
Melatonin alleviates inflammation-induced apoptosis in human
umbilical vein endothelial cells via suppression
of Ca2+-XO-ROS-Drp1-mitochondrial fission axis by activation
of AMPK/SERCA2a pathway

Jiasen Cui1 & Zeng Li1 & Shunjiu Zhuang1 & Shaohong Qi1 & Li Li1 & Junwen Zhou1
&

Wan Zhang1 & Yun Zhao1

Received: 20 July 2017 /Revised: 8 August 2017 /Accepted: 31 August 2017 /Published online: 9 September 2017
# Cell Stress Society International 2017

Abstract Endothelia inflammation damage is vital to the de-

velopment and progression of chronic venous disease. In the

present study, we explored the protective effect of melatonin on

endothelia apoptosis induced by LPS, particularly focusing on

the mitochondrial fission. We demonstrated that human umbil-

ical vein endothelial cells (HUVEC) subjected to LPS for 12 h

exhibited a higher apoptotic rate. However, melatonin (1–

20 μM) treatment 12 h before LPS had the ability to protect

HUVEC cell against LPS-mediated apoptosis in a dose-

dependent manner. Furthermore, LPS induced the cytoplasmic

calcium overload which was responsible for the upregulation of

calcium-dependent xanthine oxidase (XO). Higher XO expres-

sion was associated with reactive oxygen species (ROS) over-

production, leading to the Drp1 phosphorylation at the Ser616

site and migration on the surface of mitochondria. Furthermore,

phosphorylated Drp1 initiated the mitochondrial fission con-

tributing to the caspase9-dependent mitochondrial apoptosis

as evidenced by lower membrane potential, more cyt-c leakage

into the nuclear, and higher expression of proapoptotic proteins.

However, melatonin treatment could trigger the AMPK path-

way, which was followed by the increased SERCA2a expres-

sion. Activation of AMPK/SERCA2a by melatonin inhibited

the calcium overload, XO-mediated ROS outburst, Drp1-

required mitochondrial fission, and final mitochondrial apopto-

sis. In summary, this study confirmed that LPS induced

HUVEC apoptosis through Ca2+-XO-ROS-Drp1-mitochondri-

al fission axis and that melatonin reduced the apoptosis of

HUVEC through activation of the AMPK/SERCA2a pathway.

Keywords Melatonin . LPS . HUVEC .Mitochondrial

fission . Calcium overload . Oxidative stress . AMPK .

SERCA2a

Introduction

Chronic venous disease (CVeD) represents the most common

prevalent phlebo-pathological conditions (Chi et al. 2014;

Pannier and Rabe 2012), which entails significant health and

economic burden. CVeD is characterized by morphological

and/or functional changes in the lower limb venous system,

including spider veins (telangiectasia), asymptomatic varicos-

ities, large painful varicose veins, edema, hyperpigmentation,

lipodermatosclerosis, and ulceration of skin (Hamdan 2012).

The etiopathology of CVeD includes a series of factors such as

genetics, lifestyle, female sex, occupations involving

prolonged standing position, obesity, multiple pregnancies,

family history of varices, and deep and superficial vein throm-

bosis (Nicolaides et al. 2008). Among these processes, the

excessive inflammation response plays a key role in the de-

velopment and progression of CVeD (Mannello et al. 2014;

Mannello and Raffetto 2011). The inflammation induces the

damage of endothelia resulting into the remodeling of the

vessel wall (Raffetto 2013). As a consequence of damaged

endothelia and vessel wall, hemodynamic disorder and hyper-

tension appear and contribute to the chronic venous stasis,

microcirculatory congestion, and capillary failure. Therefore,

therapeutic strategies to enhance the resistance of endothelia
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to the inflammatory damage are vital to retard or intervene

against CVeD.

The mitochondria, which are organelles present in all cells

of the human body except erythrocytes, play a pivotal role in

energy production (Bolanos et al. 2016). In addition to this

vital function, the mitochondria are involved in other complex

processes such as metabolism, reactive oxygen and nitrogen

species production, calcium regulation, cellular proliferation,

cell division, and programmed cell death (apoptosis) (Dan

Dunn et al. 2015; Gidlof et al. 2016; Osborne et al. 2016;

Quijano et al. 2016). Several studies have indicated that in-

flammation induces endothelia apoptosis via activation of

caspase9-dependent mitochondrial apoptosis pathways

(Zhang et al. 2011). Furthermore, recent studies have found

that mitochondrial dynamics (fission and fusion) is the house-

keeper for mitochondrial homeostasis (Gorojod et al. 2015). A

shift to excessive mitochondrial fission is the early stage of

mitochondrial apoptosis (Ni et al. 2015). Excessive mitochon-

drial fission promotes the leakage of proapoptotic proteins

(such as cytochrome c (cyt-c)) into the cytoplasm launching

the mitochondria-related cellular apoptosis (Zhang 2015).

These data suggest that mitochondrial fission is the potential

target for endothelia survival and venous homeostasis.

However, we still did not know the upstreammolecular mech-

anism related to the mitochondrial fission under inflammation

stimulation. Several studies have raised that mitochondrial

fission is closely dependent on cellular calcium concentration

(Huang et al. 2017) because fission is a process of self-con-

traction. Whether inflammation could regulate the mitochon-

drial fission via calcium remains unclear. If so, what molecular

mechanism links calcium to mitochondrial fission?

