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BACKGROUND: Pulmonary hypertension (PH) due to left heart disease (group 2 PH) is associated with a worse prognosis than
isolated heart failure. Both pulmonary arterial hypertension (group 1 PH) and group 2 PH are {afGlved in pulmonary artery
(PA) remodeling, which is potentially driven by shared molecular mechanisms. The aim of this s‘tuay Wasqto investigate the
underlying processes contributing to PA remodeling in group 2 PH.

METHODS: To mimic the response to a left-sided pressure load, pulmonary arterial smooth muscle cells (PASMCs) were
subjected to mechanical stretch. RNA sequencing of PAs from patients with group 2 PH was performed using the Gene
Expression Omnibus database. Mice with transverse aortic constriction and spontaneously hypertensive rats were used as
group 2 PH models, and they were treated with adeno-associated virus via intratracheal instillation.

RESULTS: RNA sequencing of PASMCs after the stretch stress identified 15685 genes specifically upregulated in PASMCs
from patients with group 1 PH. Further PA and plasma analyses from patients with group 2 PH, integrated with group 1
PH findings, identified enhancement of TGF-B (transforming growth factor-beta) signaling by the INHBA (inhibin subunit
beta A) as a key feature. Metabolomics revealed that stretch-induced mitochondrial dysfunction in PASMCs caused lactic
acidosis via enhancement of PDK1 (pyruvate dehydrogenase kinase 1) and c-MYC, leading to.increased INHBA expression.
Mice with transverse aortic constriction exhibited increased INHBA expression, decreased PDH (pyruvate dehydrogenase)
expression, and acidic alterations in PAs. Targeted silencing of INHBA or PDK1 using adeno-associated virus in mice with
transverse aortic constriction attenuated PA remodeling, improved right ventricular function, and reduced PH.

CONCLUSIONS: Integrated RNA"sequencing and metabolomics” with stretched PASMCs and animal models identified
mitochondrial dysfunction and subsequent acidic alterations as stimulators of increased INHBA expression and TGF-f
signaling. These mechanisms contributed to PA remodeling in group 2 PH and provided potential therapeutic strategies.
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ease is classified as group 2 PH in the clinical classi-
fication of PH and is the most common type among
patients with PH." Moreover, PH is present in 30% to
80% of patients with left heart failure." Recently, group

Pulmonary hypertension (PH) due to left heart dis-

2 PH with elevated pulmonary vascular resistance (PVR)
has been referred to as combined precapillary and post-
capillary PH (CpcPH) and is associated with a poorer
prognosis compared with isolated postcapillary PH,
which does not involve an increase in PYR2™®
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INHBA in Group 2 PH

Nonstandard Abbreviations and Acronyms

What Are the Clinical Implications?

AAV adeno-associated virus

CCND1 cyclin D1

CpcPH combined precapillary and postcapil-
lary pulmonary hypertension

eNOS endothelial NO synthase

ERK extracellular signal-regulated kinase

FSTL3 follistatin-like 3

GEO Gene Expression Omnibus

GPR68 G-protein—coupled receptor 68

IL interleukin

INHBA inhibin subunit beta A

IQR interquartile range

JNK c-Jun N-terminal

p38 p38 mitogen-activated protein kinase
PAEC pulmonary arterial endothelial cell
PAH pulmonary arterial hypertension
PASMC pulmonary arterial smooth muscle cell
PDH pyruvate dehydrogenase

PDK1 pyruvate dehydrogenase kinase 1

PH pulmonary hypertension

PVR pulmonary vascular resistance
RVSP right ventricular systolic pressure
SERPINE1  serpin family E member 1
TGF- transforming growth factor-beta
VE-cadherin vascular endothelial cadherin

Asthe 2022 European Society of Cardiology/European
Respiratory Society characterized CpcPH as the mean
pulmonary arterial- (PA).pressure threshold.at >20
mmHg while reducing the PVR cutoff to >2 WU." The
pathophysiology of CpcPH is considered to involve a
greater degree of pulmonary vascular disease compared
with Ipc-PH.” However, research on the pulmonary vas-
culature in group 2 PH has been limited by restricted
access to appropriate lung samples and marked clinical
variability among patients. These challenges have made
it difficult to examine the cellular mechanisms underly-
ing the disease. Because patients with CpcPH experi-
ence unfavorable outcomes, a clearer understanding of
the pulmonary vascular component remains an important
objective, and efforts to outline an initial mechanistic
framework may help stimulate further investigation.

Group 1 PH (PA hypertension [PAH]) and group 2 PH,
particularly CpcPH, are distinct clinical entities. Never-
theless, several studies have reported overlap in selected
aspects of pulmonary vascular remodeling between
these conditions. In particular, CpcPH and PAH have
been shown to share certain hemodynamic characteris-
tics and pulmonary vascular features, as well as histo-
pathologic findings such as medial hypertrophy, fibrosis,
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Integrated RNA sequencing and metabolomic analy-
ses revealed that enhanced TGF-f3 (transforming
growth factor-beta) signaling centered on INHBA
(inhibin subunit beta A), which forms a homodimer to
produce activin A, as well as mitochondrial dysfunc-
tion, are features shared by both group 1 and group
2 pulmonary hypertension (PH). In pulmonary arterial
smooth muscle cells, mechanical stretch stimula-

tion mimicking left-sided pressure overload induced
metabolic dysfunction via the c-MYC-PDK1 (pyruvate
dehydrogenase kinase 1) axis, leading to increased
lactate production and subsequent cellular acidifica-
tion. This acidic environment promoted the upregula-
tion of INHBA expression and stimulated pulmonary
arterial smooth muscle cell proliferation. These find-
ings suggest a mechanism by which chronic biome-
chanical stress resulting from left heart failure drives
vascular remodeling. Increased INHBA expression
and metabolic dysfunction were observed in group

2 PH models, further supporting the pathogenic

roles of these pathways. Targeted downregulation of
INHBA and PDK1 expression in the lungs amelio-
rated pulmonary artery remodeling and improved PH
in an experimental group 2 PH model. This indicates
that INHBA contributes to disease progression. Taken
together, these results demonstrate that INHBA-
associated TGF-f3 signaling plays a critical role in the
pathogenesis of group 2 PH and suggest that target-
ing INHBA may represent a promising therapeutic
strategy for treating patients with group 2 PH.

