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Abstract The cardiac microvascular reperfusion injury is

characterized by the microvascular endothelial cells

(CMECs) oxidative damage which is responsible for the pro-

gression of cardiac dysfunction. However, few strategies are

available to reverse such pathologies. This study aimed to

explore the mechanism by which oxidative stress induced

CMECs death and the beneficial actions of melatonin on

CMECs survival, with a special focused on IP3R-[Ca2+]c/

VDAC-[Ca2+]m damage axis and the MAPK/ERK survival

signaling. We found that oxidative stress induced by H2O2

significantly activated cAMP response element binding pro-

tein (CREB) that enhanced IP3R and VDAC transcription and

expression, leading to [Ca2+]c and [Ca2+]m overload. High

concentration of [Ca2+]m suppressed ΔΨm, opened mPTP,

and released cyt-c into cytoplasm where it activated

mitochondria-dependent death pathway. However, melatonin

could protect CMECs against oxidative stress injury via stim-

ulation of MAPK/ERK that inactivated CREB and therefore

blocked IP3R/VDAC upregulation and [Ca2+]c/[Ca2+]m over-

load, sustaining mitochondrial structural and function integri-

ty and ultimately blockading mitochondrial-mediated cellular

death. In summary, these findings confirmed the mechanisms

by which oxidative injury induced CMECs mitochondrial-

involved death and provided an attractive and effective way

to enhance CMECs survival.
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Introduction

Acute myocardial infarction (AMI) is featured by a sudden

occlusion of epicardial coronary artery, leading to the reduc-

tion in blood stream and ischemic damage to the heart. Timely

percutaneous coronary intervention (PCI) is a mainstay in the

current treatment of AMI through dredging occlusive vessel.

However, even after successful reperfusion therapy, at the cor-

onary microvascular level, there remains diminished patency

rates or even no-perfusion that known as no-reflow (NR) phe-

nomenon which is associated with reduced clinical improve-

ment and increased 30-day mortality if not adequately treated.

Extensive studies have demonstrated that microcirculation ox-

idative damage is the main factor for the formation of NR,

especially that cardiac microvascular endothelial cell

(CMEC) injury. Reperfusion is associated with a much larger

burst of lethal ROS (even though ROS initially appeared at the

stage of hypoxia or ischemia) when compared with the level

of ROS at the stage of hypoxia. Admittedly, superfluous ROS

induced by reperfusion injury could cause oxidative stress

injury through lipid peroxidation and protein oxidative which

induce CMEC mitochondrial damage and cellular apoptosis,

contributing to the capillaries relaxation dysfunction or ob-

struction, inflammation, and distal embolization of atheroma-

tous. Thereby, strategies to protect the CMEC against oxida-

tive injury and maintain its normal function may be the cru-

cially adjuvant modality to patients after PCI therapy.

Among oxidative stress-mediated cellular apoptosis, mito-

chondria are reported to be the transmitter of apoptotic signal

through delivering cytochrome c (cyt-c) into cytoplasm (Zhou
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et al. 2014). However, the upstream trigger of mitochondrial

damage is far from clear. Several evidences have established

the role of cytoplasmic calcium ([Ca2+]c) overload and the

mitochondrial calcium ([Ca2+]m) overload in cell death

(Hurst et al. 2016). This paper would explore the detailed role

of [Ca2+]c/[Ca2+]m overload in the activation of

mitochondrial-dependent cellular apoptosis pathways.

Melatonin (N-acetyl-5-methoxytryptamine) is an endoge-

nous indolamine that has antioxidant, anti-inflammatory, and

anti-apoptotic properties (Alonso-Alconada et al. 2013). It re-

duces perinatal hypoxia-ischemia, improves sleep and comor-

bid disorders (Laudon and Frydman-Marom 2014), and ame-

liorates cardiac ischemia/reperfusion injury (Reiter et al.

