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Aims The pulmonary vascular tone and hypoxia-induced alterations of the pulmonary vasculature may be regulated by
the mitochondrial membrane permeability transition pore (mPTP) that controls mitochondrial calcium load and ap-
optosis. We thus investigated, if the mitochondrial proteins p66shc and cyclophilin D (CypD) that regulate mPTP
opening affect the pulmonary vascular tone.

....................................................................................................................................................................................................
Methods
and results

Mice deficient for p66shc (p66shc-/-), CypD (CypD-/-), or both proteins (p66shc/CypD-/-) exhibited decreased pul-
monary vascular resistance (PVR) compared to wild-type mice determined in isolated lungs and in vivo. In contrast,
systemic arterial pressure was only lower in CypD-/- mice. As cardiac function and pulmonary vascular remodelling
did not differ between genotypes, we determined alterations of vascular contractility in isolated lungs and calcium
handling in pulmonary arterial smooth muscle cells (PASMC) as underlying reason for decreased PVR. Potassium
chloride (KCl)-induced pulmonary vasoconstriction and KCl-induced cytosolic calcium increase determined by
Fura-2 were attenuated in all gene-deficient mice. In contrast, KCl-induced mitochondrial calcium increase deter-
mined by the genetically encoded Mito-Car-GECO and calcium retention capacity were increased only in CypD-/-

and p66shc/CypD-/- mitochondria indicating that decreased mPTP opening affected KCl-induced intracellular cal-
cium peaks in these cells. All mouse strains showed a similar pulmonary vascular response to chronic hypoxia, while
acute hypoxic pulmonary vasoconstriction was decreased in gene-deficient mice indicating that CypD and p66shc
regulate vascular contractility but not remodelling.

....................................................................................................................................................................................................
Conclusions We conclude that p66shc specifically regulates the pulmonary vascular tone, while CypD also affects systemic pres-

sure. However, only CypD acts via regulation of mPTP opening and mitochondrial calcium regulation.
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1. Introduction

Mitochondria play an important role in the regulation of cellular cal-
cium homeostasis. This is accomplished through the mitochondrial
matrix uptake and release of calcium and through the release of reac-
tive oxygen species (ROS).1 Calcium is known to be crucial for the
contraction of pulmonary arterial smooth muscle cells (PASMCs).2

Thus, mitochondria may be involved in regulating pulmonary vascular
tone by interfering with PASMC calcium homeostasis. Moreover, mi-
tochondria have been shown to be particularly important for the pul-
monary vascular responses to hypoxia, including hypoxic pulmonary
vasoconstriction (HPV) and hypoxia-induced pulmonary hyperten-
sion (PH).3

The contraction of small pulmonary arteries in response to alveolar
hypoxia, known as HPV or the von Euler–Liljestrand mechanism,
matches local blood perfusion to alveolar ventilation, thereby protecting
the organism against life-threatening hypoxaemia.4,5 Although the exact
underlying mechanism of HPV remains unknown, an intracellular in-
crease of calcium in PASMCs is assumed to be sufficient to induce con-
traction, at least during the very fast acute phase of HPV, which occurs
within seconds.2,3 Sustained HPV (lasting minutes to hours) may addi-
tionally rely on other mechanisms, such as calcium sensitization.6 In addi-
tion to HPV, chronic exposure to hypoxia, as occurs at high altitudes or
when induced by lung diseases, leads to a dysregulation of apoptosis, mi-
gration and proliferation of pulmonary vascular cells. This leads to pul-
monary vascular remodelling, resulting in PH, which is not spontaneously
reversible. PH can ultimately lead to subsequent right heart failure.
Pulmonary vascular alterations in hypoxia-induced PH are characterized
by increased muscularization of small precapillary pulmonary arteries
and stiffening of the large pulmonary arteries.5 Mitochondria influence
these processes by regulating intracellular calcium concentrations in
PASMCs7,8 and releasing mitochondrial reactive oxygen species (ROS)

that can activate ROS-sensitive ion channels,9 as well as apoptosis10,11

and transcription factors.12

Mitochondrial calcium and ROS release, as well as the induction of
apoptosis, can be regulated by the mitochondrial proteins p66shc
and CypD in response to strong stress stimuli. Phosphorylation of
p66shc under conditions of cellular stress13 induces its translocation
into the mitochondria14 where it is able to generate ROS.15 The
p66shc-induced ROS release increases the probability of mitochon-
drial permeability transition pore (mPTP) opening and regulates mi-
tochondrial calcium release and apoptosis. The mPTP is located in
the highly impermeable inner mitochondrial membrane and can op-
erate in two different modes. Pulsatile low-conductance opening is
thought to protect the mitochondria from hyperpolarisation and cal-
cium overload, whereas high-conductance opening induces a ROS
burst and the release of mitochondrial proteins into the cytosol,
resulting in cell death.16 The probability of mPTP opening can be en-
hanced by different signals, such as calcium and ROS, e.g., via activa-
tion of CypD. CypD is the mitochondrial isoform of cyclophilins17

