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Skeletal muscle mitochondrial dysfunction precedes right
ventricular impairment in experimental pulmonary hypertension
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Abstract We assessed the time courses of mitochondrial
biogenesis factors and respiration in the right ventricle
(RV), gastrocnemius (GAS), and left ventricle (LV) in a
model of pulmonary-hypertensive rats. Monocrotaline
(MT) rats and controls were studied 2 and 4 weeks after
injection. Compensated and decompensated heart failure
stages were defined according to obvious congestion signs.
mRNA expression and protein level of peroxisome prolif-
erator activated receptor gamma co-activator 1o (PGC-10),
citrate synthase (CS) mRNA and activity, and mitochon-
drial respiration were investigated. In addition, mRNA
expression of sirtuinl, nuclear respiratory factor 1, and
mitochondrial transcription factor A were studied. As early
as 2 weeks, the expression of the studied genes was
decreased in the MT GAS. At 4 weeks, the MT GAS and
MT RV showed decreased mRNA levels whatever the stage
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of disease, but PGC-1a protein and CS activity were signifi-
cantly reduced only at the decompensated stage. The func-
tional result was a significant fall in mitochondrial respiration
at the decompensated stage in the RV and GAS. The mRNA
expression and mitochondrial respiration were not signifi-
cantly modified in the MT LV. MT rats demonstrated an early
decrease in expression of genes involved in mitochondrial
biogenesis in a skeletal muscle, whereas reduced protein
expression, and the resulting mitochondrial respiratory dys-
function appeared only in rats with overt heart failure, in the
GAS and RV. Dissociations between mRNA and protein
levels at the compensated stage deserve to be further studied.

Keywords Pulmonary hypertension - Right ventricular
failure - Mitochondria - Monocrotaline - PGC-1«

Abbreviations

CL Control rats

CS Citrate synthase

GAS Gastrocnemius muscle

LV Left ventricle

MT Monocrotaline

MT2 Monocrotaline rats at 2 weeks after injection

MT4c Monocrotaline rats at 4 weeks after injection, in
compensated stage of heart failure

MT4d Monocrotaline rats at 4 weeks after injection, in
decompensated stage of heart failure

NRF1 Nuclear respiratory factor 1

PGC-1a Peroxisome proliferators-activated receptor
gamma co-activator 1o

PH Pulmonary hypertension

RV Right ventricle

SIRT1 Sirtuin 1

TFAm = Mitochondrial transcription factor A

TMPD N,N,N’,N’-Tetramethyl-p-phenylenediamine
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Introduction

Pulmonary hypertension (PH) is a condition characterized
by vascular remodeling and vasoconstriction, resulting in
increased pulmonary vascular resistance and subsequent
right ventricular (RV) hypertrophy. This initial ventricular
adaptive response is followed by progressive contractile
dysfunction and RV failure, defined by the inability of the
heart to supply sufficient blood flow to meet the needs of
the body, and leading to fluid retention and organs
congestion.

The patient’s prognosis is mainly determined by the
progression of RV dysfunction [1]. PH therapies target
pulmonary vascular remodeling and vasoconstriction, but
treatments aimed at maintaining RV contractility are
lacking. Energy metabolism disorders, including reduced
ATP production by the mitochondria, have emerged as
important factors contributing to left cardiac failure
development [2—4]. A strong relationship has been descri-
bed between cardiac oxygen consumption and cardiac
work [5, 6] and preserving cardiac oxidative phosphory-
lation is regarded as a potential therapeutic target. In
keeping with this concept, restoring the transcriptional
activity of the main genes involved in mitochondrial bio-
genesis, especially peroxisome proliferator activated
receptor gamma co-activator 1o (PGC-1a) activity which is
reduced in left heart failure, appears to be a promising
strategy [7, 8]. Knowledge of the time course of these
metabolic disorders is thus necessary, in order to determine
the appropriate moment to intervene. In right-sided heart
failure, which differs greatly from left-sided diseases by its
pathophysiology and prognosis [9], little is known about
the mitochondrial ATP-producing ability of the RV during
the progression of right ventricular disease [10]. Very few
experiments provided data from rats with compensated and
rats with decompensated heart failure, data that may help
understanding the transition mechanisms from one stage to
another [11]. To our knowledge, mitochondrial biogenesis
has not been investigated in PH. Eventually, nothing is
known about mitochondrial respiration and biogenesis in
the left ventricle (LV) of PH rats or human, which however
demonstrates histological as well as contractile abnormal-
ities [12—-14].

