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Melatonin Protects Against
Hypoxia/Reoxygenation-Induced Dysfunction of
Human Umbilical Vein Endothelial Cells Through
Inhibiting Reactive Oxygen Species Generation
Shuo Zhao,1 Yueyuan Wang,1 Xiaoying Zhang,2 Lu Zheng,2 Bin Zhu,2 Shuang Yao,2 Ling Yang3 and Jun Du1

Background: Hypoxia/reoxygenation (H/R) in human umbilical vein endothelial cells (HUVECs) induces oxidative
stress and eventually leads to vascular injury.
Objective: The aim of this study was to examine the effect of melatonin on HUVECs injured by H/R and explore the
underlying mechanisms.
Materials and Methods: A model of HUVECs under hypoxia/reoxygenation was established. Cell migration and adhesive
ability was measured by wound healing and adhesion assays. Cell proliferation was measured by EdU assay. Production of
reactive oxygen species (ROS) was evaluated by CM-H2DCFDA staining. Actin cytoskeleton rearrangement was examined
by immunofluorescence. Western blotting analysis were used to analyze P38 and HSP27 phosphorylation levels.
Results: H/R inhibited HUVEC proliferation, cell migratory and adhesive capacities, whereas melatonin (1~100 mM)
inhibited these effects in a dose-dependent manner. Melatonin alone did not affect HUVEC viability, however, it
inhibited the increase in ROS production and cytoskeleton disruption elicited by H/R, and it dose-dependently
prevented H/R-induced upregulation of P38 and HSP27 phosphorylation. In addition, the ROS scavenger N-acetylL-cysteine markedly inhibited increased phosphorylation levels of P38 and HSP27 under H/R.
Conclusions: Melatonin may have a potential clinical effect in trials of H/R-induced vascular injury through its
antioxidant property.
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INTRODUCTION

lial dysfunction and structural damage are early pathological changes that occur in H/R, and they also play an
important role in the development of injuries.1 Although
novel strategies against H/R injury in endothelial cells
have been developed, therapy failure remains a major
challenge in the clinical setting. Therefore, determining
an effective drug therapy for the treatment of vascular
endothelial H/R injury is an important focus of research.
Among the compounds tested for cardiovascular disease, melatonin is of great interest because of its efficacy and lack of toxicity.2,3 Melatonin, an endogenous
hormone involved in synchronization of the circadian
rhythms of the human body, is essential for maintaining
physiological functions including sleep timing, blood

Hypoxia/reoxygenation (H/R) injury is common in
severe trauma and ischemic disease. Vascular endothe-
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with melatonin for the indicated doses. In experiments
to determine the effects of the inhibitor NAC (Beyotime,
China) on P38/HSP27 signaling inhibition, the cells were
treated with NAC 1 mM for 30 min prior to H/R treatment.

pressure regulation, seasonal reproduction, and many
others. Previous studies have demonstrated that melatonin has significant therapeutic effects on myocardial
ischemia-reperfusion injury, hypertension, atherosclerosis and other cardiovascular diseases.4-7 Of note, it has
been reported that melatonin can protect against H/Rinduced apoptosis of villous trophoblast.8 In addition,
recent results from our laboratory showed that melatonin blocked ERK/Rac1 activation and subsequent HIF1a upregulation in hypoxic human umbilical vein endothelial cells (HUVECs),9 however, its role in H/R-induced
injury in HUVECs has not yet been reported.
In the present study, we examined the effects of
H/R on proliferation, migration and cell adhesion in
HUVECs. Using pharmacologic analysis, we further investigated whether melatonin exerted protective effects
on H/R-induced vascular endothelial dysfunction, and explored the mechanisms involved in melatonin treatment.

