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A B S T R A C T

Ethyl pyruvate (EP), a simple derivative of the endogenous energy substrate pyruvate, provides strong anti-
inflammatory and anti-oxidative properties. but its role in remyelination has not been explored. In this study, EP
efficiently improved the behavioural performance and histological demyelination in cuprizone (CPZ)-induced
mouse model. In terms of action, EP treatment enhanced microglia migration, increased the phagocytosis of
myelin debris by BV2 microglia and primary microglia, induced cell proliferation and subsequent cell death. At
the same time, EP induced microglia to exhibit M2 phenotype, representing decreased iNOS/TNF-α and in-
creased Arg-1/IL-10. In addition, EP decreased microglia enrichment in myelin sheath, and declined TLR4/p-NF-
kb/p65 and IL-1β and IL-6, inhibiting microglia-mediated neuroinflammation. As a result, EP treatment pro-
moted the generation of oligodendrocyte progenitor cells (OPCs) and the differentiation from maturation to
mature oligodendrocytes, which may be related to the up-regulation of Sox2. Given these data, we provided the
proof-of-experiment that EP should be beneficial in multiple sclerosis or demyelinating lesions. However, further
studies on the possibility to use EP as therapeutic application are warranted.

1. Introduction

The neuroinflammation and demyelination are two main patholo-
gical phenomena of multiple sclerosis (MS). Although the pathogenetic
process of leading to oligodendrocyte loss and subsequent demyelina-
tion has not been fully elucidated, but several hypotheses are proposed,
including inflammatory response, oxidative stress, mitochondrial dys-
function, or protein misfolding [1,2]. Currently, although there is no
cure for MS patients, several disease-modifying therapies (DMTs) have
become available in the relapsing form of MS [3]. A series of studies
have demonstrated that relapses are driven by focal inflammatory de-
myelination, leading to oligodendrocyte loss and axonal injury [4].
Remyelination restores axonal conduction and contributes to clinical
recovery [5]. Therefore, novel therapeutic strategies targeting re-
myelination and neuroprotection are two unmet needs in the treatment
of MS [6,7].

Ethyl pyruvate (EP), a simple derivative of the endogenous energy
substrate pyruvate, provides strong anti-inflammatory and anti-

oxidative properties [8]. In contrast to pyruvate, EP yielded a higher
potency, most probably due to their more lipophilic properties and
significant stability in vivo [8,9]. Despite the existence of chemical
structural similarity, it is remarkable that differential pharmacological
effects have been observed when EP and pyruvate have been compared
head-to-head in models of inflammation and/or redox stress. Besides
the anti-inflammatory effect, EP has been reported to be neuroprotec-
tive in several models of brain injury. Treatment with EP can improve
survival and/or ameliorate organ dysfunction in a wide variety of ex-
perimental models of critical illnesses, including stroke [10], spinal
cord injury [11] and Parkinson′s disease [12]. In addition, EP was able
to provide potent protection on white matter injury by blocking the
inflammatory responses and modulating the apoptosis of oligoden-
drocytes [13]. So far, we have not found whether EP can protect or
regenerate myelin sheath in demyelinating state.

Cuprizone (CPZ)-induced demyelination, unlike experimental au-
toimmune encephalomyelitis (EAE), is independent of autoimmune
attack, and is also often used to mimic the pathology of human MS
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[14,15]. There are several similarities between CPZ-induced pathology
and histopathological alterations as described in post-mortem MS ma-
terial. For example, the density of mitochondria within demyelinated
axons is increased in active MS lesions [16] and cuprizone-induced
white matter lesions [17]. In addition, pre-apoptotic oligodendrocytes
expressed active caspase-3 during the process of pathological lesions in
MS [18] and CPZ-induced demyelination [19]. There is also a lack of
therapeutic drugs in myelin protection or remyelination. Therefore,
CPZ-induced demyelination provides a good experimental model to
study demyelination and remyelination, and is a suitable pharmacolo-
gical model for developing novel promising drugs of remyelination
and/or neuroprotection.

Based on the multiple effects of EP in anti-inflammation and neu-
roprotection, an attempt to induce myelin protection and regeneration
is reasonable and appropriate. In this study, we observed the ther-
apeutic potential of EP in CPZ-induced demyelinating model and ex-
plored the possible cellular and molecular mechanisms of action.

2. Materials and methods

2.1. Animals

Male C57BL/6 mice (8–10weeks) were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). This study was
approved by the Laboratory and Ethics Committee of Shanxi University
of Traditional Chinese medicine, Taiyuan, China. All animal protocol
was performed according to the guidelines of the International Council
for Laboratory Animal Science. All mice were maintained and housed
under pathogen-free conditions in a reversed 12:12 h light/dark cycle
for one week prior to experimental manipulation.

