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Abstract Resistance exercise has recently been shown to
improve whole-body insulin sensitivity in healthy males.
Whether this is accompanied by an exercise-induced
decline in skeletal muscle glycogen and/or lipid content
remains to be established. In the present study, we
determined ﬁbre-type-speciﬁc changes in skeletal muscle
substrate content following a single resistance exercise
session. After an overnight fast, eight untrained healthy
lean males participated in a 45 min resistance exercise
session. Muscle biopsies were collected before, following
cessation of exercise, and after 30 and 120 min of postexercise recovery. Subjects remained fasted throughout
the test. Conventional light and (immuno)ﬂuorescence
microscopy were applied to assess ﬁbre-type-speciﬁc
changes in intramyocellular triacylglycerol (IMTG) and
glycogen content. A signiﬁcant 27±7% net decline in
IMTG content was observed in the type I muscle ﬁbres
(P<0.05), with no net changes in the type IIa and IIx
ﬁbres. Muscle glycogen content decreased with 23±6,
40±7 and 44±7% in the type I, IIa and IIx muscle
ﬁbres, respectively (P<0.05). Fibre-type-speciﬁc changes in intramyocellular lipid and/or glycogen content
correlated well with muscle ﬁbre-type oxidative capacity.
During post-exercise recovery, type I muscle ﬁbre lipid
content returned to pre-exercise levels within 120 min.
No changes in muscle glycogen content were observed
during recovery. We conclude that intramyocellular lipid
and glycogen stores are readily used during resistance
exercise and this is likely associated with the reported
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increase in whole-body insulin sensitivity following
resistance exercise.
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Introduction
Fat and carbohydrate are the principal substrates that
fuel ATP resynthesis in skeletal muscle tissue. Endogenous carbohydrates are mainly stored as muscle and liver glycogen, and represent less than 5% of total energy
storage. The vast majority of our energy reserves is
stored as fat, mainly deposited as triacylglycerol (TG) in
subcutaneous and deep visceral adipose tissue. Smaller
quantities of TG are present as lipid droplets inside the
muscle ﬁbres, intramyocellular triacylglycerol (IMTG;
Hoppeler et al. 1985).
There has been much controversy on the actual
contribution of the IMTG pool as a substrate source
during exercise (Watt et al. 2002). The apparent discrepancy in the literature likely stems from the methodological diﬃculties that have been associated with the
biochemical triacylglycerol extraction method that has
been used to determine IMTG content in muscle biopsies collected before and after exercise (Watt et al. 2002).
In accordance, more recent studies using stable isotope
methodology, 1H-magnetic resonance spectroscopy,
electron and/or immunoﬂuorescence microscopy all
support the contention that the IMTG pool can function
as an important substrate source during submaximal
exercise (van Loon et al. 2003a). Besides the intramyocellular lipid deposits, muscle glycogen stores represent
another important substrate source. In accordance,
substantial net reductions in both type I and II muscle
ﬁbre glycogen content have been reported following
prolonged endurance exercise tasks (Tsintzas et al.
2000). These intramyocellular lipid and glycogen stores
play a major regulatory role in skeletal muscle metabolism. Muscle glycogen use and subsequent post-exercise
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glycogen synthesis rates have been shown to be functionally coupled to the exercise-induced increase in
skeletal muscle insulin sensitivity in humans and rodents
(Bogardus et al. 1983; Derave et al. 2000; Garcia-Roves
et al. 2003; Perseghin et al. 1996; Wojtaszewski et al.
2000, 1997). Furthermore, interventions known to improve insulin sensitivity, like weight loss in humans
(Goodpaster et al. 1999; Houmard et al. 2002), dietary
lipid withdrawal (Oakes et al. 1997a), the use of thiazolidinediones in rodents (Oakes et al. 1997b) as well as
an acute bout of endurance exercise in rodents and humans (Oakes et al. 1997a; van Loon et al. 2003a) have all
been associated with a reduction in skeletal muscle lipid
content. Because of its capacity to reduce both intramyocellular lipid and glycogen content, endurance
exercise is generally considered an eﬀective interventional strategy to improve skeletal muscle insulin sensitivity.
However, resistance exercise should also be regarded
as an essential component of eﬀective intervention programs designed to improve health. Resistance training
increases skeletal muscle mass (Kadi and Thornell 2000)
and, as such, can augment whole-body glucose disposal
capacity (Craig et al. 1989; Fenicchia et al. 2004; Miller
et al. 1984). In addition, resistance training also improves muscle strength, power and functional capacity,
which facilitates the adaptation towards a more active
lifestyle (Evans 1995; Macaluso and De Vito 2004). Although there is some discrepancy in the existing literature, we (Koopman et al. 2005) as well as others
(Fenicchia et al. 2004; Fluckey et al. 1994) have recently
shown that even a single resistance exercise session can
improve whole-body insulin sensitivity for up to 24 h
after cessation of exercise. In line with the acute stimulating eﬀects of endurance exercise on post-exercise
insulin sensitivity (Bogardus et al. 1983), it has been
speculated that the acute eﬀects of resistance exercise on
whole-body insulin sensitivity are also attributed to the
reduction of the intramyocellular glycogen and/or lipid
stores (Koopman et al. 2005). However, studies on the
metabolic demands of resistance exercise are scarce,
which is likely due to the methodological diﬃculties
associated with the non-steady state conditions of this
type of exercise. Therefore, in the present study, we
determined ﬁbre-type-speciﬁc changes in intramyocellular glycogen and lipid content during and immediately
after a single resistance exercise session.

