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Abstract
Acute lung injury (ALI) is associated with severe alterations in lung structure and function and is
characterized by hypoxemia, pulmonary edema, low lung compliance and widespread capillary
leakage. Asymmetric dimethylarginine (ADMA), a known cardiovascular risk factor, has been linked
to endothelial dysfunction and the pathogenesis of a number of cardiovascular diseases. However,
the role of ADMA in the pathogenesis of ALI is less clear. ADMA is metabolized via hydrolytic
degradation to L-citrulline and dimethylamine by the enzyme, dimethylarginine
dimethylaminohydrolase (DDAH). Recent studies suggest that lipopolysaccharide (LPS) markedly
increases the level of ADMA and decreases DDAH activity in endothelial cells. Thus, the purpose
of this study was to determine if alterations in the ADMA/DDAH pathway contribute to the
development of ALI initiated by LPS-exposure in mice. Our data demonstrate that LPS exposure
significantly increases ADMA levels and this correlates with a decrease in DDAH activity but not
protein levels of either DDAH I or DDAH II isoforms. Further, we found that the increase in ADMA
levels cause an early decrease in nitric oxide (NOx) and a significant increase in both NO synthase
(NOS)-derived superoxide and total nitrated lung proteins. Finally, we found that decreasing
peroxynitrite levels with either uric acid or Manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin
(MnTymPyp) significantly attenuated the lung leak associated with LPS-exposure in mice suggesting
a key role for protein nitration in the progression of ALI. In conclusion, this is the first study that
suggests a role of the ADMA/DDAH pathway during the development of ALI in mice and that
ADMA may be a novel therapeutic biomarker to ascertain the risk for development of ALI.
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1. Introduction
Acute lung injury (ALI) and Acute respiratory distress syndrome (ARDS) are acute
inflammatory states which are characterized by an onset of dyspnea, severe hypoxemia,
neutrophil pulmonary sequestration, and pulmonary edema secondary to disruption of
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pulmonary capillary integrity thus leading to significant morbidity and mortality (Martinez et
al., 2009). In ALI/ARDS, the integrity of the separation between the alveolus and the
pulmonary circulation is compromised either by endothelial and/or epithelial injury. This
damage leads to increased vascular permeability, alveolar flooding, and surfactant
abnormalities (due to damage of type II pneumocytes). ALI can occur in response to a number
of insults that either directly or indirectly induce lung injury. The most common indirect
pulmonary insult leading to ALI is the release of lipopolysaccharide (LPS; endotoxin) from
the outer cell wall of most gram-negative bacteria producing sepsis (Erickson et al., 2009).
Despite great advances in understanding the pathophysiology of ALI/ARDS, the available
therapies have not led to a significant reduction in mortality or an increased quality of life in
survivors. Thus, a greater understanding of the mechanisms by which the pathways leading to
ALI are disrupted could lead to the development of more effective therapies.

ADMA is an endogenously produced competitive inhibitor of NO synthases (Vallance et al.,
1992) and has been shown to be a cardiovascular risk factor for numerous diseases. ADMA is
constantly produced in the course of normal protein turnover in many tissues, including
vascular endothelial cells, and is derived from the hydrolysis of methylated proteins (Kakimoto
and Akazawa, 1970). ADMA is metabolized via hydrolytic degradation to citrulline and
dimethylamine by the enzyme dimethylarginine dimethylaminohydrolase (DDAH) (Kimoto
et al., 1995). Elevated ADMA levels have been shown to attenuate endothelium-dependent
vasodilation in humans (Boger, 2003a; Boger and Bode-Boger, 2000). In addition, inhibition
of DDAH results in vasoconstriction of vascular segments that can be reversed by L-arginine
(MacAllister et al., 1996). Earlier studies have shown that ADMA can disrupt NO signaling
and induce endothelial dysfunction (Boger, 2003a,b, 2004; Boger and Bode-Boger, 2000; Tran
et al., 2003). There is also increasing evidence that ADMA causes NOS uncoupling in
endothelial cells leading to increased superoxide generation (Sud et al., 2008; Antoniades et
al., 2009). Superoxide free radicals can react with NO to form peroxynitrite (ONOO–), which
is a potent reactive nitrogen species (RNS) that causes the irreversible nitration of tyrosine
residues within proteins that can in turn lead to cellular damage and cytotoxicity. Nitrotyrosine
(3-NT) is a major product formed by peroxynitrite mediated nitration of proteins (Szabo,
2003). Our previous studies have shown that ADMA uncouples eNOS leading to an increase
in superoxide production resulting in increased peroxynitrite generation and nitrotyrosine
protein levels in endothelial cells (Sud et al., 2008).