3. CPZ-induced demyelinating model

Mice were fed with 0.2% (w/w) CPZ (Sigma-Aldrich, USA) in chow
diet ad libitum for 6 weeks. After 4 weeks of CPZ feeding, mice were
randomly divided into four groups (n=8/group) as follows: (1) normal
group fed a normal diet (Normal); (2) normal group injected with EP
(Normal+EP); (3) CPZ group fed CPZ and injected with normal saline
(CPZ) and (4) EP-treated group, which were intraperitoneally (i.p.)
injected with EP (10mg/kg), starting from fourth weeks until sixth
weeks for consecutive 14 days (CPZ+EP).

4. Behavioral tests

Elevated plus-maze (EPM), forced swimming test (FST) and T-maze
test were performed before the end of the experiment. EPM was used to
measure anxiety levels of mice as they avoid the open arms of the plus-
maze [20]. Briefly, the mice were placed individually in the center of
the plus maze facing an open arm. The number of entering closed arms
was recorded during 10-min testing period.

FST was carried out by previous report [21]. The mice were placed
individually to swim in a plastic cylinder (height: 30 cm, diameter:
10 cm) filled with 20 cm of 25 ± 1 °C water. The total duration of the
stress exposure and behavior were recorded during 1min by digital
video, and the mean swimming distance was analyzed by SNART V3.0
software (RWD Life Science Co. USA).

T-maze test for learning and memory was performed as described
previously, with minor modifications [22]. The T-maze consisted of two
arms and one stem. There was a start box on the bottom of the stem of
the maze. Two target compartments were located at the end of both
arms of the maze. Mice were tested 10 times per day for 3 days. Mice
were positioned at the end of one stem and given the possibility to
move for 10min. Successive entry in each arm was considered as an
alternation in behavior. Data acquisition and analysis were performed
automatically using ImageTM software

5. Tissue preparation

Half of the mice in each group were anaesthetized with 10%
chloralhydrate and perfused intracardially with saline, followed by 4%
paraformaldehyde. Brains were removed and cryo-protected in 15%,
25%, and 30% sucrose solutions. Brain coronal sections (10 μm) were
cut using a cryostat microtome (Leica CM1850, USA) for immuno-
fluorescence staining. Another half of the mice were only anaesthetized
with 10% chloralhydrate and perfused intracardially with saline. Brains
were quickly removed and stored at− 80 °C for ELISA and western blot.

6. Myelin staining

Histological myelin staining was performed by Black Gold II and
myelin basic protein (MBP) staining. For Black Gold II staining, brain
sections were stained with Black Gold II (AG105, Millipore Corp,
Billerica, MA) according to the manufacturer’s instructions. Briefly, pre-
warmed Black Gold II solution was added onto sections and incubated
for 15min at 60 °C. After washing with Milli-Q water, pre-warmed 1%
sodium thiosulfate was added to the slides and incubated for 3min,
followed by the incubation with cresyl violet stain for 3min. For MBP
immunohistochemistry staining, brain sections were blocked with 1%
BSA/PBS at RT for 30min, stained with anti-MBP (Abcam, USA) for
18 h at 4 °C, and then incubated with corresponding secondary anti-
bodies for 2 h at RT. Results were visualized under fluorescent micro-
scopy in a blinded fashion. The mean density of Black Gold II and MBP
staining in the corpus callosum was measured by Image-Pro Plus 6.0
software.

7. Immunohistochemistry

Brains sections were blocked with 1% BSA/PBS at RT for 1 h, and
incubated with anti-MBP (Abcam, USA), anti-Iba-1 (BD Bioscience),
anti-TLR4 (Bioworld Tech. Inc, USA), anti-p-NF-kB/p65 (Cell Signaling
Technology, USA), anti-iNOS (Abcam, USA), anti-Arg1 (Gene Tex,
USA), anti-O2 (R&D System, USA), ant anti-NG2 (Millipore, Germany)
and anti-Sox2 (Abcam, USA) at 4 °C for overnight, followed by corre-
sponding secondary antibodies at RT for 1 h. Additional sections were
treated similarly, but the primary antibodies were omitted for negative
control. Results were observed under fluorescence microscopy in a
blinded fashion. Analysis and quantification were performed on three
sections per mouse by Image-Pro Plus 6.0 software.

7.1. Western blot analysis

The brain extract (30 μg) was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred elec-
trophoretically to nitrocellulose membrane (Millipore). After blocking
with 5% skimmed milk for 1 h at RT, the membranes were incubated
with anti-MBP (Abcam, USA), anti-Iba1 (Abcam, USA), anti-NG2
(Abcam, USA) and anti-β-actin (Cell Signaling Technology, USA) at 4 °C
for overnight, followed by HRP-conjugated secondary antibodies
(Abcam, USA) at RT for 1 h. Immunoblots were developed with an
enhanced chemiluminescence system (GE Healthcare Life Sciences) and
measured using Quantity Software (Bio-Rad, Hercules, CA, USA). β-
actin was used as an internal reference.

