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Abstract: Aspirin [acetyl salicylic acid (ASA)] inhibits nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and reactive
oxygen species generation, a pathway that underlies formation of
new capillaries (angiogenesis). Angiotensin II (Ang II) participates in
angiogenesis by activating type 1 receptor (AT1R). We examined if
ASA would inhibit ATIR transcription, which requires NADPH
oxidase, and thereby new capillary formation. Human umbilical vein
endothelial cells were cultured in Matrigel and treated with Ang II
with and without ASA. Expression of ATIR and NADPH oxidase
was measured by quantitative polymerase chain reaction. Ang II in
low concentrations induced ATIR messenger RNA and new capillary
formation. ASA and its salicylic acid (SA) moiety both suppressed
Ang Il-mediated ATIR and vascular endothelial growth factor
expression and the subsequent new capillary formation. Of note, the
ATIR blocker losartan prevented new capillary formation. ASA and
SA also suppressed NADPH oxidase (p22Phox, p47rhox p67phox - and
gp91 messenger RNA) expression. These observations suggest that
ASA can inhibit Ang [I-induced capillary formation in part via block-
ing NADPH oxidase and AT1R transcription. Because SA moiety had
similar effect as ASA on ATIR expression, we suggest that the effect
of ASA on new capillary formation is mediated by its SA moiety.
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INTRODUCTION
Aspirin [acetyl salicylic acid (ASA)] is an old drug used
for its analgesic and antipyretic effects for over 100 years.
Since the discovery of its inhibitory effect on cyclooxygenase
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enzyme and antiplatelet aggregatory effect, this drug is used in
the primary and secondary prevention of cardiovascular
events.'®> In the recent past, several platelet-independent
effects of ASA, such as inhibition of smooth muscle prolifer-
ation, endothelial proliferation and resultant angiogenesis, and
proinflammatory cytokine expression, have been described.*”’
Others®® and we have shown that ASA via its salicylic acid
(SA) moiety can inhibit nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and downstream activation of
redox-sensitive transcription factors. This pathway underlies
transcription of a host of proinflammatory genes, such as vas-
cular cell adhesion molecule-1 (VCAM-1) and low-density
lipoprotein receptor 1 (LOX-1).”'® ASA has also been shown
to have mild antihypertensive effect,'' modify impaired endo-
thelium-dependent vasodilatation,'? and have a small life span—
prolonging effect in male mice."

Renin—angiotensin system activation results in the forma-
tion of a potent hormone angiotensin I (Ang II), which has
varied effects in several biological systems. The effect of Ang
II in adult tissues is mediated primarily by expression and acti-
vation of its type 1 receptor (AT1R). Ang II via ATIR induces
NADPH oxidase activation and reactive oxygen species gener-
ation followed by activation of mitogen-activated protein
kinases (MAPKs) and redox-sensitive transcription factors,
a pathway that underlies pathogenesis of several ailments,
including hypertension, atherosclerosis, myocardial ischemia,
and tissue remodeling after injury. In recent past, AT1R expres-
sion has been shown to be a marker of aging process.'* Recent
studies'>™"” suggest that Ang II in small concentrations via
ATIR and NADPH oxidase activation can induce angiogenesis.

This study was designed to test the hypothesis that
downregulation of AT1R transcription may be a component
of the antiangiogenic effects of ASA, mediated via its
inhibitory effects on NADPH oxidases and MAPKs.

MATERIALS AND METHODS

Materials and Reagents

Aspirin, SA, Ang II, ATIR blocker losartan (LOS), and
NADPH oxidase inhibitor apocynin were purchased from
Sigma-Aldrich (St Louis, MO). Matrigel (with reduced growth
factor) was purchased from BD Biosciences (Bedford, MA) and
RNeasy Mini-Kit, DNase I kit, SuperScript II 1st Strand
complementaryDNA (cDNA) Synthesis Kit, and ethidium
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bromide from Invitrogen (Carlsbad, CA). GoTaq quantitative
polymerase chain reaction (qPCR) Master Mix was purchased
from Promega (Madison, WI). Polyvinyl difluoride (PVDF)
membranes, nonfat milk, and 12% 10-well gels were purchased
from Bio-Rad (Hercules, CA). ATIR, p-P44/42 MAPK, and
p-p38 MAPK antibodies were purchased from ABcam (Cam-
bridge, MA), and [-actin antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Enhanced chemilumi-
nescence (ECL) Western blotting substrate was purchased from
Thermo Scientific (Rockford, IL). Human umbilical vein endo-
thelial cells (HUVECs) and vascular endothelial growth
medium complemented with vascular endothelial growth factor
(VEGF) kit were purchased from American Tissue Culture
Collection (Manassas, VA).