Table 1 Subjects characteristics
Age (years)
Weight (kg)
Height (m)
BMI (kg m 2)
Percentage of body fat (%)
Fat free mass (kg)
Fat mass (kg)
HbA1C (%)
1RM leg press (kg)
1RM leg extension (kg)

22.5±0.9
74.9±2.8
1.80±0.01
23.3±0.7
17.8±2.4
61.3±2.1
13.6±2.1
5.3±0.1
198±7
105±3

Values are expressed as means ± SEM

latter after approval by the Medical Ethical Committee
of the Academic Hospital Maastricht.
Pre-testing
Body composition was assessed using the hydrostatic
weighing method in the morning following an overnight
fast. Residual lung volume was measured by the heliumdilution technique using a spirometer (Volugraph 2000,
Mijnhart, Bunnik, The Netherlands). Body mass was
measured with a digital balance with an accuracy of
0.001 kg (E1200, August Sauter GmbH, Albstadt, Germany). Body fat percentage was calculated using Siri’s
equation (Siri 1956). Fat free mass (FFM) was calculated by subtracting fat mass from total body mass.
To familiarize subjects with the resistance exercise
protocol and the equipment, a familiarization trial was
performed. Proper lifting technique was demonstrated
and practiced for each of the two lower-limb exercises
(leg press and leg extension) and for the three upperbody exercises (chest press, shoulder press and lat-pulldown). Thereafter, maximum strength was estimated
using the multiple repetitions testing procedure (Mayhew et al. 1995).
In an additional exercise session, at least 1 week before the ﬁrst experimental trial, the subjects’ 1 repetition
maximum (1RM) was determined (Kraemer and Fry
1995). After warming up, the load was set at 90–95% of
the estimated 1RM, and increased after each successful
lift until failure. A 5 min resting period between subsequent attempts was allowed. A repetition was valid if
the subject was able to complete the entire lift in a
controlled manner without assistance.
Standardised diet and activity prior to testing

Methods
Subjects
Eight healthy untrained male volunteers with no history
of participating in any regular exercise program were
recruited for the present study. Subjects’ characteristics
are shown in Table 1. All subjects were informed on the
nature and possible risks of the experimental procedures
before their written informed consent was obtained, the

