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Osteoporosis is a common disease resulting in deteriorated microarchitecture and
decreased bone mass. In type 2 diabetes patients, the incidence of osteoporosis is
significantly higher accompanied by increased apoptosis of osteoblasts. In this study,
using the osteoblastic cell line MC3T3-E1, we show that high glucose reduces cell viability
and induces apoptosis. Also, high glucose leads to endoplasmic reticulum (ER) stress
(ERS) via an increase in calcium flux and upregulation of the ER chaperone binding
immunoglobulin protein (BiP). Moreover, it induces post-translational activation of
eukaryotic initiation factor 2 alpha (eIF2α) which functions downstream of PKR-like ER
kinase (PERK). This subsequently leads to post-translational activation of the transcription
factor 4 (ATF4) and upregulation of C/EBP-homologous protein (CHOP) which is an ER
stress-induced regulator of apoptosis, as well as downstream effectors DNAJC3, HYOU1,
and CALR. Interestingly, melatonin treatment significantly alleviates the high-glucose
induced changes in cell growth, apoptosis, and calcium influx by inhibiting the PERK-
eIF2α-ATF4-CHOP signaling pathway. Additionally, the MC3T3-E1 cells engineered to
express a phosphodead eIF2α mutant did not show high glucose induced ER stress,
confirming that melatonin protects osteoblasts against high-glucose induced changes by
decreasing ER-stress induced apoptosis by impacting the PERK-eIF2α-ATF4-CHOP
signaling pathway. The protective of melatonin against high glucose-induced ER stress
and apoptosis was attenuated when the cells were pre-treated with a melatonin receptor
antagonist, indicating that the effect of melatonin wasmediated via themelatonin receptors
in this context. These findings lay the providemechanistic insights of melatonin’s protective
action on osteoblasts and will be potentially be useful in ongoing pre-clinical and clinical
studies to evaluate melatonin as a therapeutic option for diabetic osteoporosis.
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INTRODUCTION

Osteoporosis results in fragile bones and is often characterized by deteriorated microarchitecture and
reduced bone mass (Rachner et al., 2011; Langdahl, 2015). patients with osteoporosis, regardless of
sex, those aged >50 years are particularly vulnerable to fragility fractures and bone loss (Eisman et al.,
2012). Notably, in type 2 diabetes patients, the incidence of osteoporosis is significantly higher which
is linked to associated metabolic changes in diabetes (Gong et al., 2016; Zhang et al., 2016). However,
understanding of specific etiology and mechanism of diabetic-osteoporosis is still evolving.
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Endoplasmic reticulum (ER) is intricately involved in the
regulation of protein folding, protein translocation, and
calcium (Ca2

+) homeostasis (Gething and Sambrook, 1992;
Ellgaard et al., 1999). Accumulation of misfolded proteins is a
major hallmark of ER stress (Prins andMichalak, 2009; Zhou and
Liu, 2014). To evade the growth of misfolded/unfolded proteins
in the ER, eukaryotic cells elicit the unfolded protein response
(UPR) (Ron, 2002; Rutkowski and Kaufman, 2004). The UPR
comprises of three concurrent steps: inhibition of global protein
synthesis to stop production of additional unfolded proteins,
facilitate the refolding of unfolded proteins by stimulating the ER
molecular chaperones, and activation of the ubiquitin-
proteasome protein degradation pathways to remove the
accumulated unfolded proteins. Failure of the UPR triggers ER
stress-induced apoptosis.

The major regulators and proximal facilitators of the ER
stress (ERS) response machinery are the protein kinase RNA-
like endoplasmic reticulum kinase (PERK), eukaryotic
initiation factor 2α (eIF2α), activating transcription factor 4
(ATF4), and C/EBP homologous protein (CHOP) (Harding
et al., 1999; Ron, 2002; Zhang and Kaufman, 2008). During ER
stress, upon phosphorylation and activation, PERK
phosphorylates eIF2α at the Serine 51 (S51) position. This
in turn leads to the inhibition of canonical translation initiation
machinery (Shi et al., 1998; Harding et al., 1999). However,
certain messenger RNA (mRNAs) harboring an upstream open
reading frame (uORFs) in the 5′-untranslated region (UTR)
can evade the global translation silencing. One such mRNA is
ATF4 which is not inhibited by phosphorylated eIF2α
(Harding et al., 2000; Vattem and Wek, 2004). Both CHOP
and PERK mediates increase in pro-apoptotic BH3-only
proteins, which in turn induces cytochrome-c release from
mitochondria, initiating mitochondrial apoptotic pathway.
CHOP also increases expression of GADD32 and ER
oxidase 1 alpha which increases cellular calcium and
reactive oxygen species (ROS) production, which also
induces apoptotic death (Kojima et al., 2003; Marciniak
et al., 2004; Li et al., 2009; Lin et al., 2009).

Melatonin (MLT; N-acetyl-5-mmRNAethoxytryptamine) is a
neuroendocrine hormone secreted from the pineal gland that
carries out a multitude of functions, including protection against
oxidative stress, free-radical scavenging, apoptosis, and pro-
inflammatory signaling (Hill et al., 2009; Galano et al., 2011;
Mauriz et al., 2013; Mortezaee et al., 2019). Multiple studies
suggest that melatonin can suppress ER stress to protect the brain,
kidney, and myocardium against the ischemia/reperfusion injury
(Hadj Ayed Tka et al., 2015; Yu et al., 2016; Lin et al., 2018). We
have also earlier shown that a high concentration of melatonin
induces osteoblast apoptosis while a low concentration promotes
osteoblast proliferation (Liu et al., 2011; Liu et al., 2012; Meng
et al., 2018; Tao and Zhu, 2018).

