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ABSTRACT

We recently reported that NCX-4016, a derivative of aspirin containing a nitro moiety that releases nitric ox-
ide (NO) in a sustained fashion in biologic systems, is a potent cytotoxic agent inhibiting the proliferation of
cisplatin-resistant human ovarian cancer cells. Therefore, we hypothesize that NCX-4016 possesses antian-
giogenic properties. Our study with the bovine lung microvascular endothelial cells (BLMVECs) revealed that
NCX-4016 significantly induced the loss of redox-dependent cell viability in a dose- and time-dependent man-
ner, as assayed by the redox-sensitive Alamar blue cell viability assay. Fluorescence microscopy of cells la-
beled with NO-specific fluorophore (DAF-FM) confirmed that NCX-4016 generated significant levels of in-
tracellular NO. NO donors, including S-nitroso-N-acetylpenicillamine, spermine NONOate, and isosorbide
dinitrite, were less effective in causing loss of cell viability. Thiol-protectant, N-acetylcysteine, significantly at-
tenuated the NCX-4016-induced loss of cell viability, suggesting the role of alteration of thiol-redox status
therein. NCX-4016 also suppressed oxygen consumption, decreased transendothelial electrical resistance (EC
barrier dysfunction), and induced actin cytoskeletal reorganization in BLMVECs. The in vitro assay with hu-
man umbilical vein ECs and BLMVECs revealed that NCX-4016, in a dose-dependent manner, significantly
inhibited angiogenesis with almost complete inhibition at a 100-�M concentration, suggesting that NCX-4016
can act as an antiangiogenic drug. Antioxid. Redox Signal. 9, 1837–1849.
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INTRODUCTION

NITRIC OXIDE (NO), commonly known as the endothelium-
derived relaxing factor in the vasculature and an important

biologic signaling molecule, is generated by an endothelial nitric
oxide synthase that uses L-arginine as the substrate (20, 21). The
endogenously generated NO acts as a mediator of the vascular
smooth muscle relaxation through which it regulates blood-ves-
sel homeostasis (35). NO, a crucial biologically active molecule,

is also potentially toxic in nature (49). As a free radical in nature,
NO is a key player in mammalian cells in regulation of signal-
transduction cascades in the vascular, nervous, and immune sys-
tems (45). Recently, NO also was recognized as an antioxidant
molecule (38, 39). However, the nature of NO, with both toxic
and protective features, depends on the chemical reactivity of the
molecule and targets in the biologic systems (38, 45)

The cytoprotective actions of NO have been well docu-
mented. In this regard, several well-known NO donor com-
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pounds have been widely used to release NO in the biologic
systems for its protective effects against pathologic or toxic phe-
nomena (22, 30, 60). Protection against peroxide-mediated tox-
icity in lung fibroblasts and aortic endothelial cells (ECs), in-
hibition of oxidized low-density lipoprotein toxicity to aortic
ECs, and protection against tumor necrosis factor-�-induced
vascular EC toxicity are a few but not an exhaustive list of ex-
amples of the cytoprotective nature of NO (28, 40, 50, 57, 58).
Conversely, the toxic actions of NO in several cellular systems
have been extensively documented. A relation between oxida-
tive and nitrosative stress and cytotoxicity of NO has been es-
tablished (59). NO as an effector of apoptosis and its role in
the mitochondrial-mediation of apoptosis have been recognized
(2, 4). The toxicity of NO, especially generated by NO donors,
to vascular ECs has been well recognized (6, 19, 23, 26, 42).

NO has been shown to inhibit the proliferation of rat aortic
smooth muscle cells in a cGMP-independent pathway, wherein
the cytostatic action of NO has been attributed to its inhibitory
effect on ornithine decarboxylase, which generates cell prolif-
eration-mediating polyamines (20, 36). Apparently, the NO
donor drugs are promising cytostatic agents against proliferat-
ing cells (3). The cytotoxic action of NO against tumor cells
has been attributed to the inhibition of mitochondrial heme en-
zymes and tricarboxylic acid cycle (7). NO donors have been
shown to modulate angiogenesis in myocardial infarction and
solid tumors (60). The nitro derivatives of aspirin (ni-
troaspirins) have recently gained attention as safe and more
potent gastrointestinal-sparing antithrombotic drugs (55). NCX-
4016 [2-(acetyloxy)benzoic acid 3-(nitrooxymethyl)phenyl es-
ter], a derivative of aspirin containing a nitro moiety that re-
leases nitric oxide (NO) in a sustained fashion in biologic sys-
tems, has also been shown to be an effective drug in
diminishing restenosis (32). Nitroaspirin has been shown to
correct immune dysfunction in the tumor-bearing hosts and to
promote tumor eradication after cancer vaccination (10). An-
giogenesis has been identified as one of the hallmarks of can-
cer, and several therapeutic strategies to inhibit vascularization
in the neoplastic tissue have been introduced in clinical onco-
logic practice (33, 41). Cancer has been recognized as an in-
flammatory disease, and cyclooxygenase-2 (COX-2) plays a
critical role in tumorigenesis (9). Because the nitro nons-
teroidal antiinflammatory drugs (NO-NSAIDs), including
NCX-4016, have been used to suppress COX activity and as-
sociated inflammatory events (8, 43), it is conceivable that ni-
tro NSAIDs can act as antiangiogenic drugs. We recently re-
ported that NCX-4016 is a potent cytotoxic agent inhibiting
the proliferation of cisplatin-resistant human ovarian cancer
cells (3). As we have shown that NCX-4016 selectively kills
cisplatin-resistant human ovarian cancer cells and can be a po-
tential anticancer chemotherapeutic agent, we hypothesize that
NCX-4016 would also possess vascular EC-altering properties
and angiogenesis modulatory actions. We have established the
procedures for the redox-dependent cell viability and signal-
ing studies in our laboratory by using the BLMVECs as the
model EC system (53). To test our hypothesis, we chose bovine
lung microvascular ECs (BLMVECs) as an ideal EC model to
study the effects of NCX-4016 on cell viability, barrier func-
tion, and cytoskeletal alterations. Human umbilical vein ECs
(HUVECs) are widely accepted as a standard model for in vitro
angiogenesis studies with a pathophysiologic relevance to pa-

tients (13, 14). Hence, we used the in vitro angiogenesis assay
with HUVECs and BLMVECs to investigate the effects of
NCX-4016 on angiogenesis. The results of the current study
revealed that NCX-4016 induced NO-mediated loss of redox-
dependent cell viability, barrier dysfunction, and actin cyto-
skeletal reorganization in BLMVECs and inhibition of angio-
genesis in HUVECs and BLMVECs.

