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Abstract. Upon peripheral nerve injury (PNI), continuous 
proliferation of Schwann cells is critical for axon regeneration 
and tubular reconstruction for nerve regeneration. Melatonin 
is a hormone that is able to induce proliferation in various 
cell types. In the present study, the effects of melatonin on 
promoting Schwann cell proliferation and the molecular 
mechanism involved were investigated. The present results 
showed that melatonin enhanced the melatonin receptors 
(MT1 and MT2) expression in Schwann cells. Melatonin 
induced Schwann cell dedifferentiation into progenitor‑like 
Schwann cells, as observed by immunofluorescence staining, 
which showed Sox2 marker expression. In addition, melatonin 
enhanced Schwann cell proliferation, mediated by the upregu‑
lation of glial cell‑derived neurotropic factor (GNDF) and 
protein kinase C (PKC). Furthermore, the Ras/Raf/ERK and 
MAPK signaling pathways were also involved in Schwann cell 
dedifferentiation and proliferation. In conclusion, melatonin 
induced Schwann cell dedifferentiation and proliferation via 
the Ras/Raf/ERK, MAPK and GDNF/PKC pathways. The 
present results suggested that melatonin could be used to 
enhance the recovery of PNI. 

Introduction

Peripheral nerve injury (PNI) is a common injury that can 
impact the quality of life of individuals (1). After an injury, 
peripheral axons activate the intrinsic growth capacity in 
the neuronal cell body and promote axonal regeneration (2). 

Previous studies have suggested that Schwann cells are impor‑
tant in the regeneration of peripheral axons and functional 
recovery (3,4). After the events of a PNI, mature Schwann cells 
dedifferentiate into progenitor‑like Schwann cells, known as 
Schwann cell precursors, promote myelin debris clearance 
and tubular reconstruction, and also form a cellular bridge 
spanning the gap between ends of damaged nerves (5,6). 
Subsequently, Schwann cell precursors secrete neurotrophic 
factors to enhance Schwann cell proliferation and can lead to 
the formation of Bunger bands (6‑8).

The Ras/Raf/ERK signaling pathway plays an important 
role in Schwann cell dedifferentiation (9). Previous studies have 
demonstrated that Ras/Raf/ERK activation results in cell cycle 
arrest of primary neurons and promotes differentiation (9,10). 
Additionally, ERK has a role in regulating Wallerian degen‑
eration and regeneration; sustained ERK activation is known 
to initiate cell proliferation (7). Glial cell‑derived neurotropic 
factor (GDNF) is a survival factor that stimulates both 
peripheral regeneration and the functional recovery of several 
types of neurons (11‑13). Previous studies have shown that 
GDNF transcription can be increased via the activation of the 
Schwann cell purinergic receptor, followed by the activation of 
protein kinase C (PKC) and protein kinase D (PKD) (14,15). 
PKD, originally characterized as an isoform of PKC, regulates 
proliferation, migration and differentiation of numerous cell 
types, and promotes neuron regeneration (14,15).

Although microsurgical techniques have been introduced 
to repair PNI, in the past two decades only a small number of 
patients have regained full functional recovery (16). Therefore, 
it is important to search for new approaches that could promote 
nerve regeneration after PNI.

Melatonin is a hormone secreted by the pineal gland. 
Previous studies have demonstrated that melatonin stimulates 
the proliferation of avian astrocytes, dentate neurons and 
hippocampal neurons (17,18). The action of melatonin is medi‑
ated through a receptor‑dependent signaling pathway (19). 
Additionally, melatonin has free radical scavenging and anti‑
oxidant properties, which can decrease malondialdehyde levels 
and may reverse the ischemia‑reperfusion injury of the sciatic 
nerve (12). In the present study, the effects of melatonin and the 
molecular mechanism involved in promoting the proliferation 

Melatonin promotes Schwann cell dedifferentiation and 
proliferation through the Ras/Raf/ERK and MAPK pathways, 

and glial cell‑derived neurotrophic factor expression
YEE LIAN TIONG1,  KHUEN YEN NG2,  RHUN YIAN KOH3,  GNANAJOTHY PONNUDURAI4  and  SOI MOI CHYE3

1School of Postgraduate, International Medical University, Kuala Lumpur 57000;  
2School of Pharmacy, Monash University Malaysia, Subang Jaya, Selangor 47500;  

3School of Health Science; 4School of Medicine, International Medical University, Kuala Lumpur 57000, Malaysia