Besides impairment of RV performance, the skeletal
muscle dysfunction of PH patients contributes to the
decreased exercise capacity [15-17] and worsens the
patient’s prognosis [18]. In experimental models and in
patients [19], muscle atrophy, transition from slow oxida-
tive to fast anaerobic fibers, reduced capillarity, and
decreased muscle oxidative capacities have been described
[20-22]. It has been shown in several chronic diseases,
such as chronic obstructive pulmonary disease, that exer-
cise training can improve exercise capacity and quality of
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life [3, 23-25]. Skeletal muscle alterations, including
reduction of mitochondrial respiratory capacity are
reversible by training [26]. Traditionally, in PH, it was
recommended to limit physical activity which was thought
to aggravate the clinical condition, particularly through
worsening of right heart dysfunction [27]. Today, a few
studies are in progress to determine safe exercise condi-
tions for PH patients [28, 29]. However, exercise training
will be efficient and safe if skeletal muscle dysfunction
precedes the inability of the RV to respond to an increased
demand in energy. Whether impairment of mitochondrial
function in the skeletal muscle, which is submitted to PH-
induced systemic disorders, precedes that developing in the
RV, which in addition fights against pressure overload,
deserves to be elucidated.

We designed this study to describe the time courses of
mitochondrial biogenesis alterations and maximal muscle
oxidative capacity in parallel in the RV, the LV, and the
gastrocnemius (GAS) of PH rats. Measurements were per-
formed in monocrotaline-treated (MT) rats at two weeks,
early in the development of the disease, and at 4 weeks, in
compensated and decompensated heart failure rats.

Methods
Animal model

Experiments were performed on adult male Wistar rats
(Depré, Saint-Doulchard, France) weighing 250 + 35 g.
PH was induced by a single intra-peritoneal injection
(60 mg/kg body weight) of monocrotaline (Sigma Chemi-
cals, St Louis, MO, USA). Control rats were injected with
the same volume of saline solution. Animals were housed
in a neutral temperature environment (22 £ 2 °C) on a
12-h light-dark cycle, and received food and water
ad libitum.

Experimental design

Animals were randomly assigned to one of the four studied
groups: control and monocrotaline-injected at 2 weeks
(CL2 and MT2, respectively) and at 4 weeks (CL4 and
MT4) after injection. All animals were observed for gen-
eral appearance including signs of respiratory distress and
behavior. In the monocrotaline-injected rat model, the three
consecutive stages of RV disease (RV hypertrophy, RV
dilation, and RV failure) have been well characterized [30].
Disease progression can be properly assessed using ana-
tomical data, right heart catheterization, echocardiography
or magnetic resonance imaging parameters, which have
been shown to correlate strongly with one another [31-34].
In our study, decompensated right heart failure was defined
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as development of peritoneal and pleural effusions, and
hemorrhage lungs at sacrifice and animals which showed
these signs at 4 weeks after MT injection were included in
the decompensated sub-group (MT4d). As expected [35],
these animals presented with strong tachypnea, lack of
spontaneous activity, piloerection and cold extremities
before sacrifice. Rats which did not developed signs of
decompensation 4 weeks after monocrotaline injection
were included in the compensated group (MT4c).

At appropriate timings, the animals were anesthetized
with isoflurane (3, 5 % in 1:1 Oy/air mix) and the super-
ficial parts of glycolytic gastrocnemius muscles (GAS), the
RV and the LV were isolated. RV and LV were weighed.
The rats were euthanized by exsanguination (under iso-
flurane). The ratio of right ventricle (RV) weight on the LV
plus septum weight (RV/LV 4 septum) was used as an
index of RV hypertrophy and of PH severity. The RV and
LV weight/body weight ratios were calculated. Body
weight is a strong predictor of heart weight [36, 37],
allowing the use of RV or LV weight/body weight ratio to
compare PH rats to controls. However, because of PH-
induced weight loss, this index may overestimate cardiac
hypertrophy when comparing MT4 to MT2 rats. Left
muscle GAS was immediately used for mitochondrial
respiration (see below) and right muscle GAS was rapidly
frozen at —80° for q-RT-PCR (see below).

Procedures were conducted in accordance with the US
National Institutes of Health guidelines and approved by
the Ethics Committee of the University of Strasbourg
(Reference number: AL/02/13/07/09).

Quantitative real-time polymerase chain reaction
(q-RT-PCR)

Quantification of gene expression of peroxisome PGC-1¢,
citrate synthase (CS), sirtuinl (SIRT1), nuclear respiratory
factor 1 (NRF1), and mitochondrial transcription factor A
(TFAm) were performed. Total RNA was obtained from
muscles using Trizol reagent'™ (Invitrogen Life Technol-
ogies, Rockville, MD, USA) following manufacturer indi-
cations. RNA was stored at —70 °C until to the reverse
transcription reaction being performed. cDNA was syn-
thetized from total RNA (2 ng) with the SuperScript First-
Strand Synthesis System (Invitrogen) and random hexamer
primers. To perform the real-time PCR reaction, 2.5 pL of
cDNA was used in a final volume of 8 pL, containing
10 uM of each primer (sense and antisense), and SYBR
green (Invitrogen Life Technologies, Rockville, MD, USA)
as fluorescent dye and H,O. The real-time PCR measure-
ment of individual cDNAs was performed in triplicate
using SYBR green dye to measure duplex DNA formation
with the LightCycler System (Roche Diagnostics, Meylan,
France). The sequences of the primers were designed using

