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Depressed mitochondrial transcription factors and oxidative
capacity in rat failing cardiac and skeletal muscles

A. Garnier, D. Fortin, C. Deloménie ¥, I. Momken, V. Veksler and R. Ventura-Clapier

Cardiologie Cellulaire et Moléculaire U-446 INSERM, Faculté de Pharmacie and * IFR-ISIT, Université Paris-Sud, 92296 Chdtenay-Malabry,
France

Congestive heart failure (CHF) induces alterations in energy metabolism and mitochondrial
function that span cardiac as well as skeletal muscles. Whether these defects originate from altered
mitochondrial DNA copy number and/or mitochondrial gene transcription is not known at
present, nor are the factors that control mitochondrial capacity in different muscle types completely
understood. We used an experimental model of CHF induced by aortic banding in the rat and
investigated mitochondrial respiration and enzyme activity of biochemical mitochondrial markers
in cardiac, slow and fast skeletal muscles. We quantified mitochondrial DNA (mtDNA), expression
of nuclear (COX 1V) and mitochondrial (COX I) encoded cytochrome c oxidase subunits as well as
nuclear factors involved in mitochondrial biogenesis and in the necessary coordinated interplay
between nuclear and mitochondrial genomes in health and CHF. CHF induced a decrease in
oxidative capacity and mitochondrial enzyme activities with a parallel decrease in the mRNA level
of COX I and IV, but no change in mtDNA content. The expression of the peroxisome proliferator
activated receptor gamma co-activator la (PGC-1a) gene was downregulated in CHF, as well as
nuclear respiratory factor 2 and mitochondrial transcription factor A, which act downstream from
PGC-1a. Most interestingly, only the level of PGC-1a expression was strongly correlated with
muscle oxidative capacity in cardiac and skeletal muscles, both in healthy and CHF rats.
Mitochondrial gene transcription is reduced in CHF, and PGC-1a appears as a potential modulator
of muscle oxidative capacity under these experimental conditions.
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Heart failure originates from the impairment of the ability
of the cardiac pump to meet requirements of the body, and
progresses towards alterations of other essential functions
of the organism. Patients suffering from congestive heart
failure (CHF) always complain of early muscular fatigue
and exercise intolerance. Alterations in skeletal muscle
vascular function, and intrinsic skeletal muscle
abnormalities have been reported in this disease (Lunde et
al. 2001). Alterations in energy metabolism play a
substantial role in the functional defects such as decreased
cardiac contractility, and decreased contraction and
resistance to fatigue of the skeletal muscle. It was shown
that energetic deficiencies in CHF affect the mitochondrial

number and/or mitochondrial gene transcription, but this
remains to be determined.

Cardiac and skeletal muscles differ in their contractile,
metabolic properties and mitochondrial content. These
properties can be regulated by a variety of physiological
and pathophysiological processes, allowing the muscle
cells to adapt to various environmental constraints.
Mitochondria occupy 20-30 % of cell volume in cardiac
myocytes, =6 % in oxidative skeletal muscle like soleus
(SOL), and only 2-3 % in superficial glycolytic parts of
gastrocnemius muscle (GAS). The cellular mechanisms
that determine the oxidative capacity of a particular

compartment and include decreased respiration rate,
activity and expression of mitochondrial enzymes (De
Sousa et al. 1999, 2000, 2001; Ide et al. 2001; Marin-Garcia
et al. 2001). These alterations are encountered in cardiac
muscle as well as in skeletal muscles and diaphragm, and
thus led to the proposal of a metabolic myopathy in heart
failure. This raises the possibility that some circulating
factor(s), activated in CHF, may impair mitochondrial
gene replication and thus the mitochondrial DNA copy

muscle type are not completely understood.

Mitochondria have their own genomic system, the
mitochondrial DNA (mtDNA), a covalently closed-
circular double-stranded DNA molecule. Mammalian
mtDNA contains only two promoters, the light-strand
and heavy-strand promoters (LSP and HSP, respectively),
from which transcripts are produced and then processed
to yield the individual mRNAs encoding 13 subunits of the
oxidative phosphorylation system (OXPHOS), ribosomal
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and transfer RNAs (Attardi & Schatz, 1988; Shadel &
Clayton, 1997). Transcription from the LSP also produces
an RNA primer that is necessary for initiating mtDNA
replication. The rest of the OXPHOS subunits as well as
other mitochondrial proteins and the factors involved in
mtDNA maintenance are encoded by the nucleus. Thus,
mitochondrial biogenesis and function depend on the
coordinated expression of nuclear and mitochondrial
genomes. Recent advances have started to elucidate the
factors that regulate mtDNA replication and transcription
as well as the expression of nuclear-encoded mito-
chondrial genes in physiological and pathological
conditions. Based on these studies, two transcription
factors play a key role in nucleo—mitochondrial
communication: nuclear respiratory factor 1 or 2 (NRF-1,
NRF-2) and mitochondrial transcription factor A
(mtTFA).