and covers an inhibitory binding site of the mPTP.18 Although there is
evidence that p66shc signalling may regulate proliferation,19 the ex-
act role of p66shc and CypD in the regulation of pulmonary vascular
tone and remodelling is currently unknown. The role of p66shc-
mediated ROS release in different systemic cardiovascular diseases
has been recently reviewed.20 P66shc may regulate pro-proliferative
signalling via growth factor receptor-coupled pathways (for review
see reference 21) while CypD might contribute to anti-proliferative
signalling by controlling signal transducer and activator of transcrip-
tion (STAT) 3-mediated inflammatory gene expression patterns.22

We reasoned that p66shc and CypD might also play a role in cellular
responses to physiologic stimuli, such as mild hypoxia, which might
be different from their effects on cellular stress stimuli, such as
ischaemia.
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Against this background, we hypothesized that the regulation of cal-

cium handling via p66shc and CypD can regulate pulmonary vascular
function under physiological and pathophysiological conditions and that
both proteins may act through common pathways.

2. Materials and methods

2.1 Animals
All animal experiments were approved by local governmental authorities
(Regierungspräsidium Giessen) and were performed in accordance with
the guidelines from Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes. The generation
of mice deficient in p66shc,14 CypD (lacking the Ppif-gene)23 or both pro-
teins24 and their backcrossing on the C57BL/6J background were de-
scribed previously. The mice were bred in the central animal facility of
our university. C57BL/6J mice served as WT controls and were pur-
chased from Charles River WIGA GmbH (Sulzfeld, Germany). Mice of
both sexes were studied at 2–4 months of age.

2.2 Isolated, perfused, and ventilated
mouse lungs
The lungs of WT, p66shc-/-, CypD-/-, and p66shc/CypD-/- mice were pre-
pared and basal pulmonary arterial pressure (PAP) and HPV were deter-
mined as described previously.25,26 Briefly, after anaesthetization by a
single intraperitoneal injection of 2% xylazine hydrochloride (20 mg/kg
body weight, Bela-pharm GmbH & Co. KG, Vechta, Germany) and 10%
ketamine hydrochloride (100 mg/kg body weight, CEVA Tiergesundheit
GmbH, Düsseldorf, Germany) and anticoagulation with heparin (50 000
I.U./kg bodyweight; Ratiopharm, Ulm, Germany), the animals were intu-
bated and artificial ventilation started. After thoracotomy, catheters
were placed and artificial perfusion with Krebs–Henseleit buffer was
started. While isolating the heart–lung-convolute from the body, the
perfusion rate and temperature were increased to 37�C and 2 mL/min,
rinsing the lung of blood. Subsequently, the circuit was closed and the
pressure was monitored. After 15 min of stable pressure, three repeti-
tive hypoxic manoeuvres (1% O2, 5.3% CO2, balanced with N2) and
three bolus applications of 150 mM KCl (Merck KGaA, Darmstadt,
Germany) to test vasoconstrictive ability were performed. For additional
information and experiments, please refer to the Supplementary mate-
rial online.

2.3 Quantification of hypoxia-induced PH
Mice were exposed to normobaric hypoxia (HOX; 10% O2) or nor-
moxia (NOX; 21% O2) for four weeks in ventilated chambers
(Biospherix, Ltd., Parish, USA). Transthoracic echocardiography was
performed under anaesthesia, induced with 3% isoflurane and main-
tained via a nose cone with 1.5% isoflurane (balanced with O2).
Echocardiography was performed on Day 0 and Day 27 using a high-
resolution imaging system, as described previously.27–29

The haemodynamic analysis was performed using a microtip catheter
(SPR-671NR; ADInstruments, Dunedin, New Zealand), as described
previously.27 Briefly, the mice were anaesthetized with xylazine 2% hy-
drochloride and 10% ketamine hydrochloride by a single intraperitoneal
injection, followed by intubation and ventilation with O2. While main-
taining the body temperature at 37�C, the pressure of the right ventricle
(RV) and the aorta were recorded. The mice were subsequently sacri-
ficed by exsanguination.

Changes in heart morphology were determined by dissecting the free
wall of the RV from the left ventricle and septum (LVþS). The heart ratio
(Fulton’s index) was calculated by dividing the RV by (LVþS) mass;
changes in the left heart morphology were assessed by dividing the LV
mass by the bodyweight in g.

