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A hallmark of severe inflammation is reactive oxygen species (ROS) overproduction induced by increased
inflammatory mediators secretion. During systemic inflammation, inflammation mediators circulating in the
bloodstream interact with endothelial cells (ECs) raising intracellular oxidative stress at the endothelial mono-
layer. Oxidative stress mediates several pathological functions, including an exacerbated EC migration.
Because cell migration critically depends on calcium channel-mediated Ca2+ influx, the molecular identification
of the calcium channel involved in oxidative stress-modulated EC migration has been the subject of intense
investigation.
The transient receptor potential melastatin 4 (TRPM4) protein is a ROS-modulated non-selective cationic channel
that performs several cell functions, including regulating intracellular Ca2+ overload and Ca2+ oscillation. This
channel is expressed in multiple tissues, including ECs, and contributes to the migration of certain immune cells.
However, whether the TRPM4 ion channel participates in oxidative stress-mediated EC migration is not known.
Herein, we investigate whether oxidative stress initiates or enhances EC migration and study the role played by
the ROS-modulated TRPM4 ion channel in oxidative stress-mediated EC migration.
We demonstrate that oxidative stress enhances, but does not initiate, ECmigration in a dose-dependentmanner.
Notably, we demonstrate that the TRPM4 ion channel is critical in promoting H2O2-enhanced EC migration.
These results show that TRPM4 is a novel pharmacological target for the possible treatment of severe inflamma-
tion and other oxidative stress-mediated inflammatory diseases.

© 2014 Elsevier Inc. All rights reserved.
Introduction

It is well-accepted that inflammatory diseases are inexorably ac-
companied by an increased reactive oxygen species (ROS) concentra-
tion through increases in ROS production and a decrease in the
cellular reducing capacity (Closa and Folch-Puy, 2004; Droge, 2002).
ROS comprises a group of oxidative molecules that include the
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superoxide radical (O2
•−), hydrogen peroxide (H2O2), and the hydroxyl

radical (•OH) (Droge, 2002). While low ROS concentrations are neces-
sary for normal cellular processes, high ROS levels have deleterious ef-
fects on cells (Bryan et al., 2012; Cabello-Verrugio et al., 2011; Droge,
2002; Echeverria et al., 2013; Morales et al., 2012; Nagata, 2005;
Nunez-Villena et al., 2011). ROS-induced damage is principally due to
protein modification, which alters their function and promotes abnor-
mal cell processes (Droge, 2002; Griendling et al., 2000).

In contrast to mild inflammation, during acute and chronic severe
inflammation, the immune systemproduces an uncontrolled inflamma-
tory response involving oversecreted inflammation mediators, includ-
ing pro-inflammatory cytokines and cell-derived proteins (Closa and
Folch-Puy, 2004; Nagata, 2005). The cell response generated by the
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mediators of inflammation is characterized by ROS overproduction,
which increases cellular oxidative stress (Cai and Harrison, 2000;
Closa and Folch-Puy, 2004; Nagata, 2005).

For systemic inflammation, high levels of inflammation mediators
are released in the bloodstream and can directly interact with endothe-
lial cells (ECs) in the inner wall of blood vessels (Closa and Folch-Puy,
2004; Muller and Griesmacher, 2000), which increases ROS production
and, thus, raises intracellular oxidative stress in ECs. Therefore, ROS
interact with the endothelial monolayer and raise the intracellular
level of oxidative stress in ECs.

Oxidative stress mediates several physiological and pathological
functions. ROS is involved in cell migration for several cell types. ROS
has been shown to regulate migration for smooth muscle cells (Lo
et al., 2005; Lu et al., 2013; Wang et al., 2004a, 2004b), immune cells
(Cook-Mills, 2002; Van der Goes et al., 2001), astrocytes (Lin et al.,
2012), and lung cancer cells (Luanpitpong et al., 2010), among others.

Specifically for ECs, augmented oxidative stress stimulates ECmigra-
tion. Vascular endothelial growth factor (VEGF)-induced human EC
migration is stimulated via NAD(P)H oxidase (NOX)-derived ROS
production in a Rac1-dependent mechanism (Coso et al., 2012; Ikeda
et al., 2005; Kaplan et al., 2011; Stone and Collins, 2002; Ushio-Fukai,
2006; Yamaoka-Tojo et al., 2004). Furthermore, a role for ROS generated
byNOX-2 andNOX-4 in ECmigration has been demonstrated (Pendyala
et al., 2009). In addition, VEGF-induced ECmigrationwas suppressed by
adding the antioxidant vitamin E to mitochondria and overexpressing
mitochondrial catalase (Wang et al., 2011). Similar results were gener-
ated through mitochondrial DNA depletion (Wang et al., 2011). These
findings suggest a role for ROS in promoting EC migration.

Cell migration depends on Ca2+ influx-induced intracellular calcium
changes to produce [Ca2+] gradients (Goumans et al., 2008; Potenta
et al., 2008). Several studies have shown that changes in intracellular cal-
cium concentrations are a decisive step in EC migration (Kimura et al.,
2001; Tran et al., 1999). Inhibiting Ca2+ influx through channel blockers
markedly abolishes EC migration (Wu et al., 1997; Yoshikawa et al.,
1999). Nonetheless, the molecular identity of the ion channel involved
in controlling Ca2+ influx during oxidative stress-mediated ECmigration
remains unknown.