In a recent study, LPS was found to increase the levels of ADMA and decrease DDAH activity
in human endothelial cells. LPS also increased intracellular reactive oxygen species production
in these cells (Xin et al., 2007). Another study has shown that ADMA levels were elevated in
patients with septic shock (O'Dwyer et al., 2006). Peroxynitrite has been shown to play a role
in the pathogenesis of endotoxin-induced homodynamic instability and organ dysfunction
(Zingarelli et al., 1997). Previous studies in animal models of ALI have shown the elevated
levels of 3-NT levels in the pulmonary tissue and BAL fluid (Laffey et al., 2004; Chen et al.,
2003; Tsuji et al., 2000; Shang et al., 2008) while increases in 3-NT levels in ALI have
previously been shown to be iNOS-dependent (Tsuji et al., 2000; Chen et al., 2003; Razavi et
al., 2005). However, at present there have been no studies that evaluate the early effects on
ADMA levels and NOS signaling in the murine model of ALI induced by LPS. Thus, in this
study we utilized the LPS-induced mouse model of ALI to investigate whether alterations in
the ADMA/DDAH pathway may contribute to the pathogenesis of this disease. Furthermore,
we explored the role played by increased ADMA levels in increasing nitrosative stress and
subsequent nitration of proteins as a possible mechanism leading to LPS induced ALI. Finally,
we evaluated whether the scavenging of ONOO– could exert a protective effect on the lung
leak associated with ALI.
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2. Materials and methods
2.1. In vivo experiments

2.1.1. LPS treatment—Adult male C57BL/6NHsd mice (7–8 weeks; Harlan Indianapolis,
IN) were used in all experiments. All animal care and experimental procedures were approved
by the Committee on Animal Use in Research and Education of the Medical College of Georgia
(Augusta, GA). Stock solutions of lipopolysaccharide (LPS), purified from Escherichia coli
(serotype 0111:B4) was prepared in 0.9% saline. Mice received vehicle (10% DMSO in saline)
or LPS (6.75×104 EU/gm body wt) intraperitoneally. Mice were then euthanized at 0, 2, 4, and
12 h after LPS injection and the lungs were flushed with 1 ml of ice-cold EDTA-PBS excised,
snap-frozen in liquid nitrogen, and stored at −80 °C until used.

2.1.2. Peroxynitrite scavenger treatments—Manganese (III) tetrakis (1-methyl-4-
pyridyl) porphyrin (MnTymPyp, A.G. Scientific, Inc. San Diego, CA), was prepared in distilled
water, 0 h control mice received an intraperitoneal injection (IP) of water. Uric acid was
dissolved in 25% glycerol and 75%, of 0.9% saline, 0 h control mice received an intraperitoneal
injection (IP) of 25% glycerol and 75% of 0.9% saline. In the experiments to determine lung
leak (Evans Blue), MnTymPyp (5 mg/kg body weight), uric acid (5 mg/kg body weight) or
corresponding vehicle was injected I.P. 30 min prior to LPS injections. Subsequent doses of
uric acid were injected 3 and 6 h post LPS injection (Hooper et al., 1998). After 12 h of LPS
exposure, animals were anesthetized and Evans Blue surgery was performed. To determine
total nitration levels, MnTymPyp, uric acid, or vehicle was injected I.P. 30 min prior to LPS
injections. A subsequent dose of uric acid was injected 3 h post LPS injection. Animals were
then euthanized, blood was collected by ventricular puncture and the lungs were flushed with
ice-cold phospho-buffered saline and EDTA. The lungs for total nitration were then excised,
snap frozen in liquid nitrogen and stored at −80 °C until used.

2.2. Lung tissue homogenates
Lung protein extracts were prepared by homogenizing mouse lung tissues in Triton lysis buffer
(50 mM Tris–HCL, pH 7.6, 0.5%Triton X-100, 20% glycerol) containing a protease inhibitor
cocktail (Sigma). Extracts were then clarified by centrifugation (15,000 g×10 min at 4 °C).
Supernatant fractions were then assayed for protein concentration using the Bradford reagent
(Bio-Rad, Richmond, CA).