2.4 Vascular remodelling, passive vessel
function, and density of the pulmonary
vasculature
Blinded analysis of muscularization was performed as described previ-
ously.27,30 Briefly, for histological examination, directly after exsanguina-
tion the lungs were flushed and fixed with formalin. The pulmonary
vessels were double-stained with anti-a-smooth muscle actin antibody
(1:900 dilution, clone 1A4, Sigma-Aldrich, Saint Louis, USA) and human
anti-von Willebrand factor antibody (1:900 dilution, Dako, Hamburg,
Germany), followed by counterstaining with methyl green. The degree
of muscularization of the small peripheral pulmonary vessels was deter-
mined by using a computerized morphometric system (Qwin, Leica,
Wetzlar, Germany). The percentages of non-, partially, and fully muscu-
larized vessels were calculated by dividing the number of vessels in the
category by the total number counted. All vessels were analysed. For
representative images, please refer to the Supplementary material on-
line, Figure S5A–C.

To determine alterations of the passive vessel function (stiffness), left
and right pulmonary artery rings were isolated directly after exsanguina-
tion and analysed by a wire myograph (Multimyograph 620 M; Danish
MyoTechnology A/S, Arhus, Denmark). The experiments were per-
formed according to a previously described protocol.31,32 Briefly, the
samples were mounted and equilibrated in a physiological salt solution
(PSS), a wake-up protocol was applied, and finally, the buffer was
changed to calcium-free PSS. The distance between the wires was en-
larged stepwise, and the force was recorded in LabChart
(ADInstruments, Dunedin, New Zealand). Using regression analysis, the
stress–strain curve displaying the relationship between the logarithmi-
cally transformed resting wall tension and the corresponding internal di-
ameter was determined.33 The density of the pulmonary vasculature was
determined by lung vessel casting with MicrofilVR (Flow Tech, Inc.,
Carver, Massachusetts) and subsequent ex vivo mCT imaging. Please refer
to the Supplementary material online for details.

2.5 PASMC isolation
Mouse precapillary PASMCs were isolated and cultured as described
previously.26,34 Briefly, the mice were deeply anaesthetized by intraperi-
toneal injection of 2% xylazine hydrochloride (20 mg/kg body weight)
and 10% ketamine hydrochloride (100 mg/kg body weight) and anticoa-
gulated with heparin (50 000 I.U. heparin/kg body weight). The mice
were subsequently sacrificed by exsanguination according to the ap-
proved animal care and use protocols. The lungs were rinsed, and a mix-
ture containing 0.5% low-melting point agarose (type VII, Sigma-Aldrich,
Munich, Germany) and 0.5% Fe3O4 particles (Sigma-Aldrich, Munich,
Germany) was delivered via the RV. After chopping and shearing, tissue
particles containing iron were separated using a magnet. The particles
were then resuspended and transferred to cell culture dishes for cultur-
ing PASMCs.

2.6 Calcium imaging
PASMCs were cultured on coverslips loaded with 5 lm Fura-2-AM
(Sigma-Aldrich, Steinheim, Germany) and were analysed as described

CypD, p66shc, and pulmonary vascular tone 307

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa310#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa310#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa310#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa310#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa310#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
previously.26 Fura-2 is excited at 340 nm (Ca2þ bound) and 380 nm
(Ca2þ free). In both states, the emission is 510 nm. The 340/380 nm ratio
is related to the concentration of intracellular calcium ([Ca2þ]i). The
basal [Ca2þ]i and the increase after stimulation with 0.4 M KCl were
investigated.

2.7 Calcium-induced mPTP opening in iso-
lated lung mitochondria and mitochondrial
calcium imaging
Please refer to Supplementary material online.

2.8 Western blot analysis
Proteins were isolated from lung homogenates of C57BL/6J mice after
normoxic and chronic hypoxic (10% O2 for 4 weeks) exposure. Rabbit
anti-shc (1:1000 dilution, BD-Transduction, Heidelberg, Germany),
mouse anti-cyclophilin F (1:1000 dilution, Abcam, Cambridge, Great
Britain), and anti-b-actin (1:50 000 dilution, Sigma-Aldrich, Munich,
Germany) were used as primary antibodies for protein detection.

2.9 Real-time quantitative polymerase
chain reaction analysis
PCR analysis was performed as previously described.35 RNA was
extracted from lung homogenates by using an RNeasy Mini Kit (Qiagen
N.V., Hilden, Germany) and reverse-transcribed using an iScript cDNA
Synthesis Kit (Bio-Rad, Berkeley, California). Total cDNA was used to
perform quantitative real-time PCR using an RT-PCR master mix (iTaq
SYBR Green Supermix with ROX, Bio-Rad, Berkeley, CA, USA). Real-
time quantitative polymerase chain reaction (RT-PCR) was performed in
a CFX ConnectTM Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc.). b2-microglobulin was used as a reference gene.
Primers are listed in the Supplementary material online.

