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Abstract

Aims: Nitric oxide (NO) derived from endothelial NO synthase (eNOS) has been implicated in the adaptive
response to hypoxia. An imbalance between 5,6,7,8-tetrahydrobiopterin (BH,) and 7,8-dihydrobiopterin (BH,)
can result in eNOS uncoupling and the generation of superoxide instead of NO. Dihydrofolate reductase
(DHFR) can recycle BH, to BH,, leading to eNOS recoupling. However, the role of DHFR and eNOS
recoupling in the response to hypoxia is not well understood. We hypothesized that increasing the capacity to
recycle BH4 from BH, would improve NO bioavailability as well as pulmonary vascular remodeling (PVR) and
right ventricular hypertrophy (RVH) as indicators of pulmonary hypertension (PH) under hypoxic conditions.
Results: In human pulmonary artery endothelial cells and murine pulmonary arteries exposed to hypoxia, eNOS
was uncoupled as indicated by reduced superoxide production in the presence of the nitric oxide synthase
inhibitor, L-(G)-nitro-L-arginine methyl ester (L-NAME). Concomitantly, NO levels, BH, availability, and
expression of DHFR were diminished under hypoxia. Application of folic acid (FA) restored DHFR levels, NO
bioavailability, and BH4 levels under hypoxia. Importantly, FA prevented the development of hypoxia-induced
PVR, right ventricular pressure increase, and RVH. Innovation: FA-induced upregulation of DHFR recouples
eNOS under hypoxia by improving BH, recycling, thus preventing hypoxia-induced PH. Conclusion: FA might
serve as a novel therapeutic option combating PH. Antioxid. Redox Signal. 23, 1076-1091.

Introduction

ADEQUATE SUPPLY of molecular oxygen is essential for | Innovation
the function of all organs in the body. In the pulmonary
system, hypoxia can lead to structural changes of small pul-
monary vessels (pulmonary vascular remodeling [PVR]) and
the development of right ventricular hypertrophy (RVH) as
hallmarks of pulmonary hypertension (PH).

Nitric oxide (NO) plays an important role in regulating O,
delivery through paracrine control of local vasomotor tone
and central cardiovascular and respiratory responses (31).
NO derived from the pulmonary endothelium has been con-

In this study, we show for the first time that folic acid
(FA) prevents uncoupling of endothelial nitric oxide
synthase under hypoxia by promoting recycling of 5,6,7,8-
tetrahydrobiopterin due to restoration of dihydrofolate
reductase expression. We further show for the first time
that FA treatment protects against hypoxia-induced pul-
monary vascular remodeling, right ventricular pressure
increase, and right ventricular hypertrophy.
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sidered to be essential for maintaining pulmonary vascular
homeostasis (10, 26).

In the pulmonary endothelium, NO is generated predom-
inantly by the endothelial NO synthase (eNOS), which binds
a number of cofactors to convert L-arginine and O, to L-
citrulline and NO (56). eNOS is a homodimer comprising an
N-terminal (oxygenase) and a C-terminal (reductase) domain
(68). For completion of the eNOS catalytic cycle, two elec-
trons derived from the cellular NADPH pool and 5, 6, 7, 8-
tetrahydrobiopterin (BH4) are needed per one produced NO
molecule (53).

Evidence that NO derived from eNOS plays an important
role in the pulmonary response to hypoxia came from geneti-
cally modified animal models. eNOS knockout mice have been
described to be particularly sensitive to hypoxia and to develop
PH in response to hypoxia more readily than wild-type mice
(19, 60). On the contrary, overproduction of eNOS-derived NO
in endothelial cells decreased remodeling of the pulmonary
vasculature and RVH induced by chronic hypoxia (51).

Although the K,;, of eNOS for O, has been reported to be in
the range between 5 and 20 uM (54, 55), thus allowing the
enzyme to be functional even under hypoxic conditions, there
are conflicting data regarding the regulation of NO and eNOS
under low oxygen conditions. In the pulmonary circulation,
hypoxia has been reported to increase, decrease, or not affect
levels of NO or of its oxidation product, nitrite (9, 32, 37, 38,
47,50, 61, 70), as well as of eNOS (2, 22, 37-39, 47, 50, 63,
64, 70), although modulation of eNOS activity or NO bio-
availability did not always match with a corresponding
change in eNOS expression. In fact, in addition to the supply
with oxygen and substrates, eNOS activity is regulated by
phosphorylation and various other post-translational mech-
anisms, as well as by interaction with modulatory proteins
such as HSP90 or caveolin (26).

A critical role in modulating NO availability has been
related to the cofactor, BH;. When BH, levels are low,
electrons are diverted to molecular oxygen rather than to
L-arginine, thus transforming eNOS into a pro-oxidant su-
peroxide anion-generating enzyme—the so-called uncoupled
eNOS (62, 66). This transformation of eNOS has been
observed in several in vitro models, in animal models of
cardiovascular diseases, and in patients with cardiovascular
risk factors (26).

However, whether this transformation plays a role in the
response of the pulmonary vascular endothelium toward
hypoxia is not well understood. Findings that mice with
disrupted BH, synthesis developed PH in particular under
hypoxia point toward an involvement of eNOS uncoupling in
these conditions (34, 48).

In addition to BH, deficiency, increased levels of the BH,
oxidation product, 7,8-dihydrobiopterin (BH,), can result in
eNOS uncoupling. BH, is inactive for cofactor function, but
binds eNOS with similar affinity as BH, and thus can effi-
ciently replace eNOS-bound BH, (6, 12). Thus, the ratio
between BH, and BH,, rather than absolute concentrations
of BH,, might be detrimental for the shift from eNOS
competent to the uncoupled state (5, 11). Net BH4 cellular
bioavailability in the endothelium is derived from de novo
BH, synthesis by GTP cyclohydrolase I (GTPCH-1), loss
of BH, by oxidation to BH,, and regeneration of BH, from
BH, by dihydrofolate reductase (DHFR) (49). BH, to BH4
recycling might be preferable to BH, de novo synthesis

1077

when it comes to fast adaptation to microenvironmental
challenges such as low oxygen availability, although its
importance for endothelial adaptation to hypoxia is not well
understood.

We thus hypothesized that hypoxia might affect BH, re-
generation capacity, resulting in altered eNOS coupling and
function. Folic acid (FA), widely used as a food supplement,
is known to induce DHFR levels and to enhance DHFR ac-
tivity, thereby stimulating the regeneration of BH, from the
inactive oxidized BH, (25). In addition, FA has been recently
reported to affect phosphorylation of eNOS (65) and to in-
crease the effectiveness of BH, on eNOS uncoupling (46),
indicating multiple actions of this substance on NO metab-
olism. We therefore investigated the impact of FA on pul-
monary endothelial NO and superoxide metabolism under
hypoxia in vitro and on the response to chronic hypoxia
in vivo. Our study suggests that FA supplementation might be
a novel therapeutic strategy to improve NO bioavailability
and to ameliorate symptoms of PH when oxygen supply is
limited.