2.3. Western blot analyses
Western blot analysis was performed as previously described (Sharma et al., 2008, 2007; Sud
et al., 2008)). Briefly, protein extracts (25–50 μg) were separated on 4–20% denaturing
polyacrylamide gels and transferred to Immunoblot-PVDF membranes (Biorad Lab, Hercules,
CA). The membranes were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween.
After blocking, the membranes were incubated overnight at 4 °C with eNOS (1:1000, BD
Transduction), nNOS (1:1000, BD Transduction), iNOS (1:1000, Upstate), DDAH I (1:500,
Biosynthesis Inc., Louisville, TX) and DDAH II (Biosynthesis Inc., Louisville, TX), 3-
nitrotyrosine (3-NT) antibody (1:1000, Calbiochem, San Diego, CA), mouse β-actin (1:10,000,
Sigma), washed with TBS containing 0.1% Tween, and then incubated with a goat anti-mouse
IgG-horseradish peroxidase. After washing, the protein bands were visualized with
chemiluminescence (West Femto kit, Pierce) using a Kodak Digital Science Image Station.
All protein bands were densitometrically analyzed using Kodak Imaging software. To
normalize for protein loading, blots were re-probed with β-actin, the housekeeping protein.
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2.4. Measurement of ADMA levels
ADMA levels were analyzed by high-performance liquid chromatography (HPLC) as we have
previously published (Sud et al., 2008). The crude fraction of cell lysate was isolated using a
solid phase extraction column and subsequently, ADMA was separated using pre-column
derivatization with ortho-phthaldialdehyde (OPA) reagent (4.5 mg/mL in borate buffer, pH
8.5, containing 3.3 μl/mL β-mercaptoethanol) prior to injection. HPLC was performed using
a Shimadzu UFLC system with a Nucleosil phenyl reverse phase column (4.6 × 250 mm;
Supelco, Bellefonte, PA), equipped with an RF-10AXL fluorescence detector (Shimadzu USA
Manufacturing Corporation). ADMA levels were quantified by fluorescence detection at 450
nm (emission) and 340 nm (excitation). Mobile phase A was composed of 95% potassium
phosphate (50 mM, pH 6.6), 5% methanol and mobile phase B was composed of 100%
methanol. ADMA was separated using a pre-gradient wash of 25% mobile phase B(flow rate
0.8 mL/min), followed by a linear increase in mobile phase B concentration from 20% to 25%
over 7 min followed by a constant flow at 25% for 10 min and another linear increase from
25% to 27% mobile phase B over 5 min followed by constant flow at 27% mobile phase B for
another 7 min. Retention time for ADMA was approximately 28 min. ADMA concentrations
were calculated using standards and an internal homoarginine standard. The detection limit of
the assay was 0.1 μmol/L.

2.5. Measurement of DDAH activity
DDAH activity in LPS treated mouse lungs was assessed directly by measuring the amount of
ADMA metabolized by this enzyme as previously described (Lin et al., 2002). DDAH activity
is defined as the amount of ADMA degraded per mg protein.

2.6. Measurement of BH4 levels
BH4 levels were determined using the differential iodine oxidation method as we have
previously described (Kumar et al., 2009; Wainwright et al., 2005). Lung tissue was
homogenized in an extraction buffer (50 mM pH 7.4 Tris-HCl, 1 mM EDTA, 1 mM DTT) and
divided into equal volumes between two centrifuge tubes containing either 1 M NaOH or 1 M
H3PO4. A solution of 1% I2 in 2% KI was added to each tube and samples were then incubated
in the dark at RT for 90 min. 1 M H3PO4 was then added to the tubes containing NaOH. Excess
I2 was removed from the samples by adding 2% ascorbic acid and samples were centrifuged
at 15,000 ×g for 10 min to remove the precipitated protein. Eac supernatant was then analyzed
for BH4 content by HPLC using a Spherisorb ODS-1 column (Waters, Franklin MA). BH4
levels were calculated by subtracting the area of the biopterin peak resulting from the oxidation
of BH2 in the base solution from the peak resulting from the oxidation of both BH2 and BH4
in the acidic solution. Levels were normalized for protein concentration by Bradford assay.

2.7. Assessment of lung capillary leakage
Mice were anesthetized 12 h after LPS administration, with ketamine (80 mg/kg) and xylazine-
HCl (8 mg/kg). Evans blue dye (EB) dissolved in saline was injected (100 mg/kg) through the
left jugular vein, using a 30-gauge needle inserted to PE-10 tubing. After 30 min, blood was
withdrawn via cardiac puncture and stored at 4 °C. The lungs were flushed with 1 ml of EDTA–
PBS (pH 7.4, 4 °C), excised, snap-frozen in liquid nitrogen, and stored at −80 °C. Frozen lungs
were homogenized in ice-cold PBS (1 ml/100 mg tissue), incubated with 2 volumes of
formamide (60 °C, 18 h), and centrifuged (5,000 ×g for 30 min), and supernatant absorbance
at 620 nm (A620) and 740 nm (A740) was recorded. Tissue EB content was calculated by
correcting the A620 optical density for the presence of heme pigments: A620 (corrected) =
A620 − (1.426 × A740 + 0.030) and by then comparing this value with a standard curve of EB
in formamide–PBS. Total EB leak was expressed as lungEB content divided by serumEB
content.
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2.8. Superoxide quantitation in lung tissue
Superoxide levels in mouse lung tissue taken from 0, 2, 4, and 12 h post LPS treatments, were
estimated by electronic paramagnetic resonance (EPR) assay using the spin-trap compound 1-
hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (CMH) as we have
previously described (Lakshminrusimha et al., 2007). Briefly, 0.1 g of tissue was sectioned
from fresh-frozen lung tissue and immediately immersed, while still frozen, in 200 μl of EPR
Buffer (PBS supplemented with 5 μM diethydithiocarbamate [DETC, Sigma-Aldrich], and 25
μM desferrioxamine [Def MOS, Sigma-Aldrich]). All samples were then incubated for 30 min
on ice then homogenized for 30 s with a VWR PowerMAX AHS 200 tissue homogenizer.
Following incubation, samples were analyzed for protein content using Bradford analysis.
Sample volumes were then adjusted with EPR buffer and 25 mg/ml CMH-hydrochloride in
order to achieve equal protein content and a final CMH concentration of 5 mg/ml. Samples
were further incubated for 60 min on ice and centrifuged at 14,000×g for 15 min at room
temperature. 35 μl of supernatant from each sample was loaded into a 50 μl capillary tube and
analyzed with a MiniScope MS200 ESR (Magnettech, Berlin, Germany) at a microwave power
of 40 mW, modulation amplitude of 3000 mG, and modulation frequency of 100 kHz, with a
magnetic strength of 333.95–3339.94 mT. Resulting EPR spectra were analyzed using
ANALYSIS v.2.02 software (Magnettech), whereby the EPR maximum and minimum spectral
amplitudes for the CM superoxide spin-trap product waveform were quantified. Experimental
groups were normalized to fold vs. untreated control samples, then compared for differences
in O2

