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ABSTRACT

Iron overload induces severe damage to several vital organs such as the liver, 

heart and bone, and thus contributes to the dysfunction of these organs. The aim of 

this study is to investigate whether iron overload causes the apoptosis and necrosis of 

bone marrow mesenchymal stem cells (BMSCs) and melatonin may prevent its toxicity. 

Perls’ Prussion blue staining showed that exposure to increased concentrations of 

ferric ammonium citrate (FAC) induced a gradual increase of intracellular iron level in 

BMSCs. Trypan blue staining demonstrated that FAC decreased the viability of BMSCs 

in a concentration-dependent manner. Notably, melatonin protected BMSCs against 

apoptosis and necrosis induced by FAC and it was vertified by Live/Dead, TUNEL and 
PI/Hoechst stainings. Furthermore, melatonin pretreatment suppressed FAC-induced 

reactive oxygen species accumulation. Western blot showed that exposure to FAC 

resulted in the decrease of anti-apoptotic protein Bcl-2 and the increase of pro-apoptotic 

protein Bax and Cleaved Caspase-3, and necrosis-related proteins RIP1 and RIP3, which 

were significantly inhibited by melatonin treatment. At last, melatonin receptor blocker 
luzindole failed to block the protection of BMSCs apoptosis and necrosis by melatonin. 
Taken together, melatonin protected BMSCs from iron overload induced apoptosis and 
necrosis by regulating Bcl-2, Bax, Cleaved Caspase-3, RIP1 and RIP3 pathways. 

INTRODUCTION

Bone marrow mesenchymal stem cells (BMSCs) 

are a type of stem cells which have a high ability to 

differentiate into a variety of cell types, including 

osteoblasts, chondrocytes and adipocytes [1]. A large 

body of evidence has showed that BMSCs transplantation 

offers a new therapeutic approach for a variety of diseases 

such as heart disease, cancer and bone defects [2–4]. 

Especially, the capability of BMSCs to transdifferentiate 

into osteoblasts makes it an ideal candidate in the 

reconstruction of bone defect [5]. It is also well 

documented that the dysfunction of BMSCs is closely 

associated with bone diseases such as osteoporosis 

and bone fracture. Various pathological factors such as 

oxidant stress, hyperhomocystemia and hyperglycemia 

can lead to the dysfunction and defects of BMSCs, and 

subsequently lead to the occurrence and development of 

bone diseases. 

Iron is one of the most essential metals in human 

body, and it plays a crucial role in hemoglobin synthesis 

and some vital cellular processes including DNA and 

RNA formation, transportation of oxygen, carriage of 

nutrition and cellular environmental homeostasis [6]. 
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The content of iron in human body is influenced 
by many factors such as frequent transfusions, iron 

supplement, organ dysfunction and chronic diseases. 

Iron deficiency will lead to the dysfunction of 
immune system, metabolic disorders, myasthenia and 

anemia [7–10]. By contrast, excess iron also damages 

several vital organs such as the liver, heart and bone 

[11–13]. Clinical studies have confirmed that iron 
overload is associated with numerous diseases such 

as hemochromatosis, liver injury, diabetes mellitus, 

cardiovascular disease and arthritis [14–18]. Recently, 

increasing evidence showed that iron overload is 

positively related with the incidence of osteoporosis 

[19]. The toxicity of iron overload in BMSCs has been 

shown to contribute to the progress of bone diseases. 

However, its underlying mechanisms and how to 

prevent its toxicity require further investigation.

Melatonin, mainly secreted by the pineal gland and 

released into blood, has been demonstrated to have strong 

antioxidant properties and many other strong protective 

effects on mammals [20]. Many studies have showed that 

melatonin plays an important role in many physiological 

processes such as regulating sleeping quality, heart 

rate, body temperature and immunity [21–24]. Besides, 

it is also reported that melatonin can regulate bone 

formation, mineralization and bone reconstruction 

[25–27]. However, the underlying mechanism that 

melatonin protects BMSCs against iron overload-induced 

dysfunction remains unclear. In this study, we firstly 
explored the molecular mechanism of iron overload-

induced injury of BMSCs, and then investigated whether 

melatonin treatment protects BMSCs against the damage 

induced by iron overload. 

RESULTS

Iron overload caused the decrease of cell viability 

in BMSCs

Firstly, we investigated whether ferric ammonium 

citrate (FAC) could induce intracellular iron accumulation 

which was measured quantitatively by Perls’ Prussion 

blue staining. As shown in Figure 1A, after treatment 

with FAC 50 μM, 100 μM, 200 μM and 400 μM for 
24 h, intracellular iron level of BMSCs was gradually 

increased. Then, we studied whether FAC-induced iron 

overload could decrease the viability of BMSCs. As 

shown in Figure 1B, flow cytometry analysis showed 
that FAC 50 μM, 100 μM, 200 μM and 400 μM treatment 
for 24 h resulted in a concentration-dependent decrease 

of live BMSCs. Meanwhile, trypan blue exclusion assay 

showed that exposure to FAC 50 μM, 100 μM, 200 μM 
and 400 μM for 24 h led to a gradual increase of dead 
BMSCs (Figure 1C). These results indicated that FAC-

induced iron overload caused a concentration-dependent 

suppression on BMSCs viability. 

Protective effect of melatonin on FAC-induced 

cell death of BMSCs

Melatonin is a major chemical released by pineal 

gland, and has antioxidant, anti-apoptosis and anti-

senescence activities [28]. We further investigated if 

melatonin treatment has protective effects on FAC-

induced death of BMSCs by Live/Dead assay. In FAC 

200 μM group, a significant increase of dead cells (red) 
was observed compared to the control group (Figure 2). 

However, pretreatment with melatonin 100 μM for 24 h 
significantly decreased the number of dead BMSCs in 
the presence of FAC (Figure 2). These results suggested 

that melatonin treatment exerts protective effects on FAC-

induced cell death of BMSCs.