Transcription factors NRF-1 and NRF-2 bind and activate
the promoters of various nuclear genes that encode for
components of OXPHOS as well as factors required for
mtDNA transcription and replication, such as mtTFA
(Scarpulla, 2002). Electrical stimulation of cardio-
myocytes leads to NRF-1 mRNA induction and increased
expression of mitochondrial proteins (Xia et al. 1997).
Induction or increased binding activity of NRF-1 have
been observed in skeletal muscle during training or
following active bouts of exercise (Murakami et al. 1998),
following AMP kinase activation or administration of a
creatine analogue (Bergeron et al. 2001), all situations
associated with an increased mitochondrial content.
Targeted disruption of NRF-1 in mice induces a dramatic
decrease in the amount of mtDNA and is lethal during
embryonic development, suggesting that NRF-1 is
required for mtDNA maintenance and respiratory chain
function during early embryogenesis (Huo & Scarpulla,
2001). MtTFA is a nucleus-encoded protein, which binds
upstream of the LSP and HSP of mtDNA and promotes
transcription of mtDNA in an in vitro system. It also has an
important role in regulating mtDNA replication, as
initiation of replication of the leading strand of mtDNA is
dependent on an RNA primer produced by transcription
from the LSP (Parisi & Clayton, 1991; Dairaghi et al. 1995).
Disruption of the mtTFA gene causes depletion of
mtDNA, loss of mitochondrial transcripts, loss of
mtDNA-encoded polypeptides and severe respiratory
chain deficiency (Larsson et al. 1998). Moreover, targeted
disruption of mtTFA in cardiomyocytes induces a dilated
cardiomyopathy with atrioventricular heart conduction
blocks and severe respiratory chain deficiency (Wang et al.
1999; Li et al. 2000). Thus, these results establish a critical
role for mtTFA in the regulation of mtDNA copy number
in vivo and in mitochondrial biogenesis.

Upstream of these transcription factors, attention has been
focused recently on a transcriptional co-activator of
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peroxisome proliferator activated receptor gamma
(PPARY), known as PGC-1a. PGC-1a has been described
as a versatile co-activator that can co-activate PPAR« to
promote fatty acid oxidation (FAO) enzyme expression, or
PPAR7y/thyroid hormone receptor f to promote
uncoupling proteins expression for adaptive thermo-
genesis, but also can activate mitochondrial biogenesis
through its interaction with NRFs (Knutti & Kralli, 2001;
Lehman & Kelly, 2002; Scarpulla, 2002). PGC-1a gene
expression parallels increases in energy-producing
capacity during cardiac perinatal development, and
overexpression of PGC-1a in cardiac myocytes in culture
or in cardiac muscle of transgenic mice induces increased
mitochondrial content, fatty acid cycle enzymes and
respiration (Lehman et al. 2000). In addition, recent
findings showed that a cardiac-specific repression of
PGC-la expression by a mutant histone deacetylase 5
(HDACS) results in loss of and morphological changes to
mitochondria and in downregulation of mitochondrial
enzymes (Czubryt et al. 2003). These data establish a direct
cause and effect relationship between PGC-la gene
expression and oxidative capacity. As such, PGC-la
behaves as a key regulator of mitochondrial function
capacity and participates in the transduction of
physiological stimuli to energy production in the heart.
PGC-1a mRNA is higher in oxidative and cardiac muscles
than in glycolytic muscles (Larrouy et al. 1999; Lin et al.
2002), and is increased by low intensity prolonged exercise
and by activation of AMP kinase (Terada et al. 2002). It can
activate the expression and activity of the NRFs, which in
turn upregulate the expression of nuclear genes of
mitochondria and of the nuclear-encoded mtTFA (Wu et
al. 1999; Scarpulla, 2002).

We hypothesized that heart failure can affect oxidative
capacity via an impairment of mitochondrial gene
replication and/or transcription. Using a model of CHF in
rats induced by aortic banding, we measured mtDNA
content and mRNA expression of one nuclear- and one
mitochondrial-encoded subunit of respiratory chain
complex IV (COX IV and COX I) in control and failing
cardiac and skeletal muscles. In addition, we also
examined whether the known factors involved in the
nucleo-mitochondrial communication (NRFs, mtTFA
and PGC-la) quantitatively correlate with the level of
oxidative capacity in different healthy muscles types and
whether their mRNA expression is altered and could
account for the decreased oxidative capacity in CHF by
correlating each mRNA level to oxygen consumption rates
and activity of oxidative enzymes.

