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Abstract

Angiotensin II (ANG II) participates in many cardiovascular disease states, but the mechanisms involved are not completely

defined. Doses of ANG II that do not affect blood pressure significantly can still cause early changes in vascular endothelial

performance and cell-specific protein 3-nitrotyrosine formation (protein-3NT, marker of peroxynitrite formation) in vivo. Here, we

have tested the hypothesis that ANG II induces endothelial cell peroxynitrite (ONOO�) formation in vitro, and investigated the

mechanisms involved. Endothelial cells were incubated with ANG II (1 nM–250 mM), and protein nitration was assessed by

immunoblotting. ANG II caused concentration-dependent increases in protein-3NT above detectable basal control levels, at

concentrations greater than 100 nM. This response was inhibited significantly by co-incubation with losartan or diphenyleneiodonium

chloride. Endothelial cell lysates incubated with nitrated protein standards demonstrated significant protein-3NT modification activity

only in the presence of serum. However, endothelial cell lysates did not modify the free amino acid form of 3NT (free-3NT) in

identical experimental conditions, assessed by capillary electrophoresis. Finally, free-3NT was cytotoxic to cultured endothelial cells

(fitted lc50 ¼ 98 mM). These data demonstrate that stimulation of angiotensin receptor subtype 1 by ANG II can cause increased

endothelial cell protein nitration in vitro in the absence of other cell types or stimuli, at concentrations that are pathophysiologically

relevant. Furthermore, endothelial cells selectively modified nitrated protein tyrosine residues only in the presence of a cofactor(s),

and did not modify the free modified amino acid. Protein nitration may be a regulated endothelial signaling process, while free-3NT

may be toxic to endothelial cells.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

ANG II is an important participant in a broad spectrum

of cardiovascular disease states, and pharmacological

agents aimed at modulating its production (angiotensin

converting enzyme inhibitors) and/or activities (ANG II

receptor antagonists) have become mainstays of cardio-

vascular medicine [1–3]. Interestingly, the cardiovascular

benefits of these drugs may be only partially related to their

blood pressure-lowering effects, since in addition to its

vasopressor effects, ANG II can directly modulate vascular

cell growth, differentiation, and gene expression pathways

[4,5]. More recent studies have demonstrated that ANG II

promotes the formation of reactive oxygen species (parti-

cularly superoxide anion), and that this may also be an

important component of ANG II-mediated cardiovascular

disease [6]. Additionally, the putative sites of action of

ANG II in cardiovascular disease may be more complex

than originally thought: ANG II signaling occurs in multi-

ple vascular cell types (smooth muscle cells, fibroblasts,
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vascular endothelial cells), and clinical reports (Trial on

Reversing Endothelial Dysfunction, TREND) have sug-

gested that the benefits of ANG II inhibition may extend

beyond cardiac and vascular smooth muscles (e.g. treat-

ment with ACE inhibitors improved endothelial function in

patients with coronary artery disease) [7–11].

The vascular endothelium plays a critical role in the

regulation of local hemodynamics and vascular cell adhe-

sion by the production and release of multiple humoral

factors [12–14]. One critical mediator of endothelial func-

tion is NO, which under normal physiological conditions

provides local anti-thrombotic actions and regulation of

vasomotor tone [15]. The actions of NO can be altered

severely under conditions of oxidative stress [16]. Of

particular importance is the avid interaction of NO with

superoxide anion (O2
��), which results in the formation of

the highly aggressive reactive nitrogen species ONOO�

[17,18]. Relative to other biological oxidants, ONOO�

possesses a high affinity to nitrate tyrosine residues, both

protein-bound and free, forming 3NT [19]. Therefore, in

addition to the loss of important NO-mediated signaling

events, oxidative destruction of NO can have direct

cytotoxic actions as well. Elevations in both protein-

and free-3NT (plasma, cerebrospinal fluid) are relevant

phenomena in human cardiovascular disease [20–22].

However, the critical stimuli inducing these events, the

putative cellular targets affected, and the cellular defense

mechanisms to accommodate these changes remain

incompletely defined.

Although ANG II is a well-described effector in vascular

smooth muscle, the mechanisms by which ANG II mod-

ulates endothelial function remain poorly understood. We

have demonstrated recently that acute subpressor doses of

ANG II cause selective impairment of vascular endothelial

performance and protein nitration, in the absence of

known vascular smooth muscle effects (altered contractile

responses or morphological alterations) [23]. These find-

ings suggested that ANG II may cause important altera-

tions in vascular endothelium prior to actions on vascular

smooth muscle in vivo, and that endothelial protein nitra-

tion may participate in this phenomenon. Here, we tested

the hypothesis that ANG II can cause direct endothelial

protein nitration in vitro in the absence of other cell types

and/or physiological stimuli; we also defined mechanistic

aspects of this interaction through the use of selective

inhibitors.

