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Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
produced by epithelial and inflammatory cells are key mediators of
the chronic airway inflammation of asthma. Low L-arginine levels
can result in the uncoupling of nitric oxide synthase (NOS) leading
to production of both ROS and RNS. Asymmetric dimethylarginine
(ADMA) is a competitive endogenous inhibitor of all NOS isoforms
and has been demonstrated to inhibit NO formation and increase
oxidative stress in vascular endothelial and smooth muscle cells.
The effect of ADMA on inducible NOS (iNOS) activity in epithelial
cells has not been explored. In this study, we investigated whether
addition of exogenous ADMA alters the generation of NO and
superoxide anion (O2

�), leading to peroxynitrite (ONOO�) formation
in a mouse epithelial cell line. In stimulated LA-4 cells, ADMA dose-
dependently inhibited nitrite accumulation after 24 h of treatment.
In addition, ADMA concentrations as low as 10 �M induced rapid
increases in O2

� production as measured by dihydroethidium oxida-
tion. Furthermore, using dihydrorhodamine to monitor ONOO� for-
mation, ADMA caused a dose-dependent increase in ONOO� after
treatment for 24 h. Similar effects of ADMA were seen using purified
iNOS protein in a cell-free system. Together, these data indicate
that elevated ADMA may contribute to the production of ROS and
RNS in airway inflammation.
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Endogenous nitric oxide (NO) plays a key beneficial role in the
physiologic regulation of airway functions including the control
of vascular and bronchial tone and neuroendocrine regulation
of airway mediator release (1, 2). However, overproduction of
NO has also been shown to contribute to tissue injury in inflam-
matory and ischemic conditions (3). One mechanism by which
NO can contribute to tissue injury is by its diffusion-controlled
reaction with superoxide (O2

�) to produce peroxynitrite (ONOO�),
a potent oxidant thought to be a key mediator of NO-mediated
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CLINICAL RELEVANCE

This study demonstrates that elevated levels of the endoge-
nous nitric oxide synthase inhibitor asymmetric dimethylar-
ginine (ADMA) may contribute to the production of reac-
tive oxygen species and reactive nitrogen species in airway
inflammation. These findings suggest that ADMA may play
a role in airway diseases including asthma.

tissue injury in atherosclerosis, congestive heart failure, gluta-
mate excitotoxicity, and other disease states involving inflamma-
tory oxidative stress (4). NO is formed from the semi-essential
amino acid L-arginine by the action of three isoforms of the
enzyme nitric oxide synthase (NOS) (5). The constitutive iso-
forms (cNOS) are expressed mainly in nonadrenergic noncholin-
ergic nerves (neuronal NOS [nNOS]), endothelial cells (endothe-
lial NOS [eNOS]), and airway epithelium (nNOS and eNOS)
(5–8), and are involved in the physiologic regulation of the airway
by the local production of small amounts of NO. The third
isoform is induced after exposure to proinflammatory cytokines
(inducible NOS [iNOS]) and is expressed in epithelial cells and
inflammatory cells of the airway including macrophages (9). In
addition to producing NO, NOS can catalyze O2

�formation in
the presence of low L-arginine levels (10, 11). In this case, the
oxidation of L-arginine to NO is not complete and the activity
of this enzyme can be “uncoupled” (12–14). Furthermore, in
L-arginine depleted cells, NOS can generate both O2

�and NO
leading to ONOO� formation (15, 16). Both O2

�and ONOO�

are mediators of cell signaling in airway and pulmonary epithelial
cells. Overproduction of ONOO� can cause oxidative damage
to proteins, lipids, DNA, and carbohydrates (17) and ONOO-
inducible cell death has been demonstrated in multiple cell types
including type II epithelial cells (18).

Asymmetric dimethylarginine (ADMA) is an L-arginine ana-
log that serves as an endogenous inhibitor of both the constitutive
forms and the inducible form of NOS (19–21). ADMA is in-
volved in the pathophysiology of human vascular disease and
has been demonstrated to be not only a marker of endothelial
dysfunction (22), but also a novel cardiovascular risk factor (23).
Enhanced ADMA levels in both animal models and in patients
with pulmonary hypertension have been reported to contribute
to vascular abnormalities in pulmonary hypertension (24, 25).
Furthermore, a recent report by Bulau and coworkers demon-
strated that the lung is not only a major source of NO, but also
of ADMA (26). This as well as numerous studies demonstrating
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an importance of L-arginine metabolism and NO production in
inflammatory airway diseases (27, 28), suggest that ADMA may
play an important role in regulation of NOS activity and NO
production in the lung.