MATERIALS AND METHODS

Reagents

Minimum essential medium (MEM), nonessential amino
acids, aspirin, trypsin-EDTA, disodium ethylenediaminete-
tracetic acid (Na2-EDTA), H2O2 (30%), N-acetylcysteine
(NAC), isosorbide dinitrite, penicillin-streptomycin, and fetal
bovine serum, were obtained from Sigma Chemicals (St. Louis,
MO). The bovine lung microvascular ECs (BLMVECs) (pas-
sage 4) were purchased from Cell Systems (Kirkland, WA). EC
growth supplement was obtained from Upstate Biotechnology
(Lake Placid, NY). Alamar blue reagent was obtained from
Biosource International (Camarillo, CA). DAF-FM (4-amino-
5-methylamino-2�,7�-difluorofluorescein diacetate) and rho-
damine-phalloidin were purchased from Molecular Probes 
(Eugene, OR). Spermine NONOate, S-nitroso-N-acetylpenicil-
lamine (SNAP), and 2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (PTIO) were obtained from Calbiochem (San
Diego, CA). EC growth factor (ECGF) was obtained from Up-
state Biotechnology (Lake Placid, NY). Fluoromount-G was
purchased from Southern Biotechnology Associates, Inc (Birm-
ingham, AL). Glass coverslips (22-mm2 and 1-mm thick) were
obtained from Harvard Apparatus (Holliston, MA). Gold 
electrodes were purchased from Applied Biophysics Inc. (Troy,
NY). NCX-4016 [2-(acetyloxy)benzoic acid 3-(nitrooxymethyl)
phenyl ester] was obtained from NicOx (Sophia, Antipolis,
France).

EC culture

The BLMVECs were cultured in MEM containing FBS
(10%), antibiotics (1%), nonessential amino acids (1%), and en-
dothelial growth supplement and maintained at 37°C in a hu-
midified atmosphere of 95% air/5% CO2 and grown to contact-
inhibited monolayers with typical cobblestone morphology
(53). Cells from each primary flask were detached with 0.05%
trypsin, resuspended in fresh medium and subcultured in 
35-mm and 60-mm sterile dishes in complete medium to �95%
confluence under 95% air/5% CO2 for exposure to NCX-4016
and desired pharmacologic agents. BLMVECs from passages 6
to 18 were used in all the experiments. For in vitro angiogen-
esis assay, HUVECs from Cascade Biologicals (Portland, OR)
were used. Cells used for the angiogenesis assay were always
between passages 2 and 4. HUVECs were grown in RICH
medium (M200 minimal medium) supplemented with 2% FBS,
1 �g/ml hydrocortisone, 10 ng/ml human epidermal growth fac-
tor (hEGF), 3 ng/ml basic fibroblast growth factor (bFGF), and
10 �g/ml heparin in a humidified atmosphere of 95% air/5%
CO2 at 37°C.
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Cell-viability assay

Alamar blue assay is an accepted and a widely used cell-vi-
ability assay. The assay is based on the bioreduction of the dye,
resazurin, by nonspecific cellular dehydrogenases (diaphorase,
NADH dehydrogenase, and plasma membrane electron-trans-
port system) including those of the respiratory chain (44). Ala-
mar blue assay has been considered a cellular redox indicator
in addition to being nontoxic to the cells (31, 34). Previously,
we successfully used this reagent to determine the vitamin C-
induced loss of redox-dependent EC viability (53). Therefore,
the Alamar blue reduction viability assay measures overall cel-
lular redox-dependent cell viability. The BLMVECs, cultured
in 35-mm dishes (�95% confluence; 5 � 105 cells/dish) were
exposed to NCX-4016 or H2O2 or NCX-4016 � H2O2 or NO
donors (SNAP, spermine NONOate, and isosorbide dinitrite, or
aspirin) at desired concentration(s) for different time periods in
the absence and presence of pharmacologic inhibitors wherever
desired, after which the medium was removed, the cells were
washed once with 1.0 ml of PBS (37oC), and incubated with 1
ml of fresh MEM containing 100 �l of the Alamar blue reagent
(Alamar blue cell-viability assay kit; Biosource, Camarillo, CA)
for 3 h under humidified 95% air/5% CO2 atmosphere at 37°C.
The metabolic reduction of the redox probe (resazurin) of the
Alamar blue in the medium was measured spectrophotometri-
cally at 570 and 600 nm on a Molecular Devices Spectra Max
190 UV-visible plate reader, according to the manufacturer’s
instructions. The extent of Alamar blue reduction was normal-
ized to the corresponding untreated control cells and expressed
as percentage of cell viability. NCX-4016 stock solutions were
prepared in DMSO, and the final concentration of DMSO in
the incubation medium was 0.05%. Vehicle-treated controls
were also treated with MEM containing 0.05% DMSO.

Fluorescence microscopy of actin stress fibers

Formation of actin stress fibers as an index of endothelial cy-
toskeletal reorganization was analyzed by fluorescence mi-
croscopy, as described earlier (54). BLMVECs grown on ster-
ile glass coverslips (70% confluence) were treated with different
concentrations of NCX-4016 (100, 250, 500 �M) for 2 h, rinsed
twice with PBS, and fixed with 3.7% formaldehyde in PBS for
10 min at room temperature. The cells were then permeabilized
with 0.25% Triton X-100 prepared in Tris-buffered saline con-
taining 0.01% tween-20 (TBST). Actin stress fibers were visu-
alized by staining the cells with rhodamine-phalloidin (1 U/cov-
erslip) for 20 min. The cells were then rinsed with deionized
distilled water to remove excess stain. The cells were then
stained with 1% DAPI to visualize the nuclei. Cells were fi-
nally examined under a Nikon Eclipse 800 fluorescence mi-
croscope at a magnification of 40� and 555-nm excitation, and
the images were captured digitally.

