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Research Article

Abstract
Compared to the lean Lou/C rat, the Wistar rat develops increased body weight and abdominal adiposity (IAA). 

The aim of this study was to compare the functional response to cardiac ischemia/reperfusion of 3-month old Wistar 
rats with age-matched Lou/C rats, and to explain the differences with regards to mitochondrial hydrogen-peroxide 
release (mH2O2r). Langendorff-perfused hearts of Lou/C and Wistar rats were subjected to ischemia (25 min) followed 
by reperfusion (30 min). Cardiac function was monitored throughout the experiment. Mitochondria were extracted 
before and after ischemia, and their oxidative capacities, mH2O2r, and activity of the respiratory-chain complex 
were measured. The IAA of Wistar rats was associated with slight glucose intolerance and noticeable functional 
abnormalities of the myocardium during post-ischemic reperfusion. Cardio-toxicity was related to maintenance of 
the activity of respiratory-chain complex II and increased mH2O2r, whereas cardio-protection in lean Lou/C rats 
occurred through reduced complex-II activity and mH2O2r. In conclusion, IAA and/or systemic glucose intolerance 
maintained complex-II activity during post-ischemic reperfusion, thus increasing mH2O2r through reverse electron 
flux and inducing significantly increased cardio-toxicity. Inhibitors of respiratory complex II could thus help protect the 
heart against ischemia/reperfusion in obese individuals.
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Introduction
Obesity exacerbates the incidence of coronary heart disease [1] 

but seems to have a contradictory effect on cardiac susceptibility to 
ischemic damage (CSI). Several models of obesity have been developed 
regarding energy-dense food and peri-natal over-nutrition in normal 
animals, as well as genetic models of hyperphagy. The effects of cardiac 
ischemia/reperfusion differ according to the chosen model.

Sweetened condensed milk (SCM) and high-fat (HF) diets are the 
main energy-dense food diets tested. With SCM, CSI decreases [2,3] 
whereas, with HF diets, similar to so-called Western diets rich in 
saturated fats, CSI increases [4-9].

Both peri-natal over-nutrition (ON) and genetically modified 
rodents with a hyperphagic behaviour have been found to have 
increased calorie intake, but when allowed to eat a normal diet, ON 
rodents have increased CSI [10-12]. The diabetic Zucker fatty rat, a 
genetic model of hyperphagy and hyperglycaemia caused by a Western-
type diet, displays decreased CSI until the age of 6 months [13,14] but 
then has increased CSI thereafter [15].

In humans, obesity can result from an increased intake of 
equilibrated food and does not automatically induce hyperglycaemia. It 
is thus important to use a model that assembles these characteristics to 
mimic this situation. The Lou/C rat, an animal selected from the Wistar 
strain, displays spontaneous caloric restriction [16,17], which appears 
to be related to reduced expression of orexigenic neuropeptides [18]. 
This rat phenotype can maintain insulin sensitivity throughout its 
lifespan [19], and displays a resistance to age- and diet-induced obesity 
compared to Wistar rats [20,21]. The Lou/C rat has lower plasma leptin 

and higher adiponectin concentrations [22,23], reflecting lower visceral 
fat deposition [19,21,24-26]. Preferential channeling of lipid nutrients 
toward utilization rather than to storage has been proposed to explain 
this anti-obese response [21,25]. Lacraz et al. [27] have suggested 
that augmented lipid oxidation, specifically within the liver, could 
explain this lifelong maintained insulin sensitivity. Comparison of the 
characteristics between lean Lou/C and Wistar rats are of particular 
interest when evaluating the effects of increased body and abdominal 
fat masses on CSI in the context of a balanced diet.

Obesity has often been associated with oxidative stress [28], 
which is particularly relevant when ischemia/reperfusion is studied. 
The main disorders encountered in myocardial infarction occur 
during reperfusion and are related to oxidative stress. The adenine 
nucleotide dephosphorylation that occurs during ischemia [29] leads 
to the production of two types of reactive oxygen species (ROS) during 
reperfusion. The first ROS becomes highly elevated, but only for a 
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short duration at the beginning of reperfusion [30]; it is caused by 
oxidation of hypoxanthine by xanthine oxidase [31]. The second type 
of ROS becomes less increased, but for a long duration: it is caused 
by intracellular acidosis [32], which leads to intracellular calcium 
accumulation [33].

