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Abstract: Multiple sclerosis (MS) is an autoimmune, demyelinating, and neurodegenerative disease of the central 
nervous system (CNS) that affects 2-2.5 million people worldwide. Although the etiology of MS is not well known, 
MS is widely considered to be an autoimmune disease. Currently approved MS drugs reduce relapse rates but fail to 
reverse or prevent neurodegeneration and disability progression. Increasing evidence indicates that microglia and 
major histocompatibility complex class II (MHC II) expression in these cells play important roles in the pathophysiol-
ogy of MS. For a T cell to contribute to CNS pathogenesis, it must be reactivated by antigen-presenting cells within 
the CNS parenchyma. Susceptibility to MS is associated with MHC II genes, suggesting that presentation of antigens 
on MHC II plays an important role in CD4+ T-cell reactivation and disease initiation. An ERβ-selective agonist was 
previously reported to suppress reactivation of T cells invading the spinal cord, thereby reducing the severity of 
symptoms and decreasing mortality in the first 2 weeks after disease onset. However, the mechanism by which the 
expression of MHC II in microglia is regulated by ERβ-selective agonists is still unclear. Therefore, we hypothesize 
that ERβ-selective agonists inhibit MHC II expression in microglia via inhibition of class II trans-activator (CIITA) 
expression by a mechanism involving inhibition of the translocation of IFNγ regulatory factor (IRF-1) to the nucleus, 
thereby inhibiting the inflammatory response and symptoms in the MS model.

Keywords: Multiple sclerosis, experimental autoimmune encephalomyelitis, major histocompatibility complex 
class II, ERβ, microglia

Introduction

MS is an autoimmune, demyelinating, and neu-
rodegenerative disease of the central nervous 
system (CNS) that affects millions of people 
worldwide [1]. MS comprises a blood-brain-bar-
rier (BBB) disruption accompanied by an activa-
tion of macrophages/microglia as well as T- and 
B-cell infiltration into the CNS, ultimately result-
ing in demyelination and degeneration of neu-
rons [2]. Although the etiology of MS is not well 
known, MS is widely considered to be an auto-
immune disease, and immune cells are thought 
to play important roles in the initiation and pro-
gression of MS. Currently approved MS drugs 
reduce relapse rates but fail to reverse or pre-

vent neurodegeneration and disability progres-
sion. Most immunosuppressive drugs used for 
treating MS patients have certain side effects. 
Many MS patients in South Scotland who were 
treated with recombinant interferon beta were 
recently reported to experience thrombotic mi- 
croangiopathy [3]. Therefore, many new drugs 
are being investigated and developed, and bet-
ter therapeutic effects and fewer side effects 
are becoming the primary goals in the treat-
ment of MS.

Recent genome-wide association studies (GW- 
ASs) have provided strong support for the clas-
sification of MS as an autoimmune disease by 
identifying >50 susceptibility loci associated 
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with MS, of which the vast majority represent 
genes with immune cell function [4]. For over 
40 years, linkage studies in MS have shown 
that the strongest genetic influence by far is 
genes encoding MHC II molecules, potentially 
indicating a role for CD4+ T cells in MS and sug-
gesting that presentation of antigens such as 
myelin proteolipid protein (PLP) and myelin 
basic protein (MBP) on MHC II plays an impor-
tant role in CD4+ T-cell reactivation and dis-
ease initiation [4].

Microglia, the resident innate immune cells of 
the CNS, have been shown to be the main anti-
gen-presenting cells of the CNS [5, 6]. These 
cells normally express low levels of MHC II pro-
teins; however, in inflammatory or neurodegen-
erative conditions, activated microglia highly 
upregulate MHC II and costimulatory molecules 
[7]. MHC II is abundantly expressed in microglia 
and may serve as a pivotal mediator of CD4+ 
T-cell reactivation during the course of EAE in- 
duction [8]. Microglia also assist in the reacti-
vation of T cells once they enter the CNS paren-
chyma. For a T cell to contribute to CNS patho-
genesis, it must be reactivated by antigen-pre-
senting cells within the CNS parenchyma. Ma- 
crophages/microglia have been observed to up- 
regulate MHC II molecules when they are acti-
vated [9]. These observations suggest that acti-
vated microglia are capable of reactivating pri- 
med T cells entering the CNS.

