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Abstract: Here, we investigated the molecular mechanism underlying the regulatory effects of neuregulin-1 (NRG) 
on the differentiation of Schwann cells (SCs) and evaluated the role of NRG in the phosphoinositide-3-kinase (PI3K)/
protein kinase B (Akt)/Bad pathway. NRG1 was used to induce the differentiation of mouse bone marrow mesenchy-
mal cells (BMSCs) into SCs. The phosphorylation levels of Akt, extracellular signal-regulated kinase (ERK), and Bad 
were monitored. The phosphorylation of Akt, ERK, and Bad was blocked after the suppression of PI3K (P < 0.05), 
resulting in the apoptosis of SCs (P < 0.05). The blockade of mitogen-activated protein kinase (MEK) resulted in the 
inhibition of the phosphorylation of only ERK and Bad but failed to affect the survival of SCs. The blockade of the 
mammalian target of rapamycin (mTOR) also had no effect on the survival of SCs (P < 0.05). The PI3K/Akt/Bad and 
MEK/ERK1/2/Bad pathways were activated during the NRG1-induced differentiation of BMSCs into SCs, but NRG1 
could only activate the PI3K/Akt/Bad pathway to promote the survival of SCs. In summary, this study demonstrates 
that NRG1 can activate PI3K and its downstream signal Akt, ultimately leading to the phosphorylation of Bad and 
the survival of SCs.
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Introduction

Schwann cells (SCs) secrete several neuro-
trophin factors, which nourish and support the 
proliferation and metabolism of nerve cells and 
regulate axonal regeneration and myelin thick-
ening. SC transplantation in nerve defects may 
promote the regeneration of neurons and ach- 
ieve partial functional recovery [1, 2]. However, 
there are limitations, such as insufficient so- 
urce and the rejection of allogeneic SCs, easy 
apoptosis, and survival difficulty.

Bone marrow mesenchymal stem cells (BMSCs) 
are non-hematopoietic stem cells present in 
the bone marrow. These are characterized by 
abundant sources, simple sampling, easy isola-
tion/purification/amplification, and transplant-
ability. Under certain in vitro conditions, BMSCs 

may differentiate into SCs, indicative of their 
potential applications to replace SCs for trans-
plantation [3-5].

In the peripheral nervous system, apoptosis is 
one of the mechanisms responsible for match-
ing the number of glial cells with axons. During 
development or after nerve injury, there is an 
increase in the number of SCs that proliferate 
along the growing axons; however, the limited 
level of neuregulin (NRG) produced by the axons 
may affect the survival of SCs. Hence, the SCs 
growing away from the axon contact point may 
undergo apoptosis, thereby demanding exten-
sive transplantation and significantly limiting 
their clinical applications [6, 7].

Factors such as fibronectin-2 (FGF-2), insulin-
like growth factor (IGF), and NRG are known to 
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effectively prevent apoptosis [8-10]. NRG is a 
primary survival factor secreted during the mat-
uration of Schwann-type precursor cells [11]. 
Mice knocked out for ErbB3 expression com-
pletely lack SCs or precursors, demonstrating 
the importance of NRG in the survival of SCs 
[12]. Aside from its role in promoting survival, 
NRG can mediate the differentiation, prolifera-
tion, and migration of SCs by binding and acti-
vating ErbB2/ErbB3 heterodimers [13]. ErbB2 
itself does not bind to NRG but may bind to 
ErbB3, which then forms a high-affinity recep-
tor complex with NRG [14]. However, the mech-
anism underlying the NRG-mediated down-
stream signaling pathways of ErbB2/ErbB3 
that regulate the survival of SCs remain unclear, 
restricting the clinical applications of NRG. The 
phosphoinositide-3-kinase (PI3K)/protein kin- 
ase B (Akt) pathway is one of the key signaling 
pathways that regulate cellular apoptosis. Stu- 
dies have shown that NRG can mediate the sur-
vival of rat SCs through the activation of the 
PI3K/Akt pathway [15].

