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ABSTRACT
Experimental autoimmune encephalomyelitis (EAE) is characterized by demyelination of the central 
nervous system. Emodin is an anthraquinone derivative with comprehensive anti-inflammatory, anti- 
cancer, and immunomodulatory effects and is widely used in the treatment of inflammatory, tumor, and 
immune system diseases. However, none of the clinical or experimental studies have explored the 
therapeutic efficacy of emodin in EAE/multiple sclerosis (MS). Thus, we evaluated the protective effect of 
emodin on EAE mediated via inhibition of microglia activation and inflammation. Wild-type mice were 
randomly divided into the normal control, EAE, low-dose emodin, and high-dose emodin groups. Clinical 
scores and pathological changes were assessed 21 days after immunization. The network pharmacology 
approach was used to elucidate the underlying mechanisms by using an online database. Molecular 
docking, polymerase-chain reaction tests, western blotting, and immunofluorescence were performed to 
verify the network pharmacology results. An in vivo experiment showed that high-dose emodin 
ameliorated clinical symptoms, inflammatory cell infiltration, and myelination. Pharmacological network 
analysis showed AKT1 was the main target and that emodin played a key role in MS treatment mainly via 
the PI3K–Akt pathway. Molecular docking showed that emodin bound well with PI3K, AKT1, and NFKB1. 
Emodin decreased the expression of phosphorylated(p)-PI3K, p-Akt, NF-κB, and myeloid differentiation 
factor 88 and the levels of markers (CD86 and CD206) in M1- and M2-phenotype microglia in EAE. Thus, 
the emodin inhibited microglial activation and exhibited anti-inflammatory and neuroprotective effects 
against EAE via the Myd88/PI3K/Akt/NF-κB signalling pathway. In conclusion, emodin has a promising 
role in EAE/MS treatment, warranting further detailed studies.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyeli
nating disease of the central nervous system (CNS) 
with unclear pathogenesis. Environmental variables 
and genetic factors fundamentally contribute to MS. 
Because of the lack of effective treatments, disability 
caused by relapse and progression of the disease not 
only brings physical and mental distress to patients 
but also virtually adds tremendous burden to 
families and society [1,2].

Experimental autoimmune encephalomyelitis 
(EAE) is characterised by demyelination of the CNS 
and is useful in understanding the pathological 
mechanism of MS. Autoimmune responses induced 
by CD4+ T cells are considered a pathogenic factor 
throughout the EAE course. This process includes an 
imbalance of T-cell subsets, inflammatory cascade, 
cell necrosis, and apoptosis [3]. Although adaptive 
immunity plays a crucial role in the process, innate 
immunity is also indispensable in the acute stage of 
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the disease. Evidence shows that microglia are 
involved in inducing an immune-inflammatory 
response in the CNS; in the acute stage of EAE/MS, 
microglia migrate to the lesions and immediately 
acquire the pro-inflammatory phenotype (M1). By 
expressing MHC molecules, microglia stimulates 
brain-derived T-cell production, pro-inflammatory 
cytokine production, and subsequently, inflammation 
and CNS demyelination. EAE/MS involves the infil
tration of myelin-reactive CD4+ T helper (Th) cells 
and the release of pro-inflammatory cytokines, which 
lead to inflammatory infiltrates, demyelination, and 
axonal damage in the CNS [4]. During disease pro
gression, the migration of autoreactive T cells across 
the blood–brain barrier increases [5]. Inflammation 
and neurodegeneration are independent process 
occurring in MS as well as in EAE brain [6]. Toll- 
like receptor (TLR) is a response molecule of innate 
immunity that plays a key role in microglia activation 
and mediates inflammatory responses, with TLR4 
signalling being well-known among these responses. 
TLR4 signalling activates the microglia by triggering 
a myeloid differentiation factor 88 (MyD88) or Toll/ 
IL-1 R domain-containing adaptor, inducing the IFN- 
β (TRIF, also known as ticam1)-dependent signalling 
pathway, and activating the downstream PI3K/Akt 
signalling pathway [7,8]. After phosphorylation, 
PI3K/Akt can further activate NF-κB, thereby causing 
the initiation of inflammatory cascade reactions, 
which might cause damage to the tissues [9,10]. 
Therefore, regulating microglia differentiation and 
inhibiting inflammatory responses in the CNS are 
essential in EAE treatment.

The treatment principle of relapsing MS 
involves short-course steroid therapy of 3–5 days 
to relieve symptoms and to initiate disease- 
modifying therapy as early as possible [11,12]. 
However, steroids and immunomodulators have 
therapeutic limitations and several side effects 
[13,14]. Therefore, discovering novel therapeutic 
drugs is important. Natural products such as emo
din having remarkable effectiveness have garnered 
considerable scientific attention. Modern pharma
cology has revealed that emodin exhibits good 
anti-inflammatory and immunomodulatory activ
ities in various diseases such as tumors, immune 
diseases, and neurodegenerative diseases [15,16]. 
Thus, we believe that emodin exerts potential ther
apeutic effects on EAE/MS.

Network pharmacology is a newly emerging field 
based on system biology and is considered 
a promising approach in pharmaceutical research. It 
can be used to study the interaction among several 
compounds, targets, and pathways of active compo
nents to elucidate the underlying mechanisms of their 
action [17]. By studying the interaction between drug 
action components and disease targets, a complex 
drug–target interaction network can be constructed 
using this approach [18]. Therefore, network pharma
cology is widely used for identifying disease targets 
and biological functions and predicting molecular 
mechanisms underlying various diseases.

We aimed to find protective effects of emodin 
on EAE/MS by inhibiting the microglia activation 
and inflammation via TLR signalling pathway. The 
present study explored the role of emodin in the 
treatment of EAE/MS by using network pharma
cology and further verified the mechanism of 
action of emodin by which myelin oligodendrocyte 
glycoprotein (MOG) induced EAE in mice. This 
study can provide an experimental reference for 
natural product treatment of EAE/MS.

Materials and methods

We evaluated the amelioration of clinical and patho
logical changes of emodin against EAE/MS. Network 
pharmacology was used to screen the core targets of 
emodin against EAE/MS, the interaction network 
between compounds and screening targets estab
lished via the intersection of drug targets and disease 
targets and enrichment to find out their biological 
pathways and explain their therapeutic mechanisms. 
The completion of the experiment will provide 
a scientific basis for the action of emodin on EAE 
and its clinical application. Molecular docking, poly
merase chain reaction tests, western blotting, and 
immunofluorescence were performed to explore the 
mechanism of emodin against EAE/MS.

Reagents and chemicals

MOG 35–55 (MEVGWYRSPFSRVVHLYRNGK, 
purity >98%) was synthesized by China Peptides Co., 
Ltd, Shanghai, China). Complete Freund’s adjuvant 
(CFA) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA), Mycobacterium tuberculosis strain 
H37Ra (MTB) was purchased from BD Biosciences 
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(San Diego, USA), and Pertussis toxin (PTX) was 
purchased from List Biological Labs (California, 
USA). Emodin (NO:A0044, purity >98%) was pur
chased from Chengdu Must Bio-Technology Co., 
Ltd, China (Chengdu, China), sodium carboxymethyl 
cellulose was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). 
Emodin was dissolved in sodium carboxymethyl cel
lulose (sample: solvent, 1:200, m/v). Antibodies speci
fic for CD86 (DF6332), GAPDH (AF7021) and 
Ticam1 (DF6289) were purchased from Affinity 
Biosciences Co., Ltd. (Changzhou, China). Anti- 
CD206 (ab64693), anti-myelin-basic protein (MBP) 
(ab218011), anti-brain-derived neurotrophic factor 
(BDNF) (ab108319), anti-phosphorylated(p)-Pi3k 
(ab191606), anti-p-AKT (ab81283), anti-MyD88 
(ab219413), anti-NF-κB p50 (ab32360), Alexa Fluor 
488 AffiniPure Donkey Anti-Goat IgG(H + L) 
(ab150129) and Goat Anti-Rabbit IgG H&L (HRP) 
(ab6721) were purchased from Abcam (Cambridge, 
USA). Anti-Iba1(011–27,991) was provided by 
FUJIFILM Wako Pure Chemical Corp. (Osaka, 
Japan). Peroxidase AffiniPure Goat Anti-Rabbit IgG 
(H + L) (111–035-003) was provided by Jackson 
ImmunoResearch Laboratories, Inc (Pennsylvania, 
USA). Hematoxylin eosin (HE) staining kit (SBJ- 
0446) was provided by SenBeiJia Biological 
Technology Co., Ltd, China (Nanjing, China), Alexa 
Fluor 555 AffiniPure Donkey Anti-Rabbit IgG 
(H + L), antibodies specific for PI3K (AF7742), 
AKT1 (AF1777), TLR4 (AF7017), and HRP-labeled 
Goat Anti-Rabbit IgG (H + L) (A0208) were provided 
by Beyotime Biotechnology Co., Ltd (Shanghai, 
China). RNA Easy Fast Tissue/Cell RNA Extraction 
Kit (DP451), FastKing gDNA Dispelling RT 
SuperMix (KR118), and Talent qPCR PreMix (SYBR 
Green) (FP209) were provided by TIANGEN 
BIOTECH (BEIJING) CO., LTD. (Beijing, China)

Animals housing and management and 
emodin preparation

All the animal care and experimental procedures 
were approved by Institutional Animal Ethics 
Committee of the First Affiliated Hospital of 
Guangzhou University of Chinese Medicine (Ethics 
No. TCMF1-2,020,008). Healthy specific pathogen- 
free C57BL/6 wild-type (WT) female mice were pur
chased from Guangdong Medical Laboratory Animal 

Center (Licence No. SCXK (Guangdong) 2018– 
0002). The mice were aged 6–8 weeks and weighed 
18–20 g. All were kept in standard cages in a con
trolled specific pathogen-free environment with free 
access to standard rodent food and tap water at 
23 ± 3°C with 40–60% humidity and 12-h light/ 
dark cycle light control.

