ORIGINAL ARTICLE
COPD AND HYPOXIA

Hypoxic vascular response and
ventilation/perfusion matching in
end-stage COPD may depend on p22phox
Chandran Nagaraj1,2, Christoph Tabeling3, Bence M. Nagy1,2, Pritesh P. Jain1,
Leigh M. Marsh1, Rita Papp1, Michael Pienn1, Martin Witzenrath3,
Bahil Ghanim4, Walter Klepetko4, E. Kenneth Weir5, Stefan Heschl6,
Grazyna Kwapiszewska1,2, Andrea Olschewski1,2 and Horst Olschewski1,7
Affiliations: 1Ludwig Boltzmann Institute for Lung Vascular Research, Graz, Austria. 2Institute of Physiology,
Medical University of Graz, Graz, Austria. 3Dept of Infectious Diseases and Pulmonary Medicine, Charité –
Universitätsmedizin Berlin, Berlin, Germany. 4Dept of Thoracic Surgery, Division of Surgery, Medical
University Vienna, Vienna, Austria. 5Dept of Medicine, University of Minnesota, Minneapolis, MN, USA. 6Dept of
Anaesthesiology and Intensive Care Medicine, Medical University of Graz, Graz, Austria. 7Division of
Pulmonology, Dept of Internal Medicine, Medical University of Graz, Graz, Austria.
Correspondence: Andrea Olschewski, Ludwig Boltzmann Institute for Lung Vascular Research, Medical
University of Graz, Stiftingtalstrasse 24, Graz-8010 Austria. E-mail: andrea.olschewski@lvr.lbg.ac.at

@ERSpublications
In COPD, p22phox controls hypoxic pulmonary vascular response and ventilation–perfusion
matching http://ow.ly/9Koo30aWMmT
Cite this article as: Nagaraj C, Tabeling C, Nagy BM, et al. Hypoxic vascular response and
ventilation/perfusion matching in end-stage COPD may depend on p22phox. Eur Respir J 2017; 50:
1601651 [https://doi.org/10.1183/13993003.01651-2016].
ABSTRACT Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease in which the
amount of emphysema and airway disease may be very different between individuals, even in end-stage
disease. Emphysema formation may be linked to the involvement of the small pulmonary vessels. The
NAPDH oxidase (Nox) family is emerging as a key disease-related factor in vascular diseases, but
currently its role in hypoxia-induced pulmonary remodelling in COPD remains unclear.
Here we investigate the role of p22phox, a regulatory subunit of Nox, in COPD lungs, hypoxic
pulmonary vasoconstriction (HPV), hypoxia-induced pulmonary vascular remodelling and pulmonary
hypertension.
In COPD, compared to control lungs, p22phox expression was significantly reduced. The expression
was correlated positively with mean pulmonary arterial pressure and oxygenation index and negatively
with the diffusing capacity of the lung for carbon monoxide ( p<0.02). This suggests a role of p22phox in
ventilation/perfusion ratio matching, vascular remodelling and loss of perfused lung area. In p22phox-/mice, HPV was significantly impaired. In the chronic hypoxic setting, lack of p22phox was associated with
improved right ventricular function and decreased pulmonary vascular remodelling.
p22phox-dependent Nox plays an important role in the COPD phenotype, by its action on phase II
HPV and chronic vascular remodelling.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease. The most divergent COPD
clusters may be the chronic bronchitis phenotype with hypoxaemia (blue bloater) and the emphysema
phenotype without hypoxaemia ( pink puffer), although many other phenotypes can be defined [1]. Even
in end-stage pulmonary disease, e.g. in lung transplant candidates, such phenotypes prevail [2].
Emphysema formation has been linked to the involvement of the small pulmonary arteries and the
endothelium and could be achieved experimentally using vascular endothelial growth factor antagonists [3]
or by chronic smoke exposure [4]. The changes in the small pulmonary arteries are characterised by wall
thickening with neomuscularisation and rarefaction of the very distal vessels generally referred to as
pulmonary vascular remodelling. Hypoxia-driven pulmonary vascular remodelling is one of the underlying
mechanisms, although many other mechanisms may contribute [5]. A characteristic consequence of
pulmonary vascular remodelling is pulmonary hypertension, which by itself is associated with shorter
survival and worse clinical outcome in COPD and other lung diseases [6].
Hypoxic pulmonary vasoconstriction (HPV) is the mechanism that optimises gas exchange in situations
with ventilation/perfusion (V′/Q′) mismatch. It redirects blood flow from poorly ventilated areas to
well-ventilated areas in the lung, resulting in better oxygenation [7]. HPV can be defined as a rapid,
reversible increase in pulmonary vascular resistance caused by contraction of the small muscular
pulmonary arteries with an internal diameter of ∼200–600 µm in humans, in response to physiological
levels of hypoxia [8, 9]. The response to alveolar hypoxia shows a biphasic character, with an early
pulmonary arterial pressure (PAP) peak ( phase I) and a more protracted secondary pressure elevation
( phase II). Chronic hypoxia results in pulmonary arterial remodelling and pulmonary hypertension.
NADPH oxidases (Nox) play an important role as a proposed hypoxia sensor for HPV [10]. The reactive
oxygen species (ROS)-generating enzyme Nox has been studied intensively during the past two decades
[11, 12] and a few recent reports have linked pathological findings to Nox subtypes [13–15].
The p22phox subunit of Nox is particularly intriguing, since it is essential for the function of Nox1-4
proteins by a direct interaction at the protein level. Furthermore, p22phox is required for Nox stabilisation
and docking of cytosolic proteins, and thus for the formation of a functional ROS-generating Nox [16].
We hypothesised that p22phox might be associated with V′/Q′ matching in COPD via its effects on HPV
and on hypoxia-induced vascular remodelling. Thus, our strategy was to perform investigations on the
lungs of clinically well-characterised COPD patients who underwent lung transplantation for end-stage
disease and to compare the results to lungs from lung donors without COPD. Furthermore, we used the
p22phox knockout mouse to achieve functional inactivity of all p22phox-dependent Nox enzymes. We
found that p22phox expression was correlated positively with PAP and oxygenation and negatively with
gas exchange capacity, suggesting that these NADPH oxidases may facilitate HPV, but simultaneously
might cause pulmonary hypertension and loss of perfused lung area.