MLT exerts its action by binding to a type of G protein
couple receptors, called the melatonin receptors, MT1 and
MT2, on cell membranes. Binding of melatonin to MT1 and
MT2 receptors induces downstream signaling pathways by
intracellular mediators comprising of tubulin, calreticulin,
calmodulin, and quinone reductase 2 (Pandi-Perumal et al.,

2008). MT1 and MT2 knock-out mice indicated a critical role
of MLT and these receptors in homeostasis of blood glucose
(Muhlbauer et al., 2009). Furthermore, risk variants in
MTNR1B (encoding MT2) has been reported in patients
with type 2 diabetes (Mason et al., 2020). Indeed, treatment
with MLT has been shown to restore metabolic dysfunction in
elderly patients with hypertension (Shatilo et al., 2010),
indicating a role of MLT/MT1/MT2 in metabolic regulation.
Clinical trials of MLT supplementation in diabetes patients
unequivocally indicated its role in regulating antioxidant
enzymes (SOD, CAT, and GPx) and in increasing the
overall antioxidant capacity (Rybka et al., 2016; Zare Javid
et al., 2020).

The high concentrations of MLT in mitochondria provides
further evidence of its role in anti-apoptotic and anti-oxidative
stress (Reiter et al., 2016). Indeed, MLT has been shown to
improve the glycemic state by upregulating GSH (Gurel-
Gokmen et al., 2018). MLT levels in blood is lower in
diabetic patients compared to healthy individuals (Cipolla-
Neto et al., 2014; Reutrakul et al., 2018). One potential
protective mechanism of MLT on blood glucose levels is
mediated by MT1 and MT2 receptors-mediated regulation of
GLUT4 expression and post-translational modification of the
insulin substrate, in turn activating insulin signaling (Cipolla-
Neto et al., 2014). We have recently demonstrated that
treatment of the human fetal osteoblastic cell line hFOB 1.19
induces ERS and autophagy at an early stage which promotes
survival, while at later stages there might be interaction between
ERS and autophagy, in turn inducing apoptosis (Cui et al.,
2020). However, in a high glucose environment, whether
melatonin would affect ERS in osteoblasts is not known.
Hence, using the osteoblastic cell line MC3T3-E1, we
investigated the role and effect of melatonin in high glucose-
induced ER stress.

MATERIALS AND METHODS

Reagents and Cell Culture
Mouse osteoblastic MC3T3-E1 cells were obtained from the
Shanghai Cell Bank, Chinese Academy of Sciences. These were
cultured in α-MEM (Thermo Fisher Scientific, Carlsbad, CA,
United States) medium with 10% fetal bovine serum (Thermo
Fisher Scientific). All antibodies were purchased from Abcam
(Cambridge, MA, United States). For T2DM-mimic culture
conditions, cells were stimulated by the addition of 4.5 g/L
glucose in the culture medium (Thermo Fisher Scientific). The
cells were maintained in a humidified incubator at 37 °C and 5%
CO2. As indicated, the MC3T3-E1 cells were either treated with
MLT (100 nM; Sigma-Aldrich) or vehicle (0.2% DMSO). The
dose was choosen as 100 nM as we and others have earlier shown
that a dose of 10 nm—100 µM is optimal to study the effect of
MLT (Liu et al., 2011; Quan et al., 2015; Xiong et al., 2015). Where
indicated, cells were pre-treated for 30 min at 37 °C with 10 µM
Luzindole (Sigma-Aldrich) before treatment with 100 nM
melatonin. Dose of Lizindole was chosen based on previous
study (Quan et al., 2015).
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Establishing MC3T3-E1 Cells Stably
Expressing the S51A eIF2α
MC3T3-E1 cells were transduced with pGIPZ shRNA lentivirus
to target the 3′-UTR of Eif2a using polybrene (Horizon
Discovery, Cambridge, United Kingdom). The cells were
selected using Puromycin (3 μg/ml) for 2 weeks and
knockdown was verified by western blotting. The cDNA of
mouse Eif2a was amplified by PCR and the amplicon was sub-
cloned into the p3XFLAG-CMV-7.1 expression vector (Sigma-
Aldrich). Eif2a S51A was generated by site-directed mutagenesis.
The MC3T3-E1 cells, in which endogenous Eif2a was stably
knocked down, were then transfected with the linearized p3X-
FLAG-CMV-7.1-Eif2a_S51A plasmid and selection was carried
out with G418 (100 μg/ml) and Puromycin for 6 weeks.

Cell Viability Assay
Cell viability assays were carried out using the Cell Counting Kit-
8 (CCK-8; Dojindo, Kumamoto, Japan) as per the manufacturer’s
protocol. The viability was determined after 24 h of the indicated
treatment conditions.

Apoptosis Assay
Cell apoptosis was assessed using the Annexin V-FITC/PI
method. The MC3T3-E1 cells, in the logarithmic growth
phase, were seeded into a 100 mm dish. After 24 h of growth
in DMEM/F12 medium containing 10% FBS, the cells were
treated with melatonin for another 24 h. After this, the cells
were harvested by centrifugation and washed twice with pre-
cooled PBS. Then, these were stained with Annexin V and PI, and
the flow cytometry (FACSCalibur, Becton-Dickinson, USA) was
performed. The Annexin-V+/PI−, Annexin-V+/PI+, and
Annexin-V−/PI+ cells were considered as the early, late, and
necrotic apoptotic cells respectively.