Table 1 Primer sequences used for quantitative real-time PCR
amplification

Target gene  Forward primer 5’ — 3’ Accession
Reverse primer 5 — 3’ number

SIRT1 AGCATCACACGCAAGCTCTA NM
GTGCCAATCATGAGGTGTTG 001107627

PGC-1a CACCAAACCCACAGAGAACAG NM 031347
GCAGTTCCAGAGAGTTCCACA

NRF1 GGCCCTTAACAGTGAAGCTG NM
CATCTGGGCCATTAGCATCT 001100708

TFAm GAAAGCACAAATCAAGAGGAG NM 031326
CTGCTTTTCATCATGAGACAG

Citrate TATGGCATGACGGAGATGAA DQ 403126

synthase CATGGACTTGGGCCTTTCTA
GCB GCACAACTTCAGCCTCCCAGA BC 166732

CTTCCCATTCACCGCTCCATT

SIRT] sirtuin 1, PGC-1o peroxisome proliferators-activated receptor
gamma co-activator la, NRFI nuclear respiratory factor 1, TFAm
mitochondrial transcription factor A, GCB glucocerebroside gene

information contained in the public database GeneBank of
the National Center for Biotechnology Information
(NCBI). The sequences of the primer sets used are listed on
Table 1. Quantification of gene expression was carried out
by the method described by [38] using glucocerebroside
(GCB) gene as inner control, which is the most stable gene
for real time RT-PCR measurements in muscles. Amplifi-
cation efficiency of each sample was calculated as descri-
bed by [39].

Relative mRNA levels were calculated using the AACT
method between CL2 and MT2 groups and between CL4
and MT4 groups [40].

PGC-1a immunoassay

The quantitative determination of rat PGC-1ua concentra-
tion in muscles extracts was assayed by Enzyme-Linked
Immunosorbent assay (ELISA, USCN Life Science Inc,
China). Tissue assay procedure was carried out following
the manufacturer’s instructions. Briefly, the RV, LV and
GAS muscles were pulverized using Sartorius (Mikrodis-
membor, Germany), homogenized and then centrifuged
Smin at 5,000xg in ice-cold PBS (0.02 M/pH ~
7.0-7.2). The supernatant was removed and the protein
content determined by BioRad protein assay using BSA as
standard. The supernatants were then stored at —80 °C
until used. The amount of protein in each well was 15 ng
for PGC-1a. The concentration of PGC-lo (ng/mg of
protein) detected in each sample was compared to their
own standard curve.
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CS activity measurement

Frozen tissue samples were weighed, homogenized into
ice-cold buffer (30 g/mL) containing (in mM) 5 HEPES, 1
EGTA, 5MgCl2, 1DTT, and Triton X-100 (0.1 %), pH 8.7,
and incubated for 60 min at 0 °C to ensure complete
enzyme extraction. CS activity was assessed by standard
spectrophotometric methods as previously described [3].

Muscle mitochondrial respiration

The relative contribution of the respiratory chain com-
plexes I, II, and IV to the global mitochondrial respiratory
rate of the saponin-skinned fibers was evaluated as previ-
ously described [4]. Measurements of oxygen consumption
were performed at 22.1 °C using a Clark-type electrode
(Strathkelvin Instruments, Glasgow, UK).

The substrates used in the respiration experiments were
glutamate (5 mmol/L) and malate (2 mmol/L), which are
substrates for the complex 1. Maximal respiration (Vi,ax)
evaluated the functionality of complexes I, III, and IV.
Complex I was blocked with amital (0.02 mmol/L) and
complex II was then stimulated with succinate (25 mmol/L).
The complex II, III and IV activities were measured in these
conditions (V). The functionality of complex IV (Vrvpp,
ascy Was determined by adding ascorbate (0.5 mmol/L)
and N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD,
0.5 mmol/L) which are artificial electron donors to complex
IV. Two measurements were made for each muscle.

After the experiments, fibers were harvested and dried
for 15 min at 150 °C, and the respiration rates were
expressed as pmol O,/min/g dry weight.

Statistics

Data are expressed as mean = standard error mean. Data
were analyzed using two-way ANOVA followed by

Table 2 Anatomic parameters of control and monocrotaline rats

Neuman—Keuls post-hoc test. Values of p < 0.05 were
considered as significant.

Results
Animal model characteristics

At 2 and 4 weeks, 15 and 12 MT rats were studied,
respectively. At 4 weeks, 7 rats had compensated disease
(MT4c sub-group) and 5 showed signs of decompensated
heart failure (MT4d sub-group). 11 and 10 control rats
were studied at 2 and 4 weeks, respectively.

The time course of changes in body, right and LV weights
of the rats are shown in Table 2. The weight gain of the MT
rats was lower than that of the CL at 2 and 4 weeks, and this,
despite the presence of pleural effusion and ascites in MT4d.
The RV weight, RV/body mass ratio, and RV/LV + septum
ratio were higher in MT2 and MT4c compared to their
respective controls, and more pronounced in MT4d.

