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Abstract

Activated factor X (FXa) induces inflammatory response and cell proliferation in various cell types via activation of proteinase-
activated receptor-1 (PAR;) and/or PAR,. We thus aimed to investigate the impact of FXa on the development of pulmonary arte-
rial hypertension (PAH) and the mechanisms involved. The effects of edoxaban, a selective FXa inhibitor, on hemodynamic, right
ventricular (RV) hypertrophy, and vascular remodeling were evaluated in a monocrotaline (MCT)-exposed pulmonary hyperten-
sion (PH) rat model. At 21 days after a single subcutaneous injection of MCT of 60 mg/kg, right ventricular systolic pressure
(RVSP) and total pulmonary vascular resistance index (TPRI) were elevated concomitant with the increased plasma FXa and lung
interleukin-6 (/L-6) mMRNA. Daily administration of edoxaban (10 mg/kg/day, by gavage) starting from the day of MCT injection for
21 days ameliorated RVSP, TPRI, RV hypertrophy, pulmonary vascular remodeling, and macrophage accumulation. Edoxaban
reduced nuclear factor-kappa B (NF-kB) activity and /L-6 mRNA level in the lungs of MCT-exposed rats. mRNA levels of FXa,
PAR; and PAR in cultured pulmonary arterial smooth muscle cells (PASMCs) isolated from patients with PAH were higher than
those seen in normal PASMCs. FXa stimulation increased cell proliferation and mRNA level of IL-6 in normal PASMCs, both of
which were blunted by edoxaban and PAR; antagonist. Moreover, FXa stimulation activated extracellularly regulated kinases
1/2 in a PAR-dependent manner. Inhibition of FXa ameliorates NF-kB-IL-6-mediated perivascular inflammation, pulmonary vascu-
lar remodeling, and the development of PH in MCT-exposed rats, suggesting that FXa may be a potential target for the treat-
ment of PAH.

NEW & NOTEWORTHY This study demonstrated that chronic treatment with activated factor X (FXa) inhibitor ameliorated NF-
kB-IL-6-mediated perivascular inflammation in a rat model with pulmonary arterial hypertension, which is associated with ele-
vated FXa activity. FXa may act on pulmonary arterial smooth muscle cells, inducing cell proliferation and inflammatory response
via upregulated PAR;, thereby contributing to pulmonary vascular remodeling. Understanding the patient-specific pathophysiol-
ogy is a prerequisite for applying FXa-targeted therapy to the treatment of pulmonary arterial hypertension.

factor Xa; IL-6; proteinase-activated receptor; pulmonary arterial hypertension; pulmonary hypertension

INTRODUCTION

Pulmonary arterial hypertension (PAH) is characterized
by progressive increases in pulmonary vascular resistance
(PVR) and pulmonary arterial pressure (PAP), leading to
right ventricular (RV) failure (1). Pulmonary vasodilators,
including prostacyclin and its analogues, soluble guanylate
cyclase stimulator, phosphodiesterase type 5 inhibitors, and
endothelin receptor antagonists, have successfully delayed
clinical deterioration of PAH and improved survival (2).
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However, the prognosis of advanced cases remains poor.
Therefore, a better understanding of the pathogenesis of
PAH and the development of novel therapeutic strategies is
needed.

The pathology of PAH involves multiple factors such as
enhanced vasoconstriction, vascular remodeling, and in situ
thrombosis of small pulmonary arteries and arterioles, all of
which act interactively, contributing to increase PVR and
PAP (3). In particular, thrombotic lesions and thrombotic
arteriopathy are common pathological findings in PAH (4).

L))

Check for
updates

L183

Published by the American Physiological Society.
Downloaded from journals.physiology.org/journal/ajplung at Okayama Univ (150.046.205.021) on August 26, 2025.


https://orcid.org/0000-0001-5089-4047
https://orcid.org/0000-0001-6320-739X
https://orcid.org/0000-0003-1517-3660
https://orcid.org/0000-0001-9607-0852
https://orcid.org/0000-0002-3084-1711
https://orcid.org/0000-0001-8845-3626
https://orcid.org/0000-0003-0164-1283
mailto:yoshida.keimei.713@m.kyushu-u.ac.jp
mailto:abe.kotaro.232@m.kyushu-u.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1152/ajplung.00303.2024&domain=pdf&date_stamp=2025-6-14
http://www.ajplung.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1152/ajplung.00303.2024

() FXa INHIBITION AMELIORATES PULMONARY HYPERTENSION

Vascular lesions exhibit increased expression of tissue fac-
tor (5). Tissue factor forms a complex with circulating fac-
tor VIIa (FVIIa), and the tissue factor/FVIIa complex
subsequently converts factor X (FX) to activated factor X
(FXa), which then catalyzes the generation of thrombin.
Association of high blood coagulability and PAH has been
proposed in several studies (6-8), one of which showing
increased plasma level of endogenous thrombin potential
in patients with PAH (9). Although increased coagulability
contributes to formation of in situ thrombosis, it could
also contribute to vascular remodeling since FXa, throm-
bin and other coagulation factors with proteinase activity
are known to activate proteinase-activated receptor-1
(PAR;) and/or PAR, which exert coagulation-independent
effects including perivascular inflammation and cell pro-
liferation in various cell types (10, 11). We and other groups
have demonstrated that PAR; and PAR, antagonists
attenuate pulmonary vascular remodeling and improve
experimental pulmonary hypertension (PH) (12, 13). Thus,
the coagulation-independent effects of coagulation factors
may play an important role in the development and pro-
gression of PAH. However, the upstream factors that acti-
vate PAR; or PAR, in PAH remain unknown. Moreover, the
effect of edoxaban, known as a direct FXa inhibitor, in
PAH pulmonary vasculature and interaction with PAR,/
PAR, remains unveiled.

In the present study, we hypothesized that FXa may exac-
erbate perivascular inflammation and cell proliferation,
leading to pulmonary vascular remodeling and the develop-
ment of PAH. To test our hypothesis, we evaluated the
plasma levels of FXa in monocrotaline (MCT)-exposed exper-
imental PH model rats. We then examined whether chronic
inhibition of FXa attenuates the pathology of experimental
PH with respect to hemodynamic, inflammatory response,
and vascular remodeling in the PH rat model. We used edox-
aban, which binds directly to FXa and inhibits its activity,
for chronic inhibition of FXa. We also used cultured human
pulmonary arterial smooth muscle cells (PASMCs) to test
whether FXa stimulation induces an inflammatory response
and cell proliferation, and whether PAR; or PAR, is involved
in these pathways.