Detection of Intracellular Calcium
Concentration
2 × 105MC3T3-E1 cells/well were seeded into 6-well plates. These
were cultured in high glucose media with or without melatonin
for 48 h. Post-incubation, the cells were trypsinized and stained
with 200 μL of 5 μmol/L Fluo-4/AM (Beyotime, Shanghai, China)
for 30 min at 37 °C. Finally, the cells were washed thrice with PBS,
and the quantification was performed by excitation at 490 nm and
emission at 525 nm respectively. Alternatively, calcium flux was
determined by imaging using Fluo-4 Calcium Imaging Kit
(Thermo Fisher Scientific) according to the manufacturer’s
protocol.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)
The total RNA was isolated using the TRIzol reagent (Thermo
Fisher Scientific, Carlsbad, CA, United States) and reverse
transcribed using the PrimeScript RT Reagent Kit (Takara
Biotechnology co., Ltd., Dalian, China) following the
manufacturer’s instructions. Real-time PCR was performed

using the SYBR Premix Takara Ex Taq on the ABI Prism
7900HT Fast System (Applied Biosystems, Life Technologies,
Foster, CA, United States). Amplifications were carried out using
the primers reported previously (Sharma et al., 2008). Gapdh was
used as an internal control and relative expression was calculated
using the 2−ΔΔcq method (Livak and Schmittgen, 2001).

Western Blotting
At the indicated time points, the MC3T3-E1 cells were lyzed in
buffer containing 150 mM NaCl, 1% NP-40, and 0.1% SDS,
supplemented with protease and phosphatase inhibitors. The
lysates were centrifuged at 12,000 g for 15 min at 4 °C and the
total protein content of the lysates was measured. Then, 50 μg of
protein lysates were resolved by 10% SDS-PAGE and the proteins
were transferred onto PVDF membranes. GAPDH was used to
confirm equal protein loading across the different samples. The
protein blots were blocked in 5% skimmed milk and incubated
with primary antibodies as indicated (all antibodies were used at
1:2000 dilution). Subsequently, incubation with secondary
antibodies was performed and the protein bands were
illuminated using the ECL reagent. Quantification of the band
intensities was carried out using the NIH ImageJ software.

Statistical Analysis
All experiments were performed with at least three biological
replicates, also each of them incorporating at least three technical
replicates. Data are represented as mean ± standard error of the
mean (SEM). The differences between the groups were
determined using the one-way analysis of variance followed by
the Student Newman-Keuls test. p < 0.05 indicates a statistically
significant difference between the samples.

RESULTS

Melatonin Reverses the High
Glucose-Induced Inhibition of Cell
Proliferation and Increase in Apoptosis in
the MC3T3-E1 Cells
To determine the effect of high glucose on the proliferation in
MC3T3-E1 cells, we first performed the CCK-8 assay. We found
that high glucose significantly downregulated (2.38 ± 0.12 folds;
p < 0.0001) cell proliferation compared to the control group of
cells (Figure 1A). Treatment with melatonin rescued cell
proliferation in the high glucose-treaed cells (2.01 ± 0.05 folds
compared to untread cells, p < 0.01; Figure 1A). However,
melatonin did not affect cell proliferation if added to the
control group of cells growing under normal glucose
conditions (Figure 1A; p > 0.05).

Next, we evaluated if high glucose-induced inhibition of cell
proliferation would also be accompanied by induced cell
apoptosis in the MC3T3-E1 cells. As expected, high glucose
indeed showed a significant increase in both late apoptotic
(1.57 ± 0.11 folds; p < 0.001) and necrotic (2.65 ± 0.12 folds;
p < 0.001) cells (Figures 1B,C). Melatonin treatment significantly
decreased high glucose-induced late apoptotic (1.61 ± 0.19 folds;
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p < 0.001) and necrotic (2.06 ± 0.31 folds; p < 0.01) cell death in
the MC3T3-E1 cells. No effects of melatonin were observed in
cells treated with normal glucose levels (Figures 1B,C). We did
not observe a significant difference in the number of early
apoptotic cells between the control and high glucose ±
melatonin conditions (Figures 1B,C; p > 0.05). Moreover,
when we tested these cells for the levels of apoptotic proteins
using western blotting, we found that high glucose treatment led
to a robust decrease in the level of the anti-apoptotic protein Bcl-
xL but upregulated pro-apoptotic proteins p21 and cleaved
caspase three in the MC3T3-E1 cells. However, melatonin
treatment restored the expression of Bcl-xL and decreased the
expression of p21 and cleaved caspase three respectively.
(Figure 1D). Overall, these results indicate that melatonin
treatment is capable of restoring the high glucose-induced
effects on cell proliferation and apoptosis.

Melatonin Alleviates High Glucose-Induced
ER Stress
Since Ca2

+ influx is intricately related to osteoblast function, we
next examined the changes in Ca2

+ influx in the high glucose
treated MC3T3-E1 cells. We found that high glucose treatment
significantly increased (6.9 ± 1.2 folds; p < 0.0001) the Ca2

+ influx

in the MC3T3-E1 cells (Figures 2A,B), but this was markedly
reversed (3.22 ± 0.81 folds; p < 0.0001) upon the addition of
melatonin (Figures 2A,B). Altered Ca2

+ homeostasis causes ERS
which can be assessed by the expression of immunoglobulin
heavy chain-binding protein BiP (also referred to as GRP78 or
HSPA5). It is a member of the HSP70 protein family and is an
established marker of protein folding and assembly in the ER
during ER stress. We found that significantly upregulated (1.89 ±
0.23 folds; p < 0.001) BiP mRNA expression in the high glucose
treated cells was markedly downregulated (1.61 ± 0.23 folds; p <
0.001) in the presence of melatonin (Figure 2C). Taken together,
these results indicate that high glucose-induced ER stress can be
alleviated by melatonin.

