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Melatonin restricts the viability and angiogenesis of vascular
endothelial cells by suppressing HIF-10/ROS/VEGF
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Abstract. Angiogenesis is an essential process involved in
various physiological, including placentation, and pathological,
including cancer and endometriosis, processes. Melatonin
(MLT), a well-known natural hormone secreted primarily in
the pineal gland, is involved in regulating neoangiogenesis
and inhibiting the development of a variety of cancer types,
including lung and breast cancer. However, the specific
mechanism of its anti-angiogenesis activity has not been
systematically elucidated. In the present study, the effect of
MLT on viability and angiogenesis of human umbilical vein
endothelial cells (HUVECs:), and the production of vascular
endothelial growth factor (VEGF) and reactive oxygen species
(ROS), under normoxia or hypoxia was analyzed using Cell
Counting kit 8, tube formation, flow cytometry, ELISA and
western blot assays. It was determined that the secretion
of VEGF by HUVECs was significantly increased under
hypoxia, while MLT selectively obstructed VEGF release as
well as the production of ROS under hypoxia. Furthermore,
MLT inhibited the viability of HUVECs in a dose-dependent
manner and reversed the increase in cell viability and
tube formation that was induced by hypoxia/VEGF/H,0,.
Additionally, treatment with an inhibitor of hypoxia inducible
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factor (HIF)-1a (KC7F2) and MLT synergistically reduced the
release of ROS and VEGF, and inhibited cell viability and tube
formation of HUVECs. These observations demonstrate that
MLT may serve dual roles in the inhibition of angiogenesis,
as an antioxidant and a free radical scavenging agent. MLT
suppresses the viability and angiogenesis of HUVECs through
the downregulation of HIF-1a/ROS/VEGF. In summary, the
present data indicate that MLT may be a potential anticancer
agent in solid tumors with abundant blood vessels, particularly
combined with KC7F2.

Introduction

Angiogenesis, an essential process in which new blood vessels
are formed, not only serves a crucial role in physiological
processes, including embryonic development and wound
repair, but also in pathological conditions, including
chronic inflammation, cancer, heart disease and diabetic
retinopathy (1,2). It exerts an important effect in promoting
aggressive tumor activity, including tumor growth, metastasis
and invasion (3). Progression of cancer is characterized by
the stimulation of pro-angiogenic factors, including hypoxia,
vascular endothelial growth factor (VEGF), cytokine
interleukin-6 and metalloproteinases, in the growing
endothelial cells (4). VEGF has been demonstrated to be one
of the most important angiogenesis growth factors that induces
permeability, proliferation, migration and tube formation (5).
Numerous stimuli, including hypoxia, cytokines and oxidative
stress, can increase VEGF expression (2,6). The inhibition of
neoangiogenesis is considered to be an important potential
strategy for efficient and effective antitumor agents that
prevent cancer proliferation and metastasis (7,8).

Reactive oxygen species (ROS), including H,0O, and
superoxide anion radicals, are a family of reactive molecules
that serve a pivotal role in numerous cellular processes,
including metabolism, differentiation, proliferation and cell
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death, by regulating critical signaling pathways (9). ROS
are generated under various physiological and pathological
conditions, including inflammation (10) and ischemia (11).
Excessive levels of ROS result in an imbalance in the
metabolism of these reactive intermediates as a result of
oxidative stress, and is associated with various diseases,
including cancer and cardiovascular and neurodegenerative
diseases (12). The hypoxia inducible factor (HIF)-1a response
to hypoxia is associated with hypoxia-induced production of
ROS (13). Accumulating evidence indicates that VEGF and
ROS exert a critical role in vascular pathophysiology (14,15).
However, the interaction between VEGF and ROS remains
controversial. Certain studies have demonstrated that VEGF
could take advantage of ROS as messenger intermediates
downstream of VEGF receptor 2, thus affecting cellular
proliferation and tube formation (16,17). Other studies
indicated that ROS trigger the induction of VEGF, but the
underlying interaction remains ambiguous (18-20). KC7F2,
as an exogenous HIF-1a translation inhibitor, is involved in
cancer-associated angiogenesis, and can be evaluated in terms
of its anti-proliferative actions and effects on the metabolism
of cancer cells (21). Furthermore, KC7F2 can also be used as
a HIF-1a inhibitor (22).

