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Abstract
BRUCE, CLINTON R., JONG SAM LEE, BENTE KIENS,
AND JOHN A. HAWLEY. Postexercise muscle
triacylglycerol and glycogen metabolism in obese insulin-
resistant Zucker rats. Obes Res. 2004;12:1158–1165.
Objective: To determine the impact of insulin resistance and
obesity on muscle triacylglycerol (IMTG) and glycogen
metabolism during and after prolonged exercise.
Research Methods and Procedures: Female lean (fa/?; N �
40, ZL) and obese insulin-resistant (fa/fa; N � 40, ZO)
Zucker rats performed an acute bout of swimming exercise
(8 times for 30 minutes) followed by 6 hours of carbohy-
drate supplementation (CHO) or fasting (FAST). IMTG and
glycogen were measured in the extensor digitorum longus
(EDL) and red vastus lateralis (RVL) muscles.
Results: Despite resting IMTG content being 4-fold higher
in ZO compared with ZL rats, IMTG levels were unchanged
in either EDL or RVL muscles immediately after exercise.
Resting glycogen concentration in EDL and RVL muscles
was similar between genotypes, with exercise resulting in
glycogen use in both muscles from ZL rats (�85%, p �
0.05). However, in ZO rats, there was a much smaller
decrease in postexercise glycogen content in both EDL and
RVL muscles (�30%). During postexercise recovery, there
was a decrease in EDL muscle levels of IMTG in ZL rats
supplemented with CHO after 30 and 360 minutes (p �
0.05). In contrast, IMTG content was increased above rest-
ing levels in RVL muscles of ZO rats fasted for 360 min-

utes. Six hours of CHO refeeding restored glycogen content
to resting levels in both muscles in ZL rats. However, after
6 hours of FAST in ZO animals, RVL muscle glycogen
content was still lower than resting levels (p � 0.05). At this
time, IMTG levels were elevated above basal (p � 0.05).
Discussion: In both healthy and insulin-resistant skeletal
muscle, there was negligible net IMTG degradation after a
single bout of prolonged exercise. However, during postex-
ercise recovery, there was differential metabolism of IMTG
between phenotypes.
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Introduction
Skeletal muscle contains significant quantities of lipid

stored as triacylglycerol, with the intramuscular triacylglyc-
erol (IMTG)1 pool representing a potentially large energy
reserve for muscle contraction. Investigations in humans
using stable isotope techniques have shown that IMTG can
contribute 20% to 30% of total energy expenditure during
prolonged submaximal exercise (1,2). However, findings
from studies that have directly measured IMTG use from
biopsy samples are equivocal, with some reporting de-
creases during prolonged (1 to 7 hours) exercise (3–6) and
others finding little change (7–11).

Although attention has been focused on determining
whether IMTG is used during exercise, little is known about
the effect of exercise on IMTG metabolism in insulin-
resistant states. This is somewhat surprising given that
IMTG is increased with obesity and type 2 diabetes and is
strongly associated with insulin resistance (12,13). Insulin-
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resistant skeletal muscle is characterized by low rates of fat
oxidation at rest and during exercise (14–16), and, there-
fore, it may be expected that insulin-resistant muscle would
have less reliance on IMTG as a substrate during exercise.
However, greater use of IMTG has been reported in skeletal
muscle from a rodent model of type 2 diabetes compared
with that of control animals during a treadmill run to ex-
haustion (17). Furthermore, there is evidence suggesting
that higher initial IMTG content is associated with an in-
creased rate of hydrolysis of IMTG during exercise (17,18).