Nuclear receptors are ligand-activated tran-
scription factors that regulate gene expression 
by interacting with specific DNA sequences. 
Targets of 13% of drugs approved by the FDA 
are nuclear receptors [10]. Recent studies have 
examined the effect of one nuclear receptor, 
ERβ, on the CNS, and a large amount of re- 
search has investigated its role in cancer. The 
ERβ-selective agonist LY3201 has been shown 
to suppress reactivation of T cells invading the 
spinal cord in EAE mice, reducing the severity of 
symptoms and decreasing mortality in the first 
2 weeks after disease onset [11]. Increasing 
evidence indicates a central role for microglial 
MHC II in the activation of adaptive immune 
responses in EAE and suggests that MHC II sig-
naling may be a target of neuroprotective thera-
pies for the disease [8, 9, 11].

MHC II molecules are cell-surface glycoproteins 
that present antigenic peptides to CD4+ T lym-
phocytes of the adaptive immune system [12]. 

MHC II expression is primarily regulated at the 
level of transcription by several well-studied 
elements within the MHC II proximal promoter, 
which bind a series of ubiquitously expressed 
transcription factors to form a basal enhanceo-
some complex [13-15]. The regulation of MHC II 
protein expression is under the control of a 
complex cytokine network that requires the 
coordinated action of multiple transcription fa- 
ctors and coactivators. Class II transactivator 
(CIITA) is the master regulator of MHC II and is 
critical for the initiation of adaptive immune 
responses [16]. CIITA-deficient mice lack induc-
ible MHC II expression and have sparse consti-
tutive MHC II expression on subsets of thymic 
stromal cells [17]. IFNγ regulatory factor-1 (IRF-
1), a transcription factor essential for CIITA 
expression, must translocate to the nucleus 
and bind to the promoter IV of CIITA and thus 
regulate MHC II production [18].

Several molecules, including chemokines and 
steroid hormones, are known as ligands that 
regulate microglia activation status and medi-
ate signaling via different nuclear receptors 
[19]. ER ligands, through ERα or ERβ, can inhib-
it NF-κB transcriptional activity and significantly 
inhibit inflammatory responses in microglia 
[20]. In this respect, stimulation of ERβ with 
synthetic ligands efficiently reduces microglial 
activation and thereby reduces EAE symptoms 
[11, 21]. Activation of ERβ decreases NO pro-
duction and iNOS expression in response to 
LPS stimulation of BV-2 microglia in which only 
ERβ is expressed [22]. However, Vegeto et al. 
identified ERα as the receptor modulating mi- 
croglial activity [23]. There remain differences 
in opinion among laboratories as to whether 
ERα or ERβ is responsible for the anti-inflam-
matory effects of estrogen on microglia [24]. 
However, we have clear evidence that ERβ is 
the unique estrogen receptor expressed in 
microglia [11]. The action of ERβ selective ago-
nists on both microglia and T cells suggests 
that these drugs may be potential candidates 
for therapeutic intervention in MS and perhaps 
other neurodegenerative diseases in which bo- 
th cell types play crucial roles in the path- 
ogenesis.

Many MS models have been developed. How- 
ever, the classic and most widely used animal 
model for MS is EAE. No single model replicates 
the full spectrum of inflammatory mechanisms 



ERβ-selective agonist alleviates inflammation in multiple sclerosis

4413 Am J Transl Res 2019;11(7):4411-4424

and neurodegeneration seen in MS, just as 
individual patients manifest only a subset of 
the diverse features of the disease. Because 
EAE is initiated by immunization with autoanti-
gens presented to MHC II-restricted CD4+ T 
cells, the model is ideally suited to study MHC II 
in microglia and its role in the reactivation of 
CD4+ T cells [25].

In the present study, we used an ERβ-selective 
agonist diarylpropionitrile (DPN) in the EAE 
mouse model to demonstrate that DPN can 
inhibit MHC II expression in microglia via inhibi-
tion of CIITA expression by a mechanism involv-
ing inhibition of the translocation of IRF-1 to the 
nucleus, thereby inhibiting the inflammatory 
response and symptoms in the MS model. 
These findings may contribute to the develop-
ment or screening of highly ERβ-selective ago-
nists to treat MS.

