
Revisiting Arginine Therapy for Sickle Cell Acute Vasoocclusive
Painful Crisis

Patients with sickle cell disease (SCD) suffer from episodic and
recurrent painful episodes caused by microvascular vasoocclusive
events that produce end-organ ischemia–reperfusion injury and
infarction (1). These events are characterized by extreme bone pain
and organ injury, including acute lung injury in a subset of patients.
Mechanistically, vasoocclusive episode (VOE) events are associated
with P-selectin and inflammasome-dependent inflammation, with
intravascular adhesion of platelets, neutrophils, and erythrocytes in
the endothelium (1). Interestingly, in addition to a central role of
P-selectin expression in triggering platelet–neutrophil–erythrocyte
aggregation, recent studies in mouse models suggest that both
cytokine stimulation and exposure to oxyhemoglobin and heme,
released intravascularly during hemolysis, can trigger platelet-
inflammasome–dependent shedding of IL-1b and caspase-1–carrying
platelet extracellular vesicles; these vesicles promote intrapulmonary
adhesive events that arrest pulmonary blood flow (2). During VOE
events, a subset of patients develop acute increases in pulmonary
artery systolic pressure, estimated by the Doppler-echocardiographic
tricuspid regurgitant jet velocity (TRV) (3). In a study of patients with
severe acute chest syndrome (ACS), the TRV increased to 2.5–2.9 m/s
in 23% of patients and to>3 m/s in 37%, and right ventricular
dysfunction occurred in 13%. Importantly, a TRV of>3.0 m/s was
associated with increased plasma brain natriuretic peptide, cardiac
troponin release, requirement for invasive mechanical ventilation,
and death (4). Despite an understanding of the important
contribution of acute pulmonary hypertension during VOE events in
patient risk assessment, no clear therapeutic options are available
outside of rapid red blood cell exchange transfusion, which we believe
should be considered in all patients with TRV of>3.0 m/s and right
ventricular dysfunction during hospitalization with VOE or ACS.

A recent study by Onalo and colleagues has revisited a role for
L-arginine treatment during VOE events in a pediatric cohort with
SCD. In this prospective, double-blind, randomized controlled trial,
children aged 5–17 years who presented to the hospital with acute
VOE events, with or without ACS, received oral L-arginine or
placebo. They previously reported that children who received
L-arginine experienced shorter time-to-event-resolution and duration
of hospitalization, with no serious adverse events (5). In this issue of
the Journal, Onalo and colleagues (pp. 70–80) describe additional

cardiopulmonary benefits of L-arginine therapy in 47 children (6).
Increased pulmonary artery systolic pressures, as estimated by TRV
of>2.5 m/s on echocardiogram, were present in 61% of children at
presentation. Although both groups showed improvement in TRV
and brain natriuretic peptide over the 5-day treatment period, the
arginine group showed greater reduction in TRV and other
echocardiographic estimates of pulmonary artery pressures than the
placebo group, especially when stratified by degree of baseline
elevation. Lower TRV in the treatment group correlated with
increased plasma arginine bioavailability. Although pulmonary
hypertension was common in this cohort, it was mild in most cases,
with a mean TRV at presentation of 2.46 0.7 m/s. The placebo group
also showed improvement in TRV over the study period, which may
bring into question the potential added benefit of this therapy.
However, in the subset of patients with TRV of>2.5 m/s, there was
significant reduction in TRV over placebo, supporting a therapeutic
impact of L-arginine, either directly on the pulmonary vasculature or
secondary to systemic effects of the VOE (6).

The authors acknowledge the limitations of echocardiographic
assessment of hemodynamics, as well as a limited patient severity and
trial power to evaluate the impact of acute reduction of pulmonary
pressure on length of stay or post-discharge outcomes. This mirrors
the real-world challenges of balancing availability of invasive
assessment of pulmonary hemodynamics with the potential
procedural risks during VOE. As such, TRV has become the standard
modality for assessing pulmonary hypertension in SCD.When
measured in steady state in the outpatient setting, it is strongly
associated with mortality risk and prevalence of pulmonary
hypertension, either group 1 or group 2 disease (7). However, much
less is known about the relevance of acute increases in TRV during
hospitalization for VOE, especially in children, and if uncomplicated
by ACS. Although elevated TRV in children has been associated with
declines in exercise capacity at 22 months of follow-up and risk of
death long term, the impact of acute increases during VOE remains
unknown (8, 9). It is also important to recognize that the elevation of
TRV can be related to both intrinsic increases in pulmonary vascular
resistance as well as passive increases in pressure from diastolic heart
failure and left ventricular fibrosis, which occur in patients with
SCD (10, 11). In the current study, the improvement in multiple
echocardiographic metrics of pulmonary artery pressure suggests oral
arginine relieves vasoconstriction during acute VOE without
worsening underlying diastolic dysfunction, if present (6).