The transient receptor potential melastatin 4 (TRPM4) is a Ca2+-
activated non-selective ion channel permeable to monovalent cations,
such as Na+ and K+, but is virtually impermeable to divalent ions,
such as Ca2+ and Mg2+ (Launay et al., 2002; Nilius et al., 2003).
TRPM4 performs several cell functions, including regulating intracellu-
lar Ca2+ overload and Ca2+ oscillation control (Launay et al., 2002,
2004; Nilius et al., 2003), and it is expressed in multiple tissues, includ-
ing arterial and vein-derived ECs (Becerra et al., 2011; Fantozzi et al.,
2003). We previously reported that TRPM4 activity is also modulated
by oxidative stress (Becerra et al., 2011; Simon et al., 2010, 2013).
Exposing TRPM4 to H2O2 abolished channel desensitization, which
yielded sustained TRPM4 activitywithout changes in the [Ca2+]i depen-
dence (Simon et al., 2010). In addition, TRPM4 is involved in immune
cell migration as bone marrow-derived mast cells (BMMCs) (Shimizu
et al., 2009), T lymphocyte migration (Weber et al., 2010), and
chemokine-dependent dendritic cell migration (Barbet et al., 2008).

Therefore, TRPM4 is a potential ECmigration regulator during oxida-
tive stress conditions. However, whether the TRPM4 ion channel partic-
ipates in oxidative stress-mediated EC migration is unknown.

Herein, we investigated whether oxidative stress initiates or en-
hances EC migration and evaluated the role of the ROS-modulated
TRPM4 ion channel in oxidative stress-mediated EC migration.

We demonstrate that H2O2 enhances, but not initiates, EC migration
in a dose-dependent manner. Noteworthy, we demonstrate that
the TRPM4 ion channel is critical for promoting H2O2-enhanced EC
migration.

These findings contribute to determining the molecular mechanism
underlying oxidative stress-mediated EC migration. These results show
that the TRPM4 ion channel is a novel pharmacological target against
severe inflammation and other oxidative stress-mediated inflammatory
diseases.

Materials and methods

Details of all procedures are provided in Online Supplementary
Material.

Cell culture

Human umbilical vein endothelial cells (HUVEC) were isolated by
collagenase (0.25 mg/mL) digestion from freshly obtained umbilical
cord veins from normal pregnancies, after patient's informed consent.
The investigation conforms with the principles outlined in the
Declaration of Helsinki. The Commission of Bioethics and Biosafety of
Universidad Andres Bello approved all experimental protocols. Cells
were grown in gelatin-coated dishes at 37 °C in a 5%:95% CO2:air atmo-
sphere in medium 199 (Sigma, MO), containing 100 μg/mL endothelial
cell growth supplement (ECGS) (Sigma), 100 μg/mL heparin, 5 mmol/L
D-glucose, 3.2 mmol/L L-glutamine, 10% fetal bovine serum (FBS)
(GIBCO, NY), and 50 U/mL penicillin–streptomycin (Sigma-Aldrich, St
Louis, USA).

Cell adhesion assay

For cell adhesion experiments, cells were harvested using trypsin,
washed and then incubated in the absence or presence of different
H2O2 concentrations for 15 min in the presence of 1% FBS. Then,
10,000 cells per well were seeded over gelatin-coated 96-well plates
(Falcon, Becton Dickinson, CA, USA) at 37 °C for 20 min in M199 plus
1% FBS. Cell adhesion was stopped by pouring off the medium. After
washing, cells were fixed with 10% ethanol for 5 min and stained with
0.2% crystal violet for 5min. After removing excess of dye, cellswere sol-
ubilized in 0.1 M NaH2PO4 in 50% ethanol for 15 min at room tempera-
ture (RT). Absorbance at 570 mn was analyzed on a microplate reader.
All assays were performed at least in triplicates in three separate sets
of experiments.

Cell-spreading assay

For cell-spreading experiments, cells were harvested using trypsin,
washed and then incubated in the absence or presence of different
H2O2 concentrations for 15 min in the presence of 1% FBS. Then,
10,000 cells per well were seeded over gelatin-coated 24-well plates
(Falcon) at 37 °C for 40 min in M199 plus 1% FBS. After washing, cells
were fixed with 10% ethanol for 5 min and stained with 0.2% crystal vi-
olet for 5min. After removing excess of dye, spread andnon-spread cells
were identified through microscopic visualization and counted. Images
were captured through a digital microscope system. The ratio spread/
total cells was calculated for each set of experimental conditions after
counting four fields per set of conditions. All assays were performed at
least in triplicates in three separates sets of experiments.

Cell migration measurement by Transwell assay

ECs migration was assayed using Transwell chambers (Costar,
Cambrige, MA, USA) with 8.0-μm-pore polycarbonate filters. Cells
were harvested using trypsin, washed and then seeded in the absence
or presence of different H2O2 concentrations for 24 h in medium con-
taining 1% FBS on the upper compartment of the chamber. To stimulate
cell migration, 10% FBS was added to the lower compartment of the
chamber. Thus, migration was allowed to occur for 24 h. After washing,
non-invading cells were removed from the upper surface of the mem-
brane with a cotton swab. The invading cells were fixed with 10%
ethanol for 5 min and stained with 0.2% crystal violet for 5 min. Images
were captured through a digital microscope system. Cell migration was
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evaluated by counting four fields per chamber in every condition. All as-
says were performed at least in triplicates in three separate sets of
experiments.

