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Abstract

Asymmetric dimethylarginine (ADMA) is an endogenously produced nitric oxide synthase (NOS)

inhibitor. L-arginine can be metabolized by NOS and arginase, and arginase is the first step in

polyamine production necessary for cellular proliferation. We tested the hypothesis that ADMA

would inhibit NOS but not arginase activity, and that this pattern of inhibition would result in

greater L-arginine bioavailability to arginase and thereby increase viable cell number. Bovine

arginase was used in in vitro activity assays with various concentrations of substrate (L-arginine,

ADMA, NG-monomethyl-L-arginine (L-NMMA) and NG-nitro-L-arginine methyl ester (L-

NAME)). Only L-arginine resulted in measurable urea production (Km = 6.9 ± 0.8 mM; Vmax =

6.6 ± 0.3 μmol/mg protein/min). We then incubated bovine arginase with increasing

concentrations of ADMA, L-NMMA, and L-NAME in the presence of 1 mM L-arginine, and

found no effect of any of the tested compounds on arginase activity. Using bovine pulmonary

arterial endothelial cells (bPAEC) we determined the effects of ADMA on NO and urea

production, and found a significantly lower NO production and greater urea production (p<0.003)

with ADMA, without changes in arginase protein levels. Additionally, ADMA treatment resulted

in ∼30% greater number of viable cells after 48 hours than in control bPAEC. These results

demonstrate that ADMA is neither a substrate nor an inhibitor of arginase activity, and that in

bPAEC ADMA inhibits NO production and enhances urea production leading to more viable

cells. These results may have pathophysiological implications in disorders associated with higher

ADMA levels such as pulmonary hypertension.
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Introduction

Pulmonary hypertension (PH) is a life-threatening disease with no cure that ultimately leads

to right heart failure and death. The hallmarks of PAH are elevated pulmonary vascular

resistance and vascular remodeling (1, 2). Dysfunction of the endothelial L-arginine-nitric

oxide pathway is an important contributor to the pathophysiology seen in PH. L-arginine is

the substrate for both nitric oxide synthase (NOS) and arginase. Metabolism of L-arginine

by NOS produces L-citrulline and nitric oxide (NO). NO is one of the major endothelium-

derived vasoactive mediators that plays a crucial role in the maintenance of low pulmonary

vascular tone. The metabolism of L-arginine by arginase produces L-ornithine and urea, and

is the first step in polyamine and proline synthesis. Polyamines and proline are critical for

cell proliferation, differentiation, tissue repair and growth (3, 4).

Asymmetric dimethylarginine (ADMA) is an endogenous competitive inhibitor of NOS

enzymes that competes with L-arginine for binding to the active site of NOS. ADMA is

released following the post-translational methylation of arginine residues within proteins by

protein arginine methyl-transferases (PRMTs) followed by proteolysis of these arginine-

methylated proteins (5). There are three forms of methylated arginine that have been

identified in eukaryotes: ADMA, NG-monomethyl-L-arginine (L-NMMA), and symmetric

dimethylarginine (SDMA) (5). Only L-NMMA and ADMA are inhibitors of the NOS family

of enzymes (5). Additionally, it has been shown that exogenously administered L-NMMA

and ADMA, but not SDMA are able to inhibit NOS activity and NO signaling in vitro (6)

and in vivo (7). Once released from degraded proteins, the elimination of ADMA from the

body is via renal clearance or enzymatic inactivation by dimethylarginine

dimethylaminohydrolase (DDAH) (8). ADMA and its effect on L-arginine metabolism have

been implicated in the pathogenesis of endothelial dysfunction in pulmonary hypertension

(9).

The endothelial impairment associated with pulmonary hypertension has been linked to the

dysfunction of the NO pathway and endogenous NOS inhibition may represent a mechanism

for the associated pulmonary vascular remodeling (10). Although it has been shown in a rat

model of pulmonary hypertension that there is an accumulation of endogenous NOS

inhibitors, along with increased arginase activity in the pulmonary artery endothelial cells

(11), the direct effects of these endogenous NOS inhibitors on arginase have yet to been

reported.