8. Cytokine ELISA assay

The concentrations of IL-1β, IL-6, IL-10 and TNF-α (R&D System,
USA) were measured by sandwich ELISA kits following the manu-
facturer’s instructions. Determinations were performed in duplicate in 3
independent experiments. The results were expressed as pg/ml.
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9. BV2 microglia culture

The BV2 mouse microglia cell line (from ShenKe Biological
Technology Co., Ltd., Shanghai, China) was cultured in Dulbecco’s
modified Eagle medium (DMEM, Gibco, Gaithersburg, MD) with 10%
fetal bovine serum, 100U/ml penicillin, and 100 μg/ml streptomycin
(complete medium) at 37 °C and a humidified atmosphere augmented
with 5% CO2. Cells were plated at a density of 1×105 /ml for all ex-
periments. BV2 cells were counted by flow cytometry (Life technolegies
Attune Nxt acoustic focusing cytometer Thermo, USA).

10. Primary microglia culture

Brain tissues (neonatal mice within 24 h) were triturated gently and
then passed through a 70-μm nylon mesh cell strainer. Cells were re-
suspended in DMEM complete medium and seeded into 75 cm flasks at
a density of 2×105 cells/ml. Primary microglia were isolated from
mixed glial cell cultures by shaking (200 rpm for 3–4 h at 37 °C) at
7–10 days after culture.

11. Cell viability assay

The measurements of reduction in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT; Sigma-Aldrich) were performed to
estimate cell viability. MTT was prepared as a 5mg/ml stock solution in
PBS. MTT (5 μl) was added to each well (final concentration 0.5mg/ml)
for 4 h at 37 °C. 24 h after adding different concentrations of EP, the
supernatant was then collected for lactate dehydrogenase (LDH) release
assay, and then 100 μl DMSO was added to thoroughly dissolve the dark
blue crystal formazan. Absorbance was measured after 4 h of culture in
a microplate reader at 570 nm by multifunctional Synergy H1 Hybrid
Reader (BioTek, USA).

12. Cell death assay

A quantity of 50 μl of each well in the above culture was collected
and transferred to a corresponding microtiter plate for LDH release
assay. The LDH release was measured using cytotoxicity detection kit
(Roche Diagnostics, Mannheim, Germany) following the manufacturer′s
instructions. Absorbance was detected in a microplate reader at 490 nm
by multifunctional Synergy H1 Hybrid Reader (BioTek, USA).

13. Cell migration assay

The cell migration ability was detected using a woundhealing assay.
The cells were seeded in a 6-well plate and incubated to 70–80% con-
fluence. A cell-free straight line was then created in the center of the
well by scratching with a sterile pipette tip. Cell migration was ob-
served under phase contrast microscope 6 h after EP was added.

14. Myelin purification

Myelin was purified as described by Norton and Poduslo [23]. In
brief, adult mice brain was homogenized in 0.32M sucrose and washed
extensively in PBS (pH 7.4) by centrifugation. The pellet was re-sus-
pended in 0.32M sucrose, layered over 0.85M sucrose and subjected to
centrifugation at 75 000 g for 30min. Myelin was recovered and sus-
pended in PBS. Protein concentration of the preparation was measured
with a BCA-Kit according to the manufacturer′s instructions.

15. Myelin debris fluorescent labeling

Myelin debris was re-suspended with a sterile PBS and labeled in
50 µM carboxyfluorescein succinimidyl ester (CFSE) solution for 30min
at room temperature (RT) protected from light. After centrifugation at
14,800g for 10min at 4 °C. the supernatant was discarded and pellet

was washed with PBS for three times. After the final wash, the pellet of
myelin debris was re-suspend to 100mg/ml with sterile PBS. Labeled
myelin debris can be store at −80 °C for up to 6months.

16. Myelin-debris phagocytosis by fluorescence microscopy and
fluorescence reader

BV2 microglia (1×105/well) were plated in 12-well plates and
incubated with CFSE-conjugated myelin debris (5 mg/ml) for 24 h at
37 °C with 5% CO2. Unphagocytosed myelin-debris was washed out,
and level of phagocytosis was observed under fluorescence microscopy
and by multifunctional Synergy H1 Hybrid Reader (BioTek, USA) using
fluorescence 485 excited light.

17. Flow cytometry

1) The proliferation of cells: Stock solution of CFSE (5mM diluted in
DMSO, Sigma Aldrich) was prepared and the working concentration
of 5 μM was diluted in PBS. Cultured BV2 cells (1x106 cells/ml)
were re-suspended with a sterile PBS and labeled in 50 µM CFSE
solution for 15min at 37 °C. After centrifugation, cells were re-sus-
pended in DMEM medium for 24 h at 37 °C with 5% CO2.

