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Hypoxic pulmonary vasoconstriction (HPV) is an essential mechanism to optimise lung gas 

exchange. We aimed to decipher the proposed oxygen sensing mechanism of mitochondria in 

HPV.  

 

Cytochrome redox state was assessed by remission spectrophotometry in intact lungs and 

isolated pulmonary artery smooth muscle cells (PASMC). Mitochondrial respiration was 

quantified by high-resolution respirometry.  Alterations were compared to HPV and hypoxia-

induced functional and molecular readouts on the cellular level. Aortic and renal arterial 

smooth muscle cells (ASMC, RASMC) served as controls.  

 

The hypoxia-induced decrease of mitochondrial respiration paralleled HPV in isolated lungs. 

In PASMC reduction of respiration and mitochondrial cytochrome c and aa3 (complex IV), 

but not of cytochrome b (complex III) matched an increase in matrix superoxide levels as well 

as mitochondrial membrane hyperpolarisation with subsequent cytosolic calcium increase. In 

contrast to PASMC, RASMC displayed a lower decrease in respiration, no rise in superoxide, 

membrane potential, and intracellular calcium. Pharmacological inhibition of mitochondria 

revealed analogous kinetics of cytochrome redox state and strength of HPV. 

 

Our data suggest inhibition of complex IV as an essential step in mitochondrial oxygen 

sensing of HPV. Concomitantly, increased superoxide release from complex III and 

mitochondrial membrane hyperpolarisation may initiate the cytosolic calcium increase 

underlying HPV. 

 

Key words: hypoxic pulmonary vasoconstriction, reactive oxygen species, spectrophotometry, 

high-resolution respirometry, oxygen consumption 
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Introduction 

Hypoxic pulmonary vasoconstriction (HPV) is an essential mechanism of the lung to match 

blood perfusion to alveolar ventilation, to optimise pulmonary gas exchange. Despite the early 

recognition of this mechanism, which prevents arterial hypoxemia during regional alveolar 

hypoxia, the underlying O2 sensing and signal transduction processes have not been fully 

resolved. HPV occurs within seconds and has been found in vivo and in explanted lungs of 

different species to commence at mild hypoxia, in rabbit lungs at pO2 levels of   ≤ 75 mmHg 

[1,2]. For acute HPV, PASMC have been suggested to represent the O2 sensor and effector 

cells. Upon exposure to hypoxia, isolated PASMC 1) constrict, 2) increase their intracellular 

calcium concentration, and 3) decrease their plasma membrane potential difference. Such 

responses occur at O2 levels below a pO2 of 20 - 50 mmHg [3-5]. Mitochondria, as the 

primary O2-consuming organelle of the cell, have long been thought to play a key role in the 

O2 sensing process of HPV, with recent new findings stimulating this field of research [6-9]. 

Mitochondria use oxygen for energy production by transferring electrons along an energy 

gradient onto oxygen. The transfer is achieved by different redox reactions of mitochondrial 

complex I, II, III and cytochrome c (see also figure 8), until finally the electron is passed to 

oxygen at complex IV of the mitochondrial respiratory chain. However, simple inhibition of 

the last step of the respiratory system by hypoxia seemed not to be the mechanism of HPV, as 

1) complex IV and mitochondria of isolated non-pulmonary cells are largely functional at 

very low oxygen concentrations (= have high oxygen affinity) [10], but HPV occurs at mild 

hypoxia and 2) application of inhibitors of mitochondrial respiratory complexes suggested the 

oxygen sensing mechanism to be upstream of complex IV [7,11,12]. As mitochondria are also 

known to produce ROS as by products during electron transfer, ROS production at complex I, 

II or III had been suggested as oxygen sensing mechanism. However there is currently much 

discussion about whether mitochondrial ROS release is increased or decreased during hypoxia 

to trigger HPV [1]. As underlying mechanisms have been proposed: 1) reduced ROS 
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production by lack of O2 as a substrate, or reduced activity of the electron transfer system, or 

2) increased ROS production by inhibition of complex III downstream of a suggested electron 

leak, or unspecific interference of O2 with the mitochondrial membrane [13,14]. As a possible 

downstream sequence of such events, inhibition of Kv channels, activation of transient 

receptor potential (TRP) channels, and/or other intra-/extracellular calcium channels, have 

been discussed as events leading to the contraction of precapillary pulmonary arterial smooth 

muscle cells (PASMC), and thus HPV [1].  

