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Pulmonary hypertension is a highly prevalent complication of sickle cell disease
and is a strong risk factor for early mortality. However, the pathophysiologic
mechanisms leading to pulmonary vasculopathy remain unclear. Transgenic mice
provide opportunities for mechanistic
studies of vascular pathophysiology in
an animal model. By microcardiac catheterization, all mice expressing exclusively human sickle hemoglobin had
pulmonary hypertension, profound pulmonary and systemic endothelial dysfunction, and vascular instability characterized by diminished responses to

authentic nitric oxide (NO), NO donors,
and endothelium-dependent vasodilators
and enhanced responses to vasoconstrictors. However, endothelium-independent
vasodilation in sickle mice was normal.
Mechanisms of vasculopathy in sickle
mice involve global dysregulation of the
NO axis: impaired constitutive nitric oxide synthase activity (NOS) with loss of
endothelial NOS (eNOS) dimerization, increased NO scavenging by plasma hemoglobin and superoxide, increased arginase activity, and depleted intravascular
nitrite reserves. Light microscopy and
computed tomography revealed no plexo-

genic arterial remodeling or thrombi/
emboli. Transplanting sickle marrow into
wild-type mice conferred the same phenotype, and similar pathobiology was observed in a nonsickle mouse model of
acute alloimmune hemolysis. Although
the time course is shorter than typical
pulmonary hypertension in human sickle
cell disease, these results demonstrate
that hemolytic anemia is sufficient to produce endothelial dysfunction and global
dysregulation of NO. (Blood. 2007;109:
3088-3098)
© 2007 by The American Society of Hematology

Introduction
Pulmonary hypertension is a highly prevalent complication of
sickle cell disease that is associated with early mortality.1-4 The
putative mechanisms responsible for pulmonary hypertension are
the focus of intense current research and remain incompletely
defined.5 One mechanism proposed is that hemolytic anemia and
decompartmentalization of erythrocyte hemoglobin and arginase
into plasma leads to nitric oxide (NO) scavenging and arginine
degradation, limiting the bioavailability of NO.3,6-10 This process
would ultimately lead to acute changes in pulmonary vascular
endothelial and vasomotor function and chronic pathologic intimal
and smooth muscle hyperplasia. Alternatively, chronic lung disease
caused by recurrent pulmonary infarction, pneumonia, acute chest
syndrome, and thromboembolism could lead to chronic hypoxemia, pulmonary fibrosis, thrombotic vascular obliteration, and
secondary pulmonary hypertension.11-15 Pulmonary hypertension
could also arise from chronic hypoxia or chronic nocturnal
hypoxia.16-18 Additional factors contributing to pulmonary hypertension include right-heart failure secondary to a chronic high cardiac
output as compensation for chronic anemia and left ventricular
diastolic dysfunction secondary to cardiac tissue microinfarction

and/or iron overload.19-22 In short, is exposure to hemoglobin S
(HbS) erythrocytes sufficient to cause pulmonary hypertension, or
are additional pathophysiologic challenges necessary?
Transgenic sickle mouse models now exist that allow for the
physiologic, biochemical, and pathologic interrogation of the
pulmonary vasculature during different stages of development,
allowing us to test the mechanisms responsible for the development
of pulmonary hypertension. One such model, also known as the
Berkeley mouse, expresses exclusively human HbS generated by
knockout of mouse ␣- and ␤-globins and insertion of a single
transgene that expresses human ␣- and ␤S-globin.23-25 This animal
model develops severe extravascular and intravascular hemolytic
anemia, sickle deformation of erythrocytes, microvascular occlusion following inflammatory or hypoxic stress, vasomotor dysregulation,9,26 multiorgan infarction,25,27 and evidence of chronic inflammation and enhanced oxidative stress.28-31 These sickle mice
develop exaggerated pulmonary inflammatory responses to acute
hypoxia30 and lipopolysaccharide inflammation.32 However, their
baseline cardiac and pulmonary vascular functions have not been
examined in detail.

Submitted August 3, 2006; accepted November 22, 2006. Prepublished online
as Blood First Edition Paper, December 7, 2006; DOI 10.1182/blood-2006-08039438.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

An Inside Blood analysis of this article appears at the front of this issue.

© 2007 by The American Society of Hematology

3088

BLOOD, 1 APRIL 2007 䡠 VOLUME 109, NUMBER 7

From www.bloodjournal.org by guest on April 14, 2017. For personal use only.
BLOOD, 1 APRIL 2007 䡠 VOLUME 109, NUMBER 7

We therefore sought to determine whether pulmonary hypertension develops in this mouse model of severe sickle cell disease and
to evaluate the various putative mechanisms associated with the
development of pulmonary hypertension, including lung infarction
and fibrosis, thromboembolism, and reduced NO bioavailability
and endothelial/vasomotor dysfunction. Closed-chest right- and
left-heart microcardiac catheterization in live animals detected
pulmonary hypertension in all sickle mice studied but not in
hemizygous colony controls or wild-type controls. The pulmonary
hypertension occurred spontaneously, unlike the need for experimental triggers in other animal models,33-36 and without evidence
of thrombosis or major vascular remodeling. The pulmonary
hypertension was mediated by a functional impairment in endothelial-dependent vasodilation, NO resistance, and increased vasoconstrictor tone. Additional mice generated by bone marrow transplantation had similar functional vascular abnormalities when receiving
transplants with sickle marrow but normal vascular responsiveness
when receiving transplants with normal mouse marrow. As additional evidence for a central role of hemolytic anemia in driving
this process, acute hemolytic transfusion reaction in mice without
HbS was associated with a similar pulmonary vascular endothelial
dysfunction. Two mechanisms were identified that could contribute
to low bioavailability of NO in the lung vasculature of sickle mice:
loss of functional dimerization of endothelial nitric oxide synthase
(eNOS) associated with reduced enzymatic activity and hemolysisrelated NO scavenging by free hemoglobin in plasma and increased
arginase activity. These studies provide important novel insights
into the pathogenesis of pulmonary hypertension in human diseases
characterized by chronic hemolytic anemia.3,5,8,37-40

