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H I G H L I G H T S

• Miconazole ameliorates tri-o-cresyl phosphate-induced demyelination in vivo.

• Miconazole restored the expression of myelin basic protein (MBP).

• Miconazole promoted glial cell differentiation and migration.

• These effects of miconazole were mediated through the inhibition of ErbB/Akt.
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A B S T R A C T

Organophosphorus compound (OP)-induced delayed neuropathy (OPIDN) is characterized by distal axonal de-
generation and demyelination of the central and peripheral axons, which leads to progressive muscle weakness,
ataxia and paralysis in several days after OP intoxication. This study aimed to investigate the possible use of an
imidazole fungicide miconazole as a novel therapy for OPIDN. Adult hens, the most commonly used animal
models in OPIDN studies, were orally given tri-o-cresyl phosphate (TOCP). We showed that miconazole, which
was administered daily to hens beginning on the 7th day after TOCP exposure, drastically ameliorated the
neurotoxic symptoms and histopathological damages in spinal cord and sciatic nerves. Mechanistically, mico-
nazole inhibited the TOCP-induced activation of ErbB/Akt signaling, and enhanced the myelin basic protein
(MBP) expression. In a glial cell model sNF96.2 cells, miconazole restored the TOCP-inhibited MBP expression,
and promoted cell differentiation as well as cell migration by inhibiting the activation of ErbB/Akt signaling
pathway. In sum, miconazole, a synthetic imidazole fungicide, could ameliorate the symptoms and histo-
pathological changes of OPIDN, probably by promoting glial cell differentiation and migration to enhance
myelination via inhibiting the activation of ErbB/Akt. Thus, miconazole is a promising candidate therapy for the
clinical treatment of OPIDN.

1. Introduction

Organophosphorus compounds (OPs) are used primarily as pesti-
cides, plasticizers, plastic softeners, flame-retardants, antioxidants, and
hydraulic fluids (Craig and Barth, 1999; Winder and Balouet, 2002).
Some OPs can induce delayed neuropathy (OPIDN), which is char-
acterized by distal axonal degeneration and demyelination of the cen-
tral and peripheral axons in 7–14 days before the onset of clinical

pathological symptoms (Lotti, 1991). A large outbreak of OPIDN hap-
pened during the 1930s when thousands of people were intoxicated
with tri-o-cresyl phosphate (TOCP) while drinking "Ginger Jake", a
Jamaican ginger extract (Morgan and Penovich, 1978). Another large
outbreak of TOCP poisoning occurred in Morocco due to the adultera-
tion of cooking oil with lubricating oil containing TOCP (Travers,
1962). In 1990s, OPIDN outbreak happened in northern suburb of Xi'an,
China, which resulted in dyskinesia after nearly a decade in over thirty
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people (Wang et al., 2009). Thus, there is an urgent need for the de-
velopment of an effective therapy for OPIDN.

The inhibition of neuropathy target esterase (NTE) is considered to
be the main mechanism underlying OPIDN development (Glynn, 2000).
The phosphorylated NTE enzyme undergoes a second reaction known
as "aging" that results in the loss of one of the "R" groups bound to the
phosphorus of the OP. In addition, the imbalance in calcium home-
ostasis also contributes to the development of OPIDN (Emerick et al.,
2012). Several experimental studies demonstrated that restoring cal-
cium balance by using calcium gluconate or calcium channel blockers
such as verapamil and nifedipine before or shortly (within 24 h) after
TOCP treatment could alleviate the signs and symptoms of OPIDN (el-
Fawal et al., 1989, 1990; Emerick et al., 2012). Other studies have used
pre-administration of NTE inhibitors, such as thiocarbamates and sul-
fonyl fluorides to prevent OPIDN (Emerick et al., 2012; Moretto et al.,
2001; Muzardo et al., 2008; Veronesi and Padilla, 1985). However,
since the symptoms of OPIDN often emerge several days after acci-
dental OP intoxication, these known interventions are probably im-
practical to be used clinically. Thus, despite of the progress made so far,
there is still no experimental drug or clinical treatment available for the
effective mitigation of OPIDN when given several days after the acci-
dental OP intoxication.

The ErbB receptor tyrosine kinase family is comprised of four
members: EGF receptor (ErbB1), ErbB2, ErbB3, and ErbB4. ErbB3,
which lacks intrinsic kinase activity, is expressed throughout the
Schwann cell lineage and forms heterodimers with ErbB2 (Citri et al.,
2003). ErbB2/3 receptor is critical for myelinating posterior lateral
axons (Lindholm et al., 2002). The neuregulin-ErbB2/3 signaling
pathway is crucial for Schwann cell myelination (Taveggia et al., 2005).
In cultured Schwann cells, neuregulin was found to activate mitogen-
activated protein kinase and PI3K pathways (Ogata et al., 2006). Ac-
tivation of PI3K and its downstream target Akt is crucial for the pro-
liferation and differentiation of Schwann cells (Maurel and Salzer,
2000). Schwann cell migration has been shown to be important for
peripheral nerve regeneration (Cattin et al., 2015; Parrinello et al.,
2010). Earlier studies showed that ErbB/Akt signaling pathway played
a crucial role in Schwann cell migration during nerve regeneration
(Heermann and Schwab, 2013; Perlin et al., 2011; Yamauchi et al.,
2008). Our recent study also showed that lapatinib, an ErbB inhibitor,
could protect TOCP-induced delayed neuropathy when given before
TOCP administration, indicating that neuregulin/ErbB signaling
pathway was involved in OPIDN (Xu et al., 2018). Thus, the agent that
targets ErbB signaling pathway could potentially be used to treat
OPIDN.

Miconazole is a synthetic imidazole antifungal agent that has been
used for more than 40 years to treat superficial fungal infections with
high efficacy and safety (Vazquez and Sobel, 2012). In addition to its
antifungal actions, miconazole, along with ketoconazole, is known to
act as an antagonist of the glucocorticoid receptor (Duret et al., 2006).
A recent study revealed that miconazole promoted myelination of
neurons in chronic progressive multiple sclerosis mouse models (Najm
et al., 2015), which renders it a promising candidate to treat demyeli-
nation diseases.

Thus, in the current study, we sought to investigate whether mi-
conazole could be used to ameliorate the syndrome and histopatholo-
gical changes of OPIDN. Adult hens were used as the animal model
because they are sensitive to OPIDN and have similar symptoms as
humans after TOCP intoxication (Barrett et al., 1985; el-Fawal et al.,
1989; Suwita and Abou-Donia, 1990). In addition, the underlying me-
chanisms for the alleviation of OPIDN by miconazole were also ex-
plored.