Although the focus of many studies has been to determine
whether IMTG is used during exercise, there is an absence
of information pertaining to the contribution of muscle
lipids to metabolism after prolonged exercise. Recently,
several studies have determined the time-course changes in
IMTG content during recovery from exercise (19,20). Kiens
and Richter (19) reported that IMTG remained unchanged
after a bout of prolonged, exhaustive exercise in well-
trained individuals. However, there was a significant reduc-
tion in IMTG content during the initial 18 hours of recovery.
In contrast, Kimber et al. (20), using a similar experimental
protocol to that employed by Kiens and Richter (19), re-
ported that IMTG content remained unchanged and sug-
gested that plasma free fatty acids (FFA) and very-low-
density lipoproteins are important fuel sources during
recovery (20).

Despite these findings, no information is available re-
garding lipid metabolism in insulin-resistant skeletal muscle
during recovery from exercise. Therefore, the aim of this
study was to examine IMTG metabolism in muscle from
obese Zucker (ZO) rats after a prolonged bout of exercise.
In addition, we wished to examine the impact of carbohy-
drate (CHO) refeeding vs. fasting (FAST) on IMTG metab-
olism in insulin-resistant muscle. In the postexercise recov-
ery period, it has been reported that the ZO rat relies on
lipids for energy (21), despite exhibiting altered fatty acid
disposal toward storage in the basal state (22). We, there-
fore, hypothesized that IMTG would be used during the
postexercise recovery period to a greater extent in insulin-
resistant skeletal muscle from ZO rats than in muscle from
their lean counterparts.

Research Methods and Procedures
Animal Care and Overview of Experimental Design

Analyses were carried out on tissues of rats previously
studied for other purposes (23). Female lean (ZL; fa/?; N �
40) and ZO (fa/fa; N � 40) rats (age, 10 to 11 weeks;
weight, 180 and 300 grams, respectively) were obtained
from Monash University Animal Services (Victoria, Aus-
tralia) and housed two per cage in environmentally con-
trolled conditions (temperature, 22 °C; relative humidity,
51%), with a 12-hour light-dark cycle (light, 7:00 AM to
7:00 PM). All animals were fed the same diet (standard

rodent chow; 67.5% carbohydrate, 11.7% fat, 20.8% pro-
tein; Barastock Ltd., Victoria, Australia) and had ad libitum
access to water. Before experimentation, animals were fa-
miliarized to laboratory conditions by swimming for 10
min/d for 3 days. The Animal Experimentation Ethics Com-
mittee of RMIT University approved all experimental pro-
cedures. Animals were assigned to one of six subgroups on
the basis of whether they were to remain as sedentary
controls (REST) or were exercised; whether they were
FAST or received CHO postexercise; and the time of post-
exercise death.

Experimental Protocol
At 5:00 PM on the day before an experiment, ZL animals

were restricted to 10 grams of chow and ZO animals to 12
grams of chow; this amount was 60% of the animals’
average daily food intake from the previous 7 days. ZL and
ZO rats were randomly assigned to one of six experimental
groups (Figure 1): sedentary control who performed no
exercise (REST; n � 7); fasted and killed immediately after
exercise (POST; n � 7); fasted and killed 30 minutes after
exercise (FAST-30; n � 6); fasted and killed 6 hours after
exercise (FAST-360; n � 7); CHO supplemented and killed
30 minutes after exercise (CHO-30; n � 7); and CHO
supplemented and killed 6 hours after exercise (CHO-360;
n � 6).

Exercise and Refeeding Protocol
The exercise model chosen for this study was a swim-

ming protocol previously used in our laboratory (23). In
brief, three rats swam together in a steel barrel filled to a
depth of �60 cm. Water temperature was maintained at
35 � 1 °C. Rats swam for eight 30-minute bouts, separated
by 5-minute rest periods during which time they were dried
and placed in their cages. In the case of the ZO rats, a
weight equal to �2.5% of body mass (BM) was attached to
the base of the tail after the first 30-minute exercise bout
(24) to compensate for their increased buoyancy. For the
remaining seven exercise bouts, ZO rats swam with the