Melatonin protected BMSCs against FAC-

induced apoptosis and necrosis 

We further investigated the contribution of apoptosis 

and necrosis to the protective effects of melatonin on FAC-

induced reduced viability of BMSCs. TUNEL staining and 

Propidium Iodide (PI)/Hoechst staining were performed to 

detect the death form of BMSCs. As shown in Figure 3A, 

there were less TUNEL-positive (with green staining) cells 

in the control group. Whereas exposed to FAC 200 μM for 
24 h, the number of TUNEL-positive cells was significantly 
increased. However, melatonin 100 μM treatment for 24 h 
suppressed the increase of TUNEL-positive cells with 

FAC treatment. PI/Hoechst staining also showed that after 

FAC 200 μM treatment for 24 h, the number of apoptotic 
BMSCs significantly increased (Figure 3B), and the 
number of necrotic BMSCs markedly increased as well. 

Nevertheless, after melatonin 100 μM treatment for 24 h, 
the increased apoptotic and necrotic-positive cells induced 

by FAC 200 μM were significantly reduced. These results 
suggested that melatonin could protect BMSCs against 

both apoptosis and necrosis induced by FAC. 

Melatonin protected BMSCs against FAC-

induced intracellular ROS increase

Growing evidence shows that excessive ROS 

production is responsible for cellular apoptosis and 

necrosis [29]. Thus, we assessed if intracellular ROS 

production of BMSCs was influenced by FAC and the 
protective effect of melatonin. As displayed in Figure 4, 

after exposing to FAC 200 μM for 24 h, BMSCs exhibited 
a gradual increase of intracellular ROS generation as 

illuminated by enhanced green staining in the cytoplasm. 

However, melatonin 100 μM treatment for 24 h suppressed 
the increase of ROS-positive cells with FAC treatment. 

These results suggested that melatonin pretreatment in 

FAC-induced BMSCs significantly prevented the rise 
in ROS production, in parallel with the decreased of 

apoptosis and necrosis induced by FAC.
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Figure 1: Iron overload caused the decrease of cell viability in BMSCs. (A) Perls’ Prussion blue staining was applied to detect 

intracellular iron accumulation in FAC-induced BMSCs. After exposure to FAC 50 μM, 100 μM, 200 μM and 400 μM, intracellular iron 
level was gradually increased. (B) Flow cytometry analysis showed that treatment with FAC resulted in a concentration-dependent decrease 

of live BMSCs. (C) Trypan blue exclusion assay showed that exposure of BMSCs to FAC gradually decreased the number of live cells and 

increased the number of dead cells. Values are the mean ± SEM of 3 independent experiments (n = 3). **p < 0.01 versus Ctrl; ***p < 0.001 

versus Ctrl.

Figure 2: Protective effect of melatonin on FAC-induced cell death of BMSCs. Live/Dead assay was applied to observe the 

effects of melatonin on FAC-induced cell death of BMSCs. Exposure of BMSCs to FAC 200 μM induced an increase of dead cells (red) 
compared to control group. But pretreatment with melatonin 100 μM abolished FAC-induced the increase of dead BMSCs. Data are for 
three independent experiments (n = 3).
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Melatonin suppressed FAC-induced BMSCs 

death by regulating Bcl-2/Bax, Cleaved 

Caspase-3 and RIP pathways 

Then we further employed western blot to study 

the expression levels of apoptosis-related proteins such as 

Bcl-2, Bax and Cleaved Caspase-3 and necrosis-related 

proteins such as RIP1 and RIP3. As shown in Figure 5, 

there was a significant downregulation of Bcl-2 and 
upregulation of Bax and Cleaved Caspase-3 in FAC 200 

μM group compared to control group. However, melatonin 
pretreatment for 24 h suppressed the reduction of Bcl-2 

and the increase of Bax and Cleaved Caspase-3 in FAC-

treated BMSCs. In addition, the expression of necrosis-

related proteins RIP1 and RIP3 was significantly increased 
by FAC 200 μM treatment for 24 h. However, the increased 
expressions of RIP1 and RIP3 were was also attenuated by 

melatonin 100 μM. These results indicated that melatonin 
could suppress the activation of Bax, Cleaved Caspase-3 

and RIP pathways in FAC-treated BMSCs.

Effects of melatonin inhibitor luzindole on FAC-

induced BMSCs death 

Previous studies have reported that melatonin 

produces biological activities in stem cells in a melatonin 

receptor-dependent or independent manner [30]. In 

this study, we further studied if melatonin receptor is 

involved in the protection of FAC-induced BMSCs 

apoptosis and necrosis by melatonin. As shown in Figure 

6A, Live/Dead staining showed a significant decrease of 
dead cells with red staining in melatonin 100 μM group 
compared to FAC 200 μM group. But melatonin receptor 
blocker luzindole 10 μM treatment for 24 h did not 
block the protective effects of melatonin on FAC-treated 

BMSCs. Consistently, TUNEL staining also confirmed 
that FAC 200 μM led to a significant increase in the 
number of TUNEL positive cells, which was obviously 

reversed by melatonin 100 μM. However, luzindole 
failed to abolish the protective effects of melatonin on 