Several studies have proven that mitochondrial fission is

heavily regulated by dynamin-related protein 1 (Drp1) (Park

et al. 2016). Activated Drp1 via phosphorylation has the abil-

ity to migrate toward the surface of the mitochondria and

locate to the predicted sites of division along mitochondrial

tubules (Dan Dunn et al. 2015). Several pathways have been

reported to modify the Drp1 activation such as JNK, ERK,

and PKA (Michalska et al. 2016). However, little evidence is

available for the role of calcium in Drp1 activation.

Considering that Drp1 phosphorylation happens at the

Ser616 site which is prone to be modified by oxidative stress

or reactive oxygen species (ROS) (Flippo and Strack 2017),

we therefore guess whether the ROS-dependent Drp1

posttranscription is the bridge connecting calcium with mito-

chondrial fission.

Melatonin is an endogenous indolamine synthesized by

almost all vertebrate organs (Dong et al. 2016). Although it

has been found to reduce perinatal hypoxia-ischemia, improve

sleep, ameliorate cardiac ischemia/reperfusion injury, inhibit

oxidative stress-mediated endothelia cell death, and increase

cancer sensitivity to chemotherapy (Lin et al. 2016;

Manchester et al. 2015; Mao et al. 2016; Nduhirabandi et al.

2016; Reiter et al. 2016), few literature is available to establish

its role in endothelia inflammatory injury. Furthermore,

whether melatonin could abate the inflammatory injury via

modification of mitochondrial fission remains unknown. In

our study, we applied LPS to induce endothelia inflammatory

damage and explored the effect and mechanism of melatonin

on endothelia protection. Our data demonstrated that LPS

evoked the endothelia apoptosis via induction of Drp1-

dependent mitochondrial fission. Excessive mitochondrial fis-

sion contributed to activation of caspase9-dependent mito-

chondrial apoptosis. Mechanistically, LPS treatment insulted

the calcium overload which increased the xanthine oxidase

(XO) expression, a calcium-dependent superoxide-producing

enzyme. XO upregulation augmented the ROS production,

leading to oxidative stress which was responsible for Drp1

phosphorylation at the Ser616 site and subsequent mitochon-

drial fission. However, melatonin had the ability to activate

the AMPK pathway which increased the expression of

SERCA2a, leading to the suppression of calcium overload

and subsequent XO-Drp1 activation.

Method

Cell culture

The human umbilical vein endothelial cell (HUVEC) was

purchased from the American Type Culture Collection

(ATCC) (Manassas, VA, USA). The cell line HUVEC was

cultured in Dulbecco’s modified Eagle’s medium (DMEM;

Gibco Life Technologies, Carlsbad, CA, USA) and supple-

mented with 10% FBS at 37 °C in a humidified atmosphere

containing 5% CO2.

The effect of melatonin on HUVEC viability

The HUVEC viability was detected via MTT, trypan blue

staining, and TUNEL assay. MTT assay was conducted in

96-well plates. Then, LPS with or without melatonin was ap-

plied to treat the cells followed by incubation of the 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 wave-

length 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. As for the trypan blue assay, trypan blue

0.04% (m/v) was used to observe cell death. The number of

trypan blue positive cells was calculated by counting at least

three random separate fields. TUNEL assay was used to detect

the cellular apoptosis according to the manufacturer’s proto-

col. Cells in which the nucleus was stained were defined as

TUNEL positive.
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Immunofluorescence staining

For the immunofluorescence staining, cells were fixed with

4% paraformaldehyde and then permeabilized with 0.3%

Triton X-100. The 10% goat serum albumin was used to block

the samples for 1 h followed by incubation of primary anti-

bodies. After washed with phosphate-buffered saline (PBS)

and incubated with secondary antibody for 45 min at room

temperature, samples were analyzed under a fluorescent mi-

croscope. DAPI and a mitochondrion-selective Mito-Fluor

stain (Molecular Probes, USA) were used to mark the nuclear

and mitochondria, respectively. The primary antibodies are as

follows: XO (Abcam, #ab222081, USA), SERCA2a (Abcam,

#ab2861, USA), and p-Drp1 (Cell Signaling Technology,

#4494, USA).

Western blots

Following the appropriate treatment, cultured cells were lysed

with RIPA lysis buffer (Beyotime, China) for 30 min and

centrifuged for 30 min. Equal amounts of protein were sepa-

rated and transferred to a polyvinylidene difluoride membrane

(Millipore). After being blocked with 5% milk in Tris-

buffered saline containing 0.05% Tween20 (TBST) at room

temperature for 1 h, the membrane was incubated at 4 °C

overnight with the following primary antibodies: pro-

caspase3 (1:1000, Cell Signaling Technology, #9662),

cleaved caspase3 (1:1000, Cell Signaling Technology,

#9664), c-IAP1 (1:2000, Cell Signaling Technology, #7065),

Bax (1:2000, Cell Signaling Technology, #5023), caspase9

(1:1000, Abcam, #ab32539), XO (1:1000, #ab109235),

Drp1 (1:1000, Cell Signaling Technology, #8570), p-Drp1

(1:1000, Cell Signaling Technology, #4494), SERCA2a

(1:1000, Abcam, #ab2861), p-AMPK Thr172 (1:1000, Cell

Signaling Technology, #8208), and t-AMPK (1:1000, Cell

Signaling Technology, #5831). After being washed with

TBST and further incubated with the appropriate secondary

antibody at 37 °C for 60min, the blots were developed with an

enhanced chemiluminescence (ECL) reagent.