Cell migration measurement by wound-closure assay

ECs were harvested using trypsin, washed and then seeded until
reached a monolayer. Then, cell culture were scratched with a 10 μL
sterile tip and washed to remove detached cells and debris. Cells were
then incubated in medium containing 1% FBS and different H2O2 con-
centrations. After 8 h cells were fixed with methanol for 2 min. Images
of each wound were captured through a digital microscope system
(Motic microscope AE31 with moticam 2300, Motic Instruments Inc.,
Hong Kong, China). The ratio of wound closure percentage was deter-
mined using a software analysis system (Motic Images Plus 2.0, Motic
Instruments Inc.). In brief, cell margins were outlined in each image,
and the uncovered area of each wound was compared between
vehicle-treated cells and vehicle-treated cells. For the quantification of
the migrated distance in the wound-closure assay, the lineal migrated
distance of several cells wasmeasured at 8 h. All assays were performed
at least in triplicates in three separate sets of experiments.

Small interfering RNA against TRPM4 and transfections

SiGENOME SMARTpool siRNA against TRPM4 (four separated
siRNAs per TRPM4 transcript) were purchased from Dharmacon
(Dharmacon, Lafayette, CO). Non-targeting siRNA (siRNA-CTRL) was
used as a control. In brief, HUVEC were plated overnight in 24-well
plate and then transfected with 5 nM siRNA of siRNA-CTRL or
siRNA–TRPM4 using DharmaFECT 4 transfection reagent (Dharmacon)
used according to the manufacturer's protocols in serum-free medium
in Opti MEM (Gibco) for 6 h.

Quantitative PCR and Western blotting for TRPM4

Cells transfected with siRNA-CTRL or siRNA–TRPM4 were subjected
to qPCR andWestern blotting for TRPM4. QPCR: Total RNAwas extract-
ed with Trizol according to the manufacturer's protocol (Invitrogen,
Carlsbad, CA). DNAse I-treated RNA was used for reverse transcription
using the Super Script II Kit (Invitrogen, Carlsbad, CA). Equal amounts
of RNA were used as templates in each reaction. QPCR was performed
using SYBR Green PCR Master Mix (AB Applied Biosystems, Foster
City, CA). Data are presented as relative mRNA levels of the gene of in-
terest normalized to relative levels of 28S mRNA. Western blotting:
Whole cell extracts were subjected to 12% SDS-PAGE. Resolved proteins
were transferred to a nitrocellulosemembrane, blocked, and then incu-
bated ON with the anti-TRPM4 antibody (Origene, Rockville, MD). Tu-
bulin was used as a loading control (Sigma). TRPM4 protein content
was determined by densitometric scanning of immunoreactive bands
and intensity values were obtained by densitometry of individual
bands compared with tubulin and normalized against siRNA-CTRL.
Details of procedures, primers sequences, PCR protocols, and further
details are provided in the online supplement.

Cell depolarization measurements

Cells were grown in medium containing 1% FBS and loaded with
150 nM of the cell membrane depolarization indicator bis-(1,3-
dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)) for 30 min at
25 °C and fluorescence was measured at 488 nm. Briefly, in the resting
state, DiBAC4(3) is excluded from the cell. Upon plasma membrane de-
polarization, DiBAC4(3) enters into the cell and can be detected with
flow cytometry analysis by the increase in fluorescence. Experiments
were performed using a FACSCanto flow cytometry system and analysis
was performed using FACSDiva software (BD Biosciences, CA, USA). A
minimum of 15,000 viable cells/sample was analyzed.
Reagents

Hydrogen peroxide, buffers and salts were purchased from Merck
Biosciences (Darmstadt). PMA, NAC, DPI and APO were purchased
from Sigma-Aldrich (St. Louis, MO).

Data analysis

All results are presented as mean ± SD. Student's t test and ANOVA
followed by the Bonferroni or Dunn's post hoc tests were used and
considered significant at least a P b 0.05.

Results

Oxidative stress enhances, but not initiates, endothelial cell migration

To test whether oxidative stress enhances ECmigration, we evaluat-
ed adherence and spreadingproperties in the presence or absence of the
cellular oxidizing agent hydrogen peroxide (H2O2). As shown in Fig. 1A,
H2O2 promoted an increase in cell adhesion. Additionally, cells were
seeded onto collagen-coated plates in the presence or absence of H2O2

to determine whether the oxidant affected EC spreading on a collagen
matrix. Figs. 1B–D depict crystal violet-stained cells and demonstrate
that H2O2-treated ECs have greater cell spreading extension over the
matrix compared with vehicle-treated ECs. Quantification for this ex-
periment showed a significant increase in the proportion of cells spread
after H2O2 exposure (Fig. 1E), which suggests that the oxidant induces
enhanced cell migration.

Next, we used a transwell cell migration assay, wherein ECs were
placed on a top chamber with a higher concentration of serum added
to the lower chamber to create a serum gradient for chemotactic stimu-
lation. The experiments were performed in the presence or absence of
H2O2. Our results show an increase in H2O2-treated EC migration
(Figs. 2A–C), and EC migration with the oxidant was greater than
under vehicle-treatment conditions (Fig. 2D).

Furthermore, we used a cell monolayer-wounding assay to evaluate
whether H2O2 could induce EC migration. Significant increases in cell
migration were measured through observing wound closure when
ECs were exposed to 0.1 to 10 μM of H2O2 after 6 and 8 h compared
with vehicle-treated cells (Figs. 3A–B). In addition, the migrated
distance was severely augmented in ECs exposed to H2O2 (Fig. 3C).

Changes in cell proliferation and viability interfere with cell migra-
tion analyses. We performed our experiments in a culture system
using a low serum culture medium to avoid changes in proliferation
or viability. We did not observe a significant increase in cell prolifera-
tion or viability under the conditions used herein (Supp. Fig. 1). It has
been demonstrated that oxidative stress modulates cell proliferation
and viability (Simon and Stutzin, 2008), which may interfere with cell
migration analyses. We performed experiments at several H2O2 con-
centrations to evaluate whether the H2O2 challenge could modify cell
proliferation and viability. We did not observe a significant change in
cell proliferation or viability induced by H2O2 (Supp. Fig. 2). Thus,
under the experimental conditions used herein, neither cell prolifera-
tion nor viability interfered with our experiments.