FAC-treated BMSCs (Figure 6B). Likewise, Figure 6C 

Figure 3: Melatonin protected BMSCs against FAC-induced apoptosis and necrosis. (A) TUNEL staining showed that 

exposure of BMSCs to FAC 200 μM markedly increased the number of apoptotic positive cells compared to the control group. However, 
melatonin 100 μM led to a significant decrease in the number of apoptotic cells in FAC-induced BMSCs. (B) PI/Hoechst staining showed 

that exposure of BMSCs to FAC 200 μM for 24 h induced an increase of Hoechst-positive and PI-positive BMSCs. Afterwards, pretreatment 
with melatonin 100 μM countered the increase of apoptotic and necrotic positive cells induced by FAC 200 μM. Data are for three 
independent experiments (n = 3). ###p < 0.001, FAC 200 μM versus Ctrl; *p < 0.05, **p < 0.01, ***p < 0.001, FAC 200 μM + melatonin 
100 μM versus FAC 200 μM.
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Figure 5: Melatonin suppressed FAC-induced BMSCs death by regulating Bcl-2/Bax and RIP pathways. Western blot 

showed that the exposure of BMSCs to FAC 200 μM caused a significant downregulation of Bcl-2 and upregulation of Bax, Cleaved Caspase-3, 
RIP1 and RIP3 proteins. However, pretreatment with melatonin 100 μM suppressed the decreased expression of Bcl-2, and the increased 
expression of Bax, Cleaved Caspase-3, RIP1 and RIP3 in FAC-treated BMSCs. Values are the mean ± SEM of 3 independent experiments 

(n = 3). ##p < 0.01, ###p < 0.001, FAC 200 μM versus Ctrl, *p < 0.05, **p < 0.01, FAC 200 μM + melatonin 100 μM versus FAC 200 μM.

Figure 4: Melatonin protected BMSCs against FAC-induced intracellular ROS increase. H2DCF-DA probe was applied 

to assessed the intracellular ROS production in FAC-induced BMSCs. ROS staining showed that exposed to FAC 200 μM for 24 h, 
BMSCs exhibited a gradual increase of intracellular ROS generation as illuminated by enhanced green staining in the cytoplasm. However, 

melatonin 100 μM suppressed the increase of ROS-positive cells with FAC treatment. Data are for three independent experiments (n = 3).
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demonstrated that protective effects of melatonin on 

FAC-induced the increase of apoptotic Hoechst-positive 

BMSCs and necrotic PI-positive BMSCs was not blocked 

by luzindole 10 μM treatment for 24 h. Therefore, these 
results indicated that melatonin produces the protective 

effect on FAC-induced BMSCs death in a melatonin 

receptor-independent manner.

Luzindole has no effects on apoptotic and 

necrotic proteins in BMSCs

The influence of luzindole on the expression 
of apoptosis-related proteins Bcl-2, Bax and Cleaved 

Caspase-3, and necrosis-related proteins RIP1 and 

RIP3 was further studied. We found that melatonin 100 

Figure 6: Effects of melatonin inhibitor luzindole on FAC-induced BMSCs death. (A) Live/Dead staining showed that 

melatonin 100 μM induced the decrease of dead cells with red staining, which can not be abrogated by the melatonin receptor blocker 
luzindole 10 μM. (B) TUNEL staining confirmed that FAC 200 μM led to significant increase in the number of TUNEL positive cells, 
which could be obviously reversed by melatonin 100 μM. However, luzindole failed to suppress the protective function of melatonin in 
FAC-treated BMSCs. (C) PI/Hoechst staining showed that luzindole 10 μM failed to block the protection of melatonin 100 μM on FAC-
induced apoptosis and necrosis of BMSCs. Data are for three independent experiments (n = 3). *p < 0.05, ***p < 0.001, FAC 200 μM + 
melatonin 100 μM versus FAC 200 μM.
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μM treatment for 24 h induced the upregulation of anti-
apoptotic protein Bcl-2 and the downregulation of pro-

apoptotic protein Bax and Cleaved Caspase-3 (Figure 7). 

However, the increase of Bcl-2 and the decrease of Bax 

and Cleaved Caspase-3 were not attenuated by luzindole 

10 μM treatment for 24 h. In addition, the expression 
of necrotsis-related RIP1 and RIP3 was significantly 
decreased by melatonin 100 μM 24 h treatment. Likewise, 
luzindole failed to block melatonin-induced the reduction 

of RIP1 and RIP3 in FAC-treated BMSCs (Figure 7). These 

results sugggested that melatonin protected BMSCs against 

apoptosis and necrosis induced by FAC in a melatonin 

receptor-independent manner.

DISCUSSION 

The present study firstly revealed that melatonin is 
able to ameliorate FAC-induced apoptosis and necrosis 

of BMSCs by decreasing the intracelluar ROS level and 

regulating apoptotic and necrotic proteins. These findings 
provide a better understanding of the mechanisms and 

therapeutics of iron overload-induced BMSCs apoptosis 

and necrosis.

Iron is required for the development and physiology 

of human body [31]. It has been well recognized that iron 

is a double-edged sword for human health. For example, 

iron deficiency leads to the dysfunction of immune system, 
metabolic disorders, myasthenia and anemia [32]. On the 

contrary, excessive iron damages several vital organs such 

as liver, heart and bone [11–13]. In clinical, a number of 

studies have shown that iron overload is associated with 

bone diseases such as osteoporosis [33]. However, the 

underlying mechanism why iron overload contributes to 

the incidence of osteoporosis still remains unclear. 

 Bone marrow mesenchymal stem cells (BMSCs) as 

one kind of adult stem cells are capable of differentiating 

into a variety of cells such as cardiomyocytes, osteoblasts, 

chondrocytes and adipocytes. Recent studies have showed 

Figure 7: Luzindole has no effects on apoptotic and necrotic proteins in BMSCs. Western blot showed that the expression of 

Bax, Cleaved Caspase-3, RIP1 and RIP3 were significantly decreased by melatonin 100 μM. The increased expression of Bcl-2, decreased 
expression of Bax, Cleaved Caspase-3, RIP1 and RIP3 in melatonin pretreatment were not reversed by luzindole 10 μM. Values are the 
mean ± SEM of 3 independent experiments (n = 3). ***p < 0.001, FAC 200 μM + melatonin 100 μM versus FAC 200 μM.
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that BMSCs played a supporting role in bone development 

and formation [34]. The dysfunction of BMSCs may lead 

to the imbalance of bone metabolism and subsequent 

induce bone disorders [35]. Therefore, in the present study, 

we hypothesized that FAC-induced iron overload might 

contribute to the apoptosis and necrosis of BMSCs.