Materials and methods
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systemic vascular resistance.45 Under conditions of controlled blood flow
and constant left atrial pressure, the thromboxane A2 analog U-46619 was
infused intravenously to increase basal vascular tone to a uniform pulmonary arterial pressure of 30 mm Hg as a reference point prior to each
vasodilator challenge, as previously described.46 Mice then had measurements taken of pulmonary vascular responsiveness to several pharmacologic agents (1) to assess NO resistance and the NO axis (authentic inhaled
NO, infusion of the NO donor sodium nitroprusside, and infusion of the
phosphodiesterase-5 inhibitor sildenafil); (2) to examine other endotheliumdependent vasodilators (infusion of bradykinin and adrenomedullin); (3) to
examine endothelium-independent vasodilation (calcitonin gene-related
peptide [CGRP]); and (4) to examine pulmonary vasoconstriction (infusion
of norepinephrine or angiotensin II or 10 of minutes inhalation of 10%
oxygen [balanced with nitrogen]) to determine pulmonary hypoxic vasoconstriction response.
Generating chimeric mice by bone marrow transplantation
C57BL/6 mice received transplants with whole bone marrow (5 ⫻ 106 cells
per recipient) after myeloablative irradiation (900 cGy) and 4 daily
intraperitoneal injections of recombinant human erythropoietin ([rHuEPO]
300 U/kg; Amgen, Thousand Oaks, CA) to promote erythropoiesis. Twelve
mice received marrow from sickle mice, and 5 mice received marrow from
C57BL/6 donors. Ninety percent survived to erythroid engraftment (HbS
exceeding 90% of the total hemoglobin) at 10 weeks after transplantation
and proceeded to cardiac catheterization at 14 to 15 weeks after transplantation (age 5 months).
Generating alloimmune hemolysis in mice
After being bled 200 L, B6CBA-F1 mice received 2 weekly immunesensitizing blood transfusions from transgenic mice expressing the human
Duffy b antigen (Fyb), as previously described.42 A subsequent transfusion
of 300 L transgenic Fyb blood into these alloimmunized mice triggered
immune destruction of 70% of the transfused erythrocytes over the next 3
days,42 and during this period of acute hemolysis these mice went to
microcardiac catheterization.

Mouse model of human sickle cell disease
Sickle mice with knockout of all mouse hemoglobin genes and expressing
exclusively human sickle hemoglobin were developed at Lawrence Berkeley National Laboratory.23 A breeding colony at the National Institutes of
Health (NIH) generated animals for this study by mating sickle male mice
to hemizygous females (approximately 15 generations). Because C57BL/6
is one of the background strains for the transgenic sickle mice,23 C57BL/6
was chosen as wild-type control. Additional control animals were hemizygous littermates, which have anemia and increased oxidative stress but no
sickle deformation.23,41 All were males ages 3 to 5 months old, except a
series of retired breeder males (13 to 15 months old) to determine the effects
of aging. Transgenic mice expressing human blood group antigen Duffy b
(Fyb) were used as blood donors for B6CBA-F1 mice, which lack human
Fyb, as a model for red blood cell alloimmunization.42 Mice were pathogen
free and received routine NIH rodent chow and water. Studies were
approved by the animal care and use committees of the National Institute of
Diabetes and Digestive and Kidney Diseases and of the Johns Hopkins
Medical Institute. A breeding colony of transgenic sickle cell mice is
maintained at the National Cancer Institute at Frederick (NCI-Frederick),
which is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International and follows the Public
Health Service Policy for the Care and Use of Laboratory Animals. Animal
care was provided in accordance with the procedures outlined in the Guide
for the Care and Use of Laboratory Animals.43
Cardiac catheterization with vasoactive challenges
Intact-chest catheterization of mice via the jugular vein was previously
described,44 with isoflurane anesthesia and orotracheal intubation for
mechanical ventilation plus continuous temperature and electrocardiographic monitoring and intravenous fluids. Baseline hemodynamics were
measured using standard methods for cardiac output and pulmonary and

Chest computed tomography scans in vivo
High-resolution micro–computed tomography (micro-CT) (Imtek, Knoxville, TN) obtained images in vivo with respiratory gating (Biopac Systems,
Goleta, CA) in mice anesthetized but maintaining spontaneous respiration,
as previously described.47
Lung homogenate assays
After right-heart perfusion with saline to wash away blood, mouse lung and
pulmonary arteries were frozen in liquid nitrogen and pulverized. Resulting
tissue powder was combined 1:4 (wt/vol) with ice-cold buffer (20 mM
HEPES [pH 7.4] and 0.25 M sucrose) and homogenized on ice in the
presence of protease inhibitors (PMSF, leupeptin, aprotinin). The homogenate was centrifuged at 3000g for 20 minutes, and the supernatant was
removed for arginase activity assay,48-50 nitric oxide synthase activity by
radiolabeled L-arginine to L-citrulline conversion,51,52 and nitrotyrosine
assay (Oxis International, Foster City, CA).
NOS dimer-monomer ratio by Western blot

Sodium dodecyl sulfate (SDS)–resistant eNOS dimers and monomers were assayed using low-temperature SDS–polyacrylamide
gel electrophoresis (SDS-PAGE) under nonreducing conditions, as
previously described.53 The eNOS was immunoprecipitated as
previously described,54 and the resulting samples were added to
Tris glycine 6% gels (Invitrogen, Carlsbad, CA) without 2-mercaptoethanol. To provide fully denatured controls, samples were boiled
for 15 minutes prior to loading. Electrophoresis was performed in
an ice bath at 4°C, and the gel was stained (SimplyBlue;
Invitrogen) and destained with water.

From www.bloodjournal.org by guest on April 14, 2017. For personal use only.
3090

