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Abstract

Pulmonary hypertension is characterized by pulmonary endothelial
dysfunction. Previous work showed that systemic artery endothelial cells
(ECs) express hemoglobin (Hb) a to control nitric oxide (NO) diffusion,
but the role of this system in pulmonary circulation has not been
evaluated. We hypothesized that up-regulation of Hb o in pulmonary ECs
contributes to NO depletion and pulmonary vascular dysfunction in
pulmonary hypertension. Primary distal pulmonary arterial vascular
smooth muscle cells, lung tissue sections from unused donor (control)
and idiopathic pulmonary artery (PA) hypertension lungs, and rat and
mouse models of SU5416/hypoxia-induced pulmonary hypertension
(PH) were used. Immunohistochemical, immunocytochemical, and
immunoblot analyses and transfection, infection, DNA synthesis,
apoptosis, migration, cell count, and protein activity assays were
performed in this study. Cocultures of human pulmonary microvascular
ECs and distal pulmonary arterial vascular smooth muscle cells, lung
tissue from control and pulmonary hypertensive lungs, and a mouse

Pulmonary hypertension (PH) is a clinical
syndrome defined by the presence of
elevated pulmonary artery (PA) pressures,
with a mean PA pressure greater than

25 mm Hg required for the diagnosis (1).
The disease may be idiopathic, heritable, or
associated with other diseases, such as
systemic sclerosis (SSc) (1). Although these

model of chronic hypoxia-induced PH were used. Immunohistochemical,
immunoblot analyses, spectrophotometry, and blood vessel myography
experiments were performed in this study. We find increased expression
of Hb o in pulmonary endothelium from humans and mice with PH
compared with controls. In addition, we show up-regulation of Hb o in
human pulmonary ECs cocultured with PA smooth muscle cells in
hypoxia. We treated pulmonary ECs with a Hb oo mimetic peptide that
disrupts the association of Hb o with endothelial NO synthase, and found
that cells treated with the peptide exhibited increased NO signaling
compared with a scrambled peptide. Myography experiments using
pulmonary arteries from hypoxic mice show that the Hb oo mimetic
peptide enhanced vasodilation in response to acetylcholine. Our findings
reveal that endothelial Hb o functions as an endogenous scavenger of
NO in the pulmonary endothelium. Targeting this pathway may offer a
novel therapeutic target to increase endogenous levels of NO in PH.

Keywords: pulmonary hypertension; hemoglobin; endothelial
nitric oxide synthase; nitric oxide; endothelial dysfunction

subgroups may have differences in disease
pathogenesis, they ultimately share a
vasculopathy characterized by endothelial
dysfunction, excessive vascular smooth
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Clinical Relevance

Our findings reveal that endothelial
hemoglobin « functions as an
endogenous scavenger of nitric oxide
(NO) in pulmonary endothelium.
Targeting this pathway may offer a
novel therapeutic target to increase
endogenous levels of NO in
pulmonary hypertension.

muscle cell (VSMC) proliferation, and
proinflammatory signaling, all of which
lead to artery narrowing and pruning of the
pulmonary vascular tree (1, 2). As a result,
patients with PH develop right-heart
failure, leading to premature death, with a
median survival of 2.8 years if untreated (3).
The pathogenesis driving vascular
dysfunction is multifactorial, and several
pathways have been implicated (1, 4-12).

Nitric oxide (NO) is a critical biogas
that leads to vasodilation and suppression of
VSMC proliferation (1, 13, 14). In the PA
and arteriole wall, NO is generated in the
endothelium by endothelial NO synthase
(eNOS), where it diffuses to the VSMC and
binds to its receptor, soluble guanylate
cyclase (sGC) (13-15). Upon activation by
NO, sGC catalyzes the conversion of
GTP to cyclic guanosine monophosphate
(cGMP), which subsequently activates
c¢GMP-dependent protein kinase G (PKG)
to elicit vasodilation and suppression of
VSMC proliferation (7, 14, 16).

Despite a general consensus that
impaired NO signaling characterizes PH
(1, 2, 17-20), the specific mechanisms
behind this NO depletion remain unclear
(2). Findings reported in the literature are
inconsistent, and vary with the specific
patient characteristics or models used.
Some studies suggest that eNOS is
unregulated in PH (6, 21-23), whereas
others report decreased eNOS expression
(5, 24). Other proposed causes of the
apparent NO depletion are eNOS
uncoupling and NO scavenging via reactive
oxygen species (i.e., superoxide) or
reactions with cell-free hemoglobin (Hb),
levels of which are increased in PH and
correlate with hemodynamic severity and
risk of hospitalization (25, 26).