MATERIALS AND METHODS

Animal Experiments

All animal procedures were performed in compliance with
the principles of the NIH Guide for the Care and Use of
Laboratory Animals as well as Kyushu University Animal
Experiment Regulations (129th Edition, 2021). All experi-
mental protocol was approved (Approval No.: A20-219-0) by
the Institutional Animal Care and Use Committee of Kyushu
University, Japan.

Drugs

Monocrotaline (MCT; Sigma-Aldrich, Saint Louis, MO)
was dissolved in 1 N HCI, neutralized with 1 N NaOH, and
diluted with distilled water to 20 mg/mL. SU5614 (Tocris,
Bristol) was dissolved in carboxymethyl cellulose solution
to 4 mg/mL. Edoxaban provided by Daiichi Sankyo Co.
Ltd. (Tokyo, Japan) was dissolved in 0.5% methylcellulose
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at 1 mg/mL for in vivo studies and in dimethyl sulfoxide
(DMSO) at 10 mM for in vitro studies. Human FXa pur-
chased from Hematologic Technologies (Cat. No. HCXA-
0060, New York), a PAR; antagonist (E5555, Cat. No. 2030,
Adipo-Gen, San Diego), and a PAR, antagonist (FSLLRY-
NH,, Cat. No. 4751, Bio-Techne, Minneapolis) were dis-
solved in DMSO at 50 nM, 1 uM, and 50 pM, respectively.
Edoxaban, FXa, E5555, and FSLLRY-NH, were further
diluted in Dulbecco modified Eagle’s medium (DMEM;
Cat. No. 05915, Nissui, Japan) for in vitro studies.

Experimental Protocols for Monocrotaline-Exposed Rat
Model

Adult male Sprague-Dawley 5-6 wk old rats weighing
200-250 g (Japan SLC, Hamamatsu, Japan) were allocated to
the following four groups; 1) age-matched normal rats (nor-
mal), 2) MCT alone, 3) MCT with low dose of edoxaban
(3 mg/kg/day), and 4) MCT with high dose of edoxaban
(10 mg/kg/day). Normal rats were given a subcutaneous
injection of phosphate-buffered saline (PBS). Rats in the
MCT group were given a single subcutaneous injection of
MCT at 60 mg/kg (14). Edoxaban was administered daily by
gavage from the day of MCT injection (day 0) to day 21.
Normal rats were administered a solvent solution (0.5%
methylcellulose) without edoxaban daily by gavage. In addi-
tion, we have performed a reversal protocol of high-dose
edoxaban (10 mg/kg/day) from day 14 after MCT injection to
day 24. We used male rats because a previous report showed
a more aggressive course of MCT-exposed PH in males com-
pared with females (15). A total of 72 rats were used for hemo-
dynamic, histology, and immunohistochemistry studies, 28
rats for reverse transcription-polymerase chain reaction (RT-
PCR) and Western blot analyses, and 22 rats for FXa activity
test.

FXa Activity Assay

Plasma FXa activity was measured using substrate S-2765
(Cat. No. 214608, Chromogenix, Milano, Italy), as described
previously (16, 17). Briefly, 100 uL of rat plasma was mixed
with 100 uL of 1.25 mg/mL S-2765 at 37°C. Absorbance at 405
nm was read on a spectrophotometer every 5 min up to
30 min. The activity of FXa was derived by comparing the
initial rate (AA/min) against the FXa standard curve.

Hemodynamic Evaluation in Rats

Hemodynamic parameters were evaluated as described
previously (18, 19). Briefly, a rat was anesthetized with iso-
flurane (initiated at 3%, maintained at 1.5% in room air). An
18-gauge BD Angiocath catheter (Becton Dickinson) with the
tip at a 30° angle, which was connected to a fluid filled trans-
ducer (DX-360, Nihon Kohden, Japan), was inserted into the
right jugular vein and advanced into the right ventricle (RV)
for measurement of RV systolic pressure (RVSP) (20). A
microtip P-V catheter (FTH-1912B8018, Transonic Inc.,
Ithaca, NY) was inserted into the right carotid artery and
then advanced into the left ventricle (LV). The RVSP, left
ventricle systolic pressure (LVSP), heart rate (HR), and car-
diac output (CO) were continuously recorded using ML880/9
Power Lab 16/30 (AD Instruments, Dunedin, New Zealand),
an advantage P-V control unit (v 5.0) (FY097B, Transonic

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00303.2024 - www.ajplung.org

Downloaded from journals.physiology.org/journal/ajplung at Okayama Univ (150.046.205.021) on August 26, 2025.


http://www.ajplung.org

() FXa INHIBITION AMELIORATES PULMONARY HYPERTENSION

Inc.) and a dedicated laboratory computer system. Cardiac
index (CI) was calculated by dividing CO by the body
weight. The ratio of RVSP to CI (RVSP/CI) yielded a surro-
gate marker of total pulmonary vascular resistance index
(TPRI). After catheterization, the rat was euthanized by
exsanguination under an overdose of isoflurane (2%—-5%
in room air) and intraperitoneal injection of a lethal dose
of pentobarbital sodium. The heart was removed for
assessment of RV hypertrophy (RVH), and the lungs were
collected for histological evaluation, immunoblot analy-
sis, and RT-PCR. The tissues for control and treatment
groups were collected at the same time under the same
conditions. RVH was evaluated using a ratio of the RV
weight to the weight of the left ventricle plus septum [RV/
(LV + 9)I.

Histopathological Analysis

The left lobe of each lung was isolated and inflated
with PBS containing 1% formalin and 0.5% agarose via
the trachea at a constant pressure of 20 cmH,0, and was
then fixed in 10% formalin neutral buffer solution over-
night. After embedding in paraffin, 5-um-thick slices
obtained at the level of the hilum were subjected to
Elastin van Gieson (EVG) staining and immunohisto-
chemical staining (18).

Medial wall thickness.

Small pulmonary arteries with outer diameters from 50 to
100 um were analyzed (21, 22). The medial wall thickness
(MWT) index was obtained using the following formula:
MWT = (outer diameter — inner diameter)/outer diameter.
Outer and inner diameters are based on the circumferences
of the outer and inner elastic laminae, respectively. At least
10 arteries were analyzed, and the mean MWT was obtained
for each animal. The analysis was performed in a blinded
mannetr.

Muscularization of small pulmonary arteries.

Pulmonary arteries with outer diameters of 50 um or less
were analyzed (13). Nonmuscularized (NM), partially muscu-
larized (PM), and fully muscularized (FM) arterioles were
defined as positive staining of a-smooth muscle actin in
< 25%, 25%-75%, and > 75%, respectively, of the circumfer-
ence of the arteriole. At least 70 arterioles were evaluated for
each specimen in a blinded manner.