EAE model induction and animal behavior 
test

Firstly, the mice were randomly divided into the 
normal control (NC) group, EAE group, low-dose 
emodin group (Emodin-L), and high-dose emodin 
group (Emodin-H) (n = 9 in each group). The mice 
of EAE and emodin groups received subcutaneous 
injections of 200 µg MOG 35–55 emulsified 1:1 in 
CFA containing 4 mg/mL heat-killed MTB on day 0, 
followed by 500 ng PTX intraperitoneally on days 0 
and 2 to induce the EAE [19,20]. Next, NC and EAE 
mice were treated with sodium carboxymethyl cellu
lose. While the mice of Emodin-L and Emodin-H 
groups were treated with 30 mg/kg/d and 60 mg/kg/ 
d emodin, respectively. The treatment by oral gavage 
started at day 0 days post immunization (dpi). Then, 
test animal behavior and pathological changes by HE 
and IHC of BDNF and MBP. Second, choose the best 
dose of emodin group to have further investigation.

The neurological clinical behavioral scores were 
applied as a method of animal behavior test in the 
experiment daily, in a masked manner, using the 
following established standard [21]: 0, no signs of 
disease; 1, loss of tail tonicity; 2, loss of tail tonicity 
and mild paralysis of hindlimbs; 3, paralysis of hin
dlimbs; 4, hindlimb paralysis and mild paralysis of 
forelimbs; and 5, complete paralysis or death. On 21 
dpi, all mice were sacrificed by using 2% pentobarbital 
sodium intraperitoneal injection to anesthetize dee
ply. At the same time, their brains and lumbar spinal 
cords were collected and kept for further studies.

Hematoxylin-eosin (HE) staining and 
immunohistochemistry (IHC)

After 21 dpi, slices of brain and lumbar spinal cords 
were fixed in 4% paraformaldehyde for 24 h. Then, 
following Dehydration, embedding, and dewaxing, 
the slices were stained by H-E for pathological and 
inflammation observation. The inflammatory 
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parameters were based on a 5-point scale as 
described previously [22]: 0, no sign of inflamma
tion; 1, scattered inflammatory cells; 2, some inflam
matory cells and karyopyknosis; 3, perivascular 
inflammatory cell infiltrate; and 4, marked inflam
matory cell infiltration into the parenchyma.

As for IHC, slices of brain were repaired by 
citrate rinsed, washed in PBS, permeabilized in 
hydrogen peroxide at room temperature for 
10 min, and incubated with primary antibodies at 
4°C for 12 h. Following washed in PBS, secondary 
antibody Peroxidase AffiniPure Goat Anti-Rabbit 
was applied at 37°C for 30 min. Then, slices were 
washed in PBS and stained by DAB. Hematoxylin 
re-stained by 3–5 min, fraction sections by alcohol 
and hydrochloric acid, gradient alcohol dehydra
tion, xylene transparency, air-drying, and neutral 
gum sealing. The following primary antibodies 
were used: myelin basic-protein (MBP) and brain- 
derived neurotrophic factor (BDNF).

Observe the slices of lumber spinal cords under 
the inverted fluorescence microscope IX-73 
(Olympus Corporation, Tokyo, Japan) and slices of 
brain under PANNORAMIC MIDI II Digital Slide 
Scanners (3D HISTECH, Budapest, Hungary). Five 
non-overlapping fields of view were randomly 
selected in each slice and the inflammation scores 
were evaluated. Slices of brain were seen in 
Caseviewer system (Budapest, Hungary). The IHC 
results were expressed as IOD values by Image pro 
plus 6.0.

Drug-likeness prediction

To evaluate pharmacokinetics, drug-likeness, and 
medicinal chemistry friendliness of small mole
cules, the SMILES format CC1 = CC2 = C(C 
(=C1)O)C(=O)C3 = C(C2 = O)C = C(C = C3O) 
O of emodin was input into the SwissADME tool 
(http://www.swissadme.ch). Next, screening was 
performed under the default parameters.

Emodin-related targets prediction

To find putative targets of emodin, Encyclopedia of 
Traditional Chinese Medicine (ETCM, http://www. 
tcmip.cn/ETCM/index.php/Home/Index/index. 
html) [23], SwissTargetPrediction (http://www.swis 
stargetprediction.ch) [24], Pharmmapper (http:// 

www.lilab-ecust.cn/pharmmapper/) [25] and HERB 
(http://herb.ac.cn/) [26]databases were used. Then, 
UniProt (https://www.uniprot.org) [27] was used to 
normalize the naming of the drug targets. All targets 
were selected along with other default arguments.

MS-related targets prediction

To identify the known targets of MS, Database 
resources of GeneCard (https://www.genecards.org, 
Relavance ≥ 10) [28], DisGeNET (https://www.dis 
genet.org/, score ≥ 0.05) [29], and OMIM (https:// 
omim.org/) [30] were obtained. These MS-related 
targets were mapped with STRING (https://www. 
string-db.org) [31] to the human standard gene ID. 
Meanwhile, ‘Relapsing Remitting Multiple sclerosis’, 
‘Secondary Progressive Multiple Sclerosis’, ‘Multiple 
Sclerosis, Primary Progressive’ and ‘Progressive 
Relapsing Multiple Sclerosis’ were used as keywords 
in DrugBank (www.drugbank.ca/) database [32]. 
The common targets (both MS- and Emodin- 
related) were shown in the Venn Diagram (http:// 
bioinformatics.psb.ugent.be/webtools/Venn/) and 
kept for further network construction and analysis.

PPI network and molecular complex module 
analysis tool(MCODE) analysis of emodin in 
the treatment of MS

The PPI network map was constructed for the 
curated databases, experimental determined, co- 
expression, fusion, neighborhood, and co- 
localization of potential target genes with predicted 
gene interactions [33]. The common targets were put 
into the STRING database where the organism was 
set as ‘Homo sapiens’, and The PPI network with 
a medium confidence score > 0.4 was selected and 
imported into Cytoscape software version 3.8.2 for 
interaction network visualization [34–37]. The topo
logical parameters of each node, including the degree 
centrality (DC), betweenness centrality (BC), close
ness of centrality (CC) and local average connectiv
ity-based method (LAC) were evaluated by 
CytoNCA plug-in in Cytoscape software. And the 
degree is more than 2.0 point. The PPI network for 
emodin and MS was constructed and then clustered 
through MCODE plugin in Cytoscape software. The 
core targets were further screened and by their 
degree centrality (DC) values. The information of 
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each node was calculated to derive Score values and 
functional modules.

Enrichment analysis

All the common targets were imported into the 
Metascape (https://metascape.org/gp/index.html) 
[38] for enrichment analysis. The Gene Ontology 
(GO) and KEGG enrichment analysis results were 
corrected by applying FDR methods. FDR < 0.01 
was accepted to obtain main GO and KEGG path
ways, and the first 30 pathways were visualized. 
Afterward, Omicshare online tools (https://www. 
omicshare.com/tools/) were used to screen out and 
analyze the enrichment of GO and KEGG path
ways for potential targets.

Molecular docking studies

To verify whether the emodin has binding force 
with the targets, the X-ray crystal structures of 
symbol genes selected from KEGG enrichment 
were obtained from the Protein Data Bank (PDB, 
https://www.rcsb.org/) [39]. Then, AutoDockTools 
(version 1.5.6, http://autodock.scripps.edu/) was 
used to perform molecular docking and calculate 
the binding affinity to confirm the lower the bind
ing energy, standing for the stable-binding force. 
The docking results of active compounds and pro
tein targets were visualized with PyMOL software 
(version 2.2, https://pymol.org/2/)

Immunofluorescence

Slices of brains were repaired by citrate rinsed for 
30 min and washed in PBS 3 times for 5 min each 
after dehydrating. After dewaxing to water, 
firstly, the paraffin sections were put into xylene, 
anhydrous ethanol, and alcohol (concentration of 
95%, 90%, 80%, 70%, each for 5 min) then 
washed by running water and distilled water. 
Secondly, EDTA repair for 3 min, slowly cool to 
room temperature for 30 min. Third, rinsed in 
PBS 3 times for 5 min each. Fourth, circle the 
tissue with an immunohistochemistry pen. 
Fifthly, close the sections by sheep serum at 
room temperature for 1 h. Then, primary anti
body anti-CD86 and anti-incubated at 4 degrees 

for 12 h. After PBS (1–3 cylinders) washed for 3– 
5 min, use secondary antibody to incubate sec
tions at 37 degrees for 60 min. To visualize the 
nuclei, DAPI blocker to seal the slice. The follow
ing primary antibodies were used: CD86 and 
CD206.

