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Abstract

The Na*/Ca?* exchanger type-1 (NCX1) is a bidirectional transporter that is controlled by
membrane potential and transmembrane gradients of Na* and Ca?*. Vascular smooth muscle
NCX1 plays an important role in intracellular Ca?* homeostasis and Ca?* signaling. We found
that NCX1 was upregulated in the pulmonary arteries of mice exposed to chronic hypoxia
(10% O, for 4 weeks). Hence, we investigated the pathophysiological role of NCX1 in
hypoxia-induced pulmonary arterial hypertension (PAH), using NCX1-heterozygous
(NCX1*") mice, in which NCX1 expression is reduced by half, and SEA0400, a specific
NCX1 inhibitor. NCX1*" mice exhibited attenuation of hypoxia-induced PAH and right
ventricular (RV) hypertrophy compared with wild-type mice. Furthermore, continuous
administration of SEA0400 (0.5 mg/kg/day for 4 weeks) by osmotic pumps significantly
suppressed hypoxia-induced PAH and pulmonary vessel muscularization, with a slight
reduction in RV hypertrophy. These findings indicate that the upregulation of NCX1
contributes to the development of hypoxia-induced PAH, suggesting that NCX1 inhibition

might be a novel approach for the treatment of PAH.
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1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive and intractable disease
characterized by increased pulmonary arterial tone and vascular remodeling, eventually
resulting in right heart failure [1,2]. Histologically, patients with severe PAH exhibit small
pulmonary arterial wall thickening, occlusive neointima, and formation of plexiform lesions
originating from remodeled pulmonary arteries [3]. Such pulmonary arteriopathy can be
triggered by a wide spectrum of genetic and environmental stimuli, including chronic hypoxia
and inflammation [4,5]. Chronic hypoxia-induced PAH is clinically caused by chronic
obstructive pulmonary disease (COPD) and obstructive sleep apnea. Actually, in experimental
animals, prolonged exposure to hypoxia generates the most commonly used PAH models [5,6].
Currently, several vasodilating drugs are used for preventing the progression of PAH, but their
therapeutic effects are still insufficient [1]. Therefore, there is an urgent need for finding novel
therapeutic targets of PAH.

Increased intracellular Ca?* concentration in pulmonary arteries is a critical trigger for
pulmonary arterial hypercontraction and vascular remodeling [7], leading to the initiation and
progression of PAH. Previous studies have shown that chronic hypoxia causes abnormally
enhanced Ca?" signaling in pulmonary arteries, although the underlying molecular
mechanisms are still controversial [5,7].

The Na*/Ca?* exchanger type-1 (NCX1) is a bidirectional Ca?" transporter controlled by
membrane potential and transmembrane gradients of Na* and Ca?*, which plays an important

role in intracellular Ca** homeostasis and Ca?* signaling [8,9]. NCX1 is ubiquitously



expressed in several tissues, and is especially abundant in heart and blood vessels. Previous
studies utilizing genetically altered mice and selective inhibitors for NCX1 revealed that
NCX1 is pathophysiologically involved in the development of ischemic diseases of various
organs [10-12] and salt-sensitive hypertension [13]. In this study, we found that NCX1 is
excessively expressed in the pulmonary arteries of hypoxia-induced PAH model mice.
However, the role of NCX1 in the pathogenesis of hypoxia-induced PAH is clearly unknown.
Our studies with NCX1-heterozygous mice and specific NCX1 inhibitor provide compelling

evidence that upregulation of NCX1 contributes to the development of hypoxia-induced PAH.

2. Materials and methods
2.1. Animals

NCX1-heterozygous (NCX1*") mice were generated as reported previously [14,15].
C57BL/6J mice were purchased from Japan SLC (Japan). All mice used were males and they
were housed under diurnal lighting conditions (light period 8:00 a.m. to 8:00 p.m.) and
allowed access to normal raw chow and plain drinking water ad libitum. The experimental
designs and all procedures were conducted in accordance with the Animal Care Guidelines of

the Animal Experimental Committees of Fukuoka University.