Firstly, we found that exposure to FAC 50 μM, 100 
μM, 200 μM and 400 μM induced a gradual increase of 
intracellular iron level in BMSCs. Then flow cytometry 
analysis and trypan blue exclusion assay were performed 

to confirm whether FAC-induced iron overload could 
decrease the viability of BMSCs. The results demonstrated 

that FAC caused a concentration-dependent reduction of 

BMSCs viability, accompanied with intracellular iron 

accumulation. Melatonin is mainly secreted by the pineal 

gland, and have many physiological functions such as 

regulating sleeping quality, heart rate, body temperature 

and immunity [36]. Besides, it has been reported that 

melatonin can regulate bone formation, mineralization 

and bone reconstruction [37–39]. Whether melatonin 

treatment can protect BMSCs against the damage induced 

by iron overload remained unknown. Therefore, we further 

observed the effect of melatonin on FAC-induced BMSCs 

death. We found that the number of dead BMSCs in the 

presence of FAC 200 μM was significantly decreased by 
pretreatment with melatonin 100 μM. It indicates that 
melatonin treatment exerted resistant and protective effects 

on FAC-induced death of BMSCs. To our knowledge, this 

is the first study that uncovers the protective effects of 
melatonin on FAC-induced BMSCs death. Then, exposure 

to FAC 200 μM significantly increased the number of 
TUNEL-positive cells. However, melatonin 100 μM led 
to a significant decrease of apoptotic cells in FAC-induced 
BMSCs. It suggests that melatonin inhibits the apoptosis 

of BMSCs caused by iron overload. Furthermore, we 

found that after FAC 200 μM treatment for 24 h, the 
number of Hoechst-positive and PI-positive BMSCs was 

markedly increased. But, melatonin 100 μM significantly 
suppressed the increased apoptotic and necrotic positive 

cells induced by FAC 200 μM. These results indicates that 
melatonin protects BMSCs against both apoptosis and 

necrosis induced by FAC. Likewise, melatonin has been 

shown to protect endothelial progenitor cells against tumor 

growth factor-β-induced apoptosis and necrosis [40].
Numerous reports have demonstrated that iron 

overload led to an increase in cellular ROS and negatively 

affected vital organs, such as the liver, heart and bone. 

Keeping ROS at an appropriate level plays an important 

role in some biological phenomena, such as the activation 

of signaling pathways. ROS could trigger a variety of 

signal transduction pathways, such as MAPK and p53/

p21, and eventually leading to cell apoptosis. Similarly, 

it was previously reported that FAC treatment may induce 

the increase of intracelluar ROS in hematopoietic stem 

cells and progenitor cells [41]. Then, we further found that 

the increased intracelluar ROS levels of BMSCs induced 

by FAC 200 μM was partially attenuated by melatonin 
100 μM, indicating that ROS are involved in the apoptosis 
and necrosis of BMSCs by FAC-induced iron overload. In 

agreement, it was previously reported that iron overload 

caused apoptosis of umbilical cord-derived mesenchymal 

stem cells [42]. But, this is the first time to confirm that 
iron overload also induces necrosis of mesenchymal stem 

cells.

In addition, previous studies have showed that the 

downregulation of anti-apoptotic protein Bcl-2 and the 

upregulation of pro-apoptotic protein Bax and Cleaved 

Caspase-3 are critical for cellular apoptosis. Thus, we 

further employed western blot to detect the expression of 

these proteins in the presence and absence of melatonin. 

The results showed that FAC treatment induced a significant 
downregulation of Bcl-2 and upregulation of Bax and 

Cleaved Caspase-3 in BMSCs, but melatonin reversed this 

alteration. The expression of necrosis-related proteins RIP1 

and RIP3 was also significantly increased by FAC 200 μM. 
However, melatonin suppressed the increased expression 

of RIP1 and RIP3. These results confirmed that melatonin 
could protect BMSCs against apoptosis and necrosis induced 

by FAC through modulating apoptotic and necrotic proteins. 

Then, Live/Dead, TUNEL and PI/Hoechst 

stainings were performed to better understand 

whether the protective effects of melatonin in FAC-

induced apoptosis and necrosis of BMSCs depend 

on melatonin membrane receptor. Live/Dead assay 

showed that the number of dead cells was obviously 

inhibited by melatonin 100 μM, which can not be 
altered by the melatonin receptor blocker luzindole  

10 μM. TUNEL and PI/Hoechst stainings also confirmed 
that luzindole 10 μM failed to abrogate the protective 
effect of melatonin on FAC-induced apoptosis and 

necrosis of BMSCs. Western blot also showed that 

melatonin-induced the upregulation of Bcl-2 and the 

downregulation of Bax and Cleaved Caspase-3, which 

were not altered by the melatonin receptor blocker 

luzindole 10 μM. Similarly, the reduction of RIP1 and 
RIP3 proteins by melatonin 100 μM were not obviously 
abolished by luzindole 10 μM. These results suggest 
that melatonin protects BMSCs against apoptosis and 

necrosis induced by FAC in a melatonin receptor-

independent manner.

MATERIALS AND METHODS

Animals

Male C57BL/6J (18–20 g) mice were purchased from 

the experimental animal center of Harbin Medical University. 

All animals protocol was approved by the Guide for the 

Care and Use of Laboratory Animals published by the US 

National Institute of Health. Additionally, all experimental 

procedures were carried out in strict in accordance with the 

ethic committee of Harbin Medical University.
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Reagents

Melatonin, ferric ammonium citrate (FAC) and 

luzindole were purchased from Sigma (St, Louis. Mo. 