The results demonstrate that mitochondrial gene
transcription rather than replication is decreased in CHF
and that PGC-1a correlates with the oxidative capacity in
failing cardiac and skeletal muscles as well as in healthy
muscles.
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Table 1. Primers used for real-time PCR amplification

GenBank accession number

Forward Primer (5-3")

PCR product size

Gene Reverse Primer (5—3")
(bp)
AGTGTGCTGCTCTGGTTGGTG
PGC-la AF049330 GGAGGGTCATCGTTTGTGGTC 613
TTACTCTGCTGTGGCTGATGG
NRE-1 NM-010938 CCTCTGATGCTTGCGTCGTCT o2
AGGTGACGAGATGGGCTGC
NREF-22 M74515 CGTTGTCCCCATTTTTGCG 604
GAAAGCACAAATCAAGAGGAG
METFA AJ312746 CTGCTTTTCATCATGAGACAG 17
AGCAGGAATAGTAGGGACAGC
COXI X14848 TGAGAGAAGTAGTAGGACGGC 520
TGGGAGTGTTGTGAAGAGTGA
COX1v X15029 GCAGTGAAGCCGATGAAGAAC 273
. X00351 GGGTCAGAAGGATTCCTATG
f-actin 238
GGTCTCAAACATGATCTGGG

PGC-la, peroxisome proliferator activated receptor gamma co-activator la; NRF-1, nuclear
respiratory factor 1; NRF-2a, nuclear respiratory factor 2 DNA-binding alpha subunit; mtTFA,
mitochondrial transcription factor A; COX I and COX IV, cytochrome ¢ oxidase subunits I and IV.

METHODS

Rat model of CHF

This study conformed to the guidelines of the animal welfare
committee of INSERM. Animals were operated on by Charles
River Laboratories (France) and sham-operated and CHF rats
were purchased 3 weeks after surgery. Animals were randomly
assigned to one of two groups (aortic stenosis (CHF) or sham-
operated (Sham)) and were anaesthetized with 60 mgkg™
pentobarbital, 1.p. Aortic stenosis was induced by placing a
stainless steel haemoclip of 0.6-mm width on the ascending aorta
via a thoracic incision as previously described (De Sousa et al.
1999; Feldman et al. 1993). The sham-operated rats underwent
the same procedure without placement of the clip. Six months
after surgery, the mortality rate was about 70 % in the CHF group,
and 11 CHF and 11 Sham rats were studied. Animals were
anesthetized with an intraperitoneal injection of urethane
(0.2g (100 g body weight)™") and the right and left ventricles (RV
and LV, respectively), oxidative soleus (SOL) and superficial
glycolytic parts of gastrocnemius (GAS) muscles were isolated and
weighed. Parts of these muscles were rapidly frozen for
biochemical, DNA and RNA analysis and other parts were
immediately used for respiration experiments.

Enzyme assay

After homogenization of frozen tissue samples in an ice-cold
buffer ((50 mg wet weight) ml™") containing (mm): Hepes 5 (pH
8.7), EGTA 1, dithiothreitol 1, MgCl, 5 and Triton X-100 (0.1 %),
an incubation was performed for 60 min at 4°C to ensure
complete enzyme extraction. The total activities of citrate
synthase (CS) and creatine kinase (CK) were assayed (30°C,
pH 7.5) with coupled enzyme systems as previously described (De
Sousa et al. 1999). CK isoenzymes were separated using agarose
(1%) gel electrophoresis performed at 250 V for 90 min and
individual isoenzymes were resolved by incubating the gels with a
coupled enzyme system. Cytochrome c¢ oxidase (COX) activity
was determined as previously described (Wharton & Tzagoloff,
1967).

Functional properties of mitochondria

Respiratory parameters of the total mitochondrial population
were studied in situ in freshly saponin-skinned fibres as previously
described (Veksler et al. 1987). Briefly, thin fibre bundles were
excised from LV, SOL and GAS muscles and incubated for 30 min
at4°Cin solution S (see below) containing 50 #g ml™' saponin to
permeabilize the sarcolemma. Respiratory rates were determined
with a Clark electrode (Strathkelvin Instruments, UK) in an
oxygraphic cell containing 3 ml respiration solution (solution R,
see below) at 22 °C with continuous stirring and were expressed
as (umol O,) min™' (g dry weight) ™. Solutions S and R contained
(mM): EGTA-CaEGTA buffer 10 (free Ca** concentration
100 nm), MgCl, 1, taurine 20, dithiothreitol 0.5, imidazole 20 and
ionic strenght 160 mM (potassium methane sulfonate). Solution S
(pH 7.1) also contained 5mM MgATP and 15mMm
phophocreatine, whereas solution R contained 5 mm glutamate,
2mM malate, 3 mm phosphate and 2 mgml™ fatty acid free
bovine serum albumin. The ADP-stimulated respiration (V;pp)
above basal oxygen consumption (V,,) was plotted as a function of
[ADP] with or without creatine (20 mm). Vipp was calculated
using a non-linear fitting of the Michaelis-Menten equation.
Maximal respiration rate (V,,,x) was (Vapp + V5,). From one to three
measurements were made for each muscle.