It is not known whether methylated arginine can act as a substrate for arginase or if it can act

as a competitive inhibitor of arginase. We hypothesized that ADMA would not inhibit

arginase activity. Given that the bioavailability of L-arginine to arginase may be increased

secondary to the competitive inhibition of NOS by ADMA, we also hypothesized that

ADMA would result in greater viable cell numbers as a result of increased L-arginine

metabolism by arginase. To test these hypotheses we utilized an in vitro arginase assay

system with bovine arginase, as well as bovine pulmonary arterial endothelial cells.
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Results

Only L-arginine acts as a substrate for arginase

To determine whether the asymmetric methylarginines act as a substrate for arginase, bovine

arginase was used in in vitro activity assays with increasing concentrations (0.1 – 30 mM) of

tested substrate (L-arginine, D-arginine, ADMA, L-NMMA, and L-NAME). Urea

production was measured and Michaelis-Menten kinetics for arginase were determined.

Figure 1 demonstrates that L-arginine acted as a substrate for arginase with a Vmax of 6.6 ±

0.3 μmol/mg protein/min and a Km of 6.9 ± 0.8 mM, while D-arginine resulted in no

measurable urea production (Figure 1A). When L-arginine, ADMA, L-NMMA and L-

NAME were tested as potential substrates for arginase, only L-arginine resulted in

measurable urea production (Figure 1B).

ADMA, L-NMMA or L-NAME do not inhibit arginase activity

To determine the effects of ADMA, L-NMMA and L-NAME on arginase activity, in vitro

activity assays were performed. Bovine arginase activity was measured in the presence of 1

mM L-arginine and increasing concentrations of ADMA, L-NMMA, or L-NAME (0.1 – 30

mM). There was no measurable effect on arginase activity for any of the three compounds

tested at any concentration tested (Figure 2).

ADMA decreased NO production in bPAEC

To determine the effects of asymmetric methylarginine on nitrite production, bPAEC grown

to 80-90% confluence were treated with ADMA (100 μM) or vehicle and incubated in 21%

O2, 5% CO2, balance N2 for one hour. The cells were then stimulated with the calcium

ionophore A23187 for an additional four hours. Nitrite production was measured and

normalized to the bPAEC protein concentration. Treatment of bPAEC with ADMA

significantly inhibited nitrite production (p < 0.003, Figure 3).

ADMA increased urea production in bPAEC

To determine the effects of ADMA on urea production, ADMA (100 μM) or vehicle was

added to the media of bPAEC grown to 80-90% confluence and incubated in 21% O2, 5%

CO2, balance N2 for 24 hours. Urea production was measured and normalized to protein

concentration. Arginase I and II protein was also measured by Western blot analysis. The

addition of ADMA resulted in greater urea production than in vehicle-treated controls (p =

0.002, Figure 4A). There was no effect of ADMA on the levels of arginase I or arginase II

protein (Figure 4B&C).

ADMA increases viable cell number

To determine the impact of ADMA on viable cell numbers, bPAEC were seeded onto six-

well plates at a density of 50,000 cells per well and ADMA was added to the medium. The

cells were incubated for 48 hours in 21% O2, 5% CO2, balance N2 and viable cell numbers

were determined using trypan blue exclusion. In control bPAEC after 48 hours the number

of viable cells in each well was 651,500 ± 67,561, demonstrating a 13-fold increase in viable
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cell number in 48 hours. ADMA treatment resulted in ∼30% more viable cells after 48

hours (p < 0.0007) compared to vehicle-treated control cells (Figure 5).