−. concentration using statistical analysis. The specificity for superoxide and the level of
NOS-derived superoxide were determined by incubating duplicate samples with either PEG-
SOD (100 U) or the NOS inhibitor NG-monomethyl L-arginine (L-NMMA; 100 μM)
respectively.

2.9. Measurement of NOx levels
In order to quantify bioavailable NO, NO and its metabolites were determined in mouse lung
tissue. In solution, NO reacts with molecular oxygen to form nitrite, and with oxyhemoglobin
and superoxide anion to form nitrate. Nitrite and nitrate are reduced using vanadium (III) and
hydrochloric acid at 90 °C. NO is purged from solution resulting in a peak of NO for subsequent
detection by chemiluminescence (NOA 280, Sievers Instruments Inc. Boulder CO), as we have
previously described (Black et al., 1999; McMullan et al., 2000). The sensitivity is 1 × 10−12

mol, with a concentration range of 1×10−9 to 1×10−3 mol of nitrate.

2.10. Human lung microvascular endothelial cell isolation and culture
Isolation and culture of human lung microvascular endothelial cell (HLMVEC) was performed
by a modification of the method of Hewett and Murray (Hewett and Murray, 1993) and Burg
et al (Burg et al., 2002). Normal human lung tissue was obtained from lobectomy specimens
resected due to lung disease. Briefly, isolation of HPMEC was performed as follows: subpleural
lung tissue was cut into small fragments with scissors. After removal of debris and erythrocytes
by filtering through a 40 μm nylon net, the tissue was treated with dispase (1 U/ml at 4 °C for
18 h). After filtration through a 100 μm nylon net, the tissue was treated in a volume of 15 ml
M199, 15% FBS, 1 mg dispase/ml at 37 °C for 1 h followed by a further flitration through a
100 μm nylon net. The cell clumps within the filtrate were repeatedly resuspended in M199
and filtered through a 40 μm net, followed by centrifugation for 10 min and resuspension in
M199 containing 20% serum. Undigested tissue was washed from the 100 μm net, collected
and digested again in 1 mg dispase/ml as above. The positive selection of HLMVEC was
achieved by interacting the cell suspension with magnetic beads (Tosyl activated Dynabeads:
Invitrogen) coated with Ulex europaeus I according to the method of Jackson et al (Jackson et
al., 1990). After purification, cells were cultured in M199, 20% FBS, 100U Heparin/ml, 150
μg ECGF/ml, 1 μg hydrocortisone/ml, 292mg L-glutamine/l, and 110 mg sodium pyruvate/l.
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EC identity was confirmed by uptake of 1,1_-dioctadecyl-1,3,3_,3_-tetramethyl-
indocarbocyanineacetylated low-density lipoprotein (Dil-Ac-LDL) and used between passages
1–3.

2.11. Measurement of transendothelial cell electrical impedance
Transendothelial impedance was measured using an electric cell impedance sensing (ECIS)
apparatus (Applied Biophysics, Troy, NY). Equal number of HLMVEC were seeded on L-
cysteine coated gold electrode arrays (8W10E) and allowed to grow to confluence then serum
starved for 4 h. Transendothelial impedance was monitored for 30 min to establish baseline.
The cells were treated or not with ADMA (5 μM) in the presence or absence of vascular
endothelial growth factor (VEGF,100 ng) and the effect on endothelial permeability measured
over 2 h.

