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dysfunction signaling axis in the
pathogenesis of PH.

e FA (attenuating eNOS uncoupling) or PBA
(abrogating ER stress) markedly
alleviated mPAP/RVSP, vascular
remodeling, total and mitochondrial
superoxide production, and eNOS
uncoupling, while preserving NO
bioavailability.

e MitoTempo to scavenge mitochondrial
ROS abolished molecular and
pathophysiological features of PH. FA,
PBA, or combination attenuated
mitochondrial swelling and distortion of
mitochondrial cristae.

e Our data for the first time reveal a novel
eNOS uncoupling driven signaling axis in
mediating PH, targetable for novel
therapeutics effective in alleviating
pathophysiological processes of the
disease but not just the clinical
symptoms, which is necessary to stop
di progression to save lives.
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ABBREVIATIONS
AND ACRONYMS

4-PBA = 4-phenylbutyric acid

DAF-FM DA = 4-amino-5-
methylamino-2',7'-
difluorofluorescein diacetate

DAHP = 2,4-diamino
6-hydroxypyrimidine

DHE = dihydroethidium
EM = electron microscopy

eNOS = endothelial nitric
oxide synthase

ER = endoplasmic reticulum
ESR = electron spin resonance
FA = folic acid

L-NAME = L-NG-nitro arginine
methyl ester

mPAP = mean pulmonary
arterial pressure

OCT = optimal cutting
temperature

PAECs = pulmonary artery
endothelial cells

PAH = pulmonary arterial
hypertension

PBS = phosphate-buffered
saline

PBST = phosphate-buffered
saline with 0.1% Tween

PCNA = proliferating cell
nuclear antigen

PDI = protein disulfide
isomerase

PH = pulmonary hypertension
ROS = reactive oxygen species

RVSP = right ventricular
systolic pressure

SMA = smooth muscle a-actin

SUMMARY

ulmonary hypertension (PH) is a con-

dition characterized by progressive

remodeling and narrowing of pulmo-
nary arteries and consequent elevation in
pulmonary blood pressure that can lead to
right heart failure and death.' PH is defined
as a mean pulmonary arterial pressure
(mPAP) >20mm Hg at rest, per the Seventh
World Symposium on Pulmonary Hyperten-
sion in 2018,> and >25mm Hg at rest per
the guidelines issued by the European Soci-
ety of Cardiology/European Respiratory So-
ciety in 2015.> The pathogenesis of PH
involves a complex and multifactorial pro-
Endothelial dysfunction has been
shown to play an important role in mediating
remodeling of the pulmonary vasculature. It
is logical to design new treatments to
ameliorate endothelial dysfunction and
endothelial cell proliferation at later stage

cess.

to reduce medial thickening and smooth muscle cell
hypertrophy, formation of intimal lesions, and
fibrosis as seen in the pulmonary vasculature of pa-
tients with pulmonary arterial hypertension (PAH).*
Major therapeutic advances have been made in the
past 2 decades, with the introduction of novel com-
pounds that target the 3 key pathways involved in
the development and progression of PAH, namely:
the endothelin, nitric oxide (NO), and prostacyclin
pathways.”

Endothelial nitric oxide synthase (eNOS) is a key
enzyme in producing NO to modulate pulmonary
vascular homeostasis and protect against pulmonary
vascular remodeling.® It is a potent vasodilator pro-
duced locally in the lung and mediates vascular
smooth muscle relaxation.” It also inhibits vascular
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Pulmonary hypertension (PH) was induced by 2,4-diamino 6-hydroxypyrimidine or hypoxia exposure.
Remarkably, folic acid (attenuating endothelial nitric oxide synthase [eNOS] uncoupling) or phenylbutyric acid
(abrogating endoplasmic reticulum stress) markedly alleviated mean pulmonary arterial pressure /right ven-
tricular systolic pressure, vascular remodeling, total and mitochondrial superoxide production, and eNOS
uncoupling, while preserving NO bioavailability. MitoTempo to scavenge mitochondrial reactive oxygen spe-
cies abolished molecular and pathophysiological features of PH. Folic acid, phenylbutyric acid, or combination
attenuated mitochondrial swelling and distortion of mitochondrial cristae. Using 2,4-diamino
6-hydroxypyrimidine increased total and mitochondrial superoxide production in pulmonary artery endothelial
cells. Our data for the first time establish a novel eNOS uncoupling/endoplasmic reticulum stress/mitochon-
drial dysfunction signaling axis in mediating PH, which are targetable for novel therapeutics.

(JACC Basic Transl Sci. 2026;11:101512) © 2026 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

smooth muscle cell proliferation and migration.
The pulsed delivery of NO was shown to be as
effective as continuous therapy in reducing mean
pulmonary artery pressure and pulmonary vascular
resistance.® Patients who receive inhaled NO have a
shortened hospital stay, fewer days of ventilation,
and fewer hours on extracorporeal membrane
oxygenation.® Therapies targeting the NO-cyclic
guanosine monophosphate signaling pathway such
as nitrovasodilators (inhaled NO), phosphodiesterase
5 inhibitors (sildenafil and tadalafil),’® and cyclic
guanosine monophosphate agonists (riociguat)''*
have been used as pulmonary vasodilators to
improve hemodynamics, functional status, and
symptomatology. For example, the COMPASS-2
(Combination of Bosentan and Sildenafil versus Sil-
denafil Monotherapy on Pulmonary Arterial Hyper-
tension) trial was able to show an improvement in the
6-minute walk test after 16 weeks of treatment but
failed to delay the time to the first morbidity/mor-
tality event.'* However, meta-analysis of data from
studies that involve combination therapy indicate
that this approach is effective, as detailed in this
treatment of PAH."> Because endothelial dysfunction
may represent the initiating step of idiopathic PAH,
we hypothesize that direct depletion of eNOS
coupling activity/uncoupling of eNOS is causal of PH.
We have established a novel murine model of PH that
is more human like by directly uncoupling eNOS with
DAHP,'® and in the present study, we aimed to
examine signaling cascades downstream of uncou-
pled eNOS in driving PH development using this new
model as well as the classical model of hypoxia-
induced PH.

Recent studies have implicated an intermediate
role of endoplasmic reticulum (ER) stress in the
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pathogenesis of PH. ER stress is referred to as accu-
mulation of unfolded and/or misfolded proteins in
the ER. Newly synthesized proteins translocate to the
ER lumen, where protein molecules undergo folding
to form 3-dimensional structures. Interestingly,
it has been shown that stressed ER produces
reactive oxygen species (ROS) in the cardiovascular
system.'”'° As to studies in PH, administration of ER
stress inhibitor 4-phenylbutyric acid (4-PBA) signifi-
cantly attenuated right ventricular systolic pressure
(RVSP) and prevented RV remodeling, which corre-
lated with suppressed expression of the ER stress
markers in lung tissues.’® The mitochondrion is an
essential organelle crucial in energy generation and
regulation of calcium homeostasis.”’ Mitochondrial
dysfunction has also been shown to generate exces-
sive ROS.?? Furthermore, several lines of evidence
have shown that mitochondrial dysfunction occurs in
PH through increased ROS production.?*>® The ER
and mitochondria are closely connected organelles
within cells. ER stress contributes to mitochondrial
dysfunction, which in turn facilitates cardiac
injury.”” We have shown that aggravated eNOS
uncoupling activity leads to mitochondrial dysfunc-
tion, contributing to the development of abdominal
aortic aneurysm and hypertension.?®>° However, the
inter-relationships among eNOS uncoupling, ER
stress, and mitochondrial dysfunction, particularly
during the development of PH, remain completely
unknown. Therefore, we hypothesize that the initial
activation of eNOS uncoupling can lead to oxidative
induction of ER stress and subsequent mitochondrial
dysfunction to induce PH.

Our data indicate that in 2,4-diamino 6-
hydroxypyrimidine (DAHP, an inhibitor of H,B syn-
thetic enzyme GCH1) and hypoxia-induced PH
models, uncoupling of eNOS induced ER stress and
subsequent mitochondrial dysfunction, contributing
to the development of PH. Recoupling of eNOS with
folic acid (FA), preservation of ER function with PBA,
or treatment with MitoTempo to scavenge mito-
chondrial ROS, attenuated elevations in mPAP and
RVSP, decreased superoxide production, reduced
vascular remodeling, and restored NO availability
while preventing ER stress and mitochondrial
dysfunction in both DAHP- and hypoxia-induced PH
mice. FA or PBA attenuated increased expression of
ER stress marker protein disulfide isomerase (PDI) in
PH, indicating an upstream role of eNOS uncoupling
in mediating ER stress, FA or PBA also abrogated
mitochondrial ROS production and mitochondrial
swelling activity, indicating that mitochondrial
dysfunction is downstream of uncoupled eNOS and
ER stress. In addition, electron microscopy (EM) data
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demonstrate that there was a robust distortion of
cristae structure of mitochondria in both DAHP and
hypoxic models of PH, which was alleviated by
treatment with FA or PBA. Further, PBA treatment
attenuated superoxide production, eNOS uncoupling
activity, and dysfunctional mitochondria, indicating
benefits of ER stress correction by shutting down ER
stress-eNOS uncoupling feed-forward mechanism. In
addition, DAHP induced significant up-regulation in
ER stress marker PDI, eNOS uncoupling activity, and
mitochondrial ROS production, indicating down-
stream role of ER stress following eNOS uncoupling
in DAHP-treated pulmonary artery endothelial cells
(PAECs). These data clearly indicate a novel signaling
axis of eNOS uncoupling/ER stress/mitochondrial
dysfunction in the pathogenesis of PH, targeting of
which may promote development
therapeutics.

