse)

dissolved in normal saline (NS) was fully emulsified with Mycobacterium tuberculosis H37R (BD

Difco, Detroit, MI, USA) (400μg/mouse) completely dissolved in complete Freund's adjuvant (Sigma,

USA). Each mouse was injected with antigen emulsion to induce EAE in the dorsal lumbosacral

bulking region. The day of immunization was recorded as day 0 post-immunization (p.i.). Each mouse

was intraperitoneally injected with 300ng pertussis toxin (PTX, List Labs, USA) on day 0 and day 2

p.i. Animals were evaluated for clinical scores every other day in a double-blinded fashion by at least

two investigators.

2.6 Administration of GPC and the evaluation of clinical score

Eighteen mice were divided into the EAE control group (n=12) and the GPC treatment group (n=6).

GPC was purchased from Tianjin Jianfeng Natural Product R&D Co. Ltd. (Tianjin, China). From

day 3 p.i. to day 28 p.i., the GPC treatment mice group were intragastrically administered with GPC

(Gong et al. 2020; Yoo et al. 2011) (50 mg·kg-1·day-1). The control mice received vehicle only in a

similar manner.

The international standard 5-point method was adopted to observe and evaluate the symptoms of the

experimental mice at regular intervals from day 0 p.i.. The evaluation criteria were as follows: 0

point were scored for the absence of any clinical symptoms;1 point for tottering gait or loss of tension

with tail; 2 points for gait with partial paralysis of hindlimbs and the tail (ataxia); 3 points for total

paralysis of unilateral hind limb and tail scored; 4 points for total paralysis of both hind limbs and tail

scored; 5 points for near death or death. Symptoms ranged between the two criteria were measured

as ± 0.5 points.

2.7 The collection of samples and analysis using different methods

On the 28 p.i., 10% chloral hydrate (0.2 ml/piece) was injected intraperitoneally for anesthesia in

the sterile condition. Then, half of the mice of two groups were perfused intracardially with NS

followed by 4% paraformaldehyde (PFA) in PBS (0.01 M, pH = 7.4). The spinal cord of mice was
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quickly extracted and dehydrated by soaking in sucrose solution of 15%, 25%, and 30% for 24

hours, respectively. The coronal sections of the spinal cord (10 μm) were obtained using a cryostat

microtome (Leica CM1850, Germany) and stored at 4 ℃ for Haematoxylin/eosin (H&E), Luxol fast

blue (LFB) and Immunofluorescence staining. The rest of the mice were perfused intracardially with NS

only. The spinal cordswere removed for ELISA andwestern blot.

2.7.1 Histological staining

Pathological changes in the spinal cords were detected by H&E and LFB staining. For H&E staining,

the slides were immersed in haematoxylin solution for 2 min, in water for 1 min, and then in eosin

solution for 10 min. Then, differentiation was performed in 1% hydrochloric acid ethanol for 10 s.

For LFB staining, the slides were immersed in LFB at 56 °C for 16 h. The excessive blue stain was

removed in 95% ethanol and distilled water, and the slides were differentiated in lithium carbonate

solution for 15 s. After being washed with distilled water and 80% alcohol, the slides were

dehydrated with gradient ethanol and finally mounted with neutral balsam. A set of matched serial

sections (3 sections/animal) were imaged under a light microscope (DM4000B, Leica, Germany).

The number of infiltrating cells (>20 mononuclear cells/field) was observed by H&E staining, and

the integrated optical density of LFB staining in the spinal cord was measured in the lesion area/field

using ImagePro Plus 6.0.

2.7.2 Immunofluorescence staining

Sections of the spinal cord were sealed with 1% BSA at room temperature for 30 min. Sections of

the two groups were added with 1%BSA primary anti-MBP (1:500), respectively, and incubated

overnight at 4℃. The next day, PBST was rinsed and sectioned for 3 times, then the corresponding

secondary antibody was added and incubated at room temperature for 1 hour. Rinse and slice PBST

for 3 times and incubate DAPI for 5 min. Glycerin was used to seal the slides, and the slides were

observed by blind fluorescence microscopy. The optical density was measured by Image-Pro Plus

6.0.

2.7.3 ELISA

The levels of oxidative stress and inflammatory response indicators, including superoxide dismutase
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(SOD), malondialdehyde (MDA), reactive nitrogen species (RNS), reactive oxygen species (ROS),

INF-γ, IL-17, IL-1β, IL-6, and TNF-α, in the supernatant of the spinal cord were measured by ELISA

kit according to the manufacture’s instructions. The OD value (450 nm) was read by Multiskan

Spectrum, and the results were expressed as pg/ml.