Melatonin Protects Against High
Glucose-Induced Cell Apoptosis via
Inhibition of the PERK-eIF2α-ATF4-CHOP
Pathway
ER, a major organelle with stress sensors, responds to cellular
stressors. During ER stress, in UPR, activation of PERK leads to
phosphorylation of eIF2α inhibiting canonical protein synthesis.
However, the translation of ATF4 is not affected by such

FIGURE 1 | Melatonin reverses the high glucose-induced inhibition of cell proliferation and increase in apoptosis in the MC3T3-E1 cells (A) Cell proliferation was
determined by the CCK8 assay for cells grown under normal (control) or high glucose conditions for 24 h ± melatonin (100 nM) (B,C) Apoptotic cell death was
determined by Annexin-V/PI staining for cells grown under normal (control) or high glucose conditions for 24 h ± melatonin (100 nM) (B) The representative flow
cytometry dot plots and (C) quantitative data of early apoptotic, late apoptotic, and necrotic cells are shown (D) Representative immunoblot of the anti-apoptotic
protein Bcl-xL, pro-apoptotic proteins p21, and cleaved caspase three obtained from theMC3T3-E1 cell lysates grown under normal (control) or high glucose conditions
for 24 h ±melatonin (100 nM) are shown. Results were obtained from three independent experiments. GAPDHwas used as a loading control. For (A,C), bars are mean ±
SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.
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regulation due to an initiation site in its 5′-UTR sequences which
is transcriptionally activated by phosphorylated ribosomal S6
kinase 2 (RSK2) and PKA. The activated ATF4 then
upregulates C/EBP-homologous protein (CHOP) inducing
apoptosis. PERK, ATF4, and CHOP are the proximal sensors
of ER stress, whereas chaperone proteins like chaperone proteins
HYOU1, HSPA5, DNAJC3, HSP90B1, CALR, and STC2 are
downstream effectors (Sharma et al., 2008).

In high glucose treated MC3T3-E1 cells, we indeed observed
a high level of P-PERK (8.84 ± 0.23 folds; p < 0.0001), P-eIF2α
(4.91 ± 0.23 folds; p < 0.0001), and P-ATF4 (4.32 ± 0.34 folds;
p < 0.0001) indicating induction of ERS (Figures 3A,B).
However, the cellular levels of these proteins in the
unphosphorylated state did not change. Melatonin
treatment reversed the increase in the phosphorylated state
of PERK (9.34 ± 1.23 folds; p < 0.0001), eIF2α (27.34 ± 0.13

folds; p < 0.0001), and ATF4 (5.03 ± 0.37 folds; p < 0.0001),
without altering the unphosphorylated state (Figures 3A,B).
Given that activated ATF4 upregulates transcription of
downstream targets, we next examined the changes in the
level of CHOP which is directly involved in ER stress-
induced apoptosis. We found that high glucose treatment
significantly increased CHOP mRNA exprssion (3.16 ± 0.21
folds; p < 0.0001); however, this was reversed by melatonin
(2.86 ± 0.24 folds; p < 0.0001; Figure 3C). Similar observation
was made for CHOP protein expression (Figure 3D). Similar
changes in expression of the downstream effectors HYOU1,
CALR, and DNAJC3 were observed (Figure 3C).
Cumulatively, these results suggest a molecular model for
melatonin mediated inhibition of the PERK-eIF2α-ATF4-
CHOP signaling which otherwise triggers the ER stress-
induced apoptosis.

FIGURE 2 |Melatonin alleviates high glucose-induced ER stress (A,B) Analysis of Ca2
+ influx in the MC3T3-E1 cells grown under normal (control) and high glucose

conditions for 48 h ± melatonin (100 nM) is shown using the (A) representative images obtained from Fluo-4 imaging (Scale bar: 50 µm) and (B) quantified
spectrophotometrically using Fluo-4/AM (C) Relative mRNA expression ofGrp78 (which encodes BiP) is shown as indicated. The fold expression was calculated relative
to the expression under control conditions.Gapdhwas used as a normalization control. For (B,C), bars aremean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, ns,
not significant.
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To test this hypothesis, we established MC3T3-E1 cells that
could stably express the S51A mutant of Eif2a (encoding eIF2α).
This was achieved by knocking down the endogenous wild-type
Eif2α using the shRNA targeting the corresponding 3′-UTR

(Figure 4A). These cells were denoted as MC3T3-E1/S51A
and were grown under high glucose conditions. Surprisingly,
high glucose treatment did neither decrease cell proliferation nor
increased apoptosis in the MC3T3-E1/S51A cells (Figures 4B,C;

FIGURE 3 | Melatonin reverses the activation of both proximal sensors and downstream effectors associated with high glucose-induced endoplasmic reticulum
stress (A,B) Immunoblot analysis of phosphorylated and total PERK, eIF2α, and ATF4 proteins in the MC3T3-E1 cells grown under normal (control) and high glucose
conditions for 48 h ±melatonin (100 nM) (A) The representative blots from three independent experiments and (B) the corresponding densitometry analysis are shown.
GAPDH was used as a loading control (C) Relative mRNA expression of Chop, Dnajc3, Hyou1, and Calr in the MC3T3-E1 cells grown under normal (control) and
high glucose conditions for 48 h ±melatonin (100 nM). The fold expression was calculated relative to the expression under control conditions. Gapdh was as used as a
normalization control. (D) Representative immunoblot images of CHOP under the same conditions is shown. GAPDH was used as a loading control. These represent
three independent experiments. For (B,C), bars are mean ± SEM. ***p < 0.001, ****p < 0.0001, ns: not significant.