Results

NO and BH, bioavailability are decreased
under hypoxia

To characterize NO metabolism in human pulmonary ar-
tery endothelial cells (HPAECs) and isolated murine pul-
monary arteries (PAs) under hypoxic conditions, cells or
arteries were exposed for 24 h to hypoxia, and NO levels were
determined by electron paramagnetic resonance (EPR) using
iron (2")-diethyldithiocarbamic acid [Fe(2")(DETC)] col-
loid. In hypoxic HPAECs and PAs, NO production was de-
creased compared with normoxic controls (Fig. 1A). We
further analyzed the levels of nitrite, a decomposition product
of NO, in the supernatants of normoxic and hypoxic HPAECs
and PAs by high-pressure liquid chromatography (HPLC).
Similar to the situation with NO, nitrite release was decreased
in hypoxic samples (Fig. 1B).

NO formation by nitric oxide synthases (NOS) requires
adequate levels of BH,. We therefore determined the levels
of BH4 as well as of its oxidation product, BH,. While
BH, levels were reduced in hypoxic HPAECs and PAs, the
levels of BH, were increased under these conditions,
resulting in a decreased BH4/BH, ratio (Fig. 1C). However,
total biopterin levels were not significantly changed in
hypoxia, suggesting that hypoxia did not affect biopterin
synthesis (Fig. 1D).

FA increases DHFR levels and BH, bioavailability
under hypoxia

Since hypoxia disrupted the balance between BH, and
BH,, but did not affect overall biopterin levels, we hypoth-
esized that recycling of BH, from BH, rather than de novo
BH, synthesis might be affected by hypoxia. Since the con-
version of BH, to BH, is mediated by DHFR, we determined
DHER protein levels in HPAECs. Compared with normoxia,
DHFR protein levels as well as mRNA levels were reduced
under hypoxia (Fig. 2A, B). These findings suggest that the
decrease in BH,; and the increase in BH, observed under
hypoxic conditions might be related to a decreased recycling
capacity due to lowered DHFR levels.
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Hypoxia decreases NO availability. (A-D) HPAECs or isolated murine PAs were incubated in hypoxic (1%

oxygen, Hx) or normoxic conditions (Ctr) for 24 h. (A) NO levels were measured by EPR using iron(2")—diethyldithiocarbamic
acid [Fe(2")(DETC)] complex as an NO radical-specific spin probe. Normoxic levels were setequal to 1 [n=4; *p <0.05, (1-8)
>(0.897 vs. Ctr]. (B) Nitrite levels were determined in the supernatant of HPAECs by HPLC. Normoxic levels were set equal to 1
[n=3; *p<0.05, (1-f) 20.969 vs. Ctr). (C) BH, and BH, levels were measured in cell and tissue lysates by HPLC. Normoxic
levels were set equal to 1 [n=5; *p <0.05, (1-) 20.999 vs. Ctr]. (D) The sum of BH, and BH, levels in HPAECs and PAs was
calculated. BH,, dihydrobiopterin; BH,, tetrahydrobiopterin; EPR, electron paramagnetic resonance; HPAEC, Human pul-
monary artery endothelial cells; HPLC, high-pressure liquid chromatography; NO, nitric oxide; PAs, pulmonary arteries.

FA has been described to increase the levels of DHFR in
the systemic vasculature (25). To evaluate whether FA could
modulate DHFR levels in our setting, HPAECs were sup-
plemented with FA (50 uM) at a concentration previously
shown to induce DHFR (25). Subsequent exposure to hyp-
oxia for 24 h showed that FA supplementation not only re-
stored hypoxic DHFR protein levels but also enhanced
normoxic DHFR protein levels (Fig. 2A). In addition, FA
enhanced DHFR mRNA levels under normoxic and hypoxic
conditions (Fig. 2B). Application of actinomycin D to nor-
moxic or hypoxic HPAECs treated with FA blunted FA-
mediated induction of DHFR protein levels, indicating that
FA promotes transcription of DHFR (Fig. 2A).

We next determined the effects of FA on BH, levels. Under
hypoxia, the BH4/BH, ratio was restored to normoxic levels in
HPAECs and PAs treated with FA, while it was even further
increased under normoxic conditions (Fig. 2C, D). Upon brief
exposure to normoxia following hypoxia simulating hypoxia—
reoxygenation conditions, the BH4/BH, ratio remained low.
Similar to the situation with hypoxia, FA restored the BH,/BH,
ratio to normoxic levels (Fig. 2C). However, FA did not affect
total biopterin levels under normoxia or hypoxia (Fig. 2E, F),
indicating that it did not act via de novo biopterin synthesis.

FA increases NO bioavailability under hypoxia

We next determined the effects of FA on NO availability.
In HPAECs, FA dose dependently increased NO levels under
hypoxia (Fig. 3A, Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/ars). Since
50 uM FA significantly restored hypoxic NO levels to nor-
moxic levels, while higher concentrations did not show ad-

ditional beneficial effects, we performed all the following
in vitro studies at 50 uM concentration. In line, 50 uM FA
also efficiently restored hypoxic NO levels in PAs (Fig. 3B)
and hypoxic nitrite levels in HPAECs to normoxic levels
(Fig. 3C). Similar to the situation with BH4, NO levels re-
mained low under hypoxia-reoxygenation conditions in
HPAECsSs and were partially restored by FA (Fig. 3A).

To confirm that modulation of DHFR levels was indeed
involved in the control of NO levels under hypoxia and FA
treatment, DHFR levels were downregulated by an siRNA
approach (Fig. 3D). While downregulation of DHFR levels
did not affect NO levels under normoxic conditions, it further
decreased hypoxic NO levels (Fig. 3E). However, induction
of NO levels by FA was blunted in normoxia and hypoxia in
DHFR-depleted HPAECs, indicating that FA acts via DHFR
to improve NO bioavailability. In contrast, supplementation
with L-arginine, which has been indicated to also recouple
eNOS (26), only increased hypoxic NO levels at high con-
centrations (Supplementary Fig. S2).

Since FA has been previously reported to modulate the
phosphorylation status of eNOS (65), the levels of Ser1177-
phosphorylated eNOS, which renders the enzyme active, and
of Thr495-phosphorylated eNOS, which results in inactiva-
tion of the enzyme, were determined. In HPAECS, phos-
phorylation at both sites was increased under hypoxia (Fig.
3F). FA increased the levels of Serll177-phosphorylated
eNOS under normoxic conditions, although it did not further
increase Serl177-phosphorylated eNOS levels under hyp-
oxia in HPAECs. In contrast, FA rather decreased eNOS
phosphorylation at Thr495 under normoxic and hypoxic
conditions (Fig. 3F). However, FA had no effect on eNOS
protein levels under normoxia or hypoxia (Fig. 3F).
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The findings that FA is also able to increase NO levels
under normoxic conditions due to enhanced BH, availability
by inducing DHFR-dependent recycling capacity and by
modulation of eNOS phosphorylation suggest that basal NO
bioavailability in our experimental setup might be limited by
insufficient FA supply. In support, FA was able to improve
endothelium-dependent relaxation of isolated PAs in re-
sponse to acetylcholine, further indicating that FA can im-
prove NO bioavailability (Supplementary Fig. S3).

