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Abstract

Previous studies have shown that the JAK2/STAT3 signaling pathway plays a regulatory role in cellular oxidative stress injury
(OSI). In this study, we explored the role of the JAK2/STAT3 signaling pathway in hydrogen peroxide (H2O2)-induced OSI and
the protective effect of melatonin against (H2O2)-induced injury in human umbilical vein endothelial cells (HUVECs). AG490
(a specific inhibitor of the JAK2/STAT3 signaling pathway) and JAK2 siRNA were used to manipulate JAK2/STAT3 activity,
and the results showed that AG490 and JAK2 siRNA inhibited OSI and the levels of p-JAK2 and p-STAT3. HUVECs were then
subjected to H2O2 in the absence or presence of melatonin, the main secretory product of the pineal gland. Melatonin
conferred a protective effect against H2O2, which was evidenced by improvements in cell viability, adhesive ability and
migratory ability, decreases in the apoptotic index and reactive oxygen species (ROS) production and several biochemical
parameters in HUVECs. Immunofluorescence and Western blotting showed that H2O2 treatment increased the levels of p-
JAK2, p-STAT3, Cytochrome c, Bax and Caspase3 and decreased the levels of Bcl2, whereas melatonin treatment partially
reversed these effects. We, for the first time, demonstrate that the inhibition of the JAK2/STAT3 signaling pathway results in
a protective effect against endothelial OSI. The protective effects of melatonin against OSI, at least partially, depend upon
JAK2/STAT3 inhibition.
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Introduction

Endothelial cells are crucial for maintaining the physiological

functions of the cardiovascular system [1]. Increasing evidence

suggests that oxidative stress in endothelial cells, as characterized

by an imbalanced cellular capability to produce and eliminate

reactive oxygen species (ROS), is involved in the pathophysiology

of several vascular diseases, such as atherosclerosis, diabetes and

hypertension [2]. Hydrogen peroxide (H2O2) is widely used to

mimic oxidative stress-induced injury within a short time period

[3]. Although multiple cytokines and signaling pathways have

been implicated in oxidative stress-mediated vascular damage

[4,5], the underlying pathophysiological mechanisms of oxidative

stress injury (OSI) have not been fully elucidated.

The Janus kinase/signal transducer and activator of transcrip-

tion (JAK/STAT) pathway is the signaling target of such pro-

inflammatory cytokines as IL-6, which plays an important role in

OSI [6]. Thus far, four mammalian JAKs (JAK1, 2, 3 and Tyk2)

and seven mammalian STATs (STAT1, 2, 3, 4, 5a, 5b and 6) have

been identified [7]. The JAK2/STAT3 signaling pathway is a

highly evolutionarily conserved pathway that is involved in growth

and development and controls communication among cells,

signaling transduction in the cytoplasm and gene transcription in

the nucleus [8]. JAK2/STAT3 signaling also affects cellular

activities, such as proliferation, migration, growth, differentiation

and death [9]. In recent years, many studies have confirmed that

the JAK2/STAT3 signal pathway is hyper-activated in cellular

and animal models of OSI, suggesting an important role of this

signaling pathway in regulating oxidative stress responses [10,11].

Indeed, it has been verified that H2O2-induced cell apoptosis and

death are directly dependent on JAK2 and STAT3 activation

[12,13]. Accordingly, the modulation of the JAK2/STAT3

signaling pathway may provide an effective therapeutic strategy

in the treatment of OSI.

Melatonin (N-acetyl-5-methoxytryptamine), the main secretary

product of the pineal gland, is potentially effective in the

prevention of a number of diseases involving free radical processes

and has a wide spectrum of biological functions [14], such as

cardioprotection [15], anti-inflammatory [16], antioxidant [17]

and anti-cancer [18] properties, without toxic and mutagenic

activities [19]. Melatonin has been tested as a potential therapeutic

agent in a number of pathological conditions, including cardio-

vascular disease and other vascular dysfunctions [20,21], and
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recent reports indicated that melatonin attenuated OSI in multiple

organs under various pathological conditions [22–26]. In addition,

the JAK2/STAT3 signaling pathway plays an important role in

the biologic effects of melatonin [8,15,27–29]. However, whether

JAK2/STAT3 signaling is involved in the protective effect and

mechanism of melatonin against H2O2-induced OSI has not been

studied to date.

In this study, we explored the role of the JAK2/STAT3

signaling pathway in H2O2-induced OSI in human umbilical vein

endothelial cells (HUVECs). We then investigated whether

melatonin protected the HUVECs from H2O2-induced injury

via inhibition of the JAK2/STAT3 signaling pathway.

Materials and Methods

Materials
AG490, melatonin, 49,6-diamino-2-phenylindole (DAPI), MTT

[3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide]

and 29,79-dichlorofluorescein diacetate (DCFH-DA) were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies

against JAK2 siRNA, Bax, Cytochrome c, p-JAK2, t-JAK2, p-

STAT3 and p-STAT3 were purchased from Santa Cruz

Company (Santa Cruz, CA, USA). Terminal deoxynucleotidyl

transferase dUTP nick end-labeling (TUNEL) kits were purchased

from Roche Company (Mannheim, Germany). The kits for the

measurement of the lactate dehydrogenase (LDH), methane

dicarboxylic aldehyde (MDA), superoxide dehydrogenase (SOD)

and glutathione peroxidase (GSH-Px) concentrations were pur-

chased from Institute of Jiancheng Bioengineering (Nanjing,

Jiangsu, China). Anti-Bcl2, -Cytochrome c, -Caspase3 and

-GAPDH antibodies were purchased from Cell Signaling Com-

pany (Boston, MA, USA). The rabbit anti-goat, goat anti-rabbit

and goat anti-mouse secondary antibodies were purchased from

Zhongshan Company (Beijing, China).

Cell Culture and Treatments
HUVECs (ATCC CRL-1730; Shanghai Tiancheng Technolo-

gy Company, China) were cultured in RPMI 1640 medium

(Hyclone, UT, USA) supplemented with fetal calf serum (10%),

2 mM L-glutamine, 100 U/ml penicillin and 100 g/ml strepto-

mycin at 37uC in 5% CO2 and 95% air. The melatonin stock

solution was prepared in dimethylsulfoxide (DMSO) and diluted

with culture medium immediately prior to use; 0.01% DMSO was

used as a sham control. The cells were treated with H2O2

(400 mM) in the absence or presence of melatonin, AG490 and

JAK2 siRNA for different intervals. The cells were harvested after

the treatments for further analysis.