and luminal occlusion of distal PAs®'" At the cellular
level,-PA smooth muscle cells (PASMCs) derived from
patients with-group 2 PH have been reported to exhibit
enhanced proliferative activity, a feature also described
in PAH.”2 In addition, genetic analyses by Assad et al'®
identified shared susceptibility loci related to metabolic
pathways and angiogenesis, suggesting partial molecu-
lar overlap. Transcriptomic studies further demonstrated
similarities in PA endothelial cell (PAEC) gene expres-
sion profiles between patients with PAH and CpcPH,™
and metabolomic analyses have reported overlapping
alterations, including reduced levels of prostaglandins
and nitric oxide—related metabolites such as linoleic
acid, arginine, and homoarginine.'”® Importantly, these
observations do not indicate mechanistic equivalence
between group 1 and group 2 PH. Rather, they suggest
that certain cellular and molecular pathways relevant to
pulmonary vascular remodeling may intersect. Clarifying
which components are shared at a pathway or cellular
level, and which remain specific to GROUP 2 PH, may
provide a contextual framework for focused mechanistic
investigation.

In addition, from a clinical perspective, comparisons
between CpcPH and isolated postcapillary PH have
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shown no significant differences in PA wedge pressure
or cardiac index."® Interestingly, some reports have indi-
cated smaller left ventricular and left atrial diameters in
CpcPH,"3'" suggesting that factors other than elevated
left-sided pressure or the severity of left heart disease
may contribute to pulmonary vascular remodeling and
increased PVR.'® The 2-hit hypothesis indicated that
sustained elevated left-sided pressure, combined with
additional triggers, drives PA remodeling in group 2 PH.”
However, the specific molecular mechanisms underlying
these processes remain unclear.

INHBA (inhibin subunit beta A), a component of
activin and inhibin, regulates stromal cell proliferation and
has been implicated in PH.'® Dysregulated BMP (bone
morphogenetic protein) and maladaptive TGF-B (trans-
forming growth factor-beta) signaling contribute to PA
remodeling, while activin is a ligand in TGF-f pathways.?®
Sotatercept, targeting TGF-§ signaling, is a promising
treatment for group 1 PH.?'"2 However, despite these
advances, INHBA's role and regulation in group 2 PH
pathogenesis remains unknown despite these advances.

Therefore, in this study, we aimed to investigate the
mechanisms underlying PA remodeling in response
to left-sided pressure load ‘and the shared features
of groups 1 and 2 PH. To model pressure overload,
PASMCs subjected to mechanical stretch and PA data
from patients with group 2 PH were analyzed using the
National Center for Biotechnology Information Gene
Expression Omnibus (GEO) database (GSE236251).2*
Combined RNA sequencing and metabolomics analy-
ses were conducted to identify the shared mechanisms.
In addition, group .2 PH in vivo models were genetically
modified to analyze INHBA's role.

METHODS
Data Availability

The data underlying this article will be shared on reasonable
request to the corresponding author.

Clinical Data

All protocols were approved by the institutional review board of
Tohoku University, Sendai, Japan, and complied with the ethical
guidelines of the Declaration of Helsinki. Before this study, we
obtained written informed consent from the patients for con-
ducting a case-control study or a retrospective cohort study. For
secondary research use of plasma samples, the medical ethics
review committee has approved to waive written informed con-
sent by using the opt-out method (Approval numbers, Plasma
samples; 2021-1-208). The data of patients were collected on
the date of each preservation (Table S1), not including their
prognosis. Reported data follow the STROBE initiative.

We conducted a retrospective investigation involving 81
patients with group 2 PH who had undergone right heart cath-
eterization between January 2021 and July 2025 in Japan.
The patients were sequentially enrolled at Tohoku University
Hospital in Japan. All samples were utilized to evaluate the
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plasma level of activin A, follistatin, and FSTL3 (follistatin-like
3). The diagnosis was established through a combination of
echocardiography, computed tomography, spirometry, ventila-
tion/perfusion lung scans, and right heart catheter examina-
tion, adhering to the guidelines established by the European
Society of Cardiology and the European Respiratory Society
in 2015 and 2022, respectively.*'? Diagnostic criteria included
a resting mean PA pressure of 220 mmHg, as measured via
right cardiac catheterization, and a PA wedge pressure of >15
mmHg. Exclusion criteria were as follows: patients with pre-
capillary PH. Plasma samples were collected from the PA using
a Swan-Ganz catheter.

Human Lung Samples

We obtained lung tissues from patients with PAH during lung
transplantation (Table S2) and from nonpatients with PH under-
going thoracic surgery for lung cancer. Tissue samples from the
latter were collected from areas distant from the tumor margins,
as previously documented.?® All study protocols met the ethical
guidelines of the Declaration of Helsinki and were approved
by the institutional review board of Johoku University, Sendai,
Japan. We obtained written informeéﬁo%@at from patients with
PH in case-control or prior studies: Th&*ffigdical ethics review
committee approved the use of an opt-out method or second-
ary research using lung tissues; which waived the requirement
for written informed consent (Approval number: 2021-1-1076).
PASMCs and PAECs with an outer diameter of <1.5 mm were
isolated from PAs after established procedures?® The cells
were cultured in DMEM (Thermo Fisher Scientific, Waltham)
supplemented with 10% fetal bovine serum, and PAECs were
cultured in endothelial cell basal medium containing endothelial
growth supplement (Promo Cell, Heidelberg, Germany). They
were maintained at 37 °C in a humidified atmosphere contain-
ing 5% CO, and 95% air, respectively. PASMCs and PAECs at
passages 4 to 7, reaching 70% to 80% confluence, were used
in the experiments.