2) The expression of iNOS and Arg1: Cultured BV2 cells (1x106 cells/
ml) were labeled with PE eflour 610 anti-iNOS (BD Bioscience, USA)
and PE anti-Arg1 (R&D System, USA) for 30min at RT. We per-
formed flow cytometry with 10,000 cells per measurement using
FACS Canto II flow cytometer (Becton Dickinson Biosciences, San
Jose, CA).

3) PI+ cells: BV2 microglia (1× 105/well) were incubated with CFSE-
conjugated myelin debris (5mg/ml) for 24 h at 37 °C with 5% CO2.
Cultured BV2 cells (1x106 cells/ml) were labeled with PI (Yeasen
Biotech, Shanghai, China) for 20min at RT.

After washing and centrifugation, flow cytometry was used to
evaluate proliferation, expression and death of BV2 microglia.
Background values obtained with fluorochrome conjugate isotype
controls were subtracted. At least 10, 000 events were collected by flow
cytometry (Life technolegies Attune Nxt acoustic focusing cytometer
Thermo, USA).

17.1. Statistical analysis

All statistical analyses were performed by one-way analysis of var-
iance (ANOVA) followed by a Bonferroni post hoc test using GraphPad
Prism 5 software (Cabit Information Technology Co., Ltd. Shanghai,
China). Results are expressed as the mean ± SEM. P value < 0.05 was
considered statistically significant.

18. Results

18.1. EP improved behavioural performance and promoted remyelination

The CPZ model has been extensively used to study demyelination or
remyelination in the CNS [24]. It is well known that CPZ feeding leads
to selective loss of oligodendrocytes around 2–3weeks after CPZ
feeding, followed by massive demyelination at 4–5weeks. The design
scheme of this study is shown in Fig. 1a. In line with previous reports,
the weight of mice was significantly declined in the first week and
maintained at a stable but lower weight in subsequent three weeks, as
compared to mice with normal diet (Fig. 1b). There was no significant
difference in body weight between CPZ and CPZ+EP groups (Fig. 1b).

To confirm the efficacy of EP in CPZ-induced demyelination, mice
were i.p. injected with saline or EP (200 μg/200 μl) daily for 2 weeks
(Fig. 1a). It has been reported that demyelinating lesions are indicative
of anxiety-and depression-like behavior and cognitive impairment
[25–27]. Compared with mice with normal diet, behavioral tests
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showed that mice fed with CPZ for 6 weeks showed anxiety, depression
and cognitive impairment (Fig. 1c). However, EP treatment improved
the above behavioral abnormalities as compared with CPZ group
(Fig. 1c, p < 0.05, p < 0.01 and p < 0.001, respectively).

Histologically, CPZ-fed mice had a marked demyelinating lesion in
the corpus callosum by Black Gold II staining (Fig. 1d, p < 0.001). EP
treatment increased the intensity of Black Gold II staining compared to
CPZ-fed mice (Fig. 1d, p < 0.001). These results indicated that CPZ-fed

mice showed severe demyelination, which was significantly improved
by EP treatment in CPZ-induced demyelinating model.

19. EP influenced microglial phenotype and functions

Microglia are active and dynamic cells that respond quickly to
changes in the microenvironment of the CNS. In the acute CPZ model,
activated microglia were detected histologically and

Fig. 1. EP improved behavioral abnormality and reduced demyelination. Mice were fed with chow containing 0.2% CPZ for 6 weeks, and were intraperitoneally
injected with EP, starting from fourth weeks until sixth weeks for consecutive 14 days. (a) the design scheme of experimental protocol (n=8/group), (b) body weight
change, (c) anxiety-and depression-like behavior and cognitive function by EPM, FST and T-maze tests, (d) histological evaluation of demyelination by Black Gold II
staining. The results were obtained from 3 to 4 mice in each group and quantified by Image-Pro Plus 6.0 software. Micrograph is representative of brain slices in each
group with similar results. The results represent the mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.
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immunohistochemically two weeks before demyelination [28]. The
results showed that compared with normal mice, CPZ-fed mice re-
presented the enrichment of Iba-1+ microglia in the corpus callosum,
striatum and cortex (Fig. 2a). In brain extract of CPZ-fed mice, the
expression of Iba1 was higher than that in normal mice (Fig. 2b,
p < 0.001). EP treatment obviously reduced the accumulation of Iba-
1+ microglia in the corpus callosum, striatum and cortex and expres-
sion of Iba1 in the brain (Fig. 2a and b, p < 0.01).

In CPZ-induced demyelination, the cause of microglia enrichment
around the myelin sheath is not fully elucidated. Immunohistochemical
results showed that Iba1 and MBP double-stained cells existed around

the myelin sheath (Fig. 3a). The enlarged image clearly demonstrated
that MBP staining was observed in microglia cytoplasm (Fig. 3a, right
upper). In addition, the expression of MBP was negatively correlated
with the aggregation of Iba1+microglia (Fig. 3b, right down). These
results revealed that the destruction of myelin sheath resulted in en-
richment of microglia and phagocytosis of myelin debris.