Observe the slices under the inverted fluorescence 
microscope (IX-73, Olympus Corporation, Tokyo, 
Japan) and PANNORAMIC MIDI II Digital Slide 
Scanners (3D HISTECH, Budapest, Hungary). Five 
non-overlapping fields of view were randomly 
selected in each slice and the inflammation scores 
were evaluated. Immunohistochemically stained 
images were seen with the Caseviewer system. 
Results were expressed as integrated optical density 
(IOD) values by Image pro plus 6.0.

Real-time polymerase chain reaction(RT-PCR) 
assay

Total RNA was isolated from cortex tissues using 
RNA Easy Fast Tissue/Cell RNA Extraction Kit. First- 
strand cDNA synthetized by FastKing gDNA 
Dispelling RT SuperMix following the RT-PCR per
formed by using SYBR Green in the ABI7500 Real- 
Time PCR Detection System (Thermo Fisher Science, 
Waltham, Massachusetts, USA). All steps were per
formed according to the manufacturer’s instructions. 
All primers sequences were listed in (Table 1). Results 
were analyzed using 2−ΔΔCt method.

Western blot

The homogenates isolated from the cortex tissues 
were centrifuged at 13,000 rpm for 15 minutes at 
4°C. Protein concentration was determined by the 
BCA method. Protein extracts were separated by SDS- 
PAGE gels and transferred onto PVDF transfer mem
branes. The films were sealed with 5% nonfat dry milk 
powder dissolved in Tris-buffered saline and Tween- 
20 (TBST) at room temperature for 1 h. Then, the 
membranes were incubated with the primary antibo
dies pi3k (1:5000), p-pi3k (1:1000), Akt (1:1500), 
p-Akt (1:5000), TLR4 (1:1000), Myd88 (1:1000), 
Ticam1 (1:1000), and NF-κB p50 (1:5000) overnight. 
After being washed with TBST for 3 times, the mem
branes were incubated in HRP-labeled goat anti- 
rabbit (1:10,000) secondary antibody for 1 hour at 
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room temperature. The membranes were washed 
with TBST for 3 times, and the color was detected 
with ECL chemiluminescence solution and scanned 
with chemiluminescence system.

Statistical analysis

Data analyses were performed using SPSS 25.0 soft
ware (IBM, Armonk, NY, USA). Two-group com
parisons were made using the Mann-Whitney U test 
or student’s t-test, while three groups were compared 
by one-way ANOVA or Kruskal-Wallis test using 
Bonferroni comparisons post hoc tests. Data are 
shown as mean ± standard deviation (S.D). 
P < 0.05 were deemed statistically significant.

Results

Emodin ameliorated the clinical scores and 
reduced the pathological changes in the brains 
and spinal cords of EAE

The symptoms such as loss of tail tonicity, staggering 
gait, hind-limb paralysis, four-limb paralysis, and 
even death appeared sequentially in EAE mice [40]. 
To investigate the therapeutic effect of emodin in 
EAE, EAE was induced with MOG35-55 in C57BL/6 
mice. The daily clinical scores of animals and cumu
lative scores were calculated. The first clinical score 
of EAE mice appeared around 11 dpi and increased 
in the following days. Compared to NC mice, the 
clinical score on 11–21 dpi significantly increased in 
EAE mice (P < 0.05, Figures 1a). Compared with 
EAE mice, emodin-L group demonstrated 
a tendency for decreasing clinical scores daily and 
there was statistically significance between emodin- 
H and EAE groups in 21 dpi (Figures 1a). 
Additionally, the cumulative scores of the groups of 
emodin-L and emodin-H also were decreased 

compared to the EAE mice. Significant decrease 
was shown in the groups of Emodin-H (Figures 1b).

All mice were sacrificed on 21 dpi, and the brain 
and the spinal cord were collected for pathological 
analysis. Infiltration of inflammatory cells can evalu
ate the pathological changes of EAE by HE staining. 
The marked inflammatory cell infiltration was 
observed in EAE mice. Inflammatory cells as perivas
cular cuffs infiltrating around small blood vessels were 
seen in the brain and spinal cords of EAE mice. The 
inflammatory cell Infiltration of spinal cords and 
brain in the emodin-H groups is lighter than the 
EAE group in statistical significance (P < 0.05, 
Figures 2). Emodin-L showed no significant decrease 
compared to EAE group (Figures 2). These results 
indicated that high-dose emodin had the potential to 
ameliorate EAE.

Emodin alleviates demyelination and 
promotes remyelination

MS pathology features the focal demyelinating 
lesions in the CNS. MBP and BDNF can be 
detected to evaluate the remyelination [41,42]. 
Based on the clinical and inflammatory infiltra
tion amelioration of emodin on EAE, the remye
lination effect of emodin in EAE was examined. 
The IHC was employed to detect the IOD of 
MBP and BDNF(Figures 3a). Lower BDNF and 
MBP IOD expression was found in the EAE 
model group than NC group (P < 0.01, 
Figures 3b,c). Emodin-H enhanced the MBP 
and BDNF IOD expression levels in the brain 
of EAE mice significantly (P < 0.05, Figures 3b, 
c) while no significant change was found in the 
Emodin-L group (Figures 3b,c). The results 
showed that high-dose of emodin improved the 
myelination of EAE mice.

Table 1. PCR primers.
Genes Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)

IL-6 AGCCAGAGTCCTTCAGAGAGA GCCACTCCTTCTGTGACTCC
TGF-β AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC
RORγt CAGAGACACCACCGGACATC CCCAGATGACTTGTCCCCAC
IL-17A CAACCGTTCCACGTCACCCT CCAGCTTTCCCTCCGCATT
TLR4 TGGCTGGTTTACACGTCCAT TGCAGAAACATTCGCCAAGC
Myd88 AAGCAGCAGAACCAGGAGTC CGAAAAGTTCCGGCGTTTGT
Ticam1 GGGATCGGTGCAGTTCAGAT TGGTGTGTCAATGGGACGAG
GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
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Molecule properties of emodin

In order to explore the mechanism of emodin in 
the treatment of EAE, we evaluated the basic infor
mation of the molecular structure of the natural 
product. According to Lipinski’s RO5, the MV of 
a drug-like compound should be less than 500 g/ 
mol, the topological polar surface area (TPSA) less 
than or equal to 140 A2, the calculated XLogP3 less 
than 5, the rotatable bond less than 10, the hydro
gen bond acceptors no more than 10, and the 
hydrogen bond donors no more than 5. Through 
the SwissADME database and ETCM, The proper
ties of emodin were screened in line with the RO5 
and drug-likeness weight, indicating that it had 
good drug-like properties (Table 2). The structure 
of emodin was shown (Figures 4).

Target identification results and analysis

Through all database, 137 of emodin and 
1762 MS-related genes were found. Among them, 

there were 42 common related genes considered as 
potential core genes (Figures 5a). The Emodin- 
Targets-Disease network diagram was visualized 
which show that emodin could have effects on 
multiple sclerosis by multiple targets (Figures 5b).

PPI network construction and MCODE 
analysis

In order to find the core regulatory genes and their 
functions, first, the collected 42 potential hub genes 
were put into STRING to construct PPI network. 
There were 40 nodes and 296 edges in the PPI net
work. Next, we imported it into CytoNCA plug-in in 
Cytoscape software. Ranking by DC, the top 10 targets 
were AKT1, ESR1, CASP3, STAT3, EGFR, CTNNB1, 
SRC, CDH1, FOS, and ANXA5 (Figures 5c). Through 
the MCODE plugin in Cytoscape software, the PPI 
network was clustered more than 2 points. Three 
MCODE networks identified were screened in 
Figures 5 and the scores were 8.909, 6.857, and 5.2, 
respectively. Ranking by DC and LAC, in module 1 
(Figures 5d), ESR1, CASP3, STAT3, EGFR, CTNNB1, 
FOS, and CDH1 were main targets. In module 2 
(Figures 5e), SRC, AKT1, ANXA5, KDR, and 
ABCG2 were main targets. In module 3 (Figures 5f), 
CYP1A2, CYP3A4, GSTP1 were main targets. Among 
them, AKT1, CASP3, STAT3, EGFR, FOS, CTNNB1, 
and CDH1 are related to cell differentiation, migra
tion, proliferation, and apoptosis. AKT1, SRC, 
ANXA5, and KDR are mainly involved in inflamma
tory response. CYP1A2, CYP3A4, and GSTP1 are 

Figure 1. Emodin ameliorated the EAE clinical scores. (a) Clinical scores changes in NC, EAE, and emodin on 21 dpi. (b) Cumulative 
clinical scores of two groups on 21 dpi. Data were expressed as means ± standard deviation (n = 9). Comparisons among four 
groups were analyzed by one-way ANOVA on 21 dpi in A. Comparisons among four groups were analyzed by Kruskal-Wallis test 
using Bonferroni comparisons post hoc tests except 21 dpi in A. Comparisons among EAE, emodin-L, and emodin-H groups were 
analyzed by the one-way ANOVA in B. *P < 0.05, **P < 0.01 versus NC group, #P < 0.05, ##P < 0.01 EAE group, and ‘ns’ stands for not 
significance.