Received September 6, 2018;  Accepted November 22, 2019

DOI: 10.3892/etm.2020.9143

Correspondence to: Dr Soi Moi Chye, School of Health Science, 
International Medical University, 126 Jalan Jalil Perkasa, 19 Bukit 
Jalil, Kuala Lumpur 57000, Malaysia
E‑mail: chye_soimoi@imu.edu.my

Key words: Schwann cells, melatonin, peripheral nerve injury, glial 
cell‑derived neurotrophic factor, Ras/Raf/ERK, MAPK



TIONG et al:  MELATONIN INDUCES SCHWANN CELL DEDIFFERENTIATION AND PROLIFERATION2

of Schwann cells were investigated. A better understanding 
of the molecular mechanism of melatonin‑induced Schwann 
cell proliferation may provide important insight regarding the 
potential use of melatonin in improving nerve regeneration.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM), 
fetal bovine serum (FBS), penicillin‑streptomycin, EDTA 
were purchased from Gibco; Thermo Fisher Scientific, Inc. 
MTT, dimethyl sulfoxide, Triton X‑100, Tergitol NP‑40, 
Tris‑HCl, PBS, dithiothreitol, SDS, ammonium acetate, 
Tris‑borate‑EDTA buffer, Bradford reagent and phenylmethyl 
sulfonyl f luoride were purchased from Sigma‑Aldrich; 
Merck KGaA. Primary antibodies against SAPK‑JNK 
(cat. no. 9926T), p38 (cat. no. 9926T), ERK (cat. no. 9926T), 
p‑SAPK‑JNK (cat. no. 9910T), p‑p38 (cat. no. 9910T), p‑ERK 
(cat. no. 9910T), Ras (cat. no. 18070T), c‑Raf (cat. no. 9422T), 
p‑c‑Raf (cat. no. 9427S), b‑Raf (cat. no. 9433S) and p‑b‑Raf 
(cat. no. 2696S), in addition to horseradish peroxidase‑conju‑
gated goat anti‑rabbit (cat. no. 7074S) and anti‑mouse 
(cat. no. 7076S) secondary antibodies were purchased 
from Cell Signaling Technology, Inc. Primary antibodies 
against MT1 (cat. no. sc‑13177), MT2 (cat. no. sc‑13186), 
PKC (cat. no. sc‑10800), GDNF (cat. no. sc328) and 
α‑tubulin (cat. no. sc‑8035) were purchased from Santa 
Cruz Biotechnology, Inc. Primary antibody against Sox2 
(cat. no. ab79351) and Alexa‑Fluor® 488‑conjugated goat 
anti‑mouse secondary antibody (cat. no. ab150117) were 
purchased from Abcam. Amersham ECL‑Plus Western 
Blotting Reagents and PVDF membranes were obtained from 
GE Healthcare Life Sciences. RNeasy Mini kit and QuantiNova 
SYBR Green PCR kit were purchased from Qiagen, GmbH.

Cell culture and treatment. RT4‑D6P2T (RT4), a rat neural 
Schwann cell line, was purchased from The American Type 
Culture Collection and cultured in DMEM supplemented 
with 10% heat‑inactivated FBS. The cells were maintained in 
incubator at 37˚C with 5% CO2. Melatonin stock concentration 
of 50 mg/ml (215.26 µM) was freshly prepared with ethanol.

Cell morphology. Schwann cells (3x105) were seeded into 
35‑mm tissue culture dishes overnight. The cells were then 
treated with various concentrations of melatonin (0.5‑10 µM) 
dissolved in serum‑free medium at 37˚C. After 24 h treatment, 
the morphological changes in the Schwann cells were observed 
using light microscopy (magnification, x200).

MTT assay. Cell proliferation was determined by an MTT 
assay. In total, 1x105 Schwann cells were seeded in a 96‑well 
plate overnight. The cells were treated with melatonin concen‑
trations of 0.5‑10 µM in serum‑free medium. After 24 h of 
treatment, Schwann cells were added with MTT to a final 
concentration of 1 mg/ml. After 3 h incubation, formazan 
crystals were dissolved using 100 µl of DMSO and absorbance 
was measured using a microplate reader (Infinite 200 PRO; 
Tecan Group, Ltd.) at a wavelength of 570 nm.

