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Objective: Increased mechanical stress and contractility characterizes normal left
ventricular (LV) subendocardium (Endo) but whether Endo mitochondrial respiratory chain
complex activities is reduced as compared to subepicardium (Epi) and whether pressure
overload-induced LV hypertrophy (LVH) might modulate transmural gradients through
increased reactive oxygen species (ROS) production is unknown. Methods: LVH was
induced by 6 weeks abdominal aortic banding and cardiac structure and function were
determined with echocardiography and catheterization in sham-operated and LVH rats
(n = 10 for each group). Mitochondrial respiration rates, coupling, content and ROS
production were measured in LV Endo and Epi, using saponin-permeabilized fibers,
Amplex Red fluorescence and citrate synthase activity. Results: In sham, a transmural
respiratory gradient was observed with decreases in endo maximal oxidative capacity
(−36.7%, P < 0.01) and complex IV activity (−57.4%, P < 0.05). Mitochondrial hydrogen
peroxide (H2O2) production was similar in both LV layers. Aortic banding induced
mild LVH (+31.7% LV mass), associated with normal LV fractional shortening and
end diastolic pressure. LVH reduced maximal oxidative capacity (−23.6 and −33.3%),
increased mitochondrial H2O2 production (+86.9 and +73.1%), free radical leak (+27.2%
and +36.3%) and citrate synthase activity (+27.2% and +36.3%) in Endo and Epi,
respectively. Transmural mitochondrial respiratory chain complex IV activity was reduced
in LVH (−57.4 vs. −12.2%; P = 0.02). Conclusions: Endo mitochondrial respiratory chain
complexes activities are reduced compared to LV Epi. Mild LVH impairs mitochondrial
oxidative capacity, increases oxidative stress and reduces transmural complex IV activity.
Further studies will be helpful to determine whether reduced LV transmural gradient in
mitochondrial respiration might be a new marker of a transition from uncomplicated toward
complicated LVH.
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INTRODUCTION
Chronic pressure overload (PO) is a frequent clinical occurrence
that leads to left ventricular hypertrophy (LVH). Initially, LVH
was considered to be a compensatory mechanism that allows the
normalization of wall mechanical stress and generation of the
required cardiac output (Opie et al., 2006). However, LVH is also
a risk factor for the development of heart failure and sudden
death from arrhythmias. Thus, systemic hypertension and aortic

Abbreviations: Endo, subendocardium; Epi, subepicardium; LV, left ventricular;
LVH, left ventricular hypertrophy; PO, pressure overload; ROS, reactive oxygen
species; H2O2, hydrogen peroxide.

stenosis-induced LVH can become maladaptive and precede the
onset of heart failure (Drazner, 2011). Accordingly, recent data
support that enhanced post-operative LV mass regression after
aortic valve replacement for aortic stenosis is associated with
improved long-term survival (Ali et al., 2011).

LVH results from increased cardiomyocyte size induced by
an increase in the number of intracellular organelles, including
mitochondria. Mitochondria are the main energy powerhouses
of cells, and they convert nutrients into energy through cellu-
lar respiration. Although no unique pattern of cardiac adaptation
occurs in response to physiological or pathological hypertrophic
stimuli, mitochondrial dysfunction and increased oxidative stress
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are the primary factors in LVH pathogenesis (Ventura-Clapier
et al., 2001; Seddon et al., 2007; Takimoto and Kass, 2007;
Rimbaud et al., 2009). Cardiac metabolic flexibility is crucial and
during PO-induced cardiac hypertrophy, the heart shifts from
fatty acids to glucose as the primary substrate for energy produc-
tion. Later, in end-stage heart failure, mitochondrial dysfunction
may reduce the rate of substrate oxidation, decreasing energy pro-
duction and increasing the formation of reactive oxygen species
(ROS) (Ventura-Clapier et al., 2001; Zoll et al., 2005; Seddon
et al., 2007; Takimoto and Kass, 2007; Ingwall, 2009). Under con-
ditions of high oxidative stress, cell dysfunction, necrosis and/or
apoptosis are induced (Seddon et al., 2007; Takimoto and Kass,
2007).

Oxidative stress is related to an excess production of ROS orig-
inating from several sources in the heart. Besides mitochondria,
xanthine oxidase, uncoupled nitric oxide synthases, inflamma-
tory cells, and NADPH oxidases are largely involved in cardiac
remodeling, including during cardiac PO (Murdoch et al., 2006;
Nabeebaccus et al., 2011). ROS include several free radicals like
superoxide anion, hydroxyl and the highly reactive compound
hydrogen peroxide (H2O2). H2O2, resulting from superoxide dis-
mutase action on superoxide anion, is considered as the most
relevant ROS signaling molecule in cells which can give rise
to hydroxyls radicals and may impair mitochondrial respiration
rates (Veal et al., 2007). We therefore investigated an even-
tual relationship between increased H2O2 production and LV
subendocardium (Endo) and subepicardium (Epi) mitochondrial
function.

Indeed, despite its frequency, relatively few data are available
and whether impaired mitochondrial oxidative capacity occurs
in mild cardiac hypertrophy is still discussed (Jameel and Zhang,
2009; Rimbaud et al., 2009; Van Bilsen et al., 2009; Griffiths et al.,
2010).

Interestingly, in line with their different origins during embry-
ologic development, the LV Endo and Epi present distinct
characteristics in terms of blood flow, structure, metabolism, elec-
trophysiological, and contractile properties (Whitty et al., 1976;
Cazorla et al., 2005; Sengupta et al., 2006; Duncker and Bache,
2008; Van der Velden et al., 2011). Such transmural differences
are well known but, whether they are associated with transmural
differences in mitochondrial complex activities deserves further
analysis. Indeed, differences in subendo- and Epi mitochondria
or their regulation were expected but, previous reports showed
no or minor differences when considering metabolic enzymes or
electron transport system (Geshi et al., 1988; Gallego-Delgado
et al., 2006). However, there are few data comparing endo- and
epicardium layers mitochondrial function in the normal LV, espe-
cially using saponin-skinned fibers that ensure global mitochon-
drial function assessment in intact mitochondria (MacDonald
et al., 2011).