BLOOD, 1 APRIL 2007 䡠 VOLUME 109, NUMBER 7

HSU et al

Figure 1. Pulmonary artery pressures were elevated in sickle mice and associated with decreasing cardiac output and right-heart failure with advancing age. (A) Elevated
pulmonary artery pressures in younger sickle mice (3 to 5 months old, n ⫽ 7) were associated with normal right atrial pressures. (B) Elevated cardiac output in younger sickle mice
contrasted with low cardiac output in older sickle mice (13 to 15 months old, n ⫽ 4). (C) The Fulton ratio of ventricular weights (right ventricle–left ventricle including septum) indicated
disproportionately heavier right ventricles in sickle mice than in hemizygous controls (n ⫽ 11 and 16, respectively). Hearts were excised and sectioned using the method of Fulton55,56 from
younger mice not used for other cardiac studies. (D) Thoracic micro-CT of the hemizygous control in vivo demonstrated normal heart size, lung vasculature, and lung aeration. (E) CT in
vivo of the sickle mouse at the same axial level showed an enlarged heart. Lungs were very similar to normal, except for dilated pulmonary vessels and mildly increased attenuation with a
speckled pattern consistent with perfusion heterogeneity (n ⫽ 11). (F) Hemizygous control mouse lung histology at low magnification had normal lung parenchyma and vascularity and (G)
at high magnification demonstrated normal thin alveolar capillaries. (H) Sickle mouse lung histology at low magnification confirmed the radiologic findings of dilated pulmonary vessels and
patchy vascular congestion. However, pulmonary arterial walls were not significantly thickened, and no plexiform lesions were observed. (I) Histology at high magnification showed
engorged alveolar capillaries. No sickle mouse of any age had intra-alveolar edema, fat and/or bone marrow emboli, thromboemboli, pulmonary infarcts, or significant interstitial fibrosis.
*P ⬍ .05 versus age-matched hemizygous control. ***P ⬍ .001 versus age-matched hemizygous control. CT scans (panels D-E) acquired by MicroCAT II (Imtek, Knoxville, TN) were
processed by image analysis software (Amira 3.0, TGS Inc, San Diego, CA) and formatted using Adobe Photoshop (Adobe Systems, San Jose, CA). Photomicrographs of lung sections
stained with hematoxylin and eosin (panels F-I) were visualized using an Olympus IX70 microscope equipped with UPlanFl 10⫻/0.30 numerical aperture (NA) and LCPlanFl 40⫻/0.60 NA
PH2 objective lenses (Olympus, Melville, NY); images were acquired by Spot Flex digital camera (Spot Diagnostic Instruments, Sterling Heights, MI) with Spot 3.02 application software,
and were formatted using Adobe Photoshop (Adobe Systems, San Jose, CA) and ImageJ software (National Institutes of Health, Bethesda, MD).

Statistical analysis
Data are reported as mean ⫾ SEM and were analyzed using paired t tests
unless otherwise specified. A P value of less than .05 was used as the
criterion for statistical significance.

Results
Sickle cell mice develop spontaneous pulmonary hypertension
and right-heart failure

Pulmonary hypertension was detected in all sickle mice, with
pulmonary arterial pressures nearly double those of age-matched

hemizygous controls (P ⬍ .05; Figure 1A). Likewise, pulmonary
vascular resistance of sickle mice was twice that of hemizygous
controls (P ⬍ .05; Table 1). Right atrial pressures of young adult
sickle mice and hemizygotes were not significantly different
(Figure 1A). Although known to have abnormal hematology and
kidneys,41,57 hemizygotes did not differ from wild-type mice in
baseline hemodynamics (data not shown). Despite the observed
increases in pulmonary artery pressures, the systemic blood
pressure did not differ between sickle, hemizygote, and wild-type
mice. Elevated cardiac output was expected as a physiologic
compensation for severe anemia, and this was a consistent finding
in the younger sickle cell mice (Figure 1B). Old sickle mice (aged

Table 1. Hemodynamics of sickle mice show pulmonary hypertension and age-related heart failure; n ⴝ 4 to 7 per group
Mice 3 to 5 mo of age
Hemizygous

Mice 13 to 15 mo of age
Sickle

Hemizygous

Sickle

Pulmonary arterial pressure, mm Hg
Systolic

12.7 ⫾ 0.8

23.0 ⫾ 0.6

13.9 ⫾ 0.7

Diastolic

6.8 ⫾ 0.8

15.3 ⫾ 0.7

8.1 ⫾ 0.4

13.8 ⫾ 0.7

0.37 ⫾ .05

0.80 ⫾ .07*

0.36 ⫾ .06

0.75 ⫾ .04*

Pulmonary vascular resistance, mm Hg/mL/min

22.2 ⫾ 0.5

4.1 ⫾ 0.3

4.3 ⫾ 0.4

4.0 ⫾ 0.9

6.5 ⫾ 0.8*†

13.7 ⫾ 1.9

17.1 ⫾ 2.3*

14.7 ⫾ 1.2

12.2 ⫾ 2.1*†

Total peripheral resistance, mm Hg/mL/min

5.8 ⫾ 0.5

4.1 ⫾ 0.6

5.7 ⫾ 0.8

7.2 ⫾ 0.6*

Systemic systolic pressure, mm Hg

103 ⫾ 5

99 ⫾ 9

109 ⫾ 7

119 ⫾ 12

Systemic diastolic pressure, mm Hg

76 ⫾ 6

71 ⫾ 8

81 ⫾ 6

87 ⫾ 8

Mean systemic arterial pressure, mm Hg

83 ⫾ 6

74 ⫾ 8

88 ⫾ 8

94 ⫾ 9

600 ⫾ 29

639 ⫾ 30

605 ⫾ 24

611 ⫾ 28

Mean right atrial pressure, mm Hg
Cardiac output, mL/min

Heart rate, bpm

Numbers are mean ⫾ SEM; P ⬍ .05 by t test. Statistically significant results by t test are denoted as *P ⬍ .05 for sickle versus age-matched hemizygotes and †P ⬍ .05 for
young versus old mice.
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13 to 15 months) were similarly anemic but did not have elevated
cardiac output, indicating progressive heart failure and loss of the
critical physiologic compensation for severe anemia (P ⬍ .05 for
cardiac output in young versus old sickle mice; Table 1). Accordingly, old sickle mice developed increased right atrial pressure
consistent with progressive right-heart failure (P ⬍ .05). To determine the mechanisms of elevated pulmonary vascular resistance in
sickle mice independent of effects of heart failure, the rest of this
study focused on the younger adult mice. Right ventricular
hypertrophy in younger sickle mice was evident by a Fulton ratio of
right ventricular weight to left ventricle including septum (Figure
1C), not previously assessed in these mice. Overall cardiomegaly
was clearly documented on micro-CT of hemizygous control
versus sickle mice (Figures 1D-E), consistent with previous
histologic reports.23,25
Histologic and CT scan studies suggest a functional rather
than structural etiology of pulmonary hypertension
in sickle mice

Due to early observations that sickle cell pulmonary hypertension
correlated with progressive fibrosis and restrictive chronic lung
disease,14 histologic scoring by light microscopy was performed on
sickle mice and hemizygous controls by 2 pathologists not aware of
age or genotype. Thickness of the medial layer was evaluated in
large and small arteries.
Hemizygous controls had normal lung histology (Figure 1F-G).
The lungs of sickle mice (Figure 1H-I) did not differ significantly in
any histologic feature, except for the elevated intravascular leukocytes (Table 2; P ⬍ .01), which is consistent with the baseline
leukocytosis previously described in the sickle mice.23,27 Importantly, we detected no in situ or embolic thrombosis. Pulmonary
arteries did not have significantly thicker walls in the sickle mice
compared with hemizygous controls (Table 2), and wall thicknesses of young and old sickle mice did not significantly differ
(data not shown). Interstitial fibrosis was not seen in sections
stained with hematoxylin and eosin, and collagen stain with
Masson trichrome revealed only mild and scattered fibrosis (data
not shown). The characteristic lesions seen in advanced pulmonary
arterial hypertension of humans, such as vascular obliteration or
plexogenic vascular lesions, were not observed in the sickle mice.
These histologic findings were consistent with chest CT in vivo of
the sickle mice as previously described47 and with reports that the
mixed restrictive and obstructive lung function abnormalities seen
commonly in patients with sickle cell disease have no correlation
with pulmonary hypertension.4 Vascular congestion of large and
Table 2. Lung histologic features of pulmonary hypertension
Feature
Number of mice