Table 1. Primer sequences for cDNA

Immunohistochemical Analysis

Immunohistochemical staining was performed using the
Vectastain Universal Quick Kit (Vector Laboratories, Newark,
CA), as described previously (23). The sections were incu-
bated with primary antibody reactive to a-smooth muscle
actin (SMA; 1:500 dilution, Cat. No. M085101, Agilent DAKO,
Santa Clara, CA), Ki67 (1:400 dilution, Cat. No. RM-9106,
Thermo Scientific K.K., Tokyo, Japan), CD68 (1:100 dilution,
Cat. No. ab31630, Abcam, Cambridge, UK), and nuclear fac-
tor kappa B (NF-xB; 1:200 dilution, Cat. No. MAB3026, Merck
KGaA, Darmstadt, Germany) at 4°C overnight. Sections were
then incubated with biotinylated secondary antibody, fol-
lowed by incubation with horseradish peroxidase-labeled
streptavidin. The immune complex was visualized using
3,3’-diaminobenzidine.

Cell proliferation in media of pulmonary arteries.
Proliferative cells were detected by immunostaining with
anti-Ki67 antibody (18). The number of Ki67-positive cells in
the media of pulmonary arteries in 15 random fields was
counted at a magnification of x400.

Macrophage accumulation.

Macrophages were detected by immunostaining with anti-
CD68 antibody (24). The number of CD68-positive macro-
phages in 15 random fields was counted at a magnification of
x400.

NF-xB activity.

The active form of NF-xB was detected using the anti-p65
monoclonal antibody that recognizes an epitope on the p65
subunit of NF-xB, which is exposed for antibody detection
after dissociation by inhibitor of B (I-xB), i.e., activation of
NF-«B (24). An uninformed observer counted the number of
NF-«B-positive cells in 20 random fields at a magnification
of x400 (25). NF-«B positive cells were counted in CD68-pos-
itive macrophages (extravascular), and endothelial cells and
PASMCs (intravascular).

Reverse Transcription-Polymerase Chain Reaction
Analysis

Total RNAs were extracted from whole lung and PASMCs
using the RNeasy mini kit (Cat. No. 74106, QIAGEN, Hilden,
Germany), and mRNA expression level was determined by

Forward (5'—3’)

Reverse (5'—3’)

Human primer

IL-6 GGT ACATCC TCGACGGCATCT

MCP-1 ATA GCA GCC ACC TTC ATT CC

PAI-1 TGA GAT CAG CACAGA C

FX GCC CAC TGT CTC TAC CAAGC

PAR, CCG CCT GCT TCAGTCTGT G

PAR, CTT CCA GGA YGCGGA G

18s AAG TTT CAG CAC ATC CTG CGA GTA
Rat primer

IL-6 ATT GTA TGA ACA GCG ATG CAC

MCP-1 CTC TTC CTC CAC TAT GC

PAI-1 CTT TAT CCT GGG TCT CCT G

GTG CCT CTT TGC TTT CAC

ATC CTGAACCCACTT CTGCT

ATT GAT GAA TCT GGC TCT C

CTT GAT GAC CAC CTC CACCT

GGT TCC TGA GAAATGACCG

TGG GAT GTG CCA TCAACCTTA
TTG GTG AGG TCA ATG TCT GCT TTC

CCA GGT AGAAACGGAACT CCAGA
CTC TGT CAT ACT GGT CAC TTC
TGA TGC CTC CCT GAC ATA CA
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RT-PCR (24). The ReverTra Ace gPCR kit (No. FSQ-101,
TOYOBO, Tokyo, Japan) and SYBR Premix Ex TaqlI (Cat. No.
RR820, TaKaRa, Tokyo, Japan) were used for reverse tran-
scription and amplification, respectively. PCR primers and
probes were purchased from TaKaRa. A 10-uL. RT reaction
mixture containing 200 ng of total RNA, oligo dT primer,
random primer, and Moloney murine leukaemia virus
reverse transcriptase was subjected to transverse transcrip-
tion. An aliquot of RT product was diluted with water, and 25
ng of the cDNA was subjected to real-time PCR analysis
using the 7500 Real-Time PCR System (Applied Biosystems).
The thermal cycle consisted of an initial denaturation at
95°C for 30 s, followed by 40 cycles of denaturation at 95°C
for 5 s and annealing at 60°C for 34 s. The melt curve of the
PCR product was analyzed at the end of the real-time PCR
analysis, and a single peak was detected in the melt curve.
Agarose gel electrophoresis confirmed that each PCR prod-
uct showed a single band with the expected molecular size.
We used the AACt method to analyze the fluorescence data
using 18S rRNA as an internal control. Table 1 shows the
primer sets used in the present study.

Western Blotting

PASMCs are washed with 0.1 mM ethylenediamine tetra-
acetic acid (EDTA)/phosphate buffered saline (PBS) and
then collected by adding radio-immunoprecipitation assay
(RIPA), pH 7.5, containing 50 mM Tris-HCI, 150 mM Nacl,
1% (vol/vol) Nonidet P-40, 1% Na-deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 1 mM dithiothreitol, 0.5 mM NazVOy,,
10 pg/mL leupeptin, 10 ug/mL aprotinin, 5 pM microcystin-
LR, 10 uM calpain inhibitor, and 10 uM 4-aminidophenylme-
thane sulfonyl fluoride. The collected PASMC were frozen at
—80°C and subsequently homogenized. The protein concen-
tration of the lysate was determined using a Coomassie pro-
tein assay kit (Cat. No. 23225, Pierce, Rockford, IL) with
bovine serum albumin as a standard. Equal amounts of total
proteins (10 pg) were separated on 10% (wt/vol) polyacryl-
amide gels by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluo-
ride membrane (0.2 pm pore size; Bio-Rad, Hercules, CA)
(26). The membranes were blocked with 5% (wt/vol) skim
milk in 20 mM Tris-HCI, pH 7.5, containing 150 mM NaCl
and 0.05% (vol/vol) Tween 20 (Tween 20-containing Tris-
buffered saline) for 1 h at room temperature. The mem-
branes were then incubated overnight at 4°C with primary

Table 2. Clinical data pf patients

Patient Age (Years Old) Sex Diagnosis Gene Mutation Passage
Normal
1 67 male Lung cancer 6
2 58 male Lung cancer 7
3 54 male  Lung cancer 5
PAH
1 1 female HPAH BMPR2:p, 6
Arg 491
2 10 male IPAH 3
3 1 male IPAH 9
4 1 male IPAH 5

HPAH, heritable pulmonary arterial hypertension; IPAH, idio-
pathic pulmonary arterial hypertension.
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Table 3. Primer sequences for siRNA