Factors associated with mitochondrial biogenesis
and function

At 2 weeks, lower mRNA expressions of SIRT1, PGC-1q«,
NRF1, TFAm (Fig. 1)and CS (Fig. 2) was observed only in the
GAS. PGC-1a protein level as well as CS activity did not differ
in the GAS, RV and LV between CL2 and MT2 (Figs. 3, 4).
At 4 weeks, compared to CL4, we found that mRNA
expression of SIRT1, PGC-1a, and CS were decreased in
the GAS and RV of MT4c rats, while TFAm was decreased
only in the GAS. These changes in mRNA expression in
MT4c were not associated with a significant change in
PGC-1 protein level and CS activity in the GAS and the
RV. In the LV, no difference between CL4 and MT4c
mRNA and protein level or activity was observed. At
4 weeks, in MT4d rats, mRNA expression of SIRT1, PGC-
lo, TFAm, and CS were decreased in both GAS and RV,

CL2 MT2 CL4 MT4c MT4d
n: 11 15 10 7 5
Weight gain, g 90.45 £+ 5.27 60.0 £ 4.95%** 132.20 £+ 10.34 73.86 £ 18.65* 58.40 £+ 21.76*
RV, g 0.16 £ 0.01 0.18 £ 0.01* 0.18 £ 0.01 0.24 £ 0.02%* 0.39 £ 0.02%%*§
LV +S, g 0.61 £ 0.01 0.60 £ 0.03 0.68 £ 0.02 0.68 &+ 0.04 0.60 & 0.03
RV/LV + S, g/g 0.26 £ 0.01 0.31 £ 0.02%* 0.26 £ 0.02 0.36 £ 0.04* 0.65 £ 0.06%**§
RV/body mass, mg/g 0.51 £0.03 0.63 £ 0.04* 0.46 + 0.02 0.71 £ 0.05%* 1.22 £ 0.07*%*§
LV + S/body mass, mg/g 1.96 £+ 0.03 2.03 £ 0.05 1.77 £ 0.03 1.99 £0.13 191 £0.12

n number of rats,CL2 and CL4 controls at 2 and 4 weeks, respectively,MT2 monocrotaline rats at 2 weeks, MT4c and MT4d monocrotaline rats
with compensated and decompensated disease, respectively, RV right ventricle, LV left ventricle, S septum. Results were expressed as

mean + SEM

* p < 0.05; ¥ p < 0.01; *** p < 0.001 versus CL; *p < 0.001 versus MT4c
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Fig. 1 Relative mRNA
expression level of sirtuinl
(SIRT1), peroxisome
proliferators-activated receptor
gamma co-activator lo (PGC-
la), nuclear respiratory factor 1
(NRF1) and mitochondrial
transcription factor A (TFAm)
in the gastrocnemius (GAS),
right ventricle (RV), and left
ventricle (LV). CL control rats,
MT monocrotaline rats, MTc
and MT4d monocrotaline rats
with compensated and
decompensated disease,
respectively. Results were
expressed as mean £+ SEM.

*P < 0.05, **P < 0.01, MT
versus CL

Fig. 2 Relative mRNA
expression level of citrate
synthase in the gastrocnemius
(GAS), right ventricle (RV), and
left ventricle (LV). CL control
rats, MT monocrotaline rats,
MTc and MT4d monocrotaline
rats with compensated and
decompensated disease,
respectively. Results were
expressed as mean £ SEM.
*P < 0.05, MT versus CL

while NRF1 fell only in the GAS. In the LV, no difference
between CL4, MT4c, and MT4d mRNA expression was
observed. PGC-la protein level was lower in MT4d
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Fig. 3 PGC-1u protein level in
the gastrocnemius (GAS), right
ventricle (RV), and left
ventricle (LV). CL control rats,
MT monocrotaline rats, MTc
and MT4d monocrotaline rats
with compensated and
decompensated disease,
respectively. Results were
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Fig. 4 Citrate synthase activity
in the gastrocnemius (GAS),
right ventricle (RV), and left
ventricle (LV). CL control rats,
MT monocrotaline rats, MTc
and MT4d monocrotaline rats
with compensated and
decompensated disease,
respectively. Results were
expressed as mean + SEM
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Mitochondrial respiratory chain complex activity

At 2 weeks, mitochondrial respiration was similar in CL
and MT for the GAS, RV, and LV (Fig. 5).

At 4 weeks, in the GAS, the maximal mitochondrial
respiration (V,.x) was decreased in MT4d compared to
CL4. The RV V,,.x was significantly lower at 4 weeks in
MT4d than in MT4c and CL4. The RV Complex IV
mitochondrial respiration (Vrypprase) Was reduced in
MT4d compared to CL4. Mitochondrial respiration was not
significantly different in LV of CL4, MT4c, and MT4d.