MTT assay
Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
as described previously.11 Briefly, HUVECs were seeded
at a density of 5 ´ 103 cells per well on a 96-well plate
(Corning Inc., Corning, NY, USA) and treated with melatonin for the indicated times and doses. After culture,
MTT was added and the plate was incubated in the dark
for 4 h, followed by measurements at 490 nm using a microplate absorbance reader (Bio-Tek, Elx800, USA).
EdU staining
EdU staining was done according to the manufacturer’s instruction (Keygen Technology, Beijing, China).
Briefly, cells were cultured on coverslips until reaching
70% confluence, and then EdU was added to the culture
media for 2 h. After labeling, the cells were washed three
times with PBS followed by formaldehyde fixation. The
cells were then incubated once with glycine and washed
with PBS containing 0.5% Triton X-100. After counterstained with DAPI, the cells were mounted and imaged
using fluorescence microscopy.

MATERIALS AND METHODS
Cell culture
HUVECs were obtained from the Cell Biology Institute of the Chinese Academy of Sciences (Shanghai,
China). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) (Hyclone, Thermo
Scientific, Waltham, MA, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS) (Hyclone, ThermoScientific, Waltham, MA, USA) and antibiotics (100 U/mL streptomycin and 100 mg/mL penicillin) (Invitrogen, USA)
in a humidified incubator at 37 °C with 5% CO 2 . Cells
were grown on coverslips for fluorescence staining and
on plastic dishes for protein extraction.

Cell adhesion assay
The 96-well plates were coated with Matrigel (BD,
Franklin Lakes, NJ, USA) at 37 °C for 1 h, and then blocked
with 1% BSA in PBS. The cells were detached from the
dishes and plated in the wells for 1 h at 37 °C. The cells
were then washed twice with PBS and the rate of attached cells was obtained using an MTT assay.

HUVEC treatment with H/R and melatonin or
N-acetyl-L-cysteine (NAC)
An H/R model was established using the method described by Feng et al.10 In brief, for H/R, HUVECs were
exposed to hypoxia (1% O2) using a continuous flow of a
humidified mixture of 1% O2, 5% CO2, and 94% N2 at 37
°C for 2 h. The cells were then returned to culture in a
normal incubator with 20% O2, 5% CO2, and 75% N2 at
37 °C for 4 h.
Melatonin (Sigma, St Louis, MO, USA) was dissolved
in dimethyl sulfoxide (DMSO), and the cells were treated

Wound healing assay
When the cells were 95~100% confluent, they were
incubated overnight in DMEM and wounding was performed by scraping through the cell monolayer with a
10-ml pipette tip. Medium and nonadherent cells were
removed, and the cells were washed twice with PBS, followed by the addition of new medium. The cells were
then permitted to migrate into the area of clearing for 6
h. Wound closure was monitored by visual examination
under a microscope (Carl Zeiss Meditec, Jena, Germany).
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Actin cytoskeleton staining
Cells were fixed in ice-cold methanol for 20 min,
permeabilized in 0.1% Triton X-100 and blocked in PBS
containing 1% BSA for 1 h at room temperature. The cells
were then incubated with FITC-conjugated phalloidin
(0.1 mg/ml, Sigma, St. Louis, MO, USA) for 1 h at room
temperature within a moist chamber. After washing
with PBS, the samples were mounted with DAPI Fluoromount G (Southern Biotech, Birmingham, AL, USA). Images were acquired using an Olympus BX51 microscope
coupled with an Olympus DP70 digital camera.

(Invitrogen Life Technologies, Carlsbad, CA, USA), an ROSspecific fluorescent probe, was used to determine the
intracellular ROS levels. HUVECs were incubated with 5
mM CM-H2DCFDA for 15 min at 37 °C, and then washed
twice with PBS. The cover slips were then mounted on
glass slides. Images were obtained using an Olympus
BX51 microscope coupled with an Olympus DP70 digital
camera. Fluorescence intensity was quantified using Image J software.

Statistical analysis
Data were analyzed using ImageJ software, and statistical analyses were carried out using SPSS software
version 15.0 (SPSS Inc., Chicago, IL). The Student’s t test
was used to analyze differences between two groups.
Statistical significance was considered when p < 0.05.