Methods and results

Animals, EAE model, and tissue preparation

Thirty 8-week-old C57BL/6 female mice were 
divided randomly into three groups: (1) normal 
(n = 10), (2) EAE+NS (n = 10), and (3) EAE+DPN 
(Tocris Bioscience) (n = 10). Mice from the sec-
ond and third groups were immunized with s.c. 
injections of 50 μL of a 1 mg/mL solution of 
PLP (PLP139-151, Hooke Kit™ PLP139-
151/CFA Emulsion PTX, No. EK-21201) in equal 
volumes of 0.9% sodium chloride (normal 
saline or NS) and complete Freund’s adjuvant 
containing the Mycobacterium tuberculosis 
strain H37RA into the shoulders and flanks. 
Then, 200 ng of pertussis toxin was given in an 
i.p. injection on the day of PLP injection and 
again 2 days later. Mice from the second group 
and third group were administered s.c. injec-
tions of NS and DPN at 8 mg/kg per 48 h, 
respectively, beginning at EAE postinduction 
day 0 and continuing every other day until day 
42 (end of experiment) [11, 26]. Mice were 
killed on day 42 with 60 mg/kg pentobarbital 
(Mebunat; Orion Pharma) and transcardially 
perfused with saline followed by 4% parafor-
maldehyde in 0.1 M PBS (pH 7.4). All spinal 
cords were dissected and postfixed in the same 
fixative overnight at 4°C. After fixation, lumbar 
spinal cords were processed for paraffin sec-
tions (5 μm). All experiments were approved by 
the Ethics Committee of Chongqing Medical 
University.

HE staining, immunohistochemistry, and im-
munofluorescence

Paraffin sections were deparaffinized in xylene 
and rehydrated through graded alcohol. Spinal 
sections were used for hematoxylin and eosin 
staining.

Paraffin sections were deparaffinized in xylene, 
rehydrated through graded alcohol, and pro-
cessed for antigen retrieval by boiling in 10 mM 
citrate buffer (pH 6.0) for 12-15 min in the Pre-
Treatment module. Sections were incubated in 
0.3% H2O2 in 50% methanol for 30 min at room 
temperature to quench endogenous peroxi-
dase. Sections were then incubated in 3% BSA 
for 30 min to block nonspecific binding, after 
which a biotin-blocking system (Dako) was used 
to block endogenous biotin. Sections were then 
incubated with anti-Iba1 (1:400; Abcam) at 4°C 
after blocking nonspecific binding in 3% BSA. 
BSA replaced primary antibodies in negative 
controls. After the sections were washed, they 
were incubated with an HRP polymer kit (GHP- 
516; Biocare Medical) for 30 min at room tem-
perature, followed by 3,3’-diaminobenzidine 
tetrahydrochloride as the chromogen. For cell 
counting, we took every fifth slice from 25 con-
secutive slices, that is, five slices from each 
mouse. For immunofluorescence, sections we- 
re incubated overnight with anti-MBP (1:500; 
Abcam) and anti-NF-200 (1:500; Abcam) at 4°C 
after blocking nonspecific binding in 3% BSA. 
Primary antibodies were detected with second-
ary antibodies. Sections were later counter-
stained with DAPI (Vector Laboratories) to label 
nuclei. Iba1+, NF-200+ and MBP+ staining in- 
tensities were quantified using Image Pro Plus 
6.0.

The dorsal funiculus of the spinal cords was 
removed and then postfixed at least 1 day for 
the next steps as previously reported. A magni-
fication of 5000 was obtained using transmis-
sion electron microscopy. The ratio of axon di- 
ameter to total fiber diameter (g-ratio) was 
measured by dividing the circumference of an 
axon without myelin by the circumference of 
the same axon including myelin [27].

Primary microglial cultures

Microglial cells were isolated from P1-P3 C57- 
BL/6 mice. Briefly, brains were dissected, min- 
ced, and trypsinized with 0.25% trypsin-EDTA 