Immunof luorescence staining. Melatonin‑induced 
Schwann cell dedifferentiation was demonstrated by Sox2 

immunofluorescence staining. Schwann cells were treated with 
melatonin (1 and 10 µM) in serum‑free medium. After 24 h 
treatment, Schwann cells were fixed with 4% paraformalde‑
hyde in PBS at 37˚C for 30 min and blocked with 1% BSA 
(Sigma‑Aldrich; Merck KGaA) for 1 h at 37˚C. The cells were 
then incubated with anti‑Sox2 antibody (1:50) overnight at 4˚C 
followed by incubation with the AlexaFluor® 488‑conjugated 
antibodies (1:200 dilution) for 1 h at 37˚C. Primary and 
secondary antibodies were diluted in PBS. Cells were coun‑
terstained with 0.5 µg/ml DAPI (Invitrogen; Thermo Fisher 
Scientific, Inc.) diluted in PBS (1:500) for 15 min at 37˚C and 
observed under a fluorescent microscope (magnification, x200).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA of melatonin‑treated cells was extracted using the RNeasy 
Mini kit. The cells were homogenised with the RNeasy lysis 
buffer provided in the kit. RNA was collected with the RNeasy 
Mini spin column, according to the manufacturer's instruction. 
RNA (1 µg) was quantified at absorbance of 260/280 nm with 
a plate reader (Infinite® 200 PRO NanoQuant; Tecan Group, 
Ltd.).

cDNA was synthesized using the Maxima First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) according 
to manufacturer's protocol. The temperature protocol for reverse 
transcription was as follows: 2 min at 37˚C, 10 min at 25˚C, 
15 min at 50˚C and 85˚C for 5 min. RT‑qPCR was performed 
using QuantiNova SYBR Green PCR kit. The procedures 
followed the manufacturer's recommended amplification condi‑
tions with iQ5 real‑time PCR detection system. The sequences 
of Rattus norvegicus primers used for the PCR were as follows: 
GAPDH‑forward, 5'‑TGC ACC ACC AAC TGC TTA G‑3' and 
reverse, 5'‑GGA TGC AGG GAT GAT GTT C‑3'; MT1‑forward, 
5'‑TCA TCT TTA CTA TCG TGG TGG‑3' and reverse, 5'ACC 
ACA AAT ATA TTC CCT GCG‑3'; MT2‑forward, 5'‑ACC TGT 
TAC TGA ATG TTG CC‑3' and reverse, 5'‑AAC GAA GTC TCA 
CTT CAA CAC‑3'; GDNF‑forward, 5'‑TGA CCA GTG ACT CCA 
ATA TG‑3' and reverse, 5'‑TAC CTT GTC ACT TGT TAG CC‑3'; 
and PKC‑forward, 5'‑CCA AAA GCT AGA GAC AAG CG‑3' and 
reverse, 5'‑TGG AAT CTG CAT TCA CCT AC‑3'. The thermocy‑
cling conditions were as follows: Initial denaturation 95˚C for 
2 min, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 

Figure 1. Melatonin increases proliferation of Schwann cells. Schwann cells 
were exposed to different concentrations of melatonin (0.5, 1, 5 and 10 µM) 
for 24 h and then examined for cell viability by an MTT assay. All data are 
presented as the mean ± standard deviation. *P<0.05 vs. the control.
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10 sec. Relative mRNA expression of each gene to GAPDH was 
calculated based on the 2‑ΔΔCq method (20).

Western blotting assay. Schwann cells treated with melatonin 
were lysed with 10X SDS sample buffer [62.5 mM Tris‑HCl 
(pH 6.8), 2% SDS, 10% glycerol and 100 mM DTT]. Protein 
concentration was determined using the Quick Start™ Bradford 
Protein Assay kit (Bio‑Rad Laboratories, Inc.). Protein samples 
(25 µg) were applied to 10% gels and separated by SDS‑PAGE 
and transferred to PVDF membranes. The membranes were 
blocked with 5% BSA for 1 h at room temperature and then 
incubated with primary antibodies against MT1, MT2, GDNF, 
PKC, Ras, B‑raf, p‑B‑Raf, C‑raf, p‑C‑Raf, ERK1/2, p‑ERK1/2, 
p39, p‑p38, SAPK‑JNK, p‑SAPK‑JNK and α‑tubulin at 4˚C 
overnight. All primary antibodies were prepared in 1:500 
dilutions in blocking buffer. The blots were then incubated 
with horseradish peroxidase‑conjugated anti‑rabbit/mouse 
secondary antibodies at 1:10,000 dilution for 1 h at room 
temperature. The blots were subsequently developed with 
SuperSignal™ West Femto Maximum Sensitivity (Thermo 
Fisher Scientific, Inc.) substrate and visualised using ChemiDoc 
XRS+ system (Bio‑Rad Laboratories, Inc.). Quantitative blot 
data were analysed and calculated using Image Lab Software 
(version 4.0; Bio‑Rad Laboratories, Inc.).