Superoxide levels are decreased under hypoxia

Reduced BH, levels have been previously associated with
uncoupling of NOS, which leads to the formation of super-
oxide instead of NO. We therefore determined superoxide
production in HPAECs and PAs under normoxia and hypoxia
by EPR. To this end, hypoxic cells or vessels were harvested
and prepared for superoxide measurements under hypoxic
conditions using a hypoxic workbench. Measurements were
performed in an airtight capillary, thus preventing any reox-
ygenation step during sample handling. Under these conditions,
cells and tissues exposed for 24 h to hypoxia showed decreased
superoxide production compared with normoxia (Fig. 4A, B).
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In contrast, when sample harvesting and preparation were
performed under normoxic conditions following 24h of
hypoxia, superoxide production was even more increased
than under normoxia (Fig. 4A, B). These findings indicate
that even short-term exposure to normoxia during sample
preparation is sufficient to induce a reoxygenation effect.

eNOS is uncoupled under hypoxic conditions

To evaluate whether uncoupled eNOS contributes to
superoxide production under normoxia or hypoxia, HPAECs
and PAs were treated with the NOS inhibitor, L-(G)-nitro-
L-arginine methyl ester (L-NAME), before superoxide
measurements. While L-NAME did not affect normoxic or
reoxygenated superoxide levels, it significantly decreased
hypoxic superoxide production (Fig. 4A, B), indicating that
uncoupling of eNOS contributed to superoxide production
under hypoxic conditions. In line, hypoxia increased the eNOS
monomer/dimer ratio in HPAECs, further supporting the view
that hypoxia can uncouple eNOS (Fig. 4C). Increased eNOS
monomer formation was also observed in pulmonary and
systemic vessels, further confirming that eNOS is uncoupled
under hypoxia (Supplementary Fig. S4).
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Recoupling of eNOS by FA should not only result in in-
creased NO levels but also in reduced superoxide levels. In fact,
in HPAECsS, hypoxic and reoxygenated superoxide levels were
decreased in the presence of FA, although this effect was less
pronounced in PAs (Fig. 4A, B). In line, the eNOS monomer/
dimer ratio under hypoxia was diminished upon treatment with
FA, further indicating recoupling of eNOS (Fig. 4C).

To evaluate the contribution of other sources of reactive ox-
ygen species (ROS) under these conditions, HPAECs were pre-
treated with apocynin, an antioxidant, 2-thenoyltrifluoroacetone
(TTFA), a mitochondrial complex II inhibitor, or rotenone, a
complex I inhibitor. While none of the inhibitors significantly
affected normoxic superoxide levels, apocynin decreased hyp-
oxic superoxide levels similar to the situation with L-NAME
(Fig. 4D).

Since NADPH oxidases have been suggested to play a role
in the pulmonary vascular response to hypoxia (43), HPAECs
were treated with GKT-137831, which has been described to
inhibit NADPH oxidases (1). GKT-137831 treatment de-
creased normoxic and hypoxic ROS levels (Fig. 4E). These
findings indicate that NADPH oxidases also contribute to

maintain ROS levels under hypoxia as has been described
previously (16), while mitochondrial ROS might play a mi-
nor role under these conditions. In line, hypoxia induced
NOX4 levels in HPAECs, while FA did not affect NOX4
levels, suggesting that the contribution of NADPH oxidases
is independent of NO signaling (Fig. 4F).

Interestingly, under reoxygenated conditions, apocynin and
GKT-137831 reduced superoxide production (Fig. 4D, E),
while mitochondrial inhibitors similar to L-NAME pretreat-
ment were not as effective, indicating that NADPH oxidases
are a major source of ROS under reoxygenated conditions.

FA improves NO bioavailability under chronic
hypoxia in vivo

In a next step, we evaluated the levels of NO in vivo in mice
exposed for 2 weeks to hypoxia (10% oxygen) by determining
NO-hemoglobin levels by EPR (Fig. 5A). Systemic NO-
hemoglobin levels were decreased in chronic hypoxic mice
compared with normoxic mice (Fig. 5A). In line, the ratio of
plasma BH,/BH, was lower in hypoxic than in normoxic mice
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FIG. 4. Uncoupled eNOS contributes to superoxide production under hypoxia. (A) HPAECs or (B) isolated murine
PAs were incubated under normoxic (Ctr) or hypoxic (Hx) conditions for 24 h in the presence or absence of the NO
synthase inhibitor, L-(G)-nitro-L-arginine methyl ester (L-NAME, 300 uM), and/or FA (50 uM). The superoxide pro-
duction rate was measured by EPR using CMH as a spin probe under complete hypoxic (Hx) or norm0x1c following
hypoxic conditions (ReOx) [n=5; *p <0.05, (1-f) 20.943 vs. CtrCtr; *p <0.05, (1-f) =0.977 vs. HxCtr; p<0 05, (1-P)
20.976 vs. ReOxCtr]. (C) eNOS monomer formation was determined in HPAECs by nondenaturing gel analysis, followed
by Western blot with an antibody against eNOS. The monomer/dimer ratio was calculated. Normoxic levels were set
equal to 1 [n=3; *p<0.05, (1-f) 20.946 vs. CtrCtr; p<0 05, (1-) 20.975 vs. HxCtr]. (D) HPAECs were incubated
under normoxic or hypoxic conditions for 24 h in the presence or absence of the antioxidant, Apo (100 M), or inhibitors
of mitochondrial complex II, TTFA (100 uM), or complex I, Rot (100 uM). The super0x1de production rate was measured
as above [n=3; *p<0.05, (1-p) 20.83 vs. CtrCtr; *p<0.05, (1-p) 20.949 vs. HxCtr; °p<0.05, (1-) 20.833 vs. Re-
OxCtr]. (E) HPAECs were incubated under normoxic or hypoxic conditions for 24 h in the presence or absence of GKT-
137831 (50 uM). The superoxide production rate was measured as above [n=3; *p<0.05, (1-f) 20.992 vs. CtrCtr;
#p<0.05, (1-p) =0.957 vs. ReOxCtr]. (F) Western blot analyses were performed in HPAECs with an antibody against
NOX4. f-actin served as a loading control. Normoxic levels were set equal to 1 [n=3; *p<0.05, (1-) 20.998 vs.
CuCtr]. Apo, apocynin; CMH, 1-hydroxy-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine hydrochloride; Rot, rote-
none; TTFA, 2-thenoyltrifluoroacetone.
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(Fig. 5B). When mice were orally supplemented with FA (5 mg/
kg/day) during exposure to hypoxia, NO-hemoglobin levels and
plasma BH, availability were restored to normoxic levels (Fig.
5A, B). Subsequently, decreased pulmonary DHFR levels in
hypoxic lungs were restored in FA-treated animals (Fig. 5C).