ERβ-selective agonist alleviates inflammation in multiple sclerosis

4414 Am J Transl Res 2019;11(7):4411-4424

for 20 min at 37°C. The reaction was stopped 
by the addition of horse serum, and the tissue 
was triturated with a Pasteur pipette and con-
secutively filtered through 70- and 45-μm pore 
size nylon cell strainers. Cells were resuspend-
ed in Dulbecco’s-modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 
100 units/ml penicillin/streptomycin and plat-
ed in 80-mm2 tissue culture flasks. After 10 
days, the flasks were gently shaken for 1 h, and 
the medium was harvested and centrifuged for 
10 min at 1000×g for microglial cell collection. 
The microglia were resuspended in the medium 
described above and plated in either 12-well 
plates at a density of 750,000 cells/well or 
8-chamber slides at a density of 150,000 cells/
chamber. Primary microglia were divided into 
three groups: (1) normal (PBS-treated microg-
lia), (2) PLP-treated microglia, and (3) PLP and 
DPN-treated microglia. Cells from the second 
group were treated with 50 μg/mL PLP for 6 h. 
However, cells from the third group were treat-
ed with 50 μg/mL PLP for 6 h after being treat-
ed with 25 nM DPN for 6 h.

Immunocytochemistry

Primary microglial cells were treated as de- 
scribed above. Cells were fixed with cold 100% 
methanol for 10 min followed by a 10-min incu-
bation in 10% normal goat serum to block non-
specific binding. Cells were stained with anti-
Iba1 (1:400; Abcam) and anti-MHC II (1:200; 
Abcam) at a 1:500 dilution for 1 h at room tem-
perature followed by a 30-min incubation. Pri- 
mary antibodies were detected with corre-
sponding secondary antibodies. Sections were 
later counterstained with DAPI (Vector Labo- 
ratories) to label nuclei. Iba1+ and MHC II+ 
staining intensities were quantified using Image 
Pro Plus 6.0.

Western blot analysis

Whole-cell extract was prepared by lysing the 
cells in 2× lysis buffer (20 mM Tris, 2 mM EDTA, 
1 mM Na3VO4, 2 mM dithiothreitol, 2% SDS, 
20% glycerol). Proteins (5-20 μg/lane) were 
separated by 10% SDS-PAGE and transferred 
to an Immobilon-P polyvinylidene difluoride 
membrane (Millipore Corp., Bedford, MA). Me- 
mbranes were blocked in 5% nonfat milk for 1 h 
at room temperature followed by incubation 
with primary antibodies. The MHC II antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA), 

IRF-1 antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA) and CIITA antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA) were used at a 
1:500 dilution overnight at 4°C. After washing, 
the membranes were incubated with appropri-
ate secondary horseradish peroxidase-conju-
gated antibodies for 1 h at room temperature 
followed by detection with chemiluminescen- 
ce.

Nuclear extract preparation

Primary microglial cells were treated as de- 
scribed above. Nuclear extracts were prepar- 
ed using a NucBuster protein extraction kit 
(71183; Novagen) according to the manufac-
turer’s protocol. Nuclear proteins were then 
separated by 10% SDS-PAGE and analyzed by 
Western blot.

Cytokine assay

Mice were deeply anesthetized; their spleens 
were removed and dissociated through a 70-μM 
cell strainer, and their red blood cells were 
hypotonically lysed. CD4 T cells were positively 
selected using the FlowComp CD4 isolation kit 
according to manufacturer’s protocols (Life 
Technologies, Invitrogen). Isolated CD4 T cells 
were cocultured with primary microglia for 60 h 
in RPMI supplemented with 10% heat-inactive 
FBS, 1% penicillin/streptomycin, 1% sodium py- 
ruvate, 1% nonessential amino acids, 1% L-glu- 
tamine, and 0.1% β-mercaptoethanol during 
the 60-h coculture. Immediately following co- 
culture, conditioned medium was removed and 
frozen at -80°C for multiplex ELISA analysis.

Flow cytometry

Flow cytometric analysis was performed on a 
BD FACSCalibur flow cytometer (BD Bioscien- 
ces). Spleens were harvested, and the cells 
were surface stained with an antibody against 
CD4 (IMG-5922A, Novus Biologicals). Then, the 
cells were washed, fixed, and permeabilized 
with Cytofix/Cytoperm buffer (BD Biosciences), 
and intracellular cytokines were stained with 
Abs against IL17A and IFN-γ. Data were collect-
ed and analyzed using CellQuest Pro software 
(BD Biosciences). Flow cytometry data were 
acquired with a FACS Canto II (BD Biosciences) 
and were analyzed with FlowJo software (Tree 
star, Ashland, OR, USA).
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ChIP-qPCR (Fold Enrichment Method)