Cell Viability Analysis
Cell viability was measured using the MTT assay. Briefly, after

the cells were treated and washed with PBS, 10 ml of MTT dye

was added to each well at a final concentration of 0.5 mg/ml.

After 4 h of incubation, 100 ml of DMSO, the solubilization/stop

solution, was added to dissolve the formazan crystals, and the

absorbance was measured using a microtiter plate reader

(SpectraMax 190, Molecular Device, USA) at a wavelength of

490 nm. The cell viability was expressed as an optical density

(OD) value. In addition, the cell morphology was observed under

inverted/phase contrast microscopy, and images were obtained

(Olympus BX61, Japan).

Cellular Adhesion Ability Assay
The procedure was according to a previously described method

[30], with minor modifications. In brief, after centrifugation and

resuspension in basal medium with 5% fetal bovine serum, the

treated HUVECs (16104 cell per well) were placed on fibronectin-

coated 6-well plates and incubated for 30 min at 37uC. Gentle

washing with PBS 3 times was performed after 30 min for

adhesion. The adherent cells were stained with MTT and counted

Figure 1. The effects of H2O2 on HUVEC viability and the levels of p-JAK2 and p-STAT3. (A) The viability of the HUVECs was assessed by
performing an MTT assay, and the viability was expressed as an OD value. (B) Representative images of the Western blots are shown (treated for 4 h).
The results are expressed as the mean 6 SEM, n = 6, **P,0.01 compared to the control group, ##P,0.01 compared to the 100 mM H2O2 group,
$$P,0.01 compared to the 200 mM H2O2 group. OD, optical density.
doi:10.1371/journal.pone.0057941.g001

JAK2/STAT3 in Oxidative Stress Injury
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by independent blinded investigators. The number of adherent

cells in the control group was set as 100%.

Wound Healing Assay
As described previously [31], HUVECs were seeded in 6-well

plates and were treated for different intervals. We subsequently

scratched the confluent cell monolayers with a P200 pipette tip to

produce three parallel ‘‘wounds’’ in each well, and then the cells

were incubated with 5% fetal bovine serum for 8 h. The migrated

cells were photographed using inverted/phase-contrast microsco-

py, and images were obtained (Olympus BX61, Japan). The mean

distance between the two ends of each scratch was quantified by

manual measurements. The control was set as 100%.

Cellular Apoptosis Assay
Cellular apoptosis was analyzed with the TUNEL assay using

an in situ cell death detection kit. According to the manufacturer’s

instructions, a double-staining technique was used: after the

HUVECs were fixed in paraformaldehyde (4%) for 24 h, TUNEL

was performed to stain the apoptotic cell nuclei (green), and DAPI

was used to stain all the nuclei (blue). The index of apoptosis was

expressed as the number of positively stained apoptotic HUVECs/

the total number of HUVECs counted6100%.

Measurement of Intracellular Reactive Oxygen Species
(ROS) Content

The measurement of the intracellular ROS was based on the

ROS-mediated conversion of nonfluorescent 29,79-DCFH-DA

into fluorescent DCFH, as described previously [32]. After the

cells were seeded and treated in black 96-well plates, the cells were

washed with PBS (pH 7.4) and then incubated with DCFH-DA

(20 mM) in PBS at 37uC for 2 h. At the end of the incubation, the

DCFH fluorescence of the cells in each well was measured at an

emission wavelength of 530 nm and an excitation wavelength of

485 nm using an FLX 800 microplate fluorescence reader

(Biotech Instruments Inc., USA). The background was cell-free

conditions. The results were expressed as the percentage of the

control group (100%) fluorescence intensity.

LDH Release Measurement
LDH, an indicator of cell injury, was detected after the exposure

to H2O2 with an assay kit according to the manufacturer’s

protocol. The activity of enzyme was expressed as units per liter,

and the absorbance was measured at 440 nm.

Figure 2. The effects of AG490 on the viability, morphology and apoptotic rate of H2O2-injured HUVECs (treated for 4 h). (A) The
viability of the HUVECs was assessed by performing an MTT assay, and the viability was expressed as an OD value. (B) The cell morphology was
observed using inverted/phase-contrast microscopy, and images were obtained. Significant cell shrinkage and a decreased cellular attachment rate
was observed in the H2O2 group, yet combined treatment with AG490 reduced H2O2-induced cell shrinkage and decrease in the cellular attachment
rate. (C) The apoptosis of the HUVECs was assessed by performing a TUNEL assay, and cell apoptosis was expressed as the apoptotic index. TUNEL
staining was performed to stain the nuclei of the apoptotic cells (green), and DAPI was used to stain all of the nuclei (blue). The apoptotic index was
expressed as the number of positively stained apoptotic cells/the total number of cells counted 6100%. The results are expressed as the mean 6

SEM, n = 6, **P,0.01 compared to the control group, ##P,0.01 compared to the H2O2 group, $$P,0.01 compared to the H2O2+ AG (20 mM) group.
AG, AG490; OD, optical density.
doi:10.1371/journal.pone.0057941.g002
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Measurements of Intracellular SOD, GSH-Px and MDA
Contents

As described previously [32], the activities of SOD, GSH-Px

and MDA were all determined using commercially available kits,

and all the procedures completely complied with the manufactur-

er’s instructions. The activities of the enzymes were expressed as

units per milligram protein. The assay of the SOD activity was

based on its ability to inhibit the oxidation of hydroxylamine by

the O22 produced from the xanthine-xanthine oxidase system.

One unit of SOD activity was defined as the amount that reduced

the absorbance at 550 nm by 50%. The assay for the GSH-Px

activity was by quantifying the rate of oxidation of reduced GSH

to oxidized GSH by H2O2 and catalyzed by GSH-Px. One unit of

GSH-Px was defined as the amount that reduced the level of GSH

at 412 nm by 1 mM in 1 min/mg protein. The MDA content was

measured at a wavelength of 532 nm by reaction with thiobarbi-

turic acid (TBA) to form a stable chromophore. The values of the

MDA level were expressed as nanomoles per milligram protein.