Western blotting analysis
Subconfluent cells were washed with PBS, and proteins were collected for 20 min on ice in RIPA buffer containing 1% protease inhibitor cocktail. The protein concentration was determined using a BCA protein assay reagent kit. The cellular proteins were then separated by
SDS-PAGE and transferred to a nitrocellulose membrane.
The membrane was incubated with primary antibodies
overnight at 4 °C, and then incubated with HRP-conjugated secondary antibodies for 1 h at room temperature.
The following antibodies were used: rabbit anti-P38 antibody, rabbit anti-P-P38 antibody, mouse anti-HSP27 antibody, rabbit anti-P-HSP27 antibody (Cell Signaling Technology, Danvers, MA, USA), rabbit anti-b-actin antibody
(Santa Cruz, CA, USA). Protein bands were detected by incubating with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotech, Santa Cruz, CA, USA)
and visualized with ECL reagent (Millipore, Billerica, MA,
USA). Digital images of immunoblots were obtained with
Chemidoc XRS and analyzed using the image analysis
program Quantity One (Bio-Rad, Hercules, CA).

RESULTS
Effect of melatonin on cell viability of H/R-treated
HUVECs
HUVECs were treated with different doses of melatonin, and cell viability was measured by MTT assay. As
shown in Figure 1A, cell viability decreased after H/R
treatment. Melatonin, at doses ranging from 1 to 100
mM, rescued cell viability. Treatment with melatonin alone
had almost no significant effect on the viability and proliferation of HUVECs (Figure 1B&1E). We then assessed the
proliferation rate of HUVECs under H/R. As shown in Figure 1C&1D, the decreased proliferation rate of H/R-treated
HUVECs was attenuated by melatonin treatment. In addition, H/R produced a small increase in the number of
apoptotic cells, and the upregulation of cell apoptosis
was slightly reduced when the HUVECs were pretreated
with melatonin (Figure 2).

Apoptosis analysis by flow cytometry
Cell apoptosis levels were measured with an Annexin V-FITC apoptosis detection kit (Beyotime, shanghai,
China). In brief, cells were seeded in a 25 cm2 dish and
collected, resuspended in 100 mL of 1 ´ binding buffer containing 2.5 mL of FITC-conjugated Annexin-V and 1 mL of PI
(100 mg/mL) and incubated for 15 min in the dark. The
stained cells were then analyzed using flow cytometry.

Effect of melatonin on adhesive and migratory
abilities of H/R-treated HUVECs
HUVECs were pretreated with melatonin, and their
adhesive and migratory abilities under control or H/R
conditions were determined. As shown in Figure 3, H/R
treatment produced a significant decrease in HUVEC adhesion (Figure 3A) and motility (Figure 3B&3C). Melatonin pretreatment abolished the effects induced by
H/R, indicating that melatonin could rescue the HUVEC

Determination of reactive oxygen species (ROS)
generation
2’,7’-dichlorofluorescein diacetate (CM-H2 DCFDA)
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in Figure 4, in the HUVECs, CM-H2DCFDA fluorescence,
which indicated the intracellular ROS levels, was increased
under H/R conditions, and dose-dependently decreased
when melatonin was added to the culture.

adhesive and migratory abilities impaired by H/R.

Effect of melatonin on ROS production of
H/R-treated HUVECs
ROS is the main initiator of cell injury response to
H/R,12 so in the next step, we explored ROS production
in H/R and melatonin + H/R-treated HUVECs. As shown

A

Effect of melatonin on the cytoskeleton
reorganization of H/R-treated HUVECs
As shown in Figure 5, parallel stress fibers of actin
cytoskeleton collapsed under H/R conditions in the HUVECs,
indicating an actin cytoskeleton disruption induced by
H/R. The addition of melatonin also greatly prevented
H/R-induced collapse of actin filaments.

B

A
C

B

E

C
Figure 3. Effect of melatonin on adhesive and migratory abilities in
H/R-treated HUVECs. Adhesive and wound-healing assays showed that
melatonin dose-dependently attenuated H/R-induced the inhibition of
HUVEC adhesive and migratory ability (n = 10 for each group). * p <
0.05, ** p < 0.01, *** p < 0.001.