The aim of this study was to challenge the hypothesis that,
accordingly to the non-uniform properties of the LV wall, (1)
mitochondrial respiratory chain complex activities of LV Endo
are reduced as compared to Epi and (2) that increased mechani-
cal wall stress that occurs in LVH might impair such a transmural
respiratory gradient. To get insight in the mechanisms involved,
we also investigated ROS production in the Endo and Epi layers

through mitochondrial hydrogen peroxide measurements both in
normal heart and after PO-induced LVH.

METHODS
Adult male Wistar rats (weight range 250–300 g) were used in the
experiments. Animals were kept in a temperature- and humidity-
controlled room with a 12:12 h photoperiod and were provided
with food and water ad libitum. The study conformed to the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health and was approved by the
institutional animal care committee.

ANAESTHESIA AND EXPERIMENTAL DESIGN
Twenty animals were randomly assigned to two groups of ten
each. Sham-operated rats underwent a procedure similar to that
applied to the LVH group except that the aorta was not banded
in sham-operated animals. In the LVH group, the abdominal
aorta was banded above the renal arteries. During the proce-
dure, anaesthesia was induced with 3% isoflurane and oxygen
(1 l/min) in an induction chamber (Minerve, Esternay, France).
After the peritoneum was opened, 5 mg/kg of intraperitoneal tra-
madol was administered. Anaesthesia was maintained with 1.5%
isoflurane and 1 l/min oxygen at under spontaneous ventilation.
The animal’s core body temperature was maintained at 37◦C
using a controlled heating pad (Homeothermic blanket control
unit, Harvard Apparatus®). The suprarenal abdominal aorta was
exposed after a laparotomy was performed. A 4-0 silk suture was
used to tie off the suprarenal abdominal aorta using a blunted 22
gauge needle, which was then pulled out. Following the surgery,
the animals’ housing conditions were kept constant during a
6-week period.

In animal models of PO secondary to aortic banding, ventricu-
lar remodeling and function depend upon several factors includ-
ing localization of the aortic banding, degree of aortic coarctation
and age of the animal at the time of the surgery. Our experi-
mental design was expected to induce a progressive LVH with no
alteration of the systolic ventricular function. These parameters
were chosen in order to mimic common clinical settings such as
systemic hypertension or aortic stenosis.

ECHOCARDIOGRAPHY AND CARDIAC REMODELLING
Two days before the animals sacrifice, echocardiography was per-
formed. The following parameters were measured in isoflurane-
anaesthetized rats by two-dimensional and Doppler echocardiog-
raphy (Sonos 5500, Philips Ultrasound) with a 12-MHz phased-
array transducer (S12): percentage of LV fractional shortening, LV
ejection fraction, LV mass, heart rate, LV end-diastolic, and end-
systolic diameter, septum wall thickness in diastole, posterior wall
thickness in diastole and isovolumic relaxation time. The LV mass
was derived from the cubic equation at end diastole as follows:
LV mass = 0.8 (1.4) [(interventricular septal dimension at dias-
tole + LV end-diastolic dimension + posterior wall thickness at
diastole)3 − (LV end-diastolic dimension)3] + 0.6 (Seddon et al.,
2007). The isovolumic relaxation time, marker of the diastolic
dysfunction in correlation with the filling pressure, was mea-
sured with Doppler imaging using the apical four-chamber view
(Cantor et al., 2005).
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HEMODYNAMIC MEASUREMENTS AND CARDIAC SAMPLING
At the end of the experiments, the rats were anaesthetized as pre-
viously described, and the right carotid artery was catheterized
(arterial catheter, 3Fr, Vycon) for the recording of systolic, dias-
tolic and mean arterial pressures (PowerLab, AD Instruments).
The catheter was then pushed, and the LV end-diastolic pressure
(LVEDP) was measured.

Thereafter, a sternotomy was performed. The still-beating
heart was rapidly harvested and rinsed in ice-cold 0.9% NaCl
solution, and the heart and the LV were weighed. The LV-free
wall was dissected, and Endo and Epi myocardial samples were
extracted under binocular microscopy (Endo and Epi were the
innermost and outermost layers of the LV-free wall, respec-
tively). Samples were used immediately for the measurement of
mitochondrial function and H2O2 production.

MYOCARDIAL MITOCHONDRIAL RESPIRATION AND COUPLING
Mitochondrial respiration in saponin-skinned fibers was studied
as previously reported and recently reviewed, ensuring deter-
mination of global mitochondrial function within the archi-
tectural environment of the muscle fiber (Veksler et al., 1987;
Zoll et al., 2006; Kuznetsov et al., 2008). Briefly, fibers were
separated and permeabilized in a bath of solution S contain-
ing saponin (50 μg/mL) for 30 min at 4◦C with shaking. The
permeabilized fibers were then washed for 10 min with shak-
ing to remove saponin and rinsed twice with the respiratory
solution for 5 min to remove any phosphates. The oxygen con-
sumption of the fibers was measured polarographically using
a Clark-type electrode in a 3-mL oxygraphic cell (Strathkelvin
Instruments, Glasgow, Scotland). Basal oxygen consumption (V0)
and maximal fiber respiration (Vmax) rates were measured at
22.1◦C under continuous stirring in the presence of a saturat-
ing amount of adenosine diphosphate (ADP) as a phosphate
acceptor.

