








SCIENCE ADVANCES | RESEARCH ARTICLE

A CMH CMH+pSOD B 0.6 Onox D Normoxia Hypoxia
. 5 B HoX
o o <04
wr 00—V o 00— 3
o b b g
X [
(é) 3300 3350 3400 3450 3300 3350 340C 3450 o2 0.2
5 04 0e »
2 02 o
VSN0,V U SREY (g 0.0l "
AOX o, w02 WT AOX g
0s 0s £
009950 W00 40 3300 3350 3400 3450 <
N “ c K
0 o [ Nox 0
WT 00— 00N 5 B Hox A -
© 0s 0s <,
£ -
3 $00 990 M0 MSD 3300 3350 3400 450 kel
Q 8
g 04 . <
T o o g 1
aox == 2 g
53003950 003450 3300 3350 3400 3450 0
AOX Mut-AOX
E_ F
51.05 3 1.0
8 £ 7] p<o0.0001
2 © 0.9
>~ .
'g 1.00 R
- 208
00.95 ©
= 0.7
< 2
©
30‘90 § 0.6 — Empty vector
£ 2 B
2085 &os AOX
0 60 120180240300360 0 2 4 6 8 10
Time [s] pO2 [mmHg]
G H
5 7 9 3 2 5 7 9
—NOX —
HOX *QH, Cytb Cytc S NAD*  NADH QH, Cytb  Cytc °WT
H ! ! < 1033 cm™ 1000 cm™' 1167 ecm™ 1337 em™ 1505 cm™ AOX
- Background ! ! ! = : : H H
' i i 2|0 it o ons it toins s P ns
1 i i @ % H i
1 i i s |=2® .V 3 i i PF
5 o £ LI v ag gt i
< ' : : & ‘ ‘ H
z el B 5 3 3 3 3
7] 1 d ' L1
= @._,J;[\N‘w‘< st Bt At At aat St ast st st
8 R UM S e e e N S s
< A
E VAL )
5 N -
Q
<
A
=
2
El

500 700 900 1100 1300 1500 1700
Raman shift [cm™]

Fig. 3. AOX inhibits hypoxia-induced superoxide release and mitochondrial membrane hyperpolarization in PASMC and affects the redox state of mitochondrial
biomarkers. (A) Representative ESR spectra from mouse WT and AOX PASMC using the probe CMH and pSOD for control. (B) Superoxide production in mouse WT and
AOX PASMC during exposure to normoxia (NOX) and hypoxia (HOX, 1% O,) for 5 min. A.U., arbitrary units. Data are shown as means + SEM of n =4 experiments. The
horizontal bar indicates significant difference with P < 0.05 analyzed by two-way ANOVA and Sidak’s multiple comparisons test. (C) Superoxide production in WT mouse
PASMC transfected with plasmids encoding native Ciona AOX or a catalytically inactive mutant AOX exposed to NOX and HOX. Data are shown as means + SEM of n=12
experiments. The horizontal bar indicates significant difference with P < 0.05 analyzed by two-way ANOVA and Sidak’s multiple comparisons test. No significant differences
were detected between the genotypes. Data in (B) and (C) are depicted as the portion of CMH signal inhibited by pSOD. (D) Representative mouse WT and AOX PASMC
stained with JC-1 under normoxia and hypoxia (1% O,) as indicated. (E) Mitochondrial MP (Mito MP) determined as JC-1 red/green ratio under acute HOX as indicated.
Data are shown as means + SEM of n=10 (WT) and n=12 (AOX) experiments. Gray area depicts significant difference with P < 0.05 analyzed by two-way ANOVA and un-
corrected Fisher’s least significant difference (LSD). (F) Oxygen-dependent respiratory rate of 100,000 to 300,000 intact rPASMC per experiment transfected with an empty
vector or AOX encoding plasmid. Data are shown as means + SEM in % of rate at normoxia (max) with P < 0.0001 indicating significant difference between WT and AOX
analyzed by paired t test. (G) Normalized fluorescence-corrected Savitzky-Golay reconstructed Raman spectra taken from WT (n = 4) and AOX (n = 6) PASMC before (black
line=NOX) and after (gray line) exposure to acute hypoxia (HOX, 5% O,). Background spectrum from microfluidic system and buffer solution is shown as dashed line
(n=25). Differences between NOX and HOX are highlighted with a difference spectrum for each corresponding sample type (WT, blue; AOX, red). Peak locations for
mitochondrial biomarkers NAD* (3: 1033 cm™), NADH (2: 1000 cm™), ubiquinol (QH; 5: 1167 cm™), and cytochrome b (Cyt b; 7: 1337 cm™) as well as peaks associated
with reduced (1: 750 cm™;4: 1127 cm™';6: 1313 cm™";9: 1505 cm ™) and oxidized forms of Cyt ¢ (8: 1369 cm™'; 10: 1638 cm™) are shown as vertical dashed lines. (H) Raman
intensity for individual biomarkers are shown as means + SEM of n > 3 experiments. ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001 analyzed by two-way ANOVA and
uncorrected Fisher’s LSD.
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thereby affecting, besides ROS production, the mitochondrial redox
state and accumulation of Krebs cycle intermediates.