All subjects received a strict standardised diet for 2 days
prior to the resistance exercise test trial, which was performed in the morning after an overnight fast. Subjects
were provided with a measured amount of food products,
beverages and instant meals, and were allowed to drink
water ad libitum. Subjects were instructed to take all main
meals (breakfast, lunch and dinner) and between-meal
snacks at pre-determined time intervals during each day.
The standardised diet provided 0.15 MJ kg 1 day 1
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containing 15 Energy% (En%) of protein, 30 En% of fat
and 55 En% of carbohydrate. All volunteers were instructed to refrain from any sort of heavy physical exercise during the 2 days prior to the test trial.
Experimental trial
The day of the test, subjects arrived at the laboratory by
car or public transportation at 8.00 a.m., following an
overnight fast. A Teﬂon catheter was inserted into an
antecubital vein for blood sampling. After 30 min of
supine rest, a basal blood sample was collected and a
muscle biopsy was taken from the m. vastus lateralis.
Thereafter, subjects performed a 5 min low-intensity
warm-up on a Stairmaster, followed by three sets of ten
repetitions on three resistance exercise machine targeting
upper-body muscle groups (chest press, shoulder press
and lat-pulldown; Jimsa Benelux BV, Rotterdam, The
Netherlands). The latter were included to provide a
whole-body warm-up to reduce the risk of injury.
Thereafter, subjects performed eight sets of ten repetitions on the horizontal leg press machine (Technogym
BV, Rotterdam, The Netherlands) and eight sets of ten
repetitions on the leg extension machine (Technogym).
Both exercises were performed at 75% of the individual
1RM with 2 min rest intervals between sets and required
45 min to complete it. All subjects were verbally
encouraged during the exercise session to complete the
entire protocol. Immediately after cessation of exercise,
a second muscle biopsy sample was taken, after which
subjects rested supine for 2 h. After 30 min and 2 h of
post-exercise recovery, additional muscle biopsies were
taken. Blood samples were collected before, after 30 min
of exercise, immediately after cessation of exercise and
following 30, 60, 90 and 120 min of post-exercise
recovery. Subjects remained fasted throughout the test.
Muscle biopsy samples were collected from both legs.
The ﬁrst two biopsies were taken from the same incision
in one leg; the last two were taken from the same incision in the contralateral leg. When biopsy samples were
taken from the same incision, the ﬁrst sample was taken
from a diﬀerent region (distal of the incision, with the
needle pointing inwards) than the second (proximal with
the needle pointing outwards). Muscle biopsies were
obtained from the middle region of the m. vastus lateralis
(15 cm above the patella) and approximately 3 cm below entry through the fascia using the percutaneous
needle biopsy technique (Bergstrom 1975). Muscle
samples were dissected carefully, freed from any visible
non-muscle material, embedded in Tissue-Tek (Sakura
Finetek, Zoeterwoude, The Netherlands) and rapidly
frozen in liquid nitrogen-cooled isopentane.
Plasma sample analysis
Blood samples (6 ml) were collected in EDTA-containing tubes and centrifuged at 1,000 g at +4C for 10 min.