The relative contributions of respiratory chain complexes I,
III and IV to global mitochondrial respiratory rates were also
determined. When Vmax was recorded, the electron flow occurred
in complexes I, III, and IV because of the presence of gluta-
mate (5 mM) and malate (2 mM). Complex I was blocked with
amytal (0.02 mM), and complex II was stimulated with succinate
(25 mM). The measurement of mitochondrial respiration under
these conditions permitted the determination of complex II, III,
and IV activities (Vsucc). After this measurement was completed,
N, N, N’, N’-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD, 0.5 mM) and ascorbate (0.5 mM) were added as arti-
ficial electron donors to cytochrome c. Under these conditions,
the activity of cytochrome c oxidase (complex IV) was increased
to its maximum and could be determined as an isolated step in
the respiratory chain (Vtmpd). Following the completion of these
measurements, the fibers were harvested and dried for 15 min
at 150◦C. Respiration rates are expressed as μmol O2/min/g dry
weight.

Concerning mitochondrial coupling, when permeabilized
fibers are used instead of isolated mitochondria, endogenous
ATPases prevent the establishment of state 4. The “state 2” is then
used. This state is the basal oxygen consumption under gluta-
mate and malate substrates. The ratio (state 3 rate)/(state 2 rate)

is called the acceptor control ratio (ACR) and is viewed as an
approach of mitochondrial coupling (Duteil et al., 2010).

H2O2 PRODUCTION IN PERMEABILIZED FIBERS
The H2O2 production in response to the sequential addition of
substrates and inhibitors was assessed in permeabilized Endo and
Epi fibers (Anderson and Neufer, 2006). H2O2 production was
measured with Amplex Red reagent (Invitrogen); this reagent
reacts in 1:1 stoichiometry with H2O2 in a reaction catalyzed
by HRP (horseradish peroxidase; Fluka Biochemika) to yield
the fluorescent compound resorufin and a molar equivalent O2.
Resorufin has excitation/emission wavelengths of 563/587 nm and
is highly stable once formed. Fluorescence was measured con-
tinuously [change in fluorescence (�F)/sec] with a Fluoromax
4 (Jobin Yvon) spectrofluorometer equipped with temperature
control and magnetic stirring. After the baseline in the presence
of �F (reactants only) was established, the reaction was initi-
ated by addition of a permeabilized fiber bundle to 600 μL of
buffer Z with glutamate (5 mM) and malate (2.5 mM) as sub-
strates for complex I and succinate (5 mM) as a substrate for
complex II. The addition of ADP (2 mM) to the reaction buffer
led to a reduction in H2O2 release, as expected when the elec-
tron flow through the respiratory chain is stimulated. Finally,
addition of the complex I inhibitor amytal (2 mM) and the
complex III inhibitor antimycin (8 μM) led to interruption of
the normal electron flow and induced an increase in the H2O2

release.

MITOCHONDRIAL FREE RADICAL LEAK
The free radical leak correspond to the H2O2 emission per O2

flux (Picard et al., 2011). H2O2 production and O2 consumption
were measured in parallel in the same sample under similar exper-
imental conditions. This allowed the calculation of the fraction of
electrons out of sequence which reduce O2 to ROS in the respi-
ratory chain (the percent of free radical leak) instead of reaching
cytochrome oxidase to reduce O2 to water (Anderson et al., 2009).
Because two electrons are needed to reduce 1 mole of O2 to H2O2,
whereas four electrons are transferred in the reduction of 1 mole
of O2 to water, the percent free radical leak was calculated as the
rate of H2O2 production divided by two times the rate of O2 con-
sumption, and the result was multiplied by 100 (Bouitbir et al.,
2012).

CITRATE SYNTHASE ACTIVITY
We evaluated the global mitochondrial content in Endo and Epi
layers by measuring the activity of citrate synthase (Srere, 1969).
Citrate synthase activity was expressed as units of activity per
gram of tissue wet weight (IU.g ww).

STATISTICAL ANALYSIS
Values are expressed as the mean ± standard error of the mean
(SEM). Comparisons of the group means were analyzed by the
Mann–Whitney test or by a Student t-test. P < 0.05 was con-
sidered to be statistically significant. Statistical analysis was per-
formed using the Prism database (GraphPad Prism 5, Graph Pad
Software Inc., San Diego, CA, USA).
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RESULTS
CLINICAL, ANATOMICAL, AND ECHOCARDIOGRAPHIC
CHARACTERISTICS OF THE SHAM-OPERATED AND THE
LEFT VENTRICULAR HYPERTROPHY GROUPS
PO induced LV remodeling with significant cardiac hypertrophy,
as inferred from the 31.7% increase in LV mass (Tables 1 and 2).
The LV remodeling was concentric and involved similar thicken-
ing of the septal and the posterior walls (Table 2). None of the
animals developed clinical evidence of heart failure or impaired
systolic or diastolic cardiac functions, as inferred from the normal
echocardiographic values of LV fractional shortening, ejection
fraction and isovolumic relaxation time and of LV end diastolic
pressures in the LVH rats.

REDUCED MITOCHONDRIAL RESPIRATORY CHAIN COMPLEX
ACTIVITIES IN CARDIAC HYPERTROPHY
Mitochondrial respiration measured in situ allows character-
ization of functional mitochondria in their normal intracel-
lular assembly and position, preserving essential interactions
with other organelles. Further, using different mitochondrial

Table 1 | Clinical and anatomical characteristics in sham-operated and

LV hypertrophy groups.