FIGURE 4 | PERK-eIF2α-ATF4 axis is crucial for the protective action of melatonin (A)MC3T3-E1 cells were transduced with shRNA targeting the 3′-UTR of Eif2a.
Successful knockdown was verified by immunoblotting. The representative blots from three independent experiments are shown. GAPDH was used as a loading
control. (B,C) MC3T3-E1 cells in which endogenous Eif2a was stably knocked down were stably transfected with an Eif2a-S51A phospho-dead mutant expression
constructed. MC3T3-E1 and MC3T3-E1/S51A cells were then grown under high glucose ±melatonin for 24 h (B) Cell proliferation was determined by the CCK8
assay and (C) apoptotic cell death was determined by Annexin-V/PI staining. For (B,C), bars aremean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.
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p > 0.05 in each case). This phenomenon was completely reverse
of the MC3T3-E1 cells expressing the WT Eif2a (3.31 ± 0.29 folds
change in cell proliferation, p < 0.0001; and 1.89 ± 0.12 (p < 0.001)
and 3.31 ± 0.12 (p < 0.01) folds change in late apoptotic and
necrotic cells, respectively between control and high-glucose;
Figures 4B,C).

Besides, high glucose significantly increased the P-PERK
protein level (7.56 ± 1.19 folds, p < 0.0001; Figures 5A,B), but
failed to upregulate the downstream targets P-eIF2α, P-ATF4 and
CHOP in the MC3T3-E1/S51A cells (Figures 5A,B; p > 0.05 in
each case). This was again in contrast to the observations made in
the MC3T3-E1 cells expressing the WT Eif2α (Figures 3A,B).
Altogether, these results assert that high glucose-induced cell
death in osteoblastic cell line MC3T3-E1 is via regulation of the
PERK-eIF2α-ATF4-CHOP signaling pathway which can be
alleviated by melatonin by directly impacting the regulation at
PERK- eIF2α-ATF4-CHOP axis.

Given the inherent and critical role of the MT1 and MT2
receptors in mediating the action of melatonin and known
correlation of these receptors to type 2 diabetes and regulation
of blood glucose (Muhlbauer et al., 2009; Mason et al., 2020), we
next determined if the protective functions observed in our
experiments was being mediated by these receptors. We took
advantage of a small molecule inhibitor of melatonin receptor,
Luzindole, which has 25-fold greater affinity for theMT2 receptor

compared to the MT1 receptor (Quan et al., 2015). Pre-treatment
of MC3T3-E1 cells for 30 min with 10 µM Luzindole prevented
melatonin-induced rescue of cell proliferation (4.36 folds less cell
proliferation in melatonin + Luzindole compared to melatonin,
p < 0.0001; Figure 6A). High glucose-induced apoptosis was not
attenuated when cells were pre-treated with Luzindole
(Figure 6B; p > 0.05). Immunoblot analysis showed that
Lizindole pre-treatment prevented melatonin-mediated
increase of anti-apoptotic protein Bcl-xL, decrease of pro-
apoptotic p21, inhibition of ER stress induction (CHOP
expression), as well as activation of PERK/eIF2α/ATF4
pathway (assessed by P-PERK expression) (Figure 6C). These
results cumulatively indicate that the protective function of
melatonin on osteoblast cells is mediated via the MT1/MT2
receptors.

DISCUSSION

The critical role of ER stress in osteoporosis pathogenesis has
been recently elucidated (Li et al., 2017). Hence, it is essential to
identify candidates that can reduce ER stress in osteoblasts. The
results of this study show that melatonin could be a potential
candidate for such a function. Our finding indicates that
melatonin affects the regulation at PERK–eIF2α–ATF4-CHOP

FIGURE 5 |High glucose conditions could not induce ER stress in the MC3T3-E1 cells harboring the phospho-dead (S51A) mutant of Eif2a. MC3T3-E1/S51A cells
were grown under normal or high glucose (±melatonin) concentration for 24 h. (A) Representative immunoblot images of phosphorylated and total PERK, eIF2α, ATF4,
and CHOP are shown, and (B) densitometry analysis from three independent experiments are shown. GAPDH was used as a loading control. For (B), bars are mean ±
SEM. ****p < 0.0001, ns: not significant.
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signaling axis and inhibits ER stress-induced apoptosis in
osteoblasts. This action of melatonin was mediated via the
high affinity MT1 and MT2 receptors. One limitation of our
study was that we used only one dose of melatonin for all our
experiments based on previous work by us and others (Liu
et al., 2011; Quan et al., 2015). Dose and duration based
response studies (of both melatonin and glucose
concentrations) are required to clearly ascertain the kinetics
of our observations. In addition, durability of response need to
be ascertained by withdrawing melatonin after a fixed
duration.

It has been previously reported that ER stress induces
apoptosis in osteoblasts leading to osteoporosis (Joanna,
2018; Kim et al., 2018). In the MC3T3-E1 cells, high
glucose treatment results in increased phosphorylation of
eIF2α which in turn increases the transactivation of ATF4.
Interestingly, in high glucose treated MC3T3-E1 cells,
melatonin treatment modulates CHOP expression by
attenuating the expression of P-PERK, P-eIF2α, and
P-ATF4. This strongly indicates a melatonin-mediated
protective role in osteoblasts against the high glucose-
induced ER stress and apoptosis.

Oxidative stress and the associated generation of free radicals
have been linked to ER stress in diabetic patients which
ultimately leads to apoptotic cell death in osteoblasts
(Burgos-Morón et al., 2019). The PERK-eIF2α mediates
inhibition of canonical translation but activates the
translation of ATF4 resulting in transcriptional activation of

CHOP, a direct regulator of ER stress-induced apoptosis. The
results from this study indicates that melatonin inhibits
activation of ATF4; it remains to be determined if and how
melatonin regulates oxidative stress under these conditions.
Nuclear factor erythroid 2-related factor 2 (Nrf2), a senor of
ocidative stress, is an important transcription factor that is
phosphorylated by PERK in EIF2α-independent manner
(Cullinan et al., 2003). Furthermore, it has been recently
shown that Nrf2 signaling is critical, at least partially, for the
biological and therapeutic effect of melatonin (Ahmadi and
Ashrafizadeh, 2020). Hence, evaluating whether Nrf2 is
involved in melatonin-mediated protective effect against
glucotoxicity in osteoblasts is essential.

