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Skeletal muscle oxidative capacity in rats fed high-fat
diet

S Tossa!, MP Mollica', L Lionetti!, R Crescenzo!, M Botta'! and G Liverini'*

' Department of General and Environmental Physiology, University of Naples ‘Federico II', Naples, Italy

OBJECTIVE: To investigate whether young rats respond to high-fat feeding through changes in energy efficiency and fuel
partitioning at the level of skeletal muscle, to avoid obesity development. In addition, to establish whether the two
mitochondrial subpopulations, which exist in skeletal muscle, ie subsarcolemmal and intermyofibrillar, are differently affected
by high-fat feeding.

DESIGN: Weaning rats were fed a low-fat or a high-fat diet for 15 days.

MEASUREMENTS: Energy balance and lipid partitioning in the whole animal. State 3 and state 4 oxygen consumption rates in
whole skeletal muscle homogenate. State 3 and state 4 oxygen consumption rates, membrane potential and uncoupling effect
of palmitate in subsarcolemmal and intermyofibrillar mitochondria from skeletal muscle.

RESULTS: Rats fed a high-fat diet showed an increased whole body lipid utilization. Skeletal muscle NAD-linked and lipid
oxidative capacity significantly increased at the whole-tissue level, due to an increase in lipid oxidative capacity in subsarco-
lemmal and intermyofibrillar mitochondria and in NAD-linked activity only in intermyofibrillar ones. In addition, rats fed a high-
fat diet showed an increase in the uncoupling effect of palmitate in both the mitochondrial populations.

CONCLUSIONS: In young rats fed a high-fat diet, skeletal muscle contributes to enhanced whole body lipid oxidation through

an increased mitochondrial capacity to use lipids as metabolic fuels, associated with a decrease in energy coupling.
International Journal of Obesity (2002) 26, 65-72. DOI: 10.1038/sj/ijo/0801844
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Introduction

The maintenance of a stable body weight depends on the
ability to adapt energy expenditure to changes in energy
intake. In addition, when changes in the composition of the
diet take place, the body must adapt macronutrient oxida-
tion to intake. This adaptation relies on the ability to parti-
tion dietary nutrients between oxidation and storage. As for
protein and carbohydrate balance, it is accepted that changes
in intakes are able to elicit changes in utilization of the above
macronutrients." On the other hand, an increase in lipid
intake is not always followed by an increase in lipid utiliza-
tion, so that diet-induced obesity may develop.?~* We have
previously shown that young Wistar rats fed a high-fat diet
are able to avoid obesity development through an increase in
whole body energy expenditure and lipid oxidation.>~’
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These changes must be related to modification in metabolic
activity of organs and tissues, especially those that are the
main contributors to total metabolism, eg liver and muscle.®
Since mitochondria are the main site of oxidative processes,
changes in cellular metabolic activity could result from
changes in mitochondrial mass and/or specific activity. As
for liver contribution to the response to high-fat feeding, we
have found an increase in hepatic fatty acid oxidation rates
in rats fed high-fat diet.>® Concerning skeletal muscle,
several studies have found changes in mitochondrial
enzyme activities in rats fed a high-fat diet.”~ 1> However,
to our knowledge none of these studies has dealt with
changes in the whole tissue oxygen consumption, which is
a more direct index of muscle metabolic activity. In fact,
measurements of mitochondrial oxygen consumption in
homogenates take into account variations not only in mito-
chondrial specific activity but also in mitochondrial protein
mass, and therefore avoid extrapolations to whole tissue of
oxidative capacities measured in isolated organelles.'® In the
light of this observation, we examined the effect of high-fat
feeding on skeletal muscle oxidative capacity. To this end,
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together with full energy balance measurements, we assessed
mitochondrial oxidative capacity in tissue homogenates, by
using lipid and non-lipid substrates, to obtain information
on the various mitochondrial oxidative systems. In addition,
it is well known that two distinct populations of mitochon-
dria exist within muscle cells,'*~!® and that these two popu-
lations adapt differently to experimental conditions (ie
exercise, immobilization).!>17'1® However, no studies so far
have examined the effect of high-fat feeding on the activity
of these two mitochondrial populations. We have therefore
also measured oxidative capacity in isolated subsarcolemmal
and intermyofibrillar organelles.

Methods and materials

Animals and diets

Male Wistar rats of about 25 days of age (Charles River Italia,
Calco, Como, Italy) were housed individually in metabolic
cages with free access to food and water in a temperature-
controlled room (24+1°C) under a 12h light-dark cycle
(07:00-19:00h). Treatment, housing and killing met the
guidelines of the Italian Health Ministry.

