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Abstract

Objective—Pulmonary hypertension (PH) is characterized by increased pulmonary vascular
remodeling, resistance, and pressures. Reactive oxygen species (ROS) contribute to PH-associated
vascular dysfunction. NADPH oxidases (Nox) and mitochondria are major sources of superoxide
(O2") and hydrogen peroxide (H,0,) in pulmonary vascular cells. Hypoxia, a common stimulus
of PH, increases Nox expression and mitochondrial ROS (mtROS) production. The interactions
between these two sources of ROS generation continue to be defined. We hypothesized that
mitochondria-derived O,"~ (mtO,"") and H,O, (mtH»05) increases Nox expression to promote PH
pathogenesis and that mitochondria-targeted antioxidants can reduce mtROS, Nox expression, and
hypoxia-induced PH.

Approach and Results—Exposure of human pulmonary artery endothelial cells to hypoxia for
72 hours increased mtO,*~ and mtH,O». To assess the contribution of mtO,*~ and mtH,0, to
hypoxia-induced PH, mice that overexpress superoxide dismutase 2 (Tg"SOP2) or mitochondria-
targeted catalase (MCAT) were exposed to normoxia (21% O,) or hypoxia (10% O,) for 3 weeks.
Compared to hypoxic control mice, MCAT mice developed less hypoxia-induced increases in
RVSP, a-SMA staining, extracellular H,O, (Amplex Red), Nox2 and Nox4 (QRT-PCR and
western blot), or cyclinD1 and PCNA (western blot). In contrast, Tg"SOP2 mice experienced
exacerbated responses to hypoxia.

Conclusions—These studies demonstrate that hypoxia increases mtO,"~ and mtH,0,. Targeting
mtH,0, attenuates PH pathogenesis, whereas, targeting mtO,"~ exacerbates PH. These differences
in PH pathogenesis were mirrored by RVSP, vessel muscularization, levels of Nox2 and Nox4,
proliferation, and H,O, release. These studies suggest that targeted reductions in mtH,0,
generation may be particularly effective at preventing hypoxia-induced PH.
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INTRODUCTION

Pulmonary hypertension (PH) is characterized by vasoconstriction and proliferation of
pulmonary endothelial and smooth muscle cells, increased pulmonary vascular resistance,
and right ventricular hypertrophy that can progress to right heart failure and death [1].
Vascular derangements are triggered by diverse stimuli that promote pulmonary endothelial
dysfunction [2]. Current evidence suggests that reactive oxygen species (ROS) such as
superoxide (O»°") and hydrogen peroxide (H,0,) generated by mitochondria, NADPH
oxidases (Noxes), and other enzymatic sources contribute to PH pathogenesis by altering
vascular cell proliferation[3-6]. Although hypoxia contributes to mitochondrial dysfunction,
the role of different ROS and mechanisms by which mitochondria-derived ROS (mtROS)
promote the development of PH continue to be defined [7-10].1

Hypoxia causes pulmonary vasoconstriction through complex mechanisms that involve
increased intracellular ROS generation [11]. Noxes, important sources of ROS within the
vascular wall [12, 13], regulate endothelial function, vascular tone, vascular cell
hypertrophy, and apoptosis [14, 15]. ROS derived from Nox isoforms, in particular Nox2
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and Nox4, are involved in long-term responses of the pulmonary vasculature to hypoxia
[16-18]. Nox2 is expressed in vascular smooth muscle and endothelial cells [19, 20].
Knockout of gp91P"°X (Nox2) prevented hypoxia-induced O~ production and other
pathological alterations associated with hypoxia-induced PAH, including: mean right
ventricular pressure, medial wall thickening of small pulmonary arteries, and right heart
hypertrophy [21, 22]. Unlike Nox2, Nox4 is a constitutively active isoform responsible for
basal H,O, production in the vasculature [12, 23-25]. Nox4 expression is increased in
murine models of hypoxia-induced PH, in the pulmonary vasculature of PH patients [17, 26,
27], and in pulmonary artery endothelial cells isolated from patients with idiopathic
pulmonary arterial hypertension (IPAH) [28]. Pharmacological approaches to inhibit Nox4
[28] or prevent its upregulation during chronic hypoxia [27] attenuated PH. Taken together,
these reports indicate that strategies that attenuate Nox upregulation during PH pathogenesis
may provide novel therapeutic opportunities in PH.

Mitochondria, another source of vascular ROS, have been viewed both as a target of Nox-
derived ROS and as a source of ROS that stimulates Nox activity [15, 29]. mtROS levels
depend on the rate of O, reduction to superoxide (O,°") and on the activity of mitochondrial
antioxidant mechanisms [30]. Increasing evidence indicates that mtROS contribute to
endothelial cell dysfunction[31, 32] and alter redox-signaling pathways that modulate
vascular tone [33-35] by activating redox-sensitive transcription factors that stimulate Nox
expression [15]. Since mitochondrial dysfunction is associated with increased Nox4
expression [25], and mtROS have been shown to stimulate the activity of Noxes [15], we
hypothesized that mtROS may stimulate increases in Nox activity in the lung during PH
pathogenesis.