2.2. Drugs
SEA0400 (2-[4-[(2,5-difluorophenyl)methoxy]phenoxy]-5-ethoxyaniline) were

synthesized by procedures described previously [15], and were finally identified with *H NMR



spectra and Mass spectra. Other chemical agents were of the highest grade available from

Sigma-Aldrich (USA) or Fujifilm Wako Chemicals (Japan).

2.3. Hypoxia-induced PAH model experiments

Eight- to 10-week-old mice were placed in an acrylic chamber exposed to normobaric
hypoxia (10% Oz) or normoxia (21% O.) for 4 weeks. Hypoxic gas (10% O.) was generated
by absorption-type oxygen concentrator to utilized exhaust air (Teijin, Japan) and continuously
monitored by a digital oxygen monitor (Ichinen Jikco, Japan).

To measure right ventricular hemodynamics, mice were anesthetized intraperitoneally with
mixture of medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg).
Right ventricular systolic pressure (RVSP) was measured by a 1.4F mouse pressure catheter
(Millar, USA) advanced into the right ventricle (RV) through the right jugular vein, and
recorded using a LabChart 8 software (AD Instruments, USA). To evaluate the extent of RV
hypertrophy, hearts were then isolated after exsanguination. The RV was dissected from the

left ventricle and septum (LV+S), and the weight ratio of RV/(LV+S) was determined.

2.4. Immunohistochemistry

Lungs were perfused with phosphate-buffered saline, followed by fixation in 4%
paraformaldehyde. Fixed left lungs were embedded in paraffin and subsequently sectioned at a
thickness of 5 um. For immunohistochemical staining, de-paraffinization and antigen retrieval

were performed using Histofine regents (Nichirei Bio, Japan) under the manufacturer’s



protocol. The sections were blocked with 3% bovine serum albumin (Sigma-Aldrich, USA) for
1 hr and incubated with the primary polyclonal anti-NCX1 antibody (1:100) [16], monoclonal
anti-a-smooth muscle actin (aSMA) antibody (1:100) (Dako, Denmark), or polyclonal
anti-von Willebrand factor (VWF) antibody (1:50) (Proteintech, USA) for 30 min and then
with the secondary antibody conjugated with Alexa Fluor 405, 488, or 594 (1:200) (Thermo
Fisher Scientific, USA). Fluorescent signals were detected using a confocal laser scanning

microscope FV1000 (Olympus, Japan).

2.5. Quantification of pulmonary vascular remodeling

Pulmonary vascular remodeling was evaluated as previously reported in a modified
protocol [17]. Briefly, lung sections were immunohistochemically stained with anti-vWF and
anti-aSMA antibodies. The entire slide was imaged and stitched with a Keyence BZ-9000
fluorescence microscope (Keyence, Japan).

In a blinded fashion, all vVWF-positive vessels (external diameters smaller than 100 um)
on the entire slide were categorized as non-muscularized vessels (<25% aSMA staining of the
medial wall area), partially muscularized vessels (25%-75% oSMA staining), and fully
muscularized vessels (>75% o SMA staining) (see Fig.3D upper). All microscopic images of
pulmonary vessels were quantified using the ImageJ software (NIH, USA) [18]. Fifty vessels
per slide were randomly selected and analyzed. Muscularization of vessels was expressed as a

percentage of each category of vessels to the total number of VWF-positive vessels.



2.6. Real-time PCR Analysis
Total RNA was isolated from pulmonary arteries using on RNeasy Mini kit (Qiagen,
USA), and it was reverse-transcribed with a QuantiTect Reverse Transcription kit (Qiagen).
Quantitative real-time PCR was performed using a QuantiTect SYBR Green PCR Kkit, and
analyzed on StepOne Real-Time PCR System (Thermo Fisher Scientific, USA) according to
manufacturer’s protocol. Primers targeting the genes of interest and the housekeeping gene,

namely B-actin, as an endogenous control, were used (see Supplemental Table 1).