At the start of the study, rats were divided into three
groups, each composed of eight rats, with similar mean
body weight (77+2g) and with body weight normally dis-
tributed within each group. One group of rats was killed for
the determination of initial body energy content and com-
position. The other two groups of rats were fed a low-fat diet
or a high-fat diet for 15 days (Table 1).

Energy balance
Metabolizable energy (ME) intake was obtained by subtract-
ing the energy measured in faeces and urine (with a bomb

Table 1 Composition of low- and high-fat diets (g/kg)

Component Low-fat diet High-fat diet
Standard chow® 1000 280
Lyophilized meat® 0 395
Butter® 0 178
Alphacel 0 120
AIN 76 mineral mix® 0 20
AIN 76 vitamin mix® 0 7
Metabolizable energy density (k]/g)’ 12.50 15.80
Gross energy density (kJ/g) 15.88 19.85
Energy (J/100]) from

Protein 29 29

Lipid 10.6 50

Carbohydrate 60.4 21

4RF21, Mucedola, Settimo Milanese, Milano, Italy.

®Liomellin, STAR s.p.a., Milan, ltaly, containing (in 10g): 5.8g protein
(Nx6.25), 1.29 lipid, 2.57 g carbohydrate, 0.2 g minerals, 0.2 g water.
“Lurpak, Denmark, locally purchased, containing 10% water.

4American Institute of Nutrition (1977).

€American Institute of Nutrition (1980).

"Metabolizable energy/g of the two experimental diets was calculated using
the coefficient (k]/g) 15.67, 16.72, 37.62 and 0 for carbohydrate, protein, fat,
fibre, respectively.
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calorimeter) from the gross energy intake, determined from
daily food consumption and gross energy content of the
diets (measured with bomb calorimeter). Body energy con-
tent was measured with the bomb calorimeter (Parr adiabatic
calorimeter of Parr Instruments Co., Moline, IL, USA) on
aliquots of carcass homogenized with water (final volume
equal to twice the carcass weight) in a Polytron homogenizer
(Polytron Kinematica AG, Littau/Lucerne, Switzerland) and
desiccated at 70°C in a vacuum oven. Corrections were made
for skeletal muscle energy content. Body energy gain was
calculated as the difference between the final and the initial
body energy content. Energy expenditure was calculated
from the difference between ME intake and energy gain,
while gross efficiency was obtained from the ratio between
energy gain and ME intake. Cost of storage was calculated by
using the coefficient 1.25k]J/kJ'° for protein and 0.36 (low-
fat)'? or 0.16 (high-fat)?°) kJ/kJ for lipid. Net energy expen-
diture (NEE) was obtained by subtracting the cost of lipid
and protein storage from total energy expenditure.

Body composition measurements

Water content was determined by the difference in weight of
the homogenate before and after drying at 70°C in a vacuum
oven. Lipid content was determined by the method of Folch
et al*! and converted to energy as lipid by using the coeffi-
cient of 39.2KkJ/g. Protein content was determined as
described by Brooks et al*> and converted to energy as
protein by using the value of 23.5K]/g.

Preparation of skeletal muscle homogenate

Hind leg muscles were freed of excess fat and connective
tissue, finely minced and washed in a medium containing
100 mM KCl, 50 mM TRIS, pH 7.5, 5 mM MgCl,, 1 mM EDTA,
S5mM EGTA, 0.1% (w/v) fatty acid free bovine serum albu-
min (BSA). Tissue fragments were treated with protease
nagarse (E.C. 3.4.21.62; 1mg/g tissue) for 5min, washed,
homogenized with the above medium (1:8, w/v) in a Potter
Elvehjem homogenizer (Heidolph, Kelheim, Germany) set
at 500rpm (4 strokes/min) and filtered through sterile
gauze. Aliquots of the homogenate were then used for the
determination of respiratory activities.

Preparation of skeletal muscle intermyofibrillar and
subsarcolemmal mitochondria

Tissue fragments obtained as described above were homo-
genized with the above medium (1:8, w/v) at 500rpm
(4strokes/min). Homogenate was then centrifuged at
5008,y for 10min and the resulting precipitate was subse-
quently used for the preparation of the intermyofibrillar
mitochondria. The supernatant was centrifuged at 3000 g,y
for 10min and the pellet containing subsarcolemmal mito-
chondria was washed twice and resuspended in suspension
medium (250mM sucrose, SO0mM Tris, pH 7.5, 0.1% fatty



acid-free BSA). The pellet from the 500 g,, centrifugation was
resuspended in a small amount of homogenization solution
and treated with protease nagarse (1 mg/g tissue) for 5 min.
The suspension was then homogenized, filtered through
sterile gauze and centrifuged at 3000g,, for 10 min. The
resulting supernatant was rapidly discarded and the pellet
was resuspended and centrifuged at 500g,, for 10 min. The
supernatant containing the intermyofibrillar mitochondria
was centrifuged at 3000 g,y for 10 min, the pellet was washed
once and resuspended in suspension medium.