Primary microglia were cross-linked with 1% 
formaldehyde at room temperature for 10 min, 
washed twice with ice-cold PBS, collected in 1 
ml of PBS (3 × 107 cells per tube) and centri-
fuged in a bench-top microfuge for 5 min at 
5000 r.p.m. Cells were resuspended in 1 ml of 
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl pH 8) plus protease inhibitors (aprotinin, 
leupeptin and pepstatin), incubated on ice for 
10 min and sonicated to an average size of 500 
bp. A 100-μl aliquot of sonicated chromatin (3 
× 106 cell equivalents) was used per immuno-
precipitation. Chromatin was diluted in 1 ml of 
buffer (1% Triton X-100, 2 mM EDTA, 150 mM 
NaCl, 20 mM Tris-HCl pH 8) and pre-cleared 
with 2 μg of sheared salmon sperm DNA and 
protein A-sepharose (Sigma) (45 μl of 50% slur-
ry in 10 mM Tris-HCl pH 8, 1 mM EDTA) for 2 h 
at 4°C. Immunoprecipitation (IP) was per-
formed overnight at 4°C with no antibody, the 
anti-IRF1 antibody (Abcam) or the anti-CIITA 
antibody (Santa Cruz). A 45-μl aliquot of protein 
A-sepharose, 2 μg of salmon sperm DNA and 
45 μl of yeast tRNA were added per IP and incu-
bated for 1 h. Precipitates were washed se- 
quentially for 10 min in 1× TSEI (0.1% SDS, 1% 
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 
150 mM NaCl), 4× TSEII (0.1% SDS, 1% Triton 
X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 500 
mM NaCl), 1× buffer III (0.25 M LiCl, 1% NP-40, 
1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl 
pH 8) and 3× TE (10 mM Tris-HCl pH 8, 1 mM 
EDTA). Samples were extracted twice with 250 
μl of elution buffer (1% SDS, 0.1 M NaHCO3) 
and heated at 65°C overnight to reverse cross-
links, and DNA fragments were purified with a 
QIAEX II Gel Extraction Kit. A 3-μl aliquot from a 
total of 50 μl was used in the PCR. CIITA pro-
moter IV-specific primers were 5’-TTGGACT- 
GAGTTGGAGAG-3’ and 5’-GTGACCTTGAGCAA- 
GTAG-3’. MHC II promoter primers were as fol-
lows: 5’-TCCAATGAACGGAGTATCTTGTGT-3’ and 
5’-TGAGATGACGCATCTGTTGCT-3’.

Data analysis

All in vitro experiments were repeated at least 
four times. Data are expressed as the mean ± 
SD. Statistical comparisons were performed 
using one-way ANOVA. P < 0.05 was considered 
to indicate statistical significance.

Results

The tissue damage and microglial activation in 
the spinal cord were alleviated by DPN treat-
ment

The white matter in the spinal cord of the EAE 
model treated with NS (normal saline) was full 
of holes that were occupied by axons (Figure 
1B). After treatment with DPN, the holes in the 
white matter were reduced (Figure 1C). The 
structure of the spinal cord was obviously in 
better condition after DPN treatment but was 
still worse than that of the normal group (Figure 
1A-C). Focal lesions (in the dotted circle) were 
found in the EAE+NS group (Figure 1E and 1H), 
characterized by loss of both axons and the sur-
rounding myelin. However, the damage was 
ameliorated by DPN treatment (Figure 1F and 
1I).

Demyelination is one of the major histopatho-
logic hallmarks in EAE and MS. The axons of 
normal mice had normal morphology, and the 
myelin sheaths were tightly packed (Figure 1J). 
The EAE+NS mice exhibited myelin and axonal 
loss (Figure 1K), but the loss of myelin was 
more severe than the loss of axons (Figure 1G). 
After DPN treatment, fewer myelin sheaths 
wrapped around the axons (Figure 1L).

Microglia, the resident innate immune cells of 
the CNS, were activated in the EAE model. In 
the normal group, the microglia were in a rest-
ing state (Figure 1M). However, in the EAE+NS 
mice, the microglia were activated, with many 
of them in an amoeboid form (Figure 1N). No 
microglia in the amoeboid form were observed 
in the spinal cord of the EAE model mice treat-
ed with DPN.

