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Acute and sustained hypoxic pulmonary vasoconstriction (HPV), as
well as chronic pulmonary hypertension (PH), is modulated by nitric
oxide (NO). NO synthesis can be decreased by asymmetric dimethy-
larginine (ADMA), which is degraded by dimethylarginine dimethy-
laminohydrolase–1 (DDAH1).We investigated the effects of DDAH1
overexpression (DDAH1tg)onHPVandchronichypoxia–inducedPH.
HPV was measured during acute (10 min) and sustained (3 h) hyp-
oxia in isolated mouse lungs. Chronic PH was induced by the expo-
sure ofmice to 4weeks of hypoxia. ADMAand cyclic 39,59-guanosine
monophosphate (cGMP)were determined by ELISA, andNO gener-
ation was determined by chemiluminescence. DDAH1 overexpres-
sion exerted no effects on acute HPV. However, DDAH1tg mice
showed decreased sustained HPV compared with wild-type (WT)
mice. Concomitantly, ADMA was decreased, and concentrations of
NO and cGMP were significantly increased in DDAH1tg. The admin-
istrationof eitherNv-nitro-L-arginineor 1H-[1,2,4]oxadiazolo [4,3-a]
quinoxalin-1-one potentiated sustained HPV and partly abolished
the differences in sustained HPV between WT and DDAH1tg mice.
TheoverexpressionofDDAH1exertednoeffecton thedevelopment
of chronic hypoxia–induced PH. DDAH1 overexpression selectively
decreased the sustained phase of HPV, partly via activation of the
NO–cGMPpathway. Thus, increasedADMAconcentrationsmodulate
sustained HPV, but not acute HPV or chronic hypoxia–induced PH.
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Exposure of the lung vasculature to hypoxia induces vasocon-
striction of the precapillary vessels (hypoxic pulmonary vasocon-
striction [HPV]) and, if chronic, vascular remodeling develops,
fixing pulmonary hypertension (PH). HPV can be divided into
two phases inducible by alveolar hypoxia, lasting seconds to
minutes (acute HPV), or minutes to hours (sustained HPV).
Such a biphasic response of the lung vasculature to hypoxia has

been reported for isolated pulmonary arteries, as well as for iso-
lated lungs (1, 2). Both phases of HPV play an important role in
matching local perfusion to ventilation, thus optimizing pulmo-
nary gas exchange. Acute HPV is finally triggered by an intra-
cellular calcium increase, whereas sustained HPV additionally
depends on calcium-sensitizing factors released by the endothe-
lium, resulting in the search for an “endothelium-derived vaso-
constrictive factor” (3, 4). In contrast to acute HPV, the increase
of pulmonary arterial pressure (PAP) during sustained HPV is
not spontaneously reversible upon reexposure to normoxia, and
has been suggested to facilitate the development of PH. PH is
characterized by vascular remodeling and vasoconstriction, result-
ing in an increased workload for the right heart. Vascular alter-
ations in PH may also be triggered by endothelial dysfunction,
resulting in smooth muscle cell proliferation, platelet aggregation,
and fibroblast proliferation.

Nitric oxide (NO) is one of the major endothelium-derived
vasoactive mediators controlling a diverse range of pulmonary
functions, such as the regulation of pulmonary vascular resistance
(2). It is synthesized from L-arginine and oxygen by a family of
three NO synthases (NOSs), all of which are expressed in the
lung. Endothelial NOS appears to play a predominant role in
the regulation of pulmonary vascular tone in healthy animals
(5). NO stimulates soluble guanylate cyclase (sGC) to synthesize
cyclic 39,59-guanosine monophosphate (cGMP), which activates
cGMP-dependent protein kinases, resulting in inhibition of platelet
aggregation, vasodilatation, and immunomodulation (6). More-
over, NO interacts with other heme-containing molecules and
proteins containing reactive thiol groups. The synthesis of NO
depends on molecular oxygen, and hypoxia has been shown to
reduce NO production (7). Hypoxia can also inhibit the activity
of NOS by suppression of the uptake of L-arginine by pulmo-
nary arterial endothelial cells (8). Although NO is the most
important pulmonary vasodilator, the pharmacological inhibi-
tion of NOS exerts only a minor effect on normoxic tone, but
results in the enhancement of acute HPV in isolated rabbit lungs
(2, 7). With regard to chronic hypoxia, vascular responses have
partly been attributed to decreased concentrations of NO (9). In
line with this, the pharmacological increase of sGC activity re-
versed hypoxia-induced PH in mice (10).

All three isoforms of NOS can be inhibited by asymmetric
v-NG, NG-dimethylarginine (ADMA), which is generated by
the lung (11). Chronic hypoxia–induced PH was demonstrated
to be associated with increased pulmonary concentrations of
ADMA (12). Plasma ADMA concentrations were also in-
creased in patients with severe PH (13). These findings suggest
that NOS inhibition by ADMA may contribute to hypoxia-
induced PH.
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ADMA is degraded by dimethylarginine dimethylaminohy-
drolase (DDAH) 1 and 2, both expressed in the lung (14). The
activity of DDAH enzymes in the lung was reported to be de-
creased in chronic hypoxia–induced PH after 1 week of exposure
to hypoxia. This finding correlated with decreased expression of
the dimethylarginine dimethylaminohydrolase–1 (DDAH1)
isoform, decreased NO concentrations, and increased ADMA
concentrations (12). DDAH1 overexpression also decreased sys-
temic blood pressure (15), whereas DDAH1 knockout caused
increased systemic and pulmonary blood pressure (16).