ATF4 activates transcription of CHOP which functioning as
a transcription factor then downregulates the downstream anti-
apoptotic factor Bcl-2 and upregulates the production of
reactive oxygen species (ROS) (Hu et al., 2018). It has been
reported that downregulating CHOP inhibits ER stress and
apoptotic cell death both in vitro and in vivo (Hu et al.,
2018). In this study, we observed that high glucose treatment
upregulated CHOP leading to apoptosis in the MC3T3-E1 cells.
However, melatonin treatment negatively affected the cellular
CHOP levels and thereby reduced apoptosis along with the
restoration of cell proliferation. Based on this, we propose a
molecular model for melatonin functioning in which melatonin
indirectly restores the expression of anti-apoptotic protein Bcl-2
to restore cell proliferation and inhibit cell death. It has been
shown that p21 also contributes to UPR-adaptive signaling at

FIGURE 6 | Protective action of melatonin against glucotoxicity in MC3T3-E1 cells is mediated via the high affinity melatonin receptors, MT1 and MT2. MC3T3-E1
cells grown under high glucose conditions were treated with melatonin (100 nM) for 24 h ± pre-treatment with Luzindole (10 µM for 30 min). (A) Cell proliferation was
determined by the CCK8 assay. (B) Apoptotic cell death was determined by Annexin-V/PI staining. (B) Quantitative data of early apoptotic, late apoptotic, and necrotic
cells are shown. (C) Representative immunoblot analysis of anti-apoptotic Bcl-xL, anti-apoptotic p21, and proximal ER stress markers P-PERK and CHOP.
GAPDH was used as a loading control.
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initial stages of ER stress, whereas CHOP, besides inducing
apoptosis, downregulates expression of p21, favoring a
transition from UPR-adaptive pathways to apoptotic pattern
(Mihailidou et al., 2010; Mihailidou et al., 2015). This
suppression of p21 by CHOP was shown to be p53-
independent (Mihailidou et al., 2015). We however, observed
an increase in both CHOP and p21 expression under high
glucose conditions and downregulation following melatonin
treatment. This contrasting results might be due to the
cellular context, and or duration of treatment.

During ER stress, melatonin maintains a steady-state
through a variety of mechanisms. It is plausible that in
addition to its regulatory effect on the PERK-eIF2α-ATF4
signaling pathway, it might also function through other
pathways or factors. In conclusion, we showed that
glucotoxicity-induced cell death and concomitant elevation of
ER stress caused by an increase in calcium flux and activation of
the PERK- eIF2α-ATF4-CHOP axis in osteoblast can be
inhibited by melatonin treatment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

R-YZ and YZ designed experiments; YM and Z-BT carried out
experiments; SQ, Z-LG and LT analyzed experimental results.
R-YZ wrote the manuscript; YZ approved the manuscript. All
authors read and approved the final manuscript.

FUNDING

The study was supported by National Natural Science Foundation
of China (Grant no. 81472044).

REFERENCES

Ahmadi, Z., and Ashrafizadeh, M. (2020). Melatonin as a potential modulator of
Nrf2. Fundam. Clin. Pharmacol. 34, 11–19. doi:10.1111/fcp.12498

Burgos-Morón, E., Abad-Jiménez, Z., Marañón, A. M., Iannantuoni, F., Escribano-
López, I., López-Domènech, S., et al. (2019). Relationship between oxidative
stress, ER stress, and inflammation in type 2 diabetes: the battle continues.
J. Clin. Med. 8, 1385. doi:10.3390/jcm8091385

Cipolla-Neto, J., Amaral, F. G., Afeche, S. C., Tan, D. X., and Reiter, R. J. (2014).
Melatonin, energy metabolism, and obesity: a review. J. Pineal Res. 56, 371–381.
doi:10.1111/jpi.12137

Cui, C., Lin, T., Gong, Z., and Zhu, Y. (2020). Relationship between autophagy,
apoptosis and endoplasmic reticulum stress induced by melatonin in
osteoblasts by septin7 expression. Mol. Med. Rep. 21, 2427–2434.
doi:10.3892/mmr.2020.11063

Cullinan, S. B., Zhang, D., Hannink, M., Arvisais, E., Kaufman, R. J., and Diehl, J. A.
(2003). Nrf2 is a direct PERK substrate and effector of PERK-dependent cell
survival.Mol. Cell Biol. 23, 7198–7209. doi:10.1128/MCB.23.20.7198-7209.2003

Eisman, J. A., Bogoch, E. R., Dell, R., Harrington, J. T., Mckinney, R. E., Jr.,
Mclellan, A., et al. (2012). Making the first fracture the last fracture: ASBMR
task force report on secondary fracture prevention. J. Bone Miner. Res. 27,
2039–2046. doi:10.1002/jbmr.1698

Ellgaard, L., Molinari, M., and Helenius, A. (1999). Setting the standards: quality
control in the secretory pathway. Science 286, 1882–1888. doi:10.1126/science.
286.5446.1882

Galano, A., Tan, D. X., and Reiter, R. J. (2011). Melatonin as a natural ally against
oxidative stress: a physicochemical examination. J. Pineal Res. 51, 1–16. doi:10.
1111/j.1600-079X.2011.00916.x

Gething, M. J., and Sambrook, J. (1992). Protein folding in the cell. Nature 355,
33–45. doi:10.1038/355033a0