Figure 1: Schematic representation of the study protocol. ZL and
ZO rats were killed at rest after exercise (eight 30-minute bouts of
swimming) and after 30 and 360 minutes of recovery. During the
postexercise recovery period, rats were either supplemented with
CHO or remained fasted. Arrows indicate time of death.
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weight attached. Weights were selected so that, during the
swimming protocol, the body angles relative to the surface
of the water were similar for both the ZO and ZL rats (25).
After the eighth exercise bout, rats were dried, placed back
in their cages, and killed at the time-points previously
described. At the onset of the recovery period, rats assigned
to the CHO-supplemented groups received an intraperito-
neal glucose injection (0.5 mg/g BM) and were subse-
quently allowed free access to chow and water ad libitum.
Rats in the fasted groups were allowed ad libitum access to
water. Postexercise food consumption was quantified.

Animal Death
Animals were anesthetized with an intraperitoneal injec-

tion of pentobarbital sodium (60 mg/kg BM), and the ex-
tensor digitorum longus (EDL; 38% type IId/x and 38%
type IIb fibers) (26) and red vastus lateralis (RVL; 33% type
IIa fibers and 32% type IId/x) (26) muscles were rapidly
excised and clamp frozen with tongs cooled in liquid N2. At
this time, a blood sample (�2 mL) was obtained from the
femoral artery. Muscle samples were freeze dried, dissected
free of nonmuscular components, and powdered.

Blood Biochemistry
Whole blood (�2 mL) was transferred to an EDTA-

administered tube and spun in a centrifuge at 12,000 rpm for
3 minutes. The plasma was immediately analyzed in dupli-
cate for plasma glucose and plasma lactate concentration
using an automated analyzer (2300 Stat Plus Glucose and
L-Lactate Analyzer; Yellow Springs Instruments, Yellow
Springs, OH). The remaining plasma was stored at �80 °C
and was subsequently analyzed for plasma FFA concentra-
tion, using an enzymatic colorimetric method (NEFA C test
kit; Wako, Richmond, VA), and plasma insulin concentra-
tion by radioimmunoassay, using a commercially available
kit (Phadeseph, Insulin RIA; Pharmacia & Upjohn Diagnos-
tics, Uppsala, Sweden).

Muscle Analyses
Before biochemical analyses, muscle samples were

freeze dried and dissected free of visible fat, connective
tissue, and blood and were powdered and mixed. IMTG was
determined from �5 mg (dry mass) sampled from the 10 to
15 mg of mixed powder. Glycerol from the degraded trig-
lycerides was assayed as previously described (9). Muscle
glycogen concentration was determined as glucose residues
after hydrolysis of the muscle sample in 1 M HCl at 100 °C
for 2 hours (27).

Statistical Analyses
Analysis of differences between the two treatments

(FAST or CHO) within a genotype was performed using a
paired Student’s t test. An unpaired Student’s t test was used
to assess differences between ZL and ZO animals. All other

differences were determined using a one-way ANOVA with
Tukey’s post hoc analysis. Significance was accepted when
p � 0.05. All data are presented as mean � SE.

Results
Postexercise Food Intake

Food consumption was similar between ZL and ZO rats
after both 30 (0.7 � 0.2 vs. 0.5 � 0.2 grams) and 360
minutes (5.6 � 0.7 vs. 5.2 � 0.8 grams) of refeeding. The
relative (milligram per gram BM) postexercise food intake
was not different between ZL CHO-30 and ZO CHO-30 rats
(3.9 � 1.1 vs. 1.7 � 0.7 mg/gram BM). However, after 360
minutes of CHO refeeding, the relative food intake was
greater in ZL than in ZO rats (30.2 � 4.4 vs. 18.3 � 2.2
mg/gram BM, p � 0.05).