2.7.4 Western blot

Spinal cords were homogenized with a micro content motor-operated tissue homogenizer (Kimble

Kontes, USA), using protein extraction kit (Sigma, USA) supplemented with a cocktail of protease

inhibitors. The homogenates were centrifuged at 13,000g for 20 min at 4 ℃, and the supernatants

were collected. The protein concentration was determined by BCA method. Equal amounts of

protein (30 μg) were separated by SDS-PAGE and electroblotted onto PVDF membrane

(Immobilon-P, Millipore, USA). After non-specific binding was blocked with 5% non-fat dry milk,

membranes were incubated at 4 ℃ overnight with anti-MBP, anti-Akt, anti-ERK, anti-JNK,

anti-P-Akt, anti-P-ERK, anti-P-JNK and anti-β-actin (1:1000, Bioworld, USA). After washing the

membrane the next day, it should be incubated with the second antibody at room temperature for 2

hours. Bands were visualized with an enhanced chemiluminescence (ECL) system (GE Healthcare

Life Sciences, USA).

2.8 Statistical method

The GraphPadPrism 7.0 statistical analysis software (Cabinet Information Technology Co., Ltd.

Shanghai, China) was used for data analysis. All the data were first checked to see if it is normally

distributed. One-way analysis of variance (ANOVA) was performed and followed by Tukey's

posttest for multiple comparisons or Student's t-test for comparisons of 2 groups. Results are

presented as the mean ± SEM. P<0.05 was considered to be statistically significant.

3. Results

3.1 Main active compound and targets of GPC

Seven active ingredients (Bernatova 2018; Fu et al. 2019; Lee and Yune 2014; Mizuno et al. 2019;
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Song et al. 2019; Sutcliffe et al. 2017; Syed Hussein et al. 2015) were selected through literature

reviews, as shown in Tab. 1. Seventy-eight drug targets were predicted in PharmMapper and STITCH

databases, and potential targets were standardized in the Uniprot database. Cytoscape 3.6.1 software

was used to build the 'compound-target' network, and the results were shown in Fig. 2. The network

consisted of 85 nodes and 215 edges.

3.2 The prediction of disease target genes and the building of networks

We collected 1701MS-related targets by retrieving 'Multiple sclerosis' in GeneCards database and

OMIM database, respectively (duplicates were removed). The drug's target proteins and the disease's

target genes were intersected to obtain the common targets, and the Venn diagram was drawn using

the Micro-generative communication platform, as shown in Fig. 3A. The PPI network was constructed

by using STRING database and Cytoscape 3.6.1, as shown in Fig. 3B. The network (hide 1

disconnected node in the network) consists of 41 nodes and 260 edges. The degree value represents

the order of importance in the network: the larger value, the more important target. The mean degree

value is 12.4, and AKT1's degree value is maximum (32). The nodes represent common targets, while

the edges represent the interaction relationship between targets. It can be seen from the network that

AKT1, CASP3, MAPK1, EGFR, PTGS2, MAPK3, MAPK14，and MAPK8 were the core targets of

GPC in the treatment of MS. Cytoscape 3.6.1 software was used to construct the

'compound-target-disease' network, as shown in Fig. 3C. The network consisted of 50 nodes and 165

edges.

3.3 Enrichment analysis

GO belongs to the classification system of gene function, which has three branches, including

biological process (BP), cellular component (CC) and molecular function (MF). After enrichment

analysis of targets, GO biological function showed that the pharmacodynamic mechanism of GPC in

treating EAE mice involved 27 items (P<0.05, count≥7), which include 10 biological processes

(peptidyl-serine phosphorylation, response to lipopolysaccharide, positive regulation of cell

proliferation, positive regulation of gene expression, positive regulation of transcription, signal

transduction, protein phosphorylation, positive regulation of transcription from RNA polymerase II
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promoter, apoptotic process, transcription, and DNA-templated), 10 cell compounds (extracellular

space, cytosol, nucleoplasm, mitochondrion, cytoplasm, extracellular region, nucleus, extracellular

exosome, plasma membrane and intracellular) and 7 molecular functions (enzyme binding, protein

binding, kinase activity, protein serine/threonine kinase activity, ATP binding, protein kinase

activity, and zinc ion binding). The results are shown in the Fig. 4A. In this study, 32 signaling

pathways (P<0.05, count≥7) were screened out, related to tumor (such as TNF signaling pathway),

inflammation (such as MAPK signaling pathway), viral infection (such as Hepatitis B), etc. The

results are shown in Fig. 4B.