Sickle mice

Hemizygous mice

8

9

Histology score
Thrombi, emboli

0

0

Plexiform vascular lesion

0

0

Vascular congestion

3.9 ⫾ 0.8

3.0 ⫾ 0.8

Capillary dilation

3.6 ⫾ 1.0

2.4 ⫾ 0.7

Large vessel dilation

3.2 ⫾ 1.0

2.7 ⫾ 0.9

Intravascular leukocytes

3.1 ⫾ 0.6*

1.3 ⫾ 0.2

Intra-alveolar leukocytes

1.0 ⫾ 0.5

0.2 ⫾ 0.2

Large pulmonary arteries

14.3 ⫾ 1.2

12.6 ⫾ 0.8

Small pulmonary arteries

2.8 ⫾ 0.3

2.4 ⫾ 0.3

Arterial wall thickness, m

Histology scores range from 0 to 6; numbers are mean ⫾ SEM.
*P ⬍ .01 by t test.
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small pulmonary vessels (Figure 1) may suggest that abnormal
hemorheology and adherent sickle erythrocytes contributed in part
to the pulmonary hypertension. However, the impaired vascular
responsiveness described in human sickle cell disease6,58 and in the
cremasteric microcirculation of sickle mice9,59 made it logical to
extend the hemodynamic studies to examine pulmonary vascular
responsiveness in these sickle mice.
Pulmonary hypertension was associated with a global and
specific impairment in the pulmonary vascular
responsiveness to NO in vivo

Each group of young adult mice received a series of challenges
with vasoactive agents to determine responsiveness to authentic
inhaled NO, the responsiveness to NO donors, and responsiveness
to other endothelium-dependent vasodilators sharing the cyclic
guanosine monophosphate (cGMP)–dependent signaling pathway
(Figure 2). In these studies, the mice first received the thromboxane
A2 analog U46619 to set a high pulmonary vascular tone in order to
provide a constant baseline for vasodilation comparisons. Administrations of inhaled NO gas and the NO donor, sodium nitroprusside,
were associated with blunted vasodilator responses (Figures 2AB). Vasodilation following exposure to sildenafil, a phosphodiesterase-5 inhibitor that increases cGMP half-life and augments NOdependent vasodilation, was also blunted (Figure 2C), suggesting a
reduction in basal NO bioavailability. Consistent with this observation and with the dominant contribution of NO to endotheliumdependent vasodilation, vasodilators dependent on endothelial
function (bradykinin and adrenomedullin) also elicited blunted
vasodilation in the sickle mouse (Figure 2D-E), indicating endothelial dysfunction. Furthermore, lung tissue cGMF–dependent protein kinase (PKG) activity was impaired in the sickle mice under
basal conditions (Figure 2F). This observation and the reduced
responsiveness to sildenafil (Figure 2C) suggest a reduction in
steady-state activation of the NO-soluble guanylate cyclase–cGMP–
PKG pathway. In each of these tests, the hemizygous mice were
similar to wild-type mice (data not shown).
To rule out a major pathophysiologic contribution from the
background strains of these transgenic sickle mice, wild-type
C57BL6 mice were converted to the sickle hematologic phenotype
using bone marrow transplantation of sickle mouse marrow (BM-S
mice). Comparisons of these BM-S mice and their controls (BM-C
mice) are discussed in “Transplantation of sickle bone marrow.”
A similar state of endothelial dysfunction was observed in the
systemic vasodilation, characterized by resistance to authentic NO,
NO donors, and endothelium-dependent vasodilation (Figure 3AD). These parallel findings in the systemic as well as the pulmonary
circulation indicate that the endothelial dysfunction in sickle mice
is global and not a specific deficit in only the lungs.
In contrast, sickle mice had normal responsiveness to CGRP,
which vasodilates through cyclic adenosine monophosphate pathways rather than endothelial cyclic guanosine monophosphate or
NO61 (Figure 4). Preservation of this response indicated that the
sickle mice were still capable of vasodilation in both pulmonary
and systemic vasculature but had a specific resistance to NOmediated pathways of vasodilation.
Augmented vasoconstrictor responses were demonstrated in the
sickle mice after challenge with acute hypoxia, norepinephrine, and
angiotensin II (Figure 5A-C, respectively). The increased change in
pulmonary arterial pressure in sickle mice is consistent with a
dominant vasoconstrictor phenotype likely produced by the decrease in NO-dependent vasomotor tone.
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Figure 2. Sickle mice and mice receiving transplants with marrow from sickle mice (BM-S) exhibit blunted pulmonary vasodilatory responses to NO and
endothelium-dependent vasodilators, showing mean ⴞ SEM for 5 or 6 mice per group. Responses to each vasodilator challenge are shown by the magnitude of drop in
mean pulmonary artery pressure (PAP). (A) Sickle mice demonstrated less decrease in pulmonary arterial pressure in response to inhaled NO (data shown for 4 ppm). A
similarly blunted response was observed at a lower NO dose (0.4 ppm, P ⬍ .05, data not shown). There was no systemic response to inhaled NO (not shown), consistent with
the very brief half-life of NO in blood. (B) The NO donor sodium nitroprusside (10 g/kg intravenous bolus) was similar to inhaled NO in the blunted pulmonary vasodilator
response in sickle mice and BM-S mice compared with controls. Similar blunted responsiveness was observed at lower doses (3 g/kg intravenous bolus, P ⬍ .05, data not
shown). (C) The phosphodiesterase-5 inhibitor sildenafil (30 g/kg/min), which acts through the cGMP pathway like NO, had blunted pulmonary vasodilatory responses in
sickle mice. BM-S mice preserved more vasodilatory responsiveness to sildenafil than did sickle mice but were still significantly less responsive than controls (P ⬍ .05). (D)
Bradykinin (3 g/kg intravenous bolus) response was also blunted in the sickle mice. Similar results were observed at lower doses (0.3 and 1g/kg, P ⬍ .05, data not shown).
(E) Pulmonary vascular response to another endothelium-dependent vasodilator, adrenomedullin (0.3 g/kg intravenous bolus), was likewise blunted in sickle mice and in
BM-S mice. Similar results were observed at lower doses (0.1 g/kg intravenous bolus, P ⬍ .05, data not shown). (F) Lung homogenate assays demonstrated significantly
lower activity of cGMP-dependent protein kinase in mice with circulating sickle erythrocytes compared with wild-type and hemizygous controls (4 to 7 mice per group) using a
colorimetric assay (CycLex, Nagano, Japan)52,60 according to followed manufacturer’s specifications. Statistically significant differences, P ⬍ .05 by t test, are indicated as
follows: *, versus hemizygous controls, #, versus recipients of marrow from wild-type mice (BM-C); **, sickle versus BM-S mice.