2. Material and methods

2.1. Chemicals

Tri-ortho-cresyl phosphate (TOCP, purity 96%), was purchased from
Acros Organics (Geel, Belgium). Miconazole nitrate was purchased from
Tokyo Chemical Industry, Inc. (Tokyo, Japan). 9-cis-retinoic acid was
obtained from Abcam (Cambridge, UK). Wortmannin, laptinib, and
U0126 were obtained from Selleck (Houston, TX, USA). Dulbecco's
modified Eagle's medium (DMEM) was purchased from Sigma (St.
Louis, MO, USA). Fetal bovine serum (FBS) was purchased from
Chuanye Biosciences (Tianjin, China). Enhanced chemiluminescence
reagent was purchased from Beyotime Biotechnology, Inc. (Jiangsu,
China). Anti-ErbB3 antibody was purchased from Santa Cruz
Biotechnology (Dallas, Texas, USA). Antibodies to p-Akt, Akt, p-ERK,
ERK, p-FAK, and FAK were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Anti-MBP antibody was purchased from
Millipore Corp. (Billerica, MA, USA). Anti-β-actin antibody, and HRP-
or FITC-conjugated goat anti-mouse/anti-rat/anti-rabbit IgG antibodies
were purchased from ComWin Biotech (Beijing, China). SYBR Premix Ex
Taq (Tli RNaseH Plus) was purchased from TaKaRa Bio (Dalian, China).
M-MuLV reverse transcriptase was obtained from Fermentas (Ontario,
Canada). Millicell hanging cell culture inserts were purchased from
EMD Millipore Corporation (Billerica, MA, USA).

2.2. Experimental animals and treatments

Adult Beijing white laying hens with ten months of age were pur-
chased from the Fujia Center for Breeding Poultry (Beijing, China).
After one week of acclimatization, the hens were caged in an air-con-
ditioned (25 °C) room with a 12 h light-dark cycle. All animal proce-
dures were performed in accordance with current China legislation and
approved by the Animal and Medical Ethics Committee of Institute of
Zoology, Chinese Academy of Sciences. Food and water were allowed
ad libitum. The hens were randomly divided into 4 groups (C, T, TM7,
and TM14) with 6 hens in each group. Three groups (T, TM7, and
TM14) received TOCP (750mg/kg body weight) in gelatin capsules by
oral administration and the C group (control) received only empty
capsules. T group received only TOCP and the other two groups (TM7
and TM14) were given miconazole (3.5 mg/kg body weight/day) daily
by intraperitoneal injection in 0.9% NaCl beginning from the 7th day
(TM7 group) or the 14th day (TM14 group) after TOCP exposure, re-
spectively, until the end of the administration period. During the ex-
perimental period, all hens were observed daily for appearance, beha-
vioral changes and toxic signs, and body weight were recorded. All of
the hens were sacrificed on the 21st day after TOCP exposure. And the
nervous tissues samples were collected.

2.3. Assessment of delayed neurotoxicity

The toxicological signs of OPIDN were evaluated by a 4-point scale
from 0 (nonaffected) to 4 (paralyzed) by a blinded observer following
the designations in previous reports, i.e., 0: normal gait; 1: slightly
abnormal gait; 2: severely abnormal gait; 3: can stand but frequently
collapses; 4: complete paralysis (Johnson and Barnes, 1971; Ehrich
et al., 1988).

2.4. Histopathology

The samples of lumbar spinal cord at about the L2–L3 level and
sciatic nerves were fixed in 4% paraformaldehyde overnight. The tissue
samples were dehydrated through 10%, 20%, and 30% sucrose, and
embedded in optimal cutting temperature compound for frozen sec-
tioning. Spinal cord frozen sections were stained with 0.1% toluidine
blue and the ventral horn of spinal cord was imaged to show the
staining of motor neurons. Sciatic nerve and spinal cord frozen sections
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were fixed in 4% paraformaldehyde, permeabilized in 1% Triton X-100
and then blocked with 3% BSA and 0.1% Triton X-100 for 1 h. Then the
sections were incubated with primary antibodies for 1 h, followed by
washing and incubation with secondary antibodies for 1 h. Fluorescent
staining images were taken with confocal microscope Zeiss LSM 710
(Oberkochen, Germany). The region of ventral funiculus of spinal cord
was imaged because the most severe damage induced by TOCP in hen's
spinal cord locates in ventral funiculus of lumbar spinal cord (Itoh et al.,
1981). The g-ratio of axons was calculated by dividing the axon dia-
meter by the myelinated fiber diameter.

2.5. Cell culture and treatment

Human peripheral nerve sheath tumor cell line, sNF96.2, was ob-
tained from American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were cultured in DMEM containing 10% FBS,100 IU/ml
penicillin, and 100 μg/ml streptomycin. Cells were maintained in a
humidified 37 °C incubator with 5% CO2. Cells were seeded in 6-well
plates and treated with 0.25mM TOCP with or without 2 μM micona-
zole or 10 μM wortmannin, laptinib or U0126 for 24 h. Then the cells
were harvested and processed for Western blotting analysis.
Differentiation of sNF96.2 cells was induced by 150 nM 9-cis-retinoic
acid in DMEM with 1% FBS for three days according to the previous
reports (Huang et al., 2011; Pombo et al., 2009).

2.6. Wound healing assay

For the wound healing assay, the sNF96.2 cells (5× 105 cells per
well) were seeded in 24-well plates and cells were allowed to grow until
they reached 90% confluence. The cell monolayer was scratched with a
sterile micropipette tip to make a cross in each well to make sure that
the pictures were taken in the same position at different time points.
The cells were washed with PBS for three times, then treated with
corresponding drugs in DMEM medium supplemented with 1% FBS.
The wound regions were allowed to heal for 24 h or 48 h. The area that
remained clear of cells was visualized under Olympus IX71 inverted
microscope (Tokyo, Japan).

2.7. Transwell migration assay

For transwell migration assay, the sNF96.2 cells were firstly starved
for 24 h, then the cells (1× 105 cells per well) in 200 μl of serum-free
DMEM were seeded in the top chamber of the 24-well cell culture in-
serts (Millipore; 8 μm pore size). The corresponding drugs were also
added to the top chamber of the cell culture inserts. The cell culture
inserts were put in the wells of a 24-well plate filled with DMEM sup-
plemented with 30% FBS as an attractant. After incubated for 48 h, the
cells that remained inside the cell culture inserts were wiped out with a
cotton swab, and the cells that had migrated across the filter of the cell
culture inserts to the other side were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet. The pictures of cells were taken
with Olympus IX71 inverted microscope (Tokyo, Japan).