Because of the fact that the enrichment of microglia in EP-treated
mice brain is significantly lower than that in CPZ model mice, we have
to carry out in vitro experiments to explore the action of EP regarding
the phagocytosis of myelin debris by microglia. First, we screened the
reasonable concentration of EP used in vitro experiments by MTT and

Fig. 2. EP reduced activation and accumulation
of microglia in demyelination area. Mice were
fed with chow containing 0.2% CPZ for 6 weeks,
and were intraperitoneally injected with EP,
starting from fourth weeks until sixth weeks for
consecutive 14 days. (a) immunohistochemical
staining of Iba-1+microglia in the corpus cal-
losum, striatum and cortex, and b) expression of
Iba1 protein in extract of brain by western blot.
The results were obtained from 3 to 4 mice in
each group and quantified by Image-Pro Plus 6.0
software. Micrograph is representative of brain
slices in each group with similar results. The
results represent the mean ± S.E.M.
**p < 0.01, ***p < 0.001.
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LDH methods (Fig. 4a). The concentration (30 μg/ml) was used in the
following experiments. EP treatment increased BV2 cell migration
(Fig. 4b left), but did not influence BV2 cell proliferation and death by
flow cytometry and LDH release (Fig. 4b middle and right). The pha-
gocytic capacity of BV2 cells and primary microglia was analyzed using
myelin debris labeled with CFSE after 24 h of treatment. Under

fluorescence microscope, BV2 microglia and primary microglia en-
gulfed CFSE-conjugated myelin debris, and the phagocytosis was fur-
ther increased after EP treatment (Fig. 4c and d). The enlarged image
(Fig. 4d) clearly showed that there were many CFSE-labeled particles in
the cytoplasm. Compared with control without CFSE-conjugated myelin
debris, the fluorescence intensity increased significantly after addition

Fig. 3. Microglia engulf myelin debri around the myelin sheaths. Mice were fed with chow containing 0.2% CPZ for 6 weeks, and were intraperitoneally injected with
EP, starting from fourth weeks until sixth weeks for consecutive 14 days. Double immunohistochemical staining with anti-Iba-1 and anti-MBP in the corpus callosum
a) and striatum b) in CPZ-fed mice. The results were obtained from 3 to 4 mice in each group and micrograph are representative of brain slices in each group with
similar results.
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of CFSE-conjugated myelin debris (Fig. 4e and f, p < 0.001 and
p < 0.01, respectively). EP treatment further accelerated the phago-
cytosis of myelin debris by BV-2 microglia and primary microglia

(Fig. 4e and f, p < 0.01 and p < 0.001, respectively). The results from
flow cytometry also confirmed that the addition of myelin debris re-
sulted in myelin debris phagocytosis by BV2 microglia (Fig. 4g), while
EP promoted markedly BV-2 microglia to engulf myelin debris (Fig. 4g).
Taken together, these results clearly indicate that EP can promote the
phagocytic capacity of myelin debris by microglia.

Second, after the addition of myelin debris, we observed the mor-
phology, phenotype, proliferation and death of BV2 microglia. The
results showed that the expression of iNOS (a M1 microglia marker)
decreased, while the expression of Arg1 (a M2 microglia marker) in-
creased after the addition of EP treatment, as compared with control
(Fig. 5a). Most interesting, the proliferated BV2 microglia (Fig. 5b,
p < 0.05) and absolute number of cells (Fig. 5c left, p < 0.05) were
significantly increased after the addition of myelin debris, and further
elevated by EP treatment (Fig. 5b and c left, p < 0.01, respectively).
LDH release (Fig. 5c right) and flow cytometry (Fig. 5d left) further
confirmed that cell death and PI ± cells were elevated after EP treat-
ment (p < 0.01 and p < 0.05, respectively), as compared with myelin
group. However, these PI ± cells were not associated with the pha-
gocytosis of myelin debris (Fig. 5d middle and right). Phase contrast
photographs of BV-2 cells in Fig. 5c also showed that EP treatment may
increase the death-like BV2 cells (Fig. 3e right, yellow arrow). These
results suggest that EP treatment enhanced microglia migration, accu-
mulation and phagocytosis of myelin debris, accompanied by the M2
polarization, proliferation and death of microglia.