Transplantation of sickle cell bone marrow into strain controls
produces pulmonary hypertension in recipients

To more rigorously demonstrate that the pulmonary hypertension
was associated with the presence of HbS-containing erythrocytes
rather than nonhematologic genetic factors in the background of
the sickle mice, we performed bone marrow transplantation from
sickle mice and wild-type mice into wild-type recipients prepared
with myeloablative irradiation. Transplantation also provides additional control animals to compare with the vascular responsiveness
of hemizygous mice, which differ from wild-type mice in many
respects, including a high hemoglobin oxygen affinity.41,57 Mice
engrafted by 21⁄2 months after transplantation, with peripheral
blood counts identical to the sickle mouse donors and demonstrating more than 90% HbS by hemoglobin electrophoresis. Cardiac
catheterization was performed in all mice that survived transplantation, at a similar age as the mice that did not receive transplants.
Control mice that received transplants with bone marrow from
wild-type donors did not have hemolytic anemia or erythrocytes
with HbS and had normal pulmonary and systemic blood pressures
and normal NO-dependent vascular responsiveness. In contrast,
recipients of marrow from sickle mice had similar hemodynamic
findings as the transgenic sickle cell mice with lifelong exposure to
sickle erythrocytes. Pulmonary vasodilation (Figure 2A-E) and
systemic vasodilation (Figure 3) in response to inhaled NO, sodium
nitroprusside, sildenafil, bradykinin, and adrenomedullin were
blunted for mice receiving transplants with marrow from sickle
mice compared with mice receiving transplants with marrow from
wild-type mice and lifelong hemizygous mice. Mice receiving
transplants all preserved normal responsiveness to CGRP (Figure

4), again linking exposure to HbS erythrocytes with specific
resistance to NO pathways of vasodilation, not global resistance
to vasodilation. Enhanced responsiveness to vasoconstrictor
challenges (acute hypoxia, norepinephrine, and angiotensin II)
in mice receiving transplants with sickle marrow was also
similar to the lifelong sickle mice (Figure 5).
Evidence for eNOS monomerization and functional uncoupling
in the sickle mouse pulmonary vasculature

We next explored a number of potential mechanisms of endothelial
dysfunction at the level of NO production from eNOS and
inducible NO synthase (iNOS). Lung tissue from sickle mice had
significantly lower constitutive NO synthase activity (eNOS)
assayed using the calcium-dependent ornithine to citrulline activity
assay (Figure 6A). Calcium-independent ornithine to citrulline
activity (iNOS) was similar in all of the mice studied (Figure 6B).
Western blotting under nondenaturing conditions demonstrated
that the sickle mice had decreased active eNOS dimer versus
inactive monomer (ratio, 1:10) compared with hemizygous and
control mice (ratio, approximately 3:2) (Figure 6C). Such an
observation is consistent with functional uncoupling of eNOS
by monomerization. Further scavenging reactions of NO with
superoxide derived from uncoupled eNOS, xanthine oxidase,28
or NADPH oxidase62 were supported by increases in the
measured levels of nitrated tyrosine residues in lung homogenate (Figure 6D). Such tyrosine nitration can arise from NO
reactions with superoxide to form peroxynitrate or by nitritemyeloperoxidase reactions.
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elevated in the sickle mice and the mice receiving transplants with sickle
bone marrow (Figure 7H).
Similar endothelial dysfunction and loss of NO bioavailability in
another hemolytic condition without sickle hemoglobin

Figure 3. Systemic responsiveness to endothelium-dependent vasodilators
was blunted in sickle mice and BM-S mice, showing mean ⴞ SEM for 5 or 6 mice
per group. (A) NO donor sodium nitroprusside (10 g/kg intravenous bolus) had
blunted systemic vasodilator response in sickle mice and BM-S mice compared with
controls. Similar blunted responsiveness was observed at a lower dose (3 g/kg
intravenous bolus, P ⬍ .05, data not shown). (B) Sildenafil (30 g/kg/min) had
significantly blunted systemic vasodilatory responses in sickle mice and in BM-S mice
compared with controls. (C) Bradykinin had blunted mean arterial pressure response
in the sickle mice at 3 g/kg intravenous bolus. Similar results were observed at lower
doses for BM-S (0.3 and 1 g/kg, P ⬍ .05 and ⬍.05, respectively; data not shown).
Mixed response was observed at lower doses for sickle mice (0.3 and 1 g/kg,
P ⫽ NS and P ⬍ .05, respectively; data not shown). (D) Response to another
endothelium-dependent vasodilator, adrenomedullin (1 g/kg intravenous bolus) was
likewise blunted in sickle mice but not in BM-S mice. Neither type of mouse was
significantly different from controls at a lower dose of adrenomedullin (0.3 g/kg,
P ⫽ NS, data not shown). Statistically significant results noted as follows: *P ⬍ .05
versus hemizygotes; #P ⬍ .05 compared with mice receiving transplants with
wild-type marrow (BM-C).