Small Interfering RNA (siRNA) Treatment
HUVECs were plated in 6-, 24- or 96-well plates and allowed to

grow to sub-confluence. The cells were transiently transfected with

a negative control siRNA or JAK2 siRNA using the Lipofectamine

RNAiMAX reagent (Invitrogen, USA) in OPTI-MEM medium

Figure 3. The effects of AG490 on p-JAK2 and p-STAT3 levels and the expression of Bcl2, Caspase3, Bax and cytochrome c in H2O2-
injured HUVECs (treated for 4 h). Representative images of the Western blots are shown. The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the control group, ##P,0.01 compared to the H2O2 group, $$P,0.01 compared to the H2O2+ AG (20 mM) group. AG, AG490.
doi:10.1371/journal.pone.0057941.g003

JAK2/STAT3 in Oxidative Stress Injury
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(Gibco, USA) for 48 h; the cells were then prepared for further

experiments.

Immunofluorescence Assay
After being fixed in paraformaldehyde (4%) for 15 min, the cells

were permeabilized in 0.1% Triton X-100 for 10 min and blocked

in 5% bovine serum albumin for 30 min at room temperature.

The cells were then incubated with anti-JAK2 and anti-STAT3

goat polyclonal antibodies (1:200) overnight at 4uC. Following

washing with PBS, the cells were incubated with a rabbit anti-goat

secondary antibody conjugated with TRITC (1:200) for 2 h. The

cells were then incubated with 3,39-diaminobenzidine (0.02 mg/

ml) for 2 min, washed with PBS and mounted wet using glycerol

(50%, v/v). Images were obtained under a fluorescence micro-

scope (BX51, Olympus, Japan) with a CCD camera (DP70,

Olympus, Japan). The images were imported into Image Pro Plus

6.0 Software (Media Cybernetics Company, USA), and the pixels

for each color were analyzed to represent the positively stained

cells quantitatively; the result of the control group was defined as

100%.

Western Blot Assay
Cells were homogenized in lysis buffer containing 50 mmol/L

Tris–HCl (pH 7.3), 150 mmol/L NaCl, 5 mmol/L EDTA,

1 mmol/L dithiothreitol, 1% Triton X-100, and 1% protease

inhibitor cocktail. The lysates were centrifuged (15 min at

12,0006g), and the resulting supernatant was transferred to new

tubes and stored at 270uC. The protein concentrations were

determined using the Bradford protein assay kit. The proteins

were separated by SDS-PAGE electrophoresis and transferred to

nitrocellulose membranes. The membranes were blocked for 1 h

in Tris-buffered saline and Tween 20 (TBST, pH 7.6) containing

5% non-fat dry milk powder and thereafter incubated overnight at

4uC with antibodies against JAK2 and STAT3 (1:500 dilution)

and Bcl2, Cytochrome c, Caspase3, and GAPDH (1:1000

dilution), followed by washing in TBST. The membranes were

probed with different secondary antibodies (1:5000 dilution) at

room temperature for 90 min, followed by washing in TBST. The

protein bands were detected using chemiluminescence and

quantified with Quantity One software package (Bio-Rad Labo-

ratories, UK); the results of the control group were defined as

100%.

Figure 4. The effects of JAK2 siRNA on the viability, morphology and apoptotic rate of H2O2-injured HUVECs (treated for 4 h). (A)
The viability of the HUVECs was assessed by performing an MTT assay, and the viability was expressed as an OD value. (B) The cell morphology was
observed using inverted/phase-contrast microscopy, and images were obtained. Significant cell shrinkage and a decrease in the cellular attachment
rate was observed in the H2O2 group, whereas the pretreatment with JAK2 siRNA reduced H2O2-induced cell shrinkage and decreased the cellular
attachment rate. (C) The apoptosis of the HUVECs was assessed by a TUNEL assay and was expressed as the apoptotic index. TUNEL staining was
performed to stain the nuclei of the apoptotic cells (green), and DAPI was used to stain all of the nuclei (blue). The apoptotic index was expressed as
the number of positively stained apoptotic cells/the total number of cells counted 6100%. The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the Control siRNA group, ##P,0.01 compared to the H2O2 group, $$P,0.01 compared to the JAK2 siRNA+H2O2 group. OD,
optical density.
doi:10.1371/journal.pone.0057941.g004

JAK2/STAT3 in Oxidative Stress Injury
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Statistical Analysis
All of the values are presented as the mean 6 the standard error

of the mean (SEM). Comparisons were performed using an

ANOVA, and multiple comparisons were performed using post

hoc least significant difference comparisons. A value of P,0.05

was considered to be statistically significant.

Results

HUVECs were subjected to 2, 4, and 8 h of H2O2 (100, 200,

and 400 mM) treatment. As expected, incubation with H2O2 at

different concentrations caused a significant decrease in the OD

value (P,0.01, compared to the respective control groups), and

the viability of the HUVECs was reduced by H2O2 in dose- and

time-dependent manners (Figure 1A and Table S1). The results of

Western blotting suggest that 4 h of H2O2 (100, 200, and 400 mM)

Figure 5. The effects of JAK2 siRNA on the levels of p-JAK2 and p-STAT3 and the expression of Bcl2, Caspase3, Bax and
Cytochrome c in H2O2-injured HUVECs (treated for 4 h). Representative images of the Western blots are shown. The results are expressed as
the mean 6 SEM, n = 6, **P,0.01 compared to the Control siRNA group, ##P,0.01 compared to the H2O2 group, $$P,0.01 compared to the JAK2
siRNA+H2O2 group.
doi:10.1371/journal.pone.0057941.g005

JAK2/STAT3 in Oxidative Stress Injury
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treatment significantly increased the levels of p-JAK2 and p-

STAT3 in a dose-dependent manner (Figure 1B). In addition, we

carried out an additional experiment to find a lower concentration

of H2O2 which had no effect on the cell viability. The results

indicated that the concentration of H2O2 which was lower than

50 mM (treated for 4 h) had no effect on the cell viability.

However, the lower concentrations of H2O2 (50 and 25 mM) also

slightly up-regulated p-JAK2 and p-STAT3 (Figure S1A, S1B and

Table S2).

