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Abstract

Background and Purpose: Regulation of the homeostasis of vascular endothelium is critical for the processes of vascular
remodeling and angiogenesis under physiological and pathological conditions. Urotensin Il (U-ll), a potent vasoactive
peptide, participates in vascular and myocardial remodeling after injury. We investigated the protective effect of U-Il on
doxorubicin (DOX)-induced apoptosis in cultured human umbilical vein endothelial cells (HUVECs) and the potential
mechanisms involved in this process.

Experimental Approach: Cultured HUVECs were treated with vehicle, DOX (1 uM), U-Il, or U-ll plus DOX. Apoptosis was
evaluated by DNA strand break level with TdT-mediated dUTP nick-end labeling (TUNEL) staining. Western blot analysis was
employed to determine the related protein expression and flow cytometry assay was used to determine the TUNEL positive
cells.

Key Results: U-ll reduced the quantity of cleaved caspase-3 and cytosol cytochrome c and increased Bcl-2 expression, which
results in protecting HUVECs from DOX-induced apoptosis. U-Il induced Activating transcription factor 3 (ATF3) at both
mRNA and protein levels in U-ll-treated cells. Knockdown of ATF3 with ATF3 siRNA significantly reduced ATF3 protein levels
and U-Il protective effect under DOX-treated condition. U-Il downregulated p53 expression in DOX-induced HUVECs
apoptosis, and it rapidly activated extracellular signal-regulated protein kinase (ERK) and Akt. The DOX induced change of
p53 was not affected by U-ll antagonist (urantide) under ATF-3 knockdown. The inhibitory effect of U-lIl on DOX-increased
apoptosis was attenuated by inhibitors of ERK (U0126) and PI3K/Akt (LY294002).

Conclusion and Implications: Our observations provide evidence that U-Il protects HUVECs from DOX-induced apoptosis.
ERK-Akt phosphorylation, ATF3 activation, and p53 downregulation may play a signal-transduction role in this process.
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known to be a key mechanism in the progression of atherosclerosis
and other cardiovascular diseases.
One of the most potent vasoactive peptides is urotensin-II (U-1I;

Introduction

Vascular endothelial cell injury is the critical event in the

pathogenesis of cardiovascular diseases [1]. Prevention of vascular
endothelial cell apoptosis may ameliorate endothelial function and
angiogenesis [2]. Therefore, anti-apoptotic agents may be
potential candidates that affect vascular remodeling, which is
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also known as urotensin-2), which is a cyclic peptide synthesized
through proteolytic cleavage of a precursor molecule, prepro-U-II
[3]. U-II signaling has been identified to be via the urotensin
receptor (previously called GPR14) [4]. U-II and GPR14 are
highly expressed in endothelial and smooth muscle cells involved
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in vascular remodeling [5]. They have been associated with several
cardiovascular pathologies including pulmonary vascular and
atherosclerosis remodeling [5,6]. Our previous study [2] also
validated U-II plays an important role in cardiovascular remod-
eling. However, the molecular mechanisms underlying activation
of endothelial cells by U-II are still unclear.

Doxorubicin (DOX) is a well-established and a highly effective
anti-neoplastic agent [7]. However, limitations of the clinical use of
DOX are its severe side effects, including cardiotoxicity and
nephrotoxicity [8]. Apoptotic cell death has been reported to be a
key component in DOX-induced cardiotoxicity [9,10]. Further-
more, DOX induces caspase-dependent apoptotic signaling in
endothelial cells [11]. Pro-apoptotic proteins such as Fas, anti-
apoptotic proteins such as Bcl-2, the tumor suppressor protein
p53, and the PI3K/Akt pathway are involved in DOX -induced
apoptosis in human umbilical vein endothelial cells (HUVECs)
[12,13]. However, U-II treatment to protect vascular endothelial
cells from being affected by DOX has not been explored. We
accordingly investigated the effect of U-II on DOX-induced
apoptosis in HUVECs and on the related signaling pathways.

Methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum,
and tissue culture reagents were purchased from Invitrogen
Corporation (Carlsbad, CA, USA). U-II and all other chemicals
of reagent grade were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA). Urantide was obtained from Peptide
International (Louisville, Kentucky, USA). Antibodies were
purchased from Lab Frontier Co. Ltd., Seoul, Korea (anti-
GAPDH), and Cell Signaling Technology, Inc., Danvers, MA,
USA (anti-caspase-3, anti-phospho-specific, PARP, p53, ATF3
and total Akt, ERK).

