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Background/Aims. Multiple sclerosis (MS) and neuromyelitis optica (NMO) are the most common autoimmune demyelinating
diseases of the central nervous system (CNS), with some similar pathological and clinical features. Bu-Shen-Yi-Sui (BSYS)
Capsule, a Chinese herbal prescription, has been shown to be a potential therapeutic agent for MS and NMO. However, its
antidemyelination mechanism in inflammatory demyelinating diseases of the CNS has not been fully clarified. This study is
aimed at exploring the key components and potential mechanism of BSYS in the treatment of CNS demyelinating disease
(CNSD) based on network pharmacology. Methods. The potential active ingredients and corresponding potential targets of
BSYS Capsule were obtained from the TCMSP, BATMAN-TCM, Swiss Target Prediction platform, and literature research.
Disease targets of CNSD were explored through the GeneCards and the DisGeNET databases. The matching targets of BSYS in
CNSD were identified from a Venn diagram. The protein-protein interaction (PPI) network was constructed using
bioinformatics methods. Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed to predict the mechanisms of BSYS. Furthermore, the neuroprotective effects of BSYS
were evaluated using a cell model of hydrogen peroxide- (H,O,-) induced cell death in OLN-93 cells. Results. A total of 59
potential bioactive components of BSYS Capsule and 227 intersection targets were obtained. Topological analysis showed that
AKT had the highest connectivity degrees in the PPI network. Enrichment analysis revealed that the targets of BSYS in the
treatment of CNSD were the PI3K-Akt and MAPK signaling pathway, among other pathways. GO analysis results showed that
the targets were associated with various biological processes, including apoptosis, reactive oxygen species metabolic process,
and response to oxidative stress, among others. The experimental results demonstrated that BSYS drug-containing serum
alleviated the H,O,-induced increase in LDH, MDA, and ROS levels and reversed the decrease in SOD and mitochondrial
membrane potential induced by H,0,. BSYS treatment also decreased the number of TUNEL (+) cells, downregulated Bcl-2
expression, and upregulated Bax and c-caspase-3 expression by promoting Akt phosphorylation. Conclusion. BSYS Capsule
alleviated H,O,-induced OLN-93 cell injury by increasing Akt phosphorylation to suppress oxidative stress and cell apoptosis.
Therefore, BSYS can be potentially used for CNSD treatment. However, the results of this study are only derived from in vitro
experiments, lacking the validation of in vivo animal models, which is a limitation of our study. We will further verify the
underlying mechanisms of BSYS in animal experiments in the future.
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1. Introduction

Multiple sclerosis (MS) and neuromyelitis optica (NMO) are
primary central nervous system demyelinating diseases
(CNSD) [1], which are the most common causes of neuro-
logical disability in young people [2]. MS and NMO are
chronic neurological diseases characterized by demyelin-
ation and axonal injury of the central nervous system
(CNS) [3]. They may present with a combination of limb
weakness, visual impairment, fatigue, and ataxia [4, 5]. Thus,
MS and NMO exert a heavy burden on individuals and soci-
ety. Besides, it has been shown that persistent apoptosis of
mature oligodendrocytes in lesion foci results in progressive
demyelination [6]. Modern medicine uses immunosuppres-
sants and immunomodulators as the primary treatment
options for CNSD [7], aiming to alleviate neuroimmune
activities. However, the overall outcome is not satisfactory.
Therefore, there is a need to explore more effective and safer
therapeutic agents to reduce the apoptosis of oligodendro-
cytes, which induces chronic demyelination in patients with
MS and NMO.

Because of multicomponent, multitargeting advantages
coupled with few side effects associated with traditional Chi-
nese medicine (TCM), it has received increased attention as
a potential therapeutic option for neurodegenerative diseases
[8]. TCM has been shown to exert significant therapeutic
effects in treating CNS demyelination [9, 10]. TCM not only
results in less severe symptoms and fewer relapses but also
avoids the side effects and adverse reactions associated with
immunosuppressants, which has led to its long-time applica-
tion as an adjuvant therapy in China. For instance, Bu-Shen-
Yi-Sui Capsule (BSYS) has been used in the clinical treat-
ment of MS [11] and NMO [12] for more than a decade
and has yielded favorable curative effects in improving sur-
vival and quality of life. BSYS consists of several Chinese
medicines which include Rehmanniae Radix (Dihuang,
DH), Polygoni Multiflori Radix (Heshouwu, HSW), Rhei
Radix et Rhizoma (Dahuang, DAH), Leonuri Herba (Yimu-
cao, YMCQC), Fritillariae Thunbergii Bulbus (Zhebeimu,
ZBM), Hirudo (Shuizhi, SZ), Scorpio (Quanxie, QX), Gastro-
diae Rhizoma (Tianma, TM), and Forsythiae Fructus (Lian-
qiao, LQ). Our previous studies demonstrated that BSYS
ameliorates axonal damage by inhibiting NogoA/NgR and
RhoA/ROCK signaling pathways in experimental autoim-
mune encephalomyelitis (EAE) mice [13]. In addition, BSYS
plays a neuroprotective effect by regulating the polarization
of T cells [14] and microglia [15] to alleviate demyelination.
However, TCM often contains different components which
may have multiple targets, thus conferring a wide range of
pharmacological activities. Therefore, the neuroprotective
effects of BSYS and its underlying mechanisms in treating
CNS demyelination remain to be elucidated.

