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Melatonin ameliorates high  
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Abstract: Diabetic neuropathy (DN) is a condition in which nerve fibers are continually exposed to high glucose-
induced free radicals. Recent discoveries demonstrated that melatonin is an indole hormone that contributes to 
neuroprotection through the modulation of autophagy. Herein, this study aims to examine the neuroprotective ef-
fects of melatonin on Schwann cells under high glucose conditions. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetra-
zolium Bromide (MTT) assay was used to measure cell viability. The activation of autophagosomes was determined 
using acridine orange staining (AO). Western blot assay was used to measure the expression of proteins involved in 
autophagy and endoplasmic reticulum (ER) stress. Our results demonstrated that melatonin at 1 µM has the high-
est protective effects on high glucose-induced cell death. Melatonin concentrations of 5 and 10 µM were found to 
be the most effective in reducing autophagy induced by high glucose. Under high glucose conditions, the protein 
expressions of LC3, ATF4, ATF6, CHOP, PERK and eIF2-α were up-regulated in Schwann cells. However, melatonin at-
tenuated these changes by downregulating LC3 and the ER stress markers ATF4, ATF6, CHOP, PERK and eIF2-α pro-
tein expressions in Schwann cells. In conclusion, melatonin alleviates high glucose-induced autophagy in Schwann 
cells through PERK-eIF2α-ATF4-CHOP signaling pathways.
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Introduction

Diabetes mellitus (DM) affects 476.0 million 
people worldwide and causes 1.37 million 
deaths in 2017. These numbers are expected 
to increase to 570.9 million and 1.59 million by 
2025, respectively [1]. DM is a metabolic dis-
ease caused by impaired insulin secretion and/
or function and is characterised by chronic 
hyperglycemia state [2]. The complications as- 
sociated with DM include damage to multiple 
organs such as the heart, kidneys, nerves, eyes 
and blood vessels. DN is one of the most com-
mon complications that occur when hyperglyce-
mia causes loss of nerve fiber function due to 
oxidative stress. At least 50% of DM patients 
develop DN complications. Neuropathy refers 
to a group of clinical syndromes characterised 

by neuropathic pain, muscle weakness, cachex-
ia, weight loss and autonomic dysfunction in 
the peripheral and autonomic nervous systems 
[4, 5]. Schwann cells are the main glial cells of 
peripheral nerves. By synthesising the myelin 
sheath surrounding peripheral nerve fibers, 
they ensure their optimal function and struc-
tural integrity. One of the main pathogenic 
mechanisms involved in DN is hyperglycemia-
induced Schwann cell death [6]. Melatonin, an 
indolamine hormone produced by the pineal 
gland, exhibits strong antioxidant properties 
[7]. Our previous study demonstrated that mel-
atonin prevents oxidative stress-induced apop-
tosis and mitochondrial dysfunction in hypergly-
caemia Schwann cells via upregulation of Bcl2, 
NF-κB, mTOR, Wnt signalling pathways, indicat-
ing that melatonin may serve as an anti-DN 
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drug [8]. A number of studies have demonstrat-
ed that ER stress and autophagy pathways are 
involved in diabetic peripheral neuropathy [9, 
10]. However, the role of melatonin in high glu-
cose-induced Schwann cells via endoplasmic 
reticulum (ER) stress and autophagy pathways 
remains unclear. Thus, this study aims to eluci-
date the involvement of ER stress and autopha-
gy pathways in melatonin-treated hyperglycae-
mia Schwann cells.

Materials and methods

Cell culture

RT4-D6P2T rat Schwann cell line was pur-
chased from the American Type Culture Co- 
llection (ATCC, Manassas, VA, USA). The cells 
were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco, Loughborough, UK) 
supplemented with 10% fetal bovine serum 
(FBS) (Gibco, Loughborough, UK) and incubat-
ed in a humidified atmosphere of 5% CO2 at 
37°C. Subculture was performed after the cells 
reached 80% confluency. The stock solution of 
melatonin (215.275 µM) was dissolved in ab- 
solute ethanol and different concentrations 
were prepared in the culture medium. The stock 
solution of glucose (1 M) was dissolved in 
DMEM medium and different concentrations 
were prepared in the culture medium.