Aliquots of plasma were frozen immediately in liquid
nitrogen and stored at 80C. Plasma glucose (Uni Kit
III, Roche, Basel, Switzerland), lactate (Gutmann and
Wahlefeld 1974) and FFA (Wako NEFA-C test kit,
Wako Chemicals, Neuss, Germany) concentrations were
analysed with a COBAS FARA semi-automatic analyser
(Roche).
Muscle sample analysis
Multiple serial sections (5 lm) from biopsy samples
collected before, immediately after, and 30 and 120 min
after exercise were thaw-mounted together on uncoated,
pre-cleaned glass slides for each subject. To permit the
determination of muscle ﬁbre IMTG content stained by
oil red O together with immunolabelled cellular constituents we used the protocol as previously described
(Koopman et al. 2001; van Loon et al. 2004, 2003a, b).
The proportion of type I, IIa and IIx muscle ﬁbres was
determined by ATPase staining (Mabuchi and Sreter
1980). To assess intramyocellular glycogen content we
used the modiﬁed PAS stain as recently described
(Schaart et al. 2004), allowing direct, ﬁbre-type-speciﬁc
determination of muscle glycogen content. Muscle ﬁbretype-speciﬁc oxidative capacity was estimated by determining succinate dehydrogenase activity (SDH) in the
muscle cross-sections using histochemical analyses
(Gosker et al. 2002). Histological techniques, like oil red
O, PAS and SDH staining combined with either
immunoﬂuorescence or conventional light microscopy
are semi-quantitative. As a consequence, the present
study does not provide absolute measures of skeletal
muscle lipid and/or glycogen concentrations. After 24 h,
glass slides were examined using a Nikon E800 ﬂuorescence microscope (Uvikon, Bunnik, The Netherlands)
coupled to a Basler A113 C progressive scan colour
CCD camera, with a Bayer colour ﬁlter. Epiﬂuorescence
signal was recorded using a Texas red excitation ﬁlter
(540–580 nm) for oil red O, a ﬂuorescein isothiocyanate
(FITC) excitation ﬁlter (465–495 nm) for muscle ﬁbre
type, and a 4¢,6-diamidino-2-phenylindole (DAPI) UV
excitation ﬁlter (340–380 nm) for laminin.
Digitally captured images (240· magniﬁcation) with a
minimum of six ﬁelds-of-view per muscle cross-section
(12±1 ﬁbres per ﬁeld-of-view), were processed and
analysed using Lucia 4.8 software (Nikon, Düsseldorf,
Germany). The signal derived from the antibody against
laminin was used to select single muscle ﬁbres and with
the antibody against human myosin heavy chain I, we
were able to diﬀerentiate between type I and II muscle
ﬁbres. To diﬀerentiate between type IIa and IIx ﬁbres we
used matching serial cross-section stained using routine
ATPase staining. The oil red O epiﬂuorescence signal
was recorded for each muscle ﬁbre, resulting in a total of
70±5 muscle ﬁbres analysed for each muscle cross-section (35±2 type I, 25±4 type IIa and 10±1 type IIx
muscle ﬁbres). An intensity threshold representing minimal intensity values corresponding to lipid droplets was
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set manually and uniformly used for all images. Total
area measured and the area as well as the number of
objects emitting oil red O epiﬂuorescence signal were
recorded. Fibre-type-speciﬁc IMTG content was expressed as the percentage of the measured area that was
stained with oil red O. In a previous study, two diﬀerent
muscle samples from two diﬀerent subjects were analysed; showing a coeﬃcient of variance of 10.5 and 38.6%
for the type I and II muscle ﬁbres (van Loon et al.
2003a). Mixed muscle ﬁbre lipid content, as determined
by oil red O staining, has been shown to correlate signiﬁcantly with measures of intramyocellular lipid content as assessed by 1H-magnetic resonance spectroscopy
(van Loon et al. 2003b). Average lipid droplet size was
calculated by dividing the total area lipid stained by
total number of lipid droplets. Lipid droplet density was
calculated by dividing the total number of lipid droplets
by the total area measured.
PAS and SDH stained sections were captured in full
colour using bright ﬁeld light microscopy. Digitally
captured images (120· magniﬁcation) with a minimum
of four ﬁelds-of-view per muscle cross-section (37±2
ﬁbres per ﬁeld-of-view) were processed and analysed
using the Lucia 4.8 software package. The PAS and
SDH signals were recorded for each muscle ﬁbre,
resulting in a total of 142±8 muscle ﬁbres analysed for
each muscle cross-section (64±4 type I, 57±5 type IIa
and 21±2 type IIx muscle ﬁbres). The bright-ﬁeld images of the PAS and SDH stains were converted post hoc
to 8 bit greyscale values. The mean optical density of the
PAS or SDH-raised signal per individual ﬁbre was
determined by averaging the optical density measured in
every pixel in the cell, corrected for the mean optical
density of the background stain measured in a ﬁeld-ofview containing no muscle ﬁbres. Mixed muscle glycogen content, as determined by PAS staining, correlates
signiﬁcantly with muscle glycogen content as measured
using biochemical analyses (Schaart et al. 2004).
Statistics
All data are expressed as means ± SEM. Analyses of
variance (ANOVA) for repeated measures were applied to
determine diﬀerences in muscle lipid and glycogen content
over time in type I, IIa and IIx ﬁbres with time and muscle
ﬁbre type as factors. In case of a signiﬁcant F-ratio, a
Scheﬀe post hoc test was applied to locate the diﬀerences.
Statistical signiﬁcance was set at P<0.05. Simple regression analysis was performed on mean muscle ﬁbre-type
oxidative capacity and glycogen/lipid content.