Another important aspect of our studies was to assess the

capacity of endothelial cells to modify nitrated tyrosine

residues. Several recent reports have shown that various

homogenized tissues possess some capability to metabo-

lize nitrated proteins [24,25], but no previous studies have

assessed endothelial cell metabolic capabilities. Since we

have also shown recently that free-3NT is directly toxic to

vascular endothelial cells [26], we tested the ability of

endothelial cells to modify free-3NT versus protein-bound

forms.

2. Materials and methods

2.1. Isolation and culture of murine endothelial cells

Endothelial cells were isolated from male C57BL mice,

as previously described [27] and maintained in modified

murine endothelial cell medium containing (per 500 mL):

Dulbecco’s modified Eagle’s medium, 200 mL; Hams F12,

200 mL; Penn/Strep mixture, 8 U/mL of penicillin G

sodium þ 800 mg/mL of streptomycin sulfate; endothelial

cell growth medium, 15 mg; heparin 5000 U (Gibco-BRL).

2.2. ANG II cell incubations

Cultured endothelial cells were seeded onto 96-well

plates at 3 � 104 cells/mL. After establishing 90% con-

fluence, fresh medium þ 20% fetal bovine serum contain-

ing 0–250 mM ANG II (Calbiochem-Novabiochem Corp.)

was added to each well. ANG II degradation effects were

addressed by replacing the medium every 12 hr thereafter.

After 24 hr of incubation, medium was removed, and cells

were washed with PBS and then harvested using lysis

buffer (1% SDS, 1.0 mM sodium orthovanadate, 10 mM

Tris, pH 7.4) for immunoblot analysis.

In a parallel set of experiments, cells were incubated

with ANG II (100 mM) and one of the following com-

pounds: losartan [angiotensin receptor subtype 1 antago-

nist] (Merck & Co.); DPI [flavoprotein (NADH/NADPH

oxidase) antagonist], oxypurinol [xanthine oxidase antago-

nist], N-acetylcysteine [thiol-based antioxidant], EYTA

[lipoxygenase antagonist], or aminoguanidine [nitric oxide

synthase 2 antagonist] (Sigma Chemical Co.) at concen-

trations ranging from 250 nM to 500 mM. Medium supple-

mented with ANG II þ inhibitors was replaced every 12 hr

and then harvested for protein after 24 hr, identical to

procedures described above.

2.3. Dot blot analyses for endothelial cell

protein nitration

Immunoblot analyses for protein-3NT were performed,

as previously described [20]. Two micrograms of protein

from each cell lysate sample was adjusted to 100 mL with

PBS and then blotted onto nitrocellulose membranes

(0.2 mm pore size, Schleicher & Schuell) with the aid of

a 96-well Bio-Dot Microfiltration Apparatus (Bio-Rad).

Total protein was visualized using a reversible protein

stain (BLOT-Fast Stain, Geno Technology Inc.). Then

membranes were immunostained for tyrosine nitration

using a polyclonal primary antibody raised against 3NT

(anti-3-NT, Upstate Biotechnology; 1:400), as we have

described previously [20]. Bands were visualized by

enhanced chemiluminescence. Preincubation of primary

antibody with free-3NT (5 mM) completely quenched

positive staining, whereas tyrosine (5 mM) had no effect.

Non-immune serum (isotypic) controls also showed no
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detectable immunoreactivity in any treatment group,

demonstrating antibody specificity.

Digital images of dot blot results (from both total protein

and 3NT immunoreactivity stains) were captured, and then

analyzed using research-based digital image analysis soft-

ware (Image Pro Plus, Media Cybernetics). Images were

background corrected, and average pixel intensities were

determined. Untreated and TNM-treated BSA were used to

develop standard curves of enhanced chemiluminescence

signal versus moles 3NT by adding these to the cellular

lysates and assuming 10% conversion of available BSA

tyrosine residues [24]. In all cases, the relationship of

protein-3NT immunoreactivity was linearly related to

the amount of nitrated BSA added to the cellular lysates

(e.g. the standard curve was linear within the range inves-

tigated, 1–200 pmol protein-3NT per well). Comparison of

triplicate standard curves developed with TNM-treated

BSA (positive control for protein-3NT) yielded a detection

limit (twice background signal) of approximately 0.1 pmol

3NT. Coefficients of variation for this method were less

than 5% for intra-blot variability, and equal to 16% for

inter-blot variability.

2.4. Denitration studies

After washing with PBS, confluent cells were harvested

from 75-cm2 culture flasks in PBS buffer (Invitrogen/

Gibco) containing protease inhibitors (10 mg/mL each of

soybean trypsin inhibitor, aprotinin, leupeptin, prostatin A;

200 mM phenylmethylsulfonyl fluoride; 100 mM EDTA).

Then cells were disrupted using an ultrasonic probe at 48
(Fisher Scientific). The resulting cell lysate (endothelial

cell protein þ PBS buffer þ protease inhibitors) was then

studied for its capacity to modify protein nitration che-

mistries by supplementing the cell lysate with nitrated

substrate (nitrated BSA), and measuring the reduction in

protein-3NT signal following increasing incubation times.