Abnormalities in electrolyte homeostasis occur in obese individuals 
[34]. In the reperfused myocardium, excess calcium invades the 
mitochondria [35] and triggers noticeable ROS production [36]. 
ROS inhibit the aconitase enzyme within the Krebs cycle [37], which 
blocks ATP synthesis and triggers the functional abnormalities that 
characterize reperfusion [38]. Obesity may modulate mitochondrial 
ROS production and the recovery of cardiac functional activity during 
reperfusion.

This study aimed to determine whether increased abdominal 
adiposity (IAA) during the early phase of systemic glucose intolerance 
due to augmented intake of a low-fat diet equilibrated in lipids, can alter 
the recovery of mechanical function during post-ischemic reperfusion. 
We also wanted to determine if mitochondrial oxidative stress 
was involved, and to determine the reasons for the changes in ROS 
production. For this purpose, we compared the response to ischemia/
reperfusion of two phenotypes of 3-month old Wistar rats: one that 
becomes obese at an advanced age (standard Wistar) and the other that 
remains lean (Lou/C). To highlight the mechanisms involved, several 
features of ex-vivo perfused hearts were determined (coronary flow, 
oxygen consumption, cardiac metabolic efficiency, glycolytic rate). 
Mitochondria were extracted from pre- and post-ischemic hearts and 
their function (oxidative phosphorylation, H2O2 release) was estimated. 
Finally, mitochondrial oxidative stress and the activity of respiratory-
chain complexes were measured in the reperfused hearts.

Materials and Methods
Animals and diet

The experiments followed the European recommendation 
guidelines for the use of laboratory animals and were approved by the 
local ethics review board (Cometh, authorization number: 152_LBFA-
U1055-LD-03).

Twenty-two 3-month-old male Wistar rats and 22 age-matched 
Lou/C rats were housed at two per cage in an animal facility, with 
controlled temperature, dark/light cycles and hygrometry. All animals 
were kept under sedentary conditions. They were fed standard 
commercial pellets (A04, Safe, Gannat, France) ad libitum with free 
access to water. The diet contained 3.1% lipids, 16.1% proteins and 60% 
cellulose, and was equilibrated in saturated (24%), monounsaturated 
(23%), n-6 polyunsaturated (48%) and n-3 polyunsaturated (4.5%) 
fatty acids. The animals of each phenotype were randomly divided 
into two groups to evaluate ex-vivo cardiac function during ischemia/
reperfusion (n = 10) and mitochondrial function (n = 12, i.e. 6 pre-
ischemic hearts and 6 post-ischemic hearts).

Animal size was estimated by determining the length from the 
insertion of the collarbones on the sternum to the penis. Animal density 
was determined by the ratio between the animal’s weight and length.

Oral glucose tolerance test

An oral glucose tolerance test was performed 10 days before sacrifice. 
Food was removed from rats 18 h before they were given an oral dose 
of glucose (1 g glucose/kg body weight, between 08.00 and 10.00 a.m.). 
Blood samples were collected from the tail vain in heparinized tubes 

immediately before glucose administration to determine basal glucose 
and insulin values, and also at 25, 60 and 180 min after administration.

Glucose values were determined with a glucose analyzer (ACCU-
CHECK Active, Softclix). After centrifugation (3000 g, 7 min, 4°C) 
plasma samples were stored at -20°C until insulin was determined using 
a radioimmunoassay kit (SRI-13K, Millipore, Molheim, France). The 
total area under the curve for glucose and insulin was then calculated 
to evaluate glucose tolerance.

Isolated heart perfusion

The animals were anesthetized with sodium pentobarbital (50 mg/
kg) and were then heparinized (1000 IU/kg) through the saphenous 
vein. After rapid excision of the heart, the aorta was cannulated 
using the Langendorff technique to allow non-recirculating coronary 
perfusion at a constant pressure (60 mmHg) and at 37°C. The modified 
Krebs–Henseleit perfusion buffer contained: NaCl (119 mM), MgSO4 
(1.2 mM), NaHCO3 (25 mM), KCl (4.8 mM), CaCl2 (2.5 mM) and 
glucose (11 mM), and was equilibrated with 95% O2–5% CO2. A latex 
balloon linked to a pressure probe was inserted into the left ventricle to 
determine diastolic and systolic pressures. Baseline diastolic pressure 
was set at ~10 mmHg. Coronary flow was estimated by weighing 
samples of effluent collected for 30 s. The pulmonary artery was 
cannulated for direct coronary-sinus sampling of the coronary effluent.