Southern blot analysis of total DNA

Total cellular DNA was extracted from LV, SOL and GAS muscles
by standard methods including successive steps of proteinase K
digestion, organic extraction and ethanol precipitation. To
measure mtDNA levels, a Southern blot analysis was performed
using concomitant hybridization with a cDNA probe for mtDNA
corresponding to nt231-695 of the rat mitochondrial 12S rRNA
gene (GenBank accession number 854269) and a cDNA probe for
nDNA corresponding to nt872-1525 of the rat nuclear-encoded
185 rRNA gene (GenBank accession number M11188) as a
control for the amount of nuclear DNA. For each muscle type,
total DNA (2 ug) was digested with BamHI restriction enzyme,
separated by electrophoresis through 0.7% agarose gel and
transferred onto nylon membrane (Hybond-N', Amersham
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Biosciences, Orsay, France). A small amount of a plasmid (25 ng)
carrying a sequence complementary to the mtDNA probe was
added with the test samples and was used as a positive control. All
membranes were prehybridized at 57°C for 60 min with
hybridization buffer (AlkPhos Direct Hybridization bulffer,
Amersham), hybridized to the labelled probes at 57 °C overnight,
and then washed twice at 57 °C for 20 min each in primary wash
buffer (2M urea, 0.1% SDS, 50 mm sodium phosphate,
150 mm NaCl, 1 mm MgCl, 2 g blocking reagent (Amersham
Biosciences)) and twice at room temperature for 20 min in
secondary wash buffer (50 mm Tris, 100 mm NaCl, 2 mm MgCl).
Each probe was labelled with a labelling kit using alkaline
phosphatase (AlkPhos Direct, Amersham). Signals were detected
by chemoluminescent reagents (CDP-Star, Amersham) and
quantified using an image analyser (Bio-Rad, Marnes-la-
Coquette, France) to determine the ratio of mtDNA to nDNA.

Real-time quantitative RT-PCR analysis

Total muscle RNA was isolated from frozen tissue samples
(50-100 mg) using the Trizol reagent technique according to the
manufacturer’s instructions (Invitrogen, Cergy Pontoise, France).
Oligo-dT first-strand cDNA was synthesized from 5 ug total RNA
using SuperscriptIl reverse transcriptase ( Invitrogen).
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Real-time PCR was performed using SYBR Green technology on a
LightCycler rapid thermal cycler (Roche Diagnostics, Meylan,
France). Forward and reverse primers (Table 1) were each
designed in a different exon of the target gene sequence,
eliminating the possibility of amplifying genomic DNA. For the
mitochondrial COX I gene, which was devoid of intronic
sequences, we checked using the negative reverse transcription
product that contamination of genomic DNA did not interfere
with quantification. For each set of primers, a basic local
alignment search tool (BLAST) search revealed that sequence
homology was obtained only for the target gene. Prior
optimization was conducted for each set of primers, which
consisted of determining optimal primer and MgCl,
concentrations, the template concentration and verifying the
efficiency of the amplification. To confirm the specificity of the
amplification, the PCR product was subjected to a melting curve
analysis and agarose gel electrophoresis. PCR amplification was
performed in duplicate in a total reaction volume of 15 yl. The
reaction mixture consisted of 1 xl diluted template, 1.5 ul
FastStart DNA Master SYBR Green I kit (x 10), 3 mm (COX I,
mtTFA, NRF-1, NRF-2a, PGC-1a) or 4 mm (COX IV, f-actin)
MgCl, and 0.5 uM forward and reverse primers (except for
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Figure 1. Enzymatic activities and mitochondrial function in left ventricle (LV), soleus (SOL)
and gastrocnemius (GAS) of sham-operated and CHF rats

CS, citrate synthase; COX, cytochrome ¢ oxidase; mi-CK, mitochondrial creatine kinase and V..., maximal
respiration rate. Values are means * s.EM. (n=11). *P<0.05 **P<0.01; ***+ttP <0.001 versus

respective Sham group (*) or versus Sham LV (7).
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Table 2. Anatomical data

Sham CHF P ys. sham
(n=11) (n=11)
Body weight (g) 732+22 484 + 33 <0.001
Heart weight (g) 1.62+£0.07 293+0.15 <0.001
Heart weight/TL (g cm™) 0.35+0.01 0.64 +£0.03 <0.001
Right ventricle weight/TL (g cm™) 0.06 £0.01 0.11£0.01 <0.001
Left ventricle weight/TL (g cm™) 0.24£0.01 0.38 £0.02 <0.001
Soleus weight/TL (g cm™) 0.062 + 0.002 0.051 +0.003 <0.05
Lung weight/TL (g cm™) 0.37 £0.01 0.61 £ 0.06 <0.001

TL indicates tibia length. Values are means + S.E.M.

