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Abstract. Idiopathic scoliosis (IS) is a spinal 3‑dimensional
deformity with an unknown cause. Melatonin is secreted
by the pineal body and contributes to the occurrence and
progression of IS. In our previous preliminary study, it was
reported that high concentrations of melatonin can induce
osteoblast apoptosis, thus acting as an IS treatment, but the
mechanism of action is unknown. Therefore, the present study
was performed to further investigate the possible mechanism
underlying the efficacy of melatonin as a treatment for IS. The
present results indicated that high concentrations of melatonin
mediate endoplasmic reticulum stress (ERS)‑induced apoptosis in hFOB 1.19 cells, and this resulted in a significant and
dose‑dependent increase in the expression of Septin4, as well
as the expression levels of glucose‑regulated protein (GRP)78,
GRP94 and cleaved caspase‑3. Furthermore, osteoblasts were
overexpressed with Septin4 and the mechanism via which
melatonin induces osteoblast ERS was demonstrated to be
via the regulation of Septin4. In addition, it was indicated
that cytoskeleton destruction, cell morphology changes and
the decrease in the number of cells were aggravated after
osteoblasts were overexpressed with Septin4, as indicated by
phalloidin and DAPI staining. Collectively, the present results
suggest that the Septin4 protein may be a target of ERS in
melatonin‑induced osteoblast apoptosis, which is involved in
bone metabolism diseases, thus providing novel evidence for
clinical melatonin treatment of IS.
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Introduction
Idiopathic scoliosis (IS) is defined as scoliosis with an unknown
cause that presents as a spinal 3‑dimensional deformity during
growth and development, and has an increasing prevalence
(current incidence rate, >2%) and poses a worldwide threat
to human health (1‑3). The most common time for the development of IS to occur is during the fastest‑growing state of
juveniles (age, 10‑16 years), which is the most active period of
bone development and osteoblast proliferation (4‑7). Moreover,
effective inhibition of osteoblast proliferation and induction of
apoptosis contribute to the prevention and treatment of IS (8).
Therefore, medication that can induce osteoblast apoptosis
should be investigated as a potential therapeutic strategy for
IS. Previous studies have reported that melatonin exerts an
influence on the progression of IS (9‑14). Furthermore, our
previous studies revealed that high concentrations of melatonin
significantly inhibit osteoblast viability (15,16), thus indicating
a possible clinical application of melatonin in preventing and
controlling the progression of IS (17); however, the mechanism
is yet to be elucidated.
The endoplasmic reticulum (ER) is a critical subcellular
organelle responsible for regulation of Ca2+ homoeostasis and
transmembrane protein synthesis and folding (18,19). External
stimulation induces the disruption of ER physiological function, which triggers ER stress (ERS) (20,21). Moreover, ERS
can reduce cell damage and restore cell function by activating
the unfolded protein response (UPR) (22,23). However, excessive or prolonged ERS can induce cell apoptosis (24‑26), and
it has been reported that melatonin can initiate ERS‑induced
apoptosis in human hepatoma cells (27). In addition, excessive
ERS caused by a high concentration of melatonin is a direct
factor for inducing apoptosis (28). It is also speculated that
these effects be due to the high concentration of melatonin
caused by Ca2+ overload and the induction of osteoblastic ERS,
but this is yet to be elucidated.
The ER is highly sensitive to stress; it maintains its
structure and function by regulating membrane proteins, and
selectively transports membrane proteins to deliver biological
effects (29). However, the type of ER target protein that melatonin interacts with to export relevant membrane proteins,
transfer biological information to the cell membrane, open
Ca2+ channels on the cell membrane surface and induce ERS is
not yet fully understood. Golgi membranes of HeLa cells using
small interfering RNA screen technology and, when exposed
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to external stimuli, will rapidly redistribute on the plasma
membrane, causing Ca 2+ influx in the cell membrane (30).
Furthermore, it has been reported that Septin4, a subtype of
the Septin superprotein family, is a necessary component of
cytoskeletal proteins and may affect vesicle trafficking, apoptosis and numerous important physiological processes (31‑34).