Endothelial cell culture and treatments

HUVECs were obtained from PromoCell (Heidelberg, Ger-
many) as cryopreserved cells. After thawing, cells were plated in
cultured flasks and cultured to confluence in MCBD 131 medium
(PromoCell) containing 28 mM hydroxyethylpiperazine ethane-
sulfonic acid, 2% fetal calf serum, 0.1 ng ml human recombinant
epidermal growth factor, 1 ng ml human recombinant basic
fibroblast growth factor, 50 pg ml gentamycin, 50 ng ml
amphotericin B, and 1 pg ml synthetic hydrocortisone and
supplemented with a mixture (PromoCell) containing endothelial
cell growth factor and heparin. Cells were grown at 37°C in a
humidified 5% COg atmosphere for 3—4 days. Confluent cultures
between passages 2 and 10 were used for all experiments. Cells
were cultured in serum-free medium for 24 h prior to addition of
1 uM DOX in fresh serum-free medium for 24 h. U-II was added
at indicated concentrations 24 h prior to DOX treatment. In
experiments involving kinase inhibitors, cells were cultured in
serum-free-medium for 24 h, after which the inhibitors L.Y294002
(20 uM), U0126 (10 uM) or urantide (10 uM) were added 0.5 h
prior to U-II and/or DOX treatments. All inhibitors were freshly
constituted in DMSO and protected from light.

TUNEL assay

DOX' -mediated apoptosis in HUVECs was detected with
enzymatic labeling of DNA strand breaks, which were identified
using terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end-labeling (TUNEL) stain with a Cell
Death Detection kit (Roche, Mannheim, Germany) according to
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the manufacturer’s instructions. The apoptotic ratio was measured
by flow cytometry according to the manufacturer’s instructions.

Caspase-3 activity assay

In the present caspase-3 activity assay, the caspase-3 substrate
rhodamine-110 (Z-DEVD-R110) was used as a pre-fluorescent
substrate. Activity of caspase-3 was determined using a commer-
cial kit (Promega; Madison, WI, USA) according to the
manufacturer’s instructions. Briefly, after 24 h treatments with
DOX, U-II, DOX plus U-II, or vehicle, caspase-3 reagent was
added and incubated for 10 h. Levels of release of rhodamine-110
were measured with a luminescence spectrometer LS55 (Perkin-
Elmer) at an excitation wavelength of 499 nm and an emission
wavelength of 521 nm.

Western blot analysis

Western blot analysis was performed as previously described
[14]. Membranes were blocked in 10 mM Tris (pH 7.5), 100 mM
NaCl, and 0.1% Tween 20 containing 5% nonfat dry milk,
followed by incubation with primary antibody. Membranes were
washed three times and incubated with the appropriate horserad-
ish peroxidase-conjugated secondary antibody (1:5000 dilutions) to
detect bands by enhanced chemiluminescence (Amersham Biosci-

ences Corp, NJ, USA).

MTT assay

HUVEGs viability was determined by using 3-(4,5-di-
methylthiazol-2-yl)- 2,5-diphenyl tetrazolium (MTT, Sigma-Al-
drich). In brief, cells were seeded with culture medium in 96-well
microplates (4500 cells/well) and incubated at 37°C for 24 h
before drugs exposures. At the end of treatments with drugs, cells
were incubated with completed-medium containing 0.4 mg/ml
MTT at 37°C for 4 h. The reduced MT'T crystals were dissolved
in DMSO and the absorbance was detected at 570 nm with a
plate reader.

LDH assay

Lactate dehydrogenase release into culture medium (LDH
assay) were used as an estimative of cell viability [15]. In brief, cells
were seeded with culture medium in 96-well microplates
(4500 cells/well) and incubated at 37°C for 24 h before drugs
exposures. At the end of incubations, LDH assays were performed.
Lactate dehydrogenase (LDH) activity in the culture medium was
determined in agreement with manufacturer instructions (Cyto-
Tox 96-NonRadioactive Cytotoxicity Assay, Promega).

RNA Isolation and Reverse Transcription—-Polymerase
Chain Reaction (RT-PCR)

Total RNA was extracted from HUVECs using the TRIzol
method according to the protocol recommended by the manu-
facturer (Invitrogen, Carlsbad, CA, USA). For the RT-PCR
analysis, 1 g of total RNA was reverse-transcribed into comple-
mentary cDNA using a Super Script II First-Strand-Synthesis
System (Invitrogen Co., Carlsbad, USA). First-Strand cDNA was
amplified by PCR using Taq DNA polymerase. The following
protocol was used for each PCR: 94°C for 1 min (1 cycle),
followed by 9°C for 1 min, 57°C for 1 min, and 72°C for 2 min
(26 cycles), and a final extension phase at 72°C for 5 min. Primer
sequences for human ATF-3 were 5'-CGGTTTCCGTCTGG-
GCTTCT-3’ (forward) and 5'-GCACCTCAAAGCTGTTCCG-
TCCC-3' (reverse) [16]; for human p53 were 5'-CGGTTTCC-
GTCTGGGCTTCT-3' (forward) and 5'-GCACCTCAAAGCT-
GTTCCGTCCC-3' (reverse); for human GAPDH mRNA were
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5- TGAAGGTCGGTGTGAACGGATTTGG-3’ (forward) and
5'-ACGACATACTCAGCACCGGCCTCAC-3" (reverse). PCR
products were run on a 2% agarose gel containing 0.5 g/mL
ethidium bromide. The expression of pbd3 (or ATF-3) was
normalized to the expression levels of GAPDH.