To explore the role of the JAK2/STAT3 signaling pathway in

the H2O2-induced OSI of HUVECs, the cells were subjected to

4 h of H2O2-induced OSI in the absence or presence of AG490

(20 mM). The H2O2 treatment significantly decreased the cell

viability (P,0.01, compared with the control group). As observed

using microscopy, the H2O2 treatment resulted in significant cell

shrinkage and a decrease in the rate of cellular attachment

compared to the control group. The AG490 treatment signifi-

cantly increased cell viability (P,0.01, compared to the H2O2

group), attenuated H2O2-induced cell shrinkage and improved the

attachment rate of the cells. Compared to the control group, the

treatment with AG490 alone had no effect on cell viability

(Figure 2A, 2B and Table S3). In addition, H2O2 treatment

increased the cellular apoptotic index, whereas AG490 treatment

significantly decreased the cell apoptotic index (P,0.01, compared

to the H2O2 group, Figure 2C).

As depicted in Figure 3, our Western blotting analysis suggested

that the H2O2 treatment significantly increased the levels of p-

JAK2 and p-STAT3 and the expression of Caspase3, Bax and

Cytochrome c compared to the control group (P,0.01);

conversely, the treatment with H2O2 produced a significant

decrease in the expression of Bcl2 (P,0.01, compared to the

control group). However, treatment with H2O2+ AG490 (20 mM)

produced a significant decrease in the levels of p-JAK2 and p-

STAT3 and the expression of Caspase3, Bax and Cytochrome c

(compared to the H2O2 group, P,0.01) and a significant increase

in the expression of Bcl2 (compared to the H2O2 group, P,0.01).

An immunofluorescence assay was also used to detect the

expression of p-JAK2 and p-STAT3. As depicted in Figure S2A

and S2B, the H2O2 treatment produced a significant increase in

the levels of p-JAK2 and p-STAT3 compared to the control group

(P,0.01). In contrast, when the cells were treated with H2O2+
AG490 (20 mM), there was a significant decrease in p-JAK2 and p-

STAT3 compared to the cells that were treated with H2O2 alone

(P,0.01).

Because AG490 may affect multiple JAK/STAT signaling

receptors in addition to JAK2/STAT3, it is necessary to confirm

that the protective role against OSI conferred by AG490 was

mediated by JAK2/STAT3 signaling. We used JAK2 siRNA to

inhibit JAK2 specifically to determine whether the protective effect

of AG490 could be replicated. The cells were pretreated with

JAK2 siRNA and then subjected to 4 h of H2O2-induced OSI.

The JAK2 siRNA pretreatment significantly increased the cell

viability (P,0.01, compared to H2O2 group) and partially

reversed the cell shrinkage induced by the H2O2 treatment; the

treatment with JAK2 siRNA alone had no effect on the OD value

of the cells (Figure 4A, 4B and Table S4). As depicted in Figure 4C,

Figure 6. The effects of melatonin on the viability and morphology of H2O2-injured HUVECs (treated for 4 h). (A) The viability of the
HUVECs was assessed by performing an MTT assay, and the viability was expressed as an OD value. (B) The cell morphology (treated for 4 h) was
observed under an inverted/phase-contrast microscope, and images were obtained. Significant cell shrinkage and a decrease in the cellular
attachment rate were observed in the H2O2 group. However, melatonin treatment reduced the H2O2-induced cell shrinkage and decreased the
cellular attachment rate. The results are expressed as the mean 6 SEM, n = 6, **P,0.01 compared to the control group, ##P,0.01 compared to the
H2O2 group, $$P,0.01 vs. the H2O2+MLT (125 mM) group, &&P,0.01 compared to the H2O2+MLT (250 mM) group. MLT, melatonin. OD, optical density.
doi:10.1371/journal.pone.0057941.g006

JAK2/STAT3 in Oxidative Stress Injury
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the pretreatment with JAK2 siRNA produced a significant

decrease in the cellular apoptotic index compared to the H2O2

group (P,0.01).

As observed from the results of the Western blotting analysis

(Figure 5), when the cells were treated with JAK2 siRNA+H2O2, a

significant decrease in p-JAK2 and p-STAT3 and the expression

of Caspase3, Bax and Cytochrome c was observed (P,0.01,

compared to the H2O2 group), and a significant increase in Bcl2

expression was observed (P,0.01, compared to the H2O2 group).

From the results of the immunofluorescence analysis (Figure S3A

and S3B), when the cells were treated with JAK2 siRNA+H2O2,

there was a significant decrease in p-JAK2 and p-STAT3

compared to the H2O2 group (P,0.01).

Compared to the control group, treatment with melatonin (125,

250 and 500 mM) for 2, 4 and 8 h did not have a significant

influence on the cell viability or proliferation ability (Figure S4 and

Table S5).

The HUVECs were subjected to 2, 4, and 8 h of H2O2

treatment in the absence or presence of melatonin (125, 250 and

500 mM), which significantly increased the cell viability compared

to the respective H2O2 groups (P,0.01); the effects of 500 mM

melatonin for 2, 4 and 8 h were the most significant compared to

the other 2 concentrations (Figure 6A and Table S6). In addition,

treatment with H2O2 plus melatonin (125, 250 and 500 mM)

attenuated H2O2-induced cell shrinkage and improved the

attachment rate of the cells (Figure 6B). Based on these results,

treatment with 500 mM melatonin and 400 mM H2O2 for 4 h was

selected for the further experiments.

As demonstrated in Figure 7A, the cell adhesive ratio decreased

significantly after incubation with H2O2 (P,0.01, compared to the

control group), and the melatonin (500 mM) treatment significantly

increased the cell adhesive ratio (P,0.01, compared to the H2O2

group). As demonstrated in Figure 7B, the distance between the

scratches increased significantly after treatment with H2O2

(P,0.01, compared to the control group), whereas the melatonin

(500 mM) treatment significantly decreased the distance (P,0.01,

compared to the H2O2 group). As demonstrated in Figure 7C, the

cellular apoptotic index increased significantly after treatment with

Figure 7. The effects of melatonin on the adhesive ability, migratory ability and apoptotic rate of H2O2-injured HUVECs (treated for
4 h). (A) The adhesive ability of the HUVECs was assessed by performing an adhesion assay, and cell adhesion was expressed as an adhesion ratio.
The number of adherent cells in the control group was set at 100%. (B) The migratory ability of the HUVECs was assessed by performing a wound
healing assay, and the migratory ability was expressed as the mean distance between the two ends of the scratch. The mean distance in the control
group was set at 100%. (C) The apoptosis of the HUVECs was assessed by performing a TUNEL assay, and cellular apoptosis was expressed as the
apoptotic index. TUNEL staining was performed to stain the nuclei of the apoptotic cells (green), and DAPI was used to stain all of the nuclei (blue).
The apoptotic index was expressed as the number of positively stained apoptotic cells/the total number of cells counted 6 100%. The results are
expressed as the mean 6 SEM, n = 6, **P,0.01 compared to the control group, ##P,0.01 compared to the H2O2 group. MLT, melatonin. OD, optical
density.
doi:10.1371/journal.pone.0057941.g007