2016a). However, the beneficial role of melatonin in CMEC

apoptosis remains clear. Recently studies have found that

MAPK/ERK functions as the classic anti-apoptotic signal

(Gaspar et al. 2016) exerting a key role in stem cells survival

and growth (Choi 2016; Park et al. 2016). Whether melatonin

contributes to CMEC survival via MAPK/ERK pathways re-

mains unknown. In our study, we applied hydrogen peroxide

(H2O2), to induce CMECs apoptosis and explored the effect

and mechanism of melatonin on the apoptosis of CMEC. The

result indicated that exogenous H2O2 could evoke CMECs

apoptosis through mitochondrial death pathway by induction

of inositol 1,4,5-triphate receptor (IP3R)-mediated [Ca2+]c

overload and subsequent voltage-dependent anion channel

(VDAC)-mediated [Ca2+]m overload. While melatonin par-

tially abolished such effect of H2O2 via activation of

MAPK/ERK pathways, which suppressed IP3R-[Ca2+]c/

VDAC/[Ca2+]m apoptotic axis by downregulation of CREB

transcription factors, enhancing the resistance of mitochondria

and CMECs to oxidative stress.

Materials and methods

The present study was performed in accordance with

Declaration of Helsinki and the guidelines of the Ethic

Committee of Chinese PLA (People’s Liberty Army)

General Hospital, Beijing, China.

CMECs isolation, culture, characterization,

and differentiation

CMECs were isolated from neonatal SD rat (aged 5–7 days,

weight 12–16 g) hearts by enzyme dissociation method based

on our previous study. Briefly, neonatal rats were euthanized by

isoflurane and the hearts were removed under sterile conditions.

After removing atria, visible connective tissue, right ventricle,

and valvular tissue, left ventricle was immersed in 75% ethanol

for 20 s to devitalize epicardial and endocardial endothelial

cells. The outer one fourth ventricular wall was peeled away.

The remaining tissue was digested in 0.5% (w/v) collagenase

type I (Gibco, USA) for 20 min and 0.125% (w/v) trypsin

(Hyclone, USA) for 10 min at 37 °C in a shaking bath. After

addition of Dulbecco’s modified Eagle’s medium (DMEM,

Gibco, USA), the samples were filtered with 70-nmmetal mesh

filter followed by centrifugation for 10 min at 400×g and sub-

sequently resuspended in DMEM supplemented with 20% (v/

v) fetal bovine serum (FBS) (Hyclone, USA). Then the super-

natant were seeded in polystyrene flasks at 37 °C/5% CO2.

Cultured cell purity was tested by their morphology, positive

immunofluorescence assay of CD31 (Abcam, #ab61910), and

uptake of acetylated low-density lipoprotein.

Induction of oxidative stress injury

Oxidative stress apoptosis was induced by H2O2 and serum

deprivation. In brief, after cells were washed with PBS, the

culture media was replaced with serum-free DMEM supple-

mented with 0.3 mMH2O2 and then at 37 °C under normoxic

conditions for 12 h. For melatonin protection assay, CMECs

were pretreated with melatonin (0–10 μm/L) (Han et al. 2016)

12 h before the H2O2-mediated oxidative stress apoptosis.

MTTassay, LDH release, and caspase3 activity

Cell viability was assessed using the 3-(4,5-dimethylthiazohl-

2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-

Aldrich, USA) assay. Briefly, CMECs were seeded in 96-

well plates. After treatment with melatonin for 12 h, the cells

were incubated with MTT solution (Sigma-Aldrich) at 37 °C

for 4 h. Then, the medium was removed, and 100 μL of

dimethyl sulfoxide (DMSO) was added to each well. The

absorbance was measured at a wavelength of 570 nm. The

data are expressed as the ratio of the optical density (OD)

value of the treated group to the OD of the control group.

Because the activation of caspase3 represents an essential

step in the apoptotic process and LDH release was a conse-

quence of cellular integrity damage during apoptosis process.

Thus, caspase3 activity kit and LDH release kit (Beyotime

Institute of Biotechnology, China) were used according to

the manufacturer’s protocol. The relative caspase3 activity

and LDH contents were calculated as the ratio of treated cells

to untreated cells. The assay was repeated three times.

Effects of melatonin on the proliferation of CMECs

Cell proliferation was evaluated via cell counting kit-8 (CCK-

8) assay (Beyotime Institute of Biotechnology, China). For

CCK-8 test, CMECs were plated onto 96-well plates

(1 × 103 cells/well) with melatonin (0–10 μm/L) in a triplicate

pattern. Experiments were performed from 1 to 7 days after

plating by the addition of 100 μL of fresh medium in 10 μL of

the CCK-8 solution for another 2 h at 37 °C. The OD at

570 nm was measured. The assay was repeated three times.
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Immunofluorescence staining

IP3R, VDAC, and caspase3 expression was tested by immu-

nofluorescence staining. In brief, cells were collected and

fixed with 4% paraformaldehyde for 10 min, then perme-

abilized via 0.5% Triton X-100 for 10 min, and blocked with

10% goat serum albumin (Invitrogen, USA) for 1 h at room

temperature. Subsequently, samples were incubated with pri-

mary antibodies overnight at 4 °C, then washed with PBS

three times, and incubated with secondary antibody for

45 min at room temperature. At last, 4′,6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich, USA) was added for

5 min and cells were analyzed under a fluorescent microscope.