However, up to now it is not clear, 1) if the mitochondrial electron transport system of 

PASMC is inhibited in the O2 range where HPV occurs, 2) if inhibition of the respiratory 

system occurs during HPV in the intact organ (isolated lung), 3) if there are changes in the 

redox state of mitochondrial cytochromes, which can be attributed to altered ROS production 

and HPV, and 4) if pulmonary cytochromes behave differently or similarly to those from the 

systemic circulation. With regard to the fact that, after birth, lung cells face a much higher 

pO2 than those of the rest of the body, such differences are to be anticipated. However, until 

now these uncertainties have not been resolved due to methodological limitations. In whole 

organs mitochondrial O2 affinity cannot be determined, and in isolated cells simple 

determination of O2 affinity by O2 consumption measurements is hampered by artefacts due to 

non-mitochondrial oxygen consumption resulting in biphasic O2 kinetics during mild hypoxia 

[15]. To overcome these limitations, we first adapted the technique of remission spectroscopy 

to examine the redox state of the mitochondrial respiratory system in intact lungs and in 

isolated PASMC. This optical method allows determination of the redox state of specific 

cytochromes of mitochondria (cytochrome c, cytochrome bl/h of complex III, cytochrome aa3 

of complex IV, see figure 8) and, therefore, can provide information about hypoxic inhibition 

of mitochondrial respiration in isolated organs and cells. If electron transfer to oxygen is 

limited by hypoxia, cytochrome aa3 will become reduced, which is detected by a change in 

absorption characteristics (= difference spectrum). Moreover, measurement of the redox state 
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of cytochrome bl/h can provide insight into mechanism of ROS production. An increased 

electron transfer to produce superoxide could be reflected by an increased oxidation state. 

Second, we used high-resolution respirometry in PASMC, a technology which allows 

determination of hypoxic inhibition of mitochondrial respiration by calculation of pO2 at half-

maximum respiration (p50) according to hyperbolic Michaelis-Menten fitting, independently 

of non-mitochondrial oxygen consumption[10]. Moreover, we deciphered possible differences 

between PASMC, aortic smooth muscle cells (ASMC) and renal arterial smooth muscle cells 

(RASMC), and used inhibitors of mitochondrial respiratory complexes to verify the 

spectrophotometric results in intact lungs. Finally we correlated the hypoxia induced 

alteration of redox state and respiration with mitochondrial ROS generation, mitochondrial 

membrane potential, as well as cytosolic calcium concentration. With these highly sensitive 

methods we could show that, in contrast to previous assumptions, inhibition of mitochondrial 

respiration at complex IV is important for the oxygen sensing process in HPV. Moreover, our 

data suggests that increased ROS production at complex III and increased mitochondrial 

membrane potential are subsequent events initiating HPV.  

 

Material and Methods 

Animals 

Chinchilla bastard rabbits of either sex (2.5�3.2 kg body weight) were used for the 

investigations. All animal experiments were approved by the local Governmental 

Commission.  

Isolated pulmonary, renal and aortal arterial smooth muscle cells 

Smooth muscle cells were isolated from pulmonary precapillary arteries and cultured as 

described previously [16]. The protocol was adapted for isolation of smooth muscle cells of 

renal precapillary arteries. The ASMC were dissected from isolated aorta after removal of the 
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endothelial and adventitial cell layer. Cells from first and second passage were cultured and 

measured in Medium 199 with 10% FCS. 

Isolated perfused and ventilated rabbit lung 

The model of isolated perfused rabbit lungs has been described previously [2].  

Remission spectrophotometry 

Measurement of remission difference spectra was performed by a spectrophotometric system 

using a CytoSPEC II (LEA Medizintechnik, Giessen, Germany). For collection of spectra we 

used a newly-developed fibre-optic light guide (LEA flat probe, LEA Medizintechnik, 

Giessen, Germany) fixed at the surface of the lung. Measurements in cell suspension were 

performed in a closed chamber (Oxygraph-2k, OROBOROS, Innsbruck, Austria) with 

integrated fibre-optic light guides from the CytoSPEC II.  

Redox state of single cytochromes aa3, bl/h and c was determined by multi-wavelength least-

squares fitting of reference spectra of the respective cytochrome in the sum difference 

spectrum (TechPlot, Sftek, Braunschweig, Germany; Fig. 1A). The reference absorption 

spectra for single cytochromes were determined in the closed chamber system. For technical 

details please refer to data supplement.   

 

High-resolution respirometry and O2 kinetics 

Mitochondrial respiration was determined at 37 °C by high-resolution respirometry using an 

Oxygraph-2k (OROBOROS INSTRUMENTS, Innsbruck, Austria). This system allows 

analysis of the O2 kinetics of cellular respiration (for specifications see data supplement). The 

O2 consumption compared to pO2 exhibited biphasic kinetics (Fig. 1B). The linear part at high 

O2 concentrations can partially be attributed to decreased mitochondrial respiration due to loss 

of function and non-mitochondrial respiration, which illustrates that O2 consumption 
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measurement alone does not allow for a complete description of the reaction of the 

mitochondrial respiratory system to hypoxia [15]. Therefore, the O2 affinity of the cells was 

studied in transitions from aerobic and anoxic states. The p50 (O2 pressure at half maximal 

respiration) was calculated according to the previously used method [10]. All measurements 

in cell suspensions were performed in intact cells in Medium 199. 