Sham-operated LVH P

(n = 10) (n = 10)

Heart rate (cycles/min) 395.68 ± 10.43 394.51 ± 12.43 NS

SAP (mmHg) 119.09 ± 3.91 142.46 ± 8.14 0.016

DAP (mmHg) 94.85 ± 5.32 104.59 ± 9.34 NS

MAP (mmHg) 105.3 ± 3.88 116.54 ± 9.54 NS

LVEDP (mmHg) 6.81 ± 1.10 7.77 ± 1.06 NS

Body weight (g) 500.30 ± 11.31 477.80 ± 24.13 NS

Heart weight (g) 0.930 ± 0.02 1.140 ± 0.22 0.012

Left ventricle weight (g) 0.760 ± 0.01 0.967 ± 0.07 0.015

SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arte-

rial pressure; LVEDP, left ventricular end-diastolic pressure, LVH, left ventricular

hypertrophy; NS: not significant. Values are means ± S.E.M.

Table 2 | Echocardiographic characteristics in sham-operated and LV

hypertrophy groups.

Sham-operated LVH P

(n = 10) (n = 10)

LVFS (%) 41.93 ± 1.30 43.47 ± 1.93 NS

LVEF (%) 77.37 ± 1.50 78.95 ± 7.28 NS

LVEDD (mm) 7.94 ± 0.17 8.44 ± 0.27 NS

LVESD (mm) 4.61 ± 0.12 4.79 ± 0.30 NS

Sd (mm) 1.27 ± 0.03 1.42 ± 0.05 0.05

PWd (mm) 1.15 ± 0.03 1.40 ± 0.06 0.007

LVM (g) 1.07 ± 0.05 1.41 ± 0.10 0.02

IVRT (ms) 23.68 ± 0.12 23.83 ± 0.93 NS

LVFS, left ventricular fractional shortening; LVEF, left ventricular ejection frac-

tion; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular

end-systolic diameter; Sd, septum wall thickness in diastole; PWd, posterior wall

thickness in diastole; LVM, left ventricular mass; IVRT, isovolumic relaxation time.

LVH, left ventricular hypertrophy; NS: not significant. Values are means ± S.E.M.

substrates and inhibitors, the relative contributions of respiratory
chain complexes I, III, and IV to global mitochondrial respiratory
rates can be determined.

Concerning the endocardium, maximal oxidative capac-
ity (Vmax; complexes I, III, and IV activities) was signifi-
cantly decreased in the LVH group (n = 10) compared with
the sham-operated group (n = 10) (20.1 ± 1.1 vs. 26.3 ±
1.6 μmol O2/min/g dry weight, respectively; −23.6 %, P < 0.01;
Figure 1A).

In the LVH group, Vsucci, (complexes II, III, and IV activities)
tended to be decreased (18.9 ± 1.8 vs. 23.9 ± 2.1 μmol O2/min/g
dry weight, respectively; −20.9%, P not significant).

Vtmpd (complex IV activity) was significantly decreased
(34.1 ± 2.8 vs. 43.2 ± 2.7 μmol O2/min/g dry weight, respec-
tively; −20.8%, P = 0.04).

Concerning the epicardium, similarly, Vmax was significantly
decreased in the LVH group compared with the sham-operated
group (23.9 ± 0.9 vs. 35.9 ± 2.2 μmol O2/min/g dry weight,
respectively; −33.3%, P < 0.001; Figure 1B). Vsucci tended
to be lower (22.3 ± 1.6 vs. 29.8 ± 3.6 μmol O2/min/g dry
weight, respectively; −25.1%, P = 0.07). Vtmpd was significantly
decreased (38.3 ± 2.4 vs. 68.0 ± 4.4 μmol O2/min/g dry weight,
respectively, −43.6%, P < 0.001).

TRANSMURAL DIFFERENCES IN MITOCHONDRIAL RESPIRATORY
CHAIN COMPLEX ACTIVITIES ACROSS THE NORMAL LEFT
VENTRICLE AND IN LVH
To compare both LV layers, weI considered Epi mitochondrial
complex activities normalized to their respective Endo values
(Figure 1C).

In normal hearts, Vmax was 36.5% lower (P < 0.01), Vsucci

was 24.6% lower (P not significant, 0.147) and Vtmpd was 57.4%
lower (P < 0.05) in the Endo than in the Epi layers. Thus, normal
LV is characterized by transmural differences in mitochondrial
respiratory chain complexes I, III, and IV activities.

In the LVH group, Vmax was 19.1% lower in Endo compared
with Epi (p = 0.028), but Vsucci and Vtmpd decrease (−18.0 and
−12.2%, respectively) failed to reached statistical significance.

The ACR (Vmax/V0), representing the degree of coupling
between oxidation and phosphorylation, was not different when
comparing Epi and Endo LV layers both in sham and LVH rats
(Figure 1D).

To determine whether pressure-overload modify the trans-
mural differences in mitochondrial respiratory chain complex
activities observed across the normal left ventricle, we compared
such transmural gradient using the three main substrates. In the
LVH group, the transmural respiratory gradient was significantly
lower -as compared to normal LV- for Vtmpd assessing com-
plex IV activity (−57.4 vs −12.2% for; P = 0.02, Figure 2). Vmax

and Vsucci transmural energetic gradient were not significantly
reduced in the LVH group (P = 0.18 and P = 0.95, respectively).

ENHANCED PRODUCTION OF REACTIVE OXYGEN SPECIES IN
SUBENDOCARDIUM AND SUBEPICARDIUM LAYERS DURING
CARDIAC HYPERTROPHY
H2O2 production rate was calculated from the slope of �F/min,
after subtracting background, from a standard curve established
with the appropriate reaction conditions. At the conclusion of
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FIGURE 1 | Subendocardium and subepicardium LV mitochondrial

respiratory chain complex activities and acceptor control ratio in

sham-operated and LVH groups. (A) Subendocardium mitochondrial
respiratory chain complex activities. (B) Subepicardium mitochondrial
respiratory chain complex activities. (C) Relative mitochondrial respiration in
subendocardium and subepicardium, with the subendocardium layer
considered as the reference (100%). (D) Transmural differences in

mitochondrial respiratory chain complex activities across normal and
hypertrophied left ventricles. (E) Subendocardium and subepicardium
mitochondrial acceptor control ratio. Vmax, complexes I, III, and IV activities;
Vsucci, complexes II, III, and IV activities; Vtmpd, complex IV activity; Acceptor
control ratio (Vmax/V0); n = 10 in sham-operated and left ventricular
hypertrophy (LVH) groups. Values are means ± S.E.M. ∗, P < 0.05;
∗∗, P < 0.01; ∗∗∗, P < 0.001.
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FIGURE 2 | Subendocardium and subepicardium hydrogen peroxide

production in sham-operated and LV hypertrophy groups.