Here, we prepared an in vitro rat BMSC model, 
blocked the PI3K/Akt/Bad pathway using the 
PI3K inhibitor wortmannin and the MEK inhibi-
tor U0126, and determined the expressions of 
p-Akt, Akt, extracellular signal-regulated kinase 
1/2 (ERK1/2), p-ERK1/2, and Bad to reveal the 
role of the PI3K/Akt/Bad pathway in the sur-
vival of mouse BMSC-derived SCs. Our results 
indicate that NRG1 could inhibit apoptosis and 
related signaling molecules through the activa-
tion of the PI3K/Akt/Bad pathway. Thus, NRG1 
can be used to regulate apoptosis and obtain a 
large pool of SC-like cells. Our results provide 
an experimental basis for nerve injury clinical 
cell transplantation therapy.

Materials and methods

Isolation, culture, and purification of BMSCs

Mice femurs and tibias (SPF grade, provided by 
the Experimental Animal Center of Qingdao 
University) were excised under aseptic condi-
tions; the osteophytes were cut at both ends, 
and the marrow cavity was exposed. The mar-
row cavity was thoroughly rinsed with α-MEM 
(Gibco, USA). The rinsing solution was mixed 
with 10% fetal bovine serum (FBS) (Gibco, USA) 
and 1% a penicillin-streptomycin solution 
(Solarbio, Beijing, China) and centrifuged. The 
supernatant was discarded and the pellets 

were suspended in a culture medium. The sus-
pended cells were inoculated into a 25 cm2 cul-
ture flask and cultured at 37°C under 5% CO2. 
Wall-adherent growing BMSCs were considered 
to be relatively pure cells. After 24 h, the medi-
um was changed for the first time by gently 
shaking the flask and aspirating the culture 
solution. The flask was rinsed twice with phos-
phate-buffered saline (PBS) to remove any 
unattached and miscellaneous cells; the medi-
um was then changed every 72 h for 2-3 weeks. 
After reaching 85%-90% confluency, the cells 
were treated with 0.25% trypsin/ethylenediami-
netetraacetic acid (EDTA; Gibco, USA) and re-
plated into new culture flasks at a density of 
105 cells/cm2.

Differentiation induction of BMSCs

To induce the differentiation of MSCs into 
SC-like cells, the cells were digested with 0.25% 
trypsin (containing EDTA) and plated in a 6-cm 
culture flask at a density of 105 cells/cm2. The 
medium comprised α-MEM and 1 mM β-me- 
rcaptoethanol (Sigma, Japan). After 24 h, the 
medium was removed and the flask was 
washed thrice with PBS, followed by the addi-
tion of α-MEM supplemented with 10% FBS 
(Gibco, USA), and all-trans retinoic acid (RA; 35 
ng/mL) (Sigma, Japan). After 72 h, the flask was 
washed thrice with PBS and the cells were incu-
bated in α-MEM supplemented with 10% FBS, 
20 ng/mL basic fibroblast growth factor (bFGF; 
PeproTech, USA), 5 mM forskolin (Sigma, Ja- 
pan), 5 ng/mL platelet-derived growth factor 
(PDGF)-BB (PeproTech, USA), and 200 ng/mL 
HRG (PeproTech, USA). The medium was 
changed once every 3 days for a total of 10 
days. The cells were divided into the following 
groups: the total inducer group (TI), the HRG-
free group (HRG-free), and the inhibitor group 
(I). Group I was treated with either the PI3K 
inhibitor (50 mM wortmannin), the MEK inhibi-
tor (50 mM U0126), or the mTOR inhibitor (100 
nM rapamycin). The SC-like cells from Group I 
were cultured in a serum-free medium for 20 h 
and treated with different pathway inhibitors.