JAK2/STAT3 in Oxidative Stress Injury
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H2O2 (P,0.01, compared to the control group), and the

melatonin (500 mM) treatment significantly decreased the cell

apoptotic index (P,0.01, compared to the H2O2 group).

Compared to the control group, MLT treatment alone had no

effect on the adhesive ratio, distance between the scratches and

cellular apoptotic index of cells (P.0.05).

The intracellular ROS concentration was determined by

measuring the intensity of DCFH fluorescence. When the

DCFH-DA-labeled cells were incubated for 2 h, a sudden increase

in the fluorescence intensity indicated the oxidation of DCFH-DA

by intracellular radicals. As demonstrated in Figure 8A, the

fluorescence intensity increased significantly after treatment with

H2O2 (P,0.01, compared to the control group), whereas

treatment with melatonin (500 mM) significantly decreased the

fluorescence intensity (P,0.01, compared to the H2O2 group).

Treating the cells with H2O2 for 4 h decreased the SOD and

GSH-Px levels, respectively, (P,0.01, compared to the control

group). However, incubation with melatonin (500 mM) signifi-

cantly attenuated the changes in the content of SOD and GSH-Px

(Figure 8B and 8C, respectively) (P,0.01, compared to the H2O2

group). In addition, H2O2 treatment for 4 h increased the

intracellular MDA and LDH release, respectively (P,0.01,

compared to the control group), however incubation with

melatonin (500 mM) produced a marked decrease in the intracel-

lular level of MDA and LDH (P,0.01, compared to the H2O2

group, Figure 8D and 8E, respectively). Compared to the control

group, MLT treatment alone had no effect on the ROS, SOD,

GSH-Px, MDA and LDH of cells (P.0.05).

As demonstrated in the results of the Western blotting analysis

(Figure 9), when the cells were treated with H2O2+ melatonin

(500 mM), the levels of p-JAK2 and p-STAT3 and the expression

of Caspase3, Bax and Cytochrome c decreased significantly

(compared to the H2O2 group, P,0.01), whereas the expression of

Bcl2 increased significantly (compared to the H2O2 group,

P,0.01). Compared to the control group, MLT treatment alone

slightly decreased the p-JAK2 and p-STAT3 expression of cells

(P,0.01). As demonstrated in the results of the immunofluores-

cence analysis (Figure S4A and S4B), the levels of p-JAK2 and p-

STAT3 decreased significantly when the cells were treated with

H2O2+ melatonin (500 mM) (compared to the H2O2 group,

P,0.01).

Discussion

JAK2/STAT3 has been convincingly implicated in EC-fate

determination during vasculogenesis and angiogenesis [33]. For

example, the JAK2/STAT3 signaling pathway plays an important

role in the angiogenesis of non-small cell lung cancer (NSCLC),

Figure 8. The effects of melatonin on the intracellular ROS, SOD, GSH-Px, and MDA levels and LDH release of H2O2-injured HUVECs
(treated for 4 h). (A) The intracellular ROS level in the HUVECs was assessed by measuring the intensity of DCFH fluorescence, and cell viability was
expressed as the fluorescence intensity. The fluorescence intensity in the control group was set at 100%. (B) The intracellular SOD level of HUVECs
treated with H2O2 in the absence or presence of melatonin. (C) The intracellular GSH-Px level of HUVECs treated with H2O2 in the absence or presence
of melatonin. (D) The intracellular MDA level of HUVECs treated with H2O2 in the absence or presence of melatonin. (E) The release of LDH from
HUVECs treated with H2O2 in the absence or presence of melatonin. The results are expressed as the mean 6 SEM, n = 6, **P,0.01 compared to the
control group, ##P,0.01 compared to the H2O2 group. MLT, melatonin.
doi:10.1371/journal.pone.0057941.g008
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and blocking this pathway may inhibit the expression of

angiogenic cytokines. The JAK2/STAT3 signaling pathway may

be a critical therapeutic target for the treatment of angiogenesis in

NSCLC [34]. Dong Y and colleagues provided the first evidence

that cucurbitacin E (CuE) inhibited tumor angiogenesis by

inhibiting the vascular endothelial growth factor receptor 2

(VEGFR2)-mediated JAK2/STAT3 and mitogen-activated pro-

tein kinase (MAPK) signaling pathways, and CuE might be a

potential candidate in angiogenesis-related disease therapy [35].

Choi JS and colleagues suggested that quercetin and rutin inhibit

Cu2+-oxidized low-density lipoprotein-induced endothelial apop-

tosis by modulating the JAK2/STAT3 pathway and that rutin

might modulate a signaling crosstalk between the JAK2 and

MAPK pathways [36]. In addition, the therapeutic effect of

recombinant human erythropoietin (rhEPO) on the subsequent

vasospasm after subarachnoid hemorrhage may relate to its

inhibition of endothelial apoptosis in cerebral arteries, which may

be mediated in part by the JAK2/STAT3 signaling pathway [37].

In summary, the JAK2/STAT3 signaling pathway plays an

essential role in regulating proliferation, differentiation and

apoptosis in both embryonic and adult ECs.

Figure 9. The effects of melatonin on p-JAK2 and p-STAT3 and the expression of Bcl2, Caspase3, Bax and Cytochrome c in H2O2-
injured HUVECs (treated for 4 h). Representative images of the Western blots are shown. The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the control group, ##P,0.01 compared to the H2O2 group. MLT, melatonin.
doi:10.1371/journal.pone.0057941.g009
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The JAK2/STAT3 signaling pathway is also involved in the

process of oxidative stress-induced injury. In the research of

vascular smooth muscle cells (VSMCs), Li J and colleagues found

that the inhibition of JAK2/STAT3 could significantly attenuate

H2O2-induced apoptosis and block the H2O2-induced activation

of STAT3, and their data indicated that leukocyte antigen-related

protein regulates the Fyn/JAK2/STAT3 and Fyn/p38 MAPK

pathways, which are involved in ROS-induced apoptosis [38].

