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Abstract

Objective—To test the hypothesis that levels of the endogenous inhibitor of NO production,
asymmetric dimethylarginine (ADMA), would be greater in preterm infants with
bronchopulmonary dysplasia (BPD) -associated pulmonary hypertension (PH) than in infants with
BPD alone.

Study desigh—A case control study of 23 patients with both BPD and PH (cases) and 95
patients with BPD but no evidence of PH (controls). Levels of ADMA were compared between
cases and controls by t-test.

Results—Patients with both BPD and PH have higher plasma levels of ADMA than patients
with BPD alone (p=0.04). In samples drawn before 28 days of life, higher levels of ADMA were
again found in cases compared with controls (p=0.02). Plasma arginine-to-ADMA ratio was lower
in cases than in controls (p=0.03), suggesting a higher likelihood of inhibition of NO production in
patients with both BPD and PH than in patients with BPD alone.

Conclusion—In this neonatal BPD cohort, ADMA levels are elevated in patients with BPD who
develop PH. We speculate that ADMA may be both a biomarker and a potential therapeutic target
for preterm infants with BPD-associated PH.
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Bronchopulmonary dysplasia (BPD) is the most common pediatric chronic lung disease [1].
Pulmonary hypertension (PH) is a complication of BPD, with a prevalence estimated
between 25-37% [2—4]. PH is associated with an increase in morbidity and mortality [5, 6].
Currently, not only is it difficult to diagnose PH in BPD but there are no clinical tests for
predicting which BPD patients will develop PH. PH in BPD is likely the result of abnormal
vasculature development in the preterm lung [7]. Both the decreased surface area and
vasoconstriction of the pulmonary vasculature can contribute to the increased vascular
resistance and higher pulmonary arterial pressures in patients with both BPD and PH.

Nitric oxide (NO) is produced from L-arginine by NO synthase (NOS), and NO is central in
maintaining the normal low pulmonary vasculature resistance seen. In patients with certain
forms of PH, endogenous NO production is decreased[8-11]. Therefore, the regulation of
NO is potentially both a biomarker and a therapeutic target in BPD-associated PH. The
production of NO can be inhibited by asymmetric dimethylarginine (ADMA). Currently,
little is known regarding the role of ADMA in neonatal disease.

ADMA is formed by the methylation of arginine residues contained in proteins by the
protein arginine methyltransferases (PRMT), and subsequent proteolysis results in the
release of methylated arginines including ADMA. ADMA is degraded primarily by
dimethylarginine dimethylaminohydrolase (DDAH). ADMA competes with L-arginine for
the active site of NOS, and when ADMA is bound to NOS, NO production by NOS is
inhibited. Normally, the balance between production of ADMA and its degradation by
DDAMH results in low levels of ADMA and relatively little inhibition of NOS [12]. However,
in cardiovascular and renal disease, levels of ADMA are elevated [9, 13]. Therefore, we
tested the hypothesis that plasma levels of ADMA would be greater in preterm patients with
both BPD and PH than in patients with BPD without evidence of PH.

METHODS

The Institutional Review Board of Nationwide Children’s Hospital approved this study with
informed consent. All patients admitted to Nationwide Children’s Hospital NICUs after
September 1, 2009 with the diagnosis of BPD were eligible for this study. BPD was defined
according to the NICHD workshop statement as a supplemental oxygen requirement at 28
days of life [14]. Enrollment, clinical data abstraction, and specimen collection was
completed through the Ohio Perinatal Research Network (OPRN).

Patients with both BPD and PH were identified as those patients with evidence of
abnormally elevated pulmonary arterial pressure on echocardiography with a structurally
normal heart. 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) in the absence of pulmonary
stenosis; and/or 4) elevated right ventricular pressure as estimated by TR jet velocity [2, 15—
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17]. Infants with BPD who did not have PH according to these criteria were considered
controls. At the time of this study, there was no screening protocol for PH in patients with
BPD, and therefore 62% of the control population was screened with echocardiography for
PH. Indications for iNO were variable, including support of lung development, as well as
severe BPD. Patients with congenital heart disease (except for patent ductus arteriosus
and/or atrial septal defect), were excluded. Patients with anatomical causes of PH, including
diaphragmatic hernia or other causes of lung hypoplasia were also excluded.

Blood samples were collected from all patients at enrollment. Whole blood samples were
immediately centrifuged and the plasma collected and stored at —80°C. Concentrations of
metabolites (citrulline, arginine, ornithine, and proline) and asymmetric dimethylarginine
(ADMA), were determined using reverse-phase high-performance liquid chromatography
(HPLC) and expressed in concentration (uM) as previously described [9]. Briefly, analysis
was performed on a Shimadzu HPLC equipped with a RF-10AXL fluorescence detector and
Class VP 7.3 data analysis software. Fluorescence was monitored at an excitation
wavelength of 250nm and an emission wavelength of 395nm [9].