Forward (5'—3’) Reverse (5’ —3’)

PAR-1 GAG TTG GGA TTG GAC AGT AG GCT AGG ATT ACA GGC ATG AG

antibodies against p44/42 extracellularly regulated kinases
(ERK) (a marker of ERK1/2; 1:3,000 dilution, Cat. No. 4695,
Abcam), phosphorylated p44/42 ERK (1:3,000 dilution, Cat.
No. 4370, Abcam), p65 (1:5,000 dilution, Cat. No. 8242,
CST), phospho-p65 (1:5,000 dilution, Cat. No. 3033, CST),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
1:5,000 dilution, Cat No. 2118, Cell Signaling Technology,
Danvers), followed by 1-h incubation with secondary anti-
bodies conjugated to horseradish peroxidase (1:5,000 dilu-
tion; Santa Cruz, Dallas) (Supplemental Fig. S1; 27). The
immune complexes were detected using an ECL select detec-
tion kit (GE Healthcare, Buckinghamshire, UK). Light emis-
sion was detected and analyzed with VersaDoc 5000 and the
computer program Quantity One (Bio-Rad, CA). The optical
densities of ERK and phosphorylated ERK bands were nor-
malized to those of the corresponding GAPDH bands.

Cell Culture

PASMCs were isolated and established from the lungs of
four patients with PAH (PAH-PASMCs) and three patients with
bronchogenic carcinoma (normal PASMCs) (Table 2), as
reported previously (28). The cells used in this study were pro-
vided by Okayama University. All of the studies were approved
by the Ethics Committee of Okayama University Graduate
School of Medicine, Dentistry, and Pharmaceutical Sciences,
and written informed consent was obtained from all patients
before the procedure. All cells were provided by Okayama
University, and written informed consent was obtained from all
patients before the procedure. Cell identification was confirmed
by examination of cytoskeletal components, a-smooth muscle

25 _
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Figure 1. Quantification of factor Xa activity in plasma of normal and mono-
crotaline-exposed rats. Activated factor X (Factor Xa) activities in the
plasma of normal and monocrotaline (MCT)-exposed PH rats were meas-
ured by ELISA at day 21 after MCT injection. Normal: normal rats injected
with PBS, MCT: rats injected with MCT. n = 7 or 8, analyzed by unpaired
t test. PBS, phosphate-buffered saline.
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actin («SMA), myosin, and smoothelin. The growth medium
used was DMEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. The cells were incubated
in a humidified 5% CO, atmosphere at 37°C. The medium was
changed every 3 days. Cells between passages 3—-10 were used
for all experiments.

Cell Proliferation Assays

Cell proliferation was evaluated using a 5-bromo-2’-deoxy-
uridine (BrdU) cell proliferation kit (Cell Proliferation ELISA,
colorimetric, Cat. No. 11647229001; Roche Applied Science,
Mannheim, Germany), according to the manufacturer’s rec-
ommendations (29). In brief, PASMCs at a density of 5,000
cells/cm? were seeded in 96-well plates, cultured for 24 h, and
then serum-starved for an additional 24 h. Subsequently, the
cells were incubated with human FXa (50 nM) with or without
ES5555 (1 pM), FSLLRY-NH2 (50 uM), or edoxaban (100 nM).
BrdU (10 uM) was added at 21 h after FXa stimulation. After
24-h exposure to BrdU, the amount of BrdU incorporation
was quantified by ELISA. The data are expressed as fold
increase relative to the values obtained from normal PASMCs.
The FXa concentration of 50 nM used in the assay is consid-
ered to be within the physiologically relevant range (150-200
nM FXa in human plasma) (30). The concentrations of PAR;
and PAR, inhibitors were similar to those used in previous

studies on vascular smooth muscle cells (VSMCs) (11, 31).
The concentration of edoxaban is considered to be within
the clinically relevant range, as edoxaban concentration
of 256 nM in human plasma prolonged prothrombin time
by twofold (32).

FXa Stimulation in Pulmonary Artery Smooth Muscle
Cells

PASMCs at a density of 2.0 x 10° cells were seeded in a
35 mm dish, cultured for 24 h, and then serum-starved for an
additional 24 h. Subsequently, the cells were incubated with
human FXa (50 nM) with or without E5555 (1 uM), FSLLRY-
NH2 (50 pM), or edoxaban (100 nM). After 3 h of incubation,
samples for PCR were collected using Buffer RLT in the
RNeasy mini kit, and Western blots were collected using
RIPA as described earlier.

Transfection of siRNA

Knockdown of PAR-1 gene expression in PASMC was
achieved by the small interfering RNA (siRNA) technique.
Transfection of cultured PASMC was carried out by
Lipofectamine RNAiMAX (Cat. No. 13778100, Thermo
Fisher Scientific, Massachusetts) according to the pro-
posed protocol (33). Briefly, Cells were seeded to be 60%—
80% confluent at the time of transfection, and both

A RVSP B cl c LVSP
p=0.0025 p=0.013
p=0.53 ns ns
1207 P 500+ 2007
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ik . 200 . 1501 . .
o 80 = ¥ <
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£ 607 S 200 i e
401 #F E E
201 100 507
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MCT (Day 21) MCT (Day 21) MCT (Day 21)
D TPRI E RV/LV+S
p=0.0036 p=0.028 p=0.0019 p=0.0053
0.5+ = 0.6 2085
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= 0.4+ ' .
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0.2+ L) *
= 024 [**
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Figure 2. Effects of long-term treatment with edoxaban on hemodynamic parameters and right ventricular hypertrophy in monocrotaline-exposed rats.
Rats were given a subcutaneous injection of monocrotaline (MCT) on day 0. Some MCT-injected rats were treated with a low dose (3 mg/kg/day; Edo3)
or high dose of edoxaban (10 mg/kg/day; Edo10) from day O to day 21 after MCT injection. Normal: normal rats injected with PBS. Shown are the summa-
ries of right ventricular systolic pressure (RVSP) (4), cardiac index (Cl) (B), left ventricular pressure (LVSP) (C), total pulmonary vascular resistance index
(TPRI) (D), and right ventricular hypertrophy [RV/(LV + S): weight ratio of RV free wall to sum of LV free wall and septum] (E). Data are expressed as mean +
SD. n = 5-12, analyzed by one-way ANOVA followed by Bonferroni post hoc test. PBS, phosphate-buffered saline.
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siRNA and Lipofectamine RNAiIMAX were dissolved in
OptiMEM medium (Cat. No. 31985062, Thermo Fisher
Scientific, Massachusetts) and mixed 1:1, added to cells to
a concentration of 5 nmol/L and incubated for 24 h. Then
cells were used for RT-PCR analysis and FXa stimulation
experiments. The sequence of siRNA against PAR-1 is
described in Table 3. Successful transfection was verified
by Western blotting using cells transfected with noncod-
ing siRNA as a control.