Kim US and colleagues confirmed the H2O2-induced phosphor-

ylation of JAK2 and STAT3 in lens epithelial cells (LECs): the

phosphorylation of JAK2 and STAT3 was suppressed in cells

pretreated with AG490, whereas AG490 notably enhanced cell

survival and decreased cell necrosis [39]. In addition, the

inhibition of JAK2/STAT3 signaling could also reduce H2O2-

induced OSI in neuroglial cells [40], astrocytes [41], aortic

endothelial cells [42] and proximal tubule cells [43]. From our

studies, we found that AG490 and JAK2 siRNA inhibited OSI, as

evidenced by improved cell viability and a decreased apoptotic

index. As expected, AG490 and JAK2 siRNA effectively inhibited

p-JAK2 and p-STAT3. These results demonstrate that the

inhibition of the JAK2/STAT3 signaling pathway provides a

protective effect against endothelial OSI.

Melatonin has potent antioxidant properties that may prevent

the development of atherosclerosis and other consequences of

aging [44]. In addition, the direct antioxidant activity of melatonin

and its stimulatory effect on antioxidant enzyme activities may

have clinical implications for the treatment of hyperlipidemia [45]

in which the increased production of free radicals would be

expected. The detailed mechanisms underlying melatonin’s

protective effects have varied extensively among studies. Nuclear

factor-kappaB [46], p38 mitogen-activated protein kinase, c-Jun

N-terminal kinase (JNK) [47], Sirtuin 1 [48], hemeoxygenase-1

[49], eNOS [50], PI3K/Akt [51], autophagy [52] and the JAK2/

STAT3 signaling pathway were reported to play a role in the

protective effects of melatonin in EC oxidative stress injury.

However, other evidence has demonstrated that melatonin

receptor/Ga(16) coupling was capable of triggering the produc-

tion of cytokines, including IL-6, and that this autocrine loop

might account for the subsequent STAT3 phosphorylation at

Tyr(705) [27]. By increasing STAT3 phosphorylation, melatonin

might be an effective cytoprotective agent against palmitic acid-

based cytotoxicity through the modulation of cell survival and

inflammatory responses in astroglial cells [28]. Of note, melatonin

can protect the liver against the I/R injury associated with the

inhibition of JAK/STAT signaling in a rat hepatic ischemia/

reperfusion injury model [53]. Above all, we speculated that the

JAK2/STAT3 signaling pathway may play a regulatory role in the

biological effects of melatonin. From our studies, we confirmed

that melatonin conferred protection to HUVECs against H2O2,

which was evidenced by the improved cell viability, adhesive

ability, and migratory ability and decreased apoptotic index.

Mitochondria initiate two distinct apoptotic pathways, the

intrinsic mitochondrial pathway and the extrinsic membrane

death receptor pathway. A majority of the anti-OSI drugs prevent

apoptosis by regulating the intrinsic mitochondrial pathway

[54,55]. Bax, Bak, Cytochrome c, and Caspase3 play important

roles in the OSI-induced apoptotic process, and are all important

members of the intrinsic mitochondrial pathway [54,55]. Studies

have demonstrated that the regulation of JAK2/STAT3 signaling

by diverse drugs can induce apoptosis through the intrinsic

mitochondrial pathway. For example, Duw and colleagues.

illustrated the biological significance of JAK2/STAT3 signaling

for colorectal cancer apoptosis and provided novel evidence that

the inhibition of JAK2/STAT3 induced apoptosis via the

mitochondrial apoptotic pathway [56]. It has also been reported

that an adenovirus-vector carrying basic fibroblast growth factor

siRNA reduced STAT3 phosphorylation and ultimately resulted

in the collapse of the mitochondrial membrane potential and the

induction of mitochondrial-related apoptosis in U251 glioma cells

[57]. During the process of apoptosis, mitochondria serve as a

source of ROS, which is generated by the reduction of the

mitochondrial membrane potential, and the enhanced ROS

production is related to the apoptotic response induced by OSI

[58]. Lipid peroxidation is one of the primary events in cell OSI

[32], and MDA is a by-product of the lipid peroxidation induced

by excessive ROS and is widely used as a biomarker of oxidative

stress. However, cells are equipped with several antioxidants for

the prevention of free-radical damage: SOD and GSH-Px, along

with other enzymatic and non-enzymatic antioxidants, play

pivotal roles in preventing the cellular damage caused by ROS.

Therefore, intracellular ROS can be effectively eliminated by the

combined action of SOD, GSH-Px and other endogenous

antioxidants, providing a repair mechanism for oxidized mem-

brane components [32]. In the present study, significant decreases

in SOD and GSH-Px were observed in HUVECs after the

exposure to H2O2, indicating the impairment of antioxidant

defenses. In addition, an obvious elevation of MDA production

was associated with an increase in LDH release. Nonetheless,

when HUVECs were co-treated with melatonin, these H2O2-

induced cellular events were blocked to a great extent. Impor-

tantly, in addition to the down-regulation of H2O2-induced

JAK2/STAT3 signaling, the melatonin treatment also down-

regulated H2O2-induced mitochondrial apoptotic pathway-related

proteins (Bax, Bak, Cytochrome c, and Caspase3). These results

suggest that the enhancement of endogenous antioxidant preser-

vation and attenuation the mitochondrial apoptotic pathway may

represent a major mechanism of cellular protection by melatonin.

In summary, our study documents that the inhibition of the

JAK2/STAT3 signaling pathway results in a protective effect

against endothelial OSI and that JAK2/STAT3 signaling is a

crucial link in endothelial OSI. In addition, melatonin attenuates

endothelial OSI by inhibiting the JAK2/STAT3 signaling

pathway.

Supporting Information

Figure S1 The effects of low concentration of H2O2 on
HUVEC viability and the levels of p-JAK2 and p-STAT3.
(A) The viability of the HUVECs was assessed by performing an

MTT assay, and the viability was expressed as an OD value. (B)

Representative images of the Western blots are shown (treated for

4 h). The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the control group, ##P,0.01 compared to

the 400 mM H2O2 group, $$P,0.01 compared to the 50 mM

H2O2 group. OD, optical density.