Capillary Tube Formation

Matrigel was thawed on ice overnight and spread
evenly over each well (30 L) of a 24-well plate. The plates
were incubated for 1 hour at 37°C to allow Matrigel to poly-
merize. HUVECs were seeded at 3 X 10* per well and grown
in 500 pL of endothelial cell basal medium 2 supplemented
with 5% fetal bovine serum (FBS) and without endothelial
cell growth supplement for 24 hours in a humidified 37°C, 5%
CO, incubator, as described previously.'” In some experi-
ments, endothelial cells were cultured in the presence or
absence of different chemicals or antibodies. To view the
capillary formation, cells were loaded with 10 WM calcein
AM (Invitrogen, Carlsbad, CA) for 30 minutes, washed with
PBS, and imaged using a fluorescence microscopy.

Endothelial Cell Culture and Study Protocol

In preliminary experiments, cells were treated with Ang II
in a wide range of concentrations (0, 0.1, 1, 5, 10, 20, 50, and
100 nmol/L) for 24 hours, to assess the concentrations that would
cause most number of capillaries to form (data not shown). As
described previously,'” low concentrations of Ang II (1-10 nM)
resulted in a stable, consistent, and clearly discernible response.
The 10 nM concentration was used in subsequent experiments.
Passage 3 cells were used for the above experiments.

Similarly, preliminary studies were carried out to
determine the concentrations of ASA and SA that resulted
in stable and consistent response in terms of inhibition of
capillary formation (data not shown). These concentrations
were established to be 0.5 and 1.0 mM (approximate median
of therapeutic range), respectively. Passage 4 cells were used
to conduct these experiments.

When HUVECs reached 70% confluence, they were
exposed to 0.5 mM ASA or 1 mM SA for 30 minutes and then
exposed to 10 nM Ang II for 24 hours. To check the role of
ATIR in this process, some HUVEC cultures were treated with
10 M losartan and then exposed to Ang II. ASA and SA were
dissolved in dimethyl sulfoxide (DMSO), and DMSO alone was
found to have no effect on cell growth or capillary formation.

As control, parallel aliquots of cells were treated with
ASA, SA, and losartan but not Ang II. All experiments were
repeated at least 4 times.

Real-time qPCR
Total RNA was isolated from HUVECs using RNeasy
Mini-Kits (Qiagen, Valencia, CA) according to the
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manufacturer’s instructions. Before using, RNA was treated
with DNase I and diluted to 100 pg/mL. One microgram
RNA was applied to synthesize cDNA with SuperScript II
Ist Strand cDNA Synthesis Kit. All qPCR reactions were
carried out in a final volume of 15 pL containing 1X of
SYBR Green PCR Master (Applied Biosystems, Carlsbad,
CA), 300 nM of each gene-specific primers, and 100 ng
cDNA, in sterile deionized water. The standard cycling con-
dition was 50°C for 2 minutes, 90°C for 10 minutes, followed
by 40 cycles of 95°C for 15 seconds and 62°C for 1 minute.
The results were analyzed using SDS 2.3 relative quantifica-
tion manager software. The comparative threshold cycle val-
ues were normalized for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) reference genes. qPCR was per-
formed in triplicate to ensure quantitative accuracy. qPCR-
specific primers (Table) were designed using Probe-Finder
(http://www.roche-applied-science.com), web based.

Western Blotting

Proteins were extracted from different HUVEC aliquots
using radio-immunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific, Inc). Lysates (20 mg of protein) were
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF
membrane (Millipore, Bedford, MA). After blocking with
phosphate buffered saline with Tween 20 (PBST) containing
5% bovine serum albumin (BSA) or nonfat milk, membranes
were sequentially incubated with primary antibodies (over-
night at 4°C), washed with PBST (3 times, 10 min each),
incubated with horseradish peroxidase—conjugated secondary
antibodies for 1 hour at room temperature, washed, treated
with the ECL western blotting substrate (Promega), and
imaged. Relative expression of proteins was evaluated in
relation to P-actin.

TABLE. Primers Used for gPCR

Primer Sequence
GAPDH-F AGA GCC CAA ACA GAT CCC CT
GAPDH-R GGT CCG AAG CTG CCT GTA TG
VEGEF-F AGG GCA GAA TCA TCA CGA AGT
VEGF-R GCT GCG CTG ATA GAC ATC CA
P22phox-F CTG CTT CCT GTG TGT CGC AA
P22phox-R AGG CAG ATC ATA TAG GCC ACC
P47phox-F CGT GGT GGA GGT CGT AGA GAA
P47phox-R TTC CGT CTC GTC AGG ACT GT
P67phox-F GAG GGA TGC TCT ACT ACC AGA C
P67phox-R CCT CGA AGC TGA ATC AAG GC
Gp91-F GAC GCT GCT GTT TGA GAA ATG
Gp91-R ATC GCT GAA GAA GGG TTT GTG
ATIR-F GCC CTT TGG CAA TTA CCT ATG T
AT2R-R CGT ACA GGT TGA AAC TGA CGC
Rel-F CCT TGC GCT CTA TGA CTT CAC
Rel-R CCT GCG TGC GAA GAT GTA G
Jun B-F ACA CAG CTA CGG GAT ACG G
Jun B-R TGT AGT CGT GTA GAG AGA GGC
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Statistical Analysis

Data were analyzed using Microsoft Excel data analysis
package. Comparisons between treated and control groups
were made by 2-tailed Student ¢ test, and a P value <0.05 was
considered significant. All results are presented as means +
standard error.