Based on evidence that ROS derived from mitochondria may stimulate Nox activity and that
Nox-derived ROS may stimulate mtROS production [36], we sought to further explore
interactions between mitochondria- and Nox-derived ROS under hypoxic conditions that are
recognized to promote PH in vivo. To explore these interactions we employed several mouse
models to experimentally manipulate mitochondrial antioxidants. For example, expression
and activity of mitochondrial superoxide dismutase 2 (SOD2), which converts O,"~ to H,05,
are decreased in human pulmonary artery smooth muscle cells (HPASMCs) exposed to
chronic hypoxia, and SOD2 overexpression in HPASMCs reversed the proliferative

1c-N0x4(—/—): Nox4 knockout mice

gp91PNOX=/=: Nox 2 knockout mice

HPAEC: Human Pulmonary Arterial Endothelial Cells
H202: hydrogen peroxide

MCAT: transgenic mice with human catalase targeted to mitochondria
mtH202: mitochondria- derived hydrogen peroxide
mtROS: Mitochondria- derived ROS

mtO2°~: mitochondria-derived superoxide

MCT: monocrotaline

Nox2: NADPH Oxidase 2

Nox4: NADPH Oxidase 4

02°~: superoxide

PH: pulmonary hypertension

ROS: reactive oxygen species

RVH: right ventricular hypertrophy
RVSPs: right ventricular systolic pressures

TgSOD2

: transgenic mice with human superoxide dismutase-2 targeted to mitochondria
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phenotype seen in PH [37]. Additionally, overexpression of human SOD2 in mice
(TghSOD2) attenuated Ang-ll1-induced hypertension and decreased vascular oxidative stress
[15]. Another important intracellular antioxidant, catalase, is normally expressed in
peroxisomes and converts H,O, to O, and water. Exogenous application of PEG-catalase
decreased cyclinD1 expression in lung tissue in an animal model of persistent PH of the
newborn (PPHN) [38] and prevented hypoxia-induced Nox4 expression [39]. To reduce
mitochondrial O°~ levels, we utilized transgenic mice with overexpression of the human
SOD2 transgene [15, 40] and to reduce mitochondrial H,O, we employed mice with
mitochondrialtargeted catalase overexpression [41].

The present study tests the hypothesis that mitochondria-derived O,"~ and H,0O, regulate
Nox expression which promotes PH pathogenesis. Targeting hypoxia-induced mtROS can
prevent PH by attenuating mtROS-induced Nox expression and downstream signaling. The
current study demonstrates that exposing HPAECS to chronic hypoxia increases
mitochondria-derived O,*~ and H,0,. Tg"SOP2 and MCAT transgenic mouse models are
used to discern if targeting mtROS attenuates hypoxia-induced PH, Nox expression, and
proliferative markers. Our results establish that mitochondria-derived O,*~ (mtO,°*7),
mitochondria-derived H,0, (mtH,05), and Nox expression are increased under hypoxic
conditions and that PH, Nox expression, and markers of pulmonary vascular cell
proliferation are increased by SOD2 overexpression but decreased by targeted
overexpression of catalase in mitochondria. These findings describe a novel role for mtH,0,
in hypoxia-induced PH pathogenesis and suggest that targeting mtH,O, may represent a
novel therapeutic strategy in PH.

MATERIALS AND METHODS

Cell Culture

Human pulmonary arterial endothelial cells (HPAECS) (Clonetics, San Diego, CA) were
cultured at 37°C in 5% CO, in endothelial cell growth medium (EGM, Lonza, Walkersville,
MD) supplemented with 10% fetal bovine serum (FBS), 10 ng/ml human epidermal growth
factor, 1 pg/ml hydrocortisone, 50 pg/ml gentamicin, 50 ng/ml amphotericin-B and 12 pg/ml
bovine brain extract as we have described previously (25). To assess the effects hypoxia on
HPAEC mtROS generation, cells were incubated at 37°C under either normoxic conditions
(21% Oy, 5% CO,) or hypoxic conditions (1% O,, 5% CO,) for 72 hours (25).

Confocal Microscopy

In selected studies, HPAECs were cultured on microscope slides and exposed to normoxia
or hypoxia for 72 hours. Selected HPAECs were treated with MitoTEMPO (100 nM) daily
or PEG-Catalase (1000 U/mL) for the last 24 hours. Cells were incubated at 37°C with
DAPI (1.5 uM, Molecular Probes), MitoTracker Red (1 uM, Molecular Probes), Mitotracker
Green, (1 uM, Molecular Probes), MitoSOX (10 uM, Invitrogen), or MitoPy1 (10 pM,
Tocris) in Krebs Ringer’s phosphate glucose (KRPG) buffer for 20-30 minutes in the dark.
Cells were washed with KRPG and stored in PBS until ready for microscopy. Using an
Olympus BX51 60x water immersion lens, HPAECs were examined and photographed at
1.5x. Using Fluoview analysis program, individual cells were outlined and the intensity of
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MitoPY1 or MitoSOX fluorescence were averaged. 50 — 100 cells were counted in 4
different HPAEC cell lines.

Transgenic mouse models

Transgenic mouse models overexpressing SOD2 or expressing mitochondria-targeted
catalase were employed in the current study. MCAT mice were provided by Dr. Peter
Rabinovitch (University of Washington). To create the MCAT transgene, the carboxy-
terminal amino acids, the peroxisomal localization sequence, and initiating methionine of
the human catalase gene were deleted from the human catalase gene. An ornithine
transcarbamylase leader sequence was added to the amino terminus to target catalase
expression to mitochondria. The catalase cDNA was driven by the CMV enhancer element
and chicken p—actin promoter. The MCAT mice were generated by microinjection
techniques into B6 (B6C3/F1) embryos. After 8 backcrosses, line purity was confirmed.
(Charles River Laboratories, Wilmington, MA) (50). Tg"SOP2 mice were generated using a
transgenic construct containing the human, superoxide dismutase 2 driven by the human f3-
actin promoter [40]. All littermate controls are homozygous for wildtype genotype. Both
MCAT and Tg"SOD2 transgenes were ubiquitously expressed with expression levels varying
in different tissues [15, 40, 41]. Neither transgenic mouse model displayed an overt
phenotype at baseline. All animal studies were reviewed and approved by the Atlanta VA
IACUC.

