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Abstract

Effective therapies are urgently needed for infants with forms of pulmonary hypertension that 

develop or persist beyond the first week of life. The L-arginine nitric oxide (NO) precursor, L-

citrulline, improves NO signalling and ameliorates pulmonary hypertension in newborn animal 

models. In vitro studies demonstrate that manipulating L-citrulline transport alters NO production.

Conclusion—Strategies that increase the supply and transport of L-citrulline merit pursuit as 

novel approaches to managing infants with chronic, progressive pulmonary hypertension.
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Introduction

Infants suffering from chronic cardiopulmonary diseases, such as chronic lung disease and 

cyanotic congenital heart disease, can develop chronic, progressive pulmonary hypertension. 

Although the true prevalence of pulmonary hypertension in infants with cardiopulmonary 

disease is not known, echocardiographic evidence of pulmonary hypertension is found in 

25–37% of infants with bronchopulmonary dysplasia, the most common form of chronic 

lung disease in newborns [1,2]. Moreover, persistent pulmonary hypertension in infants with 

bronchopulmonary dysplasia is associated with up to 40% mortality [3]. Alarmingly, this 

high rate of death has not improved in the past three decades [4]. The need for novel, 

effective therapies for infants with chronic progressive pulmonary hypertension is well 

acknowledged [5].

Address for correspondence: Judy L. Aschner, M.D., Albert Einstein College of Medicine, Department of Pediatrics, 1300 Morris 
Park Avenue – Belfer 706, Bronx, New York 10461, Office Phone Number: 718-430-4127, Office Fax: 718-430-2199, 
judy.aschner@einstein.yu.edu. 

NIH Public Access
Author Manuscript
Acta Paediatr. Author manuscript; available in PMC 2015 October 01.

Published in final edited form as:
Acta Paediatr. 2014 October ; 103(10): 1019–1026. doi:10.1111/apa.12707.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The pathobiology of chronic pulmonary vascular disease in infants must be better 

understood in order to devise therapies to improve outcomes for these patients. It is widely 

appreciated that persistent or episodic hypoxia contributes to the progressive changes in 

pulmonary vascular structure and function that characterise the worsening pulmonary 

vascular disease in infants [6]. Accumulating evidence implicates impairments in nitric 

oxide (NO) signalling in the pathogenesis of chronic pulmonary vascular disease [7], 

particularly in the case of chronic hypoxia-induced pulmonary hypertension [8].

Piglet model of chronic, progressive neonatal pulmonary hypertension

Piglets provide a useful model for studying progressive chronic hypoxia-induced pulmonary 

hypertension in newborns. We have established that pulmonary arterial hypertension 

develops in newborn piglets within three days exposure to hypoxia and progresses when 

hypoxia is extended to ten days [9]. The progressive elevations in pulmonary vascular 

resistance are accompanied by more pronounced degrees of pulmonary vascular remodelling 

[10]. Notably, pulmonary resistance level arteries (pulmonary arteries less than 300 microns 

in diameter) from piglets with chronic hypoxia-induced pulmonary hypertension exhibit 

impairments in NO-dependent pulmonary vascular responses that worsen with more 

prolonged exposure to hypoxia [11]. Furthermore, reductions in lung NO production directly 

correlate with duration of hypoxic exposure [12,13]. These findings in newborn piglets are 

consistent with the accumulating body of evidence in both humans [14] and other animal 

models that impaired NO signalling plays a pivotal role in chronic pulmonary hypertension 

[7,15].

Impaired NO signalling in chronic pulmonary hypertension: bioavailability 

of L-arginine

Because NO is synthesised from the amino acid, L-arginine, by NO synthase (NOS), L-

arginine supplementation has been studied as a therapy to improve NO signalling and 

ameliorate chronic pulmonary hypertension. We and other investigators have shown that 

limited bioavailability of L-arginine contributes to vascular dysfunction in chronic 

pulmonary hypertension [11,16,17]. Short-term administration of L-arginine reduces 

pulmonary arterial pressure in adult human patients with chronic pulmonary hypertension 

[17]. In our newborn piglet model of chronic hypoxia-induced pulmonary hypertension, 

acute administration of L-arginine improves endothelium-dependent vascular relaxation [11] 

and increases lung NO production [16]. In adult rats, prolonged administration of L-arginine 

inhibits the development of chronic pulmonary hypertension [18].

