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Abstract 
 
Introduction 
Nitric oxide (NO) produced in the lung is an important mediator of normal lung 
development, vascular smooth muscle relaxation, and ventilation perfusion 
matching. NO is synthesized from arginine by the action of NO-synthase (NOS). 
Asymmetric dimethylarginine (ADMA), an endogenous derivate of arginine, 
inhibits NOS and is thereby a determinant of NO synthesis. We compared ADMA 
and arginine levels in preterm infants requiring mechanical ventilation with 
preterm infants who did not require mechanical ventilation and determined the 
relation between ADMA and the length of mechanical ventilation in these infants.  
 
Methods  
Thirty preterm infants, mean (sd) gestational age 29.3 (1.7) weeks and birth 
weight 1340 (350) gram, of the Neonatal Intensive Care Unit of the VU 
University Medical Center were included. ADMA and arginine were measured in 
umbilical cord blood and the length of mechanical ventilation (days) was 
registered.  
 
Results  
Gestational age and birth weight were significantly smaller in infants requiring 
mechanical ventilation, but were not significantly correlated with plasma ADMA 
concentration after birth. Plasma ADMA concentrations were significantly higher 
in infants who required mechanical ventilation than in infants who did not 
require mechanical ventilation (1.53 ± 0.23 and 1.37 ± 0.14 µmol/L, 
respectively; p=0.036). ADMA concentration was significantly related to length 
of mechanical ventilation (B=3.4; 95%CI:1.1-5.6; p=0.006), also after 
adjustment for gestational age (B=2.3; 95%CI:0.4-4.2; p=0.024).  
 
Conclusions  
Preterm infants who require mechanical ventilation have increased ADMA levels 
compared to non-ventilated preterm infants. ADMA levels at birth are related to 
the length of mechanical ventilation. An increased ADMA concentration could 
reduce NO synthesis, which could lead to insufficient gas exchange and, 
consequently, a longer period of mechanical ventilation. 
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Introduction 
 
Normal development and maturation of the lungs of preterm infants is mediated 
in part by nitric oxide (NO) (1-3). NO is synthesized from the amino acid 
arginine by the action of NO-synthases (NOS), a family of enzymes with 
endothelial, neuronal, and inducible isoforms (4). In addition, NO produced in 
the lung is an important mediator of vascular smooth muscle relaxation, 
ventilation perfusion matching, neurotransmission, host defence and 
bacteriostasis, mucociliary clearance and airway mucus secretion (5).  
Since NO plays an essential role in lung development and maturation, studies 
were performed investigating the efficacy of inhaled NO. 
In animal studies, inhaled NO reduced lung inflammation, improved surfactant 
function, attenuated hyperoxic lung injury and promoted lung growth (6-10). 
In preterm infants with the respiratory distress syndrome, inhaled NO reduced 
the incidence of chronic lung disease and death (11). In addition, mechanical 
ventilation with NO decreased pulmonary hypertension, improved oxygenation 
and reduced the need for extracorporeal membrane oxygenation in term infants 
with persistent pulmonary hypertension (12). Initial reports showed that inhaled 
NO improved oxygenation in preterm infants with severe respiratory failure, and 
with developing or established bronchopulmonary dysplasia (BPD) and 
suggested that early treatment may decrease the risk of lung injury (13-15).  
Although these are promising effects, currently there is insufficient evidence 
about the long-term safety and efficacy to recommend the routine use of inhaled 
NO (16;17). 
Recent insights into NO metabolism have shown an important role of 
endogenously produced inhibitors of NOS, in particular asymmetric 
dimethylarginine (ADMA) (18). ADMA as well as symmetric dimethylarginine 
(SDMA), are synthesized when arginine residues in proteins are methylated by 
the action of protein arginine methyltransferases (PRMT) and are continuously 
released from the protein pool during the process of protein turnover (19). 
ADMA is an endogenous inhibitor of all isoforms of NOS, while SDMA is not. 
ADMA is increased in both term and preterm infants compared to adults (20-22). 
In preterm infants the ADMA plasma concentration is even higher than in term 
infants (23;24). We hypothesize that preterm infants have elevated inhibition of 
NO synthesis, induced by increased ADMA levels, which could be associated with 
reduced pulmonary function and the need for mechanical ventilation.  
The aims of this study were (1) to compare ADMA and arginine levels in preterm 
infants requiring mechanical ventilation after birth with preterm infants who do 
not require mechanical ventilation, and (2) to determine the relation between 
ADMA and arginine and the length of mechanical ventilation in these infants. 
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Methods 
 
Study subjects  
Thirty infants admitted between January 2002 and July 2003 to the level III 
Neonatal Intensive Care Unit (NICU) of the VU University Medical Center, 
Amsterdam, The Netherlands, entered the study. Inclusion criteria were 
gestational age of <32 weeks and/or birth weight of <1500 gram, appropriate 
for gestational age (birth weight >10th percentile (25)), and written informed 
consent of their parents. Exclusion criteria were major congenital or 
chromosomal abnormalities. The study was approved by the institutional review 
board and the hospital ethics committee. 
 
Study design 
Directly after delivery, 0.3 ml venous umbilical cord blood was obtained. 
During the admission at the NICU, the length of mechanical ventilation (in days) 
was registered. The need for mechanical ventilation was defined as mechanical 
ventilation for at least 24 hours, to exclude infants who were mechanically 
ventilated because of maternal medication.  
 
Measurement of ADMA, arginine and SDMA 
The umbilical cord blood samples were immediately placed on ice and 
centrifuged at 3000 rpm for 10 min at 4°C. Plasma was immediately put in liquid 
nitrogen, and stored at -80°C before analysis. The concentration of ADMA, 
arginine and SDMA were determined by high-performance liquid 
chromatography (HPLC) as described previously.(26) In brief, solid-phase 
extraction on polymeric cation-exchange columns was performed after addition 
of monomethylarginine as the internal standard. After derivatization with ortho-
phtaldialdehyde reagent containing 3-mercaptopropionic acid, analytes were 
separated by isocratic reversed-phase HPLC with fluorescence detection. For all 
analytes the intra- and inter-assay coefficients of variation were less than 1.2 
and 3.0%, respectively. The arginine/ADMA molar ratio was calculated. 
 