Mitochondrial membrane potential, mitochondrial ROS,

and mitochondrial permeability transition pore opening

The mitochondrial dysfunction was detected via the change of

mitochondrial membrane potential (ΔΨm), mitochondrial

ROS (mROS), and mitochondrial permeability transition pore

(mPTP) opening. The mROS measurement was conducted

using a MitoSOX red mitochondrial superoxide indicator

(Molecular Probes, USA). The ΔΨm was analyzed using a

JC-1 Kit (Beyotime, China). Images were captured using a

fluorescence microscope (OLYMPUS DX51; Olympus,

Tokyo, Japan) and were analyzed with Image-Pro Plus 6.0

(Media Cybernetics, Rockville, MD) to obtain the mean

densities of the region of interest, which was normalized to

that of the control group. The opening of the mPTP was visu-

alized as a rapid dissipation of tetramethylrhodamine ethyl

ester fluorescence. Arbitrary mPTP opening time was deter-

mined as the time when tetramethylrhodamine ethyl ester

fluorescence intensity decreased by half between initial and

residual fluorescence intensity according to a previous study

(Rizzo et al. 2016).

Caspase3, caspase9, and SERCA2a activity assay

The activation of caspase3 represents an essential step in the

apoptotic process, and caspase9 activity is elevated during

mitochondrial apoptosis. Thus, caspase3/9 activity kits were

used according to the manufacturer’s protocols. The relative

caspase3/9 activity was calculated from the ratio of treated

cells to untreated cells. The assays were repeated thrice. The

SERCA2a activity was detected according to a previous study

(Zhang et al. 2016). Cells after treatment were harvested to

isolate the total proteins. The protein concentration of the su-

pernatant was determined using the BCA method. Sample

protein concentrations were adjusted to 1000 μg/ml. The pro-

teins were incubated in a 30 °C water bath for 10 min and

20 μl ATP was added. Thirty seconds later, 20 μl of the sam-

ple was added. After mixing for 45 s, the OD values were

measured.

RNAi assay

To investigate the role of XO in cellular apoptosis, XO was

knocked down by transient transfection of small interfering

RNA (siRNA). The siRNA targeting XO was purchased from

Santa Cruz Biotechnology. For the RNAi knockdown,

HUVEC were transfected in 3 ml of serum-free and

antibiotic-free DMEM containing 500 μl of Opti-MEM

(Invitrogen), 6 μl of Lipofectamine RNAiMAX (Invitrogen,

Ireland), and 50 nmol/l of each siRNA. The knockdown of

gene expression was assessed by western blots.

Detection of calcium and ROS concentration

Intracellular calcium was measured using the calcium-

dependent fluorescent dye Fura-2 as previously described

(Zhu et al. 2017). After treatment, the intracellular ROS and

superoxide generation were measured with DCFH-DA

(Beyotime Institute of Biotechnology, Jiangsu, China) stain-

ing as previously described. Then, fluorescence microscopy

(Olympus) and flow cytometry were used to examine the cal-

cium and ROS fluorescence. Images were captured using a

fluorescence microscope (OLYMPUS DX51; Olympus,

Tokyo, Japan) and were analyzed with Image-Pro Plus 6.0

(Media Cybernetics, Rockville, MD) to obtain the mean
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densities of the region of interest, which was normalized to

that of the control group.

Reagent treatment

For drug treatment, cultured HUVECwere treated with 10μg/

ml LPS for 12 h to induce cellular death. The melatonin used

in the present study was 0–20 μM treatment 12 h before

LPS. These particular concentrations of drugs were select-

ed because they were previously reported to be effective

cellular experiments in vitro (Zhu et al. 2017). To activate

the mi tochondr i a l f i s s ion , ca rbony lcyan ide p -

trifluoromethoxyphenylhydrazone (FCCP) (5 μM, Selleck

Chemicals) was used 2 h before melatonin or LPS treat-

ment. To inhibit the Drp1 activation, its specific inhibitor

Mdivi1 (10 μM) was added to the medium for 1 h prior to

LPS or melatonin treatment to block Drp1 activation. To

block intracellular calcium overload, cell-permeable calci-

um chelator BAPTA (Sigma, #A1076) was diluted in D-

Hanks solution to a final concentration of 50 μM for

30 min before LPS treatment. In contrast, to induce cellular

calcium overload, ionomycin, a calcium agonist was used

30 min before melatonin treatment. To identify the role of

ROS in cell apoptosis, N-acetyl-L-cysteine (NAC), a cell-

permeable antioxidant (10 mM), and exogenous H2O2

(0.2 nM) were introduced as negative and positive control

groups, respectively. To suppress and activate the AMPK

pathway, compound c (cc, 5 μM, Selleck Chemicals) and

AICAR (AI, 200 μM, Selleck Chemicals) were used 2 h

before melatonin treatment, respectively.

Statistical analyses

Values are presented as the mean ± SE. The statistical analysis

was performed using Statistical Package for Social Science

software, version 16 (SPSS, Chicago, IL, USA). ANOVA

followed by Tukey’s post hoc test was used to compare data

among three or more groups.

Results

Melatonin alleviates LPS-induced cellular death

To explore the role of melatonin played in the LPS-mediated

HUVEC damage, the MTT assay was used. Compared to the

control group, LPS reduced the cellular viability evidenced by

lower OD value (Fig. 1a). However, melatonin could reverse

cellular viability in the presence of LPS in a dose-dependent

manner. Furthermore, trypan blue staining was used to ob-

serve the protective effect of melatonin on HUVEC death.