Melatonin (MLT), a well-known natural hormone secreted
primarily in the pineal gland, has attracted attention due to its
various effects in numerous critical physiological, including
sleep, the circadian rhythm and antioxidant cell protection
against free radicals, and pathological, including tumor
progression, processes (23). Accumulating evidence indicates
that MLT is capable of directly scavenging radicals and
radical-associated reactants, as well as indirectly stimulating
anti-oxidative enzymes (24,25). It has been reported that MLT
can inhibit the development of a variety of cancer types (26),
including liver (27-29), lung (30,31), breast (32-34), pancreatic
and brain cancer (35). However, the underlying mechanism of
MLT varies in different cancer types (36). Additionally, reports
indicated that MLT decreases the expression of HIF-1a and
VEGF caused by different factors in various cultivated cells,
particularly hypoxia-induced accumulation of HIF-1a protein
and expression of VEGF (37-39). Accumulating evidence indi-
cates that the antitumor effect of MLT is associated with the
inhibition of angiogenesis (24,40,41). It has been reported that
ROS produced under hypoxic conditions inactivate the PHD2
enzyme and thus prevent its degradation (42). Therefore, ROS
stabilizes HIF-1a, allowing it to act as a transcription factor.
However, the specific mechanism of anti-angiogenesis activity
of MLT has not been systematically elucidated. Therefore, the
aim of the present study was to investigate the effect of MLT
on HUVECS and the associated underlying mechanism.

Materials and methods

Cell culture. Human umbilical vein endothelial cells
(HUVECS) were obtained from the Cell Bank of the Chinese
Academy of Science (Shanghai, China) and cultured in a
mixture containing RPMI-1640, 10% fetal bovine serum
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA),
100 IU/ml penicillin and 100 pg/ml streptomycin (Sangon
Biotech Co., Ltd., Shanghai, China). The cells were incubated
at 37°C in a humidified atmosphere which was maintained at
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5% CO,. All experiments were performed with HUVECs that
had been cultured for <6 passages.

Hypoxia treatment. Control cells were incubated for 6 or 24 h
under normoxic conditions (21% O,, 5% CO, and 74% N,
at 37°C) in a humidified incubator. According to the manu-
facturer's protocols, hypoxic conditions (termed hypoxia)
were induced using an airtight modular incubator chamber
(Billups-Rothenberg, Inc., San Diego, CA, USA). Briefly, the
cells [1x10* cells/well in cell viability assay; 2x10* cells/well
in tube formation assay; and 1x10° cells/well in western blot-
ting, ELISA and flow cytometry (FCM) assays] were sealed in
the modular incubator chamber with a sterile 1X PBS reserve
to maintain humidity, and then purged with a reduced O, gas
mixture (1% O,, 5% CO, and 94% N,) at 37°C for 6 h or 24 h.

Cell viability assay. HUVECs were seeded into 96-well plates
at a density of 1x10* cells/well. The conditioned medium was
aspirated and 100 yul fresh Cell Counting kit 8 (CCKS) solu-
tion (Dojindo Molecular Technologies, Inc., Kunamoto, Japan)
with serum-free RPMI-1640 medium was carefully added
to each well. According to the manufacturer's protocols, the
plates were then incubated at 37°C for 0.5-4 h in the dark.
The absorbance was periodically detected using a microplate
reader at 450 nm.

Detection of ROS and VEGF by flow cytometry (FCM). After
treatment with or without MLT (1x105 M) under normoxia or
hypoxia (according to the aforementioned conditions) at 37°C
for 6 h, or pretreatment with H,O, (50 uM; based on its cyto-
toxicity, a dose of 50 uM H,0, was selected for subsequent
experiments) or VEGF (5 ng/ml) for 4 h, followed by MLT
(1x103 M) at 37°C for 6 h, and then the release of ROS of
HUVECs was detected by the Reactive Oxygen Species Assay
kit (cat. no. S0033; Beyotime Institute of Biotechnology,
Haimen, China). The levels of intracellular ROS genera-
tion were determined by incubating the cells in serum-free
RPMI-1640 supplemented with 10 mM 2,7-dichlorofluorescein
diacetate (DCFH-DA; Beyotime Institute of Biotechnology)
or PBS (as the blank control) in the dark at 37°C for 30 min.
DCFH-DA can be converted to the fluorescent dichlorofluores-
cein by ROS. Briefly, the cells were pretreated with different
compounds (MLT, H,0,, VEGF, KC7F2, MLT plus VEGF,
or MLT plus KC7F2; the concentrations of these compounds
were the same as aforementioned) at 37°C for 6 h and/or condi-
tions (hypoxia and normoxia, according to the aforementioned
conditions). The cells were then rinsed and washed with cold
PBS, followed by incubation with 1 mmol/l DCHF-DA in
the dark at 37°C for 30 min. The cells were then trypsinized
and washed with PBS again and resuspended in serum-free
RPMI-1640 medium (1x10° cells/1 ml medium) for the FCM
assay. FCM was performed on a Beckman Cyan flow cytom-
eter (Beckman Coulter, Inc., Brea, CA, USA) using CellQuest
software (version 7.1; Beckman Coulter, Inc.). At least 15,000
events were analyzed. All experiments were performed with
biological triplicates and data are representative of at least
three independent experiments.