Measurement of mitochondrial respiration and
membrane potential
Oxygen consumption was measured polarographically with
a Clark-type electrode (Yellow Springs Instruments, Yellow
Springs, OH, USA) at 30°C, in a medium containing 30 mM
KCl, 6 mM MgCl,, 75mM sucrose, 1mM EDTA, 20mM
KH,POy4, pH 7.0, 0.1% (w/v) fatty acid-free BSA. Substrates
used were succinate 10mM +rotenone 3.75uM, glutamate
10mM + malate 2.5mM or palmitoylCoA 40 pM + carnitine
2mM +malate 2.5mM. State 3 measurements were per-
formed in the presence of 0.6 mM ADP. State 4 respiration
was measured in the presence of oligomycin (4 pg/ml) in
skeletal muscle homogenates and in the absence of ADP in
mitochondria. Addition of oligomycin (4 pg/ml) to state 4
respiration of mitochondria was without effect.
Mitochondrial membrane potential was measured with
safranin O using a JASCO dual-wavelength spectrophot-
ometer (511-533nm).?> Measurements were made at 30°C,
in a medium containing 30 mM LiCl, 6 mM MgCl,, 75 mM
sucrose, 1mM EDTA, 20mM Tris—POy4, pH 7.0, 0.1% (w/v)
fatty acid-free BSA, succinate 10mM, rotenone 3.75uM,
oligomycin 4 pg/ml, before and after the addition of 45 uM
palmitate. The absorbance readings were converted to mV
membrane potential using the Nernst equation: Ay =61 mV
log ([K*]in/[K™]our)-2® Calibration curves for each preparation
were obtained by altering the extramitochondrial K* level
([K*]ouy) in the 0.1 -20mM range. The change in absorbance
caused by the addition of 3 pm valinomycin was plotted
against [K*]out. [K™]in was then estimated by extrapolation
of the line to the zero uptake point.

Enzyme activities and protein content
Published procedures were used for the determination of
protein content,?* succinic dehydrogenase (SDH),?® citrate
synthase®® and ATPase'® specific activity.

Statistical analysis

Data are summarized using means with their standard errors
for eight rats. Statistical analyses were performed using two-
tailed unpaired Student’s t-test or two-way analysis of var-
iance for main effects and interactions. Correlation between
selected parameters was performed by linear regression ana-
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lysis. All analyses were performed using GraphPad Prism
(Graphpad Software Inc., San Diego, CA, USA).

Materials

ADP, malate, glutamate, succinate, rotenone, palmitoylCoA,
carnitine, nagarse, iodonitrotetrazolium violet, phenazine
methosulphate, dithiobis-nitrobenzoic acid, acetyl CoA, oxa-
lacetic acid, phosphoenolpyruvate, pyruvate kinase/lactic
dehydrogenase, ATP, NADH, cytochrome c, oligomycin,
safranin O were purchased from Sigma Chemical Co., St
Louis, MO, USA. All other reagents were of the highest
purity commercially available.

Results

Figure 1 shows results of energy balance measurements in
rats fed a low-fat or a high-fat diet. Rats fed a high-fat diet
significantly increased ME intake and energy expenditure,
while body energy gain was similar to that of rats fed a low
fat diet (Figure 1A). Accordingly, no difference in final body
weight (206+4 and 207 £ 4 g for rats fed a low-fat or a high-
fat diet, respectively) and body growth curves (Figure 2) was
found between the two groups. Parameters of metabolic
efficiency, ie lipid partitioning, gross efficiency, and
NEE/ME intake ratio all showed a decreased efficiency in
rats fed a high-fat diet. In fact, gross efficiency (Figure 1C)
and the percentage of lipid intake stored as body lipid (Figure
1B) significantly decreased, while NEE/ME intake ratio
(Figure 1C) significantly increased in rats fed a high-fat diet
compared to those fed a low-fat diet.

Skeletal muscle mitochondrial state 3 and 4 respiration
was measured in homogenates to take into account changes
in mass and activity of mitochondria of the whole tissue due
to high fat feeding. Table 2 shows a significant increase in
state 3 respiration using NAD-linked substrate glutama-
te +malate, as well as a significant increase in state 3 and 4
respiration with lipid substrate palmitoylCoA + carnitine +
malate in rats fed a high-fat diet. Figure 3A shows a signifi-
cant inverse correlation between lipid storage and lipid-
supported respiration in skeletal muscle homogenates from
rats fed a low-fat or a high-fat diet. A significant inverse
correlation was also found between lipid-supported respira-
tion/citrate synthase ratio and lipid storage (Figure 3B).