Arterial and venous oxygen contents were measured by anaerobic 
collection of effluent in hermetically closed capillary tubing. The 
oxygen concentration was determined with a blood-gas analyzer 
(RadiometerTMABL 700, Brønshøj, Denmark). The left ventricular 
developed pressure (LVDP) was calculated as the difference between 
systolic and diastolic pressures. The rate pressure product (RPP) was 
the product between heart rate and LVDP. Oxygen consumption was 
calculated as the difference between the product of arterio-venous 
oxygen content and coronary flow. Since the blood-gas analyzer gave 
oxygen concentrations in kPa, the difference in arterio-venous oxygen 
content was calculated assuming that 1 kPa = 10 nmoles of oxygen 
per mL [39]. Cardiac metabolic efficiency was estimated as the ratio 
between RPP and oxygen consumption and was expressed in mHg/
µmole.

Ischemia-reperfusion protocol and sampling

Ten hearts of each phenotype were perfused for 30 min to 
establish stabilized baseline performance before inducing total global 
normothermic ischemia for 25 min and reperfusion for 30 min. At the 
end of the reperfusion period, the hearts were freeze-clamped in liquid 
nitrogen and stored at -80°C until determination of heart dry weight 
and enzymatic activity. In another set of experiments, six hearts of 
each phenotype were perfused under baseline conditions for 30 min, 
and six other hearts were subjected to normoxia (30 min) followed by 
ischemia (25 min) and reperfusion (1 min). At the end of each of these 
two protocols, cardiac mitochondria were immediately extracted.

Preparation of mitochondria

After perfusion, the hearts were minced with scissors in a cold 
isolation buffer composed of sucrose (150 mM), KCl (75 mM), Tris–
HCl (50 mM), KH2PO4 (1 mM), MgCl2 (5 mM) and EGTA (1 mM), 
at pH 7.4, with fatty-acid-free serum albumin (0.2%). The pieces of 
myocardium were rinsed on a filter and placed in a Potter–Elvehjem 
tissue grinder that contained 15 mL of isolation buffer. Protease 
(subtilisin 0.02%) was added to digest the myofibrils for 1 min at 4°C 
and the whole preparation was then homogenized with the grinder (at 
300 rpm, for 3–4 transitions). Subtilisin action was stopped by adding 
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complex activities were also measured in homogenates from the 
reperfused myocardium, as previously described [40]. Proteins were 
measured using the bicinchoninic acid method (Thermo Scientific, 
Rockford, IL) [45].

Determination of cardiac dry weight

The wet weight of the whole heart was evaluated and a piece 
of myocardium was placed in an oven at 100°C for 24 h. Weight 
determination was carried out before and after drying to provide the 
percentage dry weight. Cardiac dry weight was estimated by multiplying 
the wet weight by the percentage dry weight.

Statistical analyses

The results are presented as their means ± SEMs. Data on 
general animal morphology, baseline normoxic cardiac function and 
mitochondrial oxidative stress during reperfusion were contrasted 
between the phenotypes by one-way ANOVA. Mitochondrial 
respiration and mH2O2r were analyzed using three-way ANOVA with 
three fixed factors (phenotype, ischemia/reperfusion and calcium 
concentration). Time-evolutions of glycaemia and insulinemia, after 
the glucose loading, were analyzed with repeated-measure ANOVA 
using the phenotype as an external factor and the time at post-glucose 
loading as the internal factor. Measurements made during ischemia-
reperfusion (diastolic pressure, developed pressure, heart rate, 
RPP, oxygen consumption, lactate, pyruvate, metabolic efficiency) 
were analyzed with a repeated-measure ANOVA to test the effect 
of phenotype (external factor), perfusion times (internal factor) and 
their interactions. When required, group means were contrasted using 
Fisher’s least-significant difference test. A probability of p <0.05 was 
considered statistically significant.

Results
General data

The Wistar rats had higher food consumption than their Lou/C 
counterparts (63.3 ± 1.9 vs. 36.4 ± 1.4 Kcal/d; +74%, p<0.001). Their 
body weights and densities were also higher compared to Lou/C rats 
(323 ± 5 vs. 188 ± 11 g, +72%, p<0.001 and 22.6 ± 0.3 vs. 15.6 ± 0.7 
g/cm, +45%, p<0.001, respectively). This was partly due to increased 
abdominal adiposity (3.7 ± 0.2 vs. 2.1 ± 0.1 g/100 g of body weight, + 
76%, p<0.001). The leg-muscle mass of Wistar rats was lower (642 ± 
7 vs. 727 ± 5 mg/100 g of body weight, –12%, p<0.001). Similarly, the 
relative heart weight of Wistar rats was significantly lower (63 ± 2 vs. 
77 ± 2 mg of dry myocardium/100 g of body weight, –18%, p<0.001).