AOX affects the mitochondrial redox state

In respiring mitochondria, the redox state of the individual chain
complexes is highly dynamic and depends particularly on oxygen
supply. Accordingly, hypoxic inhibition at cIV should impair electron
flux in WT PASMC, thereby reducing the individual mitochondrial
complexes and ultimately resulting in an increased cellular NADH/
NAD" ratio. Since AOX branches the mitochondrial chain when
electron flux through cIII and cIV is impaired (14), we hypothesized
that both the redox state of mitochondrial complexes downstream
of AOX and the NADH/NAD" ratio would be unaffected by hypoxic
challenge in AOX PASMC. To test this hypothesis, we performed
Raman spectroscopy, which allows the redox state of individual
mitochondrial complexes and NADH/NAD" ratios to be simulta-
neously studied in single living PASMC (21-25). As expected, acute
hypoxia shifted NADH, ubiquinol (QH>), and Cyt c in WT PASMC
toward a more reduced state (Fig. 3, G and H, and fig. S2, A and B).
The redox state of cytochrome b (Cyt b) was unaltered, which is

indicative for an electron leak at cIII. In accordance with our hypothesis,
no change in redox state at cIII (Cyt b) and cIV (Cyt ¢) was observed
in AOX PASMC (Fig. 3H and fig. S2B), consistent with a bypass of
electrons from reduced ubiquinol to AOX. Furthermore, NAD", but
not NADH levels, increased upon hypoxia (Fig. 3H). These findings
further support the concept of AOX being catalytically engaged in
acute hypoxic inhibition and suggest that NADH is the respective
electron donor for mitochondrial respiration through AOX.

AOX does not affect adaptation processes upon

chronic hypoxia

Notably, mitochondrial impairment has also been identified as an
underlying mechanism for chronic hypoxia-induced PH (26), a
life-threatening disease occurring, for example, at high altitude. To
test whether AOX expression can also prevent the adverse effects of
generalized chronic hypoxia, we exposed WT and AOX mice to
4 weeks of hypoxia (10% O). In contrast to expectations, both WT
and AOX mice developed PH to a similar degree, with similar alter-
ations in right ventricular systolic pressure (Fig. 4A), right ventricular
hypertrophy (Fulton index; Fig. 4B), cardiac output (Fig. 4C), and
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Fig. 4. Adaptation processes upon chronic hypoxia in WT and AOX transgenic mice. (A) Right ventricular systolic pressure (RVSP) after normoxia (NOX) or hypoxia
(HOX, 10% O,) for 28 days. Data are shown as means + SEM of n > 9 experiments. Horizontal bars indicate significant difference with P < 0.05 analyzed by two-way ANOVA
and Tukey’s multiple comparisons test. (B) Ratios of right ventricle (RV) and left ventricle (LV) plus septum (S) (Fulton index). Data are shown as means + SEM of n=10
experiments. Horizontal bars indicate significant difference with P < 0.05 analyzed by two-way ANOVA and Tukey’s multiple comparisons test. (C) Cardiac output (CO)
measured by echocardiography. Data are shown as means + SEM of n = 10 experiments. Horizontal bars indicate significant difference with P < 0.05 analyzed by two-way
ANOVA and Tukey’s multiple comparisons test. (D) Vascular remodeling quantified as degree of muscularization of small (20- to 70-um diameter) pulmonary arterial
vessels. Vessel muscularization categorized as non, partial, or full afterimmunostaining against a-smooth muscle actin as marker for PASMC and von Willebrand factor to
discard endothelium. Data are shown as means + SEM of n >4 experiments. ****P < 0.0001 NOX versus HOX analyzed by two-way ANOVA and Tukey's multiple comparisons
test. Note, no difference observed between WT versus AOX. (E) Western blots showing HIF-1a and B-actin expression in WT and AOX transgenic PASMC under normoxia
and hypoxia. (F) Quantification of protein expression shown in (E). Data are shown as means + SEM of n =3 experiments. Horizontal bars indicate significant difference
with P < 0.05 analyzed by two-way ANOVA and Sidak’s multiple comparisons test. (G) Proliferation assay of WT and AOX PASMC cultured under normoxia (NOX) or hypoxia
(HOX, 1% O5) for 48 hours. Data are shown as means + SEM of n =9 experiments. Horizontal bars indicate significant difference with P < 0.05 analyzed by two-way ANOVA
and Tukey’s multiple comparisons test. BrdU, bromodeoxyuridine.
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pulmonary vascular muscularization (Fig. 4D). Also, we failed to find
an advantage of expressing AOX in other cardiac and/or systemic
parameters characterizing the response to hypoxia (figs. S3 and S4).
HIF-1a expression was similarly increased in PASMC of both strains
after 3 days of hypoxia (1% Oy; Fig. 4, E and F), indicating that, at
least under these conditions, mitochondrial ROS are not a relevant
trigger for HIF-1a stabilization. By contrast, PASMC proliferation
was induced by hypoxia in both strains, but its level was generally
lower in the presence of AOX (Fig. 4G).