State 3 and 4 respiration was measured in isolated sub-
sarcolemmal and intermyofibrillar mitochondria from rats
fed a low-fat or a high-fat diet to take into account changes
in specific activity due to high fat feeding (Tables 3 and 4).
Firstly, we detected the intactness and purity of the two
mitochondrial populations. In agreement with others,'>~17
we found that the contamination of subsarcolemmal and
intermyofibrillar mitochondria by other ATPase-containing
membranes was lower than 10% in both groups of rats, with
no variation due to high-fat feeding. Our RCR values indicate
that the mitochondria were well coupled. Then we assured
that the differences in functionality of the two
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Figure 1 Metabolizable energy (ME) intake, energy gain and energy
expenditure (A), lipid partitioning (B), together with gross efficiency and
net energy expenditure (NEE)/ME intake ratio (C) in rats fed a low-fat or
a high-fat diet. Values are the means+ts.e.m. of eight different rats.
*P < 0.05 compared to low fat (unpaired two-tailed Student’s t-test).

mitochondrial populations are not due to differences in
isolation procedures. Nagarse treatment of subsarcolemmal
mitochondria had no effect on state 3 and 4 respiratory
activities and addition of cytochrome ¢ (3 nmol/mg protein)
only enhanced state 3 respiration by approximately 30 and
10% in subsarcolemmal and intermyofibrillar mitochondria,
respectively, in agreement with others.'® Protein yield was
2.65+0.09 (low-fat) or 2.83+0.9 (high-fat) mg/g tissue for
intermyofibrillar mitochondria, in agreement with
others.'>!¢ For subsarcolemmal mitochondria, protein yield
was 0.50+0.04 (low-fat) or 0.7+0.04 (high-fat) mg/g tissue,
lower than those of others,'>1¢ due to the lower gravitational
field used by us (3000g instead of 90004 as in Krieger et al'®
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Figure 2 Body growth curve in rats fed a low-fat or a high-fat diet for 15
days. Each point represents the mean+s.e.m. of eight different rats.

Table 2 Mitochondrial respiration and enzyme activities in skeletal
muscle homogenates from rats fed a low-fat or a high-fat diet

Low-fat High-fat

Glutamate (10 mM) + malate (2.5 mM)

State 3 3506+229 4153+ 200*

State 4 149+ 11 153+£13

RCR 2442 29+3
PalmitoylCoA (40 uM) + carnitine (2 mM) + malate (2.5 mM)

State 3 2393+107 3032+113*

State 4 122+8 146 + 6*

RCR 20+1 22+2
Succinate (10 mM) +rotenone (3.75 uM)

State 3 5259+288 5296+ 142

State 4 972435 1064+ 50

RCR 5.5+0.4 5.0+0.4
SDH activity 6.1+0.3 6.4+0.3
CS activity 289+1.0 29.2+0.9

Values are the means+s.e.m. of eight different rats. State 3 and state 4
mitochondrial respiration rates are expressed as natoms O/ minxg wet tissue.
Succinic dehydrogenase (SDH) and citrate synthase (CS) activities are
expressed as pimol/minxg wet tissue.

*P <0.05 compared to low-fat (unpaired two-tailed Student’s t test).

and Cogswell et al'®). However, we thought it would be
essential, for comparing the two populations of mitochon-
dria, to use the same gravitational field for their isolation, to
be sure that the differences found were not due to differences
in preparation. Rats fed high-fat diet exhibited significantly
higher state 3 respiration with glutamate + malate and state
3 and 4 respiration with palmitoylCoA + carnitine + malate
in intermyofibrillar mitochondria (Table 3). A significant
increase in state 3 and 4 respiration with palmitoyl-
CoA + carnitine + malate was found in subsarcolemmal
mitochondria from rats fed a high-fat diet (Table 4). Table
5 shows that addition of a natural uncoupler, such as
palmitate, induced a decrease in mitochondrial membrane
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Table 3 Respiration and enzyme activities in skeletal muscle
intermyofibrillar mitochondria from rats fed a low-fat or a high-fat diet

Low-fat High-fat

Glutamate (10 mM) + malate (2.5 mM)

State 3 819+40 948 +40*

State 4 46+ 2 46+3

RCR 17.7+0.4 21.2+1.3
PalmitoylCoA (40 uM) + carnitine (2 mM) + malate (2.5 mM)

State 3 350+18 421 +29*

State 4 41+2 48 +2*

RCR 8.5+0.4 8.8+0.7
Succinate (10 mM) -+ rotenone (3.75 uM)

State 3 866+ 57 976+ 50

State 4 167+8 182+17

RCR 5.2+0.3 5.6+0.3
SDH activity 1.3+£0.2 1.4+0.1
CS activity 4.7+0.3 4.9+0.2

Values are the means+s.e.m. of eight different rats. State 3 and state 4
mitochondrial respiration rates are expressed as natoms O/minxmg protein.
Succinic dehydrogenase (SDH) and citrate synthase (CS) activities are
expressed as pmol/minxmg protein.