Flow cytometry

HUVECs were grown on 0.1% gelatin coated 6-well plates to
confluence. HUVECs were stained with annexin V-FITC
apoptosis detection kit (BioVision, CA, USA), and apoptotic cells
identified and quantified by flow cytometry. Briefly, after exposing
to different treatments, cells were washed with PBS and then
harvested by trypsin-EDTA solution (Invitrogen). The cell
suspensions were centrifuged at 1000 rpm for 5 min to remove
trypsin-EDTA solution. Then the cells were re-suspended in 1X
binding buffer and incubated with propidium iodide (PI), annexin
V-FITC for 5 min at room temperature in the dark. The stained
cells were analyzed on a FACS flow cytometry (FACS-SCAN,
Becton- Dickinson, Franklin Lakes, NJ, USA.).

Short interfering RNA (siRNA) transfection

ATTF3 siRNAs were purchased from Santa Cruz Biotechnology.
ATF3 siRNAs and mock control oligonucleotides were transfected
using the Lipofectamine (Invitrogen) reagent according to the
manufacturer’s instructions. The final concentration of the ATF3
siRNAs for transfection was 100 nmol/L. Transfected cells were
washed with PBS; and then incubated in new culture media for an
additional 24 h for U-II and Western blot assays.

Statistical analysis

Results are expressed as mean * S.E.M. Statistical analysis was
performed using Student’s t-test or analysis of variance (ANOVA)
using Prism version 3.00 for Windows (GraphPad Software, San
Diego, CA, USA). A value of P <0.05 was considered to be
significant.

Results

Effects of U-Il on DOX-induced HUVEC cytotoxicity

It has found that low concentrations of DOX, such as 1 uM,
induced cell apoptosis in HUVECs [17]. To check cell toxicity
caused by DOX in our cultured HUVECs, we have done the
concentration-dependent testing. As shown in Figure 1A, 24 h
incubation with DOX ranging from 0.1 to 3 uM inhibited the
viability of HUVECs in a dose-dependent manner. However, no
dose of U-II inhibited the decrease of M'T'T activity induced by
further 24 h incubation with DOX (total, 48 h; data not shown).
In contrast, LDH released from HUVECs increased after
treatment with DOX. LDH release from HUVECs markedly
increased after 12 h of incubation with 1 pM DOX. At the same
time point, pretreatment with U-II inhibited LDH release from
the cells by DOX. After 24 h incubation with DOX, LDH release
increased approximately threefold compared with the control and
increased approximately one-fold even with existing U-II (Fig. 1B).
Fig. 1C shows morphological changes in HUVECs induced by
1 uM of DOX and the effect of 10 nM of U-IT on DOX -induced
cell toxicity. Pretreatment with U-II attenuated the cytotoxic effect
of DOX when cells were incubated with DOX for 24 h. However,
many vacuoles were formed in the HUVECs by DOX treatment
despite the existing U-II (Fig. 1C, left). Further 24 h incubation
(total, 48 h) of the cells with DOX eventually caused cell death,
even with existing U-II (Fig. 1C, right).

PLOS ONE | www.plosone.org

Mechanism of Urotensin Il Inhibiting Doxorubicin-Induced Cell Death

A

140
120

100 I

80

60 *
40

% viable of HUVECs

20

Ctrl 01 03 05 1

DOX

3 (u9)

400
350 *
300
250
200

150
100

% LDH activity of HUVECs

50

Ctrl 6 12 24 6 12 24 (h)

DOX

Urotensin-ll

Urotensin-ll 24h

Urotensin-ll 48h

DOX

Figure 1. Effect of U-Il on DOX-induced cytotoxicity evaluated
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT) assay (see Methods) (A) 24 h incubation with DOX
ranging from 0.1 to 3 uM inhibited the viability of HUVECs in a
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dose-dependent manner. The average of optical densities at 584 nm
in control wells is expressed as 100%. (B) U-Il inhibited LDH release from
the cells by DOX after 24 h. (C) Photomicrographs from phase-contrast
microscopy. Pretreatment with U-Il attenuated the cytotoxic effect of
DOX when cells were incubated with DOX for 24 h (left), however, the
induction of cell death at 48 hr (right). Densitometric data are means =
SEM from three separated experiments. *P <0.05 vs. control (Ctrl); #p <
0.05 vs. DOX treatment.

doi:10.1371/journal.pone.0106812.9001

Effects of U-Il on DOX -induced HUVEC apoptosis

Cell death was induced by a 24 h exposure of DOX (1 uM) in
HUVECGs replaced with fresh cell culture medium or treatment of
U-II medium or pretreatment of U-II medium (Fig. 2A). We
evaluated cell survival using MTT activity assay (Fig. 2B). Values
represent means = SEM from three separate experiments. *P <
0.05 vs. untreated control; #P <0.05 vs. U-II pretreatment.