2.7. Statistical analysis

Data are presented as the means = S.E.M. Statistical comparisons were made using a one- or
two-way ANOVA followed by a Student’s t-test or Tukey’s test. P < 0.05 was considered
statistically significant. All analyses were performed using the StatFlex software (Artek,

Japan).

3. Results

3.1. Upregulation of NCX1 in pulmonary arteries of mice exposed to chronic hypoxia
Prolonged exposure to normobaric hypoxia in experimental animals generates the most

commonly used PAH models [5,6]. We initially examined the expression and localization of

NCX1 in lung tissues of C57BL/6J mice after exposure to chronic hypoxia (10% O for 4

weeks) by immunostaining. As shown in Fig. 1A, immunofluorescence staining of NCX1 was

observed in the distal pulmonary arteries of mice. Interestingly, the immunofluorescence



intensities of NCX1 were strongly localized in the distal pulmonary arteries of hypoxic mice
compared with those of normoxic mice. Consistently, hypoxic exposure significantly increased
MRNA levels of NCX1, as well as vascular remodeling factors (HIF-1a, TGF-B1, and Basigin),
in pulmonary arteries of C57BL/6J mice (Fig. 1B). This finding raises the possibility that

upregulation of NCX1 contributes to the pathogenesis of hypoxia-induced PAH.

3.2. Attenuation of hypoxia-induced PAH in NCX1*"- mice

We used NCX1*" mice, as animal models expressing half of NCX1, to examine the
pathophysiological role of NCX1 in hypoxia-induced PAH. NCX1*" mice were apparently
normal in physiological parameters, such as systolic blood pressure, heart rate, and creatinine
clearance, and organ morphology, as previously reported [10,13,15]. We confirmed that the
expression of NCX1 mRNA in pulmonary arteries of NCX1*" mice was approximately half of
that in wild-type (WT) mice (Fig. 2A). Immunofluorescence staining also showed weak
expression of NCX1 in the distal pulmonary arteries of NCX1*" mice compared with those of
WT mice (Fig. 2B). We compared RVSP and the weight ratio of RV/(LV+S), as an index of
RV hypertrophy, between WT and NCX1* mice exposed to normoxia or chronic hypoxia
(10% O, for 4 weeks). Under normoxic conditions, no significant differences were observed in
RVSP and RV/(LV+S) weight ratio between WT and NCX1*" mice (Fig. 2C and D). In WT
mice, prolonged exposure to hypoxia induced significant elevations in RVSP and RV/(LV+S)
weight ratio (P < 0.01). In contrast, in NCX1*" mice, hypoxia-induced elevation of RVSP was

partially observed, but it was significantly attenuated compared to WT mice (P < 0.05; Fig.



2C). Notably, NCX1*" mice exposed to hypoxia did not exhibit significant increase in
RV/(LV+S) weight ratio (P > 0.05; Fig. 2D). These results suggest that NCX1 plays a crucial

role in the development of hypoxia-induced PAH.

3.3. NCX1 inhibitor attenuates hypoxia-induced PAH in mice

Specific NCX1 inhibitor is an effective tool for analyzing the pathophysiological roles of
NCX1, and might be useful therapeutically [12]. SEA0400 is a potent and specific inhibitor of
NCX1 [19]. Continuous administration of SEA0400 (0.5 mg/kg/day for 4 weeks) by osmotic
pumps significantly suppressed hypoxia-induced elevation of RVSP (P < 0.01) in C57BL/6J
mice in comparison to that in mice treated with vehicle (Fig. 3A), whereas it slightly, but not
significantly, reduced hypoxia-induced elevation of RV/(LV+S) weight ratio (Fig. 3B).
Moreover, we assessed the vascular density and muscularization in small pulmonary arteries of
hypoxic mice treated with or without SEA0400. Interestingly, SEA0400 significantly
increased non-muscularized vessels and conversely decreased partially muscularized vessels
without virtually affecting fully muscularized vessels and total vessel density (Fig. 3C and D).

