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A B S T R A C T

Aims: Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system
(CNS). The disease mechanisms driving progressive MS remain unresolved. Without this information, current
therapeutic strategies are unsatisfactory in preventing disease progression. Our previous work revealed that DL-
3-n-butylphthalide (NBP) treatment reduced demyelination in an ethidium bromide mouse model of demyeli-
nation. Here, we examine the effect of NBP in the cuprizone model of demyelination by evaluating the patho-
logic, functional, and behavioral consequences of treatment with NBP.
Materials and methods: Forty mice were divided randomly into 4 groups: a normal diet group, a cuprizone diet
group, and two NBP groups (10 and 20mg/kg). CNS infiltration by microglia, axon health and myelination were
assessed using immunohistochemistry and electron microscopy, and the levels of cytoplasmic complexes were
assessed by Western blotting.
Key findings: The results showed the neuroprotective effects of the NBP included suppressing the microglia
activation through inhibition of nuclear factor-κB (NF-κB) expression, thus decreasing activation of the NF-κB
signaling pathway. In particular, myelin density was increased due to an increased mean number of mature
oligodendrocytes (OLs) in the high-dose NBP (20mg/kg) subgroup through reduced oligodendrocyte apoptosis.
Meanwhile, increased expression of myelin sheath proteins, including proteolipid protein (PLP) and myelin basic
protein (MBP), was observed in the same subgroup.
Significance: These data suggest that NBP may not only have anti-inflammatory properties but also promote the
survival of OLs in a mouse cuprizone model of demyelination. NBP may have a potential role in the treatment of
MS.

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the central nervous system (CNS) that results from immune-
mediated inflammation, demyelination and subsequent axonal damage
[1–3]. The incidence of MS [4] varies among different locations (range,
15/100000 to 250/100000). Clinically, 60–80% of patients experience
relapse and progress to chronic conditions with motor disability and
cognitive deficits. Previous studies have suggested that MS lesions are
dominated by inflammation, but this inflammation occurs partly on the
brain side of the blood-brain barrier, which makes it more difficult to
treat.

Cuprizone, a copper-chelating agent, can induce demyelination in
multiple parts of the CNS, especially the corpus callosum [5]. This toxic
model of demyelination has two main features: increased

oligodendrocyte (OL) degeneration via mitochondrial injury [6,7] and
secretion of pro-inflammatory cytokines [8]. In particular, the blood-
brain barrier remains intact during cuprizone treatment.

DL-3-n-butylphthalide (NBP) a family of optical isomers comprising
L-3-N-butylphthalide (L-NBP) and D-3-N-butylphthalide (D-NBP), is
extracted from Chinese celery and is ordinarily used to treat acute is-
chemic stroke in China [9]. Previous studies have shown that NBP
suppresses inflammatory responses, oxidative damage, and neuronal
apoptosis in an animal model of middle cerebral artery occlusion
[10–12]. Research has also shown that NBP prolongs survival in an
animal model of amyotrophic lateral sclerosis (ALS) by reducing glial
cell activation and decreasing motor neuron death [13,14].

Recently, we reported that NBP improved symptoms, electro-
encephalogram (EEG) features, and brain magnetic resonance imaging
(MRI) in a patient with demyelination and showed an antiapoptotic
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effect in the ethidium bromide model of demyelination [15]; however,
the mechanisms are still not well understood. Therefore, we explore the
mechanisms by which NBP reduces demyelination in the cuprizone
toxic model of demyelination.

2. Materials and methods

2.1. Cuprizone model of demyelination

Male C57BL/6 mice with body weights ranging between 17 and 20 g
(6 weeks old) were obtained from the Animal Experiment Center of
Medical University. Their housing room was maintained on a 12 h
light:12 h dark cycle at a temperature between 20 and 22 °C. The mice
also had free access to water and food. For the purpose of inducing
demyelination, mice were fed ground, powdered standard rodent chow
containing 0.2% cuprizone for 5 weeks. Control animals were fed
normal powdered chow. All experiments were conducted according to
the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals.