Results
Resistance exercise
Mean 1RM measured during the pre-test was 198±7 kg
on the horizontal leg press and 105±3 kg on the leg

extension. Therefore, average weight lifted during the
resistance exercise was set at 148±5 and 79±3 kg for
the leg press and leg extension, respectively. All subjects
completed eight sets with ten repetitions on the leg press.
One subject was unable to ﬁnish ten repetitions during
the sixth set, after which resistance was reduced to 65%
of the individual 1RM. All subjects completed eight sets
of ten repetitions on the leg extension machine.
Plasma analyses
Plasma glucose, lactate and FFA concentrations are
presented in Fig. 1a–c, respectively. Plasma glucose
concentrations increased during exercise and peaked
immediately post-exercise (P<0.05), after which they
returned to baseline values. Plasma lactate concentrations markedly increased during exercise (P<0.0001),
and decreased during recovery. Plasma FFA concentrations tended to decrease during exercise (P=0.08),
and markedly increased during recovery (P<0.001).
Muscle glycogen content
Representative images of muscle cross-sections obtained
before (Fig. 2a) and immediately after (Fig. 2b) exercise
following PAS staining for analyses of intramyocellular
glycogen content are shown. Muscle ﬁbre glycogen
content was similar at rest in all ﬁbre types. Mixed
muscle glycogen content declined by 33±7% following
the exercise session (P<0.0001). Glycogen content had
declined by 23±6% in the type I ﬁbres (P<0.01),
40±7% in the type IIa ﬁbres (P<0.001), and 44±7% in
the type IIx ﬁbres (P<0.001) compared to pre-exercise
values (Fig. 3). The observed decrease over time in glycogen content was signiﬁcantly greater in the type IIx
ﬁbres compared to the type I muscle ﬁbres (P<0.05).
During post-exercise recovery muscle glycogen content
remained below pre-exercise levels, with no signiﬁcant
changes over time in the type I, IIa and IIx muscle ﬁbres.
IMTG content
Representative images of muscle cross-sections obtained
before (Fig. 4a) and immediately after (Fig. 4b) exercise
stained for intramyocellular lipid content are shown.
Muscle tissue analyses for IMTG content applying ﬂuorescence microscopy on oil red O stained muscle crosssections showed that at rest IMTG content in type I
ﬁbres was higher compared with type II ﬁbres (P<0.05).
Mixed muscle IMTG content tended to decline with
25±10% following the exercise session (P=0.087). In
addition, a substantial 27±7% decline in lipid content
in the type I ﬁbres (P<0.05) was found, with IMTG
content in the type I muscle ﬁbres being signiﬁcantly
lower both immediately post-exercise as well as following 30 min of post-exercise recovery compared to pre-
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exercise values (Fig. 5). After 2 h of post-exercise
recovery, IMTG content had returned to values similar
to pre-exercise values. The observed decrease in IMTG
content was accounted for by a signiﬁcant decrease in
lipid droplet size (from 0.69±0.08 to 0.53±0.07 and
0.53±0.07 lm2, P<0.01) without any changes in lipid
droplet density (from 0.049±0.003 to 0.045±0.004 and
0.041±0.003 droplets lm 2) as determined before,
immediately after, and after 30 min of post-exercise
recovery exercise, respectively. Net changes in IMTG
content over time in the type 1 ﬁbres were signiﬁcantly
diﬀerent compared to the type IIa and IIx ﬁbres
(P<0.05). No signiﬁcant changes over time were observed in intramyocellular lipid content in the type IIa or
IIx muscle ﬁbres.
Muscle ﬁbre oxidative capacity
A histochemical analysis for SDH activity in muscle
cross-sections was performed as a measure of muscle
ﬁbre oxidative capacity and results are shown in Table 2. SDH activity was signiﬁcantly greater in the type I
versus the type II ﬁbres (P<0.05). Type IIa muscle ﬁbre
SDH activity was substantially greater when compared
to the IIx ﬁbres (P<0.05). Positive correlations were
observed between muscle ﬁbre-type oxidative capacity
and baseline muscle ﬁbre lipid content (r=0.573,
P<0.01), and muscle ﬁbre-type oxidative capacity and
the net reduction in muscle ﬁbre lipid content observed
following exercise (r=0.482, P<0.05). No signiﬁcant
correlation was observed between muscle ﬁbre-typespeciﬁc oxidative capacity and resting muscle ﬁbre glycogen content. A signiﬁcant negative correlation was
observed between muscle ﬁbre-type oxidative capacity
and the net reduction in muscle ﬁbre glycogen content
observed during exercise (r = 0.556, P<0.05).