Additionally, the median fluorescence intensity of VEGF
was measured with a FCM assay. Cells were washed with PBS
once and then trypsinized and collected by gently centrifugation
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at 350 x g at 4°C for 6 min. A commercial kit, eBioscience™
Intracellular Fixation/Perm Buffer (cat. no. 88-8824-00; eBio-
science; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
was used to fix and rupture the membrane according to the
manufacturer's protocols. After centrifugation at 150 x g for
10 min at room temperature, the precipitate was resuspended
in 1 ml 0.9% physiological saline and centrifuged at 150 x g for
10 min at room temperature. The precipitate was then resus-
pended in 150 ul 0.9% physiological saline and blocked with
human AB serum (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at 4°C for 30 min. Subsequently, a VEGF antibody
[human VEGEF allophycocyanin (APC)-conjugated antibody;
5 pl; 1:20; cat. no. IC2931A; R&D Systems, Inc., Minneapolis,
MN, USA] or isotype antibody (mouse IlgG2A APC-conjugated
antibody; 5 ul; 1:20; cat. no. ICO03A; R&D Systems, Inc.)
was then incubated with the cells at room temperature in the
dark for 30 min. Cells were centrifuged 350 x g at 4°C for
6 min and washed with PBS twice to remove the non-specific
binding antibody. Analysis was performed on a Beckman flow
cytometer with CellQuest software.

Cell treatment. To examine the effect of different reagents,
HUVEC:s were cultivated with serum-free RPMI-1640 medium
containing 1x10° M MLT (Sigma-Aldrich; Merck KGaA)
alone at 37°C for 6 h, and/or pretreated with H,O, (50 uM;
Sigma-Aldrich; Merck KGaA), KC7F2 (20 uM; Sigma-Aldrich;
Merck KGaA) and VEGF (5 ng/ml; R&D Systems, Inc.) at 37°C
for 4 h. The vehicles (1% PBS for VEGF group and 1% DMSO
for other groups) were used as the controls. The cell culture
supernatant was collected following MLT exposure at 37°C for
6 h and stored at -80°C for further study.

Tube formation assay. Basement membrane extracellular
matrix (Matrigel; BD Biosciences, San Jose, CA, USA) was
thawed at 4°C overnight. Pipette tips (200 ul) and a 96-well
plate were also kept at 4°C overnight, and the plate and tips
were placed on ice during the entire experiment. Primary
Matrigel (60 pl) was loaded in each well, and the plate was
incubated at 37°C for 30 min to allow the matrix to polymerize.
The pretreated HUVECs were resuspended and recounted
to achieve the appropriate cell density (2x10* cells/well).
The plate was kept at room temperature for 15 min and
then transferred to the incubator at 37°C. After 4-6 h incu-
bation, the capillary-like tube formation was quantified by
counting numbers of junctions/enclosed circles in 5 randomly
selected optical fields using an Olympus BX51+DP70 fluo-
rescence microscope (Olympus Corporation, Tokyo, Japan;
magnification, x40 or x100).

Assessment of the secretion levels of VEGF. The VEGF
protein secreted into the conditioned medium by HUVECs
was measured with a commercially available human VEGF
ELISA kit (cat. no. 1117342; DAKEWE, Inc., Shenzhen,
China; http:/www.bio-city.net/). The conditioned medium
was collected and centrifuged at 350 x g at 4°C for 15 min
to remove cellular debris, and then recollected and stored at
-80°C until the ELISA assay was performed.