2.10 Statistics
The statistical analysis of linear models was performed using ‘R’ (‘R’
Foundation for Statistical Computing, Vienna, Austria). For isolated lung
experiments, statistical significance for multiple-to-one comparisons was
calculated using Dunnett’s multiple comparison procedure. Tukey’s hon-
estly significant difference test was used for all pairwise comparisons in
the hypoxia-induced PH experiments. Student’s t-test was used for sim-
ple comparisons of two groups. For outlier analysis, ROUT method was
used. The figures were created using GraphPad Prism 6.0 (GraphPad
Software, Inc.; La Jolla, USA) or ‘R’.

3. Results

3.1 Pulmonary p66shc protein expression
was significantly upregulated after chronic
exposure to hypoxia
Protein expression was determined in the lung homogenates of WT
mice after exposure to chronic hypoxia (4 weeks, 10% O2). The p66shc
protein content was elevated in hypoxic samples, but the CypD content
was unaltered (Figure 1A,B). Interestingly, both CypD and p66shc mRNA
expression was unchanged in the hypoxic lung homogenates
(Figure 1C,D). At the cellular level, the content of p66shc protein in
PASMCs was unaltered by exposure to hypoxia, while the content in en-
dothelial cells (ECs) was upregulated. CypD protein expression was
downregulated in PASMCs but upregulated in ECs (Figure 1E,F). As the

main site of action of p66shc is at the inner mitochondrial membrane,
subcellular fractionation was performed to verify that p66shc was trans-
located to the mitochondria (Supplementary material online, Figure S1).

3.2 Mice deficient in p66shc and/or CypD
had a lower right ventricular systolic
pressure (RVSP) than WT mice but a
similar response to chronic hypoxia
RVSP was decreased to a similar extent in mice deficient in p66shc,
CypD or both proteins after normoxic or hypoxic (4 weeks, 10% O2)
exposure compared to WT mice. All mouse strains showed an increase
in RVSP after chronic hypoxic exposure to a similar extend (Figure 2A).
The systemic arterial pressure (SAP) was unaltered by hypoxic exposure
but was significantly reduced in mice deficient in CypD under basal con-
ditions (Figure 2B). Original tracings are shown in Figure 2G.

3.3 Cardiac remodelling and function was
not altered by p66shc and/or CypD genetic
deficiency
To decipher whether the differences in RVSP were related to differences
in heart function or structure, we next performed cardiac morphometry
and echocardiography. The ratio of the right ventricular (RV) mass to
left ventricular (LV) mass plus septum (heart ratio) was not influenced
by the genotype and increased after exposure to chronic hypoxia in all
mouse strains to a similar degree (Figure 2C). Although CypD-/- mice
showed a lower SAP, there were no differences in the weight of the left
ventricle plus septum corrected for the bodyweight (LV þ septum/BW
in mg/g) (Figure 2D).

The echocardiographic analysis showed a decreased cardiac index
(CI) after exposure to hypoxia, but there were no differences between
the mouse strains (Figure 2E). Tricuspid annular plain systolic excursion
(TAPSE), a parameter for the systolic function of the RV, showed the
expected decrease in hypoxic animals, but again there were no differen-
ces between the mouse strains (Figure 2F).

3.4 Pulmonary vascular remodelling and
the proliferation of PASMCs were not
affected by the different genotypes
Morphometric analysis of the small pulmonary arteries was performed
to determine the degree of vascular muscularization. A higher portion of
fully muscularized vessels, and a lower portion of partially and non-
muscularized vessels, were detected after chronic hypoxic exposure, in-
dicating significant vascular remodelling in hypoxic lungs. However, for
vessels with a diameter of 20–70mm, there were no significant differen-
ces in the extent of remodelling when comparing non-, partially, and fully
muscularized vessels between different genotypes (Figure 3A). A more
detailed visualization of the results showing the degree of musculariza-
tion in % is displayed in Supplementary material online, Figure S5D.
Accordingly, the proliferation of PASMCs was unchanged when compar-
ing the different genotypes (Supplementary material online, Figure S4A).
The stiffness of the left and right pulmonary arteries was significantly in-
creased by exposure to chronic hypoxia. The left pulmonary artery
showed a higher stiffness compared to the right pulmonary artery.
However, no significant differences between the genotypes were
detected (Figure 3B). Furthermore, we detected no difference in vascular
density in the different genotypes measured by mCT (Figure 3C,D). To
quantify fibrosis, we measured the amount of collagen deposition in lung
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.slices and did not detect any significant differences between the geno-
types (Supplementary material online, Figure 5E).

3.5 Normoxic PAP and vasoreactivity was
decreased in isolated lungs of gene-
deficient mice
Normoxic PAP was lower in mice lacking p66shc, CypD or both pro-
teins when compared to WT controls but did not differ between the re-
spective knockout mice (Figure 4A).