3.4 GPC alleviated clinical symptoms and central inflammation and protected myelin sheath in EAE

mice

On day 11 p.i., the mice developed the disease. On day 28 p.i., samples were collected. The pattern

diagram is shown in Fig 5A. Compared with the EAE control group, the clinical scores of mice in

the GPC treatment group were lower (Fig. 5B). By histopathological analysis (Fig. 5C), H&E

staining revealed reduced infiltration of inflammatory cells in mice of the GPC treatment group

compared with that of the EAE control group (P<0.05). LFB staining showed that compared with

EAE control mice, the demyelination of the GPC treatment group was reduced (P<0.01).

Immunofluorescence staining (Fig. 5D) showed that MBP mean fluorescence IOD of the GPC

treatment group was higher than the EAE control group (P<0.05). Western blotting (Fig. 5E)

showed that MBP relative grey value of the GPC treatment group was lower than the EAE control

group (P<0.05).

3.5 Effects of GPC on markers of oxidative stress and inflammatory response

GPC has good antioxidant stress and anti-inflammatory effects. Therefore, ELISA detected the

expression of related indexes in spinal cord tissue of mice. As shown in Fig. 6A, there was no

significant difference in SOD expression between the two groups. Compared with the control group,

the expression of MDA (P<0.01), RNS (P<0.01) and ROS (P<0.001) in the GPC treatment group

were decreased. As shown in Fig. 6B, the expressions of INF-γ (P<0.05), IL-17 (P<0.01), IL-1β
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(P<0.01), IL-6 (P<0.001), and TNF-α (P<0.01) in the GPC treatment group were inhibited.

3.6 Inhibition of inflammatory signaling pathways by GPC

In order to verify the anti-inflammatory mechanism of GPC in EAE mice, we analyzed the regulatory

effect of GPC on MAPK and PI3K-Akt signaling pathways according to the results of KEGG

enrichment analysis. Western blot was performed to detect Akt, JNK, and ERK and their

phosphorylation levels, and it is found that GPC could inhibit the phosphorylation of Akt, JNK, and

ERK (Fig. 7).

4. Discussion

At present, the pathogenesis of MS is still unclear, and inflammatory response is a critical process

in its pathogenesis (Lassmann 2018). The current treatments for MS mainly include

anti-inflammatory and immunomodulation, and some Western medicines have side effects

(Gholamzad et al. 2019). Traditional Chinese medicine has multiple targets and overall regulation

(Li et al. 2016), but is complicated and challenging to study due to its multi-compounds and

multi-targets synergistic effect. Network pharmacology shows biologically active compounds,

predicts drug targets, distinguishes the priority of disease-related genes, further establishes

'drug-target-disease' network, and provides a theoretical basis for the modernization of traditional

Chinese medicine and the development of new drugs with its holistic way of thinking and strong

predictive ability (Yuan et al. 2017). This study aims to analyze the potential mechanism of GPC in

the treatment of MS by network pharmacology and animal experiments.

At first, we identified 7 active compounds of GPC acting on 42 targets to treat MS, indicating

that the treatment of MS by GPC is the result of the synergistic effect of multiple compounds and

multiple targets. AKT1, MAPK1, MAPK3, and other targets with high degree values were found

from the PPI network, showing that these targets may be the core targets in the process of GPC

treating MS. GO enrichment analysis demonstrated that GPC's therapy for MS was achieved by

regulating cell proliferation, regulation of transcription, signal transduction, protein phosphorylation,

and apoptotic process. The KEGG pathway enriched 32 pathways related to several biological

processes, such as oxidative stress, inflammation, tumor, virus infection, and other functions. In the

enrichment results of the KEGG pathway, after screening by the P-value and the count value, we
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observed that the MAPK and the PI3K-Akt signaling pathways are two very important target

pathways. These two pathways are related to cell proliferation, stress, inflammation, and apoptosis

(da Silva et al. 2020; Lake et al. 2016), therefore, closely related to the occurrence and development

of MS. In some previous studies, researchers have found that the abnormal activation of these two

pathways is strongly related to the degree of inflammatory cell infiltration and demyelination in the

EAE model (Liu et al. 2017; Suo et al. 2019). Besides, GPC, an excellent anti-inflammatory

substance and antioxidant, can inhibit these two pathways, suggesting that it may have a potential

therapeutic effect on MS.