Against this background, we hypothesized that the overex-
pression of DDAH1 may affect the responses of the lung vascu-
lature to acute, sustained, and chronic hypoxia by interfering
with the ADMA–NO–cGMP pathway. We thus investigated the
effects of DDAH1 overexpression on HPV in isolated ventilated
and perfused mouse lungs, as well as on the development of
chronic hypoxia–induced PH in mice.

MATERIALS AND METHODS

For detailed protocols, please refer to the online supplement

Animals

Adult wild-type (WT) mice (C57BL/6J) were purchased from Charles
River (Sulzfeld, Germany). DDAH1-overexpressing mice were gener-
ated as previously described (15). All animal experiments were approved
by the local authorities (Regierungspräsidium Giessen). Plasma ADMA
concentrations of DDAH1-overexpressing mice were decreased, whereas
systemic arterial pressure (SAP) was unchanged (see Figure E1 in the
online supplement), in accordance with previous findings (17).

Isolated Ventilated and Perfused Mouse Lungs

in the Determination of HPV

For the determination of the strength of acute and sustained HPV, iso-
lated ventilated and perfused lungs were used. This system offers the
advantage of examining the effects of DDAH1 overexpression in
HPV without disturbance by the systemic effects exerted by DDAH1.
Preparation of the lungs was performed as described previously (18).
Mice were deeply anesthetized with intraperitoneal pentobarbital so-
dium (100 mg/kg body weight), and were anticoagulated with heparin
(1,000 U/kg body weight) by intravenous injection. After achieving
deep anesthesia, mice were intubated via a tracheostoma and venti-
lated with room air at a tidal volume of 300 ml, a frequency of
90 breaths/minute, and a positive end-expiratory pressure of 3 cm
H2O, using a piston pump (Minivent Type 845; Hugo Sachs Elektronik,
March-Hugstetten, Germany). Midsternal thoracotomy was followed
by the insertion of catheters into the pulmonary artery and left atrium.
Using a peristaltic pump (REGLO Digital MS-4/12; Ismatech SA,
Labortechnik-Analytik, Glattbrugg, Switzerland), perfusion with ster-
ile Krebs-Henseleit buffer (Serag-Wiessner, Naila, Germany) via the
pulmonary artery was initiated at 48C and a flow of 0.2 ml/minute. In
parallel with the onset of artificial perfusion, ventilation was changed
from room air to a premixed normoxic normocapnic gas mixture with
21% O2 and 5.3% CO2, balanced with N2 (Air Liquide; Deutschland
GmbH, Ludwigshafen, Germany). The lungs were removed from the
thorax without the interruption of ventilation and perfusion, and
were freely suspended from a force transducer for the monitoring
of organ weight in a temperature-equilibrated, humidified chamber
at physiologic body temperature. After rinsing the lungs with at least
20 ml buffer, the perfusion circuit was closed for recirculation. Mean-
while, the flow was slowly increased from 0.2 to 2.0 ml/minute (total
system volume, 15 ml). Left atrial pressure was set at 2.0 mm Hg, and
the whole perfusion system was equilibrated to physiologic body tem-
perature. Pressures in the pulmonary artery and left atrium were
registered with pressure transducers.

For hypoxic ventilation, a gas mixture containing 1% O2 and 5.3%
CO2, balanced with N2, was used. After a normoxic ventilation period
of 15 minutes, hypoxic ventilation was applied for 10 minutes (acute phase),
followed by normoxic ventilation for 15 minutes Afterward, a hypoxic

ventilation period of 3 hours (sustained phase) was applied, followed
by 15 minutes of normoxic ventilation. Finally, a second acute hypoxic
challenge was performed for 10 minutes, followed by 10 minutes of
normoxic ventilation. We used 4.5 nM of the thromboxane mimetic
U 46619 (Sigma-Aldrich, St. Louis, MO) as a hypoxia-independent
vasoconstrictor. Nv-nitro-L-arginine (L-NNA) and 1H-[1,2,4]oxadiazolo
[4,3-a]quinoxalin-1-one (ODQ) were purchased from Sigma-Aldrich
(Steinheim, Germany) and applied to the buffer, resulting in final con-
centrations of 400 mM and 10 mM, respectively. The dose of ODQ was
chosen to avoid the unspecific activation of NOS inhibition (19).
L-NNA is a competitive NOS inhibitor that binds noncovalently to en-
dothelial nitric oxide synthase (eNOS), inducible nitric oxide synthase,
and neuronal nitric oxide synthase, with slow on/off kinetics at eNOS
and nNOS. L-NNA was chosen instead of Nv-nitro-L-arginine methyl
ester, because that compound has to be hydrolyzed to the active
L-NNA (20). L-NNA is also preferred in comparison to the NOS
inhibitor Nv-monomethyl-L-arginine, which can lead to the uncoupling
of eNOS (21). ODQ is a highly selective, irreversible inhibitor of soluble
guanylyl cyclase. The binding of ODQ oxidizes the prosthetic heme
group and is competitive with NO. The inhibition of soluble guanylyl
cyclase is time-dependent, with complete inactivation in 10 minutes (22).
Both substances are stable in aqueous solutions for at least 1 day at room
temperature.