Gong, K., Qu, B., Liao, D., Liu, D., Wang, C., Zhou, J., et al. (2016). MiR-132
regulates osteogenic differentiation via downregulating Sirtuin1 in a
peroxisome proliferator-activated receptor β/δ-dependent manner. Biochem.
Biophys. Res. Commun. 478, 260–267. doi:10.1016/j.bbrc.2016.07.057

Gurel-Gokmen, B., Ipekci, H., Oktay, S., Alev, B., Ustundag, U. V., Ak, E., et al.
(2018). Melatonin improves hyperglycemia induced damages in rat brain.
Diabetes Metab. Res. Rev. 34, e3060. doi:10.1002/dmrr.3060

Hadj Ayed Tka, K., Mahfoudh Boussaid, A., Zaouali, M. A., Kammoun, R., Bejaoui,
M., Ghoul Mazgar, S., et al. (2015). Melatonin modulates endoplasmic
reticulum stress and Akt/GSK3-beta signaling pathway in a rat model of
renal warm ischemia reperfusion. Anal. Cell Pathol., 2015, 635172. doi:10.
1155/2015/635172

Harding, H. P., Novoa, I., Zhang, Y., Zeng, H., Wek, R., Schapira, M., et al. (2000).
Regulated translation initiation controls stress-induced gene expression in
mammalian cells. Mol. Cell. 6, 1099–1108. doi:10.1016/S1097-2765(00)
00108-8

Harding, H. P., Zhang, Y., and Ron, D. (1999). Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 397, 271–274.
doi:10.1038/16729

Hill, S. M., Frasch, T., Xiang, S., Yuan, L., Duplessis, T., and Mao, L. (2009).
Molecular mechanisms of melatonin anticancer effects. Integr. Canc. Ther. 8,
337–346. doi:10.1177/1534735409353332

Hu, H., Tian, M., Ding, C., and Yu, S. (2018). The C/EBP homologous protein
(CHOP) transcription factor functions in endoplasmic reticulum stress-
induced apoptosis and microbial infection. Front. Immunol. 9, 3083. doi:10.
3389/fimmu.2018.03083

Joanna, C. (2018). ER stress causes osteoclastogenesis. Nat. Rev. Rheumatol. 14,
184. doi:10.1038/nrrheum.2018.24

Kim, J. H., Kim, K., Kim, I., Seong, S., Nam, K. I., Kim, K. K., et al. (2018).
Endoplasmic reticulum-bound transcription factor CREBH stimulates
RANKL-induced osteoclastogenesis. J. Immunol. 200, 1661. doi:10.4049/
jimmunol.1701036

Kojima, E., Takeuchi, A., Haneda, M., Yagi, A., Hasegawa, T., Yamaki, K., et al.
(2003). The function of GADD34 is a recovery from a shutoff of protein
synthesis induced by ER stress: elucidation by GADD34-deficient mice. FASEB
J 17, 1573–1575. doi:10.1096/fj.02-1184fje

Langdahl, B. L. (2015). New treatments of osteoporosis. Osteoporosis and
Sarcopenia 1, 4–21.

Li, G., Mongillo, M., Chin, K. T., Harding, H., Ron, D., Marks, A. R., et al. (2009).
Role of ERO1-alpha-mediated stimulation of inositol 1,4,5-triphosphate
receptor activity in endoplasmic reticulum stress-induced apoptosis. J. Cell
Biol. 186, 783–792. doi:10.1083/jcb.200904060

Li, J., Yang, S., Li, X., Liu, D., Wang, Z., Guo, J., et al. (2017). Role of endoplasmic
reticulum stress in disuse osteoporosis. Bone 97, 2–14. doi:10.1016/j.bone.2016.
12.009

Lin, J. H., Li, H., Zhang, Y., Ron, D., and Walter, P. (2009). Divergent effects of
PERK and IRE1 signaling on cell viability. PLoS One 4, e4170. doi:10.1371/
journal.pone.0004170

Lin, Y. W., Chen, T. Y., Hung, C. Y., Tai, S. H., Huang, S. Y., Chang, C. C., et al.
(2018). Melatonin protects brain against ischemia/reperfusion injury by
attenuating endoplasmic reticulum stress. Int. J. Mol. Med. 42, 182–192.
doi:10.3892/ijmm.2018.3607

Liu, L., Zhu, Y., Xu, Y., and Reiter, R. J. (2011). Melatonin delays cell proliferation
by inducing G1 and G2/M phase arrest in a human osteoblastic cell line hFOB
1.19. J. Pineal Res. 50, 222–231. doi:10.1111/j.1600-079X.2010.00832.x

Frontiers in Pharmacology | www.frontiersin.org December 2020 | Volume 11 | Article 6023079