Table 2. Molecule properties of emodin.
Property Value

Drug-likeness weight 0.683
Molecule weight 270.24 g/mol
TPSA 94.83 A2

XlogP3 2.72
H-bond donor 3
H-bond acceptor 5
Molar refractivity 70.78
Lipinski Yes
Bioavailability score 0.55
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important biological enzymes for drug metabolism 
and detoxification. This suggests that emodin may 
participate in the treatment of EAE/MS by affecting 
cellular processes and regulating inflammatory 
response.

KEGG and GO enrichment Analysis

To investigate the mechanism of multitarget and 
multi-pathway of emodin’s effects on MS, the col
lected 42 core genes were utilized to analyze the 

pathways through KEGG and visualized through 
Omicshare online tools. In order to investigate the 
enrichment relationship between MS and these path
ways, the KEGG pathway annotation was classified 
into six categories (Figures 6a). Ranking by the num
ber of enriched genes, the top three systems that 
emodin might affect are endocrine, immune, and 
nervous systems, respectively. From the perspective 
of disease, cancer, infectious diseases, and drug resis
tance are the three main diseases. Immune and neu
rodegenerative diseases are also mentioned. In other 

Figure 2. The pathological changes showed that emodin ameliorated inflammatory infiltration under the HE staining in the brains 
and spinal cords of mice on 21 dpi of EAE (a). The pictures were taken at ×200 magnification. The inflammatory scores of brains (b) 
and spinal cords (c) among EAE, emodin-L, and emodin-H groups on 21 dpi. Data expressed as means ± S.D (n = 3). Comparisons 
among three groups were analyzed by Kruskal-Wallis test using Bonferroni comparisons post hoc tests. #P < 0.05 versus EAE group, 
##P < 0.01 versus EAE group.
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classifications, biological processes involving more 
than 10 genes also include cell signal transduction, 
cellular community eukaryotes, cell growth, and 
death. These evidences suggest that emodin has 
great therapeutic potential for neurological and 
immune system diseases and may participate in the 
intervention process of diseases by regulating cell 
signalling transduction, affecting cell growth and 
apoptosis.

The KEGG enrichment indicated that these core 
genes were enriched in 85 pathways related to MS 
(FDR < 0.001 and term was set as ‘hsa’), summarized 
in 14 categories. The top five KEGG pathways with 
high counts including pathways in cancer, prolactin 
signalling pathway, EGFR tyrosine kinase inhibitor 

resistance, Hepatitis B pathway, PI3K/Akt signalling 
pathway (Figures 6b). Further analysis of these 

Figure 3. The IHC staining of MBP and BDNF in the brains of mice on 21 dpi of EAE (a). The pictures were taken at ×200 
magnification. The inflammatory scores of brains (b) and spinal cords (c) among NC, EAE, emodin-L. and emodin-H groups on 21 dpi. 
Data expressed as means ± S.D(n = 3). Comparisons among four groups were analyzed by one-way ANOVA in B and C. #P < 0.05 
versus EAE group, ##P < 0.01 versus EAE group.

Figure 4. The 2D structure of emodin.
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pathways showed that AKT1 is a key gene in the 
pathways mentioned above (Figures 6c). As an impor
tant member of the PI3K/Akt pathway, it participates 

in many links such as cell proliferation, survival, 
metabolism, and apoptosis. According to PPI and 
KEGG analysis, we believed that PI3K/Akt signalling 

Figure 5. The network diagram and the PPI network construction. Venn diagram of common targets showing emodin-related and MS- 
related common targets (a). The network diagram of emodin-targets-disease network was constructed (b). The PPI network was visualized 
by cytoscape 3.8.2 software (c). The larger node area and the darker color marked the most important targets in the network. The MCODE 
interaction network for visualization in cytoscape 3.8.2 software which divided into module 1 (d), module 2 (e), and module 3 (f).
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pathway is more likely to participate in emodin inter
vention in EAE.

To investigate the biological roles of emodin 
for MS treatment, GO biological process (BP), 
cellular component (CC), and molecule function 
(MF) enrichment were analyzed and visualized 
by Omicshare online tools. As suggested in the 
results, the targets of emodin on MS were 
mainly related to the response to drug, cellular 
response to chemical stimulus, response to che
mical stimulus, response to chemical, response 
to organic substance, response to organic cyclic 
compound, response to oxygen-containing com
pound, cellular response to organic substance, 
response to lipid and response to organonitro
gen compound (Figures 6d). Furthermore, in the 
BPs, emodin had effects on the process of 
response to stimulus, cellular process, biological 
regulation, and biological process (Figures 6e), 
specifically including the response to drug, oxi
dative stress, and the response of reactive oxygen 
species for BPs. In the CCs, emodin targeted for 
cell part, organelle, membrane, specifically 
including the membrane raft, membrane 

microdomain, and membrane region. 
Meanwhile, the effects of emodin on MS were 
related to binding, catalytic activity, molecular 
function regulator, transcription regulator activ
ity in the manners of the aromatase activity, 
protein kinase activity, protein tyrosine kinase 
activity, and heme binding at the level of 
GO MFs.

Molecule docking

To explore the binding force between emodin 
and symbol targets, molecular docking studies 
were carried out to confirm the interaction 
between emodin and related potential target 
genes at the molecular level. After molecular 
docking, emodin was found to bind well with 
AKT, PI3K, and NFKB1 (Table 3). The three- 
dimensional and two-dimensional maps of mole
cular docking images were shown (Figure 7). It 
is suggested that emodin had potential therapeu
tic effects on EAE through AKT, PI3K, and 
NFKB1.

Figure 6. KEGG and GO enrichment analysis based on 42 core targets. Through KEGG pathway annotation (a), bubble chart (b), and Sankey 
diagram (c) of the pathways enriched for emodin and targets. GO enrichment analysis through bar chart (d) and bubble chart (e).
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Figure 6. (Continued).
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Table 3. Docking scores of the active compounds of emodin with AKT1, PI3K, and NFKB1.

Compounds targets
Binding energy score 

(Gb:K cal/mol)
PDB 
ID

Combining with 
the residue 

(two-dimensional map)

Emodin AKT1 −10.4 3MVH ALA-230, GLU-228, LEU-156,GLU-234,MET-281,ALA-177,VAL-164
PI3K −9.0 4L23 HIS-362, PRO-366, LYS-548, LEU-570
NFKB1 −7.1 1SVC TYR-166, LYS-95,

Figure 7. Docking models of emodin to symbol targets AKT1 (a), PI3K (b), and NFKB1 (c) in three-dimension. The emodin was shown 
in pink. All proteins are shown in ribbon model, and the color is red for amino acid codes. The hydrophobic interactions are 
displayed as yellow dashed lines. The two-dimension diagrams of AKT1 (d), PI3K (e), and NFKB1 (f) were shown.

9334 K. ZHENG ET AL.



Emodin downregulated PI3K/Akt signal in 
EAE mice

Since previous study shows that high-dose emo
din had significant effects of amelioration of 
clinical symptoms, inflammatory infiltration 
and remyelination on EAE. Low-dose emodin 
was not effective in reducing symptoms and 
inflammatory infiltration. Consequently, the 
group of emodin-H was applied to further 
investigation.

In order to verify whether emodin treated EAE 
via PI3K/Akt signalling pathway which was 
enriched from the previous results of network 
pharmacology, the protein expressions of Akt, 
p-Akt, PI3K, and p-PI3K in cerebral cortex tissues 
were detected by western blot in vivo. The data 
showed that Akt and PI3K protein expressions 
were augmented in EAE. Emodin descended the 
Akt and PI3K protein expressions with no statis
tical significance (P > 0.05, Figures 8). Regardless 
of this result, p-Akt and p-PI3K protein expres
sions were significantly enhanced in the cortex 
tissue in EAE on 21 dpi compared to that in the 
NC mice (P < 0.01, Figures 8). while the treatment 
with emodin significantly diminished p-Akt and 
p-PI3K protein expressions (P < 0.05, Figures 8). 
We found that emodin could downregulate PI3K/ 
Akt signalling by suppressing their phosphoryla
tion, which suggested a potential mechanism in 
modulating cell proliferation of EAE. It is consis
tent with the result of the network pharmacology.

Emodin ameliorated EAE by suppressing the 
microglia activation

Then, we further investigated the effect of high- 
dose emodin on the activation of microglia in 
EAE to evaluate the innate immune state of 
CNS. The IF was employed to detect the number 
of CD86 and CD206, respectively, standing for 
the markers of M1 and M2 phenotype microglia 
(Figures 9a,b). The IF results in the CNS tissues 
of mice showed the expression levels of CD86 
and CD206. Higher CD86 and CD206 
expressions were found in the EAE model 
group than NC group and emodin inhibited 
both CD86 and CD206 expression of EAE mice 
significantly (P < 0.05, Figures 9c,d).