In vivo hemodynamics, morphometry, and determination of right
ventricular hypertrophy for the quantification of PH were undertaken
after the exposure to chronic hypoxia.

For exposure to chronic hypoxia, mice were kept in normobaric
hypoxia (inspiratory O2 10%) in a ventilated chamber for 28 days, as
described elsewhere (18). Right ventricular systolic pressure
(RVSP), the degree of muscularization of small pulmonary arteries,
and right ventricular hypertrophy (ratio of the right ventricle (RV)
and the left ventricle 1 septum [LV + S]) were determined as de-
scribed previously (18). The mice were anesthetized with an intra-
peritoneal injection of a combination of ketamine and xylazine (100
mg/kg and 10 mg/kg body weight, respectively). Afterward, they
were placed on a temperature-controlled table to maintain body
temperature in the physiological range. They were tracheostomized
and artificially ventilated with a gas volume of 10 ml/kg body weight
(SAR830A/P; IITC, Woodland Hills, CA). A positive end-expiratory
pressure of 1.0 cm H2O was used throughout. The SAP was monitored
by cannulating the left carotid artery with a polyethylene cannula con-
nected to a fluid-filled force transducer (B. Braun Melsungen AG, Mel-
sungen, Germany). The right jugular vein was used for catheterization
of the RV with a custom-made silicone catheter, and RVSP was mea-
sured. After the measurement of RVSP, total blood was collected
directly from the RV for hematocrit measurement and plasma prepa-
ration. Hematocrit was measured immediately by a capillary centrifu-
gation technique. Afterward, the lungs were flushed with saline, and
fixation was performed by the perfusion of 3.5–3.7% formaldehyde (Otto
Fischar GmbH und Co. KG, Saarbrücken, Germany) at a constant pres-
sure of 22 cm H2O in the pulmonary artery and 11 cm H2O in the
trachea. The lung and the heart were removed en bloc. Lung lobes
were embedded in paraffin, and sections of 3 mm were cut from all
lobes. The degree of muscularization of small peripheral pulmonary
arteries was assessed by double staining with an anti–a–smooth
muscle actin antibody (dilution, 1:900; clone 1A4; Sigma-Aldrich,
St. Louis, MO) and anti-human von Willebrand factor antibody
(dilution, 1:900; DAKO, Hamburg, Germany). Sections were coun-
terstained with methyl green and examined by light microscopy
through the use of a computerized morphometric system (Qwin; Leica,
Wetzlar, Germany). At 340 magnification, 100 intra-acinar vessels
(diameter, 10–50 mm) accompanying either the alveolar ducts or
alveoli were analyzed. Each vessel was categorized as nonmuscular-
ized (no apparent smooth muscle), partly muscularized (with a par-
tial smooth muscle layer), or fully muscularized (with a complete
smooth muscle layer). The percentage of pulmonary vessels in each
muscularization category was determined by dividing the number of
vessels in that category by the total number counted.

The RV was separated from the LV 1 S. After separation, they
were placed on glass slides and dried for 1 week at room temperature.
The right to left ventricle plus septum weight ratio (RV/LV 1 S) was
calculated as an index of right ventricular hypertrophy.
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Measurement of ADMA, cGMP, and NO Metabolites

For the determination of ADMA, an ADMA kit from DLD Diagnos-
tika, GmbH (Hamburg, Germany) was used. The concentration of
cGMP was measured by a cGMP kit (Cayman, Hamburg, Germany).
The metabolic products of NO (nitrite, nitrate, and peroxynitrite), sum-
marized as NOx, were determined in perfusate samples by using the
chemiluminescence detector Nitric Oxide Analyzer, Sievers 280 (FMI
GmbH, Seeheim, Germany) (7). For the determination of ADMA,
cGMP, and NO metabolites in lung tissue, samples were prepared as
described previously (12).

Western Blotting

Western blotting was performed as described previously, with slight
modifications (18).

Statistical Analysis

All data are expressed as means6 SEMs. Comparisons of multiple groups
were performed by ANOVA with the Student-Newman-Keuls post hoc
test. For the comparison of two groups, a Student t test was performed.
P , 0.05 was considered statistically significant for all analyses.

RESULTS

Acute and Sustained HPV in DDAH1-Overexpressing Mice

Isolated perfused and ventilated lungs were exposed to normoxic
ventilation (21% O2) for 15 minutes, followed by a period of
10-minute exposure to hypoxia (1%O2), with subsequent normoxic
ventilation for 15 minutes. After that, a 3-hour period of sustained
hypoxic ventilation was applied, followed by normoxic ventilation
for 15 minutes and another acute hypoxic challenge (Figure 1A).
No differences in DPAP were evident during the first acute hyp-
oxic ventilation period between isolated lungs from WT and
DDAH1-overexpressing (DDAH1tg) mice. However, during sus-
tained hypoxic ventilation, the strength of HPV was decreased in
isolated lungs from DDAH1tg mice compared with WT mice.
This decrease became statistically significant at Minute 160, and
lasted till the end of the experiments. Performing a second
10-minute hypoxic ventilation period after 15 minutes of normoxic
ventilation at Minute 235 produced an acute HPV response of the
same magnitude for both mouse strains (Figure 1A). In the course
of 255 minutes of normoxic ventilation, no significant differences
in PAP between isolated lungs from WT and DDAH1tg mice
could be detected (Figure 1B).