Increased NO consumption in sickle mice

In humans with sickle cell disease, intravascular hemolysis releases
erythrocyte hemoglobin and arginase into plasma. Plasma hemoglobin is maintained in a ferrous oxidation state (ferrous oxyhemoglobin), which reacts with NO in a nearly diffusion-limited dioxygenation reaction to form nitrate. This mechanism of NO consumption
severely reduces NO bioavailability in patients with sickle cell
disease.6 Plasma arginase further degrades arginine, the substrate
for NO synthesis.8 Consistent with these mechanisms contributing
to the observed resistance state to NO (Figure 2) and reduced
L-arginine to L-citrulline conversion rates (Figure 6A), the sickle
cell mice exhibited severe hemolytic anemia, including severe
anemia, reticulocytosis, splenomegaly (a site of erythropoiesis in
mice), elevated bilirubin, lactate dehydrogenase, and cellfree
hemoglobin in plasma23,27 (Figure 7A-E). Plasma was assayed for
its ability to instantaneously scavenge NO,6 and the sickle cell
mouse exhibited a higher NO consumption activity by plasma
under baseline conditions compared with controls (P ⬍ .01 by
Kruskal-Wallis test comparing mice of all 3 hemoglobin types
[Figure 7F]). Plasma NO consumption correlated with plasma
oxyhemoglobin concentration determined by spectroscopy
(r2 ⫽ 0.90, data not shown), just as in human sickle cell disease.6
Also consistent with reduced intravascular NO bioavailability, the
whole blood nitrite (NO2⫺) concentration, a biomarker of eNOSderived NO production63,64 and considered an intravascular endocrine reservoir of NO,65,66 was significantly decreased in sickle cell
mice (Figure 7G). Consistent with increased arginase release into
plasma,8 the arginase activity in lung homogenate was significantly

To determine whether the phenotype of the endothelial dysfunction
and impaired NO axis characteristic of the sickle mice is mechanistically linked to hemolysis per se or to the numerous features of
sickle cell disease beyond hemolysis (such as sickle hemoglobin
polymerization, vasoocclusion, abnormal endothelial adhesion,
and leukocytosis), we developed and evaluated mice with alloimmune hemolytic anemia but no sickle hemoglobin.42 The severity
of acute hemolysis in these alloimmune mice is indicated by
plasma lactate dehydrogenase elevation to 1700 ⫾ 200 U/L (n ⫽ 5)
compared with 540 ⫾ 57 U/L and 360 ⫾ 73 U/L (Figure 7E) for
sickle mice (n ⫽ 7) and hemizygous controls (n ⫽ 10), respectively, and increased plasma hemoglobin42 (data not shown).
Vasoresponsiveness in these alloimmune hemolytic mice showed
blunted vasodilation to NO and endothelium-dependent vasodilators compared with hemizygous controls, similar to sickle mice
(Figure 8A-B). Vasodilation to the endothelium-independent CGRP
was preserved, just as in sickle mice (Figure 8C). Likewise, blunted
response to other endothelium-dependent vasodilators and enhanced response to vasoconstrictors in the alloimmune hemolytic
mice were similar to the sickle mice (data not shown). The NO axis
was impaired, with decreased eNOS activity and increased arginase
activity in both plasma and in lung (Figure 8D-E). Luminol activity, a
measure of reactive oxygen species, was elevated (Figure 8F).

Discussion
In the current study we find that mice expressing exclusively
human sickle hemoglobin and mice with acute alloimmune hemolytic anemia develop pulmonary hypertension associated with
pulmonary vascular endothelial dysfunction. The global reduction
in NO responsiveness and bioavailability is associated with an
augmented vasoconstrictor tone. Histologic and radiologic studies
reveal no evidence of thromboembolism and no significant vascular remodeling, suggesting that in this mouse model a severe
impairment in NO-dependent endothelial function may be sufficient to cause pulmonary hypertension. This is the first study to
demonstrate that pulmonary hypertension caused by pulmonary
vascular endothelial dysfunction can be triggered by hemolytic

Figure 4. Preserved vasodilator responses to CGRP. CGRP was infused as an
intravenous bolus (0.1 or 0.3 nmol/kg) to probe whether endothelium-independent
vascular regulation remained normal. The responses of sickle mice and BM-S mice
were no different from hemizygous controls. Pulmonary responsiveness (A) was
mirrored by systemic responsiveness (B) in 5 to 6 mice per group. Numbers represent
mean ⫾ SEM.
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Figure 5. Enhanced responses to pulmonary vasoconstrictors. The vasoconstrictor challenges triggered enhanced pulmonary arterial pressure in the sickle mice and
BM-S mice. (A) Hypoxic pulmonary vasoconstrictor response. Acute exposure to 10% oxygen increased pulmonary artery pressure in both sickle and mice receiving
transplants with marrow from sickle mice compared with hemizygous controls. (B) Norepinephrine (0.3 g/kg/min) was associated with increased pulmonary artery pressure in
both sickle mice and BM-S mice compared with controls. This difference was also observed at other doses of norepinephrine (0.1 and 1.0 g/kg/min, P ⬍ .05 for both, data not
shown). (C) Angiotensin II (0.3 g/kg/min) was also associated with increased pulmonary artery pressure in sickle mice and BM-S mice compared with controls. Similar results
were observed at a lower dose (0.1 g/kg intravenous bolus, P ⬍ .05, data not shown). Statistically significant differences from hemizygous controls are noted by *P ⬍ .05.
Numbers represent mean ⫾ SEM for n ⫽ 4-7 per group.

anemia with secondary NO and arginine catabolism and eNOS
uncoupling.
Cardiac catheterization of these mice provides the first hemodynamic demonstration of pulmonary hypertension in sickle mice. All
sickle mice had pulmonary hypertension and increased pulmonary
vascular resistance comparable to pulmonary pressures reported in
humans with sickle cell disease. Chimeric mice derived by bone
marrow transplantation from sickle mice (BM-S) developed similar
findings of pulmonary hypertension and blunted responsiveness to
NO-dependent and endothelium-dependent vasodilators. Sickle
mice had elevated cardiac outputs as young adults, an expected
compensation for the severe anemia, while older mice developed
heart failure characterized by reductions in cardiac output and
increases in right atrial pressure. Alloimmune hemolytic mice had
similar findings, although sometimes not as severe as the sickle
mice or chimeric BM-S mice. Hemizygous mice were similar at
cardiac catheterization to wild-type mice (data not shown), suggesting that the oxidative stress in hemizygotes62 is not sufficient to
cause vascular pathology. Taken together, the studies of age
dependence and the studies of chimeric mice imply that the
vascular dysfunction phenotype develops after exposure to HbS
erythrocytes or severe hemolysis. Vascular dysfunction in these
mice was detected after weeks or months of exposure to hemolysis,
in contrast to the typical diagnosis of pulmonary hypertension in
human sickle cell disease in the third or fourth decade of life. Acute
hemolysis produces vasoconstriction of pulmonary vessels in
canine models.67 Future studies might explore how vasculopathy
depends on chronic exposure to intense hemolysis and whether
there are species differences in susceptibility to vascular dysfunction that might affect how these results can be extrapolated to
patients with sickle cell disease.
Lung histologic studies were notable for the absence of thrombi,
emboli, interstitial fibrosis, or inflammatory infiltrates to suggest
pneumonia, thromboemboli, or pulmonary infarction as an etiology
for pulmonary hypertension. Pulmonary vascular remodeling was
mild, and there was no evidence of obliterative hyperplasia or
plexogenic lesions. Relatively normal lung histology was also
observed in another subcolony of sickle mice.25 These data imply
that thromboembolism, chest syndrome, or pulmonary fibrosis are
not necessary for pulmonary hypertension in the sickle mouse. The
similar patterns observed in mice with alloimmune transfusion
reaction reinforce that pulmonary vascular dysfunction can simply
occur with acute hemolysis without time to develop chronic lung
disease. Taken together, these animal models support the hypothesis that pulmonary hypertension in patients with sickle cell