Microglial activation and MHC II expression in 
vitro were reduced by DPN

To confirm the findings that DPN can reduce 
microglial activation in vivo, primary microglia 
were treated with DPN before being treat- 
ed with PLP. The group treated with PLP al- 
one exhibited significant microglial activation 
(Figure 2B and 2E) and more amoeboid microg-
lia compared to the normal group (Figure 2A 
and 2D). When the microglia were pretreated 
with DPN for 6 h, PLP did not cause microglial 
activation as strong (Figure 2C and 2F) as that 
observed in the PLP group (Figure 2B and 2E).
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Figure 1. Tissue damage and microglial activation in the spinal cord. When compared to the normal group (A, D, 
G, J), morphology damage was observed in the EAE+NS group (B, E, H, K), such as loss of axons and myelin (area 
between dotted lines in B, dotted circle area in E and H, and area pointed by red arrows in K). However, the dam-
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Microglia are the main antigen-presenting cells 
of the CNS that normally express low levels of 
MHC II proteins. To determine the expression of 
MHC II after DPN treatment, we treated primary 
microglia with DPN for 6 h before treatment 
with PLP. In the control group, MHC II expres-
sion on the surface of microglia was weak 
(Figure 2G and 2J). However, after treatment 
with PLP (Figure 2H and 2K), MHC II expression 
increased significantly compared to the expres-
sion in the normal group. In the group treated 
with DPN (Figure 1I and 1L), MHC expression 
was significantly reduced compared to the 
expression in the PLP group (Figure 2H and 
2K).

MHC II expression was regulated by DPN via 
the IRF-1/CIITA pathway 

CIITA is the master regulator of MHC II expres-
sion. To determine the expression of MHC II, 
IRF-1, and CIITA, whole proteins were extracted. 
CIITA and MHC II expression was significantly 
decreased in primary microglia treated with 
DPN (Figure 3A and 3B) when compared to the 
expression after PLP treatment alone. More- 
over, CIITA expression was positively regulated 
by IRF-1. Furthermore, IRF-1 expression was 
significantly reduced in the PLP+DPN group 
compared to that in the group given PLP treat-
ment alone (Figure 3A and 3B).

However, IRF-1, which is essential for CIITA 
expression, must translocate to the nucleus 
and bind to promoter IV of CIITA and thus regu-
late MHC II production. Therefore, we extracted 
nuclear proteins and separated them by 10% 
SDS-PAGE. In the PLP treatment group, more 
IRF-1 translocated into the nucleus than in the 
normal group. However, in the PLP+DPN treat-
ment group, much less IRF-1 translocated into 
the nucleus than in the PLP treatment group 
(Figure 3C and 3D).

To determine whether DPN inhibits MHC II pro-
duction by regulating the interaction between 
IRF-1 and the CIITA promoter and regulating the 
interaction between CIITA and the MHC II pro-
moter in the nucleus, ChIP-qPCR (Fold Enri- 
chment Method) experiments were performed 

using antibodies recognizing IRF-1 and CIITA. 
The immunoprecipitated DNA was then sub-
jected to qPCR. After treatment with PLP alone, 
the relative enrichment of IRF-1 at the CIITA pro-
moter was significantly increased compared to 
that in the normal group (Figure 3E). However, 
DPN treatment reduced the relative enrich-
ment (Figure 3E). Furthermore, the relative 
enrichment of CIITA at the MHC II promoter 
increased significantly after treatment with PLP 
alone when compared to that in the normal 
group (Figure 3F). However, DPN treatment 
reduced the relative enrichment (Figure 3F).

Activation of CD4+ T cells was alleviated by 
DPN

In the MS and EAE model, CD4+ T cells infil-
trated the central nervous system, producing a 
large number of cytokines and promoting cen-
tral injury and myelin loss. To determine the 
effect of DPN on CD4+ T cells in EAE mice, flow 
cytometry analysis was used. The ability of 
CD4+ T cells to secrete IL17A (Figure 4A and 
4B) and IFNγ (Figure 4C and 4D) was signifi-
cantly lower in the DPN group than in the EAE 
group given NS alone.

To validate our findings in vivo, primary microg-
lia from C57BL/6 mice were stimulated by PLP 
or PLP+DNP and then cocultured in CD3-coated 
plates with CD4+ T cells derived from the 
spleen of C57BL/6 mice. Cytokines from the 
supernatant of cocultured cells were detected 
by ELISA. The results showed that the concen-
trations of IL17A and IFNγ were significantly 
reduced in the DPN treatment group compared 
to those in the PLP group (Figure 4E and 4F).