of novel

METHODS

ANIMALS AND PROTOCOLS ESTABLISHING PH. All
animal experiments were approved by the University
of California Los Angeles Institutional Animal Care
and Use Committee and the Animal Ethics Committee
of the China-Japan Friendship Hospital. The C57BL/6
male mice (8-10 weeks old) were purchased from
Charles River Laboratories. The animals were housed
under international standard laboratory conditions
of light (12-hour light-dark cycle), temperature
(22 £+ 3 °C) and relative humidity of 60 + 5% with
good ventilation. Two murine models of PH, the
newly established DAHP (#81260, Cayman) and the
classical hypoxia models, were used in this study'® to
identify novel molecular mechanisms underlying
development of PH. For the experiments of DAHP
induction, mice were divided into 5 groups as the
followings: a normal control group (n = 4); a DAHP
group to directly provoke uncoupling of eNOS in the
endothelium (DAHP, 10 mmol/L, n = 7); a DAHP
group treated with FA (DAHP + FA, n = 5); a DAHP
group treated with 4-PBA (DAHP + PBA, n =5); and a
DAHP group treated with both FA and 4-PBA
(DAHP + PBA + FA, n = 4-5). Control group was
given standard mouse chow and regular water,
whereas the latter 4 groups were treated with DAHP
in drinking water (10 mmol/L, refreshed every 2 days)
for 3 weeks with or without FA, PBA, or FA + PBA.
For the experiments using hypoxia model, mice were
randomly divided into 5 groups: a normal control
group (n = 4); a hypoxia group (n = 7-8); a hypoxia
group treated with FA to attenuate uncoupling of
eNOS (Hypoxia + FA, 15 mg/kg/d customized diet,
n = 5-6)2%3°73% a hypoxia group treated with 4-PBA to
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attenuate ER stress (Hypoxia + PBA, 1 g/kg/d, n = 5-
7); and a hypoxia group treated with both FA and 4-
PBA (Hypoxia + FA + PBA, n = 7). The control
group was kept under room air, and the latter 4
groups were kept under hypoxic condition (normo-
baric 10% 0,, in 5% CO, balanced with 90% N,) using
hypoxic chamber for 3 weeks. All of the special chow
diets were made in house at University of California
Los Angeles or customized by Beijing HFK Bioscience
Co, Ltd. All mice were fed ad libitum, and mouse
chow was replaced every 2 days.

HEMODYNAMIC ANALYSES. Hemodynamic parame-
ters of mPAP, RVSP, and left ventricular systolic
pressure were determined using an open chest
method in mice anesthetized with intraperitoneal
injection of pentobarbital at 60 mg/kg. The animals
were intratracheally intubated and connected to a
respirator to maintain breathing (95% 0,-5% CO,).
The chest was opened, and the RV was localized. A
1.4-F catheter (mikro-tip catheter-transducer; model
SPR-671, Millar Instruments) was introduced using a
20-G needle. The RVSP, left ventricular systolic
pressure, and mPAP were recorded using a Power Lab
data acquisition system (AD Instruments Inc).

TISSUE HARVEST AND HISTOLOGIC ANALYSES.
Middle region of the left lung tissues of all mice were
used for paraffin embedding, sectioning, and histo-
logic analyses. In brief, the lung tissues were stored
in 4% paraformaldehyde for a day, followed by a
24-hour incubation in 10% sucrose solution. After
being fixed for 48 hours, the tissues were embedded
in paraffin, cut into 5-um thick sections, and stained
with hematoxylin and eosin. Structural remodeling
of the pulmonary arterioles was assessed by imaging
of the pulmonary arterioles using Nikon A1R Confocal
Microscope. Measurements of percentage of medial
wall thickness of pulmonary arterioles with diameter
size under 200 um were analyzed using ImageJ soft-
ware (National Institutes of Health). For each pul-
monary arteriole, medial wall thickness was
calculated as percentage of wall thickness = (wall
thickness x 2/external diameter) x 100.

IMMUNOHISTOCHEMISTRY. Formalin-fixed, paraffin-
embedded lung tissue sections were used for immu-
nohistochemical staining. Paraffin was removed by
washing with xylene and then rehydrated with
descending concentrations of ethanol. Antigen
retrieval was performed by immersing the sections in
an antigen retrieval buffer (10 pmol/L citric acid, PH
5.0) at 98.5 °C for 20 minutes. Sections were washed
in phosphate-buffered saline (PBS), followed by a
30-minute incubation in 0.3% hydrogen peroxide
diluted in phosphate-buffered saline with 0.1%
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Tween (PBST). Then sections were blocked with 10%
normal goat serum in PBST at room temperature for
30 minutes, and then incubated with anti-a-actin
(ab5694, 1:400, Abcam), anti-proliferating cell nu-
clear antigen (anti-PCNA, ab18197, 1:800, Abcam),
anti-protein  disulfide isomerase-A1 (anti-PDI,
ab2792, 1:200, Abcam), and subjected to the Real
EnVision Detection System (K5007, DAKO) for
detection of corresponding proteins. The images
were taken by OLYMPUS BX 53 and analyzed and
quantified using ImageJ program.

DETERMINATION OF TOTAL SUPEROXIDE PRODUCTION,
eNOS UNCOUPLING ACTIVITY, AND MITOCHONDRIAL
ROS PRODUCTION USING FLUORESCENT PROBES. To-
tal superoxide production in the lung tissues was
determined using dihydroethidium (DHE) fluores-
cent imaging. Superior lobes from the right lungs
were freshly isolated and embedded in optimal cut-
ting temperature (OCT) compound (Fisher Health-
Care). The frozen blocks were then cut into 5-pm
cryostat sections. To determine eNOS uncoupling
activity, freshly prepared OCT sections were incu-
bated with DHE solution (2 pmol/L, #D7008, Sigma)
in the dark at 37 °C for 30 minutes in the presence or
absence of NOS inhibitor L-NG-nitro arginine methyl
ester (L-NAME; 100 pmol/L). The fluorescent in-
tensity was captured using a Nikon A1R Confocal
Microscope at excitation and emission wavelengths
of 495 and 515 nm, respectively, and the images were
quantified using ImageJ software.

DETERMINATION OF TOTAL SUPEROXIDE PRODUC-
TION AND eNOS UNCOUPLING ACTIVITY USING
ESR. Superoxide levels in the lung tissues were spe-
cifically determined using electron spin resonance
(ESR) as we previously published.?®:39:32:36-4° In brief,
freshly isolated lung tissues were homogenized on
ice in lysis buffer containing 1:100 protease inhibitor
cocktail, and centrifuged at 12,000g for 10 minutes.
Protein content of the supernatant was determined
using a protein assay kit (Bio-Rad). Five to 10 pg of
protein was mixed with ice-cold and nitrogen-
bubbled Krebs/4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid buffer containing dieth-
yldithiocarbamic acid (5 pmol/L), deferoxamine
(25 umol/L), and the superoxide-specific spin
trap methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine
(500 pmol/L, Axxora). The mixture was then loaded
into a glass capillary (Kimble), and assayed using the
ESR spectrometer (eScan, Bruker) for superoxide
production. A second measurement was taken with
the addition of polyethylene glycol-conjugated su-
peroxide dismutase (20 U/mL) to calculate SOD-
inhibitable fraction of the ESR signal for specific
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superoxide production. For assessment of eNOS
uncoupling activity, a third measurement was made
with the addition of L-NAME (10 pmol/L, Cayman).
The rate of superoxide production was presented as
micromolar/min/mg of protein after normalizing
quantitative ESR signals to protein contents.

DETERMINATION OF INTRACELLULAR NO LEVELS
BY DAF-FM FLUORESCENT IMAGING. The 4-amino-
5-methylamino-2',7’-difluorofluorescein diacetate
(DAF-FM DA) is a reagent used to measure intracel-
lular levels of NO. To measure NO levels in the lung
tissues, freshly prepared 5-um lung tissue sections
incubated with 20 pmol/L. DAF-FM DA
(D-23844, Molecular Probes) at 37 °C for 20 minutes
in the dark. After washing with PBS for 3 times, the
sections were cover slipped. The mean fluorescent

were

intensity was captured using a Nikon A1R Confocal
Microscope at excitation and emission wavelengths
of 495 and 515 nm, respectively, and the images were
quantified using ImageJ software.

DETERMINATION OF MITOCHONDRIAL ROS PRODUCTION
USING MitoSOX FLUORESCENT IMAGING. In parallel ex-
periments, freshly prepared 5-um OCT lung sections
were incubated in MitoSOX Red (5 pmol/L, M36008,
Invitrogen) in the dark at 37 °C for 10 minutes to
measure mitochondrial superoxide production spe-
cifically. After incubation, the fluorescent dye was
washed away and the sections were visualized using
a Nikon A1R Confocal Microscope. All images were
analyzed and quantified using ImageJ software.
Mean fluorescent intensity was taken from 6 images
for each group.

PAEC CULTURE AND DAHP STIMULATION. PAECs
(#2535, Lonza) between the fourth and seventh pas-
sages were cultured in the complete EGM-2 bullet Kit
medium (CC-2535, Lonza) in humidified incubators at
the conditions of 37 °C and 5% CO, until confluence.
The cells were treated with DAHP (5 mmol/L, 81260,
Cayman Chemical) for 0, 1, 2, 3, and 6 hours prior to
analyses of total superoxide production, eNOS
uncoupling activity, mitochondrial superoxide pro-
duction, as well as expression of ER stress
marker PDI.

In brief, DHE was used to measure superoxide
production in DAHP-treated PAECs. PAECs were
cultured on glass cover slips until confluence and
then serum deprived prior to being treated with
DAHP (5 mmol/L) for 0, 1, 2, 3, and 6 hours. Cells were
incubated with DHE solution (2 pumol/L) in the dark at
37 °C for 30 minutes to determine total superoxide
production. To determine eNOS uncoupling activity,
cells were incubated with DHE solution in the pres-
ence or absence of L-NAME. To measure changes in
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mitochondrial superoxide production, PAECs treated
with DAHP were also incubated with MitoSOX solu-
tion (5 pmol/L) for 15 minutes at 37 °C in the dark.
A laser scanning confocal microscope (Nikon A1R)
was used for acquisition of all fluorescent images.
The average fluorescent intensities (normalized by
cell numbers) were analyzed and quantified using
ImageJ software.