Western blot analysis for HIF-1a and VEGF. HUVECs were
seeded (2x10° cells/well) in a 6-well plate and incubated
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at 37°C for 24 h, then treated with MLT (1x10- M) or left
untreated under normoxic or hypoxic conditions (according to
the aforementioned conditions) at 37°C for 6 h prior to protein
isolation. The cells in culture were rinsed twice with ice-cold
PBS and treated with radioimmunoprecipitation assay lysis
buffer supplemented with 1 mM phenylmethylsulfonyl fluoride
and protease inhibitor cocktail (all from Beyotime Institute of
Biotechnology) on ice for 30 min, then centrifuged at 13,400 x g
at 4°C for 25 min. The supernatant was collected. Protein
concentration was measured by bicinchoninic acid protein
assay (Beyotime Institute of Biotechnology). Equal amounts
of total protein (15 pg) were segregated by 10% SDS-PAGE
(Epizyme Biotechnology, Shanghai, China) and transferred
onto polyvinylidene fluoride membranes (EMD Millipore,
Billerica, MA, USA). The membranes were blocked with
10% non-fat milk in TBS containing 0.1% Tween-20 (TBST)
for 1 h at room temperature. Subsequently, the membranes
were probed overnight at 4°C with primary antibodies against
HIF-1a (rabbit; 1:500 dilution; cat. no. 36169S), VEGF (rabbit;
1:1,000 dilution; cat. no. 2463S) or B-actin (rabbit; 1:3,000 dilu-
tion; cat. no. 4970S; Cell Signaling Technology, Inc., Danvers,
MA, USA). This was followed by washing with 1X TBST buffer
four times and incubation with the corresponding horseradish
peroxidase-conjugated secondary antibody (1:5,000 dilution;
cat. no. 2357; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) at room temperature for 2 h. Immunoreactive bands were
visualized using a Western Blotting Luminol Reagent (ECL)
kit (Pierce; Thermo Fisher Scientific, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Analysis of HIF-1a (HIFIA) and VEGF mRNA
expression in HUVECSs was conducted via RT-qPCR following
incubation of cells with 1 mM MLT and/or hypoxic conditions
(according to the aforementioned conditions) at 37°C for 6 h.
Total RNA was isolated from HUVECS using TRIzol® reagent
(Takara Bio, Inc., Otsu, Japan), according to the manufac-
turer's protocol. The A260/A280 nm absorbance ratio was
maintained at 1.8-2.0. For cDNA synthesis, RT was performed
using PrimeScript RT Master mix (Takara Bio, Inc.), according
to the manufacturer's instructions. gPCR was performed with
an ABI 7900HT system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) with SYBR® Green PCR Master mix (Takara
Bio, Inc.), according to the manufacturer's instructions. The
thermocycling conditions were: 95°C for 30 min for 1 cycle;
94°C for 5 sec and 60°C for 34 sec for 40 cycles; finally, an
extension step at 72°C for 10 min. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) were used for normalization,
and the relative expression levels of HIFIA and VEGF were
calculated using the 22244 method (43). The primer sequences
were as follows: HIFIA forward, 5'-GAACGTCGAAAAGAA
AAGTCTCG-3' and reverse, 5'-CCTTATCAAGATGCGAAC
TCACA; VEGF forward, 5-GGGCAGAATCATCACGA
AGT-3, and reverse, 5-AAATGCTTTCTCCGCTCTGA-3;
and GAPDH forward, 5'-GGAGCGAGATCCCTCCAAAAT-3
and reverse, 5'-GGCTGTTGTCATACTTCTCATGG-3.

Statistical analysis. All data are presented as the mean + standard
error of the mean. Student's t-test for two groups comparisons
or one-way ANOVA with the Bonferroni's post-hoc test for
multiple comparisons was performed using GraphPad Prism 6
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Figure 1. MLT suppresses the viability and angiogenesis of HUVECs. (A) HUVECs were treated with MLT at various concentrations (1x10~, 1x107, 1x107 or
1x10” mM) or left untreated for 24 h. The viability of HUVECs was determined using a Cell Counting kit 8 viability assay. (B) HUVECs were treated with
MLT (1x10~° M) under normoxia or hypoxia conditions, and imaged under an Olympus microscope. Magnification, x40 or x100. (C) The statistics histogram

for. (B) Data are presented as the mean = standard error of the mean. "P<0.05,

“*P<0.001 or “*"P<0.0001, compared with the Ctrl group. Ctrl, control; MLT,

melatonin; HUVECs, human umbilical vein endothelial cells; Nor Ctrl, Ctrl HUVECs under normoxia condition; Nor MLT, MLT-treated HUVECSs under
normoxia condition; Hyp Ctrl, Ctrl HUVECs under hypoxia condition; Hyp MLT, MLT-treated HUVECSs under hypoxia condition.

software (GraphPad Software, Inc., La Jolla CA, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

MLT suppresses the viability and angiogenesis of HUVECs.
To investigate the influence of MLT on the proliferation
and angiogenesis of HUVECs in vitro, CCK8 and tube
formation assays were performed. As depicted in Fig. 1A,
MLT treatment suppressed the viability of HUVECs in a
dose-dependent manner (P<0.001 for Ctrl vs. 10° M MLT
or P<0.0001 for Ctrl vs. 10° M MLT). Additionally, MLT

(1x10 M) resulted in a significantly reduced level of tube
formation of HUVECs, compared with the control (Fig. 1B
and C; P<0.001). In addition, hypoxia condition promoted the
tube formation of HUVECS, and this effect was reversed by
MLT (Fig. 1B and C; P<0.05 for Nor Ctrl vs. Nor MLT or
P<0.001 for Hyp Ctrl vs. Hyp MLT). These data indicate that
MLT restricts the viability and angiogenesis of HUVECs
in vitro.