Statistical analysis. All experiments were repeated three times 
and data were presented as the mean ± standard deviation. 
Statistical analysis was performed using one‑way ANOVA 
followed by Dunnett's test (SPSS 21.0; IBM Corp.). P<0.05 
was considered to indicate a statistically significant difference.

Results 

Melatonin enhances Schwann cell proliferation. An MTT 
assay was performed to determine the melatonin‑induced 
proliferation of Schwann cells. The results showed that mela‑
tonin increases Schwann cell proliferation, after treatment with 
0.5, 1, 5 and 10 µM melatonin (Fig. 1). The cell viability was 

significantly increased from 3.8 to 17.2% across the different 
treatment groups, suggesting that melatonin promoted 
Schwann cell proliferation in a dose‑dependent manner.

Melatonin increases the gene expression of MT1 and MT2 
receptors in Schwann cells. To determine the presence of 
melatonin receptors on Schwann cells, western blotting 
(Fig. 2A) and RT‑qPCR (Fig. 2B) were performed. The present 
study identified the presence of both MT1 and MT2 receptors 
in Schwann cells. Following treatment with 1 and 5 µM mela‑
tonin, the expression of MT1 and MT2 receptor mRNA were 
significantly increased compared with control. However, after 
treatment with 10 µM melatonin, the expression of MT1 and 
MT2 receptor mRNA was significantly decreased compared 
with 0.5, 1 and 5 µM melatonin treatment (Fig. 2B). MT1 gene 
expression was higher compared with MT2 following treat‑
ment with 1 and 5 µM melatonin, suggesting that MT1 was 
more responsive to the melatonin treatment and may serve a 
role in inducing proliferation in Schwann cells.

Melatonin‑induced Schwann cell dedifferentiation. To 
determine if dedifferentiation of Schwann cells was induced 
by melatonin, immunofluorescence staining and a western 
blotting assay were conducted. Under light microscope 
observation, Schwann cells have oval, spindle‑shape or 
bipolar‑like cell morphology. The cell morphology between 
control cells and melatonin‑treated cells did not differ much 
(Fig. 3). Under fluorescent microscope observation, the cell 
nucleus was stained with DAPI (blue fluorescence). However, 
only melatonin‑treated cells expressed the Sox2 marker and 
showed green fluorescence (Fig. 3), which indicated a positive 
cell dedifferentiation process. Moreover, Sox2 protein expres‑
sion increased in a dose‑dependent manner as shown by the 
western blotting assay (Fig. 4).

Melatonin increases GDNF and PKC protein expressions 
in Schwann cells. To determine GDNF and PKC gene and 
protein expressions in Schwann cells, RT‑qPCR and western 

Figure 2. Protein and gene expressions of MT1 and MT2 in RT4 Schwann cells. (A) Both MT1 and MT2 proteins were expressed in RT4 Schwann cells. 
(B) MT1 and MT2 were significantly upregulated at lower concentrations (0.5, 1 and 5 µM) of melatonin but not at a higher concentration (10 µM). MT1 gene 
expression was higher than MT2 in RT4 Schwann cells. All data are presented as the mean ± standard deviation. *P<0.05 vs. respective control and #P<0.05 
vs. 0.5, 1 and 5 µM. RT4, RT4‑D6P2T.
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blotting assays were conducted. The GDNF protein expression 
was significantly upregulated when the cells were treated with 
1, 5 and 10 µM melatonin as compared with the control, whilst 
PKC protein expression was significantly upregulated following 
treatment with 1 and 5 µM melatonin compared with control 
(Fig. 5A and B). RT‑qPCR analysis showed that GDNF and PKC 
gene expressions were significantly upregulated in cells treated 
with 1 and 5 µM melatonin as compared with the control (Fig. 5C).