2.2. Experimental design

Mice were divided randomly into 3 groups: (i) a control group that
received normal powdered chow for 5 weeks with intraperitoneal (i.p.)
injection of 0.9% saline for the last 4 weeks of that period; (ii) a cu-
prizone group that received powdered chow mixed with 0.2% cupri-
zone for 5 weeks; and (iii) an NBP (CSPC NBP Pharmaceutical Co. Ltd.,
China) plus cuprizone group, which was divided into 2 separate sub-
groups, treated with 10 or 20mg/kg of NBP by i.p. injection for the last
4 weeks of the 5-week feeding period. All mice from the three groups
were evaluated through behavioral, molecular, and histopathological
tests.

2.3. Behavioral experiments

2.3.1. Rotarod test
A rotarod test was conducted using a rotor with a 5.7-cm diameter

(47650 Rota-Rod NG, Ugo Basile, USA). In brief, mice received two
training sessions spaced two days apart during the 5th week of cupri-
zone feeding. After the training session, mice were placed on the rod,
which rotated at 40 rpm for 10min. The latency to fall was auto-
matically recorded by magnetic trip plates. Each mouse was tested
three times, and the mean latency was calculated.

2.3.2. Western blot analysis
The caudal region of the corpus callosum was isolated from the

brain, then homogenized and centrifuged at 12000 rpm for 15min with
lysis buffer containing a complete protease inhibitor mixture. Protein
concentrations were measured with a bicinchoninic acid assay and
standardized. The total protein was separated by 12% SDS PAGE and
transferred to polyvinylidene fluoride membranes. The membranes
were blocked for 1 h with 5% fat-free milk in TBST buffer and then
incubated with the primary antibodies including anti-Bax (#2772,
CST), anti-Cleaved Caspase-3 (#9661, CST), anti-TNF-α (#11948, CST),
anti-NF-κB p65 (#8242, CST), anti-Bcl-2 (ab59348, Abcam), anti-IκBα
(ab32518, Abcam), anti-tubulin-β (#33532, SAB), anti-Lamin
B1(#41589-1, SAB), anti-PLP (#C00944, SAB), anti-MBP (#21640-2,
SAB), anti-GAPDH (10494-1, Proteintech Group) at 4 °C overnight. The
membranes were washed and subsequently exposed to the appropriate
horseradish peroxidase-conjugated secondary antibodies (#L3012-2,
SAB) for 1 h at room temperature. After three washes in TBST, im-
munoreactive peptides were detected by ECL kit (Shanghai Tian Neng
Technology Co. Ltd). The results were quantified by densitometric
scanning of films, and Image J was used to measure the integrated
density of the bands after subtracting the background. Nuclear and
cytoplasmic proteins were isolated as described.

2.4. Histopathological studies

2.4.1. Electron microscopy and analysis of demyelination
After the rotarod test，mice were perfused with 0.9% saline for 3 or

5min, followed by 10% glutaraldehyde plus 4% paraformaldehyde.
Following perfusion, the corpus callosum was removed and postfixed in
4% glutaraldehyde for 2 h. After three rinses in 0.1mol/L phosphate-
buffered saline (PBS), the specimens were dehydrated in an ascending
ethanol series (70%, 80%, 90%, 96%, and 100%) followed by acetone
(100%, water-free). Then, the blocks were trimmed, processed, and
embedded in resin. Ultrathin sections (60 nm) were cut using an ul-
tramicrotome (Leica EM UC7, Leica Microsystems, Wetzlar, Germany).
These sections were used for light microscopy and for electron micro-
scopy (EM) on a Hitachi H-7650 transmission electron microscope.
Images were captured with a VELETA digital camera using Olympus
Soft Imaging Solutions.

2.4.2. Paraffin Section Method and Technique
Mice treated with 5% chloral hydrate (i.p., 0.1 mL/10 g) were per-

fused with 0.9% saline for 3–5min, followed by 4% paraformaldehyde
(PFA). Coronal sections from brains fixed in 4% PFA and embedded in
paraffin for 24 h were obtained in 3- and 6-μm thicknesses.