D
Figure 1. Effect of melatonin on proliferation in H/R-treated HUVECs.
(A) MTT assay showed that the decreased viability of H/R-treated HUVECs
was attenuated by the addition of melatonin. (B&E) Melatonin had no
effect on viability (B) or proliferation (E) when the HUVECs were cultured in normal condition (n = 10 for each group). (C&D) EdU staining
showed that the decreased numbers of EdU+ in H/R was attenuated by
melatonin pretreatment (n = 5 for each group). Scale bar, 10 mm. * p <
0.05, ** p < 0.01.

Figure 2. Effect of melatonin on apoptosis in H/R-treated HUVECs.
HUVECs were pretreated with the indicated doses of melatonin and exposed to H/R conditions. Cell apoptosis was determined by flow cytometry. The experiments were repeated three times independently. * p <
0.05.

Figure 4. Effect of melatonin on ROS production in H/R-treated HUVECs.
Melatonin treatment dose-dependently reduced ROS production when
the HUVECs were exposed to H/R (n = 5 for each group). Scale bar, 10 mm.
* p < 0.05, ** p < 0.01.
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Effect of melatonin on phosphorylation levels of P38
and HSP27 in H/R-treated HUVECs
First, we determined whether melatonin was capable of regulating the phosphorylation of P38 and HSP27
in H/R-treated HUVECs. As shown in Figure 6A&6B, a
significant induction of phosphorylated P38 and HSP27
was observed after H/R treatment. Pretreatment with
melatonin dose-dependently reversed this upregulation.
In contrast, the levels of total P38 and HSP27 were constant at all dose points. Melatonin alone did not signifi-

cantly change levels of p-P38 and p-HSP27 (Figure 6C&
6D). Next, to determine the involvement of ROS in H/Rstimulated changes in P38/HSP27 phosphorylation, NAC,
a specific scavenger for ROS, was applied. As shown in
Figure 7, levels of phosphorylated P38 and HSP27 in the
HUVECs under H/R conditions were greatly increased,
and this was markedly blocked by pretreatment with
NAC. These results confirmed the mechanism of ROS in
modulating H/R-induced injury in HUVECs.

DISCUSSION
Vascular endothelial cells play an important role in
regulating vascular tension, anti-thrombosis, inhibiting
proliferation of smooth muscle cells and inflammatory
reactions of blood vessel walls. Endothelial dysfunction
is the most common pathological basis of many cardiovascular diseases.13 Recent evidence highlights the role
of H/R in inducing oxidative stress, eventually promoting
vascular and myocardial injuries.14-16 The dysfunction of
vascular endothelial cells induced by H/R may lead to
thrombosis and atherosclerotic plaque formation, vasospasm, and further damage to parenchymal cells. Thus,
protecting vascular endothelial cells is important to prevent H/R damage. HUVECs are high purity endothelial
cells, therefore, they can be used to mimic changes in the
structure and function of vascular endothelium during
H/R injury.
In this study, we found that H/R exerted an inhibi-

Figure 5. Effect of melatonin on cytoskeleton reorganization in H/Rtreated HUVECs. After pretreatment with the indicated doses of melatonin, HUVECs were exposed to H/R. Cells were then fixed and stained
with FITC phalloidin to label filamentous actin. The actin cytoskeleton was
visualized by fluorescence microscopy. Scale bar, 2 mm. The experiments
were repeated three times independently.