Western blot analysis

Proteinwas collected after cells were treated. After centrifugation

at 14,000×g for 10 min at 4 °C, the supernatants were collected

and quantified with BCA protein assay (Beyotime Institute of

Biotechnology, China). Equal amounts of proteins were loaded

on 8–15% SDS-PAGE gels and then transferred to PVDFmem-

branes (Sigma). The membranes were incubated with 5% nonfat

milk for 2 h at room temperature followed with primary

antibody/β-actin (1:2000), caspase3, IP3R, VDAC, ERK,

pERK, and CREB purchased from Cell Signaling Technology.

After being washed in TBST for 30 min, the membranes were

incubatedwith horseradish peroxidase-conjugated secondary an-

tibody for 45–60 min at room temperature (Santa Cruz

Biotechnology). Bandswere visualized by enhanced chemilumi-

nescence (ECL) reagent (Beyotime Institute of Biotechnology,

China) after the membranes were washed with TBST.

Mitochondrial membrane potential and mPTP opening

The mitochondrial transmembrane potential was analyzed by

Mitochondrial Membrane Potential Detection Kit (JC-1) ac-

cording to the manufacturer’s instructions. Briefly, 2.5 g/mL

JC-1 was added into the culture for 30 min at 37 °C. After

being washed with binding buffer, the cells were stained with

DAPI and then analyzed under a fluorescent microscope. The

opening of the mPTP was visualized as a rapid dissipation of

tetramethylrhodamine ethyl ester fluorescence according to

our previous study.

RNAi knockdown

The small interfering RNA (siRNA) targeting IP3R and

VDAC was purchased from Santa Cruz Biotechnology. For

the RNAi knockdown, cells were seeded in the plates contain-

ing medium without antibiotics for 24 h before transfection.

The siRNAs were transfected into the cells by Lipofectamine

2000 (Invitrogen) in serum-free Opti-MEM (Invitrogen). The

expression levels of proteins in transfected cells were deter-

mined by western blot analysis. The cells transfected after

96 h were harvested and used for further analysis.

[Ca2+]c and [Ca2+]m detection

The contents of [Ca2+]c was imaged with Fluo-2 (Molecular

Probes). Samples were then directly examined by confocal

microscopy using the ×40 1.42 NA oil immersion objective.

For quantification of the concentrations change of [Ca2+]c,

flow cytometry was used. For analysis of [Ca2+]m, Rhod-2

(Molecular Probes) was used and the images were captured by

confocal microscopy. Fluorescence intensity of Furo-2 and

Rhod-2 was measured by excitation wavelengths of 340 and

550 nm, and emission wavelengths of 500 and 570 nm, re-

spectively. Data (F/F0) were obtained by dividing fluores-

cence intensity (F) by (F0) at resting level (t = 0) which was

normalized by control groups.

Statistical analysis

Data are expressed as mean + SD. Comparisons between two

groups were measured using Student’s t test. Differences

among groups were detected by one-way ANOVA. A value

of P < 0.05 was considered as significantly different.

Results

Characterization of cultured CMECs

CMECs cultured in medium, as indicated in Fig. 1a, demon-

strated a spindle shape and cobblestone-like morphology.

Immunofluorescence was used to characterize the surface

marker of CMECs, and the result presented in Fig. 1b, c

Fig. 1 Characterization of

CMECs. a Isolated ADMSCs

displayed f a spindle shape and

cobblestone-like morphology. b,

c Immunofluorescence results

showed that CMECs were uni-

formly positive for CD31 and

could absorb DiL-Ac-LDL.

Bar = 50 μm
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suggested that the CMECs expressed CD31 which is the main

endothelia marker. Meanwhile, DiL-Ac-LDL phagocytic test

indicated that the isolated cells could phagocytize DiL-Ac-

LDL. Together, the above assay suggested the harvested cells

in our experiments were CMECs.