ADMA has been reported to competitively inhibit NO elabo-
ration by displacing L-arginine from NOS, and studies in cultured
human endothelial cells have shown that elevated ADMA results
in the production of O2

� (29). This has led to the hypothesis
that ADMA may uncouple NOS, resulting in a switch of the
enzymatic activity from NO to O2

�. Although significant strides
have been made in the elucidation of the role of ADMA as an
inhibitor of the constitutive NOS isoforms, the role of ADMA
in iNOS inhibition has been poorly studied. In an in vitro model
of Pseudomonas aeruginosa infection-induced iNOS expression
of respiratory mucosa, Dowling and colleagues demonstrated
that addition of ADMA inhibited nitrite formation (19). More
recently, Ueda and colleagues demonstrated that addition of
exogenous ADMA to cultured rat smooth muscle cells signifi-
cantly decreased IL-1�–induced NO production in these cells
(21). These findings suggest that ADMA inhibits NO formation
via iNOS in these systems. Furthermore, although substantial
experimental and clinical evidence suggests that even small mod-
ifications of ADMA levels significantly change vascular NO pro-
duction, vascular tone, and systemic vascular resistance (30),
the role of ADMA in the regulation of NO production in the
respiratory system has not yet been well explored. In the present
study, we hypothesized that ADMA plays a role in regulating
cytokine-induced NO production and reactive oxygen species
(ROS)/reactive nitrogen species (RNS) formation in lung epithe-
lial cells. To test this hypothesis, the effects of elevated ADMA
on iNOS function in a cytokine-stimulated murine lung epithelial
cell line and purified iNOS protein were studied.

MATERIALS AND METHODS

Cell Culture

LA-4 cells were maintained in Ham’s modified F-12 medium supplemented
with 15% fetal bovine serum (FBS; Hyclone, Logan, UT) antibiotics/
antimycotic (MediaTech, Herndon, VA) at 37�C in a humidified atmo-
sphere with 5% CO2–95% air. Cells were seeded at � 50% confluence,
and used when 95–100% confluent.

Before experimental treatment, cells were washed and then incu-
bated in the presence or absence (unstimulated) of stimulation (10 �g/ml
LPS, 10 ng/ml TNF-�, and 20 ng/ml IFN-�) � ADMA or 1400W. LPS,
ADMA, and 1400W were obtained from Sigma (St. Louis, MO), TNF-�
from BD Biosciences (San Diego, CA), and IFN-� from Chemicon
(Danvers, MA).

Measurement of Nitrite Concentrations

Nitrite concentrations were measured using the Griess reaction (31).
Sixty microliters of Griess reagent (1% sulfanilamide and 0.1%
naphthly-ethylenediamide in 5% phosphoric acid) purchased from
Ricca Chemical Co. (Pocomoke, MD) was added to 60 �l of sample
medium. After a 10-min incubation at room temperature, optical density
was measured at 550 nm using microplate reader (Molecular Devices,
Sunnyvale, CA). Culture medium was used as a blank for cell culture
experiments and reaction medium was used as a blank for purified
protein experiments. Standard curves were made with NaNO2 (Sigma)
dissolved in the culture medium or PBS. There was a linear standard
curve for NaNO2 in culture medium for concentrations between 0.06 and
250 �M (R2 	 0.9960, y 	 0.02270 [range, �0.004398 to 0.04979], slope
	 0.0042 [range, 0.003934 to 0.004465], limit of detection � 0.25 �M).
For NaNO2 in PBS, there was a linear standard curve between 0.06
and 62.5 �M (R2 	 0.9998, y 	 �0.0007918 [range, �0.001798 to
0.0002148], slope 	 0.00556 [range, 0.00551 to 0.005608], limit of detec-
tion � 0.25 �M). The slight difference in slope values between the
NaNO2 standard curves in culture medium and PBS suggests that there
may be some differential matrix interference for this assay. Therefore,

it would be difficult to make any direct comparisons between nitrite
levels determined in culture media and PBS.