In Vivo hypoxia exposure and assessment of pulmonary hypertension

Litter mate controls, Tg"SOP2 or MCAT mice, ages 6-9 weeks, were utilized for these
studies. To assess the effects of transgene overexpression on PH pathogenesis, mice were
either housed in ambient air (normoxia, 21% O,) or hypoxic conditions (10% O,) for three
weeks as we have described (25,42). Right ventricular systolic pressures (RVSP) were
assessed using a 0.8 F micro-tip pressure transducer (Scisense, London, Ontario). Mice were
anesthetized with isoflurane and a micro-tip pressure transducer was inserted into the right
jugular vein and advanced to the right ventricle. Right ventricular pressure was continuously
monitored for 10 minutes, and data were analyzed using the Powerlab system (AD
Instruments, Denver, CO) (42). Right ventricular hypertrophy was assessed by calculating
right ventricle/left ventricle + septum weight ratios (Fulton Index). Mouse hearts were
removed and the right ventricle was dissected from the left ventricle and septum. A ratio of
the weights of the right ventricle to the left ventricle and septum was determined. To further
assess the temporal onset of PH in our model during hypoxia, transthoracic echocardiograms
(TTEs) were performed on mice using a Vevo 770 High-Resolution In Vivo Imaging
System (VisualSonics, Toronto, ON, Canada) equipped with a RMV 707B High-Frame-Rate
Scanhead (frequency band 15— 45 MHz) as described previously (43). During
echocardiography, the animals were lightly anesthetized with 1% isoflurane, and the body
temperature was continuously monitored using a rectal thermometer probe to maintain body
temperature at 36 — 37°C. Under these conditions, heart rates were greater than 400 beats per
minute. Two-dimensional and M-mode echocardiography was used to assess wall motion,
chamber dimensions, and wall thickness and to calculate fractional shortening.
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Immunohistochemical and morphometric analyses were performed to assess pulmonary
vascular remodeling (25, 47). Lungs were perfused blood-free, then placed in formalin
overnight. Lung tissue was then paraffin embedded. Lung sections (5 um) were fixed in 4%
formaldehyde, washed three times in PBS, and endogenous peroxidase activity was
quenched with 3% H,0, in PBS. Sections were permeabilized with 0.05% Tween-20 (PBS-
T), blocked with 5% donkey serum and incubated overnight at 4°C with rabbit anti- a-
smooth muscle actin (a-SMA) antibody (LabVision Corporation, Fremont, CA) or PCNA
antibody (Santa Cruz, sc-7907). Sections were incubated with biotinylated donkey anti-
rabbit secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA)
followed by horseradish peroxidase—streptavidin (Vectastain kit, Vector Laboratories,
Burlingame, CA) as previously reported (25,42). 10 — 20 arterioles per sample, less than 100
pm in size, were assessed for muscularization and proliferation.

Mitochondrial isolation

Saline perfused cardiac and pulmonary tissues were processed for mitochondrial isolation
using a mitochondria isolation kit (Thermo Scientific 89801). Briefly, the tissues were
disrupted by manual cutting and dounce homogenization. Samples were then incubated
according to the manufacturer’s protocol and centrifuged to isolate cytosolic and
mitochondrial fractions. Mitochondrial fractions were washed and suspended in
mitochondria lysis buffer (2% CHAPS in Tris Buffered Saline) and then subjected to
western blot analysis of human catalase levels.

PCR and Western Blotting

Quantitative real-time PCR was employed to measure mMRNA levels of catalase, SOD2,
Nox2, Nox4, cyclinD1, and proliferating cell nuclear antigen (PCNA) in HPAECs and lung
tissue homogenates. Total RNA was isolated from lung tissue with Trizol according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA) and reverse transcribed to synthesize
cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Target cDNA was
amplified using SYBR Green (Applied Biosystems, Hercules, CA). All data were
normalized to GAPDH or 9S content of the same sample as previously described (25).

Protein levels of catalase, SOD2, Nox2, Nox4, CyclinD1, PCNA, GAPDH, and B-actin were
assessed with Western blotting. HPAECs and tissues were homogenized in buffer (20 mM
Tris pH 7.4, 2.5 mM EDTA, 1% Triton X-100, 1% deoxycholic acid, 1% SDS, 100 mM
NaCl, 10 mM NaF, 1 mM Na3V04), centrifuged, and supernatants were collected for
determination of protein concentration by bicinchoninic acid (BCA) assay (BioRad).
Proteins (30 pg) were loaded in 10% Bis-Tris gels (Invitrogen, Carlsbad, CA), then
transferred onto a nitrocellulose membrane (Millipore, Billerica, MA). Nitrocellulose
membranes were probed with rabbit anti-catalase (Athens Research & Technology), rabbit
anti-Nox4 (Abcam), mouse anti-gp91phox/Nox2 (BD Transduction Laboratories and Santa
Cruz), rabbit anti-CyclinD1 (Santa Cruz), mouse anti-PCNA (BD Transduction
Laboratories), or mouse anti-Cytochrome C (BD Pharmingen). f-Actin and GAPDH (Santa
Cruz) were used as protein loading controls. After washing, membranes were incubated with
horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch
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Laboratories, Inc., West Grove, PA). Immunodetection was performed using a UV method
(LiCor).