DISCUSSION

Our data substantiate the concept that an increase in superoxide pro-
duction at cIII is an essential trigger for the HPV signaling cascade,
as bypassing cIII during acute hypoxia by AOX inhibits HPV and
hypoxia-induced responses in PASMC (summarized in Fig. 5). Going
beyond, we demonstrate that inhibition of the electron flux distal
from the quinone pool and, most likely, at the level of cIV results in
electron accumulation at the electron transport chain, which may
promote superoxide release from cIII. Restoration of even a small
amount of electron flux by bypassing cIII and cIV with AOX is suffi-
cient to prevent HPV. These findings indicate that the mitochondrial
respiratory chain can be the primary step in acute hypoxia signaling
in the lung, resulting in HPV. Moreover, bypassing the Cox4i2 iso-
form of cIV as the oxygen-sensitive mitochondrial component at the
head of the pathway, which we previously showed to be essential for
hypoxia-induced ROS release and mitochondrial hyperpolarization
(5), may inhibit hypoxic signaling. Last, our data show that distinct
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Fig. 5. Integration of present findings into current concepts of oxygen sensing
and HPV in the murine lung. Acute HPV depends on a central oxygen sensor within
the mitochondrial respiratory chain. Hypoxia induces mitochondrial membrane
hyperpolarization, an increase in mitochondrial superoxide release, and subsequent
inhibition of cellular potassium channels (Ky), which leads to cellular membrane
depolarization and activation of voltage-gated calcium channels. This sequence of
events results in intracellular calcium increase and HPV. AOX prevents HPV in mouse
PASMC by preventing mitochondrial ROS production and release. This places mito-
chondria and electron flux through the mitochondrial respiratory chain at the top
levelin the hierarchy of oxygen sensing and signaling controlling HPV. ADP, adenosine
diphosphate; FAD, flavin adenine dinucleotide.
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mechanisms underlie acute and chronic oxygen sensing and signal-
ing in the pulmonary vasculature.