Oral glucose tolerance tests

Fasting glycaemia and insulinemia (Figure 1A and C) were not 
altered by rat phenotype. In the glucose challenge, the area under the 
curve for glycaemia (Figure 1B) was slightly but significantly higher 
in the Wistar strain (+4%). This was caused by an increased plasma-
glucose concentration (+7%) at 25 min post-glucose-loading, which 
was associated with augmented insulinemia (+70%). 

Cardiac function under pre-ischemic conditions

To evaluate global cardiac function, the parameters of cardiac 
mechanical function (systolic, diastolic and LVDP as well as RPP) 
were not normalized to heart weight (Table 1). Systolic, diastolic and 
LVDP were similar between the two phenotypes but, because of lower 
heart rate (-13%), RPP was reduced (-12%) in the Wistar phenotype. 
The hearts of Wistar rats released more lactate (+36%), and the ratio 

the isolation buffer (30 mL). The homogenate was then centrifuged 
(800 g, 10 min, 4°C), and the resulting supernatant was collected and 
filtered. Mitochondria were then washed via two series of centrifugation 
(8000 g, 10 min, 4°C). The last pellet of mitochondria was re-suspended 
in sucrose 250 mM Tris–HCl 10 mM, EGTA 1 mM, at pH 7.4, at an 
approximate concentration of 20 mg/mL.

Mitochondrial respiration and H2O2 release (mH2O2r)

Oxidative phosphorylation and mH2O2r were determined as 
previously described [40]. Two different respiration buffers with 
different calcium concentrations (0 or 10 µM) were used. They 
contained KCl 125 mM, Tris–HCl 20 mM, KH2PO4 3 mM, EDTA 
plus CaCl2 (1 plus 0, or 0.005 plus 0.01), at pH 7.2, plus fatty-acid-free 
bovine serum albumin (0.15%). All measurements were performed 
on mitochondria (0.2 mg mitochondrial protein/mL) incubated 
with freshly prepared pyruvate (5.5 mM)/malate (2.5 mM) or DL-
palmitoylcarnitine (50 µM)/malate (2.5 mM), or a combination of 
these three substrates. State-III and state-IV respiration rates (StIII and 
StIV), as well as the respiratory control ratio (RCR), were determined 
as previously described [40]. The mH2O2r was determined during state-
II respiration.

Western blotting
Protein levels in the monocarboxylate transporter-1 (MCT1) 

and sodium/proton exchanger-1 (NHE1) were determined on the 
membrane fraction of the frozen samples from the reperfused left 
ventricle using Western blotting analysis. Samples (50–100 mg) were 
homogenized in 210 mM sucrose, 2 mM EGTA, 40 mM NaCl, 30 mM 
HEPES, at pH 7.4, and supplemented with a 0.15% protease inhibitor 
cocktail (Sigma P-8340). The membrane fraction was then prepared 
according to Dubouchaud et al. [41]. The proteins were assayed and 
100-µg molecular-weight markers, were separated out by 8–16% SDS-
polyacrylamide gel electrophoresis and transferred, by electro-blotting, 
onto nitrocellulose membranes. The membranes were incubated for 
2 h in blocking buffer (150 mM NaCl, 5% non-fat dried milk, 0.1% 
Tween 20, 10 mM NaH2PO4, at pH 7.4). They were cut into two parts 
between the 50- and 75-KDa molecular-weight markers to separate out 
MCT-1 (43 KDa) and NHE-1 (92 KDa). Each part was then incubated 
overnight at 4°C with the appropriate primary antibodies. The anti-
MCT1 antibody was a generous gift from Prof. Brooks (University 
of California, Berkeley). The anti-NHE1 antibody was obtained from 
BD Biosciences (ref# 611774). The membranes were washed in 150 
mM NaCl, 10 mM NaH2PO4, at pH 7.4, and then incubated for 1 h 
with a horseradish peroxidase-linked secondary antibody (Amersham 
Biosciences, Orsay, France).