 

Mitochondrial membrane potential, ROS production, and intracellular calcium 

Mitochondrial membrane potential was measured in a flow-through system in isolated 

PASMC using 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazolylcarbocyanine 

iodide (JC-1) as a ratiometric indicator dye. Mitochondrial ROS production was measured 

with MitoSox and intracellular calcium with Fura-2. A detailed description is provided in data 

supplement. 

 

Reagents 

The perfusate was purchased from Serag-Wiessner (Naila, Germany). Medium 199, cyanide, 

antimycin A, sodium dithionite, cytochrome c and the α-actin antibody were purchased from 

Sigma-Aldrich (St. Louis, USA). Von-Willebrand antibody was from Dako (Glostrup, 

Denmark), JC-1, MitoSox and Fura-2 from Invitrogen (Carlsbad, USA). 

Statistics 

Results are presented as means ± SEM. A one-way ANOVA with Dunnet�s post hoc test for 

the comparison of respiration at different O2 concentrations and evaluation of time course of 

ROS, mitochondrial membrane potential, and intracellular calcium was employed, while a 

one-way-ANOVA with the Newman-Keuls post hoc test was performed for the comparison of 

redox states of different cytochromes. A Student�s t-test was used for the comparison of two 

groups. 
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Results 

Isolated blood-free perfused lungs were ventilated at different O2 concentrations, ranging 

from an alveolar pO2 (PAO2) of 0-113 mmHg for 10 minute periods, alternating with 15 

minute periods of normoxic ventilation (alveolar pO2 158 mmHg). Increases in pulmonary 

arterial pressure (∆ PAP) during hypoxic ventilation were detected at a PAO2 ≤ 75 mmHg 

(Fig. 2A). Recordings from parallel determinations of difference spectra by remission 

spectrophotometry revealed the first detectable changes at a PAO2 of 75 mmHg, reaching 

significance at 53 mmHg at 410-445 nm (Fig. 2B, C). Further alterations of remission spectra 

were evident at a PAO2 of  ≤ 38 mmHg in the range of 520-590 nm and at a PAO2 of 0 mmHg 

in the ranges of 410-460 nm and 500-630 nm (Fig. 2B, C). As reference, a difference 

spectrum after total reduction of mitochondrial cytochromes with cyanide, as well as 

reference spectra for cytochrome c (420/550 nm), bl/h (430/563 nm), and aa3 (445/603/605 

nm) are provided. Recordings of remission spectra from PASMC under different O2 

concentrations revealed similar alterations, such as in isolated lungs (Fig. 3). 

Fitting of reference spectra of single cytochromes into these spectra attributed the hypoxia-

induced alterations to a reduction of mitochondrial cytochromes (Fig. 4 and supplement). 

While a reduction of cytochrome bl/h was detectable only at O2 concentrations of ≤ 8 mmHg, 

cytochrome c was already reduced at a pO2 of 38 mmHg in PASMC. For cytochrome aa3, 

reduction was observed at a pO2 of ≤ 23 mmHg. (Fig. 4A,B). The O2 dependence of redox 

alterations paralleled the inhibition in respiration determined by high-resolution respirometry 

(Fig. 4A).  Although cytochrome c was significantly reduced at higher oxygen levels (38 

mmHg) in PASMC than in ASMC or RASMC when compared to normoxia (asterisks in Fig. 

4B, supplement Fig. 4A), the absolute levels of hypoxia-induced reduction of mitochondrial 

cytochromes did not differ between PASMC, ASMC and RASMC (Fig. 4B and supplement 

Fig. 4A). If any, only subtle changes between PASMC, ASMC, and RASMC could be 
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detected by a comparison of cytochrome c or of aa3 reduction in relation to that of 

cytochrome bl/h within the different cell types. Such differences were significantly detectable 

in PASMC at 8 and 23 mmHg, in RASMC at severe hypoxia (8 mmHg) and not in ASMC (# 

in Fig. 4B). A lower reduction of cytochrome bl/h compared to cytochrome aa3 or c allows 

that cytochrome bl/h can still pass on the electrons at hypoxic levels, when electron transfer of 

cytochrome c or aa3 is already compromised due to low oxygen availability. Fully reduced 

spectra of PASMC, ASMC, and RSMC differed in the wavelength range around 430 nm (Fig. 

4C). At anoxia difference spectra of PASMC minus RASMC revealed spectral alterations 

resembling reduced spectra of cytochrome b558 of NADPH oxidase (Fig. 4D). However at 

7.5 mmHg spectra of PASMC, ASMC and RASMC were not different. The first significant 

inhibition of respiration was found at pO2 levels of ≤ 105 mmHg in PASMC (Fig. 5A). 