2.8. qPCR analysis

Total RNA from spinal cord was extracted using TRIzol (Invitrogen).
After DNase treatment, the cDNA was synthesized from 1 μg of total
RNA using M-MuLV reverse transcriptase (Fermentas, Ontario,
Canada). Quantitative PCR was performed using chicken MBP-specific
primers (F: CCGGCACGGATCAAAAATGG, R: GGATCCCTTGTGTCCCT
TGT) designed according to Gallus gallus myelin basic protein (MBP)
mRNA (Accession number: NM_205280.1) by SYBR Premix EX Taq
(TaKaRa, Bio, Dalian, China) with six biological replicates. The length
of amplicon was 400 bp and the melting temperature of the primers was
59 °C. PCR reactions were performed in a 3-step amplification process
with 95 °C for 35s, 67 °C for 35s, and 72 °C for 35s. Expression levels of

the genes were calculated relative to β-actin using the previously re-
ported method.

2.9. Western blotting analysis

The sciatic nerve and lumbar spinal cord samples were grounded
with a mortar and pestle in liquid nitrogen and then were sonicated in
ice-cold buffer containing 150mM NaCl, 10mM Tris–HCl (pH 7.5), 1%
sodium deoxycholate, 0.1% SDS, 1% NP-40, 1mM phe-
nylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail.
Tissue homogenates were centrifuged at 12,000 g at 4 °C for 15min.
Protein concentration of the supernatants was determined by Bradford
method. Then the protein samples were subjected to SDS-PAGE.
Following electrophoresis, the proteins were transferred to PVDF
membranes. The PVDF membranes were blocked with 5% fat-free milk
for 2 h at room temperature. Then the membranes were incubated with
primary antibody diluted in Tris-buffered saline (TBS)-Tween solution
at 4 °C overnight. After the membranes were washed three times with
TBS, they were incubated with horseradish peroxidase-conjugated
secondary antibody for 2 h at the room temperature. The membranes
were stained by enhanced chemiluminescence reagents (Beyotime
Biotech, Jiangsu, China) and then photographed by DNR
MicroChemi4.2 system (Bio-Imaging Systems Ltd, Israel). The quanti-
fication of Western blotting bands was carried out by using densito-
metry analysis with QuantityOne analysis software (BioRad, Hercules,
CA, USA).

2.10. Statistical analysis

Statistical analysis was performed using SPSS Statistics 19 (SPSS
Inc., Chicago, IL, USA). Data were evaluated with a one-way analysis of
variance (ANOVA) and post-hoc Tukey-test. P values lower than 0.05
were considered statistically significant.

3. Results

3.1. Miconazole could alleviate TOCP-induced neurotoxicity

Toxicological signs of OPIDN appeared in hens 7 days after TOCP
treatment (Fig. 1A). Compared with hens treated with TOCP alone,
ataxia scores in the hens treated daily with miconazole from the 7th day
after TOCP administration (TM7 group) were significantly lower
(P < 0.05), indicating that miconazole could ameliorate the TOCP-
induced neurotoxicity to some extent. However, when miconazole was
administered from the 14th day after TOCP exposure (TM14 group),
there was no decrease of ataxia score compared with TOCP alone
treatment group (Fig. 1A). In addition, the body weight of hens treated
with TOCP decreased about 30% on the 21st day, but miconazole
treatment alleviated the decrease of the body weight in TM7 group
(Fig. 1B). However, in TM14 group, there was no significant change in
the body weight of hens compared with those in TOCP group. Thus,
miconazole could alleviate the TOCP-induced delayed neurotoxicity
when administered from the 7th day after TOCP exposure. Therefore,
the subsequent studies were carried out using samples from hens in
control, TOCP, and TM7 groups.

Then we examined whether miconazole could ameliorate the his-
topathological changes induced by TOCP. The number of motor neu-
rons in ventral horn of spinal cord decreased 40% in the hens treated
with TOCP compared to control (Fig. 2A and Fig. S1). Moreover, the
decrease of MBP immunofluorescence in axons and the decrease of
axons with intact myelin sheath were also observed in the sciatic nerves
and spinal cord of the TOCP-treated hens (Fig. 2B). Myelin thickness
decreased and g-ratio of axons increased after TOCP exposure (Fig. 2C).
However, the hens treated with TOCP and miconazole had higher
motor neuron numbers in the ventral horn and higher MBP expression
levels in axons and intact axon numbers in the ventral funiculus of
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spinal cord compared with those from TOCP alone treatment (Fig. 2A
and B). In addition, miconazole alleviated the degeneration of myelin
sheath and recovered the MBP expression level in sciatic nerves com-
pared with TOCP alone treatment (Fig. 2B and C). Thus, histopatholo-
gical damages induced by TOCP were alleviated by miconazole treat-
ment.

3.2. Miconazole restored MBP levels in hens treated with TOCP by
inhibiting ErbB/Akt pathway

Then, we determined the protein level of myelin basic protein
(MBP), a major myelin protein, in sciatic nerves and spinal cord of the
treated hens by Western blotting analysis. Compared with the control,
MBP significantly decreased to about 50% upon TOCP treatment in

Fig. 1. Miconazole improved the motor function in
hens treated with TOCP. Ataxia scores (A) and
change of body weight (B) of hens with different
treatments. Hens in the control group were treated
with empty capsules and normal saline. Hens in
TOCP group received TOCP (750mg/kg, p.o.) in
capsules once at day 0. Hens in TOCP plus micona-
zole group were treated with TOCP (750mg/kg, p.o.)
at day 0 and with miconazole (3.5 mg/kg/day, i.p.
injection in saline) daily from day 7 to day 21 or with
miconazole daily from day 14 to day 21, which was
as described in Materials and Methods section. The
hens were examined for delayed neurotoxicity on a
4-point graded scale. *P < 0.05, #P < 0.05 com-
pared with control group or TOCP group, respec-

tively. N=6. Abbreviations: C, control; T, TOCP; TM7, TOCP plus miconazole with miconazole administered daily from day 7 to day 21 after TOCP exposure; TM14,
TOCP plus miconazole with miconazole administered daily from day 14 to day 21 after TOCP exposure.