*P <0.05 compared to low-fat (unpaired two-tailed Student'’s t test).
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Table 4 Respiration and enzyme activities in skeletal muscle
subsarcolemmal mitochondria from rats fed a low-fat or a high-fat diet

Low-fat High-fat

Glutamate (10 mM) + malate (2.5 mM)

State 3 388+35 414+34

State 4 32+3 32+2

RCR 12.7+£1.0 12.9+0.9
PalmitoylCoA (40p M) + carnitine (2 mM) + malate (2.5 mM)

State 3 135+9 183+ 7*

State 4 28+1 32+1*

RCR 4.9+0.4 5.7+£0.2
Succinate (10 mM) + rotenone (3.75 u M)

State 3 362+ 25 408+33

State 4 775 79+4

RCR 4.8+0.3 5.2+04
SDH activity 1.1+0.1 1.1+£0.1
CS activity 4.5+0.5 4.2+0.2

Values are the means+s.e.m. of eight different rats. State 3 and state 4
mitochondrial respiration rates are expressed as natoms O/minxmg protein.
Succinic dehydrogenase (SDH) and citrate synthase (CS) activities are
expressed as pmol/minxmg protein.

*P <0.05 compared to a low-fat (unpaired two-tailed Student’s t test).

Table 5 Mitochondrial membrane potential in state 4 and after the
addition of palmitate in subsarcolemmal and intermyofibrillar
mitochondria in rats fed a low-fat or a high-fat diet

ANOVA: P

Low-fat  High-fat D P DxP

Intermyofibrillar
State 4, mV 162+6 200+6
<0.05 <0.05 <0.05
+ palmitate 45 uM, mV 129+8 148+7
Subsarcolemmal
State 4, mV 193+15 194+8
<0.05 <0.05 <0.05

+ palmitate 45 uM, mV 137+7 119+6

Percentage decrease after palmitate D M DxM
Intermyofibrillar 20£1 26+1

<0.05 <0.05 NS
Subsarcolemmal 29+1 39+1

Values are reported as means=+s.e.m. of eight different rats. For membrane
potential values: D, main effect of diet; P, main effect of palmitate; DxP,
interaction between diet and palmitate (two-way analysis of variance). For
percentage decrease after palmitate: D, main effect of diet; M, main effect of
mitochondrial type; DxM, interaction between diet and mitochondrial type
(two-way analysis of variance).

potential, both in subsarcolemmal and intermyofibrillar
mitochondria. The uncoupling effect of palmitate was sig-
nificantly higher in rats fed a high-fat diet compared to
controls, and was higher in subsarcolemmal mitochondria
compared to intermyofibrillar ones, whatever the diet.
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Discussion

The results of the present study clearly show that in skeletal
muscle from young rats fed a high-fat diet there is an
increase in mitochondrial lipid oxidative capacity, which
contributes to avoid obesity development.

As for energy balance, our present data confirm previous
findings,>”"?” showing that when young Wistar rats are fed
high-fat diet, adaptative increase in whole body lipid utiliza-
tion takes place, together with a decrease in metabolic
efficiency, which avoids excess lipid deposition.

Measurements of skeletal muscle mitochondrial respira-
tory activity were first performed in skeletal muscle homo-
genate. Rats fed a high-fat diet exhibited a significant
increase in state 3 respiration with NAD-linked substrate,
but not with FAD-linked substrate. This result implies that an
increase in rate-limiting steps upstream of the system
involved in succinate oxidation occurs after high-fat feeding.
A significant increase not only in state 3 but also in state 4
lipid-supported respiration, and therefore in lipid oxidative
capacity, was also found in rats fed a high-fat diet compared
to rats fed a low-fat diet. In agreement, other studies have
shown that high-fat diets selectively increase the activity of
enzymes of the p-oxidation pathway.’~'?>?® The different
variations in mitochondrial respiratory activity with the
various substrates used here suggest that no variation in
mitochondrial protein mass occurs in rats fed a high-fat
diet, since an increase in the mass of mitochondria should
have the same effect for all the substrates. In addition, no
variation was found in the activity of two mitochondrial
marker enzymes, succinic dehydrogenase and citrate
synthase. The lack of effect of a high-fat diet on succinic
dehydrogenase and citrate synthase activity is in agreement
with others'® and indicates that the tricarboxylic acid cycle
maintains a constant level of activity, while changes take
place at an upstream enzymatic step.