NRF-2a and PGC-1ea, when 0.3 um were used). After an 8-min
activation of Taq polymerase, amplification was allowed to
proceed for 3040 cycles, each consisting of denaturation at 95°C
for 10 s, annealing at 55 (COX I, mtTFA), 56 (NRF-1), 58 (COX
IV) or 65°C (NRF-2a, PGC-1a) for 5-10 s and extension at 72 °C
for 5-24 s, depending on the target gene. Fivefold serial dilutions
from soleus total RNA were analysed for each target gene and
allowed us to construct linear standard curves from which the
concentrations of the test sample were calculated. Results were
normalized to f-actin transcription to compensate for variation
ininput RNA amounts and efficiency of reverse transcription, and
then multiplied by total RNA (mg wet weight)™ to correct for
variation in the amount of total RNA per amount of tissue to
compare expression level of target genes between the three types of
muscles.

Statistics

Data are expressed as means + s.E.M. One way ANOVA, followed
by Newman-Keuls post hoc test was used to assess the differences
between control muscles. Effects of CHF were assessed with
Student’s t test within each muscle. Values of P < 0.05 were
considered significant.

RESULTS

Anatomical data
As CHF rats showed markedly decreased body weight
(=34 %), the weight of organs was expressed per tibial

A
SOL  GAS
CHF S CHF

Control

LV
S CHF S
MIDNA —> 4 SR . S . -
(11225bp)

NDNA —>_ # &8 =
(4597bp)

B

length, an index of growth independent of body fat or fluid
homeostasis (Table 2). CHF induced significant absolute
and relative cardiac hypertrophy (+83 %) due to increase
in relative weights of both ventricles and also induced
increase in lung weight. Furthermore, obvious clinical
evidence of cardiac decompensation (brown and ‘nutmeg’
liver, pleural and peritoneal effusions and enlarged atria)
was observed in CHF rats.

In the same rat model of CHF (De Sousa et al. 1999;
Momken et al. 2003) we showed, using the Langendorff-
perfused heart model, systolic and diastolic abnormalities
in CHF hearts (e.g. increased left ventricular end-diastolic
pressure from 10 + 4 to 62 + 18 mmHg), and using in vivo
echocardiography an impairment of systolic function
(30% decrease in LV shortening, and 21 % decrease in
ejection fraction). Collectively, these results confirmed the
development of severe CHF in these animals. Decreased
soleus weight showed muscle atrophy.

Enzyme assay and functional properties of
mitochondria

Healthy cardiac muscle exhibited the highest levels of CS,
COX, and mitochondrial CK (mi-CK) activities and of
oxidative capacities, followed by SOL and then GAS

mtDNA/nDNA

—s
3 CHF

ol UU

Figure 2. Southern blot analysis of total DNA from left ventricle (LV), soleus (SOL) and
gastrocnemius (GAS) of sham-operated (S) and CHF rats

A, representative Southern blots for each muscle type with signals resulting from mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA). A positive control corresponding to a plasmid carrying sequence
complementary to the mitochondrial probe was included and provided a signal at 4365 bp. B, mtDNA-to-
nDNA ratio was determined after quantification of each signal. Values are means * s.E.M. (n = 11).
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muscles (Fig. 1). Both in LV and GAS, CHF induced a
significant decrease in CS (LV, =37 %; GAS, —53 %), COX
(LV, —=37%; GAS, —68%) and mi-CK activities (LV,
—63 %; GAS, —72 %). Oxidative capacity was reduced by
21 and 33 % during CHF in LV and GAS, respectively. The
response of SOL muscle to CHF was less pronounced: CS
and mi-CK were significantly reduced by 22 and 33 %,
respectively, whereas decreases in COX activity and
maximal respiration rate (V...) were not significant.

Mitochondrial DNA content

The mtDNA content, expressed as the ratio of mtDNA to
nDNA was measured by a Southern blot analysis. Results
presented in Fig. 2 did not reveal a significant difference in
the mtDNA content between healthy and CHF cardiac or
skeletal muscles.

Levels of mtDNA-encoded COX subunitIand
nDNA-encoded COX subunit IV mRNA

As previously observed (Habets et al. 1999), total RNA
content was twofold lower in Sham GAS than in Sham LV
or SOL (LV: 0.98 +0.03, SOL: 0.92 + 0.05 and GAS:
0.52 + 0.02 ug (mgwetwt) ', P < 0.001). Moreover, LV in
CHF showed an increase in total RNA content (Sham LV:
0.98 £0.03, CHF LV: 1.08 £ 0.03 ug (mg wet wt)™,
P <0.01). The levels of expression of the two COX
subunits (Fig. 3A) and of the key factors involved in
mitochondrial biogenesis (Fig. 4) were normalized to
[-actin values, as the expression of this gene was the most

mtDNA-encoded COX I/B-actin

0.6
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stable compared to other tested reference genes (data not
shown). They were multiplied by total RNA (mg wet
weight) ™', to compare the three muscles (Habets et al.
1999).