Next, we were prompted to explore whether endogenous genera-
tion of ROS is able to increase EC migration. Considering that NAD(P)H
oxidase (NOX) is a important source of intracellular ROS we used the
NOX agonist, phorbol myristate acetate (PMA). PMA is a well-known
stimuli often used to activate NOX (Bevilacqua et al., 2012; Gomes
et al., 2012; Nomura et al., 2007; Price et al., 2002; Sumagin et al.,
2013). ECs were cultured in the presence or absence PMA and cell
migration experiments by means of monolayer-wounding assay were
performed. Significant increase in cell migration was observed when
ECs were exposed to different concentrations of PMA (Fig. 4A). In addi-
tion, the migrated distance was augmented in ECs exposed to PMA



Fig. 2. H2O2 exposure increases cell migration measured by Boyden-chamber migration
assay. (A–C) Representative images obtained from ECs incubated in the absence (A) or
presence of H2O2 (1 (B), and 10 (C) μM) and subjected to Transwell migration assay.
ECs were placed in the upper compartment of a Transwell chamber in 1% of FBS. In the
lower chamber 10% FBSwas added.Migrationwas allowed to occur for 24 h andmigrated
were fixed and stained with crystal violet. Bar scale represents 50 μm. (D) Bar graph sum-
marizing several experiments as showed in (A–C). Results are expressed as fold of change
relative to vehicle-treated condition (0 μMH2O2). Statistical differences were assessed by
one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed byDunn's post hoc test.
*: P b 0.05, **: P b 0.01 against vehicle-treated condition. Graph bars show themean± SD
(N= 4–5).

Fig. 1.H2O2 exposure increases cell adhesion and spreading. (A) ECswere incubated in the
absence or presence of H2O2 (1, and 10 μM) for 20min. Then, cells were removed and ad-
herent cells were fixed and stained with crystal violet. Cells were solubilized, and the re-
leased crystal violet was measured. Determinations were done at least in triplicates and
results are expressed as fold of change relative to vehicle-treated condition (0 μM H2O2).
Statistical differences were assessed by one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05, **: P b 0.01 against
vehicle-treated condition. Graph bars show the mean ± SD (N = 4–5). (B–D) Represen-
tative images obtained from ECs in the absence (B) or presence of H2O2 (1 (C), and 10
(D) μM) for 40 min and stained with crystal violet. Arrows indicate spread cells. Asterisks
indicate non-spread cells. Bar scale represents 40 μm. (E) Bar graph summarizing several
experiments as showed in (B–D). Results are expressed as the ratio of spread cells/total
cells normalized as the fold of change relative to vehicle-treated condition (0 μM H2O2).
Statistical differences were assessed by one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05, **: P b 0.01 against
vehicle-treated condition. Graph bars show the mean ± SD (N = 4–5).
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(Fig. 4B). In agreement to this, similar resultswere obtained bymeans of
Boyden chamber strategy (Supp. Fig. 3).

Our monolayer-wounding assay showed that ECs cultured in 1% FBS
for 8 h had a lowbasalmigration at ~15%,whereas in 0% FBS cultured for
8 h, cell migration changes were not observed (Supp. Fig. 4). We won-
dered whether H2O2 can initiate endothelial cell migration in cultures
without basal migration (in 0% FBS). Therefore, we performed experi-
ments on ECs cultured in 1 and 0% serum in the presence or absence
of H2O2. Hydrogen peroxide exposure did not evoke endothelial migra-
tion for cells cultured in 0% serum (Fig. 5A). Furthermore, the migrated
distance did not change (Fig. 5B). These results suggest that H2O2 can
enhance endothelialmigration, but it cannot initiate static ECmigration.

Considering that cellular metabolism of living cells is characterized
by a permanent generation of ROS, we evaluated whether reducing
agents inhibit basal ECmigration as a consequence of decreasing the in-
tracellular oxidative status. The reducing agent dithiothreitol (DTT)was
added to the culture medium, and a migration assay was performed.
DTT exposure significantly decreased EC migration (Fig. 6A). Further,
the migrated distance was severely decreased with DTT (Fig. 6B). Con-
cordant results were obtained by means of Boyden chamber strategy
(Supp. Fig. 5A). We did not observe a significant change in cell viability
using DTT (Supp. Fig. 6A). In the same line, we studied the effect of the
ROS scavenger N-acetyl cysteine (NAC) in the basal migration of endo-
thelial cells. Cells exposed to NAC showed decreased EC migration
and migrated distance (Figs. 6C–D). Similar results were obtained by
means of Boyden chamber strategy (Supp. Fig. 5B). We did not observe
a significant change in cell viability using NAC (Supp. Fig. 6B). Next, we
studied whether NOX activity was involved in the basal EC migration.
To that end, we used the NOX inhibitors diphenyleneiodonium (DPI)
and apocynin (Apo). DPI and Apo exposure significantly decreased EC
migration (Figs. 6E and G, respectively). Further, the distance migrated
was severely decreased with DPI and Apo (Figs. 6F and H, respectively).
Comparable results were obtained by means of Boyden chamber strat-
egy (Supp. Fig. 5C (for DPI) and 5D (for Apo)).We did not observe a sig-
nificant change in cell viability neither using DPI nor Apo (Supp. Figs. 6C
and D, respectively). These results suggest that the NAD(P)H oxidase
are involved in the mechanism of EC migration.