MLT obstructs hypoxia-induced VEGF production of HUVECs.
It is widely acknowledged that VEGF is an important angiogenic
factor that stimulates the formation of new blood vessels (5). To
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Figure 2. The inhibitory effect of MLT on the viability and angiogenesis of HUVECs is dependent on VEGF. HUVECs were treated with MLT (1x10-5 M) for
24 h, then the expression of VEGF was determined by (A) reverse transcription-quantitative polymerase chain reaction, (B) ELISA and (C) western blotting.
(D) HUVECs were stimulated with or without recombinant human VEGF (1-5 ng/ml), then cell viability was detected by CCKS assay. Cells were pretreated
with VEGF (5 ng/ml) for 4 h followed by MLT for a further 2 h, then (E) cell viability and (F) tube formation were analyzed via CCKS8 and tube formation
assays, respectively. Data are presented as the mean + standard error of the mean. "P<0.05, “P<0.01, ““P<0.001 or "P<0.0001, compared with the Ctrl group.
NS, no significant difference; VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein endothelial cells; CCKS, Cell Counting kit 8;

Ctrl, control; MLT, melatonin.

elucidate the molecular mechanisms of MLT associated with
tube formation, the expression of VEGF following treatment with
MLT was determined. It was observed that MLT significantly
restricted the expression of VEGF at the mRNA and protein
levels (Fig. 2A-C; P<0.0001, compared with the Ctrl groups).
Additional treatment with recombinant human VEGF protein
dose-dependently increased the viability of HUVECs (Fig. 2D;
P<0.01 for Ctrl vs. 1 ng/ml VEGF, P<0.001 for Ctrl vs. 2.5 ng/ml
VEGEF or P<0.0001 for Ctrl vs. 5 ng/ml VEGF), while this
effect was weakened by MLT (Fig. 2E; P<0.01 for Ctrl vs.
MLT, P<0.001 for VEGF vs. MLT+VEGF). The same inhibition
occurred in the tube formation assay, with MLT counteracting
VEGF-stimulated tubular network formation (Fig. 2F; P<0.05
for Ctrl vs. MLT or P<0.001 for VEGF vs. MLT+VEGF). These
data indicate that the inhibitory effect of MLT on viability and
angiogenesis of HUVECsS is dependent on VEGF.

MLT suppresses the expression of VEGF induced by hypoxia.
Hypoxia stimulates the formation of new capillary vessels
to counteract low oxygen tension. HUVECs were cultured
under normoxic or hypoxic conditions. As depicted in Fig. 3A,
hypoxia significantly enhanced HIF /A mRNA levels (P<0.05,
compared with the Ctrl group). By contrast, MLT exerted a
significant inhibitory effect on the transcription of HIFIA
(Fig. 3B; P<0.01, compared with the Ctrl group). Subsequently,
it was determined that the mRNA and protein level of VEGF
were significantly upregulated in HUVECs under hypoxia
condition (Fig. 3C and D; P<0.01 for normoxia group vs.
hypoxia group or P<0.001 for normoxia group vs. hypoxia
group). Additionally, the results of western blotting demon-
strated that MLT notably suppressed the expression of HIF-1a
and VEGF that was upregulated due to hypoxia (Fig. 3E-G).
These results indicate that MLT can inhibit hypoxia-induced

VEGF expression and further obstruct VEGF-induced
angiogenesis of HUVECs.

MLT suppresses the release of ROS, particularly under the
condition of hypoxia. ROS can act as signaling molecules
in a variety of cellular processes, including regulating gene
transcription, cell growth, differentiation, apoptosis and
metabolism (12,44). Furthermore, emerging evidence indi-
cated that ROS acts as a key element in stabilizing HIF-1a.
To gain an insight into the association between hypoxia and
ROS, HUVECs were treated with or without MLT under the
condition of normoxia or hypoxia. MLT markedly suppressed
the release of ROS by HUVECs (Fig. 4A and B; P<0.001,
compared with the Ctrl group). ROS release was increased
under the condition of hypoxia, and this effect was reversed by
MLT (Fig. 4A and B; P<0.001 for hypoxia vs. hypoxia+MLT).

