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Abstract

Aim—Pulmonary hypertension (PH) develops in 25–40% of bronchopulmonary dysplasia (BPD) 

patients, substantially increasing mortality. We have previously found that asymmetric 

dimethylarginine (ADMA), an endogenous inhibitor of nitric oxide (NO) production, is elevated in 

patients with BPD-associated PH. ADMA is metabolized by NG,NG- dimethylarginine 

dimethylaminohydrolase (DDAH). Presently, we test the hypothesis that there are single 

nucleotide polymorphisms (SNPs) in DDAH1 and/or DDAH2 associated with the development of 

PH in BPD patients.

Methods—BPD patients were enrolled (n=98) at Nationwide Children’s Hospital. Clinical 

characteristics and 36 SNPs in DDAH1 and DDAH2 were compared between BPD-associated PH 

patients (cases) and BPD-alone patients (controls).

Results—In BPD patients, 25 (26%) had echocardiographic evidence of PH (cases). In this 

cohort, DDAH1 wildtype rs480414 was 92% sensitive and 53% specific for PH in BPD, and the 

DDAH1 SNP rs480414 decreased the risk of PH in an additive model of inheritance (OR=0.39; 

95% CI [0.18–0.88], p=0.01).
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Conclusion—The rs480414 SNP in DDAH1 may be protective against the development of PH 

in patients with BPD. Furthermore, the DDAH1 rs480414 may be a useful biomarker in 

developing predictive models for PH in patients with BPD.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common complication following preterm 

birth (1). The lungs in patients with BPD are characterized by areas of emphysema 

surrounded by atelectasis with widespread bronchial and bronchiolar mucosal hyperplasia 

and metaplasia (2, 3). Pulmonary hypertension (PH) is a relatively common complication of 

BPD, estimated to develop in 25–40% of patients with BPD (3,5–7) and the development of 

PH is associated with a marked increase in morbidity and mortality in BPD patients (1, 4, 5). 

The PH in BPD patients is characterized by decreased vascular surface area and 

vasoconstriction, which contribute to increased vascular resistance leading to the higher 

pulmonary arterial pressures found in BPD patients with PH (6, 7).

Nitric oxide (NO) is an endogenous pulmonary vasodilator produced by endothelial NO 

synthase (eNOS) (8), and decreased eNOS-derived NO underlies many types of PH. 

Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of eNOS, is a biomarker 

for some cardiovascular diseases and/or mortality in adults (9, 10). Recently, we found that 

BPD patients with PH had significantly higher plasma levels of ADMA than did patients 

with BPD alone, and this increase in plasma ADMA levels was seen prior to the onset of 

BPD (11). ADMA is hydrolyzed to citrulline by NG,NG-dimethylarginine 

dimethylaminohydrolase (DDAH) (Figure 1), and there are 2 isoforms encoded by 2 

different genes DDAH1 and DDAH2 (12–16). In adults with type II diabetes, single 

nucleotide polymorphisms (SNP) in DDAH1 and DDAH2 have been correlated with serum 

ADMA levels (17). Therefore, we hypothesized that SNPs in DDAH would be associated 

with the development of PH in BPD patients, and that these SNPs may be biomarkers for the 

development of PH in BPD patients.

METHODS

The Institutional Review Board at Nationwide Children’s Hospital (NCH) approved this 

study. All patients admitted to the Nationwide Children’s Hospital NICU between 

September 1, 2009 and December 31, 2013 with the diagnosis of BPD, were eligible for this 

study. BPD was defined according to the NICHD consensus statement as a supplemental 

oxygen requirement at 28 days of life (2). Some of the patients enrolled in the current study 

have been enrolled in previous research studies (11, 18). Enrollment, clinical data 

abstraction, and specimen collection were completed through the Ohio Perinatal Research 

Network (OPRN) and Perinatal Research Repository (PRR) at The Research Institute at 

NCH, Columbus, Ohio, USA.
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Pulmonary Hypertension

PH was identified in BPD patients as evidence of abnormally elevated pulmonary arterial 

pressure on echocardiography in a structurally normal heart after 28 days of age (cases). 