Three milliliters of cell lysate (total protein concentration

2 mg/mL) was incubated with 0.5 mL of nitrated BSA

(1 mg/mL) at 378 with or without supplementation with

20% fetal bovine serum. Serum alone controls showed no

activity. Samples from this incubation mixture (500 mL

each) of cell lysate and nitrated BSA were collected at

different time points (1, 6, 18, and 24 hr) and boiled for

10 min in the presence of 2% SDS to stop conversion.

Protein concentration in each sample was then determined

by a bicinchoninic acid protein assay, and evaluated for

protein nitration using the immunoblot assay as described

above.

In parallel studies, we examined the capacity of endothe-

lial cells to modify free-3NT; endothelial cell lysates were

incubated with free-3NT (with and without 20% fetal

bovine serum) for 36 hr, and assessed for free-3NT content

at 0, 1, 6, 18, and 24 hr (see capillary electrophoresis assay

below). A serum (cell-free) control was performed by

incubation of 20% serum without cell lysate. A decrease

in protein or free-3NT signal following incubation with the

lysates would indicate a modification of the nitro group in

the nitrated tyrosine, and may indicate a specific capacity

of endothelial cells to modify protein versus free-3NT.

2.5. Capillary electrophoresis assay for free-3NT

Free-zone capillary electrophoresis was conducted with

a P/ACE 5510 system (Beckman Instruments Inc.) in an

uncoated fused-silica capillary. Electrophoretic separation

was performed in 50 mM sodium borate/50 mM SDS buf-

fer, pH 9.3, at 20 kV, 258, using UV detection at 200 nm.

Standard curves for the simultaneous separation of free-

3NT, Tyr, and 3-amino-L-tyrosine (reduced end-product of

3NT) were generated using endothelial cell lysates spiked

with free-3NT, Tyr, or 3-amino-L-tyrosine, respectively.

Migration times for 3-aminotyrosine, Tyr, and free-3NT

were 4:939 � 0:029 min (coefficient of variation ¼ 0:6%,

N ¼ 45), 5:3 � 0:04 min (coefficient of variation ¼ 0:8%,

N ¼ 45), and 6:8 � 0:07 min (coefficient of variation ¼
1:1%, N ¼ 45), respectively. Intra- and inter-day assay

variabilities were 1.7 and 2.3%, respectively. The mass

limit of detection for free-3NT in the endothelial cell lysate

was approximately 100 amol on capillary. Preliminary

studies included treatment of free-3NT-spiked endothelial

cell lysates with 1 mM sodium hydrosulfite as a positive

control for the modification of free-3NT to free aminotyr-

osine. Over 90% of free-3NT was converted at 1 hr post-

treatment; stoichiometric conversion of free-3NT was

achieved following treatment for 24 hr.

2.6. Cell viability assay

Endothelial cells (4 � 104) were seeded in UV trans-

parent 96-well plates, grown to confluence for 24 hr, and

then treated for 24 hr in medium alone or in medium

fortified with 1 nM–250 mM ANG II, 1 mM–1 mM free

Tyr, 1 mM–1 mM free-3NT, 50 nM–50 mM BSA, or

500 nM–500 mM TNM-treated BSA (protein concentra-

tions chosen to produce equimolar cellular exposures of

protein-bound Tyr or 3NT). Next, cells were washed and

fixed in 5% buffered formalin, and stained with crystal

violet as a marker of cell viability, as previously described

[28]. The crystal violet signal was assayed spectrophoto-

metrically at 590 nm. Preliminary experiments involved

the production of a standard curve of crystal violet inten-

sity to various dilutions of endothelial cells; intra- and

inter-day variabilities were each less than 5%.

2.7. Data analysis and statistics

Data are presented as means � SEM. Where appropri-

ate, cell viability data were fit to the four parameter logistic

equation, using GraphPad Prizm software. Statistical

analyses were performed using one-way analyses of var-

iance, with post hoc Student–Newman–Keuls tests to
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evaluate significant differences. Statistical significance

was assigned at P < 0:05.

3. Results

3.1. ANG II-induced protein-3NT formation in

isolated endothelial cells

Preliminary studies verified normal endothelial cell

growth in culture medium. Initial seeding of 1 � 104

cells/mL of medium resulted in cell population doubling

on day 3, and cells reached 90% confluence on day 5 (data

not shown). In these studies we focused on studying endothe-

lial cells at confluence and, therefore, only employed cells

after 5 days of culture.

The effect of ANG II incubation on the extent of

endothelial cell protein nitration is illustrated in Fig. 1.

Protein nitration was evaluated by immunoblot analysis at

24 hr post-treatment. Control incubations of endothelial

cells in the absence of ANG II yielded detectable basal

levels of protein-3NT. ANG II treatment caused concen-

tration-dependent increases in endothelial cell protein

nitration, at concentrations as low as 100 nM, within

ranges that are likely physiologically and/or pathophysio-

logically relevant (P < 0:05 versus control at 0.1 to

250 mM ANG II). Incubations for 24 hr with ANG II were

not cytotoxic to cultured endothelial cells at any of the

concentrations studied, as determined by the crystal violet

assay (data not shown).