Animal Experiments

All animal experiments were conducted according to the pro-
tocols approved by the Tohoku University Animal Care and Use
Committee (Approval no. 2022-ido-036) and were compliant
with Regulations for Animal Experiments and Related Activities
at Tohoku University and the ARRIVE guidelines. Male mice
were selected for this study to avoid potential influences of
sex hormones on the results. Experiments were performed on
10-week-old male C57BL/6J mice and 18-week-old male
spontaneously hypertensive rats or control Wistar Kyoto rats
(Japan SLC, Shizuoka, Japan). Mice were randomly assigned
to different experimental groups by alternately allocating
them to each group. Transverse aortic constriction (TAC) was
performed as described.?® We anesthetized the mice briefly
with isoflurane and maintained their temperature throughout
the procedure. The transverse aorta was constricted using a
6-0 suture tied tightly around a 27-gauge needle, which was
subsequently removed. The sham-operated mice underwent
the same procedure without ligating the transverse aorta. In
this study, we included mice with a transverse aortic velocity
exceeding 4 m/s, as assessed by echocardiography. Heart fail-
ure assessment and histology were conducted 4 weeks after
surgery. Furthermore, we measured the right ventricular systolic
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pressure (RVSP), right ventricular hypertrophy, and pulmonary
vascular remodeling to evaluate the development of PH in
group 2. A 1.2-F pressure catheter (SciSense Inc, Ontario,
Canada) was inserted through the right jugular vein into the
right ventricle during right heart catheterization to measure the
RVSP. The PowerlLab data acquisition system (AD Instruments,
Bella Vista, Australia) was used to record and analyze the data
with values averaged over 10 consecutive beats. Finally, all mice
and rats were deeply anesthetized with isoflurane (>4.5%) and
euthanized.?”

Statistical Analysis

All plots were composed of 3 to 12 independent biological rep-
licates, and results are expressed as mean£SD or median and
interquartile range (IQR). The Mann-Whitney U test was used
to compare 2 groups. The Kruskal-Wallis test, alongside Dunn
multiple comparison tests, was used for comparisons between
3 or more groups. A 2-way ANOVA was used to analyze the
mean responses associated with the 2 main effects of the dis-
tinct groups, followed by the Tukey honest significant difference
test for multiple comparisons. Statistical analyses, including
Pearson's correlation,??° were performed using GraphPad
Prism 9 (GraphPad Software, San Diego, CA). Statistical signif-
icance was set at A<0.05 (2-tailed).3%%" All experiments were
conducted by different researchers in a blinded manner.

RESULTS

INHBA as a Key Contributor to PA Remodeling
in Group 1 and Group 2 PH

The study initially focused on stretch-induced altera-
tions in PASMCs to identify specific changes associated
with PAH (Figure 1A and 1B)- RNA sequencing analy-
sis of PAs from patients with group 2 PH (GEO data-
base [GSE2362561])?* highlighted TGF-f3 signaling, with
INHBA as a major component-(Figure 1A).-Single-cell
analysis of PAs from patients with PAH (GEO database
[GSE228644])%? demonstrated INHBA expression pre-
dominantly in smooth muscle cells, which was colocalized
with CCND1 (cyclin D1) and proliferating cell nuclear
antigen (Figure 1B). These findings were validated by a
statistically significant correlation between their expres-
sion levels (Figure 1B; Figure S1A).

Next, we performed a case-control study on patients
with group 2 PH and examined plasma samples to iden-
tify potential clinical biomarkers. Patients with group 2
PH associated with PVR >2 WU showed lower preva-
lence of male (PVR <2 WU, n=37 versus PVR >2 WU,
n=44; 81% versus 41%; P=0.0002), and higher mean
PA pressure (median 25 [IOR, 22-29] versus 29 [IQR,
24-35] mmHg; P=0.0049; Table S1). Plasma activin A
levels, a homodimer of INHBA, were significantly higher
in patients with group 2 PH with PVR >2 WU compared
with those with PVR <2 WU (PVR <2 WU, n=37 versus
PVR >2 WU, n=44; median 249.0 [IOR, 144.4-465.9]
versus 514.7 [IOR, 207.3-2482.0] pg/mL; P=0.02; Fig-
ure S1B). Follistatin levels, which increase in response
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to activin A to counteract activin A, were also higher
in patients with PVR >2 WU (median 1763 [IQR,
1227-2321] versus 2037 [IOR, 1535-2743] pg/mL;
P=0.04). FSTL3 plasma level, one of the endogenous
antagonists against activin, was increased (median 6.48
[IOR, 4.79-11.03] versus 9.03 [IOR, 5.75-12.13] ng/
mL; P=0.06). Activin A and follistatin or FSTL3 levels
were positively correlated (follistatin: =0.561, P<0.001,
FSTL3: ~=0.2938; P=0.0082), supporting the possibility
of a primary increase in INHBA expression (Figure S1C).

Elevated INHBA expression was observed in the PAs
of group 2 PH animal models, including TAC mice and
spontaneously hypertensive rats (Figures S2, S3A, and
S3B), consistent with our findings (Figure 1C; Figure
S3C). This upregulation was associated with PA remod-
eling compared with respective controls (Figure 1C; Fig-
ure S3C).

Stretch-Induced INHBA Exgression Promotes
Cell Proliferation and TG Fy-i[ﬁi_Sjg@;aling in
PASMCS Association

Mechanical stretch-induced increased INHBA mRNA
expression in PASMCs derived from patients with PAH
(Figure 2A). In contrast, no significant changes were
noted in INHBA expression in PAECs under similar
conditions (Figure S4A). In vivo, INHBA expression was
detected in the CD31-positive endothelial cell layer of
PAs by immunofluorescence. Although INHBA-positive
signals were observed in endothelial cells, no consistent
or marked difference between TAC and sham mice was
evident by qualitative image assessment (Figure 1C). To
further examine endothelial INHBA expression, quan-
titative- analysis using flow cytometry was performed.
INHBA mRNA expression.in isolated PAECs (CD45/
CD8267/CD31+ cells) from TAC. mice was comparable
to that in sham mice, suggesting that the pronounced
overall upregulation of INHBA observed in PAs is
unlikely to be primarily attributable to the endothelial
layer (Figure S4B). In contrast, INHBA expression was
significantly increased in the smooth muscle layer of
TAC mice (Figure 1C), suggesting that smooth muscle—
derived INHBA plays a predominant role in the develop-
ment of group 2 PH.