NO detection

Intracellular generation of NO, after the treatment of cells
with NCX-4016, was determined by the NO-specific intracel-
lular fluorophore, DAF-FM. BLMVECs grown on glass cov-
erslips (70% confluence) were preloaded with DAF-FM (10
�M), after which, they were treated with chosen concentrations

of NCX-4016 for the desired times. The cells were then rinsed
with PBS to remove the excess fluorophore and examined un-
der Nikon Eclipse 800 fluorescence microscope under a mag-
nification of 40� at 490-nm excitation and 520-nm emission,
and the images were captured digitally. Fluorescence intensity
(as an index of intracellular NO generation) of the vehicle-
treated control and NCX-4016-treated cells was quantified from
the digital images by using the MetaMorph software.

Measurement of transendothelial 
cell electrical resistance

Transendothelial cell electrical resistance (TER) was essen-
tially measured as described earlier (48, 52). BLMVECs were
cultured in complete MEM on gold electrodes (Applied Bio-
physics, Troy, NY) at 37°C in a humidified atmosphere of 95%
air/5% CO2 and grown to a contact-inhibited monolayer with
typical cobblestone morphology. The TER of the BLMVEC
monolayer on gold electrodes was measured on an electric cell
substrate impedance-sensing system (ECIS; Applied Bio-
physics) after treatment of the cells in MEM with the chosen
concentrations of NCX-4016 or H2O2 or NCX-4016 � H2O2 in
a humidified atmosphere of 95% air/5% CO2 at 37°C. The to-
tal endothelial electrical resistance, as measured across the EC
monolayer, was determined by the combined resistance between
the basal or cell matrix adhesion or both. TER measurements
were done in triplicate and expressed as normalized resistance
for each of the treatments.

Cellular oxygen-consumption measurement

The cellular oxygen-consumption rate was measured by us-
ing the electron paramagnetic resonance (EPR) spectroscopy,
as described previously (37). The EPR measurements were car-
ried out at 37°C by using a Bruker ER-300 (X-band, 9.8 GHz)
EPR spectrometer (Bruker Instruments, Karlsruhe, Germany)
equipped with TM110 cavity. The cavity was rotated 90° so that
the capillary tube filled with the cell suspension could be kept
horizontal to avoid settling of the cells. EPR spectra were ac-
quired by using custom-developed data-acquisition software.
Unless mentioned otherwise, the EPR line widths reported are
peak-to-peak widths (�Bpp) of the first derivative spectra. The
oxygen sensitivity of the LiNc-BuO crystals was calibrated, af-
ter which BLMVECs (5 � 105 cells/ml) were treated with the
chosen concentrations of NCX-4016 or H2O2 or NCX-4016 �
H2O2, and the cellular oxygen consumption was determined in
triplicate by using the LiNc-BuO crystals. The cellular oxygen
consumption was expressed as %O2 consumption normalized
to untreated control cells obtained as a function of time from
the cell suspension in sealed capillary tubes.

In vitro angiogenesis assay

The effect of NCX-4016 on angiogenesis was studied by the
widely used in vitro angiogenesis assay using HUVECs and
BLMVECs, according to Eubank et al. (13, 14). The RICH
medium was also used when growing cells, as well as the as-
say media and positive control. Growth factor-reduced Matrigel
matrix (Discovery Labware) was thawed at 4°C overnight, and
120 �l was plated on the surface of 48-well plates, followed by
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polymerization at 37°C for 1 h. HUVECs from passage 3 were
starved in M200 minimal medium for 8 h in T-125 culture
flasks, after which the cells were trypsinized, washed, and
counted. BLMVECs from passage 2 were starved in MEM
alone for 4 h in T-75 culture flasks, after which cells were
trypsinized, washed, and counted. For the treatment of HU-
VECs, NCX-4016 was prepared in Rich medium (M200 media
supplemented with fetal bovine serum, 2% vol/vol; hydrocor-
tisone, 1 �g/ml; hEGF, 10 ng/ml; bFGF, 3 ng/ml; and heparin,
10 �g/ml; Cascade Biologics, Portland, OR) to 25, 50, and 100
�M. For the treatment of BLMVECs, NCX-4016 was prepared
in the complete BLMVEC MEM containing FBS (10%), anti-
biotics (1%), nonessential amino acids (1%), and endothelial
growth supplement. HUVECs or BLMVECs (1.5 � 104 cells)

were resuspended in minimal medium or Rich (complete)
medium or Rich (complete) medium supplemented with 25, 50,
or 100 �M NCX-4016 and plated in 1 ml total volume/well.
The cells were incubated at 37°C and 95% air/5% CO2 in a hu-
midified atmosphere for 10 h. The medium was carefully aspi-
rated from the plates containing cells, and 1 ml 4% parafor-
maldehyde was added to all the wells for 15 min at room
temperature to fix the tubes that were formed between cells.
The paraformaldehyde was aspirated, and 1 ml PBS was added
to the wells with cells. Four digital pictures were captured at a
magnification of 10�, and the tube formation was counted in
a blinded manner. Tube formation was quantified by counting
tubes that extend from an individual cell.

Statistical analysis

All values were expressed as mean � SD from three inde-
pendent experiments. Data were subjected to one-way ANOVA,
and the pair-wise multiple comparisons were done by Dunnett’s
method. A value of p � 0.05 was considered significant.
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FIG. 1. NCX-4016 induces loss of redox-dependent cell vi-
ability in a dose- and time-dependent manner. BLMVECs
(�95% confluence; 5 � 105 cells) grown in 35-mm dishes were
treated with different concentrations (50, 100, and 500 �M) of
NCX-4016 for 2 h (A) and with 100 �M NCX-4016 for 1, 2,
and 3 h (B) in MEM under a humidified atmosphere of 95%
air/5% CO2 at 37°C. At the end of exposure, the cell viability
was determined spectrophotometrically by using the Alamar
blue reagent, as outlined in Materials and Methods. Results are
expressed as the mean � SD from three independent experi-
ments in triplicate. *p � 0.05 versus vehicle-treated controls.
#p � 0.05 versus NCX (50 �M)-treated cells. �p � 0.05 ver-
sus 1 h incubation.