TABLE 1 Clinical characteristics of patients with chronic obstructive pulmonary disease (COPD)
and healthy donors

Subjects n
Sex male:female n:n
Age# years
BMI kg·m-2
FEV1 %
DLCO %
mPAP mmHg
LTOT L·min−1
PO2 mmHg
P CO2 mmHg
PO2/FIO2

Controls

COPD patients

8
4:4
44 (24–58)
24 (22–27)
NA
NA
NA
NA
NA
NA
NA

31
14:17
58 (40–64)
22 (20–25)
20 (16–28)
25 (19–32)
30 (24–39)
3 (3–4)
63 (60–69)
47 (39–58)
188 (158–216)

Data are presented as median (interquartile range), unless otherwise stated. BMI: body mass index; FEV1:
forced expiratory volume in 1 s; DLCO: diffusing capacity of the lung for carbon monoxide; mPAP: mean
pulmonary arterial pressure; LTOT: long-term oxygen therapy; PO2: oxygen tension; PCO2: carbon dioxide
tension; FIO2: inspiratory oxygen fraction; NA: not applicable. #: data are presented as median (range).
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Materials and methods
Full experimental details and methods are deteailed in the online supplementary material.

Results
Study population
Lung samples from 71 patients with COPD (36 male and 35 female; diagnosis by listing for
transplantation) who underwent lung transplantation were collected between June 2011 and December
2015. 31 patients with COPD met the inclusion criteria (clinical parameters and characteristic features of
the disease on representative computed tomography (CT) images, as well as measurement of mean PAP
by right heart catheterisation within the 6 months prior to lung transplantation) for this study. In
addition, control lung tissue from donors without tumours (n=8) was obtained. Patient information is
presented in table 1. All subjects suffered from severe or very severe COPD and had significant airway
obstruction with a marked reduction in forced expiratory volume in 1 s (FEV1) (median (interquartile
range (IQR)) 20 (16–28)% predicted) and moderate to severe hypoxaemia. Diffusing capacity of the lung
for carbon monoxide (DLCO) was greatly reduced to a mean of 25 (19–32)% pred. All patients were treated
with long-term oxygen therapy. 22 patients had pulmonary hypertension with a mean PAP of 30 (24–
39) mmHg.
In COPD patients, p22phox is significantly correlated with haemodynamics, oxygenation ratio and
diffusing capacity of the lung for carbon monoxide
To determine whether the p22phox-dependent NADPH oxidases are regulated in COPD in the lung,
expression of the NADPH oxidase subunits nox1, nox2, nox4 and p22phox was assessed using real-time
PCR. As is evident in figure 1a, in COPD lung tissue, p22phox, nox2 and nox4 expression was decreased
as compared with control tissue, while p22phox expression in pulmonary arteries obtained using
laser-capture microdissection from COPD lungs was generally lower than in healthy controls (figure 1b).
In addition, bronchi obtained by the same methods showed a significant downregulation of p22phox
(online supplementary figure S1).
Next, we performed Spearman analysis between the lung tissue p22phox levels and the clinical parameters
(figure 2, table 2). In COPD patients, there was a significant positive correlation between p22phox
expression and mean PAP, between p22phox and the oxygenation index (oxygen tension (PO2)/inspiratory
oxygen fraction (FIO2)), the clinical indicator of mismatch, and an inverse correlation between p22phox
and DLCO, the clinical indicator of perfused lung area. In contrast, emphysema score was not significantly
correlated with mean PAP and DLCO (online supplementary figure S2).
Impaired hypoxic pulmonary vasoconstriction in p22phox-/- mice
To identify the role of p22phox in the functional response of the pulmonary circulation to hypoxia,
p22phox+/+ and p22phox-/- mice were studied. The biphasic increase in mean PAP under hypoxic
ventilation (1% oxygen) was investigated in isolated, perfused and ventilated lungs of p22phox+/+ and
p22phox-/- mice and four-point pressure–flow curves were obtained by recording characteristic changes in
mean PAP during variations in perfusate flow (figure 3a). Lack of p22phox resulted in a skewed HPV
response compared to p22phox+/+ littermate controls (figure 3b). Interestingly, the maximum increase in
mean PAP in the acute, transient HPV ( phase I) was comparable in both groups (6.9±0.7 cmH2O versus
7.6±0.8 cmH2O for p22phox-/- and p22phox+/+, respectively), whereas the subsequent sustained HPV
( phase II) was blunted in p22phox-/- mice. This reduced increase in mean PAP became statistically
significant at minute 70 and lasted until the end of the measurements. Importantly, these findings were
not related to changes in basal mean PAP, which was unaltered in p22phox-/- mice (9.4±0.3 cmH2O versus
9.4±0.3 cmH2O for p22phox+/+ and p22phox-/-, respectively), or to body weight (figure 3c and d). These
experiments demonstrate that the lack of p22phox prevented part of the increase in mean PAP during
sustained hypoxia and emphasises that the p22phox-dependent NADPH oxidase contributes to the
sustained, but not the acute phase I of HPV.
Preserved vasoconstrictor responses of p22phox-/- pulmonary arteries to potassium chloride and
the thromboxane A2 receptor agonist U46619
To further evaluate the contractile response, intrapulmonary arteries obtained from p22phox+/+ and
p22phox-/- mice were exposed to increasing doses of potassium chloride or thromboxane A2 receptor
agonist U46619 using a wire myograph. During the cumulative application of these agents, there were no
differences in the vasoconstrictor responses between the p22phox+/+ and p22phox-/- mice (online
supplementary figure S3A and B). We also examined the tension changes of U46619-preconstricted
intrapulmonary arteries to the addition of the potent vasodilator sodium nitroprusside (online
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FIGURE 1 Expression of p22phox-dependent NADPH oxidases in human lungs obtained from chronic obstructive pulmonary disease (COPD)
patients who underwent lung transplantation. a) Quantitative real-time PCR for i) p22phox, ii) nox2 and iii) nox4 from homogenised human lungs
(healthy controls n=8 and lungs obtained from COPD patients n=31). b) Compartment-specific analysis of p22phox expression in pulmonary
arteries via laser capture microdissection by quantitative real-time PCR (n=6 in each group). ΔCT: CTavg (reference gene) - CTavg (target gene). CT:
threshold cycle. *: p=0.05; **: p<0.01; ***: p<0.001.

supplementary figure S3C) and found that p22phox deficiency had no effect on the vasodilatory response.
These data suggest that p22phox specifically affects pulmonary vascular function related to hypoxia.