Statistical analysis 
Data are presented as mean (±SD) or median (range) depending on the 
distribution. Distribution of the data was analysed by means of histograms and 
Q-Q plots.  
Differences between baseline characteristics and plasma amino acid 
concentrations of preterm infants with and without mechanical ventilation were 
analyzed by Mann-Whitney U, chi-square or an independent t-test. To determine 
factors influencing the ADMA concentration, a stepwise linear regression analysis 
was performed, in which sex, gestational age and mechanical ventilation 
(yes/no) were considered as potential explanatory variables.  
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Linear regression analyses were performed to determine the relation between 
length of mechanical ventilation during the admission at the NICU (days) and 
plasma concentrations of ADMA, arginine, and the arginine/ADMA molar ratio. 
Since gestational age is highly associated with mechanical ventilation, we 
adjusted the linear regression analyses for gestational age. A two-tailed P-value 
<0.05 was considered statistically significant. Statistical analyses were 
performed using SPSS 14.0 (SPSS Inc, Chicago, IL).  
 
Results  
 
Of the infants included in the study, 15 infants required mechanical ventilation 
after birth. Gestational age, birth weight, CRIB-score, administration of 
surfactant, IRDS, obstetric diagnosis, number of infections and length of stay at 
the NICU were significantly different between preterm infants with and without 
mechanical ventilation (Table 1). 
 
Table 1. Baseline characteristics of preterm infants without and with mechanical 
ventilation. 
 Without mechanical 

ventilation 
(N=15) 

With mechanical 
ventilation 

(N=15) 

 
p-value 

Male : Female 7 : 8 8 : 7 0.72 
Gestational age (weeks) 1 30 (26.7 – 31.7)  28 (25.4 - 31.2) 0.002 
Birth weight (gram) 1 1470 (1076 – 2255) 1164 (775 – 1755) 0.002 
Head circumference (cm) 28.7 ± 1.7 27 ± 4.0 0.32 
Antenatal corticosteroids [n (%)] 13 (87) 13 (87) 1.0 
Apgar at 5 minutes <6 [n (%)]  2 (13) - 0.14 
pH umbilical artery <7.1 [n (%)] 1 (7) - 0.31 
CRIB*1 1 (0-1) 2 (1 – 10) <0.001 
Surfactant [n (%)]  - 11 (73) <0.001 
IRDS¶ [n (%)] 
     No 
     Grade I 
     Grade II 
     Grade III 

 
10 (67) 
5 (33) 
- 
- 

 
1 (7) 
2 (13) 
10 (67) 
2 (13) 

<0.001 
 
 
 
 

Obstetric diagnoses [n (%)]  
     Chorioamnionitis 
     PE, E or HELLP† 
     Other  

 
6 (40) 
- 
9 (60) 

 
7 (47) 
5 (33) 
3 (20) 

0.02 
 
 
 

Death [n (%)]  - 2 (13) 0.14 
≥ 1 serious infection [n (%)] 3 (20) 10 (67) 0.01 
Length of mechanical  
ventilation (days)1 

- 9 (2-17)  

Stay at the NICU (days)1 6 (1-48) 27 (4-66) 0.005 
* Clinical Risk Index for Babies, ¶ Idiopathic Respiratory Distress Syndrome. 
† Pre-eclampsia, Eclampsia and HELLP-syndrome, 1 Median and range. 
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The ADMA concentration was significantly higher in infants who required 
mechanical ventilation than in infants who did not require mechanical ventilation 
(1.53±0.23 vs. 1.37±0.14 µmol/L, respectively; p=0.036, table 2, figure 1). 
Arginine, SDMA and the arginine/ADMA molar ratio were not different in both 
groups (Table 2).  
 
Figure 1. Umbilical cord plasma concentration of ADMA in infants with and without 
mechanical ventilation. 

 
*p = 0.036 

 
Table 2. Umbilical cord plasma concentrations of ADMA, arginine, SDMA and the 
arginine/ADMA molar ratio in infants without and with mechanical ventilation. 
 Without mechanical 

ventilation 
(N=15) 

With mechanical  
ventilation 

(N=15) 

 
p-value* 

ADMA (µmol/L) 1.37 ± 0.14 1.53 ± 0.23 0.036 
Arginine (µmol/L) 93.7 ± 27 84.7 ± 32 0.43 
SDMA (µmol/L) 1.43 ± 0.47 1.67 ± 0.40 0.72 
Arginine/ADMA ratio 70 ± 20 55 ± 18 0.082 

Data are presented as mean ± SD. *p-value from t-test. 

 
Gestational age, birth weight and sex were not correlated with ADMA 
concentration. In a stepwise multiple linear regression model, mechanical 
ventilation, but not gestational age or sex, proved to be an independent 
determinant of plasma ADMA concentration (data not shown).  
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In preterm infants requiring mechanical ventilation, the ADMA concentration was 
positively related to the length of mechanical ventilation (regression coefficient 
=3.4, p=0.006, table 3 and figure 2). This indicates that every 1 standard 
deviation increase of ADMA was associated with an increase of 3.4 days of 
mechanical ventilation. Arginine, SDMA and the arginine/ADMA molar ratio were 
not related to length of mechanical ventilation (Table 3). 
 
Table 3. Univariate linear regression analyses of the relation between umbilical cord 
plasma concentrations of ADMA, arginine, SDMA and arginine/ADMA molar ratio, and 
length of mechanical ventilation in preterm infants (N=15). 
 Crude analysis Adjusted analysis* 
Independent  
Variables 

β¶ 95% CI p-value β¶ 95% CI p-value 

ADMA (µmol/L) 3.4  1.1 to 5.6 0.006# 2.3  0.4 to 4.2 0.024$ 
Arginine (µmol/L) 1.8 -1.0 to 4.5 0.18 1.7 -0.1 to 3.5 0.067 
SDMA (µmol/L) -1.2 -4.2 to 1.6 0.37 0.4 -2.0 to 2.8 0.74 
Arginine/ADMA  
Ratio 

0.4 -2.5 to 3.2 0.79 0.9 -1.2 to 3.1 0.36 

* Adjusted for gestational age (weeks). 
β¶ Regression coefficients which are expressed as days of mechanical ventilation per 1 
standard deviation increase of the independent variable. 
# R2 (crude analysis) = 0.45. 
$ R2 (adjusted analysis) = 0.69. 
 
Figure 2. Relation between ADMA concentration and length of mechanical ventilation in 
preterm infants (N=15).  