FIG. 2. NCX-4016 and NO donors, but not aspirin, induce
loss of cell viability. BLMVECs (�95% confluence; 5 � 105

cells) grown in 35-mm dishes were treated with NCX-4016
(100 �M) or NO donors (SNAP, spermine NONOate, isosor-
bide dinitrite; 100 �M) (A) or aspirin (100 �M) for 2 h or PTIO
(NO scavenger, 25 mM) 30 min before NCX (B) and then in-
cubated for 2 h in MEM under a humidified atmosphere of 95%
air/5% CO2 at 37°C. At the end of exposure, the cell viability
was determined spectrophotometrically by using the Alamar
blue reagent, as outlined in Materials and Methods. Results are
expressed as mean � SD from three independent experiments
in triplicate. *p � 0.05 versus vehicle-treated controls.
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RESULTS

NCX-4016 induces loss of redox-dependent cell
viability in a dose- and time-dependent manner

First, to establish whether NCX-4016 could induce the loss
of cell viability in ECs in a dose-dependent fashion, we exposed
BLMVECs to different concentrations of NCX-4016 for 2 h
and assayed the cell viability. NCX-4016 at 50, 100, and 500
�M concentrations significantly induced 28%, 67%, and 70%
loss of cell viability, respectively, in a dose-dependent fashion
in BLMVECs as compared with that observed in the vehicle-
treated control cells (Fig. 1). Next, we determined the NCX-
4016–induced time-dependent loss of redox-dependent cell vi-
ability in the ECs after the exposure of BLMVECs to 100 �M
NCX-4016 for 1, 2, and 3 h. As shown in Fig. 1B, NCX-4016
significantly caused the loss of cell viability at 1 h of treatment
(19%); at 2 and 3 h of treatment of cells with the NO donor,
the cell viability was significantly lower (72% and 74%, re-
spectively) as compared with untreated cells. Also, NCX-4016
significantly decreased the viability in cells at 2 and 3 h of treat-
ment as compared with that in cells exposed to NCX-4016 for
1 h. These results revealed that NCX-4016 induced the loss of
redox-dependent cell viability in ECs in a dose- and time-de-
pendent fashion.

NCX-4016 and NO donors, but not aspirin,
induce loss of cell viability

Here, we investigated whether the loss of cell viability caused
by NCX-4016 was mediated by NCX-4016 or by its aspirin
moiety. Along those lines, BLMVECs were treated with
equimolar concentrations (100 �M) of NCX-4016, SNAP, sper-
mine NONOate, isosorbide dinitrite, or aspirin for 2 h, after
which the cell viability was determined. As shown in Fig. 2,
only NCX-4016 was the most effective compound in causing
a significant loss of cell viability (72%), whereas the other
tested NO donors, although they caused a significant loss of the

same, did not effectively decrease the viability in BLMVECs
as compared with the same in the vehicle-treated control cells.
However, aspirin alone did not show a significant effect on cell
viability in BLMVECs (Fig. 2B). These results established that
the NCX-4016 was the most effective compound, among the
tested NO donors, in causing the loss of cell viability, which
was not mediated by its aspirin moiety.

Next, we examined the effect of PTIO (a widely used intra-
cellular NO scavenger) on the NCX-4016-induced loss of cell
viability in the ECs to establish that NO generated by NCX-
4016 was responsible for the loss of EC viability. After pre-
loading of BLMVECs with PTIO (25 mM) for 30 min, the cells
were then exposed to NCX-4016 for 2 h, and then the cell vi-
ability was determined. As shown in Fig. 2B, NCX-4016 sig-
nificantly induced the loss of cell viability that was completely
attenuated by PTIO. These results suggested that the NCX-
4016-induced loss of cell viability was solely due to the NO
generated by the donor.

NCX-4016 enhances H2O2-induced loss 
of cell viability

As the interactions between NO and reactive oxygen species
(ROS) and the protective effect of NO on H2O2-induced tox-
icity in cellular systems have been established, we investigated
the effect of NCX-4016 on the H2O2-induced cell viability in
the ECs. We established the dose-response effect of NCX-4016
on the H2O2-induced loss of cell viability in BLMVECs. H2O2

(100 �M) induced a significant dose-dependent loss of cell vi-
ability (50%) in BLMVECs at 2 h of treatment as compared
with that in the vehicle-treated control cells. NCX-4016 caused
a dose-dependent loss of cell viability (18%, 28%, and 47% at
25, 50, and 100 �M, respectively) as compared with the same
in the vehicle-treated control cells (Fig. 3). When compared
with an equimolar concentration of H2O2, NCX-4016 was sig-
nificantly less effective in causing the loss of EC viability. How-
ever, the cell viability was significantly lower on co-treatment
of cells with H2O2 (100 �M) and different concentrations of
NCX-4016 (25, 50, and 100 �M), as opposed to that observed
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FIG. 3. NCX-4016 enhances H2O2-induced loss of
cell viability. BLMVECs (�95% confluence; 5 �
105 cells) grown in 35-mm dishes were treated with dif-
ferent concentrations of NCX-4016 (25, 50, and 100
�M) alone or H2O2 (100 �M) alone or H2O2 (100
�M) � NCX-4016 (25, 50, and 100 �M) for 2 h in
MEM under a humidified atmosphere of 95% air/5%
CO2 at 37°C. At the end of exposure, the cell viability
was determined spectrophotometrically by using the
Alamar blue reagent, as outlined in Materials and Meth-
ods. Results are expressed as mean � SD from three
independent experiments in triplicate. *p � 0.05 versus
vehicle-treated controls. **p � 0.05 versus H2O2-
treated cells.
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in cells treated with either H2O2 alone or NCX-4016 alone (see
Fig. 3). This clearly demonstrated that the combined treatment
of cells with NCX-4016 and H2O2 was more potent in causing
the loss of cell viability, as compared with the same caused by
the exposure of cells to either NCX-4016 alone or H2O2 alone
at the same concentrations. These results revealed that NCX-
4016, in a dose-dependent manner, significantly enhanced the
H2O2-induced loss of cell viability in BLMVECs.

NAC attenuates NCX-4016-induced loss 
of cell viability

We further investigated whether thiol-protectants such as
NAC would attenuate the NCX-4016-induced loss of cell via-
bility in the ECs. BLMVECs were pretreated with 5 mM NAC
for 2 h, after which they were exposed to NCX-4016 (100 �M)
for 2 h, and then the cell viability was determined. As shown
in Fig. 4, the NCX-4016 caused a significant loss of cell via-
bility that was significantly and completely attenuated by NAC
pretreatment in BLMVECs, as compared with the cells exposed
to NCX-4016 alone. A slight increase (12%) in cell viability
was noticed in the cells exposed to NAC (5 mM) � NCX-4016
(100 �M), which might be due to the NAC-mediated enhanced
thiol protection of the redox system in the cells. The data sug-
gest that the intracellular thiol-redox state was involved in the
NCX-4016-induced loss of EC viability.