Elevated pulmonary arterial pressure on echocardiography was defined by the presence of 

any of the following four criteria: 1. right ventricular hypertrophy 2. flattening of the 

intraventricular septum 3. tricuspid regurgitation (TR) and/or 4. pulmonary regurgitation (4, 

19–22). Infants with BPD who did not have PH according to these criteria were considered 

controls. BPD patients with congenital heart disease were excluded from the study. Patients 

with anatomical causes of PH, including congenital diaphragmatic hernia and lung 

hypoplasia, were excluded from the study.

Single Nucleotide Polymorphisms

Patient blood samples were collected at the earliest convenient date after enrollment. Since 

patient DNA sequence was expected to remain stable throughout the patient’s lifetime, 

variation in collection date was allowed and occurred at less than one year of age. Blood 

samples were collected, maintained on ice for no more than 6 hours, and centrifuged. DNA 

was isolated from blood leukocytes and assayed by Sequenom MassArray (Sequenom, San 

Diego, CA). There are 2 isoforms of DDAH, DDAH1 and DDAH2. Since there are 

thousands of DDAH SNPs, and we were limited to 30–50 SNPs on our available technology, 

we selected DDAH SNPs from the NCBI/SNP database for their putative impact on protein 

function. Furthermore, a literature search was performed on all DDAH SNPs previously 

associated with disease. This inquiry resulted in a list of SNPs that had been identified as 

important in other cardiovascular diseases and/or were located in a region of the gene that 

might affect transcription. Consequently, we studied 36 SNPs: 32 in DDAH1 and 4 in 

DDAH2.

Statistics

Demographic and clinical characteristics were compared between cases and controls. 

Continuous, normally distributed variables were compared using the Student’s t-test. 

Categorical variables were compared using the χ2 test. Calculated minor allele frequencies 

(MAF) of cases and controls were compared using the χ2 test. Analysis of the distributions 

of genotypes was performed by χ2 analysis with 1 degree of freedom (23). A p-value < 0.05 

was considered to be significant. Logistic regression was used to analyze seven SNPs in 

DDAH1, whose association with PH had a p<0.10. Genetic models assuming recessive, 

dominant, and additive modes of inheritance of the resulting seven DDAH1 SNPs were 

analyzed to estimate the odds ratio of the risk of individual genotypes in developing PH in 

BPD. There were insufficient patient samples to correlate DDAH1 SNPs with previously 

studied ADMA levels (11). STATA/IC 12.0 (STATA Corp., College Station, TX) statistical 

software was used to complete all of the analyses in this study.

Results

In this cohort of 98 patients with BPD, 25 (26%) had echocardiographic evidence of PH 

(cases). The remaining 73 patients had BPD alone (controls). Demographic and clinical 

characteristics are shown in Table 1. Overall, there were no significant differences between 
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cases and controls, except for gender. More controls were male than cases (78% versus 44%, 

p<0.01). Interestingly, we found that cases of PH were more likely to require and/or receive 

>30% O2 at 36 weeks CGA (52% versus 29%, p=0.04) and conventional mechanical 

ventilation (40% versus 18%, p=0.02), as compared to BPD controls. We found that both 

inhaled NO and sildenafil treatments were used infrequently in this preterm cohort of BPD 

patients, and that sildenafil use was higher in BPD and PH patients than in BPD alone (12% 

versus 1%, p=0.02). Lastly, one patient died, and this patient had BPD-associated PH. The 

minor allele frequencies (MAF) for cases and controls for the 36 SNPs analyzed in DDAH1 
and DDAH2 are shown in Table 2. We found that the SNP (A-allele) rs480414 in DDAH1 
was less common in cases (MAF= 0.20) than in controls (MAF=0.34, p=0.03).

The genotype frequencies for the DDAH1 SNP rs480414 are shown in Figure 2. The 

percentage of patients with at least one copy of the A-allele (AA+AG) was lower in the BPD

+PH group than in the controls [8/25 (32%) vs. 39/73 (53%), p<0.01]. Calculations for 

Hardy-Weinberg equilibrium were not significant for cases, controls, or cases + controls. 

