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Abstract
The aim of this study was to elucidate the therapeutic effect of simvastatin on experimental 
autoimmune encephalomyelitis (EAE) by regulating the balance between Th17 and Treg cells 
in mice. C57BL/6 mice were randomly divided into four groups: normal group, EAE group, 
simvastatin (2 and 10 mg/kg) group, and AG490 group (with AG490 serving as the positive 
control). Neurological function scores of mice were assessed daily. The four groups received 
treatments of normal saline, normal saline, and simvastatin (2 and 10 mg/kg), respectively. In 
the AG490 group, mice were injected intraperitoneally with AG490 (1 mg) every other day, and 
treatment was halted after 3 weeks. The spinal cord was stained with hematoxylin and eosin 
(H&E), and immunohistochemical staining for retinoic acid receptor-related orphan receptor 
γ(RORγ) and Foxp3 (Foxp3) was performed. Spleen samples were taken for Th17 and Treg 
analysis using flow cytometry. The levels of interleukin-17 and transforming growth factor-β 
(TGF-β) were detected using enzyme-linked immunosorbent assay (ELISA). In the simvastatin 
and AG490 groups, recovery from neurological impairment was earlier compared to the 
EAE group, and the symptoms were notably improved. Both simvastatin and AG490 reduced 
focal inflammation, decreased RORγ-positive cell infiltration, and significantly increased the 
number of FOXP3-positive cells. The number of Th17 cells and the level of IL-17 in the spleen 
were decreased in the simvastatin and AG490 treatment groups, while the number of Treg 
cells and TGF-β levels were significantly increased across all treatment groups. Simvastatin 
exhibits anti-inflammatory and immunomodulatory effects, potentially alleviating symptoms of 
neurological dysfunction of EAE. Regulating the balance between Th17 and Treg may represent 
a therapeutic mechanism for simvastatin in treating EAE.
© 2024 Codon Publications. Published by Codon Publications.
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Materials and Methods

Materials

The Simvastatin used in this study was provided by Merk 
Sharp & Dohme.

Experimental animals

The experimental animals were female C57BL/6 mice. 
They were 8–10 weeks old and weighed 17–20 g. They 
were purchased from the Animal Experimental Center of 
Yangzhou University. The mice were placed in a specific, 
pathogen-free animal barrier environment. The mice 
were kept in a controlled, 12-h alternating light and dark 
environment and provided with constant food and water 
for a week. This study was approved by the Animal 
Ethics Committee of Lanzhou University Second Hospital 
(Lanzhou, China).

EAE model preparation and clinical assessment

Briefly,10 mg/ml of MOG35-55 peptide in PBS was 
first emulsified in a ratio of 1:1. Then, 4 mg/mL of 
Mycobacterium tuberculosis was added to the complete 
Freund adjuvant. These emulsions were then injected into 
four different points on the back of the mice. Later, 250 ng 
of pertussis toxin (PTX) in PBS was administered on day 1 
(hour 1) and day 3 (hour 48). The PBS used (pH = 7.4) was 
prepared in the laboratory.

On day 1, after monitoring, mice in the simvastatin 
treatment group was administered normal saline and sim-
vastatin (2 and 10 mg/kg) orally at night. This treatment 
regimen continued until day 21 post-immunization. The 
control group received the same amount of normal saline 
using the same method. All mice were weighed daily on 
the first day after immunization. In addition, the mice were 
scored to assess clinical symptoms of EAE. The symptom 
scoring criteria are as follows: Grade 0 indicated no obvi-
ous symptoms; Grade 1 represented complete tail paral-
ysis; Grade 2 indicated mild hind limb paralysis; Grade 3 
represented complete paralysis of one hind limb; Grade 4 
represented bilateral hind limb paralysis; and Grade 5 indi-
cated complete limb paralysis (quadriplegia), near-death 
state, or state of death.19

Grouping and treatment

The mice were randomly divided into different treatment 
groups: normal, EAE, simvastatin (2 and 10 mg/kg), and 
AG490 groups. The simvastatin treatment groups were 
treated with simvastatin doses of 2 and 10 mg/kg through 
gavage, respectively from the first day post EAE induction 
until the 21st day. The normal and EAE groups followed 
the same treatment regimen as the simvastatin groups, 
but only normal saline was given instead. AG490 is a JAK2-
specific tyrosine kinase inhibitor, which mainly affects the 
differentiation and functional maintenance of Th17 cells by 
inhibiting the JAK2-STAT3 signaling pathway. AG490 served 

Introduction

Multiple sclerosis (MS) is a common disease of the 
central nervous system (CNS) characterized by 
autoimmune demyelination. Experimental autoimmune 
encephalomyelitis (EAE) is often considered as a mouse 
model of MS1 and is the most widely used animal model of 
demyelinating disease.