To further evaluate the potential contribution of
endothelial-to-mesenchymal transition, PAECs were
incubated with recombinant activin A for 1 to 7 days.
No statistically significant changes were observed in
the expression of mesenchymal markers (S100A4,
ACTA2, TAGLN, Snail1l, and Snail2) or endothelial
markers (VE-cadherin [vascular endothelial cad-
herin] and PECAM1) at either the mRNA or protein
levels (Figure S4C and S4D). In addition, immuno-
fluorescence analysis showed no appreciable change
in VE-cadherin expression after activin A treatment
(Figure S4E). These results suggest that activin A
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Figure 1. Stretch-induced activation of TGF-f (transforming growth factor-beta) signaling with INHBA (inhibin subunit beta A)
as a central regulator in group 1 and group 2 pulmonary hypertension (PH).
A, Schematic illustration of RNA sequencing using cultured pulmonary arterial smooth muscle cells (PASMCs) subjected to a 24-hour stretch
from patients with pulmonary arterial hypertension (PAH) and individuals without PH. Additional RNA sequencing data from pulmonary

arteries of patients with group 2 PH were analyzed using the Gene Expression Omnibus (GEO) data sets. First, we confirmed factors that
were specifically increased in PAH PASMCs exposed to mechanical stretch. In addition, GEO analyses of pulmonary arteries revealed
mechanisms involved in cell proliferation, including TGF-beta signaling. Notably, the increase in INHBA expression, which is involved in TGF-
beta signaling, was consistently observed in both the mechanical stretch and GEO analyses, supporting the focus on activin A signaling in our
study. B, UMAP projections of human pulmonary artery (PAH) single-cell data from the National Center for Biotechnology Information GEO
database (GSE228644), showing feature plots of INHBA, PCNA (proliferating cell nuclear antigen), and CCND1 (cyclin D1) expression. C,
Immunofluorescence images of pulmonary arteries from transverse aortic constriction (TAC) mice and sham control, showing aSMA (smooth
muscle actin alpha; green), INHBA (red), CD31 (white), and DAPI (4',6-diamidino-2-phenylindole; blue) staining, followed by relative expression
of INHBA in smooth muscle or endothelial cells. Data are presented as meantSD and were analyzed using the Mann-Whitney U test.
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Figure 2. INHBA (inhibin subunit beta A) regulates stretch-induced cell proliferation in pulmonary arterial hypertension (PAH)
pulmonary arterial smooth muscle cells (PASMCs).
A, mRNA expression levels of INHBA and (B) 5-bromo-2'-deoxyuridine (BrdU) incorporation assays showing cell proliferation in PASMCs from
individuals without pulmonary hypertension (PH) and individuals with PAH stretched for 24 hours, with si-INHBA or si-Ctrl treatment (n=3). C,
Representative Western blots and quantification of p-JNK (phosphorylated c-Jun N-terminal), t-JNK (total JNK), p-ERK (Continued)
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stimulation does not significantly induce endothelial-to-
mesenchymal transition and may not play a major role
in PA remodeling in the group 2 PH model.

INHBA expression was selectively downregulated in
PASMCs using specific small interfering RNA (siRNA)
to investigate its role, which effectively reduced both
baseline- and stretch-induced INHBA expression (Fig-
ure 2A). Cell proliferation was assessed by 5-bromo-
2'-deoxyuridine incorporation. PAH PASMCs exhibited
higher proliferation at baseline than the control PASMCs,
with increased enhancement under stretch stress (Fig-
ure 2B). Downregulation of INHBA using siRNA attenu-
ated stretch-induced proliferation (Figure 2B). Regarding
the involvement of signaling pathways, stretch stress
increased the phosphorylation of JNK (c-Jun N-terminal),
ERK (extracellular signal-regulated kinase), p38 (p38
mitogen-activated protein kinase), and SMADS3 in asso-
ciation with TGF-8, which was partially mitigated by
siRNA-mediated INHBA downregulation (Figure 2C and
D). However, the attenuation was not complete. Similarly,
SERPINE1 (serpin family E member 1) mRNA expres-
sion, a downstream target of TGF-f3 signaling, showed
a comparable pattern (Figure 2E). These data indicated
that stretch-induced alteration of JNK; ERK, p38, and
TGF-p signaling in PASMCs'mainly occurs via INHBA.

PASMCs were treated with recombinant activin A
(100 ng/mL) for 24 hours to elucidate the role of INHBA.
This stimulation significantly increased the prolifera-
tion of the control PASMCs (Figure 2F) and was asso-
ciated with elevated CCND1 expression (Figure 2G).
Furthermore, recombinant activin A enhanced the phos-
phorylation of components_involved in_the  mitogen-
activated protein‘kinase pathways, including p38, ERK;,
and SMAD3 (Figure 2H), and upregulated mRNA levels
of SERPINE1, CCN2 (cellular communication network
factor 2; Figure 2I). To delvetinto this mechanism, con-
trol PASMCs were incubated with activin A and JNK
(SP600125, 20 pM), ERK (PD98059, 20 uM), or p-p38
inhibitor (SB 203580, 10 pM). The p38 inhibitor attenu-
ated the activin A—induced increase in SMAD3 phos-
phorylation (Figure 2J), supporting the involvement of
p38 in this process. In contrast, JNK and ERK inhibition
had no effect, suggesting that activin A-induced SMAD3

INHBA in Group 2 PH

activation was mediated specifically through p38. Con-
sistent with these findings, JNK, ERK, or p38 inhibition
markedly suppressed activin A—induced PASMC prolifer-
ation (Figure 2K). These findings support the hypothesis
that the stretch-induced activin A—-SMADS3 axis is largely
dependent on p38 signaling.

Metabolic Dysfunction in PAH PASMCs
Enhances the Warburg Effect, Thereby Inducing
Acidosis and INHBA Expression Under Stretch

Comprehensive analyses using RNA sequencing and
metabolomics revealed mitochondrial dysfunction in the
PAs of both group 2 PH and stretched PAH PASMCs
(Figure 3A). Ingenuity pathway analysis of stretch-
induced changes showed activation of the c-MYC-
PDK1 (pyruvate dehydrogenase kinase 1) axis in PAH
PASMCs (Figure 3A). Stretching increased c-MYC and
PDK1 expression and decreased PDH (pyruvate dehy-
drogenase) in PAH PASMCs atthe protein level, which
affected pyruvate utilization qhi’gg}gﬂnricarboxylic acid
cycle (Figure 3B and 3E). These alterations were attenu-
ated by the siRNA-mediated downregulation of c-MYC
(Figure 3B).