Oxidative stress enhanced-endothelial cell migration depends on the
TRPM4 ion channel

Considering that H2O2 regulates TRPM4 expression (Simon et al.,
2010), and TRPM4 is involved in immune cell migration (Barbet et al.,
2008; Shimizu et al., 2009), we studied whether TRPM4 is involved in
oxidative stress-enhanced EC migration. Although specific inhibitors
are not available for TRPM4, the sulfonylurea glibenclamide inhibits
the receptor-channel complex SUR1/TRPM4 with high affinity and
specificity (Chen et al., 2003). Additionally, the hydroxytricyclic com-
pound 9-phenanthrol rapidly inhibits the TRPM4 current without
affecting its homolog, TRPM5 (Grand et al., 2008). 9-Phenanthrol
inhibited H2O2-enhanced EC migration (Fig. 7A) and reduced the



Fig. 3. H2O2 exposure increases cell migration measured by wound-closure assay. (A) Representative images obtained from ECs incubated in the absence or presence of H2O2 (1, and
10 μM) and subjected to a wound-closure assay. Images were taken at 0, 4, 6, and 8 h. To visualize the uncovered area of each wound, cell margins were outlined in each image. Bar
scale represents 50 μm. Results are expressed in percentage relative to vehicle-treated condition (0 μM H2O2). (B) Graph summarizing several experiments as showed in (A), in which
ECs were incubated in the absence or presence of H2O2 (0.1, 1, and 10 μM). (C) Bar graph showing the migrated distance at 8 h from several experiments as showed in (A), in which
ECs were incubated in the absence or presence of H2O2 (0.1, 1, and 10 μM). Statistical differences were assessed by one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed
by Dunn's post hoc test. *: P b 0.05, **: P b 0.01 against vehicle-treated condition at 8 h. Graph bars show the mean ± SD (N = 5–6).
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migrated distance (Fig. 7B), which suggests participation of TRPM4 ion
channel. Similar results were observedwith lower 9-phenanthrol doses
(Supp. Figs. 7A and B). Similarly, Fig. 7C shows that glibenclamide re-
duced H2O2-enhanced EC migration. Consistently, glibenclamide treat-
ment also reduced the H2O2-stimulated migrated distance (Fig. 7D).
Similar results were generated using a lower glibenclamide dose
(Supp. Figs. 7C and D).
Fig. 4. PMA-induced endogenous generation of ROS increases cell migration. (A) ECs were
subjected to wound-closure assay in the absence or presence of PMA (0, 1, 5, and 10 nM).
Results are expressed in percentage relative to vehicle-treated condition (0 nM PMA).
(B) Bar graph showing the migrated distance at 8 h from several experiments as showed
in (A). Statistical differences were assessed by one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05, **: P b 0.01 against
vehicle-treated condition at 8 h. Graph bars show the mean ± SD (N = 5–6).
Next, we studiedwhether H2O2 induces the TRPM4 activity. Consider-
ing that TRPM4 activation generates plasma membrane depolarization
(Becerra et al., 2011; Simon et al., 2010), we tested whether H2O2 expo-
sure induces cell depolarization as a measuring of TRPM4 activity. ECs
exposed to H2O2 showed a significant depolarization suggesting that
H2O2 induced the TRPM4activity (Fig. 8A). These results are in agreement
with data previously reported (Becerra et al., 2011; Simon et al., 2010).
Fig. 5. H2O2 enhances, but not initiates EC migration. (A) ECs were subjected to wound-
closure assay in the absence or presence of H2O2 (1 and 10 μM) and coincubated with
1% and 0% FBS. Results are expressed in percentage relative to vehicle-treated condition
(0 μMH2O2). (B) Bar graph showing themigrateddistance at 8 h from several experiments
as showed in (A). Statistical differences were assessed by two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test. *: P b 0.05, **: P b 0.01 against vehicle-
treated condition at 8 h. Graph bars show the mean ± SD (N = 5–6).



Fig. 6. The reducing agent DTT, the antioxidant compounds NAC, and the NAD(P)H oxidase
inhibitors DPI andApocynin, inhibit basal ECmigration. (A–H)ECswere subjected towound-
closure assay in the absence or presence of DTT (1, 10, 100 and 1000 μM) (A), NAC (1, 5, and
50mM) (C), DPI (1, 5, and 50 μM) (E), and Apo (0.1, 1, and 10 μM) (G) at 1% FBS. Results are
expressed in percentage relative to vehicle-treated condition. (B, D, F, and H). Bar graphs
showing the migrated distance at 8 h from several experiments as showed in A, C, E, and
G, respectively. Statistical differences were assessed by one-way analysis of variance
(ANOVA) (Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05, **: P b 0.01 against
vehicle-treated condition at 8 h. Graph bars show the mean ± SD (N= 3–6).