Protein contents were detected by enhanced chemiluminescence, 
and band densities were quantified using Scion Image software (Scion 
Corporation). To ensure consistency between experiments, a small 
aliquot of the same sample was systematically loaded on every gel and 
the generated signal was used as 1 arbitrary unit to express the results. 
The quantification of MCT1 and NHE1 from the same deposit allowed 
us to calculate the ratio between these two proteins.

Biochemical analyses

Lactate and pyruvate in the coronary effluents from each heart 
were determined according to Bergmeyer [42]. Glycolytic flux was 
calculated as the sum of lactate and pyruvate released into the coronary 
effluent. Citrate-synthase activity was determined [43] in myocardium 
to estimate mitochondrial density. Aconitase and fumarase activities 
were determined in homogenates of the reperfused myocardium, 
according to the method of Gardner et al. [44]. Respiratory-chain 
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between the amount of lactate released and the quantity of oxygen 
consumed was noticeably higher (+59%). This suggests increased 
participation of anaerobic glycolysis in energy production, which was 
associated with lower coronary flow (-20%) and deteriorated cardiac 
metabolic efficiency (-26%, RPP to oxygen consumption ratio).

Myocardial NHE-1 and MCT-1 contents

To examine if the increased lactate production observed in Wistar 
rats under pre-ischemic conditions also occurred in-vivo, the ratio 
between the expression of the lactate extruders, MCT-1 and NHE-
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Figure 1: Influence of increased body weight and abdominal adiposity on systemic glucose tolerance. Panel A: time-evolution of glycaemia after glucose loading; 
Panel B: area under the curve for glycaemia; panel C: time-evolution of insulinemia after glucose loading; panel D: area under the curve for insulinemia. There were 
six experiments per group. *: Significantly different.

Lou/C Wistar Anova
Systolic pressure (mmHg) 135 ± 3 139 ± 5 NS
Diastolic pressure (mmHg) 12 ± 0.5 12 ± 0.9 NS

LVDP (mmHg) 123 ± 3 127 ± 5 NS
Heart rate (beats/min) 311 ± 9 271 ± 8 p < 0.01

Rate pressure product (mHg/min) 38 ± 1 34 ± 1 p < 0.05
Coronary flow (ml/min/g) 8.3 ± 0.8 6.6 ± 0.3 p < 0.05

Oxygen consumpt. (µmoles/min/g) 4.9 ± 0.4 4.1 ± 0.2 NS
Metabolic efficiency (mHg/µmole) 7.3 ± 0.5 5.4 ± 0.2 p < 0.01
Lactate release (µmoles/min/g) 0.33 ± 0.02 0.47 ± 0.04 p < 0.01

Pyruvate release (µmoles/min/g) 0.028 ± 0.004 0.034 ± 0.004 NS
Glycolytic flux (µmoles/min/g) 0,37 ± 0.02 0.51 ± 0.04 p < 0.01

Lactate to pyruvate ratio 16 ± 3 16 ± 3 NS
Ratio between released lactate and consumed oxygen 

(µmoles/µmole) 0.075 ± 0.009 0.119 ± 0.011 p < 0.01

The number of experiments was 10 per group. LVDP: left ventricle developed pressure; Oxygen consumpt.: oxygen consumption; g: gram of heart weight; Anova: analysis 
of variance; NS: not significant.

Table 1: Ex- vivo cardiac function of Lou/C and Wistar rats under pre-ischemic conditions.
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1, was evaluated. Figure 2 shows that Wistar rats displayed a higher 
myocardial ratio between MCT-1 and NHE-1 (+34%).

Ex-vivo cardiac function during ischemia/reperfusion

During ischemia, contracture was greater in the Wistar phenotype 
(+33% after 15 min of ischemia, Figure 3A). An additional increase 
in diastolic pressure that occurred after 5 min of reperfusion was also 
greater in the Wistar phenotype (890 vs. 697% of the pre-ischemic 
value). Despite a progressive decrease thereafter, diastolic pressure 
remained higher until the end of reperfusion (+648 and +478% of the 
pre-ischemic value).