Experimental Protocol for SU5416/Hypoxia/Normoxia-
Induced PH Rat

Adult male Sprague-Dawley rats weighing 180-220 g were
injected subcutaneously with SU5416 (20 mg/kg) and
exposed to hypoxia (10% O,) for 3 wk (18), followed by return-
ing to normoxia (21% O,) for an additional 2 wk (total 5 wk
after SU5416 injection) to produce PH model rats. Plasma
FXa activity was analyzed as described in the MATERIALS AND
METHODS section above, FXa Activity Assay. Edoxaban
(10 mg/kg; by gavage) was administered from the day of
SUS5416 injection through to the end of week 5. Normal rats
were administered a solvent solution (0.5% methylcellulose)
without edoxaban daily by gavage. The rats were then eutha-
nized as described in MCT-exposed PH model rats for evalu-
ation of hemodynamic parameters and RVH.

Statistical Analysis

Data are expressed as mean * SD. Student’s ¢ test was used
in two-group comparisons. ANOVA followed by a Bonferroni
post hoc test was used in comparisons among multiple
experimental groups. Differences were considered signifi-
cantat P < 0.0S.

A

RESULTS

Factor Xa Activity in Monocrotaline-Exposed Rats

Plasma FXa activity in MCT-exposed rats at day 21 was sig-
nificantly higher than that in normal rats (Fig. 1).

Long-Term Edoxaban Treatment on Hemodynamic and
RV Hypertrophy in Monocrotaline-Exposed Rats

Figure 2 demonstrates the hemodynamic and morphologi-
cal analysis of long-term edoxaban treatment in MCT-exposed
rats. In the MCT group, RVSP and TPRI significantly
increased, whereas CI and LVSP showed no remarkable differ-
ence compared with those seen in the normal group. The RV/
(LV + S) ratio, indicating RVH, also increased significantly in
the MCT group compared with the normal group. The mean
systemic arterial pressure and heart rate did not differ signifi-
cantly between the MCT group and the normal group (data
not shown). The high dose of edoxaban (10 mg/kg/day) signif-
icantly ameliorated the increases in RVSP, TPRI, and RV/
LV + S, but had no significant effect on CI in MCT-exposed
PH rats. The low dose of edoxaban (3 mg/kg/day) exhibited no
significant effects on all the indexes. Both doses of edoxaban
had no effects on mean systemic arterial pressure and heart
rate (data not shown). Meanwhile, the reversal protocol of
high-dose edoxaban from day 14 after MCT injection to day
24 did not lower RVSP or RV/LV + S (Supplemental Fig. S2).

Effects of Edoxaban on Pulmonary Vascular
Remodeling in Monocrotaline-Exposed Rats

Medial wall hypertrophy in muscular arteries, a mani-
festation of vascular remodeling in PH, was evaluated in

Figure 3. Effects of long-term treatment with edoxa-
ban on pulmonary vascular remodeling in monocrota-
line-exposed rats. Rats were given a subcutaneous
injection of monocrotaline (MCT) on day O. Some

MCT-injected rats were treated with a low dose
(3 mg/kg/day; Edo3) or high dose of edoxaban

(10 mg/kg/day; Edo10) from day O to day 21 after MCT
injection. Normal: normal rats injected with PBS.
A: representative photomicrographs of Verhoeff-van
Gieson staining and summary of medial wall thickness
of pulmonary arteries with outer diameters of 50—100
um. B: representative photomicrographs of immuno-
histochemical staining of a-smooth muscle actin

showing nonmuscularized (NM), partially muscular-
ized (PM), and fully muscularized (FM) patterns, and
summary of muscularization in pulmonary arterioles
with outer diameters of 50 um or less. Scale bars are
50 pum each. Data are expressed as mean £ SD. n =
6. B: *p(FM) =0.033 and *p(NM) = 0.042 vs. Normal;
tp(Edo3 FM) = 0.042, tp(Edo10 FM) = 0.039, and tp
(Edo10 PM) = 0.04 vs. MCT, analyzed by one-way
ANOVA followed by Bonferroni post hoc test. PBS,
phosphate-buffered saline.
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pulmonary arteries with outer diameters ranging from 50
to 100 pm. The medial wall thickness was significantly
increased at day 21 in the MCT group compared with the
normal control group (Fig. 3A). Administration of low or
high dose of edoxaban significantly reduced the thickness
of the medial wall of pulmonary arteries compared with
untreated MCT-exposed rats (Fig. 3A). No parenchymal
lung lesions and thrombotic lesion were observed in pul-
monary arteries in all groups.

Muscularization of the arterioles, another manifestation of
vascular remodeling in PH, was evaluated in arterioles with
outer diameters of 50 um or less. Immunohistochemical
detection of a-smooth muscle actin and quantitative evalua-
tion of the degree of positive staining relative to the circum-
ferential length revealed a significant increase in percentage
of partially and fully muscularized arterioles in the MCT
group at day 21 after MCT injection compared with normal

rats (Fig. 3B). Treatment with high dose of edoxaban signifi-
cantly decreased the fractions of both partially and fully mus-
cularized pulmonary arterioles in MCT-exposed rats, whereas
low dose of edoxaban significantly decreased the fraction of
only fully muscularized arterioles (Fig. 3B).

Effects of Edoxaban on Cell Proliferation and
Inflammatory Responses in Monocrotaline-Exposed
Rats

The number of Ki67-positive cells, indication of cell prolif-
eration, in the media of muscular arteries significantly
increased in the MCT group compared with the normal con-
trol group (Fig. 4A and Supplemental Fig. S3). Treatment
with edoxaban significantly decreased the number of Ki67-
positive cells (Fig. 4A). Infiltration of CD68-positive macro-
phages and the number of active NF-kB-positive cells in the
areas surrounding small pulmonary arteries significantly