Discussion

This study provided data on the time course of mitochon-
drial biogenesis and respiration, evaluated concomitantly in
right and left ventricles and skeletal muscle in a well-
characterized model of PH. The results showed that (1)
reduction of SIRTI1, PGC-1«, NRF1, TFAm, and citrate-
synthase mRNA transcripts appeared early, at 2 weeks, in
the GAS. (2) At 4 weeks, the GAS and RV of rats with
compensated heart failure showed decreased mRNA
expression for these factors. (3) These GAS and RV
mRNA changes were associated with reduced CS activity
and PGC-1o protein level, and with a decreased mito-
chondrial oxidative capacity in rats with overt right ven-
tricular failure only. (4) The LV mRNA expression of these
genes and LV oxidative capacity were not significantly
altered, whatever the stage of disease.
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Mitochondrial alterations at 2 weeks

The only alteration we observed at 2 weeks in MT rats was
a decreased transcription of genes implicated in mito-
chondrial biogenesis and function in the GAS. Glycolytic
muscles show usually larger changes than oxidative mus-
cles in heart failure. These abnormalities include pro-
nounced apoptosis and atrophy, inhibition of muscle
protein synthesis, and impaired mitochondrial function and
have been reported at an advanced stage of disease [18, 19,
21, 22, 41]. In this series, we report tiny but very early
alterations in a glycolytic muscle.

By contrast with the GAS, no changes were observed in
the RV. At 2 weeks, the MT rats were free of heart failure
signs but showed slowdown of weight gain and slightly
increased RV weight/body weight ratio, indicating pro-
gression of PH. Since the RV is directly affected by pres-
sure overload, abnormalities could be expected to develop
earlier in the RV than in a skeletal muscle. The reason why
mitochondrial biogenesis of skeletal muscles is impaired
earlier than that of the myocardium remains to be deter-
mined. The myocardium, which is a vital tissue, may have
better protection mechanisms, as illustrated in a recent
study [42] performed in a model of statin toxicity. It has
been hypothesized that the insufficient reactive oxygen
species (ROS)-detoxifying constituents of the skeletal
muscle could explain the observed mitochondrial dys-
functions and down-regulated biogenesis. The better ROS-
detoxifying constituents of the LV may have resulted in
milder oxidative stress and protective mitochondrial
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Fig. 5 Mitochondrial oxygen 2 weeks
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biogenesis [42]. On the other hand, the goal of this mito-
chondrial biogenesis impairment may be the protection of
the skeletal muscle itself. Indeed, it has been hypothesized
that fiber atrophy and reduced mitochondrial volume den-
sity may help protecting against the development of low
intracellular oxygen pressure in PH [18].

The mechanisms leading to alterations of mitochondrial
biogenesis in skeletal muscles of MT rats have been
described only in advanced PH. The responsibility of MT
toxicity beyond 2 weeks is unlikely [18, 43]. PH is a sys-
temic disease and the role of systemic factors is more
likely. In the model elaborated by Vescovo et al. [44] PGC-
la had a central position and linked inflammatory and
hormonal stimulations with mitochondrial biogenesis.
Increased levels of TNF-«, interleukine 1, angiotensin II,
and noradrenaline lowered PGC-1a through MAP kinase
[45, 46]. In another potential signaling cascade developed
in this model, resistance to growth hormone also led to low
PGC-1a expression [44].

Besides inflammatory and hormonal factors, decondi-
tioning and muscle fiber type shift may contribute to
altering skeletal muscle mitochondrial biogenesis, although
the timing of these changes remain to be assessed in the
monocrotaline model. A substantial part of the mitochon-
drial alterations may be secondary to a physical inactivity
induced by PH. Indeed, in humans, taking precisely into
account patients and controls level of activity, it has been
argued that deconditioning is a major contributor to skel-
etal muscle dysfunction in heart failure [47, 48]. Eventu-
ally, transition from slow oxidative to fast anaerobic fibers
has been described in monocrotaline rats [18, 44]. Mito-
chondrial volume density as well as several key functions
have been shown to differ according to the fiber type
[49, 50]. Fiber type shift may partly explain the mito-
chondrial biogenesis alterations we observed in our experi-
ment, since mitochondrial function and protein expression
are one of the most rapidly adaptable features during fiber
type alterations.
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Mitochondrial alterations at 4 weeks

At a compensated stage of right heart failure, the GAS and
RV of MT rats showed reduced SIRT1, PGC-1a, and cit-
rate-synthase mRNA transcripts. CS activity, PGC-1a
protein level, and mitochondrial respiration were not
altered. This suggests that efficient post-transcriptional
mechanisms or decreased degradation of the mitochondrial
proteins and enzymes allowed preserving the respiratory
chain complexes synthesis and/or activity during the
compensated heart failure period. Another hypothesis may
be that mRNA production level, even though lowered,
remained sufficient to maintain mitochondrial proteins
synthesis. Interestingly, in a recent study performed in
human failing LV, the PGC-1a protein level was signifi-
cantly increased whereas mRNA level was unchanged [51],
suggesting as well that post-transcriptional mechanisms
may be playing a role. In contrast, in keeping with the
concept of a link between altered mitochondrial function
and cardiac pump failure, we found concomitant reductions
in mRNA level, PGC-1a protein level, CS activity, and
mitochondrial respiration in the RV of rats with overt heart
failure. Similar mitochondrial abnormalities were found in
the GAS at the same time. These last results extend those
showing a reduction of mitochondrial respiration due to
oxygen utilization [22].