Statistical analyses

Results

Data are reported as mean + SD, or as number and percent. Demographics and clinical
characteristics of cases (BPD and PH) and controls (BPD alone) were compared using -
test for categorical data and Student t-test for continuous data. Blood metabolite levels were
compared between study populations by Student t-test. A p value of < 0.05 was considered
statistically significant.

Among 122 patients with BPD enrolled in the study, 23 had both BPD and PH (cases), 95
had BPD alone (controls), and 4 patients met criteria for exclusion. The diagnosis of PH in
patients with BPD was made by one of the following predominant findings on
echocardiography: right ventricular hypertrophy (39%), flattening of the intraventricular
septum (9%), tricuspid regurgitation in the absence of pulmonary stenosis (35%), elevated
right ventricular pressure (17%). There were no differences in clinical characteristics
between cases and controls (Table I). These infants were born very preterm and had very
low birth weight, and as perhaps expected for an all referral NICU a number of these
patients were admitted relatively late in their clinical course. Of the patients with both BPD
and PH, 65% were discharged on supplemental oxygen therapy, 22% of infants were
discharged on furosemide, and 13% of infants received NO therapy during their hospital
stay. We found no differences between cases and controls in respiratory treatments after
admission to the NICU (Table I1).

Plasma samples from 118 patients were analyzed for ADMA, arginine, citrulline, ornithine
and proline levels (Table I11). The average sample day of life for patients with both BPD and
PH was 54 + 40 days, and 38 + 22 days for those with BPD alone. The plasma levels of
ADMA were found to be approximately two-fold higher in patients with both BPD and PH
than in patients with BPD alone. Plasma levels of citrulline, arginine, ornithine, and proline
were not different between patients with both BPD and PH and patients with BPD alone
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(Table I11). We found no difference in citrulline-to-ornithine ratio between cases and
controls. However, the plasma arginine-to-ADMA ratio was nearly three times lower in
patients with both BPD and PH than patients with BPD alone. For plasma ADMA levels
drawn prior to 28 days of life (n=27), we found that the mean levels were significantly (p =
0.02) higher in patients with both BPD and PH (4.3 £ 0.9 uM) than in the 20 patients with
BPD alone (2.6 + 0.3 uM BPD). Of the patients with levels measured prior to 28 days, 100%
had echocardiography, and 26% were diagnosed with PH.

Discussion

In this study, ADMA levels were increased in patients with BPD-associated PH compared
with patients with BPD alone. Higher levels of ADMA in BPD and PH were found in those
plasma samples collected before 28 days of life, and arginine-to-ADMA ratio was lower in
patients with both BPD and PH than in those with BPD alone. These data provide evidence
that ADMA may be a biomarker for the development of PH in patients with BPD.

Elevated ADMA levels are indicative of endothelial dysfunction [18]. Elevated levels of
ADMA could be caused by increased synthesis via PRMT and/or proteolysis or by
decreased breakdown by DDAH. There are no data relating PRMT or DDAH activity in
BPD. In adult congestive heart failure DDAH activity is decreased resulting in elevated
ADMA [19]. In neonates, plasma ADMA has been implicated in the control of feto-
placental circulation and circulatory adaptation following birth, and plasma ADMA may be
a marker for mortality in necrotizing enterocolitis [20-22]. Clinical risk factors that may
predict PH in patients with BPD include oligohydramnios, chorioamnionitis, fetal growth
restriction, longer duration of mechanical ventilation, and increased rates of infection [5, 23—
27]. Identifying risk factors and/or screening methods for the development of BPD-
associated PH may allow for novel interventions to improve morbidity and mortality [28].
Our data are consistent with plasma levels of ADMA being a potential biomarker for the
development of PH in patients with BPD.

Given the central role of NO in maintaining a low pulmonary vascular resistance our
findings also suggest that ADMA may be involved in the mechanism of increased vascular
resistance in patients with BPD who develop PH. The elevated levels of ADMA and the
lower arginine-to-ADMA ratios suggest that NOS is more likely to be inhibited in these
patients. Therefore, therapeutic approaches aimed at lowering ADMA levels in neonates
with BPD may warrant further study.

In addition to NO, superoxide anion is also generated from eNOS when it is uncoupled. The
superoxide generated by uncoupled eNOS has been implicated in cardiovascular disease
[29]. Therefore, we speculate that with increasing levels of ADMA and arginase in disease
processes such as pulmonary hypertension, the NO:superoxide anion ratio would be
relatively decreased.