It has been suggested that ROS release from cIII into the inter-
membrane space could be the essential step in HPV (27, 28). Our
previous findings implicating a cIV subunit in hypoxia signaling and
cellular membrane depolarization (5) were consistent with this
hypothesis, but the initial triggering mechanism of acute hypoxia
remained unclear. In the present study, we found that AOX, which
is catalytically engaged only when the quinone pool is sufficiently
reduced (11), can prevent mitochondrial membrane hyperpolarization,
increased superoxide production, and consequent hypoxic signaling.
Thus, distal mitochondrial respiratory inhibition and electron flux
stalling may act as the initial step in HPV, resulting either in electron
accumulation at the quinone pool or the Krebs cycle. As AOX sup-
ports electron flux in PASMC under low-oxygen conditions that are
sufficient to trigger HPV, accumulation of electrons (and thus the
hypoxic signaling) is inhibited. A limitation of the current approach
using AOX is that one cannot conclude from its effect alone whether
the exact source of the excess ROS is cI, cIII, or both. However, we
are not aware of any study proposing an increase in ROS formation
from cI as a trigger of HPV. Moreover, we cannot exclude that a
hypoxia-induced increase or decrease in Krebs cycle intermediates
also contributes to the inhibition of hypoxic signaling by AOX.
Furthermore, Cox4i2-dependent mitochondrial hyperpolarization
may be inhibited as a result of bypassing cIII/cIV. Although the
underlying mechanism is not fully elucidated, mitochondrial hyper-
polarization may be downstream of ROS, or more distant mecha-
nisms such as glycolytic adenosine triphosphate (ATP) production
may contribute to hyperpolarization. Consistent with our study, AOX
has previously been shown to decrease mitochondrial ROS production
in mouse tissues and cells under various conditions (10, 13, 15, 16).
Despite the possibility of multiple trigger mechanisms, the prominent
role of hypoxia-induced superoxide release from cIII has been demon-
strated previously using the specific cIII inhibitor S3QEL2 (29), which
was shown to prevent HPV (5). This finding is now substantiated by
our investigation, using AOX. Moreover, knockdown of subunits of
cIIl was demonstrated to inhibit acute hypoxia-induced responses
of the pulmonary vasculature (27).

Hypoxia-dependent PASMC membrane depolarization was only
partially prevented by AOX, and hypoxia-induced vasoconstriction
could be restored by experimentally shifting the cellular membrane
potential to higher levels. These findings suggest that multiple sensing
mechanisms may contribute to reaching a threshold of cellular mem-
brane depolarization necessary for the final execution of HPV (30).
Cellular membrane depolarization might be achieved by a change in
cellular redox state or activation of ROS-dependent signaling pathways
that influence cell membrane ion channels (1), such as the hydrogen
peroxide-mediated inhibition of Ky channels (5). Accordingly, Ky
channel inhibition causes cell membrane depolarization and subse-
quent activation of L- and T-type calcium channels, increasing intra-
cellular calcium levels and triggering HPV (31, 32). The threshold
for activation of voltage-dependent calcium channels has been shown
to be at a membrane potential between —30 and — 20 mV in mouse
PASMC (33). Thus, while WT PASMC can reach this threshold in
hypoxia, the presence of AOX prevents membrane depolarization
from reaching the critical threshold. The mechanism behind the
partial depolarization remains to be identified. A plethora of additional
oxygen-sensitive components in PASMC have been suggested (1),
including hypoxia-sensitive potassium channels (34, 35). Substituting
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the hypoxic mitochondrial signal by shifting the cellular membrane
potential to a critical threshold, as in our experiments by the addi-
tion of potassium chloride, may therefore bypass the mitochondrial
signaling and thus restore hypoxia-induced cellular membrane de-
polarization to a level that can trigger calcium increase and HPV. This
indicates that mitochondria must be acting far upstream in the signal-
ing hierarchy, and thus, our results demonstrate the essential role of the
mitochondrial respiratory chain in acute oxygen sensing and, in addi-
tion, provide an explanation for previous, seemingly contradictory,
findings with regard to oxygen-sensitive components in PASMC.

The acute and chronic responses of the pulmonary vasculature
to hypoxia have hitherto been assumed to involve similar primary
mechanisms and to share regulatory components. However, our data
point toward different signaling pathways operating in the two condi-
tions and thus support previous studies that demonstrated a different
mechanism of acute HPV and chronic hypoxia-induced PH (5, 30, 36).
Confusingly, previous studies have implicated directionally opposite
changes in mitochondrial ROS in chronic hypoxia showing both an
increase (28) and a decrease in mitochondrial ROS (37) affecting
PASMC proliferation and pulmonary vascular remodeling (38, 39).
There are also contradictory reports on the effects of mitochondrial
ROS on HIF-1a, which is a major driver for the development of
chronic hypoxia-induced PH (39), with some authors finding evidence
of its stabilization by ROS (28, 40), while others found no such effect
(41). Recently, we found evidence for a decrease in PASMC ROS levels
in chronic as opposed to acute hypoxia (36). The fact that AOX did
not inhibit chronic hypoxia-induced PH, nor interfere with hypoxia-
induced stabilization of HIF-10, may help resolve these discordant
findings, recasting the acute and chronic effects of hypoxia in lungs
as two fundamentally different processes. The discrepancy to other
studies may be due to cell type-specific mechanisms of HIF-1a stabili-
zation, or time- and oxygen concentration-dependent differences.
For example, nonmitochondrial ROS sources, such as NADPH
(reduced form of nicotinamide adenine dinucleotide phosphate)
oxidases, may be of greater importance in the pulmonary vasculature
under chronic hypoxic conditions. Although under chronic hypoxia
AOX did not influence general physiological parameters, we did
record a lower proliferation capacity in PASMC expressing AOX.
However, this may be a cell culture effect arising from partial activa-
tion of AOX under high glycolytic conditions. It should be empha-
sized, however, that in vitro effects of mitochondrial superoxide
release with regard to HIF-1a stabilization and PASMC proliferation
may differ from the in vivo situation.