Compared to the control group, LPS elevated the numbers

of trypan blue-positive cells (Fig. 1b, d). However, co-

treatment with melatonin abated the ratio of trypan blue+ cells,

suggesting that melatonin inhibited LPS-induced cellular

death. Meanwhile, the results in the TUNEL assay were also

in accordance with such findings (Fig. 1c, e). Altogether, these

data indicated that melatonin could reduce HUVEC death

induced by LPS. Because the minimum antiapoptotic effect

of melatonin was 5 μm/l, therefore, 5 μm/l of melatonin was

used for the following experiments.

Melatonin suppresses caspase9-dependent mitochondrial

apoptosis via inhibiting mitochondrial fission

To investigate the mechanism by which melatonin reduced

LPS-induced HUVEC apoptosis, we focused on the

mitochondria-related apoptosis. Because the mitochondria is

not only the center for energy production, it also transmits the

proapoptosis signal and directs cells to programmed cellular

death. The mitochondrial apoptosis is triggered due to exces-

sive oxidative stress that attacks its membrane structure, lead-

ing to mPTP opening and proton gradient collapse (Li et al.

2016b). Therefore, we firstly used flow cytometry to detect

ROS content in mitochondria. Compared to the control group,

LPS significantly elevated the mROS, indicative of excessive

mitochondrial oxidative stress (Fig. 2a, b). However, melato-

nin alleviated the outburst of mROS, suggesting the regulatory

effect of melatonin on mitochondrial oxidative stress in the

presence of LPS. Moreover, as a consequence of mitochon-

drial oxidative damage, the mitochondria extensively opens

the mPTP, leading to ΔΨm dissipation. As shown in Fig.

2c, the mPTP opening ratio was low in the control group but

obviously increased in response to the LPS treatment.

Besides, the ΔΨm displayed more red fluorescence in the

control group but exhibited more green fluorescence in the

setting of LPS treatment (Fig. 2d, f). Furthermore, application

of melatonin in the presence of LPS could reduce the mPTP

opening rate as well as reverse the ΔΨm. The opened mPTP

would bridge the cytoplasm and mitochondria, increasing the

likelihood of mitochondria-contained proapoptotic factor

(such as cyt-c) leakage into the cytoplasm where it initiates

the mitochondrial apoptosis (Mukherjee et al. 2015). As

shown in Fig. 2e, LPS could trigger the cyt-c diffusion from

the mitochondria into the cytoplasm and even into the nuclear,

which was reversed by melatonin treatment. As a conse-

quence of cyt-c leakage, more apoptotic proteins appeared

(Fig. 2g–k). However, this tendency was blocked by melato-

nin. Altogether, these data indicated that melatonin had the

ability to suppress caspase9-dependent mitochondrial apopto-

sis under LPS stimulation.

To explain the reason by which melatonin blocked the mi-

tochondrial apoptosis, we focused on the mitochondrial fis-

sion. As shown in Fig. 2m, compared to the control group,

LPS treatment caused more fragmented mitochondria or mi-

tochondrial debris. The length of the mitochondria was also
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shorter when compared to the control group (Fig. 2l), indica-

tive of mitochondrial fission. However, melatonin treatment

had the ability to reduce the mitochondrial fission and reverse

the mitochondrial morphology and/or length (Fig. 2l, m). To

demonstrate whether mitochondrial fission was responsible

for the LPS-induced mitochondrial apoptosis, we used the

inhibitor (Mdivi1) of mitochondrial fission under LPS and

applied the activator (FCCP) of fission under melatonin. By

inhibition of mitochondrial fission, the proapoptotic effect of

LPS was suppressed as evidenced by reduced caspase3 activ-

ity (Fig. 2n). In contrast, activation of mitochondrial fission

via FCCP caused the upregulation of caspase3 activity under

melatonin treatment. These data indicated that LPS induced

HUVEC inflammatory injury via activation of caspase9-

dependent mitochondrial apoptosis which was evoked by mi-

tochondrial fission.

LPS activates mitochondrial fission via

the XO-ROS-Drp1 axis

Considering that Drp1 is the executive protein for mitochon-

drial fission, its activation via phosphorylation is vital for suc-

cessive mitochondrial fission (Wu et al. 2016). To explain the

mechanism by which LPS regulated mitochondrial fission, we

focused on Drp1 activation. Firstly, as shown in Fig. 3a–d,

LPS induced the phosphorylation of Drp1 at Ser616, leading

to Drp1 migration to the mitochondria which was accompa-

nied by lower content of cytoplasm Drp1. These data indicat-

ed that LPS had the ability to trigger mitochondrial fission via

regulation of Drp1 phosphorylation. In contrast, melatonin

treatment could reverse Drp1 phosphorylation and mitochon-

drial migration (Fig. 3a–d), reconfirming the inhibitory effect

of melatonin on mitochondrial fission. Furthermore, several

Fig. 1 The effects of melatonin on LPS-induced cellular death. a The

cellular viability was detected viaMTTassay.Melatonin had the ability to

protect cellular activity. b–d The trypan blue staining was used to observe

cellular death under LPS treatment in the presence or absence of

melatonin. Melatonin could reduce the number of trypan blue positive

cells when compared to LPS treatment. c–e TUNEL assay was conducted

to observe cell death with melatonin treatment. *P < 0.05 vs Ctrl group,
#
P < 0.05 vs LPS group. LPS: lipopolysaccharide (10 μg/ml for 12 h

treatment); Ctrl: control group
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studies have found that Drp1 activation is dependent on the

ROS, ERK, and JNK (Santa-Gonzalez et al. 2016; Ursini et al.