 

�  Chapter 3 

 

38

The ADMA concentration was significantly higher in infants who required 
mechanical ventilation than in infants who did not require mechanical ventilation 
(1.53±0.23 vs. 1.37±0.14 µmol/L, respectively; p=0.036, table 2, figure 1). 
Arginine, SDMA and the arginine/ADMA molar ratio were not different in both 
groups (Table 2).  
 
Figure 1. Umbilical cord plasma concentration of ADMA in infants with and without 
mechanical ventilation. 

Without mech. vent. With mech. vent.

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1 *

A
D

M
A

 c
o
n
ce

n
tr

a
ti
o
n
 (
m

o
l/

L)

 
*p = 0.036 

 
Table 2. Umbilical cord plasma concentrations of ADMA, arginine, SDMA and the 
arginine/ADMA molar ratio in infants without and with mechanical ventilation. 

 Without mechanical 
ventilation 

(N=15) 

With mechanical  
ventilation 

(N=15) 

 
p-value* 

ADMA (µmol/L) 1.37 ± 0.14 1.53 ± 0.23 0.036 
Arginine (µmol/L) 93.7 ± 27 84.7 ± 32 0.43 
SDMA (µmol/L) 1.43 ± 0.47 1.67 ± 0.40 0.72 
Arginine/ADMA ratio 70 ± 20 55 ± 18 0.082 

Data are presented as mean ± SD. *p-value from t-test. 

 
Gestational age, birth weight and sex were not correlated with ADMA 
concentration. In a stepwise multiple linear regression model, mechanical 
ventilation, but not gestational age or sex, proved to be an independent 
determinant of plasma ADMA concentration (data not shown).  

                                       ADMA and mechanical ventilation in preterm infants  
� 

 

39 

In preterm infants requiring mechanical ventilation, the ADMA concentration was 
positively related to the length of mechanical ventilation (regression coefficient 
=3.4, p=0.006, table 3 and figure 2). This indicates that every 1 standard 
deviation increase of ADMA was associated with an increase of 3.4 days of 
mechanical ventilation. Arginine, SDMA and the arginine/ADMA molar ratio were 
not related to length of mechanical ventilation (Table 3). 

 
Table 3. Univariate linear regression analyses of the relation between umbilical cord 
plasma concentrations of ADMA, arginine, SDMA and arginine/ADMA molar ratio, and 
length of mechanical ventilation in preterm infants (N=15). 

 Crude analysis Adjusted analysis* 

Independent  
Variables 

β¶ 95% CI p-value β¶ 95% CI p-value 

ADMA (µmol/L) 3.4  1.1 to 5.6 0.006# 2.3  0.4 to 4.2 0.024$ 
Arginine (µmol/L) 1.8 -1.0 to 4.5 0.18 1.7 -0.1 to 3.5 0.067 

SDMA (µmol/L) -1.2 -4.2 to 1.6 0.37 0.4 -2.0 to 2.8 0.74 
Arginine/ADMA  
Ratio 

0.4 -2.5 to 3.2 0.79 0.9 -1.2 to 3.1 0.36 

* Adjusted for gestational age (weeks). 
β¶ Regression coefficients which are expressed as days of mechanical ventilation per 1 
standard deviation increase of the independent variable. 
# R2 (crude analysis) = 0.45. 
$ R2 (adjusted analysis) = 0.69. 
 
Figure 2. Relation between ADMA concentration and length of mechanical ventilation in 
preterm infants (N=15).  

1.00 1.25 1.50 1.75 2.00 2.25
0

5

10

15

20
R = 0.67
p = 0.006

ADMA concentration (µmol/L)

Le
n
g
th

 o
f 

m
e
ch

a
n
ic

a
l 
v
e
n
ti
la

ti
o
n
 (

d
a
y
s)

 



│  Chapter 3 

 

38 

The ADMA concentration was significantly higher in infants who required 
mechanical ventilation than in infants who did not require mechanical ventilation 
(1.53±0.23 vs. 1.37±0.14 µmol/L, respectively; p=0.036, table 2, figure 1). 
Arginine, SDMA and the arginine/ADMA molar ratio were not different in both 
groups (Table 2).  
 
Figure 1. Umbilical cord plasma concentration of ADMA in infants with and without 
mechanical ventilation. 

 
*p = 0.036 

 
Table 2. Umbilical cord plasma concentrations of ADMA, arginine, SDMA and the 
arginine/ADMA molar ratio in infants without and with mechanical ventilation. 
 Without mechanical 

ventilation 
(N=15) 

With mechanical  
ventilation 

(N=15) 

 
p-value* 

ADMA (µmol/L) 1.37 ± 0.14 1.53 ± 0.23 0.036 
Arginine (µmol/L) 93.7 ± 27 84.7 ± 32 0.43 
SDMA (µmol/L) 1.43 ± 0.47 1.67 ± 0.40 0.72 
Arginine/ADMA ratio 70 ± 20 55 ± 18 0.082 

Data are presented as mean ± SD. *p-value from t-test. 

 
Gestational age, birth weight and sex were not correlated with ADMA 
concentration. In a stepwise multiple linear regression model, mechanical 
ventilation, but not gestational age or sex, proved to be an independent 
determinant of plasma ADMA concentration (data not shown).  

                                       ADMA and mechanical ventilation in preterm infants  │ 

 

39 

In preterm infants requiring mechanical ventilation, the ADMA concentration was 
positively related to the length of mechanical ventilation (regression coefficient 
=3.4, p=0.006, table 3 and figure 2). This indicates that every 1 standard 
deviation increase of ADMA was associated with an increase of 3.4 days of 
mechanical ventilation. Arginine, SDMA and the arginine/ADMA molar ratio were 
not related to length of mechanical ventilation (Table 3). 
 