2.12. Statistical analysis
Statistical analysis was performed using GraphPad Prism version 4.01 for Windows (GraphPad
Software, San Diego, CA). The mean±SEM were calculated for all samples and significance
was determined either by the unpaired t-test (for 2 groups) and ANOVA (for≥3 groups)
followed by Newman-Keuls multiple comparisons test. A value of P< 0.05 was considered
significant.

3. Results
3.1. Superoxide levels in LPS treated mouse lungs

Relative superoxide levels were determined by EPR in lung tissues harvested from 0- (Control),
2-, 4-, and 12-h after LP exposure (Fig. 1). Our data indicate that lung superoxide levels were
significantly increased early after LPS-exposure: 2 h (~2-fold) and 4 h (~1.5 fold) and that this
was a transient event as there was no change in superoxide levels 12 h post-LPS (Fig. 1). To
determine the contribution of uncoupled eNOS in the increased superoxide generation,
duplicate samples were incubated with the NOS inhibitor, NG-monomethyl L-arginine (L-
NMMA; 100 μM, 30 min) on ice prior to the addition of CMH. The LPS-mediated increase in
superoxide generation was blocked in the presence of L-NMMA suggesting that NOS
uncoupling is a significant contributor to superoxide generation after LPS exposure (Fig. 1).
Specificity of the EPR assay for superoxide was confirmed by a significant reduction in the
waveform amplitude with the addition of superoxide scavenger, polyethylene glycolconjugated
superoxide dismutase (PEG-SOD) to the samples (Fig. 1).

3.2. NOx and BH4 levels after LPS exposure
NOx levels were determined in mouse lung tissue 0-, 2-, 4-, and 12-h after LPS treatment.
Correlating with the increase in NOS uncoupling, we found there was a significant decrease
in NOx levels 2 h (−40%) after LPS exposure whereas we found an increase in NOx levels 4 h
(+60%) and 12 h (+160%) after LPS administration (Fig. 2 A). In addition, we measured lung
BH4 levels after LPS exposure. BH4 levels were unaltered 2 h after LPS exposure but were
significantly elevated at 4 h (~2 fold) and 12 h (~3 fold) post LPS treatment (Fig. 2 B).

3.3. NOS expression in control and ALI mouse lungs
To attempt to correlate the changes in NOx levels with NOS isoform protein levels, whole lung
homogenates were assessed for changes in the expression of NOS isoforms (eNOS, nNOS and
iNOS) 2- and 4-h after LPS exposure. Western blot analyses showed that there was no
difference in eNOS (Fig. 3 A) or nNOS protein levels (Fig. 3 B). However, iNOS protein levels
although unchanged 2 h post-LPS treatment were significantly increased (~6-fold) 4 h after
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LPS treatment (Fig. 3C) suggesting the increase in NOx levels 4 h post-LPS is likely due to
increases in iNOS protein levels.

3.4. Elevated ADMA levels and decreased DDAH activity in LPS-treated mouse lungs
In an attempt to evaluate the mechanism responsible for the increase in NOS uncoupling early
after LPS exposure, we next determined if LPS altered the levels of ADMA in the mouse lung.
We found significantly increased ADMA levels in LPS treated mouse lungs at 2 h (12.13 ±
0.84 vs. 7.53 ± 0.57 nmol/gww; Fig. 4 A), 4 h (13.40 ± 2.10 vs. 7.53 ± 0.57 nmol/gww; Fig.
4 A) and 12 h (19.10 ± 1.90 vs. 7.53 ± 0.57 nmol/gww; Fig. 4 A) after LPS exposure. To
determine whether the increased ADMA levels in the LPS treated mouse lungs were a result
of decreased DDAH I and/or DDAH II protein expression, we measured protein levels of the
two isoforms by Western blot analyses. DDAH I and DDAH II anti-serum detected ~37-kDA
and ~33-kDA bands, respectively in lung tissue homogenates. No significant differences were
detected between protein levels of either DDAH I (Fig. 4 B) or DDAH II (Fig. 4 C) in mouse
lung tissue post-LPS. However, we found that DDAH enzyme activity was significantly
decreased (~2-fold) in mouse lung tissue homogenates both 2- and 4-h after LPS exposure (Fig.
4 D).

3.5. Elevated nitrotyrosine levels after LPS exposure
Superoxides react with NO to form peroxynitrite that can modify proteins by interacting with
and nitrating tyrosine residues to form 3-NT. To determine the presence of tyrosine-nitrated
proteins in the mouse lungs after LPS exposure, the levels of 3-NT were assessed by Western
blotting to detect nitrated proteins. The 3-NT levels were quantified by obtaining the
densitometric units of all nitrated proteins (Fig. 5 A). Our data indicate that LPS exposure
significantly increases 3-NT levels 4 h after LPS-treatment in the mouse lung (Fig. 5 B).