Measurement of ROS levels

H,0, was measured by detecting horseradish peroxidase-catalyzed oxidation of the non-
fluorescent molecule N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red; Invitrogen) into the
highly fluorescent molecule resorufin. Lung tissue was pre-incubated with Krebs Ringer’s
Phosphate Glucose (KRPG) buffer for 1 hour. Samples were then incubated in KRPG buffer
containing 100 pl/ml Amplex Red and 0.2 U/ml Horseradish peroxidase (HRP) for 1 hour at
37°C. Menadione (0.5 M) was used as positive control or 1000U/mL PEG-Catalase was
used as negative control to assess H,O, production. Resorufin fluorescence was measured
with a Wallac fluorimeter (PerkinElmer, Waltham, MA) at excitation and emission
wavelengths of 540 nm and 590 nm, respectively. Sample fluorescence was compared to
that generated by a H,O, standard curve to calculate the concentrations of H,O released
from tissue. H,O, concentrations were normalized to tissue wet weight (71).

Statistical Analysis

For all experiments, data were analyzed using Student’s t-test for studies with two groups.
For studies with three or more groups two - way analysis of variance (ANOVA) followed by
post-hoc analysis with the Tukey test to detect differences between individual groups. A
value of p < 0.05 was considered statistically significant for all statistical analyses (42, 71).

RESULTS

Hypoxia increases mitochondrial ROS generation in HPAECs

HPAECs were cultured under either normoxic or hypoxic conditions for 72 hours and
incubated with DAPI, MitoPy1 or MitoSox, and MitoTracker Red or MitoTracker Green.
HPAECs were treated with 1000 U/mL PEG-Catalase or MitoTEMPO (100 nM) to confirm
H,0, or O,°~ signal specificity, respectively. Chronic hypoxia increases MitoPY1 and
MitoSox signals that were decreased by PEG-Catalase (Fig. 1A and 1B) and MitoTEMPO
(Fig. 1C and 1D), respectively. These results indicate that hypoxia increases mitochondria-
derived H,0, and O,°".

Hypoxia increases Nox levels and proliferation markers in HPAECs

To determine if hypoxia modulates Nox we assessed hypoxia-induced mRNA and protein
levels of Nox2 and Nox4. Hypoxia increased mRNA and protein levels of Nox2 (Fig. 2A
and representative blot) and Nox4 (Fig. 2B and representative blot). Because increases in
Nox2 and Nox4 have been shown to stimulate HPAEC growth and proliferation, we
measured levels of cyclinD1 and PCNA [25, 38]. Hypoxia increased mRNA and protein
levels of cyclinD1 (Fig. 2C and representative blot) and PCNA (Fig. 2D and
representative blot), consistent with our previous findings that hypoxia elevates HPAEC
proliferation [42].
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Hypoxia-induced PH is attenuated in the MCAT model

To assess the role of mtH,05 in hypoxia-induced PH, littermate control (Lit Cont) and
MCAT mice [41] were studied. Human catalase expression was confirmed in MCAT mice
(Fig. S1A - S1D). Hypoxia exposure significantly increased RVSP in littermate controls,
however, the increase in RVSP was attenuated in MCAT mice (Fig. 3A). Hypoxia-induced
changes in RVSP occurred independent of changes in heart rate (data not shown). In
addition, compared to hypoxia-exposed Lit Cont, MCAT mice also demonstrated
significantly less vascular remodeling, detected as a-SMA staining (Fig. 3B, 3C). Since
vessel muscularization increases as vessel diameter increases, we ensured that all vessels
measured were less than 100 um in diameter, and that vessels of similar size from each
group were compared (Fig. S2A). In contrast to the protective effects on RVSP and vessel
muscularization, MCAT expression failed to attenuate hypoxia-induced RVH measured by
either the Fulton Index, (Fig.3D) or echocardiography of right ventricular area (Fig. 3E).
MCAT expression significantly attenuated hypoxia-induced elevations in H,O, production
(Fig. 3F). These results suggest that attenuating hypoxia-induced mtH,O5 generation
reduces hypoxia-induced increases in RVSP and muscularization of small pulmonary
vessels, without attenuating RVH.

Hypoxia-induced PH is exacerbated in the Tg"SOP2 model

To elucidate the effects of mtO," in the development of PH, we assessed the effect of
SOD?2 overexpression on PH. Human SOD2 expression was confirmed in the TghSOD2
model (Fig. S1E and S1F). Littermate control and Tg"SODP2 mice [43] were exposed to either
normoxia or hypoxia. Tg"SOP2 mice had significantly higher RVSP when compared to
normoxia exposed groups and hypoxia-exposed littermate controls (Fig 4A). No changes
were detected in heart rate during RVSP measurement. Furthermore, compared to littermate
controls, comparably sized vessels (Fig. S2B) in Tg"SOP2 mice had more a-SMA staining
and thickening of the vascular wall (Fig. 4B and 4C). Tg"SOD2 expression had no significant
effect on hypoxia-induced RVH (Fig. 4D) but exacerbated hypoxia-induced H,0,
production (Fig. 4E).