RESULTS

Ang Il Induces Capillary Formation and ASA
and SA Inhibit It

As shown in Figure 1, Ang II induced robust new cap-
illary formation from HUVECsS. The capillary formation was
evident only in response to low concentrations of Ang II
(10 nM) (P < 0.05 vs. control). The Ang II-induced capillary

formation was inhibited by AT1R blocker losartan (P < 0.05
vs. Ang Il—treated cells). Importantly, ASA and SA also sig-
nificantly reduced Ang Il-induced capillary formation (P <
0.05 vs. Ang II-treated cells). It is of note that ASA, SA, and
losartan alone had no effect on Ang Il-induced capillary
formation (data not shown). Results of representative experi-
ments are shown in Figure 1A, and the data from several
experiments are summarized in Figure 1B.

Ang Il Induces VEGF Release and ASA and SA
Inhibit It

VEGF is the most powerful stimulus for angiogene-
sis.'”'® Therefore, we examined VEGF expression and found
that low concentrations of Ang II stimulated VEGF expres-
sion in HUVECs (P < 0.05 vs. control). Importantly,
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FIGURE 1. A, Representative images show capillary tube formation from HUVECs treated with Ang Il alone and from cells pre-
treated with 0.5 mM ASA, 1 mM SA, and 10 uM losartan followed by incubation with Ang Il. B, Bar graph shows summary of data
in mean + SE from 3 separate experiments. C, VEGF mRNA expression in cells treated with Ang Il alone and in cells pretreated with
0.5 mM ASA, T mM SA, 10 uM losartan followed by incubation with Ang Il. Note that ASA, SA, or losartan alone had no effect on
VEGF expression. Bar graphs represent mean + SE (n = 3 per group). *P < 0.05 versus control; *P < 0.05 versus Ang ll-treated

cells. mRNA, messenger RNA.
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losartan, ASA, and SA reduced Ang Il-induced VEGF ex-
pression significantly (all P < 0.05 vs. Ang Il-treated cells).
ASA and SA alone had no effect on Ang II-induced VEGF
expression. These data are summarized in Figure 1C.

Ang Il Induces NADPH Oxidase and ASA and

SA Inhibit It
Previous studies have shown that NADPH oxidase is
leads to

the major mediator of oxidant stress that

p-P44i42 MAPK

angiogenesis.'”'*?* Therefore, we examined expression of
NADPH oxidase and found that low concentrations of Ang
IT stimulated the expression of several NADPH oxidase sub-
types (p22Phox p47rhox  pe7Phox - and gp91) in HUVECs
(P < 0.01 vs. control). Importantly, losartan, ASA, and SA
and NADPH oxidase inhibitor apocynin (600 pwmol/L) all
reduced Ang II-induced expression of these NADPH oxidase
subtypes (P < 0.05 vs. Ang II alone—treated cells). These
data are summarized in Figure 2.
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FIGURE 3. A, Western blotting shows
phos-p38 MAPK and phos-p44/42
MAPK protein expression in HUVECs
treated with Ang Il or pretreated with
0.5 mM ASA, T mM SA, or 10 pM
losartan followed by incubation with
Ang Il. B, Rel and Jun B mRNA
expression in cells treated with Ang Il
alone and in cells pretreated with
0.5 mM ASA, 1 mM SA, and 10 uM
losartan followed by incubation with
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Ang Il Induces Jun, Rel, and p-p38 and p-p44/
42 MAPKs and ASA and SA Inhibit It

MAPK activation is a downstream of NADPH oxidase,
and others and we have shown that inhibition of p38 and p44/
42 MAPKs reduces angiogenesis.'”*!' In this study, we exam-
ined the expression of p38 and p44/42 MAPKs and Rel and
Jun B and found that low concentrations of Ang II stimulated
the expression of the p-p38 and p-p44/42 MAPKs, Rel, and
Jun B in HUVECs. There was no effect of Ang II on p38 or
p44/42 MAPK protein (data not shown). Importantly, losar-
tan, ASA, and SA reduced Ang Il-induced expression of
p-p38 and p-p44/42 MAPKs, Rel, and Jun B (all P < 0.05
vs. Ang II-treated cells). These data are summarized in Figure 3.