Sensitivity and specificity were calculated to determine the predictive value of the DDAH1 
wildtype (G-allele) rs480414 for BPD-PH disease. BPD-PH patients were found to have 

DDAH1 wildtype (G-allele) rs480414 in 23/25 BPD-PH cases, for a calculated sensitivity of 

92%. BPD-PH patients were found to have DDAH1 SNP (A-allele) rs480414 in 39/73 

controls, for a calculated specificity of 53%.

In order to assess the predictive value of DDAH1 SNPs for BPD-associated PH, we 

constructed genetic models based on three modes of inheritance (recessive, dominant, and 

additive) for seven DDAH1 SNPs for which the MAF associations had a p-value of <0.1 (see 

Table 3). In the additive model of inheritance, the odds of PH were decreased by 61% for 

each copy of the minor allele (A) of the rs480414 SNP in patients with BPD (OR per 

additional A allele 0.39 [0.18–0.88], p=0.01).

Discussion

The major objective of the present study was to investigate the association of SNPs in 

DDAH1 and DDAH2 with the development of PH in patients with BPD. The major findings 

were that 1) BPD-PH patients had more severe lung disease than patients with BPD alone, 2) 

the DDAH1 rs480414 SNP (A-allele) is associated with a lower incidence of PH in patients 

with BPD, 3) the DDAH1 rs480414 wildtype (G-allele) was 92% sensitive and 53% specific 

for PH in BPD patients, and 4) the risk of PH was decreased by 61% for each copy of the 

minor allele (A) of the rs480414 SNP in patients with BPD. These findings are consistent 

with our hypothesis that SNPs in DDAH are associated with the development of PH in BPD 

patients. In this cohort of BPD patients, DDAH1 rs480414 SNP appears to play a protective 

role against the development of PH.

DDAH activity is important in regulating intracellular ADMA concentrations and thus, 

modulating NO production in vivo (12–14, 24). NO works to maintain vascular homeostasis 

by promoting vasodilation, suppressing inflammation, smooth muscle cell proliferation, and 

platelet adhesion and aggregation (17, 25, 26). In adults with type 2 diabetes, 5 SNPs in 

DDAH1 have been associated with plasma levels of ADMA, 3 of the SNPs (rs13373844, 
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rs7521189, and rs669173) resulted in lower levels of plasma ADMA (19). Since we found 

that the rs480414 SNP in DDAH1 was associated with a lower incidence of PH in BPD, and 

since we previously reported that BPD patients with PH had higher plasma levels of ADMA 

(12), it is reasonable to postulate that BPD patients with the rs480414 SNP might have lower 

plasma levels of ADMA. This postulate would be consistent with the notion that the 

rs480414 SNP resulted in greater DDAH1 activity, however, further studies are needed to 

determine the actual effect of the rs480414 SNP on DDAH1 protein function (17).

The rs480414 G/A SNP is located in the intron of the DDAH1 gene on chromosome 1p22. 

Although the intron is a non-coding region, recent studies have shown that mutations in non-

coding parts of the genome can be associated with disease progression (27). Introns can 

work to positively regulate gene expression by stimulating mRNA accumulation through a 

process known as intron-mediated enhancement (28). Alternatively, alterations in intron 

DNA may affect pre-mRNA splicing, a process that determines the pattern of exons and/or 

introns that are selectively included or excluded when generating mature mRNA. These 

alternative spliced mRNAs may have subsequent differential effects on protein function, 

such as changes in protein-protein interaction, subcellular localization, and flux through 

metabolic pathways (29). Further studies are necessary to elucidate the effects of this SNP 

on DDAH protein levels/activity.

There are several limitations to this study. First, BPD is a rare disease as defined by the 

Office of Rare Diseases at the NIH, so the sample size in this single center study over a 

reasonable time period is small. However, our findings suggest that a SNP in DDAH1 may 

be a potential novel biomarker for BPD-associated PH. Furthermore, several other SNPs had 

a p-value in this relatively small cohort of <0.10 and therefore may warrant further 

investigation in future studies. Another limitation of our study and any study looking at PH 

in BPD during the initial NICU stay, is the difficulty of diagnosing PH in the newborn 

period. Catheterization remains the gold standard for PH diagnosis in children and adults, 

however the morbidities and mortality of catheterization increase in neonates and therefore 

bedside echocardiography is currently the most commonly used test to diagnose PH in 

neonates (4).

