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ABSTRACT Hypoxic pulmonary vasoconstriction (HPV), also known as the von Euler–Liljestrand
mechanism, is an essential response of the pulmonary vasculature to acute and sustained alveolar hypoxia.
During local alveolar hypoxia, HPV matches perfusion to ventilation to maintain optimal arterial
oxygenation. In contrast, during global alveolar hypoxia, HPV leads to pulmonary hypertension. The
oxygen sensing and signal transduction machinery is located in the pulmonary arterial smooth muscle
cells (PASMCs) of the pre-capillary vessels, albeit the physiological response may be modulated in vivo by
the endothelium. While factors such as nitric oxide modulate HPV, reactive oxygen species (ROS) have
been suggested to act as essential mediators in HPV. ROS may originate from mitochondria and/or
NADPH oxidases but the exact oxygen sensing mechanisms, as well as the question of whether increased
or decreased ROS cause HPV, are under debate. ROS may induce intracellular calcium increase and
subsequent contraction of PASMCs via direct or indirect interactions with protein kinases, phospholipases,
sarcoplasmic calcium channels, transient receptor potential channels, voltage-dependent potassium
channels and L-type calcium channels, whose relevance may vary under different experimental conditions.
Successful identification of factors regulating HPV may allow development of novel therapeutic approaches
for conditions of disturbed HPV.
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Hypoxic pulmonary vasoconstriction optimises ventilation–perfusion matching
Hypoxic pulmonary vasoconstriction (HPV), also known as the von Euler–Liljestrand mechanism, is an
intrinsic mechanism of the pulmonary vasculature in response to alveolar hypoxia, to match ventilation to
perfusion and optimise pulmonary gas exchange (figure 1). Humans and almost all vertebrates, including
mammals [1–4], birds [5], amphibia [6], reptiles [7] and probably even fish [8, 9], depend on this
mechanism acting in seconds to divert blood flow from poorly ventilated to well ventilated alveoli.

Under conditions of compromised HPV, such as occurs during anaesthesia [10, 11] or pulmonary
inflammation (e.g. acute respiratory distress syndrome [12]), or in hepatopulmonary syndrome [13],
intrapulmonary shunt flow results in decreased oxygenation of the pulmonary venous blood, systemic
arterial hypoxaemia and organ hypoxia. Although beneficial on a short-term local basis, HPV can become
detrimental when activated globally in the lung on a sustained basis. Under these conditions, HPV can
increase pulmonary vascular resistance and subsequently right heart afterload and may lead, in concert with
pulmonary vascular remodelling processes, to fixed pulmonary hypertension and right heart insufficiency.
This situation may occur at high altitude or during respiratory diseases, including chronic obstructive
pulmonary disease, sleep apnoea and fibrosis, and during failure of ventilation due to neurological diseases.
Although HPV was described decades ago, the underlying oxygen sensing and signal transduction
mechanisms remain obscure. Research may be complicated by the fact that the acute phase of HPV, which
lasts seconds to minutes to match ventilation to perfusion on a breath-to-breath basis, in contrast to
sustained HPV, which lasts minutes to hours, may result from different cellular pathways. Understanding
HPV may help us to develop therapeutic strategies for impaired gas exchange due to attenuated HPV, as
well as for pulmonary hypertension due to generalised HPV. This review aims to provide a summarised
overview of the most important clearly established pathways, as well as novel components that are essential
and specific for the response of pulmonary vessels to acute and sustained hypoxia leading to
vasoconstriction. For a more detailed description of essential and modulatory mechanisms of HPV and
their clinical significance we recommend reading the comprehensive review of SYLVESTER et al. [14].

Characteristics of HPV
Vasoconstriction in response to hypoxia is a unique response exhibited by the post-natal lung and the
placenta, both organs that serve for oxygen uptake and thus aim to optimise gas exchange at the air–blood
or blood–blood interface, respectively. In contrast, systemic vessels distribute oxygen to peripheral organs
and react to tissue hypoxia with vasodilation. Before birth, pulmonary vessels are strongly constricted,
hindering blood flow through the nonfunctional lung. After birth, alveolar inflation and oxygenation result
in pulmonary vasodilation; thus, from an ontogenic point of view, the HPV phenomenon also may be
termed “normoxic pulmonary vasodilation” [15].

The first description of HPV is more than 100 years old, when BRADFORD and DEAN [16], as well as
PLUMIER [17], described in 1894 and 1904, respectively, an increase in pulmonary arterial pressure in
response to asphyxia. Later, VON EULER and LILJESTRAND [18] suggested in 1946 that HPV serves for
ventilation–perfusion matching in response to alveolar hypoxia. Shortly thereafter, in 1947, HPV was
demonstrated to be also present in humans [19, 20]. Some decades ago, it became clear that HPV is
primarily achieved by vasoconstriction of the pre-capillary pulmonary vessels, located at the entrance of
the acinus, and to a lesser degree by post-capillary-located venules [21–24]. These vessels respond mainly
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FIGURE 1 Hypoxic pulmonary vasoconstriction optimises gas exchange by matching perfusion to ventilation.
Blue arrows indicate the constriction of pulmonary arteries, black arrows the direction of blood flow.