NCX-4016 releases NO in ECs

To confirm that NCX-4016 was able to release NO in ECs,
we tried to detect intracellular NO generation in BLMVECs af-
ter treatment of cells with NCX-4016 (100 �M) for 2 h as an-

alyzed by fluorescence microscopy coupled with the NO-spe-
cific intracellular fluorophore, DAF-FM. As shown in Fig. 5,
the fluorescence intensity of intracellular DAF-FM was strik-
ingly greater in cells exposed to NCX-4016 as compared with
that in the vehicle-treated control cells. Quantitative analysis of
the fluorescence intensity of the NO-reactive fluorophore re-
vealed a significant (4.7-fold) increase in the NO-enhanced flu-
orescence of the intracellular DAF-FM on exposure of the cells
to NCX-4016 (Fig. 5B). These results confirm that NCX-4016
released intracellular NO in the BLMVECs.

NCX-4016 suppresses EC oxygen consumption

As oxygen consumption is an important metabolic index of
cell viability, we measured the oxygen consumption by
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FIG. 4. NAC attenuates NCX-4016-induced loss of cell via-
bility. BLMVECs (�95% confluence; 5 � 105 cells) grown
in 35-mm dishes were pretreated with MEM without or with
NAC (5 mM) for 2 h, after which they were treated with NCX-
4016 (100 �M) for 2 h in MEM under a humidified atmosphere
of 95% air/5% CO2 at 37°C. At the end of exposure, the cell
viability was determined spectrophotometrically by using the
Alamar blue reagent, as outlined in Materials and Methods. Re-
sults are expressed as mean � SD from three independent ex-
periments in triplicate. *p � 0.05 versus vehicle-treated con-
trols; **p � 0.05 versus NCX-4016-treated cells.

FIG. 5. NCX-4016 releases NO in ECs. BLMVECs grown
on glass coverslips (�70% confluence) were preloaded with
DAF-FM (10 �M) for 30 min, after which, they were treated
with NCX-4016 (100 �M) for 2 h. At the end of incubation,
cells were examined under fluorescence microscope (490-nm
excitation and 520-nm emission), as described in Materials and
Methods, to visualize intracellular NO generation. Each picture
is a representation of three independent experiments conducted
under identical conditions (A). Fluorescence intensity (as an in-
dex of NO generation) of control and NCX-4016-treated cells
was quantified as described in Materials and Methods (B). Re-
sults are expressed as mean � SD from four independent ex-
periments in triplicate. *p � 0.05 versus vehicle-treated con-
trols. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article
at www.liebertonline.com/ars)
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BLMVECs treated with NCX-4016 (100 �M) or H2O2 (100
�M) or a combination of equimolar (100 �M) NCX-4016 �
H2O2 using the EPR oximetry method. Measurement of oxy-
gen consumption by cells would also be a complementary as-
say of cell viability to the Alamar blue redox-dependent cell vi-
ability assay. As shown in Fig. 6, oxygen consumption by the
cells immediately after the treatment with NCX-4016 was mar-
ginally, but significantly, lower as compared with that in the
vehicle-treated control cells. However, oxygen consumption by
BLMVECs after 1- and 2-h treatments with NCX-4016 was
markedly and significantly suppressed as compared with that
in the vehicle-treated control cells. Treatment of cells with H2O2

for 2 h significantly suppressed oxygen consumption by the ECs
that was further significantly lowered by co-treatment of cells
with NCX-4016. These results showed that NCX-4016, with
increase in exposure time, suppressed EC oxygen consumption,
and H2O2-induced suppression of the same was further exac-
erbated by the treatment of cells with NCX-4016.

NCX-4016 induces EC barrier dysfunction

Dysfunction of the EC barrier property is often measured by
TER in cultured EC monolayers. Decrease in TER reflects the
loss or dysfunction of the barrier property, which can also be
used as an index of loss of cell viability and cytoskeletal alter-
ations. Therefore, we measured the TER in BLMVEC mono-
layers after treatment with NCX-4016 (100 �M) or H2O2 (100
�M) or an equimolar mixture (100 �M) of NCX-4016 � H2O2

by using the ECIS technique. As illustrated in Fig. 7, NCX-
4016, with an increase in exposure time, markedly and signif-
icantly decreased the endothelial TER. Although H2O2 mar-
ginally caused a decrease in TER of the BLMVEC monolayer

with time, it was further reduced by the co-treatment with NCX-
4016. These results revealed that NCX-4016 caused a signifi-
cant decrease in endothelial TER and further enhanced H2O2-
induced decrease of TER, suggesting that NCX-4016 induced
endothelial barrier dysfunction. Furthermore, the observed de-
crease in TER in BLMVEC monolayer confirmed our findings
of this study that NCX-4016 induced loss of cell viability and
suppression of cellular oxygen consumption as an additional in-
dex of cell-viability measurement. The observed NCX-4016-
induced loss of endothelial TER is suggestive of cytoskeletal
alterations.

NCX-4016 induces endothelial actin 
cytoskeletal reorganization

As was revealed from this study, NCX-4016 caused a de-
crease in TER in BLMVEC monolayer (an index of barrier dys-
function). We examined the formation of actin stress fibers that
would reflect the cytoskeletal reorganization. As depicted in
Fig. 8, NCX-4016 induced the formation of actin stress in
BLMVECs in a dose-dependent fashion as compared with the
vehicle-treated cells. It also was evident that NCX-4016 in-
duced changes in cell morphology with distinctive paracellular
gaps, indicative of EC barrier dysfunction. The data clearly
showed that NCX-4016 induced actin stress formation, actin
cytoskeletal reorganization, and barrier property alteration in
BLMVECs.