Network pharmacology strategy may assist in studying
complex TCM compounds and provide a method for
exploring the therapeutic mechanisms of TCM [16]. Net-
work pharmacology is a novel discipline that integrates sys-
tems biology, polypharmacology, and computational
network analysis [17]. It is a novel method used to study
interaction networks encompassing drugs, diseases, and tar-
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get genes. A comprehensive network analysis was success-
fully conducted to uncover potential mechanisms of drugs
at a systemic level [18]. Similarly, TCM network pharmacol-
ogy presents a comprehensive method of exploring complex
relationships between the active components of the TCM
and disease targets, suitable for studying TCM-related issues.

In the present research, network pharmacology was
employed to uncover the potential mechanism of BSYS
against CNS demyelination, which suggested that the antide-
myelination effect of BSYS is related to modulating Akt-
mediated oxidative stress. In this study, the injured model
of OLN-93 cells was established by H,O, to simulate the
occurrence of demyelination induced by oligodendroglial
oxidative damage. The model showed increased oxygen free
radical, abnormal mitochondrial membrane potential,
downregulation of the Akt pathway, and oligodendrocyte
apoptosis. So, we measured the levels of oxidative stress
and apoptosis markers in OLN-93 cells after BSYS treat-
ment. The current study is aimed at investigating the neuro-
protective effects of BSYS in OLN-93 cells with H,O,-
induced oxidative injury and verifies the Akt signaling path-
way involved.

2. Material and Methods

2.1. BSYS Bioactive Ingredient Collection and Target Gene
Prediction. The TCM system pharmacology database and
analysis platform (TCMSP, https://tcmspw.com/tcmsp.php)
[19] and Bioinformatics Analysis Tool for Molecular Mech-
anism of TCM (BATMAN-TCM, http://bionet.ncpsb.org/
batman-tcm/) [20] were employed to search for potential
bioactive components in the BSYS Capsule. The screening
criteria for the ingredients were set based on the recommen-
dations from the TCMSP, which include oral bioavailability
(OB)>30% and drugsimilarity (DL)>0.18. However,
based on relevant literature reports, we included some other
bioactive ingredients in the BSYS Capsule with actual targets
but with low OB or DL. Target genes were predicted using
TCMSP, PubChem database (https://pubchem.ncbi.nlm.nih
.gov/) [21], and SwissTargetPrediction database (http://
www.swisstargetprediction.ch/) [22] according to the molec-
ular structure information of compounds.

2.2. Identification of Disease Targets and Network
Establishment. The CNSD-related targets were integrated
using the search term “Central nerve system demyelination”
from GeneCards (https://www.genecards.org/) [23] and Dis-
GeNET database (http://www.disgenet.org/) [24]. We out-
lined the BSYS gene targets and CNSD disease-related
targets, and then their intersection genes were visualized
via the Venn diagram tool (http://www.bioinformatics.com
.cn). Thereafter, we selected the intersecting genes, which
might be the potential targets of BSYS Capsule in CNSD.
To further define the interactive relationship between the
bioactive ingredients and potential targets, we employed
Cytoscape 3.7.3 software [25] to construct the BSYS-
ingredient-target network, intersecting target-BSYS targets
network and target-pathway network. Besides, based on
intersecting targets of the BSYS Capsule and CNSD,
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F1GURE 1: The ingredient-target network of BSYS Capsule. Diamond nodes represent the herbs, circle nodes represent the compounds, and

square nodes represent the targets.

protein-protein interaction (PPI) networks were constructed
on the Metascape platform (http://metascape.org/gp/index
.html) [26]. Modules of the PPI network were divided into
different clusters based on the Molecular Complex Detection
(MCODE) algorithm. Furthermore, to select crucial nodes,
this study evaluated the topological properties of the nodes
in the interaction network by calculating the “degree central-
ity” parameter.

2.3. GO and KEGG Enrichment Analysis. The intersection
genes were analyzed by R packages for Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment. On
the other hand, Gene Ontology (GO) was analyzed by the
DAVID database (https://david.ncifcrf.gov/) [27]. The GO
enrichment involved three categories: biological process
(BP), molecular function (MF), and cellular component
(CC). An adjusted P value <0.01 indicated significance in
the GO and KEGG analysis. The top 10 GO items (including
BP, CC, or MF) and the top 20 KEGG pathways were visu-
alized in a bar chart and bubble plot, respectively, using a
web-based bioinformatics tool (http://www.bioinformatics
.com.cn/).