USA). Melatonin, FAC and luzindole were dissolved 

in dimethyl sulfoxide (DMSO) and the final culture 
concentration of DMSO was ≤ 0.1%. Other chemicals 
were all purchased from Sigma (St, Louis. Mo. USA). 

Stem cell medium was purchased from Stem Cell 

(Canada). Calcein-AM (40719ES60) was purchased 

from Shanghai YEASEN Biotechnology. Trypan blue 

(T-6146) was purchased from Sigma (St, Louis. Mo. 

USA). Live/Dead Kit (1736918) was purchased from Life 

technologies. Terminal Deoxynucleotidyl Transferase-

Mediated dUTP Nick-End Labeling (TUNEL) was 

purchased from Roche Company (Roche, Germany). PI/

Hoechst staining (CA1120) was purchased from Solarbio 

(Beijing Solarbio Science & Technology, China). 

Isolation and culture of BMSCs

BMSCs were primarily isolated and cultured from 

Male C57BL/6J mice as previously described [43]. 

Briefly, BMSCs were harvested by flushing the femurs 
and tibias with BMSCs culture medium. Then, the culture 

medium was collected, eliminating the thrombus, seeded 

into 25 cm2 flasks, and cultured at 37°C in a humidified 
atmosphere with 95% air and 5% CO

2
. The culture medium 

was replaced every 3 days, during which non-adherent cells 

were discarded. After 7–10 days culture, when the cells 

reached 70% confluency, BMSCs were trypsinized and 
passaged. All experiments were performed using cultured 

BMSCs from third to fifth passage.

Perls’ Prussion blue staining

Intracellular iron accumulation was measured 

by Perls’ Prussion blue staining. The cells were treated 

with dilute hydrochloric acid to release ferric ion from 

binding proteins. Then these ions reacted with potassium 

ferrocyanide to produce an insoluble blue compound. 

Briefly, the BMSCs were washed by PBS for 3 times, and 
then fixed in 4% paraformaldehyde solution for 30 min 
at room temperature. Next, the cells were incubated with 

the Perls’ Prussion blue solution for 30 min in dark. After 

washed in PBS for 3 times, the BMSCs were incubated 

with eosin staining solution for 30 s. Bright light images 

were taken under microscope.

Flow cytometry analysis

The fluorescence intensity associated with iron 
overload was quantified using Calcein-AM according 
to the manufacturer’s instructions. Briefly, cells were 
digested when the confluency reached 90%, and 
centrifuged at 1000 rpm for 5 min. Then the supernatant 

was discarded and the sendiment was washed by cold 

PBS for 3 times. Next, the precipitant of each tubes was 

incubated by appropriate Calcein-AM , which was diluted 

1:1000 from manufacture’s stock, at 37°C in dark for 
30 min. Then cells were washed and resuspended in PBS. 

After that, BMSCs were immediately analyzed using a 

Cytoflex flow cytometer (Becton-Dickinson, Sunnyvale, 
CA, USA). The negative control alone was analyzed prior 

to sample acquisition to ensure that all background noise 

was eliminated from the cells. 

Trypan blue assay

The cell death was evaluated using trypan blue 

assay. Trypan blue is a commonly used biological staining 

reagent, which can detect the membrane integrity of 

cells. Under normal condition, the live cells exclude 

the trypan blue, while the dead cells were stained with 

trypan blue because of the complete loss of membrane 

permeability. Trypan blue assay was applied according 

to the manufacturer’s instructions. Briefly, BMSCs were 
plated in the 6-well plates (5 × 105 cells per well) and 

incubated for 24 h. After being treated, the cells were 

detached with 300 μL trypsin-EDTA solution. The mixture 
of detached cells were washed by PBS for 3 times and 

centrifuged at 1000 rpm for 5 min. Then the residue was 

combined with 800 μL 0.4% trypan blue solution (pH 
7.2–7.3) and dispersed. After 3 min staining, cells were 

counted using an automated cell counter (TC10, BioRad). 

The dead cells were stained with blue color. Cell mortality 

(%) was expressed as percentage of the dead cell number/
the total cell number.

Live/Dead staining

Live/Dead staining was performed to evaluate 

the viability in FAC-treated BMSCs. According to the 

manufacture’s protocol, the cells were stained with the 

live/dead reagent, which labeled live cells and dead 

cells respectively. Then the cells were incubated at room 

temperature in dark for 30 min prior to analysis. Cell were 

then quickly washed by PBS following incubation, and 

examined under a fluorescence microscope. The live cells 
were labeled by Calcein-AM with green fluorescence and 
the dead cells were labbled by ethidium homodimer with 

red fluorescence. For each sample, ten randomly selected 
areas were counted and the average value was calculated.

Terminal Deoxynucleotidyl Transferase-Mediated 

dUTP Nick-End Labeling (TUNEL) assay 

TUNEL assay was performed according to the 

manufacturer’s instructions (Roche, Germany). Briefly, 
BMSCs were fixed with 4% paraformaldehyde solution 
for 15 min at room temperature, then permeabilized in 

0.1% Triton X-100. Next, cells were stained by freshly 
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prepared TUNEL reaction mixture for 1 h at 37°C in a 
humidified atmosphere and protected from light. Then 
the cells were incubated in DAPI for 20 min to stain 

nuclei. Finally, cells were immediately analyzed under a 

fluorescence microscope to view the green fluorescence 
of apoptotic cells at 520 nm and blue DAPI stained 

nuclei at 460 nm. For each sample, ten randomly selected 

areas were counted and the average value was calculated.

Propidium Iodide (PI)/Hoechst 33342 staining

The PI/Hoechst staining assay was performed 

using PI/Hoechst staining (Beijing Solarbio Science & 

Technology, China) according to the manufacturer’s 

instructions. Briefly, 10 μM PI was added to BMSCs for 2 
h. Cells were then washed with PBS by 3 times, followed 

by 4% paraformaldchyde fixation. Then, BMSCs were 
incubated with 2 mg/mL glycine, washed with PBS twice. 