Table 3. Univariate linear regression analyses of the relation between umbilical cord 
plasma concentrations of ADMA, arginine, SDMA and arginine/ADMA molar ratio, and 
length of mechanical ventilation in preterm infants (N=15). 
 Crude analysis Adjusted analysis* 
Independent  
Variables 

β¶ 95% CI p-value β¶ 95% CI p-value 

ADMA (µmol/L) 3.4  1.1 to 5.6 0.006# 2.3  0.4 to 4.2 0.024$ 
Arginine (µmol/L) 1.8 -1.0 to 4.5 0.18 1.7 -0.1 to 3.5 0.067 
SDMA (µmol/L) -1.2 -4.2 to 1.6 0.37 0.4 -2.0 to 2.8 0.74 
Arginine/ADMA  
Ratio 

0.4 -2.5 to 3.2 0.79 0.9 -1.2 to 3.1 0.36 

* Adjusted for gestational age (weeks). 
β¶ Regression coefficients which are expressed as days of mechanical ventilation per 1 
standard deviation increase of the independent variable. 
# R2 (crude analysis) = 0.45. 
$ R2 (adjusted analysis) = 0.69. 
 
Figure 2. Relation between ADMA concentration and length of mechanical ventilation in 
preterm infants (N=15).  

 

�  Chapter 3 

 

38

The ADMA concentration was significantly higher in infants who required 
mechanical ventilation than in infants who did not require mechanical ventilation 
(1.53±0.23 vs. 1.37±0.14 µmol/L, respectively; p=0.036, table 2, figure 1). 
Arginine, SDMA and the arginine/ADMA molar ratio were not different in both 
groups (Table 2).  
 
Figure 1. Umbilical cord plasma concentration of ADMA in infants with and without 
mechanical ventilation. 

Without mech. vent. With mech. vent.

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1 *

A
D

M
A

 c
o
n
ce

n
tr

a
ti
o
n
 (
m

o
l/

L)

 
*p = 0.036 

 
Table 2. Umbilical cord plasma concentrations of ADMA, arginine, SDMA and the 
arginine/ADMA molar ratio in infants without and with mechanical ventilation. 

 Without mechanical 
ventilation 

(N=15) 

With mechanical  
ventilation 

(N=15) 

 
p-value* 

ADMA (µmol/L) 1.37 ± 0.14 1.53 ± 0.23 0.036 
Arginine (µmol/L) 93.7 ± 27 84.7 ± 32 0.43 
SDMA (µmol/L) 1.43 ± 0.47 1.67 ± 0.40 0.72 
Arginine/ADMA ratio 70 ± 20 55 ± 18 0.082 

Data are presented as mean ± SD. *p-value from t-test. 

 
Gestational age, birth weight and sex were not correlated with ADMA 
concentration. In a stepwise multiple linear regression model, mechanical 
ventilation, but not gestational age or sex, proved to be an independent 
determinant of plasma ADMA concentration (data not shown).  
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In preterm infants requiring mechanical ventilation, the ADMA concentration was 
positively related to the length of mechanical ventilation (regression coefficient 
=3.4, p=0.006, table 3 and figure 2). This indicates that every 1 standard 
deviation increase of ADMA was associated with an increase of 3.4 days of 
mechanical ventilation. Arginine, SDMA and the arginine/ADMA molar ratio were 
not related to length of mechanical ventilation (Table 3). 

 
Table 3. Univariate linear regression analyses of the relation between umbilical cord 
plasma concentrations of ADMA, arginine, SDMA and arginine/ADMA molar ratio, and 
length of mechanical ventilation in preterm infants (N=15). 

 Crude analysis Adjusted analysis* 

Independent  
Variables 

β¶ 95% CI p-value β¶ 95% CI p-value 

ADMA (µmol/L) 3.4  1.1 to 5.6 0.006# 2.3  0.4 to 4.2 0.024$ 
Arginine (µmol/L) 1.8 -1.0 to 4.5 0.18 1.7 -0.1 to 3.5 0.067 

SDMA (µmol/L) -1.2 -4.2 to 1.6 0.37 0.4 -2.0 to 2.8 0.74 
Arginine/ADMA  
Ratio 

0.4 -2.5 to 3.2 0.79 0.9 -1.2 to 3.1 0.36 

* Adjusted for gestational age (weeks). 
β¶ Regression coefficients which are expressed as days of mechanical ventilation per 1 
standard deviation increase of the independent variable. 
# R2 (crude analysis) = 0.45. 
$ R2 (adjusted analysis) = 0.69. 
 
Figure 2. Relation between ADMA concentration and length of mechanical ventilation in 
preterm infants (N=15).  
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After adjustment for gestational age, which is strongly associated with 
mechanical ventilation, ADMA concentration was still significantly related to 
length of mechanical ventilation (regression coefficient 2.3, p=0.024, table 3).  
Two of the 30 infants died because of respiratory and circulatory insufficiency 
(Table 1). These two infants had plasma ADMA concentrations of 1.6 and 2.0 
µmol/L (both in the highest quartile).  
 