Oxygen partial pressure at half-maximal respiration (p50) for PASMC was calculated to be a 

pO2 of 0.84 ± 0.03 mmHg, 0.82 ± 0.05 mmHg for ASMC, and 0.58 ± 0.04 mmHg for 

RASMC (Fig. 5B). The onset of mitochondrial cytochrome reduction in PASMC correlated 

well with an increase in mitochondrial membrane potential, mitochondrial ROS production 

and the intracellular calcium concentration, with first detectable alterations occurring at a pO2 

of 23 mmHg (Fig. 6A, B, C). Mitochondrial membrane potential was significantly increased 

in PASMC and ASMC, but not RASMC (Fig. 6D). In contrast hypoxia induced an increase in 

mitochondrial ROS production and intracellular calcium in PASMC, but neither in ASMC nor 

in RASMC (Fig. 6E, F). The increase of mitochondrial membrane potential and ROS 

production preceded the intracellular calcium increase in PASMC, the latter showing a similar 

time kinetics as found previously [16] (Fig. 6G, H, I).  

In the absence of cyanide, the strength of HPV was 3.0 ± 0.5 mmHg, when challenging the 

lungs with hypoxia (PAO2 23 mmHg , n=4). Inhibition of the mitochondrial respiratory system 

by cyanide in intact lungs inhibited HPV dose-dependently and reduced mitochondrial 

cytochromes with similar kinetics (Fig. 7A).  Cytochrome bl/h was significantly less reduced 
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than cytochrome aa3 and c by cyanide treatment (Fig. 7A). In parallel with inhibition of HPV 

cyanide induced a normoxic vasoconstriction determined as a PAP increase of 0.8 ± 0.2 

mmHg (n=4). In isolated PASMC cyanide inhibited maximal reduction of mitochondrial 

cytochromes and respiration less than HPV in isolated lungs (Fig. 7B, C). In isolated lungs 

HQNO reduced cytochrome bl/h and oxidized cytochrome c to a similar extend as it inhibited 

HPV (Fig. 7D). Anoxic mitochondrial reduction was suppressed by HQNO in PASMC with 

an analogous dose-effect as for the inhibition of HPV in the isolated perfused lung (Fig. 7E). 

However, such a correlation was not found for respiration (Fig. 7F). Rotenone inhibited HPV, 

but resulted in no redox changes at a pO2 of 23 mmHg in the isolated lung (Fig. 7G). 

However, cytochrome reduction in PASMC correlated well with the inhibition of HPV in 

intact lungs (7H), whereas respiration was more inhibited than HPV (Fig. 7I). 

 

Discussion 

Although mitochondria have long been thought to be involved in the O2 sensing process 

underlying HPV [7-9,12,13], the possible mechanisms of their contribution are not yet 

resolved. In particular, the high O2 affinity of mitochondria has been considered to exclude 

the inhibition of mitochondrial respiration as a possible mechanism underlying HPV [17]. 

Therefore ROS production mainly at complex I and/or III by an yet unresolved mechanism 

has been proposed as an alternative pathway [1,18,19]. However, it is not clear whether 

mitochondria of the pulmonary circulation have a lower O2 affinity and whether differences in 

mitochondrial cytochromes redox state exist compared to mitochondria of the systemic 

microcirculation. Such differences may be anticipated, as the cells of the different vascular 

systems and thus their mitochondria have to be equipped to face different pO2 levels. Those of 

the systemic vasculature are exposed to a much lower pO2 than those of pulmonary resistance 

vessels after birth [20]. In addition, mitochondrial redox states can be modified by CO [21] 

and NO [22], which may alter the O2 sensitivity in the intact organ. Against this background, 
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we aimed to investigate the oxygen dependent regulation of mitochondrial redox state and 

respiration in isolated lungs and PASMC. We adapted remission spectroscopy in intact, 

isolated and blood-free perfused rabbit lungs by construction of fibre-optic light guides to 

quantify redox alterations of mitochondrial cytochromes under graded hypoxia in the intact 

organ. As remission spectroscopy in intact lungs is limited by the fact that the sum spectra of 

all pulmonary cells are detected, but PASMC are thought to be the sensor cells of HPV [23], 

we, in addition, measured respiration and cytochrome redox alterations in isolated PASMC by 

combination of respirometry and spectrophotometry and compared this with hypoxia-induced 

cellular responses, such as mitochondrial matrix superoxide release, mitochondrial membrane 

potential, as well as intracellular calcium levels. Possible differences of ASMC or RASMC 

were determined.  