In healthy animals, mtDNA-encoded COX I and nDNA-
encoded COX IV subunits exhibited a similar pattern of
mRNA expression, being higher in LV, 1.5 times lower in
SOL and 3-5 times lower in GAS for COX IV and COX 1,
respectively. In CHF, we observed a parallel decrease in the
expression of mRNA for these two subunits of 27 and 43 %
in LV, and 67 and 74 % in GAS muscles for COX I and
COX 1V, respectively. A depressed expression of COX I
and COX IV was also present in failing SOL but did not
reach significance level.

mRNA levels of nuclear factors associated with
mitochondrial biogenesis and function

In healthy animals, PGC-1ae mRNA expression was higher
in LV, being 3 times lower in SOL (P < 0.001) and 6 times
lower in GAS (P <0.001). The NRF-1, NRF-2a and
mtTFA transcripts did not present a similar tissue
distribution: their expression was comparable in Sham LV
and SOL muscles and was significantly lower in GAS
(Fig. 4).

In LV and GAS, CHF led to significant 30—40 % reductions
in PGC-la, NRF-2a and mtTFA gene expression. SOL
again presented a less severe response to CHF. Generalized

nDNA-encoded COX IV/B-actin
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Figure 3. Real-time quantitative RT-PCR analysis of mRNA expression of mitochondrial DNA
(mtDNA)-encoded cytochrome ¢ oxidase subunit | (COX I) and nuclear DNA (nDNA)-encoded
cytochrome ¢ oxidase subunit IV (COX IV) in left ventricle (LV), soleus (SOL) and
gastrocnemius (GAS) of sham-operated and CHF rats

A, results are given as means + S.E.M. of values normalized to f-actin transcription and multiplied by total
RNA (mg wet weight) ™. *,1 P < 0.05; **,71 P < 0.01; *** 711 P < 0.001 versus respective Sham group (*) or
versus Sham LV (t). B, correlations between the mRNA levels of COX T or COX IV and PGC-1a (peroxisome
proliferator activated receptor gamma co-activator la). r, the correlation coefficient; P, the statistical
significance.
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metabolic defects were associated with a global decrease in
the expression of key factors involved in the regulation of
mitochondrial biogenesis and function.

In healthy tissues, strong positive correlations (P < 0.001)
were observed between PGC-1a mRNA expression and CS
(r=0.856), COX (r = 0.837), mi-CK (r = 0.649) activities
or oxidative capacities (r=0.868). No significant
correlation was found between NRFs or mtTFA mRNA,
and mitochondrial parameters (for example for COX
activity: r = 0.204 with NRF-1, r = 0.324 with NRF-2«,
r=—0.022 with mtTFA). When both control and CHF
groups were pooled, we again found a significant positive
correlation between PGC-la mRNA and mitochondrial
parameters (Fig. 5). Interestingly, if we correlated
expression of COX I or COX IV subunit mRNA with
expression of transcription factors or PGC-1la mRNA,
significant correlations were only obtained with PGC-1a
mRNA (Fig. 3B).
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DISCUSSION

The present results show that (1) CHF induces a decrease
in oxidative capacity and mitochondrial enzyme activities
in both cardiac and skeletal muscles. (2) This is
accompanied by a concurrent decrease in the expression of
nuclear- and mitochondrial-encoded subunits of
complex IV of the respiratory chain with no impairment of
the mitochondrial DNA copy number, suggesting
dysfunction in mitochondrial gene transcription rather
than in replication, associated with a decrease in nuclear-
encoded mitochondrial gene expression. (3) The
downregulation of PGC-la, NRF-2a and mtTFA gene
expression in cardiac and skeletal muscles observed in
CHF could explain the alterations in mitochondrial gene
transcription and thereby in respiratory chain function.
(4) PGC-la mRNA levels strongly correlated with
expression of COX I or COX IV subunit mRNA as well as
with mitochondrial markers, suggesting that this factor, in
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Figure 4. Real-time quantitative RT-PCR analysis of mRNA expression of peroxisome
proliferator activated receptor gamma co-activator 1a (PGC-1a), nuclear respiratory factor 1
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healthy and diseased muscles, may modulate the tissue-
specific oxidative capacity.