ASA and SA Decrease AT1R Expression

Ang 11, as reported previously,* increases ATIR expres-
sion in HUVECs. This was confirmed in the present study. Both
ASA and SA suppressed Ang II-mediated ATIR expression at
messenger RNA and protein levels (P < 0.01 vs. Ang [I-treated
cells; Fig. 4C), without a significant effect on the basal levels of
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FIGURE 4. ATITR expression in HUVECs treated with Ang Il or
pretreated with 0.5 mM ASA, T mM SA, and 10 pM losartan
followed by treatment with Ang Il. A, ATTR mRNA expression.
B, AT1R protein expression. Bar graphs represent mean + SE
(n = 3 per group). *P < 0.01 versus control; *P < 0.01 versus
Ang ll-treated cells. mRNA, messenger RNA.
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ATIR. Losartan also significantly reduced Ang Il-mediated
ATIR expression (P < 0.01 vs. Ang Il-treated cells).

DISCUSSION

The most important observation in this study is that
ASA in therapeutically achieved concentration of 0.5 mM
decreased Ang II-mediated ATIR expression in HUVECs at
transcriptional level. The protein levels of ATIR also
decreased proportionately. The SA moiety of ASA had a sim-
ilar effect as ASA. The decrease in ATIR expression trans-
lated into inhibition of its biological effects, that is, new
capillary formation from endothelial cells.

The inhibitory effect of ASA and SA on ATIR
transcription identified in this study is novel and interesting.
Normally, treatment of endothelial cells, fibroblasts, and
vascular smooth muscle cells with Ang II increases ATIR
expression, and this process is thought to involve NADPH
oxidase-MAPK pathway.'”*** Because ASA and its SA moi-
ety significantly blocked the expression of several subtypes of
NADPH oxidases (Fig. 2), it is not surprising that Ang
II-mediated ATIR upregulation was blocked. Furthermore,
both ASA and SA blocked Ang Il-mediated upregulation of
Jun B, Rel, and the phosphorylated forms of p38 and p44/42
MAPKs. Recent work from our laboratory shows that ASA
reduces ATIR transcription in mouse cardiac fibroblasts and
that this process also involves activation of NADPH oxidase—
MAPK-nuclear factor kappa B pathway, and this translates
into inhibition of collagen generation.”

It is of note that the overall NADPH oxidase inhibitor
apocynin also decreased Ang II-mediated AT1R expression,
suggesting a key role of NADPH oxidases in AT IR expression.
ASA and SA reduced Ang II-mediated AT1R expression in
amanner similar to apocynin, implying that ASA and SA exert
their effect most likely at the level of NADPH oxidases.

Previous studies have documented that Ang II, in low
concentrations, stimulates formation of new capillaries from
endothelium.'” Atherosclerotic lesions express all components of
renin—angiotensin system, particularly ATIR.** The advancing
atherosclerotic lesion contains large number of capillary channels
(vasa vasorum), which are believed to contribute to the rupture of
the plaque and result in acute ischemic syndromes.”*?* ATIR
activation, besides being a proangiogenic signal, is also a proin-
flammatory stimulus.?” Accumulation of foam cells and immune
cells and thin cap, probably as a result of release of matrix metal-
loproteinases (MMPs), are other key features of “vulnerable”
plaque.® " ATIR blocker therapy, with agents like losartan,
reduces neovascularization and the atherosclerotic burden and
modifies the molecular characteristics of advancing plaque.*'-*
Profibrotic effects of Ang II translate into fibrosis and reduction
in compliance after tissue injury in animal models and in
humans.**~¢ Upregulation of ATIR expression has been identi-
fied in aging arteries.*” It is interesting that ASA replicates many
manifestations of ATIR blockade, such as stabilization of
atherosclerotic plaque,®™ decrease in VEGF expression and
subsequent angiogenesis,’*’ and tissue fibrosis.® This study
clearly demonstrates that treatment of endothelial cells with
ASA in therapeutically achieved concentration is associated with
reduction in NADPH oxidase-MAPK pathways and ATIR
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transcription. At the same time, there is inhibition of angiogenic
effects of Ang II on endothelial biology, that is, formation of
capillaries. It is conceivable that the effects of ASA on angio-
genesis are related, at least in part to the reduction in NADP
oxidase-MAPK pathways and ATIR transcription.

In essence, this study provides evidence that ASA
treatment of endothelial cells results in a decrease in AT1R
expression and capillary formation from endothelial cells.
Reduction in capillary formation may be the basis for a modest
antiatherosclerotic*®*! and antiaging®* effect of ASA. Be-
cause the effects of ASA were seen in therapeutically
achieved concentrations, these data may be clinically rele-
vant. Last, because the effects of SA were similar to those
of ASA, it seems that it is the SA moiety that is responsible
for the inhibitory effects of ASA on ATIR transcription.
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