(A) Mitochondrial H2O2 production in subendocardium. (B) Mitochondrial
H2O2 production in subepicardium. (C) Relative H2O2 production. (D)

Representative trace of subendocardium H2O2 production in sham-operated

and LV hypertrophy groups. Mitochondrial substrates were sequentially
added. G/M, glutamate and malate are complex I substrates; Succi, succinate
is complex II substrate; ADP, adenosine diphosphate is ATP synthase
substrate; Amyt, amytal is a complex I inhibitor and Anti, antimycin A is a
complex III inhibitor. Values are means ± S.E.M. ∗, P < 0.05.
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each experiment, fiber bundles were dried at 150◦C, 15 min.
H2O2 production is expressed as picomoles per minute per mil-
ligram of dry weight.

The relative contributions of respiratory chain complexes to
global mitochondrial H2O2 production rate were determined
using different substrates and inhibitors as depicted in the Figure
legend.

The subendocardial mitochondrial H2O2 production in the
presence of the complex I substrates glutamate and malate
(Figure 2A) was significantly increased in the LVH group
(n = 10) compared with the sham-operated animals (n = 10)
(47.3 ± 8.7 vs. 25.4 ± 3.7 pmol/min/mg dry weight, respectively;
+86.9%, P = 0.03).

In the presence of the complex II substrate succinate, H2O2

production was also higher in the LVH group than in the sham-
operated group (59.4 ± 10.9 vs. 31.5 ± 4.24 pmol/min/mg dry
weight, respectively; +89.4%, P = 0.04). In the presence of ADP,
the H2O2 release was greater in the LVH group than in the sham-
operated group (29.0 ± 5.5 vs. 13.1 ± 2.4 pmol/min/mg dry
weight, respectively; +126.0%, P = 0.01). In the presence of amy-
tal, a complex I inhibitor, the H2O2 release was higher in the LVH
group than in the sham-operated group (61.1 ± 8.1 vs. 36.1 ±
5.7 pmol/min/mg dry weight, respectively; +70.7%, P = 0.02).
Finally, in the presence of the complex III inhibitor antimycin A,
the H2O2 release tended to be greater in the LVH group.

The subepicardial H2O2 mitochondrial production in the pres-
ence of glutamate and malate (Figure 2B) was significantly
increased in the LVH group compared with the sham-operated
group (39.0 ± 5.6 vs. 23.0 ± 3.2 pmol/min/mg dry weight,
respectively; +73.1%, P = 0.02). With succinate as the substrate,
H2O2 production was also higher in the LVH group than in the
sham-operated group (53.9 ± 8.0 vs. 32.7 ± 5.4 pmol/min/mg
dry weight, respectively; +66.1%, P = 0.02). The H2O2 release
in the presence of ADP was also greater in the LVH group
(33.3 ± 7.0 vs. 13.0 ± 3.1 pmol/min/mg dry weight, respectively;
+163.0%, P = 0.01). In the presence of amytal and antimycin
A, the H2O2 release did not differ significantly between the two
groups.

The endocardial and epicardial LV production of H2O2 were
similar in normal and in hypertrophied hearts, and no trans-
mural gradient was observed with any substrate in either group
(Figure 2C).

Figure 2D shows a representative trace of H2O2 production in
Endo sham-operated and Endo LV hypertrophy groups.

Mitochondrial substrates were sequentially added. G/M, gluta-
mate (5 mM) and malate (2 mM) are complex I substrates; Succi,
succinate (5 mM) is complex II substrate; ADP, adenosine diphos-
phate (2 mM) is ATP synthase substrate; Amyt, amytal (2 mM)
is a complex I inhibitor and Anti, antimycin A (8 microM) is a
complex III inhibitor.

ENHANCED FREE RADICAL LEAK IN SUBENDOCARDIUM AND
SUBEPICARDIUM LAYERS DURING CARDIAC HYPERTROPHY
To further analyze the production of ROS in Endo and Epi layers,
we determined the mitochondrial H2O2 emission per O2 flux
corresponding to the mitochondrial free radical leak (Picard et al.,
2011).

FIGURE 3 | Free radical leak in sham-operated and LV hypertrophy

groups. (A) Free radical leak in subendocardium. (B) Free radical leak in
subepicardium. (C) Relative free radical leak in subendocardium and
subepicardium, with the subendocardium layer considered as the reference
(100%). The free radical leak represents the fraction of electrons which
reduce O2 to ROS in the respiratory chain (H2O2 emission per O2

flux, expressed in %). Values are means ± S.E.M. ∗ , P < 0.05; ∗∗,
P < 0.01.

The Endo mitochondrial free radical leak in the presence of
succinate (Figure 3A) was significantly increased in the LVH
group compared with the sham-operated animals (28.0 ± 15.5
vs. 11.2 ± 4.2 %, respectively; +150.0%, P = 0.03). In the pres-
ence of ADP, free radical leak was also higher in the LVH group
than in the sham-operated group (13.4 ± 2.8 vs. 5.1 ± 2.6 %,
respectively; +162.7%, P = 0.01).