SOD2 and MCAT differentially affect hypoxia-induced Nox expression

Nox2 and Nox4 have been shown to contribute to physiological derangements seen in
hypoxia-induced PH [44]. To determine if H,O, levels impact Nox expression, we assessed
Nox2 and Nox4 levels in lungs from MCAT and Tg"SOP2 mice. Nox2 mRNA and protein
levels were attenuated in hypoxia-exposed MCAT pulmonary tissue (Fig. 5A and 5B).
MCAT expression also prevented hypoxia-induced elevations in Nox4 mRNA and protein
(Fig 5C and 5D). In contrast, SOD2 overexpression in the Tg"SOP2 model failed to prevent
hypoxia-induced Nox2 mRNA and protein levels (Fig. 5E and 5F) and exacerbated hypoxia-
induced Nox4 mRNA and protein levels (Fig. 5G and 5H). Furthermore, since Nox2 and
Nox4 produce O,°~ and H,0,, respectively, their elevation may account for the exacerbated
H,0, levels detected in the Tg"SOP2 model (Fig. 4E).
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MCAT expression attenuates hypoxia-induced cyclinD1 and PCNA

The expression of cell cycle regulating proteins and proliferation markers were also
evaluated. CyclinD1 regulates cell cycle progression and hypertrophy and promotes vascular
cell proliferation and activation of PCNA [38, 45, 46]. MCAT expression prevented
hypoxia-induced elevation of CyclinD1 when compared to normoxia controls (Fig. 6A).
Furthermore, MCAT mice displayed less downstream hypoxia-induced proliferation as
measured by PCNA protein expression in pulmonary tissue (Fig. 6B). In contrast, TghSOD2
mice displayed exacerbated cyclinD1 (Fig. 6C) and PCNA protein expression (Fig. 6D).
Proliferation was also detected by PCNA IHC (Fig. S3).

DISCUSSION

The current studies demonstrate a vital contribution of mtH,0, to the development of
hypoxia-induced PH. As summarized in Fig. 7, hypoxia increases mtO,*~ and mtH,0,
stimulating the expression and activity of Nox 2 and 4 and the physiological and molecular
derangements seen in PH pathogenesis. These derangements in mtO,*~ and mtH,0, were
targeted using Tg"SOP2 and MCAT models, respectively. Tg"SOP2 exacerbated hypoxia-
induced H,O5 production and Nox 2 and 4 expression, and stimulated proliferation,
muscularization, and increased RVSP. These same PH markers were attenuated in the
MCAT model. Collectively, these studies demonstrate that targeted attenuation of mtH,0,
attenuates hypoxia-induced PH.

Hypoxia exposure increases RVSP [27, 28, 44], and the current study demonstrates that
these hypoxia-induced elevations in RVSP are attenuated in the MCAT model and
exacerbated in the SOD2 model. However, neither MCAT nor SOD?2 attenuated hypoxia-
induced elevations in RVH. Numerous studies suggest that exposure to chronic hypoxia
elevates RVSP which subsequently leads to elevated RVH [47, 48]. In contrast, we have
previously observed that attenuation of hypoxia-induced RVSP reduces RVH [27] or has no
effect on RVH [28]. Our data indicate that the RVSP attenuation seen in hypoxic MCAT
mice remained within the pulmonary hypertensive range. Therefore, while the decrease in
RVSP was statistically significant, the pressures may have been sufficient to promote RVH.
The physiological discrepancies between RVSP and RVH could also be due to differential
expression of mitochondrial catalase in pulmonary and cardiac tissue. MCAT expression in
cardiac tissue may not prevent hypoxia-induced RVH or targeting mtROS may promote
RVH. For example, others have shown that super-suppression of H,O, does not prevent
cardiac hypertrophy [10]. Furthermore, smooth muscle cell-targeted knockout of HIF-1a, a
transcription factor that contributes to pulmonary vascular remodeling and PH, prevented
SMC remodeling and elevated pressures but not RVH [49, 50]. Collectively, these studies
imply that cardiac hypertrophy may not be solely dependent on increases in pulmonary
arterial pressure. Further studies assessing the molecular signaling of H,O5 in cardiac tissue
are warranted to elucidate the potential mechanisms of RVH in PH.

The role of ROS in hypoxic pulmonary vasoconstriction has been controversial [13, 33, 35,
51], though growing support demonstrates that hypoxia stimulates mtROS generation [7, 52]
which contributes to vascular dysfunction [31, 32]. Similar to previous studies [21, 38, 53],
our confocal microscopy studies confirmed that hypoxia increases mtH,0, and mtO,*~ (Fig.

Free Radic Biol Med. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adesina et al.

Page 10

1A - 1D). Our studies also confirmed that MCAT expression reduced H,0, release from
pulmonary tissue (Fig. 2F), whereasH,0- production was elevated in the hypoxic TghSOP2
model (Fig. 3E) [10]. Our study is consistent with data in a number of experimental models
of PH that demonstrate an increase in O," levels [5, 27, 54] and oxidative stress
biomarkers. Moreover, a growing body of work implicates mitochondria as sensors that
detect changes in cellular O, levels. Mitochondria adjust intracellular redox-signaling
pathways to modulate vascular tone and regulate hypoxia-induced redox signaling [8, 33—
35].. Studies in fawn-hooded rat PASMC found a beneficial effect of elevated SOD2 [37],
though overexpression of SOD2 to target mtO,"" led to an exacerbated PH phenotype in our
study. Studies have confirmed that overexpression of SOD2 results in an increase in H,0»,
as detected by the H,O,-sensitive dye, dichlorodihydrofluorescein diacetate (DCFDA) [55,
56]. It is our belief that overexpression of SOD2 increases the rate of dismutation of mtO,"~
to mtH,0,, leading to elevated levels of mtH,0,. Furthermore, we posit that the
exacerbated PH phenotype in the hypoxia Tg"SOP2 model is due to the increase in hypoxia-
induced H,0». It may be necessary that for SOD2 overexpression to be fully beneficial, an
H,0, scavenger may be needed in the same compartment [55-57]. These findings support
our conclusions that mtH,O, appears to drive PH vascular derangements.