ADMA, NO, and cGMP Concentrations in Acute

and Sustained HPV

ADMA concentrations in the perfusate of isolated lungs from
DDAH1tg mice were significantly decreased at Minutes 10, 20,
and 220, compared with WT mice (Figure 2A). In addition, a sig-
nificant increase in ADMA concentrations was evident at 220
minutes during hypoxic ventilation in isolated lungs from WT
and DDAH1tg mice, compared with the other time points (Fig-
ure 2A). ADMA concentrations in the lung homogenate of iso-
lated lungs from WT mice were also significantly increased after
220 minutes of hypoxic ventilation, compared with 10 minutes of
normoxic ventilation, whereas only a trend toward higher ADMA
concentrations was observed in the lung homogenate of isolated
lungs from DDAHtg animals (Figure E2). The concentration of
NO metabolites was significantly increased at Minute 220 in iso-
lated lungs from DDAH1tg mice compared with WT mice, and
compared with the other time points in isolated lungs from
DDAH1tg mice (Figure 2B). Correspondingly, cGMP concentra-
tions in the buffer of isolated lungs were significantly increased at

Minute 220 in DDAH1tg mice compared with WT mice, and
compared with the other time points in DDAH1tg mice (Figure
2C). When comparing the average release of ADMA, NOx, and
cGMP, ADMA release was evidently decreased, and NOx and
cGMP release was increased, in isolated lungs from DDAH1tg

mice compared with WT mice at time point 220 minutes (Figure
E3). Investigation on the cellular level revealed that ADMA con-
centrations were increased in pulmonary arterial endothelial cells
(PAECs) after 3 hours of hypoxic incubation (1% O2), but not in
pulmonary arterial smooth muscle cells or in the presence of
unspecific radical scavengers and thus also oxygen radical scav-
engersN-acetyl-L-cysteine (NAC) and 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) (Figure E4).

An increase in smooth muscle tone is positively correlated
with the inhibition of the myosin light chain phosphatase activity
achieved by phosphorylation at the Thr-696 residue of its subunit
myosin phosphatase target subunit–1 by Rho-kinase (23). Phos-
phorylation at this subunit was decreased in the lung homoge-
nate of isolated lungs from DDAH1tg mice, compared with WT
mice, after 220 minutes of hypoxic ventilation (Figure E5).

Figure 1. Effects of dimethylarginine dimethylaminohydrolase (DDAH)

overexpression on pulmonary arterial pressure (PAP) during normoxic
and hypoxic ventilation of isolated lungs. (A) Increase of PAP (DPAP)

during normoxic and hypoxic ventilation was referenced to PAP values

at time point 0 (normoxic ventilation). *Significant difference (P , 0.05)
between lungs from wild-type mice (WT) and DDAH1-overexpressing

mice (DDAH1tg). No significant difference in DPAP was evident during

the second acute hypoxic ventilation, performed at Minutes 235–245,

when related to PAP values at the onset of hypoxic ventilation (235minutes).
Each data point is derived from n ¼ 8–10 lungs per group. (B) PAP during

255 minutes of normoxic ventilation. Each data point is derived from

n ¼ 3 lungs per group.
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Inhibition of the NO–cGMP Pathway in Acute

and Sustained HPV

To investigate the involvement of the NO–sGC–cGMP-pathway
in the DDHA1-mediated inhibition of sustained HPV, L-NNA,
an inhibitor of NOSs, and ODQ, an inhibitor of sGC, were
applied in isolated lung experiments during acute and sustained
HPV.

The administration of L-NNA in isolated lungs fromWTmice
5 minutes before the first acute hypoxic challenge at a dose
of 400 mM increased the hypoxia-induced pressure elevation
(DPAP) during Minutes 55–60, compared with untreated WT
mice (Figure 3A). The administration of ODQ in isolated lungs
from WT mice 5 minutes before the first acute hypoxic chal-
lenge at a dose of 10 mM caused a significant increase of DPAP
from Minutes 170–225 and at Minutes 245 and 255, compared
with isolated lungs from untreated WT mice, and from Minutes
175–205 and 215–220, compared with L-NNA–treated isolated
lungs from WT mice (Figure 3A). The administration of
L-NNA in isolated lungs of DDAH1tg mice 5 minutes before
the first acute hypoxic challenge caused a significant increase of
DPAP during the time period from Minutes 55–70, compared
with the isolated lungs of untreated DDAH1tg mice (Figure 3B).
The administration of ODQ in isolated lungs of DDAH1tg mice
5 minutes before the first acute hypoxic challenge caused a signif-
icant increase of DPAP at the time periods starting from Minutes
55–80 and 95–225 and at Minute 245, compared with the untreated
isolated lungs of DDAH1tg mice (Figure 3B).

When directly comparing the effects of DDAH1 overexpres-
sion in the presence of L-NNA, as depicted in Figures 3A and
3B, DPAP was significantly lower in isolated lungs from DDAH1tg

mice compared with WT mice from Minutes 210–255 (Figure 3C).
When directly comparing the effects of DDAH1 overexpression in
the presence of ODQ, as depicted in Figures 3A and 3B, DPAP
was lower in the time periods from 195–225 minutes and 240–255
minutes in isolated lungs from DDAH1tg mice compared with WT
mice (Figure 3D).