2.4.3. TUNEL test and immunofluorescent staining
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end la-

beling (TUNEL) and immunofluorescent staining were used to evaluate
oligodendrocyte cell apoptosis in paraffinized sections. After dehydra-
tion, the sections were subjected to high-pressure antigen retrieval with
citric acid buffer (pH 6.0), rinsed with PBS solution, and blocked with
10% goat serum and 1% Triton X-100 in PBS. Subsequently, the sec-
tions were incubated with anti-APC antibody (1:100, ab15270, Abcam)
at 4 °C overnight. The tissues were then incubated in TUNEL (Cat. No.
11684817910, Roche) reaction mixture (450 μL of label solution and
50 μL of enzyme solution) and anti-rabbit IgG (H+ L), F(ab’)2 fragment
(Alexa Fluor 594 conjugate, #8889, CST), at 37 °C for 60min. The
specimens were mounted using Solarbio mounting medium with 4′,6-
diamidino-2-phenylindole (DAPI). The numbers of TUNEL-positive
(green) and APC-positive (red) neurons were calculated in each spe-
cimen (two visual fields/specimen). The sections were analyzed by
immunofluorescence microscopy (BX53; Olympus, Japan).

2.4.4. Luxol Fast Blue (LFB) staining
LFB staining was applied to paraffin sections to assess myelination.

After dehydration, brain sections were incubated with LFB solution
(G3240, Beijing Solarbio Science & Technology Co.) at room tempera-
ture overnight. The slides were differentiated in Luxol differentiation
solution for 15 s and then in 70% ethyl alcohol for another 30 s after
being rinsed with 95% ethanol, 70% ethanol and distilled water.
Following another wash with distilled water, the sections were coun-
terstained with eosin for 1min. Thereafter, the sections were washed
with distilled water, dehydrated in a graded alcohol series, cleared in
xylene, and finally mounted. The ventral body of the corpus callosum
was observed with an Olympus light microscope (BX53, Olympus,
Japan) and photographed with an Olympus digital camera linked to the
microscope. ImageJ software was used to evaluate the extent of de-
myelination based on the volume ratio of blue to pink fibers in the
corpus callosum of each animal, representing the proportion of da-
maged tissue.

2.4.5. Hematoxylin and Eosin (H&E) staining
Furthermore, inflammation was assessed by H&E staining. H&E

staining was used to assess the severity of inflammation at the lesion
site. The sections were stained with hematoxylin for 5min. After being
washed with water, the sections were counterstained with eosin for
1min, rehydrated with a graded alcohol series, and cleared with xylene.
The specimens were viewed with an Olympus BX53 microscope (Japan)
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and photographed with an Olympus digital camera linked to the mi-
croscope. ImageJ software was used to evaluate the extent of in-
flammatory cell infiltration as the proportion of inflammatory cells in a
given field.

2.4.6. Immunohistochemical procedures for Ibal-1
Furthermore, inflammation was assessed by immunohistochemical

procedures for Ibal-1 to stained microglia. After dehydration, the sec-
tions were subjected to high-pressure antigen retrieval with citric acid
buffer (pH 6.0), rinsed with PBS solution, and blocked with 10% goat
serum and 1% Triton X-100 in PBS. Subsequently, the sections were
incubated with anti-Ibal-1 antibody (1:1000, ab178847, Abcam) at 4 °C
overnight. Negative controls were conducted by exchange of primary
antibody for PBS. Sections were then incubated with the horseradish
peroxidase-conjugated secondary antibody (#L3012-2, SAB), and fi-
nally incubated with diaminobenzidin (DAB) at room temperature for
3–5min. The specimens were viewed with an Olympus BX53 micro-
scope (Japan) and photographed with an Olympus digital camera
linked to the microscope. Image J software was used to calculate the
numbers of microglia as the proportion of inflammatory cells in the
corpus callosum.

2.5. Statistical analysis

For all experiments, we used SPSS 21.0 to analyze data. The sta-
tistical significance of the differences was assessed using one-way
ANOVA, followed by pairwise t-tests with a Bonferroni correction. A
value of P < 0.05 was considered statistically significant.

3. Results

3.1. The effect of NBP on motor skills

After being trained for the task, mice were tested for their latency to
fall from the rotarod. The latency was (37.38 ± 38.34) for the cupri-
zone group (n=8) and (214.13 ± 90.52) for the control group (n=8,
P < 0.05). The latency reduction associated with cuprizone was atte-
nuated in both of the NBP plus cuprizone subgroups (n=8 per group;
P < 0.05, Fig. 1). There was no statistical difference between the two
NBP groups (P > 0.05).