MS is a neurological disorder of the CNS, affecting young 
people.2 It is essentially a chronic inflammation with demy-
elinating, degenerative, and autoimmune properties, and 
within the CNS.3 Genetic factors and environmental expo-
sures can trigger MS, with increased incidence potentially 
related to lifestyle changes and increased stress.4,5 Due to 
the complex pathogenesis of MS, the treatment strategy of 
“one drug for one target for one disease” does not always 
succeed.6 Effective treatments are lacking, highlighting the 
clinical need to develop more efficient drugs with fewer 
side effects to treat MS. The main therapeutic mechanism 
of teriflunomide is to disrupt DNA synthesis and subse-
quently inhibit proliferating T and B lymphocytes,7 which 
can also cause liver enzyme abnormalities, infection, hair 
loss, skin allergies, and other side effects.7 Therefore, mon-
itoring for adverse reactions of these drugs is necessary. 
Although some countries have developed drugs for treating 
MS, curing MS remains a distant goal.

In immune cells, CD4+ T cells play an important role 
in the occurrence and development of MS.3 Among these 
cells, CD4+ T-helper 17 (Th17) cells can produce IL-17, a 
heterogeneous population, and can be divided into two 
types, pathogenic and non-pathogenic Th17 cells based 
on their immune effects.8 Non-pathogenic Th17 cells help 
maintain tissue homeostasis9, while pathogenic Th17 cells 
are closely associated with human autoimmune diseases, 
such as multiple sclerosis, rheumatoid arthritis, and so on.10 
Th17 cells are recognized as one of the important immune 
cells in mouse models of EAE.11 Regulatory T cells (Treg 
cells) primarily play an inhibitory role, inhibiting the acti-
vation of other immunoreactive cells, and crucial in main-
taining immune homeostasis and suppressing autoimmune 
responses in MS/EAE diseases.12,13 Abnormalities in TREGs 
cell number or function can lead to various autoimmune 
diseases, including multiple sclerosis.14

Statins, such as simvastatin, lovastatin, have 
biosynthetic effects on cholesterol. They inhibit 
hydroxymethylglutaryl Coenzyme A (HMG-CoA) reductase, 
which catalyzes the conversion of HMG-CoA and reduce 
to mevalonate, a class of drugs.15 Statins not only have 
potential cholesterol-lowering effects but also have other 
therapeutic properties. For example, lovastatin has been 
shown to treat Alzheimer’s disease,16 MS,17 and other condi-
tions through its immunomodulatory properties.18

In summary, simvastatin has shown promise in treat-
ing EAE. potentially through its effects on Th17 and Treg 
cells. Therefore, the purpose of our study is to determine 
whether simvastatin has therapeutic effects. The results 
demonstrates that it can alleviate the neurological symp-
toms of EAE, improve pathological changes in the nervous 
system, balance the distribution of Th17 and Treg cells in 
the CNS, and ultimately provide a valuable therapeutic 
basis for using simvastatin to treat MS.
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One-way analysis of variance (ANOVA) was used to analyze 
the differences between groups. All the data are expressed 
as mean ± standard deviation (SD). P < 0.05 was considered 
statistically significant.

Results

Effect of simvastatin on the symptoms of neuro-
logical deficit in EAE mice

On the 6th day after immunization, EAE mice began to show 
neurological deficits. The treatment was started on day 1 
after immunization. As shown in the figure, symptoms in 
the EAE, simvastatin (2 mg/kg), AG490, and simvastatin (10 
mg/kg) groups peaked on days 17, 19, 20, and 21 (Figure 1).

Effect of simvastatin on pathological changes of 
spinal cord tissue in EAE mice

The pathological changes of the spinal cord in the 5 groups 
were observed 21 days after immunization. HE staining 
showed no evident inflammation in the control group. A 
significant number of inflammatory cells were observed 
in specimens from the EAE group. In addition, the number 
of inflammatory cells in the specimen was reduced after 
treatment with simvastatin (2 and 10 mg/kg) and AG490. 
Mice in the EAE group showed increased demyelinating foci 
compared to the control group. The demyelinating lesions 
in the simvastatin- and AG490-treated groups were less 
than in the EAE group (Figure 2).