Western Blot Analysis

Western blot analysis was performed as previously described (32) with
some modifications. Protein extracts (25–50�g), prepared from cell
cultures were separated on NuPAGE 4–12% Bis-Tris gels (Invitrogen
Life Technologies, Carlsbad, CA) and electrophoretically transferred
to Immun-Blot PVDF membrane (Bio-Rad Laboratories, Hercules,
CA). The membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline (TBS) containing 0.1% Tween. After blocking, the
membranes were incubated overnight at 4�C with a 1:500 dilution of
anti-iNOS (BD Transduction Laboratories, San Jose, CA) or anti-
�-actin (Cell Signaling Technology, Danvers, MA) antibodies. The
membranes were then washed with TBS containing 0.1% Tween and
then incubated for 1 h at room temperature with a 1:1,000 dilution of the
rabbit anti-IgG–horseradish peroxidase conjugate (Pierce Laboratories,
Rockford, IL). Bands were visualized using chemiluminescnece
(SuperSignal West Femto Substrate Kit; Pierce Laboratories) on a
Versa Doc Imaging System (Bio-Rad). Bad intensity was quantified
using Bio-Rad Quantity One software.

In all electrophoresis experiments, a protein standard ladder
(MagicMark XP Western Standards; Invitrogen) was used for estima-
tion of protein molecular weight.

Detection of Superoxide Formation

Dihydroethidium (DHE) is a cell-permeable compound that can un-
dergo a two-electron oxidation to form the DNA-binding fluorophore
ethidium/oxyethidium (33). The reaction is relatively specific for O2

�,
with minimal oxidation induced by H2O2 or hypochlorous acid (34).
However, given that rates of O2

�production using DHE may be underes-
timated due to its capacity to enhance rates of O2

�dismutation to H2O2

(34), DHE oxidation is most useful as a qualitative indicator of O2
�. In

our experiments, intracellular O2
�generation was estimated using DHE.

After a 24-h incubation of confluent LA-4 cells in 96-well microtiter
plates with or without stimuli, ADMA (10–250 �M) or 100 �M 1400W
was added the presence of 25 �M DHE (Invitrogen). For O2

�detection
in the purified iNOS experiments, the reactions were initiated in the
presence of 25 �M DHE and allowed to continue for up to 2 h. After
incubation in both the cell culture and purified iNOS experiments,
eithidium/oxythidium formation was measured by fluorimetric analysis
in a microplate reader (Molecular Devices) at excitation/emission wave-
lengths of 518 and 605 nm, respectively. Fluorescence due to auto-
oxidation of DHE in either culture or reaction medium was subtracted
from the original measurements.

Determination of Peroxynitrite

Peroxynitrite efficiently oxidizes the nonfluorescent molecule dihydro-
rhodamine 123 (DHR) to the fluorescent product rhodamine. This
method is commonly employed for detection of ONOO�; however,
there are several potentially confounding aspects of this assay that
should be considered when interpreting results from this assay. In bio-
logical systems, DHR may undergo a single electron transfer to ONOO�

to form a DHR radical, which can then dismutate to form rhodamine
and DHR. Furthermore, the DHR radical may reversibly reduce O2 to
form O2

� and rhodamine. Compared with the dismutation of DHR
radicals, however, this reaction is very slow and therefore its contribu-
tion to the total fluorescent product in the absence of SOD is likely
minimal (35). In addition, although O2

�, H2O2, and NO do not appear
to react with DHR (35), several cell-derived oxidants including OH,
CO3

�, and NO2 can react with this probe (36), potentially contributing
to the oxidation of DHR. Finally, some controversy remains as to
whether DHR reacts directly with ONOO� (35), or whether the oxida-
tion of fluorescent probes by peroxynitrite occurs via free radical inter-
mediates formed during the spontaneous decomposition of peroxyni-
trite (37). These potential confounding factors notwithstanding, the
ability of DHR to react efficiently with ONOO� even at very low
concentrations makes it useful for detecting ONOO� in vitro. In our
studies, ONOO� formation was assayed by following incubation with
or without stimuli and inhibitors in the presence of 25 �M DHR (Sigma)
in 96-well microtiter plates in culture medium as previously published
(38). For ONOO� detection in the purified iNOS experiments, the
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reactions were initiated in the presence of 25 �M DHR and allowed
to continue for up to 2 h. After incubation, DHR conversion to rhoda-
mine was measured by fluorimetric analysis in a microplate reader
(Molecular Devices) at excitation/emission wavelengths of 485 and
538 nm, respectively. Fluorescence due to autooxidation of DHR was
subtracted from the original measurements.

Statistical Analysis

The mean � SEM was calculated for all samples and P values calculated
using an unpaired t test or a one-way ANOVA followed by Dunnett’s
multiple comparison to a single control group. All data are expressed
as mean � SEM. P 
 0.05 was accepted as statistically significant.