Although Hb was previously
considered a protein exclusively expressed
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in erythrocytes, more recent research has
demonstrated that various Hb subtypes are
expressed in many somatic cells, including
alveolar cells (27-29). Recent work has
demonstrated that Hb «, one of the
constituent chains of the tetrameric protein,
Hb, is expressed in systemic small arteries
and arterioles, where it is enriched at the
myoendothelial junction (MEJ), the point
of contact between endothelial cells (ECs)
and VSMCs (30). Functionally, Hb « serves
to control NO diffusion from endothelium
to the vascular smooth muscle via its heme
iron redox state (30). In the presence of
oxygen, ferrous oxyhemoglobin « rapidly
catalyzes a dioxygenation reaction with NO
and O,, creating as its product, NO; .

Fe"O,Hb + NO — FeHb + NO,"

The rate constant for this reaction is
approximately 6-8 X 10" M~ ' s~', making
Hb « a functional sink for NO (31). The
coupling of Hb a with eNOS was found to
be critical for its scavenging function in EC,
and inhibition of this association with a
novel peptide Hb a mimetic, “Hb a X,”
increased endothelial-dependent NO
signaling (32). This Hb a-eNOS axis has
been demonstrated to play a significant role
in normal vascular function in the systemic
circulation (33).

Although it is clear that Hb « is
expressed in the systemic vasculature and
alveolar epithelium, whether Hb « is
expressed in the pulmonary circulation
remains unknown (34). When compared
with both disease-free control subjects and
subjects with SSc without PH, gene
expression profiles of peripheral blood
mononuclear cells (PBMCs) from patients
with idiopathic PA hypertension and PH
associated with SSc (SSc-PH) demonstrated
increased expression of genes associated
with erythroid differentiation, including
HBA2. In patients with idiopathic PA
hypertension, these gene expression
changes directly correlate with the
hemodynamic severity of disease (35).
Interestingly, these erythroid-specific
PBMC gene expressions were present in
SSc-PH, but did not correlate with
hemodynamic severity, possibly due to
differences in the underlying disease
pathophysiology. This erythroid
differentiation gene signature distinguished
between the subjects with and without
PH in this study. Although these gene
expression changes were thought to be
restricted to cell types of hematopoietic

lineage, it is also possible that they were
demonstrating transcriptional changes in
the endothelial progenitor cells captured
within PBMC studies (36), and may
indicate transcriptional changes within the
pulmonary vasculature as well.

For these reasons, we hypothesized that
up-regulation of Hb a may contribute to
the depletion of the NO signaling pathway
in PH. Therefore, the objective of this study
was to determine the pattern and functional
consequences of Hb a expression in the
setting of normal pulmonary physiology
and in human and animal models of PH.

Materials and Methods

Human Tissues

The use of human pulmonary tissues

was conducted under the University of
Pittsburgh (Pittsburgh, PA) Institutional
Review Board protocols (970,946 and
PRO14010265), and clinical characteristics
are shown in Table 1. Pulmonary arteries
were rinsed with PBS. After rinsing, artery
segments to be used for immunofluorescence
were fixed in 4% paraformaldehyde

and paraffin embedded. Artery segments
to be used for Western blots and
spectrophotometry were further processed
to lyse red blood cells in a protocol
modified from Grek and colleagues (28).
Briefly, the arteries were incubated for

5 minutes in red blood cell lysis buffer
(BioLegend, San Diego, CA), rinsed in PBS,
and then snap frozen. Tissues were
homogenized in radioimmunoprecipitation
assay (RIPA) buffer before further
experiments.

Animals

Male C57BL/6N mice (8-10 wk of age) were
purchased from Taconic Farms (Hudson, NY)
and housed according to the University

of Pittsburgh Animal Care and Use
Committee Guidelines. Separate groups of
mice (n =5-6 per experiment) were exposed
to either room air or chronic normobaric
hypoxia with 10% oxygen for 3 weeks.
Animals, the lungs of which were to be
analyzed by microscopy, were anesthetized
with isoflurane and perfused with heparin
and saline to remove erythrocytes from the
lungs, and then killed. Animals, the vessels
of which were to be used for myography,
were killed before rapidly harvesting tissues
for further experiments.
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Hemodynamics and Fulton Index
Measurements

Hemodynamics were assessed using a
closed-chest technique, as previously
described (37). After the animals were
perfused with saline and killed, the heart
and lung tissues were harvested. Atria were
trimmed, and the right ventricle (RV) was
dissected from the left ventricle and
septum. RV hypertrophy was determined
by the ratio of the weight of the RV to the
left ventricle plus septum.

Myography

PA myography was performed as previously
described, with modifications (38). Second-
order pulmonary arteries were harvested
and prepared, then placed on the Multi
Wire Myograph System (620M; DMT,
Aarhus, Denmark). Rings were incubated
with 5 uM of either Hb a X peptide or the
scrambled control peptide. Segments were
contracted with a continuous dose response
of prostaglandin F2a (1-50 wM). After
reaching plateau, endothelial function was
examined by generating a cumulative
dose-response curve of acetylcholine (ACh)
(log M [107-1077]). KCI (80 mM) was
added to confirm viability, and was followed
by Ca*"-free physiological salt solution
containing 100 wM sodium nitroprusside
for maximal dilation.