WESTERN BLOT ANALYSIS. Activation of ER stress
in DAHP-stimulated PAECs was assessed by exam-
ining expression of PDI, an ER stress marker. Cells
were lysed in lysis buffer (0.2 mol/L Tris, 1.5 mol/L
NaCl, 10 mmol/L EDTA, 10 mmol/L ethylene glycol-
bis(/p-aminoethyl ether)-N,N,N',N'-tetra-acetic acid,
25 mmol/L sodium pyrophosphate, 10 mmol/L B-
glycerophosphate, 10 mmol/L Na;VO,, 1 mmol/L
phenylmethanesulfonyl fluoride, 2 pmol/L leupeptin,
and 10% Triton, pH 7.4) for 15 minutes on ice, and
then centrifuged at 12,000g for 10 minutes at 4 °C.
The supernatants were transferred to a new Eppen-
dorf tube and protein concentrations were deter-
mined using a BCA protein assay kit (#7780, Cell
Signaling Technology). Twenty micrograms of
cellular proteins were separated in 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. The
membranes were blocked with 5% nonfat milk at
room temperature for 1 hour, and then incubated
with antibody for PDI (1:1000, ab2792, Abcam) at 4 °C
overnight. After washing with PBST and subsequent
incubation with goat anti-mouse secondary antibody
(1:1000), the membranes were washed again with
PBST and the expression levels of PDI were assessed
by chemiluminescent detection with ECL reagent
(WBKLS0100, MilliporeSigma). The intensity of the
target bands was analyzed and quantified using
Image]J software.

MITOCHONDRIAL ISOLATION AND SWELLING ASSAY.
Freshly isolated lung tissues were rinsed twice
in ice-cold Krebs/HEPES buffer, and homogenized in
a prechilled glass homogenizer using isolation buffer
I (sucrose 250 mmol/L, ethylene glycol-bis(/p-ami-
noethyl ether)-N,N,N',N'-tetra-acetic acid 1 mmol/L,
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
10 mmol/L, and Tris-HCl 10 mmol/L, pH 7.4, 1 mL
buffer/0.33 g tissue) on ice. The homogenates were
then centrifuged at 800g for 7 minutes at 4 °C, fol-
lowed by additional centrifugation at 4,000g for
15 minutes at 4 °C. The pellet was resuspended using
1 mL of isolation buffer II (isolation buffer I without
ethylene glycol-bis(/B-aminoethyl ether)-N,N,N',N'-
tetra-acetic acid), and then centrifuged again at
4,000g for 15 minutes at 4 °C. Further purification
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was performed as previously described.?* Then, the
pellet was resuspended with 100 pL of isolation
buffer II.

For mitochondrial swelling assay to examine
integrity of the mitochondria, 100 pg of freshly iso-
lated mitochondria were mixed in swelling buffer
(sucrose 250 mmol/L, Tris-HCl 10 mmol/L, pH 7.4).
The mixture was then incubated with 5 mmol/L
succinate for 1 minute at room temperature, then
with 250 pmol/L of CaCl,. Absorbance at 540 nm was
measured immediately for 20 minutes at 1-minute
intervals using a BioTek Plate Reader (BioTek).
Swelling was measured as a decrease in absorbance
over time.

TRANSMISSION EM ANALYSIS OF MITOCHONDRIAL
STRUCTURAL CHANGES. Transmission EM was used
to assess mitochondrial morphology in freshly iso-
lated lung tissues. Lung tissues were finely diced
(2-mm cubes) and collected into 2.5% glutaraldehyde
for 1-2 hours at room temperature. Strips were
washed in 0.1 mol/L phosphate buffer solution (PBS,
pH 7.4) for 3 changes of 10 minutes each. Samples
were postfixed in 1% osmium tetroxide in PBS for 1
hour on ice, washed twice, transferred to 2% aqueous
uranyl acetate for 20 minutes, and then dehydrated
through successive washes in 30%, 50%, 70%, 95%,
and absolute acetone. The samples were incubated
overnight in acetone/resin (50:50). After a final in-
cubation in resin overnight, samples were embedded
in fresh resin polymerized at 60 °C for 48 hours. The
samples were sectioned (100 nm) using an ultra-
microtome (Ultra Cut UCT, Leica Microsystems),
placed on grids, and allowed to dry overnight. The
samples on grids were then stained using 2% uranyl
acetate in ultrapure water and Reynolds lead citrate.
Grids were examined using a transmission EM (JEM-
1400 PLUS, JEOL) at 80 kV and images captured using
a digital camera.

IN VIVO TREATMENT WITH MitoTempo TO SCAVENGE
MITOCHONDRIAL ROS. Mice were randomly divided
into 5 groups: a normal control group (n = 4); a DAHP
group (n = 7); a DAHP group treated with MitoTempo
(DAHP + MitoTempo, n = 5); a hypoxia group (n = 7);
and a hypoxia group treated with MitoTempo
(Hypoxia + MitoTempo, n = 5). MitoTempo was dis-
solved in PBS and used to treat mice by daily intra-
peritoneal injection (0.7 mg/kg/d, ALX-430-150, Enzo
Life Sciences International Inc) starting 2 days prior
to DAHP/hypoxia treatment and throughout the
entire treatment protocol of DAHP (10 mmol/L)/
hypoxia (10% oxygen) for 3 weeks. After 3 weeks,
hemodynamic parameters of mPAP and RVSP, histo-
logic features of vascular remodeling, eNOS
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uncoupling activity, mitochondrial superoxide pro-
duction, as well as intracellular NO levels were
determined as described.

STATISTICAL ANALYSIS. All data are presented as
mean + SEM. Statistical analyses were performed
using GraphPad Prism (version 9.5.1, Dotmatics).
Normality was assessed using the Shapiro-Wilk test.
Differences were considered statistically significant if
P < 0.05 by Student’s t-test for comparison between 2
groups, or by 1-way analysis of variance for multi-
group comparison that was followed by Dunnet or
Newman-Keuls multiple comparison test.

RESULTS

RECOUPLING OF eNOS OR ATTENUATION OF ER
STRESS PREVENTED PH IN BOTH DAHP AND HYP-
OXIA MODELS: HEMODYNAMIC RESPONSES. To
examine roles of eNOS uncoupling and ER stress in
mediating PH development, and the inter-
relationship between the 2, mice were induced of PH
by DAHP administration or exposure to hypoxia, and
treated with FA, PBA, or FA + PBA to attenuate eNOS
uncoupling and ER stress in vivo. Hypoxia is a clas-
sical model of PH in mice. In addition, we have
established a novel murine model of PH by directly
inducing eNOS uncoupling and endothelial dysfunc-
tion with administration of DAHP to inhibit eNOS
cofactor tetrahydrobiopterin synthetic enzyme GCH1.
As shown in Figure 1A, DAHP administration
(10 mmol/L, 3 weeks) markedly elevated mPAP in mice
(36.45 + 3.86 mm Hg, n = 7 for DAHP vs 18.95 +
0.96 mm Hg, n = 6 for control mice). Recoupling of
eNOS with FA diet®*”*"*3 reduced mPAP in FA group to
baseline (22.39 + 2.40 mm Hg, n = 5), whereas pres-
ervation of ER function with PBA also abolished the
increase in mPAP in DAHP-treated animals (t0 20.48 +
1.90 mm Hg, n = 5). Combinatory therapy of FA + PBA
did not show additive effects on mPAP in DAHP-
treated animals (19.47 &+ 2.05 mm Hg, n = 4), indi-
cating that uncoupled eNOS and ER stress align in the
same pathway to induce PH (Figure 1A). The RVSP data
are presented in Figure 1B in which DAHP adminis-
tration induced elevated RVSP (40.83 4 0.97 mm Hg,
n=7for DAHP vs 26.79 £+ 2.75 mm Hg, n = 6 for control
mice). The RVSP was substantially attenuated in the
DAHP + FA group (34.23 £2.06 mm Hg, n =5), DAHP +
PBA group (32.28 + 2.77 mm Hg, n = 5), and DAHP +
FA + PBA group (32.27 £+ 2.18 mm Hg, n = 5).
Similarly, exposure to hypoxia markedly elevated
mPAP in mice (40.54 + 4.47 mm Hg, n = 6) compared
to the control group (18.95 + 0.96 mm Hg, n = 6)
(Figure 1C). This response was significantly attenu-
ated by treatment with FA, PBA, or FA + PBA to 26.34
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Pulmonary hypertension was induced by 2,4-diamino 6-hydroxypyrimidine (DAHP; 10 mmol/L in drinking water) or hypoxia (normobaric 10%
0, and 5% CO, balanced with 90% N,) for 3 weeks, and some animals were treated with folic acid (FA), phenylbutyric acid (PBA), or

FA + PBA. Control group was given standard mouse chow and regular water. FA, PBA, or FA + PBA was administrated by FA (15 mg/kg/d)
chow or PBA (1 g/kg/d) chow or FA + PBA combined chow for both DAHP and hypoxia experiments. Mean pulmonary arterial pressure
(mPAP) and right ventricular systolic pressure (RVSP) were recorded by inserting 1.4-F catheter by open chest method using Power Lab
data acquisition system. Changes are shown for mPAP in the DAHP model (A), RVSP in DAHP model (B), mPAP in the hypoxia model (C), and
RVSP in the hypoxia model (D). All data are expressed as mean + SEM. n = 4-8. Data were analyzed by 1-way analysis of variance

for multigroup comparison that was followed by Dunnet or Newman-Keuls multiple comparison test. **P < 0.01 vs control group;

***+p < 0.001 vs control group; ****P < 0.0001 vs control group; #P < 0.05 vs DAHP or hypoxia groups; ##P < 0.01 vs DAHP groups;

###P < 0.001 vs DAHP or hypoxia groups.