IL-6, TGF- β, IL-17A, and retinoic acid recep
tor-related orphan receptor gamma-t (RORγt) 
are important cytokines to activate microglia 
and play a certain role in its function and phe
notype maintenance. In our study, IL-6, TGF-β, 
IL-17A, and RORγt mRNA relative expression in 
CNS tissues of mice were significantly augmen
ted in EAE mice compared with the mice of NC 
group. Emodin treatment attenuated mRNA 
relative expressions of IL-6, TGF-β, IL-17A, 
and RORγt in EAE mice significantly 
(P < 0.05, Figures 9e,f,g,h). This suggested that 
high-dose emodin can inhibit transcription of 
inflammatory factors and inhibit the activation 
of microglia at the peak of EAE, thereby redu
cing inflammatory injury.

Figure 8. Effect of emodin on AKT, p-AKT, PI3K, and p-PI3K protein expression in cerebral cortex tissues on 21 dpi. The protein 
expression of AKT, p-AKT, PI3K, and p-PI3K was detected by western blot as described in the Materials and Methods. Data are 
represented as the mean ± S.D (n = 6). Comparisons among each group were analyzed by one-way ANOVA for detecting AKT, p-AKT, 
PI3K, and p-PI3K. *P < 0.05, **P < 0.01 versus NC; #P < 0.01 ##P < 0.01, versus EAE.
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Figure 9. Emodin contributed to inhibition of the microglia activation. Double immunofluorescence staining of brain tissue with M1 
(CD86+/iba1+) (a) and M2(CD206+/iba1+) (b). The representative double immunofluorescence labeling image of CD86 (red)/Iba1 
(green) in brain tissue, and the nuclei were stained with DAPI (blue). The representative double immunofluorescence labeling image 
of CD206 (red)/Iba1 (green) in brain tissue and the nuclei were stained with DAPI (blue). The quantity of the percentage of CD86+/ 
Iba1+ cell (c) and CD206+/Iba1+ cell. (d) The effects of emodin on M1 microglia cell subsets mRNA relative expression. Mice were 
sacrificed on 21 dpi. The CNS tissues are collected. The IL-6 (e), TGF-β (f), IL-17A (g), and RORγt mRNA relative expression were 
analyzed by qRT-PCR, respectively. All data were expressed as mean ± S.D (n = 5). Comparisons among each group were analyzed by 
one-way ANOVA in C, D, F, and G. Comparisons among each group were analyzed by Kruskal-Wallis test using Bonferroni 
comparisons post hoc tests in E and H. *P < 0.05, **P < 0.01 versus NC group, #P < 0.05, ##P < 0.01 versus EAE group.
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Emodin inhibits microglia activation by 
inhibiting MyD88 activation

In order to analyze the molecular mechanism of 
high-dose emodin on the activation of microglia in 
EAE mice, we detected the relative expression 
levels of TLR4, MyD88, ticam1, and NFKB1 
mRNA and protein by PCR and western blot, 
respectively. All of them were notably increased 
in EAE mice compared with the mice of NC group 

(P < 0.05, Figures 10). Emodin significantly 
reduced the TLR4 (Figures 10a), Myd88 
(Figures 10b), Ticam1 (Figures 10c) and NFKB1 
(Figures 10d) mRNA expressions in EAE mice 
(P < 0.05). For protein expression, higher Myd88 
and NFKB1 were seen in EAE mice than those of 
NC group (P < 0.05, Figures 10e,f) and emodin 
diminished them significantly. However, there 
were no significant changes in the protein 

Figure 9. (Continued).
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expression of TLR4 and Ticam1 among the three 
groups. Myd88 is one of TIR domain-containing 
adaptor molecules can be triggered by TLRs. The 

results indicate that emodin can targeting inhibit 
the activity of key adapter molecule Myd88, 
thereby inhibiting the signal transduction of TLR 

Figure 10. The effects of emodin on TLR4, Myd88, Ticam1, and NFKB1 mRNA relative expression and protein expression. Mice were 
sacrificed on 21 dpi. The cerebral cortex tissues are collected. The relative mRNA relative expression of TLR4 (a), Myd88 (b), Ticam1 
(c), and NFKB1(d) was analyzed by qRT-PCR. The protein expression of TLR4, Myd88, Ticam1, and NFKB1 was analyzed by western 
blot. All data were expressed as mean ± S.D (n = 6). *P < 0.05, **P < 0.01 versus NC group, #P < 0.05, ##P < 0.01 versus EAE group. 
Comparisons among each group were analyzed by one-way ANOVA in A, B, C, D, and F.
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signalling pathway, alleviating the downstream 
NF- κB mediated inflammatory reaction, and alle
viating the symptoms of EAE.

Discussion

Emodin is an anthraquinone derivative having com
prehensive anti-inflammatory, anti-cancer, and 
immunomodulatory effects, and it is widely used in 
the treatment of inflammatory, tumor, and immune 
system diseases [15,16]. However, none of the clinical 
or experimental studies have explored whether emo
din exerts a therapeutic effect on EAE/MS. The pre
sent study is the first to confirm the efficacy of emodin 
in EAE through animal experiments by using mouse 
models. The results showed that emodin ameliorated 
the clinical symptoms in the acute phase of EAE mice 
at 21dpi. HE staining showed that emodin treatment 
decreased inflammatory infiltration in the brain and 
spinal cord of EAE mice. Immunohistochemistry 
results showed that the levels of MBP and BDNF 
increased significantly (P < 0.05) following the treat
ment. This finding suggests that emodin exerted cer
tain anti-inflammatory and myelin protective effects 
on EAE mice.

To further explore the mechanism of action of 
emodin in EAE/MS treatment, we used network 
pharmacology to predict the targets and pathways. 
We found 42 common target genes including the 
core targets such as AKT1, ESR1, CASP3, STAT3, 
EGFR, CTNNB1, SRC, CDH1, FOS, and ANXA5. 
KEGG enrichment analysis showed that the top 

five KEGG pathways with high counts included 
pathways in cancer, prolactin signalling pathway, 
EGFR tyrosine kinase inhibitor resistance, hepati
tis B pathway, PI3K–Akt signalling pathway 
(Figures 6b). Further analysis of these pathways 
showed that AKT1 is a key gene associated with 
the aforementioned pathways. Thus, emodin may 
ameliorate EAE/MS by reducing inflammation and 
by participating in the cell differentiation process, 
and PI3K/Akt may be the main pathway. AKT1 is 
one of the three members of the AKT serine- 
threonine protein kinase family. Akt is activated 
after its phosphorylation by PI3K, and activated 
Akt can further phosphorylate various down
stream target genes associated with its biological 
role. ATK can activate IKB kinase (IKKα), thus 
causing the degradation of the NF-κB inhibitor 
IκB and resulting in NF-κB release from the cyto
plasm, its nuclear translocation, and activation of 
its target genes. Studies have shown that the acti
vated NF-κB1, also known as P50, is a key tran
scription regulator in the lipopolysaccharide 
(LPS)-induced microglia model, which activates 
pro-inflammatory cytokines [43,44]. In our study, 
we first performed molecular docking experiments 
on the key proteins in the PI3K/Akt pathway and 
found that emodin was well bound to PI3K, AKT1, 
and NF-κB1. Western blotting showed that emo
din could significantly inhibit the phosphorylation 
levels of PI3K and AKT1. In addition, studies have 
shown that excessive activation of microglia 
occurred in both EAE mice and LPS-stimulated 

Figure 11. Schematic diagram of potential mechanisms linking the emodin with MS.
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BV-2 cells. AKT and PI3K phosphorylation were 
found in the EAE model. The PI3K/Akt signalling 
pathway has been reported to be involved in 
inflammation regulation in the microglia [45–47]. 
This suggests that emodin may ameliorate EAE/ 
MS by reducing inflammation and participating in 
the cell differentiation process via PI3K/AKT/NF- 
κB signalling pathway inhibition.

AKT1 regulation plays a crucial role in EAE. 
Ouyang et al. [48] reported that AKT1 knockout 
could enhance susceptibility to EAE in a T cell- 
intrinsic manner. Zenke et al. [49] reported that 
AKT1 could play a suppressive role in TLR4- 
mediated cytokine production. It suppressed both 
MyD88-dependent and TRIF-dependent TLR4 sig
nalling independent of its kinase activity. 
Additionally, AKT1 regulates the microglial biological 
function including pro- and anti-inflammatory cyto
kine production, phagocytosis, autophagy, and home
ostasis determined by apoptosis and metabolism. Our 
study results showed that the p-PI3K, p-Akt, and NF- 
κB levels increased significantly at 21 dpi in the EAE 
model, suggesting that PI3K/Akt signalling pathway 
activation is involved in the pathological process. 
Moreover, the secretion of activated microglia mar
kers such as CD86 and CD206 increased significantly. 
Interestingly, after emodin administration, the activa
tion of microglia and PI3K/Akt signalling pathways 
decreased simultaneously in the EAE mice. Thus, the 
potential action mechanism of emodin in EAE/MS 
treatment is microglial function regulation.