Metabolomics confirmed that the stretch stress pro-
moted glucose metabolism in both PAH and non-PH
PASMCs (Figure SB). Furtherinvestigation into mitochon-
drial energy metabolism revealed that mechanical stretch
increased pyruvate, acetyl-CoA (coenzyme A), and tetra-
methylrhodamine methyl ester levels, suggesting activa-
tion of the tricarboxylic acid cycle (Figure 3C and 3E).
However, the stretchrinduced increases in acetyl-CoA
and ‘tetramethylrhodamine methyl ester were attenu-
ated in PAH PASMC:s, likely due to impaired utilization of
acetyl-CoA as a substrate for the tricarboxylic acid cycle
via upregulation of the c-MYC—-PDK-PDH axis. Consis-
tent with this, stretch-induced lactate accumulation was
observed specifically in PAH PASMCs (Figure 3C), sup-
porting the enhancement of the Warburg effect under
these conditions (Figure 3E). Moreover, siRNA-mediated
downregulation of c-MYC reduced lactate production and
increased acetyl-CoA and tetramethylrhodamine methyl
ester levels (Figure 3D), indicating that c-MYC regulates

Figure 2 Continued. (phosphorylated extracellular signal-regulated kinase), t-ERK (total Erk), p-p38 (phosphorylated p38 mitogen-activated
protein kinase), t-p38 (total-p38), and GAPDH expression, (D) p-SMAD3 (phosphorylated SMAD3) and t-SMADS (total-SMAD3) expression
and (E) mRNA expression levels of SERPINE1 (serpin family E member 1) in PASMCs from individuals with PAH stretched for 24 hours

and transfected with si-INHBA or si-Ctrl (n=8). F, BrdU incorporation assays showing cell proliferation in cultured PASMCs from individuals
without PH treated with recombinant activin A (100 ng/mL) for 24 hours (n=8). G, mRNA expression levels of CCND1 (cyclin D1) in cultured
PASMCs from individuals without PH treated with recombinant activin A for 6 hours (n=8). H, Representative Western blots and quantification
of p-p38, t-p38, p-ERK, t-ERK, p-SMAD3, t-SMADS3, and GAPDH expression in PASMCs treated with recombinant activin A for 24 hours
(n=6). I, mMRNA expression levels of SERPINE1 and CCN2 (cellular communication network factor 2) in cultured PASMCs from individuals
without PH treated with recombinant activin A for 6 hours (n=12). J, Representative Western blots and quantification of p-SMAD3 and t-
SMAD3 expression in PASMCs and (K) cell proliferation of PASMCs from individuals without PH treated with recombinant activin A (100 ng/
mL) or JNK inhibitor (SP600125, 20 pM), ERK inhibitor (PD98059, 20 puM), or p-p38 inhibitor (SB203580, 10 uM). Data are presented as
meanzSD, and (A through E, J, and K) were analyzed using 2-way ANOVA followed by Tukey honest significant difference test or (F through I)

the Mann-Whitney U test.
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Figure 3. Metabolic dysfunction exacerbates lactic acidosis in pulmonary arterial hypertension (PAH) pulmonary arterial
smooth muscle cells (PASMCs).

A, Heatmap of RNA sequencing data from pulmonary arteries (PAs) of patients with group 2 pulmonary hypertension (PH), combined with a
heatmap of stretch-induced changes analyzed via RNA sequencing and metabolomics in cultured control and PAH PASMCs. B, Representative
Western blots and quantification of c-MYC, PDK1 (pyruvate dehydrogenase kinase 1), PDH (pyruvate dehydrogenase), (Continued)
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glucose metabolism in PAH PASMCs in response to
mechanical stretching (Figure 3E).

Stretch-induced lactate accumulation led to acidic con-
ditions in PAH PASMCs (Figure 4A), which were attenu-
ated by c-MYC knockdown using siRNA (Figure 4B).
Consistent with the in vitro findings, PDH expression
was reduced in the lungs of TAC mice and spontaneously
hypertensive rats (Figure 4C; Figure S6A), accompanied
by elevated lactate levels (Figure 4D). Furthermore, PAs
from TAC mice and spontaneously hypertensive rats,
likely subjected to pressure overload, showed increased
expressions of GPR68 (G-protein—coupled receptor
68), consistent with a lower pH environment (Figure 4C;
Figure S6B). These results support the contribution of
metabolic dysfunction to an acidic environment in the
pulmonary vasculature.

Crystal violet staining was performed to evaluate
cell viability in vitro conditions, which demonstrated
that some PASMCs died at pH 5.5 compared with
pH 6.5 or 7.6 (Figure SB6C). To accurately evaluate
expression changes, analyses were focused on pH
conditions ranging from 8.5 to 6.5. At pH 6.5, INHBA
expression was upregulated at both the mRNA and
protein levels compared with pH 7.5, alongside an
increase in SERPINE1 expression and phosphoryla-
tion of SMAD3 (Figure 4F and 4G). These findings
suggest that acidic conditions enhance TGF-f signal-
ing in PASMCs.

To clarify the role 'of c-MYC, a key regulator of
energy metabolism, we downregulated its expression in
PASMCs exposed to mechanical stretch using siRNA.
This intervention substantially suppressed the stretch-
induced upregulation of INHBA and reduced phosphor-
ylation of ERK, JNK, p-p38, and SMAD3 (Figure 4H
through 4K). However, because these effects were
not completely abolished, additional stretch-responsive
mechanisms are likely involved in regulating both
INHBA expression and downstream signaling. These
results support the hypothesis that p38 signaling is pri-
marily involved in TGF-§ activation via INHBA, whereas
INHBA and c-MYC also regulate JNK and ERK path-
ways independently (Figure S7).

These findings imply that PAH PASMCs exhibit
impaired responses to mechanical stress, caused by mito-
chondrial dysfunction at the core of glucose metabolism.
Mechanical stretch results in lactic acidosis, which con-
tributes to cell proliferation and PA remodeling through
increased INHBA (Graphical Abstract).

INHBA in Group 2 PH

Role of INHBA in PA Remodeling in TAC Mice

To assess whether attenuation of INHBA can mitigate
PA remodeling and PH in group 2 PH in vivo, we uti-
lized a recombinant AAV carrying EGFP under the
cytomegalovirus promoter to downregulate INHBA
(AAVB-shINHBA) in PAs (Figure BA; Figure S8A).27%
AAV6-shINHBA was administered intratracheally 1
week after performing TAC in 10-week-old C57BL/6J
mice. Three weeks later, we harvested lung tissues to
evaluate INHBA expression. This approach significantly
reduced INHBA levels in lung homogenates and in the
PA smooth muscle layer (Figure 5B and 5C). Elastica
Masson staining showed that INHBA downregula-
tion attenuated PA remodeling (Figure BD). Increased
phosphorylation of SMADS3, p38, JNK, and ERK was
observed in the PAs in mice with TAC, which was attenu-
ated by AAV6-shINHBA administration (Figure bE and
5F). Hemodynamic analysis revealed that TAC mice
exhibited decreased left ventricular ejection fraction,
increased RVSP, total pulmodary, resistance (RVSP/
cardiac output), and right ventricifar-weight to tibia
length ratio (Figure 5G; Figure S8B), with no effect of
blood pressure and heart rate (Figure S8B). However,
a reduction in INHBA expression restored RVSP and
total pulmonary resistance and improved right ventricu-
lar function, including parameters such as pulmonary
acceleration time, tricuspid annular plane systolic excur-
sion, right ventricular fractional area change (Figure S9),
and treadmill exercise tolerance (Figure B5H). No effects
of AAV6-shINHBA were noted on hemoglobin levels
(Figure S8B).