+2.24 mm Hg, n = 6; 21.78 4+ 1.63 mm Hg, n = 5; and
26.47 + 0.73 mm Hg, n = 7, respectively. In addition,
hypoxia exposure elevated RVSP (41.94 +
3.287 mm Hg, n = 6) in mice compared to the control
mice (26.79 + 2.75 mm Hg, n = 6), which was
also attenuated significantly to baseline by treatment
of FA, PBA, or FA + PBA in hypoxia + FA
(31.03 + 2.15 mm Hg, n = 5), hypoxia + PBA (32.25 +
2.31 mm Hg, n = 5) and hypoxia + FA + PBA (31.41 +
2.62 mm Hg, n = 5) groups (Figure 1D). These data
strongly indicate an intermediate role of aligned

signaling pathway of uncoupled eNOS and ER stress
in the development of PH.

RECOUPLING OF eNOS OR ATTENUATION OF ER
STRESS PREVENTED PULMONARY VASCULAR
REMODELING IN BOTH DAHP AND HYPOXIA MODELS
OF PH. In PH, vascular remodeling is characterized
by increased medial thickness, collagen deposition,
and intimal narrowing in small pulmonary ar-
teries.***> We have observed clear medial thickening
and collagen deposition in the DAHP and hypoxia
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models of PH. As shown in Figures 2A and 2B, DAHP
treatment induced a significant increase in the
medial wall thickness of all vessels <200 um in outer
diameter as compared to the control group (58.44 +
3.99, n = 7 vs 25.91 + 2.96, n = 5). In comparison,
treatment with FA, PBA, or FA + PBA completely
attenuated this vascular remodeling phenotype of
medial wall thickness in DAHP + FA (28.49 + 2.28,
n =6), DAHP + PBA (33.02 +1.28, n = 6), and DAHP +
FA + PBA (25.30 + 0.59, n = 6) groups. Likewise,
hypoxia treatment induced a significant increase in
the medial wall thickness of all vessels <200 pm in
outer diameter as compared to the control group
(44.02 +2.92,n = 7 Vs 25.91 + 2.96, n = 5) (Figures 2A
and 2C). Treatment with FA, PBA, or FA + PBA also
markedly attenuated medial thickening in hypoxia +
FA (32.48 £1.44, n = 6), hypoxia + PBA (28.19 + 1.73,
n = 5), and hypoxia + FA + PBA (29.16 + 1.58, n = 6)
groups, respectively. In all mice, the magnitude of
remodeling seemed to increase as vessel diameter
decreased, with the greatest degree of vascular
remodeling occurring in those vessels with a diam-
eter size between 50 and 200 pm. The magnitude of
hypoxic pulmonary vascular remodeling for all vessel
sizes was slightly lesser compared to DAHP-treated
mice (Figures 2B and 2C).

To gain more insights into the effects on pulmo-
nary vascular remodeling of FA and PBA, we exam-
ined expression of smooth muscle a-actin (SMA) in
the lung tissue sections using immunohistochem-
istry. As is obvious in Figures 2D and 2E, we observed
markedly increased expression of SMA in the small
arteries of mice exposed to DAHP or hypoxia, which
was completely attenuated by FA, PBA, or FA + PBA
treatment. We further assessed expression levels of
the cell proliferation marker proliferating cell nuclear
antigen (PCNA). Similarly, the marked increase in
PCNA expression in the lung sections of the DAHP- or
hypoxia-treated mice was abolished by FA, PBA, or
FA + PBA treatment (Figures 2F and 2G). These data
further indicate attenuation of vascular remodeling
by recoupling of eNOS and alleviation of ER stress in
both DAHP and hypoxia models of PH.

RECOUPLING OF eNOS WITH FA OR PRESERVATION
OF ER FUNCTION WITH PBA ABROGATED EXPRES-
SION OF ER STRESS MARKER PDI IN BOTH DAHP
AND HYPOXIC MODELS OF PH. To determine
whether ER stress is involved in the pathogenesis of
PH downstream of uncoupled eNOS, we examined
expression levels of the ER stress marker PDI in both
DAHP- and hypoxia-induced PH mice. The immuno-
staining of PDI revealed substantially increased
expression of PDI in the pulmonary vascular
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endothelial cells of mice exposed to DAHP compared
to the control group (1,536 + 168.6, n = 6 vs 356.7 +
67.18, n = 5) (Figures 3A and 3B). The results
demonstrate that ER stress had been induced
following exposure to DAHP, which was significantly
attenuated by FA (700.5 + 193.2, n = 6) or PBA
treatment (291.5 + 84.14, n = 5) (Figure 3B). Likewise,
data indicate that PDI expression was significantly
increased in the pulmonary vascular endothelial cells
of mice exposed to hypoxia compared to control mice
(2,069 + 234.6, n = 6 Vs 606.4 + 97.47, n = 11)
(Figures 3A and 3C), and this response was substan-
tially attenuated by FA (750.3 + 170.1, n = 7) or PBA
(331.8 + 51.74, n = 9). These data indicate that eNOS
uncoupling lies upstream of ER stress during patho-
genesis of PH. Combinatory treatment with FA and
PBA had no additional effects, indicating eNOS
uncoupling is upstream of ER stress in the same
signaling axis.

eNOS UNCOUPLING AND FEED-FORWARD REGU-
LATION OF ER STRESS AND MITOCHONDRIAL
DYSFUNCTION ON eNOS UNCOUPLING IN DAHP AND
HYPOXIA MODELS OF PH. Total superoxide produc-
tion and eNOS uncoupling activity were assessed
with dihydroethidium (DHE) fluorescent imaging in
the presence or absence of L-NAME in the lung sec-
tions of both DAHP- and hypoxia-treated mice
(Figures 4A to 4C). DHE fluorescent intensity was
significantly increased in mice exposed to 3 weeks of
DAHP (12.61 + 1.27, n = 23 vs 27.51 + 3.96, n = 23 for
control vs DAHP groups). Treatment with FA, PBA, or
FA + PBA substantially attenuated superoxide signal
detected by DHE (from 27.51 + 3.96, n = 23 in the
DAHP group to 16.52 + 2.058, n = 20, 16.08 + 2.412,
n =21, and 11.79 £+ 2.17, n = 21 for DAHP + FA, DAHP +
PBA, and DAHP + FA + PBA groups, respectively).
Addition of L-NAME resulted in increased fluorescent
intensity in the control group (12.61 +1.271, n =23 vs
15.06 + 2.392, n = 18 for control vs control + L-NAME
groups), indicating loss of NO from coupled eNOS
resulted in more measured superoxide. Addition of
L-NAME resulted in decreased fluorescent intensity
in the DAHP experimental group (16.30 4+ 2.75, n = 16
vs 27.51 + 3.96, n = 23 for DAHP + L-NAME vs DAHP
groups), indicating uncoupling of eNOS. As expected,
FA treatment recoupled eNOS to eliminate L-NAME-
dependent superoxide production, whereas PBA
treatment also attenuated eNOS uncoupling activity,
indicating benefits of ER stress correction via shut-
ting down of the ER stress-eNOS uncoupling feed-
forward mechanism. The combinatory therapy with
FA and PBA displayed similar effects on recoupling of
eNOS as shown in Figures 4A and 4B.
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As shown in Figures 4A and 4C, DHE intensity was
significantly elevated in mice exposed to chronic
hypoxia for 3 weeks (9.37 £ 0.59, n = 32 vs 22.11 +
2.84, n = 28 for control vs hypoxia groups). Treat-
ment with FA, PBA, or FA + PBA substantially
attenuated superoxide signal detected by DHE (from
22.11 + 2.84, n = 28 in the hypoxia group to 13.10 +
1.18, n = 33, 12.59 + 1.04, n = 34, 13.10 + 1.13, n = 29
for hypoxia + FA, hypoxia + PBA, hypoxia + FA +
PBA groups, respectively). Addition of L-NAME
resulted in increased fluorescent intensity in the
control group (9.37 + 0.59, n = 32 vs 10.06 + 0.77,
n = 22 for control vs control + L-NAME groups),
indicating that eNOS is healthy and coupled. Addi-
tion of L-NAME resulted in decreased fluorescent
intensity in the hypoxia group (11.55 + 1.89, n =31 Vs
22.11 + 2.84, n = 28 for hypoxia + L-NAME vs hypoxia
groups), indicating uncoupling of eNOS. Of note, FA
treatment recoupled eNOS, whereas PBA treatment
also attenuated eNOS uncoupling activity, indicating
benefits of ER stress correction via shutting down of
the ER stress-eNOS uncoupling feed-forward mech-
anism. Combinatory therapy with FA and PBA also
recoupled eNOS consistently.

As shown in Figure 4D, superoxide levels detected
by ESR were significantly increased in mice exposed
to 3 weeks of DAHP (11.87 + 1.31 pumol/L/min/mg
protein, n =5vs 16.94 £ 2.92 pymol/L/min/mg protein,
n = 7 for control vs DAHP groups). Furthermore, ESR
data indicate that superoxide production was mark-
edly attenuated to baseline in animals subjected to
FA treatment (9.67 £+ 0.63 umol/L/min/mg protein,
n = 6 for DAHP + FA), PBA treatment (6.77 +
3.32 umol/L/min/mg protein, n = 4 for DAHP + PBA),
or combination therapy (12.72 4+ 2.50 pmol/L/min/mg
protein, n = 6 for DAHP + FA + PBA).

Addition of L-NAME resulted in decreased super-
oxide production in the DAHP group (16.94 =+
2.92 pymol/L/min/mg protein, n =7 vs 6.32 £+ 1.63 pmol/
L/min/mg protein, n = 7 DAHP vs DAHP + L-NAME),
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indicating eNOS-derived superoxide production/
uncoupling of eNOS. Addition of L-NAME resulted in
increased superoxide production in FA group, PBA
group, and the combination therapy group, indicating
recoupling of eNOS (Figure 4D).

Likewise in the hypoxia-induced PH model, su-
peroxide levels detected by ESR were significantly
increased in mice exposed to 3 weeks of hypoxia
(11.87 + 1.31 umol/L/min/mg protein, n = 5 vs 31.67 +
3.17 pumol/L/min/mg protein, n = 5 for control vs
hypoxia groups). Superoxide production was mark-
edly attenuated to baseline by FA treatment (10.17 &
1.70 pmol/L/min/mg protein, n = 5 vs for hypoxia +
FA), PBA treatment (11.20 + 1.96 pumol/L/min/mg
protein, n = 5 for hypoxia + PBA), or combination
therapy (10.03 + 1.68 pmol/L/min/mg protein, n = 6
for hypoxia + FA + PBA) (Figure 4E).