3.6. Peroxynitrite scavengers cause a reduction in nitrated proteins after LPS exposure
To determine the effect of peroxynitrite scavenging on LPS-mediated 3-NT levels, we used
two potent peroxynitrite scavengers, MnTymPyp and uric acid. The animals were treated with
peroxynitrite scavengers prior to LPS exposure and 3-NT levels were determined 4 h post-
LPS. Both, MnTymPyp and uric acid significantly attenuated the LPS-induced increase in 3-
NT levels (Fig. 6 A).

3.7. Peroxynitrite scavengers attenuate the LPS mediated increase in lung permeability
The increase in lung permeability in response to LPS was determined by measuring the Evan
Blue dye leak, 12 h after LPS challenge. Our data indicate that there was a significant increase
in the lung leak in the LPS treated mice (~1.7 fold) while this increase in lung leak was
significantly reduced in the animals pre-treated with the peroxynitrite scavengers (MnTymPyp
and uric acid) (Fig. 6 B).

3.8. ADMA potentiates VEGF-induced decrease in endothelial barrier function
To determine if increases in ADMA alone are sufficient to induce endothelial cell barrier
disruption, HLMVEC were exposed or not to ADMA (5 μM) in the presence or absence of
VEGF (100 ng) and the effect on endothelial barrier function estimated by measuring changes
in transendothelial resistance (TER) using an ECIS apparatus. Our data indicate that ADMA
alone is not sufficient to induce barrier disruption but it does potentiate the VEGF-mediated
reduction in TER (Fig. 7).
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4. Discussion
This study provides insight into a novel mechanism by which ADMA mediated nitrosative
damage may cause a loss of lung function in an LPS-induced mouse model of ALI. We found:
(1) decreased DDAH activity, which was correlated with increased ADMA levels; (2)
increased NOS uncoupling at early stages and increased iNOS expression at later stages of the
pathogenesis; (3) peroxynitrite mediated increase in 3-NT levels and subsequent increase in
lung permeability; (4) reduced 3-NT levels and decreased lung leak in mice receiving
peroxynitrite scavengers before endotoxin exposure. Interestingly our data also indicate that
alone increases in ADMA levels do not cause endothelial barrier disruption in vitro using
HLMVEC. However, ADMA does potentiate VEGF-induced barrier disruption suggesting
ADMA may be necessary but not sufficient to induce ALI. Thus, ADMA may act in concert
with other proteins to produce endothelial barrier dysfunction. Indeed a recent study has shown
that the ADMA/DDAH pathway regulates pulmonary endothelial barrier function through the
modulation of Rac1 signaling (Wojciak-Stothard et al., 2009). Further studies will be required
to elucidate the mechanism and key targets involved in ADMA mediated EC barrier disruption.

We, and others, have previously shown that increased levels of the endogenous NOS inhibitor,
ADMA can cause uncoupling of NOS and increased production of both reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Sud et al., 2008; Boger et al., 2000), which results
in oxidative and nitrosative stress in the cell. There is growing evidence that increased ADMA
levels are involved in the pathogenesis of a number of cardiovascular diseases (Miyazaki et
al., 1999; Takiuchi et al., 2004; Boger, 2003c; Bae et al., 2005). Further, ADMA has been
shown to cause increased peroxynitrite generation, and increased nitration events leading to
pathological conditions (Sud et al., 2008). However, the role of ADMA in ALI has not been
clarified. In this study, we demonstrate that lung tissue ADMA levels were significantly
increased within 2 h of LPS exposure suggesting that this is an early event in the pathogenesis
of the disease. ADMA is degraded through active metabolism by the enzyme, DDAH. DDAH
has two isoforms and it has been previously shown that mRNA (Tran et al., 2000) and protein
(Arrigoni et al., 2003) for both DDAH isoforms are expressed in the lung. We observed a
decrease in DDAH activity in ALI lung tissue, however our Western blot analyses did not
detect alterations in either DDAH I or DDAH II protein levels. This suggests that the decrease
in DDAH activity is not due to altered protein levels but is perhaps due to a post-translational
modification. However, further studies will be necessary to elucidate the mechanism by which
LPS regulates DDAH activity. Consistent with our results other studies have shown that
reduced DDAH activity, but not expression, is responsible for the plasma ADMA elevation in
hypercholesterolemia and hyperhomocysteinemia (Boger et al., 1998; Lin et al., 2002;
Stuhlinger et al., 2001). It has also been shown that the treatment of mice with a DDAH inhibitor
can cause higher plasma and blood vessel concentrations of ADMA (Leiper et al., 2007). Our
results are also consistent with a recent study in which LPS significantly increased the levels
of ADMA, decreased DDAH activity, and increased intracellular ROS production in human
endothelial cells (Xin et al., 2007). While prior studies have reported elevated ADMA levels
in patients with septic shock (O'Dwyer et al., 2006) and found that serum ADMA was
associated with increased vascular superoxide generation and eNOS uncoupling in human
atherosclerosis (Antoniades et al., 2009). Our data also indicate that the NOS uncoupling is a
transient phenomenon after LPS exposure and as all three NOS isoforms are present our data
cannot determine if one isoform predominates. NOS uncoupling is a complex process that can
be induced by a variety of conditions including increases in ADMA (Sud et al., 2008), decreases
in the substrate L-arginine (Settergren et al., 2009), and decreases in the NOS cofactor, BH4
(Bevers et al., 2006; Cai et al., 2005). We found that there was no change in lung BH4 levels
after 2 h LPS exposure but there was a substantial increase after 4- and 12-h. This suggests
that the increase in BH4 at the later time points may be able to overcome the uncoupling effect
of the increases in ADMA. Although this is speculative our BH4 data are in agreement with a
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prior study that reported increases in BH4 levels in the rat in both the plasma and tissues 3 h
after LPS exposure (Hattori et al., 1996).