The mechanisms underlying impaired L-arginine bioavailability and the beneficial 

therapeutic responses to L-arginine are not yet clear. Data suggest that intracellular L-

arginine levels exceed the Km for eNOS [19]. The phenomenon of increased NO production 

with L-arginine supplementation despite eNOS-saturating intracellular levels of L-arginine 

has been termed the arginine paradox. One possible explanation is that the bulk of 

intracellular endothelial L-arginine is not available to eNOS for NO production [19] and that 

the extracellular arginine transported into the cells is preferentially delivered to the site of 

the eNOS synthetic machinery [20]. This explanation is supported by the finding that the 
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major transporter for arginine in endothelial cells, cationic amino acid transporter 1, CAT-1, 

co-localises with eNOS in caveolae [20, 21].

Other explanations for limited L-arginine bioavailability include increased intracellular 

concentrations of arginase or the methylated analogs of L-arginine. Arginase converts 

arginine to ornithine and urea, limiting the availability of NO substrate. Increased arginase 

expression and activity were found in pulmonary endothelial cells of adult patients with 

pulmonary hypertension [22], in human lung endothelial cells exposed to hypoxia [23], in 

lungs of newborn rats exposed to hyperoxia who develop a BPD phenotype and pulmonary 

hypertension [24] and in adult rats with monocrotaline-induced pulmonary hypertension 

[25]. The methylated analogs of L-arginine act as false substrates, competing with L-

arginine, thereby inhibiting NOS activity. Asymmetric NGNG-dimethylarginine (ADMA) is 

considered to be the major endogenous NOS inhibitor. Elevated levels of ADMA have been 

found in some adult patients with pulmonary hypertension [26] and in both newborn [27] 

and adult [25] animal models of chronic pulmonary hypertension. Supplemental L-arginine 

could counteract elevations in ADMA or arginase and explain, at least in part, some of the 

improvements found with L-arginine supplementation.

Results with L-arginine supplementation have not been consistent, with some studies 

showing no benefit from either acute [28] or prolonged [29] L-arginine supplementation in 

animals or humans with chronic pulmonary hypertension. In addition, there is evidence that 

chronic supplementation with L-arginine may be harmful [30,31]. The feasibility and logic 

of chronic oral L-arginine supplementation are questionable because the presence of 

arginase in gut bacteria, intestinal epithelial cells and hepatocytes dictates that orally 

administered L-arginine will largely be catabolised to ornithine and urea. This catabolic loss 

of L-arginine necessitates the administration of massive L-arginine doses to achieve 

increases in circulating levels that are therapeutically effective [31]. These large doses are 

often poorly tolerated and patient compliance can be difficult to maintain [32]. Some 

limitations of oral L-arginine therapy can be avoided by intravenous administration of L-

arginine [32]. However, intravenous therapies are challenging to sustain long-term and have 

potential for adverse consequences, including infection and thrombosis. Thus, alternative 

means of restoring impaired NO production are worthy areas for investigation.

Citrulline supplementation: an alternative approach to delivering 

bioavailable L-arginine and increasing NO production

L-citrulline provides an intracellular source for L-arginine via a two-step biosynthetic 

pathway involving the co-substrate, aspartate, and the enzymes argininosuccinate synthetase 

(ASS) and argininosuccinate lyase (ASL) [33] (Figure 1). Through this recycling pathway, 

L-citrulline both serves as substrate for arginine and as end product when arginine is 

converted to NO by NOS. Thus, L-citrulline, potentially provides an alternate approach to 

deliver bioavailable L-arginine to increase synthesis of pulmonary vascular NO.