Similar to the situation in vitro, pulmonary eNOS protein
levels were neither affected by hypoxia nor by FA (Fig. 5C).
However, the levels of Serl177-phosphorylated eNOS were
increased by FA under normoxia and hypoxia (Fig. 5C),
while the levels of Thr495-phosphorylated eNOS were de-
creased (Fig. 5C), indicating that FA improves NO bio-
availability in vivo by several mechanisms.

FA decreases ROS levels following chronic
hypoxia in vivo

To evaluate the levels of ROS in chronic hypoxic mice, PAs
were isolated from normoxic and hypoxic mice under nor-
moxic conditions simulating a reoxygenated state and super-
oxide levels were determined by EPR. Compared with vessels
from normoxic mice, vessels from chronic hypoxic mice
showed elevated superoxide production (Fig. SD) similar to the
in vitro situation of hypoxia-reoxygenation. ROS levels were
also determined in lung tissues by HPLC using dihy-

Hx

droethidium (DHE) as a probe. Similar to the results in PAs,
ROS levels were increased in lungs derived from hypoxic mice
compared with normoxic lungs (Fig. SE). Treatment with FA
significantly decreased ROS levels in PAs and lung tissues
derived from chronic hypoxic mice (Fig. 5D, E). These findings
are similar to the situation when superoxide levels of hypoxic
HPAECs were determined under normoxic conditions.

As described previously (16), and suggested by our in vitro
data, NADPH oxidases might contribute to the increased levels
of ROS upon reoxygenation. In line, levels of the NADPH
oxidase subunit, NOX4, were substantially increased in lung
tissues from hypoxic mice compared with normoxic mice (Fig.
5C). This supports the notion that induction of NADPH oxi-
dases by hypoxia primes for increased ROS production under
reoxygenated conditions (16). However, FA treatment did not
affect NOX4 levels, ruling out that the reduction of ROS levels
observed in chronic hypoxic mice treated with FA was due to
downregulation of NOX4 (Fig. 5C).

FA protects against hypoxia-induced RVH,
right ventricular pressure increase, and PVR

In mice exposed to chronic hypoxia, right ventricular mass
increased as was estimated by determination of the angle
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FIG. 6. FA decreases hypoxia-
induced right ventricular hy-
pertrophy, RVP increase, and
pulmonary vascular remodeling.
Mice were placed for 2 weeks under
hypoxia (10% oxygen, Hx) or nor-
moxia (Nx/Ctr) with or without
supplementation of FA (5 mg/kg/
day). (A) RV size was macroscopi-
cally estimated by determining the
angle between the RIV and RDM.
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(B) Gross heart morphology was
macroscopically observed. (C)
FFPE heart sections were stained
with Giemsa. (D) FFPE lung sec-
tions were stained with an antibody
against «-SMA. Bar 100 pum; arrows
indicate o-SMA-positive vessels.
(E) The (RV) was separated from
the LV and S and weighed. The RV/

LV+S ratio was determined [n=35;
*p<0.05, (I-f)=1 vs. CtrCtr;

#p<0.05, (1-f) 20.999 vs. HxCtr].
(F) RVP was determined hemody-

namically [n=5; *p<005, (I-p) E ¥ Ctr F 410 cr *
>0.966 vs. CuCtr; 7p<0.05, (1-) 04| ™ FA £ g |mmFaA T
>0.8 vs. HxCtr]. (G) o-SMA- # A
positive small- and medium-sized % 0.34 -
arterioles (<80 um) were counted ; 5 204 T
and related to the total number of = 0.24 I ﬁ
arterioles of the same diameter T & 104
[n=6; *p<0.05 (1-f)=1 vs. 0.14 >
CuCtr; "p<0.05, (1-f)=1 vs. o0 & .
HxCtr]. «-SMA, o-smooth muscle . J H y H
actin; FFPE, formalin-fixed o H e o
paraffin-embedded; LV, left ventri- G 40- 3 Ctr
cle; RDM, right marginal coronary B FA -
artery; RIV, left descending inter- g 30- b
ventricular artery; RV, right ventri- E
cle; RVP, right ventricular pressure; 2
S, septum. To see this illustration E 201
in color, the reader is referred to
the web version of this article at = 104 ==
www liebertonline.com/ars. ‘g i
0

between the left descending interventricular artery (RIV) and
the right marginal coronary artery (RDM). Compared with
44° in normoxic hearts, this angle was 59° in hypoxic hearts
(Fig. 6A, B). In line, sections derived from formalin-fixed
paraffin-embedded (FFPE) hearts demonstrated an increase
in right ventricular wall thickness in hypoxic mice compared
with normoxic control mice (Fig. 6C). In addition, the ratio
between right ventricular weight and left ventricular and in-
terseptal weight (Fulton Index) was increased in hypoxic
compared with normoxic mice (Fig. 6E), indicating the de-
velopment of RVH in chronic hypoxic mice. In line, hemo-
dynamic measurements showed increased right ventricular
pressure (RVP) in hypoxic mice (Fig. 6F).

Furthermore, staining of FFPE lung sections with an an-
tibody specific for alpha-smooth muscle actin (a-SMA)
showed an increased number of muscularized small vessels

(diameter <80 um) in lungs from hypoxic mice compared
with normoxic mice, indicating PVR (Fig. 6D, G).

Treatment with FA reduced RVH as indicated by a re-
duction of the angle between RIV and RDM to normoxic
values in hearts derived from hypoxic mice treated with
FA (Fig. 6A, B). Under normoxic conditions, however,
FA treatment had no effect on the size of the right ventri-
cle (RV) (Fig. 6A, B). Similarly, FA treatment reduced
hypoxia-induced thickening of the right ventricular wall and
RV weight (Fig. 6C, E) and blunted the increased RVP in
chronic hypoxic mice (Fig. 6F). In addition, FA treatment
decreased the number of small muscularized vessels in
hypoxic lungs (Fig. 6D, G). Collectively, these data show
that treatment with FA protects against the development of
PH by reducing PVR, RVP, and RVH in response to chronic
hypoxia.



1084
Discussion

In this study, we demonstrate that FA protects mice against
hypoxia-induced RVH, RVP increase, and PVR—hallmarks
of PH (PH)—by restoring DHFR expression, improving the
capacity to recycle BH, to BH,, and subsequently increasing
NO bioavailability.

Our data indicate that under hypoxic conditions, NO bio-
availability is not only decreased in HPAECs and isolated
PAs but also in vivo in chronic hypoxic mice with PH, al-
though the levels of eNOS remained unchanged.