Fig. 7. TRPM4 inhibitors 9-phenanthrol, and glibenclamide diminish the H2O2-enhanced
endothelial cell migration. ECs were subjected to wound-closure assay in the absence or
presence of H2O2 (1 and 10 μM) and coincubated with 1 μM 9-phenanthrol (9-phe)
(A), and 100 μM glibenclamide (gli) (C). Results are expressed in percentage relative to
vehicle-treated condition (0 μM H2O2). (B–D) Bar graph showing the migrated distance
at 8 h from several experiments as showed in (A–C, respectively). Statistical differences
were assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post
hoc test. *: P b 0.05, **: P b 0.01 against vehicle-treated condition at 8 h. Graph bars
show the mean ± SD (N = 5–6).
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To corroborate our pharmacological-based results, we used small
interference RNA (siRNA) to knockdown TRPM4 expression and un-
equivocally demonstrate that TRPM4 participates in H2O2-enhanced
EC migration. ECs were transfected with a specific siRNA against the
human TRPM4 isoform (siRNA–TRPM4) or a non-targeting siRNA
(siRNA-CTRL) used as a control. The transfected ECs were exposed to
H2O2 and subsequently analyzed by means of migration assays. The
siRNA efficiency for TRPM4 expression downregulation was N95%
analyzed at mRNA (Fig. 8B) and protein level (Figs. 8C–D). To eval-
uate the loss of functionality of TRPM4 in ECs transfected with
siRNA–TRPM4, ECs transfected with siRNA–TRPM4 or siRNA-CTRL
were exposed to H2O2 and cell depolarization was measured. ECs
transfected with a siRNA-CTRL and exposed to H2O2 showed a signifi-
cant depolarization similar than that observed in non-transfected ECs
exposed to H2O2 showed in Fig. 8A (Fig. 8E), whereas ECs transfected
with siRNA–TRPM4 and exposed to H2O2 showed a decreased depolar-
ization similar to that observed in non-transfected ECs in the absence of
H2O2 (Fig. 8E). These results suggest that siRNA–TRPM4 is efficient to
downregulate the expression and function of TRPM4 ion channel.
ECs transfected with siRNA-CTRL showed increased cell adhesion
after H2O2 exposure (Fig. 8F), similar to observations in H2O2-treated
non-transfected cells. In contrast, H2O2-treated ECs transfected with
siRNA–TRPM4 showed a significantly inhibited H2O2-mediated EC
adhesion (Fig. 8F).

Consistent with the cell-adhesion experiments, H2O2-treated ECs
transfectedwith siRNA-CTRL showed an increase in cell spreading exten-
sion (Figs. 8G–I), which was similar to observations in H2O2-treated
non-transfected cells, whereas H2O2-treated ECs transfected with
siRNA–TRPM4 abolished H2O2-mediated cell spreading extension
(Figs. 8J–L). The Fig. 8M shows the quantification for this experiment
showing that TRPM4 downregulation inhibited H2O2-mediated cell
spreading to vehicle-treatment levels.

Furthermore, we assayed migratory behavior using the Boyden-
transwell migration assay. ECs transfected with siRNA-CTRL and ex-
posed to H2O2 showed increased cell migration (Figs. 9A–B and E) sim-
ilar to the H2O2-treated non-transfected cells, whereas ECs transfected
with siRNA–TRPM4 and exposed to H2O2 showed significantly inhibited
EC migration (Figs. 9C–D and E).

Moreover, ECs transfected with siRNA-CTRL and exposed to H2O2

showed a greater wound closure percentage (Figs. 10A–B and E) sim-
ilar to that observed in H2O2-treated non-transfected cells and an
increased migrated distance (Fig. 10F). In contrast, ECs transfected
with siRNA–TRPM4 showed inhibited H2O2-enhanced EC wound
closure (Figs. 10C–D, E) and a decreased migrated distance (Fig. 10F).
Discussion

During systemic inflammation, mediators of inflammation-derived
ROS directly interact with ECs inside the blood vessel wall. As a result
of the ROS challenge, ECs acquire several properties, including exacer-
bated migration features. Although certain data have been reported to
describe the mechanism involved in oxidative stress-mediated EC
migration, primarily to discern participation by intracellular redox-
sensitive kinases and phosphatases, whether ROS-modulated ion
channels in the plasma membrane are involved remains unknown.



Fig. 8. TRPM4 downregulation inhibits H2O2-mediated cell adhesion and spreading. (A) Changes inmembrane depolarization in ECs exposed in the absence or presence of H2O2 as amea-
sure of TRPM4 activity. Results are expressed relative to vehicle-treated condition as fold of change. Statistical differences were assessed by student's t-test (Mann–Whitney). **: P b 0.01.
Graph bars show the mean ± SD (N= 3). (B) Changes in the expression of mRNA of TRPM4 by qPCR. Endothelial cells were transfected with a specific siRNA against human isoform of
TRPM4 (siRNA–TRPM4) and a non-targeting siRNA (siRNA-CTRL) used as a control. Results are expressed relative to cells transfected with siRNA-CTRL condition and normalized against
28S. Statistical differences were assessed by student's t-test (Mann–Whitney). ***: P b 0.001. Graph bars show themean± SD (N=3). (C–D) Changes in the expression of the protein of
TRPM4 byWestern blot. Endothelial cells were transfected with siRNA–TRPM4 and siRNA-CTRL and then protein expression was analyzed. (C) Representative images fromWestern blot
experiments performed for detection of TRPM4. (D) Densitometric analyses from several experiments, as shown in (C). Protein levels were normalized against tubulin, and the data are
expressed relative to siRNA-CTRL. Statistical differenceswere assessed by student's t-test (Mann–Whitney). ***: P b 0.001. Graph bars show themean± SD (N=3). (E) Changes inmem-
brane depolarization induced by H2O2 exposition in ECs transfected with siRNA–TRPM4 or siRNA-CTRL as a measure of the downregulation of the TRPM4 activity. Results are expressed
relative to vehicle-treated condition as fold of change. Statistical differences were assessed by student's t-test (Mann–Whitney). **: P b 0.01. Graph bars show the mean ± SD (N = 3).
(F) ECs transfected with siRNA–TRPM4 and siRNA-CTRL, were incubated in the absence or presence of H2O2 (1, and 10 μM) for 20 min. Then, cells were removed and adherent cells
were fixed and stained with crystal violet. Cells were solubilized, and the released crystal violet was measured. Results are expressed as fold of change relative to non-transfected
vehicle-treated condition (0 μM H2O2). Statistical differences were assessed by one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05;
**: P b 0.01 against non-transfected vehicle-treated condition. Graph bars show the mean ± SD (N = 5–6). (G–L) Representative images obtained from ECs transfected with a
siRNA-CTRL (G–L) or siRNA–TRPM4 (J–L) in the absence (G and J) or presence of H2O2 (1 (H and K), and 10 (I and L) μM) for 40min and stainedwith crystal violet. Arrows indicate spread
cell. Asterisks indicate non-spread cells. Bar scale represents 40 μm. (M)Bar graph summarizing several experiments as showed in (G–L). Results are expressed as the ratioof spread cells/total
cells normalized as the fold of change relative to non-transfected vehicle-treated condition (0 μM H2O2). Statistical differences were assessed by one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn's post hoc test. *: P b 0.05; **: P b 0.01 against non-transfected vehicle-treated condition. Graph bars show the mean ± SD (N = 5–6).
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In this study,we demonstrated that H2O2 enhances ECmigration in a
dose-dependent manner but does not initiate movement in static cells
without immune cell-derived chemoattractants. Furthermore, TRPM4
downregulation significantly decreased H2O2-enhanced EC migration,
which suggests that TRPM4 is critical to H2O2-enhanced EC migration.