2.4. Preparation of BSYS Drug-Containing Serum. BSYS
Capsule was provided by Asia-East Biopharmaceutical Co.,
Ltd. (Beijing, China). We employed previously described
steps to obtain the BSYS drug-containing serum (BSYS

serum) and blank serum [28]. Adult Sprague-Dawley (SD)
rats weighing between 180 and 220 g were maintained in a
specific pathogen-free condition. BSYS was intragastrically
administered to the SD rats (11.7 g/lkg body weight) twice
per day for one week. On the seventh day, the rats were
sacrificed after gavage feeding for 2 h, and then blood sam-
ples were collected and centrifuged to obtain serum samples.
The control rats were administered with the same amount of
water to provide blank serum.

2.5. Cell Culture and Treatment. An oligodendroglial cell
line, OLN-93, was purchased from BeNa Culture Collection
(BNCC, Beijing, China). The OLN-93 cells were grown in
DMEM with 10% fetal bovine serum (Corning, New York,
USA) and 1% penicillin-streptomycin (KeyGen, Nanjing,
China) at 37°C in a 5% CO, humidified atmosphere. The
OLN-93 cells were stimulated with100 gmol/L H,O, for
12h [29]. After medium replacement, the cells were treated
with BSYS serum for 24 h. LY294002 (CST, Danvers, USA)
was dissolved in dimethyl sulfoxide. The OLN-93 cells were
preincubated with the LY294002 (25umol/L) for 1h [29]
before administration of H,O,

2.6. Cell Counting Kit- (CCK-) 8 Assay. The OLN-93 cells
were seeded in 96-well plates for 24 h, stimulated by H,O,
and then treated with BSYS drug-containing serum (5%,
10%. 15%, 20%, and 25%) for 24 h. Cell viability was assessed
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FIGURE 3: Protein-protein interaction (PPI) network of common targets between BSYS Capsule and CNSD. (a) PPI network and (b) the top
10 significant genes in the PPI network. (c) Eight clusters with the corresponding description from the PPI network.

by the CCK-8 kit (Dojindo, Kumamoto, Japan), following
the manufacturer’s instructions. Absorbance was measured

by a microplate reader at 450 nm.

2.7. Measurement of LDH, MDA, and SOD in OLN-93 Cells.
OLN-93 cells were seeded in 24-well plates for 24h.
100 umol/L H,O, was added, and then the cells were cultured

for 12h. 15% BSYS serum was added and incubated for
another 24 h. Cell lysates were collected and used to determine

malondialdehyde (MDA) and superoxide dismutase (SOD),
while the obtained medium was used to measure lactate dehy-

drogenase (LDH). The relative levels of LDH, MDA, and SOD
were determined according to the instructions of correspond-
ing commercial kit (Beyotime, Shanghai, China).
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2.8. Evaluation of Apoptosis. The Hoechst staining was per-
formed using a ready-to-use Hoechst dye solution (Solarbio,
Beijing, China). Briefly, after discarding the culture medium,
the OLN-93 cells were incubated with Hoechst staining solu-
tion at 37°C for 20 min in darkness. The cells were washed in
PBS and then analyzed under a fluorescence microscope. A
one-step TUNEL Apoptosis Assay kit (Beyotime, Shanghai,
China) was used to perform the TUNEL assay, following
the manufacturer’s instructions. Briefly, the OLN-93 cells
were fixed, permeabilized, and then incubated in darkness
with the TUNEL reaction mixture at 37°C for 1h. The
nuclei were counterstained with DAPI (Bioss, Beijing,
China).

2.9. Determination of Intracellular Reactive Oxygen Species
(ROS). Total levels of intracellular ROS were assessed by ROS
Assay Kit (Beyotime, Shanghai, China). Briefly, the cells were
labeled with 10 umol/L 2',7'-dichlorofluorescein ~diacetate
(DCFH-DA) at 37°C for 20 min. Then, the ROS was imaged
with a fluorescence microscope.

2.10. Detection of Mitochondrial Membrane Potential
(MMP). Alterations of MMP in the OLN-93 cells were assessed
using an enhanced mitochondrial membrane potential assay kit

with JC-1 (Beyotime, Shanghai, China). Cell samples were
stained with JC-1 dye working solution, following the manufac-
turer’s instructions. After that, the OLN-93 cells were rinsed
with JC-1 staining buffer. The MMP changes were quantified
by the relative fluorescence intensity ratio of the polymer-to-
monomer (red/green).