 

Our findings suggest inhibition of complex IV as a prerequisite of mitochondrial oxygen 

sensing in HPV despite high oxygen affinity of mitochondria. We propose that such 

alterations initiate mitochondrial matrix superoxide release from complex III, an increase in 

mitochondrial membrane potential and finally an increase in cytosolic calcium. This concept 

is based on the facts that: 1) the hypoxia-induced decrease of mitochondrial respiration 

paralleled HPV in isolated lungs; 2) the reduction of cytochrome c and aa3 (complex IV) and 

respiration in PASMC correlated to the hypoxia-dependent increase in mitochondrial 

superoxide levels as well as mitochondrial membrane potential and intracellular calcium; 3) 

cytochrome bl/h (complex III) was less reduced during hypoxia compared to cytochrome c and 

aa3; 4) these alterations were partially specific for PASMC, as RASMC displayed a lower 

decrease in respiration and no rise in matrix superoxide release, mitochondrial membrane 

potential, and cytosolic calcium and there was a lower reduction of cytochrome bl/h in relation 

to cytochrome aa3 and/or c in PASMC compared to ASMC or RASMC, 5) pharmacological 
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inhibition of mitochondria revealed analogous kinetics of cytochrome redox state and the 

strength of HPV.  

Although in isolated lungs mitochondrial inhibition determined by cytochrome aa3 (complex 

IV) reduction was only detected at a PAO2 of 0 mmHg, mitochondrial respiration was inhibited 

already at a pO2 of 105 mmHg in isolated PASMC, correlating to onset of HPV. This 

decrease in respiration was paralleled by reduction of cytochrome aa3 and c in isolated 

PASMC.  The alterations of mitochondrial cytochrome redox state reached significant levels 

at a pO2 of 38 mmHg for cytochrome c and 23 mmHg for cytochrome aa3, where also 

significant hypoxia-induced increase of mitochondrial superoxide, mitochondrial membrane 

potential and intracellular calcium release could be detected. In this regard it has to be taken 

into account that measurements in the intact lung may be less sensitive due to the fact that 

redox signals not only from the sensor cells of HPV (PASMC), but also from non-sensor cells 

contribute to the determined spectra.  The fact that the spectral changes seen in the isolated 

lung at a PAO2 of 75 mmHg could not be observed in PASMC favours the suggestion that the 

onset of cytochrome reduction in the wavelength range of 410-440 nm in isolated lungs under 

mild hypoxia (pO2 75 mmHg) is not attributed to cytochrome bl/h reduction in PASMC, but 

rather related to other cytochromes of the b class (hemoglobin, cytochrome b558) in other cell 

types. 

At a pO2 of 23 mmHg, when first hypoxia-induced alterations in PASMC were seen, 

cytochrome c was reduced by 7.1 ± 2.1 %, cytochrome aa3 by 7.1 ± 2.4 % and respiration by 

3.3 ± 0.0 %. This level of hypoxia is well in line with the onset of HPV in the intact organ, 

since comparable O2 values have been suggested to occur at the level of precapillary PASMC 

in isolated lungs [20]. Furthermore the range of onset of hypoxia induced alterations 

resembles previous studies focussing on the onset of hypoxic cellular membrane 

depolarization and intracellular Ca2+ increase [3,4]. Therefore we suggest that reduction of 

respiration and alterations of cytochrome redox state are initial steps of mitochondrial oxygen 
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sensing in PASMC. The degree of inhibition of respiration seems too small for metabolic 

inhibition, but may result in signal initiation, for example, by AMP-dependent protein kinase 

activation [8], regulation of mitochondrial calcium release [24] or ROS metabolism via 

regulation of cytochrome redox state. Cytochrome bl/h exhibited a high oxidation state even at 

severe hypoxia, whereas cytochrome c and aa3 had already been reduced. Although 

cytochrome bl/h has the lowest absorption coefficient according to our measurements, 

discernable changes were detectable according the equation for critical difference in the 

oxygen range of a pO2 ≤ 23 mmHg. The higher oxidation state of cytochrome bl/h suggests 

electron transfer directly on oxygen bypassing cytochrome c, resulting in superoxide 

production, as proposed by Moncada and colleagues in a monocyte cell line, demonstrating 

more pronounced reduction of cytochrome aa3 and c compared to cytochrome bl/h [25]. This 

interpretation is supported by the detection of increased ROS production in PASMC found in 

our study. However, it has to be taken into account that the measurements of ROS with 

MitoSox are limited, as 1) the function of this dye is dependent on mitochondrial membrane 

potential and 2) that mitochondrial matrix superoxide levels may not reflect those in the 

intermembrane space or the cytosol. Additional factors (e. g. membrane hyperpolarisation) or 

local regulation (e.g. local ROS scavenging) may also influence ROS  release, as ASMC and 

RASMC also show lower reduction of cytochrome bl/h at severe hypoxia, but no increase in 