During 255 minutes of normoxic ventilation, no significant
differences in PAP values were evident between isolated lungs
from WT or DDAH1tg mice (Figures 3E and 3F) after the
administration of L-NNA or ODQ (Figures 3E and 3F, com-
pared with Figure 1B).

Effects of Chronic Hypoxia in DDAH1tg Mice

The exposure of mice to 4 weeks of chronic hypoxia induced PH
in WT and DDAH1tg mice, as determined in vivo by increased
RVSP (Figure 4A), increased ratios of right ventricular weight
to the weight of the left ventricle plus septum (Figure 4B), and
an increased portion of fully muscularized vessels at the expense
of nonmuscularized vessels (Figure 4C). No differences in the
development of PH could be detected when DDAH1tg mice
were compared with WT mice (Figures 4A–4C). Correspond-
ingly, no differences in ADMA concentrations (Figure 5A),
concentrations of NO metabolites (Figure 5B), or cGMP concen-
trations (Figure 5C) were evident in the whole-lung homogenate

Figure 2. Concentrations of asymmetric dimethylarginine (ADMA), nitric oxide (NO) metabolites, and cyclic 39,59-guanosine monophosphate

(cGMP) at different time points during hypoxic and normoxic ventilation in the perfusate of isolated lungs. Data are given for (A) ADMA,

(B) NO metabolites (NOx), and (C) cGMP for lungs from wild-type (WT) and DDAH1 overexpressing mice (DDAHtg). Hypoxic ventilation, 1%
O2; normoxic ventilation, 21% O2. *P , 0.05 and ***P , 0.001, significant difference between WT and DDAHtg mice during hypoxic ventilation.
#P, 0.05 and ###P, 0.001, significant difference between hypoxic ventilation at 220 minutes and normoxic ventilation at 10 minutes (n ¼ 4–8 per

group).
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of DDAH1tg mice compared with WT mice after exposure to
chronic hypoxia. DDAH1 protein content was increased in lungs
from DDAH1-overexpressing mice. Chronic hypoxia reduced the
DDAH1 protein concentration by a similar percentage in DDAH1tg

and WT mice, compared with normoxic mice (Figure 5D). The
concentration of DDAH1 mRNA was increased in pulmonary
arteries and lung homogenate from DDAH1tg mice compared
with WT mice (Figure E6A). The DDAH2 protein concentration
was not different in the lung homogenate of DDAH1tg and WT
mice (Figure E6B). DDAH activity in the lung homogenate un-
der basal normoxic conditions was unchanged (Figure E6C).

DISCUSSION

This study revealed that (1) DDAH1 gene overexpression
resulted in the attenuation of sustained HPV in isolated mouse

lungs, (2) ADMA concentrations were increased after 3 hours
of hypoxic ventilation in isolated lungs fromWTmice, but much
less so in those from DDAH1tg mice, (3) the NO–cGMP path-
way was enhanced in isolated lungs from DDAH1tg mice
compared with WT mice, but this pathway was only partly re-
sponsible for the attenuation of sustained HPV, and (4) chronic
hypoxia–induced PH in the intact animal was not affected by
DDAH1 gene overexpression.

Our study showed that DDAH1 overexpression did not affect
acute HPV or normoxic PAP in isolated lungs, but specifically
decreased sustained HPV, partly by activation of the NO–cGMP
pathway. In accordance with these findings, vasodilative NO
(as reflected by NO metabolites) and the downstream effec-
tor cGMP were increased in the perfusate of isolated lungs
from DDAHtg mice compared with WT mice during sustained
hypoxia, but not during acute hypoxia or normoxia. Sustained
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HPV has been suggested to differ from acute HPV insofar as
sustained HPV requires an intact endothelium for full expres-
sion, whereas acute HPV is less dependent on the endothelium
(24). Although DDAH1 overexpression in the DDAH1tg mice
used in this study occurred in a tissue-unspecific and cell type–
unspecific manner (15), the main production of NO in the lung
vasculature generally occurs in the endothelium (5, 25). Thus
our results support the hypothesis that sustained HPV is specif-
ically decreased in DDAH1tg mice via the activation of the
endothelial NO–cGMP pathway, which is thought to be more
important in sustained HPV.

Regulation of the NO–cGMP pathway may have occurred
via ADMA, which was decreased in the perfusate of isolated
lungs from DDAHtg mice compared with WT mice because of
greater degradation. However, the decreased ADMA concen-
tration only correlated with an increase of NOx and cGMP in
the perfusate of isolated lungs of DDAHtg mice during sus-
tained hypoxia, but not during acute hypoxia and normoxia.
In this regard, ADMA plasma concentrations were found to
be significantly lower in DDAH1tg mice, and NOS activity in
skeletal or cardiac tissues and urinary nitrogen oxides was in-
creased (15). The discrepancy within these results may be
explained by the low concentration of ADMA at early time
points in our isolated lung experiments, which may have been
below the concentration required to inhibit NOS (26). ADMA
concentrations were increased in the perfusate and homogenate
of isolated lungs, as well as in isolated PAECs, but not in pul-
monary arterial smooth muscle cells, incubated in hypoxia for
3 hours. The concentrations in the perfusate increased during the
time course of the experiment, suggesting a continuous release
during each time point of the experiment. However, the kinetics
of intracellular ADMA production and intracellular concentra-
tion may be different, because the transport of ADMA across the
cellular membrane is thought to be insufficient to equilibrate
ADMA between the intracellular and extracellular space (26).
In contrast, NO freely diffuses across cellular membranes, and
thus the decreasing rate of NOx accumulation in the perfusate of
isolated lungs from WT mice indicates decreased intravascular
NO release during sustained hypoxia. In this regard, the activa-
tion of NOS and the resultant NO concentrations in hypoxia are
subject to debate (27). The majority of studies suggest decreased
NOS production in hypoxic lungs as a net result of altered NOS