The induction of apoptosis in DOX -treated HUVECs was
analyzed using TUNEL and DAPI staining assays and evaluated
by microscopic observation and flow cytometry. As shown in
Figure , cells incubated with 1 pM DOX for 24 h showed the
typical features of apoptosis, including the formation of condensed
and fragmented nuclei. Those apoptotic features were not
observed, however, in HUVECs pretreated with 10 nM U-II.
The influence of U-II on apoptotic markers, such as cleaved
caspase-3, cytochrome c and Bcl-2, was further evaluated by
Western blotting analysis. The cleaved caspase-3 (Fig. 3C) and
cytosol cytochrome ¢ (Fig. 3D) were greatly elevated in cells
treated with 1 uM of DOX for 24 h. Pretreatment with U-II at
10 nM significantly reduced the quantity of cleaved caspase-3 and
cytosol cytochrome ¢, compared with that in DOX-treated alone
cells. Immunoblot studies showed that U-II induced an upregula-
tion of the anti-apoptotic Bcl-2 protein in DOX-treated cells
(Fig. 3E). These results demonstrated that the pretreatment of U-
II inhibited DOX-induced variation of apoptotic markers.

DOX+Urotensin:it
7 N :

=3

Mechanism of Urotensin Il Inhibiting Doxorubicin-Induced Cell Death

U-ll-mediated protective action involves PI3K/Akt and
ERK activation

Activation of PISK/Akt and ERK is well known to suppress
apoptosis and promote cell survival [18,19]. To investigate the
signaling pathways activated by U-II, HUVECs were treated with
U-II (1-100 nM) for increasing time periods. Phosphorylation of
Akt and ERK was determined by western blot analysis. U-II
increased the phosphorylation of Akt and ERK, peaking at 15 min
(Fig. 4A and Fig. B). To investigate whether PI3K/Akt or ERK
signaling was involved in the protective action of U-II, we
pretreated cells with U-II antagonist urantide (Fig. 5A) and an
ERK inhibitor (U0126) 0.5 h prior to U-II treatment (Fig. 5B) and
cell toxicity determined by MTT activity assay (Fig. 5C).

In addition, the caspase family of cysteine proteases is
implicated in the apoptotic process of numerous cells, and its
target substrate such as PARP is proteolytically cleaved. To obtain
biochemical evidence for the protective effect of UIl in DOX-
induced apoptosis, we investigated the caspase-3 activation and
cleavage of PARP in HUVECs after PI3K inhibitor (LY294002),
or an ERK inhibitor (U0126) treatment (Fig. 5E and Fig. 5D).
Note that the protective effect on apoptosis is not significantly
different among the 1, 10 and 100 nM of U-II (p>0.05; n=15).
The pretreatment of HUVECs with LY294002 or U0126 partially
antagonized the protective action of U-II against DOX-induced
cell death, indicating that PI3K/Akt or ERK activation is involved
in the protective action of U-IIL.

U-Il inhibited induction of p53 in DOX -treated HUVEC
DOX' induced apoptosis in HUVECs via a p53-dependent
mechanism [12]. Therefore, we accordingly investigated whether
the protective effects of U-II against DOX-induced apoptosis
occur via a pd3-dependent pathway. Fig. 6A showed that p53
mRNA was rapidly induced in control cells 2 h after DOX
treatment. In contrast, the induction was markedly suppressed in
U-II pretreated cells. Western blot analysis showed that p53
protein of control cells accumulated in response to the application
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Figure 2. U-Il protected HUVECs from DOX -induced apoptosis. (A) Photomicrographs from phase-contrast microscopy. Cell death induced
by 24 h exposure to DOX (1 uM) in HUVECs replaced with fresh cell culture medium or treatment or pretreatment with U-Il medium. (B) Percent cell
viability using MTT assay. Densitometric data are means * SEM from three separated experiments. *P <0.05 vs. control (Ctrl); #p <0.05 vs. DOX

treatment.
doi:10.1371/journal.pone.0106812.g002
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experiments. *P <0.05 vs. control (Ctrl); #P <0.05 vs. DOX treatment.
doi:10.1371/journal.pone.0106812.g003

of DOX (Fig. 6B). However, the accumulation of p53 protein was
significantly downregulated in U-II co-treated cells (Fig. 6C).
These data clearly indicate that U-II inhibited p53 activation in
DOX -treated endothelial cells at both mRNA and protein levels,
suggesting that the protective effects of U-II are dependent on p53.