MTT assay

Schwann cells were seeded at a density of 
10,000 cells/well into a 96-well plate (SPL life 
sciences, Pocheon-si, Korea) and allowed to 
adhere for 24 h. After 24 h, the supernatant 
was removed and the medium consisting of 
100 mM glucose (Sigma Aldrich, Saint Louis, 
MO, USA) was added to each well, followed by 
adding various concentrations of melatonin (1, 
5, 10 uM) (Sigma Aldrich, Saint Louis, MO, USA) 
and incubating for 24 h. The control group is 
the cells without being treated with glucose 
and melatonin. After 24 h, 20 μl of MTT solution 
(5 mg/ml) (Bio-basic, Toronto, ON, Canada) was 
added to each well and incubated for 4 h to 
measure cell viability. Next, medium containing 
MTT was removed and 100 μl of dimethyl sulf-
oxide (DMSO) crystals (Sigma Aldrich, Saint 
Louis, MO, USA) was added into each well to 
dissolve the formazan. Finally, the absorbance 
was measured at wavelength of 570 nm and 
reference wavelength of 630 nm using micro-
plate reader Spectra Max3 Molecular Devices 
(San Jose, CA, USA).

AO fluorescence staining

Schwann cells were seeded into 24-well plate 
(SPL life sciences, Pocheon-si, Korea) and 
allowed to adhere for 24 h. An untreated group 
of wells was used as a control, while five other 
groups were treated with 100 mM glucose with 
or without melatonin (1, 5 and 10 μM) for 24 h. 
Autophagy was measured using AO staining. 
Under fluorescence microscope Nikon Eclipse 
Ti (Nikon, Tokyo, Japan) observation, AO-stained 
cells exhibit diffuse green fluorescence, where-
as acidic organelles, such as acidic vesicular 
organelles (AVOs), exhibit bright red fluores-
cence, which indicates autophagy.

Western blot assay

Schwann cells were seeded into 60 mm tissue 
culture petri dishes (SPL life sciences, Pocheon-
si, Korea) and allowed to adhere for 24 h. 
Untreated cells were used as a control, while 
the rest of the cells were treated with 100 mM 
glucose with or without melatonin (1, 5, 10 uM) 
for 24 h. Then, adherent and floating cells were 
collected. Cells were lysed with lysis buffer (10 
mM Tris-HCl, pH 8; 0.32 mM sucrose; 5 mM 
EDTA; 2 mM DTT; 1 mM phenylmethyl sulfonyl 
fluoride; and 1% Triton X-100). After centrifuga-
tion, the supernatant was collected and mea-
sured for protein concentration using the Brad- 
ford assay. For electrophoresis, each sample 
was loaded with an equal amount of protein 
into the wells of 10% SDS-polyacrylamide gel. 
After electrophoresis, the proteins were elec-
troblotted onto polyvinylidene difluoride (PVDF) 
membranes and incubated with diluted primary 
antibodies for 1 h at 25°C. After washing with 
PBS, the membranes were incubated with dilut-
ed horseradish peroxidase (HRP)-conjugated 
secondary antibodies for 30 min at 25°C. To 
detect and quantify the protein bands, the  
proteins were stained by chemiluminescence 
using ECL-Plus kit and quantified using Image 
Lab software (Bio-Rad Laboratories, California, 
USA). 

Statistical analysis

The results were expressed as mean ± stan-
dard deviation (SD). Statistical analysis was 
performed using Student’s t-test. The statisti-
cal significance was set at P > 0.05, denoted  
by an *. The error bars denoted standard 
deviation.
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Figure 1. Graph of MTT cell viability of Schwann cells after 24 h treatment with 100 mM glucose with or without 
melatonin of varying concentrations (1, 5 and 10 µM). “*” indicates the statistically significant difference (P < 0.05) 
in melatonin-treated groups are compared with the group treated with 100 mM glucose alone.