The effects of melatonin on CMECs viability

and proliferation

First, MTT was used to explore the effect of melatonin on

CMECs viability. As shown in Fig. 2a, at the concentrations

used, melatonin (0–10 μm/L) incubation for 24 h had little

impact on cell viability compared with normal cell, indicating

that melatonin had no toxic effect on CMECs. Furthermore,

Fig. 2 Effect of melatonin on cell viability and proliferation. aMelatonin

had no cytotoxic effect on CMECs. b The growth curve of CMECs under

different concentrations of melatonin. *P < 0.05 vs. control group

Fig. 3 Melatonin protected

CMECs against oxidative stress

injury. a, b Cell death was

determined by TUNEL assay.

a Annexin V/PI assay. b The

change of caspase activity under

different doses of melatonin.

c The LDH release assay indicat-

ed that melatonin could reduce

CMECs oxidative stress damage.

Blue are cell nuclei; *P < 0.05 vs.

control group, #P < 0.05 vs. H2O2

group

�Fig. 4 Melatonin reduce CMECs death through alleviation of IP3R-

dependent [Ca2+]c overload. a The co-immunofluorescence of [Ca2+]c

and PI. The higher [Ca2+]c was indicative of more PI+ death cell.

BAPTA, a calcium chelator that reduce the levels of intracellular Ca2+.

Ion, ionomycin, a calcium agonist that induced [Ca2+]c overload. b, c The

expression of IP3R and RyR. Oxidative mainly increased IP3R expres-

sion that was blocked by melatonin. d Flow cytometry was used to quan-

titatively detect the change of [Ca2+]c under melatonin treatment.

Meanwhile, siRNA knockdown of IP3R could alleviate the contents of

[Ca2+]c in response to oxidative stress. *P < 0.05 vs. control group,

#P < 0.05 vs. H2O2 group, and P < 0.05 vs. H2O2 + melatonin group
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we used CCK-8 assay to assess the growth kinetics of CMECs

under the treatment of melatonin. As shown in Fig. 2b, the

growth ability of the CMECs improved gradually with the

increase in the melatonin concentrations. However, during

the first 24 h, there was no substantial difference between

the groups.

Oxidative stress injury induced IP3R-dependent [Ca2+]c

overload that contributed to CMECs apoptosis

First, according to our previous study (Zhou et al. 2014),

0.3 mMH2O2 for 12 h was used to induce cell oxidative injury

and apoptosis. Next, since no significant difference was ob-

served in the cell numbers of CMECs with melatonin for the

first 24 h or not, melatonin (0–10 μm/L) treatment for 12 h

was used to exclude the effect of proliferation on the oxidative

stress experiments. Meanwhile, TUNEL assay was performed

to identify the apoptotic rate of CMECs under H2O2-mediated

oxidative stress and the anti-apoptosis role of melatonin in

CMECs under H2O2. The result (Fig. 3a, b) revealed that

H2O2 increased oxidative apoptosis levels in CMECs because

approximately 78.64 ± 4.35% of cells were TUNEL+, which

was notably inhibited by melatonin in a concentration-

dependent manner as evidenced by lower percentage of

TUNEL+ cells (melatonin 1 μm/L, 68.26 ± 5.41%; 2 μm/L,

56.34 ± 3.21%; 5 μm/L, 28.42 ± 5.17%; 10 μm/L,

18.33 ± 4.36%, p < 0.05 vs H2O2 Fig. 3a), indicating that

melatonin could block the lethal impact of H2O2 on

CMECs. Furthermore, two parallel experiments were con-

ducted via LDH release and caspase3 activity (Fig. 3c, d) to

further provide the beneficial action of melatonin on CMECs

apoptosis. Similar results were obtained that more LDH re-

lease and increased caspase3 activity appeared in H2O2 group,

and however, these changes were blocked by melatonin treat-

ment. Because the minimum anti-apoptotic effect of melato-

nin was 10 μm/L, and thereby, 10 μm/L of melatonin was

used for the following experiments.

Several reports have suggested that [Ca2+]c overload was

the main reason for cellular apoptosis under oxidative stress

injury (Zhang et al. 2016). To establish the role of [Ca2+]c

overload in H2O2-mediated cellular death, we used co-

immunofluorescence of [Ca2+]c and PI. As shown in Fig.