Discussion

The main objective of the present study was to determine the effects of ADMA, an

endogenously produced inhibitor of NOS activity, on arginase activity and resultant viable

cell number. The major findings of this study were that 1) asymmetric methylarginines were

not a substrate for arginase metabolism to urea, 2) asymmetric methylarginines did not

inhibit arginase activity, 3) ADMA significantly increased urea production in bPAEC, likely

secondary to its inhibitor effect on NOS, and 4) ADMA significantly increased the number

of viable cells. Taken together, these findings support the notion that although the

asymmetric methylarginines were not substrates for arginase and had no direct impact on

arginase activity, ADMA increased the bioavailability of L-arginine to arginase resulting in

increased arginase activity as measured by urea production. The increase in arginase activity

was associated with an increase in viable cell number. These findings are consistent with our

hypothesis that ADMA would result in greater viable cell numbers as a result of increased

L-arginine bioavailability and metabolism by arginase.

L-arginine is the substrate for both NOS and arginase. In terms of NOS, the reported Km

value for arginine is ∼10 μM, and therefore the concentrations of L-arginine in vivo far

exceed the Km values. However, it has been shown repeatedly that adding excess L-arginine

increases NO production (12-14), a phenomenon that has been termed the “L-arginine

paradox” (8, 15). The presence of an endogenous competitive NOS inhibitor, specifically

ADMA, may underlie the “L-arginine paradox” since increasing the L-arginine

concentration would compete away the ADMA inhibitor effect on NOS (16). For arginase,

the Km values for arginine are in the mM range; therefore, in the ranges of L-arginine tested

in these studies, one would expect an increase in arginase activity with increasing L-arginine

concentrations. Our results are also consistent with previous studies demonstrating that

arginase is the major intracellular metabolic pathway for L-arginine (4, 17-19), since the

levels of urea produced were measured in μmoles while the levels of NO produced were

measured in nmoles.

Consistent with previous in vitro studies showing inhibition of NOS activity (20), as

expected we found that ADMA inhibited NO production in bPAEC (Figure 3). On the other

hand, we found no direct effects of ADMA on arginase activity in vitro (Figures 1 and 2).

Indeed, we found that urea production was elevated and viable cell numbers were greater at

the highest concentration of ADMA utilized. Given that ADMA did not act as a substrate,

had no inhibitor effect on arginase, and did not induce arginase protein expression, the

increase in urea production is most likely due to an increase in L-arginine availability to

arginase due to inhibition of NOS by ADMA. We have previously found in bPAEC that

NOS and arginase compete for L-arginine and that when one L-arginine metabolic pathway

is inhibited the activity of the other is increased (17).

The biological significance of enhanced arginase activity due to increased substrate

availability, in the face of elevated ADMA levels remains unclear. The ADMA-induced
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increase in arginase activity may favor tissue repair after an insult by stimulating ornithine

production. For example, in murine macrophages and mice it has been found that Th2

cytokines are potent inducers of arginase, whereas Th1 cytokines are potent inducers of

iNOS (21, 22). Given the key role of arginase in polyamine and proline synthesis, the

increase in arginase activity and inhibition of NOS activity caused by ADMA may allow for

cellular proliferation. Supporting this concept, Ignarro and colleagues (23) reported that

treatment of vascular smooth muscle cells with NO donors decreased cellular proliferation,

whereas overexpression of arginase I in these cells enhanced cellular proliferation.

Furthermore, it has been shown recently in human pulmonary microvascular endothelial

cells that inhibiting arginase decreased cellular proliferation (19). Thus, the ADMA-induced

inhibition of NOS and increase in arginase activity may be a mechanism to prevent tissue

damage associated with excessive NO production and augment tissue repair in lung diseases

associated with NO over-production.

In contrast, an increase in levels of ADMA could prove to be detrimental. Our finding of

increased arginase activity due to substrate bioavailability in ADMA-treated bPAEC is

consistent with findings in a monocrotaline model of pulmonary hypertension in rats

wherein ADMA content and arginase activity were found to be greater in pulmonary artery

endothelial cells isolated from treated animals than in those isolated from controls (11). The

ADMA-induced increase in arginase activity would be expected to have negative

consequences in the pulmonary circulation and potentially lead to pulmonary hypertension.