A Ki67 positive cells B CD68 positive cells C NF-kB positive cells
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Figure 4. Effects of long-term treatment with edoxaban on proliferation, perivascular inflammation, and inflammatory signaling in monocrotaline-
exposed rats. Rats were given a subcutaneous injection of monocrotaline (MCT) on day 0. Some MCT-injected rats were treated with edoxaban (10 mg/
kg/day; Edo10) from day O to day 21 after MCT injection. Normal: normal rats injected with PBS. A-C: representative photomicrographs and summaries
of Ki67-positive cells (A; arrowheads), CD68-positive macrophages (B; arrowheads), and active NF-kB-positive cells (C; arrowheads) in medial layer (A)
and in the surrounding areas (B and C) of pulmonary arteries with outer diameters of 50 um or less. Scale bars indicate 50 um. D—F: summaries of
mRNA expression levels of /I-6 (D), MCP-1 (E), and PAI-1(F) in lung measured by RT-PCR. Data are expressed as mean + SD. n = 6-8. analyzed by one-
way ANOVA followed by Bonferroni post hoc test. II-6, interleukin-6; MCP-1, macrophage chemoattractant protein-1; PAI-1, plasminogen activator inhibi-

tor-1; PBS, phosphate-buffered saline.
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increased in the MCT group compared with the normal
group (Fig. 4, B and C). Treatment with high-dose edoxaban
significantly reduced the numbers of CD68-positive macro-
phages and active NF-kB-positive cells in MCT-exposed rats
(Fig. 4, B and C). Macrophages, PAECs, and PASMCs were
observed as NF-kB-positive cells, with macrophages in par-
ticular showing a decrease in NF-kB-positive cells with high-
dose edoxaban treatment (Supplemental Fig. S4, A-C).

The mRNA levels of interleukin-6 (IL-6), macrophage che-
moattractant protein-1 (MCP-1), and plasminogen activator
inhibitor-1 (PAI-1), which are the markers of inflammation,
significantly increased in the MCT group, while those
increases were inhibited significantly by treatment with
high-dose edoxaban (Fig. 4, D-F).

Higher Levels of Factor X and PARs Gene Expression in
PAH-PASMCs

The mRNA levels of Factor X, PAR;, and PAR, in PAH-
PASMCs were significantly and substantially higher than
those seen in normal PASMCs (Fig. 5, A-C).

Effect of FXa on Cell Proliferation and Inflammatory
Marker Expression in Normal PASMCs

Stimulation of normal PASMCs with 50 nM FXa resulted
in a significant increase in BrdU incorporation. This increase
was significantly suppressed to the control level by preadmi-
nistration of 1 uM E5555 or 100 nM edoxaban, but not by 50
uM FSLLRY (Fig. 6A). The inhibitory effect of E5555 com-
bined with FSLLRY was similar to that obtained by E5555
alone (Fig. 6A).

The levels of IL-6, MCP-1, and PAI-1 mRNA expression
increased significantly by FXa stimulation of normal
PASMCs. Those increases were suppressed significantly by 1
puM ESS55 or 100 nM edoxaban, but not by SO uM FSLLRY
(Fig. 6, B-D). The combination of E5555 and FSLLRY exhib-
ited no additive suppressive effect compared with E5555
alone (Fig. 6, B-D).

In addition, these effects were not observed when PASMCs
were not stimulated by FXa (Supplemental Fig. S5).

Effect of FXa on ERK1/2 Activity in Normal PASMCs

Stimulation of normal PASMCs with 50 nM FXa signifi-
cantly increased the phosphorylation level of p44/42 extrac-
ellularly regulated kinases1/2 (ERK1/2), and that increase

A
. FX/18s
Figure 5. Quantification of factor X (FX)

and proteinase-activated receptors (PAR)

in cultured human pulmonary arterial 8 7]
smooth muscle cells (PASMCs) isolated
from Non-PAH and PAH subjects. The
expressions of mMRNA levels of FX (A),
PAR; (B), and PAR; (C) in PASMCs isolated
from non-PAH patients with bronchogenic
carcinoma (Normal PASMCs) and from
patients with pulmonary arterial hyperten-
sion (PAH PASMCs) were measured by
RT-PCR. Data are expressed as mean *
SD. n = 5, analyzed by paired t test.
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was significantly suppressed by 1 uM E5555 or 100 nM edoxa-
ban, but not by 50 pM FSLLRY (Fig. 7). The combination of
ES5555 and FSLLRY did not show an additive effect com-
pared with E5555 alone. In addition, we observed a trend
of suppressed phosphorylated p-65 by edoxaban or E5555,
although it was not statistically significant (Supplemental
Fig. S6).

Effect of FXa on the Expression of Inflammatory
Cytokines in Normal PASMCs Using PAR-1 Knockdown

We performed knockdown of PAR; in normal PASMCs
using siRNA. The expression of PAR-1 was significantly
downregulated regardless of stimulation with FXa (Fig. 84).
Stimulation of normal PASMCs with 50 nM FXa resulted in a
significant increase in BrdU incorporation. This increase
was significantly suppressed by knockdown of PAR-1
(Fig. 8B). The levels of IL-6, MCP-1, and PAI-1 mRNA
expression increased significantly by FXa stimulation of
normal PASMCs. Those increases were significantly down-
regulated by knockdown of PAR-1 (Fig. 8, C-E).

No Effect of Prolonged Treatment with Edoxaban on PH
in SU5416/Hypoxia/Normoxia-Induced PH Rat Model

As an attempt to generalize the findings obtained from the
MCT-exposed PH model, we produced the SU5416/hypoxia/
normoxia-induced PH rat model and examined the thera-
peutic effect of edoxaban (Fig. 9A). There was no significant
increase in plasma FXa activity at the end of 5 wk after
SU5416 injection in SU5416/hypoxia/normoxia-induced PH
rats compared with normal rats injected with PBS (Fig. 9B).
RVSP and RV/(LV + S) ratio increased significantly in
SU5416/hypoxia/normoxia-exposed PH model rats, and the
increases were not affected by treatment with edoxaban
(10 mg/kg/day) from the day of SU5416 injection to the end
of week 5 (Fig. 9, C and D).

DISCUSSION

The novel findings of the present study are: 1) plasma FXa
level was elevated in MCT-exposed rats; 2) long-term treat-
ment with edoxaban ameliorated the pathophysiological
findings of PH, including vascular remodeling and inflam-
matory response in MCT-exposed rats; and 3) FXa induced
cell proliferation and inflammatory response in a PAR;-
dependent manner in human PASMCs. These results suggest
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Figure 6. Mechanisms of activated factor X (Factor Xa) on proliferation and inflammatory signaling in cultured human pulmonary arterial smooth muscle
cells (PASMCs) isolated from non-PAH subjects. Graphs show summaries of BrdU incorporation (4) and mRNA expression levels of /-6 (B), MCP-1(C),
and PAI-1 (D) without stimulation (control) and with stimulation by 50 nM FXa in the presence or absence of 1 uM E5555 (PAR; antagonist), 50 uM
FSLLRY (PAR, antagonist), their combination (E + F), or 100 nM edoxaban (Edo) in PASMCs isolated from non-PAH patients with bronchogenic carci-
noma (normal PASMCs). Data are expressed as mean + SD. n = 5-8, analyzed by two-way repeated measures ANOVA. II-6, interleukin-6; MCP-1, macro-

phage chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1.

that FXa inhibition is a potential novel therapeutic strategy
for PAH.