Pressure–flow relationship under hypoxia is dependent on p22phox
To directly assess flow-induced changes in mean PAP, isolated perfused and ventilated lungs of
p22phox+/+ and p22phox-/- mice were exposed to a step-wise increase in flow under normoxia, acute HPV
( phase I) and sustained HPV ( phase II), as visualised in figure 3a. When the flow was increased either
under normoxia or during acute HPV, no significant difference could be observed in mean PAP between
the p22phox+/+ and p22phox-/- mice (figure 4a). However, at the end of the sustained hypoxic ventilation,
mean PAP was markedly diminished in p22phox-/- mice compared to the p22phox+/+ mice over the whole
range of the applied perfusion rates (figure 4b).
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In addition, pulmonary vascular resistance (PVR), derived from mean PAP at the highest perfusion rate
(2.0 mL·min−1) was analysed. No differences were observed in PVR under basal normoxic ventilation (4.88
±0.25 cmH2O·mL-1·min-1 versus 4.76±0.28 cmH2O·mL-1·min-1) (figure 4c) or at the end of phase I HPV
(7.68±0.46 cmH2O·mL-1·min-1 versus 7.02±0.27 cmH2O·mL-1·min-1) between p22phox+/+ and p22phox-/mice (figure 4d). In contrast, the PVR of the p22phox-/- mice was significantly lower than the p22phox+/+
mice during phase II HPV (6.86±0.32 cmH2O·mL-1·min-1 versus 8.26±0.39 cmH2O·mL-1·min-1) (figure
4e). In order to exclude the possibility that differences in oedema secondary to HPV might interfere with
our findings, we determined the wet/dry ratio and the total weight of the lungs at the end of the
experiments and found no differences between the p22phox+/+ and p22phox-/- mice (online
supplementary figure S4A and B).
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FIGURE 2 Correlation of p22phox levels with clinical parameters of chronic obstructive pulmonary disease (COPD) patients who underwent lung
transplantation. p22phox correlation with a) mean pulmonary artery pressure (mPAP); b) oxygenation ratio (oxygen tension (PO2)/inspiratory oxygen
fraction (FIO2)); and c) diffusing capacity of the lung for carbon monoxide (DLCO), the clinical indicator of lung parenchymal damage. ΔCT: CTavg
(reference gene) - CTavg (target gene). CT: threshold cycle.
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TABLE 2 Spearman correlation coefficients in chronic obstructive pulmonary disease patients
p22phox

mPAP
ρ

p22phox
mPAP
BMI
DLCO
FEV1
LTOT
P CO2
PO2
PO2/FIO2

1

BMI

DLCO

FEV1

LTOT

PCO2

PO2

PO2/FIO2

p-value

ρ

p-value

ρ

p-value

ρ

p-value

ρ

p-value

ρ

p-value

ρ

p-value

ρ

p-value

0.025

−0.07
0.16

0.69
0.38

−0.58
−0.60
−0.004

0.0007
0.0003
0.97

−0.03
0.13
0.27
0.09

0.89
0.47
0.14
0.62

−0.35
0.05
0.17
0.17
0.30

0.05
0.78
0.33
0.34
0.09

−0.02
0.05
−0.15
−0.16
−0.43
−0.22

0.90
0.77
0.40
0.38
0.01
0.23

0.33
0.25
0.22
−0.09
−0.06
0.02
−0.06

0.06
0.17
0.23
0.59
0.71
0.9
0.74

0.41
0.08
0.10
−0.12
−0.25
−0.67
0.13
0.66

0.02
0.65
0.58
0.48
0.16
<0.0001
0.47
<0.0001

0.40
1

1

1

1

1

1

1

1

mPAP: mean pulmonary arterial pressure; BMI: body mass index; DLCO: diffusing capacity of the lung for carbon monoxide; FEV1: forced expiratory volume in 1 s; LTOT: long-term oxygen
therapy; PCO2: carbon dioxide tension; PO2: oxygen tension; FIO2: inspiratory oxygen fraction.
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FIGURE 3 p22phox is prerequisite for the sustained phase of hypoxic pulmonary vasoconstriction (HPV). a) An original recording illustrates the
biphasic increase in mean pulmonary arterial pressure (ΔmPAP) in isolated perfused mouse lungs upon hypoxic ventilation (1% oxygen) showing
acute ( phase I) and sustained ( phase II) HPV. Arrows indicate three different time points for flow-induced pressure changes (P–Q) during the
normoxic baseline, HPV phase I and HPV phase II. b) Group data showing HPV response, determined as ΔmPAP, indicate reduced sustained HPV
in p22phox-/- mice. Bar graphs showing no change in c) basal mPAP or d) body weight in p22phox-/- mice. n=6 for p22phox+/+ and n=8 for
p22phox-/-. WT: wild-type; KO: knockout. *: p<0.05.