Studies have reported that the role of innate 
immunity in EAE/MS pathogenesis is as important 
as the adaptive immune response mediated by 
CD4+ T cells, and innate immunity plays a double- 
sided role in different stages throughout the disease 
process [50,51]. Myelin-reactive CD4+ T cells are 
activated in the periphery, and they infiltrate the 
CNS by secreting cytokines and chemokines and 
initiate an inflammatory cascade in EAE/MS [52]. 
Microglia are the resident macrophages of CNS that 
have important physiological functions in maintain
ing tissue homeostasis. Microglia can switch into 
diverse reactive phenotypes with neuroinflamma
tion and neuroprotective function with changes in 
the microenvironment [53]. Microglial activation 
occurs before the occurrence of motor deficits 
[54]. In the acute phase of EAE/MS, microglia are 
activated into the phenotypes having binary states, 

which is probably a dynamic spectrum. Microglia 
are polarized to the M1 or M2 phenotype at any 
time in response to different stimuli. As the disease 
progresses, an overabundance of inflammatory 
cytokines skews microglial polarization toward the 
M1 phenotype [55,56]. These changes often cause 
negative effects such as cell phagocytosis, oxidative 
damage, antigen presentation, and T-cell costimu
latory signal activation on myelin tissues. Hence, 
microglia are a target of EAE/MS treatment. Li 
et al. used exosomes derived from bone marrow 
mesenchymal stem cells for EAE treatment. The 
results showed that exosomes inhibited IL-6 
released by M1 microglia and reduced the severity 
of inflammation and demyelination [57]. Schampel 
et al. [58] reported that nimodipine can reduce the 
inflammatory response and promote remyelination 
by inhibiting the activity of M1 microglia. Pro- 
inflammatory cytokines including Th17 that are 
produced by glial cells in the CNS or reach the 
CNS from the circulation also regulate the activity 
of microglia [59]. Th17 cells contribute to the 
pathology of MS. They traffic into CNS and secrete 
IL-17A. RORγt is featured by Th17 cells, and Th17 
participates in controlling the development of EAE/ 
MS [4,52,60–63]. It suggests that emodin may ame
liorate EAE by reducing the infiltration of periph
eral inflammatory cells into the CNS.

Many signalling pathways are involved in the 
activation of microglia, among which TLR4 signal
ling is the most important pathway. TLR4 mediates 
T-cell immunity by stimulating microglia to express 
MHC-II and related costimulatory molecules. On the 
other hand, it can activate downstream inflammation 
and apoptosis pathways, thus activating the inflam
matory cascade reactions of the CNS [64]. TLR4 
mainly depends on MyD88 and Ticam1 proteins to 
activate downstream signals. It can stimulate the 
nuclear translocation of NF-κB, promote the release 
of inflammatory factors such as IL-1β, IL-6, IL-17, 
and TNF-α, and cause tissue damage or activate 
autophagy or apoptosis induced by PIK3/AKT/ 
mTOR pathways [65,66]. The TLR4 signalling path
way is involved in the pathogenesis of EAE/MS and 
mediates the activation of M1 microglia. LPS com
bined with IFN-γ, inducing TLR4, can highly induce 
the polarization of microglia to the pro- 
inflammatory type via its adaptor protein tram1 
and promote the expression of IL-6, IL-1β, and 
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iNOS. In this process, IκB, p65, p50, and nuclear 
translocation of NF-κB play important roles [67,68]. 
Many studies have reported that the inhibition of the 
TLR4 receptor or its ligand may improve or delay 
the pathological process [69]. For example, MyD88 
knockout mice were almost completely immune to 
EAE induced by MOG; the severity of symptoms 
and inflammatory response in the mice treated 
with MyD88 blocker were significantly lower than 
those in the control group [70,71]. The release of 
interleukin and cytokines was inhibited with the 
downregulation of TRIF expression, thereby redu
cing the severity of EAE [72]. To further clarify the 
mechanism underlying the regulation of microglia 
differentiation by emodin, we verified its classical 
upstream activation pathway. We found that the 
mRNA transcription levels of TLR4, MyD88, 
Ticam1, and NFKB1 were significantly increased in 
the brain of EAE mice. Emodin treatment could 
significantly downregulate the transcription level of 
this signalling pathway. Quantification of proteins 
indicated that MyD88 was significantly upregulated 
in the EAE model, and the activity of MyD88 was 
significantly inhibited after emodin treatment. Taken 
together, emodin may inhibit the activity of MyD88 
and block transmission of the TLR signalling path
way to limit the proliferation of immune cells, sup
press inflammatory responses induced by PI3K/Akt/ 
NF-κB in microglia, and improve the clinical symp
toms of EAE/MS.

Conclusion

The finding indicated protective effects of emodin 
on EAE by inhibiting the microglia activation and 
inflammation via Myd88/PI3K/Akt/NF-κB signal
ling pathway (Figures 11). Emodin may improve 
EAE by affecting the infiltration of peripheral 
inflammatory cells into the CNS. We used the net
work pharmacology analysis to explore the potential 
targets and the action mechanism of emodin in MS/ 
EAE treatment. The KEGG analysis showed that 
PI3K/AKT1/NF-κB may be an important pathway 
mediating the effect of emodin on EAE/MS. 
Molecular docking and animal experiments con
firmed that emodin has good binding properties 
with the aforementioned proteins and that it signif
icantly inhibits the activation of the PI3K/AKT1/ 
NF-κB signalling pathway. Further exploration of 

the molecular mechanism indicated that the thera
peutic effect of emodin on EAE is mediated via 
MyD88 activation and inhibition of the down trans
mission of TLR signals to reduce the activation of 
microglia and its induced inflammatory response. 
This study explored the complementary and alter
native therapies for EAE/MS in the acute stage. The 
results provide an experimental reference for MS 
treatment with natural products. However, the role 
of emodin in the chronic stage and action mechan
ism remains to be further investigated.

Acknowledgements

This research was supported by the Animal Laboratory 
Center of The First Affiliated Hospital of Guangzhou 
University of Chinese Medicine and the Lingnan Medical 
Research Center of Guangzhou University of Chinese 
Medicine for providing the site and laboratory facilities.

Author contributions

All authors made a significant contribution to the work 
reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis, and interpretation, 
or in all these areas. Kenan Zheng and Zequan Zheng 
designed, conducted the network analysis, animal experiment 
and statistical data analysis, and drafted the manuscript. 
Baojiang Lv conducted the molecular docking part and ani
mal experiment. Chen Wang and Lulu Wu contributed to the 
animal experiment. Haoyou Xu and Xiaojun Li contributed 
to data collation and analysis. Zhibing Wu reviewed and 
revised the manuscript, and Zequan Zheng and Yuanqi 
Zhao reviewed and revised the manuscript, quality control 
and acquired the resources and funding. All authors have 
read and agreed to the published version of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was sponsored by the Natural Science 
Foundation of Guangdong Province (No. Natural Science 
Foundation of Guangdong Province 2020A1515010595), the 
Guangdong Provincial Hospital of traditional Chinese 
Medicine Science and Technology research project (No. 
YN2019MJ07) and Traditional Chinese Medicine Bureau of 
Guangdong Province (NO 20221166).

BIOENGINEERED 9341



ORCID

Zequan Zheng http://orcid.org/0000-0002-4504-343X

References

[1] Magyari M, Sorensen PS. The changing course of mul
tiple sclerosis: rising incidence, change in geographic 
distribution, disease course, and prognosis.Curr Opin 
Neurol. 2019;324:320–326.

[2] Berglund R, Guerreiro-Cacais AO, Adzemovic MZ, 
et al. Microglial autophagy–associated phagocytosis is 
essential for recovery from neuroinflammation. Sci 
Immunol. 2020;5(52):eabb5077. Accessed 2020 Oct 
16: Available from https://immunology.sciencemag. 
org/lookup/doi/10.1126/sciimmunol.abb507710.1126/ 
sciimmunol.abb5077

[3] Lassmann H, Bradl M. Multiple sclerosis: experimental 
models and reality. Acta Neuropathol. 
2017;133:223–244.

[4] Qiu X, Guo Q, Liu X, et al. Pien Tze Huang alleviates 
relapsing-remitting experimental autoimmune ence
phalomyelitis mice by regulating Th1 and Th17 cells. 
Front Pharmacol. 2018;9:1–10.

[5] Nakazato Y, Fujita Y, Nakazato M, et al. Neurons 
promote encephalitogenic CD4+ lymphocyte infiltra
tion in experimental autoimmune encephalomyelitis. 
Sci Rep [Internet]. 2020;10(1) :7354. Accessed: 30 Apr 
2020.

[6] Mandolesi G, de Vito F, Musella A, et al. MiR-142-3p 
is a key regulator of IL-1β-dependent synaptopathy in 
neuroinflammation. J Neurosci. 2017;37 (3) :546–561.

[7] Liu B, Gu Y, Pei S, et al. Interleukin-1 receptor associated 
kinase (IRAK)-M -mediated type 2 microglia polarization 
ameliorates the severity of experimental autoimmune 
encephalomyelitis (EAE). J Autoimmunity. 
2019;102:77–88.

[8] Rahimifard M, Maqbool F, Moeini-Nodeh S, et al. 
Targeting the TLR4 signaling pathway by polyphenols: 
a novel therapeutic strategy for neuroinflammation. 
Ageing Res Rev. 2017;36:11–19.

[9] Tarassishin L, Suh HS, Lee SC. Interferon regulatory 
factor 3 plays an anti-inflammatory role in microglia 
by activating the PI3K/Akt pathway. 
J Neuroinflammation. 2011;8:187.