Oxidative capacity in failing cardiac and skeletal
muscles

Aortic banding is a well-characterized model of heart
failure (Feldman et al. 1993) that leads to haemodynamic
and peripheral alterations. Despite the diversity in the
pathogenesis of heart failure, defects in energy metabolism
have been implicated in the disease progression (Ingwall
1993; Dzeja et al. 2000; Lehman & Kelly, 2002; Ventura-
Clapier ef al. 2002). Proteomic analysis has shown that
many of the cardiac proteins altered in CHF are involved
in energy metabolism (Heinke et al. 1999). Marked
reductions in the complexes of the respiratory chain have
been described in both cardiac and skeletal muscles in
canine and rat heart failure models (Ide et al. 2001; Marin-
Garcia et al. 2001). A dysfunction of respiratory complex I
was also shown in human failing myocardium (Scheubel et
al. 2002).

Muscle oxidative capacities have been assessed by
measuring respiration of mitochondria in permeabilized
fibres with no limitation of substrates, ADP or oxygen
(Saks et al. 1998). The main mitochondrial pathways were
investigated by measuring activity of key enzymes: CS, an
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enzyme of the Krebs cycle, COX, the complex IV of the
respiratory chain, and mi-CK, an intermembrane space
enzyme involved in energy transfer between mitochondria
and cytosol in oxidative muscles (Ventura-Clapier et al.
1998). We describe here a significant depression in
mitochondrial function and biochemical markers in both
heart and gastrocnemius. In soleus, only CS and mi-CK
were significantly reduced, showing a lower sensitivity of
this postural muscle to heart failure. Whether this
results from mitochondrial gene expression and/or
mitochondrial replication defects is not known at present.
It appears that the defects in energy metabolism in CHF
were not due to a decrease in the mitochondrial DNA
content. Similar results were obtained in pacing-induced
CHF (Marin-Garcia et al. 2001), and humans (Sack et al.
1996) although a decrease in this content was described in
a murine heart failure model early after myocardial
infarction (Ide etal. 2001). This is in line with the increased
number of smaller mitochondria without alteration
in total mitochondrial volume reported in failing
myocardium (Sabbah et al. 1992).

On the other hand, metabolic defects in heart failure are
more likely to result from disturbed transcription of
OXPHOS genes, as shown by the coordinated decrease in
the nuclear- (COX IV) and the mitochondrial-encoded
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Figure 5. Correlations between the mRNA expression level of PGC-1a2 and enzymatic
activities of citrate synthase (CS), cytochrome c oxidase (COX), mitochondrial creatine kinase
(mi-CK) or maximal respiration rate (V,.) in left ventricle (LV), soleus (SOL) and
gastrocnemius (GAS) of sham-operated and CHF rats

r, the correlation coefficient; P, the statistical significance.
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(COXI) COX subunit gene expression. Expression of the
main nuclear factors involved in the regulation of
mitochondrial genes showed marked alterations in CHF.
MtTFA gene expression was clearly diminished in muscles
of failing rats, although this decrease did not reach
significance for soleus. MtTFA promotes mitochondrial
gene transcription and replication. It was recently
established that replication of mtDNA was stimulated by
small amounts of mtTFA and remained highly active over
a large range of mtTFA concentrations whereas
transcription was activated only at high levels of mtTFA
(Falkenberg et al. 2002). This may explain the depression
of mitochondrial gene transcription without alteration in
mitochondrial gene replication. Expression of NRF-2a,
for which recognition sites have been described on genes
encoding mtTFA and mitochondrial proteins in rodents
(Scarpulla, 2002), was dramatically downregulated in
failing rat cardiac and fast muscles, while NRF-1 was
significantly downregulated only in gastrocnemius.

During hypertrophy, myocardial substrate utilization
shifts from fatty acid to glucose oxidation with a
concomitant decrease in FAO enzyme expression (Sack
et al. 1996). This metabolic shift is linked to a
downregulation of PGC-1a expression and deactivation of
PPAR a nuclear transcription factor (Vega et al. 2000;
Lehman & Kelly, 2002). Thus, as PGC-1a is also involved
in mitochondrial biogenesis and function through its
interaction with NRFs, it was interesting to investigate its
expression in cardiac and skeletal muscles in advanced
heart failure (six months after aortic banding). PGC-1a
mRNA was significantly decreased in CHF gastrocnemius
and heart, the two muscles that were the most affected by
CHEF, while no significant decrease was observed in soleus,
which was less affected. Moreover, PGC-la gene
expression positively correlated with expression of COX
subunit genes, oxidative capacity and mitochondrial
markers in healthy and diseased muscles. Taken together,
these results suggest that the decreased oxidative capacity
in cardiac and skeletal muscles in CHF may eventually
result from a decrease in mitochondrial gene expression
linked to PGC-1e, NRFs and mtTFA downregulation.