ROS production. However, our finding  is in accordance with hypoxia-induced increase in 

mitochondrial superoxide production at the semiubiquinone site at complex III and thus HPV 

as previously suggested [11,14,26-28]. Increased ROS levels may in fact regulate 

mitochondrial membrane potential via modulation of mitochondrial ion channels, although it 

has previously been shown in non-pulmonary cells that mitochondrial membrane 

hyperpolarization may itself increase ROS [29]. Moreover, although it is not clarified yet how 

mitochondrial membrane hyperpolarization is achieved, it is in line with previous studies [30].   
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The fact that both hypoxia-dependent alterations of respiration and the absolute level of 

cytochrome redox state in PASMC did not differ from those in ASMC (Fig. 4B and 

supplement Fig. 4A) and the absolute level of cytochrome reduction did not differ between 

PASMC and RASMC (Fig. 4B) allows for the conclusions that 1) either inhibition of 

respiration is not the single mechanism underlying HPV, 2) that the difference in responses of 

PASMC and ASMC to hypoxia is caused by mechanisms downstream of a reduction in 

respiration, e.g. by different ion channel expression [31], or specific regulation of ion channel 

function [32] or 3) with regard to ASMC, ASMC react similar to PASMC as they face rather 

high pO2 in vivo with the aorta carrying well oxygenated blood.  The latter explanation is 

supported by the fact that in contrast to ASMC, RASMC showed no hypoxia-induced 

membrane hyperpolarization, which corresponds to higher respiration in hypoxia.  A role of 

the culture conditions for the observed effects was largely excluded as only cells from 

passages 1 and 2 were used, no differences between these passages were detectable, and 

cultured cells showed expected physiological responses, e.g. with regard to the hypoxia-

induced intracellular calcium increase (see also Supplementary Fig. 2). 

Our data obtained with isolated cells confirm that hypoxia-induced spectral changes are 

detectable only in cytochromes of the mitochondrial electron transport system (see 

supplement) [33]. However, at anoxia differences in cytochrome spectra of PASMC and 

RASMC suggest a spectral contribution of cytochrome b558 of NADPH oxidase in PASMC. 

As no such difference was detected at higher oxygen concentrations, this supports the 

hypothesis that the NADPH oxidases are active even at very low oxygen concentrations and 

thus their activity can also contribute to the regulation of HPV. This is in line with the 

previous finding in intact lungs [9].  

Our data favour the conclusion that oxidised cytochrome bl/h  plays a role in HPV. Thus we 

inhibited cytochrome c oxidase by application of cyanide in intact lungs with parallel 

assessment of remission spectra. The decrease in the strength of HPV paralleled the degree of 
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cytochrome reduction and thus mitochondrial inhibition. Again, cytochrome bl/h was 

significantly less reduced than was cytochrome c, suggesting that a differential regulation of 

redox states is possible and detectable also in the intact lung. In presence of HQNO, an 

inhibitor of complex III, dose-dependent reduction of cytochrome bl/h and oxidation of 

cytochrome c correlated well with the inhibition of HPV in isolated lungs. Surprisingly 

rotenone (inhibitor of complex I) did not result in any detectable changes of redox state at 

hypoxia of a PAO2 of 23 mmHg in the isolated lung, although it inhibited HPV. However, as 

rotenone inhibits electron input in the respiratory chain, increased oxidation may only be 

detectable, when mitochondria are fully reduced [34] . Indeed, measurements in isolated 

PASMC showed inhibited reduction of mitochondrial cytochromes in anoxia which correlated 

with HPV. Also changes in the hypoxic redox state in presence of the other mitochondrial 

inhibitors correlated well with the alteration in the strength of HPV, again supporting the 

suggestion, that mitochondrial respiratory system activity is directly linked to HPV.  Although 

our study could detect only subtle differences with regard to mitochondrial cytochrome 

reduction in PASMC when compared to ASMC and RASMC a clear specificity for the 

pulmonary system was found with regard to respiration, mitochondrial superoxide release and 

membrane potential and intracellular calcium release and thus, with regard to respiration and 

superoxide release, mitochondrial function. Even if the alterations in cytochrome reduction 

are not specific for the oxygen sensing process in HPV, our data show that cytochrome 

reduction is a prerequisite for oxygen sensing and may explain mitochondrial ROS production 

mechanism. The interpretation of a specific role of cytochrome reduction suggested from our 

investigations on the cell level is supported by the findings from the inhibitor studies in the 

isolated lungs, correlating cytochrome reduction with HPV alterations. 