20. EP induced M2 microglia and myelin regeneration in vivo

Myelin debris is a pathological substance in the process of demye-
lination. However, there are still conflicting outcomes of myelin sheath
after microglia phagocytosis. Previous studies demonstrated that the
speed of remyelination is correlated with the phagocytosis and clear-
ance of myelin debris [29]. Another observation indicated that myelin
phagocytosis contributes to damage processes in MS by the associated
inflammatory response and oxidative burst [30]. Our results indicated
that the expression of inflammatory molecules TLR4 and p-NF-kB/p65
in Iba1+ microglia of mice fed with CPZ was significantly higher than
that in normal mice (Fig. 6a and b, p < 0.01, respectively), which was
inhibited by EP treatment (Fig. 6a and b, p < 0.01 and p < 0.05,
respectively). In accordance with the phenotype of Iba1+ microglia,
inflammatory cytokines IL-1β and IL-6 in brain extract of mice fed with
CPZ were also significantly higher than those of normal mice (Fig. 6c,
p < 0.001, respectively). EP treatment effectively reduced the pro-
duction of inflammatory cytokines in the brain (Fig. 6c, p < 0.01, re-
spectively). These results revealed that in the demyelinating region, the
microglia that engulfed myelin debris remained mainly inflammatory
state.

Although several studies demonstrated that microglia deteriorate
the outcome after brain damage in the acute phase, these cells also play
a protective role during both the subacute and chronic phases. In vitro
experiment, EP treatment induced M2 polarization of microglia by in-
hibiting iNOS and up-regulating Arg1 (Fig. 5a). In normal mice, EP
injection also induced the expression of Arg1 in the corpus callosum

Fig. 4. EP promoted the phagocytosis of myelin debris, (a) the reasonable
concentration of EP used in vitro experiments was determined by MTT and LDH
methods, (b) the effects of EP on cell migration, proliferation and death were
measured by a wound-healing assay, CFSE-proliferation and LDH release, (c
and d) the phagocytic capacity of BV2 cells and primary microglia was analyzed
using myelin debris labeled with CFSE after 24 h of treatment, (e and f)
quantitative analysis of phagocytic CFSE-myelin debris was measured by mul-
tifunctional Synergy H1 Hybrid Reader using fluorescence 485 excited light, (g)
quantitative analysis of phagocytic CFSE-myelin debris was also measured by
flow cytometry. The results were obtained from two independent experiments
with similar results. The results represent the mean ± S.E.M. *p < 0.05,
**p < 0.01, ***p < 0.001.
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(Fig. 7b, p < 0.05), as compared with normal group. In CPZ-model, EP
treatment declined the expression of iNOS, and increased the expres-
sion of Arg-1 in Iba1+ microglia in the corpus callosum (Fig. 7a and b,

p < 0.05 and p < 0.001, respectively). Next, EP treatment inhibited
the production of M1-related TNF-α, and increased the production of
M2-related IL-10 in the extract of brain (Fig. 7c, p < 0.001,

50μM

Fig. 5. EP influenced microglial phenotype and
functions. Flow cytometry was used to evaluate
(a) the expression of iNOS and Arg1 on
Iba1+microglia after addition of myelin debris
and EP for 24 h, (b) the proliferation of microglia
was measured by CFSE-proliferation assay after
addition of myelin debris and EP for 24 h, (c) the
morphology of BV2 cells was observed under
Phase contrast microscope after addition of
myelin debris and EP for 24 h. The absolute
number of cells was counted automatically by
flow cytometry and the cell death was detected
by LDH release assay, (d) percentages of
PI+ cells in CFSE-/CFSE+ cells were measured
by double-labeling immunoassay. The results
were obtained from two independent experi-
ments with similar results. The results represent
the mean ± S.E.M. *p < 0.05, **p < 0.01,
***p < 0.001.
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respectively), revealing that EP treatment induced M2-like polarization
in CPZ-induced demyelinating model.

In recent years, many studies have reported that M2 microglia en-
hance myelin growth and regeneration directly or indirectly. Here, we
observed that EP treatment elevated Olig2+ and NG2+ oligodendrocyte
progenitor cells (OPCs) (Fig. 8a). The expression of NG2 in the extract
of brain was significantly increased after EP treatment (Fig. 8a,
p < 0.05). Sox2 is essential for oligodendroglial proliferation and
differentiation during CNS remyelination [31]. Meanwhile, we also
found that EP treatment up-regulated the expression of Sox2 (an es-
sential regulator of oligodendrocyte terminal differentiation) in the
lateral ventricles, compared with CPZ-fed mice (Fig. 8b). In addition,
EP treatment increased NG2+ OPCs expressing Ki67 (Fig. 8b) in the
lateral ventricles, revealing that these NG2+ OPCs are proliferating.

It was observed that NG2 was co-localized on MBP+ mature oli-
godendrocytes (Fig. 8c), and enlarged image clearly showed that MBP
staining was observed in NG2 OPCs cytoplasm (Fig. 8c, right down).
revealing that remyelinating oligodendrocytes express MBP.

Simultaneously, the expression of MBP was increased after EP treat-
ment by western blot (Fig. 8e, p < 0.01), which was consistent with
the result from MBP immunohistochemistry staining (Fig. 8d). These
results indicate that EP can promote the regeneration and differentia-
tion of OPCs possibly by inducing the expression of Sox2.