The KCl- and phenylephedrine (PE)-induced vasoconstriction were
also lower in lungs from knockout mice compared to WT, but again they
did not differ between the different knockout mice (Figure 4B,C).
Representative tracings of PAP measurements are displayed in Figure 4D.

While acute HPV was decreased in lungs from p66shc-/-, CypD-/-, and
p66shc/CypD-/- mice compared to WT lungs (Figure 4E,F), sustained
HPV was not affected by the genotype (Figure 4F). When comparing the
relative intracellular calcium contents of PASMCs (Figure 5A), no differ-
ences were found between the different knockout and WT cells at the
basal level. The absolute calcium concentrations in WT PASMCs are
provided in Supplementary material online, Figure 3B. However, the in-
crease of [Ca2þ]i in response to KCl application was decreased in
PASMCs from gene-deficient lungs (Figure 5B). Given that H2O2

(amongst other ROS) has been suggested as a downstream messenger

in HPV,3 we quantified the basal and cytosolic H2O2 concentration by
HyPercyto in PASMCs. We found no significant differences between the
genotypes in baseline fluorescence. After stimulation with 0.4 M KCl, the
H2O2 concentration was unchanged in WT PASMCs compared to
knockout PASMCs (Supplementary material online, Figure S2). As the
content and activity of various ion channels are crucial for vasoconstric-
tion, the mRNA expression of various ion channels contributing to cal-
cium homeostasis was analysed; however, no significant differences were
detected (Supplementary material online, Figure S4B).

3.6 Mitochondrial calcium retention
capacity and potassium chloride-induced
calcium increase was enhanced in CypD�/�

and CypD/p66shc�/� but not in p66shc�/�

mitochondria
Mitochondrial calcium retention capacity (CRC) determined by mea-
surement of mitochondrial calcium uptake during stepwise increase of
extramitochondrial calcium concentration was augmented in isolated
mitochondria of CypD-/- and CypD/p66shc-/- compared to WT and

p66shc-/- mice (Figure 5C), indicating that mPTP opening is delayed by
CypD knockout. Accordingly, inhibition of mPTP opening by cyclospor-
ine A (CsA) increased CRC to similar levels in all genotypes (Figure 5D).

Figure 1. Expression of p66shc and cyclophilin D (CypD) in lung tissue (A–D) after exposure to chronic hypoxia (10% O2; 4 weeks), and pulmonary arte-
rial smooth muscle cells (PASMCs; E) or endothelial cells (ECs; F) of wild-type (WT) mice after a 5-day exposure to hypoxia. (A) Protein expression was de-
termined with an antibody against SH2 containing proto-oncogene (shc) proteins p66shc, p52shc, and p46shc. P66shc expression was compared to b-actin
expression. Lung homogenate from p66shc-/- mice (KO) was used as negative control (n = 9, from two western blots, one n excluded after outlier analysis).
A representative western blot is shown. (B) Protein expression of CypD compared to b-actin expression. Lung homogenate from CypD-/- mice was used as
negative control (n = 5). A representative western blot is shown. (C) Expression of p66shc mRNA compared to the expression of the reference gene (b2-
microglobulin) in lung homogenate of WT mice (n = 5). (D) Expression of CypD mRNA compared to the expression of the reference gene (b2-microglobu-
lin) in lung homogenate of WT mice (n = 5). (E) Protein expression in PASMCs determined with an antibody against cyclophilin D or SH2 containing proto-
oncogene (shc) proteins p66shc, p52shc, and p46shc. Expression was compared to b-actin expression. n = 3 individual cell isolations. A representative west-
ern blot is shown. (F) Protein expression in ECs determined with an antibody against cyclophilin D or SH2 containing proto-oncogene (shc) proteins
p66shc, p52shc, and p46shc. Expression was compared to b-actin expression. n = 5 individual cell isolations, one n excluded for quantitative analysis accord-
ing to outlier analysis. A representative western blot is shown. * P < 0.05, determined by t-test. Data are shown as the mean ± SEM after outlier analysis.
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..In line with these results, the KCl-induced mitochondrial calcium in-
crease was enhanced in isolated PASMCs from CypD-/- and CypD/
p66shc-/- compared to WT and p66shc-/- mice (Figure 5E,F).