Citrulline is a neutral amino acid that was first identified in and named for watermelon, 

citrullus vulguaris [34]. Although watermelon is unusually rich in citrulline, very little 

citrulline is contained in a normal diet. Human milk, infant formulas and parenteral nutrition 
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solutions contain minimal or no citrulline. In mammals, L-citrulline is formed from 

ornithine and carbamoyl phosphate by the mitochondrial enzymes of the urea cycle in the 

liver and proximal intestines [35]. Enterocytes are the major source of endogenously 

produced, blood-borne L-citrulline because the L-citrulline produced in the liver is 

compartmentalised as an intermediate of the urea cycle [34]. After it has been produced and 

released into the circulation by enterocytes, L-citrulline passes through the liver without 

major metabolism. Some of the circulating L-citrulline is taken up and metabolised into L-

arginine by cells in the proximal tubules of the kidney, via a two-step enzymatic process 

involving ASS and ASL. Therefore, a significant portion of the L-citrulline produced by the 

enterocytes reaches the systemic circulation as L-arginine. Oral L-citrulline has been shown 

to have high bioavailability. Humans administered oral L-citrulline achieve dramatic 

elevations in circulating L-citrulline with minimal urinary loss [36].

Pulmonary arterial endothelial cells (PAECs) express ASS and ASL and therefore can use 

L-citrulline to produce NO [37]. Indeed, there is evidence that ASS and ASL are co-

localised with eNOS in plasmalemmal caveolae of endothelial cells [19] in a multi-protein 

complex with the chaperone protein, heat shock protein 90 [38–40]. The co-localisation of 

these enzymes makes it feasible that, instead of equilibrating with bulk intracellular levels, 

L-citrulline-induced increases in L-arginine could be directly channelled to eNOS [41] 

(Figure 1).

L-citrulline availability and cardiovascular disease: genetic considerations

It is conceivable that a reduction in the capacity to endogenously produce L-citrulline or to 

metabolise L-citrulline to L-arginine may affect in vivo NO synthesis and contribute to 

vascular disease. Thus, it is possible that genetic variations in enzymes involved in citrulline 

synthesis may contribute to the susceptibility to develop pulmonary hypertension. For 

example, the enzyme carbamoyl-phosphate synthetase 1 is one of the urea cycle enzymes 

involved in the mitochondrial synthesis of citrulline. A single nucleotide polymorphism in 

the carbamoyl-phosphate synthetase 1 gene designated T1405N is located at an important 

cofactor binding site and could affect enzyme activity, thereby impacting NO production 

from L-citrulline [42]. Compared with the general population, newborns with respiratory 

distress were found to have a significantly skewed distribution of carbamoyl-phosphate 

synthetase 1 genotypes for this polymorphism [43]. In addition, the carbamoyl-phosphate 

synthetase 1 T1405 genotype distribution differed between those newborns with respiratory 

distress who developed pulmonary hypertension compared to those who did not [43]. The 

distribution of the carbamoyl-phosphate synthetase 1 T1405 genotype has also been shown 

to differ between patients with congenital heart defects who developed postoperative 

pulmonary hypertension compared to those who did not [44]. Carbamoyl-phosphate 

synthetase 1 polymorphisms were also shown to influence measurements of venous NO and 

forearm blood flow responses to NOS-dependent and -independent vasodilation in a 

heterogeneous population of adults [45]. More studies are needed to determine if the 

carbamoyl-phosphate synthetase 1 genotype predicts mortality and morbidity from 

cardiovascular diseases.

Fike et al. Page 4

Acta Paediatr. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The enzyme, ornithine transcarbamylase, catalyses the final step in mitochondrial synthesis 

of citrulline, the conversion of ornithine to citrulline. Low serum and urine levels of NO 

metabolites have been reported in children with the late-onset type of ornithine 

transcarbamylase deficiency [46]. Citrulline production, citrulline plasma levels and NO 

production have been shown to be diminished in ornithine transcarbamylase deficient mice 

[47]. The possible contribution to cardiovascular disease from this impairment in the 

citrulline-arginine-NO pathway is not yet known.

The requirement of ASL for adequate NO production in vivo has recently been 

demonstrated. Argininosuccinic aciduria is a well-recognised inborn error of metabolism 

caused by a mutation in the ASL gene resulting in the inability to metabolise citrulline to 

arginine and characterised by life-threatening hyperammonemia. Humans with ASL 

deficiency are at risk of developing systemic hypertension [48]. Plasma concentrations of 

NO metabolites were reduced and NOS-dependent relaxation of the brachial artery was 

found to be impaired in human patients with ASL deficiency [41]. Moreover, tissue 

production of NO was reduced and systolic and diastolic blood pressures were elevated in a 

hypomorphic mouse model of ASL deficiency [41].