The Epi free radical leak in the presence of succinate
(Figure 3B) was not significantly different in the LVH group com-
pared with the sham-operated group (26.9 ± 9.8 vs. 14.3 ± 8.2
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%, respectively; +88.1%, P = 0.07). The free radical leak in the
presence of ADP was also greater in the LVH group (16.7 ± 6.3
vs. 6.1 ± 4.4 %, respectively; +173.7%, P = 0.004).

The endocardial and epicardial LV free radical leak were sim-
ilar in normal and in hypertrophied hearts, and no transmu-
ral gradient was observed with any substrate in either group
(Figure 3C).

INCREASED SUBENDOCARDIAL AND SUBEPICARDIAL
MITOCHONDRIAL CONTENT IN CARDIAC HYPERTROPHY
We evaluated the global mitochondrial content in tissues by mea-
suring the citrate synthase activity. During mild cardiac hypertro-
phy, mitochondrial content increased by 27.2 and 36.3% in Endo
and Epi, respectively (Figure 4). No differences in citrate synthase
activity through the different layers of the LV wall were observed
either in the sham-operated or the LVH group.

When normalizing the data on CS activity, differences were
amplified for respiration and reduced for H2O2 (Figures 5
and 6).

Thus, Endo and Epi mitochondrial respiratory chain com-
plexes activities were globally decreased in LVH as compared to
sham hearts (−40.0 %, p = 0.0006; −37.5 %, p = 0.0093; and
−37.7 %, p = 0.0012 for Vmax, Vsucci and Vtmpd in Endo and
−51.7 %, p = 0.0041; −45.4 %, p = 0.073 and −58.4 %, p =
0.0006 for Vmax, Vsucci, and Vtmpd in Epi, respectively).

The relative mitochondrial respiration was increased in Epi,
as compared to Endo, for Vmax and Vtmpd in sham (+78.9 %,
p = 0.026 and +102.6 %, p = 0.0006, respectively and for Vtmpd

in LVH (+35.1 %, p = 0.0093) but statistical significance of
complex 4 transmural gradient decrease in LVH was lost after

FIGURE 4 | Subendocardium and subepicardium citrate synthase

activity in sham-operated and LVH groups. Citrate synthase activity is
used to approach global mitochondrial content in tissues and is expressed
as units of activity per gram of tissue wet weight (IU.g ww).

normalization. Finally, ACR decrease was significant in LVH Epi
(−44.49 %, p = 0.011).

Concerning H2O2 production, after normalizing on citrate
synthase activity, LVH Endo and Epi still demonstrated signif-
icant increases as compared to sham hearts when using ADP
as substrate (+79.4 %, p = 0.022 and +109.1 %, p = 0.027) in
Endo and Epi, respectively. Again, endo and Epi relative H2O2

production did not differ in sham and in LVH groups.

DISCUSSION
The present study demonstrates (1) transmural differences in
mitochondrial respiratory chain complex activities across the
normal left ventricle, with a lower oxidative capacity of the
Endo as compared to the Epi; (2) that aortic-banding-induced
mild cardiac hypertrophy decreased mitochondrial oxidative
capacities and enhanced hydrogen peroxide production; and
(3) that cardiac hypertrophy was associated with a decreased
transmural gradient in mitochondrial respiratory chain complex
IV activity.

TRANSMURAL DIFFERENCES IN MITOCHONDRIAL RESPIRATORY
CHAIN COMPLEX ACTIVITIES ACROSS THE NORMAL LEFT VENTRICLE
A considerable body of evidence has been accumulated regarding
myocardial heterogeneity of the normal heart, including dif-
ferent blood flow, structure, metabolism, electrophysiological,
and contractile properties and generally supporting increased
mechanical stress and contractility in Endo (Whitty et al., 1976;
Smith et al., 1990; Sonntag et al., 1996; Cazorla et al., 2005;
Sengupta et al., 2006; Buckberg et al., 2008; Duncker and Bache,
2008; Lou et al., 2011; Van der Velden et al., 2011).

However, few data exist concerning the existence of an
energetic gradient across the LV wall. Previous studies using
isolated mitochondria showed either similar oxidative capac-
ity in Endo and Epi (Whitty et al., 1976) or increased capac-
ity in Endo (Camici et al., 1984). Respiration studies using
isolated mitochondria might results in conflicting results, par-
ticularly in the case of small differences, because of non-
homogeneity and fragility of mitochondria submitted to isolation
procedures (Sharov et al., 1998). Such limitation might poten-
tially be overcome by using saponin-skinned fibers that ensure
global mitochondrial function assessment in intact mitochon-
dria. MacDonald et al. recently investigated transmural differ-
ences in respiratory capacity across LV and no transmural res-
pirational difference was observed in healthy rats (MacDonald
et al., 2011). These data are in opposition with our results.
Similar techniques and animals were used in both studies and
further investigations will be useful to clearly explain such a
discrepancy.

Indeed, we clearly observed that subendocardial oxidative
capacity was significantly lower than subepicardial capacity. These
differences hold true for complexes I, III, and IV of the mitochon-
drial respiratory chain. A key factor that might have been involved
in our results is increased ROS production in Endo. Indeed, high
oxidative stress has been related to mitochondrial dysfunction in
several setting including ischemia-reperfusion and PO (Ingwall,
2009; Charles et al., 2011). Nevertheless, H2O2 overproduction
in Endo was not observed, the relative H2O2 production being
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FIGURE 5 | Mitochondrial respiratory chain complex activities and

acceptor control ratio in Sham-operated and LVH groups, normalized

on citrate synthase activity. (A) Normalized subendocardium mitochondrial
respiratory chain complex activities. (B) Normalized subepicardium
mitochondrial respiratory chain complex activities. (C) Normalized relative
mitochondrial respiration in subendocardium and subepicardium, with
the subendocardium layer considered as the reference (100%).