NCX-4016 inhibits angiogenesis in vitro

As the aforementioned studies revealed that NCX-4016 in-
duced loss of viability, suppressed cellular oxygen consump-
tion, barrier dysfunction, and actin cytoskeletal rearrangement
in BLMVECs, we investigated the effect of NCX-4016 on the
growth factor-mediated angiogenesis in HUVECs and
BLMVECs in vitro. After starvation, HUVECs (1.5 � 104

cells/plate) were plated onto Matrigel matrix and cultured for
10 h in M200 medium alone; in Rich M200 medium supple-
mented with FBS, bFGF, heparin, EGF, and PSA; or Rich M200
medium additionally supplemented with NCX-4016 (25, 50, or
100 �M). BLMVECs (1.5 � 104 cells/plate), after starvation,
were plated onto Matrigel matrix and cultured for 10 h in MEM
alone; complete BLMVEC MEM containing FBS, antibiotics,
nonessential amino acids, and endothelial growth supplement;
or complete BLMVEC MEM containing NCX-4016 (25, 50, or
100 �M). Afterward, tubes that grew from individual cells were
blindly counted. Both qualitative observation (Figs. 9 and 10)
and quantitative analysis (Figs. 9B and 10B) showed that NCX-
4016 significantly inhibited the tube-formation ability (angio-
genesis) of both HUVECs and BLMVECs in vitro at 25, 50,
and 100 �M as compared with that exhibited by HUVECs and
BLMVECs cultured in Rich medium or complete BLMVEC
MEM alone, respectively. These results suggested the antian-
giogenic property of NCX-4016.

DISCUSSION

The results of the current study showed that NCX-4016 in-
duced the loss of redox-dependent cell viability in a dose- and
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FIG. 6. NCX-4016 suppresses EC oxygen consumption.
BLMVECs (5 � 105 cells) were treated with NCX-4016 (100
�M) for 1 and 2 h or with H2O2 (100 �M) for 2 h or with NCX-
4016 (100 �M) � H2O2 (100 �M) for 2 h, after which cellular
oxygen consumption was measured by EPR oximetry by using
LiNc-BuO probe, as described in Materials and Methods. Un-
der identical conditions, oxygen consumption by cells without
treatment and immediately after treatment with NCX-4016 (100
�M) was measured. Cellular oxygen consumption was ex-
pressed as %O2 consumption, normalized to untreated control
cells. Results are expressed as mean � SD from three inde-
pendent experiments in triplicate. *p � 0.05 versus vehicle-
treated controls; **p � 0.05 versus NCX-4016-treated cells.
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time-dependent fashion, suppression of cellular oxygen con-
sumption, decrease in TER (barrier dysfunction), actin cy-
toskeletal reorganization, and inhibition of angiogenesis in the
vascular ECs in culture. NCX-4016 belongs to a new class of
NSAIDS capable of releasing NO (3). Esterases in vivo have
been involved in cleaving the aspirin moiety from the substi-
tuted benzene spacer–NO complex of NCX-4016, thus causing
a slow release of NO from the NO-releasing group of the NO
donor (27). NCX-4016 is metabolized by esterases in the 
hepatocytes and plasma to salicylic acid and 3-(nitroxy-
methyl)phenol, which is rapidly metabolized to 3-hydroxyben-
zylalcohol and NO (5). Although the in vivo metabolism of
these NO-NSAIDS has been reasonably well established in a
rat model, the precise mechanism by which NO is released from
the nitro moiety has yet to be disclosed (3, 18). Earlier, with
the EPR spectroscopy, we showed that NO is released from
NCX-4016 in the human ovarian cancer cell line (3). Genera-
tion of NO from NCX-4016 in HUVECs has been shown (16,
56). By using fluorescence probe, we also detected NO gener-

ation in BLMVECs treated with NCX-4016, further substanti-
ating that NO is released intracellularly in the vascular ECs
from NCX-4016.

Based on the reports made by several investigators in both
in vitro and in vivo systems, we chose the 50, 100, and 500 �M
concentrations of NCX-4016. The IC50 of NCX-4016 to attain
50% growth inhibition of human colon adenocarcinoma cell
lines has been reported to be in the range of 165–250 �M (51).
In the investigation of the protective action of NCX-4016
against endothelial apoptosis by modulating mitochondrial
function, endothelial cells have been treated with NCX-4016
up to 500 �M from 1 to 8 h (16). In our recent study to estab-
lish reversal of cisplatin sensitivity in recurrent human ovarian
cancer cells by NCX-4016, we used NCX-4016 at concentra-
tions ranging from 1 to 500 �M for 6 h (3). Therefore, the con-
centrations of NCX-4016 used in our current study were in the
ranges used by other investigators.

Cytotoxicity of NO to vascular ECs is well established (6,
19, 23, 26, 42). The current study demonstrated that NCX-4016
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FIG. 7. NCX-4016 induces EC bar-
rier dysfunction. BLMVEC mono-
layers were cultured in complete
MEM on gold electrodes and exposed
to NCX-4016 (100 �M) or H2O2 (100
�M) or NCX-4016 (100 �M) � H2O2
(100 �M) for desired length of time in
a humidified atmosphere of 95%
air/5% CO2 at 37°C, and the TER was
measured continuously in an ECIS
system, as described in Materials and
Methods. Shown is a representative
tracing of three independent experi-
ments conducted under identical con-
ditions (A). Normalized resistance val-
ues of vehicle-treated control and
NCX-4016-, H2O2-, and NCX-
4016 � H2O2-treated monolayers at 0,
1, and 2 h of treatment were mean �
SD from three independent ECIS ex-
periments in triplicate (B). *p � 0.05
versus vehicle-treated controls.
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FIG. 8. NCX-4016 induces en-
dothelial actin cytoskeletal re-
arrangement. BLMVECs
grown on glass coverslips
(�70% confluence) were treated
with different concentrations of
NCX-4016 (100, 250, and 500
�M) for 2 h and then stained with
rhodamine-phalloidin, and exam-
ined under fluorescence micro-
scope (555-nm excitation) to vi-
sualize actin stress fibers, as
described in Materials and Meth-
ods. Each micrograph is a repre-
sentative of three independent
experiments conducted under
identical conditions. (For inter-
pretation of the references to
color in this figure legend, the
reader is referred to the web ver-
sion of this article at www.lieber-
tonline.com/ars)