expression and activity. NOS activity is regulated, among other
factors, by calcium, ADMA, and the presence of substrates such
as oxygen and L-arginine. Thus, NOS stimulation during hypoxia
(e.g., by calcium) may be counteracted by increased ADMA con-
centrations in WT mice. The hypoxia-induced stimulation of NOS
is in accordance with the finding that NO concentrations were
greatly increased during sustained hypoxia in DDAH1tg mice,
despite even slightly increased ADMA concentrations. The con-
centrations of cGMP in the perfusate of isolated lungs showed
a continuous increase during the time course of the experiment,
indicating, in view of the lower NO release, a contribution of
NO-independent GC activation. The NO-independent activation
of sGC may occur via hydrogen peroxide (28) or carbon monox-
ide (29). In this regard, ADMA was recently suggested to induce
cellular oxidative stress by the uncoupling of eNOS (30). Interest-
ingly, Rho-kinase activity was decreased in isolated lungs from
DDAH1tg mice compared with WT mice after 220 minutes of
hypoxic ventilation. This finding is of particular interest because
Rho-kinase activity had been suggested to be specifically impor-
tant in the regulation of sustained HPV, but not acute HPV (31),
thus possibly explaining the specific effect of DDAH1 overexpres-
sion on sustained HPV. Along this line, ADMA was previously
shown to exert its effect on cell motility via Rho-kinase (32). In
summary, our data on perfusate concentrations of ADMA, NOx,
and cGMP support the hypothesis that DDAH1 overexpression
results in the specific inhibition of the second phase of HPV be-
cause of the greater degradation of ADMA, which inhibits the
NO–cGMP pathway during sustained HPV in isolated lungs from
DDAH1tg mice to a lesser extent than in WT mice.

However, our data also showed that activation of the
NO–cGMP–pathway was not the exclusive mechanism by which
sustained HPV was decreased in isolated lungs from DDAH1tg

mice. When applying inhibitors of the NO–cGMP pathway,
sustained HPV was enhanced in isolated lungs from both mouse
strains. However, although the differences between both mouse
strains were attenuated in the presence of L-NNA and ODQ,
sustained HPV was still significantly lower in isolated lungs
from DDAH1tg mice compared with WT mice. Thus, DDAH1
may also exert its effects through an ADMA-independent
mechanism, as recently suggested (33, 34). In addition, the
NOS-independent and sGC-independent effects of ADMA
may exist, for instance, because of the induction of mitochondrial

;

Figure 3. Effects of Nv-nitro-L-arginine (L-NNA) and 1H-[1,2,4]oxadiazolo [4,3-a]quinoxalin-1-one (ODQ) on pulmonary arterial pressure (PAP)

during normoxic and hypoxic ventilation of isolated lungs. (A) Increase of PAP (DPAP) during normoxic and hypoxic ventilation was referenced to
PAP values at time point 0 (normoxic ventilation) in the presence of L-NNA and ODQ in isolated lungs from wild-type (WT) mice. *Significant

difference (P , 0.05) between untreated WT control lungs and L-NNA–treated lungs. #Significant difference (P , 0.05) between untreated WT

control lungs and ODQ-treated lungs. xSignificant difference (P , 0.05) between ODQ-treated and L-NNA–treated lungs. No significant difference

in DPAP was evident during the second acute hypoxic ventilation, performed at Minutes 235–245, when related to PAP values at the onset of
hypoxic ventilation (235 minutes). Each data point is derived from n ¼ 4–10 lungs per group. (B) Increase of PAP (DPAP) during normoxic and

hypoxic ventilation was referenced to PAP values at time point 0 (normoxic ventilation) in the presence of L-NNA and ODQ in isolated lungs from

DDAH1-overexpressing (DDAHtg) mice. *Significant difference (P , 0.05) between untreated WT control lungs and L-NNA treated lungs. #Signif-
icant difference (P , 0.05) between untreated WT control lungs and ODQ-treated lungs. No significant difference in DPAP was evident during the

second acute hypoxic ventilation, performed at Minutes 235–245, when related to PAP values at the onset of hypoxic ventilation (235 minutes).

Each data point is derived from n ¼ 5–8 lungs per group. (C) Increase of PAP (DPAP) during normoxic and hypoxic ventilation was referenced to PAP

values at time point 0 (normoxic ventilation) in the presence of L-NNA in isolated lungs from WT and DDAHtg mice. *Significant difference (P ,
0.05) between lungs of WT and DDAHtg mice. No significant difference of DPAP was evident during the second acute hypoxic ventilation performed

at Minutes 235–245, when related to PAP values at the onset of hypoxic ventilation (235 minutes). Each data point is derived from n ¼ 5–7 lungs per

group. Data are derived from L-NNA–treated groups in A and B. (D) Increase of PAP (DPAP) during normoxic and hypoxic ventilation was referenced

to PAP values at time point 0 (normoxic ventilation) in the presence of ODQ in isolated lungs from WT and DDAHtg mice. *Significant difference
(P , 0.05) between lungs of WT and DDAH1tg mice. No significant difference in DPAP was evident during the second acute hypoxic ventilation,

performed at Minutes 235–245, when related to PAP values at the onset of hypoxic ventilation (235 minutes). Each data point is derived from n ¼
4–5 lungs per group. Data are derived from the ODQ-treated groups in A and B. (E) PAP during 255 minutes of normoxic ventilation in the presence

of L-NNA. Each data point is derived from n ¼ 3 lungs per group. (F) PAP during 255 minutes of normoxic ventilation in the presence of ODQ. Each
data point is derived from n ¼ 3 lungs per group.