Addition of L-NAME resulted in decreased super-
oxide production in the hypoxia group (31.67 =+
3.17 pmol/L/min/mg protein, n = 5 vs 15.01 + 2.68,
n = 5 for hypoxia vs hypoxia + L-NAME), indicating
uncoupling of eNOS. Of note, FA treatment recoupled
eNOS, whereas PBA treatment also attenuated eNOS
uncoupling activity, indicating benefits of ER stress
correction via shutting down of the ER stress-eNOS
uncoupling feed-forward mechanism. Combinatory
therapy with FA and PBA also recoupled eNOS
consistently (Figure 4E).

RECOUPLING OF eNOS OR ATTENUATION OF ER
STRESS PRESERVES NO BIOAVAILABILITY IN BOTH
DAHP AND HYPOXIC MODELS OF PH. NO levels in
lung sections were assessed by measuring DAF-FM
DA fluorescent intensity. As shown in Figures 5A
and 5B, DAHP administration (10 mmol/L, 3 weeks)
markedly reduced NO bioavailability in lung tissues
of DAHP-treated mice (25.32 +2.78, n = 7 vs 53.82 +
5.38, n = 5 for DAHP vs control groups). Recoupling
of eNOS with FA restored NO levels in DAHP + FA
group to baseline (52.15 + 4.71, n = 5 vs 25.45 + 3.99,
n =5 for DAHP + FA vs DAHP), whereas preservation

FIGURE 2 Continued

or hypoxia groups. Abbreviations as in Figure 1.

Lung tissues were harvested after pressure measurement, fixed in paraformaldehyde, sectioned, and stained for hematoxylin and eosin
(H&E). In additional experiments smooth muscle a-actin (SMA) and proliferating cell nuclear antigen (PCNA) expression was determined by
immunohistochemistry. (A-C) Representative images and grouped data for medial thickness indicating that FA, PBA, and combination
therapy attenuate medial hypertrophy in arteries <200 pm in outer diameter size in both DAHP- and hypoxia-induced pulmonary hy-
pertensive (PH) mice. (D,E) Fluorescent intensities of SMA expression in DAHP- and hypoxia-induced PH mice. (F,G) Fluorescent intensities
of PCNA expression in DAHP- and hypoxia-induced PH mice. Black arrows point to pulmonary blood vessels. All data are expressed as
mean + SEM, n = 5-6 each. Data were analyzed by 1-way analysis of variance for multigroup comparison that was followed by Dunnet
multiple comparison test. *P < 0.05 vs control group; ***P < 0.001 vs control group; ****P < 0.0001 vs control group; #P < 0.05 vs DAHP
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FIGURE 3 FA, PBA, and Combination Therapy Abrogated Expression of ER Stress Marker PDI in Both DAHP- and Hypoxia-induced PH Mice
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Lung tissues were harvested after pressure measurement, fixed in paraformaldehyde, sectioned, and stained for protein disulfide isomerase (PDI). (A) Representative
immunohistochemical images of PDI staining in DAHP and hypoxia animals treated with FA, PBA, or FA + PBA. (B,C) Grouped quantitative data of PDI expression in
DAHP and hypoxia animals with different treatments. Data indicate that FA, PBA, or FA + PBA completely abrogated expression of ER stress marker PDI. Black arrows
point to pulmonary blood vessels. All data are expressed as mean + SEM, n = 5-7. Data were analyzed by 1-way analysis of variance for multigroup comparison that
was followed by Dunnet multiple comparison test. ***P < 0.001 vs control group; *****P < 0.0001 vs control group; #P < 0.01 vs DAHP or hypoxia groups.

ER = endoplasmic reticulum; other abbreviations as in Figures 1 and 2.

of ER function with PBA also markedly recovered NO
bioavailability in DAHP + PBA group (48.72 + 4.28,
n =5vVs25.45 +3.99, n =5 for DAHP + PBA vs DAHP).
This goes along with the notion earlier that ER stress
further facilitates eNOS uncoupling via feed-forward
mechanism and that correction of ER stress recou-
pled eNOS. Furthermore, combinatory therapy of
FA + PBA had similar effects in improving NO
bioavailability in DAHP-treated animals (51.62 + 4.92,
n =5vs 25.45 + 3.99, n = 5 for DAHP + FA + PBA vs
DAHP). Likewise, data presented in Figures 5A and 5C

indicate that in the hypoxia-induced PH group, NO
levels were significantly reduced in mice exposed to
hypoxia (33.06 + 3.45, n =7 vs 53.82 £ 5.38, n = 5 for
hypoxia vs control groups), which, however, was
attenuated in hypoxia + FA (51.64 + 4.18, n = 5 vs
53.82 4+ 5.38, n = 5 for hypoxia + PBA vs hypoxia),
hypoxia + PBA (49.27 + 4.06, n = 5 vs 53.82 + 5.38,
n = 5 for hypoxia + PBA vs hypoxia), and hypoxia +
FA 4+ PBA (47.414+1.51,n =5 Vs 53.82 £ 5.38, n =5 for
hypoxia + FA + PBA vs hypoxia) groups. We believe
the preserved NO bioavailability downstream of
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FIGURE 4 FA, PBA, and Combination Therapy Attenuated Lung Vascular ROS Production and eNOS Uncoupling Activity in Both
DAHP- and Hypoxia-induced PH Mice
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Freshly harvested lung tissues were embedded in optimal cutting temperature compound, sectioned and stained immediately with dihy-
droethidium (DHE) in the presence or absence of nitric oxide synthase (NOS) inhibitor L-NG-nitro arginine methyl ester, L-NAME (L).

(A) Representative DHE images indicating total superoxide production in DAHP and hypoxia groups with different treatments of FA, PBA, or
FA + PBA. (B,C) Grouped data of superoxide production (fluorescent intensity) in DAHP and hypoxia animals treated with FA, PBA, or
FA + PBA. In normal conditions, L-NAME increases measured superoxide by reducing NO's scavenging effects on superoxide. When
endothelial nitric oxide synthase (eNOS) is uncoupled, L-NAME decreases eNOS-derived superoxide production. This is the same for DHE
experiments and electron spin resonance analyses (D,E). Data indicate that FA, PBA, or combination therapy attenuated lung vascular
reactive oxygen species (ROS) production and eNOS uncoupling activity. White arrows point to pulmonary blood vessels. All data are
expressed as mean & SEM, n = 16-34. Data were analyzed by 1-way analysis of variance for multigroup comparison that was followed by
Dunnet multiple comparison test. **P < 0.01 vs control group; ***P < 0.001 vs control group; ****P < 0.0001; #P < 0.05 vs DAHP or
hypoxia groups. Abbreviations as in Figures 1 and 2.
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FIGURE 5 FA, PBA, and Combination Therapy Improved NO Bioavailability in Both DAHP, and Hypoxia-induced PH Mice
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Freshly harvested lung tissues were embedded in optimal cutting temperature compound, sectioned, and stained immediately with 4-amino-
5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA), which is a specific fluorescent probe for intracellular NO. (A-C) Shown are
the representative fluorescent images from each group and the grouped data of NO bioavailability (fluorescent intensity) in DAHP and
hypoxia animals treated with FA, PBA, or FA + PBA. Data indicate that FA, PBA, or FA + PBA completely restored NO bioavailability in
pulmonary vasculature of PH mice. White arrows point to pulmonary blood vessels. All data are expressed as mean + SEM, n = 5 each.
Data were analyzed by 1-way analysis of variance for multigroup comparison that was followed by Dunnet multiple comparison test.

*P < 0.05 vs control group; **P < 0.01 vs control group; #P < 0.05 vs DAHP or hypoxia groups. Abbreviations as in Figures 1 and 2.

restoration of eNOS coupling activity represents a
major intermediate pathway in attenuating PH phe-
notypes in FA- and PBA-treated PH mice.

RECOUPLING OF eNOS WITH FA OR PRESERVATION OF
ER FUNCTION WITH PBA PREVENTED MITOCHONDRIAL
DYSFUNCTION IN BOTH DAHP AND HYPOXIC AND
MODELS OF PH. To assess a role of mitochondrial
dysfunction in PH development, we detected mito-
chondrial ROS production using MitoSOX in freshly
isolated lung issues of DAHP- or hypoxia-treated
mice. As shown in Figure 6A, lung tissues treated
with DAHP had markedly increased mitochondrial
ROS production (35.24 + 4.48 n = 36 vs 18.70 +

2.95 n = 25 for DAHP vs control groups) as shown by
quantified fluorescent intensity of MitoSOX Red. This
response was completely attenuated in DAHP + FA
(15.49 + 2.59, n = 8), DAHP + PBA (13.60 + 2.27,
n = 16), and DAHP + FA + PBA (14.49 + 3.61, n = 17)
groups, respectively (Figure 6B). Similarly, MitoSOX
fluorescent intensity was markedly elevated in
hypoxia-treated animals (30.39 4+ 2.83, n = 36 Vs
20.50 + 2.69, n = 32 for hypoxia vs control groups),
which was also attenuated to baseline by FA, PBA, or
FA + PBA treatment in the hypoxia + FA (19.91 +1.31,
n = 30), hypoxia + PBA (23.20 + 2.08, n = 33), and
hypoxia + FA + PBA (21.62 + 1.92, n = 28) groups,
respectively (Figure 6C).
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FIGURE 6 FA, PBA, and Combination Therapy Attenuated Mitochondrial ROS Production in Both DAHP- and Hypoxia-induced PH Mice
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Freshly harvested lung tissues were embedded in optimal cutting temperature compound, sectioned, and stained immediately with MitoSOX
Red reagent for detection of mitochondrial ROS production. (A-C) Shown are the representative fluorescent images and grouped data for
mitochondrial ROS production in DAHP and hypoxia mice with different treatments. Data indicate FA, PBA, or FA + PBA completely
attenuated mitochondrial ROS production in both DAHP and hypoxia mice. White arrows points to pulmonary blood vessels. All data are
expressed as mean =+ SEM, n = 16-36. Data were analyzed by 1-way analysis of variance for multigroup comparison that was followed by
Dunnet multiple comparison test. **P < 0.01 vs control group; ***P < 0.001 vs control group; #P < 0.05 vs DAHP or hypoxia groups. Ab-

breviations as in Figures 1, 2, and 4.