In summary, our data indicate that respiratory inhibition is an
upstream event in HPV signaling, substantiate that mitochondrial
superoxide derived from cIII is essential for acute HPV, and provide
evidence for the multifactorial nature of HPV with several hypoxia-
sensitive components contributing to hypoxia-induced cellular
membrane depolarization in PASMC (Fig. 5). Conversely, oxygen
sensing under chronic hypoxia in pulmonary cells operates by distinct
mechanisms. The differential effect of AOX on acute and chronic
hypoxia in the lung illustrates its value as a tool to study disease
etiologies, and eventually opens the possibility of a novel thera-
peutic approach.

MATERIALS AND METHODS
Reagents and resources
A list of reagents and resources is given in Table 1.

Sommer et al., Sci. Adv. 2020; 6 : eaba0694 15 April 2020

Animal housing and experiments

All animals were maintained and treated according to the regulations
of the animal welfare agencies, and all of the experimental protocols
were approved by the local “Animal Investigation Care and Use
Committee” and the “Regierungsprasidium Darmstadt” (B2/292).
Mice and rats were housed in a humidity- and temperature-regulated
animal facility with food and water provided ad libitum. A general
description and characterization of the AOX-expressing strain have
been published elsewhere (10). C57BL/6] mice and Sprague-Dawley
rats were obtained from Charles River (Sulzfeld, Germany) (Table 1).
A list of reagents and resources is given in Table 1 (see below).

Immunohistochemistry

Formalin-fixed paraffin-embedded mouse lung tissue was used for
staining with AOX antiserum (1:2000; custom raised in rabbit; 21st
Century Biochemicals, Marlborough, MA, USA) (42), visualized using
the ZytoChem Plus (HRP) Polymer Bulk Kit (Zytomed Systems
GmbH, Berlin, Germany) and VECTOR NovaRED Peroxidase (HRP)
Substrate Kit (Vector Laboratories, Burlingame, USA).

Hemodynamic measurements in isolated, perfused,

and ventilated mouse lungs

Lungs of WT or AOX littermates were isolated, perfused, and ven-
tilated as described elsewhere (30, 43). The AOX inhibitor nPG
(Sigma-Aldrich) was titrated to confirm AOX dependence (10 to
20 pM). The thromboxane analog U46619 (Enzo Life Sciences,
Exeter, UK) was used to test the intactness of vasoconstriction (1 ml
of bolus with a concentration of 66 ng/ml).

Intrapulmonary artery isolation and tension measurements
Mouse intrapulmonary arteries were isolated and mounted in wire
myograph chambers (Danish Myo Technology A/S, Aarhus,
Denmark) as described (44). Each experiment was started by 3 x
3-min exposures to 80 mM KCI containing physiological saline
solution. To induce hypoxia upon reaching a stable vascular tone, the
N,-balanced gassing was switched from 21% O,, 5% CO, (Praxair,
Danbury, CT, USA) to 1% O,, 5% CO; (Praxair). The partial pressure
of O, during the hypoxic challenge was 15 to 22 mmHg tested by a
FireStingO, oxygen meter (PyroScience, Aachen, Germany). Changes
in isometric tension from the baseline values were expressed as per-
centages of the maximum constriction induced by the final exposure
to 80 mM KCIl. In some experiments, 15 to 20 mM KCI was applied
before a hypoxic challenge to achieve preconstriction that was ~20%
of the maximal constriction induced by 80 mM KCIL

Isolation of mouse and rPASMC and mouse pulmonary
arterial vessels

PASMC and pulmonary arterial vessels were isolated as described
previously (30, 45).