Fig. 2. Miconazole alleviated the TOCP-induced histopathological changes in hens. (A) The anterior horn of lumbar spinal cord stained with toluidine blue (left
panel) and the quantification of Nissl bodies in each anterior horn of lumbar spinal cord (right panel). Scale bar= 100 μm. (B) The cross section of sciatic nerve
(upper panel) and spinal cord (lower panel) immunostained with anti-MBP (green fluorescence) and the quantification of axons with complete myelin sheath per
0.1 mm2 in cross sections of sciatic nerve (right panel). Scale bar= 20 μm. The region of ventral funiculus of spinal cord was imaged. Scale bar= 20 μm. (C) Myelin
thickness and g-ratio of axons in sciatic nerves. Three sections for each animal and five fields in each section were used for the measurement of myelin sheath
thickness and g-ratio. *P < 0.05, #P < 0.05 compared with control group or TOCP group, respectively. N= 6. Abbreviations: C, control; T, TOCP; TM, TOCP plus
miconazole (miconazole was administered daily to the hens from day 7 to day 21 after TOCP exposure).

P. Wang et al. Neuropharmacology 148 (2019) 31–39

34



sciatic nerves and spinal cord (P < 0.05, Fig. 3). However, in hens
administered with TOCP plus miconazole, MBP levels returned to the
normal level in sciatic nerves and spinal cord (Fig. 3).

Given the important roles of ErbB/Akt signaling pathway in reg-
ulating the myelination, we next examined the expression levels of
ErbB2/3/4, and the downstream molecules Akt and ERK in sciatic
nerves and spinal cord by Western blotting analysis. Compared with the
control, ErbB2, ErbB3, and p-Akt levels in sciatic nerves significantly
increased in the TOCP alone-administered hens (P < 0.05, Fig. 4). And
ErbB4 and p-ERK were not altered after TOCP exposure. However,
ErbB3 and p-Akt in sciatic nerves significantly decreased in the hens
from TOCP plus miconazole groups compared with that in the hens
from TOCP alone group (P < 0.05, Fig. 4). Similar results were ob-
served in spinal cord, except that ErbB2 was not altered by TOCP
treatment. However, in brain, which is not the target organ of the de-
layed neurotoxicity induced by TOCP, TOCP did not activate ErbB/Akt
pathway or reduce MBP level (Fig. S2). In summary, these results in-
dicated that in both sciatic nerves and spinal cord of hens, miconazole
restored TOCP-repressed MBP levels and histopathological changes in
sciatic nerves and spinal cord, probably by inhibiting the TOCP-acti-
vated ErbB/Akt pathway.

3.3. Miconazole improved cell differentiation and cell migration by
inhibiting ErbB/Akt pathway

To dissect whether the effect of TOCP or miconazole in vivo was due
to their direct effect on glial cells, we used a human peripheral nerve
sheath tumor cell line (sNF96.2) as the Schwann cell model instead of
primary Schwann cells from mice because mice are not sensitive to
TOCP-induced delayed neurotoxicity. TOCP treatment reduced ex-
pression of MBP and activated ErbB3 and Akt in sNF96.2 cells after 24 h
treatment (Fig. 5A). Consistent with the in vivo results, miconazole
could inhibit the activation of ErbB3/Akt induced by TOCP and recover
the inhibited expression of MBP induced by TOCP (Fig. 5A). Moreover,
lapatinib, an ErbB inhibitor, and wortmannin, an Akt activation in-
hibitor, as well as miconazole restored the TOCP-inhibited MBP ex-
pression, whereas ERK inhibitor U0126 did not (Fig. 5B). Thus, these
results revealed that in vitro, miconazole could restore MBP expression
probably via inhibiting the activation of ErbB3/Akt pathway. Further-
more, TOCP significantly inhibited cell differentiation as the cells with
processes were drastically reduced by TOCP, and miconazole promoted
cell differentiation (P < 0.05, Fig. 5C and D).

Since glial cell migration is important for nerve myelination, we
then sought to determine whether miconazole could affect cell

Fig. 3. Miconazole restored the TOCP-induced de-
crease of MBP. The protein expression levels of MBP
in sciatic nerves (A) and spinal cord (B) were de-
termined by Western blotting analysis using β-actin
as internal control. Quantification of Western blot-
ting results was carried out with densitometry.
*P < 0.05, #P < 0.05 compared with control group
or TOCP group, respectively. N= 6. Abbreviations:
C, control; T, TOCP; TM, TOCP plus miconazole
(miconazole was administered daily to the hens from
day 7 to day 21 after TOCP exposure).

Fig. 4. Miconazole inhibited the activation of ErbB/
Akt by TOCP in sciatic nerves and spinal cord of
hens. The protein expression levels in sciatic nerves
(A) and spinal cord (B) from three different hens
within each group were determined by Western
blotting analysis using β-actin as internal control.
Quantification of Western blotting results was car-
ried out with densitometry for all of the six hens in
each group. *P < 0.05, #P < 0.05 compared with
control group or TOCP group, respectively. N= 6.
Abbreviations: C, control; T, TOCP; TM, TOCP plus
miconazole (miconazole was administered daily to
the hens from day 7 to day 21 after TOCP exposure).
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migration in sNF96.2 cells. In the wound-healing assay, TOCP evidently
inhibited sNF96.2 cells migration with both 24 h and 48 h treatment
(P < 0.05, Fig. 6A). Co-treatment with either miconazole or ErbB in-
hibitor lapatinib significantly recovered the cell migration to a level
that is similar to the control (P < 0.05), whereas miconazole or lapa-
tinib itself had no effect on the cell migration compared with the con-
trol (data not shown). Similar results were obtained in the transwell
migration assay (Fig. 6B). Western blotting analysis showed that the
activation of focal adhesion kinase (FAK), a key regulator of cell mi-
gration, was inhibited by TOCP and recovered by miconazole in both
sNF96.2 cells and spinal cord of hens (Fig. 7). Taken together, these
results revealed that, miconazole could restore MBP expression, cell
differentiation and cell migration, probably via inhibiting the activation
of ErbB/Akt pathway by TOCP.

4. Discussion

Our results showed that administration of miconazole seven days

after TOCP exposure could significantly ameliorate the symptoms of
delayed neurotoxicity in the animal model. Mechanistically, micona-
zole could restore MBP expression, promote glial cell differentiation
and migration, and subsequent remyelination in spinal cord and sciatic
nerves probably by inhibiting the ErbB/Akt signaling pathway.