FX is mainly produced by hepatocytes as a serine protease
precursor located in the common pathway of the blood coag-
ulation system and is activated by cleavage of an activating
peptide by an upstream factor IXa. Activated FX (FXa) forms
the prothrombinase complex together with factor Va and
phospholipids, and mediates the conversion of prothrombin
to thrombin (34). In addition to playing such a key role in
blood coagulation, FXa is also involved in inflammatory
responses by activating PAR; and/or PAR, outside blood ves-
sels via extravascular leakage and extrahepatic synthesis
(35). Edoxaban competitively and selectively inhibits the
enzymatic activity of FXa in the blood vessels. For instance,
FX is locally expressed and activates PARs in vascular
smooth muscle cells within atherosclerotic plaques (11). In
the present study, plasma FXa levels were significantly ele-
vated in MCT-exposed rats compared with normal rats, and
FX mRNA levels in PAH-PASMCs were higher than those

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00303.2024 - www.ajplung.org

seen in the normal PASMCs. Administration of FXa stimu-
lated proliferation of normal PASMCs and upregulated the
mRNA expression of proinflammatory cytokines. These
cellular effects were abolished by not only by edoxaban
but also by PAR; antagonist, but not by PAR, antagonist,
although mRNA levels of both PAR; and PAR, in PAH-
PASMCs were substantially higher than those in normal
PASMCs. Moreover, knockdown of PAR; using siRNA downre-
gulated the expression of proinflammatory cytokines by FXa
stimulation to a comparable level of treatment with PAR;
antagonist or edoxaban. These findings suggest that FXa-
induced proliferative and proinflammatory effect on PASMCs
is mediated by PAR; upregulation. These cellular effects of
FXa may contribute to pulmonary vascular remodeling in
PAH, at least in an experimental PH.

The pathological roles of PAR; and PAR, in experimental
PH have been reported previously. Pharmacological antago-
nists and gene knockout of PAR; (13) and PAR, (12) prevented
the development of experimental PH and ameliorated the
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Figure 7. Effect of activated factor X (Factor Xa) on phosphorylation of
ERK via proteinase-activated receptor (PAR) inhibitors in cultured human
pulmonary arterial smooth muscle cells (PASMCs) isolated from Non-PAH
subjects. Representative immunoblot images and summary of phosphoryl-
ated ER1/2 level without stimulation and with stimulation by 50 nM FXa in
the presence or absence of 1 uM E5555 (PAR; antagonist), 50 uM FSLLRY
(PAR, antagonist), their combination (E + F), or 100 nM edoxaban (Edo) in
PASMCs isolated from non-PAH patients with bronchogenic carcinoma
(normal PASMCs). Data are expressed as mean + SD. n = 5, analyzed by
one-way ANOVA followed by Bonferroni post hoc test. ERK, extracellularly
regulated kinases; PAH, pulmonary arterial hypertension.

worsened hemodynamic parameters. We demonstrated that
the mRNA level of PAR;, but not the other isoforms of PARs,
in pulmonary artery was significantly upregulated in MCT-
exposed rats (13). Therefore, elevated PAR; levels are suggested
to contribute to the development and the progression of exper-
imental PH (13). However, the upstream factor that activates
PAR, and contributes to the pathogenesis of PH remains to be
elucidated. The proteinases that act as agonists for PAR; are
not only limited to the coagulation-fibrinolysis factors such as
thrombin, FVIIa, FXa, FXIa, FXIIa, activated protein C, and
plasmin, but also include other proteinases such as metallo-
proteinase 1 and elastase (36—38). The findings of the present
study suggest that FXa serves as PAR, agonist in the context of
PH, although the contribution of thrombin cannot be ruled
out because edoxaban inhibits not only PAR;-mediated FXa
activation but also conversion of prothrombin to thrombin,
thereby masking the agonistic activity of thrombin to PAR;.
The present study demonstrated that FXa upregulated the
expression of some inflammatory markers via PAR; in nor-
mal PASMCs. Studies have shown that activation of PAR;
phosphorylates ERK1/2 and NF-«B, thereby inducing cell
proliferation through inflammatory cytokines such as IL-6
and MCP-1 in cultured VSMCs (39, 40). Similar mechanisms
were also reported in MCT-exposed PH models, in which
phosphorylation of ERK1/2 was associated with increases in
IL-6, MCP-1, and PAI-1 levels (40) via activation of NF-«B,
leading to cell proliferation in PASMCs (41-43). The present
study demonstrated that FXa induced phosphorylation of
ERK1/2 and increased mRNA levels of IL-6, MCP-1, and PAI-1

L192

in normal PASMCs. Thus, we speculate that ERK1/2 plays
a key role as a downstream factor for the PAR;-mediated
inflammatory response and cell proliferation.

In this study, we have shown that the high dose of edoxa-
ban ameliorated pulmonary vascular remodeling and
inflammatory response in MCT-exposed rats. In the clinical
settings, plasma concentrations of edoxaban during treat-
ment with the clinical dose range (60-150 mg/day) correlate
linearly with prothrombin times in healthy males (32, 44).
The maximum prolongation of prothrombin time from base-
line was 99% at the edoxaban dose of 60 mg and 128% at 90
mg. Considering that prothrombin times in rats treated with
edoxaban at 3 and 10 mg/kg were 116% and 132%, respec-
tively (45), both doses used in the present study are assumed
to be within the clinically relevant range. Oral administra-
tion of edoxaban in rats has been shown to inhibit thrombo-
sis at doses of 2.5 mg/kg and higher, and prolong bleeding
time at doses of 20 mg/kg and higher (43). Considering that a
low dose of edoxaban (3 mg/kg) did not ameliorate the
increases in RVSP, TPRI, RV/(LV + S), and pulmonary vas-
cular remodeling in MCT-exposed rats, whereas a high dose
(10 mg/kg) effectively suppressed those parameters, the
ameliorating effects observed with the high dose may not be
related to inhibition of coagulation activity.