4. Discussion

Our study shows that the mitochondrial proteins p66shc and CypD af-
fect pulmonary vascular contractility, but we did not detect differences
in pulmonary vascular remodelling or a specific contribution to hypoxia-
induced responses of the pulmonary vasculature. These conclusions are
based on the findings that (i) the pulmonary vascular pressure was de-
creased in gene-deficient mice compared to WT mice in vivo and in iso-
lated lungs, (ii) the chronic hypoxia-induced alterations were similar
among the different genotypes, and (iii) acute HPV and the PE- and KCl-
induced pulmonary vasoconstriction were decreased in gene-deficient
mice. The decreased basal pulmonary vascular tone was most likely
caused by a change in calcium-dependent vasoconstriction rather than
by morphological differences in the pulmonary vascular bed or altera-
tions in heart function. This conclusion is based on the fact that neither
pulmonary vascular remodelling, pulmonary arterial stiffness, or vascular
density, nor cardiac function was changed in the knockout mice, but
KCl-stimulated intracellular calcium levels were significantly reduced in

PASMC of gene-deficient mice. Moreover, KCl-induced mitochondrial
calcium uptake was attenuated in mice lacking CypD indicating that only
CypD regulates intracellular calcium levels and vascular contractility via
interference with mitochondrial calcium homeostasis. While the effect
of p66shc-/- was specific for the pulmonary vasculature, CypD-/- also de-
creased systemic pressure. Thus, p66shc and CypD regulate the physio-
logical tone of pulmonary vessels, but not their specific response to mild
hypoxia.

Our findings are in line with previous studies showing that p66shc and
CypD proteins can affect cellular calcium homeostasis in non-pulmonary
cells. While the high concentrations of ROS released by p66shc may acti-
vate the mPTP to induce apoptosis,15 small amounts of ROS can induce
low-conductance opening of the mPTP16 to release mitochondrial cal-
cium from the matrix. mPTP activation can occur due to strong stress
stimuli, e.g., through the interaction of ROS and CypD, which leads to
the blockage of an mPTP inhibitory site.23 Thus, gene deficiency of
p66shc and CypD can be expected to result in decreased mitochondrial
calcium release and decreased cytosolic calcium concentration. Previous
studies have shown that the ablation of CypD results in calcium seques-
tration in non-pulmonary mitochondria in adult rat and mouse ventricu-
lar cardiomyocytes, which probably leads to reduced cytosolic calcium
levels.36–38 We were able to show for the first time in lung mitochondria
and isolated PASMCs that increased mitochondrial calcium sequestering

Figure 2. Haemodynamic and cardiac parameters in p66shc-/-, CypD-/-, p66shc/CypD-/-, and WT mice after 4 weeks of exposure to hypoxia or normoxia.
(A) Right ventricular systolic pressure (RVSP) in mmHg (n = 8–11 mice per group). (B) Systemic arterial pressure (SAP) in mmHg (n = 10–13 mice per
group). (C) Right heart hypertrophy given as the ratio of the right ventricular mass (RV) to left ventricular plus septal mass (LVþseptum) (n = 12–14 mice
per group). (D) Mass of LVþseptum compared to body weight (n = 17–20 mice per group). (E) Heart function given as cardiac index (CI = cardiac output/
body weight) measured by echocardiography (n = 3–10 mice per group). (F) Systolic function of the RV given as tricuspid annular plane systolic excursion
(TAPSE) in mm (n = 4–10 mice per group). (G) Original tracings of right ventricular systolic pressure (RVSP) in mmHg (left) and systolic arterial pressure
(SAP) in mmHg (right) from a wild-type animal after exposure to chronic hypoxia (10%, 4 weeks). § P < 0.01, main effect of exposure and genotype in a two-
factorial model; * P < 0.05 Tukey’s honestly significant difference test compared to wild-type mice. Data are shown as the mean ± SEM.
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..in CypD-/- cells does not only occur under strong stress stimuli, such as
mitochondrial calcium overload, leading to mPTP opening, but also un-
der more physiologic conditions like stimulation with KCl and thus can
regulate physiologic cytosolic calcium levels. In contrast, we did not de-
tect alterations of mitochondrial calcium handling in p66shc-/- mice as an
underlying reason for changes in intracellular calcium concentrations.
These findings suggest that besides exerting mitochondrial effects, cyto-
solic p66shc can possibly regulate cellular calcium handling by affecting
cytosolic kinases or the cytosolic ROS production e.g. via cytosolic
NADPH-oxidases,39 although we did not detect significant differences in
intracellular hydrogen peroxide levels in PASMCs of the different geno-
types. The modulation of KCl-induced intracellular calcium peaks in
PASMCs by CypD and p66shc are sufficient to explain the altered con-
tractility in isolated lungs, as KCl and also acute hypoxia are known to ex-
ert their contractile effects in PASMCs by increasing the intracellular
calcium concentration40,41 and at least KCl-induced vasoconstriction is
not affected by pulmonary endothelium-related regulation of

vasoconstriction. As the basal intracellular calcium concentration was
not altered in gene-deficient PASMCs, it seems unlikely that the knock-
out of CypD or p66shc interferes with calcium clearance mechanisms,
such as sarcoplasmic/endoplasmic reticulum calcium ATPase. Thus, in
the presence of local vasoconstrictive stimulators, which continuously
balance basal pulmonary vascular pressure, also basal vascular tone
in vivo and in the isolated organ may be affected by differential calcium
handling processes in knockout vs. WT PASMCs.42 In contrast to acute
HPV, sustained HPV may be predominantly executed through sensitizing
effects of the contractile apparatus,43 which would explain why we did
not detect differences in the strength of HPV during sustained hypoxia in
the different genotypes. This finding thus supports previous studies that
have reported the differential regulation of acute and sustained HPV and
chronic hypoxia.5,6

We did not find any evidence for additional morphologic mechanisms
underlying the decreased vascular tone, as the degree of muscularization,
vessel stiffness and vascular density was not influenced by the genotype.