Expression of p22phox in the mouse lung
To determine the localisation of p22phox, we stained lungs obtained from p22phox+/+ and p22phox-/mice. As depicted in figure 5a and b, small and large pulmonary arteries expressed p22phox in their
endothelium and in smooth muscle cells. Furthermore, p22phox was present in the epithelial and smooth
muscle cells of the bronchi. No positive signals were observed in p22phox-/- mice, confirming the
knockout, along with specific reactivity of the antibody (figure 5c). Negative staining is shown in figure 5d.
To evaluate the extent of potential interactions, next we investigated the expression pattern of the different
p22phox-dependent NADPH oxidase isoforms, catalytic and organisational subunits using real-time PCR
in lung homogenates. As evident in figure 5e, p22phox deficiency did not alter the regulation of the
NADPH oxidase isoforms nox1, nox2 and nox4 or the organisational and activating subunits noxo1 and
noxa1 in p22phox-/- mice. In contrast, other NADPH oxidase subunits such as p67, p47 and p40 showed a
trend towards upregulation in the p22phox-/- mice; however, only the p40 expression reached significance.
p22phox-/- mice lack a functional NADPH oxidase system
The transmembrane protein p22phox plays an integral role in scaffolding and in the binding to NOX
proteins to form a functional ROS-generating NADPH oxidase. In an effort to explain the negative effects
of p22phox deficiency on the sustained phase of HPV, first we measured NADPH levels in the lungs.
There was no difference in the total NADPH level between p22phox+/+ and p22phox-/- mice (mean±SEM
55.5±8.6 pmol·mg−1 versus 48.3±4.4 pmol·mg−1, respectively) (figure 6a). Next, to address the functional
NADPH oxidase system, lung slices were treated with phorbol myristate acetate (PMA), a potent activator
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FIGURE 4 p22phox is required for increased vascular resistance denoted as P–Q under the sustained phase of
hypoxia. P–Q curves obtained in isolated perfused lungs under a) normoxia, or phase I hypoxic pulmonary
vasoconstriction (HPV); or b) normoxia or phase II HPV. Changes in pulmonary vascular resistance
(PVR) under c) normoxia; d) hypoxia during phase I; or e) hypoxia during phase II derived from P–Q curves at
the highest perfusion rate (2.0 mL·min−1). n=6 for p22phox+/+ and n=8 for p22phox-/-. mPAP: mean pulmonary
arterial pressure. *: p<0.05.

of NADPH oxidase, to generate ROS. The ROS production was detected by cell-permeable
dihydroethidium (DHE) and H2DCFDA. As expected, PMA treatment of p22phox+/+ mouse lungs
showed markedly increased fluorescence signals indicating superoxide (DHE) and hydrogen peroxide
(H2DCFDA) (figure 6b, c and d). Compared with p22phox+/+ mice, lung slices and single cell suspensions
obtained from p22phox-/- mice failed to generate such fluorescence signals in the presence of the NAPDH
oxidase activator PMA, reflecting the loss of a functioning NADPH oxidase system in the absence of
p22phox.
The sustained phase of HPV is associated with the rho–rho kinase signalling pathway. Next we
investigated the rho kinase activation under hypoxia in p22phox+/+ and p22phox-/- mice. Figure 6e shows
the hypoxia-induced relative rho kinase activity in the mouse lungs compared with normoxia (134±10%
and 98±4% for p22phox+/+ and p22phox-/- mice, respectively). These observations suggest that hypoxia
was able to activate rho kinase signalling in p22phox+/+ mice, but did not yield an increase in p22phox-/mice under the same conditions.
p22phox-/- prevents pulmonary vascular remodelling in chronic hypoxia
To gain insight into whether p22phox deficiency may inhibit hypoxia-induced pulmonary vascular
remodelling, pulmonary hypertension and right ventricular hypertrophy in vivo, p22phox+/+ and
p22phox-/- mice were kept under hypoxic conditions for 5 weeks. In the normoxic control groups, right
ventricular systolic pressure (RVSP), obtained using right heart catheterisation, showed no significant
difference between p22phox+/+ and p22phox-/- littermate controls (23.0±0.624 versus 0±0.4, respectively).
Similarly, lack of p22phox had no impact on the Fulton index (0.28±0.01 versus 0.27±0.01) or haematocrit
values (39.5±0.7% versus 38.7±1.6% in p22phox+/+ and p22phox-/- mice, respectively). In contrast, after
5 weeks of chronic hypoxia, p22phox+/+ mice exhibited a markedly increased RVSP (35.4±0.3 mmHg),
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FIGURE 5 p22phox expression in the mouse lung. a), b) Immunostaining of p22phox in the p22phox+/+ mouse lungs. c) Absence of staining is
shown in the lungs of p22phox-/- mice, along with d) negative control. Scale bars=50 µm. e) Expression pattern of p22phox-dependent NADPH
oxidase isoforms and NADPH oxidase catalytic subunits in p22phox+/+ and p22phox-/- mouse lungs. n=6 for p22phox+/+ and n=5 for p22phox-/-. PA:
pulmonary arteries; Br: bronchus; ΔCT: CTavg (reference gene) - CTavg (target gene). CT: threshold cycle. *: p<0.05.