Positive feedback between ROS and VEGF in HUVECs. To
identify the association between ROS and VEGF, HUVECs
were stimulated with different concentrations of recombinant
human VEGF. Exogenous VEGF promoted the release of
ROS in a dose-dependent manner (Fig. 5A; P<0.05 for Ctrl
vs. 2.5 ng/ml VEGF or P<0.01 for Ctrl vs. 5 ng/ml VEGF).
H,0, is frequently applied as the representative ROS in
modeling and inducing oxidative stress, thus, H,O, was used
as an inducer of ROS (13,14). Treatment with H,0, enhanced
the production of ROS to a certain extent (Fig. 5B; P<0.05 for
Ctrl vs. 100 uM H,0, or Ctrl vs. 200 uM H,0,; or P<0.001
for Ctrl vs. 500 uM H,0, or Ctrl vs.1,000 uM H,0,). Based
on its cytotoxicity, a dose of 50 uM H,0, was selected for
subsequent experiments. As indicated in Fig. 5C, the expres-
sion of VEGF was significantly upregulated by H,0, (P<0.01
compared to ctrl group).
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Figure 3. MLT obstructs the expression of VEGF induced by hypoxia. HUVECs were (A) cultured under normoxia or hypoxia conditions, (B) or treated with
or without MLT (1x10° M) for 24 h. The mRNA expression of HIFIA was detected by RT-qPCR. (C) HUVECs were cultured under normoxia or hypoxia
conditions for 24 h, and the mRNA expression of VEGF was detected by RT-qPCR. (D) The secretion of VEGF was detected by ELISA. (E) HUVECs were
treated with or without MLT (1x10-° M) under the condition of normoxia or hypoxia for 24 h, and then the expression of HIF-1a. and VEGF was measured by
western blotting. (F) The statistics histogram of HIF-1a. (G) The statistics histogram of VEGF. Data are presented as the mean + standard error of the mean.
“P<0.05, “P<0.01 or “"P<0.001. VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein endothelial cells; Ctrl, control; MLT, melatonin;
HIF-1a, hypoxia inducible factor-1a; HIF1A, HIF-1a; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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Figure 4. MLT suppresses the release of ROS, particularly under the condition of hypoxia. (A and B) The release of ROS was detected by flow cytometry
following treatment with or without MLT (1x10*° M) under normoxia or hypoxia for 6 h. Data are presented as the mean * standard error of the mean,
“"P<0.001. MFI, mean fluorescence intensity; Ctrl, control; MLT, melatonin; ROS, reactive oxygen species; NS, no significant difference.

MLT inhibits the viability and angiogenesis of HUVECs 2 h. It was determined that the release of ROS and the induc-
by disrupting the crosstalk between ROS and VEGF. As tion of VEGF upregulated by H,0, were inhibited by MLT
indicated by the aforementioned results, exogenous H,O, (Fig. 6A-D; P<0.01 for Ctrl vs. MLT or P<0.001 for H,0O,
stimulates the expression of ROS and VEGF in HUVECs.  vs. MLT+H,0,). Furthermore, MLT reversed the stimulatory
HUVECs were pretreated with H,0, (50 uM) or VEGF effect of H,0, on VEGF expression in HUVECs (Fig. 6E;
(5 ng/ml) for 4 h, and then cultured with or without MLT for  P<0.001 for H,O, vs. MLT+H,0,). To examine the effects
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sion of VEGF in HUVECs was detected by FCM. Data are presented as the mean + standard error of the mean, "P<0.05, “P<0.01 or ““P<0.001, compared
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H,0, (50 uM) for 4 h, followed by MLT (1x10° M) for 6 h, and then the release of ROS was detected by flow cytometry. (B) The statistics histogram for (A).
(C) HUVECS were pretreated with VEGF (5 ng/ml) for 4 h, followed by MLT (1x10° M) for 6 h, and then the release of ROS was detected by flow cytometry.
(D) The statistics histogram for. (C) Following treatment with H,O, for 4 h and MLT for 6 h, (E) the expression of VEGF and (F) viability of HUVECs
was detected by flow cytometry and a Cell Counting kit 8 assay, respectively. (G) Following stimulation with MLT, H,0, or VEGF alone, or combined
treatment with MLT. Tube formation of HUVECs was measured with a tube formation assay. (H) The statistics histogram for (G). Data are presented as the
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Fhk

P<0.001. Blank, blank control (PBS treatment); MFI, mean fluorescence

intensity; ROS, reactive oxygen species; CCK8, Cell Counting kit 8; Ctrl, control; VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein

endothelial cells; MLT, melatonin.

of H,0, treatment on HUVECs, cell viability in response
to H,0, stimulation was detected. H,0, was observed to
promote the viability of HUVECs (Fig. 6F; P<0.001 for
Ctrl vs. H,0,). However, treatment with additional MLT
significantly weakened this effect (Fig. 6F; P<0.01 for H,O,
vs. MLT+H,0,). Additionally, MLT suppressed the tube
formation of HUVECs that was induced by H,O, or VEGF
(Fig. 6G and H; P<0.05 for H,0, vs. MLT+H,0, or P<0.001
for VEGF vs. MLT+VEGF).