(D) Normalized transmural differences in mitochondrial respiratory
chain complex activities across normal and hypertrophied left ventricles.
(E) Normalized acceptor control ratio. Vmax, complexes I, III, and IV activities;
Vsucci, complexes II, III, and IV activities; Vtmpd, complex IV activity; Acceptor
control ratio (Vmax/V0); n = 10 in sham-operated and left ventricular
hypertrophy (LVH) groups. Values are means ± S.E.M. ∗ , P < 0.05; ∗∗,
P < 0.01; ∗∗∗, P < 0.001.
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FIGURE 6 | Hydrogen peroxide production in sham-operated and LV

hypertrophy groups, normalized on citrate synthase activity.

(A) Normalized mitochondrial H2O2 production in subendocardium.
(B) Normalized mitochondrial H2O2 production in subepicardium.
(C) Normalized relative H2O2 production. Mitochondrial substrates were

sequentially added. G/M, glutamate and malate are complex I substrates;
Succi, succinate is complex II substrate; ADP, adenosine diphosphate is
ATP synthase substrate; Amyt, amytal is a complex I inhibitor and
Anti, antimycin A is a complex III inhibitor. Values are means ± S.E.M.
∗, P < 0.05.

similar in both LV layers. Similar data were observed in LVH,
further supporting that hydrogen peroxide did not explain the
transmural gradient seen in mitochondrial respiration.

MILD CARDIAC HYPERTROPHY IMPAIRS SUBENDOCARDIAL
AND SUBEPICARDIAL MITOCHONDRIAL RESPIRATORY CHAIN
COMPLEX ACTIVITIES
Surprisingly, increased maximal oxidative capacity was tran-
siently observed using isolated mitochondria in a thoracic aor-
tic banding model. In this study, maximal respiratory capacity
was greater than control in the first 6 weeks, normal after 10
weeks and significantly reduced after 20 weeks (Doenst et al.,
2010). This might correspond to a first compensated phase,

mitochondrial dysfunction occurring thereafter when ejection
fraction was decreasing. Accordingly, it is generally accepted
that mitochondrial dysfunction is observed at the stage of heart
failure (Ventura-Clapier et al., 2001). In particular, energetic
impairment has been reported when LVH is associated with
cardiac dysfunction (Ventura-Clapier et al., 2001; Ali et al.,
2011). A decreased rate of substrate oxidation predicts the onset
of contractile dysfunction and heart failure in rats with PO
(Neubauer, 2007; Jameel and Zhang, 2009; Doenst et al., 2010).
However, whether mitochondrial dysfunction might be differ-
ently involved in endocardium as compared to epicardium dur-
ing PO-induced mild cardiac hypertrophy development deserve
further studies.
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In the present work, for the first time, we observed that mito-
chondrial respiratory chain complex activities are significantly
reduced in both the subendocardial and subepicardial LV layers
in compensated LVH. This might be clinically relevant since our
model of 6 weeks abdominal aortic banding induced an increase
in LV mass of 31.7% with no clinical signs of heart failure and
no changes in LVEDP, LV diameter, LV ejection fraction, LV
fractional shortening, or IVRT. Furthermore, we used saponin-
permeabilized fibers, which allow the determination of global
mitochondrial function with respect to the mitochondrial archi-
tectural environment (Zoll et al., 2002). Similarly, MacDonald
et al. also recently reported an early impairment in mitochondrial
respiration in steptozotocin-induced diabetes (MacDonald et al.,
2011).

Although mitochondrial uncoupling should not always be seen
as deleterious (Duteil et al., 2010; Tran et al., 2012), besides mito-
chondrial respiratory chain activities impairment, PO might be
associated with mitochondrial uncoupling particularly in case
of heart failure. Accordingly, Faerber’s et al. observed not only
reduced respiratory rates but also reduced mitochondrial cou-
pling in mice hearts after aortic banding performed between
the brachiocephalic trunk and the left carotid artery (Faerber
et al., 2011). Thus, a loss of efficiency in ATP production was
observed both in the failing hearts and in cardiac hypertrophy
without heart failure. In our study, at a global muscle level, we
did not observe mitochondrial uncoupling. The smaller degree of
LVH in our rats likely explains their maintained mitochondrial
coupling.

MILD CARDIAC HYPERTROPHY IS ASSOCIATED WITH
INCREASED MITOCHONDRIAL HYDROGEN PEROXIDE
PRODUCTION AND FREE RADICAL LEAK
Excessive ROS generation likely participates in cardiac
hypertrophy-associated mitochondrial damage (Pimentel
et al., 2001; Seddon et al., 2007; Takimoto and Kass, 2007),
and the sources of ROS production during cardiac hyper-
trophy deserve further investigation. Uncoupled nitric oxide
synthetase, xanthine oxidoreductase, and NADPH oxidase might
be important mediators of PO-induced LVH. However, a role
of mitochondria in generating ROS in the setting of cardiac
hypertrophy is also likely (Seddon et al., 2007). Indeed, the role
of mitochondria extends far beyond energy production because
mitochondria are important generators of ROS that can act as
a source of cellular damage depending on the amount of ROS
produced (Bouitbir et al., 2011).

Mitochondria are both causes and targets of ROS, and
mitochondrial production of H2O2 might be increased as a
result of LVH-associated mitochondrial dysfunction. The use
of saponin-permeabilized fibers allowed us to study H2O2

production by mitochondria. The data thus obtained sup-
port the idea that mitochondria participate significantly in
hypertrophy-related oxidative stress. Indeed, subendocardial and
subepicardial H2O2 production was significantly enhanced in
LVH compared to normal hearts. Accordingly, the free rad-
ical leak increased in LVH, supporting that the fraction of
electrons which reduce O2 to ROS in the respiratory chain
(Anderson et al., 2009; Bouitbir et al., 2012) was greater in

pressure-overloaded hearts. This was observed in Endo and
Epi and thus mitochondria located in both LV layers par-
ticipated in the ROS overproduction of the hypertrophied
hearts.