2.11. Western Blot Analysis. Total protein was extracted
from the OLN-93 cell homogenate. The denatured protein
was electrophoresed on SDS polyacrylamide gels and then
transferred onto polyvinylidene fluoride membranes (Milli-
pore, Darmstadt, Germany). The membranes were blocked
with StartingBlock blocking buffer (ThermoFisher, Wal-
tham, USA) and then incubated in a universal antibody dil-
uent (New Cell & Molecular Biotech, Suzhou, China)
overnight at 4°C with primary antibodies against Bax (Pro-
teintech, Wuhan, China), Bcl-2 (Proteintech, Wuhan,
China), cleaved caspase-3 (CST, Danvers, USA), p-Akt
(CST, Danvers, USA), Akt (CST, Danvers, USA), or -actin
(Genetex, Irvine, USA). Thereafter, the blots were incubated
with HRP-conjugated secondary antibody (Proteintech,
Wuhan, China) at room temperature for 1 hour. The protein
bands were detected with ECL chemiluminescence (Milli-
pore, Darmstadt, Germany) and visualized by the Fusion
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group, “P < 0.05, “44P < 0.001.

FX imaging system. The intensity of the bands was quanti-
fied by Image] software.

2.12. Statistical Analysis. Statistical analysis was conducted
in GraphPad Prism 7.0 (GraphPad Software, San Diego,
USA). All the data were shown as a mean + standard
deviation (SD) from at least three independent experiments.
The difference between groups was analyzed by one-way
analysis of variance. P < 0.05 was considered to be statisti-
cally significant (*P <0.05, **P<0.01, ***P <0.001, ****P
<0.0001).

3. Results

3.1. Potential Active Ingredients and Targets of the BSYS
Capsule. Our screening and literature mining analyses
showed 65 potentially active compounds in the BSYS Cap-
sule: 8 ingredients were identified from Dihuang, 8 from
Heshouwu, 5 from Dahuang, 5 from Zhebeimu, 7 from
Yimucao and 4 from Tianma, 5 from Shuizhi, 5 from Quan-
xie, and 12 from Liangiao, while 4 of them were in multiple
herbs. The 65 potentially active ingredients were searched in
databases, and the data showed that the BSYS Capsule had
547 corresponding targets. The ingredient-target network
of the BSYS Capsule consisted of 619 nodes and 1473 edges,
indicating the potential synergistic roles of these herbs
(Figure 1 and Table SI).

3.2. Construction of the “Chinese Medicine-Active Ingredient-
Intersection Target” Network. A total of 2625 target genes
related to CNS demyelination were obtained from Gene-
Cards and DisGeNET database (Table S2). 227 overlapping
genes were obtained by taking the intersection of the
ingredient-target genes and CNSD-related genes
(Table S3), which were thought to be the target genes of
the BSYS Capsule in CNSD (Figure 2(a)). Six potential

ingredients were excluded because their targets did not
intersect with disease targets. This analysis showed that the
227 overlapping genes were regulated by 59 bioactive
ingredients. Finally, we constructed an active ingredient-
intersection target network containing 286 nodes and 621
edges using Cytoscape software (Figure 2(b)).

3.3. Construction and Analysis of Protein-Protein Interaction
(PPI) Network. To define the PPI network, we submitted the
227 intersecting targets to the Metascape database as shown in
Figure 3(a). The results demonstrated that there were 226 nodes
and 4859 edges in the PPI network (Table S4), and the degree
values of all nodes were ranked in descending order
(Table S5). The target node with high degree values was
considered as core targets. As shown in Figure 3(b), the top
10 core targets included AKT1 (148), MAPK1 (134), MAPK3
(129), JUN (123), EGFR (117), NFKBI1 (115), MAPK14 (113),
ESR1 (111), STAT3 (106), and EP300 (103). Molecular
Complex Detection (MCODE) analysis was employed to
identify clusters with highly interconnected regions in the
network. In this analysis, modules of the PPI network were
divided into 8 clusters. On the other hand, the KEGG
pathway and GO-BP analysis results showed that these
clusters were mainly enriched in the PI3K-Akt signaling
pathway, pathways of neurodegeneration, apoptosis, and
neuroactive ligand-receptor interaction, while the GO terms
were generally related to protein phosphorylation, response to
oxidative stress, apoptotic signaling pathway, and extracellular
matrix disassembly (Figure 3(c)).