[10] Datler H, Vogel A, Kerndl M, et al. PI3K activity in 
dendritic cells exerts paradoxical effects during auto
immune inflammation. Mol Immunol. 
2019;111:32–42.

[11] Montalban X, Gold R, Thompson AJ, et al. ECTRIMS/ 
EAECTRIMS / EAN guideline on the pharmacological 
treatment of people with multiple sclerosis. Eur 
J Neurol. 2018;25 (2) :215–237.

[12] Mpmchgad R-G. Diagnosis and treatment of multiple 
sclerosis a review. JAMA. 2021;325 (8) :765–779.

[13] Obradović MMS, Hamelin B, Manevski N, et al. 
Glucocorticoids promote breast cancer metastasis. 
Nature. 2019;567 (7749) :540–544.

[14] Prete A, Bancos I. Glucocorticoid induced adrenal 
insufficiency. BMJ. 2021;374:1–20.

[15] Y CUI, Chen LJ, Huang T, et al. The pharmacology, 
toxicology and therapeutic potential of anthraquinone 
derivative emodin. Chin J Nat Med. 2020;18 (6) 
:425–435. Available from.

[16] Shrimali D, Shanmugam MK, Kumar AP, et al. 
Targeted abrogation of diverse signal transduction cas
cades by emodin for the treatment of inflammatory 
disorders and cancer. Cancer Lett. 2013;341 (2) 
:139–149. Available from.

[17] Hopkins AL. Network pharmacology: the next para
digm in drug discovery.Nat Chem Biol. 2008;4 (11) 
:682–690.

[18] Zhang R, Zhu X, Bai H, et al. Network 
PharmacologyDatabases for Traditional Chinese 
Medicine: Review and Assessment. Front Pharmacol 
2019;10:123. Accessed 2019 Feb 21. Available from 
https://www.frontiersin.org/article/10.3389/fphar.2019. 
00123/full

[19] Stromnes IM, Goverman JM. Active induction of 
experimental allergic encephalomyelitis. Nat Protoc. 
2006;1 (4) :1810–1819.

[20] Shaw PJ, Barr MJ, Lukens JR, et al. Signaling via the 
RIP2 adaptor protein in central nervous 
system-infiltrating dendritic cells promotes inflamma
tion and autoimmunity. Immunity. 2011;34 (1) :75–84. 
Available from.

[21] Glenn JD, Smith MD, Xue P, et al. CNS-targeted 
autoimmunity leads to increased influenza mortality 
in mice. J Exp Med. 2017;214 (2) :297–307.

[22] Ji X, Liu H, An C, et al. You-Gui pills promote nerve 
regeneration by regulating netrin 1, DCC and Rho 
family GTPases RhoA, Racl, Cdc42 in C57BL/6 mice 
with experimental autoimmune encephalomyelitis. 
J Ethnopharmacol. 2016;187:123–133.

[23] Xu HY, Zhang YQ, Liu ZM, et al. ETCM: an encyclo
paedia of traditional Chinese medicine. Nucleic Acids 
Res. 2019;47(D1): D976–D982.

[24] Daina A, Michielin O, Zoete V. SwissTargetPrediction: 
updated data and new features for efficient prediction 
of protein targets of small molecules.Nucleic Acids Res. 
2019;47 (W1): W357–W364. 2 Jul 2019.

[25] Wang X, Shen Y, Wang S, et al. PharmMapper 2017 
update: a web server for potential drug target identifi
cation with a comprehensive target pharmacophore 
database.Nucleic Acids Res [Internet]. 2017;45 
(W1): W356–W360.

[26] Fang S, Dong L, Liu L, et al. HERB: a high-throughput 
experiment- and reference-guided database of tradi
tional Chinese medicine. Nucleic Acids Res [Internet]. 
2021;49: D119i7–D1206. Jan 8 2021. Available from 
https://academic.oup.com/nar/article/49/D1/D1197/ 
601735810.1093/nar/gkaa1063

9342 K. ZHENG ET AL.

https://immunology.sciencemag.org/lookup/doi/10.1126/sciimmunol.abb507710.1126/sciimmunol.abb5077
https://immunology.sciencemag.org/lookup/doi/10.1126/sciimmunol.abb507710.1126/sciimmunol.abb5077
https://immunology.sciencemag.org/lookup/doi/10.1126/sciimmunol.abb507710.1126/sciimmunol.abb5077
https://www.frontiersin.org/article/10.3389/fphar.2019.00123/full
https://www.frontiersin.org/article/10.3389/fphar.2019.00123/full
https://academic.oup.com/nar/article/49/D1/D1197/601735810.1093/nar/gkaa1063
https://academic.oup.com/nar/article/49/D1/D1197/601735810.1093/nar/gkaa1063


[27] The UniProt Consortium. UniProt: the universal 
protein knowledgebase. Nucleic Acids Res. 2017;45: 
D158–169. 2017 Jan 4. Available from https://aca 
demic.oup.com/nar/article-lookup/doi/10.1093/nar/ 
gkw1099

[28] Safran M, Dalah I, Alexander J, et al. GeneCards ver
sion 3: the human gene integrator. Database(Oxford). 
2010;2010:baq020. 2010 Aug 5. Available from https:// 
academic.oup.com/database/article-lookup/doi/10. 
1093/database/baq020

[29] Piñero J, Bravo Á, Queralt-Rosinach N, et al. 
DisGeNET: a comprehensive platform integrating 
information on human disease-associated genes and 
variants. Nucleic Acids Res. 2017;45(D1): D833–D839. 
4 Jan 2017.

[30] Amberger JS, Bocchini CA, Schiettecatte F, et al. 
OMIM.org: online Mendelian inheritance in man 
(OMIM®), an online catalog of human genes and 
genetic disorders.Nucleic Acids Res. 2015;43(Database 
issue): D789–798.

[31] Szklarczyk D, Morris JH, Cook H, et al. The STRING 
database in 2017: quality-controlled protein-protein 
association networks, made broadly accessible. 
Nucleic Acids Res. 2017;45: D362–368.

[32] Wishart DS, Feunang YD, Guo AC, et al. DrugBank 
5.0: a major update to the drugbank database for 2018. 
Nucleic Acids Res. 2018;46(D1): D1074–D1082. 2018 
Jan 4. Available from http://academic.oup.com/nar/arti 
cle/46/D1/D1074/460286710.1093/nar/gkx1037

[33] Bai LL, Chen H, Zhou P, et al. Identification of tumor 
necrosis factor-alpha (TNF-α) inhibitor in rheumatoid 
arthritis using network pharmacology and molecular 
docking. Front Pharmacol. 2021;12:690118.

[34] Hui Z, Dong QQ, Shu HP, et al. Mechanistic insights 
into the renoprotective role of curcumin in 
cisplatin-induced acute kidney injury: network phar
macology analysis and experimental validation. 
Bioengineered. 2021;12(2):11041–11056.

[35] Yang L, Hu Z, Zhu J, et al. Systematic elucidation of 
the mechanism of quercetin against gastric cancer via 
network pharmacology approach. Biomed Res Int. 
2020;2020:3860213.

[36] Liu CS, Xia T, Luo ZY, et al. Network pharmacology 
and pharmacokinetics integrated strategy to investigate 
the pharmacological mechanism of xianglian pill on 
ulcerative colitis. Phytomedicine. 2021;82:153458.

[37] Shannon P, Markiel A, Ozier O, et al. Cytoscape: 
a software environment for integrated models. 
Genome Research. 2003;13(11): 2498–2504.

[38] Zhou Y, Zhou B, Pache L, et al. Metascape provides a 
biologist-oriented resource for the analysis of 
systems-level datasets. Nat Commun. 2019;10(1): 1523.

[39] Berman HM, Westbrook J, Feng Z, et al. The protein 
data bank. Nucleic Acids Res. 2000;28(1): 235–242.

[40] Zheng Q, Liu L, Liu H, et al. The Bu Shen Yi Sui 
formula promotes axonal regeneration via regulating 
the neurotrophic factor BDNF/TrkB and the down
stream PI3K/Akt signaling pathway. Front Pharmacol. 
2019;10:796.

[41] Navarrete C, García-Martin A, Garrido-Rodríguez M, 
et al. Effects of EHP-101 on inflammation and remye
lination in murine models of multiple sclerosis. 
Neurobiol Dis. 2020;143:104994.

[42] Fletcher JL, Murray SS, Xiao J. Brain-derived neu
rotrophic factor in central nervous system myelina
tion: a new mechanism to promote myelin plasticity 
and repair. Int J Mol Sci. 2018;19(12): 4131.

[43] Hilliard A, Mendonca P, Soliman KFA. Involvement of 
NFƙB and MAPK signaling pathways in the preventive 
effects of ganoderma lucidum on the inflammation of BV- 
2 microglial cells induced by LPS. J Neuroimmunol. 
2020;345:577269.