U-Il activated ATF3 in HUVEC

Activating transcription factor 3 (ATF3) has been reported to
inhibit DOX -induced apoptosis in HUVECs [20,21]. To
investigate whether U-II activates ATTF3 in HUVECs, we also
treated HUVECs with 10 nM U-II for increasing time periods.
The mRNA levels of ATF3 were evaluated by PCR and protein
levels of ATF3 were determined by Western blot analysis. As
shown in Fig. 7A; ATF3 mRNA was rapidly induced 2 h after U-
II treatment and then gradually returned to the basal level,

PLOS ONE | www.plosone.org

compared to control cells. Fig. 7B shows that no detectable ATF3
was observed without U-II treatment. However, when the
HUVECs were exposed to U-II (10 nM), ATF3 was rapidly
activated 15 min after U-II treatment, and the activation
continued for 60 min after stimulation. These data clearly indicate
that U-II induced ATF3 activation in HUVECs at both mRNA
and protein levels.

ATF-3 was involved on U-Il inhibit DOX -induced
apoptosis in HUVECs

To identify the signaling pathways involved in the effect of U-II,
ATF-3 siRNA, which mitigates the expression of ATF-3, was
transfected into HUVECs. The ATF-3 protein levels were
noticeably reduced by ATF-3 siRNA transfection, but U-II
induced ATF-3 increasing was reversed under ATF-3 siRNA
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doi:10.1371/journal.pone.0106812.g004

transfection with DOX treatment (Fig. 8A). It has been demon-
strated that TNF-kB induced p53 was downregulated by ATF-3.
Therefore, we further tested the level of p53 after ATF-3
knockdown and whether ATF3-p53 regulation is inhibited by
urotensin receptor antagonist. As shown in the rightmost part of
Figure 8B, the DOX-induced increase of p53 was not affected
when ATT-3 knockdown. Moreover, urantide (U-II antagonist)
cannot reverse the effects of p53 expression under DOX treatment
by ATF-3 siRNA transfection. The inhibitory effect of U-II on the
DOX -induced caspase-3 activation was partially reversed by

PLOS ONE | www.plosone.org

ontrol (Ctrl).

ATF-3 siRNA (Fig. 8C). Similarly, the inhibitory effect of U-II on
DOX -induced HUVEC apoptosis was reduced by ATF-3 siRNA
(Fig. 8D). These results revealed the involvement of the ATT-3 in
U-II’s effect on DOX -induced HUVEC apoptosis.

Discussion

U-Il protect from DOX-induced apoptosis
DOX is a potent, broad-spectrum chemotherapeutic agent
effective against solid tumors and malignant hematological disease.
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Figure 5. The protective effect of U-lIl depends on the PI3K/Akt or ERK pathway. HUVECs were pretreated with U-Il antagonist urantide and
PI3K/Akt inhibitor (A) and ERK inhibitor (B) 0.5 h prior to U-Il treatment and then incubated for 24 h with DOX (1 uM). Viability was evaluated via
western blotting analysis. (C) Treatment with LY294002 (LY) and U0126 attenuated the protective effect of U-lIl in DOX -treated HUVECs.
Densitometric data are means *+ SEM from five separated experiments. *P <0.05 vs. control; #P <0.05 vs. U-Il only group. The protective effect of U-II
was associated with cleavage of PARP and activation of caspases-3. Immunoblot studies showed that U-ll induced an upregulation of activation of
caspases-3 (D) and cleavage of PARP (E) in DOX-treated cells in the presence of LY294002 or U0126. Densitometric data are means = SEM from three
separated experiments. *P <0.05 vs. control (Ctrl); #p <0.05 vs. DOX treatment.

doi:10.1371/journal.pone.0106812.g005

The major limiting factor for DOX is its cardiotoxicity. Several dysfunction, and apoptosis caused by DOX-induced DNA
mechanisms have been suggested to underlie DOX-induced damage [22,23]. A recent study demonstrates that quercetin
cardiotoxicity, such as enhanced ROS production, mitochondrial attenuates DOX cardiotoxicity by modulating Bmi-1 expression
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Figure 6. p53 expression is reduced by U-Il at both mRNA and
protein levels in HUVECs. (A) HUVECs were treated with DOX or
DOX plus U-Il. HUVECs were treated 24 h later with 1 uM DOX for the
indicated time, and mRNA levels of p53 were evaluated by PCR. Equal
RNA loadings were documented by GAPDH (lower). (B) HUVECs were
treated with 1 uM DOX for the indicated time, and protein levels of p53
were evaluated by Western blotting. (C) HUVECs were treated with DOX
or DOX plus U-Il. HUVECs were treated 24 h later with or without 1 uM
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DOX for 24 h, and protein levels of p53 were evaluated by Western
blotting. Densitometric data are means = SEM from three separate
experiments. *P <0.05 vs. control (Ctrl); #P <0.05 vs. DOX treatment.
doi:10.1371/journal.pone.0106812.g006

