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Abstract

The aim of this study was to investigate whether a dual endothelin receptor antagonist bosentan modulates the kinetics of bone
marrow-derived stem cells in inhibiting the development of pulmonary hypertension. Bone marrow chimeric mice, transplanted
with enhanced green fluorescent protein (eGFP)-positive bone marrow mononuclear cells, were exposed to hypobaric hypoxia or
kept in the ambient air, and were daily treated with bosentan sodium salt or saline for 21 days. After the treatment period, right
ventricular pressure was measured and pulmonary vascular morphometry was conducted. Incorporation of bone marrow-derived
cells was analyzed by immunohistochemistry. Gene expression and protein level in the lung tissue were evaluated by quantitative
real-time PCR and western blotting, respectively. The results showed that, in hypoxic mice, right ventricular pressure and the
percentage of muscularized vessel were increased and pulmonary vascular density was decreased, each of which was reversed by
bosentan. Bone marrow-derived endothelial cells and macrophages in lungs were increased by hypoxia. Bosentan promoted bone
marrow-derived endothelial cell incorporation but inhibited macrophage infiltration into lungs. Quantitative real-time PCR analysis
revealed that interleukin 6, stromal cell-derived factor-1, and monocyte chemoattractant protein-|1 were upregulated by hypoxia, in
which interleukin 6 and monocyte chemoattractant protein-| were downregulated and stromal cell-derived factor-1 was upregulated
by bosentan. Protein level of endothelial nitric oxide synthase (eNOS) in the whole lung was significantly upregulated by hypoxia,
which was further upregulated by bosentan. Bosentan modulated kinetics of bone marrow-derived ECs and macrophages and related
gene expression in lungs in ameliorating pulmonary hypertension in mice. Altered kinetics of bone marrow-derived stem cells may be
a novel mechanism of the endothelin receptor blockade in vivo and confer a new understanding of the therapeutic basis for
pulmonary hypertension.
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resistance and ultimately leads to right heart failure and pre-
mature death. This disease is characterized by the fibroproli-
ferative lesions composed of endothelial cells (ECs), smooth
muscle cells, and inflammatory cells." ™ Although recent pro-
gress in treatment results in improvement of prognosis, this
disease is not curative.® Therefore, novel therapeutic targets
must be pursued to improve the outcome of the patients.

In spite of the widespread use of clinically relevant non-
selective endothelin receptor antagonists, including bosentan,
for this disorder,°'® there is limited understanding of the
underlying mechanism of anti-remodeling action of such com-
pounds in vivo.'" ' Endothelin has been believed to play a
pivotal role in the development of pulmonary hypertension
(PH) on the basis of cell culture studies using smooth
muscle cells, ECs, macrophages, and fibroblasts.'> Although
it was believed that those pulmonary vascular cells originated
from the resident cells in the lung, several recent reports
demonstrated that bone marrow (BM) stem or progenitor
cells contribute to the development of pulmonary vascular
disease in vivo.'® 22 However, it is unknown whether bosentan
impacts the kinetic of BM-derived stem cells in experimental
PH. We therefore investigated how bosentan modulates the
kinetics of BM-derived cells in inhibiting the development of
pulmonary vascular disease by using BM chimeric mice.

Methods
Animals

Transgenic mice with C57BL/6 background that ubiqui-
tously express eGFP were a generous gift from Dr Masaru
Okabe (Osaka University, Osaka, Japan). Wild-type mice
with C57BL/6 background were purchased from Charles
River Japan (Osaka, Japan). All animals received humane
care and protocols for all animal experiments were approved
by the animal care committee of Mie University School of
Medicine (Medicine-503).

Bone marrow transplantation

Bone marrow transplantation (BMT) was performed
according to the previously described method.>® Briefly,
BM cells were harvested from femora and tibias of eGFP
mice. Four- to six-week-old male wild-type C57BL/6 mice
were lethally irradiated with a total dose of 9.5Gy. Four
hours later, the recipient mice received two million of
unfractionated BM cells by tail vein injection. Then the
recipient mice were maintained under sterile condition. Six
to eight weeks after the BMT, hematopoietic engraftment
was confirmed by flow cytometry using FACSCalibur (BD
Biosciences, San Jose, CA) as follows. Peripheral blood was
obtained from retroorbital plexus of recipient mice. After
the hemolysis with 0.15M NHyCI, the percentage of
donor-derived eGFP™ cells in B-cell, T-cell, and myeloid
lincages were analyzed by staining with Phycoerythrin
(PE)-conjugated rat anti-mouse CD45R/B220, PE-

conjugated rat anti-mouse Thy-1.2, and a combination of
biotinylated rat anti-mouse Gr-1 and PE-conjugated rat
anti-mouse Mac-1, respectively. These antibodies were pur-
chased from BD Biosciences Pharmingen (San Jose, CA).