After permeabilization with PBS containing 0.5% Triton 
X-100 and extensive washed by PBS, cells were incubated 
with staining solution for 30 min. Next, cells were washed 

with PBS containing 0.5% Triton X-100 for 3 times, 
followed by 10 min incubation with Hoechst 33342. 

Images of the staining were captured with a fluorescent 
microscope (Olympus DP71X). For each sample, ten 
randomly selected areas were counted and the average 

value was calculated.

Measurement of Reactive Oxygen Species (ROS)

To quantify the intracellular production 

of ROS in FAC-induced BMSCs, we applied 

2,7-dichlorodihydrofluorescein diacetate (H2DCF-
DA) probe, a fluorogenic dye which was used for the 
measurement of ROS within the cells. The method to 

measure ROS generation was just as previously described 

[44]. Briefly, after rinsing 3 times with PBS, the cells 
were loaded with H2DCF-DA 10 μM for 30 min at 37°C 
in dark. After fixed in 4% paraformaldehyde, and washing 
with PBS for 3 times, the cells were incubated in DAPI 

for 20 min to stain nuclei. Finally, cells were analyzed 

under a fluorescence microscope (Eclipse TE300, Nikon, 
Japan). For each sample, ten randomly selected areas were 

counted and the average value was calculated.

Western blot 

The protocol for western blot was based on 

previous reports. Briefly, the BMSCs were lysed in 
ice-cold cell lysis buffer containing with protease 

inhibitors, and the protein concentration in cell extracts 

was quantified using a BCA protein assay kit following 
the manufacturer’s recommended protocol. Equal 

amounts (70 μg) of protein from each extract were 
denatured and resolved using a 12.5% SDS-PAGE, and 

then transferred by electrophoresis onto a nitrocellulose 

(NC) membrane (Millipore, Billerica, MA). Nonspecific 
proteins were blocked by incubating the membrane in 

blocking buffer (5% nonfat dry milk in T-TBS containing 
0.05% Tween-20) for 1 h at room temperature and 
then the NC membranes were incubated overnight at 

4ºC with primary antibodies against: Bcl-2 (1: 1000, 

Abcam), Bax (1: 1000, Abcam), Cleaved Caspase-3 (1: 

1000, Abcam), RIP1 (1:1000, Abcam), RIP3 (1:1000, 

Abcam) and GAPDH (1:1000, Abcam). After rinsing, the 

membranes were incubated in Horseradish peroxidase-

conjugated secondary antibodies (1:2000, Cell Signaling 

Technology) as a secondary antibody for 1 h incubation at 

room temperature. The washing procedure was repeated 

6 times within one hour. Immunoreactive bands were 

visualized by enhanced chemiluminescence (ECL; 

Amersham Biosciences). For purposes of quantification, 
The intensity of bands was quantified using the ImageJ 
Software (National Institutes of Health, Bethesda, MD, 

USA). 

Statistical analysis

Data were analyzed using GraphPad Prism-5 

software. All of the experimental data were expressed 

as mean ± SEM, and each experiment was performed 

from 3 to 10 independent groups, number of samples (n) 

for each experiment was indicated in the corresponding 

figure legend. One-way ANOVA was used to determine 
statistical significance, #p < 0.05, ##p < 0.01, ###p < 0.001, 

*p < 0.05, **p < 0.01 and ***p < 0.001 were considered 

to be statistically significant.

CONCLUSIONS 

In the present study, we uncovered that iron 

overload induced by FAC led to the apoptosis and necrosis 

of BMSCs, which was effectively rescued by melatonin. 

This study helps us to better understand the mechanisms 

underlying FAC-induced BMSCs death, and suggests new 

application of melatonin in clinics.

Abbreviations
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Terminal Deoxynucleotidyl Transferase-Mediated dUTP 

Nick-End Labeling (TUNEL) nitrocellulose (NC). 

Authors’ contributions

The first two authors made equal contributions to 
this work.



Oncotarget31636www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS 

This study was supported by the Natural Science 

Foundation of China (81501920/81573434/81573425), the 

Major Program of National Natural Science Foundation 

of China (81230081), the Natural Science Foundation 

of Heilongjiang Province (LC2015027/H2015056) and 

the Excellent Academic Leaders Foundation of Harbin 

Science and Technology Bureau (2016RAXXJ058).

CONFLICTS OF INTEREST

The authors had no conflicts of interest to declare in 
relation to this article. 

REFERENCES

 1. Sekiya I, Larson BL, Vuoristo JT, Cui JG, Prockop DJ. 

Adipogenic differentiation of human adult stem cells from 

bone marrow stroma (MSCs). J Bone Miner Res. 2004; 

19:256–264.

 2. Yang YJ, Qian HY, Huang J, Geng YJ, Gao RL, Dou KF, 

Yang GS, Li JJ, Shen R, He ZX, Lu MJ, Zhao SH. 
Atorvastatin treatment improves survival and effects of 

implanted mesenchymal stem cells in post-infarct swine 

hearts. Eur Heart J. 2008; 29:1578–1590.

 3. Wang A, Shen F, Liang Y, Wang J. Marrow-derived MSCs 

and atorvastatin improve cardiac function in rat model of 

AMI. Int J Cardiol. 2011; 150:28–32.

 4. Dong Q, Yang Y, Song L, Qian H, Xu Z. Atorvastatin 
prevents mesenchymal stem cells from hypoxia and serum-

free injury through activating AMP-activated protein 

kinase. Int J Cardiol. 2011; 153:311–316.

 5. Noronha-Matos JB, Coimbra J, Sa-e-Sousa A, Rocha R, 

Marinhas J, Freitas R, Guerra-Gomes S, Ferreirinha F, 

Costa MA, Correia-de-Sa P. P2X7-induced zeiosis 
promotes osteogenic differentiation and mineralization of 

postmenopausal bone marrow-derived mesenchymal stem 

cells. FASEB J. 2014; 28:5208–5222.