whereas p22phox-/- mice developed a significantly diminished response (31.9±1.1 mmHg), as shown in
figure 7a. The Fulton index was increased in both p22phox+/+ and p22phox-/- mice (0.38±0.01 versus 0.34
±0.01) in response to hypoxia (figure 7b).
Right ventricular (RV) dp/dt is the instantaneous rate of RV pressure rise during early systole. As
expected, under normoxic conditions, p22phox deficiency did not alter maximum dp/dt (1814±84 versus
1959±115) or minimum dp/dt (−1555±57 versus −1830±123). However, in the chronic hypoxic setting,
the p22phox-/- mice showed a significantly reduced maximum dp/dt (2332±80 versus 2706±31) and
minimum dp/dt (−1996±138 versus −2537±78), reflecting mainly the decreased RVSP in p22phox-/- mice
under hypoxia. The right ventricular end-diastolic pressure showed a slight increase under hypoxia
without any changes in p22phox-/- mice, and the contractility index remained comparable in p22phox+/+
and p22phox-/- mice under normoxia and hypoxia (figure 7e–h).
Chronic hypoxia leads to elevated PAP, and induces remodelling of the pulmonary arteries. Vascular
remodelling was assessed by the degree of vessel muscularisation (figure 7i). Lack of p22phox did not
affect the histological appearance of the pulmonary arteries in mice under normoxic conditions. However,
the relative muscularisation was significantly attenuated in p22phox-/- mice after the chronic hypoxic
challenge compared to the p22phox+/+ mice (25% versus 45%, respectively) (figure 7j). Consequently, the
percentage of the nonmuscularised vessels was significantly decreased in p22phox+/+ mice under hypoxia
compared to the p22phox-/- mice (55% versus 76%, respectively) (figure 7j), indicating a crucial role of
p22phox in hypoxia-induced pulmonary hypertension and vascular remodelling.

Discussion
The present study shows for the first time that in patients with very severe COPD the NADPH oxidase
subunit p22phox is significantly reduced as compared to controls, but that p22phox is preserved in those
COPD patients with increased mean PAP, better oxygenation ratio (PO2/FIO2) and lower DLCO. This work
is the first to functionally characterise NADPH oxidase, showing that p22phox is important for both phase
II (sustained) HPV and chronic hypoxic pulmonary hypertension. These novel findings suggest that
p22phox is a key player in COPD and in hypoxic pulmonary vascular remodelling.
Our COPD cohort consisted of a heterogeneous group of patients who underwent lung transplantation
due to end-stage disease. Their FEV1 ranged between 9% pred and 52% pred, DLCO was between 10% pred
and 41% pred and PAP ranged from 14 mmHg to 62 mmHg. There was no significant correlation between
FEV1 and DLCO. In addition, the emphysema score was not significantly correlated with mean PAP or
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FIGURE 6 p22phox is required for functional NADPH oxidase/Rho kinase axis. a) Total NADPH did not show
any differences in the lung homogenates levels in p22phox+/+ and p22phox-/- mice. b, c) p22phox deficiency
abolished phorbol myristate acetate (PMA)-induced superoxide production and d) hydrogen peroxide in thin
lung slices and single cell suspension of lung. Scale bar=50 µm. e) p22phox is required for hypoxia-induced
Rho kinase (Rock) activation in lung homogenates. n=4–5 in each group. DHE: dihydroethidium. *: p<0.05.