DOI: 10.1183/13993003.00945-2015 289

PHYSIOLOGY IN RESPIRATORY MEDICINE | N. SOMMER ET AL.



to alveolar hypoxia, as well as to a drop in pulmonary arterial oxygen tension (PO2) [25], but not to
changes in pulmonary venous PO2 [26]. When pre-capillary vessels are isolated and endothelium denuded,
they constrict in the presence of hypoxia, suggesting that the sensor and effector mechanisms of HPV are
located in these vessels [27]. Later, it was demonstrated that isolated pulmonary arterial smooth muscle
cells (PASMCs) from the pre-capillary vessels constrict in response to hypoxic exposure [28, 29] or react
with an intracellular calcium increase to hypoxia, which is thought to be an essential effector mechanism
and thus a cellular surrogate for HPV [30, 31]. In contrast, smooth muscle cells (SMCs) from isolated
cerebral arteries dilate during hypoxic exposure [29]. Thus, the essential machinery to induce and execute
HPV was thought to be located in PASMCs. Although the trigger mechanism of HPV thus seemed to be
intrinsic to PASMCs and is independent from systemic neural [32] or humoral [33, 34] factors, HPV can
be modulated by extrinsic factors, such as the nervous system [35, 36], endothelial factors (e.g. nitric
oxide) [37–39], circulating hormones [40, 41], volatile agents (e.g. carbon monoxide) [42], metabolism
(e.g. pH) [43], physical influence (e.g. blood viscosity) [44], sex [40], hypoxia-inducible factor (HIF) [45],
endocannabinoid anandamide [46] or arachidonic acid metabolites [47], which might be particularly
relevant under physiological and pathological conditions in vivo. An overview of the reactions of lungs in
vivo and ex vivo, as well as pulmonary arteries and PASMCs, during exposure to acute and sustained
hypoxia is given in figures 2 and 3.

However, the view that PASMCs are the exclusive effector and sensor cell type of HPV is challenged by
the concept that pre-conditioning is essential for PASMCs to execute HPV, as in some preparations,
isolated vessels only constricted in the presence of endothelium [51, 52]. This pre-conditioning might be
particularly true for sustained HPV. Interpretation of these studies, however, is complicated by the facts
that the kinetics of HPV in the presence of prolonged hypoxia depend on the experimental setting, the
differentiation between acute and prolonged hypoxia is not well defined and both phases may overlap [50,
53–56]. Recently, it was shown by real-time in vivo fluorescence measurements that hypoxic ventilation in
the isolated ventilated lung caused endothelial membrane depolarisation in alveolar capillaries that
propagated to upstream arterioles in a connexin-40-dependent manner and that this signal, as well as
HPV (but not angiotensin-II-induced vasoconstriction), was attenuated during pharmacological or genetic
inhibition of connexin 40 [57]. As connexin 40 is exclusively expressed in endothelial cells, this study
challenged the hitherto widely accepted model of PASMCs being the oxygen sensor and effector cell type
[57]. However, this study also illustrates the difficulties of defining acute and prolonged hypoxic response,
as HPV was determined after 10 min of hypoxic ventilation, which might not reflect acute HPV under
other experimental conditions where the maximum is reached within 5 min of hypoxia [1, 2]. Moreover,
HPV was decreased during connexin 40 inhibition to about 30% of the response in wild-type mice, but
not completely inhibited, which points to a sensitising or modulating role of the endothelium.

Even if in vivo some pre-conditioning by other cell types, e.g. the endothelium, is necessary, PASMCs
seem to contain all essential components for the oxygen sensing and signal transduction pathway leading
to HPV, as acute HPV could be detected in isolated PASMCs in the absence of endothelium, as previously
outlined [28–30].
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FIGURE 2 Schematic representation of typical responses to hypoxia observed in vivo and in vitro. a) Changes in
right ventricular pressure (RVP) in vivo [48]. b) Changes in pulmonary artery pressure (PAP) in isolated lungs
[38, 49]. The dashed line shows the effect of nitric oxide synthase inhibition. c) Changes in contractile force in
isolated intrapulmonary arteries [50]. The dashed line shows the effect of removed endothelium. d) Changes
in intracellular calcium concentration ([Ca2+]i) in isolated intrapulmonary arteries [50]. For each graph, the
duration of hypoxia is ⩾40 min.
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Trigger mechanism for HPV: mitochondrial reactive oxygen species
For decades the quest for the main mediator triggering the intracellular calcium increase in PASMCs that
precedes HPV remained a central question. Intracellular calcium increase, resulting in myosin light chain
phosphorylation and contraction, is essential in HPV signalling [14, 55, 58], although the involvement of
an endothelium-dependent or -independent rho-kinase activation that could induce sensitisation by
inhibition of the myosin light chain phosphatase during acute HPV is under debate [59]. Thus, upstream
signalling mechanisms that induce intracellular calcium increase were searched for.

As force development is largely dependent on energy production, initial studies suggested inhibition of
mitochondrial ATP production, which is an oxygen-dependent process, as a sensor mechanism. However,
only some mitochondrial inhibitors prevented HPV in early setups [60–63] and HPV occurs at oxygen
concentrations that are thought to be way above the oxygen sensitivity of mitochondria. In the isolated,
buffer-perfused lung, a PO2 below 40–75 mmHg in the ventilated air [2, 64] and in PASMCs a PO2 of
25–50 mmHg in the buffer [28, 29] was sufficient to induce contraction, while only a very small inhibition
of mitochondria, well below the limit for substantial reduction of ATP production, was detected in these
PO2 ranges in isolated lungs and PASMCs [64]. Moreover, no ATP depletion was measured during acute
hypoxia in the whole lung [65, 66], although this finding could also be caused by upregulation of
glycolytic ATP production [67]. This mechanism may be of particular importance for sustained HPV,
which has been shown to be dependent on anaerobic glycolysis [50].