Melatonin increases Ras and p‑Raf protein expression in 
Schwann cells. The Ras, B‑Raf, p‑B‑Raf C‑Raf and p‑C‑Raf 
protein expressions in Schwann cells were measured by 
western blotting. In Fig. 6A, after melatonin treatment, the 
Ras, p‑B‑Raf and p‑C‑Raf protein expressions increased in 
a dose‑dependent manner. However, there were no protein 
expressions changes for B‑Raf and C‑Raf. In Fig. 6B, the 
normalized phosphorylated protein was compared with the 

Figure 3. Melatonin induces Schwann cell dedifferentiation, as demonstrated by Sox2 immunofluorescence staining. (A) Schwann cells were exposed to 0 
(B) 1 and (C) 10 µM melatonin for 24 h and then observed under a light microscope. (D) Schwann cells were exposed to 0 (E) 1 and (F) 10 µM melatonin for 
24 h, following which immunofluorescence staining was performed for observation under a fluorescent microscope. Magnification, x200.

Figure 4. Protein expression of Sox2 in RT4‑D6P2T Schwann cells after melatonin treatment. (A) Western blot analysis shows that melatonin upregulated Sox2 
protein expression. (B) Relative protein fold compared with the control was quantified using Image Lab software and α‑tubulin was used as the housekeeping 
gene. All data are presented as the mean ± standard deviation. *P<0.05 vs. the control.
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respective total protein, which showed that p‑B‑Raf/B‑Raf 
and p‑C‑Raf/C‑Raf protein expressions increased in a 
dose‑dependent manner, especially at higher concentrations of 
melatonin (5 and 10 µM).

Melatonin regulates ERK, SAPK‑JNK and p38 protein 
expressions in Schwann cells. ERK, p‑ERK, SAPK‑JNK, 
p‑SAPK‑JNK, p38 and p‑p38 protein expressions were 

measured in Schwann cells using a western blotting assay. 
The present study showed no significant difference in the 
expression of total protein levels of ERK, SAPK/JNK and 
p38 between the control and the melatonin treated groups 
(Fig. 7A). However, while normalized phosphorylated proteins 
with the respective total proteins, the results showed that 
in the melatonin treated groups, p‑ERK(p44)/ERK(p44) 
and p‑ERK(p42)/ERK(p42) increased in a dose‑dependent 

Figure 5. Protein and gene expressions of GDNF and PKC in RT4‑D6P2T Schwann cells after melatonin treatment. (A) Western blot analysis shows that 
melatonin affected GDNF and PKC protein expressions. (B) Relative protein fold compared with the control was quantified using Image Lab software and 
α‑tubulin was used as the housekeeping gene. (C) Reverse transcription‑quantitative PCR was performed to analyse gene expressions of GNDF and PKC. Both 
GDNF and PKC were upregulated after treatment with melatonin. All data are presented as the mean ± standard deviation. *P<0.05 vs. respective control. 
GDNF, glial cell‑derived neurotropic factor; PKC, protein kinase C.

Figure 6. Protein expressions of the Ras/Raf/ERK pathway in RT4‑D6P2T Schwann cells after melatonin treatment. (A) Western blot analysis shows that mela‑
tonin affected Ras, p‑B‑Raf and p‑C‑Raf protein expressions. (B) Relative protein fold compared with the control was quantified using Image Lab software 
and α‑tubulin was used as the housekeeping gene. All data are presented as the mean ± standard deviation. *P<0.05 vs. respective control. p, phosphorylated.
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manner (Fig. 7B), especially at higher concentrations of 
melatonin (5 and 10 µM). Furthermore, melatonin downregu‑
lated the expressions of p‑SAPK‑JNK(p54)/SAPK‑JNK(p54), 
p‑SAPK‑JNK(p46)/SAPK‑JNK(p46) (Fig. 7D) and p‑p38/p38 
(Fig. 7C) proteins as compared with the control.

Discussion

Melatonin has been shown to promote glial cell survival, 
axonal regeneration and neuronal stem cell prolifera‑
tion (21,22). Turgut et al (23) demonstrated that melatonin 
inhibited both collagen production and neuroma formation, 
resulting in axonal regeneration of the transected sciatic 
nerve in rats. In pinealectomized rats, melatonin suppressed 
transforming growth factor‑β and basic fibroblast growth 
factor protein expressions (24). The findings from a previous 
study suggested that melatonin could suppress collagen scar 
formation after PNI (23). Melatonin also increased the number 
of axons and the thickness of the myelin sheath after PNI (4). 
Stavisky et al (25) demonstrated that melatonin enhanced the 
repair of sciatic nerve crush injuries in rats. However, the exact 
molecular mechanism involved is not yet known.