3.2. The effect of NBP on NF-κB, IκBα, and TNF-α levels

H&E staining and Ibal-1 immunohistochemistry staining were per-
formed to test the level of tissue inflammation, using inflammatory cells
and microglia as indicators. The number of infiltrating inflammatory
cells and microglia were increased in the cuprizone group compared

with those in the control group (Fig. 2A–D). We also investigated the
effect of NBP in the two NBP plus cuprizone subgroups. NBP (10mg/kg
and 20mg/kg) treatment, compared with cuprizone treatment alone,
dose-dependently decreased the abundance of infiltrating inflammatory
cells and microglia. There were significant differences between the two
NBP groups in the infiltrating inflammatory cells (P < 0.01) and mi-
croglia (P < 0.01). Next, we assessed the effect of NBP on the potential
NF-κB pathway in three groups by Western blotting. Increased NF-κB
expression was observed in the cuprizone group (Fig. 3A and B). In
contrast, the levels of NF-κB in the two NBP plus cuprizone subgroups
were reduced significantly in a dose-dependent manner. Next, we as-
sessed the level of the cytoplasmic inhibitory protein IκBα, an upstream
signaling protein that can regulate the activity of NF-κB, as well as the
expression of tumor necrosis factor alpha (TNF-α), a downstream
component that is one of the inflammatory response markers produced
by activated NF-κB. The data suggested that there was considerably
more degradation of IκBα in the cuprizone group than in the control
group. Moreover, there was a dose-dependent improvement in IκBα
levels in the two NBP plus cuprizone subgroups compared with the
cuprizone group (Fig. 3C). This result was consistent with the NF-κB
levels. Significant decreases in TNF-α were observed in the two NBP
plus cuprizone subgroups compared with the cuprizone group (Fig. 3D).

3.3. The effect of NBP on mature OL survival

Significantly increased OL apoptosis was observed in the cuprizone
group compared with the control group and the high-dose NBP sub-
group (Fig. 4A). The ration of Bax to Bcl-2 and the level of active cas-
pase-3 are two key markers in the regulation of apoptosis. In the cu-
prizone group, the caspase-3 level and the Bax/Bcl-2 ratio were
increased, while NBP treatment decreased caspase-3 expression and the
Bax/Bcl-2 ratio in the high-dose NBP subgroup (Fig. 4B and C).

3.4. The effect of NBP on myelination

LFB staining and EM were used to assess the integrity of axonal
myelin sheaths. Through LFB staining, significant demyelination was
observed in the cuprizone group compared with the control group.
Furthermore, obviously increased myelin density and numbers of
myelinated axons were observed in the NBP plus cuprizone group, as
shown in Fig. 5A and C. In EM, the numbers of nonmyelinated axons
and thinly myelinated callosal fibers were increased in the cuprizone
group (Fig. 5B). The number of nonmyelinated axons was decreased in
the NBP plus cuprizone group. Meanwhile, there were significant dif-
ferences in demyelination between the NBP group and the cuprizone
group (Fig. 5C). And then, we also investigated the levels of demyeli-
nation between the two NBP subgroups. The data showed that there
was a statistical difference between the two NBP groups (P < 0.001).
The levels of PLP and MBP, two indicators of the myelination process,
were examined in the three groups (Fig. 6). The expression levels of
these proteins were significantly reduced by cuprizone treatment
compared with the expression in the control group. In contrast, the
levels of PLP and MBP expression were significantly improved in the
20mg/kg NBP plus cuprizone subgroup.

4. Discussion

Management of MS is one of the challenges that must be confronted
in the new century. To date, three therapeutic strategies have been
proposed: anti-inflammatory therapy, remyelination therapy, and neu-
roprotective therapy [16–18].

NBP, a chiral compound from Chinese celery seed extract, has
shown neuroprotective effects and anti-inflammatory effects in
Alzheimer's disease [19,20], Parkinson's disease [21], ALS [22], stroke
[23,24], and dementia [25,26]. Recently, we reported that NBP ame-
liorated demyelination in a case of heroin abuse and further
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demonstrated that NBP reduced demyelinating lesions in callosal white
matter in an ethidium bromide mouse model of demyelination [27],
which indicated that NBP might be a promising agent for MS treatment.