A

B

C

D

Figure 6. Effect of melatonin on P38 and HSP27 phosphorylation.
(A&B) After pretreatment with the indicated doses of melatonin, HUVECs
were exposed to H/R. P38 (A) and HSP27 (B) phosphorylation levels
were determined by immunoblotting analysis. b-actin was used as a
loading control. * p < 0.05, ** p < 0.01, *** p < 0.001. (C&D) HUVECs
were exposed to the indicated doses of melatonin. P38 (C) and HSP27
(D) phosphorylation levels were also determined by immunoblotting
analysis. The experiments were repeated three times independently.
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Figure 7. Effect of ROS scavenger on P38 and HSP27 phosphorylation
in H/R-treated HUVECs. After treatment with 1 mM of the ROS scavenger NAC for 30 min, HUVECs were treated with H/R and then analyzed
by immunoblotting assay for P-P38 and P-HSP27 expressions. ** p <
0.01. The experiments were repeated three times independently.
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tory effect on HUVEC proliferation, migration, and adhesion. Different from other studies which focused on the
proapoptotic effect of H/R,17,18 we found that H/R slightly
promoted apoptosis in HUVECs. Melatonin itself had no
cytotoxicity to HUVECs. Further, treatment with melatonin under H/R conditions could antagonize those roles,
revealing that melatonin could reduce H/R-induced injury of vascular endothelial cells and protect the ability
of endothelial cells to repair tissue.
Under normal circumstances, vascular endothelial
cells generate low amounts of ROS to maintain normal
cellular redox homeostasis. After H/R treatment, large
amounts of ROS are rapidly generated in endothelial
cells leading to injury.19-22 High levels of ROS have been
shown to promote apoptosis of vascular endothelial cells
via the p38 MAPK pathway.23 Inhibition of ROS has also
been reported to be closely related to the amelioration of
high glucose-induced vascular inflammatory processes.24
Consistently, we found that H/R upregulated ROS production in HUVECs, and this may have promoted the processing of HUVEC injury.25
Besides its function as a synchronizer of the biological clock, melatonin is recognized as a powerful freeradical scavenger and wide-spectrum antioxidant.26,27
With regards to the mechanism, the high concentration
of melatonin in mitochondria likely helps it to exert protective effects against oxidative stress.28 Melatonin has
been reported to not only directly scavenge ROS, but also
to lead to an upregulation of antioxidant enzymes and a
downregulation of pro-oxidant enzymes as well as a reduction in toxic cytokine synthesis.29 In addition, melatonin has been shown to ameliorate smoke-induced vascular injury.30 It has also been reported to induce the activation of phase-2 antioxidative enzymes to protect human epidermal keratinocytes from ultraviolet radiationmediated oxidative stress. 31 In this study, we treated
HUVECs with melatonin, and the results showed that
melatonin significantly decreased ROS production of
HUVECs under H/R conditions, suggesting that melatonin
may exert an anti-injury effect on H/R-treated HUVECs
by blocking ROS generation.
The accumulation of ROS has been shown to act as
a messenger to activate the p38 MAPK pathway. 32-34
HSP27 is thought to act as a p38 MAPK downstream effecter, and has been reported to regulate actin rearrangement when bound to actin filaments.35 These fila-

ments comprise the cellular cytoskeletal architecture
and support many important cellular processes, including cell motility, proliferation and maintenance of cell
junctions.36-38 Our previous studies also showed that, in
renal proximal tubule cells, ATP depletion reduced cell
adhesive ability via activating the p38 MAPK/HSP27/
actin cytoskeleton signaling pathway.39 Recent studies
have shown that HSP27 accumulates in ischemia/reperfusion neurons.40 Melatonin has also been shown to reverse morphine tolerance by inhibiting HSP27 expression.41 In this study, we examined whether ROS was a
potential activator of the p38 MAPK/HSP27 signaling pathway in our system. Our results showed that H/R induced
a dose-dependent increase in P38 and HSP27 phosphorylation and the collapse of the actin cytoskeleton, and
that melatonin ameliorated the upregulation and reconstruction of the disrupted actin cytoskeleton in HUVECs.
Similarly, blocking ROS by NAC also significantly prevented H/R-induced P38 and HSP27 phosphorylation.
Therefore, it may be reasonable to think that the generation of ROS upon treatment with H/R increased the activation of the p38 MAPK/HSP27/actin cytoskeleton pathway
in HUVECs, which otherwise may be the main target for
melatonin treatment to prevent injury induced by H/R.

CONCLUSIONS
In summary, melatonin inhibited endothelial cellular
oxidative stress damage and showed a protective effect
on vascular endothelium. Our results suggest that therapy with melatonin may have a potential clinical effect in
H/R-induced vascular injury.
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