As shown in Figures 7A and 7B, calcium-induced
mitochondrial swelling activity was markedly
increased in DAHP- or hypoxia-treated mice, indi-
cating impaired mitochondrial integrity. Treatment
with FA to recouple eNOS or PBA to preserve ER
function completely attenuated mitochondrial
swelling activity. Taken together with the inhibitory
effects on mitochondrial ROS production described,
these data indicate that uncoupled eNOS and ER
stress lie upstream of mitochondrial dysfunction in
inducing PH.

Mitochondrial morphology is a critical factor
influencing the efficiency of mitochondrial adenosine
triphosphate synthesis. Further studies using EM
demonstrate that in both DAHP and hypoxic models
of PH, there was a robust distortion of cristae

structure of mitochondria (Figures 8A and 8B), with
the black arrows indicating mitochondria with
typical disorganized cristae; and this response was
completely alleviated by treatment with FA or PBA in
both DAHP- and hypoxia-induced PH models.
Combinatory treatment with FA and PBA had no ad-
ditive effects on mitochondrial cristae structures
examined by EM. These data further confirm an eNOS
uncoupling/ER  stress/mitochondrial dysfunction
signaling axis in mediating pathogenesis of PH.

PRESERVATION OF MITOCHONDRIAL FUNCTION
WITH MitoTempo ATTENUATED PHENOTYPES OF
PH IN BOTH DAHP AND HYPOXIC MODELS. To
examine a previously unestablished causal role of
mitochondrial dysfunction in PH development,
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FIGURE 7 FA, PBA, and Combination Therapy Abrogated Enhanced Mitochondrial Swelling in Both DAHP- and Hypoxia-induced PH Mice
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Freshly isolated mitochondria from homogenized lung tissues were mixed in swelling buffer, incubated with 5 mmol/L succinate and then
250 pmol/L of CaCl,, prior to measurement of absorbance at 540 nm. A steeper decline in the absorbance indicates increased swelling of
mitochondria and impaired mitochondrial integrity. (A,B) Grouped data of mitochondrial swelling activities in FA-, PBA-, and FA + PBA-
treated DAHP and hypoxia animals are shown. All data are expressed as mean + SEM, n = 5-6. Data were analyzed using 1-wayanalysis of
variance for longitudinal data. ***P < 0.001 vs control group; #P < 0.05 vs DAHP or hypoxia groups.

we investigated effects on PH development of in vivo
treatment with MitoTempo, a mitochondrion-
targeted ROS scavenger. Mice were treated by daily
intraperitoneal injection (0.7 mg/kg/d) of MitoTempo
starting 2 days prior to DAHP or hypoxia stimulation
and throughout the entire treatment protocol of
3 weeks. Features of hemodynamic changes, pulmo-
nary vascular remodeling, and NO levels were
examined after 3 weeks. As shown in Figure 9A, DAHP
administration (10 mmol/L, 3 weeks) markedly
elevated mPAP in mice (36.45 + 3.86 mm Hg, n =7 vs
18.95+ 0.96 mm Hg, n =6 for DAHP vs control groups).
Treatment with MitoTempo substantially reduced
mPAP to 26.02 +2.31 mm Hg, n = 5. Similarly, hypoxia
exposure elevated mPAPin mice (40.54 +4.47 mm Hg,
n =6 vs 18.95 + 0.96 mm Hg, n = 6 for hypoxia vs
control groups). Treatment with MitoTempo markedly
reduced mPAP to 21.97 + 1.68 mm Hg, n = 5. The RVSP
data are presented in Figure 9B in which DAHP
administration induced elevated RVSP (40.83 =+
0.97 mm Hg, n = 7 vs 26.79 4+ 2.74 mm Hg, n = 6 for
DAHP vs control groups). The RVSP was also sub-
stantially attenuated in the MitoTempo group (32.95 +
2.40 mm Hg, n = 5). Likewise, hypoxia exposure
markedly elevated RVSP in mice (41.94 4 3.28 mm Hg,
n =7 vs 26.79 + 2.74 mm Hg, n = 6 for hypoxia vs
control groups). Treatment with MitoTempo sub-
stantially reduced RVSP to baseline to 31.48 =+
2.06 mm Hg, n =5.

Percentage medial thickness in small pulmonary
arteries was assessed. As shown in Figure 9C, DAHP
treatment induced a significant increase in the

medial wall thickness of all vessels sized <200 um as
compared to the control group (58.44 +3.99,n =7 vs.
25.91 £+ 2.96, n = 5 for DAHP vs control groups). In
comparison, treatment with MitoTempo substan-
tially attenuated vascular medial wall thickness
(33.43 £ 4.23, n = 5). Likewise, in the hypoxia model,
data presented in Figure 9D indicate that hypoxia
exposure induced a significant increase in the
external diameter of all vessels sized <200 pm as
compared to the control group (44.02 £2.92, n =7 Vs
25.91 + 2.96, n = 5 for hypoxia vs control groups). In
comparison, treatment with MitoTempo completely
attenuated this phenotype of vascular medial
remodeling (25.90 + 0.8796, n = 5). These data sug-
gest that DAHP induced slightly stronger vascular
remodeling in small sized blood vessels compared to
hypoxia, whereas MitoTempo was effective in
attenuating medial thickening in PH induced by both
DAHP and hypoxia.

Vascular remodeling was determined by SMA
immunofluorescent staining. As shown in Figure 9E,
SMA intensity was significantly increased in DAHP
group compared to control (32.36 + 1.36 vs 17.01 +
2.12 for DAHP vs control groups). Treatment with
MitoTempo substantially attenuated vascular
remodeling induced by DAHP (17.25 £ 2.46). Simi-
larly, SMA intensity was significantly increased in
hypoxia group compared to control (27.37 + 1.78 vs
17.01 £ 2.12 for hypoxia vs control groups). Treat-
ment with MitoTempo also substantially attenuated
vascular remodeling induced by hypoxia (15.68 +
2.813).
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FIGURE 8 FA, PBA, and Combination Therapy Preserved Mitochondrial Crystae Structures in Both DAHP- and Hypoxia-induced PH Mice

Control ) DAHP DAHP+FA

Lung tissues were finely diced (2-mm cubes) and collected into 2.5% glutaraldehyde for 1-2 hours at room temperature. Strips were washed
in in 0.1 mol/L phosphate-buffered saline solution (pH 7.4) and then postfixed in 1% osmium tetroxide, transferred to 2% aqueous uranyl
acetate for 20 minutes, and dehydrated. The samples were incubated overnight in acetone/resin (50:50). After a final incubation in resin
overnight, they were embedded in fresh resin polymerized at 60 °C for 48 hours. The samples were sectioned for thin tissue samples
(100 nm), using an ultra-microtome (Ultra Cut UCT). Samples were then stained using 2% uranyl acetate in ultrapure water and Reynolds
lead citrate. Grids were examined in a transmission electron microscope. (A,B) Shown are the representative electron microscopy images
from each group in DAHP- or hypoxia-induced PH mice. As is obvious, DAHP or hypoxia induced destruction of mitochondrial crystae
structures, which, however, were substantially alleviated in FA-, PBA-, and FA + PBA-treated groups. Arrows indicate mitochondria in the
pulmonary vascular endothelial cells. Abbreviations as in Figures 1 and 2.

Proliferating cells were determined by PCNA
immunofluorescent staining. As shown in Figure 9F,
PCNA intensity was significantly increased in DAHP
group compared to control (24.30 & 1.62 vs. 11.97 +
2.54 for DAHP vs control groups). Treatment with

MitoTempo substantially attenuated vascular
remodeling induced by DAHP (16.88 + 1.313). Simi-
larly, SMA intensity was significantly increased in
hypoxia group compared to control (21.22 4 2.06 vs
11.97 + 2.54 for hypoxia vs control group). Treatment
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FIGURE 9 In vivo MitoTempo Treatment Attenuated mPAP/RVSP and Vascular Remodeling in Both DAHP- and Hypoxia-induced PH Mice
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PH was induced by DAHP (10 mmol/L) or hypoxia (normobaric 10% O, and 5% CO, balanced with N,) for 3 weeks, and some animals were treated with MitoTempo
(dissolved in phosphate-buffered saline and used to treat mice daily at 0.7 mg/kg/d starting 2 days prior to DAHP/hypoxia treatment and throughout the entire
treatment protocol). mPAP and RVSP were recorded by inserting 1.4-F catheter by open chest method using Power Lab data acquisition system. Changes are shown for
mPAP (A) and RVSP (B) in both DAHP and hypoxia models. In parallel experiments, lung tissues were harvested after pressure measurement, fixed in para-
formaldehyde, sectioned, and stained for H&E. (C,D) Grouped data for medial thickness indicating that MitoTempo treatment attenuated medial hypertrophy in
arteries <200 pum in outer diameter size in both DAHP- and hypoxia-induced PH mice. (E) Quantitative data of fluorescent intensities of SMA. (F) Quantitative data of
fluorescent intensities of PCNA expression. (G) Quantitative data of fibrosis. All data are expressed as mean + SEM, n = 4-8 each. Data were analyzed by 1-way
analysis of variance for multigroup comparison that was followed by Dunnet multiple comparison test. *P < 0.05 vs control group; **P < 0.001 vs control group;

***+p < 0.001 vs control group; ****P < 0.0001 vs control group; #P < 0.05 vs DAHP or hypoxia groups. Abbreviations as in Figures 1 and 2.

with MitoTempo substantially attenuated vascular
remodeling induced by hypoxia (12.85 + 1.65).