RESULTS

Stimulation of LA-4 Cells with LPS, IFN-�, and TNF-� Results
in a Significant Increase in iNOS-Mediated Nitrite Accumulation
and iNOS Protein Expression

We wished to assess the effects on ADMA on iNOS function
in murine epithelial cells. Given that iNOS protein levels are
very low in unstimulated LA-4 cells (39), we first determined
whether iNOS protein and nitric oxide production could be
significantly up-regulated in the LA-4 cell line after stimulation
with LPS, IFN-�, and TNF-�. These molecules were chosen due
to their synergism in inducing genes involved in the inflammatory
response (40) and because these are factors to which respi-
ratory epithelial cells can be exposed. Cells were exposed to
LPS (10 �g/ml), IFN-� (20 ng/ml), and TNF-� (10 ng/ml) in the
presence or absence of the iNOS specific inhibitor 1400W
(100 �M) for up to 48 h. Nitrite accumulation increased
� 10-fold after 24 h of stimulation and over 25-fold after 48 h
(Figure 1A). The iNOS-specific inhibitor 1400W blocked essen-
tially all nitrite accumulation indicating that iNOS was responsi-
ble for most of the nitrite formed in this model. In addition,
iNOS protein levels increased over 13-fold over protein levels
in unstimulated cells (Figure 1B). These data demonstrate that

Figure 1. Nitrite accumulation and iNOS protein expression
in stimulated LA-4 cells. LA-4 cells were exposed to LPS (10 �g/
ml), IFN-� (20 ng/ml), and TNF-� (10 ng/ml) in the presence or
absence of the iNOS-specific inhibitor 1400W (100 �M) for
up to 48 h. (A ) Time course of nitrite production after stimula-
tion. Cell supernatant samples were assayed for nitrite content
at the specified time points (n 	 3). (B ) Protein extracts (25 �g),
prepared from LA-4 cell lysates after 24 h stimulation with LPS
(10 �g/ml), IFN-� (20 ng/ml), and TNF-� were separated on
a 4–12% denaturing polyacrylamide gel, electrophoretically
transferred to PVDF membrane, and analyzed using a specific
antiserum raised against iNOS and �-actin proteins. B is a repre-
sentative blot of lysates from unstimulated (n 	 3) and stimu-
lated (n 	 3) cells. The graph below indicates the fold change
in densitometric values of iNOS protein (normalized to �-actin
levels) in cells stimulated for 24 h over unstimulated controls
(n 	 5). *P 
 0.05 versus control.

the LA-4 cell line is a good model to assess the effects of ADMA
on iNOS function.

ADMA Is a Weak Inhibitor of Nitrite Accumulation
in Stimulated LA-4 Cells

ADMA has been shown to inhibit NO production in endothelial
cells (20) and smooth muscle cells (21). To our knowledge, the
effects of ADMA on NOS function in epithelial cells have not
yet been explored. To determine whether exogenously applied
ADMA inhibited NO synthesis in murine epithelial cells, we
added increasing concentrations of ADMA (10–500 �M) to the
culture media along with stimulation. It is important to note
that in vivo, the L-arginine/ADMA ratio is in the range of 50:1
to 100:1, given a range of L-arginine levels between 50 and
100 �mol/liter, and ADMA concentrations between 0.3 and
0.7 �mol/liter. The L-arginine concentration in the culture media
for all experiments reported here was � 2.4 mM; therefore, the
addition of 10–100 �M ADMA in these experiments resulted
in an L-arg/ADMA ratio that is within physiologic levels.

ADMA weakly inhibited nitrite accumulation in a dose-
dependent manner after 24 h of stimulation and treatment (Figure
2A). Significant inhibition (P 
 0.05) was seen at doses starting at
100 �M; however, even at the highest dose of 500 �M ADMA,
nitrite accumulation was only decreased � 25% of control. In
contrast, addition of 1400W inhibited nitrite accumulation to nearly
baseline (unstimulated cells) level. Even after 48 h of stimulation
and treatment, the highest concentration of ADMA (500 �M)
inhibited nitrite accumulation by 
 75% (Figure 2B).