PH models

Six to eight weeks after BMT, mice were kept in hypobaric
hypoxic chamber (0.5 atm) for 21 days to produce PH or were
kept in an ambient air. During the entire treatment period, we
administered bosentan sodium salt 30 mg/kg/day or similar
volume of saline (intraperitoneal (ip)) to chronically hypoxic
and normoxic mice.

Hemodynamic measurements, tissue preparation, and
assessment of right ventricle hypertrophy

After the treatment period, mice were anesthetized with an ip
injection of pentobarbital (50 mg/kg). Then a 27-gauge needle
connected to a pressure transducer was percutaneously inserted
to right ventricle via subxiphoid approach. Right ventricular
pressure was recorded with an amplifier system (AP620G,
Nihon Kohden, Tokyo, Japan) and a monitor (polygraph
system, Nihon Kohden, Tokyo, Japan). Immediately after
the hemodynamic measurement, the trachea and the main pul-
monary artery were cannulated under mechanical ventilation
(SN-480-7, SHINANO Manufacturing Co., Tokyo, Japan).
The lungs were then perfused with phosphate buffered saline
(PBS), followed by fixation with 4% paraformaldehyde in PBS
via catheters cannulated in trachea and main pulmonary artery
at 4°C for three hours. Thereafter, paraformaldehyde was sub-
stituted with 30% sucrose in PBS at 4°C for overnight, and
subsequently the lungs were embedded in paraffin or Tissue-
Tek OCT compound (Sakura Finetek Japan Co., Tokyo,
Japan). Right ventricle was dissected from left ventricle and
interventricular septum. The weight ratio of right ventricle to
left ventricle and interventricular septum was evaluated as an
index of right ventricular hypertrophy.

Pulmonary morphometry

We performed pulmonary morphometry as previously
described.®* Briefly, paraffin sections of lung (thickness,
4 um) were incubated with 3% hydrogen peroxide, followed
by blocking with 1% bovine serum albumin and 5% goat
serum in PBS. Sections were then incubated with anti-o-
smooth muscle actin (SMA) (mouse monoclonal 1A4,
1:100, Sigma Aldrich, St Louis, MO) and the site of antigen
was visualized by using LSAB2 kit (Dako, Carpentaria,
CA). All the vessels accompanying alveolar duct and
alveolar wall were analyzed without knowing treatment
group. The degree of muscularization in normally non-
muscular vessels with the diameter of 25-100 um were
assigned to three groups by circumferential staining with
o-SMA: (1) non-muscular (<25% of vessel wall); (2) par-
tially muscular (25-75%); and (3) muscular (>75%). The
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percentage of the muscularized vessels was defined as the
percentage of partially muscular vessel plus muscular
vessel per all vessels in each slide. The numbers of vessels
per 100 alveoli was also measured as vascular density.

Immunohistochemistry

For double-labeled immunohistochemistry, tissue cryosec-
tions (thickness, 5um) were blocked with 1% bovine
serum albumin and 5% donkey serum in PBS, followed by
incubation with primary antibody and visualization with
Alexa 594-conjugated anti-rabbit (donkey polyclonal
A21207, 1:400, Life Technologies, Gaithersburg, MD) or
anti-rat immunoglobulin (donkey polyclonal A21209,
1:400, Life Technologies, Gaithersburg, MD). For coun-
ter-staining, TOPRO3 (Life Technologies) was used. All
the slides were mounted with fluorescent mounting
medium (Dako) and viewed by confocal laser microscopy
(Fluoview FV1000, Olympus, Tokyo, Japan). Primary anti-
bodies used in this study were anti-CD31 (rat monoclonal

MECI13.3, 1:100, BD Pharmingen), anti-macrophages/
monocytes (rat monoclonal MOMA-2, 1:100, AbD
Serotec, Oxford, UK), Cy3-conjugated anti-o-SMA

(mouse monoclonal 1A4, 1:100, Sigma Aldrich, St. Lois,
MO), and anti-eNOS (rabbit polyclonal PA1-037, 1:100,
Affinity Bioreagents, Golden, CO).