Discussion 
 
This study shows that preterm infants who require mechanical ventilation 
directly after birth have higher umbilical cord plasma concentrations of ADMA 
compared to preterm infants who do not require mechanical ventilation. 
Furthermore, a positive relation was found between the umbilical cord plasma 
concentration of ADMA and the length of mechanical ventilation in these infants.  
It is known that term born infants have substantially elevated plasma 
concentrations of ADMA (20-22) which decline with age (27). As shown by 
Mittermayer and co-workers, the plasma ADMA concentration in preterm male 
infants (but not in preterm female infants) is even higher compared to term 
infants (23). Indeed, also in our study, elevated ADMA plasma levels were found 
in preterms, but in contrast to the results of Mittermayer and co-workers, no 
significant difference in ADMA concentration was found between male and 
female preterms.  
Currently, the origin of increased ADMA levels in preterm infants is not known. 
However, since ADMA is produced as a result of proteolysis of methylated 
proteins and is metabolized by dimethylarginine dimethylaminohydrolases 
(DDAH) enzymes which are expressed in the placenta and foetal tissue such as 
the liver (20;28-30), it can be hypothesized that increased ADMA levels may be 
accounted for by accelerated proteolysis and/or by reduced metabolization by 
DDAH (19;31). 
The most likely mechanism by which ADMA is associated with mechanical 
ventilation is inhibition of NOS isozymes. NOS isozymes convert the amino acid 
arginine into NO and citrulline. NO has been recognized as an important 
mediator of normal lung development, pulmonary vascular resistance and 
ventilation perfusion matching (1-3). Since ADMA reduces NO synthesis by 
inhibiting all isoforms of NOS, increased ADMA levels could lead to an impaired 
lung development which could consequently lead to an increased requirement of 
mechanical ventilation as found in this study.   
Recently, it was demonstrated that the lung expresses high amounts of PRMTs 
which correlated with enhanced ADMA concentrations (32). Furthermore, 
bronchoalveolar lavage fluid and serum exhibited almost identical levels of 
ADMA/SDMA, suggesting that methylarginine metabolism by the lung 
significantly contributes to circulating levels of ADMA. Therefore, apart from the 
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fact that the lung is a major source of NO, the lung seems also to be a major 
source of the NOS inhibitor ADMA (32;33).  
Currently, no data are available on NO metabolism and its clinical consequences 
during intrauterine maturation in humans. However, the relation between NO 
metabolism and lung development during pregnancy is extensively studied in 
animal models (34-36). In these models, it was found that pulmonary NOS 
expression and NO production is increased during the early third trimester in the 
primate, which may enhance airway and parenchymal function in the immediate 
postnatal period. In preterm sheep, the expression of NOS in the lung was 
decreased (35). The consequences of decreased NOS expression was 
demonstrated in eNOS-deficient mice (36). These mice appeared to develop 
major defects in lung morphogenesis, resulting in respiratory distress and death 
within the first hours of life in the majority of animals. In addition, histological 
and molecular examination of preterm and newborn mutant lungs demonstrated 
marked thickening of saccular septae, with evidence of reduced surfactant 
production (36).  
Despite the important role of NO in the development and maturation of the 
lungs as elucidated in animal models, there are conflicting results regarding the 
use of inhaled NO and lung function in preterm infants (16;37). The most 
promising indication for inhaled NO in preterm infants appears to be a 
‘prophylactic’ treatment to prevent death and BPD (16). The results of the 
present study support the rationale for the prophylactic use of inhaled NO in 
preterm infants. Since preterm infants requiring mechanical ventilation have 
increased ADMA levels and presumably a concomitantly decreased NO 
production, early administration of inhaled NO may improve pulmonary function. 
However, further research is needed to confirm this hypothesis. 
The limitations of our study need to be addressed. Firstly, the preterm infants 
who required mechanical ventilation were about two weeks younger compared 
to the infants who did not require mechanical ventilation. Ideally age-matched 
infants should be included in the study which was unfortunately not attainable 
since mechanical ventilation is highly associated with gestational age. Yet, in a 
stepwise regression analysis, mechanical ventilation, but not gestational age, 
proved to be an independent determinant of the plasma ADMA concentration.  
Secondly, we did not measure NO or its oxidation products nitrite and nitrate. 
Due to the highly reactive properties of NO, its short half-life (< 0.1 second in 
human circulation) and because plasma levels of nitrite/nitrate are affected by 
many factors such as intake (food and water), excretion (faeces, urine, expired 
air) and clinical and therapeutic interventions, NO production may not be reliably 
assessed in preterm infants (38;39).    
Taking the above-mentioned considerations into account, the present study 
showed that umbilical cord plasma concentrations of ADMA are associated with 
mechanical ventilation. These findings suggest that high plasma ADMA 
concentrations could be associated with decreased NO synthesis, which seems to 
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be important for the development of the lungs and could possibly lead to an 
increased period of mechanical ventilation in preterm infants.  
Future studies should focus on the clinical consequences of increased ADMA 
concentrations and the effect on pulmonary function in preterm infants in more 
detail. We suggest that ADMA concentrations in preterm infants should be 
determined on several time points after birth and related to pulmonary function 
in a larger study.  

                                       ADMA and mechanical ventilation in preterm infants  │ 

 

43 

References 

 (1)  Gaston B, Drazen JM, Loscalzo J, Stamler JS. The biology of nitrogen oxides in the 
airways. Am J Respir Crit Care Med 1994; 149(2 Pt 1):538-551. 

 (2)  Kawai N, Bloch DB, Filippov G, Rabkina D, Suen HC, Losty PD et al. Constitutive 
endothelial nitric oxide synthase gene expression is regulated during lung 
development. Am J Physiol 1995; 268(4 Pt 1):L589-L595. 

 (3)  Barnes PJ. Nitric oxide and airway disease. Ann Med 1995; 27(3):389-393. 
 (4)  Forstermann U, Schmidt HH, Pollock JS, Sheng H, Mitchell JA, Warner TD et al. 

Isoforms of nitric oxide synthase. Characterization and purification from different 
cell types. Biochem Pharmacol 1991; 42(10):1849-1857. 

 (5)  Dweik RA. The lung in the balance: arginine, methylated arginines, and nitric 
oxide. Am J Physiol Lung Cell Mol Physiol 2007; 292(1):L15-L17. 

 (6)  Kang JL, Park W, Pack IS, Lee HS, Kim MJ, Lim CM et al. Inhaled nitric oxide 
attenuates acute lung injury via inhibition of nuclear factor-kappa B and 
inflammation. J Appl Physiol 2002; 92(2):795-801. 

 (7)  Ballard PL, Gonzales LW, Godinez RI, Godinez MH, Savani RC, McCurnin DC et al. 
Surfactant composition and function in a primate model of infant chronic lung 
disease: effects of inhaled nitric oxide. Pediatr Res 2006; 59(1):157-162. 

 (8)  Cotton RB, Sundell HW, Zeldin DC, Morrow JD, Roberts LJ, Hazinski TA et al. 
Inhaled nitric oxide attenuates hyperoxic lung injury in lambs. Pediatr Res 2006; 
59(1):142-146. 

 (9)  McCurnin DC, Pierce RA, Chang LY, Gibson LL, Osborne-Lawrence S, Yoder BA et 
al. Inhaled NO improves early pulmonary function and modifies lung growth and 
elastin deposition in a baboon model of neonatal chronic lung disease. Am J 
Physiol Lung Cell Mol Physiol 2005; 288(3):L450-L459. 

 (10)  Tang JR, Markham NE, Lin YJ, McMurtry IF, Maxey A, Kinsella JP et al. Inhaled 
nitric oxide attenuates pulmonary hypertension and improves lung growth in 
infant rats after neonatal treatment with a VEGF receptor inhibitor. Am J Physiol 
Lung Cell Mol Physiol 2004; 287(2):L344-L351. 

 (11)  Schreiber MD, Gin-Mestan K, Marks JD, Huo D, Lee G, Srisuparp P. Inhaled nitric 
oxide in premature infants with the respiratory distress syndrome. N Engl J Med 
2003; 349(22):2099-2107. 