Zhou et al. Melatonin, PERK-eIF2a-ATF4 and Osteoblastic Cell

https://doi.org/10.1111/fcp.12498
https://doi.org/10.3390/jcm8091385
https://doi.org/10.1111/jpi.12137
https://doi.org/10.3892/mmr.2020.11063
https://doi.org/10.1128/MCB.23.20.7198-7209.2003
https://doi.org/10.1002/jbmr.1698
https://doi.org/10.1126/science.286.5446.1882
https://doi.org/10.1126/science.286.5446.1882
https://doi.org/10.1111/j.1600-079X.2011.00916.x
https://doi.org/10.1111/j.1600-079X.2011.00916.x
https://doi.org/10.1038/355033a0
https://doi.org/10.1016/j.bbrc.2016.07.057
https://doi.org/10.1002/dmrr.3060
https://doi.org/10.1155/2015/635172
https://doi.org/10.1155/2015/635172
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1038/16729
https://doi.org/10.1177/1534735409353332
https://doi.org/10.3389/fimmu.2018.03083
https://doi.org/10.3389/fimmu.2018.03083
https://doi.org/10.1038/nrrheum.2018.24
https://doi.org/10.4049/jimmunol.1701036
https://doi.org/10.4049/jimmunol.1701036
https://doi.org/10.1096/fj.02-1184fje
https://doi.org/10.1083/jcb.200904060
https://doi.org/10.1016/j.bone.2016.12.009
https://doi.org/10.1016/j.bone.2016.12.009
https://doi.org/10.1371/journal.pone.0004170
https://doi.org/10.1371/journal.pone.0004170
https://doi.org/10.3892/ijmm.2018.3607
https://doi.org/10.1111/j.1600-079X.2010.00832.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Liu, L., Zhu, Y., Xu, Y., and Reiter, R. J. (2012). Prevention of ERK activation
involves melatonin-induced G(1) and G(2)/M phase arrest in the human
osteoblastic cell line hFOB 1.19. J. Pineal Res. 53, 60–66. doi:10.1111/j.1600-
079X.2011.00971.x

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402–408. doi:10.1006/meth.2001.1262

Marciniak, S. J., Yun, C. Y., Oyadomari, S., Novoa, I., Zhang, Y., Jungreis, R., et al.
(2004). CHOP induces death by promoting protein synthesis and oxidation in
the stressed endoplasmic reticulum. Genes Dev. 18, 3066–3077. doi:10.1101/
gad.1250704

Mason, I. C., Qian, J., Adler, G. K., and Scheer, F. (2020). Impact of circadian
disruption on glucose metabolism: implications for type 2 diabetes.
Diabetologia 63, 462–472. doi:10.1007/s00125-019-05059-6

Mauriz, J. L., Collado, P. S., Veneroso, C., Reiter, R. J., and González-Gallego, J.
(2013). A review of the molecular aspects of melatonin’s anti-inflammatory
actions: recent insights and new perspectives. J. Pineal Res. 54, 1–14. doi:10.
1111/j.1600-079X.2012.01014.x

Meng, X., Zhu, Y., Tao, L., Zhao, S., and Qiu, S. (2018). Periostin has a protective role
in melatonin-induced cell apoptosis by inhibiting the eIF2α-ATF4 pathway in
human osteoblasts. Int. J. Mol. Med. 41, 1003–1012. doi:10.3892/ijmm.2017.3300

Mihailidou, C., Chatzistamou, I., Papavassiliou, A. G., and Kiaris, H. (2015).
Improvement of chemotherapeutic drug efficacy by endoplasmic reticulum
stress. Endocr. Relat. Canc. 22, 229–238. doi:10.1530/ERC-15-0019

Mihailidou, C., Papazian, I., Papavassiliou, A. G., and Kiaris, H. (2010). CHOP-
dependent regulation of p21/waf1 during ER stress. Cell. Physiol. Biochem. 25,
761–766. doi:10.1159/000315096

Mortezaee, K., Potes, Y., Mirtavoos-Mahyari, H., Motevaseli, E., Shabeeb, D., Musa,
A. E., et al. (2019). Boosting immune system against cancer by melatonin: a
mechanistic viewpoint. Life Sci. 238, 116960. doi:10.1016/j.lfs.2019.116960

Muhlbauer, E., Gross, E., Labucay, K., Wolgast, S., and Peschke, E. (2009). Loss of
melatonin signalling and its impact on circadian rhythms in mouse organs
regulating blood glucose. Eur. J. Pharmacol. 606, 61–71. doi:10.1016/j.ejphar.
2009.01.029

Pandi-Perumal, S. R., Trakht, I., Srinivasan, V., Spence, D. W., Maestroni, G. J.,
Zisapel, N., et al. (2008). Physiological effects of melatonin: role of melatonin
receptors and signal transduction pathways. Prog Neurobiol 85, 335–353.
doi:10.1016/j.pneurobio.2008.04.001

Prins, D., and Michalak, M. (2009). Endoplasmic reticulum proteins in cardiac
development and dysfunction. Can. J. Physiol. Pharmacol. 87, 419–425. doi:10.
1139/y09-032

Quan, X., Wang, J., Liang, C., Zheng, H., and Zhang, L. (2015). Melatonin inhibits
tunicamycin-induced endoplasmic reticulum stress and insulin resistance in
skeletal muscle cells. Biochem. Biophys. Res. Commun. 463, 1102–1107. doi:10.
1016/j.bbrc.2015.06.065

Rachner, T. D., Khosla, S., and Hofbauer, L. C. (2011). Osteoporosis: now and the
future. Lancet 377, 1276–1287. doi:10.1016/S0140-6736(10)62349-5

Reiter, R. J., Mayo, J. C., Tan, D. X., Sainz, R. M., Alatorre-Jimenez, M., and Qin, L.
(2016). Melatonin as an antioxidant: under promises but over delivers. J. Pineal
Res. 61, 253–278. doi:10.1111/jpi.12360

Reutrakul, S., Sumritsopak, R., Saetung, S., Chanprasertyothin, S., Chailurkit, L. O.,
and Anothaisintawee, T. (2018). Lower nocturnal urinary 6-sulfatoxymelatonin
is associated with more severe insulin resistance in patients with prediabetes.
Neurobiol Sleep Circadian Rhythms 4, 10–16. doi:10.1016/j.nbscr.2017.06.001

Ron, D. (2002). Translational control in the endoplasmic reticulum stress response.
J. Clin. Invest. 110, 1383–1388. doi:10.1172/JCI16784

Rutkowski, D. T., and Kaufman, R. J. (2004). A trip to the ER: coping with stress.
Trends Cell Biol. 14, 20–28. doi:10.1016/j.tcb.2003.11.001
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