34. GO and KEGG Pathway Enrichment Analysis of the
Total Intersection Targets. The 227 intersection genes were
analyzed by GO functional enrichment and KEGG signaling
pathway enrichment (adj. P <0.01). The data showed that
there were 2306 GO terms (Table S6). The top 10 terms of
BP, CC, and MF were screened according to the
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FIGURE 8: BSYS serum suppresses H,0,-induced apoptosis of OLN-93 cells. (a, b) Apoptotic nuclei of OLN-93 cells were stained by Hoechst
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enrichment scores. As shown in Figure 4, the main BP
categories were reactive oxygen species metabolic process,
response to lipopolysaccharide, neuron death, response to
oxidative stress, and extrinsic apoptotic signaling pathway.
MF mainly included cytokine receptor binding, nuclear
receptor activity, ligand-activated transcription factor
activity, DNA-binding transcription factor binding, and
protein phosphatase binding. On the other hand, the top
five CCs were membrane raft, membrane microdomain,
membrane region, vesicle lumen, and cytoplasmic vesicle
lumen. We then performed pathway enrichment using the
KEGG database to screen related signaling pathways
(adjusted P value <0.01) and showed that many pathways
were associated with CNS demyelination (Table S7)
(Figure 5(a)). The enriched pathways mainly included the
PI3K-Akt signaling pathway, MAPK signaling pathway,
TNF signaling pathway, HIF-1 signaling pathway,
cytokine-cytokine receptor interaction, and apoptosis. The
PI3K-Akt signaling pathway had the highest number of
genes, which contained 37 targets. The 20 signaling
pathways with high count values were selected as bubble
charts. To establish a gene-pathway network, 20 significantly
enriched pathways and 156 related genes were imported into
Cytoscape (Figure 5(b)). The node degree was positively
correlated with the shape area. The network analysis indicated
that out of genes such as MAPK3, MAPK1, PIK3CG, NFKBI,
and RELA, which had larger degrees, AKT1 had the highest
degree (Table S8). Thus, these genes might be the key targets
for BSYS Capsule in CNS demyelination. Besides, the data
demonstrated that the enrichment analysis results of total
intersection genes were generally consistent with 3.3. Taken
together, we presumed that BSYS Capsule exerted
antidemyelination effects by elevating AKT phosphorylation
levels in injured oligodendrocytes to alleviate oxidative stress-
induced apoptosis in CNSD.

3.5. BSYS Serum Alleviates H,0,-Induced Cytotoxicity in
OLN-93 Cells. To assess the safety of BSYS serum in the
OLN-93 cells, we performed the CCK-8 assay to determine
whether the concentration of BSYS serum affected the cell
viability. The CCK-8 results showed that treatment with
BSYS serum (5%-25%) for 24h did not have a cytotoxic
effect on the OLN-93 cells (Figure 6(a)). Next, we treated
the OLN-93 cells with H,O, at 25, 50, 75, 100, and
125 ymol/L to induce oxidative damage. The viability of
OLN-93 cells was significantly suppressed with H,O, con-
centration from 25 to 125 ymol/L (P < 0.0001). After admin-
istration with 100 yumol/L H,O, for 12h, cell viability was
suppressed to 48.03% compared to the control group
(Figure 6(b)). In contrast, treated OLN-93 cells with BSYS
serum in concentrations of 10% (P=0.0256), 15%
(P <0.0001), 20% (P < 0.0001), and 25% (P < 0.0001) effec-
tively ameliorated the suppressed cell viability by H,O,
(Figure 6(c)).

Moreover, H,0,-induced cytotoxicity was accompanied
by LDH, MDA, and SOD dysregulation. As shown in
Figures 6(d)-6(f), compared with the control group
(CON), H,0, significantly upregulated the levels of LDH
and MDA while markedly suppressing the concentrations
of SOD (P <0.0001). After treatment with BSYS serum,
the level of LDH and MDA was markedly decreased
(P<0.0001). Moreover, treatment with BSYS serum
increased the SOD levels (P < 0.0001). However, administra-
tion of blank serum had no appreciable therapeutic effect on
H,O,-injured OLN-93 cells (P=0.0649, P=0.1719, P=
0.5214, respectively).

3.6. BSYS Serum Inhibits H,0,-Induced ROS Accumulation
and MMP Suppression in OLN-93 Cells. The ROS accumula-
tion was determined with DCF fluorescence. The DCF fluo-
rescence was significantly brighter in the OLN-93 cells
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exposed to 100 umol/L H,O, for 12h compared to cells in  blank serum treatment groups (P = 0.0001), the intracellular
the CON group (P < 0.0001), indicating an upregulation of =~ ROS levels were remarkably inhibited after 24h of incuba-
ROS. However, compared with the H,0, (P <0.0001) and tion with BSYS serum (Figures 7(a) and 7(b)). Therefore,
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blot images and quantitative data of p-AKT and AKT in OLN-93 cells. Data are presented as means + SD, compared with the CON
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BSYS serum can reduce the overgeneration of ROS in oxida-
tive stress.

ROS overproduction led to depolarization of MMP and
mitochondria dysfunction. We analyzed whether BSYS
serum could rescue the reduction of H,0,-induced MMP
using JC-1 fluorescence dye. JC-1 aggregates (red fluores-
cence) were considered a marker of intact mitochondria,
while the JC-1 monomers (green fluorescence) indicated
MMP collapse. The OLN-93 cells in the CON group showed
bright red fluorescence and dull green fluorescence. How-
ever, after stimulation with H,O, for 12 h, the MMP was sig-
nificantly suppressed (P <0.0001), evidenced by the
reduction in the ratio of red to green fluorescence. After
treatment with BSYS serum, the compromised MMP was
significantly ameliorated (P =0.0012) (Figures 7(c) and
7(d)). Thus, BSYS serum effectively attenuated the suppres-
sion of MMP caused by H,O,-induced oxidative damage
in the OLN-93 cells.