Schwann cells play an important role in the regeneration of 
damaged nerves. Upon PNI, Schwann cells lose their connection 
to axons. This phenomenon triggers the continuous proliferation 
of Schwann cells and the formation of Bunger bands that provide 
guidance for axonal regeneration (5). The present study indicated 
that melatonin induced RT4 Schwann cell proliferation at concen‑
trations of 0.5, 1, 5 and 10 µM, while Chang et al (26) identified 
that the optimal melatonin concentrations to enhance RSC 96 
Schwann cell proliferation were 0.1, 1 and 10 nM. This difference 
may be due to different cell lines being used in the previous study 
and melatonin having different efficacies in various cell lines. 
Moreover, Chang et al (26) also demonstrated that melatonin 
enhanced RSC 96 Schwann cell proliferation mainly via the MT1 
receptor as well as phosphorylation of ERK1/2 protein expression. 
However, the present study not only suggested that melatonin 
is able to dedifferentiate RT4 Schwann cells, the present study 
also demonstrated that melatonin may enhance cell proliferation 
through three different pathways, which are the Ras/Raf/ERK, 
MAPK and GDNF/PKC pathways. The identification of these 
proliferation pathways could have important implications for 
future development of therapeutic approaches. The present results 
demonstrated that melatonin induces Schwann cell proliferation 

Figure 7. Protein expressions of the MAPK pathway in RT4‑D6P2T Schwann cells after melatonin treatment. (A) Representative western blotting images showing 
the effects of melatonin treatment on ERK, p38 and SAPK‑JNK phosphorylation in Schwann cells. (B) Quantitative comparison of relative ratios of p‑ERK 
(p44)/ERK (p44) and p‑ERK (42)/ERK (p42) in melatonin treated groups compared with control. (C) Quantitative comparison of relative ratios of p‑p38/p38 in 
melatonin treated groups with control. (D) Quantitative comparison of relative ratios of p‑SAPK‑JNK (p54)/SAPK‑JNK (p54) and p‑SAPK‑JNK (p46)/SAPK‑JNK 
(p46) in melatonin treated groups with control. All data are presented as the mean ± standard deviation. *P<0.05 vs. respective control. p, phosphorylated.
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via MT1 and MT2 receptors, and the MT1 receptor expression 
was higher than MT2. Previous studies demonstrated that MT1 
activation is involved in proliferation, differentiation and firing 
in neuronal cells (27,28). Chern et al (29) observed that MT2 
activation enhanced endogenous neurogenesis in rats. MT2 also 
played an important role in axonogenesis in in vivo and in vitro 
models (30). However, a previous study demonstrated that mela‑
tonin can induce cell proliferation in rat pancreatic stellate cells, 
independent of MT1/MT2 receptor activations via the MAPK 
pathway (31). In the present study, following treatment with 
1 and 5 µM melatonin, the expression of MT1 and MT2 receptor 
mRNA were significantly increased compared with control. 
However, after treatment with 10 µM melatonin, the expression 
of MT1 and MT2 receptor mRNA was reduced compared with 
0.5, 1 and 5 µM melatonin treatment. This means high concen‑
trations of melatonin may not result in a high responses due to 
negative feedback effects that altered melatonin receptor or the 
saturation of melatonin receptors (32).

After PNI, Schwann cells upregulate inflammatory cyto‑
kines [tumour necrosis factor‑α, interleukin (IL)‑1α, IL‑6, IL‑1β, 
leukaemia inhibitory factor and monocyte chemotactic protein 
1] production in the distal stump (33,34). IL‑6 and leukaemia 
inhibitory factor attract macrophages to the injured nerve and act 
on neurons to promote axonal regeneration (35,36). Macrophages 
co‑operate with the Schwann cells to degrade myelin debris 
that potentially inhibit axon growth (37). Macrophages also 
produce cytokines to promote vascularisation of the distal 
nerve (38,39). Specifically, upregulation of neurotrophic factors 
(GDNF, artemin, brain‑derived neurotrophic factor, neuro‑
trophin‑3, nerve growth factor and vascular endothelial growth 
factor) promote axonal elongation and the survival of injured 
neurons (40,41). The present study identified the involvement 
of GDNF and PKC in the melatonin‑mediated Schwann cell 
proliferation. Loss of GNDF signaling is one of the features of 
PNI, especially at the distal stump of injured sciatic nerves (42). 
Previous studies demonstrated that GDNF is a survival factor 
for several types of neurons (43‑45). The addition of exogenous 
GDNF has been shown to improve peripheral nerve regenera‑
tion and functional recovery (46). The present study showed that 
GDNF was highly expressed in the melatonin‑treated Schwann 
cells. A previous study has reported that Schwann cells secrete a 
range of neurotrophic factors, including GDNF, which have been 
shown to be involved in promoting the development and main‑
tenance of a subset of dorsal root ganglion sensory neurons (11). 
Increased PKC protein expression was also observed in the 
present study. PKC phosphorylation is involved in the formation 
of the growth cone after neuronal injury, which is an important 
step for neuronal regeneration (47,48). Therefore, the present data 
supported the hypothesis that melatonin promotes Schwann cell 
proliferation through the activation of the GDNF/PKC pathway.