Immunocytochemical analysis

After reaching 95%-100% confluency, two sets 
of cells from the induction and non-induction 
groups were removed and rinsed thrice with 
pre-warmed 1× PBS (Solarbio, Beijing, China) 
for 10 min. The cells were incubated with 4% 
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formaldehyde at room temperature for 20-30 
min and 0.2% Triton X-100 (permeabilization) 
for 2-5 min. The cells were rinsed thrice with 1× 
PBS (10 min each time) and blocked with 5% 
bovine serum albumin at room temperature for 
30 min. The cells were probed with rabbit anti-
rat s-100 (1:10000) (Dako, Denmark), rabbit 
anti-glial fibrillary acidic protein (GFAP; 1:200, 
Santa Cruz, USA), and rabbit anti-p75 (1:200, 
Santa Cruz, USA). The negative control was 
treated with 0.01 mol/L PBS. All groups were 
cultured overnight in a wet box at 4°C. Following 
overnight incubation, the cells were washed 
thrice with 1× PBS (10 min each time) and treat-
ed with Alexa Fluor 546 goat anti-rabbit IgG 
(1:1000) (Invitrogen, USA) for 30 min in the 
dark. The cells were washed thrice with 1× PBS 
(10 min each time), and incubated for 30 min 
with 4’,6-diamidino-2-phenylindole (DAPI) solu-
tion (Sigma, Japan) at room temperature. 
Images were obtained under a fluorescence 
microscope.

Reverse-transcriptase polymerase chain reac-
tion (RT-PCR) 

The cells induced for 7 days were trypsinized 
and collected; total RNA was extracted using 
the Trizol method (Invitrogen, USA). The extract-
ed RNA was diluted for 10 times with diethyl 
pyrocarbonate (DEPC) water and its concentra-
tion determined (three-time determination for 
the mean, with the ratio of A260 to A280 being 
1.8-2.0). The primers for s-100, p75, and GFAP 
were designed by Primer 3.0, compared with 
the NCBI gene pool, and synthesized by San- 
gon Biotech (Shanghai) Co., Ltd. The primer 

sequences are shown in Table 1. The RT-PCR 
reaction was carried out according to the kit’s 
instructions (Takara, Japan) for the synthesis of 
cDNA. The reverse transcription product was 
subjected to PCR in a total reaction volume of 
20 µL. The PCR conditions were as follows: pre-
denaturation at 95°C for 5 min, denaturation at 
95°C for 10 s, annealing at 57°C for 20 s, and 
extension at 72°C for 15 s (40 cycles). Each 
sample was repeated in three wells, and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) 
served as the internal control. The PCR prod-
ucts were subjected to agarose gel electropho-
resis and imaged with an UV-gel electrophore-
sis imager (UVP, UK).

Western blot analysis

The cells from each group were collected, 
counted, and lysed, and the protein levels were 
quantified using the Bradford assay. After the 
addition of a loading buffer, 10 mg of protein 
samples were denatured at 95°C for 5 min and 
subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis using GAPDH (Cell 
Signaling Technology, USA) as the loading con-
trol. The proteins separated on the gel were 
transferred onto a polyvinylidene fluoride (PV- 
DF) membrane and blocked with 5% skim milk 
after 1.5 h. Following 1 h incubation at room 
temperature, the blots were treated with pri-
mary rabbit anti-Akt (Cell Signaling Technology, 
USA), p-Akt (Cell Signaling Technology, USA), 
ERK1/2 (Cell Signaling Technology, USA), 
p-ERK1/2 (Cell Signaling Technology, USA), and 
Bad (Cell Signaling Technology, USA) for over-
night at 4°C. The membranes were washed 

Table 1. Primer sets used for RT-PCR
Gene Primer (5’-3’) Product size (bp) Cycle No. Reference (Gene bank No.)
LNGF-R Forward: TGGGAAGTGGGACATTCTTT 90 40 NM-012610

Reverse: CAAACACATGCTAAACCGTACC
S100β Forward: ACTGGTCAACGAGGACAACC 169 28 NM-013191