 (12)  Kinsella JP. Inhaled nitric oxide therapy in premature newborns. Curr Opin Pediatr 
2006; 18(2):107-111. 

 (13)  Kinsella JP, Walsh WF, Bose CL, Gerstmann DR, Labella JJ, Sardesai S et al. 
Inhaled nitric oxide in premature neonates with severe hypoxaemic respiratory 
failure: a randomised controlled trial. Lancet 1999; 354(9184):1061-1065. 

 (14)  Banks BA, Seri I, Ischiropoulos H, Merrill J, Rychik J, Ballard RA. Changes in 
oxygenation with inhaled nitric oxide in severe bronchopulmonary dysplasia. 
Pediatrics 1999; 103(3):610-618. 

 (15)  Clark PL, Ekekezie II, Kaftan HA, Castor CA, Truog WE. Safety and efficacy of 
nitric oxide in chronic lung disease. Arch Dis Child Fetal Neonatal Ed 2002; 
86(1):F41-F45. 

 (16)  Subhedar N, Dewhurst C. Is nitric oxide effective in preterm infants? Arch Dis 
Child Fetal Neonatal Ed 2007; 92(5):F337-F341. 

 (17)  Barrington KJ, Finer NN. Inhaled nitric oxide for respiratory failure in preterm 
infants. Cochrane Database Syst Rev 2006;(1):CD000509. 

 (18)  Vallance P, Leiper J. Cardiovascular biology of the asymmetric 
dimethylarginine:dimethylarginine dimethylaminohydrolase pathway. Arterioscler 
Thromb Vasc Biol 2004; 24(6):1023-1030. 

 (19)  Teerlink T. ADMA metabolism and clearance. Vasc Med 2005; 10 Suppl 1:S73-
S81. 

 (20)  Siroen MP, Teerlink T, Bolte AC, van Elburg RM, Richir MC, Nijveldt RJ et al. No 
compensatory upregulation of placental dimethylarginine dimethylaminohydrolase 
activity in preeclampsia. Gynecol Obstet Invest 2006; 62(1):7-13. 



│  Chapter 3 

 

42 

be important for the development of the lungs and could possibly lead to an 
increased period of mechanical ventilation in preterm infants.  
Future studies should focus on the clinical consequences of increased ADMA 
concentrations and the effect on pulmonary function in preterm infants in more 
detail. We suggest that ADMA concentrations in preterm infants should be 
determined on several time points after birth and related to pulmonary function 
in a larger study.  

                                       ADMA and mechanical ventilation in preterm infants  │ 

 

43 

References 

 (1)  Gaston B, Drazen JM, Loscalzo J, Stamler JS. The biology of nitrogen oxides in the 
airways. Am J Respir Crit Care Med 1994; 149(2 Pt 1):538-551. 

 (2)  Kawai N, Bloch DB, Filippov G, Rabkina D, Suen HC, Losty PD et al. Constitutive 
endothelial nitric oxide synthase gene expression is regulated during lung 
development. Am J Physiol 1995; 268(4 Pt 1):L589-L595. 

 (3)  Barnes PJ. Nitric oxide and airway disease. Ann Med 1995; 27(3):389-393. 
 (4)  Forstermann U, Schmidt HH, Pollock JS, Sheng H, Mitchell JA, Warner TD et al. 

Isoforms of nitric oxide synthase. Characterization and purification from different 
cell types. Biochem Pharmacol 1991; 42(10):1849-1857. 

 (5)  Dweik RA. The lung in the balance: arginine, methylated arginines, and nitric 
oxide. Am J Physiol Lung Cell Mol Physiol 2007; 292(1):L15-L17. 

 (6)  Kang JL, Park W, Pack IS, Lee HS, Kim MJ, Lim CM et al. Inhaled nitric oxide 
attenuates acute lung injury via inhibition of nuclear factor-kappa B and 
inflammation. J Appl Physiol 2002; 92(2):795-801. 

 (7)  Ballard PL, Gonzales LW, Godinez RI, Godinez MH, Savani RC, McCurnin DC et al. 
Surfactant composition and function in a primate model of infant chronic lung 
disease: effects of inhaled nitric oxide. Pediatr Res 2006; 59(1):157-162. 

 (8)  Cotton RB, Sundell HW, Zeldin DC, Morrow JD, Roberts LJ, Hazinski TA et al. 
Inhaled nitric oxide attenuates hyperoxic lung injury in lambs. Pediatr Res 2006; 
59(1):142-146. 

 (9)  McCurnin DC, Pierce RA, Chang LY, Gibson LL, Osborne-Lawrence S, Yoder BA et 
al. Inhaled NO improves early pulmonary function and modifies lung growth and 
elastin deposition in a baboon model of neonatal chronic lung disease. Am J 
Physiol Lung Cell Mol Physiol 2005; 288(3):L450-L459. 

 (10)  Tang JR, Markham NE, Lin YJ, McMurtry IF, Maxey A, Kinsella JP et al. Inhaled 
nitric oxide attenuates pulmonary hypertension and improves lung growth in 
infant rats after neonatal treatment with a VEGF receptor inhibitor. Am J Physiol 
Lung Cell Mol Physiol 2004; 287(2):L344-L351. 

 (11)  Schreiber MD, Gin-Mestan K, Marks JD, Huo D, Lee G, Srisuparp P. Inhaled nitric 
oxide in premature infants with the respiratory distress syndrome. N Engl J Med 
2003; 349(22):2099-2107. 

 (12)  Kinsella JP. Inhaled nitric oxide therapy in premature newborns. Curr Opin Pediatr 
2006; 18(2):107-111. 

 (13)  Kinsella JP, Walsh WF, Bose CL, Gerstmann DR, Labella JJ, Sardesai S et al. 
Inhaled nitric oxide in premature neonates with severe hypoxaemic respiratory 
failure: a randomised controlled trial. Lancet 1999; 354(9184):1061-1065. 

 (14)  Banks BA, Seri I, Ischiropoulos H, Merrill J, Rychik J, Ballard RA. Changes in 
oxygenation with inhaled nitric oxide in severe bronchopulmonary dysplasia. 
Pediatrics 1999; 103(3):610-618. 

 (15)  Clark PL, Ekekezie II, Kaftan HA, Castor CA, Truog WE. Safety and efficacy of 
nitric oxide in chronic lung disease. Arch Dis Child Fetal Neonatal Ed 2002; 
86(1):F41-F45. 