Muscle Triacylglycerol Content
IMTG content was increased �4-fold in the EDL and

RVL muscles of ZO rats compared with ZL rats (Figures 2A
and 3A). However, despite these differences, exercise did
not affect IMTG content in either the EDL or RVL muscles
in either genotype. During recovery from exercise, there
was a significant decrease in IMTG in the EDL from ZL
animals supplemented with CHO after both 30 and 360
minutes (p � 0.05; Figures 2A and 4A). IMTG content was
also reduced in the RVL muscle from ZL rats fasted for 30
minutes after exercise (p � 0.05; Figure 4B). In contrast,
RVL muscle IMTG was increased in ZO rats after 360
minutes of fasting (p � 0.05; Figure 4B).

Muscle Glycogen Concentration
Resting EDL muscle glycogen content was similar be-

tween genotypes (Figure 2B). Exercise reduced glycogen
concentration by 84% (p � 0.05) in ZL but only 30% (p �
0.05) in ZO rats. In ZL rats, CHO or FAST had little effect
on muscle glycogen resynthesis in the 30-minute period
after exercise (Figure 2B). However, 360 minutes of CHO
supplementation restored EDL muscle glycogen content to
resting levels in ZL rats but did not result in glycogen
supercompensation. Glycogen content of the EDL muscle
during the recovery period was not different from REST in
ZO rats regardless of postexercise dietary intervention.
However, CHO refeeding for 360 minutes in ZO rats re-
sulted in an increase in glycogen content compared with
postexercise levels (41%; p � 0.05). Glycogen concentra-
tion of the EDL muscle was greater in ZO compared with
ZL rats at all time-points during recovery, except for ZO
CHO-360 (Figure 2B).

Glycogen content of the RVL muscle was similar be-
tween ZL and ZO rats at rest (Figure 3B). Exercise depleted
glycogen content of the RVL muscle by 87% (p � 0.05) in
ZL rats. However, no significant reduction in RVL muscle
glycogen content was observed immediately after exercise
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in ZO rats (Figure 3B). In ZL rats, glycogen concentration
remained at postexercise levels after 30 minutes of recov-
ery, irrespective of diet. After 360 minutes of CHO refeed-
ing, RVL muscle glycogen content was restored to resting
levels in ZL rats. After 360 minutes and in the absence of
CHO, muscle glycogen content for ZO rats was reduced to
55% of resting values. Glycogen concentration was greater
in ZO rats compared with ZL rats immediately after exer-
cise and after 30 minutes of recovery, regardless of dietary
intervention (Figure 3B).

Concentrations of Plasma Metabolites
The concentrations of plasma glucose, lactate, insulin,

and FFAs at rest and during recovery for the two treatment
interventions are shown in Table 1. Animals from both
genotypes exhibited a modest hyperglycemia (i.e., 8 to 9
mM). Exercise resulted in a significant reduction in plasma

glucose concentration in ZL rats (Table 1). After 30 minutes
of CHO refeeding, plasma glucose concentration was
greater in ZL rats compared with FAST and was still higher
than POST values after 360 minutes of CHO supplementa-
tion. Postexercise plasma glucose concentrations in ZO rats
were similar to REST (Table 1). During recovery, apart
from CHO-360, plasma glucose concentration was greater
in ZO than in ZL rats (Table 1). After 360 minutes of CHO
refeeding, plasma glucose concentration was similar for
both genotypes.

Resting plasma lactate concentration was increased in ZO
compared with ZL rats. Exercise had little effect on plasma
lactate concentrations in either genotype (Table 1). How-
ever, plasma lactate was significantly higher in obese ani-
mals at all time-points, regardless of the treatment interven-
tion. Only after 30 minutes of CHO refeeding was plasma
lactate lower than REST for ZO rats.

Figure 2: EDL muscle triacylglycerol (A) and glycogen (B) con-
tent in ZL and ZO rats. Values are mean � SE. *p � 0.05 vs.
REST for each genotype. †p � 0.05 vs. POST for each genotype.
‡p � 0.05 vs. FAST at same time-point for each genotype. §p �
0.05 vs. LEAN at same time-point.