The present study hypothesized that septin4 may also be a
target protein of melatonin‑induced osteoblasts, activate ERS
and induce apoptosis. However, the mechanism via which
melatonin induces osteoblast apoptosis to regulate IS is yet
to be elucidated. Therefore, the aim of the present study was
to further investigate the mechanism underlying the effect of
melatonin on osteoblast development and its possible target of
osteoblasts, which may provide a novel insight and direction
for treatment of IS.
Materials and methods
Cell culture and treatment. The clonal human fetal osteoblastic (hFOB 1.19) cell line (35) was donated by Dr
Malayannan Subramaniam (Department of Biochemistry
and Molecular Biology, Mayo Clinic; Rochester, USA) (36).
Cells were cultured in a humidified incubator with 5% CO2
atmosphere at 37˚C and in a 1:1 mixture of DMEM and
F‑12 medium (HyClone; GE Healthcare Life Sciences) with
10% FBS (HyClone; GE Healthcare Life Sciences) and a
100 µg/ml streptomycin and 100 U/ml penicillin solution
(HyClone; GE Healthcare Life Sciences). The cell culture
medium was changed every other day. The osteoblastic cells
were sub‑cultured using 0.25% trypsin with EDTA (HyClone;
GE Healthcare Life Sciences) to replace the cells. Osteoblasts
were cultured to passages 8‑11 and plated at 1x104 cells/cm2
for 24 h before treatment. Melatonin (2, 4 and 6 mM), obtained
from Sigma‑Aldrich (Merck KGaA), was dissolved in medium
containing 0.2% DMSO and 10% FBS to treat the cells for
24 h in 5% CO2 at 37˚C.
Plasmids, cell transfections. The full‑length human Septin4
plasmid (Shanghai Genechem Co., Ltd.) was cloned to
Flag‑tagged destination vectors (Shanghai Genechem Co.,
Ltd.) according to the requirements of immunoblotting. Cell
transfections were performed using Lipofectamine® 2000
(37˚C for 48 h; 90% cell density) (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
The control group comprised cells transfected with control
plasmid. The time interval between transfection and subsequent experimentation was 24 h.
Cell viability assay. Cell viability was measured using an MTT
assay (Sigma‑Aldrich; Merck KGaA). hFOB 1.19 cells were
seeded in 96‑well plates at a density of 6x103 cells/well and
allowed to adhere for 24 h at 37˚C before being treated. Then,
cells were transfected with the control plasmid or Flag‑Septin4
plasmid. The time interval between transfection and subsequent experimentation was 24 h. Subsequently, hFOB 1.19
cells were divided into four groups randomly: i) Transfected
with control plasmid; ii) transfected with control plasmid and
exposed to melatonin (2, 4 and 6 mM); iii) transfected with
Flag‑Septin4 plasmid; and iv) transfected with Flag‑Septin4
plasmid and exposed to melatonin (2, 4 and 6 mM). The cells

were transfected for 48 h and treated with melatonin for 48 h at
37˚C. Medium was replaced with 90 µl fresh culture medium,
and 10 µl MTT (5 mg/ml) solution was added to each well.
After incubation at 37˚C for 4 h, the supernatant was removed
and 110 µl DMSO was added to each well. The mixture was
agitated on a plate for 10 min before the optical density of each
well was measured at 490 nm using an Absorbance Reader.
Data from five independent experiments were analyzed.
Annexin V‑FITC/propidium iodide (PI) double‑staining for
cell apoptosis analysis. Apoptotic cells were detected using
an Annexin V‑FITC/PI kit (Dojindo Molecular Technologies,
Inc.) and quantified using a BD LSRFortesa (BD Biosciences);
data were analyzed using BD FACSDiva Software (version
6.2; BD Biosciences). hFOB 1.19 cells were seeded in 6‑well
plates at a density of 1x105 cells/well, and then the four
different groups of cells were transfected for 48 h and treated
with 4 mM melatonin for 48 h at 37˚C. The treated cells were
digested with 0.25% trypsin (without EDTA), centrifuged
at 300 x g for 3 min at 4˚C and then washed with cold PBS
twice. After the supernatant had been discarded, cells were
resuspended in 500 µl binding buffer, and Annexin‑V‑FITC
(5 µl) and PI (5 µl) were added and mixed. The suspensions
were incubated in dark for 20 min at room temperature prior
to flow cytometric analysis. Finally, cells were analyzed using
a BD FACScan flow cytometer equipped with ModFit LT v3.0
(Becton, Dickinson and Company) within 1 h. Cells were classified as follows: Viable (Annexin V‑FITC‑/PI‑), early apoptotic
(Annexin V‑FITC+/PI‑), late apoptotic (Annexin V‑FITC+/PI+)
or necrotic (Annexin V‑FITC‑/PI+). The experiment was
repeated three times.