At 4 weeks, the transition from a compensated to a
decompensated heart failure stage can occur rapidly in the
MT model we used, and the decompensated stage is very
quickly followed by the death of the animal. As a result,
very few experiments provided data on both stages
achieved in animals from the same series, as done in this
study. We found that patterns of mRNA expression, protein
level and mitochondrial respiration differed according to
the stage of disease. Studying the mechanisms leading to
the dissociation between transcriptional activity and
maintenance of protein level may help understanding the
transition to overt heart failure.

Results obtained in the LV contrast with those observed in
the RV and GAS. Even though the LV is not affected by
pressure overload in PH, an intrinsic left ventricular myo-
cardiopathy has been described [13, 14, 52] and attributed to
PH-induced neurohumoral activation [12—14]. In our exper-
iment, we did not find any significant changes in expression
of genes implicated in the mitochondrial biogenesis, whatever
the stage of disease. Our findings are consistent with those of
a study of the myocardium proteome showing a significant
decrease in several proteins involved in the synthesis of ATP
in the RV, but not in the LV of MT rats. Rather, the LV
showed an increase in a few proteins contributing to
ATP synthesis (ATP synthase alpha chain, acetyl-coenzyme
A dehydrogenase) [53]. In our MT rats with overt heart
failure, the decrease in the LV mitochondrial oxidative
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capacity was small compared to that of the RV and GAS (15
vs. ~30 %) and did not reach significance, even at the
decompensated stage of the disease. This contrasts with the
decrease in CS activity observed in the LV of our MT4d rats.
However, it has been shown that CS activity is not a limiting
factor for mitochondrial respiration [54]. Moreover, sup-
porting our results, a study reported neither increase in oxi-
dative stress nor changes in the activity of the respiratory
chain complex II of the LV in overt RV failure [55]. Taken
together, these results suggest that, compared to skeletal
muscles, which are also exposed to systemic inflammation
and neurohumoral activation, the LV is able to better preserve
mitochondrial activities till an advanced stage of the disease.
Again, this may be explained by the intrinsic characteristics
of the cardiac muscle, which may have better defenses
against aggressions than the skeletal muscle [42].

In conclusion, this study showed that the magnitude and
time course of the mitochondrial activity and biogenesis
alterations differ greatly according to the muscle phenotype
in PH rats. The earliest alterations occurred in a skeletal
muscle, and not in the RV. A concomitant decrease in
mRNA expression, protein levels, and mitochondrial res-
piration characterized overt heart failure, whereas dissoci-
ations between changes in mRNA expression and protein
levels were found at the compensated stage of the disease.
Taking into account these time-related alterations should
help elaborating treatments aimed at maintaining cardiac
and skeletal muscle energy metabolism in PH.
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References

1. Chin KM, Kim NH, Rubin LJ (2005) The right ventricle in
pulmonary hypertension. Coron Artery Dis 16(1):13-18

2. Sharov VG, Todor AV, Silverman N et al (2000) Abnormal
mitochondrial respiration in failed human myocardium. J Mol
Cell Cardiol 32(12):2361-2367

3. De Sousa E, Lechene P, Fortin D et al (2002) Cardiac and skeletal
muscle energy metabolism in heart failure: beneficial effects of
voluntary activity. Cardiovasc Res 56(2):260-268

4. Zoll J, Monassier L, Garnier A et al (2006) ACE inhibition
prevents myocardial infarction-induced skeletal muscle mito-
chondrial dysfunction. J Appl Physiol 101(2):385-391

5. Mettauer B, Zoll J, Garnier A et al (2006) Heart failure: a model
of cardiac and skeletal muscle energetic failure. Pflugers Arch
452(6):653-666

6. Rimbaud S, Garnier A, Ventura-Clapier R (2009) Mitochondrial
biogenesis in cardiac pathophysiology. Pharmacol Rep 61(1):131-
138

7. Garnier A, Fortin D, Delomenie C et al (2003) Depressed mito-
chondrial transcription factors and oxidative capacity in rat fail-
ing cardiac and skeletal muscles. J Physiol 551(Pt 2):491-501

8. Mudd JO, Kass DA (2008) Tackling heart failure in the twenty-
first century. Nature 451(7181):919-928

9. Bogaard HJ, Abe K, Vonk Noordegraaf A et al (2009) The right
ventricle under pressure: cellular and molecular mechanisms of



Mol Cell Biochem (2013) 373:161-170

169

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

right-heart failure in pulmonary hypertension. Chest 135(3):794—
804

Daicho T, Yagi T, Abe Y et al (2009) Possible involvement of
mitochondrial energy-producing ability in the development of
right ventricular failure in monocrotaline-induced pulmonary
hypertensive rats. J Pharmacol Sci 111(1):33-43

Buermans HP, Redout EM, Schiel AE et al (2005) Microarray
analysis reveals pivotal divergent mRNA expression profiles
early in the development of either compensated ventricular
hypertrophy or heart failure. Physiol Genomics 21(3):314-323
Lourenco AP, Roncon-Albuquerque R Jr, Bras-Silva C et al
(2006) Myocardial dysfunction and neurohumoral activation
without remodeling in left ventricle of monocrotaline-induced
pulmonary hypertensive rats. Am J Physiol Heart Circ Physiol
291(4):H1587-H1594