21. Discussion

In this study, we demonstrated that EP improved behavioural per-
formance and promoted myelin regeneration in CPZ-induced demyeli-
nating model. As a possible mechanism of action, EP enhanced micro-
glia migration and phagocytosis of myelin debris, induced cell
proliferation and subsequent cell death. In addition, EP induced mi-
croglia to exhibit M2 phenotype in vivo and in vitro, accompanied by
decreased inflammatory molecules and increased myelin regeneration.
As a result, EP treatment induced the generation of OPCs and promoted
the differentiation of immature to mature oligodendrocytes, which may
be related to the up-regulation of Sox2. To our knowledge, this is the

Fig. 6. EP inhibited microglial inflammatory response. Mice were fed with chow containing 0.2% CPZ for 6 weeks, and were intraperitoneally injected with EP,
starting from fourth weeks until sixth weeks for consecutive 14 days, (a) double immunohistochemical staining with anti-Iba-1 and anti-TLR4 in the corpus callosum,
(b) double immunohistochemical staining with anti-Iba-1 and anti-p-NF-kB/p65 in the corpus callosum, and c) the concentration of IL-1β and IL-6 in extract of brain
by ELISA. The results were obtained from 3 to 4 mice in each group and micrograph are representative of brain slices in each group with similar results. The results
represent the mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.
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first study to indicate that EP exhibits therapeutic potential in the
treatment and prevention of CNS demyelination.

Microglia maintain homeostasis in the CNS through phagocytic
clearance of protein aggregates and cellular debris [32]. Based on the
fact that intracranial injection of myelin debris caused the recruitment
of microglia [33], we speculate that the destruction of myelin sheath
triggers microglia migration and phagocytosis in the corpus callosum,
which is further promoted by EP treatment. Microglial phagocyto-
sis can have both beneficial (e.g., debris clearance) and detrimental
(e.g., respiratory burst, phagocytosis) consequences [34]. Previous
studies suggest that microglia with phagocytic phenotype shifted into
an inflammatory response characterized by the secretion of in-
flammatory IL-1β, IL-6 and TNF-α. Consistent with this result, we also
observed that microglia remained in the inflammatory phenotype after
the phagocytosis of myelin debris in CPZ model, with increased the
expression of TLR4 and NF-kB and the production of IL-1β, IL-6 and
TNF- α in the brain. Here, EP treatment enhanced the ability of mi-
croglia to phagocytize myelin debris, and accompanied by the decrease

of iNOS/TNF- α and increase of Arg-1/IL-10, leading to subsequent
myelin regeneration. In EAE, EP treatment resulted in delay and
shortening of the first relapse, and lower clinical scores possibly by
inhibiting inflammatory cells and cytokines [35]. Recent research
showed that rapid clearance of cellular debris by microglia limited
secondary neuronal cell death after brain injury in vivo [34]. This
discrepancy may reflect differences in the animal models, age, micro-
environment, stage of disease and degree of damage in each experi-
ment. However, the cellular and molecular mechanism of EP-induced
microglial phagocytosis has not yet been elucidated, which needs to be
further explored.

Consistent with our results, an enhanced microglial phagocytosis
was accompanied by the polarization of M2 phenotype in the early
stage (< 7 days) after intracerebral hemorrhage [36]. Microglia po-
larization to M2 phenotype is a possible therapeutic target for neuro-
logical disorders [37]. This is proposed that M2 microglia/macrophages
drive oligodendrocyte differentiation during remyelination and that
this is an essential part of an effective remyelination response [38].

Fig. 7. EP induced polarization of M2 microglia. Mice were fed with chow containing 0.2% CPZ for 6 weeks, and were intraperitoneally injected with EP, starting
from fourth weeks until sixth weeks for consecutive 14 days, (a) double immunohistochemical staining with anti-Iba-1 and anti-iNOS in the corpus callosum, (b)
double immunohistochemical staining with anti-Iba-1 and anti-p-Arg-1 in the the corpus callosum, and (c) the concentration of M1 TNF- α and M2 IL-10 in extract of
brain by ELISA. The results were obtained from 3 to 4 mice in each group and micrograph is representative of brain slices in each group with similar results. The
results represent the mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.
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Mechanistically, as remyelination starts, a switch from M1 toward M2
phenotype is observed in microglia populating demyelinated areas.
Subsequently, we indeed observed that EP treatment increased NG2+

OPCs and NG2+/MBP+ mature oligodendrocytes, suggesting that EP
not only increased OPCs, but also promoted their differentiation toward
maturation. It is now appreciated that phagocytosis is critical in
maintaining homeostasis and initiating repair.