Figure 3: RVL muscle triacylglycerol (A) and glycogen (B) con-
tent in ZL and ZO rats. Values are mean � SE. *p � 0.05 vs.
REST for each genotype. †p � 0.05 vs. POST for each genotype.
‡p � 0.05 vs. FAST at same time-point for each genotype. §p �
0.05 vs. LEAN at same time-point.
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Resting plasma insulin concentrations were elevated in
ZO compared with ZL rats and remained higher at all
time-points, regardless of treatment intervention (Table 1).
Exercise resulted in a significant reduction in plasma insulin
concentrations in the ZL rats, such that at all time-points,
concentrations were lower than REST. After 360 minutes of
CHO refeeding, plasma insulin concentration was greater
than POST in ZL rats.

Plasma FFA concentrations were elevated in ZO com-
pared with ZL rats at rest. Exercise increased plasma FFA
concentration in ZL rats (Table 1). Exercise did not affect
plasma FFA levels in ZO rats. Plasma FFA levels in ZO rats

remained between 1.2 and 1.4 mM during the postexercise
period, regardless of dietary intervention. In contrast, FFA
concentration was increased after 30 minutes of FAST and
CHO supplementation and also after 360 minutes of FAST
after exercise in ZL rats (Table 1). Only after 360 minutes
of CHO refeeding were plasma FFA levels back to resting
values in ZL rats.

Discussion
The first novel finding of this study was that, despite

markedly elevated resting levels of IMTG in obese insulin-
resistant Zucker rats, we failed to detect any significant net
degradation of this metabolite after 4 hours of exercise.
Indeed, for both muscles under study (EDL and RVL mus-
cles) and for both genotypes (lean and obese), there was
little use of IMTG in response to a single bout of prolonged
swimming exercise.

Our results contrast to those recently reported by Strac-
zkowski et al. (17), who found that, in a rodent model of
type 2 diabetes, there was a significant reduction in triac-
ylglycerol levels in the white and red gastrocnemius mus-
cles after a single bout of exhaustive treadmill running.
Furthermore, in that study (17), there was a positive rela-
tionship between the initial muscle triacylglycerol levels, as
determined by biochemical extraction, and the subsequent
rate of use during exercise. It is possible that slight adipose
tissue contamination of the muscle sample may explain
some of the difference in results. It has been argued that the
biochemical extraction technique to determine IMTG con-
tent may result in the inadvertent contamination of the
sample with fat and connective tissue (28). However, it
should be noted that the technique used in this study in-
cludes a microscopic visualization of samples to carefully
remove adipose tissue and other contaminants from the
muscle specimens before extraction of lipid for IMTG quan-
tification. Differences in results between studies could also
be due to the model of insulin resistance used (obese Zucker
rat vs. streptozotocin-injected high-fat-fed rat), the mode of
exercise employed (swimming vs. treadmill running), and
the associated muscle recruitment patterns, muscle tension
generation, and/or differences in the relative exercise inten-
sity.

In the obese insulin-resistant animals, there was only a
modest (�30%) depletion in the EDL muscle and trivial
glycogen use in the RVL muscle after exercise. This raises
the possibility that the relative exercise intensity during the
prolonged swimming protocol may have been different be-
tween the lean and obese animals. However, in an attempt to
match the relative intensity between the two genotypes, we
attached a tail weight equal to �2.5% of BM to the obese
animals after the first bout of exercise. Such an intervention
has previously been reported to compensate for the in-
creased buoyancy of the obese animals and was selected so
that, during swimming, the body angles relative to the