In parallel experiments, potential enzymatic sources of

increased NO and/or O2
�� were probed for activity in this

setting by the use of selective inhibitors (Fig. 2). Co-

incubation with losartan (angiotensin receptor subtype 1

antagonist), DPI (NADH/NADPH oxidase antagonist), and

N-acetylcysteine (thiol antioxidant) all significantly inhib-

ited protein nitration in endothelial cells (P < 0:05 versus

100 mM ANG II alone). The order of potency in blocking

protein-3NT formation was losartan (ic50 � 10 nMÞ > DPI

(ic50 ¼ 415 � 8:6 nMÞ > N-acetylcysteine (ic50 ¼ 2:04�
0:19 mM). EYTA, oxypurinol, and aminoguanidine had no

detectable inhibitory activity on endothelial cell protein

nitration events.

3.2. Endothelial cell-mediated modification of

protein-3NT versus free-3NT

Using nitrated BSA as a substrate, the capacity of

endothelial cells to modify protein nitration events in

the presence and absence of serum was investigated.

Shown in Fig. 3 are the relative time-courses for endothe-

lial cells to modify nitrated BSA in the presence and

Fig. 1. ANG II-induced endothelial cell protein-3NT formation. Cells were incubated with ANG II (1 nM–250 mM) or vehicle control (medium þ serum

alone) for 24 hr. Total protein and molar protein-3NT formation were detected by dot blot as described in Section 2. Left panel: representative dot blot images

for total protein and protein-3NT. Total protein load (2 mg endothelial cell lysate) was equivalent in each well. Right panel: mean concentration–effect

relationships for ANG II-treated endothelial cells. ANG II elicited a statistically significant increase in protein-3NT formation at concentrations greater than

100 nM. Values are means � SEM, N ¼ triplicate experiments. Key: (	) P < 0:05 compared with control (0 mM ANG II).
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absence of serum supplementation. Cell lysates were incu-

bated with nitrated BSA (150 mg/mL) in the presence and

absence of fetal bovine serum (20% by volume). All cell

lysates contained protease inhibitors (see Section 2). No

degradation of the protein-3NT signal was observed at

24 hr in cell-free controls. Significant nitration modifying

ability was observed at 24 hr (P < 0:05) in cell lysates

containing fetal bovine serum, compared to cell-free or

serum alone controls (Fig. 3). An apparent zero-order rate

was observed with approximately 50% of protein-3NT

converted in 12 hr. In contrast, no significant modifica-

tion of protein-3NT was seen in the absence of serum or

with serum alone, as serum-free endothelial cell protein-

3NT content was not significantly different from cell-free

controls.

Using the free modified amino acid, free-3NT, as a

substrate, the capacity of endothelial cells to modify free

nitrated tyrosine was determined in parallel studies, using

capillary electrophoresis and UV detection to quantify

free-3NT levels in endothelial cell lysates. Shown in

Fig. 4 are representative electrophoreograms for free-

3NT in endothelial cell lysates, before and after treatment

with 1 mM sodium hydrosulfite (conducts chemical reduc-

tion of nitrotyrosine to aminotyrosine). In the upper profile,

a representative, baseline resolved peak for free-3NT is

shown; following 24 hr of hydrosulfite incubation, the free-

3NT peak was ablated, and formation of 3-aminotyrosine

was observed. Endothelial cell lysates were analyzed for

the capacity of free-3NT (200 mM) to alter nitration in the

presence and absence of serum, as described above.

Fig. 2. Endothelial cell nitration mediated by activation of the angiotensin receptor subtype 1. Cells were incubated with ANG II (100 mMÞ þ a selective

inhibitor [losartan, angiotensin receptor subtype 1 antagonist; DPI, flavoprotein (NADH/NADPH oxidase) antagonist; EYTA, lipoxygenase antagonist;

oxypurinol (Oxypur), xanthine oxidase antagonist; N-acetylcysteine (N-AC), thiol-based antioxidant; or aminoguanidine (AG), nitric oxide synthase 2

antagonist; concentrations 250 nM–500 mM] for 24 hr. Total protein and molar protein-3NT formation were detected by dot blot as described in Section 2.

Upper panel: representative dot blot images for endothelial cell lysates incubated with ANG II þ inhibitors probed for protein-3NT. The total protein load

(2 mg endothelial cell lysate) was equivalent in each well. Lower panel: mean concentration–effect relationships for inhibitors. Losartan, DPI, and N-AC had a

statistically significant inhibitory effect on ANG II-mediated increases in protein-3NT formation (P < 0:05 compared to control). Values are means � SEM,

N ¼ triplicate experiments.
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In contrast to protein-3NT studies, no significant modify-

ing capacity was observed in endothelial cell lysates

against the free modified amino acid (Fig. 4).