[24]. In this study, we demonstrate that U-II-mediated protection
against DOX-induced endothelial apoptosis (Fig. 1 and Fig. 2). As
Bcl-2 and caspase-3 play important roles in apoptotic cell death
[25], our results demonstrated that U-II down-regulates caspase-3
expression and induces Bcl-2 expression in HUVECs (Fig 3).
These expression of Bcl-2 and caspase-3 is consistent with the
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Figure 7. U-ll activated ATF3 in HUVECs. HUVECs were treated
with 10 nM U-ll for the indicated time, and mRNA levels of ATF3 were
evaluated by PCR. (A) Equal RNA loadings were documented by GAPDH
(lower). (B) HUVECs were treated with 10 nM U-II for the indicated time,
and protein levels of ATF3 were evaluated by Western blotting.
Densitometric data are means = SEM from three separate experiments.
*P <0.05 vs. control (Ctrl).

doi:10.1371/journal.pone.0106812.g007
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doi:10.1371/journal.pone.0106812.g008
results obtained by flow cytometry with TUNEL stain (Fig 3).

The molecular mechanism of U-Il protective action from
DOX-induced impact

The mechanisms of inhibited apoptosis are associated with the
activation of the cell survival-signaling cascades phosphatidylino-
sitol 3-kinase (PI3K)/Akt or ERK [26-28]. The regulation of
apoptosis in endothelial cells is critical for the integrity of
endothelium. Studies also found that U-II promote the prolifer-
ation of rat bone marrow-derived EPCs through a process that
mvolves ERK activation [29]. In our study, we examined the
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potential inhibited apoptosis function of U-II in HUVEC and the
role of PI3K/Akt and ERK signaling in this process. These results
demonstrated that U-II inhibits DOX-induced HUVECs death
via ERK and Akt phosphorylation (see Fig. 4 and Fig. 5), and the
inhibitory effect of U-II on DOX-induced apoptosis was
attenuated by inhibitors of ERK (U0126) and PI3K/Akt
(LY294002) (see Fig. 4 and Fig. 5).

The transcription factor p53 has been reported to play a very
important role in apoptosis [23]. Activation of p53, which in turn
promotes apoptosis of tumor cells, is considered to be a key
mechanism of action of antitumor drugs, including DOX [24].
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Numerous reports indicate that p53 tumor suppressor protein is
important in regulating the apoptosis pathway, but relatively little
is known about the role of p33 in apoptosis induced by DOX in
vein endothelial cells. Our results showed that HUVEC treatment
with DOX at 1 uM induced p53 mRNA expression for 2 h
(Fig. 6A), and p53 protein activation for 6 h (Fig. 6B). This result
is consistent with previous experiments showing that DOX -
induced activation of p53 led to apoptosis in HUVECs [12].
Further, we found that U-II inhibited p53 activation in DOX-
treated endothelial cells, suggesting that the protective effect of U-
II 1s dependent on p53 to suppress DOX-induced cell death in
HUVECGs.

ATF3 is an immediate early gene found at the receiving end of
multiple stress and growth stimuli. Hasin et al., reported that the
AKT inhibitor (Triciribine) significantly abrogates ATF3 induc-
tion by angiotensin II in the left cardiac atrium. [30]. This report
places the activation of PI3K/Akt and ERK as the up-regulators
of the ATF3 inducted by angiotensin II. In our study, we revealed
that U-II could induce ATF3 at both mRNA and protein levels in
HUVEGC: (see Fig. 7A and Fig. 7B). Further, knockdown of ATF3
with ATF3 siRNA significantly reduced the U-II protective effect
on DOX-induced HUVECs apoptosis (see Fig. 8A and Fig. 8B).
However, whether the activation of PI3K/Akt, ERK and ATF3
inducted by U-II belong to the same signaling event or it happens
in parallel needs further investigation.

Clinical implication
Pharmacological protection of microvascular endothelium
might produce benefits including reduction of myocardial toxicity

References

1. Fleissner F, Thum T (2011) Critical role of the nitric oxide/reactive oxygen
species balance in endothelial progenitor dysfunction. Antioxid Redox Signal 15:
933-948.