3.7. BSYS Serum Inhibited H,O,-Induced Apoptosis and
Promoted Akt Phosphorylation in OLN-93 Cells. It has been
shown that ROS-mediated depolarization of the MMP is
one of the major mechanisms of cellular apoptosis. To eval-
uate the protective effects of BSYS serum on H,O,-induced
cell death, the OLN-93 cell apoptosis was examined by
Hoechst 33342. The data showed that compared with the
CON group, H,0, stimulation exhibited typical characteris-
tics of apoptosis (P <0.0001), including cell shrinkage,
nuclear pyknosis, and chromatin condensation. The H,0,-
induced apoptosis of OLN-93 cells was reduced by adminis-
tration with BSYS serum (P <0.0001) (Figures 8(a) and
8(b)). Consistent with the Hoechst staining results, few
TUNEL-positive OLN-93 cells were in the CON group.
However, H,0O, treatment significantly increased the rate
of TUNEL-positive cells (P <0.0001), which was reduced

by incubation with BSYS serum, relative to the blank serum
group (P <0.0001) (Figures 8(c) and 8(d)).

In addition, the expression of protein-related apoptosis was
examined by Western blot analysis of Bcl-2, Bax, and cleaved-
caspase-3 (c-caspase-3) proteins. The results showed that
H,0, notably increased the level of proapoptotic proteins such
as Bax (P <0.0001) and c-caspase-3 (P <0.0001) compared
with the CON group while significantly suppressing the expres-
sion of antiapoptotic protein (Bcl-2) (P < 0.0001). However,
BSYS serum elevated the Bcl-2 protein levels (P = 0.0001) and
suppressed the expression of Bax (P=0.0024) and c-
caspase-3 (P <0.0001) (Figures 9(a)-9(d)). These outcomes
demonstrated that BSYS serum markedly inhibited the
H,0,-induced apoptosis in OLN-93 cells. To explore whether
the activation of AKT was involved in the neuroprotective
effect of BSYS in oxidative damage, the phosphorylation of
AKT was analyzed by Western blot analysis. The results dem-
onstrated that H,O, inhibited AKT phosphorylation (p-AKT)
(P <0.0001). However, treatment with BSYS serum for 24h
attenuated the suppression of p-AKT induced by H,O,
(P =0.0002) (Figures 9(e) and 9(f)).

3.8. Inhibition of AKT Phosphorylation Reverses the
Neuroprotective Effects of BSYS Serum on the H,0,-Injured
OLN-93 Cells. To determine whether suppression of Akt acti-
vation weakened the neuroprotective effects of BSYS, Akt
inhibitor (LY294002) was used to reduce the expression of
p-AKT. As shown in Figures 10(a) and 10(b), preincubation
with LY294002 attenuated the upregulation of p-Akt expres-
sion induced by BSYS serum in H,O,-injured OLN-93 cells
(P=0.0171).

To investigate the effect of BSYS on H,O,-induced ROS
overgeneration and MMP loss mediated by the Akt activation,
OLN-93 cells were pretreated with LY294002 and then H,O,,
followed by BSYS serum treatment. The results showed that
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compared with the BSYS serum treatment group, pretreat-
ment with LY294002 notably increased ROS production
(P =0.0004) (Figures 11(a) and 11(b)) and decreased MMP
(P =0.0032) (Figures 11(c) and 11(d)).

Furthermore, we evaluated whether inhibiting Akt activa-
tion abolished the antiapoptotic effects of BSYS. As shown in
Figures 12(a) and 12(b), preincubation with LY294002
reversed the therapeutic effect of BSYS serum, which signifi-
cantly elevated the ratio of TUNEL-positive cells (P < 0.0001),
further demonstrating the involvement of Akt phosphorylation
in BSYS-mediated antiapoptosis in H,0,-injured OLN-93 cells.
Moreover, Western blot assays showed that LY294002 sup-
pressed the Bcl-2 expression (P =0.0009) and increased the
expression of Bax (P =0.0042) and c-caspase-3 (P =0.0008)
regulated by BSYS serum (Figures 12(c) and 12(d)).