Based on the above findings, we investigated the therapeutic effect of GPC on EAE and its

influence on the above two signaling pathways. As expected, we found that GPC improved the

clinical symptoms, reduced central inflammatory cell infiltration and demyelination, and inhibition

of expression of relevant oxidative stress markers and inflammatory factors, which are related to the

MAPK and PI3K-Akt signaling pathways by down-regulating phosphorylation of AKT, JNK and

ERK. MAPK signaling pathway includes p38MAPK, JNK and ERK. It is reported that all MAPK

kinases were activated in the EAE-affected spinal cord, and P-ERK and P-JNK were more evident

(Shin et al. 2003). Among them, Akt is an important downstream molecule of the PI3K-Akt

signaling pathway (Norrmén and Suter 2013). In the rats with D-galactose-induced Alzheimer's

disease, the density of hippocampus synapses and the P-Akt level decreased. However, after the

external interventions, the clinical symptoms of the above animal models improved, and the levels

of corresponding protein phosphorylation in the lesions were down-regulated (Lu et al. 2017; Zheng

et al. 2020), which are consistent with our experimental results.

In addition, the blood-brain barrier (BBB) between blood and brain tissue, which is composed

of brain capillary endothelial cells, basal membrane, and the footplate of astrocyte protuberance

(Liebner et al. 2018), may maintain the homeostasis of the CNS and protect the nerve tissue from

toxins and pathogens (Daneman and Prat 2015). Whether drugs can pass through the BBB is the key

to the treatment of central nervous system diseases. However, there were few studies on the

pharmacokinetics of GPC, with mixed reviews on its ability to penetrate the BBB. According to the

TCMSP and SwissTargetPrediction databases, most of the PC are difficult to penetrate the BBB, but

can effectively relieve symptoms of CNS diseases (Kong et al. 2017; Yang et al. 2020; Zhao et al.

2019), which is considered to be related to the damage of the BBB caused by the disease. And it has
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been confirmed that there is BBB destruction in EAE mice and MS patients (Fabis et al. 2007).

Therefore, in the present study, we investigated the therapeutic effect of GPC on EAE, and the results

proved that GPC has therapeutic effects. However, because the specific pathogenesis of EAE and MS

are different, and EAE is a central inflammatory injury caused by artificially inducing peripheral

immunity, and whether targets of GPC is in the center or the periphery needs to be further studied.

5. Summary

In this study, the active components, targets and action pathways of GPC were analyzed and

validated by network pharmacology and experimental verification methods. The results showed that

GPC against MS exerts its efficacy through the synergistic effect of multiple components, multiple

targets and multiple pathways.The later experimental verification confirmed that GPC’s therapeutic

effect plays an anti-inflammatory role by inhibiting the expression of inflammatory factors through

MAPK signaling pathway and PI3K-Akt signaling pathway.
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Tab. 1 Screening results of GPC's active compounds

Abbreviation Compound name Pubchem ID

Cat (+)-Catechin 9064

EC (-)-Epicatechin 72276

ECG Epigallocatechin Gallate 107905

B1 Procyanidin B1 11250133

B2 Procyanidin B2 122738

B3 Procyanidin B3 146798

C1 Procyanidin C1 169853
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figure legends:

Fig. 1 Flowchart of designed analysis in GPC treating EAE mice.

Fig. 2 The 'Compound-target' network. Each node represents a drug target or a compound. The red

nodes represent compounds and the purple nodes represent drug targets. The edge represents

relationship between drug compound and target.
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Fig. 3 Network analysis of targets. (A) Venn diagram of GPC target proteins and MS target genes; (B)

PPI networks for intersection targets; (C) The 'Compound-target-disease' network. Red nodes represent

active compounds of GPC, green nodes represent diseases, and purple nodes represent possible targets

of GPC in the treatment of MS. Each edge represents a relationship between a target and a compound

or disease.
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Fig. 4 Enrichment analysis. (A) GO analysis; (B) KEGG enrichment analysis.