Reverse: GTATGGCTGGGACTCTCGAA
NGF Forward: CTGCCTGGAGTTCATCAG 82 35 XM-227525

Reverse: CAGGCAAGTCAGCCTCTTCT
NT-3 Forward: CGACGTCCCTGGAAATAGTC 77 35 NM-031073

Reverse: TGGACATCACCTTGTTCACCT
BDNF Forward: TATGGCCTCCATCCCATTT 89 35 NM-012513

Reverse: GCATCACTGCTATGCCATATTT
GDNF Forward: CTAAGATGAAGTTATGGGATGTCG 96 35 NM-019139

Reverse: CTTCGAGAAGCCTCTTACCG
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with TBST (Solarbio, Beijing, China), incubated 
with a secondary antibody for 1 h, and devel-
oped using an enhanced chemiluminescence 
(ECL) kit (Thermo Fisher Scientific, USA). The 
results were observed on a UVP imager.

Statistical analysis

All the data were statistically analyzed using 
GraphPad Prism 5, and the independent sam-
ple test was used for the intergroup compari-
sons. A value of P < 0.05 was considered statis-
tically significant.

0.25% trypsin/EDTA; after passage, the cells 
were completely adherent within 20 h and fully 
integrated at day 10. The morphology of the 
cells changed 24 h after induction, as evident 
from the stretched processes that intertwined 
to form a network (Figure 1A).

Upon growth and reaching 95%-100% conflu-
ency, the expression levels of the SC-specific 
marker genes encoding s-100, GFAP, and p75 
were examined to determine the effect of NRG 
on SC differentiation. The results of western 
blotting showed that all the three markers were 
expressed after induction (Figure 1B). These 
data indicate that BMSCs had differentiated 
into SC-like cells.

Blockade of PI3K significantly increased the 
apoptosis of SC-like cells

The addition of the PI3K inhibitor wortmannin 
after 24 h of serum-free cultivation significantly 
increased the number of apoptotic SC-like 
cells. The addition of the MEK inhibitor U0126 
and the m-TOR inhibitor rapamycin could slight-
ly increase the number of apoptotic cells, but 
the difference was not significant as compared 
with the number observed in group TI. Thus, 
these inhibitors failed to significantly block the 
NRG-mediated survival of SC-like cells (Figure 
2). These results indicate that NRG promoted 
the survival of SC-like cells through the activa-
tion of the PI3K/Akt/Bad pathway.

Figure 1. NRGs induce BMSCs into SC-like cells. A. A large amount of BM-
SCs after primary culture. B. After adding NRG, there are several axons and 
dendrite-like processes observed to get out of the body. C. The expression 
of S-100, GFAP, p75 is significantly increased compared to the untreated 
cultures.

Figure 2. SCs were serum-deprived for 24 h and then 
treated with pathway inhibitors. A PI3K inhibitor (50 
mM LY24902) exacerbated apoptosis in response to 
serum withdrawal and blocked NRG-mediated res-
cue, but the aMEK inhibitor (50 mM PD98059) and 
the m-TOR inhibitor (100 nM rapamycin) did not. The 
bars represent the means of 6 standard deviations 
from three independent experiments.

Results

NRG induced BMSC differen-
tiation into SC-like cells

Most primary cultured cells 
adhered to the wall within 24 
h and were round or elliptical 
in shape with a uniform mor-
phology. The cells gradually 
showed cytoplasmic process-
es; the culture medium was 
changed every 72 h. After 6 
days, the cells were mainly 
spindle-shaped and had a uni-
form morphology, abundant 
cytoplasms, large nuclei, and 
obvious nucleoli. After about 3 
weeks of cultivation, the cells 
reached 90% confluency. The 
cells were then digested with 
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NRG activated the PI3K downstream signal 
Akt and consequently phosphorylated Bad 

The NRG treatment rapidly increased the level 
of p-Akt within 5 min which gradually decreased 
after 1 h. No p-Akt was observed after 8 h. This 
observation indicates that NRG exerted a sig-
nificant time-dependent effect on the expres-
sion of p-Akt (Figure 3A). NRG-mediated PI3K 
phosphorylation was blocked by the PI3K 
blocker wortmannin but was unaffected by 
rapamycin or U0126. Thus, the activation of 
Akt is dependent on the phosphorylation of 
PI3K but independent of MEK and m-TOR. NRG 
also promoted the phosphorylation of ERK1/2, 
and this effect was completely abrogated by 
wortmannin and U0126 but not rapamycin 