In conclusion, we have established a new spectrophotometric technique and demonstrated, to 

the best of our knowledge for the first time, the O2-dependence of mitochondrial respiration 

and redox state in isolated, intact lungs, PASMC, ASMC and RASMC. 
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As summarized in Fig. 8 a small but significant decrease in mitochondrial respiration and 

reduction of cytochrome c and aa3 (complex IV) was found in the O2 range of HPV and/or 

hypoxic reactions of PASMC. Thus, despite the high oxygen affinity of mitochondria, 

inhibition of mitochondrial respiration may act as a sensor in acute pulmonary oxygen sensing 

by oxygen deprivation at the physiological electron transfer site (complex IV). This may 

result in an increased electron backup and leak at complex III, indicated by increased 

oxidation level of cytochrome bl/h, and subsequent ROS production increased mitochondrial 

membrane potential and cytosolic calcium levels. Alternatively the latter events may be 

specifically regulated in PASMC independent from cytochrome redox state by mitochondrial 

respiration and subsequent downstream mechanisms. Moreover, ROS production from 

NADPH oxidases may interfere with mitochondrial signalling.  
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Figure legend 

 

Fig. 1: Deconvolution of remission spectra and determination of oxygen affinity  

A) Fitting of spectra of single cytochromes in the measured difference spectrum (reduced 

minus oxidised spectrum) was performed for deconvolution. Negative intensity represents 

absorption (y-axis) at specific wavelengths (x-axis). The wavelength-to-absorption curve 

(=spectrum) depicts the sum spectrum of single cytochromes showing maximum absorption at 

specific wavelengths (cytochrome c (420/550 nm), bl/h (430/563 nm), and aa3 (445/603/605 

nm). By least-square-fitting the spectrum of specific cytochromes was fitted into the measured 

sum spectrum and the level of absorption of each respective cytochrome was calculated in 

relationship to the maximal signal (fully reduced spectrum). For details see Material and 

Methods. 

 

B) The oxygen consumption in pulmonary arterial smooth muscle cells (PASMC) (black line) 

was calculated by the first derivative of O2 concentration (grey line). The decrease in oxygen 

consumption due to non-mitochondrial O2 consumption and cell damage is depicted by the 

hatched area. Number of cells in this experiment is 1.7 Mio/ml. For the calculation of p50 

refer to Material and Methods. 
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Fig. 2: Oxygen dependency of the strength of hypoxic pulmonary vasoconstriction and 

corresponding alterations of remission spectra in the isolated rabbit lungs.  

A) Oxygen dependency of hypoxic pulmonary vasoconstriction (HPV). The strength of HPV 

is given as the maximum increase in the pulmonary arterial pressure (ΔPAP) during 10-min 

periods of hypoxic ventilation for the depicted O2 concentration. Data are from n=5 lung 

preparations. * indicates significant differences compared to normoxic ventilation (pO2 158 

mmHg). 

B) Hypoxia-dependent alterations in remission spectra. Difference spectra were assessed by 

subtraction of hypoxic from normoxic spectra for repetitive hypoxic ventilation manoeuvres 

corresponding to Figure 2a. Spectra in the presence of cyanide (80 µM) were recorded at the 

end of each experiment. Reference spectra for single cytochromes are depicted for 

comparison. Data are from n=5 lungs each.  
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C) Hypoxia-dependent spectral alterations in specific wavelength ranges corresponding to 

Figure 2b. * indicate significant differences compared to the calculated of 0% alterations at 

normoxia.  
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Fig. 3. Oxygen-dependent alteration of remission spectra in isolated pulmonary arterial 

smooth muscle cells (PASMC). 

Difference spectra of hypoxic exposure of PASMC were assessed by subtraction of hypoxic 

from normoxic spectral values. Negative intensity represent absorption peaks at specific 

wavelengths for single cytochromes (cytochrome c (420/550 nm), bl/h (430/563 nm), and aa3 

(445/603/605 nm, see figure 1A). Fitting of single cytochromes to quantify absorption is 

performed in figure 4. Data are from n=9 experiments (six independent cell preparations).  
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Fig. 4. Oxygen dependency of redox alterations of cytochromes aa3, b, c  in pulmonary 

arterial (PASMC), aortic (ASMC), and renal arterial smooth muscle cells (RASMC) .  

Redox alterations were assessed from difference spectra by deconvolution. 

A) Reduction of cytochromes aa3, bl/h, c in PASMC between 113-0 mmHg. For comparison, 

the reduction in respiration from Figure 5a is depicted. Data are from n=16 experiments from 

8 independent cell preparations. *, #, � indicate significant differences of cytochrome aa3, 

bl/h, and c compared to normoxia.  