3.3. Endothelial cytotoxicity of protein-3NT versus free-

3NT

The relative cytotoxicities of exogenous addition of free

versus protein-3NT were determined using a crystal violet

assay for endothelial cell viability (Fig. 5). Free-Tyr or

free-3NT (1–1000 mM) was applied to cultured endothelial

cells for 24 hr, and cell viability was assessed. Free-3NT

caused concentration-dependent decreases in cell number

after 24 hr, with a fitted LC50 of 98 � 7:5 mM. Equimolar

Tyr had no effect. Concentrations of BSA (50 nM–50 mM)

and nitrated BSA (500 nM–500 mM) were chosen to

achieve an equivalent exposure of Tyr or 3NT in the

protein-bound form, based on the relative number of Tyr

residues and estimated nitration efficiency (see Section 2).

Neither protein treatment had any significant effect on cell

density at 24 hr.

4. Discussion

Increased oxidative stress has been implicated in the

initiation and/or progression of a variety of acute and

progressive vascular disease states, including ischemia–

reperfusion injury, hyperlipidemia, atherosclerosis, and

essential hypertension [29,30]. Studies by us and other

investigators have demonstrated that formation of reactive

nitrogen species (including peroxynitrite and others) and

attendant tyrosine nitration may be particularly injurious

events in the development of cardiac and vascular dysfunc-

tion [14,16,18–23,26,31]. However, the mechanisms by

which nitration occurs, and the factors that modulate

cellular vulnerability to reactive nitrogen species forma-

tion are not understood completely. Although ANG II is

known to induce superoxide anion formation, most

mechanistic studies have focused on its effects on vascular

smooth muscle, not its potential endothelial toxicities via

interactions with NO. We recently demonstrated that ANG

II-induced endothelial nitration and dysfunction precede

other vascular alterations in vivo [23]. While nitration

events were implicated in our previous in vivo experiments,

the cell type(s) responsible and the endothelial response to

injury have not been investigated. Here, we tested the

hypothesis that an ANG II challenge causes increased

Fig. 3. Modification of nitrated BSA by endothelial cell lysates. Decreases

in 3NT immunoprevalence in endothelial cell lysates incubated with

nitrated BSA (no fetal bovine serum versus 20% fetal bovine serum)

were detected by dot blot immunoreactivity analysis at 1, 6, 18, and 24 hr.

The absolute value for protein-3NT in 500 mg nitrated BSA (at time

0Þ ¼ 151:5 nmol (a starting concentration of approximately 40 mM in

protein-bound nitrated tyrosine residues). The serum control was

performed by incubation of 20% serum and nitrated BSA without the

cell lysate. Values are means � SEM, N ¼ triplicate experiments.

Fig. 4. Failure of endothelial cell lysates to modify free-3NT. Endothelial

cell lysates were incubated with free-3NT (no fetal bovine serum versus

20% fetal bovine serum) for 36 hr, and assessed for 3NT content at 0, 1, 6,

18, and 24 hr. A serum (cell-free) control was performed by incubation of

20% serum and free BSA without the cell lysate. A free-zone capillary

electrophoresis method was developed to detect free-3NT and its

chemically reduced end-product, 3-aminotyrosine. Upper panel: represen-

tative electrophoreogram of the separation of 3NT and 3-aminotyrosine in

endothelial cell lysates before and after chemical conversion by 1 mM

sodium hydrosulfite. Lower panel: endothelial cell lysates were assayed for

free-3NT content over 24 hr. No significant modification of free-3NT

content was observed in any treatment group. Values are means � SEM,

N ¼ triplicate experiments.
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tyrosine nitration in isolated endothelial cells, independent

of other cell types and/or physiological stimuli.

Consistent with our previous in vivo results, we found

that ANG II caused significant increases in endothelial

protein-3NT formation, at concentrations (submicromolar)

likely to be pathophysiologically relevant [1,4–6]. These

findings suggest that endothelial cells themselves have

sufficient capacity to form reactive nitrogen species, in

the absence of multi-cell interactions and/or complex

physiological regulation that may occur in vivo. In sub-

sequent experiments, we investigated potential sources

of this protein-3NT formation, using selective inhibitors

to the angiotensin receptor subtype 1 (losartan), NADH/

NADPH oxidase (DPI), NOS2 (aminoguanidine), xanthine

oxidase (oxypurinol), lipoxygenase (EYTA), or a thiol-

based antioxidant (N-acetylcysteine). Inhibition experi-

ments demonstrated that losartan, DPI, and N-acetylcysteine

each had significant inhibitory activity on ANG II-mediated

endothelial nitration. These effects support the hypothesis

that ANG II-mediated protein-3NT formation resulted

from AT1 receptor-mediated activation of the NADH/

NADPH oxidase complex in these cells, resulting in

increased superoxide anion formation [32]. Furthermore,

these findings are consistent with recent studies regarding

oxidative consequences of AT1 activation in other cell

types as well [6,33,34]. Inhibitors of the inducible isoform

of nitric oxide synthase, xanthine oxidase, and lipoxygen-

ase were found to have no inhibitory effect (even at

concentrations of 250–500 mM), suggesting that these

pathways did not participate in ANG II-mediated pro-

tein-3NT formation in this setting.