We have also measured mitochondrial specific respiratory
activities in two specialized mitochondrial populations
which exist in skeletal muscle cell, one located beneath the
sarcolemma (subsarcolemmal mitochondria) and the other
associated with the myofibrils (intermyofibrillar mitochon-
dria).'*~1% Our results show lower state 3 and 4 respiratory
rates whatever the substrate in subsarcolemmal mitochon-
dria compared to intermyofibrillar ones, in agreement with
others,'®~17 while no difference in succinic dehydrogenase
and citrate synthase could be detected between the two
populations. As for succinic dehydrogenase, the literature
gives conflicting results, which show either higher'® or
lower?® activity in intermyofibrillar mitochondria compared
to subsarcolemmal ones. On the other hand, our result
showing similar citrate synthase activity in the two mito-
chondrial populations is in agreement with others.'® Sub-
sarcolemmal and intermyofibrillar mitochondrial respiratory
activities are differentially regulated in response to high-fat
feeding. In fact, we found an increase in lipid-supported
respiration in both populations of mitochondria and an
increase in NAD-linked respiration in intermyofibrillar mito-
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chondria. Differential regulation of mitochondrial activity in
the two subpopulations has been previously found in
response to other environmental stimuli,’>!”'® and could
be due to differences in protein synthesis capacity,'® rates of
import of nuclear-coded mitochondrial proteins®® and/or
rates of protein degradation.'>?°

Our results also suggest that increased skeletal muscle
lipid oxidative capacity is only due to an increase in mito-
chondrial specific activity. Our previous works have shown
that high-fat feeding also induces an increase in hepatic lipid
oxidative capacity.>~¢ Therefore, our results, as a whole,
point to liver and skeletal muscle as important contributors
to obesity resistance of rats fed a high-fat diet. The concerted
action of high-fat feeding on lipid oxidation in various
tissues could be exerted though various mechanisms. In
fact, rats fed a high-fat diet have enhanced serum free
triilodothyronine (T3) levels,® and it is well known that T
stimulates the oxidation of fatty acids.?’ In addition, in rats
fed a high-fat diet serum levels of free fatty acids (FFA) are
higher than in controls,® and FFA are natural ligands of
peroxisome proliferator-activated receptors (PPARs).*! Since
PPARo, which is expressed both in liver and skeletal muscle,
regulates the transcription of genes coding for enzyme of
mitochondrial fatty acid oxidation pathway, ie carnitine
palmitoyltransferase 1,32 it can be speculated that increased
FFA could directly stimulate their own oxidation via PPARs,
both at liver and muscular level.

We also tested the effect of a natural energy uncoupler,
palmitate, on membrane potential of the two mitochondrial
populations. The results show that both intermyofibrillar
and subsarcolemmal mitochondria from rats fed a high-fat
diet were more sensitive to the uncoupling effect of palmi-
tate. In addition, subsarcolemmal mitochondria were more
sensitive than intermyofibrillar ones, whatever the diet, thus
suggesting a specific role of subsarcolemmal mitochondria in
the regulation of cellular energy coupling. It has been pro-
posed that the uncoupling effect of fatty acids depends on
the activity of mitochondrial carriers, such as the ATP/ADP
antiporter, the dicarboxylate carrier, the aspartate/glutamate
antiporter®® and uncoupling proteins (UCP) 2 and 3.3* There-
fore, the higher sensitivity to palmitate of skeletal muscle
mitochondrial populations from rats fed a high-fat diet
could be due to an increase in the above mitochondrial
carriers. Accordingly, an increase in UCP3 mRNA levels has
been found in skeletal muscle from rats fed a high-fat diet,>®
and our preliminary study shows an increase in ATP/ADP
antiporter in skeletal muscle mitochondria from rats fed a
high-fat diet.