Energy Metabolism Centered on the PDK1-PDH
Axis inithe PA of TAC Mice

Based on the in vitro data, upregulation of PDK1 alters
glucose metabolism and promotes an acidic microen-
vironment. To assess the role of the PDK1-PDH axis
in PAs of TAC mice, we administered AAV6-shPDK1
to TAC mice (Figure 6A; Figure S10). AAV-mediated
knockdown of PDK1 restored PDH expression and
reduced TAC-induced lactate accumulation in the lungs
(Figure 6B and 6C). Correspondingly, the upregulation of
INHBA and SMADS3 phosphorylation was also attenu-
ated (Figure 6D and 6E). Histological analysis demon-
strated reduced PA remodeling in the AAV6-shPDK1
group (Figure 6F). Although echocardiography showed
no significant difference in EF between mice treated

Figure 3 Continued. and GAPDH expression in PASMCs from patients with PAH and control individuals (n=3). C, Quantification of pyruvate,
acetyl-CoA, lactate, and tetramethylrhodamine methyl ester (TMRM) in PASMCs from patients with PAH and control individuals subjected to
stretch for 24 hours (n=8). D, Quantification of pyruvate, acetyl-CoA (coenzyme A), lactate, and TMRM in PASMCs from patients with PAH and
control individuals stretched for 24 hours and transfected with si-c-MYC or si-Ctrl (n=8). E, Schematic representation of stretch-induced lactate
accumulation specific to PASMCs from patients with PAH subjected to 24 hours of stretch. Data are presented as meantSD. Comparisons
between each group were analyzed using 2-way ANOVA followed by Tukey honest significant difference test. IL indicates interferon; and TCA,

tricarboxylic acid.
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Figure 4. Acidosis in stretched pulmonary arterial smooth muscle cells (PASMCs) and pulmonary arteries of group 2 pulmonary

hypertension (PH) animal models.

A, pH measurements in PASMCs from patients with pulmonary arterial hypertension (PAH) and individuals without PH subjected to stretch

for O, 1, 6, and 24 hours. B, pH measurements in PASMCs from individuals without PH and individuals with PAH stretched for 24 hours and

transfected with si-MYC or si-Ctrl. C, Representative Western blots and quantification of (Continued)
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with AAV6B-scramble and AAV6-shPDK1, hemodynamic
assessments revealed improvements in RVSP, total pul-
monary resistance, and right ventricular weight to tibia
length ratios (Figure 6G), along with an increased pul-
monary acceleration time (Figure S11). In addition,
treadmill testing showed improved exercise tolerance in
the AAV6B-shPDK1-treated group (Figure 6H). These
results suggest that PDK1-mediated metabolic dys-
function contributes to lactate accumulation, which may
induce an acidic environment that promotes PA remodel-
ing and hypertension.

DISCUSSION

The key findings of this study from both human and
basic analyses are as follows: (1) RNA sequencing and
metabolomics identified INHBA as a key regulator of
PA remodeling in group 2 PH, (2) mechanical stretch
stress induces acidosis via metabolic dysfunction in PAH
PASMCs, (3) acidity elevates INHBA expression in PAs,
(4) downregulation of INHBA in the lungs of the group 2
PH model attenuated PA remodeling.

Shared Pathophysiological Features of PA
Remodeling in Group 1 and 2 PH

This study aims to contribute to research on group 2 PH,
an area where experimental investigation remains chal-
lenging due to limited tissue availability and substantial
clinical heterogeneity. In this context, mechanistic studies
benefit from being guided by clearly defined objectives
and specific phenotypes. Importantly, we do 'not regard
group 1 PH and group 2 PH as having equivalent overall
disease profiles. Rather, we drew on established obser-
vations that both conditions exhibit certain aspects of PA
remodeling. These shared features were used as a refer-
ence point to help identify potential pathways that may
be relevant to group 2 PH.

Assad et al'® identified common genetic signatures
between group 1 and 2 PH, particularly those associated
with cytoskeletal organization and actin binding, which

INHBA in Group 2 PH

contribute to smooth muscle cell proliferation, fibro-
sis, and vascular wall thickening. In addition, mitochon-
drial abnormalities, including those involving SMCRY7, a
modulator of dynamin-related protein 1, which regulates
mitochondrial fission, have been implicated in both con-
ditions, thereby, reinforcing the hypothesis of overlapping
pathophysiological pathways.”® These findings high-
light the potential for future studies into shared genetic
and molecular mechanisms to inform new therapeutic
strategies, particularly for CpcPH associated with poor
outcomes.

The lack of lung samples and cultured cells from
patients with group 2 PH has limited our ability to fully
explore the pathogenesis of this condition. To address
this issue, we utilized the GEO data from the PAs of
group 2 PH. Furthermore, by focusing on PA dilation
induced by pressure shifts from the left side in the patho-
physiology of group 2 PH, we evaluated the mechani-
cal stretch-induced alterations in PASMCs from both the
PAH and control groups. In the combined RNA sequenc-
ing—metabolomic analyses us.,i\ri@tl}ggc'isﬁndata, we identi-
fied central mechanisms related to cell proliferation that
warrant further attention, demonstrating that TGF-f3 sig-
naling and mitochondrial dysfunction are common pro-
moters in both groups (Figures 1 and 3).