2016). Given the fact that LPS had the ability to trigger oxi-

dative stress in endothelia according to previous studies (Li

et al. 2016a), we therefore guessed whether ROS was in-

volved in LPS-mediated Drp1 activation. Firstly, ROS stain-

ing illustrated the promotive effect of LPS on oxidative stress

which was reduced by melatonin (Fig. 3e, f). Furthermore,

through loss and gain of function of ROS, we demonstrated

that Drp1 phosphorylation was in a ROS-dependent manner.

We applied the exogenous H2O2 as the ROS analogue in the

melatonin-treated endothelia, and the results indicated that

exogenous H2O2 not only elevated the ROS content (Fig.

3e, f) but also increased Drp1 phosphorylation (Fig. 3g–j).

In contrast, using NAC in LPS-treated endothelia, a kind of

antioxidant to remove ROS, had the ability to partly alleviate

ROS production (Fig. 3e, f) and further blocked the Drp1

phosphorylation and mitochondrial translocation (Fig. 3g–j).

Based on these results, we concluded that LPS triggered ROS

overproduction which was responsible for Drp1 activation via

phosphorylated modification. However, melatonin had the

ability to repress the ROS content and, therefore, inhibited

the Drp1 phosphorylated activation.

To further figure out the reason by which LPS induced the

ROS outburst, we focused on XO which is abundant in endo-

thelia (Jarasch et al. 1981) when compared to other cells with

vigorous metabolism such as muscle cells, liver cells, and

cardiomyocytes (Wang et al. 2016). XO produces excessive

ROS via ADP metabolism. XO employs ADP and oxygen as

the electron carrier to generate the superoxide (Peleli et al.

2016). Considering that XO is particularly rich in endothelia,

we therefore guessed whether LPS triggered ROS outburst via

XO. Firstly, we detected the expression of XO in response to

LPS treatment. Expectedly, XO expression was increased in the

setting of LPS-mediated inflammatory response (Fig. 3h, k).

However, melatonin had the ability to inhibit XO upregulation.

To provide solid evidence for the role of XO and subsequent

Drp1 phosphorylation, we co-stained the XO and p-Drp1 in

endothelia under LPS with or without melatonin treatment.

As shown in Fig. 3l, higher XO expression was paralleled to

the p-Drp1 content. However, siRNA against XO not only

abated XO expression but also alleviated p-Drp1, suggesting

that XO was the upstream regulator of Drp1 activation.

Similarly, melatonin suppressed XO and, therefore, inhibited

p-Drp1 expression. Altogether, these data indicated that LPS

increased XO expression which evoked ROS overproduction

leading to Drp1 phosphorylation and that melatonin inhibited

Drp1 activation via blockade of XO-ROS pathways.

XO-Drp1 upregulation is attributed to the LPS-induced

calcium overload

XO is a calcium concentration-dependent, superoxide-

producing enzyme that is localized to the endoplasmic reticu-

lum (ER) (Sheikh-Ali et al. 2010). Previous studies have found

that XO expression could be regulated by cellular calcium

(Zhang et al. 2016). Therefore, we guessed whether LPS in-

duced the XO upregulation via calcium overload. Firstly, we

demonstrated that LPS had the ability to increase calcium con-

centration in endothelia (Fig. 4a, b). However, this tendency

was blocked by melatonin. Furthermore, to illustrate the role

of calcium in XO expression, the calcium chelator and calcium

agonist were used. BAPTA, a calcium chelator, had the ability

to reduce the intracellular calcium level (Fig. 4a, b) and further

abolished XO expression (Fig. 4c, d). In contrast, in melatonin-

treated cells, ionomycin, a calcium agonist, not only re-

increased the intracellular calcium overload (Fig. 4a, b) but also

reintroduced XO expression (Fig. 4c, d). These data displayed

that calcium overload signaled XO upregulation. Furthermore,

to observe whether calcium had the role in Drp1 activation,

immunofluorescence was used. As shown in Fig. 4e–g, remov-

al of excessive calcium in LPS-treated endothelia, the XO and

p-Drp1 expression was decreased. In contrast, in melatonin-

treated endothelia, activation of calcium overload increased

XO and p-Drp1 expression. Furthermore, the change of mito-

chondrial morphology was also in accordance with such results

(Fig. 4h, i). Altogether, these data suggested that calcium was

the upstream signal for the activation of XO-ROS-Drp1-

mitochondrial fission, whereas melatonin had the ability to al-

leviate the calcium overload and therefore inactivated the XO-

ROS-Drp1-mitochodnrial fission pathways.