Discussion

Multiple sclerosis and its primary animal model, 
experimental autoimmune encephalomyelitis, 
are immune-mediated inflammatory diseases 
of the CNS characterized by demyelination, ax- 
onal loss and a heterogeneous clinical course. 
The most common presenting form of MS is 
relapsing-remitting, which affects approximate-
ly 85% of newly diagnosed patients [28]. Ma- 
ny disease-modifying therapies are currently 

age was ameliorated in the DPN treatment group (C, F, I, L), with less myelin and axon loss. When compared to the 
normal group (M), many activated microglia in the amoeboid form (blue arrow in N) were observed in the EAE+NS 
group but not in the DPN treatment group (O). *P < 0.05,**P < 0.001.
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Figure 2. Microglial activation and expression of 
MHC II in vitro. When compared to the normal 
group (A and D), many microglia in amoeboid form 
were observed (B and E). When the microglia were 
pretreated with DPN for 6 h, PLP treatment did not 
result in as many microglia in the amoeboid form 
(C and F) as PLP treatment alone (B and E). In ad-
dition, MHC II expression significantly increased 
after PLP treatment (H and K) when compared to 
the normal group (G and J), but MHC expression 
after DPN treatment (I and L) was significantly 
reduced compared to the expression in the PLP 
group. *P < 0.05, **P < 0.001.

licensed for relapsing-remitting multiple sclero-
sis, but none of these have provided evidence 
of effectiveness in secondary progressive mul-
tiple sclerosis. Our previous findings suggest 
that the ERβ-selective agonist could suppress 
reactivation of T cells invading the spinal cord 

in EAE mice, thereby reducing the severity of 
symptoms and decreasing mortality in the first 
2 weeks after disease onset [11].

In this study, consistent with previous findings, 
extensive demyelination was observed, charac-
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terized by axon and myelin loss. Findings from 
transmission electron microscopy further dis-
covered a great reduction in myelin sheaths. 
Axonal loss and gray matter damage have been 
regarded as the leading causes of irreversible 
neurological disability in progressive stages 
[28]. Demyelination and degeneration of neu-
rons in MS is well known to be caused by a BBB 
disruption accompanied by an activation of 
macrophages/microglia as well as T- and B-cell 
infiltration into the CNS [19]. Our findings clear-

ly show that microglia are activated in the 
amoeboid form in the EAE model or after treat-
ment with PLP. However, treatment with an 
estrogen receptor β (ERβ)-selective agonist, 
DPN, ameliorated microglial activation and 
lessened the demyelination. Activated microg-
lia induce the production of cytokines, nitric 
oxide, and reactive oxygen species, which in 
turn lead to neuronal mitochondrial dysfunc-
tion, energy failure and increased levels of 
intracellular calcium and sodium. Acidosis and 

Figure 3. The expression of MHC II via the IRF-1/CIITA pathway. In the whole-cell extract, IRF-1 and CIITA expression 
was increased in the PLP group but significantly decreased in the primary microglia treated with DPN compared to 
that in the PLP group (A and B). In the nuclear protein extract, the PLP group exhibited more nuclear translocated 
IRF-1 than the normal group. However, the PLP+DPN treatment group exhibited less IRF-1 translocation into the 
nucleus than the PLP-treated group (C and D). The relative enrichment of both IRF-1 at the CIITA promoter (E) and 
CIITA at the MHC II promoter (F) were significantly greater in the PLP-treated group than in the normal group. How-
ever, DPN treatment reduced the relative enrichment (E and F). *P and #P< 0.05. **P, ∆P and ∆∆P<0.001.
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Figure 4. Activation of CD4+ T cells. The 
flow cytometry results showed that the 
ability of CD4+ T cells to secrete IL17A 
(A and B) and IFNγ (C and D) in the 
EAE+DPN group decreased significantly 
compared to that in the EAE group given 
NS. Cytokines from supernatant of cocul-
tured microglia and CD4+ T cells were 
detected by ELISA. The results showed 
that IL17A and IFNγ were decreased 
in the DPN treatment group (E and F). 
*P<0.001.

Figure 5. Schematic model depicting the regulation of MHC II by DPN.

glutamate-mediated excitoto- 
xicity contribute to an increa- 
sed intracellular level of calci-
um and, ultimately, apoptosis 
of oligodendrocytes and de- 
generation of axons and neu-
ronal death [29].