The ADMA-induced increase in arginase activity may increase vascular cell proliferation by

producing L-ornithine, the first step in polyamine and proline synthesis. In this regard, if

ADMA levels are high enough to inhibit NO production and increase arginase activity, then

this would contribute to both vascular constriction and vascular remodeling. A recent study

of endothelial cells from humans with primary pulmonary hypertension found higher levels

of arginase protein, greater arginase activity, and lower levels of NO production than in

endothelial cells from normal controls, despite similar levels of eNOS protein between the

two groups (24). Thus, elevated levels of ADMA may be involved in the pathogenesis of

pulmonary hypertension through the combined effects of decreased NO production and

increased arginase activity leading to vasoconstriction and vascular cell proliferation as

shown in Figure 6.

There is sufficient evidence to suggest that endogenous NOS inhibitors are involved in the

pathogenesis of endothelial dysfunction seen in pulmonary hypertensive diseases. We have

elucidated the effects of the asymmetric methylarginines, specifically ADMA, on arginase

activity. We conclude that ADMA has no direct effects on arginase protein expression or

arginase activity, and in the endothelial cell, ADMA results in increased urea production and

viable cell numbers. Our findings support the notion that ADMA is a potential target for

preventing the endothelial dysfunction seen in pulmonary vascular diseases.

Materials and methods

Arginase activity

For the determination of arginase activity, test tube experiments were prepared and assays

performed as previously described (25). Arginase, from bovine liver (Sigma-Aldrich, St.
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Louis, MO) was added to 10% (vol/vol) MnCl2 with 0.2 M Tris Buffer (pH 9.0) for a total

volume of 150 μL. The mixtures were vortexed and incubated at 55°C for five minutes.

Increasing concentrations of substrate [0.1 – 30 mM; L-arginine, D-arginine, ADMA, L-

NMMA, and NG-nitro-L-arginine methyl ester (L-NAME) (Sigma-Aldrich)] were added to

the heat-activated bovine arginase in each test tube, vortexed, and incubated at 37°C for one

hour. The samples were colorimetrically assayed in duplicate for urea as previously

described (18). Each sample (300 μL) was added to 1.5 ml chromogenic reagent [5 mg

thiosemicarbazide, 250 mg diacetyl monoxime, and 25 mg FeCl3 in 150 ml 16.7% (vol/vol)

H2SO4 and 13.3% (vol/vol) H3PO4]. The mixtures were vortexed, boiled at 100°C for five

minutes, then cooled to room temperature. Each sample with the added chromogenic reagent

(200 μL) was pipetted into a microplate in duplicate and the difference in absorbance at 530

nm was compared with a urea standard curve. The reaction velocity was plotted against the

substrate concentration to calculate the Vmax and Km values using the Michaelis-Menten

equation (Sigmaplot 11.0, Jandel Scientific, Carlsbad, CA).

To determine whether ADMA, L-NAME, or L-NMMA were inhibitors of arginase, reaction

rates were measured in the presence of L-arginine (1 mM) with concentrations of the various

candidate inhibitors (0 – 30 mM).

Cell culture

Bovine pulmonary arterial endothelial cells (bPAEC; Lonza, Allendale, NJ) were grown in

21% O2, 5% CO2, balance N2 at 37°C in endothelial growth media (EGM, Lonza) as

previously described (17). Bovine PAEC between passages 3 and 8 were used in

experiments. The cells were grown to 80-90% confluence in T-75 flasks, washed, and fresh

media was placed on the cells. ADMA (100 μM) or vehicle was added to the cells, and then

incubated in 21% O2, 5% CO2, balance N2 at 37°C for 24 hours. For the nitrite assays, the

cells were washed twice with PBS, and fresh PBS containing 0.7 mM Ca2+, 1.1 mM Mg2+,

2.7 mM K+ and 6.1 mM glucose were then added to the cells. The cells were pre-treated

with ADMA (100 μM) or vehicle for one hour, followed by stimulation with calcium

ionophore A23187 (3 μM) for an additional four hours. At the end of the experimental

period, the media or PBS was harvested and stored in 1 ml aliquots, and frozen at -80°C.