Melatonin suppresses Ca2+-XO-ROS-Drp1 pathway via

activation of AMPK/SERCA2a

Finally, to explain the reason by which melatonin abated

calcium, we focused on the SERCA2a expression. As the

most important calcium reuptake channel in the ER,

Fig. 2 Melatonin counteracted caspase9-dependent mitochondrial

apoptosis via abating mitochondrial fission. a, b The change of cellular

mitochondrial ROS (mROS). Melatonin alleviated the cellular oxidative

stress in the presence of LPS. c The change of mitochondrial mPTP

opening. Melatonin suppressed the mPTP opening ratio. d The change

of mitochondrial membrane potential. The red fluorescence indicated the

normal mitochondria with high membrane potential. The green

fluorescence was the marker of damaged mitochondria with reduced

membrane potential. e The leakage of cyt-c from mitochondria into

cytoplasm. f The quantitative expression of mitochondrial membrane

potential. g The change of proteins related to the caspase9-dependent

mitochondrial apoptosis pathways. h–k The quantitative expression of

cleaved caspase3, caspase9, Bax, and c-IAP1. l–m The mitochondrial

fission was observed via immunofluorescence. More shorter

mitochondria appeared in response to LPS treatment. However,

melatonin treatment could reverse the mitochondrial length. Mdivi1 and

FCCP were the inhibitor and activator of mitochondrial fission,

respectively. n Activation of mitochondrial fission could augment the

caspase3 activity in the melatonin treatment. *P < 0.05 vs Ctrl group,
#
P < 0.05 vs LPS group, @P < 0.05 vs LPS + melatonin group

R
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SERCA2a contributes 92% of the released Ca2+ reabsorp-

tion to the ER (Marks 2013), which is the keeper of intra-

cellular calcium homeostasis. As shown in Fig. 5a, b, LPS

treatment led to a drop in the SERCA2a expression which

was reversed by melatonin, suggesting the possible role of

SERCA2a in calcium overload under LPS treatment. To

establish the relationship between SERCA2a and calcium

overload, its inhibitor was used. In the melatonin-treated

endothelia, the SERCA2a blocker thapsigargin (Tg) elevat-

ed the calcium concentrations as evidenced by flow cytom-

etry (Fig. 5c, d), suggesting that the beneficial effect of

melatonin on calcium homeostasis was attributed to

SERCA2a. Next, to further explore the reason by which

melatonin modified the SERCA2a, the AMPK pathway

was considered. Previous studies have indicated that mel-

atonin could activate the AMPK pathway to protect the

cardiac microvascular against ischemia reperfusion (Zhou

et al. 2017). Thus, we asked whether the AMPK pathway

was also the molecular signal underlying melatonin-mediated

endothelial protection via targeting to SERCA2a. Firstly,

we demonstrated that the AMPK pathway was activated in

response to melatonin as evidenced by increased p-AMPK

expression (Fig. 5e, f). Notably, the AMPK pathway inhib-

itor compound c (cc) had the ability to abolish the role of

melatonin on p-AMPK. Furthermore, blockade of AMPK

by cc also suppressed the melatonin-mediated SERCA2a

upregulation (Fig. 5g), suggesting that melatonin regulated

SERCA2a expression via the AMPK pathway. Apart from

SERCA2a expression, its activity is vital for calcium recycling

to the ER. Because SERCA2a, a calcium-ATPase, is an ATP-

driven protein that inversely transports calcium back to the

ER, its activity is determined by the intracellular ATP content.

In our study, we found that LPS-treated cells had a lower

content of ATP whereas melatonin sustained ATP level in an

AMPK-dependent manner (Fig. 5h). Besides, the results of

enzyme activity assay of SERCA2a were in parallel with the

above changes (Fig. 5i), suggesting that the AMPK pathway

regulated the SERCA2a activity. Finally, to explain whether

Fig. 3 Mitochondrial fission was signaled by XO-ROS-Drp1 pathways

in the setting of LPS treatment. a–d The change of mitochondrial fission

protein Drp1. LPS phosphorylated Drp1 at Ser616 and induced Drp1

migration to the mitochondria. e, f The ROS intensity indicated LPS

evoked cellular oxidative stress, while melatonin could suppress such

changes. NAC and H2O2 were the ROS neutralizer and inducer,

respectively. g, i, j Suppression of cellular oxidative via NAC could

alleviate the Drp1 phosphorylation and mitochondrial migration.

However, induction of oxidative stress could cancel the inhibitory effect

of melatonin on Drp1 activation. h, kXO expression was increased under

LPS treatment. The siRNA was used to knockdown its expression. l

Knockdown of XO expression not only knocked down the expression

of XO but also alleviated the p-Drp1 expression. *P < 0.05 vs Ctrl group,
#
P < 0.05 vs LPS group, @P < 0.05 vs LPS + melatonin group
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SERCA2a and AMPK were involved in LPS-mediated mito-

chondrial apoptosis, caspase9 activity was assessed. After

blockade of SERCA2a or AMPK, the caspase9 activity was

increased (Fig. 5j). Altogether, these data indicated that mela-

tonin activated AMPK/SERCA2a against calcium overload

and subsequent mitochondrial apoptosis.

Discussion

In the present study, we found that (1) melatonin had the ability

to decrease HUVEC apoptosis induced by LPS; (2) LPS treat-

ment abated SERCA2a expression, contributing to the calcium

overload; (3) excessive calcium overload activated the calcium-

dependent XO, leading to ROS overproduction; (4) ROS in-

duced oxidative stress which triggered Drp1 phosphorylation

and subsequent mitochondrial fission; (5) mitochondrial fission

launched the caspase9-dependent mitochondrial apoptosis; (6)

melatonin could activate the AMPK pathway which increased

the SERCA2a expression; and (7) higher SERCA2a was asso-

ciated with the calcium balance and mitochondrial apoptosis

inhibition. To the best of our knowledge, this is the first study

to describe the molecular signal of melatonin as the adjuvant to

alleviate inflammation-mediated endothelial damage involving

caspase9-dependent mitochondrial apoptosis, Drp1-required

mitochondrial fission, XO-related oxidative stress, and

SERCA2a-involved calcium homeostasis andAMPK pathway.