4a, H2O2markedly elevated the fluorescence of [Ca2+]c which

was coupled with increased PI+ cells. Furthermore, removal of

cytoplasmic free Ca2+ by calcium chelator BAPTA both re-

duced the [Ca2+]c contents and the number of PI+ cells, sug-

gesting that H2O2 was the trigger of [Ca
2+]c overload which

evoked CMECs death. Regarding melatonin, it could reduce

both of [Ca2+]c and PI fluorescence. However, these benefi-

cial effects were canceled by ionomycin, a calcium agonist,

which weaken the inhibitory actions of melatonin on [Ca2+]c

and PI fluorescence. These data illustrated that melatonin

could protect CMESs against H2O2-induced oxidative stress

injury via suppression of [Ca2+]c overload.

Because the change of [Ca2+]c was regulated by endoplas-

mic reticulum (ER) calcium channel, especially RyR and

IP3R, which were found to be the primary damage signals

under H2O2-induced oxidative stress injury (Haorah et al.

2007; Zhang et al. 2016). Through western blots, our study

found that H2O2 could enhance the expression of IP3R but not

RyR (Fig. 4b, c). However, melatonin could significantly re-

press IP3R upregulation. To further provide the evidence for

IP3R and RyR in [Ca2+]c overload, we used siRNA to knock-

down their expression and observed the role of them in

[Ca2+]c fluctuation. The results in Fig. 4d demonstrated that

knockdown of IP3R but not RyR could reduce the concentra-

tion of [Ca2+]c, which brought the similar results when com-

pared with melatonin group. Furthermore, activation of IP3R

but not RyR had the ability to elevate [Ca2+]c under melato-

nin, which significantly canceled the protective effect of mel-

atonin on [Ca2+]c overload. Altogether, these data suggested

that H2O2 stimulated [Ca2+]c overload via upregulation of

IP3R expression which was inhibited by melatonin.

IP3R-dependent [Ca
2+
]c overload activated

VDAC-mediated [Ca2+]m overload that caused

mitochondrial structural and functional destroy

As the second calcium store in cell, mitochondria could ab-

sorb the excessive cytoplasm calcium in response to [Ca2+]c

overload, resulting into [Ca2+]m overload. Among these,

VDAC has been reported to be the primary channels for cy-

toplasmic free Ca2+ flow into mitochondria (Fernandez-Sanz

et al. 2014; Monaco et al. 2015). Therefore, we hypothesized

that [Ca2+]m overload was secondary to [Ca2+]c elevation via

VDAC. Firstly, we used [Ca2+]c and [Ca2+]m probes to ob-

serve the change of Ca2+ concentration. Under H2O2, higher

[Ca2+]c concentration was paralleled to the content of [Ca2+]m

(Fig. 5a). However, removal of [Ca2+]c could significantly

lead to the decrease in [Ca2+]m under H2O2. Furthermore,

inhibition of VDAC had no effects on [Ca2+]c concentration

but was able to inhibit the [Ca2+]m overload, suggesting that

VDAC was the key passageway for [Ca2+]c inflow into mito-

chondria. Melatonin treatment could both reduce [Ca2+]c and

�Fig. 5 IP3R-dependent [Ca2+]c overload activated VDAC-mediated

[Ca2+]m overload. a The co-immunofluorescence of [Ca2+]c and

[Ca2+]m. Higher [Ca2+]c was associated with [Ca2+] through VDAC be-

cause siRNA knockdown of VDAC could significantly abate the increase

in [Ca2+]m under oxidative stress. b, c The [Ca2+]m map via confocal

microscopy by Rhod-2. Fluorescence intensity of Rhod-2 was measured

by excitation wavelengths of 550 nm and emission wavelengths of

570 nm, respectively. Data (F/F0)were obtained by dividing fluorescence

intensity (F) by (F0) at resting level (t = 0) which was normalized by

control groups. *P < 0.05 vs. control group, #P < 0.05 vs. H2O2 group
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[Ca2+]m overload. Next, calcium map was used to quantita-

tively analyze the change of [Ca2+]m when knockdown of

VDAC. The data indicated in Fig. 5b demonstrated that the

increase of [Ca2+]m influence under H2O2 was blocked by

VDAC knockdown or melatonin treatment. These results

hinted that the upregulation of VDAC was the main reason

for H2O2-induced [Ca
2+]m overload while melatonin held the

capacity of suppressing VDAC expression, and therefore, al-

leviating the [Ca2+]m.