MLT combined with KC7F2 severely disrupts the
growth and angiogenesis of HUVECs by targeting the
hypoxia/ROS/VEGF axis. KC7F2 has been reported to
have an inhibitory effect on the expression of HIF-la.
KC7F2 decreased cell viability in a dose-dependent manner

(Fig. 7A; P<0.01 for Ctrl vs. 20 uM KC7F2 or P<0.001 for
Ctrl vs. 200 uM KC7F2, compared with the Ctrl group). It
was also identified that a dose of 20 uM KC7F2 suppressed
the release of ROS (Fig. 7B; P<0.001 for Ctrl vs. KC7F2),
production of VEGF (Fig. 7C; P<0.001 for Ctrl vs. KC7F2),
cell viability (Fig. 7D; P<0.01 for Ctrl vs. KC7F2) and
tube formation (Fig. 7E and F; P<0.01 for Ctrl vs. KC7F2)
in HUVECs. Combined treatment with KC7F2 and MLT
resulted in reduced ROS release, VEGF production, cell
viability and angiogenesis of HUVECs, compared with
KC7F2 alone (Fig. 7B-F; P<0.05 for KC7F2 vs. MLT+KC7F2
or P<0.01 for KC7F2 vs. MLT+KC7F2). These results
indicate that MLT combined with KC7F2 suppresses the
growth and angiogenesis of HUVECs by targeting the
hypoxia/ROS/VEGF axis.
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Figure 8. Schematic presentation of the anti-angiogenesis role of MLT via
targeting of the HIF-1a/ROS/VEGF axis. Under the condition of hypoxia,
the release of ROS and expression of VEGF are enhanced, which appears
to be dependent on HIF-1a due to KC7F2 (a novel small molecule HIF-1a
translation inhibitor) inhibiting these effects. There is a positive feed-
back mechanism between ROS and VEGF, which contributes to the high
viability and angiogenesis of HUVECs. MLT could effectively suppress
hypoxia/HIF-10/ROS/VEGF-induced growth and angiogenesis of HUVECs,
particularly in combination with KC7F2. HIF-la, hypoxia-inducible
factor-la; HUVECSs, human umbilical vein endothelial cells; ROS, reactive
oxygen species; VEGF, vascular endothelial growth factor; MLT, melatonin.

Discussion

Numerous studies in recent years indicated that MLT
markedly inhibits the proliferation and metastasis of cancer
cells (26,27,30,32,36), and therefore could suppress the
progression and development of cancer, reduce the risk of
mortality and adverse events, and even improve prognosis and
quality of life. Tumor growth, development and metastasis
are associated with angiogenesis, particularly for solid
tumor types (2,6,8,36,45,46). Endothelial cells in the tumor
microenvironment serve a pivotal role in the development and
progression of cancer through modulating angiogenesis (8,45).
Previous studies demonstrated that pharmacological
concentrations of MLT have a direct anti-angiogenic
effect though the suppression of proliferation in vascular
endothelial cells, as well as an indirect effect via inhibition of
pro-angiogenesis cytokines, including VEGF, epidermal growth
factor and insulin-like growth factor (37,41,47). VEGF is one of
the most potent pro-angiogenic cytokines, which specifically
triggers the proliferation of endothelial cells and increases
permeability (48). However, the underlying mechanisms of this
remain poorly elucidated. Previous studies in this area have only
been preliminary and the effect of MLT on VEGF expression
and the underlying mechanisms remain ambiguous (37,41,47).
In the present study, MLT markedly restrained viability and
disrupted tube formation in HUVECsS, and this effect was
dependent on VEGF. Additionally, 1x10°> M MLT decreased
the cell viability. However, 1x10° M MLT significantly
suppressed cell viability to 30%, and these HUVECs would be
dead. Therefore, in the present study 1x10° M was selected in
the subsequent trials, and the effect of MLT on the apoptosis
and death of HUVECS should be studied further.