Protein isolation

Following treatment, bPAEC were harvested for total protein as previously described (17).

Briefly, bPAEC were washed with HEPES balanced salt solution (HBSS, Lonza), and 750

μL of lysis buffer (0.2 M NaOH, 0.2% SDS) were added to each flask. Thirty minutes before

use, the following protease inhibitors were added to each milliliter of lysis buffer: 0.2 μl

aprotinin [10 mg/ml double distilled (dd) H2O], 0.5 μl of leupeptin (10 mg/ml ddH2O), 0.14

μl pepstatin A (5 mg/ml methanol), and 5 μl of phenylmethylsulfonyl fluoride (34.8 mg/ml

methanol). This was sterile filtered in a syringe and added to each T-75 flask of bPAEC. The

bPAEC were scraped and placed in sterile centrifuge tubes on ice. The supernatant was

stored at -80°C. Total protein concentration was determined by the Bradford method with a

commercially available assay (Bio-Rad, Hercules, CA).
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Western blot

The lysed bPAEC were assayed for arginase I and arginase II protein by Western blot

analysis as previously described (18, 26). Aliquots of cell lysate (15-20 μg of protein) were

diluted 1:1 with SDS sample buffer, heated to 95°C for 5 minutes, and electrophoresed on

polyacrylamide gel. Separated proteins were electrotransferred to PVDF membranes,

incubated with 5% nonfat milk for one hour, and then incubated overnight with primary

antibody, arginase I (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or arginase II

(1:500; Santa Cruz) overnight and then washed three times with PBS-T. The membranes

were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary

antibody (1:15,000; Bio-Rad). The protein bands were visualized using enhanced

chemiluminescence (ECL Plus reagent, Amersham Pharmacia Biotech, Piscataway, NJ) and

quantified using densitometry (Sigma Gel, Jandel Scientific, San Rafael, CA). To control for

protein loading, the blots were stripped using a stripping buffer containing 62.5 mM Tris

HCl (pH 6.8), 2% SDS, and 100 mM 2-β-mercaptoethanol, and the blots were reprobed for

β-actin (1:5,000; Abcam, Cambridge, MA) as described above.

Nitrite assay

The samples of PBS were assayed in duplicate for nitrite using a chemiluminescence NO

analyzer (model 280i, Sievers Instruments, Boulder, CO) as previously described (17, 22).

Briefly, 100 μl of sample was placed in a reaction chamber containing a mixture of NaI in

glacial acetic acid to reduce nitrite to NO. The NO gas was carried into the NO analyzer

using a constant flow of helium gas. The analyzer was calibrated using a NaNO2 standard

curve.

Urea assay

The medium samples were assayed in duplicate for urea concentration colorimetrically, as

previously described (19, 27). Briefly, 100 μl of sample was added to 3 ml of chromogenic

reagent [5 mg of thiosemicarbazide, 250 mg of diacetyl monoxime, 37.5 mg of FeCl3 in 150

ml 25% (vol/vol) H2SO4, 20% (vol/vol) H3PO4]. After 1 h at 37°C the mixtures were

vortexed and then boiled at 100°C for five minutes. The mixtures were cooled to room

temperature, and the absorbance (530 nm) was determined and compared with a urea

standard curve.

Viable cell number

To determine the number of viable cells, bPAEC were seeded in six-well plates (5 × 104

cells per well) in EGM and incubated in 21% O2, 5% CO2, balance N2 at 37°C for 48 hours.