(TIF)

Figure S2 AG490 on the levels of p-JAK2 and p-STAT3 in
H2O2-injured HUVECs (treated for 4 h). (A) Representative

images of the p-JAK2 immunofluorescence are shown. (B)

Representative images of the p-STAT3 immunofluorescence are

shown. The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the control group, ##P,0.01 compared to

the H2O2 group, $$P,0.01 compared to the H2O2+ AG490

(20 mM) group.

(TIF)

Figure S3 The effects of JAK2 siRNA on the levels of p-
JAK2 and p-STAT3 in H2O2-injured HUVECs (treated for
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4 h). (A) Representative images of the p-JAK2 immunofluores-

cence are shown. (B) Representative images of the p-STAT3

immunofluorescence are shown. The results are expressed as the

mean 6 SEM, n = 6, **P,0.01 compared to the Control siRNA

group, ##P,0.01 compared to the H2O2 group, $$P,0.01

compared to the JAK2 siRNA+H2O2 group.

(TIF)

Figure S4 The effects of melatonin on the viability of
normal HUVECs. The viability of the HUVECs was assessed by

performing an MTT assay, and the viability was expressed as an

OD value. The results are expressed as the mean 6 SEM, n = 6.

MLT, melatonin.

(TIF)

Figure S5 The effects of melatonin on the levels of p-
JAK2 and p-STAT3 in H2O2-injured HUVECs (treated for
4 h). (A) Representative images of the p-JAK2 immunofluores-

cence are shown. (B) Representative images of the p-STAT3

immunofluorescence are shown. The results are expressed as the

mean 6 SEM, n = 6, **P,0.01 compared to the control group,
##P,0.01 compared to the H2O2 group. $$P,0.01 compared to

the H2O2+MLT 500 mM group. MLT, melatonin.

(TIF)

Table S1 The effects of H2O2 on HUVEC viability. The

viability of the HUVECs was assessed by performing an MTT

assay, and the viability was expressed as an OD value. The results

are expressed as the mean 6 SEM, n = 6, **P,0.01 compared to

the control group, ##P,0.01 compared to the 100 mM H2O2

group, $$P,0.01 compared to the 200 mM H2O2 group. OD,

optical density.

(DOCX)

Table S2 The effects of low concentration of H2O2 on
HUVEC viability. The viability of the HUVECs was assessed by

performing an MTT assay, and the viability was expressed as an

OD value. The results are expressed as the mean 6 SEM, n = 6,
**P,0.01 compared to the control group, ##P,0.01 compared to

the 400 mM H2O2 group, $$P,0.01 compared to the 50 mM

H2O2 group. OD, optical density.

(DOCX)

Table S3 The effects of AG490 on the viability of H2O2-
injured HUVECs (treated for 4 h). The viability of the

HUVECs was assessed by performing an MTT assay, and the

viability was expressed as an OD value. The results are expressed

as the mean 6 SEM, n = 6, **P,0.01 compared to the control

group, ##P,0.01 compared to the H2O2 group, $$P,0.01

compared to the H2O2+ AG (20 mM) group. AG, AG490; OD,

optical density.

(DOCX)

Table S4 The effects of JAK2 siRNA on the viability of
H2O2-injured HUVECs (treated for 4 h). (A) The viability of

the HUVECs was assessed by performing an MTT assay, and the

viability was expressed as an OD value. The results are expressed

as the mean 6 SEM, n = 6, **P,0.01 compared to the Control

siRNA group, ##P,0.01 compared to the H2O2 group, $$P,0.01

compared to the JAK2 siRNA+H2O2 group. OD, optical density.

(DOCX)

Table S5 The effects of melatonin on the viability of
normal HUVECs. The viability of the HUVECs was assessed by

performing an MTT assay, and the viability was expressed as an

OD value. The results are expressed as the mean 6 SEM, n = 6.

MLT, melatonin; OD, optical density.

(DOCX)

Table S6 The effects of melatonin on the viability of
H2O2-injured HUVECs (treated for 4 h). The viability of the

HUVECs was assessed by performing an MTT assay, and the

viability was expressed as an OD value. The results are expressed

as the mean 6 SEM, n = 6, **P,0.01 compared to the control

group, ##P,0.01 compared to the H2O2 group, $$P,0.01 vs. the

H2O2+MLT (125 mM) group, &&P,0.01 compared to the

H2O2+MLT (250 mM) group. MLT, melatonin. OD, optical

density.

(DOCX)

Author Contributions

Conceived and designed the experiments: ZXJ DHY. Performed the

experiments: WXD YY WY JJY ZXL NW YL. Analyzed the data: WSC

SQY. Contributed reagents/materials/analysis tools: ZXJ DHY. Wrote

the paper: WXD YY WY.

References

1. Tao RR, Huang JY, Shao XJ, Ye WF, Tian Y, et al. (2012) Ischemic injury

promotes Keap1 nitration and disturbance of antioxidative responses in

endothelial cells: a potential vasoprotective effect of melatonin. J Pineal Res.

2. Zhai L, Zhang P, Sun RY, Liu XY, Liu WG, et al. (2011) Cytoprotective effects
of CSTMP, a novel stilbene derivative, against H2O2-induced oxidative stress in

human endothelial cells. Pharmacol Rep 63(6): 1469–1480.

3. Yoo YM, Jeung EB (2010) Melatonin-induced calbindin-D9k expression reduces
hydrogen peroxide-mediated cell death in rat pituitary GH3 cells. J Pineal Res

48(2): 83–93.

4. Lim HD, Kim YS, Ko SH, Yoon IJ, Cho SG, et al. (2012) Cytoprotective and

anti-inflammatory effects of melatonin in hydrogen peroxide-stimulated CHON-
001 human chondrocyte cell line and rabbit model of osteoarthritis via the

SIRT1 pathway. J Pineal Res.

5. Wu CC, Lu KC, Lin GJ, Hsieh HY, Chu P, et al. (2012) Melatonin enhances
endogenous heme oxygenase-1 and represses immune responses to ameliorate

experimental murine membranous nephropathy. J Pineal Res 52(4): 460–469.