Activation of the Ras/Raf/ERK signaling pathway is an 
important process in the development of Schwann cell‑derived 
tumours (9,49). Harrisingh et al (9) identified that the 
continuous activation of the Ras/Raf/ERK signaling pathway 
is able to induce Schwann cell dedifferentiation and prolifera‑
tion. The present results demonstrated that melatonin induced 
increases in Ras, p‑C‑Raf/C‑Raf, p‑B‑Raf/B‑Raf, p‑ERK 
(p44)/ERK(p44) and p‑ERK(p42)/ERK(p42) protein expres‑
sions in a dose‑dependent manner. There are three different 
Raf isoforms (Raf‑1/C‑Raf, B‑Raf and A‑Raf), which consist 

of three conserved regions (CR; CR1, CR2 and CR3) (50). 
CR1 consists of a Ras binding domain and a cysteine rich 
domain (51). CR2 consists of activating phosphorylation and 
inhibitory sites, which regulate Ras binding and Raf activa‑
tion (52). CR3 consists of a kinase activation domain (53). The 
major differences between the three Raf isoforms are depen‑
dent on the number and location of activating phosphorylation, 
inhibitory and autophosphorylation sites (54,55). All Raf 
proteins share MEK1/2 kinases as substrates (56). MEK1/2 in 
turn activates ERK1/2, and this pathway regulates cell prolif‑
eration and differentiation (50,57). p‑ERK (p44) and p‑ERK 
(p42) proteins are rapidly phosphorylated in response to all 
mitogens and are ubiquitously expressed; there are no obvious 
regulatory differences inferred from their protein sequences, 
their regulation or their sub‑cellular localization (49). With 
Schwann cells being dedifferentiated to Schwann cell precur‑
sors, the proliferation rate was enhanced in the presence of 
cAMP (10). Other previous studies have demonstrated that 
Ras/Raf/ERK signaling activation also drives the demyelin‑
ation of peripheral nerves, and the Schwann cells remain in 
dedifferentiated states, which ultimately leads to axon regen‑
eration and tubular reconstruction (9,58).

MAPKs, consisting of ERK, SAPK‑JNK, and p38 
MAPKs, are all activated in Schwann cells after PNI (50). 
Previous studies suggested that the ERK pathway seems to 
play a more distinct role in Schwann cell dedifferentiation 
than the SAPK‑JNK and p38 MAPK pathways (59,60). The 
present results demonstrated that after melatonin treatment, 
p‑ERK(44)/ERK(44) and p‑ERK(42)/ERK(42) protein 
expressions increased in a dose‑dependent manner. However, 
p‑SAPK‑JNK(p54)/SAPK‑JNK(p54), p‑SAPK‑JNK(p46)/ 
SAPK‑JNK(p46), p‑p38/p38 ratio decreased in manner that 
is negatively associated with the dose of melatonin concen‑
tration used. In conclusion, the ERK pathway plays a more 
important role than the SAPK‑JNK and p38 MAP kinase 
pathways in Schwann cell dedifferentiation. In summary, 
the present study provided evidence that melatonin promotes 
Schwann cell dedifferentiation and proliferation through the 
GDNF/PKC, Ras/Raf/ERK and MAPK pathways. Schwann 
cell proliferation plays a crucial role in PNI; the present 
study suggested the use of melatonin as a therapeutic agent to 
enhance recovery from PNI. In the future, the present results 
(melatonin concentrations and mechanisms involved) could 
be applied to treat sciatic nerve injury and pinealectomized 
rats to determine optimal melatonin concentrations and 
parameters for progress in functional recovery.
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