Percentage fibrosis was determined by Masson
trichrome staining. As shown in Figure 9G, fibrosis
was significantly increased in DAHP group compared
to control (12.74 + 0.53 vs 3.82 + 0.61 for DAHP vs
control groups). Treatment with MitoTempo sub-
stantially attenuated vascular remodeling induced by
DAHP (5.83 + 0.66). Similarly, fibrosis was signifi-
cantly increased in hypoxia group compared to con-
trol (10.77 + 0.24 vs 3.82 + 0.61 for hypoxia vs control
groups). Treatment with MitoTempo also substan-
tially attenuated vascular remodeling induced by
hypoxia (5.95 + 0.71).

Of note, treatment with MitoTempo also markedly
suppressed superoxide production, compared to data
in mice exposed to DAHP or hypoxia alone
(Figures 10A and 10B). MitoSOX staining indicate that
MitoTempo effectively abrogated mitochondrial ROS
production in both DAHP and hypoxic models
(Figure 10C). DAHP treatment significantly increased

MitoSOX fluorescent intensity compared to control
group (43.98 4+ 2.85, n =12 vs 26.74 £+ 1.69, n = 10 for
DAHP vs control groups). MitoTempo effectively
attenuated MitoSOX fluorescent intensity induced by
DAHP (28.15 + 2.05, n = 10 Vs 43.98 + 2.85, n = 12 for
DAHP + MitoTempo vs DAHP). Hypoxia exposure
also increased MitoSOX fluorescent intensity
compared to control group (51.14 + 5.72, n = 12 Vs
26.74 + 1.69, n = 10 for hypoxia vs control groups).
MitoTempo treatment also significantly alleviated
MitoSOX fluorescent intensity induced by hypoxia
(24.01 £ 1.65, n = 10 vs 51.14 + 5.72, n = 12 for
hypoxia + MitoTempo vs hypoxia).

In addition, we examined effects of MitoTempo on
NO bioavailability. As shown in Figure 10D, Mito-
Tempo treatment significantly recoupled eNOS and
restored NO bioavailability. Whereas DAHP adminis-
tration significantly decreased DAF-FM fluorescent
intensity compared to control group (53.82 + 5.38,
n =5vs 2532 £+ 2.78, n = 7 for DAHP vs control
groups), MitoTempo effectively restored DAF-FM
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FIGURE 10 In vivo MitoTempo Treatment Attenuated Mitochondrial ROS Production While Restoring NO Bioavailability in Both
DAHP- and Hypoxia-induced PH Mice
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PH was induced by DAHP (10 mmol/L) or hypoxia (normobaric 10% O, and 5% CO, balanced with N,) for 3 weeks, and some animals were
treated with MitoTempo (dissolved in phosphate-buffered saline and used to treat mice daily at 0.7 mg/kg/d starting 2 days prior to DAHP/
hypoxia treatment and throughout the entire treatment protocol). Total superoxide production measured from lung homogenates using
electron spin resonance (ESR). eNOS uncoupling activity was assessed by comparing measurements with and without the addition of L-
NAME, a NOS inhibitor. A reduction in superoxide production with L-NAME indicates that NOS is uncoupled and producing superoxide,
whereas an increase in superoxide production with L-NAME indicates that NOS is coupled and producing NO. (A) Superoxide production
measured from lung using ESR in DAHP + MitoTempo mice compared with mice treated with DAHP and control mice. (B) Superoxide
production measured from lung using ESR in hypoxia + MitoTempo mice compared with mice exposed to hypoxia (normobaric 10% O, and
5% CO, balanced with 90% N,) and control mice. Freshly harvested lung tissues were embedded in optimal cutting temperature com-
pound, sectioned, and stained immediately with MitoSOX for mitochondrial ROS production and DAF-FM, which is a specific fluorescent
probe for intracellular NO. (C) Grouped data for MitoSOX. (D) Grouped data for DAF-DM DA. All data are expressed as mean + SEM, n = 5-10
each. Data were analyzed by 1-way analysis of variance for multigroup comparison that was followed by Dunnet multiple comparison test.
**P < 0.001 vs control group; ***P < 0.001 vs control group; ****P < 0.0001 vs control group; #P < 0.05 vs. DAHP or hypoxia groups.
Abbreviations as in Figures 1, 4, and 5.

fluorescent intensity (47.35 & 3.72, n = 5 vs 25.32 +
2.78,n =7 for DAHP + MitoTempo vs DAHP). Hypoxia
exposure significantly reduced DAF-FM fluorescent
intensity compared to control group (33.06 + 3.45,
n =7 vs 53.82 + 5.38, n = 5 for hypoxia vs control
groups), and MitoTempo effectively recovered DAF-
FM fluorescent intensity (43.88 + 2.47, n = 5 vs.
33.06 £ 3.45, n = 7 for hypoxia + MitoTempo vs
hypoxia) indicating restored NO bioavailability. Of

note, feed-forward regulation of mitochondrial ROS
further sustains eNOS uncoupling, whereas scav-
enging of mitochondrial ROS is effective in attenu-
ating oxidative stress to improve NO bioavailability.
DAHP INDUCED eNOS UNCOUPLING, ER STRESS,
AND MITOCHONDRIAL ROS GENERATION IN
PAECs. We hypothesized that DAHP uncoupling of
eNOS induces ER stress and mitochondrial dysfunc-
tion to result in persistent oxidative stress to cause
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FIGURE 11 DAHP Treatment of PAECs Resulted in Increased Total and Mitochondrial Superoxide Production and eNOS Uncoupling Activity
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PAECs were treated with DAHP (5 mmol/L) for 1, 2, 3, and 6 hours prior to determination of total superoxide and mitochondrial superoxide production using DHE
fluorescent imaging and MitoSOX imaging and quantitation. (A) Total superoxide production by DHE imaging and quantitation indicating rapid increase in superoxide
production in PAECs treated with DAHP. (B) Superoxide production in the presence and absence of NOS inhibitor L-NAME, indicating eNOS uncoupling activity in
DAHP-treated PAECs as soon as 1 hour after. (C) Mitochondrial superoxide production indicating increased and persistent elevation in mitochondrial superoxide
production through 6 hours. All data are expressed as mean + SEM, n = 3-4. Data were analyzed by 1-way analysis of variance for multigroup comparison that was
followed by Newman-Keuls multiple comparison test. *P < 0.05, **P < 0.01. Abbreviations as in Figures 1-4 and 11.

remodeling of small pulmonary arteries, and that this
response is initiated in the endothelial cells. To test
this hypothesis, 1 day postconfluent PAECs were
treated with DAHP (5 mmol/L) for 1, 2, 3, and 6 hours
prior to DHE and MitoSOX determination of total
ROS production and mitochondrial-derived ROS
production. The induction of ER stress in PAECs
exposed to DAHP was also determined by examining
protein expression of PDI, an established marker for
ER stress. As shown in Figure 11A, DAHP treatment
induced eNOS uncoupling activity as measured by
ROS production in the presence or absence of L-
NAME. The measurements made without L-NAME
indicate that DAHP treatment for 1, 2, and 3 hours
significantly increased production of superoxide in
comparison to control cells. The measurements made
with L-NAME were done to assess the uncoupling
state of eNOS. There was substantially increased
eNOS uncoupling activity in DAHP-treated PAECs,
especially at 1 and 2 hours (Figure 11B). Furthermore,
mitochondrial superoxide production was also
significantly up-regulated (Figure 11C), indicating
downstream role of mitochondrial oxidative stress
following eNOS uncoupling in DAHP-treated PAECs.

Taken together, our data establish a novel
signaling axis of eNOS uncoupling/ER stress/mito-
chondrial dysfunction in the development of PH in
both DAHP and hypoxia models. Upon DAHP or
hypoxia exposure, eNOS uncoupling occurs, leading

to downstream activation of ER stress and

mitochondrial dysfunction, as well as persistent
oxidative stress and consequent vascular remodeling
to result in development of PH (Figure 12). Recou-
pling of eNOS with FA, suppression of ER stress by 4-
PBA, or preservation of mitochondrial function with
MitoTempo attenuated phenotypes and pathophysi-
ological features of PH in both DAHP and hypoxic
models. ROS production from stressed ER and
dysfunctional mitochondria further sustains eNOS
uncoupling activity; however, abrogation of this
feed-back mechanism is effective in shutting down
eNOS uncoupling activity to effectively abrogate
development of PH (Figure 12)

DISCUSSION

The most significant finding of the present study is
the first identification of a novel role of eNOS
uncoupling/ER  stress/mitochondrial dysfunction
signaling axis in the development of PH in both novel
and classic models of PH. Uncoupling of eNOS
following DAHP or hypoxia stimulation leads to
downstream activation of ER stress and mitochon-
drial dysfunction, as well as a feed-forward activa-
tion of eNOS uncoupling by ER stress and
dysfunctional mitochondria, resulting in sustained
oxidative stress, vascular remodeling, and all of
molecular and pathophysiological features of PH.
Recoupling of eNOS with FA, suppression of ER stress

by 4-PBA, or preservation of mitochondrial function



Murugesan et al
eNOS Uncoupling-ER Stress-Mitochondrial Dysfunction Axis in PH

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 11, NO. 4, 2026
APRIL 2026:101512

DAHP \

PAEC

Coupled
eNOS

i

PBA —]

Mito-TEMPO —|
L

FIGURE 12 An Innovative eNOS Uncoupling/ER Stress/Mitochondrial Dysfunction Cascade in Mediating Development of PH
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cell; other abbreviations as in Figures 1, 3, and 4.