There are several weaknesses of this study, including the small sample size. These data are
preliminary and need to be validated in a larger cohort. There was wide variation in the
timing of blood draws. This is due in part to the all referral nature of our NICU, where some
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patients with BPD are referred relatively early, and others are referred much later in their
course. We had no patients in this cohort admitted on the first day of life. Our method of
detection of PH was echocardiography. Heart catheterization continues to be the gold
standard for the diagnosis of PH to accurately characterize the etiology and grade severity,
in order to best guide therapy [30]. However, in this highly vulnerable patient population
routine catheterization are not practical.

In conclusion, we found that in preterm infants with BPD, those that developed PH by
echocardiographic criteria had higher plasma levels of ADMA and lower plasma arginine-
to-ADMA ratios than those patients with BPD that did not develop PH. Because ADMA
was first described as an endogenous inhibitor of NOS in 1992 and first detected in human
plasma in 1997 [21, 31], it has been implicated in multiple disease processes related to
endothelial dysfunction [13]. The present findings add to the disease processes that involve
alterations in plasma ADMA levels. Current clinical trials involving the L-arginine/NO
pathway, such as supplemental oral citrulline for the prevention and treatment of PH in
children, have shown promising results [32]. In the present study, however, we did not find a
decrease in citrulline-to-ornithine ratio in patients with both BPD PH. Future multi-center
studies are needed to determine more precise metabolite levels in this patient population.
Additional studies are also needed to determine if elevated ADMA levels in BPD-associated
PH are due to an increase in ADMA synthesis or a decrease in ADMA catabolism. We
speculate that therapies aimed at increasing arginine levels, decreasing ADMA synthesis,
and/or increasing ADMA catabolism, have the potential to prevent PH in preterm infants

with BPD.
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Table 1

Demographic and clinical characteristics

BPD alone (N=95) BPD + PH (N=23) p-value

Gestational age (wks) 28.2+3.7 275+3.9 0.42
Birth weight (g) 1179 + 597 959 + 517 0.09
Female, n (%) 31(33) 8 (35) 0.84
Caucasian, n (%) 68 (72) 18 (78) 0.41
Birth Head Circ (cm) 26+4 24+3 0.07
5 min APGAR 6+2 6+2 0.35
Admission age (days) 28+48 46 + 88 0.36
PDA, n (%) 41 (43) 9 (39) 0.85
IVH, n (%) 20 (21) 8 (35) 0.17
Hydrocephalus, n (%) 2(2) 1(4) 0.54
NEC, n (%) 4 (4) 1(4) 0.98
ROP, n (%) 11 (12) 2(9) 0.69
Pneumothorax, n (%) 2(2) 209 0.13
Nitric Oxide, n (%) 7(7) 3(13) 0.40
Post-admission, steroids, n (%) 31(33) 11 (48) 0.17
Caffeine, n (%) 57 (60) 15 (65) 0.65
Surfactant, n (%) 61 (64) 15 (65) 0.73
Discharge weight (g) 3433 +£1278 3677 + 1351 0.44

Abbreviations: BPD, bronchopulmonary dysplasia; PH, pulmonary hypertension; PDA, patent ductus arteriosus; IVH, intraventricular hemorrhage;
NEC, necrotizing enterocolitis; ROP, retinopathy of prematurity.
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Respiratory treatments after admission

Table 2

BPD alone (N=95)

NC <1 LPM, n (%) 63 (66)
NC at 1-1.99 LPM, n (%) 32 (34)
NC =2 LPM, n (%) 17 (18)
Nasal CPAP, n (%) 52 (55)
Conventional vent, n (%) 52 (55)
HFOV, n (%) 3(3)

HFJV, n (%) 2(2)

Ventilation days 25+31
Oxygen at discharge, n (%) 43 (45)

BPD + PH (N=23)

18 (78)
11 (48)
4(17)
17 (74)
15 (65)
14
0(0)
31+39
13 (57)

p-value

0.33
0.23
0.92
0.09
0.42
0.79
0.48
0.58
0.32

Page 9

Abbreviations: BPD, Bronchopulmonary Dysplasia; PH, Pulmonary Hypertension; NC, Nasal Cannula; LPM, liters per minute; CPAP, Continuous

Positive Pressure Ventilation; HFOV, High Frequency Oscillatory Ventilation; HFJV, High Frequency Jet Ventilation.
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Table 3
L-arginine/NO pathway Metabolites
Metabolites BPD alone (N=95) BPD + PH (N=23) p-value
Arginine 201.0+79.9 228.7+84.8 0.32
Ornithine 88.5 + 36.6 96.7 +33.9 0.46
Proline 260.2 +98.9 245.4 + 88.8 0.62
Citrulline 159+98 186 £11.0 0.45
ADMA 2228 50+4.0 0.04
Arginine/ADMA 329.8 + 561.6 131.1+ 1515 0.03
Arginine/Ornithine 24038 25+11 0.75

Abbreviations: NMMA, N®-monomethylarginine; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine.

*
All concentrations reported as mean + SD, and in UM concentrations.
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