Previous studies have found that mitochondria were the

center of H2O2-mediated oxidative stress injury via releasing

cyt-c (Zhou et al. 2014, 2015). We therefore guessed that

[Ca2+]m overload could be the pathologic mechanisms for

cyt-c releasing. As the result displayed in Fig. 6a, H2O2

caused more cyt-c leakage out of mitochondria with evi-

denced by more cyt-c dispersed into cytoplasm and even into

nuclear. However, melatonin could partially repress the cyt-c

diffusion. Importantly, knockdown of VDAC under H2O2 re-

stored the punctiform of cyt-c and blocked cyt-c leakage into

nuclear. These data suggested that IP3R-[Ca2+]c elevation and

VDAC-[Ca2+]m overload were responsible for H2O2-induced

cyt-c release. Furthermore, the cyt-c release could be the con-

sequence of the destruction of mitochondrial structural and

function. The damage of mitochondrial membrane potential

(ΔΨm) and the opening of mitochondrial permeability transi-

tion pore (mPTP) were prerequisite for cyt-c release (Kagan

et al. 2004). The results in Fig. 6b, d indicated that

IP3R-[Ca2+]c elevation and VDAC-[Ca2+]m overload also

aggregated mPTP opening and dissipated ΔΨm when com-

pared with control group. However, melatonin had the ability

to maintain ΔΨm and limit mPTP opening.

MAPK/ERK was activated by melatonin and contributed

to the protective effects of melatonin on CMECs

under H2O2

MAPK/ERK is the classical anti-apoptotic pathway and exerts

proliferation promotion effect on many types of cell under dif-

ferent conditions (Kim and Choi 2015; Sun et al. 2015a, b).

Melatonin has been found to be the activator of MAPK/ERK.

Therefore, we speculated that the beneficial effect of melatonin

may be due to its activation of MAPK/ERK (Hill et al. 2013).

The result suggested that melatonin could induce more pERK

expression which was inhibited by ERK inhibitor PD98059

(Fig. 7a). Furthermore, to provide further evidence for the role

of MAPK/ERK in melatonin-mediated CMECs survival, we

used IP3R/VDAC co-immunofluorescence with PD98059.

The result of co-immunofluorescence of IP3R/VDAC, as indi-

cated in Fig. 7b, exhibited that melatonin modified IP3R/

VDAC expression via MAPK/ERK. In fact, MAPK/ERK

could control the phosphorylation of cAMP response element

binding protein (CREB), a transcription factors (TFs) that func-

tions as the gene switch in nuclear to upregulate and/or

downregulate gene transcription (Moosavi et al. 2016). In the

present paper, H2O2 increased p-CREB which was blocked by

melatonin (Fig. 7c). Furthermore, the changes of IP3R and

VDAC were in accordance with the alteration of CREB.

However, inhibitor of CREB by SGC-CBP30 could abate the

H2O2-mediated IP3R/VDAC upregulation (Fig. 7d, e). These

results suggested that H2O2 signaled IP3R-[Ca2+]c/

VDAC-[Ca2+]m axis via activation of CREB which was

inhibited by melatonin throughMAPK/ERK. TheMAPK fam-

ily includes ERK, JNK, and p38, the major signal transduction

molecules regulated by growth factors, cytokines, and stress

(Chang and Karin 2001).

Discussion

Although PCI therapy for MI could open the obstructed major

blood vessels, but it also caused the ischemia-reperfusion (I/R)

injury to the cardiac cells due to the excessive production of

ROS which perturbed the intracellular redox balance that con-

tributed to cell dysfunction and programmed cell death.

Several studies have found the increased ischemia or inflam-

mation induced oxidative stress injury that evoked cellular

death via mitochondrial-dependent apoptosis pathways

(Potier et al. 2007; Zhou et al. 2014). Among these processes,

mitochondria released cyt-c into cytoplasm in response to ex-

cessive oxidative stress (Zhou et al. 2017a). However, the

upstream signal of mitochondrial damage remains unclear.