Figure 4: Change in EDL (A) and RVL (B) muscle triacylglycerol
content in ZL and ZO rats compared with resting values. Values
are mean � SE. *p � 0.05 vs. REST for each genotype. †p � 0.05
vs. POST for each genotype. ‡p � 0.05 vs. FAST at same time-
point for each genotype.
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surface of the water were similar for both obese and lean
rats (25). In a previous study (23), using an identical swim-
ming protocol, we observed comparable levels of glycogen
depletion in the soleus muscle of both lean and obese
animals, strongly suggesting that recruitment patterns in
that muscle were similar between genotypes. Based on those
findings (23), we did not hypothesize that there would be
significant differences in glycogen depletion patterns in
either of the hindlimb muscles chosen for study in this
experiment. Accordingly, we acknowledge that a potential
limitation of this study is the lack of any direct measure of
relative exercise intensity between lean and obese animals
(i.e., direct measures of O2 consumption during the swim-
ming protocol). For example, differences in plasma cate-
cholamine concentrations during swim exercise may ex-
plain some of the discrepancies in the rates of
glycogenolysis and IMTG hydrolysis between genotypes.
From these data, we can only suggest that recruitment
patterns (i.e., differential activation of muscle fiber types
between genotypes), at least for the RVL muscle, are dif-
ferent in ZL and ZO rats during exhaustive swimming
exercise.

It has recently been reported that insulin plays a pivotal
role in the regulation of fatty acid (FA) oxidation and IMTG
use during intense muscle contraction (29). Specifically, it
has been suggested that the decline in insulin concentration
early in exercise may be a necessary event to fully increase
FA oxidation and permit increased lipid use by muscle at
this time (29). In this study, exercise did not result in a
decline in plasma insulin concentration in the obese ani-
mals. Thus, it is possible that the prevailing high levels of
circulating insulin (40 to 60 �U/mL) in these animals may
have had a direct effect on lipid partitioning toward esteri-

fication rather than oxidation. If this was the case, we would
have failed to detect any net use of IMTG during the
exercise bout. However, in lean animals, the swimming
protocol resulted in a 3-fold drop in plasma insulin concen-
tration, yet IMTG content was similar before and after
exercise. Taken collectively, these data provide evidence
that, during a single bout of prolonged swimming, there is
negligible net depletion of IMTG, even in insulin-resistant
skeletal muscle with an elevated concentration of IMTG.

It is well accepted that after a bout of prolonged, sub-
maximal exercise, rates of whole body fat oxidation are
increased (19,20,30,31). Accordingly, recent interest has
focused on determining the source of this elevated postex-
ercise lipid oxidation and, specifically, whether IMTG is
used in this period (19,20). In this study, we observed
differential regulation of IMTG metabolism in muscles
from lean rats during recovery from prolonged exercise:
there was a significant decrease in IMTG in the EDL muscle
from lean animals supplemented with CHO after both 30
and 360 minutes (Figure 2A). These data support the find-
ings of Kiens and Richter (19), who reported use of IMTG
in the postexercise recovery period in well-trained humans
despite a large intake of CHO. Such a result is, perhaps,
somewhat surprising in that it might be expected that the
activity of hormone-sensitive lipase in skeletal muscle
would be inhibited by the CHO-induced elevation in plasma
insulin concentration (32), thus reducing IMTG hydrolysis.
However, in this study, plasma insulin levels in lean rats fed
CHO during recovery remained lower than resting (preex-
ercise) concentrations (Table 1), despite the greater relative
voluntary food intake in the lean compared with the obese
animals after 360 minutes of CHO refeeding.

Table 1. Concentration of plasma metabolites

Glucose (mM) Lactate (mM) Insulin (�U/mL) FFA (mM)