disease, thalassemia, and other chronic hereditary or acquired
hemolytic anemias3,39,68-71 develops as a consequence of hemolytic
anemia, oxidative stress, and endothelial dysfunction rather than
acute chest syndrome or pulmonary fibrosis.
Consistent with a number of recent studies evaluating the systemic
resistance vessels in mouse models and human sickle cell disease,6,9,58,59
the sickle mice in the current study exhibited blunted pulmonary and
systemic vascular responses to NO. Recognizing that NO pathways can
have complex abnormalities in other conditions of pulmonary hypertension,72 the NO axis in sickle mice was assessed by multiple methods.
Diminished vasodilation was observed with exposure to authentic NO
gas and NO donors as well as endothelium-dependent vasodilators
(bradykinin and adrenomedullin). Blunted vasodilation to sildenafil, a

Figure 6. Mechanisms of abnormal NO synthase activity. Lung homogenate
analysis is shown for 4 to 7 mice per group. (A) Lung NO synthase activity in the
presence of calcium (constitutive NOS activity in the lung, the vast majority of which is
eNOS) was decreased in sickle mice. (B) Calcium-independent citrulline formation
(iNOS activity) did not differ between groups. (C) Western blot under nondenaturing
conditions demonstrated 280 kDa eNOS dimer (active form) and 140 kDa eNOS
monomer, which is inactive.53,54 Hemizygous mice had slightly more eNOS dimer
than monomer, but sickle mice had almost completely lost dimerized eNOS. Positive
controls show eNOS dissociated completely to monomeric form by boiling. Images
were acquired by scanning the gel (Microtek [Carson, CA] i700 flatbed scanner with a
transparency adapter) and saved without processing as a “tiff” image and then
converted to “jpg” using Adobe Photoshop CS. (D) Lung nitrotyrosine, evidence of NO
scavenging by reaction with superoxide or nitrite myeloperoxidase, was elevated in sickle
mice and nitrotyrosine when measured by colorimetric assay (Oxis International) following
the manufacturer’s specifications. Statistically significant results indicated as follows:
*P ⬍.05 versus hemizygote; #P ⬍ .05 versus mice receiving transplants with wild-type
marrow (BM-C). Numbers represent mean ⫾ SEM.
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Figure 7. Laboratory indicators of hemolytic anemia. Mean ⫾ SEM are shown for 6 to 10 animals of each genotype. (A) Hemoglobin levels of sickle mice were lower than
hemizygotes, but both were below wild-type, consistent with previous reports.23,27 The hemizygous mouse is anemic but does not have erythrocyte sickling. (B) Elevated
reticulocyte fraction indicated markedly increased erythropoiesis in sickle mice. (C) Spleen as a fraction of body weight was elevated in sickle mice. The spleen is a normal site
of erythropoiesis in adult mice and greatly increases in conditions of increased erythropoiesis. (D) Indirect bilirubin was elevated in sickle mouse plasma. (E) Lactate
dehydrogenase in plasma was elevated in sickle mice as a nonspecific indicator of hemolysis. (F) Plasma NO consumption in blood processed under low shear to avoid
artifactual hemolysis was measured using the gas-phase chemiluminescent NO analyzer (Sievers, Boulder, CO) as previously described.6 Nitric oxide consumption
measurement was elevated in sickle mice (n ⫽ 21) compared with hemizygotes (n ⫽ 11) or wild-type controls (n ⫽ 6) by Kruskal-Wallis test. Absorbance spectrophotometry in
the Soret band determined that plasma hemoglobin concentration correlated with NO consumption in mice (r2 ⫽ 0.96, n ⫽ 49, data not shown). The wide variability in NO
consumption in the sickle mice was similar to the variability of plasma NO consumption in humans with sickle cell disease.6 (G) Whole blood nitrite levels were obtained by
mixing fresh blood immediately with nitrite preservation solution63 and then assaying by chemiluminescence (Sievers, Boulder, CO) as an indirect measure of NO synthase
activity. Whole blood nitrite levels were lower in sickle mice than hemizygous and wild-type controls by the Mann-Whitney test (n ⫽ 4 to 7 per group). Nitrite in the BM-S mice
(n ⫽ 9) was lower than the nitrite in the controls receiving transplants with wild-type marrow (BM-C, n ⫽ 4). (H) Lung homogenate assays demonstrated significantly higher
arginase activity in sickle mice and in BM-S mice (n ⫽ 4 to 7 mice per group). Statistically significant results are indicated as follows: *P ⬍ .05 versus hemizygous controls;
#P ⬍ .05 versus BM-C controls.

phosphodiesterase-5 inhibitor that increases cGMP half-life and augments NO-dependent vasodilation, was also consistent with a reduction
in basal NO bioavailability. However, sickle mice retained their responsiveness to the endothelium-independent vasodilator CGRP, indicating
that the mice do possess a vasoregulatory reserve. Lastly, the vasocon-

striction responses to hypoxia, norepinephrine, and angiotensin II were
augmented in sickle mice, consistent with a dysregulation of the normal
balance of vasodilator/vasoconstrictor tone.
Markedly diminished NOS activity was demonstrated in the
lungs. The low NOS activity can be attributed to loss of the active