In contrast, hypoxia has been reported to increase eNOS
expression, often accompanied by increased NO bioavailabil-
ity, in endothelial cells and in the in vivo situation in rats and
mice (9, 32, 38, 61). While the reasons for these controversial
data are not clear, they might relate to differences in model
systems, timing, and severity of hypoxia, as well as to varia-
tions in secondary effects associated with hypoxia in particular
in the in vivo situation (28). However, in line with our obser-
vations, there is increasing evidence that hypoxia limits NO
bioavailability in vitro and in vivo (20, 28, 37, 50, 67). Similar
to our study, decreased NO levels were not always related to
decreased levels of eNOS. This indicates that other mecha-
nisms apart from modulation of eNOS expression contribute to
the adaptation of NO metabolism under hypoxia (73).

In our study, decreased NO bioavailability was accompa-
nied by a disruption in BH,; homeostasis with decreased
levels of BH, and increased levels of BH, in vitro and in vivo.

Decreased BH, levels have been considered to be an im-
portant determinant of a dysfunctional uncoupled eNOS,
which generates superoxide instead of NO (5, 13). In fact,
application of the NOS inhibitor, L-NAME, decreased su-
peroxide generation under hypoxia, suggesting an un-
coupling of eNOS under these conditions. Similarly, hypoxia
increased monomer formation of eNOS as another indication
of uncoupling. Uncoupled eNOS has been associated with
various cardiovascular disorders, including PH (26, 33). In
support of our findings, decreased BH, levels in hypoxic
in vivo models (23, 36) have been recently reported, although
the levels of superoxide or other ROS have not been deter-
mined in these studies. While eNOS uncoupling has been
described in a situation of hypoxia-reoxygenation in endo-
thelial cells unlike in our study (15), the contribution of un-
coupled eNOS to ROS levels under hypoxia has not been
clearly demonstrated to date.

In fact, the role of ROS in the hypoxic response has been a
matter of debate and conflicting data exist regarding whether
there is an increase or a decrease in ROS levels under hypoxia
(27). In our study, using a setup where sample handling and
superoxide measurements were performed under hypoxic
conditions, superoxide generation was found to be lower
under hypoxic than under normoxic conditions. However,
when superoxide measurements were performed under
normoxia following exposure to hypoxia, thus mimicking
short-term hypoxia—reoxygenation, superoxide levels were
increased, even exceeding basal normoxic levels. These
findings support previous observations that ROS levels are
increased under hypoxia-reoxygenation conditions (16).
Since it was sufficient to expose hypoxic HPAECs or PAs
for a short time period to normoxia to increase superoxide
generation, these observations might explain some of the
divergent results concerning ROS levels under hypoxia (27).
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In support, increased ROS levels were measured in pul-
monary vessels and lung tissues derived from chronic hyp-
oxic mice. In line, elevated ROS levels in lungs and vessels
from chronic hypoxic animals have been described previ-
ously (24, 41, 42). However, since mouse handling as well as
tissue preparation following chronic hypoxia was performed
in normoxia, it is likely that the increase in ROS was induced
by reoxygenation rather than by hypoxia as demonstrated by
our in vitro studies. The assumption that ROS levels are in-
creased in mice exposed to chronic hypoxia (24, 41) might
thus not reflect the real situation in vivo, and reoxygenation
effects need to be considered. Thus, although beyond the scope
of this study, further studies are required to show whether ROS
levels will still be elevated in chronic hypoxic mouse tissues
when mouse handling, sample preparation, and ROS mea-
surements are performed under fully hypoxic conditions.

In contrast to the hypoxic setting, L-NAME did not af-
fect superoxide levels under reoxygenated conditions in
HPAECsS, suggesting that uncoupled eNOS did not contribute
to increased ROS levels under reoxygenated conditions. Si-
milarly, inhibitors of mitochondrial ROS generation were not
as effective in lowering superoxide levels under these con-
ditions. Instead, NADPH oxidases primarily contributed to
superoxide induction under reoxygenation. Interestingly, the
NADPH oxidase subunit, NOX4, which has been previously
shown to be induced under hypoxia in vitro and in vivo (16,
43), was also elevated in hypoxic HPAECs and lung tissue
from chronic hypoxic mice. This supports earlier observa-
tions that hypoxic induction of NOX4 promotes ROS gen-
eration upon reoxygenation (16). Similarly, ROS generation
was also decreased in hypoxic lung tissues derived from
NOX2 knockout mice (24, 41), further supporting the notion
that NADPH oxidases importantly contribute to ROS gen-
eration upon reoxygenation.

In contrast to superoxide, NO levels remained reduced
under hypoxia-reoxygenation conditions, supporting the
view that increased superoxide levels might scavenge NO,
thereby lowering NO levels. In addition, the BH,/BH, ratio
remained reduced under hypoxia—reoxygenation conditions.
This might also relate to increased levels of superoxide under
these conditions, which can oxidize BH; to BH,, thus re-
ducing NO generation and increasing superoxide production.
In line, FA increased BH, bioavailability and NO generation
also under hypoxia-reoxygenation conditions, while, possi-
bly as a consequence, superoxide levels were reduced.

Thus, FA appears to have an important function in re-
storing and maintaining the balance between NO and ROS
and thus counteracting endothelial dysfunction and other
adverse effects under these conditions. In support, our data
show that supplementation with FA improved acetylcholine-
dependent vasorelaxation in murine pulmonary vessels.

Although the decreased BH4/BH, ratio together with the
reduction of superoxide generation by L-NAME pointed to-
ward uncoupled eNOS under hypoxia, we did not find evi-
dence that de novo synthesis of biopterins was altered under
these conditions. In contrast, a recent report suggested in-
creased de novo synthesis of biopterins based on elevated
levels of GTPCH-1, resulting in an increased BH4/BH, ratio
in hypoxia (18). However, in support of our observation, this
finding was not confirmed by others (23, 36).

Instead, we observed decreased levels of DHFR under
hypoxia. DHFR has been described to recycle BH, to BHy,
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thereby maintaining the BH,4 pool required for adequate NOS
function (11). FA, which has been previously shown to up-
regulate DHFR levels under normoxic conditions (25), also
effectively increased hypoxic DHFR levels. Importantly, FA
restored BH, levels and enhanced NO and nitrite levels under
normoxia and hypoxia, and this effect was dependent on
DHFR, further supporting our notion that the FA-induced
increase in NO and BH, levels is promoted by improved BH,
to BH, recycling. However, while beneficial effects of FA on
BH,4 availability and eNOS uncoupling have been reported
(25), for review, see (46), other studies failed to link the
beneficial effect of FA on endothelial dysfunction to the re-
generation or stabilization of BHy (44).

Our study, however, showed that FA reversed eNOS
monomerization under hypoxia, indicating recoupling of
eNOS. In support, FA reduced hypoxia-induced phosphory-
lation of eNOS at Thr495, which acts to inhibit eNOS ac-
tivity. Studies using phosphomutants of eNOS suggested that
Thr495-phosphorylated eNOS can uncouple eNOS (40),
further indicating that hypoxia results in eNOS uncoupling
and FA is able to recouple this enzyme.