Despite considerable evidence that ONOO� formation

and attendant tyrosine nitration are mechanistic events in

the development of cardiovascular disease, the cellular

sites and responses to these events are largely unknown.

While a variety of low molecular weight reductants (e.g.

glutathione and ascorbic acid) may comprise an important

cellular antioxidant defense system against ONOO� for-

mation, no antioxidant defense system (i.e. superoxide

dismutase or catalase) specific to ONOO� has been

demonstrated in mammalian systems [18,19,31], placing

particular emphasis on the recycling or metabolism of

enzymatic targets modified by ONOO� as a potentially

cytoprotective response to injury. Recent evidence has

suggested that tissue homogenates (particularly those of

the spleen, skin, and lungs) have the capacity to modify (or

perhaps ‘‘denitrate’’) protein-3NT [24,35]. The cellular

specificity of these events remains undefined, and the

capacity of endothelial cells to conduct these chemistries

has not been hypothesized. Here, we observed significant

nitration-modifying capacities in isolated endothelial cells.

This ability required certain undefined cofactors (activity

was lost in the absence of serum), and had a half-time of

12 hr, less active than the tissue ‘‘denitrating’’ capacities of

spleen and lung described above. These results constitute

the first cell-specific evidence that modifying capacities are

operable against nitrated proteins, and identify a poten-

tially important endothelial cell detoxification pathway

against the direct actions of ONOO�. The mechanisms

by which these modifications occur and the cytoprotective

(or perhaps cytotoxic) potential of these events warrant

further investigation.

Separate from increased protein-3NT in tissue samples,

increased circulating levels of the modified free amino acid

(free-3NT) have also been described in multiple settings of

vascular endothelial dysfunction, and have been employed

as a marker of ONOO� formation and/or increased nitrated

protein catabolism in these settings [22,31,36]. We have

shown recently that the free modified amino acid possesses

intrinsic cytotoxic actions, inducing selective vascular

endothelial dysfunction and endothelial cell apoptosis at

clinically demonstrable concentrations [26]. Therefore, the

capacity of endothelial cells to modify free-3NT may be

particularly relevant to endothelial health and function. In

studies parallel to those described for nitrated protein, we

found that endothelial cells apparently do not modify free-

3NT, in contrast to their capacity to modify protein-3NT.

Further studies demonstrated that 24-hr exposures to free-

3NT were cytotoxic to isolated endothelial cells, while

equimolar Tyr and protein-3NT had no effect. The exo-

genous administration of these compounds only models

extracellular endothelial exposures to 3NT (e.g. blood-

borne or released by other cells), and may be most relevant

to free-3NT studies. However, these findings further con-

tribute to the shift in perspective of the free modified amino

Fig. 5. Selective endothelial cytotoxicity of free-3NT. Endothelial cells

were treated for 24 hr in medium alone or medium fortified with

1 mM–1 mM free-Tyr, 1 mM–1 mM free-3NT, 50 nM–50 mM BSA, or

500 nM–500 mM TNM-treated BSA (3NT-BSA), protein concentrations

chosen to produce equimolar cellular exposures of protein-bound Tyr or

3NT. Cells were stained with crystal violet as a marker of cell viability and

assayed spectrophotometrically at 590 nm. Free-3NT elicited marked

decreases in endothelial cell density; equimolar Tyr and protein-3NT had

no effect. Fitted lc50 ¼ 98 mM. Values are means � SEM, N ¼ triplicate

experiments.
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acid from benign biological marker to potential mediator

of oxidant-related damage. Since our assay detection limit

was insufficient to detect free-3NT in ANG II-treated

endothelial cells after lysis, the contribution of ANG II-

mediated pathways to free-3NT formation in this setting

remains undetermined. Other investigators have produced

concurrent evidence that the biological reactivities of these

two forms may be distinct [37–40]. Our evidence of

differential modification capacities in the free versus pro-

tein-bound form may partially explain this phenomenon.

In summary, we found that ANG II stimulates isolated

endothelial cell protein nitration in a concentration-depen-

dent fashion, at concentrations as low as 100 nM. These

findings are highly consistent with our in vivo results that

ANG II stimulates endothelial cell nitration and functional

impairment, prior to detectable effects in vascular smooth

muscle function. Inhibition experiments demonstrated that

this effect occurred via selective activation of NADH/

NAPDH oxidase in an AT1 receptor-mediated process. In

combination, these results suggest that the interactions of

ANG II with endothelial cells may be a previously unrec-

ognized and early event in the initiation and/or progression

of cardiovascular dysfunction, and that strategies to selec-

tively modulate the effects of ANG II on the endothelium

may have therapeutic value. We also found that endothelial

cells have the capacity to selectively modify protein-bound,

but not free, nitrotyrosine, and that the free form of this

modified amino acid was significantly more cytotoxic in

vitro. Further studies regarding the potential contribution of

ANG II-mediated endothelial cell injury to the initiation of

cardiovascular disease, and the mechanisms of free-3NT

endothelial cytotoxicity appear warranted.