 (16)  Subhedar N, Dewhurst C. Is nitric oxide effective in preterm infants? Arch Dis 
Child Fetal Neonatal Ed 2007; 92(5):F337-F341. 

 (17)  Barrington KJ, Finer NN. Inhaled nitric oxide for respiratory failure in preterm 
infants. Cochrane Database Syst Rev 2006;(1):CD000509. 

 (18)  Vallance P, Leiper J. Cardiovascular biology of the asymmetric 
dimethylarginine:dimethylarginine dimethylaminohydrolase pathway. Arterioscler 
Thromb Vasc Biol 2004; 24(6):1023-1030. 

 (19)  Teerlink T. ADMA metabolism and clearance. Vasc Med 2005; 10 Suppl 1:S73-
S81. 

 (20)  Siroen MP, Teerlink T, Bolte AC, van Elburg RM, Richir MC, Nijveldt RJ et al. No 
compensatory upregulation of placental dimethylarginine dimethylaminohydrolase 
activity in preeclampsia. Gynecol Obstet Invest 2006; 62(1):7-13. 



│  Chapter 3 

 

44 

 (21)  Maeda T, Yoshimura T, Okamura H. Asymmetric dimethylarginine, an endogenous 
inhibitor of nitric oxide synthase, in maternal and fetal circulation. J Soc Gynecol 
Investig 2003; 10(1):2-4. 

 (22)  Vida G, Sulyok E, Ertl T, Martens-Lobenhoffer J, Bode-Boger SM. Plasma 
asymmetric dimethylarginine concentration during the perinatal period. 
Neonatology 2007; 92(1):8-13. 

 (23)  Mittermayer F, Prusa AR, Pollak A, Wolzt M. Umbilical vein plasma concentrations 
of asymmetrical dimethylarginine are increased in male but not female neonates 
delivered preterm: A pilot study. Early Hum Dev 2005; 82:421-424. 

 (24)  Tsukahara H, Ohta N, Tokuriki S, Nishijima K, Kotsuji F, Kawakami H et al. 
Determination of asymmetric dimethylarginine, an endogenous nitric oxide 
synthase inhibitor, in umbilical blood. Metabolism 2008; 57(2):215-220. 

 (25)  Usher R, Mclean F. Intrauterine Growth of Live-Born Caucasian Infants at Sea 
Level - Standards Obtained from Measurements in 7 Dimensions of Infants Born 
Between 25 and 44 Weeks of Gestation. J Pediatr 1969; 74(6):901-&. 

 (26)  De Jong S, Teerlink T. Analysis of asymmetric dimethylarginine in plasma by 
HPLC using a monolithic column. Anal Biochem 2006; 353(2):287-289. 

 (27)  Lucke T, Kanzelmeyer N, Kemper MJ, Tsikas D, Das AM. Developmental changes 
in the L-arginine/nitric oxide pathway from infancy to adulthood: plasma 
asymmetric dimethylarginine levels decrease with age. Clin Chem Lab Med 2007; 
45(11):1525-1530. 

 (28)  Ito A, Tsao PS, Adimoolam S, Kimoto M, Ogawa T, Cooke JP. Novel mechanism 
for endothelial dysfunction: dysregulation of dimethylarginine 
dimethylaminohydrolase. Circulation 1999; 99(24):3092-3095. 

 (29)  Arrigoni FI, Vallance P, Haworth SG, Leiper JM. Metabolism of asymmetric 
dimethylarginines is regulated in the lung developmentally and with pulmonary 
hypertension induced by hypobaric hypoxia. Circulation 2003; 107(8):1195-1201. 

 (30)  Leiper JM, Santa MJ, Chubb A, MacAllister RJ, Charles IG, Whitley GS et al. 
Identification of two human dimethylarginine dimethylaminohydrolases with 
distinct tissue distributions and homology with microbial arginine deiminases. 
Biochem J 1999; 343 Pt 1:209-14:209-214. 

 (31)  Vallance P, Leone A, Calver A, Collier J, Moncada S. Endogenous dimethylarginine 
as an inhibitor of nitric oxide synthesis. J Cardiovasc Pharmacol 1992; 20 Suppl 
12:S60-S62. 

 (32)  Bulau P, Zakrzewicz D, Kitowska K, Leiper J, Gunther A, Grimminger F et al. 
Analysis of methylarginine metabolism in the cardiovascular system identifies the 
lung as a major source of ADMA. Am J Physiol Lung Cell Mol Physiol 2007; 
292(1):L18-L24. 

 (33)  Dweik RA, Laskowski D, Abu-Soud HM, Kaneko F, Hutte R, Stuehr DJ et al. Nitric 
oxide synthesis in the lung. Regulation by oxygen through a kinetic mechanism. J 
Clin Invest 1998; 101(3):660-666. 

 (34)  Shaul PW, Afshar S, Gibson LL, Sherman TS, Kerecman JD, Grubb PH et al. 
Developmental changes in nitric oxide synthase isoform expression and nitric 
oxide production in fetal baboon lung. Am J Physiol Lung Cell Mol Physiol 2002; 
283(6):L1192-L1199. 

 (35)  Halbower AC, Tuder RM, Franklin WA, Pollock JS, Forstermann U, Abman SH. 
Maturation-related changes in endothelial nitric oxide synthase 
immunolocalization in developing ovine lung. Am J Physiol 1994; 267(5 Pt 
1):L585-L591. 

 (36)  Han RN, Babaei S, Robb M, Lee T, Ridsdale R, Ackerley C et al. Defective lung 
vascular development and fatal respiratory distress in endothelial NO synthase-
deficient mice: a model of alveolar capillary dysplasia? Circ Res 2004; 
94(8):1115-1123. 

 (37)  Heckmann M, Kreuder J, Riechers K, Tsikas D, Boedeker RH, Reiss I et al. Plasma 
arginine and urinary nitrate and nitrite excretion in bronchopulmonary dysplasia. 
Biol Neonate 2004; 85(3):173-178. 

                                       ADMA and mechanical ventilation in preterm infants  │ 

 

45 

 (38)  Baylis C, Vallance P. Measurement of nitrite and nitrate levels in plasma and 
urine--what does this measure tell us about the activity of the endogenous nitric 
oxide system? Curr Opin Nephrol Hypertens 1998; 7(1):59-62. 