In support of our study, increased Thr495 eNOS levels
under hypoxia have been reported (50, 52), while FA has
been shown to dephosphorylate eNOS at Thr495 in porcine
aortic endothelial cells (65). Furthermore, FA increased
phosphorylation of eNOS at Ser1177, which has been at-
tributed to Akt-induced activation of this enzyme, under
normoxic and hypoxic conditions. This finding has been
supported by a recent study demonstrating that FA can acti-
vate the PI3 kinase/Akt pathway (65) and thus Serl177
phosphorylation of eNOS, indicating that FA acts benefi-
cially on NO availability via different mechanisms.

Although the role of Serl1177 phosphorylation of eNOS
under hypoxia is controversial, showing increased (9), un-
changed (3), or decreased (47, 50, 52) phosphorylation of
eNOS at Serl1177, our data indicate that hypoxia increases
Ser1177 phosphorylation in HPAECs and lung tissues
in vivo, while NO levels were clearly decreased. This ap-
parent discrepancy can be explained by previous findings that
in the absence of BHy, eNOS Serl1177 phosphorylation is
associated with increased superoxide rather than with NO
production due to uncoupling of eNOS (8).

Together with our previous findings that Akt can be acti-
vated under hypoxic conditions (4) and the findings in this
study that BH, and NO levels are decreased under hypoxia,
we assume that phosphorylation of eNOS at Ser1177 under
hypoxic conditions might be linked to superoxide rather than
to NO generation. In the presence of FA, BH, bioavailability
increases, thus allowing the Ser1177-phosphorylated enzyme
to generate NO again also under hypoxic conditions.

Our study now shows that FA effectively protects against
the development of PH under hypoxia, as indicated by de-
creased RVP, PVR, and RVH, by improving BH, recycling
capacity and recoupling of eNOS. This might thus possibly
add an additional important indication for therapy to the
portfolio of FA treatment options. Interestingly, it was re-
cently reported that treatment with sepiapterin, a commer-
cially available modified BH,, did not ameliorate PVR in
mice in response to chronic hypoxia (18).

While in this study BH, levels seemed to be increased
under hypoxic conditions, further increasing biopterin levels
through application of sepiapterin might possibly be less
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efficient. Moreover, since sepiapterin needs to be converted
to BH, by DHFR to be fully active, the decreased capacity to
recycle BH, to BH, under hypoxic conditions might limit this
therapeutic approach. However, in support of our observa-
tions, a recent study suggested that supplementation with
tetrahydrobiopterin might also have beneficial effects on PH
induced by chronic hypoxia (23), although the mechanisms
underlying this effect have not been analyzed in this study.

Although FA has been shown to have beneficial effects in
coronary artery disease and other cardiovascular disorders
associated with hypoxia and reoxygenation (45, 57, 59),
several clinical trials indicated controversial outcomes with
regard to cardiovascular disease risk and mortality (14, 59,
71). While multiple reasons have been indicated for the
negative results in some studies (58), increasing evidence
suggests that FA might be more beneficial in primary pre-
vention in subjects with low FA levels (29). A recent, large
clinical trial indicated a substantially reduced risk for stroke
in hypertensive patients taking FA (30, 69).

While the results of our study in an animal model suggest that
FA might be able to prevent the development of PH in condi-
tions of hypoxia, such as a high altitude sojourn, or in hypox-
emic patients at risk to develop PH; clearly, clinical trials will be
required to assess the potential of FA as a preventive or treat-
ment option for PH associated with low oxygen availability.

Collectively, our findings indicate that disruption of the
BH, to BH, balance due to reduction of DHFR levels under
hypoxia decreases NO bioavailability due to uncoupling of
eNOS, subsequently promoting RVH and PVR and the de-
velopment of PH. Since supplementation with FA restored
NO metabolism under hypoxia and protected against the
development of PVR and RVH and lowered RVP, FA may
provide an efficient and cost-effective therapeutic strategy to
combat PH.

Materials and Methods
Chemicals

All chemicals were from Sigma-Aldrich unless stated
differently.

Cell culture

HPAECs were purchased from Invitrogen and grown ac-
cording to the manufacturer’s instructions. Experiments were
performed with cells cultured in endothelial basal medium
supplemented with 2% fetal calf serum. Cells were exposed
to hypoxia (1% oxygen and 5% CO,) for 24 h in a Ruskinn
workstation (IUL).

Gene silencing

For gene silencing, HPAECs were transfected with short
interfering RNA (siRNA) targeting human DHFR, 5'-
CAGUAGAAGGUAAACAGAAJTAT-3’ (sense), or with
control siRNA, 5-GACUACUGGUCGUUGAAGUdTAT-3’
(Ambion), using Lipofectamine RNAiIMAX (Invitrogen)
according to the manufacturer’s instructions. At 24h after
transfection, cells were placed in 2% fetal calf serum-
containing medium for 16h before hypoxic stimulation.
siRNA transfection efficiency was validated by real-time
quantitative polymerase chain reaction (RT-qPCR) and was
on average 70-80%.
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Animals

All animal procedures were performed in accordance with
the European directive 86/609/EEC and approved by the local
legislation on protection of animals (Government of Upper
Bavaria, Munich, Germany) or the Czech Central Commission
for Animal Welfare. For the experiments, C57BL/6 male mice
(8 weeks old, 20-25 g; Charles River) were used. Each group
consisted of eight mice. For ex vivo analyses, lungs were dis-
sected and macerated, and intact PAs were isolated. PAs were
placed in MCDB131 medium and exposed to hypoxia for 24 h.
For in vivo analyses, mice were exposed to chronic normobaric
hypoxia (10% O,) in a ventilated chamber (Ing. Humbs,
Valley, Germany) for 2 weeks. Age-matched control animals
breathed room air. Normoxic and hypoxic groups received FA
(5 mg/kg/day) by dietary supplementation.

Hemodynamic measurements

Mice were anesthetized by isoflurane, weighed, and the
left chest was shaved. RVP was determined hemodynami-
cally in a transthoracic approach. Hemodynamic measure-
ments were performed using a 24 G needle connected to a
pressure amplifier (Isotec) and recorded using HSE-HA
HAEMODYN W software for hemodynamic studies. The
catheter was inserted into the left ventricle (LV) and then
carefully advanced to the RV. The correct position was
confirmed by observing the characteristic ventricular wave-
forms. The pressure profile was recorded after stabilization
for 1 min, and systolic RVP values were determined. Mice
were euthanized in anesthesia by cervical dislocation.

Immunoblot analysis

Proteins were isolated and Western blot analyses were
performed as previously described (7) using antibodies
against DHFR, eNOS (both from BD Transduction Labora-
tories), phospho-eNOS (Ser-1177 and Thr-495) (both Cell
Signaling), NOX4 (Epitomics), and f-actin (Santa Cruz).
Goat anti-mouse or rabbit anti-goat immunoglobulin G
(Millipore) secondary antibodies were used. The enhanced
chemiluminescence Western blotting system (GE Health-
care) was used for detection.