Cell Culture

Human pulmonary VSMCs were isolated
and cultured as previously described (39).
Human pulmonary microvascular ECs
were purchased from Lonza (Basel,
Switzerland) and cultured in endothelial
basal medium-2 media with microvascular
EC bullet kit (Lonza). Cells between
passages 4 and 8 were used for experiments.
For coculture studies, cells were cultured on
Transwells, as previously described (40).
For the no-touch coculture experiments,
the procedure was modified such that the
VSMCs were cultured on the bottom of the
six-well dish, rather than on the Transwell
insert, and cultured for 24 hours before
any further experiments. For hypoxia
experiments, cells underwent further culture
in either normoxic (21% O,, 5% CO,) or
hypoxic (1% O,, 5% CO,) conditions for
48 hours before stimulation or harvesting. For
“physioxia” experiments, cells were cultured
at an oxygen concentration approximating
the oxygen tension present in the normal
human pulmonary circulation (5% O,, 5%

736

CO,) (41). For stimulation experiments, ECs
were pretreated with scrambled control or
Hb a X peptide (5 M, 30 min), and
VSMCs were pretreated for 15 minutes

with sildenafil (10 M, 15 min). After
pretreatment with peptides and sildenafil,
EC were stimulated with bradykinin (10 uM,
30 min) before harvesting. For the cobalt
chloride experiments, ECs were first cultured
to 80% confluence and treated with CoCl,
at concentrations of either 100 wM or

500 wM for 24-48 hours. Cell fractions from
the EC layer, MEJs, and VSMC layer were
harvested as previously described (30).

Western Blot
Immunoblots were performed as previously
described (42, 43).

Immunofluorescence
Paraffin-embedded tissues were sectioned,
placed on glass, and deparaffinized in
xylene, followed by rehydration in
decreasing concentrations of ethanol
(100, 90, and 70%) and water. Samples
were boiled for 30 minutes in Antigen
Unmasking solution (Vector Laboratories,
Burlingame, CA). Tissues were blocked in
1% BSA and 3 g/500 ml fish skin gelatin in
PBS for 30 minutes at room temperature,
and then incubated overnight in primary
antibodies against Hb o (1:50) and

eNOS (1:50) at 4°C. Slides were washed
with PBS/Tween-20 (0.1%) and incubated
in Alexa Fluor-conjugated secondary
antibodies (1:250) and a FITC-conjugated
antibody against smooth muscle a-actin
(1:500). Specimens were imaged using

an Olympus confocal laser-scanning
microscope (Fluoview 1,000; Olympus,
Tokyo, Japan) at 20X and 40X
magnifications. Fluorescence intensity was
quantified, using NIS Elements software
(Nikon, Tokyo, Japan), by manually
selecting a region of interest over the
endothelium and measuring mean
fluorescence intensity. Colocalization was
assessed using Image J software (National
Institutes of Health, Bethesda, MD), where
the Manders’ coefficient was calculated
after determining the autothreshold using
the Costes method with the Coloc 2 plugin,
as previously described (44).

Spectrophotometry

Light scatter immune spectrophotometry
was conducted as previously described (42).
Briefly, lysates from control, PH, and SSc-PH
were isolated in radioimmunoprecipitation

assay buffer and 50 pg of protein were
placed into a cuvette and into an Olis Rapid
Scanning Spectrophotometer (Olis, Inc.,
Atlanta, GA). Spectra measurements were
made between 450 and 750 nm. Visible Q
band peaks at 545 and 580 nm were
consistent with Hb spectra and considered
positive for Hb.

Transmission Electron Microscopy
After exposure to either ambient oxygen or
3 weeks of normobaric hypoxia (10% O,),
mice were anesthetized with isoflurane and
killed by asphyxia. Lungs were perfused
with heparin/PBS, followed by 2 ml of
Karnovsky fixative at a rate of roughly

1 ml/min through the RV. The lungs were
excised and incubated overnight at 4°C

in Karnovsky solution. Samples were
processed as previously described for
transmission electron microscopy (45).
Images of arterioles were taken with a
JEOL JEM 1,210 transmission electron
microscope (JEOL, Ltd., Tokyo, Japan).
Images were taken at X15,000
magnification.

MEJ Quantification

ME] numbers were quantified by tracing
along the pulmonary arteriolar endothelial
basal lateral membrane to calculate distance
using Image ] software, followed by
counting of cellular EC extensions that came
within 250 nm of the adjacent smooth
muscle cell, which were considered ME]s.
The number of MEJs counted was divided
by distance to determine number of MEJs
per 10 pm.