We are unaware of any reports documenting effects of ele-
vated ADMA on NOS protein levels. However, to determine
whether addition of ADMA has an effect on iNOS protein levels,
we performed Western blots of lysates from stimulated LA-4
cells that were either untreated or treated with ADMA (10–
250 �M; Figure 2C). Although there appeared to be a slight
increase in iNOS protein levels after treatment with 100 �M
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Figure 2. Effects of ADMA on nitrite production and iNOS expression
in stimulated LA-4 cells. Cultured LA-4 cells were stimulated for 24 h
(A ) or up to 48 h (B ) in the presence of 1400W (100 �M) or increasing
ADMA concentrations (10–500 �M) and nitrite concentrations deter-
mined using the Griess reaction (n 	 3). *P 
 0.05 versus control. (C )
Protein extracts (25 �g), prepared from LA-4 cell lysates after 24 h
stimulation and treatment were separated on a 4–12% denaturing poly-
acrylamide gel, electrophoretically transferred to PVDF membrane, and
analyzed using a specific antiserum raised against iNOS and �-actin
proteins. C is a representative blot of lysates from stimulated untreated
cells (n 	 2) and stimulated cells treated with ADMA (10–250 �M;
n 	 2). The graph below indicates the percent change in densitometric
values of iNOS protein (normalized to �-actin levels) in stimulated cells
treated with ADMA (10–250 �M) versus untreated stimulated controls
(n 	 8).

compared with untreated controls, this difference was not statis-
tically significant.

ADMA Increases Superoxide Formation in LA-4 Cells

In primary endothelial cell cultures, ADMA not only decreases
NO formation, but also increases O2

�production (29). To address
whether ADMA was capable of increasing ROS formation in
stimulated epithelial cells, we assessed DHE oxidation after ad-
dition of increasing concentrations of ADMA (10–250 �M) or
1400W (100 �M) after overnight stimulation with LPS (10 �g/ml),
IFN-� (20 ng/ml), and TNF-� (10 ng/ml). The oxidation of DHE
is relatively specific for O2

�with minimal oxidation induced by
H2O2 or ONOO� and can therefore be used as a marker for O2

�

production in intact cells (41). Addition of all concentrations of
ADMA resulted in rapid increases in O2

�generation (Figure 3A).
In contrast, treatment with 1400W did not increase O2

�generation
over control levels.

It has been shown that concentrations higher than 1 �M
DHE can result in O2

�-independent fluorescence from nonspecific
ethidium cation binding to nuclear DNA, resulting in an en-
hancement of fluorescence (42). Furthermore, DHE can be oxi-
dized by routes independent of O2

� such as ferricytochrome
c oxidation in conditions in which mitochondria are the primary
source of superoxide production or cytochrome c release into
the cytosol during apoptosis (43). To confirm that the increases
in DHE oxidation after treatment with ADMA were due to O2

�

generation, we assessed DHE oxidation of 100 �M ADMA in
the presence and absence of 44 U/ml PEG-SOD (Figure 3B).
After a 60-min treatment of stimulated cells, the ADMA-
induced increase in DHE oxidation was completely negated by

Figure 3. Effects of ADMA on DHE fluorescence in stimulated LA-4 cells.
Cultured LA-4 cells were stimulated for 24 h before addition of treat-
ments. (A ) ADMA (10–250 �M) or 1400W (100 �M) was added in the
presence of 25 �M DHE and fluorescence measured at various time
points for 5 h (n 	 4). (B ) ADMA (100 �M) was added � PEG-SOD
(44 U/ml) and DHE fluorescence determined after 60 min (n 	 4). Data
are represented as percent change from control (stimulated with no
treatment). *P 
 0.05 versus no PEG-SOD. �P 
 0.05 versus control.
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addition of PEG-SOD, indicating that the increased DHE oxida-
tion seen after treatment with ADMA was due to increased O2

�

generation.

Decreased NO and Elevated Superoxide Is Associated with
Increased Peroxynitrite Formation in ADMA-Treated
LA-4 Cells

Superoxide rapidly and spontaneously reacts with NO to pro-
duce the potent oxidant ONOO�, an important mediator of
inflammation-induced tissue injury and dysfunction (4). In mac-
rophages, L-arginine depletion results in iNOS-mediated O2

�and
ONOO� (16). Furthermore, Miles and colleagues have shown
that relative rates of NO and O2

�production may be critical in
determining the amount and ultimately the reactivity of ONOO�

formed in vivo (44). Given that ADMA can decrease NO forma-
tion and increase O2

�generation, we wished to determine whether
ADMA treatment would also result in increased ONOO� forma-
tion. Peroxynitrite generation was detected by the oxidation of
the nonfluorescent molecule dihydrorhodamine 123 (DHR) to
fluorescent rhodamine. Upon stimulation and treatment (24 h)
with 100 and 250 �M ADMA, a dose-dependent increase in
ONOO� formation compared with stimulated control cells was
detectable (Figure 4A). In contrast, no significant increase in
ONOO� formation was detected after treatment with 1400W
or 10 �M ADMA. DHR oxidation can only be attributed to
ONOO� if it is shown to be dependent upon NO and O2