Acknowledgments

This work was supported, in part, by grants from the

National Institutes of Health (HL59791, DK55053,

HL63067) and an award from the American Heart Asso-

ciation, Ohio Valley Affiliate.

References

[1] Stroth U, Unger T. The renin-angiotensin system and its receptors. J

Cardiovasc Pharmacol 1999;33(Suppl 1):S21–8.

[2] Lonn EM, Yusuf S, Jha P, Montague TJ, Teo KK, Benedict CR, Pitt B.

Emerging role of angiotensin-converting enzyme inhibitors in cardiac

and vascular protection. Circulation 1994;90:2056–69.

[3] Haber E. The role of renin in normal and pathological cardiovascular

homeostasis. Circulation 1976;54:849–54.

[4] Griffin SA, Brown WC, MacPherson F, McGrath JC, Wilson VG,

Korsgaard N, Mulvany MJ, Lever AF. Angiotensin II causes vascular

hypertrophy in part by a non-pressor mechanism. Hypertension

1991;17:626–35.

[5] Ratajska A, Campbell SE, Cleutjens JP, Weber KT. Angiotensin II and

structural remodeling of coronary vessels in rats. J Lab Clin Med

1994;124:408–15.

[6] Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling

KK, Harrison DG. Angiotensin II-mediated hypertension in the rat

increases vascular superoxide production via membrane NADH/

NADPH oxidase activation. Contribution to alterations of vasomotor

tone. J Clin Invest 1996;97:1916–23.

[7] Pueyo ME, Arnal JF, Rami J, Michel JB. Angiotensin II stimulates the

production of NO and peroxynitrite in endothelial cells. Am J Physiol

1999;274:C214–20.

[8] Munzel T, Hink U, Heitzer T, Meinertz T. Role for NADPH/NADH

oxidase in the modulation of vascular tone. Ann NY Acad Sci

1999;874:386–400.

[9] Spieker LE, Noll G, Ruschitzka FT, Maier W, Luscher TF. Working

under pressure: the vascular endothelium in arterial hypertension. J

Hum Hypertens 2000;14:617–30.

[10] Heitsch H, Brovkovych S, Malinski T, Wiemer G. Angiotensin-(1-7)-

stimulated nitric oxide and superoxide release from endothelial cells.

Hypertension 2001;37:72–6.

[11] Mancini GBJ, Henry GC, Macaya C, O’Neill BJ, Pucillo AL, Carere

RG, Wargovich TJ, Mudra H, Luscher TF, Klibaner MI, Haber HE,

Uprichard ACG, Pepine CJ, Pitt B. Angiotensin-converting enzyme

inhibition with quinapril improves endothelial vasomotor dysfunction

in patients with coronary artery disease: the TREND (Trial on

Reversing Endothelial Dysfunction) study. Circulation 1996;94:

258–65.

[12] Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in

the relaxation of arterial smooth muscle by acetylcholine. Nature

1980;299:373–6.

[13] Barton M. Biology of the endothelium. Clin Cardiol 1997;20:II-3–II-

10.

[14] Mombouli JV, Vanhoutte PM. Endothelial dysfunction: from physiol-

ogy to therapy. J Mol Cell Cardiol 1991;31:61–74.

[15] Vallance P, Moncada S. Nitric oxide—from mediator to medicines. J R

Coll Physicians Lond 1994;28:209–19.

[16] Freeman B. Free radical chemistry of nitric oxide. Looking at the dark

side. Chest 1994;105(Suppl 3):79S–84S.

[17] Blough NV, Zafiriou OC. Reaction of superoxide with nitric oxide to

form peroxynitrite in alkaline aqueous solution. Inorg Chem 1985;

24:3504–5.

[18] Beckman JS, Koppenol W. Nitric oxide, superoxide, and peroxynitrite:

the good, the bad, and the ugly. Am J Physiol 1996;271:C1424–37.

[19] Beckman JS. Oxidative damage and tyrosine nitration from perox-

ynitrite. Chem Res Toxicol 1996;9:836–44.

[20] Mihm MJ, Coyle C, Schanbacher BL, Weinstein DW, Bauer JA.

Peroxynitrite induced nitration and inactivation of myofibrillar crea-

tine kinase in experimental heart failure. Cardiovasc Res 2001;49:

798–807.

[21] Kooy NW, Lewis SJ, Royall JA, Ye YZ, Kelly DR, Beckman JS.

Extensive tyrosine nitration in human myocardial inflammation:

evidence for the presence of peroxynitrite. Crit Care Med 1997;25:

812–9.

[22] Fukuyama N, Takebayashi Y, Hida M, Ishida H, Ichimori K. Clinical

evidence of peroxynitrite formation in chronic renal failure patients

with septic shock. Free Radic Biol Med 1997;22:771–4.