Western blotting. Monoclonal mouse anti‑Septin4 (1:4,000;
cat. no. ab166788; Abcam), polyclonal rabbit anti‑glucose‑
regulated protein (GRP)94 (1:1,000; cat. no. ab2791; Abcam),
GRP78 (1:1,000; cat. no. ab21685; Abcam), polyclone
rabbit anti‑caspase‑3 (1:1,000; cat. no. 9662; Cell Signaling
Technology, Inc.), monoclonal mouse anti‑Flag (1:1,000; cat.
no. 8146; Cell Signaling Technology, Inc.) and monoclonal
mouse anti‑β‑actin (1:10,000; cat. no. 4970; ProteinTech Group,
Inc.) antibodies were obtained commercially. In addition, goat
anti‑mouse and anti‑rabbit secondary antibodies (both 1:500;
cat. nos. 7076 and 4414, respectively) were purchased from
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.
Following treatment with 4 mM melatonin for 48 h at 37˚C,
proteins were extracted using RIPA lysis buffer (Beyotime
Institute of Biotechnology) for 30 min at 4˚C and centrifuged
at 2,500 x g for 20 min at 4˚C. The supernatant fluid containing
total cell lysate was harvested. The concentrations of protein
were determined using the bicinchoninic acid protein assay
(Beyotime Institute of Biotechnology). Each sample (60 µg
protein/lane) was separated via 10% SDS‑PAGE and transferred to 0.22 µm PVDF membranes at 80 V for 90 min at
4˚C. After blocking with 5% BSA (Beyotime Institute of
Biotechnology) in TBST (10% Tween 20) at room temperature for 1 h and agitation for 1 h at 4˚C, PVDF membranes
were incubated overnight with corresponding antibodies
(GRP78, GRP94, Septin4, caspase‑3, Flag and β‑actin) at 4˚C.
Subsequently, after washing four times with TBST for 15 min
each time, membranes were visualized using goat anti‑mouse
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or goat anti‑rabbit IgG antibodies conjugated with horseradish peroxidase at 1:10,000 for 2 h at room temperature.
Membranes were washed four times with TBST for 15 min,
and an EC3 Imaging system (UVP LLC) was used to scan the
specific bands. All of the bands were normalized to β‑actin
content of the same sample and ImageJ software (version 1.51;
National Institutes of Health) was used to measure the protein
expression.
Phalloidin staining. Phalloidin (AAT Bioquest, Inc.) was used
to stain fibrillar (F)‑actin. In total, 1X Phalloidin conjugate
working solution was prepared according to the manufacturer's
instructions. hFOB 1.19 cells were seeded in 24‑well plates at
a density of 1.2x104 cells/well and allowed to adhere for 24 h
before being treated at 37˚C. Then, the various groups of cells
were transfected for 48 h and treated with 4 mM melatonin for
48 h at 37˚C. Subsequently, treated cells were washed three
times with PBS solution and fixed using 4% paraformaldehyde
for 30 min at room temperature. After rinsing the cells three
times in PBS, 0.1% Triton X‑100 in PBS was added to fixed
cells for 15 min at room temperature to increase permeability, and then cells were washed three times with PBS.
Subsequently, cells were incubated with phalloidin‑conjugate
working solution (500 µl/well) at room temperature in the dark
for 30 min to stain the cells. After rinsing cells gently with PBS
three times to remove excess phalloidin, 10% DAPI (Beijing
Solarbio Science & Technology Co., Ltd.) was used at room
temperature for 30 min in the dark for nucleus staining. The
cells were washed again with PBS solution three times, and
then were observed and imaged via fluorescence microscopy
(magnification, x20) (Olympus Corporation).
Statistical analysis. Quantitative data from ≥3 independent
experiment were analyzed using GraphPad Prism 5 software
(GraphPad Software, Inc.). Differences in data between two
groups were analyzed using an independent samples t‑test,
and differences between multiple groups were assessed using
one‑way ANOVA with Tukey's test. Data are presented as the
mean  ± SD, and P<0.05 was considered to indicate a statistically significant difference.