Lean Obese Lean Obese Lean Obese Lean Obese

REST 8.8 � 0.1 9.3 � 0.3 1.7 � 0.2 4.1 � 0.2‡ 13.1 � 0.4 48.8 � 6.2‡ 0.4 � 0.1 1.6 � 0.3‡
POST 5.3 � 0.7* 10.3 � 0.7‡ 2.4 � 0.7 5.0 � 0.8‡ 4.6 � 1.0* 38.2 � 5.1‡ 1.0 � 0.1* 1.4 � 0.1‡
FAST 30 5.2 � 0.4* 10.3 � 0.8‡ 1.5 � 0.4 3.4 � 0.3‡ 2.6 � 0.6* 46.9 � 9.9‡ 0.9 � 0.1* 1.3 � 0.2‡
CHO 30 7.6 � 0.7§ 11.9 � 0.9*‡ 1.3 � 0.2 2.9 � 0.4*‡ 5.5 � 1.3* 55.2 � 10.8‡ 1.0 � 0.1* 1.2 � 0.1‡
FAST 360 6.3 � 0.1* 9.0 � 0.6‡ 1.0 � 0.1 4.0 � 0.1‡ 3.3 � 0.5* 61.1 � 13.0‡ 0.9 � 0.1* 1.4 � 0.1‡
CHO 360 7.7 � 0.3†§ 8.0 � 0.4 2.4 � 0.5 4.2 � 0.2‡ 9.9 � 1.1*†§ 55.0 � 4.7‡ 0.5 � 0.1†§ 1.4 � 0.1‡

Plasma glucose, lactate, insulin, and FFA concentrations were measured in lean and obese Zucker rats as described in Research Methods
and Procedures. Values are mean � SEM.
* p � 0.05 vs. REST for each genotype.
† p � 0.05 vs. POST for each genotype.
‡ p � 0.05 vs. lean group under identical conditions.
§ p � 0.05 vs. FAST at same time-point for each genotype.
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In contrast to the finding that IMTG was used in the
postexercise recovery period after CHO refeeding in the
EDL muscle, IMTG content was reduced in the RVL mus-
cle from lean animals fasted for the first 30 minutes after
exercise (Figure 3A). EDL muscle IMTG decreased with
CHO; however, in the RVL muscle, it decreased while
fasting. Such a finding is somewhat difficult to explain,
especially considering that both muscles under investigation
did not differ in their respective amounts of type I fibers,
which seem to be preferentially involved in IMTG metab-
olism with exercise (33).

Whereas we were able to detect a significant disappear-
ance of IMTG during recovery after prolonged exercise in
skeletal muscle from lean animals, IMTG was actually
increased in the RVL muscle of obese animals after 360
minutes of fasting (Figure 3A). At this time, muscle glyco-
gen levels were still significantly lower than preexercise
(resting) concentrations. Skeletal muscle insulin resistance
in ZO rats has previously been reported to result in in-
creased rates of FA uptake (34), which have been associated
with the relocalization of the FA transport protein, FAT/
CD36, from an intracellular membrane pool to the plasma
membrane (34). In addition to the increased rates of skeletal
muscle FA uptake, the rate of triacylglycerol synthesis in
red muscle from ZO rats is increased compared with lean
rats (22). Thus, skeletal muscle FA metabolism in ZO rats is
altered, favoring increased rates of FA uptake and FA
disposal toward storage. Such a phenomenon may, in part,
explain the increase in IMTG content observed in the RVL
muscle of obese rats after 360 minutes of fasting. However,
such premises are largely speculative because FA turnover
was not determined in this study, and there was no change
in plasma FFA concentration in ZO animals at any time-
point or after the dietary intervention.

In conclusion, this study examined lipid and carbohydrate
metabolism in skeletal muscle from both normal healthy
and obese insulin-resistant rats after a single bout of pro-
longed exercise, with and without CHO refeeding. Our
results show that, in both healthy and insulin-resistant skel-
etal muscle, there is negligible net IMTG degradation after
a single bout of prolonged (4 hours) swimming exercise.
However, during recovery from exercise, we observed a
differential metabolism of IMTG between phenotypes. In
muscle from lean, healthy animals, IMTG was decreased in
the EDL muscle after CHO supplementation, whereas in the
RVL muscle, there was a net disappearance of IMTG during
fasting. In contrast, IMTG was not used in muscle from
obese insulin-resistant animals either during exercise or
throughout the subsequent recovery period.
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21. Ardévol A, Adán C, Remesar X, Fernández-López JA,
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