Under DAHP or hypoxia exposure, eNOS in the pulmonary arterial endothelial cells (PAECs) gets uncoupled to produce superoxide, which
leads to consequent ER stress and subsequent mitochondrial dysfunction to proceed persistent endothelial dysfunction and a vicious cycle
of superoxide production and oxidative stress. This cascaded events will induce vascular smooth muscle proliferation and vascular remod-
eling of increased medial thickness, resulting in increased pulmonary vascular resistance and development of PH. SMC = smooth muscle

with MitoTempo to specifically target mitochondrial
ROS, completely attenuated molecular and patho-
physiological features of PH in both DAHP and hyp-
oxic models. In vitro, DAHP induced eNOS
uncoupling, ER stress, and mitochondrial dysfunc-
tion in PAECs. Of note, severe mitochondrial
dysfunction was observed in both DAHP and hypoxia
models of PH as reflected by increased mitochondrial
ROS production, increased calcium-induced swelling

activity, and EM-defined disorganization of mito-
chondrial cristae. These data indicate that targeting
eNOS uncoupling/ER stress/mitochondrial dysfunc-
tion signaling axis with pharmacologic inhibitors
might prove to be innovative therapeutic strategies
for the treatment of PH. It is of particular benefit for
patients suffering from idiopathic PH and secondary
PH. This is because the DAHP model directly targets
the endothelium to induce endothelial dysfunction
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that represents an initiating factor for idiopathic PH,
whereas the hypoxia model represents a classic
model of secondary PH.

Our data indicate that uncoupled eNOS contributes
to development of PH in both DAHP and hypoxia
models. Attenuation of eNOS uncoupling and ER
stress with FA, PBA, and combinatory treatment
abrogated PH in both DAHP and hypoxia models.
Under physiological conditions, NO is produced in
the vasculature by eNOS. Endothelial NO relaxes
blood vessels, inhibits platelet activity, and protects
against atherosclerosis. In the pulmonary vascula-
ture, NO maintains vascular hemostasis to mediate
vasodilatation and protect against vascular remod-
eling and thrombi formation. Under pathologic con-
ditions such as hypercholesterolemia, hypertension,
aortic aneurysms, and diabetes, eNOS becomes
uncoupled when its key cofactor tetrahydrobiopterin
is oxidized and deficient. Uncoupled eNOS generates
superoxide instead of NO to substantially sustain
oxidative stress, resulting in endothelial dysfunc-
tion. Reversal of eNOS uncoupling may represent a
feasible strategy for the treatment of cardiovascular
diseases.*® Whereas uncoupled eNOS has been
implicated in the pathogenesis of PH,*”*° a direct
causal role of eNOS uncoupling in PH development
and its mechanistic downstream effectors have not
been examined previously. Our previous study has
shown that eNOS uncoupling activity lies upstream
of mitochondrial dysfunction in the development of
hypertension and abdominal aortic aneurysm.?® In
the present study, we identified a novel eNOS
uncoupling/ER  stress/mitochondrial dysfunction
signaling axis in mediating PH development in both
novel and classical models of PH. It is important to
point out that our studies emphasize on a novel
endothelial signaling cascade important for the
development of PH, targeting of which represents
new therapeutic directions. Whereas the role of
endothelial dysfunction as the primary cause of
idiopathic PAH has been established, our data pro-
vide compelling evidence on the mechanistic details
that can be more efficiently targeted or intervened.

The present study aimed to examine whether ER
stress and dysfunctional mitochondria, play impor-
tant roles in PH development following uncoupling
of eNOS. ER has been recognized as a principal
organizer of cellular stress responses.'” ER stress
signaling in the pulmonary circulation involves acti-
vation of transcription factor 6, through the induc-
tion of the reticulin protein Nogo. This can disrupt
the functional ER-mitochondria unit and cancer-like

Murugesan et al
eNOS Uncoupling-ER Stress-Mitochondrial Dysfunction Axis in PH

metabolic shift in pulmonary arterial hypertension
that promotes proliferation and resistance to
apoptosis in the pulmonary artery wall.”® Recently
published studies indicate that chemical chaperones
like 4-PBA, which is known to suppress ER stress
signaling, will inhibit the disruption of the ER-
mitochondrial unit and prevent/reverse PH.>°>%°!
In the present study, we demonstrated a downstream
role of ER stress following eNOS uncoupling to
mediate development of PH in both DAHP and hyp-
oxia stimulated PH models. ER stress lies down-
stream of uncoupled eNOS; and that inhibition of ER
stress by PBA-alleviated molecular and pathophysi-
ological features of PH in both DAHP and hypoxia
models, firmly establishing an intermediate role of
ER stress in PH development as a downstream
effector of eNOS uncoupling. In addition, recoupling
of eNOS with FA attenuated expression of ER stress
marker PDI in lung tissue sections, indicating that
eNOS activation mediated ER stress in both hypoxia-
and DAHP-induced PH. PDI expression was also
increased in DAHP-treated PAECs following DAHP
administration to uncouple eNOS. Further, our pre-
sent data clearly indicate that there was substantially
increased eNOS uncoupling activity in DAHP-treated
PAECs. Following treatment with DAHP, protein
levels of PDI were significantly increased in PAECs,
indicating downstream role of ER stress following
eNOS uncoupling. Therefore, we believe that
hydrogen peroxide produced by eNOS uncoupling/ER
stress/mitochondrial dysfunction axis would then
diffuse to underneath vascular smooth muscle cell to
result in proliferation, migration, and other events
involved in vascular remodeling.

Mitochondria control apoptosis and produce
reactive oxygen species like H,0,, which can regulate
vascular tone via activation of K* channels, but their
role in the pathogenesis of PH is incompletely un-
derstood. Studies have identified dichloroacetate, a
metabolic modulator that increases mitochondrial
oxidative phosphorylation, prevents and reverses
monocrotaline-induced PH. The vascular smooth
muscle cells that proliferate during progression of PH
are characterized by mitochondrial hyperpolar-
ization, activation of the transcription factor NFAT,
and down-regulation of the voltage-gated potassium
channel Kvi.5, all of which suppress apoptosis.
Another study revealed that deletion of the meta-
bolic enzyme malonyl-coenzyme A decarboxylase
results in an inhibition of fatty acid oxidation, which
in turn promotes glucose oxidation and prevents the
shift in metabolism toward glycolysis in pulmonary
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blood vessels, which drives the development of
PH.>*>* PH pathogenesis, much like in cancer, is
featured by a switch to aglycolytic phenotype that
promotes proliferation while suppressing
apoptosis,”®>> which can in turn contribute to
vascular remodeling and formation of vascular le-
sions. Our data showed that treatment with to scav-
enge mitochondrial ROS completely attenuated
molecular and pathophysiological features of PH in
both DAHP and hypoxia models, indicating a role of
mitochondrial dysfunction in PH development. In
addition, calcium-induced mitochondrial swelling
activity was markedly increased in DAHP- or
hypoxia-treated mice, which was abrogated by
treatment with FA or PBA, indicating upstream roles
of uncoupled eNOS and ER stress in inducing mito-
chondrial dysfunction in the pathogenesis of PH. In
this study, we also report severe mitochondrial
dysfunction in both hypoxia and DAHP models of PH,
which was reflected by swollen mitochondria, disor-
ganized mitochondrial cristae, and increased mito-
chondrial ROS generation.

Importantly, our findings have great translational
potential and promptness, because FA and PBA are
both US Food and Drug Administration-approved
drugs for other medical conditions. FA is used as a
nutrition supplement for pregnant women to prevent
neural tube defects, and 4-PBA has been used as a
medication for urea cycle disorders, a genetic con-
dition characterized by excessive ammonia in the
blood. Therefore, these drugs can be quickly repur-
posed for the treatment of PH with the convenience
of known toxicity profiles, potential dosing, and
possible side effects. Our new observations revealing
mechanistic details whereby these medications are
on target to be beneficial in treating PH, will no doubt
facilitate rapid translational adaptation to clinical
practice to generate new therapies for PH that would
be effective in alleviating pathophysiological pro-
cesses of the disease but not just the clinical symp-
toms, which is necessary to stop disease progression
to save lives.

CONCLUSIONS

The present study identified a novel eNOS uncou-
pling/ER stress/mitochondrial dysfunction signaling
axis in mediating PH development in both novel and

classical models of PH. Aggravated eNOS uncoupling
activity induces ER stress and subsequent mito-
chondrial dysfunction, contributing to the develop-
ment of PH. In vivo, the inhibitors targeting eNOS
uncoupling/ER  stress/mitochondrial dysfunction
axis are completely effective in abolishing pheno-
types of PH. Interestingly, treatment with FA to
recouple eNOS, or with PBA to preserve ER function,
resulted in decreased mPAP and RVSP, attenuated
vascular remodeling, abrogated total and mitochon-
drial superoxide production and eNOS uncoupling
activity, and diminished mitochondrial swelling ac-
tivity while preserving NO bioavailability, reduced
ER stress marker PDI expressions in both DAHP-
treated or hypoxia-exposed animals. In addition,
treatment with MitoTempo to scavenge mitochon-
drial ROS completely attenuated molecular and
pathophysiological features of PH in both DAHP and
hypoxia models, indicating a role of mitochondrial
dysfunction in PH development. the eNOS uncou-
pling/ER stress/mitochondrial dysfunction axis may
therefore prove to be a novel therapeutic option for
the treatment of PH.
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PERSPECTIVES

CLINICAL COMPETENCY: COMPETENCY IN
MEDICAL KNOWLEDGE: Our novel and robust find-
ings reveal new mechanistic insights into pathogenesis
of PH, targeting of which will no doubt facilitate rapid
development of novel therapeutics. Our data identified
an important signaling axis of eNOS uncoupling/ER
stress/mitochondrial dysfunction that mediates vascular
remodeling and vascular lesion formation in PH. These
represent innovative new medical knowledge to be
leveraged for the design of treatment options for PH.

TRANSLATIONAL OUTLOOK: Our findings have
great and immediate translational outlook, because

Murugesan et al
eNOS Uncoupling-ER Stress-Mitochondrial Dysfunction Axis in PH

FA and PBA are both US Food and Drug Administration-
approved drugs for other medical conditions. These
drugs can be quickly repurposed for the treatment of PH
with the convenience of known toxicity profiles, poten-
tial dosing, and possible side effects. Our new observa-
tions revealing mechanistic details whereby these
medications are on target to be beneficial in treating PH,
will promote rapid translational adaptation to clinical
practice, to generate new therapies that would be
effective in alleviating pathophysiological processes of

the disease but not just the clinical symptoms, which is

necessary to stop disease progression to save lives.
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