However, for acute HPV, some mechanism acting independently of energy deprivation at mild hypoxia was
searched for. Additionally, the signalling mechanism, at least for acute HPV, is required to be very fast, as
HPV adapts ventilation to perfusion in seconds on a breath-to-breath basis [2]. Subsequently, a different
oxygen-dependent mediator came into the spotlight: reactive oxygen species (ROS). This is actually the
general term for different molecules including, for example, the short-lived superoxide, which cannot move

Hypoxia

Acute HPV (5–20 min)

Sustained HPV (≥180 min)

Co
nt

ra
ct

ile
 fo

rc
e/

R
VP

/P
ul

m
on

ar
y 

va
sc

ul
ar

 re
si

st
an

ce

Time

Normal phase II

Normal phase I

– eNOS
+ Red blood cells
 Enhanced phase I

– Ca2+ (0 mM)
– TRPC6
– PI-PLC ?
– nSMase ?
 Abolished phase I

– CTFR
– KV1.5
– p47phox

– PKC
– RISP ?
– RhoK
– TRPV4
– VDCC ?
 Diminished phase I

– eNOS
+ Glucose (15 mM)
+ Red blood cells
 Enhanced phase II

– AMPK ?
– Ca2+ (0 mM)
– Endothelium
– Glucose (0 mM)
– Glycolysis
– KV1.5 ?
– RhoK
– PC-PLC ?
 Abolished phase II

– PKC
– RISP ?
 Diminished phase II

FIGURE 3 Major factors contributing to hypoxic pulmonary vasoconstriction (HPV). Factors are only depicted for which the importance for HPV or
hypoxia-induced contractions has been shown in intact lung experiments or the isolated pulmonary artery, respectively. For factors that are
labelled with a question mark, either specificity for HPV has not been shown or conflicting results were reported. The potential role of reactive
oxygen species and mitochondria is depicted in figure 4. Minus signs indicate the inhibition or removal of a factor, while plus signs indicate
addition. For details and further factors (extrinsic and intrinsic to pulmonary arterial smooth muscle cells) that modulate HPV, see main text.
AMPK: adenosine monophosphate-activated protein kinase; CFTR: cystic fibrosis transmembrane conductance regulator; eNOS: endothelial nitric
oxide synthase; KV: voltage-dependent potassium channel; nSMase: neutral sphingomyelinase; PKC: protein kinase C; PI-PLC:
phosphatidylinositol-specific phospholipase C; PC-PLC: phosphatidylcholine-specific phospholipase C; p47phox: 47-kDa cytosolic subunit of the
NADPH oxidase; RISP: Rieske iron-sulfur protein; RhoK: Rho-kinase; RVP: right ventricular pressure; TRPC6: transient receptor potential
canonical channel type 6; TRPV4: transient receptor potential vanilloid channel type 4; VDCC: voltage-dependent calcium channels.
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freely across membranes but is metabolised to membrane-diffusible H2O2 by superoxide dismutases
(SODs). Besides acting directly at calcium channels, ROS can influence the cellular redox state, which is
characterised by the ratio of oxidised to reduced proteins, e.g. oxidised to reduced glutathione (GSSG/GSH)
or oxidised to reduced nicotinamide adenine dinucleotide (NAD/NADH). As mitochondria are the main
ROS-producing sites, and ROS production is thought to be an oxygen-dependent process, ROS or the
cellular redox state seemed to be ideal as a fast-acting mediator of HPV. Thus initially, the so-called “redox
hypothesis” of HPV was formulated, which defines the shift to a more reduced cellular redox state acting as
trigger mechanism for acute HPV. However, in view of conflicting results regarding ROS measurements
and based on different mitochondrial inhibitor studies, two opposing hypotheses are still under debate:
1) the original redox hypothesis, favouring a decrease of ROS released by mitochondria triggering HPV,
and 2) an increase of mitochondrial ROS release during hypoxia (figure 4; for review see [68–72]).

Decreased mitochondrial ROS release as a trigger for HPV
The original redox hypothesis was based on the observation that inhibition of mitochondrial complexes I
and III inhibited HPV in isolated lungs, pulmonary arteries and PASMCs, caused vasoconstriction during
normoxia and decreased mitochondrial ROS production, as did hypoxia. Thus, inhibition of complexes I
and III was proposed to mimic the hypoxic ROS decrease, cause vasoconstriction in normoxia and
subsequently inhibit further hypoxic vasoconstriction, as ROS cannot further decrease [73]. Although
inhibition of complex IV by cyanide also caused normoxic vasoconstriction, it increased ROS production
and did not cause inhibition of HPV, suggesting that ROS release was not causative for HPV. However, the
experiments did not take into account that ROS could further increase in hypoxia after cyanide application
[73, 74]. Downstream of mitochondrial ROS release, potassium channels were suggested to link the altered
redox state to L-type calcium channels. As it was discovered very early that inhibitors of L-type calcium
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channels decrease HPV, the paradigm was developed that HPV was primarily caused by activation of
L-type calcium channels via cellular membrane depolarisation caused by potassium channel inhibition [75].

Along these lines, the initial redox hypothesis claimed that redox-sensitive cysteine bridges of potassium
channels were the targets for the altered intracellular redox state (defined by redox couples like GSH/GSSG
and NADH/NAD) caused by decreased mitochondrial ROS release [73, 76]. Redox modification of
potassium channels could lead to their inhibition, cellular membrane depolarisation and activation of
L-type calcium channels [77–79]. Indeed, specific potassium channels in PASMCs, particularly the
voltage-gated potassium (KV) channels, KV2.1, KV1.5 and KV9.3 [80–82], were inhibited by hypoxia and/
or reducing agents [83, 84]. Recently, mitochondria in PASMCs have been shown to be located closer to
the plasmalemmal membrane than in SMCs of the mesenteric artery, which might explain the more
potent effect of mitochondrial inhibitors on potassium currents in PASMCs [85]. Different potassium
channels may contribute to the hypoxic response, as animals only deficient for KV1.5 channels showed
only a partial inhibition of HPV [86].