(Figure 3C). Thus, the phosphorylation of ER- 
K1/2 is dependent on the activation of PI3K 
and MEK but independent of m-TOR. NRG-
treated SC-like cells showed the phosphoryla-
tion of ERK1/2 (Figure 3C) and Akt (Figure 3A, 
3B) along with the delayed migration of Bad in 
the gel (Figure 3D). The phosphorylation of 
MEK and ERK1/2 has been known to induce 
phosphorylation of the serine 112 of Bad [11], 
while Akt activation is known to induce the 
phosphorylation of the serine 136 site of Bad 
[12]. The delayed migration of Bad in the gel is 
suggestive of its phosphorylation at two sites. 
The PI3K inhibitor wortmannin and the MEK 
inhibitor U0126 blocked the migration and dou-
ble phosphorylation of Bad; we did not observe 
similar inhibitory effects with rapamycin.

Figure 3. NRG induces the phosphorylation of Akt and Erk and dual phosphorylation of Bad. Notes: A. The level of 
p-Akt is at its highest at 30 min and decreases with time, but the level of Akt is stable. B. After adding Wortmannin, 
the phosphorylation of Akt is blocked, but U0126 and rapamycin have no influence on it. C. Wortmannin and U0126 
can block the phosphorylation of Erk, but rapamycin can’t. D. NRG can induce the phosphorylation of Bad in at least 
two sites. It can be observed by the retarded migration of Bad. E. The expression of the p-Akt protein of each period 
after adding NRG. D. The expression of the ERK1/2 protein in the three groups of cells. F. The expression of the p-
Akt protein in the all groups. G. The expression of the p-Erk protein in the all groups. H. The expression of the dual 
phosphorylation of Bad in the all groups. 
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Discussion

SCs play an important role in peripheral nerve 
regeneration and promote the sheathing of 
peripheral nerve axons (the satellite cells of the 
peripheral nervous system) [16]. These cells 
also secrete a variety of neurotrophic factors, 
which nourish and support the proliferation and 
metabolism of nerve cells and regulate the 
regeneration of axons and the formation of 
myelin. The transplanted SCs in nerve defects 
are thought to promote nerve regeneration by 
crossing nerve defects and reaching the corre-
sponding target cells, thereby achieving partial 
functional recovery. However, the lack of a suit-
able SC source has led to difficulties, such as 
the rejection of allogeneic SCs, apoptosis, and 
survival difficulty, thereby restricting clinical 
applications [17]. BMSCs are adult pluripotent 
stem cells derived from the original germ layer 
and may be induced to differentiate into ecto-
dermal-derived nerve cells under specific con-
ditions. BMSCs can be self-derived and have an 
ideal in vitro expansion rate; these are expect-
ed to serve as replacements for the transplan-
tation therapy of SCs and may provide a poten-
tial solution for SC transplantation to repair 
nerve damage. Studies have shown that BMSCs 
may be directionally induced to differentiate 
into SC-like cells, which have shown the feasi-
bility of repairing peripheral nerve defects and 
restoring the function of their dominant regions 
after forming artificial nerves [18]. Based on 
the method of Woodbury [19], we established a 
new method for the induction of the differentia-
tion of mouse BMSCs into Schwann-like cells. 
Immunofluorescence results showed that the 
cells not only underwent morphological chang-
es after induction by this method but also 
exhibited the characteristics of SCs at the 
molecular level [20].

Apoptosis is one of the mechanisms through 
which the peripheral nervous system maintains 
a balance in the number of glial cells and axons. 
During development and after nerve injury, SCs 
proliferate along the growing axons. If the num-
ber of cells is too high, the cells compete with 
the NRG produced by the axons and affect the 
survival of SCs. SCs away from axons lack NRG 
and subsequently undergo apoptosis [9, 10]. 
Therefore, research studies have been focused 
on regulating the apoptotic level of SCs.