05~ and H,0,, play a vital role in vascular cell signaling [13] by regulating cellular
proliferation, differentiation, and apoptosis [58] all of which lead to PH [59]. mtROS have
been implicated in the pathophysiological and molecular proliferative and apoptotic
derangements seen in vascular wall cells [7, 52, 60]. While other regulatory signaling
pathways have been implicated in the derangements seen in PH, these pathways may be
indirectly linked to the hypoxia-induced changes in H,O5 levels we observed. HIF-1a, NF-
kB and other transcription factors have been shown to regulate vascular response to hypoxia
and can be activated by H,0, [39, 61, 62]. Similarly, H,O5 levels may drive vascular
proliferation in PH [38] by regulating cyclinD1 and PCNA which promote cell
proliferation[28, 38] and are increased with hypoxia exposure. These biochemical changes
were attenuated in the MCAT model (Fig. 6A and 6B). These elevations are likely caused by
hypoxia-induced increases in mtH,O,. This provides a link connecting mtROS, Noxes and
the vascular proliferation seen in PH [5, 63].

Noxes, major sources of ROS within the vasculature [12, 13], regulate endothelial function,
vascular tone, vascular cell hypertrophy, and apoptosis [14, 15]. Our study confirms
previous observations that hypoxia induces Nox4 expression (Fig. 5C, 5D, 5G, and 5H) [17,
38, 44], and also demonstrates that hypoxia increases Nox2 (Fig. 5A, 5B, 5E, and 5F).
While the regulation of mtROS and its effects on PH remain incompletely defined, some
studies highlight that mtROS may stimulate Nox expression [36, 64]. Our study is the first to
demonstrate that mtH,O, directly contributes to induction of Nox2 and Nox4 expression.
ROS generated by Noxes likely further contribute to aberrant pulmonary arterial responses.
This process is supported by data which suggest that, in intrapulmonary arteries, hypoxia-
induced endothelial dysfunction may be regulated by gp91phox/Nox2 and Nox4 [4, 54, 65,
66]. Accumulating evidence indicates that ROS derived from Nox2 and Nox4 are involved
in long-term responses of the pulmonary vasculature to hypoxia [16, 65]. In studies using
hypoxia models of PH, Nox2 KO mice demonstrated attenuated pulmonary artery
superoxide generation and RVSP elevations. These data are consistent with data
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demonstrating that hypoxia promotes mtROS which increases Nox2 levels [21, 67]. While
these studies suggest that Nox2 expression is modulated by mtROS, other studies suggest
that PH dysfunction may occur in a Nox2 independent manner [54]. In Nox4 KO mice,
cardiac hypertrophy is attenuated and mitochondrial function is increased, solidifying the
link between Nox4 and mtROS [68]. Our own studies using a Nox1/4 inhibitor support an
important role for Nox4 in hypoxia-induced PH [28]. Though Nox4 mRNA upregulation in
PH has been well demonstrated [25, 38, 39, 66], there remains debate regarding Nox4
localization to mitochondria [25, 69]. We are aware that ROS sources other than Noxes
contribute to the acute or chronic responses to hypoxia and that we did not directly test the
importance of these Noxes for chronic responses to hypoxia. We are also aware that Nox2
can modulate mtROS via complex | and that this mtROS contributes to elevated blood
pressure [67]. Weissmann et al. revealed that sustained hypoxic pulmonary vasoconstriction
(HPV) is dependent on mitochondrial complex | and IV and that Nox p47P"°X-deficient mice
were able to attenuate acute HPV [70]. Furthermore, previous studies have established that
hypoxia-induced Nox4 plays an important role in the vascular remodeling, proliferation
[17], and RVH [28] associated with PH development. Previous studies by our groups have
shown that that inhibiting Nox1/4 attenuates PH and that PPARY activation reduces Nox4
expression and PASMC proliferation [28, 39, 71]. Additionally, Noxes have been implicated
in upregulation of cyclinD1 [72], possibly explaining the increased vascular proliferation
seen in hypoxia-induced PH. We detected mtROS-mediated modulation of Noxes and
cyclinD1, and PCNA but these studies are limited because we did not directly inhibit or
knockdown Nox2 and Nox4 to demonstrate that PH and proliferation were attenuated.
Nevertheless, our data are consistent with the concept that hypoxia-induced activation of
mtH,0, and Noxes contribute to elevation of cyclinD1 and PCNA, enhancing pulmonary
vascular smooth muscle cell proliferation, vascular remodeling, and PH. Taken together
these studies indicate the mtROS drives Nox expression which may in turn promote a
proliferative pulmonary vascular cell phenotype [15, 25].

The Tg"SOP2 and MCAT models have several limitations. The models are limited by
potential species-dependent responses to hypoxia. For example, hypoxia-induced PH rodent
models fail to induce the proliferative, plexiform arteriopathy seen in patients with severe
IPAH because the rodent models may not activate all of the signaling pathways that are
active in PH pathobiology [73]. This hypoxia-induced rodent model of PH is appropriate for
investigating Group 3 PH (associated with lung disease) [74]. Further, transgene expression
in our models is not limited to vascular cells. Alveolar type I and type Il epithelial cells and
alveolar macrophages also express the transgene, and their dysregulation may contribute to
hypoxia-induced PH. The TghSOP2 and MCAT models have been confirmed to improve
mitochondrial function [40, 41], but this study aims to further our understanding of the role
of mtROS in PH development. Despite limitations of murine models, hypoxia-induced PH
in mice will continue to provide new insights into the pathobiology and treatment of PH [73,
75].