�produc-
tion. Therefore, to confirm that the ONOO� production was

Figure 4. DHR oxidation in stimulated LA-4 cells treated with ADMA.
Cultured LA-4 cells were stimulated for 24 h in the presence of NOS
inhibitors and 25 �M DHR and DHR oxidation measured fluorometrically
after 24 h. (A ) Samples treated with ADMA (10–250 �M) or 1400W
(100 �M) (n 	 4). (B ) Samples treated with ADMA (100 �M) � PEG-
SOD (44 U/ml) (n 	 4). Data are represented as percent change from
control (stimulated with no treatment). *P 
 0.05 versus no PEG-SOD.
�P 
 0.05 versus control.

dependent upon O2
�, we also conducted these experiments in the

presence of PEG-SOD (44 U/ml), which completely abolished
the increased DHR oxidation after treatment with ADMA (Fig-
ure 4B). Cellular oxidants other than ONOO�, such as OH�

and NO2
�, can react with DHR (36). Therefore, we cannot dis-

count that at least some of increased DHR oxidation may have
been due to oxidant radical formation (e.g., OH radical) medi-
ated by O2

�. However, the peroxynitrite anion rapidly decom-
poses at physiological pH to form free OH� and NO2

� (37),
suggesting that there was likely minimal contribution of DHR
oxidation from radicals formed independently of ONOO�.

ADMA Is Capable of Uncoupling Purified iNOS, Resulting
in Increased Peroxynitrite Formation

Xia and colleagues have demonstrated that purified iNOS is
capable of generating O2

�in addition to NO and iNOS-catalyzed
O2

�can be significantly decreased by addition of L-arginine (45).
To determine whether ADMA could directly affect the function
of iNOS, we determined nitrite release as well as O2

�and ONOO�

generation by purified iNOS in the presence of increasing con-
centrations of ADMA. In the presence of 1 mM L-arginine,
addition of 10 �M ADMA did not significantly decrease the
nitrite accumulation after 2 h (Figure 5A). However, addition of
1 �M and 100 �M ADMA modestly inhibited nitrite formation,
while addition of 500 �M ADMA and 1400W (100 �M) inhibited
nitrite to levels seen without the addition of L-arginine. To
determine whether ADMA could also induce O2

� production
from purified iNOS, DHE oxidation was monitored (Figure 5B).
Although the presence of 1400W and 1 �M ADMA did not
result in significant increases in O2

�, ADMA at concentrations
of 10–500 �M increased DHE oxidation to � 125–130% of
control levels. Using DHR fluorescence for detection of ONOO�

formation, we found that addition of 10–100 �M ADMA signifi-
cantly increased ONOO� formation after incubation for 2 h
(Figure 5C). Addition of higher concentrations of ADMA re-
sulted in ONOO� levels similar to that seen with 1400W.

DISCUSSION

Increasing evidence exists for the involvement of O2
� and

ONOO� in the pathobiology of inflammatory airway disease.
ONOO� is formed by the diffusion-limited reaction of the free
radicals NO and O2

� and is a highly reactive compound with
various harmful effects on cells (46). It has been demonstrated
in a mouse model of allergic inflammation that the development
of airway hyperresponsiveness (AHR) is dependent on the re-
lease of both O2

� and NO and that the formation of ONOO�

is crucial in the development of allergen-induced AHR (47).
Moreover, exogenously applied ONOO� induces epithelial dam-
age and AHR in guinea pigs (48), and endogenous ONOO� has
pro-contractile actions (49). Studies indicate that in addition to
synthesizing NO, iNOS can generate O2

�at low concentrations
of L-arginine, leading to ONOO�-mediated cellular injury (16,
45). ADMA, a naturally occurring analog of L-arginine, competi-
tively inhibits NO production by NOS. Furthermore, ADMA
may uncouple NOS and lead to the generation of O2

�(29). Our
findings confirm that ADMA is capable of uncoupling purified
iNOS, resulting in both decreased NO production as well as
increased O2

� formation. In murine macrophages, depletion of
cytosolic L-arginine triggers O2

�and ONOO� generation from
iNOS (16). In the murine airway epithelial cell line LA-4, we
have demonstrated that elevated ADMA similarly triggers O2