To date, investigations into the pathophysiologi-
cal mechanisms of group 2 PH have frequently refer-
enced molecular pathways originally identified in group
1 PH, reflecting the limited availability of disease-
specific experimental models.”** These pathways include
BMPR2,%5%6 KCNK3,27%8 | (interleukin)-6/STAT3 signal-
ing,%%*° endothelin,*'*? B-HTT;*34* eNOS (endothelial NO
synthase),*>4¢ 1D gene family,““€‘and Hippo signaling.'>*°
Within this context, our findings suggest that INHBA
within the TGF-f signaling axis warrants consideration as
a pathway associated with pulmonary vascular remodel-
ing in group 2 PH, particularly at the level of PASMC biol-
ogy.'®®° Rather than indicating a shared disease-defining
mechanism between group 1 and group 2 PH, these
results support the presence of pathway-level overlap in
PASMC signaling. This interpretation is consistent with
prior reports of partial molecular convergence and should

Figure 4 Continued. PDH (pyruvate dehydrogenase) and GAPDH expression in the whole lungs from transverse aortic constriction (TAC)
mice. D, Lactate levels of the whole lung from TAC mice. E, Representative images and quantification of «SMA (smooth muscle actin alpha;
green), GPR68 (G-protein—coupled receptor 68; red), and DAPI (4',6-diamidino-2-phenylindole; blue) expression in the pulmonary arteries

of TAC mice and sham control. F, mMRNA expression of INHBA (inhibin subunit beta A) and SERPINE1 (serpin family E member 1), and (G)
representative Western blots and quantification of INHBA and GAPDH or p-SMAD3 (phosphorylated SMAD3) or SMAD3 expression in
cultured PASMCs from individuals without PH incubated in DMEM with adjustment of pH to 8.5, 7.5, or 6.5. H, mRNA expression levels of
INHBA in PASMCs from individuals with PAH stretched for 24 hours, with si-c-MYC or si-Ctrl treatment (n=3). I, Representative Western
blots and quantification of INHBA and GAPDH in PASMCs from individuals with PAH stretched for 24 hours, with si-c-MYC or si-Citrl
treatment (n=3). J, Representative Western blots and quantification of p-JNK (phosphorylated c-Jun N-terminal), t-JNK (total JNK), p-ERK
(phosphorylated extracellular signal-regulated kinase), t-ERK (total ERK), p-p38 (phosphorylated p38 mitogen-activated protein kinase), t-p38
(total-p38), and GAPDH expression in PASMCs from individuals with PAH stretched for 24 hours and transfected with si-c-MYC or si-Ctrl. K|
Representative Western blots and quantification of p-SMAD3 and t-SMAD (total-SMADS3) in PASMCs from individuals with PAH stretched

for 24 hours, with si-c-MYC or si-Ctrl treatment (n=3). Data are presented as meanSD, and (A) were analyzed using repeated measures
ANOVA with the Geisser-Greenhouse correction, B and H through K were analyzed using 2-way ANOVA followed by Tukey honest significant
difference test, (C through E) using the Mann-Whitney U test, or (F and G) using the Kruskal-Wallis test followed by Dunn test.
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Figure 5. Inhibition of INHBA (inhibin subunit beta A) via adeno-associated virus (AAV) transduction attenuates pulmonary
artery remodeling and cell proliferation signaling in transverse aortic constriction (TAC) mice.
A, Experimental timeline for the inhibition of INHBA signaling via AAV transduction in TAC mice. B, Western blots and quantification of INHBA
and GAPDH expression in lung tissue collected from TAC mice treated with AAV (n=6). C, Representative immunofluorescence images and
quantification of aSMA (smooth muscle actin alpha; white), INHBA (red), and DAPI (4',6-diamidino-2-phenylindole; blue) (Continued)
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be regarded as hypothesis-generating, pending valida-
tion in group 2 PH-specific experimental systems.

The value of this approach lies in combining contem-
porary analytical methods—including single-cell data
sets and IPA analyses utilizing actual PA of patients with
group 2 PH—with the growing availability of open-source
patient data. Together, these resources enabled us to
propose candidate mechanisms and potential therapeu-
tic targets for group 2 PH, while acknowledging the need
for further validation in disease-specific models.

Stretch-Induced Metabolic Dysfunction and Its
Role in PA Remodeling

In this study, we highlighted the stretch-induced accu-
mulation of lactate in PAH PASMCs, indicating a com-
promised metabolic reserve capacity in accommodating
pulmonary vascular dilation. PAH vascular cells are char-
acterized by a metabolic abnormality known as the War-
burg effect, wherein glucose metabolism shifts from
aerobic (tricarboxylic acid cycle) to anaerobic (lactate
accumulation) pathways. This metabolic adaptation sup-
ports cell proliferation under anaerobic conditions, such
as PH or cancer®' Notably, our findings revealed that
stretch stress, which simulates pulmonary dilation caused
by pressure overload, exacerbates this effect, specifically
in PAH cells.

Importantly, the GEO of the PAs of patients with group
2 PH demonstrated evidence of metabolic dysfunction
(Figure 3). A group 2 PH animal model, the mice with
TAC, exhibited an increased GPR68 expression in the
PAs, indicative ofracidosis-related alterationsand. con-
sistent with these human findings. These results suggest
that similar mechanisms..may.-contribute to.metabolic
dysfunction in the PAs of patients with group 2 PH.

Lactic or acidic alterations have severe consequences,
including driving cell type transitions in cancer®? and pro-
moting oxidative stress by disrupting cellular metabo-
lism.®® Furthermore, previous studies have shown that
lactate stimulates cell proliferation in PH.54%

This study elucidated detailed mechanisms by which
mechanical stretch promotes c-MYC—-PDK1 axis activa-
tion and disrupts energy metabolism, leading to lactate
accumulation and acidification. Notably, we provide novel
in vivo evidence linking enhanced TGF-f3 signaling and

INHBA in Group 2 PH

acidic conditions in PAs, predominantly via p38 signal-
ing—both key mediators of cell proliferation. These find-
ings highlight a potential pathogenic mechanism shared
across group 1 and group 2 PH.

Therapeutic Implications and Future Directions

The findings of this study underscore the potential of
targeting TGF-p signaling and INHBA as a therapeutic
focus for group 2 PH, which is marked by PA remod-
eling and elevated PVR. Sotatercept, an activin signal-
ing inhibitor, has been approved for PAH treatment and
has demonstrated improved clinical outcomes.?'~?® This
drug consists of the Fc domain of human immunoglobu-
lin G fused to the extracellular domain of human activin
receptor type IlA, acting as a ligand trap for specific
TGF-p superfamily members.?' The ongoing phase Il
CADENCE trial is evaluating the efficacy and safety of
sotatercept for group 2 PH compared with a placebo in
patients with CpcPH due to hea#t failure with preserved
ejection fraction. Despite theseﬁ/aciyaﬂcements limited
evidence exists regarding the molecular mechanisms of
TGF- signaling in group 2 PH. In this study, we partially
address this gap by providing insight into these mecha-
nisms, which could enhance the understanding of group
2 PH pathogenesis.