2. Chen YL, Loh SH, Chen []J, Tsai CS (2012) Urotensin II prevents cardiomyocyte
apoptosis induced by doxorubicin via Akt and ERK. Eur J Pharmacol 680: 88-94.

3. Diebold I, Petry A, Sabrane K, Djordjevic T, Hess J, et al. (2012) The HIF1
target gene NOX2 promotes angiogenesis through urotensin-II. J Cell Sci 125:
956-964.

4. Ames RS, Sarau HM, Chambers JK, Willette RN, Aiyar NV, et al. (1999)
Human urotensin-II is a potent vasoconstrictor and agonist for the orphan
receptor GPR14. Nature 401: 282-286.

5. Watanabe T, Arita S, Shiraishi Y, Suguro T, Sakai T, et al. (2009) Human
urotensin II promotes hypertension and atherosclerotic cardiovascular diseases.
Curr Med Chem 16: 550-563.

6. Papadopoulos P, Bousette N, Giaid A (2008) Urotensin-II and cardiovascular
remodeling. Peptides 29: 764-769.

7. Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ, et al. (2012)
Doxorubicin-induced cardiomyopathy: from molecular mechanisms to thera-
peutic strategies. ] Mol Cell Cardiol 52: 1213-1225.

8. Park EJ, Kwon HK, Choi YM, Shin HJ, Choi S (2012) Doxorubicin induces
cytotoxicity through upregulation of pERK-dependent ATF3. PLoS One 7:
¢44990.

9. Mukhopadhyay P, Rajesh M, Batkai S, Kashiwaya Y, Hasko G, et al. (2009)
Role of superoxide, nitric oxide, and peroxynitrite in doxorubicin-induced cell
death in vivo and in vitro. Am J Physiol Heart Circ Physiol 296: H1466-1483.

10. Mukhopadhyay P, Batkai S, Rajesh M, Czifra N, Harvey-White J, et al. (2007)
Pharmacological inhibition of CBI cannabinoid receptor protects against
doxorubicin-induced cardiotoxicity. ] Am Coll Cardiol 50: 528-536.

11. Kotamraju S, Konorev EA, Joseph J, Kalyanaraman B (2000) Doxorubicin-
induced apoptosis in endothelial cells and cardiomyocytes is ameliorated by
nitrone spin traps and ebselen. Role of reactive oxygen and nitrogen species.
J Biol Chem 275: 33585-33592.

12. Lorenzo E, Ruiz-Ruiz C, Quesada AJ, Hernandez G, Rodriguez A, et al. (2002)
Doxorubicin induces apoptosis and CD95 gene expression in human primary
endothelial cells through a p53-dependent mechanism. J Biol Chem 277:
10883-10892.

13. Woodley-Cook J, Shin LY, Swystun L, Caruso S, Beaudin S, et al. (2006) Effects
of the chemotherapeutic agent doxorubicin on the protein C anticoagulant
pathway. Mol Cancer Ther 5: 3303-3311.

14. Chao HH, Liu JC, Hong HJ, Lin JW, Chen CH, et al. (2011) L-carnitine
reduces doxorubicin-induced apoptosis through a prostacyclin-mediated path-
way in neonatal rat cardiomyocytes. Int J Cardiol 146: 145-152.

PLOS ONE | www.plosone.org

Mechanism of Urotensin Il Inhibiting Doxorubicin-Induced Cell Death

and maintenance of the vascular functionality for the adequate
delivery of chemotherapeutics to tumor cells. Recent study
reported that U-II play an important role in vascular remodeling
via the c-Src/PKC/MAPK pathway [31]. Studies also indicated
that P53 is an important factor in regulating the apoptosis pathway
and 1s associated with the DOX-induced cardiovascular injury. In
our study, we found that U-II revers HUVECs viability inhibited
by DOX (Fig. 1B), up-regulates ATF3 activation at both mRNA
and protein levels, (Fig. 7A and Fig. 7B) and down-regulates p53
expression in HUVECs (Fig. 6A and Fig. 6B). Taken together, we
anticipate that U-II could be a treatment modality in DOX-
induced cardiovascular toxicity and a potential candidates to cure
illnesses induced by cardiovascular remodeling, such as athero-
sclerosis and congestive heart failure.

In conclusion, we demonstrate that U-II has a protective effect
against HUVEC damage induced by DOX via the induction of
ATF3, reduction of p53 expression, and upregulation of Akt and
ERK phosphorylation. This process may represent an important
mechanism for the protective effect of U-II in DOX -induced
apoptosis in HUVECGs. These findings may shed light on the
pharmacological basis of treatment of cardiovascular disease
relevant to endothelial cell damage.