Previous studies revealed several potential approaches to ameliorate
OPIDN (Emerick et al., 2012). However, almost all of these chemicals
were administered prior to the neurotoxic OPs treatment, which ren-
ders it impractical to use these chemicals clinically. For example, sev-
eral experimental studies demonstrated that alleviation of the signs and
symptoms of OPIDN by restoring calcium balance by administration of
calcium channel blockers verapamil and nifedipine before TOCP
treatment (el-Fawal et al., 1989, 1990; Wu et al., 2007). Other studies
reported that pre-administration of NTE inhibitors, such as thiocarba-
mates and sulfonyl fluorides could prevent OPIDN (Moretto et al., 2001;
Muzardo et al., 2008; Veronesi and Padilla, 1985). Compared with
these earlier studies, our study showed that miconazole could amelio-
rate OPIDN if it was administered daily from the 7th day after TOCP

Fig. 5. Miconazole enhanced MBP expression and cell differentiation in sNF96.2 cells. (A and B) The expression levels of the proteins in sNF96.2 cells treated with
0.2 mM TOCP in the presence and absence of 2 μM miconazole (A) or combined with 2 μM miconazole, 10 μM U0126, wortmannin, or laptinib (B) for 24 h were
determined by Western blotting analysis with β-actin as internal control. (C and D) Differetiation of sNF96.2 cells was induced by 150 nM 9-cis-retinoic acid in DMEM
with 1% FBS for three days. And then cells were treated with 0.2 mM TOCP with or without 2 μM miconazole for 24 h. Cell images were taken with an inverted
microscope, and the area within the black triangle was enlarged as the inset images (C). Scale bar= 50 μm for the regular images, and scale bar= 25 μm for the inset
images. The cells with processes in different treatment groups were quantified (D). Five fields in each treatment were counted. *P < 0.05, #P < 0.05 compared with
control group or TOCP group, respectively. N= 3. Abbreviations: MCZ, miconazole; Lap, laptinib; Wort, wortmannin.
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exposure. Thus miconazole is potentially much more suitable for the
treatment of OPIDN. However, when given in the late stage of OPIDN,
e.g. from the 14th day after TOCP exposure, miconazole had limited
effect on the progression of OPIDN symptoms (Fig. 1). Thus, the re-
gimen of miconazole needs to be further optimized for possible clinical
use.

The neuregulin-ErbB2/3 signaling pathway is crucial for the mye-
lination (Taveggia et al., 2005; Lindholm et al., 2002) and glial cell
migration (Yamauchi et al., 2008). In cultured Schwann cells, neur-
egulin and Akt are crucial for the proliferation and differentiation of

Schwann cells (Ogata et al., 2006; Maurel and Salzer, 2000). Previous
studies also showed that ErbB activation by neuregulin was crucial for
glial cell migration (Lyons et al., 2005; Wakatsuki et al., 2014). How-
ever, in our present study as well as our recent study (Xu et al., 2018),
we found that TOCP-induced hyperactivation of ErbB lead to reduced
cell differentiation and migration, and miconazole or lapatinib could
recover the inhibited cell differentiation and migration by TOCP. Thus,
we propose that over-stimulation of ErbB by TOCP may lead to the
dedifferentiation and decreased migration of glial cells. Thus, ErbB/Akt
pathway can serve as a potential target for further investigation of

Fig. 6. Miconazole promoted the glial cell migration. (A) Wound healing assay with sNF96.2 cells treated with 0.2 mM TOCP, in the presence and absence of 2 μM
miconazole or 20 μM laptinib for 24 h and 48 h, respectively. Scale bar= 100 μm. (B) Transwell migration assay with sNF96.2 cells treated with 0.2 mM TOCP in the
presence and absence of 2 μM miconazole or 20 μM laptinib for 48 h. Cells migrated across the filter of the cell culture inserts were fixed and stained with crystal
violet. Scale bar= 50 μm. Quantification was carried out for the numbers of sNF96.2 cells migrating across the filter of the cell culture inserts. *P < 0.05, #P < 0.05
compared with control group or TOCP group, respectively. N= 6. Abbreviations: C, control; T, TOCP; TL, TOCP plus laptinib; TM, TOCP plus miconazole.

Fig. 7. Miconazole recovered the activation of FAK. The protein expression levels of p-FAK and FAK in sNF96.2 cells treated with 0.2 mM TOCP in the presence and
absence of 2 μM miconazole or 20 μM laptinib for 24 h (A) or in spinal cord of hens treated with vehicle, TOCP or TOCP plus miconazole (B) were determined by
Western blotting with β-actin as internal control. Quantification of Western blotting results was carried out with densitometry for all of the six hens in each group.
*P < 0.05, #P < 0.05 compared with control group or TOCP group, respectively. N=6. Abbreviations: C, control; T, TOCP; TL, TOCP plus laptinib; TM, TOCP plus
miconazole.

P. Wang et al. Neuropharmacology 148 (2019) 31–39

37



OPIDN's molecular mechanisms and therapeutics. However, which
ErbB family member plays a more important role in OPIDN remains
unclear and merits further investigation. The difficulty may lie in the
lack of specific inhibitor for each ErbB family members (Ma et al., 2014;
Roskoski et al., 2014).

Myelin basic protein (MBP) is a major myelin protein, which ac-
counts for 5–15% of myelin proteins, and is generally considered im-
portant to maintain the stability of the myelin sheath (Garbay et al.,
2000; Lei et al., 2016). MBP is often used as a differentiation marker for
Schwann cells (Bernard et al., 2012; Chen et al., 2015; Ziegler et al.,
2011). Our results showed that the MBP expression level was inhibited
by the activation of ErbB/Akt pathway both in vivo and in vitro. How-
ever, an early study showed that MBP level was upregulated by Akt
activation in Schwann cells (Domènech-Estévez et al., 2016), which is
different with our results. The possible reasons may be that different
animal models (mice vs. hens) and different experimental approaches
(transgene vs. drug treatment) were used. Or it may be due to the
different extent of ErbB activation. The over-stimulation of ErbB by
TOCP may lead to the decrease of MBP expression. In addition, it is
intriguing that miconazole did not restore the MBP mRNA levels re-
duced by TOCP (Fig. S3). Thus, miconazole may inhibit the protein
degradation or induce the protein translation of MBP. The detailed
underlying mechanisms remain to be elucidated.

Miconazole is a synthetic imidazole antifungal agent acting by in-
hibiting the cytochrome P450 complex (Piérard et al., 2012). Since
miconazole was given to hens beginning from the 7th day after TOCP
exposure, it is unlikely that miconazole affected the metabolism of
TOCP in the current study by cytochrome P450 since the half-life of
TOCP in the plasma of hens is about 2 days (Suwita and Abou-Donia,
1990). However, the underlying mechanism of how miconazole speci-
fically inhibited ErbB, especially ErbB3 remains to be elucidated.