Discussion

Fig. 1 Plasma glucose (a), lactate (b) and free fatty acid (c)
concentrations at rest, during resistance exercise and subsequent
recovery. Data provided are means ± SEM. *, denotes signiﬁcantly diﬀerent from pre-exercise values (P<0.05)

In the present study, we show that resistance exercise can
substantially reduce skeletal muscle glycogen and lipid
content. A single resistance exercise session reduces both
type I and II muscle ﬁbre glycogen content, with most
pronounced changes located in the type IIx ﬁbres. Furthermore, resistance exercise also reduces intramyocellular lipid content, which is restricted to the type I
muscle ﬁbres. Fibre-type-speciﬁc substrate utilisation
during resistance exercise seems to be tightly coupled to
muscle ﬁbre-type oxidative capacity.
The exercise-induced reduction in skeletal muscle
glycogen and/or lipid content has been associated with
an increase in insulin sensitivity in humans (Bogardus
et al. 1983; Perseghin et al. 1996; Wojtaszewski et al.
2000, 1997). Numerous studies have reported intramuscular substrate availability to play a key regulatory
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Fig. 2 Images (120·
magniﬁcation) of representative
cross-sections of vastus lateralis
muscle obtained before (a) and
immediately after exercise (b)
with sections stained for
glycogen content (a/b), and
laminin and myosin heavy
chains (c/d) (showing the cell
membranes in blue and the type
I muscle ﬁbres in green). The
muscle ﬁbres are labelled as
type I, type IIa and type IIx.
Diﬀerentiation between type IIa
and IIx ﬁbres was made based
on ATPase staining

Fig. 3 The eﬀect of resistance
exercise on muscle glycogen
content. Fibre-type-speciﬁc
glycogen content (expressed in
arbitrary units) before and
immediately after exercise, and
following 30 and 120 min of
post-exercise recovery as
determined by brightﬁeld
microscopy on PAS-stained
muscle cross-sections. Data
provided are means ± SEM. *,
denotes signiﬁcantly lower than
pre-exercise values (P<0.05); #,
signiﬁcantly diﬀerent over time
compared to type I muscle
ﬁbres (P<0.05)
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Fig. 4 Images (240·
magniﬁcation) of representative
cross-sections of vastus lateralis
muscle obtained before (a) and
immediately after exercise (b)
with sections stained for lipid
content (a/b), and laminin and
myosin heavy chains (c/d;
showing the cell membranes in
blue and the type I muscle ﬁbres
in green). The muscle ﬁbres are
labelled as type I, type IIa and
type IIx. Diﬀerentiation
between type IIa and IIx ﬁbres
was made, based on standard
ATPase staining

Fig. 5 The eﬀect of resistance
exercise on muscle lipid content.
Mean ﬁbre-type-speciﬁc
intramyocellular lipid content
(expressed as percentage of area
lipid stained) before exercise,
immediately after exercise and
following 30 and 120 min of
post-exercise recovery as
determined by ﬂuorescence
microscopy on oil red O stained
muscle cross-sections Data
provided are means ± SEM. *,
signiﬁcantly lower than preexercise values (P<0.05); #,
signiﬁcantly diﬀerent over time
compared to type IIa ﬁbres
(P<0.05); ^, signiﬁcantly
diﬀerent over time compared to
type IIx ﬁbres (P<0.05)
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Table 2 Muscle SDH activity, glycogen and lipid content at rest