Statistical Analysis

Immunoblots were analyzed using Image
Studio Lite Version 4.0 (LI-COR
Biosciences, Lincoln, NE). Hemodynamic
and morphometric data using Indus
Instruments (Webster, TX), IOX2 (Emka
Technologies, Paris, France), Matlab
(MathWorks, Natick, MA), NIS Elements
software (Nikon), and Image]. Statistical
analysis was performed using GraphPad
Prism version 6.0 d for Windows,
(GraphPad Software, La Jolla, CA).

Data were analyzed using either ¢ test,
Mann-Whitney U Test, or the two-way or
one-way ANOVA for repeated measures, as
appropriate. The specific statistical tests
used are presented below relevant figures.
A difference with a P value of less than
0.05 was considered significant.
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Figure 1. Hemoglobin (Hb) a is expressed in pulmonary arteries of humans and mice with pulmonary hypertension (PH). (A) Immunofluorescence for Hb «
(red), nuclei (blue), and smooth muscle a-actin (green) from normal and PH human fifth-order pulmonary arteries and arterioles (inset). (B) Quantification of
Hb « immunofluorescence intensity in the endothelium from normal and PH pulmonary arteries (n = 3). (C) Immunofluorescence staining of Hb « (red),
endothelial nitric oxide (NO) synthase (eNOS; green), and nuclei (blue) from a human pulmonary artery (PA) with PH. Arrowheads point to colocalization
between eNOS and Hb a. Manders’ coefficients were 0.441 and 0.596 for eNOS and Hb «, respectively. (D) Measurement of the right ventricle (RV)
pressure and Fulton index (RV/[LV + S]), where LV is left ventricle and S is septum, from mice exposed to 21 or 10% oxygen (1 = 5). (E) Immunofluorescence
staining for Hb « (red) and smooth muscle a-actin (green) from mice exposed to 21% oxygen, or 10% oxygen. Arrows point to Hb a expression in the
endothelium. (F) Transmission electron micrograph images of myoendothelial junctions (MEJs) from arterioles in mice exposed to normoxic and hypoxic
(8 wk, 10% fraction of inspired oxygen) conditions and (G) quantification of the number of MEJs per 10 wm in each condition. Error bars represent =SEM.
*P < 0.05 using a Student’s test (B, D, and G). Scale bars: 50 pm (A), 100 pwm (E), and 0.5 pm (F). L, lumen (C, E, and F). A.U., arbitrary units; EC,
endothelial cell; SMA, smooth muscle actin; SMC, smooth muscle cell.

Alvarez, Miller, Hahn, et al.: Hemoglobin o« Modulates NO Signaling in Pulmonary Hypertension 737



ORIGINAL RESEARCH

Results

Pulmonary Arteries from Humans and
Mice with PH Demonstrate Increased
Hb « Expression
We performed immunofluorescence
staining for Hb o and visualized expression
patterns using laser confocal microscopy on
distal (fifth-order) pulmonary arteries and
arterioles (~50 pwm) isolated from humans
with and without PH (Table 1). Subjects
were mainly women with an average age of
50 years. We included patients with PH
from different underlying etiologies,
including SSc, repaired congenital heart
disease, and chronic lung disease. As shown
in Figure 1A, there was little Hb o within
the ECs, and some within the surrounding
adventitia. However, we found that the
intensity of endothelial Hb a staining was
significantly higher in the subjects with PH
(Figures 1A and 1B). We also costained for
eNOS and observed that Hb « colocalized
with eNOS (Figure 1C).

To determine whether the changes in
Hb « expression observed in humans with
PH were also present in animal models of
PH, we compared the immunofluorescence
against Hb « in the lungs of mice exposed
to normal oxygen conditions (21% oxygen)
and those to 3 weeks of hypoxia (10%
oxygen). At the end of 3 weeks, mice
exposed to hypoxia had typical changes of
increased RV pressures and hypertrophy
(Figure 1D). Immunofluorescence from the
lungs of the mice exposed to hypoxia
demonstrated greater Hb o intensity than
those exposed to normal oxygen levels
(Figure 1E). However, the increase in Hb o
expression was not due to an increase in
ME] numbers (Figures 1F and 1G). These
findings demonstrate that PA ECs from
mice with experimental PH up-regulate
Hb « independent of the number of MEJs.

To further confirm the expression of
Hb within the human tissues and evaluate
the relative expression of Hb a, we also
prepared tissue homogenates of the isolated
pulmonary arteries and assessed them by
spectrophotometry and Western blot. Given
the enrichment of subjects with SSc-PH at
our center, the heterogeneity of the
underlying etiology of PH in our other
subjects, and the published differences in
erythroid differentiation gene signatures
between subjects with SSc-PH (35), we
subdivided our analysis between SSc and
other causes of PH. The PA homogenates

738

from subjects with PH were visibly pink
when compared with those from subjects
without PH (Figure 2A). The light scatter
immune spectrophotometry spectra from
subjects with PH had a pattern typical of
oxyhemoglobin (46) (Figure 2B), with Q
band peaks at approximately 545 and 580 nm
(arrows). The subgroup of subjects with
SSc-PH also demonstrated peaks in those
regions, though they were somewhat less
distinct than those from the other PH
subjects. Subjects without PH had no clear
peaks, consistent with a lack of abundant
HbD in those homogenates.