CVeD is a debilitating condition that affects millions of indi-

viduals worldwide (Bergan 2007). The condition can result in

varicose veins or advance to severe skin changes and venous

ulceration. The fundamental basis for CVeD is inflammation

within the venous circulation and that it is subjected to increased

hydrostatic pressure resulting in increased ambulatory venous

pressure (Mannello and Raffetto 2011; Raffetto and Khalil

2008). The inflammation involves leukocytes, in particular,

macrophages and monocytes, inflammatory modulators and

chemokines, cytokine expression, growth factors, metallopro-

teinase (MMP) activity, and many regulatory pathways that per-

petuate inflammation (Sandor 2004; Simka 2010). Therefore, a

strategy to regulate the inflammation response is vital to retard

or intervene against CVeD progression and development. Here,

we applied LPS in endothelia to mimic the inflammatory re-

sponse in venous. We found that LPS treatment significantly

induced endothelia death. Furthermore, we demonstrated that

mitochondrial fission was the injury signal directing endothelia

apoptosis under LPS treatment. LPS induced mitochondrial

Fig. 4 XO-Drp1 axis was regulated by calcium overload under LPS

treatment. a, b The change of intracellular calcium. BAPTA and

ionomycin (Ion) were the calcium chelator and inducer, respectively. c,

d The XO expression was regulated by the intracellular concentration. e–

g The calcium overload could elevate the p-Drp1 expression. h, i The

mitochondrial fission was modulated by the calcium overload. *P < 0.05

vs Ctrl group, #P < 0.05 vs LPS group, @P < 0.05 vs LPS + melatonin

group
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fission as evidenced by mitochondrial fragmentations and de-

bris, leading to the mitochondrial potential collapse, excessive

mPTP opening, and proapoptotic cyt-c leakage into the cyto-

plasm. These data firstly link the mitochondrial fission to the

inflammation-mediated endothelia apoptosis. However, wheth-

er mitochondrial fission contributes to the development and

progression of CVeD needs more clinical evidence. Our data

in the present study provided the possible role of mitochondrial

fission in inflammatory response.

Notably, mitochondrial fission is regulated by the Drp1

(Hall et al. 2014). It is a large GTPase that controls mitochon-

drial membrane tubulation and fission in mammalian cells.

Drp1 forms oligomers and is recruited to the outer mitochon-

drial membrane to mediate fission in a GTP-dependent man-

ner (Cho et al. 2010). And Drp1 phosphorylation is the pre-

requisite for its mitochondrial translocation and subsequent

fission (Jahani-Asl and Slack 2007). In our study, we found

that the upstream signal for Drp1 phosphorylation was ROS.

Excessive ROS induced the posttranscription modification of

Drp1 at the Ser616 site. Moreover, ROS also elevated the

expression of mitochondrially located Drp1, suggestive of

the activated Drp1. In fact, ample evidence has explored the

regulator for Drp1 such as ERK, JNK, and ROS (Michalska

et al. 2016; Xu et al. 2016). Our study further confirmed that

ROS had the ability to regulate the phosphorylation of Drp1.

Meanwhile, our study also illustrated the regulatory effect of

cellular oxidative stress on mitochondrial homeostasis. In pre-

vious studies, the majority of studies argued that the mito-

chondria is the source of ROS and, therefore, is responsible

for the cellular damage via induction of oxidative stress (Byon

et al. 2016; Du et al. 2016). However, according to the present

findings, ROS has the ability to modify the mitochondria itself

via mitochondrial fission. This information hints that the mi-

tochondria is not only the origin of ROS but also the target of

attack by ROS.

Furthermore, we demonstrated that the ROS outburst and

Drp1 phosphorylation were owing to XO upregulation and

calcium overload. It is now appreciated that there are various

sources of ROS in the endothelia, including the mitochondria,

NAD(P)H oxidase, XO, and autoxidation of diverse sub-

stances (Du et al. 2016). The relatively low abundance of

mitochondria in endothelial cells has suggested that they are

unlikely to contribute significantly to ROS production (Joshi

et al. 2015). Notably, previous studies have confirmed that XO

is primarily located in the luminal surface of the endothelium

of many organs (Jarasch et al. 1981). This information indi-

cates that ROS overproduction and oxidative stress in re-

sponse to LPS-treated endothelia may be attributed to XO.

Indeed, in our study, we found that LPS augmented the XO

expression. These data provide us an overlooked detail that

Fig. 5 Melatonin activated the AMPK/SERCA2a pathway to suppress

Ca2+-XO-ROS-Drp1 damage signals. a, b The change of SERCA2a. LPS

suppressed the expression of SERCA2a. c, d Inhibition of SERCA2a

could alleviate the protective effect of melatonin on calcium overload.

e, fMelatonin had the ability to activate the AMPK pathway. g Inhibition

of AMPK pathway abated the promotive effect of melatonin on

SERCA2a expression. However, activation of AMPK under LPS

treatment could partly reverse the SERCA2a content. h The AMPK

pathway was involved in ATP production. i Apart from SERCA2a

expression, AMPK was also activated by melatonin and contributed to

the SERCA2a activity. j Inhibition of AMPK augmented the cellular

apoptosis despite melatonin treatment. Compound c: cc, AICAR:AI.