Figure 8. Pulmonary vascular responsiveness and lung homogenate activity of alloimmune hemolytic mice were similar to sickle mice and not to hemizygous
sickle controls (mean ⴞ SEM for n ⴝ 4 to 6 per group). A mouse model of acute hemolytic transfusion reaction was studied during alloimmune hemolysis by microcardiac
catheterization. Because mice studied on the third day of hemolysis did not appear to have greater abnormality in the parameters measured than mice studied on the first or
second days of hemolysis, data were pooled together. (A) Vasodilation to inhaled nitric oxide at 4 ppm was significantly blunted in alloimmune hemolytic mice compared with
hemizygous controls (P ⬍ .05). (B) Vasodilation to bradykinin infusion was significantly blunted at 3 g/kg in alloimmune hemolytic mice (P ⬍ .05). (C) The
endothelium-independent agent CGRP (0.3 nmol/kg intravenous bolus) produced the same vasodilation response in alloimmune hemolytic mice and sickle mice as in
hemizygous controls (P ⫽ NS). (D) eNOS assay of lung homogenate was significantly lower in alloimmune hemolytic mice than in hemizygous controls (P ⬍ .05), similar to
sickle mice. (E) Arginase assay of plasma and lung homogenate was significantly elevated in both alloimmune hemolytic mice and sickle mice compared with hemizygous
controls (P ⬍ .05). (F) Luminol assay of lung homogenate indicated significantly elevated reactive oxygen species in alloimmune hemolytic mice and sickle mice compared with
hemizygous controls (P ⬍ .05). Statistically significant results are indicated by an asterisk (P ⬍ .05 versus hemizygous controls).
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homodimeric form of eNOS, with predominance of inactive
monomeric eNOS in the sickle mice. The dual findings of low
constitutive (calcium-dependent) NO synthase activity and loss of
eNOS dimerization can help explain previous demonstrations of
increased eNOS protein expression in mouse models of sickle cell
disease,9,73 which measured eNOS using denaturing conditions that
cannot distinguish between eNOS dimer and eNOS monomer. The
mice with acute alloimmune hemolysis and no sickle hemoglobinopathy also exhibited decreased eNOS activity and increased lung
arginase compared with hemizygous controls, although not as
severe as sickle mice (Figure 8), suggesting that this process occurs
secondary to intravascular hemolysis.
In addition to NOS dysfunction characterized by reduced
L-arginine to L-citrulline turnover, the blunted vasodilation to NO
and NO donors suggests a state of resistance to NO in sickle cell
disease. This has been observed in the human forearm during
infusions of sodium nitroprusside6 and nitroglycerin74 and in
transgenic mouse models during infusions of NONOate NO
donors59,75 and sodium nitroprusside.75 This state of resistance to
NO may not be unique to sickle cell disease, and pulmonary
hypertension has been described in cross-sectional surveys of other
hemolytic conditions such as thalassemia intermedia.38,39 In contrast, patients with coronary artery disease and its risk factors have
endothelial dysfunction characterized by blunted responses to
endothelial-dependent vasodilators, such as acetylcholine, but
preserved responses to exogenous NO donors, such as nitroprusside. This NO resistance in sickle cell disease has been associated
with increased levels of free hemoglobin in plasma (also observed
in the current study) and xanthine oxidase–derived superoxide,
both high-affinity and irreversible NO scavengers.6,28 In addition to
releasing hemoglobin into plasma, hemolysis releases red cell
arginase, which further contributes to substrate depletion and
reductions in NO formation from NOS.8 The similar findings in
alloimmune hemolytic mice and a human report71 are consistent
with a major role for hemolysis in the vasculopathy of sickle mice.
The pulmonary hypertension in these mice did not appear to
have progressed to the plexiform and obliterative vascular lesions
characteristic of advanced pulmonary hypertension in humans with
idiopathic pulmonary hypertension or sickle cell–associated pulmonary hypertension.76 In this respect, the sickle mice are similar to
hph-1 mice with uncoupled eNOS, which develop mild pulmonary
hypertension without vascular lesions.77 Perhaps due to species
differences, most animal models of pulmonary hypertension do not
develop plexiform vascular lesions, with the exception of hypoxic
rats treated with inhibitors of vascular endothelial growth factor34
and monocrotaline-challenged rodents with inflammatory pulmonary vascular lesions.35,36 Whether plexiform vascular lesions
develop in humans only in the advanced stages of pulmonary
hypertension is controversial,78,79 and pulmonary hypertension is
not always associated with vascular remodeling.80 Current understanding of the pathogenesis of early human pulmonary arterial
hypertension is that pulmonary arteries and arterioles have abnormally high vasoconstrictor tone, and the initial vascular defect is
functional rather than structural, just as the cardiac catheterization
studies demonstrate in these sickle mice.
These data in animal models are consistent with epidemiologic
and human physiologic evidence for hemolysis as a major contributor to pulmonary hypertension in sickle cell disease and other
hemolytic anemias.3,7,38,39,71 In this study, alloimmune hemolytic
mice were chosen for comparison in order to generalize beyond
hemoglobinopathies, but future studies might examine thalassemic
mice for mechanistic insights on pulmonary hypertension in human

thalassemia intermedia.38,39 The finding that abnormalities were
more severe in sickle mice compared with alloimmune hemolytic
mice does open additional mechanistic questions about the pathophysiologic effects of sickling and vasoocclusion, abnormal adherence of blood cells to endothelium, abnormal blood rheology,
greater oxidative stress, and other abnormal characteristics of
sickle cell disease. Because the duration of hemolysis differs in the
3 mouse model systems studied—lifelong hemolysis in sickle
mice, up to 3 months of hemolysis in chimeric BM-S mice, and a
few days in alloimmune hemolytic mice—it is possible that blunted
vascular responsiveness and impaired NO axis require more
prolonged or intense exposure to hemolysis. The mechanism for
the loss of eNOS dimerization in sickle cell disease also remains to
be explored, and in other conditions of vasculopathy such as
diabetes mellitus, loss of eNOS dimerization has been attributed to
S-nitrosylation,81 loss of tetrahydrobiopterin,82,83 or loss of NOS
heme.84 Increased oxidative stress is implicated in several of these
conditions, and the pathophysiology of sickle cell disease includes
increased reactive oxygen species and heme oxygenase-1.85-88
Pulmonary hypertension studies in animal models can address
these mechanistic possibilities under controlled conditions that are
not possible in human studies. Future studies could also clarify the
role of NO in pulmonary hypertension associated with hemolysis.
For example, sickle bone marrow transplants into eNOS-deficient
mice, hph-1 mice, or similar models might identify mechanisms
and lead to new therapeutic insights.
In conclusion, transgenic mice expressing exclusively human
sickle hemoglobin develop pulmonary arterial hypertension associated with functional, not structural, endothelial dysfunction characterized by global dysregulation of endothelial NO production and
bioavailability. Chimeric BM-S mice and alloimmune hemolytic
mice, like the sickle mice, have functional vasculopathy and
reduced NO bioavailability. This is one of the few animal models to
develop pulmonary hypertension without a chemical or hypoxic
trigger. This model will facilitate pathophysiologic exploration of
whether uncoupled eNOS is related to hemolysis, oxidant stress, or
HbS polymerization and vasoocclusion. Mechanistic studies can
also determine whether vascular dysfunction characterized by a
global impairment in NO responsiveness and NO production is
associated with other conditions of intravascular hemolysis.
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