Author Contributions

Conceived and designed the experiments: YLC YTT SHL CST.
Performed the experiments: YLC. Analyzed the data: YLC YTT CHL
CYC CML JJC SHL CYL. Contributed reagents/materials/analysis tools:
JJC SHL CST CYL. Wrote the paper: YLC YTT SHL CST.

15. Zanotto-Filho A, Gelain DP, Schroder R, Souza LF, Pasquali MA, et al. (2009)
The NF kappa B-mediated control of RS and JNK signaling in vitamin A-
treated cells: duration of JNK-AP-1 pathway activation may determine cell
death or proliferation. Biochem Pharmacol 77: 1291-1301.

16. Bottone FG, Jr., Moon Y, Kim JS, Alston-Mills B, Ishibashi M, et al. (2005) The
anti-invasive activity of cyclooxygenase inhibitors is regulated by the transcrip-
tion factor ATF3 (activating transcription factor 3). Mol Cancer Ther 4: 693
703.

17. Bruynzeel AM, Abou El Hassan MA, Torun E, Bast A, van der Vijgh W], et al.
(2007) Caspase-dependent and -independent suppression of apoptosis by
monoHER in Doxorubicin treated cells. Br J Cancer 96: 450-456.

18. Mendoza MC, Er EE, Blenis J (2011) The Ras-ERK and PI3K-mTOR
pathways: cross-talk and compensation. Trends Biochem Sci 36: 320-328.

19. Wong KK, Engelman JA, Cantley LC (2010) Targeting the PI3K signaling
pathway in cancer. Curr Opin Genet Dev 20: 87-90.

20. Lv D, Meng D, Zou FF, Fan L, Zhang P, et al. (2011) Activating transcription
factor 3 regulates survivability and migration of vascular smooth muscle cells.
IUBMB Life 63: 62-69.

21. Nobori K, Ito H, Tamamori-Adachi M, Adachi S, Ono Y, et al. (2002) ATF3
inhibits doxorubicin-induced apoptosis in cardiac myocytes: a novel cardiopro-
tective role of ATF3. J Mol Cell Cardiol 34: 1387-1397.

22. Arola O], Saraste A, Pulkki K, Kallajoki M, Parvinen M, et al. (2000) Acute
doxorubicin cardiotoxicity involves cardiomyocyte apoptosis. Cancer Res 60:
1789-1792.

23. Yoshida M, Shiojima I, Ikeda H, Komuro I (2009) Chronic doxorubicin
cardiotoxicity is mediated by oxidative DNA damage-ATM-p53-apoptosis
pathway and attenuated by pitavastatin through the inhibition of Racl activity.
J Mol Cell Cardiol 47: 698-705.

24. Dong Q, Chen L, Lu Q, Sharma S, Li L, et al. (2014) Quercetin Attenuates
Doxorubicin Cardiotoxicity by Modulating Bmi-1 Expression. Br J Pharmacol.

25. D’Amelio M, Sheng M, Cecconi F (2012) Caspase-3 in the central nervous
system: beyond apoptosis. Trends Neurosci 35: 700-709.

26. Park C, So HS, Kim SJ, Youn MJ, Moon BS, et al. (2006) Samul extract protects
against the HyOy-induced apoptosis of H9c2 cardiomyoblasts via activation of
extracellular regulated kinases (Erk) 1/2. Am J Chin Med 34: 695-706.

27. Raphael J, Abedat S, Rivo J, Meir K, Beeri R, et al. (2006) Volatile anesthetic
preconditioning attenuates myocardial apoptosis in rabbits after regional
ischemia and reperfusion via Akt signaling and modulation of Bel-2 family
proteins. J Pharmacol Exp Ther 318: 186-194.

28. Shizukuda Y, Buttrick PM (2001) Protein kinase C(epsilon) modulates apoptosis
induced by beta -adrenergic stimulation in adult rat ventricular myocytes via

September 2014 | Volume 9 | Issue 9 | 106812



Mechanism of Urotensin Il Inhibiting Doxorubicin-Induced Cell Death

extracellular signal-regulated kinase (ERK) activity. ] Mol Cell Cardiol 33: 30. Hasin T, Elhanani O, Abassi Z, Hai T, Aronheim A (2011) Angiotensin II

1791-1803. signaling up-regulates the immediate early transcription factor ATF3 in the left
29. Xu S, Wen H, Jiang H (2012) Urotensin II promotes the proliferation of but not the right atrium. Basic Res Cardiol 106: 175-187.

endothelial progenitor cells through p38 and p44/42 MAPK activation. Mol 31. Watanabe T, Pakala R, Katagiri T, Benedict CR (2001) Synergistic effect of

Med Rep 6: 197-200. urotensin II with mildly oxidized LDL on DNA synthesis in vascular smooth

muscle cells. Circulation 104: 16-18.

PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | 106812