Tissue NOx levels, a stable metabolite of NO, were significantly decreased 2 h after LPS
exposure but were markedly elevated 4- and 12-h post-LPS treatment. The decreased NOx
levels 2 h post-LPS were not due to decreased NOS protein levels but rather were due to
increased NOS uncoupling. NO is formed from arginine by the enzyme NO synthase with three
known isoforms: eNOS, nNOS, and iNOS which contribute to total NOS activity. eNOS and
nNOS are the two constitutive forms, whereas iNOS is induced by cytokines and bacterial
products (Szabo et al., 1995; Minc-Golomb et al., 1994). Previously, LPS treatment has been
shown to reduce eNOS protein and mRNA expression in bovine endothelial cells (Lu et al.,
1996) and a decrease in eNOS protein expression 12 h post-LPS in the mouse lung has been
suggested (Chatterjee et al., 2008). Studies have also found increased lung NO production
associated with increased iNOS expression and/or iNOS activity in various models of ALI
(Webert et al., 2000; Farley et al., 2006; Razavi et al., 2004; Scumpia et al., 2002; Okamoto et
al., 2000). Interestingly, in our studies, although increased NO production assessed indirectly
by measuring the levels of the oxidative metabolites of NO (NOx levels) at 4- and 12-h post-
LPS exposure, is associated with increased iNOS expression, we did not find any change in
eNOS and nNOS protein levels, suggesting that the increased bioavailable NO may be iNOS
derived. It is worth noting that some studies have indicated that nNOS also may be induced in
pathological conditions (Gocan et al., 2000) and that nNOS-derived NO may be involved in
the pathogenesis of ALI in sheep with sepsis (Enkhbaatar et al., 2003). These conflicting reports
suggest that studies using selective NOS inhibitors and investigating the individual roles of
eNOS, nNOS and iNOS on NO generation may be warranted.

NO and superoxide radicals can combine to form the toxic product, ONOO–, a potent RNS
which causes the irreversible nitration of tyrosine residues within proteins leading to cellular
damage and cytotoxicity. Increasing evidence suggests that peroxynitrite is involved in the
pathogenesis of endotoxin-induced endothelial injury, multiple organ dysfunction, and
hemodynamic instability (Salvemini et al., 2006; Cuzzocrea et al., 2006; Zingarelli et al.,
1997; Beckman, 2002). The levels of nitrated proteins have been shown to be significantly
elevated during inflammatory diseases in humans, including ALI (Haddad et al., 1994; Zhu et
al., 2001; Lamb et al., 1999; Salvemini et al., 2006; Cuzzocrea et al., 2006). In addition, a
recent study has shown evidence that immunoglobulins against tyrosine-nitrated proteins are
present in plasma of patients with ALI (Thomson et al., 2007) while increased iNOS expression
has been previously associated with increased 3-NT concentrations in the lungs of animal with
ALI (Peng et al., 2005; Mehta, 2005). Our previous in vitro studies have also shown that ADMA
uncouples eNOS leading to an increased peroxynitrite generation and subsequent elevation in
3-NT protein levels (Sud et al., 2008). In the present study, we found an almost 2-fold increase
in the 3-NT levels 4 h after LPS exposure and while the increases in 3-NT levels were blocked
by the addition of the ONOO– scavenger, uric acid and the superoxide scavenger, MnTymPyp.
Both scavenging ONOO– directly, by uric acid, or indirectly by decreasing superoxide levels,
with MnTymPyp, decreased total nitrated proteins and the lung permeability associated with
LPS exposure. Thus, our data along with the findings of previous studies suggest that that
blocking protein nitration events may be a potential therapeutic target for ALI. However, to
allow more specific therapies to be developed further studies will be required to identify the
relevant nitrated proteins and determine how nitration modulates their activity leading to
endothelial barrier disruption and ALI.