The combined findings from patients and animals, with deficiencies in enzymes involved in 

the ability to synthesise citrulline de novo or to metabolise citrulline to arginine, suggest that 

the integrity of the citrulline-arginine-NO pathway is important for vascular health. In 

addition, these findings lend support to the notion that providing L-citrulline or enhancing 

its cellular uptake may be effective ways to ameliorate vascular diseases in conditions 

associated with impaired NO production, such as chronic hypoxia-induced pulmonary 

hypertension in newborns.

Transport of L-citrulline into PAECs: the role of Na+-dependent neutral 

amino acid transporters (SNATs) and the impact of hypoxia

PAECs do not express the enzymes needed for de novo synthesis of L-citrulline [37]. Thus, 

intracellular L-citrulline concentrations depend, at least in part, on uptake of circulating L-

citrulline. Surprisingly, there is scarce information about the amino acid transporters 

responsible for L-citrulline transport into PAECs. This knowledge is important as it could 

provide a means to manipulate NO production.

SNATs are one of the major systems responsible for neutral amino acid transport [49]. And 

are found in most mammalian cells [49]. Moreover, it is well known that a number of 

different transport systems, including multiple different members of the SNAT family, may 

occur in the same cell membrane.

Because of their potential role in L-citrulline transport, studies were performed to evaluate 

the expression of SNATs in lungs, pulmonary arteries, and PAECs of newborn piglets [50] 

and the impact of hypoxic exposure on expression of SNATs. We speculated that expression 

of SNATs would be reduced with hypoxic exposure and contribute to the impaired NO 

signalling in piglets with chronic hypoxia-induced pulmonary hypertension [11,12]. SNATs 

1, 2, 3, and 5 were expressed in lungs, pulmonary arteries, and PAECs of newborn piglets; 
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SNAT4 was not evaluated as it is considered to be liver specific [49]. Unexpectedly, we 

found no impact of hypoxia on expression of SNAT 2, 3, or 5, but an increase in expression 

of SNAT1 in lungs, pulmonary arteries, and PAECs of newborn piglets with both in vitro 
and in vivo hypoxia [50].

To determine whether the alteration in SNAT1 expression correlated with the functional 

ability to transport citrulline, 14C-L-citrulline uptake was measured in PAECs cultured under 

normoxic and hypoxic conditions. We found that in vitro hypoxia increased L-citrulline 

uptake in PAECs from newborn piglets. Using a silencing ribonucleic acid technique, we 

identified SNAT1 as the transporter responsible for the enhanced ability to transport L-

citrulline in hypoxic PAECs [51]. Furthermore, SNAT1 knockdown abolished the ability of 

L-citrulline to increase NO production in both normoxic and hypoxic PAECs. Taken 

altogether, these findings identify a role for SNAT1 in transporting L-citrulline and 

modulating NO production in PAECs. In addition, these findings raise the possibility that an 

increase in SNAT1 expression and concomitant enhanced ability to transport citrulline could 

be important mechanisms to counteract, rather than contribute to, impairments in NO 

signalling that occur during chronic hypoxia-induced pulmonary hypertension.

L-citrulline improves NO signalling by modulating eNOS coupling

Although the accumulating data implicating NO signalling impairments in chronic 

pulmonary vascular disease are compelling, better understanding the mechanistic 

underpinnings of this association are essential for the development of effective therapies. 

There is evidence that uncoupled eNOS is at least one of the signalling abnormalities 

underlying the diminished NO production found in chronic pulmonary vascular disease, 

including chronic hypoxia-induced pulmonary hypertension in newborn piglets [18,52,53]. 