MILD CARDIAC HYPERTROPHY IS ASSOCIATED WITH A
DECREASED TRANSMURAL GRADIENT IN MITOCHONDRIAL
RESPIRATORY CHAIN COMPLEX IV ACTIVITY
Interestingly, transmural complex IV activity was significantly
reduced in LVH as compared to sham animals. Cardiac hyper-
trophy reduced such LV transmural gradient mainly through a
decrease in subepicardial mitochondrial respiration.

A similar result has been reported during dobutamine-induced
demand ischemia. Indeed, Jameel et al. observed in a stenotic
perfused coronary bed during dobutamine-induced high car-
diac work state, that the Epi showed greater metabolic changes
than the Endo layer (Jameel et al., 2008). Although both set-
tings were different, these two results might suggest that the
sensitivity of the LV Epi layer might be increased in case of pre-
existing pathology as compared to normal LV submitted to recent
injury.

Whether mitochondrial dysfunction is not a major causative
factor in the eventual failure of the LV cannot be inferred from
our data since our model was not characterized by heart failure.
Nevertheless, one might propose that the relatively light degree
of LVH explains that only complex IV activity of the mitochon-
drial respiratory chain was significantly reduced as compared
to sham heart. Further studies would be useful to determine
whether greater LVH with beginning cardiac failure will be asso-
ciated with a reduced LV transmural differences in all mito-
chondrial respiratory chain complexes activities. In this case,
such a reduced transmural mitochondrial respiratory gradient
might be a new marker of the transition from uncomplicated to
complicated LVH.

INCREASED SUBENDOCARDIAL AND SUBEPICARDIAL
MITOCHONDRIAL CONTENT IN CARDIAC HYPERTROPHY
It has been generally reported a reduced mitochondrial biogenesis
in case of LVH, but mainly in case of decompensated pathologi-
cal hypertrophy. Accordingly, Abel and Doenst recently proposed
that mitochondrial biogenesis might be enhanced or maintained
during physiological or compensated pathological hypertrophy,
respectively (Abel and Doenst, 2011). In our study, the global
mitochondrial content in tissues increased but mitochondrial
oxidative capacity decreased concomitantly. Thus, as expected,
our model likely allowed to explore LVH located just before a
decompensated state.

Data can be normalized on CS in an attempt to view the
results not as a whole but as data per unit of mitochondria.
However, in this study, we performed citrate synthase anal-
ysis as additional measurements. Fibers were not the same
than those used for mitochondrial respiration or H2O2 pro-
duction, possibly decreasing the pertinence of such analysis.
Accordingly, study normalizing respiration on citrate synthase
used frozen myofibers bundles from respiratory assays (Picard
et al., 2011). Despite this technical limitation, to discuss
normalized data on CS activity appears interesting.
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Considering both normal heart and LVH, the data obtained
without normalization are globally confirmed. Thus, differences
were amplified for respiration and reduced for H2O2. To over-
come the limitation related to the use of different fibers for H2O2

production and CS measurements, we determined the free radical
leak, allowing determine mitochondrial ROS production on same
fibers, matching respiration values with matched substrates. Such
analysis confirmed that ROS originating from mitochondria were
increased in LVH.

Concerning a potential transmural gradient in ROS produc-
tion in normal heart, all analysis demonstrated no difference
between Endo and Epi layers. This held true in LVH and supports
that hydrogen peroxide does not explain the normal transmural
gradient seen in respiration. Concerning the complex IV activity
transmural gradient difference between normal heart and LVH,
the statistical significance was lost when normalizing it on CS
activity. This suggest caution in the interpretation of the data, as
presented below.

LIMITATIONS OF THE STUDY
In case of obesity, an increased effect of blood pressure has
been observed on LV growth resulting in a steeper slope of the
blood pressure-LV mass index relation (Norton et al., 2009).
Impaired pathways controlling cellular growth and proliferation
appeared to be related to increased oxidative stress (Mandavia
et al., 2012) and dietary-induced obesity has been shown to has-
ten the progression from concentric LV hypertrophy to pump
dysfunction in SHR rats (but not in WKY control rats), inde-
pendently of blood pressure changes (Majane et al., 2009). Since
our animal weights were located at the upper limit of the nor-
mal range, it is possible that pressure-overload effects might
have been enhanced as compared to animals with lower body
weight.

Only part of the transmural difference in mitochondrial res-
piratory chain complex activities seen across the normal left

ventricle was decreased in LVH. Since the statistical significance
was lost when normalizing on citrate synthase activity, it might
be viewed as no physiologically important. We believe that this is
likely to be due to the relatively small degree of LVH in our exper-
imental model and that even a small transmural difference might
be pertinent. Indeed, keeping on mitochondrial function, for
instance, very slight mitochondrial uncoupling of about 12% has
been shown to be beneficial, protecting mice against decreased
muscle oxidative capacities induced by sedentariness, develop-
ment of type 2 diabetes and against high-caloric diet induced
obesity (Duteil et al., 2010).

In summary, our data support a transmural difference in mito-
chondrial respiratory chain complex activities across the normal
left ventricle, with a lower oxidative capacity of the Endo as
compared to the Epi.

PO-induced mild cardiac hypertrophy was characterized by
reduced mitochondrial respiratory chain complex activities asso-
ciated with increased hydrogen peroxide production.

Additionally, cardiac hypertrophy might be associated with a
decreased transmural gradient in mitochondrial respiratory chain
complex IV activity. To determine whether these changes may be a
hallmark in LVH time course needs further work aiming to inves-
tigate whether maladaptive hypertrophy is associated with a loss
of LV transmural energetic gradient.
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