Effect of simvastatin on the infiltration of Th17 
and Treg cells in the spinal cord of EAE

The spinal sections of mice were examined by 
immunohistochemical staining to detect the effect of 
simvastatin on Th17 and Treg cell infiltration. Among them, 
RORγ staining reflected the number of Th17 cells, and 
Foxp3 staining reflected the number of Treg cells. In the 
EAE group, the number of Treg cells in the spinal cord of 
mice was decreased compared to the control group. Treg 
cell count increased after treatment with simvastatin (2 
and 10 mg/kg) or AG490. In addition, the number of Treg 
cells in the spinal cord of mice treated with simvastatin (2 

as the positive control. In the AG490 group, mice were 
intraperitoneally injected with 1 mg of AG490 every other 
day.

Histological Evaluation

Following 21 days of treatment post-immunization, 
histological assessment was conducted on mice from 
each group. Initially, the spinal cords were dissected from 
all five groups. The specimens were then numbered and 
fixed. Tissue samples were subsequently embedded with 
paraffin wax. Specimens were sectioned into 5 μm slices. 
Histopathological analysis was performed after staining 
with hematoxylin and eosin (H&E).

Immunohistochemistry

The sections were initially dewaxed and antigen-repaired 
under high temperature and pressure. Then, the slices 
were added to an H2O2 solution for 20 min to eliminate the 
effect of endogenous enzymes. The primary antibody was 
then added to the specimen. The slices were incubated at 
4°C for 15 h. Afterward, they were rinsed with PBS three 
times.

The primary antibodies used were anti-retinoic acid 
receptor-related orphan receptor γ (anti-RORγ)(dilution 
1:200, Abcam, Cambridge, UK) and anti-forkhead box pro-
tein P3(anti-Foxp3) (dilution 1:100, Abcam). The secondary 
antibody (ZSCB-BIO) was purchased.

Flow cytometry

On day 21 post-immunization, specimens were examined by 
flow cytometry. The test indexes were the number of CD4+ 
interleukin-17, CD25+ Foxp3+T cells, Th17 cells, and Treg 
cells in the mouse spleen. Spleen mononuclear cells were 
isolated first. Subsequently, PE-labeled anti-mouse CD4 or 
FITC-labeled anti-mouse CD25 was added to the specimen. 
PE-labeled anti-IL-17 antibody (Bioscience) were used to 
stain the Th17 cells in mouse samples. Therefore, mouse 
anti-CD25 (Biolegend) and mouse anti-FoxP3 (Ebioscience) 
antibodies were used to stain Treg cells.

ELISA

On the 21st day after immunization, the spleen was 
collected after the mice were sacrificed. Tissue samples 
were then analyzed to determine the levels of IL-17 and 
transforming growth factor-β (TGF-β). An enzyme-linked 
immunosorbent assay (ELISA) kit (Elabscience, Wuhan, 
China) was used to detect specimens. The concentrations 
of IL-17 and TGF-β in the spleen were detected according 
to the instructions.

Statistical analysis

The SPSS 26.0 statistical software (IBM, USA) was used 
for statistical analysis of the relevant experimental data. 

Figure 1  Simvastatin alleviated the symptoms of neurological 
deficit in experimental autoimmune encephalomyelitis (EAE) 
mice. The 5-point EAE score was assessed in mice from Days 
1 to 21 post-immunization. All data are expressed as mean ± 
standard deviation (n=6 in each group).
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Effects of simvastatin on the numbers of Th17 
and Treg cells in EAE mice spleen and levels of 
IL-17 and TGF-β in the spleen

Flow cytometry revealed a higher count of Th17 cells in the 
EAE group compared to the control group. The number of 
Th17 cells in the simvastatin (2 and 10 mg/kg) and AG490 
treatment groups was lower than in the EAE group. The 
number of Th17 cells in the simvastatin (2 mg/kg) group 

mg/kg) was lower compared with that in the simvastatin 
(10 mg/kg) group (Figure 3A and 3C).

The infiltration of Th17 cells in the EAE group was 
increased compared with the control group. Treatment 
with simvastatin (2 and 10 mg/kg) or AG490 can reduce the 
number of Th17 cells infiltrating the spinal cord. In addi-
tion, Th17 cell infiltration was increased in the simvastatin 
(2 mg/kg) group compared with the simvastatin (10 mg/kg) 
group (Figure 3B and 3D).

Figure 2  Simvastatin reduced inflammation and demyelination in the spinal cord of EAE mice. On the 21st day post-immunization, 
mice’s spinal cords were separated, sectioned, and stained with hematoxylin-eosin (H&E). Representative sections of H&E.