Our findings suggest that genetic variations in DDAH, and specifically, DDAH1, may be 

associated with the development of PH in preterm infants who have BPD. Together with our 

previous work which found elevated levels of ADMA in BPD patients who went on to 

develop PH (11), the current study supports the role of the ADMA-DDAH axis in the 

pathogenesis of PH in BPD, and may provide important biomarkers to predict the onset of 

PH in BPD. PH in BPD remains the leading cause of mortality in this population, such that 

identifying novel targets and/or biomarkers that can speed the development of therapeutic 

approaches to prevent disease and improve outcomes is crucial for these patients.
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Abbreviations

ADMA asymmetric dimethylarginine

BPD bronchopulmonary dysplasia

DDAH dimethylarginine dimethylaminohydrolase

NO nitric oxide

PH pulmonary hypertension

rs NCBI dbSNP number

SNP single nucleotide polymorphism
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Key Notes

• Bronchopulmonary dysplasia-associated pulmonary hypertension 

(BPD-PH) is a significant contributor to neonatal mortality, and 

biomarkers to predict which BPD patients will develop PH are needed 

to potentially prevent and diagnose disease.

• In the present study, we found that the DDAH1 wildtype rs480414 is 

92% sensitive and 53% specific for PH in patients with BPD.

• The DDAH1 single nucleotide polymorphism (SNP) rs480414 was 

associated with a decreased risk of PH in an additive model of 

inheritance.
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Figure 1. Arginine metabolism in the pulmonary vascular wall
Arginine metabolism occurs in endothelial cells with effects on vascular smooth muscle 

cells. L-arginine/NO pathway enzymes; carbamoyl phosphate synthetase (CPS), ornithine 

transcarbamylase (OTC), argininosuccinate synthetase (AS), argininosuccinate lyase (AL), 

arginase, nitric oxide synthase (NOS). Asymmetric dimethylarginine (ADMA) is an 

endogenous inhibitor of NOS. Dimethylarginine dimethylaminohydrolase (DDAH) degrades 

ADMA to L-citrulline.
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Figure 2. Genotype frequencies for the rs480414 SNP in the DDAH1 gene in BPD+PH patients
A is the minor allele (SNP), and G is the major allele (wildtype). The percentage of patients 

with BPD+PH for each genotype: AA [2/25 (8%)]; AG [6/25 (24%)]; GG [17/25 (68%)]. * 

BPD+PH different from BPD alone, p<0.01; # BPD+PH different from BPD alone, p<0.05.
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Table 1

Demographic and clinical characteristics.

BPD alone (n=73) BPD+PH (n=25) p-value

Gestational age, weeks 27 ± 3 27 ± 3 0.60

Birth weight, grams 978 ± 518 982 ± 479 0.98

Gender (male), n (%) 57 (78) 11 (44) <0.01

Race (caucasian), n (%) 47 (64) 19 (76) 0.29

Age at admission, days 45 ± 93 29 ± 45 0.35

APGAR score at 5 minutes 6 ± 3 6 ± 2 0.37

Ventilation, days 29 ± 33 34 ± 39 0.60

>30% O2 at 36wks CGA, n (%) 21 (29) 13 (52) 0.04

CPAP at 36wks CGA, n (%) 12 (16) 5 (20) 0.69

CMV at 36wks CGA, n (%) 13 (18) 10 (40) 0.02

Inhaled Nitric oxide, n (%) 6 (8) 4 (16) 0.27

Sildenafil, n (%) 1 (1) 3 (12) 0.02

Intestinal perforation, n (%) 2 (3) 3 (12) 0.07

Patent ductus arteriosus, n (%) 38 (52) 17 (68) 0.17

Discharge weight, grams 3889 ± 1647 3867 ± 1079 0.95

Oxygen at discharge, n (%) 52 (71) 19 (76) 0.65

death 0 (0) 1 (4) 0.09

Continuous variables were compared using the Student’s t-test and presented as mean ± standard deviation. Categorical variables were compared 

using the χ2 test and presented as number and percentage. CGA, corrected gestational age; CPAP, continuous positive airway pressure; CMV, 
conventional mechanical ventilation.
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