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Hypoxic pulmonary vasoconstriction (HPV) is a local and adaptive response to alveolar hypoxia causing
constriction of small pulmonary arteries, thereby reducing perfusion to underventilated alveoli. However,
in pathological conditions characterised by global and persistent hypoxia, such as chronic obstructive
pulmonary disease (COPD), this physiological mechanism that normally serves to optimise ventilation–
perfusion matching become damaging, promoting sustained pulmonary vasoconstriction and vascular
remodelling [1]. These structural changes are accompanied by a gradual increase of pulmonary arterial
pressure, ultimately leading to right ventricular (RV) hypertrophy and failure. Although there is a global
consensus amongst scientists that elevation of the intracellular calcium concentration plays a critical role in
producing HPV, the precise underlying mechanisms (e.g. nature of the oxygen sensor, direction of changes
in reactive oxygen species (ROS) as well as how ROS production affects the activity of calcium channels)
and even the cell type involved remain a subject of ongoing debate [2–4].

Numerous studies have pinpointed the critical implication of ROS in HPV, but controversy remains
regarding levels of ROS that mediate HPV [2, 5]. Due, at least in part, to the broad range of chemically
distinct ROS, their highly reactive nature, as well as differing methods of quantification and models,
conflicting results have been reported establishing two partly opposing models. In the first model so-called
“redox hypothesis of HPV”, the mitochondrial electron transport chain (ETC) senses hypoxia and
decreases ROS production (ROS being produced as an inevitable byproduct of oxidative phosphorylation)
causing intracellular calcium influx secondary to redox-sensitive potassium channels inhibition [6, 7]. In
support of this, hypoxia and proximal ETC inhibitors have been found to suppress the production of
activated O2 species and increase HPV in endothelium-denuded rings of distal pulmonary arteries [8] as
well as isolated perfused rat lungs [6]. This model is challenged by the “ROS hypothesis”, which proposes
that hypoxia increases mitochondrial ROS generation mediating elevation of intracellular calcium
concentration [9–11]. This theory is strengthened by studies showing that antioxidants such as catalase
and glutathione peroxidase attenuated the HPV response [12] and exogenous H2O2 induces contraction in
cultured pulmonary artery smooth muscle cells (PASMCs) and HPV in isolated lungs [13].
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In their study, PAK et al. [14] investigated the open question whether ROS are decreased or increased
during acute and chronic hypoxia in the pulmonary vasculature and RV. Using complementary methods,
the authors first documented changes in the redox state of mouse PASMCs during acute hypoxia (1% O2

for 5 min). They demonstrated that acute hypoxia induces an elevation of superoxide in PASMCs, which
was prevented by a low dose of mitochondria-targeted antioxidant MitoQ exposure. Accordingly, levels of
mitochondrial ROS assessed by MitoSOX in fluorescence microscopy and cytosolic H2O2 detected using
the molecular sensor HyPercyto were upregulated in PASMCs subjected to acute hypoxia. In contrast,
superoxide concentration in isolated lung fibroblasts exhibited an inverse fluctuation with a marked
decreased in response to acute hypoxia. The investigators followed up on these observations using in vivo
experiments. They showed that ROS levels are decreased in homogenates from intact lungs exposed to
acute hypoxic ventilation, probably due to the fact that fibroblasts are present in a larger proportion.

In PASMCs exposed to chronic hypoxia (1% O2 for 5 days), divergent results have been observed adding
further complexity to the ROS signalling concept in HPV. Indeed, the authors demonstrated that total
superoxide concentration, mitochondrial ROS and cellular H2O2 were reduced in PASMCs under chronic
hypoxia, as seen in human pulmonary arterial hypertension (PAH) and other PAH models [15–17]. These
changes were accompanied by a presumably adaptive augmentation of antioxidant enzymes expression and
a similar level of the oxidative DNA damage marker, 8-hydroxyguanosine, which is also in accordance
with a greater DNA repair capacity reported in PAH PASMCs [18–20]. Consistently, MitoQ had no effect
on hypoxia-induced PASMC proliferation. Although effects of chronic hypoxia on isolated lung fibroblasts
and particularly adventitial fibroblasts remained to be addressed, a trend towards lower superoxide levels
was observed in lung homogenate of mice after chronic hypoxia (10% O2 for 4 weeks). In accordance,
MitoQ did not affect right ventricular systolic pressure and pulmonary vascular remodelling, both
increased following chronic hypoxic exposure. However, the authors elegantly demonstrated in this model
that MitoQ diminished superoxide concentration and attenuated RV remodelling. To further validate the
functional importance of enhanced ROS production in RV dysfunction, hypoxia-independent RV
hypertrophy was induced in mice by pulmonary artery banding. Similar to that observed in the chronic
hypoxia model, MitoQ treatment significantly reduced RV superoxide concentration and improved RV
remodelling. In agreement with this, previous reports have shown that antioxidants, such as EUK-134 and
melatonin, decrease RV oxidative stress, attenuate the development of cardiomyocyte hypertrophy, and
prevent RV fibrosis in the monocrotaline rat model of PAH [21, 22]. Together, these studies suggest that
targeting oxidative stress could be an effective therapeutic strategy against RV dysfunction.

While the data generated from this study should be interpreted cautiously, they underscore a cellular
adaptation to acute and chronic hypoxia with a cell-type dependent biphasic pattern of ROS production.
Using expression of LDHA and PDK1 as read out of mitochondrial metabolism; the authors surmised that
the metabolic reprogramming towards glycolysis undergone by PASMCs is the cause of the observed
diminution of ROS levels in chronic hypoxia compared to acute hypoxia. Nevertheless, treatment of
chronic hypoxia-exposed PASMCs with dichloroacetate (DCA), a compound that promotes mitochondrial
oxidative metabolism and improves PH both in animal models and humans [23, 24], did not enhance
mitochondrial superoxide concentration in cells exposed to chronic hypoxia, raising the hypothesis that
DCA ameliorates PH by a superoxide-independent mechanism. However, findings in cancer cells showing
that DCA reverses the Warburg effect, enhances generation of mitochondrial ROS and causes cell
apoptosis do not support this hypothesis [25, 26]. Interestingly, a divergent regulation of ROS production
by PASMCs in acute and chronic hypoxia was previously reported with a significant decrease of ROS
production upon acute exposure and a robust increase in ROS levels after chronic exposure [27]. Although
additional work is needed to reconcile these discrepant experimental results, PAK et al. [14] have brought
to light new evidence of the mutual relationship between hypoxia and ROS, fuelling the continuing debate
surrounding redox events in pulmonary oxygen sensing. Interesting related questions remain. For instance,
it is unclear which ROS change and how ROS vary between subcellular compartments and cell types and
whether ROS production depends on the metabolic state of the cell.
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