Figure 3  Effects of simvastatin on the numbers of T helper 17 (Th17) and regulatory T (Treg) cells in the spinal cord of EAE mice. 
The mice spinal cord sections were stained by immunohistochemistry. (A) The number of Treg cells is indicated by forkhead box 
protein P3 (Foxp3) staining, (B) while the number of Th17 cells is reflected by retinoic acid receptor-related orphan receptor γ 
(RORγ) staining, (C) Treg cell number, (D) Th17 cell number. All data are expressed as mean ± standard deviation (n=5 in each 
group). **P<0.01, EAE vs. AG490 or Simvastatin (2 mg/kg) or Simvastatin (10 mg/kg), *P<0.05, EAE vs. AG490 or Simvastatin (2 mg/
kg) or Simvastatin(10 mg/kg); ^^P<0.01, EAE vs. normal,̂ P<0.05, EAE vs. normal. ##P<0.01, Simvastati n(10 mg/kg) vs. Simvastatin 
(2 mg/kg), #P<0.05, Simvastatin (10 mg/kg) vs. simvastatin (2 mg/kg). & no significant difference, Simvastatin(10 mg/kg) vs. 
AG490.

(A)

(B)

(C) (D)
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Figure 4  Effects of simvastatin on the numbers of T helper 17 (Th17) and regulatory T (Treg) cells in EAE mice spleen 
(A,B) The numbers of Th17 cells (CD4+ IL-17A) and Treg cells (CD25+ Foxp3) in mice spleen were determined by flow cytometry. 
(C,D) Statistical analyses of the numbers of Th17 cells and Treg cells. The data are expressed as mean ± standard deviation (n=4 
in each group). **P<0.01, EAE vs. AG490 or Simvastatin (2 mg/kg) or Simvastatin (10 mg/kg), *P<0.05, EAE vs. AG490 or Simvastatin 
(2 mg/kg) or Simvastatin (10 mg/kg); ^^P<0.01, EAE vs. normal, ^P<0.05, EAE vs. normal. ##P<0.01, Simvastatin (10 mg/kg) vs. 
Simvastatin (2 mg/kg), #P<0.05, Simvastatin (10 mg/kg) vs. Simvastatin (2 mg/kg). & no significant difference, Simvastatin (10 mg/
kg) vs. AG490, &&P<0.05, Simvastatin (10 mg/kg) vs. AG490, &&&P<0.01, Simvastatin (10 mg/kg) vs. AG490.

(B)

(C) (D)

(A)

that simvastatin (2 and 10 mg/kg) or AG490 groups reduced 
the expression level of IL-17 and increased the level of TGF-
β. In addition, IL-17 levels were increased and TGF-β levels 
were decreased in the simvastatin (2 mg/kg) group com-
pared with the simvastatin (10 mg/kg) group. Compared 
with the AG490 group, the simvastatin (10 mg/kg) group 
showed decreased TGF-β levels in the spleens of mice 
(Figure 5A and 5B).

Discussion

Some studies have indicated that certain types of drugs, 
such as antilipidemic and chemotherapeutic drugs, have 
anti-inflammatory properties.20 Therefore, these drugs 

was higher than that in the simvastatin (10 mg/kg) group. 
The number of Th17 cells in the simvastatin (10 mg/kg) 
group was higher than that in the AG490 group, while the 
number of Th17 cells in the simvastatin (10 mg/kg) group 
was higher than that in the AG490 group. In addition, the 
number of Treg cells in the EAE group was lower than that 
in the control group, while the number of Treg cells in the 
simvastatin (2 and 10 mg/kg) or AG490 treatment groups 
was higher than that in the EAE group, and the number 
of Treg cells in the simvastatin (2 mg/kg) group was lower 
than that in the simvastatin (10 mg/kg) group (Figure 4A–D).

Meanwhile, ELISA was used to measure the levels of 
IL-17 and TGF-β in the spleens of mice. The results showed 
that the EAE group exhibited increased IL-17 levels and 
decreased TGF-β levels in the spleen. It was also found 
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effectively improved the neurological deficits in EAE mice. 
Images showed that mice in the EAE group treated with 
normal saline experienced spontaneous symptom improve-
ment after the disease peaked. However, improvements in 
symptoms of mice treated with simvastatin (low and high 
dose groups) or AG490 occurred earlier and were more 
pronounced than in the EAE group. The starting point of 
treatment in all studies was EAE induction day. Treatment 
initiation coincided with the induction of EAE, highlighting 
the positive therapeutic efficacy of simvastatin adminis-
tered at the onset of EAE symptoms.