[44] da Silveira Cruz-machado S, Carvalho-Sousa CE, 
Tamura EK, et al. TLR4 and CD14 receptors 
expressed in rat pineal gland trigger NFKB 
pathway. J Pineal Res.2010;49(2):183–192. 2010 Sep. 
Available from http://doi.wiley.com/10.1111/j.1600- 
079X.2010.00785.x

[45] da Silva LC, Lima de A IV, da Silva MCM, et al. A new 
lipophilic amino alcohol, chemically similar to com
pound FTY720, attenuates the pathogenesis of experi
mental autoimmune encephalomyelitis by PI3K/Akt 
pathway inhibition. Int Immunopharmacol. 
2020;88:106919.

[46] Cong H, Zhang M, Chang H, et al. Icariin ameliorates 
the progression of experimental autoimmune encepha
lomyelitis by down-regulating the major inflammatory 
signal pathways in a mouse relapse-remission model of 
multiple sclerosis. Eur J Pharmacol. 2020;885:173523. 
2020 Oct 15. doi:10.1016/j.ejphar.2020.173523.

[47] Yang L, Han X, Xing F, et al. Total flavonoids of 
astragalus attenuates experimental autoimmune ence
phalomyelitis by suppressing the activation and inflam
matory responses of microglia via JNK/AKT/NFκB 
signaling pathway. Phytomedicine. 2021;80:153385. 
2021 Jan. doi:10.1016/j.phymed.2020.153385.

[48] Ouyang S, Zeng Q, Tang N, et al. Akt-1 and Akt-2 
differentially regulate the development of experimental 
autoimmune encephalomyelitis by controlling prolif
eration of thymus-derived regulatory t cells. 
J Immunol. 2019;202(5):1441–1452.

[49] Zenke K, Muroi M, Tanamoto KI. AKT1 distinctively 
suppresses MyD88-dependent and TRIF-dependent 
toll-like receptor signaling in a kinase 
activity-independent manner. Cell Signalling. 
2018;43:32–39.

[50] van Kaer L, Postoak JL, Wang C, et al. Innate, 
innate-like and adaptive lymphocytes in the 

BIOENGINEERED 9343

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkw1099
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkw1099
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkw1099
https://academic.oup.com/database/article-lookup/doi/10.1093/database/baq020
https://academic.oup.com/database/article-lookup/doi/10.1093/database/baq020
https://academic.oup.com/database/article-lookup/doi/10.1093/database/baq020
http://academic.oup.com/nar/article/46/D1/D1074/460286710.1093/nar/gkx1037
http://academic.oup.com/nar/article/46/D1/D1074/460286710.1093/nar/gkx1037
http://doi.wiley.com/10.1111/j.1600-079X.2010.00785.x
http://doi.wiley.com/10.1111/j.1600-079X.2010.00785.x
https://doi.org/10.1016/j.ejphar.2020.173523
https://doi.org/10.1016/j.phymed.2020.153385


pathogenesis of MS and EAE. Cell Mol Immunol. 
2019;16(6): 531–539.

[51] Chu F, Shi M, Zheng C, et al. The roles of macrophages 
and microglia in multiple sclerosis and experimental 
autoimmune encephalomyelitis. J Neuroimmunol. 
2018;318:1–7.

[52] Rostami A, Ciric B. Role of Th17 cells in the pathogen
esis of CNS inflammatory demyelination.J Neurol Sci. 
2013;333(1–2): 76–87.

[53] Voet S, Prinz M, van Loo G. Microglia in central 
nervous system inflammation and multiple sclerosis 
pathology.Trends Mol Med. 2019;25(2): 112–123.

[54] Gentile A, Musella A, Bullitta S, et al. Siponimod 
(BAF312) prevents synaptic neurodegeneration in 
experimental multiple sclerosis. J Neuroinflammation 
[Internet]. 2016;13:1–13.

[55] Cherry JD, Olschowka JA, O’Banion MK. 
Neuroinflammation and M2 microglia: the good, the 
bad, and the inflamed. J Neuroinflammation. 
2014;11: 1–15.

[56] Cao L, He C. Polarization of macrophages and micro
glia in inflammatory demyelination. Neurosci Bull. 
2013;29: 189–198.

[57] Li Z, Liu F, He X, et al. Exosomes derived from mesench
ymal stem cells attenuate inflammation and demyelination 
of the central nervous system in EAE rats by regulating the 
polarization of microglia. Int Immunopharmacol 
[Internet]. 2019;67:268–280.

[58] Schampel A, Volovitch O, Koeniger T, et al. 
Nimodipine fosters remyelination in a mouse model 
of multiple sclerosis and induces microglia-specific 
apoptosis. Proc Natl Acad Sci. 2017;114(16):E3295– 
E3304. 2017 Apr 18. Available from http://www.pnas. 
org/lookup/doi/10.1073/pnas.1620052114

[59] Colonna M, Butovsky O. Microglia function in the central 
nervous system during health and neurodegeneration. 
Annu Rev Immunol. 2017;35: 441–468.

[60] Moser T, Akgün K, Proschmann U, et al. The role of TH17 
cells in multiple sclerosis: therapeutic implications. 
Autoimmunity Rev [Internet]. 2020;19: 102647.

[61] Liu C, Li Y, Yu J, et al. Targeting the shift from M1 to M2 
macrophages in experimental autoimmune 

encephalomyelitis mice treated with fasudil. PLoS ONE. 
2013;8(2):e54841.

[62] Lassmann H. Multiple sclerosis pathology. Cold Spring 
Harb Perspect Med. 2018;8(3): a028936.

[63] Chen J, Liu X, Zhong Y. Interleukin-17A: the key 
cytokine in neurodegenerative diseases. Front Aging 
Neurosci. 2020;12:566922.

[64] Rodríguez-Gómez JA, Kavanagh E, Engskog-Vlachos P, 
et al. Microglia: agents of the CNS pro-inflammatory 
response.Cells. 2020;9(7): 1717.

[65] Liu Y, Yin H, Zhao M, et al. TLR2 and TLR4 in 
autoimmune diseases: a comprehensive review.Clin 
Rev Allergy Immunol. 2014;47(2): 136–147.

[66] Kuzmich N, Sivak K, Chubarev V, et al. TLR4 signaling 
pathway modulators as potential therapeutics in 
inflammation and sepsis. Vaccines. 2017;5(4): 34.

[67] Wang H, Liu C, Han M, et al. TRAM1 promotes microglia 
M1 polarization.J Mol Neurosci. 2016;58(2): 287–296.

[68] Taetzsch T, Levesque S, Mcgraw C, et al. Redox reg
ulation of NF-κB p50 and M1 polarization in micro
glia. Glia. 2015;63(3): 423–440.

[69] Miranda-Hernandez S, Gerlach N, Fletcher JM, 
et al. Role for MyD88, TLR2 and TLR9 but not 
TLR1, TLR4 or TLR6 in experimental autoimmune 
encephalomyelitis.J Immunol. 2011;187(2): 791–804.

[70] Marta M, Andersson Å, Isaksson M, et al. Unexpected 
regulatory roles of TLR4 and TLR9 in experimental 
autoimmune encephalomyelitis. Eur J Immunol. 
2008;38(2):565–575.

[71] Dishon S, Cohen SJ, Cohen IR, et al. Inhibition of 
myeloid differentiation factor 88 reduces human 
and mouse T-cell interleukin-17 and IFNγ 
Production and ameliorates experimental autoim
mune encephalomyelitis induced in mice. Front 
Immunol. 2017;8:615. 2017 May 29. Available from 
http://journal.frontiersin.org/article/10.3389/fimmu. 
2017.00615/full

[72] Wang X, Zheng X, Ma C, et al. Role of TRIF Small 
interference RNA (siRNA) in Chronic Experimental 
Allergic Encephalomyelitis (EAE). Med Sci Monit. 
21:2583–2587. 2015 Sep1. Available from 10.12659/ 
MSM.894564.

9344 K. ZHENG ET AL.

http://www.pnas.org/lookup/doi/10.1073/pnas.1620052114
http://www.pnas.org/lookup/doi/10.1073/pnas.1620052114
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00615/full
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00615/full
https://doi.org/10.12659/MSM.894564
https://doi.org/10.12659/MSM.894564

	Abstract
	Introduction
	Materials and methods
	Reagents and chemicals
	Animals housing and management and emodin preparation
	EAE model induction and animal behavior test
	Hematoxylin-eosin (HE) staining and immunohistochemistry (IHC)
	Drug-likeness prediction
	Emodin-related targets prediction
	MS-related targets prediction
	PPI network and molecular complex module analysis tool(MCODE) analysis of emodin in the treatment of MS
	Enrichment analysis
	Molecular docking studies
	Immunofluorescence
	Real-time polymerase chain reaction(RT-PCR) assay
	Western blot
	Statistical analysis
	Results
	Emodin ameliorated the clinical scores and reduced the pathological changes in the brains and spinal cords of EAE

	Emodin alleviates demyelination and promotes remyelination
	Molecule properties of emodin
	Target identification results and analysis
	PPI network construction and MCODE analysis
	KEGG and GO enrichment Analysis
	Molecule docking
	Emodin downregulated PI3K/Akt signal in EAE mice
	Emodin ameliorated EAE by suppressing the microglia activation
	Emodin inhibits microglia activation by inhibiting MyD88 activation
	Discussion
	Conclusion
	Acknowledgements
	Author contributions
	Disclosure statement
	Funding
	References