�

and ONOO� generation from NOS.
In our studies, we used LA-4 cells stimulated with LPS, IFN-�,

and TNF-�. This stimulation resulted in a � 13-fold increase in
iNOS protein levels. Therefore, we expect that ADMA’s action
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Figure 5. Effects of ADMA on nitrite production, DHE fluorescence, and
DHR oxidation using purified iNOS. The purified protein reaction system
consisted of 1 mM L-arginine, 4 �M tetrahydrobiopterin, 170 �M DTT,
0.5 mM CaCl2, and 10 �g purified iNOS in 50 mM HEPES, pH 7.4.
Various concentrations of ADMA (1–500 �M) or 1400W (100 �M) were
included in the indicated samples. Samples lacking iNOS or L-arginine
were also assessed as controls. The reaction was initiated with the addi-
tion of 0.1 mM NADPH and measurements taken after incubation at
room temperature for 2 h. (A ) Nitrite concentrations of the reactant
mixture were assessed using the Griess reaction (n 	 4). (B ) To assess
O2

�production by purified iNOS, reactions were conducted in the pres-
ence of 25 �M DHE and fluorescence monitored specrophotometrically
(n 	 4). (C ) To assess ONOO� production by purified iNOS, reactions
were conducted in the presence of 25 �M DHR and fluorescence moni-
tored specrophotometrically (n 	 4). *P 
 0.05 versus control.

on iNOS accounts for the majority of increased O2
�and ONOO�

generation. However, we cannot rule out contribution from the
two other isoforms of NOS. Indeed, although it is accepted that
NO plays a role in asthma, the relative contribution of each of the
NOS isoforms to the pathology of this disease remains unclear, as
do the effects of altered NO production. NO has been reported
to exhibit both beneficial and deleterious effects in asthma.

In animal models (50) and patients with asthma (51), iNOS
protein levels are up-regulated in the airway epithelium, and
high concentrations of iNOS-derived NO are thought to be im-
portant in the pathophysiology of allergic airway disease. Conse-
quently, the concentration of this molecule in exhaled air is
abnormal in activated states of different inflammatory airway
diseases. In addition, as discussed above, the production of NO
under oxidative stress conditions generates RNS, such as
ONOO�, which are strong oxidizing agents that can modulate
the development of chronic inflammatory airway diseases. Con-
versely, it has been well-established that a deficiency of epithelial
constitutive NOS-derived NO contributes to allergen-induced
AHR in both animal models (52, 53) and patients with asthma
(54). In addition to reduced bronchodilation, NO deficiency may
induce AHR by promoting airway inflammation (55, 56).

In our study, we found that although ADMA did inhibit
NO production in a concentration-dependent manner, it did so
weakly compared with the specific iNOS inhibitor 1400W. We
cannot discount that at the concentrations utilized in this study,
1400W could have non-specific effects on other NOS isoforms
in addition to iNOS. Furthermore, unlike 1400W, which had
no significant effect on O2

� and ONOO� generation, ADMA
significantly increased both reactive species. In our model, it is
possible that ADMA preferentially inhibited basal NO produc-
tion by the constitutive NOS isoforms while having a minimal
effect on NO production by iNOS.

The weak inhibition of nitrite production by ADMA was
somewhat unexpected given that in smooth muscle cells treated
with 1 �M ADMA, nitrite production was reduced to almost
baseline levels (21). However, Dowling and coworkers reported
that ADMA at concentrations up to 400 �M did not significantly
inhibit nitrite formation in an in vitro model of P. aeruginosa
infection-induced iNOS expression of respiratory mucosa (19).
It is possible that LA-4 cells are somewhat impermeable to
uptake of ADMA which could account for the weak inhibition
of nitrite production seen in our experiments. However, ADMA
has been shown to be effectively transported into cells through
the inducible L-arginine transporter CAT-2B (57), suggesting
that transport of both L-arginine and ADMA is mediated
through the same transporters. Another possible mechanism for
the weak inhibition of NO production by ADMA in our system
is that the ADMA-metabolizing enzyme dimethylarginine di-
methylaminohydrolase (DDAH) activity may be increased after
treatment with ADMA. Using Western blotting, we have ob-
served an � 50% increase in DDAH II protein levels in stimu-
lated cells treated with ADMA compared with untreated cells
(data not shown), suggesting that increased DDAH activity may
reduce intracellular ADMA levels.