Finally, we performed Western blot
with antibodies against Hb o and Hb 8 on
the tissue homogenates from the same
vessels in the spectrophotometry
experiments. Although Hb a is known to
be expressed in the vascular wall, vascular
Hb B is negligible (30, 33). In the absence of
thalassemia, erythrocytes typically express
equimolar concentrations of Hb o and
Hb B. We thus compared the ratios of the
Hb o and Hb B, assuming that differences
between groups would be due to vascular
wall expression of Hb a. We found
significantly higher expression of Hb o
within the pulmonary arteries of subjects
with PH compared with subjects with no

A B
control

0.10 1

0.09 -

0.08 A

Absorption

0.07 A

0.06 A

0.05

PH (Figure 3A). There was no significant
difference in Hb o expression between subjects
with PH due to SSc and those due to other
causes. These data suggest that pulmonary
arteries from subjects with PH demonstrate
increased levels of Hb o expression.

Cultured Human Pulmonary ECs
Express Hb «

To further confirm that the Hb « present in
human and mouse pulmonary arteries was
due to endogenous expression of Hb a by
the ECs rather than either uptake of Hb
from blood or contamination of our
specimens, we performed cell culture
experiments using primary human
pulmonary ECs cocultured with primary
human pulmonary VSMCs, as previously
described (47). By Western blot with
antibodies against Hb a, we confirmed that,
as in systemic arterioles, pulmonary ECs
enrich Hb a within the MEJ (Figure 3C).
They do not express Hb 3 (data not
shown), consistent with our previous work.
Given our findings in humans and mice
with PH, and previous data suggesting that
cellular hypoxia up-regulates Hb expression
in other pulmonary cells (28), we
investigated whether hypoxia triggers
increased expression of Hb o in pulmonary

Mean absorption spectra for homogenates of
human pulmonary arteries

— Non-PH Control
— SSc PH

N

500 550 600 650

Wavelength (nm)

Figure 2. Spectrophotometry analyses of PA lysates from control, PH, and systemic sclerosis (SSc)
PH. (A) Image of test tubes containing human PA lysates from control, PH, and SSc PH. Arrow points
to pink lysate in the PH sample. (B) Mean absorption spectra taken using light scatter immune

spectrophotometry from homogenates isolated from human control, PH, and SSc PH PAs. Arrows

point to the Q bands indicative of Hb spectra.
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Figure 3. Western blot analysis of Hb expression from human PAs and in a puimonary vascular cell
coculture model. (A) Western blot for Hb o, Hb 8, and B-actin protein expression from control, PH, and
SSc PH. (B) Quantification of ratio of Hb a and Hb B (n=3). (C) Western blot for Hb « and B-actin
expression from PA ECs, MEJ, and vascular SMC (VSMC) fractions from cells cocultured on Transwells
and exposed to 1% hypoxia for 48 hours. (D) Quantification of Hb « protein expression from the MEJ
fraction of cocultured pulmonary ECs and VSMCs exposed to 1% hypoxia for 48 hours (n = 3). Error
bars represent =SEM. *P < 0.05 using a Kruskal-Wallis statistic (B) and a Student’s ¢ test (D).

ECs. We performed vascular cell coculture
experiments and exposed the cells in coculture
to either normal oxygen levels or hypoxia. We
found that ECs cocultured with pulmonary
VSMCs and exposed to 48 hours of hypoxia
significantly increased Hb o expression within
the MEJ (Figures 3C and 3D).

Heterocellular Communication Is
Required for Hypoxia-Induced
Increased EC Hb « Expression

To determine whether heterocellular
communication is necessary for hypoxia-
induced increased EC Hb a expression, we
performed coculture experiments where we
cultured the VSMCs on the bottom of the
well rather than on the Transwell insert,
whereas the ECs remained on the upper
surface of the Transwell insert. In this way,
it was impossible for the ECs to form ME]Js,
but otherwise the culture conditions were
identical. In this instance, there was low-
level expression of Hb a within ECs, but
hypoxia had no significant effect on Hb «
expression (see Figure E1A in the online
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supplement). To exclude the possibility that
culturing the ECs at 21% oxygen could be
inducing Hb o expression by exerting a
relative hyperoxic stress relative to in vivo
physiologic conditions (41), we also
compared Hb a expression in ECs cultured
in hypoxia, normoxia, and physioxia.
Again, there was no difference in Hb o
expression. Because hypoxia itself can exert
a variety of physiological effects, we sought
to determine whether chemical induction of
hypoxia-inducible factor (HIF)-1 a would
affect Hb « expression. We cultured ECs in
COCl, at concentrations of either 100 or
500 wM for 24-48 hours, and saw no
significant effect on Hb o expression. These
results suggest that HIF-1 likely does not
induce Hb a expression in PH.