DLCO; however, this result has to be treated with caution, as the quality of some of the CT scans was
limited.
In contrast, mean PAP was strongly negatively correlated with DLCO. This agrees with CHAOUAT et al. [17]
who found that in a large cohort of COPD patients, strongly elevated PAP was associated with severely
decreased DLCO. This may be due to the fact that DLCO is a measure of the number of perfused and
ventilated capillaries and therefore is sensitive to microvascular remodelling, suggesting that pulmonary
vascular disease causes both DLCO decrease and PAP increase [18], and is also seen in patients with lung
fibrosis [19].
The explanted lungs of the COPD patients expressed significantly less p22phox and p22phox-dependent
NADPH oxidase as compared to donor lungs. To our surprise, this finding was not associated with
remodelling of the small pulmonary arteries, as DLCO was strongly negatively correlated with p22phox, i.e.
the p22phox loss was only major in those COPD patients with diminished HPV and a low PAP, but p22phox
was nearly completely preserved in those with preserved HPV and elevated PAP. However, p22phox was
significantly positively correlated with mean PAP and oxygenation ratio. This may suggest that patients
preserving p22phox despite severe COPD will preserve HPV, and may survive until they have reached
extremes of lung parenchymal destruction, which is reflected in extremely low DLCO values (figure 2c).
The expression of p22phox was reduced not only on pulmonary arteries, but also in the whole lung. When
we compared the p22phox expression in bronchi between COPD patients and controls we found a
significant downregulation in the COPD cases. This finding may be clinically relevant, because p22phox
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FIGURE 7 Lack of p22phox-/- attenuates pulmonary vascular remodelling under chronic hypoxia. Data showing the results obtained after 5 weeks
of hypoxic treatment (10% oxygen) of p22phox+/+ and p22phox-/- mice. a) right ventricular systolic pressure (RVSP); b) right ventricular
hypertrophy; c) heart rate; d) haematocrit levels. Detailed haemodynamic parameters are given as e) maximum rate of rise of RV pressure
(dP/dtmax); f ) minimum rate of rise of RV pressure (dP/dtmin); g) contractility index; and h) right ventricular end-diastolic pressure (RVEDP).
i) Representative images for small pulmonary vessels of p22phox+/+ and p22phox-/- mice stained for von Willebrand factor (brown) and
α-smooth-muscle actin (violet). Scale bar=60 µm. j) Degree of muscularisation of pulmonary vessels. BW: body weight. n=6–11 in each group.
*: p<0.05; **: p<0.01; ***: p<0.001.