L-Arginine is the substrate for de novo nitric oxide (NO)
biosynthesis, catalyzed by a 5-electron oxidization of L-arginine by
NO synthase enzymes to formNO and L-citrulline. Arginine can also
be metabolized by arginase to form ornithine and urea, diverting
substrate fromNO formation. Erythrocyte hemolysis releases
oxyhemoglobin and arginase-1 into plasma, with oxyhemoglobin
inactivating NO and arginase-1 catabolizing arginine, dual processes
that contribute to acute NO depletion and endothelial dysfunction.
L-arginine concentrations are reduced and ornithine concentrations
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increased in patients with SCD, with more severe reduction in the
arginine/ornithine concentration as the intensity of intravascular
hemolysis increases and during acute VOE (12–14). In the current
study, the arginine/ornithine concentrations were reduced and
improved with L-arginine treatment (6).

L-Arginine has been shown to promote vasodilation and
ameliorate pulmonary hypertension in adults (15, 16) and in infants
with persistent pulmonary hypertension of the newborn (17). Nearly
20 years ago, preliminary studies showed oral L-arginine improved
pulmonary hypertension in a small cohort with SCD, with
corresponding increase in plasma concentrations (18). Arginine and
NO bioavailability is reduced in patients with SCD, particularly
during acute VOE and in patients with more severe baseline
hemolytic anemia. Supplemental L-arginine likely works by
increasing tissue perfusion and promoting pulmonary vasodilation in
the setting of reduced NO signaling and uncoupling of endothelial
NO synthase. Other efforts to restore NO signaling therapeutically
have been frustrated by lack of efficacy in placebo-controlled trials or
limited by medication side effects. Inhaled NO therapy for acute
hospitalization in adults and children with VOE was well tolerated
but not effective for reducing time to resolution of VOE, although
effect on TRV was not evaluated (19). And despite improving
pulmonary hypertension, chronic outpatient sildenafil therapy was
associated with increased hospitalization for pain (20, 21). The
current study revisits and potentially reenergizes efforts to enhance
NO signaling with L-arginine supplementation but will clearly
require testing in larger clinical trials with longer-term follow-up to
assess impact on patient-centered outcomes.�

Author disclosures are available with the text of this article at
www.atsjournals.org.

Rachel K. Hopper, M.D.
Department of Pediatrics (Cardiology)
Stanford University School of Medicine
Palo Alto, California

Mark T. Gladwin, M.D.
Pittsburgh Heart, Lung and Blood Vascular Medicine Institute
University of Pittsburgh School of Medicine
Pittsburgh, Pennsylvania

References

1. Sundd P, Gladwin MT, Novelli EM. Pathophysiology of sickle cell disease.
Annu Rev Pathol 2019;14:263–292.

2. Vats R, Brzoska T, Bennewitz MF, Jimenez MA, Pradhan-Sundd T,
Tutuncuoglu E, et al. Platelet extracellular vesicles drive inflammasome-
IL-1b-dependent lung injury in sickle cell disease. Am J Respir Crit Care
Med 2020;201:33–46.

3. Machado RF, Mack AK, Martyr S, Barnett C, Macarthur P, Sachdev V,
et al. Severity of pulmonary hypertension during vaso-occlusive pain
crisis and exercise in patients with sickle cell disease. Br J Haematol
2007;136:319–325.

4. Mekontso Dessap A, Leon R, Habibi A, Nzouakou R, Roudot-Thoraval F,
Adnot S, et al. Pulmonary hypertension and cor pulmonale during

severe acute chest syndrome in sickle cell disease. Am J Respir Crit
Care Med 2008;177:646–653.

5. Onalo R, Cooper P, Cilliers A, Vorster BC, Uche N-A, Oluseyi OO,
et al. Randomized control trial of oral arginine therapy for children
with sickle cell anemia hospitalized for pain in Nigeria. Am J Hematol
2021;96:89–97.

6. Onalo R, Cilliers A, Cooper P, Morris CR. Arginine therapy and
cardiopulmonary hemodynamics in hospitalized children with sickle cell
anemia: a prospective, double-blinded, randomized placebo-controlled
clinical trial. Am J Respir Crit Care Med 2022;206:70–80.