Cells were treated with vehicle or ADMA (100 μM) prior to incubation. At the end of the

experiment, the adherent cells were trypsinized, and viable cells were counted using trypan

blue exclusion as previously described (19). Given the inter-experiment variability in cell

proliferation for pulmonary endothelial cells as previously shown (19, 28, 29), data for each

experiment (performed at five separate times) were normalized to control. The data are

shown as a percentage of vehicle control.
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Statistical analysis

Values are given as means ± SEM. Data were analyzed using unpaired t-test (GraphPad

Prism, San Diego, CA). Differences were considered significant when p < 0.05.
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Figure 1. Michaelis-Menten kinetics for arginase with different substrates reveals that only L-
arginine acts as a substrate for arginase
Bovine arginase was used in in vitro activity assays with increasing concentrations (0.1 – 30

mM) of tested substrate (L-arginine, D-arginine, ADMA, L-NMMA, or L-NAME) and urea

production was measured. The reaction velocity was calculated as μmol/(mg

protein·minute). The Michaelis-Menten equation was applied to determine Vmax and Km

values. A. L-arginine acted as a substrate for arginase with a Vmax of 6.6 μmol/mg

protein/min and a Km of 6.9 mM, while D-arginine resulted in no measurable urea

production (n=3). B. ADMA, L-NMMA and L-NAME were tested as potential substrates

for arginase with no measurable urea production (n = 1).
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Figure 2. Kinetics of arginase activity with increasing concentrations of ADMA, L-NMMA, or L-
NAME demonstrate little inhibitory effect of the methylated arginines on arginase activity
Bovine arginase was used in in vitro activity assays in the presence of 1 mM L-arginine and

increasing concentrations of ADMA, L-NMMA, or L-NAME (0.1 – 30 mM) and urea

production was measured. The reaction velocity was calculated as μmol/(mg protein·minute)

(n = 5).
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Figure 3. Treatment of bovine PAEC with ADMA results in decreased NO production as
evidenced by decreased formation of the stable end-product nitrite
Bovine PAEC were incubated with vehicle or ADMA (100 μM) in PBS and incubated in

21% O2, 5%CO2, balance N2 (normoxia) for one hour, then stimulated with calcium

ionophore A23187 for four additional hours, and the PBS was harvested for nitrite assay (n

= 4). Nitrite production was measured and normalized to the bPAEC protein concentration.

Data are shown as a percentage of vehicle control. * different from vehicle-treated, p <

0.003
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Figure 4. Treatment of bPAEC with ADMA results in greater urea production without effecting
arginase I or II protein expression
Bovine PAEC were incubated with vehicle or varying concentrations of ADMA, then

incubated in 21% O2, 5%CO2, balance N2 (normoxia) for 24 hours and the media was

harvested for urea assay (n=5). Urea production was measured and normalized to the

bPAEC protein concentration. Data are shown as a percentage of vehicle control (A).

Arginase I and II protein expression was analyzed by Western blot and normalized to β-

actin. Representative Western blots are shown for arginase I (B) and arginase II (C).

* different from vehicle-treated, p = 0.002
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Figure 5. Treatment of bPAEC with ADMA results in greater numbers of viable cells after 48
hours in culture
Bovine PAEC were seeded (5 × 104 cells/well) and incubated with vehicle or ADMA (100

μM) in 21% O2, 5%CO2, balance N2 (normoxia) for 48 hours (n=5-10). Viable cell numbers

were determined using trypan blue exclusion and cells were counted using a hemacytometer.

Data are shown as viable cells as a percentage of vehicle control. * different from vehicle-

treated, p = 0.0007
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Figure 6. Proposed model for the role of ADMA in the pathogenesis of pulmonary hypertension
Elevated levels of ADMA may result in decreased NO production and increased arginase

activity leading to vasoconstriction and vascular cell proliferation.
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