Disruption of Pulmonary Endothelial
Hb a-eNOS Interaction Increases
PKG-Dependent Signaling in
Cocultured Pulmonary VSMCs

We have previously shown that, in order for
endothelial Hb a to function as a scavenger

of endogenous NO, it must associate with
eNOS (32). Inhibition of that association by
an Hb «a peptide mimetic, Hb a X peptide,
was shown to increase NO bioavailability
during vasoconstriction in systemic arteries,
and lower blood pressure in mice (32). The
effect of Hb a X peptide was dependent on
expression of and interaction between both
eNOS and endothelial Hb o, and was

null in vessels lacking significant Hb «
expression, such as the aorta. To test
whether endothelial Hb o has a significant
effect on endogenous NO signaling in
pulmonary cells, we performed coculture
and myography experiments of the
endothelial-dependent vasodilators,
bradykinin and ACh, respectively.

To determine the effects of Hb a X
peptide on endogenously produced NO in
our system, we performed pulmonary
vascular cell coculture with human
pulmonary ECs in the upper chamber of a
Transwell system and human pulmonary
VSMCs on the opposite side of the porous
membrane (Figure 4A). We then treated
the EC side of the Transwell with
bradykinin or a vehicle control and isolated
the VSMC layer, and measured the
phosphorylation of vasodilator-stimulated
phosphoprotein (VASP) at its serine 239
residue by Western blot (Figure 4A).
Phosphorylated VASP (p-VASP?®) is a
sensitive and specific marker of PKG-
dependent signaling, endothelial function,
and NO signaling (48). p-VASP** in the
VSMC layer increased significantly in
response to EC stimulation with bradykinin
(Figure E2). We found that pretreating
ECs with Hb a X peptide increased
p-VASP**/VASP after stimulation with
bradykinin when compared with the
scrambled peptide (Figure 4B).

Disruption of Pulmonary Endothelial
Hb a-eNOS Interaction Reverses PA
Endothelial Dysfunction in Mice
Humans and rodents with chronic hypoxia
and humans with PH all demonstrate PA
endothelial dysfunction manifested as
diminished vasorelaxation responses to
ACh (2, 24, 49, 50). To determine whether
disruption of pulmonary endothelial Hb
a/eNOS association could improve
endothelial function in this setting, we
performed wire myography on pulmonary
arteries harvested from mice exposed to
either normal oxygen conditions (21% O,)
or 3 weeks of hypoxia (10% O,), with
preincubation of the vessel with either Hb a
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Figure 4. Hb a X peptide increases NO signaling in a PA vascular cell coculture. (A) Schematic diagram illustrating the experimental design where puimonary
ECs and VSMCs were cocultured on Transwells. After 3 days, ECs were pretreated with scrambled control peptide (Scr X) or Hb o X peptide (5 wM, 30 min),
and VSMCs were pretreated for 15 minutes with sildenafil (10 wM, 15 min). After pretreatment with peptides and sildenafil, ECs were stimulated with
bradykinin (10 wM, 30 min). VSMCs were then fractionated and measured for cyclic guanosine monophosphate—protein kinase G—specific target protein,
vasodilator-stimulated phosphoprotein (VASP) serine 239 residue (p-VASP?¥), and total VASP. (B) Western blot for p-VASP?¥’, total VASP, and B-actin in the
SMC fraction of the coculture system. *P < 0.05 using a Student’s t test (B). Error bars represent =SEM.

X peptide or the scrambled peptide.
Normoxic mice demonstrated an intact
vasodilator response to ACh (Figure 5A).
There were no significant differences
between vessels treated with Hb o X
peptide and the scrambled peptide. In
hypoxic mice, however, we observed
vasoconstriction to ACh, consistent with
endothelial dysfunction (Figure 5B).
Incubation with Hb a X peptide restored
the vasodilator response to ACh

(Figure 5B). These data suggest that
disruption of the Hb a/eNOS complex can
partially restore endogenous PA endothelial
function.

Discussion

In this study, we present data supporting the
hypothesis that Hb o plays a role in the
endothelial dysfunction and NO depletion
observed in PH. We show that pulmonary
vascular Hb « is significantly increased in
both human and hypoxic mouse PH.