In summary, our results confirm that hypoxia increases mtO,*~ and mtH,0, and that
mtH,0O, promotes hypoxia-induced PH by increasing Nox2, Nox4, cyclinD1, and PCNA.
Inhibition of mtH,0,, with MCAT, prevented hypoxic induction of these molecular
aberrations and many of the physiological derangements associated with PH, including
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increased RVSP and vessel muscularization. Elevation of lung H,O, in the hypoxic
Tg"SODZ model likely accounts for the exacerbation of the PH phenotype, proliferative
markers, and muscularization (a-SMA). These studies encourage future PH treatments that
target mitochondrial redox balance. Further examination of how mitochondria antioxidant
overload modulates mitochondria function, which may exert major effects on vascular cell
function, remain to be determined. To our knowledge, our study is the first to demonstrate
that targeting mtH,O, prevents both physiological and molecular derangments associated
with hypoxia-induced PH. These results provide novel evidence for the involvement of
mtH,0, in the selective induction of Nox2 and Nox4 isoforms and maintenance of a
proliferative pulmonary vascular cell phenotype.
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HIGHLIGHTS
Our results confirm that hypoxia increases mitochondrial O,"~ and H,O, production.

Our findings further demonstrate that mitochondrial O,*~ and mitochondrial H,0,
participate in hypoxia-induced expression and activity of Nox2 and Nox4 in vivo.

Targeted attenuation of mitochondrial H,O, prevents hypoxia-induced elevation of
RVSP, vessel muscularization, Nox2, Nox4, cyclinD1, and PCNA mRNA and protein,
whereas targeted attenuation of mitochondrial O,"~ exacerbated those markers.

These studies thereby provide novel evidence that targeting mitochondrial H,O, prevents
both physiological and molecular derangments associated with hypoxia-induced PH.
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Figure 1. Hypoxia increases mtROS generation, Nox2, Nox4, CyclinD1, and PCNA mRNA in
HPAECs
HPAECs were exposed to normoxia (21%0,) or hypoxia (1%0,) for 72 hours. Following

exposure, cells were assessed for mitochondrial O,°~ and H,O, by confocal microscopy. (A)
HPAECs were treated with 1000 U/mL PEG-catalase or DMSO vehicle during the last 24
hours of exposure, treated with MitoPy1, MitroTracker red, and Dapi. Representative
images at 90x magnification presented, scale bar 10 um. (B) The fluorescence intensity in
50 — 100 cells from each treatment group and is presented as mean + SEM MitoPy1 relative
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fluorescence units (RFU)/cell. PEG-Catalase treatment prevents hypoxia induced mtH,0,
production (n = 3), *p < 0.05 compared to all other groups. (C) HPAECs were treated with
100 nM MitoTEMPO or DMSO vehicle daily and then treated with MitoSOX, MitoTracker
green, and DAPI. Representative images at 90x magnification. (D) The fluorescence
intensity in each treatment group was measured in 50 — 100 cells and is presented as mean +
SEM MitoSOX RFU/cell. MitoTEMPO treatment prevents hypoxia induced mtO,*~
production (n = 3), *p < 0.05 compared to all other groups.
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Figure 2. Hypoxia increases Nox2, Nox4, CyclinD1, and PCNA mRNA and protein in HPAECs
HPAECs were exposed to hormoxia (21%0,) or hypoxia (1%0,) for 72 hours. Following

exposure, cells were harvested and Nox expression and proliferation markers were assessed
by gRT-PCR (relative to GAPDH expressed as fold-change vs. Normoxia) and western blot
(normalized to GAPDH). Hypoxia increases expression levels of (A) Nox2 and (B) Nox4

and increases levels of the proliferation markers (C) cyclinD1 and (D) PCNA. Each bar

represents mean = SEM (n = 3), *p < 0.05 compared to Normoxia.
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Figure 3. Mitochondrial-targeted catalase overexpression attenuates hypoxia-induced PH and
muscularization of small pulmonary arteries

Littermate control (Lit Cont) and MCAT mice were exposed normoxia (21% O,) or hypoxia
(10% O,) for 3-weeks in 3 separate studies. (A) Right ventricular systolic pressure (RVSP)
was recorded with a pressure transducer. MCAT expression able to prevent hypoxia-induced
elevations in RVSP. Each bar represents mean £ SEM RVSP in mmHg (n = 10), *p < 0.05
compared to all other groups. (B) Lung sections (5 um thick) were stained with a-SMA.
Representative images are displayed as indicated. Brown staining indicated by arrows
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represents a-SMA positive staining in the media of small pulmonary arterioles.
Magnification = 40x. (C) The wall thickness calculated by dividing total thickness of vessel
by inner vessel radius. MCAT expression able to prevent hypoxia-induced elevations in a-
SMA staining of small arterioles (n = 3 — 4), *p < 0.05 compared to all other groups. (D)
Right ventricular hypertrophy was assessed by dissecting and weighing the right ventricle
(RV) and the left ventricle + septum (LV + S) and calculating the RV:LV+S weight ratio.
Hypoxia induces elevations in RVH. Each bar represents the mean = SEM RV:LV+S weight
ratio (n = 7 — 8), *p < 0.05 compared to both normoxia groups. (E) Right ventricular
hypertrophy was also assessed by cardiac echocardiography and measurement of the right
ventricular area. Each bar represents mean + SEM RV area in cm2. Hypoxia increases right
ventricular area (n = 7 — 8), *p < 0.05 compared to both normoxia groups. Amplex Red
assay was utilized to assess lung extracellular H,O, levels in lung tissue. (F) MCAT
expression significantly decreased hypoxia-induced H,O, production. Each bar represents
mean + SEM H,0, concentration relative to lung tissue wet weight (n =5 - 6), *p < 0.05
compared to all other groups.
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Figure 4. SOD2 overexpression exacerbates hypoxia-induced RVSP, RVH, and muscularization
of small pulmonary arteries