Figure 3. Remodelling of small and large pulmonary arteries and density of the pulmonary vasculature in p66shc-/-, CypD-/-, p66shc/CypD-/-, and WT
mice after 4 weeks of exposure to hypoxia or normoxia. (A) Degree of muscularisation of small pulmonary arteries. Shown is the fraction of fully, partially,
and non-muscularized vessels in % of all analysed vessels (n = 4–6 mice per group). § P < 0.01, difference in the proportion of fully, partially and non-muscu-
larised vessels, analysed by a two-factorial model of exposure and genotype. (B) Stiffness of the large extrapulmonary arteries analysed for the left and right
pulmonary artery (PA) of the respective groups. The stiffness is displayed as the tangential slope of the determined stress–strain curve in mN/mm (n = 3–6
arteries per group). § P < 0.01, determined by a two-factorial model of exposure and genotype, adjusted for the site of collection (left/right PA). (C)
Representative mCT images of the vascular tree of the left lungs after ex vivo MicrofilVR application. Left: Maximum intensity projection. Right: Reconstructed
segmented pulmonary vasculature. (D) Data from (C), presented as ratio of total lung volume to volume of lung vasculature (n = 4 mice per group). No sig-
nificant difference compared to WT mice was detected with Dunnett’s multiple comparison procedure. Data are shown as the mean ± SEM.
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The finding that the right and left PA showed differing stiffness might be
related to their different morphology and was described previously.44

The p66shc and CypD proteins are expressed in heart and lung tis-
sue.45,46 However, as cardiac function was not affected by the genotype,
and heart function does not influence haemodynamics in isolated lung
experiments, we can exclude the possibility that cardiac effects contrib-
uted to the observed differences. Thus, our results suggest that acute
vasoreactivity and the basal vascular tone are decreased in p66shc- and
CypD-deficient lungs due to the regulation of intracellular PASMC cal-
cium homeostasis; in the case of CypD-/- probably via mitochondrial cal-
cium sequestration.

Interestingly, we did not detect any differences in the hypoxic
responses between the genotypes. Although isolated lungs of the gene-
deficient mice had a lower response to acute hypoxia compared to WT
lungs, this effect was not specific for hypoxia, as non-hypoxic vasocon-
striction induced by KCl was also decreased. Moreover, we did not de-
tect differences between the mouse lines with regard to the chronic
hypoxia-induced increase of pulmonary vascular pressure, right heart hy-
pertrophy or vascular remodelling. Such differences were however,
expected, as p66shc and CypD are involved in the regulation of cellular
calcium concentrations, ROS, proliferation, and the induction of apopto-
sis,14,47 factors contributing to the development of pulmonary vascular
remodelling in hypoxia.5 Interestingly, we found a cell-type-specific regu-
lation of p66shc and CypD in chronic hypoxic pulmonary cells; however,
the physiological relevance of increased hypoxia-induced expression in

endothelial cells still needs to be determined. The hypoxia-dependent
regulation of p66shc obviously occurs at the protein level because its
mRNA expression was not significantly altered by hypoxia. These altera-
tions should be investigated in future studies.

With regard to the effect of CypD and p66shc deficiency on cardiac
function, our findings are in line with previous studies that also did not
detect differences of cardiac function in the knockout compared to WT
mice under baseline conditions.38,48 However, p66shc or CypD gene de-
ficiency also did not affect right ventricular cardiac remodelling or func-
tion after exposure to chronic hypoxia, although an effect of p66shc or
CypD gene deletion in left heart hypertrophy models has been reported.
While p66shc-deficient mice were partially protected from left heart hy-
pertrophy and apoptosis of myocytes,48 CypD-/- mice showed more se-
vere heart hypertrophy and a lower functional cardiac reserve during
increased left heart afterload.38 This finding could be explained by the al-
tered function of the right heart in a low-pressure system and its differ-
ent ontogenetic origin.49,50 p66shc and CypD obviously exerted
different functions in right and left heart hypertrophy; however, the
effects might be related to the differences between hypoxia-induced and
afterload-induced models.