Estimation of the cellular membrane potential

The cellular membrane potential was measured using the patch clamp
technique. Mouse PASMC (passage 0), grown on culture dishes
(Greiner Bio-One, Frickenhausen, Germany), were continuously per-
fused with extracellular analogous bath solution [126.7 mM NaCl
(Sigma-Aldrich), 5.4 mM KCI (Carl Roth, Karlsruhe, Germany),
1.8 mM CaCl, (Carl Roth), 1.05 mM MgCl, (Carl Roth), 0.42 mM
NaH,PO, (Merck Millipore, Darmstadt, Germany), 22 mM NaHCO;
(Carl Roth), 10 mM glucose (Carl Roth), pH7.4]. Bath solution was
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Table 1. List of reagents and resources.

Reagents

Source

Identifier

Antlbodles

AOX antlserum (custom ralsed m rabblt)

HIF l(x (C Term) poncIonaI antlbody

Ant| beta actin antibody [mAbcam 8226]—Ioad|ng
control (HRP)

Abcam

Ant| rabblt IgG (H + L) HRP conJugate

Promega

Antl—mouse 19G (H + L), HRP conjugate

Promega

Lentlwr I icl

Lenthlral Clona /ntest/nal/s AOX

This paper

Lent|V|ral catalytlc |nact|ve (mutant) AOX

This paper

Chemlca/s

n Propyl gallate (nPG AOX |nh|b|tor)

U46619 (prostaglandm H2/thromboxane A2
receptor agonrst)

Sodlum chlorlde (NaCI)

Potassmm chlonde (KCI)

CaIC|um chIorlde (CaCIz)

Magne5|um chlonde (MgCl )

Sodium dlhydrogen phosphate dlhydrate
(NaH2P04 2H20)

Sodlum hydrogen carbonate (NaHC03)

( ) Glucose

L Aspart|c aC|d pota55|um saIt (L aspartate)

Adenosme 5 trlphosphate magnesmm salt ATP

Ethylene glycol bis(2-aminoethylether)-N, N N N -
i (EGTA)

Hepes (PUFFERAN®)

Potassmm hydrOX|de (KOH)

1- Hydroxy -3+ methoxycarbonyl
—2,2,5,5-tetramethylpyrrolidine (CMH spin
prob

SuperOX|de dlsmutase polyethylene glycol (pSOD
PEG SOD)

55 66 Tetrachloro 1 1 33 tetraethyl—
|m|dacarbocyan|ne |od|de (JC 1)

Pen|C|ll|n streptomycm

ZytoChem Plus (HRP) Polymer Bulk K|t

VECTOR NovaRED PerOX|dase (HRP) Substrate Klt

Enhanced chem|lum|nescence ECL Prlme Western
BIottlng System

Cell Prol|ferat|on ELISA BrdU (colonmetnc) assay

anary cells

Mouse PASMC from precap|llary pulmonary arter|al
vessels

Rat PASMC from precap|llary pulmonary artenal
vessels

continued to next page
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l 0006421

ab20272

W401 1

N/A

W4021

P3130

PG 023

31434

5346 1

CN93 l

KK36 l

l 063421 000

X997l
WA6558

91053

6751

NOX 02 2

59549

T3168

SK 4800

1507-063
1

POLHRP 100

RPN2232

11647229001

N/A

N/A
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Reagents Source Identifier
Rodent mode/s
Mouse Rosa26 on (aka onR°5a26) (10) N/A

Mouse C57BL/6J

Strain Code 632

Rat Sprague Dawley (CrI SD)

Strain Code 400

Plasmrd and vectors

pWPXL (constrtutrve Ientrvrral plasmrd)

Plasmid #12257

pMD2 G (envelope vector) Addgene Plasmld #1 2259

psPAX2 (packmg vector) R Addgene W.Plasmrd #12260
sofrware anda/gomhms OO O O T OO OO OO O OO O SOOI DYoo= USROS . [
Patchmaster software S HEKA Lambrecht, Germany R v2x90

IGOR Pro software Wave'metrlcs Lake OswegoOR USA ver5|on637
DatLab software Orobor‘os'tnstruments Innsbruck Austria . DatLabS
Prrsm software S Graph'I;ati“goftware; San DregoCA USA versron 8 2 0 R
Other Lkttt ere e er e [
Multr Wrre Myograph System B Danish My'o‘:rechnology A/SAarhus Denmark . 620 M

Nz baIanced gas (21% 02, 5% COZ)