FIG. 9. NCX-4016 inhibits angiogenesis in
vitro. HUVECs (1.5 � 104 cells) were
starved for 8 h, plated onto growth-factor-re-
duced Matrigel matrix, and cultured in M200
media alone (minimal medium), Rich M200
medium supplemented with FBS, bFGF,
heparin, EGF, and PSA (Rich media), or
Rich M200 medium additionally supple-
mented with different concentrations of
NCX-4016 (25, 50, and 100 �M) for 10 h in
a humidified atmosphere of 95% air/5% CO2
at 37°C. Extent of angiogenesis in vitro was
examined, as described in Materials and
Methods. Tubes that formed from individual
HUVECs were photographed (A) and (B),
blindly counted, and quantified. Those cells
cultured in Rich medium alone had signifi-
cantly greater number of tubes formed than
did those among cells cultured in minimal
medium (*p � 0.001), whereas HUVECs
cultured in presence of 50 or 100 �M NCX-
4016 had tube formation inhibited relative to
those grown in Rich medium alone (**p �
0.01 and **p � 0.001, respectively).
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induced the loss of viability in BLMVECs, and aspirin alone
failed to cause such an effect, further suggesting that the as-
pirin moiety of NCX-4016 was not responsible for the observed
loss of cell viability. The attenuation of loss of cell viability in
conjunction with the detection of NO generation in ECs on treat-
ment with NCX-4016, as noticed in the present study, clearly
demonstrates the role of NO generated from the NO donor in
exerting the loss of viability in ECs. Our present data reveal
that different NO donors (SNAP, spermine NONOate, and
isosorbide dinitrite) significantly decrease the viability of
BLMVECs but are less effective in causing the same when com-
pared with NCX-4016 at the same concentration. This could be
attributed to the slow intracellular NO release by NCX-4016,
on enzymatic conversion in ECs, rendering the cells exposed
to sufficient doses of biologically reactive NO, whereas the NO
released instantaneously in bolus concentrations immediately
after addition of the NO donors (SNAP and spermine
NONOate) in the extracellular environment, might have dif-
fused out without efficiently reaching the intracellular com-
partments. Furthermore, the attenuation of NCX-4016-mediated
loss of viability in BLMVECs by the thiol-protectant, NAC, as
noticed in the current study, emphasized the involvement of ni-
trosative stress in NCX-4016-mediated loss of redox-depen-
dent cell viability. In our study, the cells were preloaded with

NAC for 2 h, the NAC-containing medium was removed, and
then cells were exposed to NCX-4016. NAC is believed to en-
hance the cellular soluble thiols such as GSH. Some intracel-
lular NAC also may be present. Therefore, it is conceivable that
NAC may (a) offer protection by replenishing loss of cellular
thiols (e.g., GSH) caused by NCX-4016-generated NO, and also
(b) by reacting with NO to form S-nitrosothiols, thus quench-
ing NO and protecting the cells from NCX-4016-released NO.
Both of these mechanisms could have operated in our model.
This is further supported by the reports that NO induces ni-
trosative stress in biologic systems by attacking the thiol-redox
system (59). In our study, we did not observe any effect of NAC
on the intracellular NO release from NCX-4016 (data not
shown), which further suggests that the effect of NAC could be
at specific cellular NO targets (e.g., thiol protection and regen-
eration) as opposed to its NO-quenching property. This was fur-
ther supported by our observation that NCX-4016 did not alter
the levels of GSH in ECs (data not shown). It is important to
emphasize that the formation of peroxynitrite in ECs is not ruled
out. However, it has been shown that NCX-4016, when orally
administered, promotes reparative angiogenesis and prevents
apoptosis and oxidative stress in an in vivo mouse model of pe-
ripheral ischemia (12). NCX-4016 has also been shown to pro-
tect endothelial cells against apoptosis through modulation of
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FIG. 10. NCX-4016 inhibits angiogenesis
in vitro. BLMVECs (1.5 � 104 cells) were
starved for 4 h, plated onto growth-factor-re-
duced Matrigel matrix, and cultured in MEM
alone, complete BLMVEC medium supple-
mented with FBS, antibiotics, nonessential
amino acids, and endothelial growth supple-
ment, or complete BLMVEC medium addi-
tionally supplemented with different con-
centrations of NCX-4016 (25, 50, and 100
�M) for 10 h in a humidified atmosphere of
95% air/5% CO2 at 37°C. Extent of angio-
genesis in vitro was examined as described
in Materials and Methods. Tubes that formed
from individual BLMVECs were pho-
tographed (A) and (B), blindly counted, and
quantified. Those cells cultured in complete
BLMVEC medium alone had significantly
greater numbers of tubes formed than did
those among cells cultured in minimal
medium (*p � 0.001), whereas BLMVECs
cultured in the presence of 50 or 100 �M
NCX-4016 had tube formation inhibited rel-
ative to those grown in complete BLMVEC
medium alone (**p � 0.01 and **p � 0.001,
respectively).
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mitochondrial function (16). Both of these studies show the en-
dothelial protective actions of NCX-4016 in contrast to our cur-
rent findings, which revealed that the NO donor induced loss
of EC viability. Nevertheless, it should be emphasized that
NCX-4016 may act as a cytoprotective or cytotoxic agent in
ECs either in vitro or in vivo.

Reports have been made that NO offers protection against
peroxide-mediated toxicity in lung fibroblasts and aortic ECs,
and inhibition of oxidized low-density lipoprotein toxicity to
aortic ECs (11, 40, 50, 57, 58). However, our current findings
demonstrate that H2O2-induced loss of redox-dependent EC vi-
ability was not attenuated but enhanced by the NO donor, NCX-
4016. Several mechanisms have been proposed to explain the
cytotoxicity of NO generated by the NO donors; it has been
proposed that NO enhances the cytotoxicity of ROS (e.g.,
H2O2), which is a strong oxidant (58). Adhering to this pro-
posal, we surmise that the NCX-4016-mediated increase of
H2O2-induced loss of redox-dependent EC cell viability, as
demonstrated by the current study, might possibly be due to the
formation of cytotoxic reactive species generated from the in-
tracellular reactions between the NO released from NCX-4016
and H2O2. Nevertheless, in our current study, we did not ob-
serve the protection of peroxide-induced loss of cell viability
by the NO donor, NCX-4016, but observed the exacerbation of
H2O2-induced loss of cell viability by the combined treatment
with NCX-4016. This is further supported by the suggestion
that the toxicity and protection exhibited by NO will be dic-
tated by myriad intracellular factors such as the target sites and
relative concentrations and diffusion distances of each reactive
species (45).