Tumor angiogenesis is a key process for delivering oxygen
and nutrients to growing tumors, and therefore is considered
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an essential characteristic of the microenvironment in solid
tumor types (49). The production of certain angiogenic
cytokines and growth factors is regulated by hypoxia, while
tumor angiogenesis and subsequent rapid tumor growth also
further accelerate tumor hypoxia (37,38). This feedback
mechanism is a critical factor resulting in pathogenic
features of cancer, including poor treatment prognosis, and
progression to malignancies and metastatic disease (48). In
the present study, it was determined that MLT could inhibit
hypoxia-induced HIF-1a expression in HUVECs at mRNA
level and protein level. However, the role of MLT on HIFIA
at transcriptional level in nuclear extracts and the detailed
mechanism require further study. Additionally, it was observed
that hypoxia stimulated VEGF production. Inhibitor of HIF-1a
significantly downregulated VEGF expression. However,
whether the regulation of hypoxia on VEGF depends on the
specific transcriptional activation of HIFIA on VEGF remains
to be further studied.

Chronic hypoxia is the primary cause of high concentra-
tion ROS formation within tumor cells (50). ROS, which are
produced by numerous physiological oxidative activities and
stress reactions in the body, are also associated with numerous
physiological, including cell autophagy and immunoregula-
tion, and pathophysiological, including tumor progression,
processes (51-54). At low levels, ROS exhibit beneficial effects,
serving as signaling molecules by regulating intracellular
signals and maintaining homeostasis, including in the
processes of proliferation, differentiation, adhesion, migra-
tion, invasion and apoptosis; however, at high levels, ROS are
deleterious to cells, resulting in damage to proteins, lipids and
DNA, and eventually resulting in autophagy and programmed
cell death (55,56). An increased level of ROS has been demon-
strated to promote cell proliferation, cell migration, cell survival
and epithelial-mesenchymal transition through activating
the mitogen-activated protein kinase and Ras-extracellular
signal-regulated kinases pathway (57,58), finally resulting in
oxidative stress, which initiates carcinogenesis (59). Previous
evidence indicates that ROS may act as second messengers in
response to hypoxia, and serve an important role in stabilizing
HIF-1a protein and inducing the production of angiogenic
factors. Furthermore, chemical antioxidants suppress HIF-1a
accumulation and inhibit the transcription of VEGF via a
mechanism that involves ROS (55).

Inthe present study, it was determined thathypoxiaenhances
the release of ROS and VEGF expression. Additionally, there
is a positive feedback mechanism between ROS and VEGEF,
which contributes to the high viability and angiogenesis of
HUVECs. Notably, MLT could effectively suppress these
effects, particularly in combination with KC7F2 (a novel
small molecule HIF-1la translation inhibitor). Collectively,
these results indicate that MLT inhibits the viability and
angiogenesis of HUVECs by targeting the HIF-1a/ VEGF/ROS
axis. Wang et al (60) demonstrated that MLT downregulates
the MLT nuclear receptor RZR/RAR related orphan
receptor (ROR)y expression causing growth-inhibitory and
anti-angiogenesis activity in human gastric cancer cells
in vitro and in vivo. However, whether RZR/RORY is involved
in the effect of MLT on the HIF-1a/VEGF/ROS axis requires
further investigation. Additionally, ROS can regulate the B-cell
lymphoma 2 family via direct and indirect mechanisms (61,62),
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indicating that tumor growth is also inversely associated with
the level of ROS. Therefore, the effect of KC7F2 and ROS on
the apoptosis of HUVECS should be studied further.

In conclusion, as depicted in Fig. 8, the present observa-
tions demonstrate that hypoxia upregulates the level of ROS
and VEGEF in a direct manner and HIF-1a-dependent manner.
ROS production results in an increase in the viability and angio-
genesis of HUVECs. As an important angiogenesis growth
factor, VEGF can directly promote angiogenesis of HUVECs.
Furthermore, VEGF increases ROS production and amplifies
the stimulatory effect of ROS on the viability and angiogenesis
of HUVECs. MLT serves a dual role in the inhibition of angio-
genesis, acting directly as a growth-associated inhibitor, or
indirectly as an antioxidant and free radical scavenging agent.
MLT suppresses the viability and angiogenesis of HUVECs
through downregulating the hypoxia/HIF-10/ROS/VEGF
pathway in vitro. As an inhibitor of HIF-1a, KC7F2 can exert
an anti-angiogenesis effect synergistically with MLT in vitro.
In summary, the present data indicate that MLT may be a
potential anticancer agent in solid tumors with abundant blood
vessels, particularly in combination with KC7F2. However,
further in vivo studies and trials are required.
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