Furthermore, we identified a connection between
mitochondrial metabolism and INHBA upregulation in
PASMCs, presenting a potential therapeutic target for
group 2 PH (Graphical Abstract). Phase | trials have
explored PDK1 inhibitors in cancer treatment®®; how-
ever, no treatment strategies addressing mitochondrial
dysfunction have been developed for group 2 PH. Fur-
ther research is essential to develop innovative therapeu-
tic 'approaches targeting TGF-f3 signaling pathways and
mitochondrial metabolism. That could lead to effective
strategies for alleviating PA remodeling and improving
clinical outcomes in patients with group 2 PH.

Limitations

This study has several limitations. First, lung tissue and
cultured PASMCs from patients with group 2 PH were
not available, which restricts the degree to which our
findings can be directly connected to disease-specific

Figure 5 Continued. expression in distal pulmonary arteries (PAs) of TAC mice. Scale bar=50 um. D, Representative Elastica Masson (EM)
images and quantification of pulmonary artery remodeling in TAC mice treated with AAV. E, Representative immunofluorescence images and
quantification of aSMA (white), p-SMAD3 (phosphorylated SMAD3; purple), and DAPI (blue) expression in distal pulmonary arteries (PAs) of
TAC mice. Scale bar=50 um. F, Western blots and quantification of p-p38 (phosphorylated p38 mitogen-activated protein kinase), t-p38 (total
p38), p-JNK (phosphorylated c-Jun N-terminal), t-JNK (total JNK), p-ERK (phosphorylated extracellular signal-regulated kinase), t-ERK (total
ERK), p-SMADS, and t-SMAD3 (total SMADS3) in lung samples from TAC mice treated with AAV6-shINHBA or AAV6-scramble via intratracheal
instillation (n=6). G, Echocardiographic measurements assessing left ventricular ejection fraction (LVEF), right ventricular systolic pressure
(RVSP), RVSP/ cardiac output (CO) ratio (total pulmonary resistance), and the ratio of right ventricular weight to tibia length (RV/TL) in TAC
mice treated with AAV6-shINHBA or AAV6-scramble via intratracheal instillation (n=6-8). H, Treadmill test performance of TAC mice treated
with AAV6-shINHBA or AAV6-scramble via intratracheal instillation (n=6-8). Data are presented as meant+SD. Comparisons between each
group were analyzed using the Kruskal-Wallis test followed by Dunn test.
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Figure 6. Inhibition of PDK1 (pyruvate dehydrogenase kinase 1) via adeno-associated virus (AAV) transduction attenuates lactate
accumulation, pulmonary artery (PA) remodeling, and cell proliferation signaling in transverse aortic constriction (TAC) mice.

A, Experimental timeline for the inhibition of PDK1 signaling through AAV transduction in TAC mice. B, Western blots and quantification of PDH
(pyruvate dehydrogenase) and GAPDH expression in lung tissue collected from TAC mice treated with AAV (each n=6). C, Lactate levels in

the whole lungs of TAC mice treated with AAV. D, Western blots and quantification of INHBA (inhibin subunit beta A) and GAPDH expression
in the lung tissue collected from TAC mice treated with AAV (n=6). E, Representative immunofluorescence images and quantification of aSMA
(smooth muscle actin alpha; white), p-SMAD3 (phosphorylated SMAD; purple), and DAPI (4',6-diamidino-2-phenylindole; blue) expression in
distal PAs of TAC mice. Scale bar=50 ym. F, Representative Elastica Masson (EM) images and quantification of PA remodeling in TAC mice
treated with AAV. G, Echocardiographic measurements assessing left ventricular ejection fraction (LVEF), right ventricular systolic pressure
(RVSP), RVSP/cardiac output (CO) ratio (total pulmonary resistance), and the ratio of right ventricular weight to tibia length (RV/TL) in TAC
mice treated with AAV6-shPDK1 or AAV6-scramble via intratracheal instillation (n=7-8). H, Treadmill test performance of TAC mice treated
with AAV6-shPDK1 or AAVB-scramble via intratracheal instillation (n=7-8). Data are presented as mean+SD. Comparisons between each
group were analyzed using the Kruskal-Wallis test followed by the Dunn test.
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vascular biology. Second, the plasma concentrations
of activin A, follistatin, and FSTL3 may not necessarily
reflect PA remodeling, as these proteins are produced
by various cell types. Accordingly, the observed increase
in activin A should be regarded as an exploratory obser-
vation and interpreted with appropriate caution. Third,
AAV transduction was not specific to the PASMC layer,
and potential effects on endothelial or interstitial cells
cannot be excluded, which limits the precision of cell-
type—specific interpretation. In addition, while immuno-
fluorescence demonstrated the presence of INHBA
expression in endothelial cells, this approach is not
well-suited to detect subtle quantitative differences
within the thin endothelial layer. Flow cytometry—based
analysis did not show a clear difference in endothelial
INHBA mRNA expression; however, further detailed
studies using refined cell-type—specific approaches will
be required to determine whether endothelial INHBA
expression is modulated under pathological conditions.
Also, the in vivo experiments were conducted exclu-
sively using TAC mice, which, despite being informa-
tive, may not fully capture the complexity of group 2
PH pathophysiology in humans. In addition, we primarily
focused on molecular and cellular mechanisms without
direct confirmation of clinical relevance in human tis-
sues beyond transcriptomics and metabolomics. Fur-
thermore, the use of TAC mice may potentially limit the
findings to other forms of PH or different etiologies of
group 2 PH. Furthermore, the metabolic dysfunction
and mitochondrial changes identified in this study were
assessed in isolated experimental systems, which may
not completely reflect the in vivo environment. In addi-
tion, the potential influence of blood flow—dependent
vasodilatory responses on the PA phenotype in TAC
mice cannot be excluded.

Conclusions

In this study, we demonstrated that TGF-f3 signaling,
with INHBA as a key regulator, is common to both
group 1 and 2 PH. Stretch-induced lactate production in
PASMCs led to acidosis, promoting INHBA expression
and cell proliferation. TGF- signaling, including INHBA,
is crucial in the pathogenesis of group 2 PH, highlighting
its potential as a therapeutic target.
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