In the present study, we observed that NCX-4016 dimin-
ished oxygen consumption by ECs and also further reduced
the H2O2-induced decrease of oxygen consumption by the
cells. In a study with HUVECs, it was demonstrated that the
NO donors, including NCX-4016, caused a significant reduc-
tion in cellular oxygen consumption and modulation of mito-
chondrial function (16). Taken together, we suggest that NCX-
4016 might have acted at the mitochondrial level in ECs, thus
leading to decreased cellular oxygen consumption, as ob-
served in our current study. Hence, the NCX-4016–induced
decrease in EC oxygen consumption could have contributed
to the loss of cell viability in our present study. NO generated
by NCX-4016 apparently caused the decrease in EC oxygen
consumption.

Oxidants have been shown to cause decrease in TER and loss
of barrier function in ECs, which are tightly intertwined with
the oxidant-mediated cytoskeletal reorganization, including the
actin stress fiber formation (48, 52, 54). Decrease in TER and
barrier dysfunction can also be used as markers for stress-in-
duced morphologic alterations (alterations in tight junctions)
and loss of cell viability. Peroxynitrite (ONOO�) and 3-mor-
pholinosydnonimine (SIN-1) have been shown to induce bar-
rier dysfunction, increased paracellular gaps, and actin cy-
toskeletal reorganization (stress fiber formation) in pulmonary
artery EC monolayers (25). This study clearly established that
reactive nitrogen species (ONOO�) and NO are potent candi-
dates in inducing EC barrier dysfunction and actin cytoskeletal
reorganization. Along these lines, our findings of the current
study demonstrated that the NO donor, NCX-4016, induced loss
of barrier function and actin cytoskeletal reorganization in ECs,

further suggesting that NO released from NCX-4016 could be
responsible for the observed events. In the current study, NAC
treatment did not offer a protective effect on either NCX-4016-
induced barrier dysfunction or on NCX-4016-induced inhibi-
tion of angiogenesis in both HUVECs and BLMVECs (data not
shown). However, NAC treatment alone resulted in a marked
decrease in the TER in EC monolayers and inhibition of tube
formation (angiogenesis) in both HUVECs and BLMVECs,
which could be attributed to the prooxidant nature of NAC,
leading to the formation of reactive species on prolonged in-
cubation of cells with the redox-active thiol antioxidant. Me-
chanical connections and cellular polarities are maintained by
cell-to-cell junctions of ECs, which are crucial players in pro-
cesses such as angiogenesis (46). Actin cytoskeletal dynamics
mediate the cellular motility and migration (15). Therefore, bar-
rier property reflects the vigor of EC tight junctions, as tight
junctions are essential for angiogenesis. Proliferation of ECs is
vital for angiogenesis, and agents that can cause endothelial cy-
totoxicity have the ability to either inhibit or arrest angiogene-
sis. Hence, from the present study, it could be suggested that
the loss of viability caused by NCX-4016 in ECs could have
contributed to the inhibition of angiogenesis. Drugs such as
rosaglitazone have been shown to cause inhibition of endothe-
lial proliferation and angiogenesis, which apparently is associ-
ated with disorganization of the actin cytoskeleton (47). These
studies have clearly demonstrated that the actin cytoskeleton of
ECs plays an important role in cell migration and angiogene-
sis, and reorganization of the actin cytoskeletal elements will
lead to disruption of angiogenesis. Inflammation has been iden-
tified as a key process in cancer development, and inflamma-
tory cells and regulators have been speculated to participate in
angiogenesis during tumorigenesis (29). Angiogenesis is also
featured as a prime requirement for the growth of solid tumors
(24). COX-2 is emerging as a key modulator in tumorigenesis
and angiogenesis (17). NCX-4016 has been shown to act as an
antiinflammatory agent (1), further suggesting that the NO-
NSAID may very well effectively interrupt angiogenesis in
solid tumors, in addition to acting as an anticancer agent. There-
fore, the NCX-4016-induced actin cytoskeletal reorganization,
as observed in the current study, could have caused profound
effects on the EC motility and cell-to-cell adhesion that are vi-
tal for processes including vascular permeability and angio-
genesis.

Having observed the NCX-4016-induced loss of cell via-
bility, decrease in oxygen consumption, barrier dysfunction,
and actin cytoskeletal reorganization in ECs, we studied the
effect of NCX-4016 on the growth factor-mediated angio-
genesis in ECs in vitro. Our results clearly demonstrated that
NCX-4016 was an inhibitor of angiogenesis. Therefore,
NCX-4016 is a potential antiangiogenic NO-NSAID to arrest
vascularization of tumors, in addition to acting as a cytotoxic
agent against neoplastic cells. Nevertheless, NCX-4016 can
also be cytotoxic to the normal endothelium when used to ar-
rest tumor angiogenesis and in the treatment of cardiovascu-
lar diseases. This limitation could be addressed if the sensi-
tivities of endothelia of normal and tumor blood vessels to
NCX-4016, route of delivery of NCX-4016 to the tumor en-
dothelium, and safer and effective pharmacologic doses of
NCX-4016 are established for tumor antiangiogenic and car-
diovascular therapies.
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ABBREVIATIONS

bFGF, bovine fibroblast growth factor; BLMVECs, bovine
lung microvascular endothelial cells; DAF-FM, 4-amino-5-
methylamino-2�,7�-difluorofluorescein; DAPI, 4,6-diamidino
2-phenyl-indole dihydrochloride; EPR, electron spin resonance
spectroscopy; H2O2, hydrogen peroxide; hEGF, human epider-
mal growth factor; HUVECs, human umbilical vein endothe-
lial cells; LiNc-BuO, lithium octa-n-butoxy-naphthalocyanine;
NCX-4016, [2-(acetyloxy)benzoic acid 3-(nitrooxymethyl)
phenyl ester]; NO, nitric oxide; NSAIDs, nonsteroidal antiin-
flammatory drugs; ONOO�, peroxynitrite; PSA, prostate spe-
cific antigen; PTIO, 2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide; ROS, reactive oxygen species; TER,
transendothelial cell electrical resistance. 
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