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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.
• Miconazole
• These eﬀects of miconazole were mediated through the inhibition of ErbB/Akt.
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Organophosphorus compound (OP)-induced delayed neuropathy (OPIDN) is characterized by distal axonal degeneration 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, miconazole 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 histopathological 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 pesticides, 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 characterized by distal axonal degeneration and demyelination of the central and peripheral axons in 7–14 days before the onset of clinical

pathological symptoms (Lotti, 1991). A large outbreak of OPIDN happened 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 adulteration 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

Abbreviations: ANOVA, analysis of variance; DMEM, Dulbecco's modiﬁed Eagle's medium; FAK, focal adhesion kinase; FBS, fetal bovine serum; MBP, myelin basic
protein; NTE, neuropathy target esterase; OP, organophosphorus compound; OPIDN, organophosphorus compound-induced delayed neuropathy; PMSF, phenylmethylsulfonyl ﬂuoride; TBS, Tris-buﬀered saline; TOCP, tri-o-cresyl phosphate
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2. Material and methods

people (Wang et al., 2009). Thus, there is an urgent need for the development 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 homeostasis also contributes to the development of OPIDN (Emerick et al.,
2012). Several experimental studies demonstrated that restoring calcium 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 (elFawal et al., 1989, 1990; Emerick et al., 2012). Other studies have used
pre-administration of NTE inhibitors, such as thiocarbamates and sulfonyl 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 accidental OP intoxication, these known interventions are probably impractical 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 accidental 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 mitogenactivated protein kinase and PI3K pathways (Ogata et al., 2006). Activation of PI3K and its downstream target Akt is crucial for the proliferation 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 demyelination diseases.
Thus, in the current study, we sought to investigate whether miconazole could be used to ameliorate the syndrome and histopathological 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 mechanisms for the alleviation of OPIDN by miconazole were also explored.

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 HRPor 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 purchased from the Fujia Center for Breeding Poultry (Beijing, China).
After one week of acclimatization, the hens were caged in an air-conditioned (25 °C) room with a 12 h light-dark cycle. All animal procedures 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 (750 mg/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, respectively, until the end of the administration period. During the experimental period, all hens were observed daily for appearance, behavioral 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 sectioning. 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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the genes were calculated relative to β-actin using the previously reported method.

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 diameter by the myelinated ﬁber diameter.

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 150 mM NaCl, 10 mM Tris–HCl (pH 7.5), 1%
sodium deoxycholate, 0.1% SDS, 1% NP-40, 1 mM phenylmethylsulfonyl ﬂuoride (PMSF), and protease inhibitor cocktail.
Tissue homogenates were centrifuged at 12,000 g at 4 °C for 15 min.
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 quantiﬁcation of Western blotting bands was carried out by using densitometry analysis with QuantityOne analysis software (BioRad, Hercules,
CA, USA).

2.5. Cell culture and treatment
Human peripheral nerve sheath tumor cell line, sNF96.2, was obtained 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 0.25 mM TOCP with or without 2 μM miconazole 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).

2.10. 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 TOCPinduced 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 histopathological changes induced by TOCP. The number of motor neurons 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

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 inserts (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 supplemented 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
33
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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 (750 mg/kg, p.o.) in
capsules once at day 0. Hens in TOCP plus miconazole group were treated with TOCP (750 mg/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 compared with control group or TOCP group, respectively. 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.

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

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 compared with TOCP alone treatment (Fig. 2B and C). Thus, histopathological damages induced by TOCP were alleviated by miconazole treatment.

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. 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).
34
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Fig. 3. Miconazole restored the TOCP-induced decrease of MBP. The protein expression levels of MBP
in sciatic nerves (A) and spinal cord (B) were determined by Western blotting analysis using β-actin
as internal control. Quantiﬁcation of Western blotting 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).

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

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 regulating 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 observed in spinal cord, except that ErbB2 was not altered by TOCP
treatment. However, in brain, which is not the target organ of the delayed neurotoxicity induced by TOCP, TOCP did not activate ErbB/Akt
pathway or reduce MBP level (Fig. S2). In summary, these results indicated 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-activated 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 expression 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 inhibitor, as well as miconazole restored the TOCP-inhibited MBP expression, 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. Furthermore, 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. 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 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; TM, TOCP plus
miconazole (miconazole was administered daily to
the hens from day 7 to day 21 after TOCP exposure).
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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.

after TOCP exposure could signiﬁcantly ameliorate the symptoms of
delayed neurotoxicity in the animal model. Mechanistically, miconazole 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 renders it impractical to use these chemicals clinically. For example, several 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 thiocarbamates 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 ameliorate OPIDN if it was administered daily from the 7th day after TOCP

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 inhibitor lapatinib signiﬁcantly recovered the cell migration to a level
that is similar to the control (P < 0.05), whereas miconazole or lapatinib itself had no eﬀect on the cell migration compared with the control (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 migration, 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
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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.

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). However, 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

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 regimen of miconazole needs to be further optimized for possible clinical
use.
The neuregulin-ErbB2/3 signaling pathway is crucial for the myelination (Taveggia et al., 2005; Lindholm et al., 2002) and glial cell
migration (Yamauchi et al., 2008). In cultured Schwann cells, neuregulin and Akt are crucial for the proliferation and diﬀerentiation of
37
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induced activation of ErbB/Akt in hens. In cultured sNF96.2 cells, miconazole 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.

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 accounts for 5–15% of myelin proteins, and is generally considered important 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. However, 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 reduced 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 inhibiting 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 speciﬁcally 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 administered from the 7th day after TOCP exposure, it is unlikely that
miconazole could ameliorate OPIDN symptoms by restoring NTE activity. 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 migration ability of glial cells by TOCP may lead to the demyelination.
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