Fibre-type distribution (%)
SDH activity (AU)
IMTG content (% area lipid staining)
Glycogen content (AU)
Lipid content/SDH activity
Glycogen content/SDH activity

Type I

Type IIa

Type IIx

46±4
73±6
0.032±0.004
0.122±0.038
0.47±0.07
1.85±0.41

39±3
45±5*
0.017±0.005*
0.129±0.032
0.42±0.13
3.41±0.85

15±2
27±5*#
0.004±0.001*^
0.129±0.032
0.19±0.05
6.74±1.87*#

Values are expressed as means ± SEM
*Signiﬁcantly diﬀerent from type I ﬁbres (P<0.05); # signiﬁcantly diﬀerent from type IIa ﬁbres (P<0.05); ^ diﬀerent from type IIa ﬁbres
(P=0.07) AU Arbitrary units

role in skeletal muscle insulin signalling (Hegarty et al.
2003; Wojtaszewski et al. 2003). For example, skeletal
muscle glucose uptake and glycogen synthase activity
strongly depend on muscle glycogen availability (Nielsen
and Richter 2003; Wojtaszewski et al. 2003). The
mechanism for this phenomenon is related to increased
GLUT4 translocation under reduced muscle glycogen
availability, and is likely coupled to an increased activation of AMP-activated protein kinase (AMPK) (Wojtaszewski et al. 2003). Furthermore, a decrease in
muscle lipid content following exercise has also been
linked to greater insulin sensitivity in rodents (Oakes
et al. 1997a). Although a variety of mechanisms have
been suggested, recent studies seem to indicate that the
relationship between IMTG content and skeletal muscle
insulin sensitivity is not functional (van Loon et al.
2004).
Aging, disability and functional incapacity often result in the inability/ineﬃcacy to perform moderateintensity endurance exercise. Therefore, resistance exercise training is being more frequently advocated as a
necessary component of eﬀective exercise intervention
programs to augment muscle mass (Kadi and Thornell
2000), strength, power and functional capacity (Evans
1995; Macaluso and De Vito 2004). However, only few
studies have investigated the acute eﬀects of resistance
exercise on insulin sensitivity (Chapman et al. 2002;
Fenicchia et al. 2004; Fluckey et al. 1994). Recently, we
showed that a single resistance exercise session improves
whole-body insulin sensitivity by 13% for up to 24 h
after exercise (Koopman et al. 2005). The latter seems to
be of a similar magnitude as the 20% increase in
whole-body insulin sensitivity has been reported after
60 min of endurance exercise (Devlin et al. 1987;
Devlin and Horton 1985; Mikines et al. 1988; Perseghin
et al. 1996). It could be speculated that the increase in
insulin sensitivity following resistance exercise is also
associated with a net reduction in skeletal muscle glycogen and/or lipid content. However, literature on the
metabolic demands of resistance exercise is scarce. Early
reports suggest that energy needs during resistance
exercise can be provided with only minor activation of
glycogenolysis or lipolysis (Keul et al. 1978).
In the present study, we investigated ﬁbre-type-speciﬁc changes in skeletal muscle glycogen and lipid content following resistance exercise and subsequent