Results

Effects of melatonin on cell viability in high 
glucose-treated Schwann cells

MTT assay was used to determine the cell via-
bility of Schwann cells following the treatment 
with 100 mM glucose and different concentra-
tions of melatonin (0, 1, 5, and 10 uM) for 24 h. 
A control group is without treatment with glu-
cose and melatonin. Results showed that after 
treatment with 100 mM glucose, the cell viabil-
ity of Schwann cells decreases to 59.6% as 
shown in Figure 1. However, after treatment 
with varying concentrations of melatonin, the 
cell viability was increased as compared to 
cells treated with glucose alone. At a concen-
tration of 1 µM of melatonin, the increment in 
cell viability was the highest among the melato-
nin-treated groups, which is at 74.4%, showing 
that 1 µM of melatonin is the most effective 
concentration for counteracting the cytotoxicity 
of glucose on Schwann cells. However, as  
compared with 1 µM melatonin treatment, the 
viability of cells was slightly decreased after 
exposure to 5 and 10 µM melatonin Figure 1. 

Effects of melatonin on autophagy in high 
glucose-treated Schwann cells

Cells treated with 100 mM glucose with or with-
out melatonin (1, 5, and 10 µM) were visualized 
under inverted fluorescence microscope after 

staining with AO. The red colour in cells indi-
cates the presence of autolysosomes Figure 2. 
Cells treated with glucose only depicted the 
highest percentage of autophagy activation 
(red fluorescence). Melatonin caused a concen-
tration-dependent decrease in autophagy acti-
vation. The melatonin concentrations of 5 and 
10 µM were the most effective in reducing 
autophagy, as confirmed by the statistically  
significant difference as shown in Figure 3.

Effect of melatonin on protein expressions in 
high glucose-treated Schwann cells

Western blot assay was performed to deter-
mine the relative expression of the autophagy 
marker LC3 and the ER stress pathway mar- 
kers ATF6, PERK, ATF4, eIF2alpha and CHOP. 
Treatment of Schwann cells with the 100 µM 
glucose caused an increase in the relative 
expression of LC3, ATF6, PERK, eIF2alpha and 
CHOP, and this increase was statistically signifi-
cant for the proteins PERK and eIF2alpha. As 
depicted by Figure 4, the results show a de- 
crease in the expression of LC3, ATF4, ATF6, 
eIF2alpha, PERK and CHOP in cells treated with 
melatonin, as compared to those treated with 
glucose only. The relative expression of LC3 for 
the group of cells treated with glucose and 5 
µM melatonin was significantly lower than that 
of the cells treated with glucose only. Simi- 
larly, eIF2alpha and ATF4 showed a significant 
decrease in their relative expression at 5 µM 
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Figure 2. The images show autophagy activation after AO staining in 100 mM glucose-treated Schwann cells after 
24 h with or without melatonin at varying concentrations (1, 5 and 10 µM). A. Control (Untreated); B. 100 mM Glu-
cose; C. 1 µM melatonin + 100 mM glucose; D. 5 µM melatonin + 100 mM glucose; E. 10 µM melatonin + 100 mM 
glucose. The images shown are 40× magnification. Cells in green depict healthy non-autophagic cells (pointed by 
white arrows). Cells in red indicate autophagic activation (pointed by yellow arrows).

Figure 3. Graph of autophagy activation after AO staining in Schwann cells after 24 h treatment with 100 mM glu-
cose with or without melatonin of varying concentrations (1, 5 and 10 µM). “*” indicates the statistically significant 
difference (P < 0.05) in melatonin-treated groups are compared with the group treated with 100 mM glucose alone.

and 10 µM concentrations of melatonin in high 
glucose-treated cells. The reduction in the 
expression of ATF6, on the other hand, was sta-
tistically significant for the group of cells treat-
ed with glucose and 10 µM melatonin when 
compared to the treatment group with 100 mM 
glucose alone. 

Discussion

Autophagy belongs to type II programmed cell 
death and is different from type I programmed 
cell death, apoptosis. There is a wide debate 
over whether autophagy is harmful or benefi-
cial, but research indicates that the outcome of 
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autophagy varies depending on the cell line, 
cellular conditions, and the interplay between 
multiple pathways. It is possible that an exces-
sive level of autophagy lead to the activation of 
autophagic cell death [11-14]. As seen in Figure 
1, 100 mM high glucose-treated Schwann cells 
showed decreased cell viability, 59.6% of con-
trol, whereas the high glucose-treated cells  
co-treated with melatonin showed statistically 
significant increment in cell viability, 74.4% of 
control, counteracting hyperglycemia-induced 
cytotoxicity. This result supports our previous 
study in which melatonin ameliorated hyper- 
glycemia-induced cytotoxicity in Schwann cells 
[8]. 