We have also found a strong negative correlation between
skeletal muscle lipid supported respiration and the percen-
tage of lipid intake stored as body lipid (Figure 1A), which
underline the importance of the increased skeletal muscle
lipid oxidative capacity in obesity resistance of rats fed a
high-fat diet. In addition, we calculated the ratio of lipid-
supported respiration to citrate synthase activity, to obtain
an estimate of the relative importance of lipid oxidation



pathway vs total oxidative capacity.!! This ratio was then
related to the percentage of lipid intake stored as body lipid
and a significant negative correlation was found (Figure 1B).
Previous studies have demonstrated a relationship between
muscle lipid utilization preference and obesity susceptibil-
ity.!! Our data confirm this relationship, since rats resistant
to obesity when fed a high-fat diet exhibit a higher prefer-
ence for lipid metabolism in skeletal muscle, a tissue that
contributes significantly to whole body lipid utilization. The
high capacity of young rats to resist obesity when fed a high-
fat diet could be due to the fact that high-fat feeding started
soon after weaning. It has been shown that skeletal muscle
has a high lipid utilization capacity during suckling and at
weaning, which then declines to adult levels.>® Therefore,
high-fat feeding soon after weaning might prolong the
duration of the high muscle lipid oxidative capacity and
therefore elicit adaptative mechanisms of weight mainte-
nance. In agreement, we have found that when a high-fat
diet was given to adult rats, an increase in body lipid content
was found.?” In conclusion, our present results indicate that
in rats fed a high-fat diet skeletal muscle contributes to the
increased whole body lipid utilization, through an increase
in lipid oxidative capacity associated with a decrease in
energy coupling.

Acknowledgements

We wish to thank Professor Antonio Barletta for helpful
discussion. This work was supported by University ‘Federico
II" of Naples.

References

1 Ravussin E, Swinburn BA. Energy metabolism. In: AJ Stunkard, TA
Wadden (eds). Obesity: theory and therapy. Raven Press: New York;
1993. pp 97-123.

2 Levin BE, Finnegan MB, Triscari J, Sullivan AC. Brown adipose
tissue and metabolic features of chronic diet-induced obesity. Am
J Physiol 1985; 248: R717 -R723.

3 Levin BE, Triscari J, Sullivan AC. Metabolic features of diet-
induced obesity without hyperphagia in young rats. Am ] Physiol
1986; 251: R433 -R440.

4 Chang S, Graham B, Yakubu F, Lin D, Peters JC, Hill JO. Metabolic
differences between obesity-prone and obesity-resistant rats. Am |
Physiol 1990; 259: R1103 -R1110.

Tossa S, Lionetti L, Mollica MP, Crescenzo R, Barletta A, Liverini G.

Effect of long-term high-fat feeding on energy balance and liver

oxidative activity in rats. Br ] Nutr 2000; 84: 377 -385.

6 Liverini G, Iossa S, Mollica MP, Lionetti L, Barletta A. Hepatic fatty
acid-supported respiration in rats fed an energy-dense diet. Cell
Biochem Func 1996; 14: 283 -289.

7 lossa S, Mollica MP, Lionetti L, Barletta A, Liverini G. Energy
balance and liver respiratory activity in rats fed on an energy
dense-diet. Br ] Nutr 1997; 77: 99-105.

8 Rolfe DFS, Brown GC. Cellular energy utilization and molecular
origin of standard metabolic rate in mammals. Physiol Rev 1997;
77:731-758.

9 Miller WC, Bryce GR, Conlee RK. Adaptation to a high-fat diet
that increases exercise endurance in male rats. ] Appl Physiol 1984;
56: 78-83.

w

Skeletal muscle lipid oxidation and high-fat diet
§ lossa et al

e

10 Nemeth PM, Rosser BWC, Choksi RM, Norris BJ, Baker KM.
Metabolic response to a high-fat diet in neonatal and adult rat
muscle. Am ] Physiol 1992; 262: C282-C286.

11 Gayles EC, Pagliassotti MJ, Prach PA, Koppenhafer TA, Hill JO.
Contribution of energy intake and tissue enzymatic profile to
body weight gain in high-fat-fed rats. Am ] Physiol 1997; 272:
R188-R194.

12 Cheng B, Karamizrak O, Noakes TD, Dennis SC, Lambert EV. Time
course of the effects of a high-fat diet and voluntary exercise on
muscle enzyme activity in Long-Evans rats. Physiol Behav 1997;
61: 701-705.

13 Mannaerts GP, Debeer LJ, Thomas ], De Schepper PJ. Mitochon-
drial and peroxisomal fatty acid oxidation in liver homogenates
and isolated hepatocytes from control and clofribrate-treated
rats. ] Biol Chem 1979; 254: 4585-4595.

14 Palmer JW, Tandler B, Hoppel CL. Biochemical properties of
subsarcolemmal and interfibrillar mitochondria isolated from
rat cardiac muscle. J Biol Chem 1977; 252: 8731 -8739.

15 Krieger DA, Tate CA, McMillin-Wood J, Booth FW. Populations of
rat skeletal muscle mitochondria after exercise and immobiliza-
tion. J Appl Physiol 1980; 48: 23 -28.

16 Cogswell AM, Stevens RJ, Hood DA. Properties of skeletal muscle
mitochondria isolated from subsarcolemmal and intermyofibril-
lar regions. Am ] Physiol 1993; 264: C383 - C3809.