Many biological properties of SCs are affected 
by NRG-1, which is known to promote the dif-
ferentiation of neural crest stem cells into glial 
cells. NRG-1 promotes the proliferation and 
migration of SC precursors and provides impor-
tant signals for myelination. After denervation 
injury, NRG-1 affects the activity of SCs. NRG-1 
is expressed in early developing neurons; SC 
precursors are capable of expressing the cor-
responding receptors such as ErbB2. NRG may 
bind and activate ErbB2/ErbB3 heterodimers. 
Mice with ErbB3 knockout completely lack SCs 
and their precursors, indicative of the impor-
tance of NRG in SC survival. Studies have 
shown that NRG plays an important role in the 
maturation of SCs. The survival of SC precur-
sors is independent of NRG but that of mature 
SCs relies on NRG to a large extent [21]. 
However, the ErbB2/ErbB3 downstream signal-
ing pathways that maintain the NRG-mediated 
survival of SC precursors are still unclear. The 
PI3K/Akt signaling pathway is closely related to 
cellular apoptosis. Studies have shown that 
PI3K/Akt may attenuate acrylamide-induced 
apoptosis [22] and induce the apoptosis of 
human breast cancer cells [23] and cardiac 
muscle cells [24]. Studies have also shown that 
MEK can regulate the expression of the cell 
death protein B cell lymphoma 2 family [25]; 
MEK phosphorylates ERKs, which in turn acti-
vate RSKs and stimulate the phosphorylation 
of Bad at threonine 112 [26].

Our study found that NRG receptor signaling 
can rapidly activate PI3K in SC-like cells after 
cultivation for 24 h in a serum-free medium and 
that the addition of a PI3K inhibitor can signifi-
cantly aggravate apoptosis and block the phos-
phorylation of Akt, MEK, and Bad (Figure 3). 
Thus, PI3K is a common upstream signal of 
Akt, MEK, and Bad. The NRG-mediated phos-
phorylation of PI3K can be blocked by the PI3K 
blocker wortmannin but not by rapamycin or 
U0126 (Figure 3). Thus, Akt and MEK are the 
common parallel downstream signals of PI3K. 
Activated PI3K can rapidly induce the phos-
phorylation of MEK and Akt, ultimately leading 
to the phosphorylation of different serine resi-
dues in Bad. The addition of the MEK inhibitor 
U0126 and the m-TOR inhibitor rapamycin only 
slightly increased the number of apoptotic 
cells, but the difference was not statistically 
significant as compared with the number re- 
ported for group TI. U0126 and rapamycin also 
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failed to significantly block the stimulatory role 
of NRG in the survival of SC-like cells. Thus, 
NRG1 promotes the survival of SC-like cells 
through the activation of the PI3K/Akt/Bad 
pathway.

Although a rapid phosphorylation of ERK1/2-
Bad at serine 112 in SCs by NRG1 can be 
observed, the MEK inhibitor U0126 fails to 
block the NRG-mediated increase in SC surviv-
al [27]. Although the activation of MEK can ter-
minate the phosphorylation of Bad and exert 
anti-apoptotic effects through the release of 
Bcl-2 and Bcl-xl [28], this signaling pathway 
may not be involved in the NRG1-mediated sur-
vival of SCs. The roles of MEK/Bad and mTOR 
signaling pathways need to be confirmed in fur-
ther studies. The evaluation of other down-
stream signals of the NRG/ERBB pathway that 
mediate anti-apoptosis effects may be the 
focus of our next experimental studies.

In conclusion, this study constructs an in vitro 
induction model of mouse BMSCs, improves 
the method of inducing differentiation of mouse 
BMSCs into SC-like cells, and demonstrates 
the NRG1-mediated phosphorylation of Bad 
through the activation of PI3K and its down-
stream signal Akt to promote SC survival. Our 
results provide an experimental basis for the in 
vitro acquisition of large quantity of SCs and 
cell therapy for clinical neurological defect.
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