The LVDP (Figure 3B), heart rate (Figure 3C) and RPP (Figure 
3D and E) progressively recovered during reperfusion. Whatever the 
duration of reperfusion, the recovery of RPP was lower in the Wistar 
phenotype (–45% after 15 min of reperfusion, when the parameter was 
expressed as a percentage of pre-ischemic value): this was due to the 
slower recovery of LVDP and heart rate (-36 and -37% after 15 min 
of reperfusion). Recoveries of coronary flow and oxygen consumption 
(Figure 4A and B) were also lower in the Wistar phenotype (–24 and 
–22% after 15 min of reperfusion). This phenomenon was associated 
with transitory lower lactate release in the coronary effluent (–52%) 
and a lower lactate-flux to oxygen-consumption ratio (-30%) after 5 
min of reperfusion (Figure 4C and D). This suggests that less intense 
anaerobic glycolysis occurred during the ischemic event. Despite these 
differences, the recovery of cardiac metabolic efficiency was not altered 
(data not shown).

Mitochondrial oxidative phosphorylation

As indicated by the activity of cardiac citrate synthase (48.3 ± 3.1 vs. 
49.5 ± 4.8 mU/mg of myocardial proteins), mitochondrial density was 
similar in the reperfused myocardium of both phenotypes.

Mitochondria were then extracted from the pre-ischemic and post-
ischemic myocardium and oxidative phosphorylation was evaluated. 
The mitochondrial preparations were of high quality, as the RCR values 
were generally high, particularly in the calcium-rich media (Figure 5C).

In the mitochondria extracted from pre-ischemic myocardium, the 
presence of calcium increased the StIII. This was particularly noticeable 
in the Wistar phenotype (+33%, p<0.05) when pyruvate/malate was 
used as the substrate. This did not occur with palmitoylcarnitine/
malate or a combination of the three substrates (data not shown). 
When mitochondria were extracted from post-ischemic myocardium, 
a calcium-induced stimulation of StIII was not observed.

The effects of phenotype on the parameters of oxidative 
phosphorylation were discrete. Differences were observed only when 
pyruvate/malate was used as a substrate. Indeed, the mitochondria 
from the pre-ischemic myocardium of Wistar rats displayed a higher 
RCR value (+45%, p<0.05) when they were incubated in the presence 
of calcium. Moreover, the organelles isolated from the post-ischemic 
myocardium of the same phenotype showed a higher StIV (+85, 
p<0.05) than those of Lou/C rats when they were incubated in calcium-
free medium.

Mitochondrial H2O2 release

The results for mH2O2r are presented in Figure 6. For pre-ischemic 
mitochondria, phenotype did not modify mH2O2r. For post-ischemic 
mitochondria incubated in a calcium-free medium, this was also 
generally the case. In contrast, when they were incubated in the 
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calcium-rich buffer, post-ischemic mitochondria from the Wistar 
phenotype displayed higher rates of mH2O2r whatever the substrate 
used (+41, +25 and +41% with pyruvate, palmitoylcarnitine and 
pyruvate/palmitoylcarnitine, respectively).

The higher ROS of the post-ischemic mitochondria in the Wistar 
phenotype was also observed ex-vivo in the perfused heart. Indeed, 
the aconitase-to-fumarase ratio (Figure 7), which is inversely related 
to mitochondrial oxidative stress, was lower in the Wistar phenotype 
(–23%). Higher oxidative stress was associated with higher activity of 
respiratory-chain complex II (243 ± 50 vs. 137 ± 11 mU/U of citrate 
synthase in the Lou/C phenotype, +77%, p <0.05) without any change 
in the activity of other respiratory chain complexes (data not shown).

Discussion

This study aimed to determine whether increased abdominal 
adiposity (IAA), at an early phase of systemic glucose intolerance, 
when augmented by intake of a low-fat diet equilibrated in lipids, could 
modify the recovery of mechanical function during post-ischemic 
reperfusion. We also evaluated if mitochondrial oxidative stress was 
involved, and assessed the reasons for the changes in ROS production.

Compared to Lou/C rats, the Wistar animals spontaneously ate 
more and had a much greater body weight. Furthermore, their body 
density and abdominal adiposity were augmented. This obviously 
indicates that Wistar rats had greater IAA compared to their Lou/C 
counterparts. These results agree with published data [16,19,25].

Strengths and weaknesses of the study

The IAA observed in the Wistar phenotype was of interest for 
two reasons. First, it occurred in a range between thinness and low 
overcharge. Feeding Wistar rats with a Western-type high-fat diet 
leads to much greater abdominal adiposity (unpublished data). Thus, 
it is important to know whether gaining adiposity up to a moderate 
weight range modulates CSI. Secondly, our Wistar animals did eat 
the same low-fat food that was equilibrated in saturated (24%), 
monounsaturated (23%) and polyunsaturated (n-6, 48%; n-3, 4.5%) 
fatty acids as Lou/C rats. This is far different to the classical Western 
diet, which is rich in saturated fats. Despite this, IAA triggered slight 
but significant systemic glucose intolerance. We do not know if such a 
disturbance in glucose metabolism also occurred in the heart, but the 
maintained lactate-to-pyruvate ratio of the coronary effluents indicates 
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an unchanged cytosolic redox potential, and suggests the absence of 
cardiac glucose intolerance.