Measurement of ROS during hypoxia has turned out to be enormously difficult and prone to artefacts due
to nonspecificity and autoxidation of fluorescent ROS probes, accidental re-oxygenation during the
measurement procedure, time dependency of ROS release and detoxification, as well as extra- and
intracellular compartmentalisation of ROS production [87–90]. In this regard, measurement of ROS at the
whole lung level revealed a decrease of ROS concentration during acute hypoxia, while ROS detection on
cellular levels mostly showed increased ROS levels [87]. Thus a compartmentalised ROS release may
underlie HPV. This hypothesis is supported by a study that showed increased ROS production in the
whole lung during hypoxia when some of the ROS-generating systems were blocked [91].

Increased mitochondrial ROS release as a trigger for HPV
In the face of the conflicting results with regard to ROS determination, meanwhile, an opposing scenario
has evolved, based on investigations that showed increased hypoxic ROS production originating from
mitochondria [60, 70]. This scenario proposes that ROS release into the mitochondrial membrane space at
the outer ubiquinol-binding site of the mitochondrial complex III triggers HPV. This hypothesis was
based on results showing that inhibition of complex I and proximal parts of complex III inhibited
mitochondrial hypoxic ROS production and cellular hypoxic responses, while distal inhibition at complex
III and complex IV did not interfere with or enhance hypoxic responses. Bypassing the inhibition of
complex I by the complex II substrate succinate restored hypoxia-induced effects [50]. However,
nonspecificity of some of the applied inhibitors, as well as of some of the observed effects, limits the
interpretation of mitochondrial inhibitor studies [87].

More recently, additional evidence has accumulated that indeed a paradoxical increase of ROS might
trigger HPV. Fluorescent dyes, like MitoSOX (Molecular Probes, Invitrogen, Paisley, UK), targeted to the
mitochondria, showed increased mitochondrial ROS production [64]. Newly developed, targeted
intracellular ROS/redox probes based on genetically modified fluorescent proteins have been used in an
attempt to overcome the limitations of fluorescent dyes; however, they also mostly cannot distinguish
between different ROS species. The most advanced investigation in this regard, occurring >20 years after
the initial redox hypothesis, proposes that mitochondrial matrix ROS is unchanged and ROS in the inner
membrane space of mitochondria and cytosol is increased in PASMCs during hypoxia, albeit cytosolic
ROS increase was not specific for PASMCs as it was also increased in aortic SMCs during hypoxia [90].
The same reduction–oxidation-sensitive green fluorescent protein (roGFP) was also applied in lung slices
superfused with hypoxia media, which also showed oxidation of the probe [92].

Inhibitors of different ROS species were used to try to shed light onto the role of ROS in HPV. However,
concentration- and time-dependent variations, as well as lack of specificity for HPV, obscure the relevance
of the observations. Oxidants like H2O2 caused pulmonary vasoconstriction during normoxia in isolated
lungs [93, 94], but antioxidants also caused constriction of isolated pulmonary vessels [95]. A more recent
investigation showed biphasic constriction of the pulmonary artery by application of H2O2 that resembled
properties of the hypoxic response with regard to its response to different inhibitors [96]. Moreover,
oxidants [94, 95, 97] as well as antioxidants [60, 98] inhibited HPV. This finding might be due to the fact
that these substances can cause both activation and inhibition of ion channel activity under different
conditions [99]. Additionally, these agents may exert a nonspecific vasodilatory effect on the pulmonary
vasculature, as shown for H2O2 [94] or tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl) [98]. In
this regard it is important to point out that nonspecific effects of vasoactive substances on the contractile
machinery of the cell should be distinguished from specific effects acting on HPV by testing the
substances’ vasoactivity in the presence of nonspecific vasoconstrictors like angiotensin, potassium
chloride or the thromboxane mimetic U46619. Detailed pharmacological interventions in this regard were
employed in the isolated lung to interfere with the release of superoxide or H2O2 and only the
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cell-permeable superoxide scavenger nitro blue tetrazolium (NBT) inhibited HPV specifically [100]. As
NBT did not increase basal normoxic pulmonary arterial pressure, it was concluded that an increase rather
than a decrease of superoxide triggers HPV [100]. In contrast, lucigenin measurements provided evidence
for a decrease of superoxide occurring in hypoxia in the isolated lung [101]. With regard to defining the
role of superoxide versus H2O2 on the cellular level, the effect of decreasing H2O2 by catalases, or
decreasing superoxide but increasing H2O2 by mitochondrial matrix-located manganese SOD (MnSOD or
SOD2) was tested in PASMCs [102]. Interestingly, MnSOD augmented hypoxia-induced calcium release,
while catalases attenuated it, suggesting that increased H2O2 release induced by mitochondrial matrix
superoxide contributes to hypoxia-induced calcium release [102]. These data are in accordance with
studies showing increased mitochondrial matrix superoxide concentration in hypoxia by the fluorescent
dye MitoSOX, which preferentially detects superoxide in the mitochondrial matrix [64], but may be in
conflict with studies employing the mitochondrial matrix-targeted roGFP that showed unchanged
mitochondrial matrix redox state in hypoxia [90]. Independent of the uncertainty regarding the role of
mitochondrial matrix superoxide, in further support of the hypothesis that increased intracellular H2O2