Correia-Pinto J, Henriques-Coelho T, Roncon-Albuquerque R Jr
et al (2009) Time course and mechanisms of left ventricular
systolic and diastolic dysfunction in monocrotaline-induced pul-
monary hypertension. Basic Res Cardiol 104(5):535-545

Usui S, Yao A, Hatano M et al (2006) Upregulated neurohumoral
factors are associated with left ventricular remodeling and poor
prognosis in rats with monocrotaline-induced pulmonary arterial
hypertension. Circ J 70(9):1208-1215

Bauer R, Dehnert C, Schoene P et al (2007) Skeletal muscle
dysfunction in patients with idiopathic pulmonary arterial
hypertension. Respir Med 101(11):2366-2369

Meyer FJ, Lossnitzer D, Kristen AV et al (2005) Respiratory
muscle dysfunction in idiopathic pulmonary arterial hyperten-
sion. Eur Respir J 25(1):125-130

Tolle J, Waxman A, Systrom D (2008) Impaired systemic oxygen
extraction at maximum exercise in pulmonary hypertension. Med
Sci Sports Exerc 40(1):3-8

Waust RC, Myers DS, Stones R et al (2012) Regional skeletal muscle
remodeling and mitochondrial dysfunction in right ventricular heart
failure. Am J Physiol Heart Circ Physiol 302(2):H402-H411
Mainguy V, Maltais F, Saey D et al (2010) Peripheral muscle dysfunction
in idiopathic pulmonary arterial hypertension. Thorax 65(2):113-117
Vescovo G, Ceconi C, Bernocchi P et al (1998) Skeletal muscle
myosin heavy chain expression in rats with monocrotaline-
induced cardiac hypertrophy and failure. Relation to blood flow
and degree of muscle atrophy. Cardiovasc Res 39(1):233-241
Vescovo G, Zennaro R, Sandri M et al (1998) Apoptosis of
skeletal muscle myofibers and interstitial cells in experimental
heart failure. J Mol Cell Cardiol 30(11):2449-2459

Bernocchi P, Cargnoni A, Vescovo G et al (2003) Skeletal muscle
abnormalities in rats with experimentally induced heart hyper-
trophy and failure. Basic Res Cardiol 98(2):114-123

Sullivan MJ, Higginbotham MB, Cobb FR (1988) Exercise
training in patients with severe left ventricular dysfunction.
Hemodynamic and metabolic effects. Circulation 78(3):506-515
van Ranst D, Otten H, Meijer JW et al (2011) Outcome of pul-
monary rehabilitation in COPD patients with severely impaired
health status. Int J Chron Obstruct Pulmon Dis 6647-6657
Altenburg WA, de Greef MH, ten Hacken NH et al (2012) A
better response in exercise capacity after pulmonary rehabilita-
tion in more severe COPD patients. Respir Med 106(5):694-700
Daussin FN, Zoll J, Dufour SP et al (2008) Effect of interval
versus continuous training on cardiorespiratory and mitochon-
drial functions: relationship to aerobic performance improve-
ments in sedentary subjects. Am J Physiol Regul Integr Comp
Physiol 295(1):R264-R272

Gaine SP, Rubin LJ (1998) Primary pulmonary hypertension.
Lancet 352(9129):719-725

Fox BD, Kassirer M, Weiss I et al (2011) Ambulatory rehabili-
tation improves exercise capacity in patients with pulmonary
hypertension. J Card Fail 17(3):196-200

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Grunig E, Ehlken N, Ghofrani A et al (2012) Effect of exercise
and respiratory training on clinical progression and survival in
patients with severe chronic pulmonary hypertension. Respiration
81(5):394-401

Hardziyenka M, Campian ME, de Bruin-Bon HA et al (2006)
Sequence of echocardiographic changes during development of right
ventricular failure in rat. ] Am Soc Echocardiogr 19(10):1272-1279
Campian ME, Hardziyenka M, Michel MC et al (2006) How valid
are animal models to evaluate treatments for pulmonary hyper-
tension? Naunyn Schmiedebergs Arch Pharmacol 373(6):391-400
Urboniene D, Haber I, Fang YH et al (2010) Validation of high-
resolution echocardiography and magnetic resonance imaging vs.
high-fidelity catheterization in experimental pulmonary hyper-
tension. Am J Physiol Lung Cell Mol Physiol 299(3):L401-L412
Jones JE, Mendes L, Rudd MA et al (2002) Serial noninvasive
assessment of progressive pulmonary hypertension in a rat model.
Am J Physiol Heart Circ Physiol 283(1):H364-H371

Hessel MH, Steendijk P, den Adel B et al (2006) Characterization
of right ventricular function after monocrotaline-induced pul-
monary hypertension in the intact rat. Am J Physiol Heart Circ
Physiol 291(5):H2424-H2430