We also show at a cellular and molecular
level, through our coculture bradykinin
stimulation experiments, that disruption of
Hb «/eNOS association with Hb o X
peptide increases eNOS- and PKG-

dependent signaling, as demonstrated (and therefore endothelial-dependent)
by increased phosphorylation of VSMC vasodilatation in the pulmonary arteries of
p-VASP**. Finally, we present ex vivo mice with experimental PH caused by

evidence of restoration of ACh-dependent chronic hypoxia, suggesting that Hb o

A B
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= £
3 3
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5 5
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Figure 5. Hb a X peptide reverses PA endothelial dysfunction in hypoxic PH. Cumulative dose-response
vascular reactivity curve to acetylcholine (ACh) in the presence of scrambled or Hb a X peptide (5 pM,
30 min preincubation) in second-order PAs from mice exposed to 21% oxygen (A) or 10% oxygen (B)
for 3 weeks using wire myography. *P < 0.05 using a two-way ANOVA for the dose-response

curve; n = 8-10 arteries from more than five mice for each experiment. Error bars represent +=SEM.
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can act as an NO sink in PH. Our proposed
model is outlined in the accompanying
schematic (Figure 6).

We show, through several different
techniques, that Hb « is expressed and even
up-regulated in the pulmonary vascular
wall in chronic hypoxic mouse PH and
human PH. The immunofluorescence
imaging showed that Hb « staining within

NORMAL LUNGS

Pulmonary
arteriole

PULMONARY
HYPERTENSION

Smooth muscle

the pulmonary vasculature was greatest
within ECs. Although Hb expression

was noted throughout the ECs, there
appeared to be areas of significant
colocalization with eNOS. The increase in
Hb o expression in PH samples was grossly
visible in the tissue lysates, and was
observable through Western blot as well
as spectrophotometry. The increased

Endothelial
cell (EC)

Vascular smooth
muscle cell (VSMC)

hyperplasia

EC NO- scavenging

NO-. diffusion

Figure 6. Schematic of Hb « expression in pulmonary endothelium and its potential effect on

NO signaling. Normal lungs express low levels of Hb a, allowing for abundant NO bioavailability,
contributing to low basal pulmonary vascular resistance. However, in the setting of PH, Hb « is
up-regulated at the protein level, which leads to increased NO scavenging, promoting PA
endothelial dysfunction and vasoconstriction. Hb o X peptide inhibits coupling between Hb « and

eNOS, increasing NO diffusion across the MEJ.
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expression was also consistent in the mouse
models, strengthening the support for the
conclusion that the increased Hb o
expression is related to PH.

The vascular cell coculture confirmed
the expression of Hb in the ME]J in a model
that is completely devoid of erythrocyte
contamination. The enrichment of Hb a
expression in the MEJ fraction is consistent
with prior publications in other vascular
beds (27, 32). The increased Hb « in
response to hypoxia in that model is also
consistent with previous data in other
pulmonary cell types (28, 29, 51), and
internally consistent with the data from our
hypoxic mouse experiments. Given the
absence of any effect of hypoxia or COCl,
in EC monocultures, the changes in
expression do not appear to be due to
signaling through HIF. Rather, the absence
of Hb a induction in the no-touch
coculture system suggests that the hypoxic
changes in EC Hb « expression appear to
depend on a stimulus arising in the VSMCs
and transmitted to the ECs through
signaling in the ME]. Candidate signals
include changes in reactive oxygen species,
intracellular calcium signaling, and
electrochemical signals that are transmitted
through MEJ gap junctions. Further studies
of the heterocellular signaling between PA
ECs and VSMCs are warranted (34).

By combining vascular cell coculture
with measurement of bradykinin-induced
p-VASP** in the VSMCs, we are also able
to demonstrate that disruption of Hb
a-eNOS interaction through the Hb o
mimetic peptide, Hb a X, increases PKG-
dependent signaling in the VSMCs (48, 52).
Although ACh stimulation is more specific
for EC function and eNOS stimulation,
these responses are lost in cell culture, likely
related to changes in muscarinic receptor
expression that occur in vitro (53, 54).
Bradykinin responses are a useful surrogate
for eNOS stimulation in vitro, and their
validity as a model of NO signaling is
enhanced by our use of p-VASP*® as a
readout, which is known to be cGMP and
PKG dependent (48, 49, 52, 55).

Finally, we show that PAs from mice
exposed to chronic hypoxic PH demonstrate
vasoconstrictor responses to ACh after
preconstriction with prostaglandin F2a,
consistent with severe endothelial
dysfunction. We also show that treatment
with Hb a X peptide restores a vasodilator
response to ACh in these vessels. Hb a X
peptide prevents the association of Hb a
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and eNOS (32). Previous experiments have
confirmed that the activity of Hb a X
peptide is dependent on the Hb a-eNOS
axis, and are abrogated in the presence of
pharmacologic or genetic loss of eNOS
expression, as well as in the absence of
significant Hb a expression (32). Hb a X
peptide does not act through direct
allosteric effects on eNOS activity, but
rather through increasing the bioavailability
of endogenous NO created by eNOS (32).
Although the vasodilator response of the
pulmonary arteries did not return to the
same level as those seen in our normoxic
mice, the fact that the Hb o X peptide was
able to partially restore vasodilation
supports the conclusion that Hb a plays

a key role in inhibiting the expected
vasodilator responses to ACh in this setting.
The fact that Hb o X peptide did not have a
significant effect on endothelial function
in the PAs from normoxic mice is likely
explained by the lower level of Hb o
expression seen in the absence of PH in
those animals, consistent with our
immunofluorescence data.