Results
High concentration of melatonin promotes ERS and
ERS‑induced apoptosis, and decreases the viability of hFOB
1.19 cells. To determine the effect of different concentrations
of melatonin on the viability of osteoblasts, an MTT assay
was performed. Firstly, 0, 2, 4 and 6 mM melatonin were
used to treat osteoblasts for 48 h, and it was revealed that the
viability of osteoblasts decreased in association with increased
melatonin concentration (Fig. 1A). In addition, compared
with the control group, cells treated with higher concentrations of melatonin exhibited significantly enhanced apoptosis
(Fig. 1B). Moreover, the expression levels of ERS‑related genes
(GRP78 and GRP94) and apoptosis‑related genes (cleaved
caspase‑3) were significantly increased in a dose‑dependent
manner following a rise in melatonin concentration (Fig. 1C).
Therefore, the results indicated that a high concentration
of melatonin promoted ERS, which induced apoptosis and
decreased the viability of osteoblasts.
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Septin4 expression affects ERS and apoptosis and decreases
the viability of hFOB 1.19 cells treated with a high concen‑
tration of melatonin. The present study also assessed the
importance of Septin4 in bone metabolic diseases. It was
demonstrated that, compared with the control group, the
expression of Septin4 in osteoblasts treated with a high concentration of melatonin was significantly increased. Moreover,
the expression of Septin4 was significantly increased in a
dose‑dependent manner in association with melatonin concentration (Fig. 1C). Thus, the results suggested that Septin4 may
be associated with melatonin‑induced osteoblast apoptosis via
ERS (Fig. 1).
Overexpression of Septin4 promotes apoptosis in hFOB
1.19 cells induced by treatment with a high concentration of
melatonin. To further examine the effect of Septin4 on high
concentration of melatonin‑induced osteoblasts apoptosis,
cells were transfected with control plasmid or Flag‑Septin4
plasmid for 48 h and treated with 0, 2, 4 and 6 mM melatonin for 48 h. It was identified that overexpression of Septin4
further inhibited osteoblast viability compared with the
control plasmid (Fig. 2A). Furthermore, the results indicated
that overexpression of Septin4 resulted in a significantly higher
rate of apoptosis (NC with melatonin 7.63% vs. Flag‑Septin4
with melatonin 18.43%; P<0.001; Fig. 2B); however, this effect
was not observed in the absence of melatonin. Collectively, the
results demonstrated that Septin4 significantly decreased cell
viability and promoted apoptosis, following induction using a
high concentration of melatonin (Fig. 2).
Overexpression of Septin4 increases ERS in hFOB 1.19 cells
ERS and apoptosis pathway‑associated genes expression
levels induced by treatment with high concentration of mela‑
tonin. In addition, the effect of overexpressing Septin4 on the
expression levels of ERS‑ and apoptosis‑associated pathway
genes were assessed, as well as the effects induced by a high
concentration of melatonin in osteoblasts. Cells were transfected with either the Flag‑Septin4 plasmid or control plasmid
for 48 h and treated with 0 or 4 mM melatonin for 48 h. It was
identified that both the expression levels of ERS‑associated
genes (GRP78 and GRP94) and apoptosis‑associated genes
(cleaved caspase‑3) were increased in the cells transfected
with the Flag‑Septin4 plasmid and treated with melatonin,
compared with cells transfected with the control plasmid and
administered melatonin (Fig. 3). However, in the absence of
melatonin treatment, the expression levels of these genes were
not significantly different between the Flag‑Septin4 plasmid
and the control plasmid. Therefore, the results indicated that
Septin4 mediates ERS and osteoblast apoptosis, and its effect
was dependent on treatment with melatonin (Fig. 3).