Dalla Libera L, Ravara B, Volterrani M et al (2004) Beneficial effects
of GH/IGF-1 on skeletal muscle atrophy and function in experimental
heart failure. Am J Physiol Cell Physiol 286(1):C138-C144
Kitzman DW, Scholz DG, Hagen PT et al (1988) Age-related
changes in normal human hearts during the first 10 decades of
life. Part II (Maturity): a quantitative anatomic study of 765
specimens from subjects 20 to 99 years old. Mayo Clin Proc
63(2):137-146

. Scholz DG, Kitzman DW, Hagen PT et al (1988) Age-related

changes in normal human hearts during the first 10 decades of
life. Part I (Growth): A quantitative anatomic study of 200
specimens from subjects from birth to 19 years old. Mayo Clin
Proc 63(2):126-136

Liu W, Saint DA (2002) A new quantitative method of real time
reverse transcription polymerase chain reaction assay based on
simulation of polymerase chain reaction kinetics. Anal Biochem
302(1):52-59

Ramakers C, Ruijter JM, Deprez RH et al (2003) Assumption-
free analysis of quantitative real-time polymerase chain reaction
(PCR) data. Neurosci Lett 339(1):62-66

Lagouge M, Argmann C, Gerhart-Hines Z et al (2006) Resvera-
trol improves mitochondrial function and protects against meta-
bolic disease by activating SIRT1 and PGC-1alpha. Cell 127(6):
1109-1122

Wust RC, Jaspers RT, van Heijst AF et al (2009) Region-specific
adaptations in determinants of rat skeletal muscle oxygenation to
chronic hypoxia. Am J Physiol Heart Circ Physiol 297(1):H364-
H374

Bouitbir J, Charles AL, Echaniz-Laguna A et al (2011) Opposite
effects of statins on mitochondria of cardiac and skeletal muscles:
a ‘mitohormesis’ mechanism involving reactive oxygen species
and PGC-1. Eur Heart J

Estep JE, Lame MW, Morin D et al (1991) [14C]monocrotaline
kinetics and metabolism in the rat. Drug Metab Dispos 19(1):
135-139

Vescovo G, Ravara B, Gobbo V et al (2005) Skeletal muscle
fibres synthesis in heart failure: role of PGC-1lalpha, calcineurin
and GH. Int J Cardiol 104(3):298-306

Puigserver P, Spiegelman BM (2003) Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1 alpha):
transcriptional coactivator and metabolic regulator. Endocr Rev
24(1):78-90

Puigserver P, Rhee J, Lin J et al (2001) Cytokine stimulation of
energy expenditure through p38 MAP kinase activation of
PPARgamma coactivator-1. Mol Cell 8(5):971-982

@ Springer



170

Mol Cell Biochem (2013) 373:161-170

47. Mettauer B, Zoll J, Sanchez H et al (2001) Oxidative capacity of
skeletal muscle in heart failure patients versus sedentary or active
control subjects. ] Am Coll Cardiol 38(4):947-954

48. Rehn TA, Munkvik M, Lunde PK et al (2012) Intrinsic skeletal
muscle alterations in chronic heart failure patients: a disease-
specific myopathy or a result of deconditioning? Heart Fail Rev
17(3):421-436

49. Pette D, Staron RS (2001) Transitions of muscle fiber phenotypic
profiles. Histochem Cell Biol 115(5):359-372

50. Picard M, Hepple RT, Burelle Y (2012) Mitochondrial functional
specialization in glycolytic and oxidative muscle fibers: tailoring
the organelle for optimal function. Am J Physiol Cell Physiol
302(4):C629-C641

51. Karamanlidis G, Nascimben L, Couper GS et al (2010) Defective
DNA replication impairs mitochondrial biogenesis in human
failing hearts. Circ Res 106(9):1541-1548

@ Springer

52.

53.

54.

55.

Akhavein F, St-Michel EJ, Seifert E et al (2007) Decreased left
ventricular function, myocarditis, and coronary arteriolar medial
thickening following monocrotaline administration in adult rats.
J Appl Physiol 103(1):287-295

Schott P, Singer SS, Kogler H et al (2005) Pressure overload and
neurohumoral activation differentially affect the myocardial
proteome. Proteomics 5(5):1372-1381

Blomstrand E, Radegran G, Saltin B (1997) Maximum rate of
oxygen uptake by human skeletal muscle in relation to maximal
activities of enzymes in the Krebs cycle. J Physiol 501
(Pt 2):455-460

Redout EM, Wagner MJ, Zuidwijk MJ et al (2007) Right-ven-
tricular failure is associated with increased mitochondrial com-
plex II activity and production of reactive oxygen species.
Cardiovasc Res 75(4):770-781



	Skeletal muscle mitochondrial dysfunction precedes right ventricular impairment in experimental pulmonary hypertension
	Abstract
	Introduction
	Methods
	Animal model
	Experimental design
	Quantitative real-time polymerase chain reaction (q-RT-PCR)
	PGC-1 alpha immunoassay
	CS activity measurement
	Muscle mitochondrial respiration
	Statistics

	Results
	Animal model characteristics
	Factors associated with mitochondrial biogenesis and function
	Mitochondrial respiratory chain complex activity

	Discussion
	Mitochondrial alterations at 2 weeks
	Mitochondrial alterations at 4 weeks

	Conflict of interest
	References