Microglia, the main antigen-
presenting cells of the CNS [5, 
6], normally express low levels 
of MHC II proteins. However, in 
inflammatory or neurodegen-
erative conditions, activated mi- 
croglia highly upregulate MHC 
II, which is consistent with our 
findings [7]. MHC II may serve 
as a pivotal mediator of CD4+ 
T-cell reactivation during the 
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course of EAE induction [8]. After treatment 
with DPN, the expression of MHC II on activated 
microglia is reduced, which suggests that ERβ-
selective agonists may be candidates to reduce 
the inflammation in MS by targeting MHC II on 
microglia. Because MHC II expression in mi- 
croglia is a requisite for T-cell reactivation, 
understanding the mechanism whereby ERβ-
specific ligands repress MHC II expression and 
reactivation of T cells may elucidate critical 
pathways that can be targeted to treat EAE or 
MS.

Many genetic, environmental and endogenous 
factors are believed to be important elements 
driving inflammation, demyelination, and ulti-
mately neurodegeneration in MS [30]. With the 
destruction of myelin, new myelin peptides are 
released, including myelin proteolipid protein 
and myelin basic protein. MHC II in activated 
microglia presents those peptides to the CD4+ 
T cells that can recognize the initiated myelin 
antigen and subsequently become reactivated. 
Therefore, MHC II signaling may be a target of 
neuroprotective therapies for the disease.

MHC II expression is primarily regulated by 
class II transactivator at the MHC II proximal 
promoter, which binds a series of ubiquitously 
expressed transcription factors to form a basal 
enhanceosome complex [13, 16]. In addition, 
CIITA expression is regulated by a transcription 
factor, IRF-1, which must translocate to the 
nucleus, bind to promoter IV of CIITA and thus 
regulate MHC II production [18]. We found that 
IRF-1, CIITA, and MHC II expression was in- 
creased after PLP treatment alone but de- 
creased significantly in the primary microglia 
treated with DPN. Meanwhile, IRF-1 in the 
nucleus was highly increased after PLP treat-
ment, but nuclear translocation was reduced 
by DPN treatment. Our findings suggest that 
DPN can inhibit MHC II expression in microglia 
via inhibition of CIITA expression by a mecha-
nism involving inhibition of IRF-1 translocation 
to the nucleus. Our further ChIP-qPCR assay 
confirmed that DPN inhibits MHC II production 
by not only regulating the interaction between 
IRF-1 and the CIITA promoter but also regulat-
ing the interaction between CIITA and the MHC 
II promoter in the nucleus.

Some research found that stimulation of ERβ 
with synthetic ligands efficiently reduced mi- 
croglial activation and thereby reduced EAE 

symptoms [11, 21]. Reactivation of CD4+ T lym-
phocytes by MHC II molecules could also be 
reduced because of the reduction in MHC II 
expression on the microglia [12]. Reactivated 
CD4+ T cells infiltrate the central nervous sys-
tem, produce a large number of cytokines and 
promote central injury and myelin loss in MS 
and EAE. The flow cytometry results showed 
that the ability of CD4+ T cells to secrete IL17A 
and IFNγ was inhibited by DPN. The reduction in 
IL17A and IFNγ in the supernatant of cocultured 
cells after treatment with DPN supports the in 
vivo results. The role of IL17A and IFNγ in EAE 
has been studied in recent decades. Pro- 
phylactic anti-IL17A prevents acute disease of 
the EAE model and relapse and is associated 
with reduced clinical and functional severity 
[31]. Inhibition of human and mouse T cell IFNγ 
by myeloid differentiation factor 88 could ame-
liorate clinical manifestations of EAE in mice 
[32]. Therefore, inhibition of the secretion of 
IL17A and IFNγ by T cells may contribute to the 
repression of inflammation in MS and EAE.

Conclusions

Overall, our study shows that the ERβ-selective 
agonist DPN inhibits MHC II expression in 
microglia via inhibition of class II transactivator 
expression by a mechanism involving inhibition 
of IFNγ regulatory factor expression and trans-
location to the nucleus, which finally inhibits 
the inflammatory response and symptoms in 
MS model, as depicted in the following sche-
matic model (Figure 5). This findings can help 
us to the development or screening of highly 
ERβ-selective agonists to treat MS by targeting 
MHC II on microglia. 
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