B) Comparison of redox alterations to cytochrome aa3, bl/h, c in PASMC, ASMC and 

RASMC. Data are from at least n=7 individual experiments from at least n=4 independent 

preparations. * indicate significant differences of cytochrome aa3, bl/h, or c compared to 

normoxia. # indicate significant differences of cytochrome aa3 and c, compared to 

cytochrome bl/h. 
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C) Fully reduced spectra at 0 mmHg given for PASMC, ASMC and RASMC 

D) Difference spectra of PASMC minus ASMC as well as of PASMC minus RASMC at 0 

mmHg and 7.5 mmHg. For comparison spectra of cytochrome b558 and cytochrome bl/h, 

derived from the addition of sodiumdithionite (SDT) or antimycin A to completely reduce 

mitochondria or reduce cytochrome bl/h, respectively, are given.  
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Fig. 5. Oxygen dependency of respiration in pulmonary arterial smooth muscle cells 

(PASMC), aortal smooth muscle cells (ASMC), and renal arterial smooth cells 

(RASMC). 

A) Mean of original recording from PASMC. Respiration at different oxygen concentrations, 

calculated from p50 Bar indicates significant decrease in respiration compared to a pO2 of 158 

mmHg. 

B) Oxygen affinity of PASMC, ASMC, and RASMC calculated as the oxygen concentration 

at half maximal respiration (p50; n=5-9)  
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Fig. 6. Hypoxia-, time- and cell type-dependent alterations of the mitochondrial 

membrane potential, mitochondrial superoxide, and intracellular calcium concentration.  

A) Hypoxia-dependent changes of pulmonary arterial smooth muscle cell (PASMC) 

mitochondrial membrane potential.  

B) Hypoxia-dependent alterations of mitochondrial superoxide concentration in PASMC.  

C) Hypoxia-dependent alterations of the cytosolic calcium concentration in PASMC.  
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D) Comparison of the hypoxia-dependent alteration of mitochondrial membrane potential in 

PASMC, aortal smooth muscle cells (ASMC) and renal smooth muscle cells (RASMC). pO2 

was reduced from normoxia to 8 mmHg.  

E) Comparison of the hypoxia-dependent alteration of mitochondrial superoxide 

concentration in PASMC, ASMC and RASMC. pO2 was reduced from normoxia to 8 mmHg.  

F) Comparison of the hypoxia-dependent increase in intracellular calcium in PASMC, ASMC 

and RASMC. pO2 was reduced from normoxia to 8 mmHg.  
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G) Time course of mitochondrial membrane potential in PASMC. Bar indicates hypoxia (8 

mmHg).  

H) Time course of mitochondrial superoxide production in PASMC.  Bar indicates hypoxia (8 

mmHg).  

I) Time course of intracellular calcium concentration in PASMC. Bar indicates hypoxia (8 

mmHg).  
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Values for A)-F) are given as percent changes six minutes after induction of hypoxia, 

referenced to normoxic controls (pO2= 158 mmHg). 

Values for F)-I) are given as percent changes referenced to normoxic controls. *** P<0.001, 

** P<0.05, * P<0.01 compared to normoxia. Data are from at least n=6. 

 

Fig. 7. Effect of mitochondrial inhibitors on the strength of hypoxic pulmonary 

vasoconstriction (HPV), mitochondrial cytochrome reduction, and mitochondrial 

respiration.  

A) Inhibition of HPV compared to the redox state of mitochondrial cytochromes at different 

cyanide concentrations in the isolated lung. Data are given in percent of maximal reduction or 

maximum strength of HPV, respectively (% max. response) *significant difference compared 

to cytochrome c (P<0.05)  

B) Inhibition of HPV compared to the maximal reduction of mitochondrial cytochromes at 

different cyanide concentrations in isolated pulmonary arterial smooth muscle cells 

(PASMC). 

C) Inhibition of HPV compared to mitochondrial respiration at different cyanide 

concentrations in isolated PASMC. 
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D)-F) As in A)-C) for different 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO) 

concentrations. 
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G)-I) As in A)-C) for different rotenone concentrations. 

n=3-4 for redox measurements in isolated lungs and PASMC, n=5 for measurement of 

mitochondrial respiration. 
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Fig. 8. Role of mitochondrial complex IV in the oxygen sensing and signal transduction 

of hypoxic pulmonary vasoconstriction (HPV). 

Our data suggest that hypoxia inhibits electron transfer from complex IV to oxygen (1). As a 

possible result mitochondrial superoxide concentration (2) and mitochondrial membrane 

potential (3) increases. Finally the intracellular calcium concentration is elevated (4) and 

causes contraction of the pulmonary arterial smooth muscle cells (HPV). An increased 

superoxide production can originate from complex III caused by electron accumulation due to 

distal inhibition of electron flow at complex IV. In addition NADPH oxidase-derived 

superoxide can contribute to the increase in intracellular calcium. 

QH2: Ubiquinol, Q-: Semiubiquinone, Q: Ubiquinone, I: complex I, II: complex II, III: 

complex III, IV: complex IV, HPV: hypoxic pulmonary vasoconstriction  
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