triggers HPV, it was shown that enhanced ROS removal by glutathione peroxidase 1 or catalase
overexpression inhibited the acute hypoxic response in freshly isolated mouse PASMCs [103].
Furthermore, catalase overexpression or application of a SOD-catalase mimetic inhibited the
hypoxia-induced calcium increase in lung slices [92]. In an interesting approach, the role of physiological
ROS production was tested by inducing an NADPH-oxidase-dependent oxidative burst in macrophages,
which stimulated the contraction of small pulmonary arteries [104]. Nonspecific effects of certain
inhibitors may be explained by the finding that, on the vessel or whole organ level, pre-conditioning of the
endothelium may influence results, because in non-preconstricted arteries only sustained HPV, but not
acute HPV, was inhibited by the antioxidants ebselen and tempol [56]. In summary, evidence is
accumulating that indeed an intracellular increase of H2O2 in PASMCs caused by increased mitochondrial
superoxide production or release causes hypoxic responses that are intrinsic to PASMCs.

Potential mechanisms of increased hypoxic mitochondrial ROS release
Although evidence for a paradoxical increase of mitochondrial ROS release during hypoxia is
accumulating, it remains unclear how increased ROS levels are achieved. While the redox hypothesis is
driven by the fact that the decrease in ROS levels can be easily explained by decreased substrate (oxygen)
availability, the increase of ROS during hypoxia seems counter-intuitive. Generally, some factors favour
ROS release from mitochondria: increased lifetime of ubisemiquinone [105], electron backflow through
complex II [106], mitochondrial calcium influx [107], activation of mitochondrial potassium channels
[108] or mitochondrial hyperpolarisation [109]. While some of the above factors seem unlikely to
contribute to HPV, some have indeed been observed in hypoxia.

Recently, the potential ROS-releasing site at complex III was directly targeted by genetic manipulation of the
Rieske iron-sulfur protein (RISP), which transfers one electron from ubiquinol at the outer ubiquinol-binding
site to cytochrome c thereby producing ubisemiquinone, which transfers the second electron to cytochrome b
of complex III but is also prone to release the electron instead to molecular oxygen to create superoxide.
Knock-down or overexpression of RISP inhibited or increased, respectively, the hypoxia-induced increase of
ROS and calcium in cells, mitochondria and complex III isolated from PASMCs [110]. Pulmonary arteries of
lung slices from mice with an inducible smooth muscle-specific depletion of the RISP lacked hypoxia-induced
increases of calcium and these mice showed an attenuated increase in right ventricular systolic pressure in
response to hypoxia, suggesting that indeed hypoxic ROS release from the outer ubiquinol-binding site results
in HPV [111]. However, these studies are limited by the fact that RISP depletion will also alter electron
transfer downstream of cytochrome c and thereby limit physiological functions regulated by mitochondrial
respiration. Although there are no respiration measurements for the RISP-deficient cells, a limitation of
mitochondrial function can be assumed, as the mitochondrial membrane potential of these cells was
decreased [111]. It was suggested that ROS production at RISP could be increased in hypoxia by a small
inhibition of the respiratory chain with concomitant prominent hypoxic cytochrome c reduction, leading to
increased electron availability at complex III, thereby possibly increasing the lifetime of ubisemiquinone and
ROS production at the outer ubiquinol-binding site of complex III [112]. Indeed, a small inhibition of the
respiratory chain, as well as cytochrome c reduction, was detected in PASMCs in the range of the PO2 in
which PASMCs react to hypoxia. However, these alterations were not specific for PASMCs as they were also
detected in other SMCs [64]. It also has yet to be clarified how increased electron availability at complex III
via increased cytochrome c reduction can induce ROS production at the outer ubiquinol-binding site. It is
generally accepted that simple inhibition of complex IV and electron backup is not sufficient for ROS
production at the outer ubiquinol-binding site of complex III [109], as reduced cytochrome c cannot dock to
RISP and thus prevents electron transfer from ubiquinol and production of ubisemiquinone [113].
Furthermore, this concept contradicts the observation that complex IV inhibition by cyanide does not inhibit
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HPV [60, 73]. Therefore, inhibition of complex IV seems to require an additional mechanism to induce ROS
production at complex III. Additional damage of the ubiquinol-binding site and RISP protein, e.g. by
ischaemia, has been suggested to result in increased electron leak at this site [113] and also direct interference
of complex III with oxygen, which is enriched in the inner mitochondrial membrane, thereby possibly
altering the structure and/or function of complex III during hypoxia [112].

Additional factors favouring ROS production at complex III need to be looked for in the future.
Interestingly, increased mitochondrial membrane potential was found during hypoxia in PASMCs [64, 74],
which is a condition that strongly favours ROS production at complex III [109]. However, the relevance of
mitochondrial hyperpolarisation and its upstream mechanism remain unclear.

Moreover, ROS production by reverse electron transfer in complex II cannot be excluded as a mechanism
for ROS production, as the hypoxic response was detectable in pre-acinar arteries but absent from
intra-acinar arteries of mice with mutant succinate dehydrogenase complex subunit D (SDHD+/− mice),
which is a subunit of complex II [114].