In conclusion, in this study we found a significant role for the ADMA/DDAH pathway in the
development of ALI. Increased ADMA levels lead to peroxynitrite mediated nitrosative
damage of proteins as indicated by increased 3-NT levels. Peroxynitrite scavengers reduced
the nitrated protein levels and decreased permeability events associated with ALI. Given
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increasing evidences of the role of ADMA in the pathogenesis of ALI, it may be a target for
pharmacotherapeutic interventions in patients with ALI.
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Fig. 1.
Superoxide levels in the mouse lung after LPS exposure. Relative superoxide levels were
determined by electron paramagnetic resonance (EPR) in LPS-treated mouse lungs. There is
a significant increase in superoxide radical generation 2- and 4 h after LPS exposure that is
blocked by the addition of the NOS inhibitor, NG-monomethyl L-arginine (L-NMMA; 100
μM) or polyethylene glycol-superoxide dismutase (PEGSOD; 100 U/ml). There is no change
in superoxide generation 12 h after LPS exposure. Values are means ± SE, N=6. *P<0.05 vs.
no LPS, †P<0.05 vs. LPS alone.
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Fig. 2.
Lung tissue NOx and tetrahydrobiopterin levels after LPS exposure. Tissue NOx levels are
significantly decreased 2 h after LPS exposure. However, NOx levels were significantly
increased 4- and 12-h after LPS exposure (A). Lung BH4 levels were measured by HPLC.
There was no change in BH4 levels 2 h after LPS exposure, but BH4 levels were significantly
increased 4- and 12-h post LPS treatment (B). Values are mean±SE, N=5 for each group.
*P<0.05 compared to no LPS, †P<0.05 compared to previous time point.
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Fig. 3.
NOS isoform protein levels in the mouse lung after LPS exposure. Protein levels for eNOS,
nNOS, and iNOS were determined in lung tissues 2- and 4-h after LPS exposure by Western
blot analysis using specific antisera raised against eNOS, nNOS, or iNOS respectively and re-
probed with β-actin to normalize for loading. Representative Western blots are shown for eNOS
(panel A), nNOS (panel B), and iNOS (panel C). There are no changes in eNOS or nNOS
protein levels but iNOS protein levels are significantly increased 4 h after LPS exposure. Values
are mean ± SE, N=5 for each group *P<0.05 compared to no LPS.
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Fig. 4.
LPS exposure leads to elevated ADMA and decreased DDAH activity in the mouse lung.
ADMA levels and DDAH activity were analyzed by high-performance liquid chromatography
(HPLC) in the mice lungs after LPS exposure. There was a progressive increase in ADMA
levels after 2-, 4- and 12-h LPS exposure (A). Although there were no changes in either DDAH
I (B) or DDAH II (C) protein levels there was a significant decrease in DDAH activity 2- and
4-h after LPS exposure (panel D). Values are mean ± SE, N=5 for each group, *P<0.05
compared to no LPS.
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Fig. 5.
Nitrated protein levels are increased in the mouse lung after LPS exposure. Protein levels for
total nitrated proteins were determined in the mouse lung 4 h after LPS exposure. Homogenates
(25 μg) were separated on a 4–20% denaturing polyacrylamide gel, electrophoretically
transferred to PVDF-nitrocellulose membranes, and analyzed using specific antiserum raised
against 3-NT residues. A representative image for the Western blot analysis for 3-NT protein
levels is shown (A). The boxed area shows the region of total nitrated proteins that was used
to quantify 3-NT levels. Densitometric analysis indicates that LPS exposure increases total
nitrated proteins in the mouse lung (B). Values are mean ± SE, N=5. *P<0.05 vs. no LPS.
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Fig. 6.
Peroxynitrite scavenging decreases the LPS-mediated hyperpermeability in the mouse lung.
Protein levels for total nitrated proteins were determined in the mouse lung 4 h after LPS
exposure in the presence and absence of the ONOO– scavengers, uric acid and MnTymPyp.
The presence of either uric acid and MnTymPyp significantly decreased total nitrated protein
levels compared to that obtained with LPS alone (A) and this correlated with a significant
decrease in Evans blue dye levels in the lungs indicating a decrease in lung permeability (B).
Values are mean ± SE, N=5. *P<0.05 vs. no LPS, †P<0.05 vs. LPS alone.
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Fig. 7.
ADMA potentiates the decrease in transendothelial electrical resistance (TER) associated with
VEGF exposure in human lung microvascualr endothelial cells. Confluent were exposed or
not to ADMA (5 μM, 1 h). Cells were then exposed or not to VEGF (100 ng) and changes in
TER across the endothelial cell monolayer were measured by ECIS. Although ADMA alone
does not induce a change in TER there is a potentiation in the decrease in TER associated with
VEGF exposure. Values are mean ± SE, N=5. *P<0.05 vs. untreated, †P<0.05 vs. VEGF alone.
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