[23] Wattanapitayakul SK, Weinstein DM, Holycross BJ, Bauer JA.

Endothelial dysfunction and peroxynitrite formation are early

events in angiotensin-induced cardiovascular disorders. FASEB J

2000;14:271–8.

[24] Kamisaki Y, Wada K, Bian K, Balabanli B, Davis K, Martin E, Behbod

F, Lee YC, Murad F. An activity in rat tissues that modifies nitrotyr-

osine-containing proteins. Proc Natl Acad Sci USA 1998;95:11584–9.

[25] Souza JM, Choi I, Chen Q, Weisse M, Daikhin E, Yudkoff M, Obin M,

Ara J, Horwitz J, Ischiropoulos H. Proteolytic degradation of tyrosine

nitrated proteins. Arch Biochem Biophys 2000;380:360–6.

[26] Mihm MJ, Jing L, Bauer JA. Nitrotyrosine causes selective vascular

endothelial dysfunction and DNA damage. J Cardiovasc Res 2000;

36:182–7.

1196 M.J. Mihm et al. / Biochemical Pharmacology 65 (2003) 1189–1197



[27] Gerritsen ME, Shen C-P, McHugh MC, Atkinson WJ, Kiely J-M,

Milstone DS, Luscinskas FW, Gimbrone MAJ. Activation-dependent

isolation and culture of murine pulmonary microvascular endothe-

lium. Microcirculation 1995;2:151–63.

[28] Flick DA, Gifford GE. Comparison of in vitro cell cytotoxic assays for

tumor necrosis factor. J Immunol Methods 1984;68:167–75.

[29] Lum H, Roebuck KA. Oxidant stress and endothelial cell dysfunction.

Am J Physiol 2001;280:C719–41.

[30] Cai H, Harrison DG. Endothelial dysfunction in cardiovascular dis-

eases: the role of oxidant stress. Circ Res 2000;87:840–4.

[31] Ischiropoulos H. Biological tyrosine nitration: a pathophysiological

function of nitric oxide and reactive oxygen species. Arch Biochem

Biophys 1998;356:1–11.

[32] Li JM, Mullen AM, Shah AM. Phenotypic properties and character-

istics of superoxide production by mouse coronary microvascular

endothelial cells. J Mol Cell Cardiol 2001;33:1119–31.

[33] Pagano PJ, Chanock SJ, Siwik DA, Colucci WS, Clark JK. Angio-

tensin II induces p67phox mRNA expression and NADPH oxidase

superoxide generation in rabbit aortic adventitial fibroblasts. Hyper-

tension 1998;32:331–7.

[34] Jaimes EA, Galceran JM, Raij L. Angiotensin II induces superoxide

anion production by mesangial cells. Kidney Int 1998;54:775–84.

[35] Greenacre SAB, Evans P, Halliwell B, Brain SD. Formation and loss of

nitrated proteins in peroxynitrite-treated rat skin in vivo. Biochem

Biophys Res Commun 1999;262:781–6.

[36] Tabrizi-Fard MA, Maurer TS, Fung H-L. In vivo disposition of 3-nitro-

L-tyrosine in rats: implications on tracking systemic peroxynitrite

exposure. Drug Metab Dispos 1999;27:429–31.

[37] Eiserich JP, Est’Evez AG, Bamberg TV, Ye YZ, Chumley PH, Beck-

man JS, Freeman BA. Microtubule dysfunction by post-translational

nitrotyrosination of a-tubulin: a nitric oxide-dependent mechanism of

cellular injury. Proc Natl Acad Sci USA 1999;96:6365–70.

[38] Kalisz HM, Erck C, Plessmann U, Wehland J. Incorporation of

nitrotyrosine into a-tubulin by recombinant mammalian tubulin-tyr-

osine ligase. Biochim Biophys Acta 2000;1481:131–8.

[39] Krainev AG, Williams TD, Bigelow DJ. Enzymatic reduction of 3-

nitrotyrosine generates superoxide. Chem Res Toxicol 1998;11:495–502.

[40] Kooy NW, Lewis SJ. Nitrotyrosine attenuates the hemodynamic

effects of adrenoceptor agonists in vivo: relevance to the pathophy-

siology of peroxynitrite. Eur J Pharmacol 1996;310:155–61.

M.J. Mihm et al. / Biochemical Pharmacology 65 (2003) 1189–1197 1197


	Effects of angiotensin II on vascular endothelial cells: formation of receptor-mediated reactive nitrogen species
	Introduction
	Materials and methods
	Isolation and culture of murine endothelial cells
	ANG II cell incubations
	Dot blot analyses for endothelial cell protein nitration
	Denitration studies
	Capillary electrophoresis assay for free-3NT
	Cell viability assay
	Data analysis and statistics

	Results
	ANG II-induced protein-3NT formation in isolated endothelial cells
	Endothelial cell-mediated modification of protein-3NT versus free-3NT
	Endothelial cytotoxicity of protein-3NT versus free-3NT

	Discussion
	Acknowledgements
	References