plays an important role in the anti-infective defence mechanism [20] and COPD is strongly related to
infectious complications.
In our study, we provide a comprehensive investigation of a Nox protein in all stages of hypoxia. More
importantly, we investigate a subunit which is essential for the function of nox1–4 proteins by a direct
interaction at the protein level. We demonstrate that p22phox is necessary for the hypoxia-induced
increase in PAP and PVR during the (sustained) phase II of HPV, but not for the short, (acute) phase I of
HPV in the murine model. This observation could be explained in part by the reduced ability of
p22phox-/- mice to generate ROS in order to activate the rho–rho kinase system under hypoxia. Here we
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provide evidence that the loss of p22phox results in a significant reduction of pulmonary hypertension,
mirrored in reduced RVSP and decreased vascular remodelling.
The role of HPV in matching ventilation and perfusion in the lungs has been recognised for a long time.
According to prior investigations, endothelial and smooth muscle cells of the small pulmonary arteries are
involved in this process [8, 21, 22]. In addition, it has been reported that capillary endothelial cells are
required for the longitudinal propagation of HPV in the intact lung [23]. Proposed mechanisms for
oxygen-sensing in HPV include the redox, ROS and energy state/AMP-activated protein kinase hypothesis
[8]. In all, changing levels of ROS take a central role. The two major sources of ROS production,
mitochondria and NADPH oxidase, are well described in the pulmonary vasculature. For the acute phase
of HPV, ROS derived from the complex III of the mitochondria may be involved [24]. The role of
NADPH oxidase in HPV was assessed mainly by inhibitors [25], and only a few studies applied hypoxia to
knockout animals. Neither Nox2-/- nor Nox4-/- mice demonstrated a change in phenotype related to HPV
[26, 27]. Only lack of p47phox attenuated the acute phase of HPV significantly, notwithstanding that the
effect was very small; however, no changes could be observed in the sustained phase of HPV [25].
gp91phox-/- animals seemed to be protected against chronic hypoxia [28], although this model did not
show any changes under acute hypoxic challenge [25, 26]. To our knowledge, our study is the first to
establish the role of NADPH oxidase for phase II HPV, as well as for chronic hypoxic pulmonary
hypertension, using the essential protein p22phox responsible for building a functional ROS-producing
NADPH oxidase.
Phase I of HPV is mediated by the closure of potassium channels and subsequent calcium influx and/or
by the release of calcium from the sarcoplasmic reticulum [29], followed by repletion through
store-operated channels and/or by increased calcium influx into smooth muscle cells through L-type
calcium channels independent of the membrane potential and/or by promoting calcium sensitisation [30,
31]. In our study, p22phox-/- mice did not show a significant reduction in the acute phase of HPV, and
this result is further supported by the fact that the p22phox-/- mice did not have any decrease in the
vasoconstrictor response evoked by high potassium chloride. This finding reinforces the notion that there
is no difference in potassium channel function between p22phox+/+ and p22phox-/- animals, and the
potassium channel inhibition is not reliant on the p22phox-dependent NADPH oxidase activation.
Collectively, these results indicate that NADPH oxidase is not required for the acute phase I of HPV.
The second, sustained phase II of HPV is mainly dependent on endothelium and on rho kinase [21, 32,
33]. Studies performed on rat intrapulmonary arteries and the isolated perfused lung have shown that