The inhibition and aging of NTE has been generally thought to be
the main mechanism of OPIDN (Glynn, 2000). In sciatic nerves of adult
hens, NTE activity was inhibited to lower than 20% of the normal level
24 h after TOCP exposure (Hou et al., 2009; Emerick et al., 2010). Then
NTE activity was recovered to about 80% of control on the 8th day after
TOCP treatment (Emerick et al., 2010). Since miconazole was ad-
ministered from the 7th day after TOCP exposure, it is unlikely that
miconazole could ameliorate OPIDN symptoms by restoring NTE ac-
tivity. Thus, our results suggest that the inhibition of ErbB/Akt pathway
and promotion of axon myelination by miconazole may be independent
of NTE's esterase activity.

Most studies on OPIDN have focused on the neurons (Emerick et al.,
2015; Hausherr et al., 2017). However, both our present study and the
recent study (Xu et al., 2018) revealed that Schwann cells were also
important for the etiology of OPIDN. Here we showed that TOCP could
directly activate ErbB signaling pathway and reduce MBP expression
and cell differentiation in cultured human Schwann-like sNF96.2 cells.
Early studies showed that glial cell differentiation is a prerequisite for
the myelination (Li et al., 2013; Xiao et al., 2012). Our current results
were consistent with our previous study showing that TOCP inhibited
the processes formation and induced dedifferentiation of sNF96.2 cells
(Xu et al., 2018). In addition, we found that TOCP could significantly
inhibit the migration of sNF96.2 cells (Fig. 6). Consistent with the result
in sNF96.2 cells, in hens, the activation of FAK, a key regulator of cell
migration, was inhibited by TOCP and restored by miconazole (Fig. 7).
In addition, the migration ability of glial cells was found to be crucial
for myelination in vivo (Anliker et al., 2013; Cattin et al., 2015;
Parrinello et al., 2010). Thus, the dedifferentiation and reduced mi-
gration ability of glial cells by TOCP may lead to the demyelination.

5. Conclusions

In summary, this study revealed that miconazole, a synthetic imi-
dazole antifungal agent, could ameliorate the symptoms and histo-
pathological changes of OPIDN, probably by inhibiting the TOCP-

induced activation of ErbB/Akt in hens. In cultured sNF96.2 cells, mi-
conazole could restore the TOCP-inhibited MBP expression as well as
cell differentiation and cell migration. Thus, the imidazole antifungal
agent miconazole, which targets ErbB/Akt pathway, is a promising
candidate therapy for the clinical treatment of OPIDN.

Conflicts of interest

The authors declare that they have no competing interests.

Declarations of interest

None.

Acknowledgments

This work was supported in part by the grants from the National
Natural Science Foundation of China (Nos. 31301927, 31071919); and
the CAS Priority Research Program (No. XDB14040203).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neuropharm.2018.12.015.

References

Anliker, B., Choi, J.W., Lin, M.E., Gardell, S.E., Rivera, R.R., Kennedy, G., Chun, J., 2013.
Lysophosphatidic acid (LPA) and its receptor, LPA1, influence embryonic schwann
cell migration, myelination, and cell-to-axon segregation. Glia 61, 2009–2022.

Barrett, D.S., Oehme, F.W., Kruckenberg, S.M., 1985. A review of organophosphorus
ester-induced delayed neurotoxicity. Vet. Hum. Toxicol. 27, 22–37.

Bernard, F., Moreau-Fauvarque, C., Heitz-Marchaland, C., Zagar, Y., Dumas, L., Fouquet,
S., Lee, X., Shao, Z., Mi, S., Chédotal, A., 2012. Role of transmembrane semaphorin
Sema6A in oligodendrocyte differentiation and myelination. Glia 60, 1590–1604.

Cattin, A.L., Burden, J.J., Van Emmenis, L., Mackenzie, F.E., Hoving, J.J., Garcia Calavia,
N., Guo, Y., McLaughlin, M., Rosenberg, L.H., Quereda, V., Jamecna, D., Napoli, I.,
Parrinello, S., Enver, T., Ruhrberg, C., Lloyd, A.C., 2015. Macrophage-induced blood
vessels guide Schwann cell-mediated regeneration of peripheral nerves. Cell 162,
1127–1139.

Chen, Q., Zhang, Z., Liu, J., He, Q., Zhou, Y., Shao, G., Sun, X., Cao, X., Gong, A., Jiang, P.,
2015. A fibrin matrix promotes the differentiation of EMSCs isolated from nasal re-
spiratory mucosa to myelinating phenotypical Schwann-like cells. Mol. Cells 38,
221–228.

Citri, A., Skaria, K.B., Yarden, Y., 2003. The deaf and the dumb: the biology of ErbB-2 and
ErbB-3. Exp. Cell Res. 284, 54–65.

Craig, P.H., Barth, M.L., 1999. Evaluation of the hazards of industrial exposure to tricresyl
phosphate: a review and interpretation of the literature. J. Toxicol. Environ. Health B
Crit. Rev. 2, 281–300.

Domènech-Estévez, E., Baloui, H., Meng, X., Zhang, Y., Deinhardt, K., Dupree, J.L.,
Einheber, S., Chrast, R., Salzer, J.L., 2016. Akt regulates axon wrapping and myelin
sheath thickness in the PNS. J. Neurosci. 36, 4506–4521.

Duret, C., Daujat-Chavanieu, M., Pascussi, J.M., Pichard-Garcia, L., Balaguer, P., Fabre,
J.M., Vilarem, M.J., Maurel, P., Gerbal-Chaloin, S., 2006. Ketoconazole and mico-
nazole are antagonists of the human glucocorticoid receptor: consequences on the
expression and function of the constitutive androstane receptor and the pregnane X
receptor. Mol. Pharmacol. 70, 329–339.

Ehrich, M., Jortner, B.S., Gross, W.B., 1988. Types of adrenocorticoids and their effect on
organophosphorus-induced delayed neuropathy in chickens. Toxicol. Appl.
Pharmacol. 92, 214–223.

el-Fawal, H.A., Jortner, B.S., Ehrich, M., 1989. Effect of verapamil on organophosphorus-
induced delayed neuropathy in hens. Toxicol. Appl. Pharmacol. 97, 500–511.

el-Fawal, H.A., Jortner, B.S., Ehrich, M., 1990. Modification of phenyl saligenin phos-
phate-induced delayed effects by calcium channel blockers: in vivo and in vitro
electrophysiological assessment. Neurotoxicology 11, 573–592.

Emerick, G.L., Peccinini, R.G., de Oliveira, G.H., 2010. Organophosphorus-induced de-
layed neuropathy: a simple and efficient therapeutic strategy. Toxicol. Lett. 192,
238–244.

Emerick, G.L., DeOliveira, G.H., dos Santos, A.C., Ehrich, M., 2012. Mechanisms for
consideration for intervention in the development of organophosphorus-induced
delayed neuropathy. Chem. Biol. Interact. 199, 177–184.