7. Klings ES, Machado RF, Barst RJ, Morris CR, Mubarak KK, Gordeuk VR,
et al.; American Thoracic Society Ad Hoc Committee on Pulmonary
Hypertension of Sickle Cell Disease. An official American Thoracic
Society clinical practice guideline: diagnosis, risk stratification, and
management of pulmonary hypertension of sickle cell disease.
Am J Respir Crit Care Med 2014;189:727–740.

8. Gordeuk VR, Minniti CP, Nouraie M, Campbell AD, Rana SR, Luchtman-
Jones L, et al. Elevated tricuspid regurgitation velocity and decline in
exercise capacity over 22 months of follow up in children and
adolescents with sickle cell anemia. Haematologica 2011;96:33–40.

9. Nouraie M, Darbari DS, Rana S, Minniti CP, Castro OL, Luchtman-Jones
L, et al. Tricuspid regurgitation velocity and other biomarkers of mortality
in children, adolescents and young adults with sickle cell disease in the
United States: the PUSH study. Am J Hematol 2020;95:766–774.

10. Alsaied T, Niss O, Tretter JT, Powell AW, Chin C, Fleck RJ, et al. Left
atrial dysfunction in sickle cell anemia is associated with diffuse
myocardial fibrosis, increased right ventricular pressure and reduced
exercise capacity. Sci Rep 2020;10:1767.

11. Sachdev V, Machado RF, Shizukuda Y, Rao YN, Sidenko S, Ernst I,
et al. Diastolic dysfunction is an independent risk factor for death in
patients with sickle cell disease. J Am Coll Cardiol 2007;49:472–479.

12. Morris CR, Kato GJ, Poljakovic M, Wang X, Blackwelder WC, Sachdev V,
et al. Dysregulated arginine metabolism, hemolysis-associated
pulmonary hypertension, and mortality in sickle cell disease. JAMA
2005;294:81–90.

13. Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon RO III,
Schechter AN, et al. Cell-free hemoglobin limits nitric oxide
bioavailability in sickle-cell disease. Nat Med 2002;8:1383–1389.

14. Kato GJ, Steinberg MH, Gladwin MT. Intravascular hemolysis and the
pathophysiology of sickle cell disease. J Clin Invest 2017;127:750–760.

15. Mehta S, Stewart DJ, Langleben D, Levy RD. Short-term pulmonary
vasodilation with L-arginine in pulmonary hypertension. Circulation
1995;92:1539–1545.

16. Nagaya N, Uematsu M, Oya H, Sato N, Sakamaki F, Kyotani S, et al.
Short-term oral administration of L-arginine improves hemodynamics
and exercise capacity in patients with precapillary pulmonary
hypertension. Am J Respir Crit Care Med 2001;163:887–891.

17. McCaffrey MJ, Bose CL, Reiter PD, Stiles AD. Effect of L-arginine
infusion on infants with persistent pulmonary hypertension of the
newborn. Biol Neonate 1995;67:240–243.

18. Morris CR, Morris SM Jr, Hagar W, Van Warmerdam J, Claster S, Kepka-
Lenhart D, et al. Arginine therapy: a new treatment for pulmonary
hypertension in sickle cell disease? Am J Respir Crit Care Med 2003;
168:63–69.

19. Gladwin MT, Kato GJ, Weiner D, Onyekwere OC, Dampier C, Hsu L,
et al.; DeNOVO Investigators. Nitric oxide for inhalation in the acute
treatment of sickle cell pain crisis: a randomized controlled trial. JAMA
2011;305:893–902.

20. Machado RF, Barst RJ, Yovetich NA, Hassell KL, Kato GJ, Gordeuk
VR, et al.; walk-PHaSST Investigators and Patients.
Hospitalization for pain in patients with sickle cell disease treated
with sildenafil for elevated TRV and low exercise capacity. Blood
2011;118:855–864.

21. Machado RF, Martyr S, Kato GJ, Barst RJ, Anthi A, Robinson MR, et al.
Sildenafil therapy in patients with sickle cell disease and pulmonary
hypertension. Br J Haematol 2005;130:445–453.

Copyright © 2022 by the American Thoracic Society

Editorials 7

EDITORIALS

http://www.atsjournals.org/doi/suppl/10.1164/rccm.202204-0673ED/suppl_file/disclosures.pdf
http://www.atsjournals.org
http://www.atsjournals.org