Both L-arginine and tetrahydrobiopterin promote eNOS coupling [54]. As supplementation 

with L-citrulline is a potential means to increase L-arginine, we pursued the possibility that 

L-citrulline improves NO signalling in hypoxic PAECs by modulating eNOS coupling.

eNOS has a dimeric structure with oxygenase, N-terminal, and reductase, C-terminal, 

domains. In the homo-dimeric or coupled state, electrons are transferred from the reductase 

domain to the oxygenase domain and NO is produced. When eNOS becomes uncoupled, 

electrons are diverted to molecular oxygen producing superoxide instead of NO. Uncoupled 

eNOS can be demonstrated as a loss of eNOS dimer formation and increase of eNOS 

monomers. Consistent with eNOS uncoupling, we found that superoxide generation was 

increased and both NO production and eNOS dimer-to-monomer ratios were reduced in 

PAECs cultured under hypoxic conditions [51]. Treatment with L-citrulline reduced 

superoxide generation and increased NO production as well as eNOS dimer-to-monomer 

ratios in hypoxic PAECs [51]. Thus, at least one mechanism by which L-citrulline improves 

NO signalling in hypoxic PAECs is via re-coupling eNOS.

Having identified a role for SNAT1 in both L-citrulline transport and NO production, we 

determined whether SNAT1 modulates eNOS coupling in PAECs using a silencing 

ribonucleic acid technique. SNAT1 knockdown reduced eNOS dimer-to-monomer ratios 

and increased superoxide generation in both normoxic and hypoxic PAECs [51]. Superoxide 
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generation was reduced with L-citrulline treatment of hypoxic PAECs, regardless of SNAT1 

knockdown. However, SNAT1 knockdown prevented the ability of L-citrulline to increase 

eNOS dimer-to-monomer ratios in hypoxic PAEC [51]. Thus, SNAT1 modulates basal 

superoxide generation and eNOS coupling in both normoxic and hypoxic PAEC and is 

integral to the ability of L-citrulline to re-couple eNOS in hypoxic PAECs.

L-citrulline and the management of chronic, progressive pulmonary 

hypertension in newborns

The impact of strategies that increase the supply or transport of L-citrulline to modulate NO 

production in infants with chronic, progressive pulmonary hypertension has not yet been 

evaluated. There are some data in newborn animal models to suggest that supplying 

exogenous L-citrulline may be of benefit in the context of neonatal chronic pulmonary 

hypertension. In the newborn piglet model of chronic hypoxia-induced pulmonary 

hypertension, we have shown that oral treatment with L-citrulline increases pulmonary 

vascular NO production and attenuates the development of elevated pulmonary vascular 

resistance [55]. In a newborn rat model of hyperoxia-induced BPD, subcutaneous injection 

of L-citrulline ameliorated pulmonary vascular remodelling and reduced right ventricular 

hypertrophy, two cardiovascular abnormalities that reflect the presence of pulmonary 

hypertension [24]. Moreover, in this newborn rat model of BPD, L-citrulline treatment 

preserved alveolar septation [24]. The ability of L-citrulline to improve alveolar and 

vascular morphology in hyperoxic newborn rats has been corroborated by findings in a 

separate study [56]. These findings from newborn animal models suggest that carefully 

designed clinical studies of L-citrulline supplementation are worthy of pursuit in human 

infants at risk of developing pulmonary hypertension.

The therapeutic use of L-citrulline in human cardiovascular diseases

There is some evidence that L-citrulline may be beneficial for patients with some types of 

cardiovascular disease, including pulmonary hypertension, although large clinical trials are 

needed for verification. One group of investigators recently reported that adults with heart 

failure had improvements in left ventricular ejection fraction, functional class, and 

endothelial function assessed by photoplethysmography after treatment with oral L-citrulline 

for four months [57]. Evidence of improved endothelial function was also found in a small 

number of adult patients with stable diastolic heart failure after treatment with oral L-

citrulline for 60 days [58]. Obese adults with prehypertension or stage one hypertension 

showed evidence of improved arterial function after six weeks treatment with watermelon 

powder as a source of L-citrulline [59]. Also of interest, oral supplementation with L-

citrulline reduced brachial-ankle pulse wave velocity, a non-invasive assessment of arterial 

stiffness, in healthy middle-aged men [60].