The present study provided evidence that NBP improved the latency
in the rotarod test in the cuprizone group, indicating that NBP can
ameliorate cuprizone-induced behavioral dysfunctions. The protective
effect of NBP was similar to that reported in an experimental mouse
model of ALS [22]. However, there was no difference in the latency

between the two NBP subgroups. We infer that the heterogeneity of
mice, such as biological features of the host, may help partly explain
similar results between the two NBP subgroups.

NF-κB, which is a family of transcription factors regulated by IκBα
degradation, is considered a primary regulator of inflammatory pro-
cesses. Previous studies have shown that IκBα degradation can cause
NF-κB to translocate to the nucleus, resulting in the expression of a
large variety of pro-inflammatory genes, such as TNF-α and IL-1. The
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proteins translated from these gene transcripts can damage and kill OLs
in the cuprizone model of demyelination [28]. Furthermore, re-
searchers have reported that the anti-inflammatory effect of NBP is

partially based on inhibition of the NF-κB signaling pathway [29]. In
our results, NBP suppressed cuprizone-induced IκBα degradation and
NF-κB nuclear translocation to a remarkable extent, leading to a
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substantial decrease in the inflammatory response. This result coincided
with reductions in both cuprizone-induced peripheral immune response
and microglia increases, demonstrating immunomodulatory cap-
abilities of NBP. Meanwhile, high-dose NBP also showed better im-
munomodulatory capabilities than low-dose NBP in the present study.

The death of glial cells, especially oligodendrocytes, plays a critical
role in the pathophysiology of MS [30]. Dying oligodendrocytes release
stored Fe2+ into the parenchyma, where the ions can amplify oxidative
damage by producing oxidants, suggesting that OL apoptosis con-
tributes to demyelination and axonal damage in the cuprizone model
[31]. Our study demonstrated that NBP decreased OL apoptosis in mice
with cuprizone-induced demyelination. Bax and Bcl-2, of the B cell
lymphoma 2 protein family, have long been known to have an im-
portant role in the regulation of mitochondrial membrane permeability
and apoptosis [32], and caspase-3 is well known as a downstream ex-
ecutioner caspase that functions in caspase-dependent apoptotic cas-
cades [33]. Therefore, we examined these proteins as major players in
the regulation of apoptosis. Specifically, NBP inhibited caspase-3 ac-
tivity, leading to increased numbers of OLs. Furthermore, NBP dimin-
ished the Bax/Bcl-2 ratio via an increase in Bcl-2 and a decrease in Bax,
which is further evidence of NBP's ability to regulate cuprizone-induced
apoptosis through the mitochondrial-dependent intrinsic pathway. This
aspect of NBP will be further clarified in future studies.

In addition, the expression levels of mRNAs for myelin proteins,
including MBP, PLP, MAG, and CGT, increased during the first two

weeks and returned to normal levels between weeks 3 and 6 under
continuous cuprizone exposure [34]. These mRNAs and their corre-
sponding proteins remained detectable after 6 weeks of continuous
cuprizone exposure [35]. In this study, we found that the protein ex-
pression of PLP and MBP was significantly decreased in the cuprizone
group. The difference between our data and those reported in other
studies might be due to different regenerative properties of different
brain regions. We used specimens from the corpus callosum. In con-
trast, tissues from half of a midsagittally sectioned brain were used in
other studies. Furthermore, we showed that the levels of PLP and MBP
expression were upregulated in the high-dose NBP group, while the low
dose of NBP did not affect this process although demyelination were
decreased in the low-dose NBP subgroup. This result suggests that a
high dose of NBP is capable of reducing demyelination in the cuprizone
model, possibly by promoting the formation of myelin protein, and
might be worth prioritizing for effective MS therapy.

Conclusions

In conclusion, this study indicates that NBP may be a promising
agent for MS, and its neuroprotective effects may be ascribed to sup-
pression of inflammation through inhibition of the NF-κB signaling
pathway and promoting the survival of OLs.
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