 (39)  Farkouh CR, Merrill JD, Ballard PL, Ballard RA, Ischiropoulos H, Lorch SA. Urinary 
metabolites of oxidative stress and nitric oxide in preterm and term infants. Biol 
Neonate 2006; 90(4):233-242. 

 
 



│  Chapter 3 

 

44 

 (21)  Maeda T, Yoshimura T, Okamura H. Asymmetric dimethylarginine, an endogenous 
inhibitor of nitric oxide synthase, in maternal and fetal circulation. J Soc Gynecol 
Investig 2003; 10(1):2-4. 

 (22)  Vida G, Sulyok E, Ertl T, Martens-Lobenhoffer J, Bode-Boger SM. Plasma 
asymmetric dimethylarginine concentration during the perinatal period. 
Neonatology 2007; 92(1):8-13. 

 (23)  Mittermayer F, Prusa AR, Pollak A, Wolzt M. Umbilical vein plasma concentrations 
of asymmetrical dimethylarginine are increased in male but not female neonates 
delivered preterm: A pilot study. Early Hum Dev 2005; 82:421-424. 

 (24)  Tsukahara H, Ohta N, Tokuriki S, Nishijima K, Kotsuji F, Kawakami H et al. 
Determination of asymmetric dimethylarginine, an endogenous nitric oxide 
synthase inhibitor, in umbilical blood. Metabolism 2008; 57(2):215-220. 

 (25)  Usher R, Mclean F. Intrauterine Growth of Live-Born Caucasian Infants at Sea 
Level - Standards Obtained from Measurements in 7 Dimensions of Infants Born 
Between 25 and 44 Weeks of Gestation. J Pediatr 1969; 74(6):901-&. 

 (26)  De Jong S, Teerlink T. Analysis of asymmetric dimethylarginine in plasma by 
HPLC using a monolithic column. Anal Biochem 2006; 353(2):287-289. 

 (27)  Lucke T, Kanzelmeyer N, Kemper MJ, Tsikas D, Das AM. Developmental changes 
in the L-arginine/nitric oxide pathway from infancy to adulthood: plasma 
asymmetric dimethylarginine levels decrease with age. Clin Chem Lab Med 2007; 
45(11):1525-1530. 

 (28)  Ito A, Tsao PS, Adimoolam S, Kimoto M, Ogawa T, Cooke JP. Novel mechanism 
for endothelial dysfunction: dysregulation of dimethylarginine 
dimethylaminohydrolase. Circulation 1999; 99(24):3092-3095. 

 (29)  Arrigoni FI, Vallance P, Haworth SG, Leiper JM. Metabolism of asymmetric 
dimethylarginines is regulated in the lung developmentally and with pulmonary 
hypertension induced by hypobaric hypoxia. Circulation 2003; 107(8):1195-1201. 

 (30)  Leiper JM, Santa MJ, Chubb A, MacAllister RJ, Charles IG, Whitley GS et al. 
Identification of two human dimethylarginine dimethylaminohydrolases with 
distinct tissue distributions and homology with microbial arginine deiminases. 
Biochem J 1999; 343 Pt 1:209-14:209-214. 

 (31)  Vallance P, Leone A, Calver A, Collier J, Moncada S. Endogenous dimethylarginine 
as an inhibitor of nitric oxide synthesis. J Cardiovasc Pharmacol 1992; 20 Suppl 
12:S60-S62. 

 (32)  Bulau P, Zakrzewicz D, Kitowska K, Leiper J, Gunther A, Grimminger F et al. 
Analysis of methylarginine metabolism in the cardiovascular system identifies the 
lung as a major source of ADMA. Am J Physiol Lung Cell Mol Physiol 2007; 
292(1):L18-L24. 

 (33)  Dweik RA, Laskowski D, Abu-Soud HM, Kaneko F, Hutte R, Stuehr DJ et al. Nitric 
oxide synthesis in the lung. Regulation by oxygen through a kinetic mechanism. J 
Clin Invest 1998; 101(3):660-666. 

 (34)  Shaul PW, Afshar S, Gibson LL, Sherman TS, Kerecman JD, Grubb PH et al. 
Developmental changes in nitric oxide synthase isoform expression and nitric 
oxide production in fetal baboon lung. Am J Physiol Lung Cell Mol Physiol 2002; 
283(6):L1192-L1199. 

 (35)  Halbower AC, Tuder RM, Franklin WA, Pollock JS, Forstermann U, Abman SH. 
Maturation-related changes in endothelial nitric oxide synthase 
immunolocalization in developing ovine lung. Am J Physiol 1994; 267(5 Pt 
1):L585-L591. 

 (36)  Han RN, Babaei S, Robb M, Lee T, Ridsdale R, Ackerley C et al. Defective lung 
vascular development and fatal respiratory distress in endothelial NO synthase-
deficient mice: a model of alveolar capillary dysplasia? Circ Res 2004; 
94(8):1115-1123. 

 (37)  Heckmann M, Kreuder J, Riechers K, Tsikas D, Boedeker RH, Reiss I et al. Plasma 
arginine and urinary nitrate and nitrite excretion in bronchopulmonary dysplasia. 
Biol Neonate 2004; 85(3):173-178. 

                                       ADMA and mechanical ventilation in preterm infants  │ 

 

45 

 (38)  Baylis C, Vallance P. Measurement of nitrite and nitrate levels in plasma and 
urine--what does this measure tell us about the activity of the endogenous nitric 
oxide system? Curr Opin Nephrol Hypertens 1998; 7(1):59-62. 

 (39)  Farkouh CR, Merrill JD, Ballard PL, Ballard RA, Ischiropoulos H, Lorch SA. Urinary 
metabolites of oxidative stress and nitric oxide in preterm and term infants. Biol 
Neonate 2006; 90(4):233-242. 

 
 



Chapter 4 

 
 
 

Low arginine/ADMA ratio deteriorates 
systemic hemodynamics and organ 
blood flow in a rat model 
 
 
 
 
 
 
 
 
 
M.C. Richir, A.A. van Lambalgen, T. Teerlink, W. Wisselink, E. Bloemena, 
H.A. Prins, Th.P.G.M. de Vries, P.A.M. van Leeuwen 

 
 
 
 
 
 
Published in: 
Critical Care Medicine 2009;37(6):2010-2017 
 