NADPH oxidases as ROS sources
While early studies employing mitochondrial inhibitors and PASMCs deficient of mitochondria suggested
an essential role of mitochondria for HPV [60, 61, 73], the search for the HPV mechanism was extended
to other oxygen-sensitive cellular processes. One of these processes is ROS production by NADPH
oxidases [91, 115, 116]. MARSHALL et al. [115] first described a NADPH oxidase in pulmonary arteries and
isolated PASMCs and their data suggested increased superoxide production by this NADPH oxidase under
hypoxic conditions. In contrast to the, at that time, well characterised phagocytic NADPH oxidase, which
produces ROS for bacterial defence and showed a hyperbolic decrease of superoxide production in
response to decreased PO2 [117], a non-phagocytic NADPH oxidase did increase ROS production during
hypoxia when additionally stimulated by the protein kinase C (PKC) activator phorbol 12-myristate
13-acetate [118]. Thus, the paradoxical increase in ROS production during hypoxia might be explained by
increased activation of a non-phagocytic NADPH oxidase during mild hypoxia, when oxygen availability
suppresses superoxide production only minimally [118]. PKCs have long been suggested to regulate HPV
via NADPH oxidase activation [119], although they have many alternative targets that may affect HPV
[120]. In this regard, it was suggested that ROS release from mitochondria activates PKCε, which in turn
activates NADPH oxidase to enhance ROS production and leads to a calcium increase [121]. Recently,
PKCξ-dependent NADPH oxidase activation has been suggested to be induced by increased ceramide
levels due to mitochondrial-dependent activation of neutral sphingomyelinase (nSMase) [122–125].
However, inhibition of the nSMase also decreased U46619-induced vasoconstriction in pulmonary arteries
[122]. In line with the notion that non-phagocytic NADPH oxidases may transfer hypoxic responses,
genetic studies showed that deletion of the gp91 subunit of the phagocytic NADPH oxidase did not affect
HPV [126]. However, deletion of the subunit p47, which is also part of non-phagocytic NADPH oxidases
located in endothelium-denuded mouse pulmonary arteries [121], caused a specific reduction of acute
HPV but unchanged sustained HPV [118]. Moreover, acute hypoxia caused an increase of NADPH
oxidase activity and translocation of p47 from the cytosol to the plasma membrane [121]. The NADPH
oxidase containing Nox4 (NADPH oxidase 4) as a substitute for gp91 [127], which is expressed in mouse
[128], lamb [129] and human lungs [130], might be of particular importance in HPV [131]. Nox4-derived
increase in ROS production induced KV channel current inhibition and may thus initiate HPV [116].
Moreover, it has been suggested that Nox4 transfers the oxygen-sensing mechanism via interaction with
the two-pore domain potassium channel TASK-1 (Twik-related acid-sensitive K+ channel, subtype 1) in
HEK293 cells [132]. Together with other potassium channels, TASK-1 controls the low resting tone of
pulmonary arteries and is blocked by moderate hypoxia [133]. In human pulmonary arteries, TASK-1
activity, whose active phosphorylated state was decreased by hypoxia [134], was regulated by the Src family
tyrosine kinase and thus may provide a mechanism for hypoxia-induced membrane depolarisation.
Independent from a possible link of NADPH oxidases to TASK-1, the final demonstration of the
importance of NADPH oxidases and specifically Nox4 in HPV is missing. Inhibition of NADPH oxidase
in general by inhibitors like diphenylene iodonium (DPI), apocynin, cadmium sulfate or 4-(2-aminoethyl)
benzenesulfonyl fluoride inhibited HPV in isolated lungs or pulmonary arteries [135–137]. As application
of inhibitors did not induce pulmonary vasoconstriction in normoxia, it was concluded that an increase
rather than a decrease of superoxide release by NADPH oxidases induced HPV [138]. However, these
studies do not prove an essential role for NADPH oxidases, as most of these inhibitors either act
nonspecifically (as in the case of DPI) or inhibit not only HPV but also nonspecific vasoconstriction (as in
the case of apocynin). Recently, the new NADPH oxidase inhibitor VAS2870 was shown to decrease HPV
in pulmonary arteries but not completely inhibit HPV [124]. Moreover, application of VAS2870 did not
influence the hypoxic response in pulmonary arteries without pre-tone [56]. Interpretation of experiments
with NADPH oxidase inhibitors in isolated lungs are limited by the possible presence of leukocytes that
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have migrated into the tissue despite buffer perfusion. In this regard, it was recently shown that
macrophages can influence HPV in isolated pulmonary arteries, possibly by production of ROS [104].
Thus, further studies with genetically altered subunits of NADPH oxidase are warranted to understand
whether NADPH oxidases are indispensable for HPV.

In contrast to these studies showing increased hypoxic ROS release by NADPH oxidases, the groups of
Wolin and Gupte expressed a hypothesis that is based on decreased ROS originating from NADPH
oxidases as an underlying mechanism for HPV. It was initially proposed that bovine pulmonary arteries
have unusually high glucose-6-phosphate dehydrogenase (G6PD) levels compared with systemic vessels.
This high level of G6PD potentially results in higher NADPH concentrations as substrates for the NADPH
oxidase, which thus could produce more H2O2 that causes cyclic guanosine monophosphate
(cGMP)-dependent (via stimulation of soluble guanylate cyclase) and cGMP-independent vasodilation in
normoxia [139, 140]. Hypoxia could inhibit Nox4-dependent H2O2 release and thus cause HPV [131]. In
contrast, GUPTE et al. [141] showed in a recent study that increased G6PD activity during hypoxia resulted
in increased cytosolic ROS concentration. Although the line of argumentation might seem contradictory,
the importance for G6PD was proven by showing reduced HPV in G6PD-deficient mice, albeit specificity
for the hypoxic response was not tested [139–141].