Praxair, Danbury, CT, USA .“‘592091 (custom made). I
Nz balanced gas (1% Oz, 5% COZ) I Praxair B .”‘650329 (custom made). .
Optlcal Oxygen Meter(FlreStlngOZ) R Py‘ro‘gcrence, Aachen"ée‘rmany F502 2 -
CuIture dlshes Gremer‘éro'bne Frickenhau‘s‘enm‘Germany ' 627860
Multr I|ne in- Ime solutron heater o Warnerul'nstruments, Ham‘o'en‘,uéT, USA e SHM 8 -

Borosrlrcate gIass caprIIary tubes

BF150 86 10HP

Vevo2100 hi

gh-resolutron rmaging system
equped W|th a 40 MHZ transducer
ﬁaman spectrometer Shamrock 303| - Anu‘oruTechnology, BeIfastUK . SR 303| A -
Laser - Altechna, Vilnius, Lithuania Copsss2
Raman fllter cube W|th dlchr0|c m|rror . Semrock Rochesterulil'rml'j"SA . at532/640rpc -
532 nm EdgeBaS|c best vaIue Iong pass edge fllter """""" Semrock BLPO1 532R 25 -
><40 magmflcatlon objectlve """ 6iympus, Tokyo, Japan . LUCPLFLN -

gassed—normoxic (21% O3, 5.3% CO,, rest N,) or hypoxic (1% O,
5.3% COy, rest N;)—and preheated to 37°C via an in-line solution
heater (Warner Instruments, Hamden, CT, USA). Acute hypoxia was
applied by switching from a normoxic to a hypoxic bath solution,
and the pO, near the cell was recorded by an optical needle-type
FireStingO, oxygen meter (PyroScience, Aachen, Germany).
Fire-polished patch pipettes with a tip resistance of 3 to 5 megohms
were pulled from borosilicate glass capillary tubes (Sutter Instrument,
Novato, CA, USA) using a DMZ universal electrode puller (Zeitz,
Martinsried, Germany) and filled with intracellular analogous solu-
tion containing 105 mM L-aspartate (Sigma-Aldrich), 25 mM KCl
(Carl Roth), 4 mM NaCl (Sigma-Aldrich), 1 mM MgCl, (Carl Roth),
4 mM ATP (Sigma-Aldrich), 10 mM EGTA (Sigma-Aldrich), and
10 mM Hepes (Carl Roth), pH 7.2 adjusted with 1 M KOH (Carl Roth).
Experimentally determined liquid junction potential (+12.3 mV)

Sommer et al., Sci. Adv. 2020; 6 : eaba0694 15 April 2020

was corrected electronically. Cells used for experiments were either
relaxed or partially contracted and exhibited spindle-shaped mor-
phology (round and fully contracted cells were discarded). The mem-
brane potential was recorded under current clamp mode (I = 0) in
whole-cell configuration using an EPC 10 USB patch clamp amplifier
(HEKA, Lambrecht, Germany). nPG (Sigma-Aldrich) was added to
confirm AOX dependence (10 uM). Data were filtered at 2.9 kHz and
sampled at 50 Hz using Patchmaster software (HEKA). Data were anal-
yzed using IGOR Pro software (Wavemetrics, Lake Oswego, OR, USA).

Quantification of superoxide levels by ESR spectroscopy

Intracellular and extracellular ROS concentration was measured using
an EMXmicro ESR spectrometer (Bruker Biospin GmbH, Rheinstetten,
Germany) using 0.5 mM of the spin probe CMH (Noxygen, Elzach,
Germany). The superoxide portion of ROS was determined by

9 of 12

0202 ‘sz 1aqwialdas uo /610’ Bewaduslos saoueape//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

subtracting the ESR signal of the sample with pSOD (Sigma-Aldrich)
from the sample incubated for 90 min without pSOD (45 U/ml) in
ESR-Krebs Hepes buffer (46, 47). Hypoxia was applied by incubating
the cells in a hypoxic chamber (1% O, for 5 min).

Lentivirus production and mouse PASMC transduction
Native or mutated AOX were subcloned into the pWPXL plasmid
and packed in a second-generation lentivirus transduction system
with pMD2.G as the envelope and psPAX2 as a packing vector (all
lentiviral plasmids from Addgene, Boston, MA, USA). Lentiviral
transduction was performed with a titer of at least 1 x 10’ particles
according to established protocols (see http://tronolab.epfl.ch/ for
more details). After 3 days of transduction, PASMC were used for
further experiments.