496 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 49 2013



dysfunction (35) or the activation of Rho-kinase, as already dis-
cussed. Interestingly, L-NNA and ODQ enhanced HPV at dif-
ferent time points of hypoxia. This finding supports the notion
that a NO-independent activation of sGC occurs during sustained
hypoxia, as already discussed. Our finding that the inhibition of
the NO–cGMP pathway in isolated lungs only tended to increase
acute HPV is consistent with a study showing that endothelial
NO modulated the second phase of HPV in particular (36), and
that sGC-a1 deficiency did not change the response to acute
hypoxia in the lungs of anesthetized mice (37). In contrast to
our findings in mice, L-NNA was shown to increase acute HPV
in isolated rabbit lungs (2, 38), and when comparing studies in
mice, the gene deletion of eNOS resulted in an augmentation of
acute HPV in isolated lungs (5). Differences in the applied setup
and experimental protocol with the specific activation of NOS by
specific experimental procedures may account for this discrep-
ancy. In summary, the results of the inhibitor experiments again
emphasized the finding that the endothelial NO–cGMP pathway
is of higher importance for sustained HPV than for acute HPV in
isolated lungs, and showed that DDAH1 overexpression at least
partly exerted its effects via the NO–cGMP pathway.

In the intact animal model, DDAH1tg mice did not differ
from WT mice in regard to RVSP, right heart hypertrophy, or
the degree of muscularization under baseline conditions. More-
over, the overexpression of DDAH1 did not affect the devel-
opment of hypoxia-induced PH compared with WT mice. Four

weeks of exposure in mice to 10% hypoxia resulted in increased
RVSP, right heart ratio, and vascular remodeling to a similar de-
gree in both mouse strains. In line with these results, concentrations
of neither ADMA nor NOx or cGMP were different in the lung
homogenate of both mouse strains during normoxia or after expo-
sure to chronic hypoxia, although DDAH1 protein expression in
the lung homogenate and DDAH1 mRNA in pulmonary arteries
were increased in DDAHtg mice compared with WT mice. Un-
changedADMAconcentrations are unlikely to be related to a com-
pensatory down-regulation of DDAH2, because the protein
expression of DDAH2 was unaltered in the lung homogenate of
DDAH1tg mice compared with WT mice. These unchanged
ADMA concentrations are more likely related to our inability
to detect differences in DDAH activity in the lung homogenate
of the mouse strains under basal normoxic conditions, which has
been previously reported in liver and kidney tissue. This obser-
vation was explained by a “ceiling effect of activity which was
unsurpassed by hDDAH1 overexpression” (39). Thus differen-
ces in ADMA concentrations may only be detectable under
conditions of decreased DDAH1 activity in WT mice, as oc-
curred during sustained hypoxia. DDAH1 activity has been re-
ported to be under redox control (34), which is in accordance
with our finding that increased ADMA concentrations during
hypoxia inWT PAECs cannot be found in the presence of radical
scavengers. In addition, the similar concentrations of ADMA
in the lung homogenate from the in vivo experiments may be

Figure 4. Effects of DDAH1 overexpression on the development of hypoxic-induced pulmonary hypertension. (A) Right ventricular systolic pressure

(RVSP) in normoxia and after 4-week exposure to hypoxia in wild-type (WT) and DDAH1-overexpressing (DDAH1tg) mice. *Significant difference

(P, 0.05) between normoxia and hypoxia (n ¼ 10 per group). (B) Ratio of right ventricular weight (RV) and left ventricular plus septal weight (LV1 S)

during normoxia and after 4 weeks of exposure to hypoxia in WT and DDAH1tg mice. *Significant difference (P , 0.05) between normoxia and
hypoxia (n ¼ 10 per group). (C) Degree of vascular muscularization is given as portions of fully, partly, and not muscularized vessels in percentages

[%] of total vessels during normoxia and after 4 weeks of exposure to hypoxia in WT and DDAH1tg mice. *P , 0.05 and ***P , 0.001, significant