Treg cells act as regulatory cells that suppress CNS 
autoimmune response in EAE by suppressing Th17-mediated 
responses. TGF-β, a Treg cell-related cytokine, plays a key 
role in the inhibition and recovery of EAE.25

There is evidence that high levels of TGF-β contrib-
ute to EAE recovery and remission.26 Increasing TGF-β can 
reduce the severity of EAE disease.27 However, Treg and 
TGF-β-producing autoantigen-reactive Th2 cells were able 
to transfer reduced and/or reverse EAE, suggesting that 
Treg cells may play a key role in downregulating the patho-
genic T cell response in the pathogenesis of EAE.28

Properly balancing the pro-inflammatory Th17 cell pop-
ulation and immunosuppressive Treg cells is important in 
maintaining immune homeostasis.29 Imbalances have been 
linked to inflammatory responses and autoimmune dis-
eases, including MS. This is linked to increased levels of 
Th17 cells in the body.30

At the same time, inhibition of peripheral T cells with 
certain drugs has been identified as another valuable treat-
ment for the initial stages of EAE.31,32 This suggests that 
defects in Treg cells may contribute to the onset of MS. 
Lower Treg inhibition may promote increased production 

may reveal novel therapeutic effects for various diseases, 
which could hold significant potential for treating certain 
diseases, such as autoimmune diseases and so on. It could 
potentially provide substantial therapeutic value and 
benefits to many patients.

Statins were previously used to treat hyperlipidemia. 
However, in recent years, they have been described to 
negatively regulate inflammation in various models, such as 
autoimmune neuritis and inflammatory bowel disease.21 It 
was found that simvastatin treatment can effectively pre-
vent disease progression in patients with RRMS and reduce 
central nervous system lesions.22 However, the pharmaco-
logical mechanisms remain unclear.

Th17 cells play an important role in the occurrence and 
development of EAE. When Th17 cells are impaired in func-
tion, the Th17 characteristic gene is reduced, reducing CNS 
inflammation.23 Treg cells can also limit the occurrence and 
development of EAE.24 Interestingly, simvastatin and ator-
vastatin therapy can increase Treg and decrease Th17 cell 
count in animal inflammatory disease models.21

In this study, we observed the following: (i) simvasta-
tin treatment reduced the number of inflammatory cells 
and effectively improved neural function scores. (ii) It 
reduced the number of Th17 cell infiltrating lesions and 
increased the number of Treg cells. (iii) After simvastatin 
treatment, the relevant specimens were found to reduce 
the number of Th17 cells and the levels of IL-17 in the 
spleen of EAE mice and increase the number of Treg cells 
and TGF-β levels.

To evaluate the therapeutic effect of simvastatin on 
MS, we treated EAE mice with simvastatin; using AG490 as 
the positive control and normal saline as the negative con-
trol. Our findings demonstrated that simvastatin treatment 

Figure 5  Effects of simvastatin on levels of interleukin (IL)-17 and TGF-β in EAE mice spleen. (A,B)The levels of IL-17 and TGF-β 
in the spleen were determined by enzyme-linked immunosorbent assay (ELISA). The data are expressed as mean ± standard 
deviation (n=5 in each group). **P<0.01, EAE vs. AG490 or Simvastatin (2 mg/kg) or Simvastatin (10 mg/kg), *P<0.05, EAE vs. AG490 
or Simvastatin (2 mg/kg) or Simvastatin (10 mg/kg); ^^P<0.01, EAE vs. normal, ^P<0.05, EAE vs. normal. ##P<0.01, Simvastatin 
(10 mg/kg) vs. Simvastatin (2 mg/kg), #P<0.05. Simvastatin (10 mg/kg) vs. Simvastatin (2 mg/kg). & no significant difference, 
Simvastatin (10 mg/kg) vs. AG490, &&P<0.05, Simvastatin (10 mg/kg)vs. AG490, &&&P<0.01,Simvastatin (10 mg/kg) vs. AG490.

(A) (B)
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Maintaining a balance between Th17 and Treg cells 
appears to be its primary mechanism. Simvastatin treats 
EAE by adjusting the Th17/Treg ratio, and higher doses 
of simvastatin are more effective. Therefore, simvastatin 
holds potential value in MS treatment, although further 
research is needed to understand its specific actions on 
Th17 and Treg cells in EAE.
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