Measuring mitochondrial membrane potential

The mitochondrial membrane potential was studied by fluores-
cence microscopy using 5,5,6,6'-tetrachloro-1,1',3,3’-tetraethyl-
imidacarbocyanine iodide (JC-1) as recommended by the manufacturer
(Thermo Fisher Scientific, Waltham, MA, USA). Acute hypoxia was
induced by switching from a normoxic perfusion buffer to a hypoxic
buffer (1% O,).

High-resolution respirometry

Oxygen consumption was determined at 37°C using an OROBOROS-2 k
oxygraph (Oroboros Instruments, Innsbruck, Austria) as described
previously (5). Briefly, primary rPASMC were trypsinized, washed
two times, and resuspended in M199 medium (Gibco, Thermo Fisher
Scientific, Hampton, NH, USA) containing 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific) and 10% Hepes (Carl Roth).
PASMC transfected with an empty or AOX-containing vector were
measured in parallel. Oxygen consumption was recorded continuously
until the oxygen was depleted. DatLab software (Oroboros Instru-
ments) was used to calculate oxygen consumption as the time derivative
of the oxygen content, standardized to cell number.

Raman spectroscopy on PASMC

Raman spectra of mouse WT and AOX PASMC were measured using
a home-built microscope equipped with a x40 magnification micro-
scope objective (Olympus, Tokyo, Japan), a Raman spectrometer
(Andor Technology, Belfast, UK), and a laser with an excitation
wavelength of 532 nm (Altechna, Vilnius, Lithuania). The Raman
signal was filtered out from the laser light using a filter cube contain-
ing a dichroic mirror (Semrock, Rochester, NY, USA) and a 532-nm
edge filter (Semrock). An in-house-designed gas-tight microfluidic
system was used to register Raman spectra on the cultured PASMC
at different oxidation states, i.e., normoxic and hypoxic conditions
(48). The sample was illuminated with a laser output power of
3.1 mW with an integration time of 60 s. Acquired Raman data were
processed in two steps. First, Cosmic rays were removed using the
2D second difference (49). Second, an optimal reconstruction was
done using a Savitzky-Golay filter (50). To confirm the Raman signal
from the single live cells, background spectra of the microfluidic
system and the buffer were taken.

Right ventricular hemodynamics and morphometry

and vascular remodeling

Mice were exposed to normobaric hypoxia (10% O,) for 4 weeks.
Quantification of PH was performed as described (30). Measurement
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of transthoracic echocardiography was performed in the mice before
measurement of invasive hemodynamics using a Vevo2100 high-
resolution imaging system equipped with a 40-MHz transducer
(VisualSonics, Toronto, Canada) as described previously (5, 36).

Western blot analysis

Hypoxic exposure of PASMC, protein extraction, and Western blot
analysis were performed as described (5). Primary antibodies used
were anti-HIF-10: (1:1000 dilution; Cayman Chemical) and anti—B-actin
(1:50,000 dilution; Abcam). Specific immune-reactive signals were
detected using enhanced chemiluminescence ECL Prime Western
Blotting System (GE Healthcare) using a proprietary secondary anti-
body coupled to horseradish peroxidase (1:5000 dilution; Promega).

Bromodeoxyuridine proliferation assay

For assessment of proliferation, mouse PASMC (5000 cells per well)
from passage 1 were seeded in 24-well plates in smooth muscle cell
basal medium containing 1% normocin (InvivoGen, San Diego, USA).
After 24 hours of starvation, cells were exposed to normoxia (21% O,,
5% CO3) or hypoxia (1% O, 5% CO,) at 37°C in water-saturated
incubators for 72 hours. Bromodeoxyuridine (BrdU) labeling reagent
was added 18 hours before the end of the incubation period. The
proliferation assay was performed according to the manufacturer’s
instructions [Cell Proliferation ELISA, BrdU (colorimetric), Sigma-
Aldrich]. The absorbance of the substrate reaction was measured after
15 min of incubation at 370 nm (reference wavelength, 492 nm).

Statistical analysis

All data depicted are shown as means + SEM. The exact group size
is stated in each figure legend. If not stated otherwise, statistical
analysis was done using Prism (GraphPad Software). Differences
were considered statistically significant at a P value <0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/16/eaba0694/DC1

View/request a protocol for this paper from Bio-protocol.
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