Downstream targets of ROS
In addition to the accumulating evidence of increased hypoxic ROS release in PASMCs originating either from
mitochondria and/or NADPH oxidases, possible downstream targets of increased ROS have been identified.
ROS can interfere with different pathways of HPV. Increased intracellular calcium inducing myosin light chain
phosphorylation and contraction is achieved by calcium flow via plasmalemmal calcium channels, and
possibly also by release of intracellularly stored calcium. As demonstrated very early, extracellular calcium
inflow could be caused by opening of L-type calcium channels that could be activated by membrane
depolarisation due to KV channel inhibition [77–79], while intracellular calcium release may occur mainly via
ryanodine receptor (RyR) channels. Hypothetically, ROS could interact directly with L-type calcium channels
or activate them via membrane depolarisation by inhibition of KV channels, which was recently shown in
endothelium-denuded pulmonary arteries [125]. Redox regulation of L-type calcium channels and KV

channels has been recently summarised [99, 142]. However, the hypothesis is limited by the fact that inhibition
of L-type calcium channels or genetic deletion of KV channels only partially inhibited HPV [86, 143–145].
Moreover, ROS may trigger intracellular calcium release by interaction with sarcoplasmatic RyR receptors [146,
147], but the contribution of intracellular calcium release could not be shown in all studies [49].

As an extension of the primary hypothesis employing the L-type calcium channel/KV channel axis, a
mechanism involving the second messenger diacylglycerol (DAG) has recently been shown in HPV
signalling.

It was discovered that transient receptor potential canonical channel type 6 (TRPC6) channels are essential
for the hypoxic response in isolated lungs and PASMCs. TRPC6 is a nonselective cation channel (NSCC),
belongs to the group of receptor-operated channels and has also been suggested to play a role in
store-operated calcium entry [49]. The pivotal role of NSCCs had already been shown, as their inhibition
completely abolished HPV [148]. Isolated lungs or PASMCs of mice deficient for TRPC6 channels lack acute
HPV and hypoxia-induced increase in calcium, but not the response to sustained or chronic hypoxia [49].
Besides TRPC6 other TRP channels, such as transient receptor potential vanilloid channel type 4 (TRPV4),
may also play a role in HPV, as deficiency in TRPV4 specifically attenuated HPV [149]. However, hitherto,
only TRPC6 channels have been shown to be indispensable for HPV, at least in mice [49]. These channels
gate calcium and sodium. In PASMCs they have been shown to contribute mainly to hypoxic plasma
membrane depolarisation and opening of voltage-gated calcium channels, and to a lesser extent to a direct
intracellular calcium increase [49]. Thus, their activation can provide an alternative KV channel- and L-type
calcium channel-independent route of membrane depolarisation and intracellular calcium increase.
Additionally, it can be speculated that sodium entry via TRPC6 channels could inhibit KV channels, as has
been shown for other cell types [150].

TRPC6 channels can be activated by DAG, which is the product of phospholipases that can be regulated by
ROS. This hypothesis is supported by investigations showing that DAG accumulated in hypoxia in
PASMCs [49] and inhibition of DAG kinase or application of a DAG analogue could induce normoxic
vasoconstriction in wild-type but not in TRPC6 knockout mice, and inhibit HPV specifically [151].
Inhibition of DAG synthesis by the phosphatidylinositol-specific phospholipase C (PI-PLC) inhibitor
U73122 or the phosphatidylcholine-specific phospholipase C (PC-PLC) inhibitor D609 inhibited acute
HPV (albeit not specifically) in isolated lungs [151], or reduced the acute phase and abolished the sustained
phase of HPV in isolated rat intrapulmonary arteries [48], respectively. However, the role of the PI-PLC is
not completely solved, as, in contrast to the previous study, U73122 did not inhibit hypoxia-induced
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calcium signals in human PASMCs, although a prominent role for TRPC6 was detected in these cells [145].
DAG kinase inhibition or phospholipase C (PLC) activation might be caused by superoxide [152, 153].
Moreover, D609 significantly suppressed pulmonary vasoconstriction induced with a generator of
superoxide anions [48]. These observations support the idea that PLC enzymes may contribute to hypoxic
DAG production and be activated by the increase in ROS generation in hypoxia. Interestingly,
PC-PLC-dependent DAG production has also been shown to cause activation of sphingomyelinase [154],
which was suggested to play an important role in HPV via increased ceramide production that could inhibit
KV channels [122–124]. Very recently it was suggested that downstream signalling of nSMase also includes
activation of TRPC6 by two concomitant ceramide-dependent mechanisms: 1) interaction of TRPC6
with the cystic fibrosis transmembrane conductance regulator (CFTR) and recruitment to caveolae, and
2) activation of sphingosine kinase 1 (SphK1) to activate the PLC-DAG-TRPC6 pathway. Intriguingly,
CFTR deficiency specifically attenuated HPV [155]. Inhibition of nSMase and SphK1 abolished or
attenuated HPV, respectively [155]. Although the specific role of nSMase in HPV and upstream
mechanisms of nSMase activation, also with regard to potential ROS-dependent mechanisms, remain to be
deciphered, this study elucidated a novel component of HPV that at least in part regulates HPV.

With regard to the role of DAG, there is evidence that DAG also activates PKCs, which in turn can
activate NADPH oxidases and thus provide a positive feedback loop for ROS production. Mice deficient in
PKCɛ, whose activity is increased in endothelium-denuded pulmonary arteries [156], have specifically
decreased HPV, which suggests that PKCɛ at least modifies the HPV response [157]. These results are
consistent with studies employing PKC inhibitors, which decrease but do not abolish HPV [119, 158, 159].

Additionally, intracellular calcium release from RyR-sensitive calcium stores may contribute to HPV and
activate store-operated channels (SOCs), the second group of NSCC. This process, called capacitative
calcium entry, was suggested to be particularly important for contraction of pulmonary arteries [160].
Inhibitors of store-operated calcium entry (SOCE) decreased HPV [47]; however, the lack of identity of
SOCs involved in HPV hampered further research. Recently, it has been shown that the acid-sensing ion
channel 1 (ASIC1) contributes to SOCE in PASMCs [161] and deficiency of ASIC1 specifically blunted
HPV due to decreased SOCE activation [162].