recovery by using semi-quantitative histology techniques. The latter provides an eﬀective strategy to assess
ﬁbre-type-speciﬁc changes in intramyocellular lipid and/
or glycogen content, without the methodological limitations associated with biochemical extraction analyses.
In accordance, we recently reported a good correlation
between IMTG content as determined by 1H-magnetic
resonance spectroscopy (MRS) and ﬂuorescence
microscopy (van Loon et al. 2003a). In addition, strong
correlations between data on (mixed-muscle) glycogen
content obtained by the use of both biochemical and
histochemical methods have recently been reported
(Schaart et al. 2004). In the present study, mixed muscle
glycogen content declined by 33±7% following the
resistance exercise session. The latter seems to be in line
with previous studies applying biochemical analysis on
mixed muscle tissue (Essen-Gustavsson and Tesch 1990;
Tesch et al. 1986). We extent their ﬁndings by showing
that these changes in muscle glycogen are ﬁbre-typespeciﬁc, and seem to be tightly coupled to (non-)oxidative capacity (Table 2, Fig. 3). Linear regression revealed a negative correlation between the net reduction
in muscle ﬁbre-type glycogen content and ﬁbre-type
oxidative capacity (r = 0.556, P<0.05). As such, net
changes in muscle ﬁbre glycogen content were more
pronounced in type IIx ﬁbres compared to type I muscle
ﬁbres, which can be attributed to the greater recruitment
of these ﬁbres during high-intensity resistance exercise
(Fry 2004). During post-exercise recovery no signiﬁcant
diﬀerences in muscle glycogen content were observed
over time in the type I, IIa or IIx muscle ﬁbres. Furthermore, we observed a signiﬁcant 27±7% reduction in
type I muscle ﬁbre lipid content (P<0.05). No changes
in IMTG content were observed in the type IIa and IIx
ﬁbres (Fig. 5). The net reduction in IMTG content was
signiﬁcantly diﬀerent compared to the type II ﬁbres
(P<0.05). On average, type I muscle ﬁbre lipid content
was 2.5±0.3 and 8.8±1.4 times greater when compared
to the type IIa and IIx ﬁbres, respectively. Due to the
many methodological diﬃculties with the biochemical
triacylglycerol extraction analyses on mixed muscle
biopsy samples (Howald et al. 2002), we applied
(immuno)histochemical IMTG analyses on ORO
stained muscle cross-section to enable ﬁbre-type-speciﬁc
determination of intramyocellular lipid content. The
latter might be the reasons why Essen-Gustavsson and
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Tesch (1990) failed to detect a signiﬁcant reduction in
mixed muscle lipid content following resistance exercise.
In accordance, we observed a non-signiﬁcant 25±10%
net decline in calculated mixed muscle lipid content
(P=0.087).
The reported net changes in muscle ﬁbre-type-speciﬁc
lipid content following exercise were positively correlated with muscle ﬁbre-type oxidative capacity (Table 2).
Interestingly, within 120 min of post-exercise recovery,
muscle ﬁbre lipid content had returned to pre-exercise
values. This could be attributed to the substantial increase in circulating plasma FFA concentrations during
post-exercise recovery. The latter is in line with reports
on IMTG accumulation under conditions of elevated
plasma FFA availability, like prolonged fasting (Schrauwen-Hinderling et al. 2003; Stannard et al. 2002),
prolonged endurance exercise in regard to inactive
muscle tissue (Schrauwen-Hinderling et al. 2003) and/or
48 h of post-exercise recovery on a relatively high-fat
diet (van Loon et al. 2003b). The absence of a prolonged
net reduction in skeletal muscle lipid content implies that
the reported stimulating eﬀects of resistance exercise on
whole-body insulin sensitivity is unlikely to be attributed
to a reduction in intramuscular lipid content. The latter
is in line with the fact that the proposed relationship
between IMTG deposition and insulin sensitivity does
not appear functional (van Loon and Goodpaster 2005).
It has been suggested that the ratio between IMTG
content and oxidative capacity likely represents a more
appropriate parameter to assess the risk of developing
insulin resistance and/or type 2 diabetes (van Loon and
Goodpaster 2005). This is especially important when
evaluating the beneﬁts of exercise intervention programs, as intervention studies have actually shown
IMTG contents to remain stable or even increase despite
substantial improvements in muscle oxidative capacity
and/or whole-body insulin sensitivity (Bruce et al. 2004;
He et al. 2004; Pruchnic et al. 2004).
In conclusion, a single resistance exercise session
substantially reduces intramyocellular lipid and glycogen content. These changes are ﬁbre-type-speciﬁc and
are closely related to ﬁbre-type oxidative capacity. The
present data suggest that earlier reports on the acute
improvements in whole-body insulin sensitivity following resistance exercise could, at least partly, be attributed to the net reduction in skeletal muscle glycogen
content.
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