Quantitative real-time polymerase chain reaction

To explore the underlying mechanism of the dynamics of
BM-derived cells, we analyzed gene expression in the lung
of mice exposed to hypoxia using quantitative real-time
polymerase chain reaction (QRT-PCR). Total RNA was
extracted from lung homogenates of saline-treated or bosen-
tan-treated, and hypoxia-exposed mice for one day using
RNeasy tissue and blood mini kit (Qiagen, Hilden,
Germany). The lungs of saline-treated normoxic mice were
used as control. One microgram of RNA was reverse tran-
scribed using SuperScript VILO cDNA Synthesis kit (Life
Technologies). For qRT-PCR, LightCycler FastStart DNA
Master Plus SYBR Green 1 (Roche Diagnostics, Basel,
Switzerland) and Perfect real time primer (Takara Bio,
Shiga, Japan) were used with Light Cycler 1.1 (Roche).
Hypoxanthine guanine phosphoribosyltransferase (HPRT)
was served as a control for all reactions. PCR primers
were as follows: interleukin 6 (IL6) MAO039013, monocyte
chemoattractant protein-1 (MCP1) MAO066003, stromal
cell-derived factor-1 (SDF1), MAO088217, and HPRT
MAO031262. The protocol of qRT-PCR reaction was as fol-
lows: denaturation for 10 min at 95°C, followed by 50 cycles
of amplification for 10s at 95°C and 25s at 60°C.
Amplification specificity was checked using melting curve
analysis. The result was analyzed with Roche Molecular
Biochemicals Lightcycler software, ver 3 (Roche). Data
were normalized by HPRT and were expressed as fold
change compared with control group.

Western blot analysis

Lung tissue of saline-treated or bosentan-treated, and
hypoxia-exposed mice for one day was homogenized in
lysis buffer containing 150mM NaCl, 0.5% Triton-X,
50mM Tris, 1mM ethylene glycol tetraacetic acid
(EGTA), I mM ethylenediaminetetraacetic acid (EDTA),
1 mM dithiothreitol, phosSTOP (Roche), and complete pro-
tease inhibitor cocktail tablet (Roche). The lungs of saline-
treated normoxic mice were used as control. The protein
concentration was determined by BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA). Thirty micro-
grams of protein were subjected to SDS-PAGE and trans-
ferred onto polyvinylidene difluoride membranes (Life
Technologies). After blocking, membranes were probed
with mouse anti-eNOS antibody (BD Transduction Lab)
or rabbit anti-g-actin (bACT) antibody (Sigma).
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG
(GE Healthcare) or anti-rabbit IgG (GE Healthcare) were
used as secondary antibody. Subsequently, signals were
visualized by Western Lightning Plus (Perkin Elmer,
Waltham, MA) and detected by LAS-3000 (GE
Healthcare Japan, Hino, Japan). The quantitation of pro-
tein band density was measured and was normalized to B-
actin using Multi-Gauge, ver 3.1 (Fuji Film, Tokyo, Japan).

Statistics

Quantitative data are expressed as means =+ standard errors
of means. Differences between groups were compared by
one-way ANOVA followed by Bonferroni’s multiple com-
parison test. A value of P <0.05 was considered significant.
All data were statistically analyzed using SPSS Statistics
version 21 (IBM, Chicago, IL). The authors had full
access to the data and take full responsibility for its integrity
of the results. All authors have read and agreed to the article
as written.

Results
Bosentan ameliorated hypoxia-induced PH

Compared to saline-treated normoxic mice (17.6 £ 0.9 mmHg),
right ventricular systolic pressure was increased in saline-trea-
ted hypoxic mice (26.6+ 1.0mmHg, P <0.01), which was
decreased by bosentan (22.9 4+ 1.1 mmHg, P <0.05) (Fig. 1a).
Compared to saline-treated normoxic mice (0.27£0.01), the
weight ratio of right ventricle to left ventricle and interventri-
cular septum (RV/LV + S) was increased in saline-treated hyp-
oxic mice (0.42+£0.02, P<0.01), which was decreased by
bosentan (0.3540.01, vs saline-treated hypoxic mice,
P <0.01) (Fig. 1b). In the morphometric study, in the alveolar
duct level, compared to saline-treated normoxic mice
(47.2+1.2%), the percentage of muscularized vessels was
increased in saline-treated hypoxic mice (82.9+£2.7%,
P <0.01), which was decreased by bosentan (68.4+ 1.4%,
P <0.01). In the alveolar wall level, compared to saline-treated
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Fig. 1. Bosentan ameliorates hypoxia-induced pulmonary vascular disease in mice. (a and b) Both right ventricular systolic pressure (RVSP) (a)

and the weight ratio of right ventricle (RV) to left ventricle (LV) and interventricular septum (IVS) (b) were similarly increased in saline-treated
hypoxic mice, which were significantly decreased by bosentan. n = 12—14 in each group for RVSP and n=9-10 for the weight ratio; *P < 0.01,
1P < 0.05. (c) Representative immunohistochemistry with o-SMA. Scale bar =50 pm in upper panels and 20 pm in lower panels. (d and e) In
agreement with right ventricular systolic pressure and right ventricular hypertrophy, the percentage of muscularized pulmonary vessels was
increased in saline-treated hypoxic mice, which was significantly decreased by bosentan in both alveolar duct level (d) and alveolar wall level (e).
n=6-7 in each group; *P < 0.01, TP < 0.05. (f) Vascular density in the lung was significantly decreased by hypoxia, which was significantly increased
by bosentan. n=#6 in each group; *P <0.0l, +P < 0.05.