In our study, the effects of ischemia/reperfusion were evaluated ex-
vivo in a model of an isolated perfused heart. The results could have 
been different in an in-vivo situation. Indeed, numerous systemic and 
nervous factors are modified by IAA. For instance, this is the case for 
two adipocytokines (adiponectin and leptin), whose systemic levels 
are oppositely modified by changes in abdominal adiposity. However, 

both are cardio-protective [46] and their integrated action cannot be 
modified.

Our ex-vivo model could also differ from an in-vivo situation 
because of other factors. First, our perfusion fluid was devoid of insulin. 
Du Toit et al. [6] have shown that adding insulin to the perfusion fluid 
of hearts derived from Western diet-fed rats abolished the difference 
previously observed in the absence of this hormone. Second, the 
same authors [6] have also demonstrated that adding free fatty acids 
to the perfusion fluid strongly increased the CSI, but abolished the 
previously observed differences. Yet, our perfusion fluid contained 
only glucose as an energy substrate, which is usually sufficient to allow 
the heart to develop high mechanical activity, even in working mode 
[46,47]. Other researchers have supplied their isolated hearts with a 
mixture of glucose, lactate, pyruvate and palmitate [13,14]. Although 
this precaution could improve cardiac energy metabolism, it cannot 
mimic the in-vivo situation in which the systemic NEFA level could 
be modified by IAA [48]. Thirdly, IAA is associated with low-grade 
inflammation [49], which could also have played a role. In spite of these 
environmental differences, several studies [2-9] have shown that the 
response to ischemia/reperfusion was similar in both in-vivo and ex-
vivo contexts.

Cardiac function with pre-ischemic conditions

In our study, Wistar rats displayed a lower RPP, which was caused 
by a deteriorated heart rate. This confirms the effect of IAA in different 
ex-vivo models, including in Western diet-fed rats [5,7], ZDF animals 
[13,14,45] and mice subjected to ON [11]. This phenomenon was 
associated with lower coronary flow and cardiac metabolic efficiency. 
The IAA-induced decrease in metabolic efficiency has already been 
demonstrated in Wistar rats fed a high-fat diet compared to animals 
of the same phenotype fed a control chow [50]. It is thought to be 
caused by a decreased mitochondrial ATP:O ratio, possibly related 
to increased uncoupling of protein-3 expression [50]. It validates the 
hypothesis previously assumed [20] and suggests that the Lou/C rat 
displayed a higher metabolic efficiency. Moreover, we have shown, 
for the first time that Wistar rats displayed higher cardiac lactate 
production and a higher ratio between the amount of lactate released 
and oxygen consumed when compared to Lou/C rats. This reflects the 
stimulation of anaerobic glycolysis, which occurs when oxygen supply 
and aerobic ATP production are insufficient to meet energy needs. 
This allows anaerobic production of ATP in the cytosol through re-
oxidation of glycolytic NADH. Because it occurs during disequilibrium 
between oxygen supply and energy needs, such as hyp(an)oxia, it clearly 
indicates that, as already reported [51], coronary flow is a limiting factor 
during ex-vivo cardiac perfusion in the Wistar rat. Furthermore, we 
observed that the content of MCT-1, the monocarboxylate carrier that 
allows lactate release from the cytosol, was higher in the myocardium of 
Wistar rats. This adaptation strongly suggests that lactate release from 
the heart as well as anaerobic glycolysis were constantly stimulated 
in the whole animal, and that coronary flow was insufficient to meet 
the energy needs in the in-vivo situation. The regulation of several 
mitochondrial enzymes could also be modified by IAA-induced 
changes to the environment. Cole et al. [50] evoked augmented cardiac 
uncoupling of protein-3 expression, which was then responsible for 
reduced myocardial metabolic efficiency.