 6. Cusnir R, Imberti C, Hider RC, Blower PJ, Ma MT. 

Hydroxypyridinone Chelators: From Iron Scavenging to 

Radiopharmaceuticals for PET Imaging with Gallium-68. 

Int J Mol Sci. 2017; 18.

 7. Grosse S, Stenvik J, Nilsen AM. Iron oxide nanoparticles 

modulate lipopolysaccharide-induced inflammatory 
responses in primary human monocytes. Int J Nanomed. 

2016; 11:4625–4642.

 8. Nishida T, Tsuneyama K, Fujimoto M, Nomoto K, Hayashi S, 

Miwa S, Nakajima T, Nakanishi Y, Hatta H, Imura J. Aberrant 

iron metabolism might have an impact on progression of 

diseases in Tsumura Suzuki obese diabetes mice, a model of 

spontaneous metabolic syndrome. Pathol Int. 2016; 66:622–628.

 9. Mkhikian H, Tran MH. Exacerbation of myasthenia 

symptoms following intravenous iron administration. 

Transfusion Med. 2016; 26:381–382.

10. Chang YL, Hung SH, Ling W, Lin HC, Li HC, Chung SD. 

Correction: Association between Ischemic Stroke and Iron-

Deficiency Anemia: A Population-Based Study. Plos One. 
2017; 12:e0170872.

11. Fleming RE, Ponka P. Iron overload in human disease. New 

Engl J Med. 2012; 366:348–359.

12. Andrews NC. Disorders of iron metabolism. New Engl J 

Med. 1999; 341:1986–1995.

13. Yassin M, Soliman AT, De Sanctis V, Moustafa A, 

Samaan SA, Nashwan A. A Young Adult with Unintended 

Acute Intravenous Iron Intoxication Treated with Oral 

Chelation: The Use of Liver Ferriscan for Diagnosing and 

Monitoring Tissue Iron Load. Mediterr J Hematol Infect 

Dis. 2017; 9:e2017008.

14. Gao W, Zhao J, Gao Z, Li H. Synergistic Interaction of 

Light Alcohol Administration in the Presence of Mild Iron 

Overload in a Mouse Model of Liver Injury: Involvement of 

Triosephosphate Isomerase Nitration and Inactivation. Plos 

One. 2017; 12:e0170350.

15. Schieffer KM, Chuang CH, Connor J, Pawelczyk JA, 

Sekhar DL. Association of Iron Deficiency Anemia With 
Hearing Loss in US Adults. Jama Otolaryngol Head Neck 

Surg. 2016 Dec 29. [Epub ahead of print].

16. Wang M, Kakinen A, Pilkington EH, Davis TP, Ke PC. 

Differential effects of silver and iron oxide nanoparticles 

on IAPP amyloid aggregation. Biomater Sci-Uk. 2017.

17. Winkelmayer WC, Goldstein BA, Mitani AA, Ding VY, 

Airy M, Mandayam S, Chang TI, Brookhart MA, Fishbane S. 

Safety of Intravenous Iron in Hemodialysis: Longer-term 

Comparisons of Iron Sucrose Versus Sodium Ferric Gluconate 

Complex. Am J Kidney Dis. 2017 Jan 4. [Epub ahead of print].

18. Lopez-Huertas E, Fonolla J. Hydroxytyrosol supplementation 

increases vitamin C levels in vivo. A human volunteer trial. 

Redox Bio. 2016; 11:384–389.

19. Baschant U, Rauner M, Balaian E, Weidner H, Roetto A, 

Platzbecker U, Hofbauer LC. Wnt5a is a key target for 

the pro-osteogenic effects of iron chelation on osteoblast 

progenitors. Haematologica. 2016; 101:1499–1507.

20. Chen Y, Zhang J, Zhao Q, Chen Q, Sun Y, Jin Y, Wu J. 

Melatonin Induces Anti-Inflammatory Effects to Play a 
Protective Role via Endoplasmic Reticulum Stress in Acute 

Pancreatitis. Cell Physiol Bioche. 2016; 40:1094–1104.

21. Wang Q, An B, Wei Y, Reiter RJ, Shi H, Luo H, He C. 

Melatonin Regulates Root Meristem by Repressing Auxin 

Synthesis and Polar Auxin Transport in Arabidopsis. Front 

Plant Sci. 2016; 7:1882.

22. Tao J, Lv J, Li W, Zhang P, Mao C, Xu Z. Exogenous 
melatonin reduced blood pressure in late-term ovine fetus 

via MT1/MT2 receptor pathways. Reprod Biol. 2016; 

16:212–217.



Oncotarget31637www.impactjournals.com/oncotarget

23. Simko F, Baka T, Paulis L, Reiter RJ. Elevated heart rate 

and nondipping heart rate as potential targets for melatonin: 

a review. J Pineal Res. 2016; 61:127–137.

24. Heo JY, Kim K, Fava M, Mischoulon D, Papakostas GI, 

Kim MJ, Kim DJ, Chang KJ, Oh Y, Yu BH, Jeon HJ. Effects of 

smartphone use with and without blue light at night in healthy 

adults: A randomized, double-blind, cross-over, placebo-

controlled comparison. J Psychiatr Res. 2016; 87:61–70.

25. Zhang WL, Meng HZ, Yang RF, Yang MW, Sun GH, 

Liu JH, Shi PX, Liu F, Yang B. Melatonin suppresses 
autophagy in type 2 diabetic osteoporosis. Oncotarget. 

2016; 7:52179–52194. doi: 10.18632/oncotarget.10538.

26. Ping Z, Hu X, Wang L, Shi J, Tao Y, Wu X, Hou Z, Guo X, 
Zhang W, Yang H, Xu Y, Wang Z, Geng D. Melatonin 
attenuates titanium particle-induced osteolysis via activation 

of Wnt/beta-catenin signaling pathway. Acta Biomater. 2017. 