Cell migration is an important feature for several normal processes.
However, increases in cell migration provoke abnormal responses and
contribute to tumor angiogenesis, anomalous reendothelialization, and
atherosclerosis (Pourgholami et al., 2008; Seetharam et al., 2006;
Wang et al., 2011).

Increased cell adhesion and spreading indicate enhanced cell migra-
tion, and our results show that H2O2 increases cell adhesion and spread-
ing. These results are consistent with the experiments performed to
determine cell migration, such as the transwell and wound-closure
assays. Hence, diverse experimental strategies indicate that H2O2

promotes a significant increase in EC migration.
An interesting finding is that H2O2 cannot initiate migration in static

ECs but only enhances basal migration. At low serum concentrations,
endothelial cells exhibit a minimal but significant basal migration,
whereas under conditions of absolute absence of serum, the ECs were
statistically static. Treatment with H2O2 only induces enhanced cell
migration, it does not initiate cell movement. We speculate that H2O2

stimulates the synthesis of multiple intracellular factors, which are not
sufficient to generate migration. Thus, several factors in the serum
must be necessary to trigger migration.

The ROS participation in controlling EC migration has been broadly
reported. Using the typical migratory stimuli for ECs (VEGF), several
studies have reported that ROS generated from NOX activity and mito-
chondria is critical for EC migration (Ikeda et al., 2005; Kaplan et al.,
2011; Pendyala et al., 2009; Ushio-Fukai, 2006; Wang et al., 2011;
Yamaoka-Tojo et al., 2004). The ROS-mediated migrationmay be a con-
sequence of oxidative molecules that modify activity in several protein
kinases and phosphatases (Ikeda et al., 2005; Kaplan et al., 2011;
Ushio-Fukai, 2006; Yamaoka-Tojo et al., 2004). Thus, through oxidation
of specific amino acidic residues in those proteins, oxidative molecule
generation controls the balance between phosphorylation and



Fig. 9. TRPM4 downregulation inhibits H2O2-enhanced cell migration measured by
Boyden-chamber migration assay. (A–D) Representative images obtained from ECs
transfected with a non-targeting siRNA (siRNA-CTRL) (A–B) or siRNA against TRPM4
(siRNA–TRPM4) (C–D) were incubated in the absence (A and C) or presence of H2O2

10 μM (B and D) and subjected to Transwell migration assay. ECs were placed in the
upper compartment of a Transwell chamber in 1% of FBS. In the lower chamber 10% FBS
was added. Migration was allowed to occur for 24 h and migrated cells were fixed and
stainedwith crystal violet. Bar scale represents 50 μm. (E) Bar graph summarizing several
experiments as showed in (A–D). Results are expressed as fold of change relative to non-
transfected vehicle-treated condition (0 μMH2O2). Statistical differenceswere assessed by
one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed byDunn's post hoc test.
*: P b 0.05, **: P b 0.01 against non-transfected vehicle-treated condition. Graph bars show
the mean ± SD (N = 5–6).

Fig. 10. TRPM4 downregulation inhibits H2O2-enhanced cell migration measured by
wound-closure assay. (A–D) Representative images obtained from ECs transfected with
a non-targeting siRNA (siRNA-CTRL) (A–B) or siRNA against TRPM4 (siRNA–TRPM4)
(C–D) were incubated in the presence of 10 μM H2O2 and subjected to a wound-closure
assay. Images were taken at 0 and 8 h. To visualize the uncovered area of each wound,
cell margins were outlined in each image. Bar scale represents 50 μm. (E) Graph summa-
rizing several experiments as showed in (A–D), inwhich ECs transfectedwith siRNA-CTRL
or siRNA–TRPM4were incubated in the absence (A and C) or presence (B and D) of H2O2