The IC50 of ADMA is dependent on the prevailing L-arginine
concentration (58). Clinical and experimental evidence suggests
elevation of ADMA can cause a relative L-arginine deficiency,
even in the presence of normal L-arginine levels. We believe
that by addition of exogenous ADMA, we have altered the
L-arginine/ADMA balance within the cell. Supplementation
with L-arginine has been shown to restore vascular function and
to improve the clinical symptoms of various diseases associated
with vascular dysfunction (59). L-arginine supplementation has
also been explored in inflammatory airway disease. In patients
with asthma, oral administration of L-arginine is associated with
an increased concentration of NO in exhaled air and an increase
in the concentration of L-arginine and nitrate in plasma (60).
In vivo, reduced availability of L-arginine in airways of allergen-
challenged guinea pigs plays a role in the NO deficiency and
subsequent AHR after the early asthmatic reaction (61). To
determine whether ADMA exerts the same effects in vivo, it
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will be important to explore the effects of elevated ADMA in
animal models.

The ADMA-induced O2
�generation in LA-4 cells was scav-

enged by addition of PEG-SOD, suggesting that the increase in
DHE oxidation was due to increased O2

�generation. This does
not, however, address whether the increased O2

�generation was
due to increased O2

� radical flux to the outside of the cell or
increased cytosolic production of O2

�. Using the pegylated form
of SOD, we expect that the diminished O2

� generation was
through the action of PEG-SOD on cytosolic O2

� radical flux.
However, for this to be true, the PEG-SOD must be internalized
by the cells during our experiments. Previous studies have dem-
onstrated that cell uptake of PEG-enzymes likely occurs by both
membrane binding and endocytosis (62). Furthermore, these
investigators demonstrated that the continual exposure of endo-
thelial cells to PEG-SOD leads to significant augmentation of
cellular antioxidant enzymes. Walther and colleagues have also
shown that culture of alveolar type II epithelial cells with PEG-
SOD resulted in intracellular localization of the enzyme, with
maximal uptake during the first 4 h (63). Therefore, we would
expect that in experiments in which PEG-SOD was added in
the presence or absence of ADMA, at least a portion of the
PEG-SOD would be internalized, resulting in the inhibition of
the oxidation of cytosolic DHE by O2

�.
It has been previously demonstrated in macrophages that

iNOS is capable of generating functionally important levels of
O2

� under conditions of L-arginine depletion. Furthermore,
L-arginine depletion results production of both O2

�and NO by
iNOS, leading to ONOO� formation, suggesting that NOS itself
can be a significant source of cellular ONOO� production (16).
In a study examining the mechanisms by which excess NO or O2

�

production inhibits peroxynitrite-mediated oxidation reactions,
Jourd’heuil and coworkers determined that the efficiency of
DHR oxidation by ONOO� was increased from � 40% at equi-
molar fluxes of NO and O2

� to almost 100% upon generation
of a 2-fold excess of NO over O2

�and then decreased at higher
NO fluxes (37). On the basis of these data and the findings
reported here, we have developed a model describing a role for
ADMA in the formation of ONOO� by epithelial cells (Figure
6). In this model, elevated ADMA competitively inhibits NOS
binding to its substrate L-arginine, resulting in decreased NO
production and increased O2

�formation. Although the data pre-
sented here suggest that increased O2

�formation in LA-4 cells
was predominantly due to iNOS uncoupling, other sources of
O2

�, including mitochondria and NADPH oxidases, may also
contribute to elevated O2

�formation in this model. Therefore,
we propose that in concert with other cellular sources of O2

�,
including mitochondria and NADPH oxidases, increased O2

�

production by ADMA-induced iNOS uncoupling can lead to
conditions favoring increased intracellular ONOO� production.
This increase in ONOO� may contribute to ONOO�-mediated
oxidation of cellular proteins leading to cell damage and
dysfunction.

Although ADMA has been established as a CV risk factor
and its accumulation has been reported in a wide range of CV
and other disorders (22, 64–66), there are currently no published
reports of the effects of ADMA accumulation in inflammatory
airway diseases such as asthma. Experimental and clinical evi-
dence indicates that even small modifications of ADMA concen-
trations significantly change vascular NO production, vascular
tone, and systemic vascular resistance (30). Our findings suggest
that alterations in circulating ADMA may also contribute to the
pathobiology of airway disease by exacerbating the production
of ROS and RNS by airway epithelial cells. The fundamental
mechanisms driving the altered NO bioactivity and ONOO�

formation under pathologic conditions still need to be fully clari-

Figure 6. Model for the role of ADMA in the formation of ONOO� by
epithelial cells. In this model, elevated ADMA is responsible for decreased
NO production and increased O2

� production, resulting in conditions
favoring the formation of ONOO�. Additional cellular O2

�sources such
as NADPH oxidases and mitochondria, can also contribute to the O2

�

production in the cell.

fied, as regulating the production of these molecules may serve
as a novel target in the prevention and treatment of chronic
inflammatory airway diseases.
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