These data suggest that NCX1 inhibitor effectively attenuates hypoxia-induced PAH in mice.

Discussion
PAH is a progressive and intractable disease characterized by pulmonary arterial
constriction and vascular remodeling [1,2]. Prolonged exposure to hypoxia in experimental

animals is commonly used as a PAH model [5,6]. Previous studies have shown that hypoxic



exposure causes abnormally enhanced Ca?* signaling in pulmonary artery smooth muscle cells
(PASMCs), which is a major trigger for pulmonary arterial constriction and vascular
remodeling [5,7], but its molecular mechanisms remain clearly unknown. Intriguingly, in
PASMCs from idiopathic pulmonary arterial hypertension (IPAH) patients, NCX1 is
overexpressed compared with PASMCs from normal subjects [20]. Nevertheless, the
pathophysiological role of NCX1 in PAH animal models has not been critically investigated
by genetic knockout and pharmacological studies. The major findings of the present study are;
(i) NCX1 was upregulated in pulmonary arteries of mice exposed to chronic hypoxia (Fig. 1);
(ii) in NCX1*" mice, hypoxia-induced PAH and RV hypertrophy were attenuated compared to
WT mice (Fig. 2); (iii) specific NCX1 inhibitor SEA0400 effectively suppressed
hypoxia-induced PAH and vascular remodeling in mice (Fig. 3). Our findings provide strong
evidence that the upregulation of NCX1 in pulmonary arteries contributes to the development
of hypoxia-induced PAH.

NCX1 is a bidirectional Ca®" transporter controlled by membrane potential and
transmembrane gradients of Na* and Ca?*, which plays an important role in intracellular Ca*
homeostasis and Ca®" signaling [8,9]. Previous our studies suggest that vascular smooth
muscle NCX1 normally operates in the Ca?* influx mode to control vascular tone and
agonist-induced vasoconstriction in small resistance arteries [13,21]. Other reports indicate
that NCX1 physically or functionally interacts with TRPC3 or TRPCG6, a non-selective cation
channel, suggesting that TRPC-mediated Na* entry may trigger the Ca?* influx mode of NCX1
[22,23]. Interestingly, in PASMCs (or pulmonary arteries) from IPAH patients or
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hypoxia-induced PAH mice, TRPC3 and TRPC6 [24,25], as well as NCX1 [20] (Fig. 1), are
upregulated. Actually, both TRPC6 and NCX1 are reported to be target genes for HIF-1a
[26,27], a nuclear factor required for transcription activation in response to hypoxia. In
addition, genetic knockout mice of TRPC6 and NCX1 similarly exhibit attenuation of
hypoxia-induced PAH and pulmonary vascular remodeling in rodent models [25,26] (Fig. 2).
Taken together, these findings suggest that enhanced Ca?* entry via NCX1 may contribute to
pulmonary arterial constriction and vascular remodeling, leading to PAH, although further
studies are necessary to elucidate the precise mechanisms.

Specific NCX1 inhibitor is an effective tool for analyzing the pathophysiological roles of
NCX1, and might be useful therapeutically [12]. SEA0400 is a potent and specific NCX1
inhibitor; it only slightly inhibits NCX2 and has no effect on NCX3 [19]. Intriguingly,
SEA0400 much more effectively blocks the Ca?* influx mode than the Ca®* efflux mode of
NCX1 [19]. Therefore, SEA0400 preferentially protects pathologic Ca* overload via the Ca?*
influx mode of NCX1, despite having minimal effects on normal Ca?* metabolism via the Ca?*
efflux mode of NCX1 [12]. Consistent with these properties, SEA0400 may effectively block
enhanced Ca?* entry via NCX1 in pulmonary arteries, resulting in attenuation of
hypoxia-induced PAH and vascular remodeling in mice (Fig. 3).