There are important limitations to
consider in our study. In our experiments
using human tissues, there could be some
degree of contamination from erythrocyte
sources of Hb. By incubating the tissues in a
red blood cell lysis buffer and carefully
washing the tissues before preparing the
tissue lysates for spectrophotometry and
Western blot experiments, we sought to
minimize such contamination. The
effectiveness of our preparation technique in
eliminating erythrocyte contamination is
suggested by the absence of significant Hb o
bands in the control subjects. Those
experiments are also consistent with the
immunofluorescence data, where there was
no visible contamination with erythrocytes
in the artery lumens. The immunofluorescence
images do demonstrate some expression of
Hb a within the adventitia of the vessels,
perhaps related to increased vasa vasorum
in the hypertensive vessels. However, the
fact that we demonstrate an increase in
the relative abundance of Hb « over
Hb B suggests that the difference between

PH and non-PH vessels arises from a
nonerythrocyte source of Hb «, such as the
vascular wall.

Another important limitation to our
study is that our coculture and myography
experiments using Hb o X peptide were
necessarily performed in the presence of
oxygen. Because the NO scavenging effect
of Hb «a is dependent on the presence of
oxygen, and Hb o X peptide exerts its effect
through inhibition of the Hb a/eNOS
association required for that scavenging, it
is unlikely to have a significant effect in the
setting of significant hypoxia, where Hb o
is likely to be in the deoxygenated state.
Importantly, patients with PH do not
typically experience significant systemic
hypoxia. So, the consequences of Hb o
expression on NO signaling in their
pulmonary circulation are better
represented by our blood vessel myography
experiment, where oxygen tension was
normal. Similarly, due to the fact that it is
NO bioavailability and diffusion, rather
than NO production, that is affected in our
system, results of direct measurement of
NO are both more technically challenging
and difficult to interpret. Most available
NO assays combine measurements of both
NO, and NO; . As NO is converted to
NOj; in its reaction with Hb «, this
combined value is not indicative of the
amount of NO that has successfully
diffused to VSMCs and activated its
receptor, sGC. For the purpose of
measuring the downstream signal from
NO, p-VASP?*® served as a useful
surrogate, and the fact that we stimulated
the EC fraction and measured the
p-VASP?? in the VSMC fraction does
suggest that the differences in p-VASP>*’
were due to differences in NO diffusion
from ECs.

Finally, we are unable to exclude other
functions of Hb a in the pulmonary
endothelium besides NO scavenging, in
particular during hypoxia and under
different redox conditions. For example,
local tissue hypoxia increases oxidative
stress, which may oxidize Hb and further
permit increased diffusion of NO and

vasodilation (25, 30). In fact, an important
role for ferrous Hb may be to help sequester
NO in defined cellular micro domains,
preventing nitrosative stress that would
otherwise occur if NO were permitted
to diffuse more freely into other cellular
compartments (25). Also perhaps
relevant, it is now appreciated that
deoxyhemoglobin within erythrocytes acts
as a potent nitrite reductase, especially in
acidic environments, such as those observed
in areas of poorly ventilated lung or in
chronic respiratory failure (56, 57). It is
certainly possible that endothelial Hb
o may play a similar role. In fact, its
expression within the MEJ would situate
it well to perform such a function. This
potential role as an alternate source of
NO may actually be an adaptive process
to balance hypoxic vasoconstriction in a
manner independent of eNOS (58). This
would not necessarily exclude its role as
an NO scavenger in other environments.
Further experiments under acutely hypoxic
conditions, including with and without
the presence of nitrite, are warranted to
further investigate this possibility.
Although important questions remain
about the specific signals that regulate
Hb «a expression and possible alternative
consequences of its expression by
pulmonary ECs in chronic hypoxia and PH,
our study demonstrates, for the first time,
that Hb o is up-regulated in pulmonary
ECs in humans and mice with PH, and that
inhibiting its association with eNOS
increases NO signaling, as evidenced by
p-VASP** and endothelial-dependent
vasodilation. These observations suggest a
possible role for targeting endothelial Hb o
to improve endogenous NO signaling in
PH. The additional finding that the
expression of Hb a is regulated in part
by a heterocellular signal from VSMCs
also adds to the growing body of literature
highlighting the importance of
heterocellular cross-talk in the vascular
wall. |

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