Nothing is known at present concerning the signalling
pathways leading to a downregulation of PGC-la and
decreased energy metabolism in CHF. In the progression
from compensated hypertrophy to failure, there is a
generalized hyperactivation of hormones (the renin—
angiotensin—aldosterone system, endothelin-1, and
adrenaline (epinephrine)), neuromediators (noradrenaline
(norepinephrine)) and cytokines (interleukins, and tumor
necrosis factors (TNFs)). Different signalling pathways
that are not activated during the compensated phase of
hypertrophy are stimulated later when the compensatory
mechanisms are overwhelmed (Haq ef al. 2001). Mitogen-
actived protein kinases as well as the protein kinase Akt or
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protein kinase B (PKB) pathways, which are not activated
in hypertrophied heart, are highly activated in heart failure
irrespective of the cause of the disease (Haq et al. 2001).
TNFa, angiotensin II and endothelin-1, which are
dramatically increased in heart failure, may potentially
activate the Akt pathway (Molkentin & Dorn, 2001).
Cardiac-specific expression of a constitutively active
mutant of Akt mediates a nearly threefold downregulation
of PGC-1ae mRNA expression (Cook et al. 2002). Over-
expression of TNFa induces heart failure, accompanied by
mitochondrial abnormalities and impaired DNA repair
activity (Li et al. 2001) and TNFa has been proposed to
play a contributory role in mitochondrial defects in CHF
(Marin-Garcia et al. 2001). This provides a possible link
between neurohumoral activation, decreased PGC-la
expression, and altered cardiac and skeletal muscle
bioenergetics in CHF and needs further investigation.

Oxidative capacity in healthy cardiac and skeletal
muscles

Muscle and cardiac mitochondrial content can be
modulated by neuronal, hormonal or mechanical
parameters. The four markers of oxidative capacity
(maximal respiration rate, CS, COX and mi-CK) fitted to
the known mitochondrial content of the different tissues
with the rank order: left ventricle >> soleus > gastrocnemius,
but factor(s) that determine the oxidative capacity in
different muscles are not known. PGC-la has been
proposed as a very likely candidate (Lehman et al. 2000;
Lin et al. 2002). PGC-1a is expressed very highly in soleus
and to a lower extent in fast muscles, and amongst
transgenic lines containing different levels of PGC-1a its
expression is proportional to the expression of
mitochondrial markers (Lin et al. 2002). In heart muscle it
has been identified as a critical regulator of cardiac
mitochondrial number and function in response to energy
demands (Lehman et al. 2000). The present results show
that oxygen consumption, CS and COX activities strongly
correlated with PGC-1a mRNA in cardiac and skeletal
muscles. Mi-CK, which is expressed in very low amounts
in glycolytic fibres but is increased in oxidative fibres
(Ventura-Clapier et al. 1998; Qin et al. 1999), correlated as
well with PGC-1ae mRNA. These results extend previous
data and add support to the contention that PGC-1a may
orchestrate a set of genes implicated in the control of
muscle oxidative capacity.

Opposite to what was found for PGC-la, NRF-1 or
NRF-2a expression did not linearly correlate with muscle
oxidative capacity or biochemical markers. NRF1 and
NRF-2a mRNA levels were similar in heart and soleus
whilst half the amount was found in gastrocnemius.
However, as not only the expression but also the
transcriptional activity of the NRFs may be directly
controlled by PGC-1a (Wu et al. 1999; Scarpulla, 2002), a
PGC-1a-mediated change in the transcriptional activity of
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NRFs could also take part in the oxidative capacity
differences between cardiac and soleus muscles.

MtTFA gene expression did not strictly follow the muscle
oxidative capacity either. In fact there was no difference in
mRNA expression between heart and soleus, despite a
fivefold higher oxidative capacity in heart. However, very
recently two mitochondrial transcription factors named
TFBIM and TFB2M were discovered that co-associate
with mitochondrial RNA polymerase and mtTFA, and are
necessary for the transcriptional activity of both
mitochondrial promoters (Falkenberg et al. 2002). It needs
to be determined whether PGC-la can regulate their
expression. Further studies are needed to establish
the mechanisms linking PGC-la expression and
mitochondrial content.

Conclusions

This study shows that depressed mitochondrial function
in cardiac and skeletal muscles during CHF is linked to
altered expression of mitochondrial protein genes. The
results identify several transcription factors whose gene
expression is downregulated in CHF, establishing a
correlation between the expression of PGC-la, NRFs,
mtTFA and mitochondrial function. They also support the
possible importance of PGC-1a in modulating the tissue-
specific mitochondrial capacity. Altered mitochondrial
function and energy transfer in CHF may limit calcium
homeostasis and myofibrillar function and participate in
cardiac pump failure and skeletal muscle weakening.
Implication of PGC-la as a possible determinant of
oxidative capacity during heart failure may unveil a new
potential therapeutic target to escape from the vicious
circle of an energy-depleted heart.
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