In this paper, we found that calcium overload, especially mi-

tochondrial calcium overload, was responsible for mitochon-

dria damage and cyt-c release. Under H2O2, oxidative stress

could activate CREB that enhanced the IP3R and VDAC gene

expression. As the result of increased IP3R, more Ca2+ re-

leased into cytoplasm and caused [Ca2+]c overload. Next,

VDAC contributed to excessive [Ca2+]c flow into mitochon-

dria, leading to [Ca2+]m overload. High [Ca2+]m was associ-

ated with cyt-c leakage because inhibition of [Ca2+]m over-

load could limit cyt-c releasing into cytoplasm. Moreover,

[Ca2+]m overload was also linked with ΔΨm collapse and

mPTP opening which were the necessary step for subsequent

cyt-c detachment frommitochondria. Thus, we established the

role of IP3R-[Ca2+]c/VDAC-[Ca2+]m axis in initiating mito-

chondrial damage. Among such pathologic process, Ca2+was

the critical messenger that transmitted from ER to mitochon-

dria, delivering oxidative injury signal to mitochondria, the

cellular apoptosis executor. In fact, in normal cells, the free

�Fig. 6 [Ca2+]m overload aggregated mitochondrial damage and

triggered the mitochondria-related cell death pathways. a The re-

location of cyt-c from mitochondria into cytoplasm suggesting the acti-

vation of mitochondria-related cell death pathways. b, c The change of

mitochondrial membrane potential (ΔΨm). dMelatonin could reduce the

mPTP opening. P < 0.05 vs. control group, #P < 0.05 vs. H2O2 group
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Fig. 7 Melatonin signaled

MAPK/ERK pathways to inacti-

vate CREB transcription promot-

er which reduces the expression

of IP3R and VDAC under H2O2.

a The activation of melatonin on

MAPK/ERK. bMAPK/ERKwas

responsible for the inhibitory role

of melatonin on IP3R andVDAC.

c Melatonin could reduce the ex-

pression of CREB and its activa-

tion. SGC-CBP30, the specific

inhibitor of CREB pathways. d, e

The transcription promoter CREB

was the downstream of ERK,

which was activated by oxidative

stress and contributed to the ele-

vation of IP3R and VDAC.

Melatonin impaired the activation

of CREB and therefore reduced

the IP3R and VDAC. *P < 0.05

vs. control group, #P < 0.05 vs.

H2O2 group
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[Ca2+]c is regulated by the balance of Ca2+ pump in ER

(Peters and Piper 2007). IP3R functions as the critical Ca2+

release proteins, which has been reported to be involved into

oxidative damage (Ivanova et al. 2014; Shah et al. 2015;

Vervloessem et al. 2015). And these studies argue that oxida-

tive stress could directly activate the IP3R that promotes Ca2+

release from ER into cytoplasm (Grimm 2012; Haorah et al.

2007). However, in our studies, we found that IP3R was mod-

ified at gene level by oxidative stress via CREB. CREB is a

cellular transcription factor, which binds to certain DNA se-

quences called cAMP response elements (CRE) and

increases/decreases the transcription of the target genes

(Chapple et al. 2013; Saggioro 2011). Our study provided

evidences that oxidative stress activated CREB that signifi-

cantly enhanced the IP3R/VDAC transcription and proteins

expression. Higher IP3R was the primary causes for [Ca2+]c

overload. Additionally, as the second calcium store, mitochon-

dria could absorb excessive cytoplasmic Ca2+ in response to

the elevation of [Ca2+]c. The VDAC was the key channel for

[Ca2+]c inflow into mitochondria, which was upregulated by

oxidative stress via CREB. Through elevation of [Ca2+]c and

increased VDAC expression, there was a steep rise in [Ca2+]m

that reduced ΔΨm and opened mPT, finally contributing to

cyt-c leakage into cytoplasm to initiate mitochondrial-

dependent death pathways. Several studies have explored

the mechanism by which [Ca2+]m induced mitochondrial

structural and function damage, especially cyt-c release.

These process could be involved in the mitochondrial fission

(Cosentino and Garcia-Saez 2014; Orlova et al. 2015) and

cardiolipin oxidation (Givvimani et al. 2015; Hough et al.

2014). Although mitochondria are at the center of oxidative

stress, mitochondrial-dependent death pathways are not the

only way for cellular damage. Yet, there are other apoptotic

routes including caspase8-dependent death-receptor pathway

(Thorburn 2004) and caspase12-involved ER (endoplasmic

reticulum stress pathway) (Shore et al. 2011) that are likely

to participate in the cell death along with the progress in ox-

idative stress injury. However, whether these death signals

have a role in CMECs apoptosis and whether Ca2+ is the

connector of these signals remains unclear.