Interestingly, our fluorescence staining results 
demonstrated that excessive autophagy was 
present in the glucose-only treated group, whi- 
ch also correlated with the lowest cell viability 
as shown by the MTT assay. Autophagy, though 
an important homeostatic cellular process, can 
have deleterious effects on cells [15]. For the 
groups treated with 100 mM glucose and vari-
ous concentration of melatonin (5 and 10 µM), 
the autophagy activation was significantly lower 
when compared to cells treated with 100 mM 
glucose only Figure 3. A previous study sug-
gested that the autophagic cell death instead 
of apoptosis was observed in neurons, astro-
cytes, and oligodendrocytes at the lesion site in 

spinal cord injury [16]. Furthermore, in an- 
other study, the spinal cords of adult female 
C57BL/6J mice were hemitransected and elec-
tron microscopy revealed that the damaged 
cells had an increased number of autophagic 
vacuoles. It was found that autophagy, rather 
than apoptosis, was activated [17]. Based on 
the results of fluorescent staining, melatonin is 
capable of inhibiting autophagy activation, the- 
reby protecting Schwann cells from autophagic 
cell death.

LC3 is the main autophagy marker. Our results 
showed that high glucose-treated Schwann 
cells have high levels of LC3 protein expres-
sion. Figure 4, correlated with the low cell via-
bility as showed in Figure 1. However, after 
treatment with melatonin, LC3 protein expres-
sions and cell death were decreased with 
increasing concentrations of melatonin treat-
ment. Therefore, autophagic cell death induced 
by the hyperglycaemia condition was amelio-
rated via melatonin treatment. In other studies, 
the number of the LC3-positive cells significant-
ly increased at the lesion site in adult female 
C57BL/6J mice spinal cord after hemisection, 
indicating the involvement of autophagic cell 
death [17]. Another study reported by Liu, et al. 
demonstrated that melatonin reduced oxida-
tive stress and autophagic cell death in neural 

Figure 4. Western blot analysis of protein expressions in Schwann cells after 24 h treatment with 100 mM glucose 
with or without melatonin of varying concentrations (1, 5 and 10 µM). A. Western blot analysis images showed the 
effect of melatonin on the expression of ATF6, ATF4, LC3, CHOP, PERK, and eIF2alpha, using alpha-tubulin as the 
housekeeping protein; B. Relative protein expression of ATF6, LC3, CHOP, PERK, and eIF2alpha. “*” indicates the 
statistically significant difference (P < 0.05) in melatonin-treated groups are compared with the group treated with 
100 mM glucose alone.
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stem cells that had been treated with the Tri-
ortho-cresyl phosphate, a cytotoxic organo-
phophate [18]. 

Under hyperglycemia, Schwann cells exhibit 
elevated ER stress, which triggers autophagy  
to replenish the malfunctioning ER. However, 
the excessive activation of autophagy would  
be switched to autophagic cell death when the 
homeostasis of ER can no longer be maintained 
[19, 20]. ATF6 is an ER transmembrane protein 
that is activated and stimulates CHOP activa-
tion, leading to an increase in autophagy-relat-
ed gene expression. Similarly, activation eIF2al-
pha by PERK, causes it to stimulate ATF4 to 
directly induce the transcription of autophagy-
related genes, as well as further stimulate the 
CHOP protein to increase the expression of 
autophagy related genes [21]. Li et al. report- 
ed that the nerve growth factor inhibited ER 
stress-mediated apoptosis in Schwann cells 
[22]. When Schwann cells were under hyper- 
glycaemia condition, ER stress pathway was 
involved in the subsequent activation of cell 
death pathways [23, 24]. Our results showed 
that there was a decrease in the expression of 
eIF2alpha, PERK, ATF6, ATF4 and CHOP pro-
teins with increasing melatonin treatment  
concentrations in 100 mM glucose-treated 
Schwann cells, when compared to the cells 
treated with 100 mM glucose alone. The pro-
teins expressions from the ER stress pathway 
correlated with the LC3 protein expression  
and cell viability, indicating the occurrence of 
ER stress-mediated autophagic cell death  
in Schwann cells under hyperglycaemia condi-
tion. In summary, treatment with melatonin in 
hyperglycaemia cells ameliorated ER-stress 
mediated autophagic cell death. 
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