Overexpression of Septin4 increases cytoskeleton destruction
induced by treatment with a high concentration of melatonin
in hFOB 1.19 cells. To determine whether a high concentration
of melatonin can induce cytoskeleton destruction, phalloidin
was used to stain F‑actin and DAPI was used for nuclei
staining. Then, fluorescence microscopy was performed to
analyze the staining profiles and it was revealed that F‑actin
was well aligned along the axis of hFOB cells in control groups
(Fig. 4). However, when hFOB cells were treated with 4 mM
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Figure 1. Expression of Septin4 is increased in hFOB 1.19 cells treated with a high concentration of melatonin. (A) hFOB 1.19 cells were treated with 0, 2,
4 and 6 mmol/l of melatonin for 48 h. Cell viability was assessed via the MTT assay. (B) Flow cytometry was performed to analyze apoptosis in hFOB 1.19
cells, which were treated with 0, 2, 4 and 6 mmol/l of melatonin. (C) Western blotting was performed to detect the expression levels of GRP78, GRP94, cleaved
caspase‑3 and Septin4 after treatment with 0, 2, 4 and 6 mmol/l of melatonin for 48 h. *P<0.05, **P<0.01, ***P<0.001 vs. 0 mmol/l group. GRP, glucose regulated
protein; PI propidium iodide.

melatonin for 48 h, actin microfilament staining was blurry
or non‑existent. Moreover, the size of the cells increased, and
the cell count decreased in the melatonin treatment groups. In
addition, statistical analysis demonstrated that this event had

a 1.39‑fold increase (P<0.01) in cells with the overexpression
Flag‑Septin4 plasmid compared with those that expressed the
control plasmid. Collectively, the results demonstrated that
overexpression of Septin4 increased cytoskeleton destruction,
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Figure 3. Overexpression of Septin4 increases ERS‑ and apoptosis
pathway‑related gene expression levels in hFOB 1.19 cells treated with a high
melatonin concentration. hFOB 1.19 cells were transfected with Flag‑Septin4
plasmid or NC plasmid for 48 h and treated with 0 or 4 mmol/l of melatonin
for 48 h and western blotting was performed to detect the expression levels
of Flag, Septin4, GRP78, GRP94 and cleaved caspase‑3. *P<0.05, **P<0.01,
***
P<0.001, vs. NC group. GRP, glucose‑regulated protein; NC, negative
control; Con, control.

Discussion

Figure 2. Overexpression of Septin4 promotes apoptosis in hFOB 1.19 cells
treated with a high melatonin concentration. (A) hFOB cells were transfected
with NC plasmid or Flag‑Septin4 plasmid for 48 h and treated with 0, 2, 4
and 6 mmol/l of melatonin for 48 h. Cell viability was assessed via the MTT
assay. (B) hFOB cells were transfected with NC plasmid or Flag‑Septin4
plasmid for 48 h and treated with 0 or 4 mmol/l of melatonin for 48 h. Flow
cytometry was performed to analysis cell apoptosis (Q4 region). *P<0.05,
**
P<0.01, ***P<0.001, vs. NC group. GRP, glucose‑regulated protein; NC,
negative control; Con, control; PI, propidium iodide.

which was induced by treatment with a high concentration of
melatonin in hFOB 1.19 cells. (Fig. 4).

It has been reported that the level of melatonin is associated
with IS (37), and the clinical application of melatonin can also
be used to treat patients with partial IS, which may be associated with melatonin‑induced proliferation and apoptosis in
osteoblasts (38). However, the optimal effective concentration
and mechanism of action are yet to be elucidated. The present
results are in line with those from previous studies, which have
reported that low concentrations of melatonin (1 nM‑100 µM)
promote osteoblast proliferation, while high concentrations of melatonin (>1 mM) significantly inhibit osteoblast
viability (15,16,39). In order to provide more accurate results,
various high concentrations of melatonin (2, 4 and 6 mM) were
selected in the present study, and 48 h was selected as the most
suitable observation time to examine melatonin function in
osteoblasts, which was based on our previous studies (40,41).
In the present study, it was demonstrated that a decrease in
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Figure 4. Overexpression of Septin4 increases cytoskeleton destruction in hFOB 1.19 cells treated with a high melatonin concentration. hFOB 1.19 cells were
untreated or treated with 4 mmol/l melatonin for 48 h. F‑actin was visualized using phalloidin and the nucleus was stained using DAPI. The images were
captured using fluorescence microscopy (x20) and an image of the two stains merged was shown. The yellow arrow represents the F‑actin cytoskeleton and the
red arrow depicts the destroyed cytoskeleton. The histogram indicates the percentage of cytoskeleton‑destroyed cells among the total cells. **P<0.01, vs. NC
group. GRP, glucose‑regulated protein; NC, negative control; F‑actin, fibrillar actin.