In our study, interesting results with isolated mitochondria 
extracted from the pre-ischemic myocardium of the two phenotypes 
were obtained regarding the effect of calcium. In general, the 
addition of calcium into the mitochondrial preparation increased 
RCR values through the augmentation of state-III and a decrease in 
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state-IV respiration rates. Inter-strain differences were caused by 
changes to state-III respiration rates. In the IAA mitochondria, the 
calcium-induced stimulation of state-III respiration rate [52] was 
observed with pyruvate, but not with palmitoylcarnitine. This agrees 
perfectly with the increased glucose-oxidation rate observed in the 
hearts of these animals when RPP is augmented [53]. In contrast, 
in the lean rat, the stimulatory effect of calcium was observed more 
with palmitoylcarnitine. This reveals the known preference of this 
phenotype for lipid substrates [21,25]. This phenomenon could have 
occurred in our ex-vivo preparation because, although our perfusion 
fluid contained only glucose as a substrate, cardiac lipid stores could 
account for the β-oxidation activity. In our study, we did not evaluate 
myocardial β-oxidation of the two strains. However, this metabolic 
pathway could contribute to the changes in cardiac metabolic efficiency 
observed in both the strains.

Cardiac function during ischemia/reperfusion

The IAA rats demonstrated lower RPP recovery during reperfusion 
compared to the lean phenotype. This agrees well with results obtained 
ex-vivo [5-7] and in-vivo [4,8,9] in rats fed a HF diet. However, this is 
in total opposition with the results from ZDF rats [13,14] and SMC-fed 
animals [2,3]. Yet, the two last situations are associated with increased 
blood glucose, whereas the increased chow intake was not in our study. 
Thus, it seems that high blood-glucose affords cardio-protection, 
whereas high fat intake is toxic. ON [11,12] and increased food intake in 
the Wistar compared to the Lou/C rat resembles the HF-diet situation.

As evidenced by the lower recovery of oxygen consumption, the 
IAA-related cardio-toxicity can be partly explained by abnormalities 
in mitochondrial metabolism. One of the most striking findings of our 
study was the higher activity of respiratory-chain complex II in the 
reperfused myocardium of IAA rats compared to the lean phenotype. 
Ischemia/reperfusion is known to inhibit complex II [54]. Initially, this 
was attributed to increased oxidative stress. However, a recent study 
[55] has reported the huge influence of intracellular pH. With acidosis, 
a situation that is known to occur during ischemia/reperfusion, the 
SDHA and SDHB subunits of succinate dehydrogenase split-up from 
succinate-ubiquinone-reductase, which results in decreased activity of 
the enzyme. It is possible that reperfusion did not allow total restoration 
of pH in the Lou/C rat, whereas neutralization was achieved in the 
Wistar phenotype. This could occur through the increased content of 
MCT-1, as observed in the Wistar strain. Indeed, this transport system 
co-expulses mono-carboxylates and protons out of the cell.

The maintained complex-II activity had a strong influence on 
mH2O2r by increasing that parameter in IAA rats when calcium 
was added to the respiration medium. Calcium is known to trigger 
the accumulation of the Krebs-cycle intermediate, succinate, in the 
mitochondrial environment [56]. Succinate enters the respiratory chain 
at the level of complex II and induces a huge mH2O2r at the complex-I 
level, via a reverse electron flux [40]. Since the activity of complex II was 
higher in IAA, the mH2O2r was thus higher. Interestingly, the higher 
mitochondrial oxidative stress measured in-vitro was also observed ex-
vivo: we found a reduced aconitase-to-fumarase ratio. Such oxidative 
stress is known to decrease activity in the Krebs cycle [37], which 
probably explains the increase in IAA-induced CSI through a reduced 
rate of energy synthesis.

Recently, we have shown that the transition from 3 to 6 months 
of age increases ischemia-induced damage but that, until the age of 18 
months, these consequences did not worsen [57]. This was attributed 
to the surprising maintenance of complex-II activity and increased 

ROS production [40]. Preliminary results from our laboratory show 
a huge increase in IAA between 3 and 6 months of age and relative 
stabilization thereafter [58]. These results, associated with those of the 
present study, suggest that the accumulation of abdominal fat observed 
between 3 and 6 months is responsible for the increased CSI.

Impact on human nutrition

IAA and/or a slight increase in systemic glucose intolerance has 
a deleterious effect on cardiac function during ischemia/reperfusion 
by favoring the maintenance of complex II activity and increasing 
mitochondrial oxidative stress. Utilization of a complex-II inhibitor 
could thus afford cardio-protection in overweight and obese 
individuals.
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