normoxic mice (36.1 £2.9%), the percentage of muscularized treated normoxic mice (0.024+£0.001), pulmonary vascular
vessels was increased in saline-treated hypoxic mice density was significantly decreased in the saline-treated hypoxic
(75.0£3.2%, P <0.01), which was decreased by bosentan mice (0.01740.001, P < 0.01), which was restored by bosentan
(59.5+£3.8%, P<0.05) (Fig. lc—e). Compared to saline- (0.02240.001, P <0.05) (Fig. 1f).
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Fig. 2. Bosentan increased BM-derived ECs but inhibited BM-derived macrophages in hypoxia-induced pulmonary vascular disease in mice. (a)
Representative confocal laser scanning imaging of CD3 1", eGFP* BM-derived ECs in saline-treated normoxic mice, saline-treated hypoxic mice,
and bosentan-treated hypoxic mice. Scale bar =25 im. Arrowheads indicate CD3 1" eGFP* BM-derived ECs. (b) Representative confocal laser
scanning imaging of MOMA2™, eGFP* BM-derived macrophages in saline-treated normoxic mice, saline-treated hypoxic mice, and bosentan-
treated hypoxic mice. Scale bar = 25 um. Arrowheads indicate MOMA2", eGFP* BM-derived macrophages. (c) BM-derived ECs were significantly
increased in saline-treated hypoxic mice compared to saline-treated normoxic mice, which was further increased by bosentan. n=3—4 in each
group; *P < 0.01, P < 0.05. (d) BM-derived macrophages were significantly increased in saline-treated hypoxic mice compared to saline-treated
normoxic mice, which was inhibited by bosentan. n=4-6 in each group; *P <0.01.

immunohistochemical study showed that CD31%, eGFP*
BM-derived ECs were located in pulmonary capillary ves-
sels. Compared to saline-treated normoxic mice (1.42+
The hematopoietic engraftment of transplanted BM-derived  0.13%), the percentage of CD31%, eGFP" cells among
cells was confirmed in peripheral blood, six to eight CD31% cells was increased in saline-treated hypoxic mice
weeks after the BMT (Fig. Sl1). The double-labeled (4.294+0.31%, P <0.01), which was further increased by

Bosentan modulated dynamics of BM-derived ECs and
macrophages in pulmonary vascular lesion
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bosentan (5.50 +0.31%, P <0.05) (Fig. 2a and c¢). Compared
to saline-treated normoxic mice (17.4 4 2.6%), the percentage
of MOMA2*, eGFP" BM-derived macrophages among
MOMA2" macrophages in the pulmonary adventitia was
increased in saline-treated hypoxic mice (38.4+5.5%,
P <0.01), which was decreased by bosentan (18.6+2.4%,
P <0.01) (Fig. 2b and d). However, a-SMA™, eGFP™ BM-
derived smooth muscle cells were not found in any sections in
the all four groups (Fig. S2). The endothelial phenotype of the
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BM-derived CD31+ cells was confirmed by eNOS expression
in an immunohistochemical study (Fig. S3).

Bosentan modulated gene expression in lung

Compared to saline-treated normoxic mice, mRNA expres-
sion levels of SDF1 were up-regulated in saline-treated hyp-
oxic mice, which was further upregulated by bosentan
significantly (P <0.05) (Fig. 3a). In contrast, upregulated
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Fig. 3. Bosentan modulated gene expression in lung. (a—c) In saline-treated hypoxic mice, gene expression of SDFI (a), IL6 (b), and MCPI (c),
determined by real-time PCR, were upregulated compared to saline-treated normoxic mice. On the other hand, in bosentan-treated hypoxic
mice, SDF| was upregulated while both IL6 and MCP| were downregulated compared to saline-treated hypoxic mice. n =46 in each group for
SDFI and n=5-6 in each group for IL6 and MCPI; *P < 0.01, P < 0.05. (d) Protein level of eNOS in the whole lung detected by western blotting
was significantly upregulated by hypoxia, which was further upregulated by bosentan. n=6 in each group; *P < 0.01, 1P < 0.05.