*P < 0.05 vs Ctrl group, #P < 0.05 vs LPS group, @P < 0.05 vs LPS +

melatonin group
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XO is the potential target to intervene against oxidative stress.

More importantly, XO-derived ROS can regulate the mito-

chondrial homeostasis which adds more information about

the upstream molecular of mitochondrial fission. However,

more evidence is needed to support our notion.

To explain the reason by which LPS regulated the XO, we

focused on calcium due to the fact that XO is a calcium con-

centration-dependent, superoxide-producing enzyme that is

localized to the ER (Sheikh-Ali et al. 2010). We demonstrated

that XO expression was regulated by the calcium level, which

was similar to a previous study (Zhang et al. 2016). Notably,

in the present study, we did not explain the detailed mecha-

nism by which calcium overload elevated the XO expression.

We think that the CaMKII may be involved in this process.

Previous studies have found that XO expression could be

upregulated via CaMKII (Bodhinathan et al. 2010).

However, whether CaMKII is also associated with the LPS-

mediated XO upregulation requires more studies to

investigate.

In the present study, we used melatonin to intervene the

LPS-mediated endothelia apoptosis. The circadian hormone

melatonin is primarily synthesized and secreted by the pineal

gland depending on the daylight and darkness cycle with a peak

in the night even in nocturnal animals (Agorastos and Linthorst

2016). Several studies have found that melatonin protects cells

against stress-mediated damage via antiapoptotic and antioxi-

dant effects. Melatonin enhances the resistance of small intes-

tinal microvasculature to systemic inflammation induced by

LPS via regulation of inflammation response (Lansink et al.

2017). Moreover, it also protects against blood-brain barrier

damage by inhibiting the TLR4 signaling pathway after

LPS treatment in neonatal rats (Hu et al. 2017). Besides,

melatonin also modulates the inflammation response

through endoplasmic reticulum stress and autophagy

(Carloni et al. 2016). Furthermore, it also protects the en-

dothelial barrier function under inflammation via blocking

p38 MAPK activation (Chu et al. 2016). These data indi-

cate that melatonin has a beneficial effect on the endothelia

under an inflammatory environment.

In our study, we demonstrated that melatonin increased the

survival of endothelia via inhibition of mitochondrial fission

for the first time, which enriches the protective mechanism of

melatonin on inflammation-mediated endothelia damage.

Notably, the dosage of melatonin used in our experiment is

higher than the physiologic concentration in the human body.

There are two reasons for this discrepancy. Firstly, melatonin

is regularly released from the pineal gland every night.

However, in the present study, melatonin was applied only

one time. With the time going, the melatonin concentration

in the medium declined gradually although we did not mea-

sure its concentration. Secondly, we had to emphasize that

cellular apoptosis would not happen in the physiologic condi-

tion. More importantly, in the in vitro experiment, LPS

induced acute cellular damage. Therefore, we had to increase

the treatment concentration of melatonin. Furthermore, we

determined that the AMPK/SERCA2a pathways were the de-

fensive system enhanced by melatonin against LPS-induced

cellular mitochondrial apoptosis. AMPK is the sensor of cel-

lular energy metabolism and several lines of evidence have

explained the relationship between melatonin and AMPK ac-

tivation (Kang et al. 2016; Yang et al. 2016; Zhou et al. 2017).

In our study, melatonin increased AMPK activity which was

accompanied by the upregulation of SERCA2a. As the most

important calcium reuptake channel in ER, SERCA2a contrib-

utes 92% of the released Ca2+ reabsorption to the ER, which is

the keeper of intracellular calcium homeostasis (Marks 2013).

Apart from its expression, melatonin also reversed its activity

via AMPK. Because SERCA2a, a calcium-ATPase, is an

ATP-driven protein that inversely transports calcium back to

the ER, its activity is determined by the intracellular ATP

content. The activated AMPK pathway under melatonin treat-

ment significantly enhanced the cellular ATP generation and

therefore contributed to the increase in SERCA2a activity.

However, inhibition of AMPK or SERCA2a partly caused

the rebound of calcium overload, suggesting that AMPK

was a defender activated by melatonin to counteract the

Ca2+-XO-ROS-Drp1 pathway. Thereby, these findings pro-

vide a possible solution and means to intervene against endo-

thelia apoptosis induced by inflammation.

Collectively, the results of our report illustrated the important

role of mitochondrial fission in the LPS-mediated HUVEC

apoptosis. Mitochondrial fission was signaled by the Ca2+-

XO-ROS-Drp1 axis and contributed to the caspase9-de-

pendent mitochondrial apoptosis. Our data provided evi-

dence for the relationship between caspase9-dependent

mitochondrial apoptosis, Drp1-required mitochondrial fission,

XO-related oxidative stress, and SERCA2a-involved calcium

homeostasis, which offered a potential target to prevent LPS-

induced endothelia damage.Meanwhile, we also introducedmel-

atonin to reduce endothelia inflammatory damage. Melatonin

activated the AMPK/SERCA2a pathway to partly block the

Ca2+-XO-ROS-Drp1-mitochondrial fission pathways, enhancing

the resistance of endothelia to LPS-mediated apoptosis. Thus, the

use of melatonin is a practice and efficient adjuvant for the treat-

ment of endothelia inflammation in CVeD. However, more in-

sights should be obtained to provide ample evidence for clinical

applications.
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