Emerick, G.L., Fernandes, L.S., de Paula, E.S., Barbosa, F.J., dos Santos, N.A., dos Santos,
A.C., 2015. In vitro study of the neuropathic potential of the organophosphorus
compounds fenamiphos and profenofos: comparison with mipafox and paraoxon.
Toxicol. In Vitro 29, 1079–1087.

Garbay, B., Heape, A.M., Sargueil, F., Cassagne, C., 2000. Myelin synthesis in the per-
ipheral nervous system. Prog. Neurobiol. 61, 267–304.

P. Wang et al. Neuropharmacology 148 (2019) 31–39

38

https://doi.org/10.1016/j.neuropharm.2018.12.015
https://doi.org/10.1016/j.neuropharm.2018.12.015
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref1
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref1
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref1
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref2
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref2
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref3
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref3
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref3
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref4
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref4
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref4
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref4
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref4
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref5
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref5
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref5
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref5
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref6
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref6
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref7
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref7
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref7
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref8
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref8
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref8
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref9
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref9
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref9
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref9
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref9
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref10
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref10
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref10
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref11
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref11
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref12
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref12
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref12
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref13
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref13
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref13
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref14
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref14
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref14
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref15
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref15
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref15
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref15
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref16
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref16


Glynn, P., 2000. Neural development and neurodegeneration: two faces of neuropathy
target esterase. Prog. Neurobiol. 61, 61–74.

Hausherr, V., Schöbel, N., Liebing, J., van Thriel, C., 2017. Assessment of neurotoxic
effects of tri-cresyl phosphates (TCPs) and cresyl saligenin phosphate (CBDP) using a
combination of in vitro techniques. Neurotoxicology 59, 210–221.

Heermann, S., Schwab, M.H., 2013. Molecular control of Schwann cell migration along
peripheral axons: keep moving!. Cell Adh. Migr. 7, 18–22.

Hou, W.Y., Long, D.X., Wu, Y.J., 2009. The homeostasis of phosphatidylcholine and ly-
sophosphatidylcholine in nervous tissues of mice was not disrupted after adminis-
tration of tri-o-cresyl phosphate. Toxicol. Sci. 109, 276–285.

Huang, J.K., Jarjour, A.A., Nait Oumesmar, B., Kerninon, C., Williams, A., Krezel, W.,
Kagechika, H., Bauer, J., Zhao, C., Baron-Van Evercooren, A., Chambon, P., Ffrench-
Constant, C., Franklin, R.J.M., 2011. Retinoid X receptor gamma signaling accelerates
CNS remyelination. Nat. Neurosci. 14, 45–53.

Itoh, H., Tadokoro, M., Oikawa, K., 1981. Studies on the delayed neurotoxicity of orga-
nophosphorus compounds- (I). J. Toxicol. Sci. 6, 287–300.

Johnson, M.K., Barnes, J.M., 1971. Age and the sensitivity of chicks to the delayed
neurotoxic effects on some organophosphorus compounds. Biochem. Pharmacol. 19,
3045–3047.

Lei, Y., Tan, D., Hua, P., 2016. Myelin basic protein citrullination in multiple sclerosis: a
potential therapeutic target for the pathology. Neurochem. Res. 41, 1845–1856.

Li, C., Xiao, L., Liu, X., Yang, W., Shen, W., Hu, C., Yang, G., He, C., 2013. A functional
role of NMDA receptor in regulating the differentiation of oligodendrocyte precursor
cells and remyelination. Glia 61, 732–749.

Lindholm, T., Cullheim, S., Deckner, M., Carlstedt, T., Risling, M., 2002. Expression of
neuregulin and ErbB3 and ErbB4 after a traumatic lesion in the ventral funiculus of
the spinal cord and in the intact primary olfactory system. Exp. Brain Res. 142,
81–90.

Lotti, M., 1991. The pathogenesis of organophosphate polyneuropathy. Crit. Rev. Toxicol.
21, 465–487.

Lyons, D.A., Pogoda, H.M., Voas, M.G., Woods, I.G., Diamond, B., Nix, R., Arana, N.,
Jacobs, J., Talbot, W.S., 2005. Erbb3 and erbb2 are essential for Schwann cell mi-
gration and myelination in zebrafish. Curr. Biol. 15, 513–524.

Ma, J., Lyu, H., Huang, J., Liu, B., 2014. Targeting of erbB3 receptor to overcome re-
sistance in cancer treatment. Mol. Cancer 13, e105.

Maurel, P., Salzer, J.L., 2000. Axonal regulation of Schwann cell proliferation and sur-
vival and the initial events of myelination requires PI 3-kinase activity. J. Neurosci.
20, 4635–4645.

Moretto, A., Gardiman, G., Panfilo, S., Colle, M.A., Lock, E.A., Lotti, M., 2001. Effects of S-
ethyl hexahydro-1H-azepine-1-carbothioate (molinate) on di-n-butyl dichlorovinyl
phosphate (DBDCVP) neuropathy. Toxicol. Sci. 62, 274–279.

Morgan, J.P., Penovich, P., 1978. Jamaica ginger paralysis. Forty-seven-year follow-up.
Arch. Neurol. 35, 530–532.

Muzardo, G.A., Machado, R.G., de Oliveira, G.H., 2008. Effects of calcium gluconate and
PMSF in the treatment of acute intoxication of chicken by TOCP. Hum. Exp. Toxicol.
27, 247–252.

Najm, F.J., Madhavan, M., Zaremba, A., Shick, E., Karl, R.T., Factor, D.C., Miller, T.E.,
Nevin, Z.S., Kantor, C., Sargent, A., Quick, K.L., Schlatzer, D.M., Tang, H., Papoian,
R., Brimacombe, K.R., Shen, M., Boxer, M.B., Jadhav, A., Robinson, A.P., Podojil,
J.R., Miller, S.D., Miller, R.H., Tesar, P.J., 2015. Drug-based modulation of en-
dogenous stem cells promotes functional remyelination in vivo. Nature 522,
216–220.

Ogata, T., Yamamoto, S.I., Tanaka, S., 2006. Signaling axis in Schwann cell proliferation

and differentiation. Mol. Neurobiol. 33, 51–61.
Parrinello, S., Napoli, I., Ribeiro, S., Wingfield Digby, P., Fedorova, M., Parkinson, D.B.,

Doddrell, R.D., Nakayama, M., Adams, R.H., Lloyd, A.C., 2010. EphB signaling directs
peripheral nerve regeneration through Sox2-dependent Schwann cell sorting. Cell
143, 145–155.