Gene expression analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. cDNA was synthe-
sized from isolated RNA using the high-capacity cDNA reverse
transcription kit (Qiagen) according to the manufacturer’s in-
structions in a 6000 Rotor Gene Real-Time PCR System
(Qiagen). RT-gPCR was performed using gene-specific primers
as follows: DHFR 5-CAC AAA TCA GAC GGC AGC ACT-3’
(sense), 5’-CAT CGG GCG TGG TGA ACT C-3’ (antisense);
18S rRNA 5’-GTA ACC CGT TGA ACC CCA TT-3’ (sense),
5’-CCA TCC AAT CGG TAG TAG CG-3’ (antisense). The
samples were loaded in triplicate for each primer pair, and the
value of each sample was normalized to 18S rRNA. All data
were analyzed by the system software (Qiagen).

eNOS dimerization assay

Low-temperature sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) was performed for detec-
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tion of eNOS dimers as described elsewhere (35, 72). Briefly,
protein samples in Laemmli buffer without 2-mercaptoethanol
were incubated at 37°C for 5min and thereafter separated
by 8% SDS-PAGE. Gels and buffers were equilibrated at
4°C before electrophoresis, and SDS-PAGE separation was
performed on ice. Western blotting was performed using
an eNOS antibody. Total eNOS levels were assessed by
immunoblot.

Measurement of superoxide anion production by EPR

Cells or tissues were washed once in 1x phospho-buffer
saline and harvested in Krebs—Hepes buffer (NaCl 99 mM,
KC14.69 mM, NaHCO; 25 mM, KH,PO,4 1.03 mM, D-glucose
5.6 mM, Na-HEPES 20 mM, CaCl, 2.5 mM, MgSO, 1.2 mM).
Samples were prepared in either hypoxic or normoxic condi-
tions by adding 5 uM diethyldithiocarbamate (DETC), 25 uM
desferroxamine (DES), and 100 uM superoxide-specific spin
probe (1-hydroxy-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine hydrochloride [CMH]) (Noxygen) (17). Cell
suspensions or tissues were placed in airtight glass capillaries
and spectra were recorded in an EPR spectrometer with
temperature-controlled resonator Escan (Bruker). EPR set-
tings for CMH spin label were center field 3455 G, sweep
width 10G, frequency 9.7690 GHz, microwave power
23.89 mW, and modulation amplitude 2.93 G. Spectra were
recorded over 10 min.

Detection of superoxide anion by HPLC

DHE (Sigma-Aldrich) was used for superoxide detection
at a final concentration of 50 uM, as described previously
(21). Samples were prepared in Krebs—Hepes buffer and in-
cubated with DHE (10 uM) at 37°C for 1h, additionally
washed twice with Krebs—Hepes buffer, homogenized, and 2-
hydroxy-ethidium was extracted in methanol; 2-hydroxy-
ethidium was separated on a C18 column (Sulpelco CI8
column 4.6 X250 mm, 5 um) and detected by a fluorescence
detector (excitation 480 nm and emission 580 nm) in 0.5 ml/
ml flow of increased 10-70% gradient of 60% acetonitrile
in methanol and 0.1% trifluoroacetic acid. Retention time of
2-hydroxy-ethidium was 37.5 min.

Detection of NO radical by EPR

Freshly prepared iron(2")-diethyldithiocarbamic acid
[Fe(2Y)DETC] colloid complex was used for NO detection at
a final concentration of 2mM. Samples were prepared in
Krebs—Hepes buffer in normoxic or hypoxic conditions. Cell
suspensions or tissues were incubated with Fe(2")DETC in a
I-ml syringe, and then snap-frozen in liquid nitrogen and
stored at —80°C. Spectra were recorded by EPR using a De-
war flask filled with liquid nitrogen. EPR settings were center
field 3425 G, sweep width 100G, frequency 9.7704 GHz,
power 47.66 mW, and modulation amplitude 10.38 G.

Detection of nitrite levels by HPLC

Nitrites were detected in the cell culture medium super-
natant by the reaction with 2, 3-diaminonaphtalene (DAN;
Sigma-Aldrich) in acetic conditions. One hundred microliters
of the sample was incubated with 10 4l of 0.05 mg/ml of
DAN in 6 M HCI for 10 min. Then, 30 ul of 10 M NaOH was
added to neutralize the mixture. Nitrates were reduced to
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nitrite by nitrate reductase for 1 h using 150 mU/ml of nitrate
reductase and 0.5 mM of NADPH. Nitrated fluorescent DAN
adduct was separated on a C18 column (Sulpelco C18 column
4.6 %250 mm, 5 um) and detected by a fluorescence detector
(excitation 365 nm and emission 415 nm) in 1 ml/ml flow of
5mM NaH,PO, in 50% methanol. Retention time of NO,-
DAN was 9.2 min (21).

Tetrahydrobiopterin assay

Cells or tissues were harvested, homogenized in 0.1 M
phosphoric acid, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 10 mM dithiothreitol (DDT), and incubated on ice in the dark
for 20 min. After spinning down at 12,000 g for 3 min, the su-
pernatant was divided for acidic and alkaline oxidation of BH,
and incubated either with 2.5% I,, 10% KI, 0.2 M trichloroacetic
acid (TCA,; acetic condition) or 5 M NaOH and 0.9% 1, 1.8%
KCl, 0.1 M NaOH (alkaline condition). After incubation for
10 min in the dark, 2% ascorbate and water (acetic condition) or
2 M TCA and 2% ascorbate (alkaline condition) were added.
Samples were spun down at 30,000 g for 10 min and acetic acid
was added to stabilize biopterin and pterin. Biopterin and pterin
were separated on a C18 column detected by the fluorescent
detector (excitation 350 nm and emission 450 nm) in 1.5 ml/ml
flow of 5 mM NaH,PO, in 5% methanol pH 3.5. Retention time
of biopterin was 8.6 min.

[NO radical-hemoglobin] complex detection by EPR

Blood collected from mice at death was fractionated to
plasma and red blood cell (RBC) fractions. RBC fractions
were snap-frozen in 1-ml syringes in liquid nitrogen and
loaded for spectral detection by EPR. NO'-hemoglobin
(HbNO) was registered directly by its triple peak. EPR set-
tings for HbNO were center field 3320 G, sweep width 320 G,
microwave power 10mW and modulation amplitude 3 G,
time constant 5242 ms, conversion time 655 ms, and number
of scans 15.

Gross morphology analysis

For analysis of the gross morphologic features of the heart
in situ, the thoracic wall was opened and RIV and the RDM,
as well as the heart apex were visualized. Pictures were taken
using an Olympus E520 (Olympus) camera mounted on a
compact tripod positioned directly on the dissection table,
with 14-42 Olympus ED zoom lens (Olympus), set at a focal
length of 30 mm. Subsequently, hearts were explanted and
positioned on their right side to visualize alterations of the
right chamber. Pictures were taken with the same camera
and objective set at the focal length of 40 mm. All images
were obtained in high-definition JPG format at a resolution
of 10 megapixels and processed in GIMP 2.6.11 software
(www.gimp.org). Angles between the bars marking the RIV
and the RDM were measured by a standard transparent
manual protractor on AS printouts of the images and taken as
a macroscopic measure of RVH. The pictures of the ex-
planted hearts were analyzed for visible protrusion of the
right chamber in front of the interventricular sulcus.