There are some controversies regarding the therapeutic
effect of FXa inhibitor. One study demonstrated that rivarox-
aban inhibited RVSP increase and RVH in an MCT-exposed
PH model (46). This is consistent with our study; however,
the authors did not demonstrate the specific mechanism
how rivaroxaban lowered RVSP. Meanwhile, another study
reported that chronic treatment with rivaroxaban had no sig-
nificant therapeutic effect in hypoxia-induced PH mice,
although the mice exhibited increased FXa protein levels in
the lungs (47). One possible explanation for this discrepancy
is the differences in the extent of activation of the coagula-
tion system and the involvement of inflammation and
inflammatory cytokines such as IL-6 in the pathophysiology
between the two models. Accumulating evidence has shown
that the perivascular inflammation plays an important role
in the progression of pulmonary vascular remodeling in
hypoxia-induced-PH mice. Ishibashi et al. (48) demonstrated
that hypoxia-induced PH was suppressed in IL6 knockout
mice. In addition, deletion of CD4 " cell-specific gp130, a
subunit of the IL6 receptor that facilitates JAK/STAT3 signal-
ing, ameliorated hypoxia-induced PH. In which, hypoxia-
induced increase of Thi7 cells was suppressed by CD4 " cell-
specific gp130 deletion. These data suggest that IL6/gp130 sig-
naling in CD4 " cells plays a critical role in the pathogenesis
of pulmonary vascular remodeling. Another study has
shown that in RAGI~/~ mice, mice that lack mature T and
B cells, adoptive transfer of CD4 " but not CD8 " T cells
developed hypoxia-induced PH (49). Moreover, RAGI /'~
mice that received Thi7 cells developed PH independent of
hypoxia. Deletion of CD4" cells or inhibition of Thi7 cells
development prevented hypoxia-induced PH. Hashimoto-
Kataoka et al. (50) demonstrated that IL-17 derived from Thi7
cells stimulates production of IL-21, which promotes polariza-
tion of alveolar macrophage into M2 macrophage, inducing
production of chemokines and cell proliferation. These data
suggest that Th17 cells especially have an important role in the
development of hypoxia-induced PH. In the present study, we
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Figure 8. Mechanisms of activated factor X (Factor Xa) on inflammatory signaling in cultured human pulmonary arterial smooth muscle cells (PASMCs)
isolated from non-PAH subjects. Graphs show summaries of MRNA expression levels of PAR-1(A), II-6 (C), MCP-1(D), and PAI-1(E) and BrdU incorporation
(B) without stimulation (control) and with stimulation by 50 nM FXa in the presence or absence of PAR-1 gene knockdown in PASMCs isolated from non-
PAH patients with bronchogenic carcinoma (normal PASMCs). siPART; siRNA targeted to PAR-1. Data are expressed as mean + SD. n = 6, analyzed by
two-way repeated measures ANOVA. |I-6, interleukin-6; MCP-1, macrophage chemoattractant protein-1; PAH, pulmonary arterial hypertension; PAI-1,

plasminogen activator inhibitor-1.

have shown that edoxaban, the direct FXa inhibitor, not only
inhibited coagulative pathway but also proinflammatory path-
way via PARI1 suppression. This discrepancy between the
response to FXa inhibition in MCT-exposed rats and hypoxia-
induced mice may be partially explained by the predominancy
of inflammatory pathway that involved in the pathogenesis of
pulmonary remodeling in hypoxia-induced PH mice, while
MCT-exposed rats are more heterogenous and diverse.

The involvement of inflammation has also been estab-
lished in the SU5416/hypoxia/normoxia-induced PH rat
model (22, 51). For example, the expression of IL-6 was mark-
edly upregulated in the lung of 5-wk SU5416/hypoxia/nor-
moxia-induced PH rats (22, 24, 52, 53). However, we
observed no significant clinical therapeutic effect of edoxa-
ban in SU5416/hypoxia/normoxia-induced PH rats. This neg-
ative result may be related to the finding of no difference in
FXa and ERK1/2 activity between SU5416/hypoxia/nor-
moxia-induced PH rats and normal rats, while we found
increased expression of FXa and ERK1/2 in MCT-exposed
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rats. We speculate that the upstream mechanism of inflam-
mation differs between the PH models, and therefore, the
patients with PAH, which may infer the heterogeneous
pathophysiology among patients with PAH. The need for
personalized or precision medicine has recently emerged in
the field of PH. Understanding the patient-specific patho-
physiology based on deep molecular phenotyping and
selecting the best-matched therapeutic strategy for each
patient are now anticipated as the future direction (54, 55).
When applying FXa inhibitor to the treatment of PAH, strati-
fication of patients based on the activity of FXa and the state
of inflammation is recommended. It should also be noted
that the limitation of this experiment is that only male rats
were used, and the possible sex difference in response to
edoxaban cannot be ruled out. Moreover, although preven-
tion protocol had effectively attenuated pulmonary vascular
remodeling in this study, reversal protocol failed to attenu-
ate pulmonary vascular remodeling. Which suggests that the
antipulmonary vascular remodeling effect by edoxaban is
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Figure 9. Effects of long-term treatment with edoxaban on hemodynamic parameters and right ventricular hypertrophy in SU5416/hypoxia/normoxia-
induced rats. A: experimental protocol. Rats received a single subcutaneous injection of SU5416 (20 mg/kg) and were housed in hypoxic condition (10%
O,) for 3 wk and then in normoxic condition for 2 wk. Some SU5416/hypoxia/normoxia-induces rats were treated with edoxaban (10 mg/kg/day, by

gavage) from day O through to the end of week 5 after SU5416 injection.

Normal: normal rats injected with PBS instead of SU5416. SuHxNx: SU5416/

hypoxia/normoxia-induced rats. B—D: summaries of activated factor X (FXa) activity in plasma (B), right ventricular systolic pressure (RVSP) (C), and right
ventricular hypertrophy [RV/(LV + S): weight ratio of RV free wall to the sum of LV free wall and septum] (D) at the end of 5 wk after SU5416 injection.
Data are expressed as mean + SD. B: n = 6. Unpaired t test showed no significant difference. C and D: n = 5-8. *P < 0.05 and **P < 0.01vs. Normal,
analyzed by one-way ANOVA followed by Bonferroni post hoc test. PBS, phosphate-buffered saline.

effective in the early stage of the disease progression.
Finally, in the cell experiment, there was a significant age
difference between the normal and PAH PASMC, as shown
in Table 2.

In conclusion, we demonstrated that chronic treatment
with FXa inhibitor ameliorated NF-«B-IL-6-mediated peri-
vascular inflammation in an MCT-exposed PH rat model,
which is associated with augmented FXa activity. FXa may
act on PASMCs, inducing cell proliferation and inflamma-
tory response via upregulated PAR;, thereby contributing
to pulmonary vascular remodeling. Understanding the
patient-specific pathophysiology, especially in terms of
coagulation activity and inflammatory state, is a prerequi-
site for applying FXa-targeted therapy to the treatment of
PAH.
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