Perlin, J.R., Lush, M.E., Atephens, W.Z., Piotrowski, T., Talbot, W.S., 2011. Neuronal
Neuregulin 1 type III directs Schwann cell migration. Development 138, 4639–4648.

Piérard, G.E., Hermanns-Lê, T., Delvenne, P., Piérard-Franchimont, C., 2012. Miconazole,
a pharmacological barrier to skin fungal infections. Expert Opin. Pharmacother. 13,
1187–1194.

Pombo, P.M., Barettino, D., Ibarrola, N., Vega, S., Rodríguez-Peña, A., 1999. Stimulation
of the myelin basic protein gene expression by 9-cis-retinoic acid and thyroid hor-
mone: activation in the context of its native promoter. Mol. Brain Res. 64, 92–100.

Roskoski Jr., , 2014. ErbB/HER protein-tyrosine kinases: structures and small molecule
inhibitors. Pharmacol. Res. 87, 42–59.

Suwita, E., Abou-Donia, M.B., 1990. Pharmacokinetics and metabolism of a single sub-
neurotoxic oral dose of tri-o-cresyl phosphate in hens. Arch. Toxicol. 64, 237–241.

Taveggia, C., Zanazzi, G., Petrylak, A., Yano, H., Rosenbluth, J., Einheber, S., Xu, X.,
Esper, R.M., Loeb, J.A., Shrager, P., 2005. Neuregulin-1 type III determines the en-
sheathment fate of axons. Neuron 47, 681–694.

Travers, P.R., 1962. The results of intoxication with orthocresyl phosphate absorbed from
contaminated cooking oil, as seen in 4,029 patients in Morocco. Proc. Roy. Soc. Med.
55, 57–60.

Vazquez, J.A., Sobel, J.D., 2012. Miconazole mucoadhesive tablets: a novel delivery
system. Clin. Infect. Dis. 54, 1480–1484.

Veronesi, B., Padilla, S., 1985. Phenylmethylsulfonyl fluoride protects rats from Mipafox-
induced delayed neuropathy. Toxicol. Appl. Pharmacol. 81, 258–264.

Wakatsuki, S., Araki, T., Sehara-Fujisawa, A., 2014. Neuregulin-1/glial growth factor
stimulates Schwann cell migration by inducing α5 β1 integrin-ErbB2-focal adhesion
kinase complex formation. Gene Cell. 19, 66–77.

Wang, L., Liu, Y.H., Xu, Y., Yin, W., Huang, Y.G., 2009. Thirteen-year follow-up of pa-
tients with tri-ortho-cresyl phosphate poisoning in northern suburbs of Xi'an in China.
Neurotoxicology 30, 1084–1087.

Winder, C., Balouet, J.C., 2002. The toxicity of commercial jet oils. Environ. Res. 89,
146–164.

Wu, Y.J., Li, M., Li, Y.X., Li, W., Dai, J.Y., Leng, X.F., 2007. Verapamil abolished the
enhancement of protein phosphorylation of brainstem mitochondria and synapto-
somes from the hens dosed with tri-o-cresyl phosphate. Environ. Toxicol. Pharmacol.
24, 67–71.

Xiao, L., Guo, D., Hu, C., Shen, W., Shan, L., Li, C., Liu, X., Yang, W., Zhang, W., He, C.,
2012. Diosgenin promotes oligodendrocyte progenitor cell differentiation through
estrogen receptor-mediated ERK1/2 activation to accelerate remyelination. Glia 60,
1037–1052.

Xu, H.Y., Wang, P., Sun, Y.J., Xu, M.Y., Wu, Y.J., 2018. Activation of neuregulin 1/ErbB
signaling is involved in the development of TOCP-induced delayed neuropathy.
Front. Mol. Neurosci. 11, e129.

Yamauchi, J., Miyamoto, Y., Chan, J.R., Tanoue, A., 2008. ErbB2 directly activates the
exchange factor Dock7 to promote Schwann cell migration. J. Cell Biol. 181,
351–365.

Ziegler, L., Grigoryan, S., Yang, I.H., Thakor, N.V., Goldstein, R.S., 2011. Efficient gen-
eration of Schwann cells from human embryonic stem cell-derived neurospheres.
Stem Cell Rev. Rep. 7, 394–403.

P. Wang et al. Neuropharmacology 148 (2019) 31–39

39

http://refhub.elsevier.com/S0028-3908(18)30415-5/sref17
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref17
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref18
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref18
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref18
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref19
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref19
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref20
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref20
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref20
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref21
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref21
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref21
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref21
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref22
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref22
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref23
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref23
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref23
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref24
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref24
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref25
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref25
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref25
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref26
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref26
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref26
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref26
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref27
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref27
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref28
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref28
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref28
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref29
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref29
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref30
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref30
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref30
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref32
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref32
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref32
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref33
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref33
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref34
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref34
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref34
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref35
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref36
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref36
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref37
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref37
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref37
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref37
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref38
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref38
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref39
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref39
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref39
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref40
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref40
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref40
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref41
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref41
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref42
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref42
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref43
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref43
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref43
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref44
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref44
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref44
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref45
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref45
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref46
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref46
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref47
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref47
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref47
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref48
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref48
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref48
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref49
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref49
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref50
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref50
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref50
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref50
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref51
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref51
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref51
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref51
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref52
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref52
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref52
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref53
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref53
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref53
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref54
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref54
http://refhub.elsevier.com/S0028-3908(18)30415-5/sref54

	A fungicide miconazole ameliorates tri-o-cresyl phosphate-induced demyelination through inhibition of ErbB/Akt pathway
	Introduction
	Material and methods
	Chemicals
	Experimental animals and treatments
	Assessment of delayed neurotoxicity
	Histopathology
	Cell culture and treatment
	Wound healing assay
	Transwell migration assay
	qPCR analysis
	Western blotting analysis
	Statistical analysis

	Results
	Miconazole could alleviate TOCP-induced neurotoxicity
	Miconazole restored MBP levels in hens treated with TOCP by inhibiting ErbB/Akt pathway
	Miconazole improved cell differentiation and cell migration by inhibiting ErbB/Akt pathway

	Discussion
	Conclusions
	Conflicts of interest
	Declarations of interest
	Acknowledgments
	Supplementary data
	References