Immunohistochemistry and histological analyses

Isolated Iung tissue samples and hearts were immersed in
10% buffered formalin solution for 48 h and subsequently
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embedded in paraffin (FFPE). FFPE lung and heart sections
were stained with an antibody against a-SMA (clone 1A4;
DAKO). In brief, slides were heated at 60°C for 1h before
rehydration in decrement alcohol concentration raw. The
endogenous peroxidase activity was quenched in 1% hydro-
gen peroxide solution in methanol. The hydration process
was completed by rinsing in DAKO wash buffer (DAKO).
Sections were heated in a water bath at 90°C while sub-
merged in antigen retrieval pH 9 epitope retrieval solution
(DAKO) for 30 min. Sections were blocked in blocking re-
agent for 1h, and then incubated with the antibody 1:100
diluted in M*O*M diluent (Vector M*O*M kit) (Vector
Laboratories) for 1h at room temperature in a humidity
chamber. Sections were washed in DAKO wash buffer and
secondary antibody was applied (anti-mouse IgG in dilution
1:250). The avidin—biotin complex (Vectastatin Elite Kit,
Vector Laboratories) was applied to the slides for 30 min at
room temperature. The chromogenic reaction was performed
with diaminobenzidine (DAB; DAKO) for 5min at room
temperature. Slides were counterstained with Mayer’s he-
matoxylin for 30 s (Merck), dehydrated in ascending alcohol
raw, and mounted with Entelan (Merck). Positive and neg-
ative controls were included with each run. Two experienced
pathologists scored blindly each tissue section for a-SMA
expression based on a semiquantitative scoring system that
measured intensity (0, negative; 1, borderline; 2, weak; 3,
moderate; 4, strong) and percentage of positive cells (1-100).

Right ventricular hypertrophy

Hearts were removed and dissected to isolate the free wall
of the RV from the LV and septum (S). The ratio of RV
weight to left ventricle plus septum (LV+S) weight (RV/
LV+S) (Fulton Index) was used to estimate RVH. In addition,
whole heart sections were dehydrated and stained in 3%
Giemsa solution (Merck). Pictures were taken on the Zeiss
Axiophot microscope (Zeiss) equipped with a CCD camera.
The measurement was done using the Zeiss Axio Vision
measurement module. Three measurements of the RV wall
were taken per section: one of the center wall thickness and
two 1 mm above and 1 mm below the wall midline. All pic-
tures were processed in GIMP 2.6.11 (www.gimp.org).

Ex vivo assessment of vascular reactivity
by wire myography

Explanted PAs were cut into segments, mounted in a
myograph chamber (Dual Wire Myograph System 410A,
DMT A/S), and equilibrated for 30 min in oxygenated (5%
CO,, 95% O, mixture) physiological salt solution (composi-
tion in mM: NaCl 118.99, KCl 4.69, NaHCO; 25, MgSO,.7-
H,0 1.17, KH,PO, 1.18, CaCl,.2H,0 2.5, Na,EDTA 0.03,
glucose 5.5), pH 7.4, at 37°C to achieve a pretension of PAs
equivalent to an in vivo lumen diameter in the relaxed state
under a transmural pressure of 100 mm Hg. Working param-
eters for the measurement were then set to 90% of this value.
The change in wall tension (active wall tension) was calculated
as measured force divided by the double segment length and
expressed in mN/mm. Resting wall tension (which arises from
the properties of the passive elements in the vascular wall) was
also determined after the normalization procedure. Forty-five
minutes after normalization, modified physiological salt buffer
was changed to a buffer, in which NaCl was exchanged for an
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equimolar concentration of KCl—in whole 125mM for
2 min—followed by washout with modified physiological salt
buffer (15 min). Preconstriction was made by serotonin (Ser,
1 uM). When the contraction of the artery reached a steady
state, increasing concentrations of acetylcholine (ACh, 0.001-
0.3 uM) were added in an increment manner to perform
endothelium-dependent concentration—response curves. The
same experiment was done with 20 min of preincubation with
FA (50 uM) in the bath medium. Data are presented as relative
relaxation compared with serotonin-induced preconstriction.

Statistical analysis

All experimental data have been received from indepen-
dent experiments. The sample size (number of independent
experiments) required to reach an experimental power (1—f)
>(.8 at a p-value threshold of 0.05 was calculated by power
analysis using the power.t.test function in R 2.15 (The R
foundation). Independent sample preparations from different
cellular batches or animals adjusted to the required sample
size were then used. Values are presented as mean=SD.
Results were compared by ANOVA for repeated measure-
ments, followed by Student-Newman—Keuls #-test. p <0.05
was considered statistically significant. Post hoc power
analysis to determine (1—f5) was performed using Kane SP.
Post.ClinCalc: http://clincalc.com/Stats/Power.aspx. Updated
November 20, 2014.
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Abbreviations Used

o-SMA = alpha-smooth muscle actin
ActD = actinomycin D
BH, = 7,8-dihydrobiopterin
BH, =5,6,7,8-tetrahydrobiopterin
CMH = 1-hydroxy-methoxycarbonyl-2,2,5,5-
tetramethyl-pyrrolidine hydrochloride
DAB = diaminobenzidine
DAN =2, 3-diaminonaphtalene
DDT = dithiothreitol
DES = desferroxamine
DETC = diethyldithiocarbamate
DHE = dihydroethidium
DHFR = dihydrofolate reductase
EDTA = ethylenediaminetetraacetic acid
eNOS = endothelial nitric oxide synthase
EPR = electron paramagnetic resonance
FA =folic acid
FFPE = formalin-fixed paraffin-embedded

GTPCH-1 = GTP cyclohydrolase-1
HPLC = high-pressure liquid chromatography
HPAEC = human pulmonary artery endothelial cell
L-NAME = L-(G)-nitro-L-arginine methyl ester
LV =left ventricle
NO = nitric oxide
NOS =nitric oxide synthase
O, = superoxide anion radical
PAs = pulmonary arteries
PCR = polymerase chain reaction
PH = pulmonary hypertension
PVR = pulmonary vascular remodeling
RDM =right marginal coronary artery
RBC =red blood cell
RIV =left descending interventricular artery
ROS =reactive oxygen species
RT-qPCR =real-time quantitative PCR
RV =right ventricle
RVP =right ventricular pressure
RVH =right ventricular hypertrophy
S = septum
SDS-PAGE = sodium dodecyl sulfate—polyacrylamide
gel electrophoresis
TCA = trichloroacetic acid
TTFA = 2-thenoyltrifluoroacetone