6. Li R, Cai L, Ren DY, Xie XF, Hu CM, et al. (2012) Therapeutic effect of 7, 3’-
dimethoxy hesperetin on adjuvant arthritis in rats through inhibiting JAK2-

STAT3 signal pathway. Int Immunopharmacol 14(2): 157–163.

7. Kisseleva T, Bhattacharya S, Braunstein J, Schindler CW (2002) Signaling

through the JAK/STAT pathway, recent advances and future challenges. Gene
285(1–2): 1–24.

8. Kang JW, Lee SM (2012) Melatonin inhibits type 1 interferon signaling of toll-

like receptor 4 via heme oxygenase-1 induction in hepatic ischemia/reperfusion.
J Pineal Res 53(1): 67–76.

9. Duan W, Yang Y, Yan J, Yu S, Liu J, et al. (2012) The effects of curcumin post-

treatment against myocardial ischemia and reperfusion by activation of the

JAK2/STAT3 signaling pathway. Basic Res Cardiol 107(3): 1–12.

10. Carballo M, Conde M, El Bekay R, Martı́n-Nieto J, Camacho MJ, et al. (1999)

Oxidative stress triggers STAT3 tyrosine phosphorylation and nuclear

translocation in human lymphocytes. J Biol Chem 274(25): 17580–17586.

11. Tawfik A, Jin L, Banes-Berceli AK, Caldwell RB, Ogbi S, et al. (2005)

Hyperglycemia and reactive oxygen species mediate apoptosis in aortic

endothelial cells through Janus kinase 2. Vascul Pharmacol 43(5): 320–326.

12. Yu HM, Zhi JL, Cui Y, Tang EH, Sun SN, et al. (2006) Role of the JAK-STAT

pathway in protection of hydrogen peroxide preconditioning against apoptosis

induced by oxidative stress in PC12 cells. Apoptosis 11(6): 931–941.

13. Ponnusamy M, Pang M, Annamaraju PK, Zhang Z, Gong R, et al. (2009)

Transglutaminase-1 protects renal epithelial cells from hydrogen peroxide-

induced apoptosis through activation of STAT3 and AKT signaling pathways.

Am J Physiol Renal Physiol 297(5):F1361–F1370.

14. Wang J, Hao H, Yao L, Zhang X, Zhao S, et al. (2012) Melatonin suppresses

migration and invasion via inhibition of oxidative stress pathway in glioma cells.

J Pineal Res 53(2): 180–187.

15. Lamont KT, Somers S, Lacerda L, Opie LH, Lecour S (2011) Is red wine a

SAFE sip away from cardioprotection? Mechanisms involved in resveratrol- and

melatonin-induced cardioprotection. J Pineal Res 50(4): 374–380.

16. Shi D, Xiao X, Wang J, Liu L, Chen W, et al. (2012) Melatonin suppresses

proinflammatory mediators in lipopolysaccharide-stimulated CRL1999 cells via

targeting MAPK, NF-kB, c/EBPb, and p300 signaling. J Pineal Res 53(2): 154–

165.

17. Gitto E, Aversa S, Salpietro CD, Barberi I, Arrigo T, et al. (2012) Pain in

neonatal intensive care: role of melatonin as an analgesic antioxidant. J Pineal

Res 52(3): 291–295.

JAK2/STAT3 in Oxidative Stress Injury

PLOS ONE | www.plosone.org 12 March 2013 | Volume 8 | Issue 3 | e57941
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40. Gorina R, Sanfeliu C, Galitó A, Messeguer A, Planas AM (2007) Exposure of

glia to pro-oxidant agents revealed selective Stat1 activation by H2O2 and Jak2-
independent antioxidant features of the Jak2 inhibitor AG490. Glia 55(13):

1313–1324.

41. Gorina R, Petegnief V, Chamorro A, Planas AM (2005) AG490 prevents cell
death after exposure of rat astrocytes to hydrogen peroxide or proinflammatory

cytokines: involvement of the Jak2/STAT pathway. J Neurochem 92(3): 505–

518.

42. Tawfik A, Jin L, Banes-Berceli AK, Caldwell RB, Ogbi S, et al. (2005)

Hyperglycemia and reactive oxygen species mediate apoptosis in aortic

endothelial cells through Janus kinase 2. Vascul Pharmacol 43(5): 320–326.

43. Arany I, Megyesi JK, Nelkin BD, Safirstein RL (2006) STAT3 attenuates

EGFR-mediated ERK activation and cell survival during oxidant stress in mouse
proximal tubular cells. Kidney Int 70(4): 669–674.

44. Zhu HQ, Cheng XW, Xiao LL, Jiang ZK, Zhou Q, et al. (2008) Melatonin

prevents oxidized low-density lipoprotein-induced increase of myosin light chain
kinase activation and expression in HUVEC through ERK/MAPK signal

transduction. J Pineal Res 45(3): 328–334.

45. Tomás-Zapico C, Coto-Montes A (2005) A proposed mechanism to explain the
stimulatory effect of melatonin on antioxidative enzymes. J Pineal Res 39(2): 99–

104.

46. Jung KH, Hong SW, Zheng HM, Lee HS, Lee H, et al. (2010) Melatonin
ameliorates cerulein-induced pancreatitis by the modulation of nuclear erythroid

2-related factor 2 and nuclear factor-kappaB in rats. J Pineal Res 48(3): 239–250.

47. Luchetti F, Betti M, Canonico B, Arcangeletti M, Ferri P, et al. (2009) ERK
MAPK activation mediates the antiapoptotic signaling of melatonin in UVB-

stressed U937 cells. Free Radic Biol Med 46(3): 339–351.

48. Lim HD, Kim YS, Ko SH, Yoon IJ, Cho SG, et al. (2012) Cytoprotective and

anti-inflammatory effects of melatonin in hydrogen peroxide-stimulated CHON-

001 human chondrocyte cell line and rabbit model of osteoarthritis via the
SIRT1 pathway. J Pineal Res 53(3): 225–237.

49. Wu CC, Lu KC, Lin GJ, Hsieh HY, Chu P, et al. (2012) Melatonin enhances

endogenous heme oxygenase-1 and represses immune responses to ameliorate
experimental murine membranous nephropathy. J Pineal Res 52(4): 460–469.
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