4. Discussion

MS and NMO are autoimmune-mediated chronic inflam-
matory disorders of the CNS that mainly affects the brain,
spinal cord, and optic nerve. These diseases are character-
ized by myelin damage, axonal degeneration, and neuronal
loss [30, 31]. According to the theory of TCM, CNSD is
described as “flaccidity syndrome” or “bone flaccidity.” In
TCM, the primary cause of CNS demyelination is liver and
kidney deficiency, as well as blood stasis and phlegm reten-
tion. Therefore, the treatment of CNSD follows the basic
rules of tonifying the liver and kidney, activating blood,
and resolving phlegm [32]. BSYS was designed in accor-
dance with these therapeutic principles. Hence, it can be
used for the clinical treatment of MS and NMO. Its efficacy
and safety have been confirmed in a clinical trial, but the
molecular mechanism of action has not been completely elu-

(d)

FIGURE 11: BSYS serum inhibits H,0,-induced ROS accumulation and MMP decrease via regulating Akt phosphorylation in OLN-93 Cells.
(a, b) The intracellular ROS level was assessed by DCFH-DA probe using fluorescence microscope (scale bars: 25 ym) and microplate reader.
(c, d) The MMP was detected via fluorescence microscope using JC-1 staining. Scale bar = 100 ym. Data are presented as means + SD,
compared with the CON group, “**P < 0.0001, compared with the H,O, group, **P < 0.01, ***P < 0.001, and compared with the H,0,

cidated. In the present study, network pharmacology and
in vitro experiments were conducted to systematically ana-
lyze the pharmacological mechanisms of BSYS Capsule in
the treatment of CNS demyelination disorder.

In the present study, 59 bioactive ingredients were identi-
fied in BSYS, and 547 ingredient-related targets, 2625 CNSD-
related targets, and 227 intersection targets shared between the
BSYS Capsule and CNSD were obtained from the public data-
bases. Among the identified ingredients, resveratrol, ursolic
acid, and quercetin exhibited the most significant bioactivity
with more than 35 target genes (Table S9) and thus were
identified as key ingredients. In a previous study, resveratrol
effectively ameliorated the clinical severity of MS in mice by
maintaining the integrity of the blood-brain barrier [33] and
reducing the number of activated encephalitogenic T cells
[34]. It has also been found that resveratrol can ameliorate
optic nerve inflammation and demyelination, attenuate
retinal ganglion cell loss and axon damage [35], and prevent
neurological dysfunction in optic neuritis mice [36]. Ursolic
acid has immunomodulatory and remyelination effects in
EAE/cuprizone-induced demyelination [37]. Additionally,
ursolic acid was found to reduce the cognitive deficits and
mitochondria-dependent apoptosis in the ethidium bromide-
induced demyelination in rats [38]. Moreover, quercetin not
only protected the cholinergic neurotransmission in
demyelinated rats but also downregulated the MMP-9/
TIMP-1 ratio by decreasing MMP-9 production in
peripheral blood mononuclear cells isolated from MS
patients [39]. It also improved myelin repair in the optic
nerve in the lyolecithin-induced demyelination model, which
significantly shortened the delay of visual signals [40].

Analysis of the PPI network revealed that AKTI,
MAPKI, MAPK3, JUN, and EGFR were the top 5 targets
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FIGURE 12: BSYS serum inhibits H,O,-induced apoptosis of OLN-93 cells via regulating Akt phosphorylation. (a, b) The apoptotic cells (red
fluorescence) were detected by TUNEL, and the nuclei (blue fluorescence) were stained by DAPI. Scale bar = 25 ym. (c)-(f) Representative
blots and statistical graphs of relative protein expression of Bax, Bcl-2, and c-caspase3 in OLN-93 cells. Data are presented as means + SD,
compared with the CON group, P < 0.0001; compared with the H,O, group, *P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001; and
compared with the H,0, + BSYS serum group, 4P < 0.01, “44P < 0.001, “444P < 0.0001.

based on degree value, which suggested that the BSYS Cap-
sule may mitigate CNS demyelination by regulating these
targets. Next, GO enrichment analysis was conducted on dif-
ferent clusters of the PPI network and total intersection tar-
gets. Results showed that the effects of BSYS Capsule on
CNSD were associated with protein phosphorylation, reac-
tive oxygen species metabolic process, regulation of neuron
death, response to oxidative stress, and extrinsic apoptotic,
among others. Moreover, the KEGG pathways analysis dem-
onstrated that the intersection targets were mainly associ-
ated with the PI3K-Akt signaling pathway, MAPK
signaling pathway, TNF signaling pathway, cytokine-

cytokine receptor interaction, and apoptosis, among other
pathways. Each signaling pathway contains numerous target
genes, and the number of intersection targets reflects the
importance of a pathway. Apart from cancer pathways, the
PI3K-Akt signaling pathway had the highest number of
genes, which contained 37 targets. Taken together, these
results show that BSYS prevented apoptosis by elevating
AKT phosphorylation levels in oxidative stress-injured
oligodendrocytes.

Oxidative stress plays a vital role in inflammation-
induced demyelination and neurodegeneration in MS. In
the CNS, oxidative damage is driven by reactive microglia
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and astrocytes [41]. The formation of lipid peroxidation
products and reactive oxygen species (ROS) in brain tissue,
plasma, and cerebrospinal fluid [42] have been well docu-
mented during MS processes [43]. Excessive levels of ROS
lead to the damage of lipids, proteins, and mitochondrial
DNA. The subsequent mitochondrial dysfunction impairs
energy production, exacerbating demyelination [44].