However, the importance of both extra- and intracellular calcium mechanisms is still a source of debate.
While intracellular calcium release has been shown to be essential and sufficient for HPV [163–167], the
same has been shown to be true for TRPC6-dependent mechanisms, which are currently known to induce
only plasmalemmal calcium influx but not intracellular calcium release. However, the contribution of
extra- and intracellular calcium release may rely on experimental conditions, specifically pre-tone. A recent
study investigated hypoxia-induced contractions in endothelium-containing pulmonary arteries without
pre-tone that may mask essential pathways of HPV by activating modulating or sensitising pathways [56].
Neither phase required calcium inflow via L-type calcium channels for contraction, but acute HPV relied
on intracellular calcium release. While sustained HPV was dependent on SOCE, acute HPV was not
inhibited by SOCE inhibitors. Thus, it was concluded that in HPV the L-type calcium channel/KV channel
axis is only important in pre-stimulated conditions. In line with that hypothesis, L-type calcium channel
inhibitors inhibited acute HPV after pre-stimulation with prostaglandin F2α [56]. Thus, both intra- and
extracellular calcium release may contribute to HPV under different conditions to a different degree. In
this regard it should be mentioned that TRPC6-deficient PASMCs were pre-stimulated with endothelin,
which may enhance the importance of L-type calcium channels [49]. Moreover, the role of L-type calcium
channels may differ in PASMCs derived from proximal or distal pulmonary arterial vessels.

Recently, an HPV-initiating role for H2O2-dependent sensitisation of the extracellular calcium-sensing
receptor was suggested [168], but could not be shown in unstimulated pulmonary arteries [56].

ROS-independent triggers of HPV
The discrepant findings with regard to ROS inhibitors and ROS detection in HPV have raised the question
of whether other signalling molecules might be more important in HPV than ROS [169]. Moreover, the
initial concept that mitochondrial complex I, II or III but not complex IV can act as oxygen sensor, which
was based on the observations that cyanide application does not inhibit HPV [60, 73], was challenged by
studies showing specific inhibition and mimicking of HPV by cyanide [62]. Thus, mitochondria may also
initiate HPV by inhibition of mitochondrial respiration, e.g. via ATP signalling.

Although it is generally accepted that mitochondria are not inhibited during HPV to a degree that
substantially influences ATP production, a small change in AMP/ATP ratio may act as a signalling
mechanism. This hypothesis is based on the facts that 1) mitochondria are mildly inhibited during mild
hypoxia determined by respiration measurements [64] and an increase of NADH/NAD ratio [170], but
2) no ATP depletion was observed during hypoxia in the whole lung [65, 66]. However, a small change in
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AMP/ATP ratio could induce activation of AMP kinase, despite stable cellular ATP levels [171], which
could cause calcium release from intracellular stores via cyclic adenosine diphosphoribose [172]. Although
activation of AMP kinase induced a biphasic vasoconstriction in pulmonary arteries [171], application of
the AMP kinase inhibitor compound C inhibited sustained HPV but not acute HPV in pulmonary arteries
[173]. Moreover, without pre-stimulation, compound C inhibited HPV nonspecifically [56].

A small decrease in ATP may also open mitochondrial ATP-dependent potassium (mitoKATP) channels,
which can increase ROS production under specific conditions [174]. In this regard, inhibitors of mitoKATP

completely inhibited HPV [175], although their specificity for mitoKATP channels is under debate [176].

Recently, a new potential mediator has come to the fore. It was suggested that hypoxia increases H2S
concentration in different mammalian tissues [177] and suppresses mitochondrial H2S consumption in a
PO2-dependent manner, thereby leading to increased mitochondrial ROS production [178, 179]. Inhibition
of H2S production inhibited hypoxic responses in trout gills, but the specificity of inhibition for HPV was
not tested [179]. However, serious doubts have been expressed as to the relevance of this pathway, as
inhibitors of the H2S-synthesising pathway did not inhibit HPV in isolated pulmonary arteries [180].

Outlook
Oxygen sensing and signal transduction in acute HPV is intrinsic to PASMCs, but may depend in vivo on
pre-conditioning from other cell types, especially the endothelium. Contraction of PASMCs in response to
hypoxia is the result of a complex interaction between triggering and modulating factors that culminate in
intracellular calcium increase and myosin light chain phosphorylation. A decrease in mitochondrial ROS
production, as well as an increased ROS release by mitochondria, have both been suggested as potential
oxygen-sensing mechanisms. Early proposals for downstream mechanisms included the alteration of the
cellular redox state, activation of intracellular calcium release and/or inhibition of KV channels, thereby
opening L-type calcium channels. More recently, this fundamental hypothesis of signal transduction has
been questioned, although there is no doubt that KV channels close during hypoxia. As a novel key player
in HPV signalling, the second messenger DAG and its interaction with TRPC6 channels has evolved.
DAG can be produced by ROS-dependent activation of phospholipases and not only interacts with TRPC6
channels but also activates PKC subtypes, as well as ceramide production, which might in turn increase
ROS production by NADPH oxidase or inhibit KV channels, respectively. At least in mice, acute HPV is
transmitted by TRPC6 channel activation, possibly via KV channel-dependent membrane depolarisation
and subsequent opening of voltage-dependent cation channels. The importance of intracellular calcium
release is under debate, but may depend on experimental settings and site of investigation. Moreover, the
mechanism of mitochondrial ROS production remains to be further elucidated in detail.
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