During the regeneration and differentiation of myelin sheath, the
role of Sox2 in oligodendrocyte biology, and especially in remyelina-
tion, is incompletely understood. Sox2 expression occurs in activated
OPCs during developmental myelination and remyelination following
demyelination. Using both loss-of-function and gain-of-function ap-
proaches in cultured OPCs and conditional knockout of Sox2 in trans-
genic models, Sox2 promoted OPC proliferation and survival [39].
Here, we found that EP treatment induced Sox2 expression, accom-
panied by increased NG2+ OPCs and NG2+/MBP+ mature oligoden-
drocytes in the same region, revealing that Sox2 may be involved in the
regeneration and differentiation of myelin sheath. Indeed, we also ob-
served that EP treatment promoted the generation of NG2+OPCs ex-
pressing Ki67, revealing that these NG2+ OPCs are proliferating. It is
speculated that NG2+ OPCs gradually lose NG2 marker and express

MBP during maturation. It is possible that NG2 and MBP may coexist at
a particular stage of differentiation. The work by Zhang et al. [31],
together with other previous studies, helps to elucidate the function of
Sox2 in the complex regulatory network controlling the generation of
myelinating oligodendrocytes. Specific deletion of Sox2 in mature oli-
godendrocytes revealed reduced oligodendrocyte differentiation and
myelination in the brain. Surprisingly, this effect was not seen in post-
natal spinal cord, suggesting that the regulation of oligodendrocyte
differentiation by Sox2 is region-specific [40]. Hoffmann et al. [41] also
proposed that Sox2 might function in OPC differentiation. However, it
is necessary to verify these findings in vivo and to further define the
hypothesis that Sox2 promotes OPC proliferation and differentiation,
thereby identifying a possible target for regulating OPC activation and
for fostering functional recovery in demyelinating diseases.

Studies from other and our team showed that the density of Iba1+

microglia in the corpus callosum increased significantly after 4 weeks of
CPZ feeding. The most striking result in this study, however, was the
drastic reduction of Iba1+ microglia in the corpus callosum after EP
treatment. It is believed that microglia reactions to injury should be
highly dynamic. Our in vitro experiments suggest that microglia can be
activated and proliferated after phagocytosis of myelin debris, and then

Fig. 8. EP induced regeneration and differentiation of oligodendrocyte progenitor cells. Mice were fed with chow containing 0.2% CPZ for 6 weeks, and were
intraperitoneally injected with EP, starting from fourth weeks until sixth weeks for consecutive 14 days, (a) immunohistochemical staining with anti-Olig2 and NG2
in the corpus callosum and expression of NG2 in extract of brain by western blot, (b) immunohistochemical staining with anti-Sox2 in the lateral ventricle, and double
immunohistochemical staining with anti-NG2 and anti-Ki67 in the lateral ventricle, (c) double immunohistochemical staining with anti-NG2 and anti-MBP around
the external capsule, (d) immunohistochemistry staining of anti-MBP, (e) the expression of MBP protein in extract of brain by western blot. The results were obtained
from 3 to 4 mice in each group and quantified by Image-Pro Plus 6.0 software. Micrograph is representative of brain slices in each group with similar results. The
results represent the mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 9. EP enhanced spontaneous remyelination by targeting microglia phagocytosis. The disruption of myelin sheath results in the production of danger associated
molecular patterns (DAMPs), such as myelin debris, and stimulates microglia-mediated neuroinflammation. Both inhibit the generation and maturation of oligo-
dendrocyte precursor cells (OPCs). EP enhanced microglia migration and phagocytosis of myelin sheath debris, induced cell proliferation and subsequent cell death.
At the same time, microglia exhibited M2 phenotype, representing anti-inflammatory response. As a result, EP induced the generation of oligodendrocyte progenitor
cells and promoted the maturation to mature oligodendrocyte differentiation.
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enter the process of death, which may be the reason for the loss of
microglia in the corpus callosum after EP treatment. EP can promote
cell migration, but does not affect cell proliferation and death.
Therefore, EP-induced cell proliferation and death should be phagocy-
tosis-dependent in direct or indirect manner.

Undoubtedly, there are still many limitations in this study. First, we
did not dynamically observe the biological effects of microglia after the
phagocytosis of myelin debris; Second, microglial phagocytosis relies
on specific receptors expressed on the cell surface and downstream
signaling pathways. We will further explore the phagocytic pathways of
EP in vivo or in vitro. Third, the relationship between myelin debris
phagocytosis, M2 polarization and myelin regeneration also needs to be
further studied.

In conclusion, we demonstrated that administration of EP to CPZ-
induced demyelinating mice led to an improvement of the behavioural
performance and demyelination. In the CPZ model, the possible me-
chanism of EP is briefly summarized in Fig. 9. Based on these data, we
provided the proof-of-experiment that EP may be beneficial in MS or
demyelinating lesions. As targeting microglia phagocytosis in neu-
roinflammatory and demyelinating diseases is receiving increased in-
terest [42], drugs modulating phagocytic capacity may emerge as novel
therapeutics for brain disorders. Therefore, further studies on the pos-
sibility to use EP as therapeutic application are warranted.
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