viability of osteoblasts was associated with an increase in
melatonin concentration. Furthermore, it was revealed that
melatonin induced osteoblast apoptosis via regulation of
Septin4, resulting in the promotion of ERS‑mediated apoptosis mechanisms involving the GRP94/caspase‑3 pathways.
This indicates a possible clinical application for melatonin in
the prevention and reversal of IS progression.
GRP94 is a member of the HSP90 family and is primarily
localized in the ER. GRP94 serves as a molecular chaperone

involved in the folding, transport and secretion of proteins,
and regulates apoptosis and antigen presentation (42).
Furthermore, glucose regulated protein 78 (GRP78) is a core
regulator of UPR (43). GRP78 expression is upregulated in
ERS, which inhibits protein synthesis and decreases cellular
stress in the early stage of ERS. However, prolonged ERS
activates the CHOP and caspase‑12 pathways, which induce
cell apoptosis and result in upregulation of the apoptosis
marker protein caspase‑3 (44). The present results suggest that
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a high concentration of melatonin induced osteoblast ERS,
which was positively associated with melatonin concentration.
Furthermore, both of the expression levels of pathway‑related
genes of ERS (GRP78 and GRP94) and apoptosis (cleaved
caspase‑3) were significantly increased in a dose‑dependent
manner of melatonin concentration, which indicates that ERS
may serve an important role in cell apoptosis induced by high
concentrations of melatonin. However, the target protein by
which melatonin induces ERS and cell apoptosis has not been
elucidated.
It has been revealed that Septin4, an ER membrane protein
and a receptor associated with ERS, inhibits hepatocellular
carcinoma via the regulation of hepatoma cell apoptosis (32).
Moreover, previous studies have reported that Septin4 aggravates cell apoptosis induced by transforming growth factor‑β,
etoposide and staurosporine, and Septin4 affects the regulation
of myofibroblast transformation and hepatic fibrosis induced
by chemokine ligands 4 (32,45). Thus, these findings reveal
the important role of Septin4 in apoptosis. Furthermore, the
present results indicate that increasing melatonin concentration are associated with an increase in the expression levels of
Septin4 and ERS‑related proteins (GRP78 and GRP94). It was
also identified that the expression of the apoptosis‑associated
protein caspase‑3 was positively associated with Septin4
expression, which suggests that Septin4 may regulate bone
metabolism via apoptotic pathways. Subsequently, Septin4 was
overexpressed and it was demonstrated that melatonin‑induced
osteoblast injury was further exacerbated, which was indicated
by the further decrease in cell viability, apoptotic exacerbations
and a significant increase in GRP78, GRP94 and caspase‑3
expression levels.
In addition, Septin4 is an important component of the
cytoskeleton; thus, phalloidin was used to stain F‑actin
and DAPI in the nucleus. The present results demonstrated
that cytoskeleton destruction, cell morphology changes and
the reduction in the number of cells were increased after
osteoblasts had overexpressed Septin4 and were treated with
melatonin; however, Septin4 did not serve this role independently of melatonin treatment. It was originally speculated
that the expression of Septin4 should be increased with
6 mM melatonin,; however, after the repeated experiments,
the expression of Septin4 was decreased; this effect may due
to the excessive concentration of melatonin, which resulted
in enhanced apoptosis and destruction of the cell structure
and Septin4 is a cytoskeletal protein, and could not be
identified. However, these effects should be investigated in
future research. A limitation of the present study was that a
Z‑VAD‑FMK/pan‑caspase inhibitor was not used to prevent
melatonin‑induced Septin4 expression levels. Therefore,
further studies are required to investigate the association
between Septin4 and apoptosis.
In conclusion, the present results indicated that high
concentrations of melatonin may result in ERS and induce
osteoblast apoptosis, and that Septin4 is a membrane protein
associated with ER Ca 2+ ion regulation and a target for
high‑concentration melatonin to act on osteoblasts. The
present results may provide a novel direction for the treatment of abnormal proliferation of osteoblasts and indicated
that suppressing Septin4 may be a novel target for the prevention of IS.
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