Interestingly, the mice deficient for both proteins did not differ in their
pulmonary vascular tone from the mice lacking only one protein. This
suggests that both proteins regulate pulmonary vascular tone through
similar signalling pathways. This suggestion is in line with a previous study
in which double-knockout mice also did not show additive effects in a

Figure 4. Pulmonary arterial pressure response to different vasoconstrictors in isolated lungs (ILU) from p66shc-, CypD-, or p66shc/CypD-deficient
mice compared to WT mice. (A) Normoxic pulmonary arterial pressure (PAP) in isolated perfused and ventilated lungs (n = 11–15 lungs per group). (B)
Increase of PAP (DPAP) in response to stimulation with 150 mM potassium chloride (KCl) (n = 4–6 lungs per group). (C) Increase of PAP (DPAP) in re-
sponse to stimulation with 10 mM phenylephedrine (PE; n = 5–7 lungs per group). (D) Exemplary time course of pulmonary arterial pressure (PAP) in iso-
lated lung experiments with three repetitive manoeuvres of hypoxia (1% O2) and three repetitive stimulations with 150 mM potassium chloride (KCl). (E)
Strength of acute HPV determined as the maximum increase of pulmonary arterial pressure (DPAP) within 10 min of hypoxic ventilation (1% O2, n = 11–14
lungs per group). (F) Time course of the strength of HPV during 180 min of hypoxic ventilation (1% O2). Changes in pulmonary arterial pressure (DPAP) are
shown for n = 4–7 lungs per group. * P < 0.05 compared to wild-type controls, determined by Dunnett’s multiple comparison procedure. Data are shown
as the mean ± SEM.
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model of experimental autoimmune encephalitis. The authors concluded
that the proteins are epistatic and that, in contrast to our findings,
p66shc and CypD exerted their effects by activating mPTP opening.24

Importantly, the systemic pressure was also decreased in CypD-/-

mice but not in p66shc-/- mice, which might qualify p66shc as a therapeu-
tic target for pulmonary vascular diseases. This specific effect on the pul-
monary vasculature may be a result of the different expression levels of
p66shc in the pulmonary vs. the systemic circulation; it has been shown

that the protein levels of p66shc in the lungs of adult mice are higher
than those in the heart, kidney, and liver.45

In conclusion, our study is the first to describe the role of p66shc and
CypD in the regulation of pulmonary vascular tone. Furthermore, we
show for the first time that CypD can regulate mitochondrial and cyto-
solic calcium levels in PASMCs in response to a physiologic vasoconstric-
tive stimulus. Interestingly, neither p66shc nor CypD was specifically
involved in the hypoxic responses of the pulmonary vasculature.

Figure 5. Calcium handling in isolated pulmonary mitochondria and pulmonary arterial smooth muscle cells (PASMCs) from p66shc-, CypD-, and
p66shc/CypD-deficient mice compared to WT mice. (A) Relative basal intracellular calcium content (Ca2þ) of PASMCs quantified as the fura-2-fluorescence
ratio of 340–380 nm during normoxia (n = 8–13 experiments from four cell isolations). (B) Increase of relative intracellular calcium content of PASMCs
quantified as the fura-2-fluorescence ratio of 340–380 nm in response to KCl stimulation in PASMCs (n = 8–13 experiments from four cell isolations). (C)
Calcium retention capacity (CRC) given as amount of calcium (Ca2þ) per mg mitochondrial protein required to induce mPTP opening, detected as sudden
increase in extramitochondrial calcium with calcium green 5 N fluorescence (n = 6–7 experiments, each from an individual cell isolation). (D) Calcium reten-
tion capacity (CRC) given as amount of calcium (Ca2þ) per mg mitochondrial protein required to induce mPTP opening, detected as sudden increase in
extramitochondrial calcium with calcium green 5 N fluorescence in presence of 1 mM of the mPTP inhibitor cyclosporin A (CsA) (n = 6–7 experiments,
each from an individual cell isolation) (E) Mitochondrial calcium increase determined with Mito-Car-GECO in intact PASMCs after stimulation with 50 mM
KCl detected as % change compared to baseline fluorescence (n = 10 experiments from three individual cell isolations). (F) Representative picture of
PASMCs transfected with the genetically encoded dye Mito-Car-GECO; 590 nm and 620–640 nm were used for excitation and emission. *P < 0.05 com-
pared to wild-type controls determined by Dunnett’s multiple comparison procedure. Data are shown as the mean ± SEM.
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Translational perspective
Pulmonary hypertension is a progressive disease of the pulmonary vasculature ultimately resulting in right heart failure. Thus, therapeutic options tar-
geting specifically the pulmonary vasculature are urgently needed. Our study describes for the first time the role of the proteins p66shc and CypD in
the regulation of the pulmonary vascular tone. As the effect of p66shc-/- was specific for the pulmonary vasculature, it is an interesting target for future
research on therapies for pulmonary vascular diseases like pulmonary hypertension.
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