(0.1, 1, 5, and 10 μM). Results are expressed in percentage normalized relative to non-
transfected vehicle-treated condition (0 μM H2O2). (F) Bar graph showing the migrated
distance at 8 h from several experiments as showed in (A–D), in which ECs transfected
with a non-targeting siRNA (siRNA-CTRL) (empty bar) or siRNA against TRPM4
(siRNA–TRPM4) (filled bar), were incubated in the absence or presence of H2O2 (0.1, 1, 5,
and 10 μM). Statistical differences were assessed by two-way analysis of variance (ANOVA)
followedbyBonferroni post hoc test. *: P b 0.05, **: Pb 0.01 against vehicle-treated condition.
Graph bars show the mean ± SD (N= 4–6).
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dephosphorylation. Furthermore, ROS increases the expression and acti-
vation of the VEGFR2 and VEGFR3 to promote migration (Gonzalez-
Pacheco et al., 2006; Wang et al., 2004a, 2004b). Besides, intracellular
oxidative stress increases could trigger the activation of endogenous
antioxidant pathways including, SOD, catalase, Nrf-2, and glutathione
peroxidase (Droge, 2002). The activation of antioxidant mechanisms
could also mediate the increase in migration stimulated by oxidative
stress. In contrast, it has been reported that EC migration is inhibited
by the CD-40 ligand through increased ROS generation (Urbich et al.,
2002) and oxidized low-density lipoprotein (van Aalst et al., 2004). In
our experiments, we used, at least, a 20-fold lower H2O2 concentration
compared with experiments that show H2O2-induced EC migration
inhibition, which may explain the difference observed. Nevertheless,
further experiments must be performed to better understand such
inconsistencies.

In addition to ROS, nitric oxide (NO) is also an important regulator
for EC migration. eNOS knockout mice show impaired angiogenesis in
response to ischemia-induced oxidative stress (Murohara et al., 1999).
Moreover, Akt/PKB-dependent VEGF-induced ECmigration is increased
through NO addition (Morales-Ruiz et al., 2000, 2001). These data sug-
gest that several molecules, which produce an oxidative environment,
contribute to increased EC migration.

The predominant vascular ROS source that promotes ECmigration is
a major concern. Intracellular ROS are generated by several endothelial
sources, including NOX, xanthine oxidase, the mitochondrial electron
transport chain, and NO synthase (Cave et al., 2006; Griendling et al.,
2000; Shin et al., 2008; Sorescu and Griendling, 2002; Takimoto et al.,
2005). It has been reported that NOX-derived ROS stimulates EC
migration (Ikeda et al., 2005; Kaplan et al., 2011; Ushio-Fukai, 2006;
Yamaoka-Tojo et al., 2004). In addition, we previously demonstrated
that NOX-2 and NOX-4 are important ROS sources in an endothelial
model for endotoxin-induced systemic inflammation, which suggests
that NOX may be important for EC migration (Simon and Fernandez,
2009). On the other hand, it has been reported that mitochondria-
derived ROS promote EC migration, which suggests that mitochondria
may be the relevant oxidant source (Wang et al., 2011). Further studies
are necessary to better understand this mechanism.
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Because changes in intracellular Ca2+ levels modulate cell migra-
tion, identifying a key calcium regulator that controls cell migration is
an issue of major importance. In this context, the TRPM4 function as
regulator for internal calcium levels suggests that this ion channel
may be a plausible candidate. Herein, we demonstrate that TRPM4 is
critical to oxidative stress-enhanced EC migration. These results are
consistent with previous reports that TRPM4 activity controls mast
and dendritic cell migration, through regulating intracellular calcium
homeostasis (Barbet et al., 2008; Shimizu et al., 2009). Absence of
TRPM4 expression in a mousemodel of dendritic cells considerably im-
paired the chemokine-dependent dendritic cell migration (Barbet et al.,
2008). Furthermore, mast cells TRPM4 deficient (TRPM4 −/−), showed
a lower migration compared to wild type cells (Shimizu et al., 2009).

Considering that inflammatory process are characterized by an
increased intracellular ROS concentration, and ROS augment TRPM4 ac-
tivity through abolishing the channel desensitization, we suggest that
inflammation-induced ROS generation modulates TRPM4 activity to
control EC migration. TRPM4 activity controls the plasma membrane
potential and can prevent intracellular calcium overload through tran-
sient depolarization of the plasmamembrane (Launay et al., 2002). Fur-
ther, TRPM4 regulates the intracellular Ca2+ oscillations that control
protein expression (Launay et al., 2004). Thus, TRPM4 activity changes
directly affect intracellular calcium homeostasis, which may subse-
quently alter cell migration. Furthermore, suppression of the expres-
sion of TRPM4 modifies the cytokine production including IL-2, IL-4
and IFN-gamma in lymphocytes, which could alter cell migration
(Launay et al., 2004; Weber et al., 2010). Additional studies are needed
to demonstrate that similar alteration occurs in EC affecting endothelial
migration.

The TRPM4 ion channel is highly expressed in the endothelia for dif-
ferent vessels, including arterial and vein endothelial cells. This study
was performed using ECs from veins. Although it is reasonable to
propose that TRPM4modulates ECmigration in all blood vessels, further
experiments are necessary to support this hypothesis.

TRPM4 is an ion channel involved in tumor cells progression and
metastasis. Those cells acquire a migratory phenotype to promote an-
giogenesis andmigration to other tissues supports ourfindings. Because
the tumor environment is predominantly oxidative, ROS-induced
changes in TRPM4 activity correlate well with enhanced cancer cell
migration.

Taken together, the findings reported here show that oxidative
stress is effective at enhancingbut not initiating cellmigration. Thus, en-
hanced oxidative molecules alter normal motility for healthy ECs to in-
creased pathogenic migration. Noteworthy, our findings demonstrate
that TRPM4 is critical to oxidative stress-enhanced endothelial cell mi-
gration. These findings may be useful in understanding the molecular
mechanism that controls ECmigration during inflammation andas a po-
tential pharmacological target for drug design tomodulate ECmigration
under pathological conditions.
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