Fig. 5 GPC ameliorates the severity of EAE, delays onset, and attenuates demyelination and

inflammatory infiltration. Chronic EAE was induced in C57BL/6 mice with MOG 35-55. (A)

Experimental flowchart: GPC was administrated 50 mg/kg by the mean of intragastric administration

every day on day 3 (GPC treatment, n=6). The administration of normal saline was set up as control

(EAE control, n=12). Samples collected on 28th day. (B) Line diagram of daily clinical neurological

function score changes in the mice of two groups. (C) Infiltration of inflammatory cells in the spinal

cord was observed by H&E staining, LFB staining was used to observe the myelin loss of the spinal

cord in mice. (D) Immunofluorescence staining was used to observe the MBP mean fluorescence IOD

of the spinal cord in mice. (E) The MBP relative grey value in the spinal cord in mice was observed by

western blotting. Statistical significance indicated as *p<0.05, **p<0.01, ***p<0.001.
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Fig.6 Related oxidative stress indicators and pro-inflammatory cytokines in the spinal cords were

measured by ELISA. (A) Oxidative stress indicators included SOD, MDA, RNS, ROS. (B)

pro-inflammatory cytokines included INF-γ, IL-17, IL-1β, IL-6, and TNF-α. Statistical analysis was
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performed by one-way ANOVA followed by the Tukey Kramer test. The results are shown as the

mean±SEM of triplicate determinations (*p<0.05, **p<0.01, ***p<0.001).

Fig.7 GPC reduces central inflammation through the inhibition of PI3K-Akt and MAPK signaling

pathway. Akt, JNK, ERK and their phosphorylation levels were analyzed by western blot analysis of

the proteins, and the expressions of P-Akt, P-JNK and P-ERK were quantitatively determined by

optical density using Image software, and standardized to β-actin levels. Statistical significance was

indicated as *p<0.05, **p<0.01, ***p<0.001.
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Figures

Figure 1

Flowchart of designed analysis in GPC treating EAE mice.



Figure 2

The 'Compound-target' network. Each node represents a drug target or a compound. The red nodes
represent compounds and the purple nodes represent drug targets. The edge represents relationship
between drug compound and target.



Figure 3

Network analysis of targets. (A) Venn diagram of GPC target proteins and MS target genes; (B) PPI
networks for intersection targets; (C) The 'Compound-target-disease' network. Red nodes represent active
compounds of GPC, green nodes represent diseases, and purple nodes represent possible targets of GPC
in the treatment of MS. Each edge represents a relationship between a target and a compound or disease.



Figure 4

Enrichment analysis. (A) GO analysis; (B) KEGG enrichment analysis.



Figure 5

GPC ameliorates the severity of EAE, delays onset, and attenuates demyelination and in�ammatory
in�ltration. Chronic EAE was induced in C57BL/6 mice with MOG 35-55. (A) Experimental �owchart: GPC
was administrated 50 mg/kg by the mean of intragastric administration every day on day 3 (GPC
treatment, n=6). The administration of normal saline was set up as control (EAE control, n=12). Samples
collected on 28th day. (B) Line diagram of daily clinical neurological function score changes in the mice



of two groups. (C) In�ltration of in�ammatory cells in the spinal cord was observed by H&E staining, LFB
staining was used to observe the myelin loss of the spinal cord in mice. (D) Immuno�uorescence staining
was used to observe the MBP mean �uorescence IOD of the spinal cord in mice. (E) The MBP relative
grey value in the spinal cord in mice was observed by western blotting. Statistical signi�cance indicated
as *p<0.05, **p<0.01, ***p<0.001.

Figure 6

Related oxidative stress indicators and pro-in�ammatory cytokines in the spinal cords were measured by
ELISA. (A) Oxidative stress indicators included SOD, MDA, RNS, ROS. (B) pro-in�ammatory cytokines
included INF-γ, IL-17, IL-1β, IL-6, and TNF-α. Statistical analysis was performed by one-way ANOVA
followed by the Tukey Kramer test. The results are shown as the mean±SEM of triplicate determinations
(*p<0.05, **p<0.01, ***p<0.001).



Figure 7

GPC reduces central in�ammation through the inhibition of PI3K-Akt and MAPK signaling pathway. Akt,
JNK, ERK and their phosphorylation levels were analyzed by western blot analysis of the proteins, and the
expressions of P-Akt, P-JNK and P-ERK were quantitatively determined by optical density using Image
software, and standardized to β-actin levels. Statistical signi�cance was indicated as *p<0.05, **p<0.01,
***p<0.001.
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