Oxidative stress can destroy various nerve cells, includ-
ing neurons and glial cells. Of all types of glial cells, oligo-
dendrocytes are the most vulnerable to ROS due to their
weak antioxidant defense systems [45]. ROS-induced oxida-
tive damage has been known to cause oligodendrocytes apo-
ptosis, especially in demyelinating diseases [46]. Previous
studies found that H,O, reduced mitochondrial membrane
potential, which increased intracellular accumulation of
ROS, and oxidative-related apoptosis of oligodendroglial
(OLN-93) cells [29]. Therefore, H,O, can be used to induce
oxidative stress-mediated oligodendrocyte loss of CNS
demyelination in vitro.

In this study, we successfully established H,O,-induced
oxidative damage in OLN-93 cells. The results of the CCK-
8 assay showed that treatment with BSYS serum effectively
alleviated the H,O,-induced decrease in viability of OLN-93
cells. Studies have shown that LDH, MDA, and SOD are sen-
sitive indicators of intracellular oxidative stress. LDH is a sta-
ble enzyme present in all types of cells and is rapidly released
following damage to the plasma membrane by ROS [47].
Therefore, it is the most widely used marker to investigate oxi-
dative damage. Oxygen free radicals attack the cell membrane,
leading to lipid peroxidation, which results in the formation of
MDA. The MDA, in turn, impairs the mitochondrial respira-
tory chain complex [48]. As an important antioxidant enzyme,
SOD mainly generates oxygen and hydrogen peroxide by cat-
alyzing free radicals. In this way, it maintains the dynamic bal-
ance between oxidation and antioxidant systems [49]. In the
present study, we found that BSYS serum effectively decreased
MDA and LDH levels in OLN-93 cells exposed to H,0,, but it
increased SOD activity.

To further explore the antioxidative stress effects of
BSYS, we evaluated the level of ROS and apoptosis in oxida-
tive injured OLN-93 cells. Excessive accumulation of ROS
decreases cell survival by damaging DNA and lipids, as well
as other cellular components [50]. Damage to these cellular
components leads to the loss of oligodendrocytes by necrosis
or apoptosis. Analysis of DCF fluorescence showed that
treatment with BSYS serum alleviated the increase in ROS
level induced by H,O,. The results of the TUNEL assay
and western blotting assay targeting apoptosis-related pro-
teins were consisted with the ROS results. Moreover, ROS
has been found to decrease mitochondrial membrane poten-
tial (MMP) and trigger the activation of apoptosis-related
factors, leading to cell death [51]. The present results indi-
cated that the decrease in MMP following exposure to
H,0, was reversed by administration with BSYS serum. This
suggests that BSYS inhibited the mitochondrial apoptosis
pathway in oligodendrocytes by rescuing MMP.

PI3K/Akt signaling pathway regulates several cellular
processes, including cell survival, proliferation, and differen-
tiation. It also modifies the occurrence of apoptosis under

21

oxidative stress conditions [52]. Studies have shown that
activating the PI3K/Akt pathway can prevent oligodendro-
cyte precursor cells from oxidative damage, while inhibiting
the Akt activity increases ROS sensitivity and the vulnerabil-
ity of nerve cells to oxidative stress [53]. The serine/threo-
nine kinase named protein kinase B (PKB), also known as
Akt, is an important mediator of PI3K-related signals. Acti-
vation of PI3K leads to Akt phosphorylation (p-Akt),
regarded as an indicator of PI3K activation [54]. The p-
Akt can downregulate proapoptotic Bax protein’s expression
and upregulate the expression of Bcl-2, an antiapoptotic pro-
tein, thereby suppressing the caspase-mediated apoptosis
cascade [55, 56]. In this study, H,O, treatment reduced
Akt phosphorylation and aggravated apoptosis of oligoden-
drocytes, whereas BSYS-containing serum protected OLN-
93 cells and increased Akt phosphorylation. Meanwhile,
treatment of serum-containing BSYS ameliorated the pro-
duction of ROS and the loss of MMP in OLN93 cells. Nota-
bly, the therapeutic effect of serum-containing BSYS was
significantly weakened by the administration of LY294002.
Our finding shows that BSYS inhibits H,O,-induced OLN-
93 cell death via regulating the Akt pathway.

5. Conclusions

In this study, network pharmacology and in vitro experi-
ments were performed to investigate the antidemyelination
mechanisms of BSYS Capsule in CNSD. The results showed
that BSYS treatment alleviated oxidative stress-mediated oli-
godendrocyte apoptosis by promoting Akt phosphorylation
in CNS demyelination disease. Thus, BSYS has promising
prospects for the treatment of MS, NMO, and other CNS
demyelinating diseases.
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