SDFI: stromal cell-derived factor-1; HPRT: hypoxanthine guanine phosphoribosyltransferase; IL6: interleukin 6; MCP1: monocyte chemoattract-

ant protein-|.
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mRNA Ievels of IL6 and MCP1 in saline-treated hypoxic
mice were decreased by bosentan (Fig 3. b and c). Increased
protein levels of eNOS in saline-treated hypoxic mice were
further upregulated by bosentan (P < 0.05) (Fig. 3d).

Discussion

The present study demonstrated that in ameliorating pul-
monary vascular disease, bosentan increased the recruitment
of BM-derived ECs and decreased that of macrophages in
the Iungs, which was associated with the upregulated expres-
sion of SDF1 and eNOS and downregulation of IL-6 and
MCPI. These findings suggest that altered BM-derived cell
kinetics may be a novel mechanism of action of a clinically
useful compound bosentan in vivo and confer a new under-
standing of the therapeutic basis for this disorder.
Although previous studies showed that bosentan inhib-
ited proliferation of pulmonary arterial smooth muscle cells
and improved tube formation capacity of pulmonary arter-
ial ECs in cell culture studies.”> >’ The information related
to the mechanisms by which bosentan inhibits pulmonary
vascular disease in vivo, specifically how bosentan modu-
lated BM-derived stem cells in ameliorating pulmonary vas-
cular disease, was limited.'"'*'* We newly demonstrated
in vivo that bosentan increased BM-derived ECs and
decreased BM-derived macrophages in lungs in ameliorating
pulmonary vascular disease in mice. Besides vasodilation
effect of bosentan, how bosentan’s effect of BM-derived
cell modulation involved in the improvement of pulmonary
vascular disease is unknown. Since exogenous administra-
tion of endothelial progenitor cells ameliorated monocrota-
line-induced PH in rats and BM-chimeric wild-type mice
with BMPR2-disrupted macrophages had aggravated pul-
monary vascular disease,”>?® it is possible that the impact
of bosentan in vivo may be mediated at least in part by

BM

modulating BM-derived ECs and/or macrophages, as well
as the direct effects on resident vascular smooth muscle cells,
ECs, and macrophages in lungs.?> 2"

Furthermore, in the present study, bosentan-induced
modulation of BM-derived vascular cells was associated
with the upregulated expression of SDF1 and eNOS and
downregulation of IL-6 and MCPI. The precise mechanism
how bosentan modulated the gene expression in vivo and the
specificity for endothelin receptors in the modulation of gene
expression remain to be determined. Previous report demon-
strated that selective ET4 receptor blocker partially reversed
Rho kinase-mediated vasoconstriction in blood perfused lungs
of a rat PH model.*® The activation of Rho kinase results in
upregulation of IL-6 and MCPI in vascular smooth muscle
cells.*"* On the other hand, endothelin downregulates eNOS
expression via ETy receptor in ECs.** In addition, bosentan is
reported to abrogate the inhibition of eNOS expression by
endothelin in ECs.>* Furthermore, the activation of eNOS/
Nitric oxide (NO) pathway results in upregulation of SDFI
in the ischemic brain model and myocardial ischemia/reperfu-
sion model.*~*® The expression of SDF1 has positive effects
on incorporation of the BM-derived ECs in peripheral wound
model,>” whereas IL-6 and MCP1 contribute to macrophage
accumulation of pulmonary vascular disease.”®*” Taken
together, it is possible that bosentan promoted BM-derived
cells by upregulation of SDF1, which resulted from the upre-
gulation of eNOS through blocking ETg receptor, and sup-
pressed macrophage accumulation to pulmonary vascular
lesion by downregulation of IL-6 and MCP1 through block-
ing ETA receptor in this model as summarized in a schematic
diagram (Fig. 4).

In conclusion, a clinically used endothelin receptor antag-
onist bosentan has a novel mechanism in vivo mediated by
BM-derived cell in inhibiting PH, which may confer a new
understanding of the therapeutic basis for this disorder.

Lung

BM-derived
Macrophages

BM-derived ECs »Vasculogenesis

T

le§1 SDF1 €—— eNOS
ETA ETs

T

| Bosentan |

Fig. 4. Summary of the present study. Proposed mechanisms of pharmacomodulation of BM-derived cells by bosentan are shown with the

present findings.

BM: bone marrow; EC: endothelial cell; MCPI: monocyte chemoattractant protein-1; IL6é: interleukin 6; SDFI: stromal cell-derived factor.
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