Littermate control (Lit Cont) and Tg"SOP2 mice were exposed normoxia (21% O,) or
hypoxia (10% O,) for 3-weeks in 2 independent studies. (A) RVSP was recorded with a
pressure transducer. Hypoxia elevates RVSPs, which is exacerbated in TghSOP2 mice. Each
bar represents mean £ SEM RVSP in mm Hg (n =4 -5), *p < 0.05 compared to Lit Cont
Normoxia and #p < 0.05 compared to Lit Cont Hypoxia. (B) Lung sections (5 um thick)
were stained with a-SMA. Representative images are displayed as indicated. Brown staining
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indicated by arrows represents a-SMA positive staining in the media of small pulmonary
arterioles. Magnification = 40x. (C) The wall thickness calculated by dividing total
thickness of vessel by inner vessel radius. Tg"SOP2 mice has exacerbated hypoxia-induced
a-SMA staining of small arterioles (n = 3), *p < 0.05 compared to Lit Cont Normoxia

and #p < 0.05 compared to Lit Cont Hypoxia. (D) Tg"SOP2 expression had no significant
effect on hypoxia-induced RVH. Each bar represents the mean £ SEM RV:LV+S weight
ratio (n = 8 — 12), *p < 0.05 compared to both Normoxia groups. (E) TghSOP2 expression
significantly increased hypoxia- induced H,O, production. Each bar represents mean + SEM
H»0, concentration relative to lung tissue wet weight (n =5 - 9), *p < 0.05 compared to Lit
Cont Normoxia and #p < 0.05 compared to Lit Cont Hypoxia.
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Figure 5. mtH,0O» attenuation prevents hypoxia-induced Nox expression
Lit Cont and MCAT mice were exposed to normoxic or hypoxic conditions for 3 weeks.

Whole lung homogenates were collected from Lit Cont, MCAT, and Tg"SOP2 mice. Nox
MRNA values are relative to GAPDH, or 9S and expressed as fold-change vs. Normoxia.
Protein samples are normalized to B-Actin. (A) MCAT expression attenuated
hypoxiainduced Nox2 mRNA. Each bar represents mean + SEM lung Nox2 mRNA (h =9),
*p < 0.05 compared to all other groups. (B) MCAT expression inhibited hypoxia-induced
Nox2 protein levels. Each bar represents mean £ SEM lung Nox2 protein (n =2 - 3), *p <
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0.05 compared to all other groups. (C) MCAT expression prevented elevation of hypoxia-
induced Nox4 mRNA levels. Each bar represents mean + SEM lung Nox4 mRNA (n=7 —
10), *p < 0.05 compared to all other groups. (D) Nox4 hypoxia-induced protein expression
was attenuated in MCAT mice. Each bar represents mean = SEM lung Nox4 protein (n =3 —
4), *p < 0.05 compared to all other groups. (E) Hypoxia-induced lung Nox2 mRNA
expression was exacerbated in Tg"SOD2, Each bar represents mean + SEM lung Nox2
mRNA (n = 6 — 11), *p < 0.05 compared to Lit Cont Normoxia and #p < 0.05 compared to
Lit Cont Hypoxia. (F) Hypoxia elevates lung Nox2 protein in both Lit Cont and TghSOP2,
Each bar represents mean = SEM lung Nox2 protein (n = 3), *p < 0.05 compared to all other
groups. (G) Hypoxia-induced Nox4 mRNA expression is exacerbated in hypoxia-exposed
TgnSOD2 Each bar represents mean + SEM lung Nox4 mRNA (n = 6), *p < 0.05 compared
to Lit Cont Normoxia and #p < 0.05 compared to Lit Cont Hypoxia. (H) Hypoxia increases
lung Nox4 protein in Lit Cont and this increase is exacerbated in the hypoxia TghSOP2
model. Each bar represents mean + SEM lung Nox4 protein (n = 3 - 4), *p < 0.05 compared
to Lit Cont Normoxia and #p < 0.05 compared to Lit Cont Hypoxia.
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Figure 6. Targeted attenuation of mtH,O» prevents hypoxia-induced proliferation
Lit Cont and transgenic mice were exposed to normoxic or hypoxic conditions for 3 weeks.

Whole lung homogenates were collected from Lit Cont, MCAT, and Tg"SOP2 mice. MCAT
expression prevented hypoxia-induced induction of cyclinD1 and PCNA protein expression.
CyclinD1 and PCNA values are normalized to -Actin or CDK4. (A) MCAT expression
inhibited hypoxia-induced elevation of cyclinD1 protein. Each bar represents mean + SEM
lung cyclinD1 protein (n =5 — 6), *p < 0.05 compared to all other groups. (B) MCAT
expression inhibited hypoxia-induced elevation of PCNA protein. Each bar represents mean
+ SEM lung PCNA protein (n =3 — 5), *p < 0.05 compared to all other groups. (C) TgnSOD2
mice displayed exacerbated hypoxia-induced cyclinD1 protein expression. Each bar
represents mean + SEM lung cyclinD1 protein (n = 3 - 5), *p < 0.05 compared to Lit Cont
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Normoxia and #p < 0.05 compared to Lit Cont Hypoxia. (D) Tg"SOP2 mice also displayed
exacerbated hypoxia-induced PCNA protein expression. Each bar represents mean + SEM
lung PCNA protein (n =3 — 6), *p < 0.05 compared to Lit Cont Normoxia and #p < 0.05
compared to Lit Cont Hypoxia.
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Figure 7. Schematic representation of the role of mitochondria ROS in the development of PH
Targeted attenuation of mtH,0, with MCAT model (left side of schema) prevents hypoxia-

induced PH molecular and physiological derangements. Conversely, targeted inhibition of
mtO,°~ (right side of schema) exacerbates hypoxia-induced derangements that contribute to

PH pathogenesis.
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