51:513–525.

27. Calvo-Guirado JL, Lopez-Lopez PJ, Dominguez MF, 

Gosalvez MM, Prados-Frutos JC, Gehrke SA. Histologic 

evaluation of new bone in post-extraction sockets induced by 

melatonin and apigenin: an experimental study in American 

fox hound dogs. Clin Oral Implan Res. 2016 May 18. [Epub 

ahead of print].

28. Fan C, Pan Y, Yang Y, Di S, Jiang S, Ma Z, Li T, Zhang Z, 

Li W, Li X, Reiter RJ, Yan X. HDAC1 inhibition by 
melatonin leads to suppression of lung adenocarcinoma 

cells via induction of oxidative stress and activation of 

apoptotic pathways. J Pineal Res. 2015; 59:321–333.

29. Weinberg E, Maymon T, Weinreb M. AGEs induce caspase-

mediated apoptosis of rat BMSCs via TNFalpha production 

and oxidative stress. J Mol Endocrinol. 2014; 52:67–76.

30. Jones MP, Melan MA, Witt-Enderby PA. Melatonin 

decreases cell proliferation and transformation in a 

melatonin receptor-dependent manner. Cancer Lett. 2000; 

151:133–143.

31. Li P, Zheng X, Shou K, Niu Y, Jian C, Zhao Y, Yi W, Hu X, 
Yu A. The iron chelator Dp44mT suppresses osteosarcoma’s 

proliferation, invasion and migration: in vitro and in vivo. Am 

J Transl Res. 2016; 8:5370–5385.

32. Iglesias L, Canals J, Arija V. Effects of prenatal iron status 

on child neurodevelopment and behavior: A systematic 

review. Crit Rev Food Sci. 2017:0.

33. Rossi F, Perrotta S, Bellini G, Luongo L, Tortora C, 

Siniscalco D, Francese M, Torella M, Nobili B, Di Marzo V, 

Maione S. Iron overload causes osteoporosis in thalassemia 

major patients through interaction with transient 

receptor potential vanilloid type 1 (TRPV1) channels. 

Haematologica. 2014; 99:1876–1884.

34. Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, 

Murry CE. Cardiomyocyte grafting for cardiac repair: graft 

cell death and anti-death strategies. J Mol Cell Cardiol. 

2001; 33:907–921.

35. Fan JZ, Yang L, Meng GL, Lin YS, Wei BY, Fan J, Hu HM, 

Liu YW, Chen S, Zhang JK, He QZ, Luo ZJ, Liu J. Estrogen 

improves the proliferation and differentiation of hBMSCs 

derived from postmenopausal osteoporosis through notch 

signaling pathway. Mol Cell Biochem. 2014; 392:85–93.

36. Claustrat B, Leston J. Melatonin: Physiological effects in 

humans. Neurochirurgie. 2015; 61:77–84.

37. Tresguerres IF, Tamimi F, Eimar H, Barralet JE, Prieto S, 

Torres J, Calvo-Guirado JL, Tresguerres JA. Melatonin 

dietary supplement as an anti-aging therapy for age-related 

bone loss. Rejuv Res. 2014; 17:341–346.

38. Litovka IH, Mazepa-Kryzhanivs’ka YO, Berezovskyi V. 

[The effect of melatonin on bone tissue metabolism]. 

[Article in Ukrainian]. Fiziol Zh. 2014; 60:102–109.

39. Yang Y, Fan C, Deng C, Zhao L, Hu W, Di S, Ma Z, 

Zhang Y, Qin Z, Jin Z, Yan X, Jiang S, Sun Y, et al. 
Melatonin reverses flow shear stress-induced injury in bone 
marrow mesenchymal stem cells via activation of AMP-

activated protein kinase signaling. J Pineal Res. 2016; 

60:228–241.

40. Patschan D, Hildebrandt A, Rinneburger J, Wessels JT, 

Patschan S, Becker JU, Henze E, Kruger A, Muller GA. 

The hormone melatonin stimulates renoprotective effects 

of “early outgrowth” endothelial progenitor cells in 

acute ischemic kidney injury. Am J Physiol-Renal. 2012; 

302:F1305–1312.

41. Chai X, Li D, Cao X, Zhang Y, Mu J, Lu W, Xiao X, 
Li C, Meng J, Chen J, Li Q, Wang J, Meng A, et al. ROS-

mediated iron overload injures the hematopoiesis of bone 

marrow by damaging hematopoietic stem/progenitor cells 

in mice. Sci Rep-Uk. 2015; 5:10181.

42. Kamihara Y, Takada K, Sato T, Kawano Y, Murase K, 

Arihara Y, Kikuchi S, Hayasaka N, Usami M, Iyama S, 

Miyanishi K, Sato Y, Kobune M, et al. The iron chelator 

deferasirox induces apoptosis by targeting oncogenic Pyk2/

beta-catenin signaling in human multiple myeloma. Oncotarget. 

2016; 7:64330–64341. doi: 10.18632/oncotarget.11830.

43. Benzhi C, Limei Z, Ning W, Jiaqi L, Songling Z, Fanyu M, 

Hongyu Z, Yanjie L, Jing A, Baofeng Y. Bone marrow 

mesenchymal stem cells upregulate transient outward 

potassium currents in postnatal rat ventricular myocytes.  

J Mol Cell Cardiol. 2009; 47:41–48.

44. Cai BZ, Meng FY, Zhu SL, Zhao J, Liu JQ, Liu CJ, Chen N, 

Ye ML, Li ZY, Ai J, Lu YJ, Yang BF. Arsenic trioxide 

induces the apoptosis in bone marrow mesenchymal 

stem cells by intracellular calcium signal and caspase-3 

pathways. Toxicol Lett. 2010; 193:173–178.