difference compared with the respective normoxic group and hypoxic group (n ¼ 10 per group).
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attributed to the fact that measurements in lung homogenate do
not represent the intravascular release from distinct cell types
and mask site-specific ADMA release. This suggestion is sup-
ported insofar as we found differences in ADMA concentra-
tions in the lung perfusate between DDAH1tg mice and WT
mice in the isolated lung experiments, but not in the homoge-
nate of isolated lungs. In line with the measurements of the
perfusate, we did not find differences in NOx and cGMP from
the lung homogenate of both mouse strains during normoxia,
which may be attributed to low ADMA concentrations at base-
line. In hypoxia, the DDAH1 protein concentration was de-
creased by a similar percentage in both mouse strains, which
may partly explain the similar degree of PH in both WT and
DDAH1tg mice. In this regard the down-regulation of DDAH1
in DDAH1 knockout mice caused an accumulation of ADMA,
a decrease of NO signaling, and the development of PH (16).
However, we could not find any differences in ADMA, NOx, or
cGMP concentrations after chronic hypoxic exposure com-
pared with normoxia in the lung homogenate of WT or
DDAH1tg mice. In contrast, differences in ADMA concentra-
tions could be detected not only in the perfusate, but also in the
lung homogenate, of isolated lungs that were ventilated with
hypoxia for 3 hours. Although ADMA concentrations were pre-
viously shown to be increased after 1 week of hypoxia (12), a de-
tailed analysis of the time pattern revealed that ADMA was
increased after 2 weeks, but not after 3 weeks, of hypoxic expo-
sure (40). Thus in chronic hypoxia, the regulatory mechanisms

that counteract decreased DDAH1 protein concentrations may
result in unchanged ADMA concentrations. In this regard, we
speculate that DDAH1 overexpression will effectively regulate
pulmonary vascular responses to hypoxia with a time pattern
similar to that of the ADMA increase during hypoxia. In further
studies, time points in addition to 3 hours and 4 weeks of hypoxic
exposure might be examined to answer this question. Regarding
NO and cGMP concentrations, it remains debatable whether
these concentrations are decreased or increased during chronic
hypoxia. However, evidence indicates that the NO–cGMP path-
way is activated by chronic hypoxia, but that NO concentrations
are decreased because of substrate limitation, at least when the
measurements were performed during persistent hypoxia (27).
Our measurements were performed in the lung homogenate
during normoxia after 4 weeks of chronic hypoxic incubation,
which may explain the unchanged NOx and cGMP concentra-
tions. In line with this, our group showed previously that 3 weeks
of hypoxia did not alter the bioavailability of NO or the activity
of sGC in homogenized lungs (41).

In summary, in the isolated lungs of mice overexpressing
DDAH1, we found a decreased response of the pulmonary vascu-
lature to sustained hypoxia, as well as decreased ADMA concen-
trations and increased NO–cGMP signaling, but no alterations as
a response to acute hypoxia in isolated lungs and chronic hypoxia
in intact animals. In this regard, the different phases of pulmonary
vascular response to hypoxia were possibly shown to be regulated
by different mechanisms (42). Acute HPV lasts for minutes,

Figure 5. Concentrations of ADMA, NOmetabolites, cGMP, and the DDAH1 protein quantified from homogenized lungs of normoxic or chronically

hypoxic (4 weeks of hypoxia) wild-type (WT) and DDAH1-overexpressing (DDAH1tg) mice. Data are given for (A) ADMA, (B) NO metabolites, and

(C) cGMP concentrations. (D) DDAH1 protein concentrations were normalized to b-actin. *P , 0.05 and ***P , 0.001, significant difference
between normoxic (N) and hypoxic (H) lungs of WT and DDAH1tg mice. ###Significant difference (P , 0.001) between lungs of WT and DDAH1tg

mice (n ¼ 3 for DDAH1 protein, n ¼ 4 for NO, n ¼ 7 for ADMA and cGMP in each group, respectively).
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is completely reversible, and is thought to depend on an in-
crease in intracellular calcium, whereas sustained HPV occur-
ring after more than 30 minutes to hours of hypoxic exposure
may be related to calcium sensitization, and is not completely
reversible. In chronic hypoxic PH, additional structural altera-
tions of the vasculature occur (31, 43). Chronic hypoxia–induced
PH can be detected, at the earliest, 2–3 weeks after exposure to
hypoxia (44). Accordingly, this time frame was chosen for our study
of chronic hypoxic effects in contrast to sustained effects. Because
ADMA concentrations are increased after 1 and 2 weeks of hypoxic
exposure, but not after 3 weeks (as already described), we speculate
that the suppressive effects of DDAH1 overexpression will be ef-
fective in the same time frame. Interestingly, NO production was
suggested to be regulated differentially during short-term and
chronic hypoxia, namely, during the short term by a hypoxia-
specific inhibitor (which could be ADMA) and during chronic
hypoxia by the general availability of a cofactor (which could be
oxygen) (45). Thus a hitherto unknown “endothelium-derived
contracting factor,” in analogy to NO as the “endothelium-
derived relaxing factor,” has been sought to regulate sustained
HPV (46). In this regard, we found that ADMA was increased
during in vitro hypoxia in PAECs. Thus our study supports the
speculation that ADMA could serve as an “endothelium-
derived contracting factor.” However, further studies are neces-
sary to prove that ADMA originates in pulmonary endothelial
cells during sustained hypoxia in vivo.

In conclusion, DDAH1 overexpression specifically decreased
sustained HPV, but did not alter the response of the pulmonary
vasculature to acute or chronic hypoxia, and did not alter base-
line parameters, reflecting the specific importance of increased
ADMA concentrations during sustained HPV. The NO–cGMP
pathway was partly responsible for the effects of DDAH1 over-
expression on sustained HPV. It remains to be investigated how
ADMA production is specifically regulated during sustained
hypoxia, and by which additional NO–cGMP–independent
pathway DDAH1 and/or ADMA exert their effects.

Author disclosures are available with the text of this article at www.atsjournals.org.
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