17 Bizeau ME, Willis WT, Hazel JR. Differential responses to endur-
ance training in subsarcolemmal and intermyofibrillar mitochon-
dria. ] Appl Physiol 1998; 85: 1279 -1284.

18 Yajid F, Mercier JG, Mercier BM, Dubouchaud H, Prefaut C. Effect
of 4 wk of hindlimb suspension on skeletal muscle mitochondrial
respiration in rats. ] Appl Physiol 1998; 84: 479 —485.

19 Pullar JD, Webster AJE. The energy cost of fat and protein
deposition in the rat. Br ] Nutr 1977; 37: 355-363.

20 Rothwell NJ, Stock MJ, Warwick BP. Energy balance and brown fat
activity in rats fed cafeteria diets or high fat, semisynthetic diets
at several levels of intake. Metabolism Disord 1985; 34: 474 —-480.

21 Folch J, Lees M, Stanley GHS. A simple method for the isolation
and purification of total lipids from animal tissues. ] Biol Chem
1957; 226: 497 -510.

22 Brooks SPJ, Lampi BJ, Sarwar G, Botting HG. A comparison of
methods for determining total body protein. Anal Biochem 1995;
226: 26-30.

23 Nedergaard J. The relationship between extramitochondrial Ca**
concentration, respiratory rate, and membrane potential in mito-
chondria from brown adipose tissue of the rat. Eur ] Biochem 1983;
133: 185-191.

24 Hartree EF. Determination of protein: a modification of the Lowry
method that gives a linear photometric response. Anal Biochem
1972; 48: 422-427.

25 Lee YP, Lardy HA. Influence of thyroid hormones of L-alpha-
glycerophosphate and other dehydrogenases in various organs of
the rat. J Biol Chem 1965; 240: 1427 -1436.

26 Srere PA. Citrate synthase. Meth Enzymol 1969; 13: 3-35.

27 lossa S, Mollica MP, Lionetti L, Barletta A, Liverini G. Hepatic
mitochondrial respiration and transport of reducing equivalents
in rats fed an energy dense diet. Int ] Obes Relat Metab Disord 1995;
19: 539-543.

28 Helge JW, Ayre K, Chaunchaiyakul S, Hulbert AJ, Kiens B, Storlien
LH. Endurance in high-fat-fed rats: effects of carbohydrate con-
tent and fatty acid profile. ] Appl Physiol 1998; 85: 1342 -1348.

29 Takahashi M, Hood DA. Protein import into subsarcolemmal and
intermyofibrillar skeletal muscle mitochondria. ] Biol Chem 1996;
247: 27285-27291.

30 Freake HC, Oppenheimer JH. Thermogenesis and thyroid func-
tion. A Rev Nutr 1995; 15: 263 -291.

31 Desvergne B, Wahli W. Peroxisome proliferator-activated recep-
tors: nuclear control of metabolism. Endocr Rev 1999; 20: 649 —
688.

32 Michalik L, Wahli W. Peroxisome proliferator-activated receptors:
three isotypes for a multitude of functions. Curr Opin Biotechnol
1999; 10: 564-570.

Al

International Journal of Obesity



@ Skeletal muscle lipid oxidation and high-fat diet

S lossa et al
72

33 Simonyan RA, Skulachev VP. Thermoregulatory uncoupling in 36 Nemeth PM, Norris BJ, Solanki L, Kelly AM. Metabolic specialia-
heart muscle mitochondria: involvement of the ATP/ADP anti- tion in fast and slow muscles of the developing rat. | Neurosci
porter and uncoupling protein. FEBS Lett 1998; 436: 81 -84. 1989; 9: 2336-2343.

34 Jaburek M, Varecha M, Gimeno RE, Dembski M, Jezek P, Zhang M, 37 lossa S, Lionetti L, Mollica MP, Barletta A, Liverini G. Fat balance
Burn P, Tartaglia LA, Garlid KD. Transport function and regula- and hepatic mitochondrial function in response to fat feeding in
tion of mitochondrial uncoupling proteins 2 and 3. ] Biol Chem mature rats. Int | Obes Relat Metab Disord 1999; 23: 1122-1128.

1999; 274: 26003 -26007.

35 Matsuda J, Hosoda K, Itoh H, Son C, Doi K, Tanaka T, Fukunaga Y,
Inoue G, Nishmura H, Yoshimasa Y, Yamori Y, Nakao K. Cloning
of rat uncoupling protein 3 and uncoupling protein 2 c-DNAs:
their gene expression in rats fed high fat diet. FEBS Lett 1997; 418:
200-204.

International Journal of Obesity