Melatonin is an indolamine produced by the pineal gland

(Dominguez-Rodriguez et al. 2017) and it can exert a potent

antioxidant effect (Reiter et al. 2016b). Its free radical scaven-

ger properties have been used to advantage in different organ

transplants in animal experiments (Chen et al. 2016; Reiter

et al. 2016a). Several concentrations and administration path-

ways have been tested and melatonin has shown encouraging

beneficial results in many transplants of organs such as the

liver (Xu et al. 2017), lungs (Yu et al. 2017b), heart (Reiter

et al. 2016a), pancreas (Majidinia et al. 2017), and kidneys

(Lin et al. 2016). Evidences from several studies have sug-

gested that melatonin reduced excessive oxidative stress and

enhance cellular survival (Back et al. 2016; Mayo et al. 2017).

In the present studies, we demonstrated that melatonin could

suppress [Ca2+]c/[Ca2+]m overload, maintain ΔΨm, reduce

mPTP opening, block cyt-c leakage, and stop mitochondrial-

dependent cellular death. Notably, it is known to us that it

would be more beneficial that treatment after rather than be-

fore I/R reduces myocardial apoptosis. And the different ef-

fects of melatonin on pre- and post-conditioning are different.

Recent studies have found that pre-treatment of melatonin

could activate the AMPK pathways to suppress mitochondrial

fission-VDAC1-HK2-mPTP-mitophagy axis, preventing car-

diac microvascular against reperfusion injury (Zhou et al.

2017b). Considering the AMPK is reduced in response to

reperfusion, therefore, the pre-treatment of melatonin is used

to restore the balance of AMPK pathways. Besides, other

studies have found that post-treatment of melatonin attenuated

post-MI injury via upregulation of Tom70 that stops the cycle

of mitochondrial impairment and ROS generation (Pei et al.

2017). Furthermore, the post-treatment of melatonin could

rescue Trx system by reducing Txnip expression via Notch1/

Hes1/Akt signaling in a membrane receptor-dependent man-

ner (Yu et al. 2017a). These data indicate that the role of

melatonin pre-treatment is to activate the defensive pathways

against reperfusion injury. While the post-treatment of mela-

tonin is more likely to stop the damage signal. These could be

the different mechanisms of melatonin pre- and post-

conditioning in cardiac I/R injury. Furthermore, in the present

study, we demonstrated that the beneficial effect of melatonin

was owing to its activation on MAPK/ERK which inactivated

the CREB and weakened IP3R/VDAC transcription and ex-

pression. TheMAPK family, especially ERKwas the classical

anti-apoptotic pathways. Notably, ERK is phosphorylated ac-

tivation and subsequently migrate into the nucleus where it

regulates the activity of several transcription promoters related

to cellular survival under oxidative stress (Kim and Choi

2015). In the present study, MAPK/ERK negatively regulated

CREB activation and therefore reduced cytoplasmic and mi-

tochondrial calcium pump, reversing the balance of [Ca2+]c/

[Ca2+]m. Thus, we proved that melatonin played a pivotal role

in preventing CMECs from oxidative stress-induced death via

downregulation of IP3R-[Ca2+]c/VDAC-[Ca2+]m axis,

exhibiting melatonin could be used as an adjuvant to strength-

en the resistance of CMECs against oxidative injury. Recent

studies have identified melatonin played a key role in

cardiopotection including reduction in infarction size, im-

provement in LVEF, and reversion of cardiac remodeling

(Herrera et al. 2015; Hu et al. 2016; Sirtori et al. 2015;

Yiallourou et al. 2016). In particular, our study broadens the

potential application of melatonin by demonstrating the ben-

eficial effect of melatonin on CMECs oxidative injury. These

data altogether hint that melatonin would be a new therapeutic

tool for the injured heart by improving cardiac function and

enhancing the resistance of microvascular to reperfusion

injury.
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In conclusion, we illustrate the mechanism by which oxi-

dative stress induced mitochondrial oxidative injury in

CMECs. Calcium functions as the transmitter that elevated

by IP3R and permeates widely into mitochondria via

VDAC, causing mitochondria calcium overload which is re-

sponsible for the collapse of mitochondrial structure and func-

tion. While, melatonin could stimulate MAPK/ERK that inac-

tive CREB and downregulate IP3R/VDAC expression, con-

tributing to the [Ca2+]c/[Ca2+]m homeostasis and stopping

mitochondrial-dependent death pathways. Our study demon-

strates the potential therapeutic target that may ameliorate the

survival of CMEC and microvascular after I/R injury.
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