rho-associated kinase plays a pivotal role in the generation of the sustained phase [34, 35]. Additionally,
the rho kinase-dependent calcium sensitisation has been reported to contribute to the sustained HPV [21].
Here we show that lack of p22phox resulted in a skewed HPV. According to previous investigations,
superoxide could modulate the activation of rho and rho-mediated kinase [36]. Therefore, we performed
rho kinase activation studies under hypoxia and found that p22phox-/- mice failed to generate NADPH
oxidase-dependent ROS, and thus were unable to activate rho kinase. Our observation is supported by a
previous study, describing the lack of the NADPH oxidase-mediated oxidative burst in the neutrophils in
p22phox-/- mice, which leads to susceptibility to bacterial infection in the lung [37]. Therefore, the
inability of p22phox-/- mice to generate NADPH oxidase-mediated ROS might explain the lack of the
hypoxia-mediated activation of rho kinase.
The participation of members of the NADPH oxidase family is well documented in pathophysiological
mechanisms responsible for pulmonary hypertension, e.g. in human pulmonary hypertension and in
different animal models of pulmonary hypertension. In particular, the Nox4 isoform is upregulated in the
chronic hypoxia-induced pulmonary hypertension model, as well as in human idiopathic pulmonary
arterial hypertension samples [13], whereas upregulation of the Nox1 isoform is reported in the
monocrotaline model of pulmonary hypertension [38]. Since alveolar hypoxia is considered to be the
major contributor resulting in HPV and pulmonary arterial remodelling [8], and in our cohort of COPD
patients, p22phox was associated with an elevated mean pulmonary pressure, we investigated the effect of
the lack of p22phox under chronic hypoxia in a mouse model. Our results show that p22phox-/- mice are
protected from chronic hypoxia-induced vascular remodelling. Most importantly, the present study
investigated a p22phox protein comprehensively in each of the acute, sustained and chronic phases of
hypoxia.
We are aware of the limitations of our study. We included a relatively small number of end-stage COPD
patients with a wide range of parenchymal and vascular lesions. By requiring that the FEV1 be <55% pred
in this cohort, we assured that significant COPD was present. Since this is a hypothesis-generating study,
validation will require an independent study population. Another limitation of our study is that differences
in activated macrophages and neutrophils between p22phox-deficient mice and controls could have

https://doi.org/10.1183/13993003.01651-2016

11

COPD AND HYPOXIA | C. NAGARAJ ET AL.

influenced lung pathology other than vascular remodelling. In addition, mouse HPV may differ from
human HPV in several aspects. Validation of the results in different knockout species would be valuable,
but such models are not available. Moreover, our chronic model reflects only the vascular component of
the disease under hypoxia and does not cover other aspects such as alveolar destruction and emphysema.
In conclusion, our results delineate an important role of p22phox-dependent NADPH oxidase in
regulating pulmonary vascular tone under hypoxia and show that NADPH oxidase is operative under
physiological conditions. p22phox expression is associated with the vascular COPD phenotype. The
modification of the p22phox pathway may open important avenues for therapy of pulmonary vascular
remodelling on the one hand and oxygenation problems on the other. p22phox might also have diagnostic
value as a predictor of the vascular COPD phenotype. These observations contribute to a growing body of
evidence suggesting NADPH oxidase as an important player in lung physiology and pathology.
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