In summary, this comprehensive study using NCX21-knockout mice and specific NCX1
inhibitor reveals that the upregulation of NCX1 contributes to the pathogenesis of
hypoxia-induced PAH, suggesting that NCXZ1 inhibition by specific inhibitors or
oligonucleotide therapeutics might be a novel approach for the treatment of PAH.
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Figure Legends

Fig.1 Enhanced expression of NCX1 in pulmonary arteries of mice exposed to hypoxia. (A)
Triple immunostaining of NCX1 (green), VWF (red), and aSMA (blue) in lung sections from
C57BL/6J mice exposed to normoxia (Nor) or hypoxia (Hyp) for 4 weeks. (B) mRNA
expression levels of NCX1 and vascular remodeling factors (HIF-1a, TGF-B1, and Basigin
(Bsg)) in pulmonary arteries from mice under normoxic or hypoxic condition for 4 weeks.
Quantitative real-time PCR was performed as described under Section 2. Data are presented as

means + S.E.M. (n=3). *P < 0.05, **P < 0.01.

Fig.2 Attenuation of hypoxia-induced PAH in NCX1*" mice. (A) Expression levels of NCX1
mRNA in pulmonary arteries from wild-type (WT) and NCX1*" mice. (B) Double
immunostaining of NCX1 (green) and aSMA (red) in lung sections from WT and NCX1*"
mice. (C) Representative traces (left) and summarized data (right) of right ventricular systolic
pressure (RVSP) in WT and NCX1*" mice exposed to normoxia (Nor) or hypoxia (Hypo). (D)
Ratio of right ventricle weight to left ventricle and septum weights (RV/(LV+S)) in each group.

Data are presented as means + S.E.M. (n=5-7). *P < 0.05, **P < 0.01.
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Fig.3 NCX1 inhibitor attenuates hypoxia-induced PAH in C57BL/6J mice. (A) RVSP and (B)
RV/(LV+S) weight ratio in C57BL/6J mice treated subcutaneously with SEA0400 (0.5
mg/kg/day for 4 weeks) or vehicle (50% DMSO) by Alzet osmotic pumps under hypoxic
condition. (C) Total vessel densities of small pulmonary arteries (<100 um) in lung sections
from hypoxic mice treated with or without SEA0400. (D) Proportion of non-muscularized
vessels (non; <25%), partially muscularized vessels (partial, 25%-75%), and fully
muscularized vessels (full; >75%), as shown in examples of double staining images (upper) of
small pulmonary arteries with anti-aSMA and anti-vWF antibodies. Data are presented as

means + S.E.M. (n=5). **P < 0.01.
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Fig. 2 Nagata et al.
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Fig. 3 Nagata et al.
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Supplemental Table 1. Primer sequences for quantitative real-time PCR

Forward primers Reverse primers
NCX1 5'-TGAGAGGGACCAAGATGATG-3 5-AATGCTCGGCTTTTCTGCTG-3
HIE-1a 5-TGTTTGCTGAAGACACAGAG-3’ 5'-GATCAAAGGAACGTAACTGG-3
TGF-B1 5-TTGACTTTAGGAAGGACCTG-3 5-AGGACCTTGCTGTACTGTGT-3
Bsg 5'-AATCAGAGCATTCCAGTGAG-3 5-CTATTGGTGATTGCCTCTTC-3’
Actb 5'-GGCTACAGCTTCACCACCAC-3 5-GAGTACTTGCGCTCAGGAGG-3’

NCX1; Na*/Ca?* exchanger type-1, HIF-1a; hypoxia-inducible factor-1a, TGF-B1; transforming growth
factor-p1, Bsg; basigin, Actb, B-actin.
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