In the paediatric age group, a pilot Phase two clinical trial of L-citrulline was shown to 

decrease vascular complications and increase the overall wellbeing of children with sickle 

cell disease [61]. Postoperative pulmonary hypertension did not develop in children 

undergoing cardiopulmonary bypass who had naturally elevated levels of citrulline or who 

achieved plasma levels greater than 37 micromolar with oral citrulline supplementation [62]. 
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Although evaluation for efficacy is ongoing, intravenous L-citrulline administered to a 

similar patient population was found to be safe and well-tolerated [63]. L-citrulline is used 

as replacement therapy for children with certain types of urea cycle defects. These children 

receive L-citrulline for decades and show no evidence of toxicity from its use. Therefore, 

evaluation of the safety and efficacy of L-citrulline therapy for cardiovascular diseases, 

particularly those involving L-arginine/NO deficiencies, and requiring prolonged treatment 

for effective inhibition or resolution of the disease process is warranted. However, it is 

important to caution against clinical use of L-citrulline in neonatal or paediatric populations 

outside of well-controlled randomized trials. L-citrulline has been shown to cause a marked 

increase in the expression of arginase two in lungs of newborn rats exposed to hyperoxia 

[24] and in human lung endothelial cells exposed to hypoxia [23], which could have an 

adverse impact on lung development and structural remodeling of the pulmonary 

architecture.

Conclusions

There is a growing body of evidence that impairments in the L-citrulline-L-arginine-NO 

pathway are involved in the pathogenesis of chronic cardiovascular diseases, including 

chronic hypoxia-induced pulmonary hypertension in newborns. While L-arginine 

supplementation has been shown to be effective in some experimental models and in some 

studies with adult humans, detrimental effects from L-arginine supplementation have also 

been reported and results from L-arginine treatment have been variable. L-citrulline 

provides an alternate means for improving NO signalling. Studies with PAECs show that 

eNOS re-coupling is one of the mechanisms by which L-citrulline can restore impaired NO 

signalling. In addition, studies with PAECs indicate that manipulating L-citrulline transport 

can modulate NO production. Additional research is needed to determine effective ways to 

enhance L-citrulline transport in vivo and to evaluate the physiological impact of such 

manipulations of amino acid transport. Studies in newborn animal models support further 

basic and translation investigations of L-citrulline supplementation as a means to improve 

NO production, reduce free radical generation, and ameliorate pulmonary hypertension. 

Clinical trials of the safety and efficacy of L-citrulline therapy in human infants with and at 

risk of developing chronic, progressive forms of pulmonary hypertension deserve 

consideration as a novel and potentially cost-effective approach to treat this life-threatening 

condition in term and preterm infants.
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ADMA asymmetric NGNG-dimethylarginine

ASL argininosuccinate lyase

ASS argininosuccinate synthetase

NO nitric oxide
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NOS nitric oxide synthase

PAEC pulmonary arterial endothelial cell

SNAT sodium-dependent neutral amino acid transporter
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Key Notes

• L-citrulline, a precursor of L-arginine, increases production of nitric oxide (NO) 

in vitro and ameliorates pulmonary hypertension in experimental models in 

vivo.

• One mechanism by which L-citrulline improves NO signalling is via re-coupling 

of endothelial NO synthase, reducing superoxide production and enhancing NO 

synthesis.

• Therapeutic strategies that increase the transport or abundance of L-citrulline 

may represent a novel approach to the management of pulmonary hypertension 

in infants.
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Figure 1. 
Model for L-citrulline transport, arginine channelling and nitric oxide (NO) metabolism in 

pulmonary endothelial cells. Circulating L-citrulline is taken up by the sodium-dependent 

neutral amino acid transporter, SNAT1, and is delivered to a multi-protein complex 

containing the urea cycle enzymes, argininosuccinate synthetase, ASS, and 

argininosuccinate lyase, ASL, endothelial nitric oxide synthase, eNOS, and the chaperone 

protein, heat shock protein 90, Hsp90, for efficient metabolism of L-citrulline to arginine 

and arginine to NO and L-citrulline. This model would explain the so called arginine 

paradox and would predict that citrulline is an effective precursor for NO production.

Fike et al. Page 14

Acta Paediatr. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


