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The present study was designed to investigate the effects of four different meals on fat and CHO metabolism during subsequent
exercise in elderly males. Eight healthy males (age: 63.3 ± 5.2 years) reported to the physiology laboratory on four separate
occasions, each of which was allocated for the performance of a 30-minute exercise on a cycle ergometer at 60%V̇O2 max after
having normal (N), high fat (HF), high carbohydrate high glycaemic index (HGI) and high carbohydrate low glycaemic index
(LGI) meals. Fat oxidation during exercise after the meals (HF = 0.26±0.04 g/min; N = 0.21±0.04 g/min; HGI = 0.22±0.03 g/min;
LGI = 0.19 ± 0.03 g/min) was not significant (P > .05), and neither were the rates of carbohydrate oxidation (N = 1.79 ± 0.28,
HF = 1.58±0.22, HGI = 1.68±0.22, and LGI = 1.77±0.21 g/m). NEFA concentration increased after HF (P < .05) but decreased
after HGI and LGI (P < .05). Glucose concentration decreased as a result of exercise after HF, and LGI (P < .05) whereas insulin
concentration decreased significantly during exercise after N, HF, and HGI (P < .05). It can be concluded that, in elderly males,
feeding isoenergetic meals containing different proportions of carbohydrate and fat do not significantly alter oxidation of fat and
CHO during exercise in spite of changes in some circulating metabolites.

1. Introduction

A characteristic of ageing is an increase in adiposity and loss
of muscle mass [1]. Since the increase in adiposity is related
to general poor health factors such as an increase in type II
diabetes and increased incidence of coronary heart disease,
exercise to reduce adiposity is recommended for the ageing
population. A further consequence of the ageing process is
that elderly individuals have an impaired ability to oxidise
fatty acids [2], particularly after a meal [3]. Since most
individuals eat a meal prior to exercise in order to provide
some form of sustenance, what should the meal contain if
the exercise priority is to “burn fat”?

Generally, a high-fat, low-CHO meal increases fat oxida-
tion during subsequent exercise [4–6], whereas the ingestion
of CHO before exercise depresses the rate of fat oxidation due
to hyperinsulinemia in the postprandial period [7]. Altering

the type of CHO consumed has been shown to have an
effect on the magnitude of hyperinsulinemia and depression
of fat oxidation [8, 9] Postprandial increases in glucose and
insulin concentration promote CHO oxidation, resulting in
decreased fatty acid oxidation [10]. Wu et al. [9] found that
the amount of fat oxidised was significantly higher during
exercise commencing 3 h after consuming a low glycemic
index (LGI) meal compared with a high glycemic index
(HGI) meal. They also demonstrated that the HGI meal
resulted in a greater glycemic and insulinemic response
during the postprandial period compared with LGI meal.
This is supported by Stevenson et al. [11] who investigated
the metabolic responses to HGI and LGI mixed meals after
60-minute exercise at 70%V̇O2 max and found that significant
differences in hyperglycemia and hyperinsulinemia can be
achieved repeatedly by changing the Glycemic Index (GI) of
the CHO in a mixed meal. They observed that the amount of
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fat oxidised during the postprandial period following lunch
was significantly higher in the LGI than the HGI trial. Thus,
at least for several hours postprandial, both at rest and during
exercise, fat utilisation is depressed after HGI compared with
LGI meals.

The effects of different meals (high fat, HGI, and LGI)
on fat and CHO metabolism at rest and during exercise in
young subjects have been extensively studied, although this is
not the case for elderly individuals. As mentioned previously,
it is an important health benefit for the elderly to engage
in some form of aerobic exercise for improvements in the
cardiovascular system and to reduce body fat. Therefore, the
present study was designed to investigate the effects of four
different types of meals (normal, high-fat, HGI, and LGI)
on fat and CHO metabolism during exercise in elderly male
subjects.

2. Methods

2.1. Participants. Eight healthy males (Mean ± SD, age
63.3 ± 5.2 years, height 168 ± 0.05 cm, body mass 78.1
± 14.0 kg, body fat 21 ± 5.3%, and V̇O2 max 36.9 ±
10.4 ml·kg−1·min−1) gave informed written consent to par-
ticipate in the study after gaining approval from the Human
Ethics Committee of Liverpool John Moores University.
Blood pressure (Dinamap Pro Series, GE Medical Systems,
Florida) was determined prior to performing any exercise as
a screening for hypertension.

2.2. Experimental Design. Participants reported to the lab-
oratory on five separate occasions. In the first session they
were familiarised with the laboratory environment and
physiological testing equipment. Height, body mass, and
percent of body fat using DXA were also determined during
this session. After familiarisation, V̇O2 max was determined
on a cycle ergometer as described previously [4]. After
initial physiological measurements, participants reported
to the physiology laboratory on four separate occasions,
each of which was allocated for the performance of a 30-
minutes exercise on a cycle ergometer at 60%V̇O2 max after
having a high fat (HF), high carbohydrate HGI (HGI), high
carbohydrate low LGI (LGI), and normal (N) meal. The
rationale for 30-minutes exercise reflects a typical aerobic
bout of exercise undertaken by such persons in a gym session
and is recommended for health purposes. The four meals
were given to subjects in a counterbalanced design and
sessions were separated by at least 3 days. To avoid circadian
variation, experiments were always performed at the same
time of day (08:00 am) after an overnight fast. Participants
completed a 2-day food diary on the day before their first test
and were asked to repeat this diet before all subsequent trials.
In addition, subjects were requested to refrain from drinking
alcohol, nor to engage in any kind of strenuous exercise 24
hours before trials.

2.3. Exercise Protocol. Participants reported to the physiology
laboratory after an overnight fast and remained seated
for 20 minutes. After this rest period, blood pressure was

checked and a blood sample (10 mL) was taken. They
then consumed one of the meals which were provided in
a random, counterbalanced order within 20–30 minutes.
At 3 h 20 min after the meal, subjects started the exercise
protocol that included a 30-minutes cycling at 60%V̇O2 max.
Two more venous blood samples were taken, immediately
before exercise (3 hours after the meal), and immediately
after exercise in each session. Oxygen consumption (Vo2),
carbon dioxide output (Vco2), and respiratory exchange
ratio (RER) were measured breath by breath throughout
the exercise. Rates of fat and carbohydrate oxidation were
calculated using the equations of Frayn [12].

2.4. Dietary Analysis. Participants were provided with one
of the four following isoenergetic test meals: (1) and (2)
HGI and LGI: 65% carbohydrate, 20% fat, and 15% protein,
(3) HF: 65% fat, 20% carbohydrate and 15% protein, or
(4) N: 50% carbohydrate, 35% fat, and 15% protein. The
glycaemic index values for HGI and LGI were 74.32 and
29.26, respectively.

2.5. Blood Sampling and Analyses. Before the meal, immedi-
ately before exercise and immediately after exercise venous
blood samples were drawn in a seated position in each
session. Two microhaematocrit tubes (L. I. P. Shipley, Eng-
land) and two β-haemoglobin microcuvettes (Hemocue AB,
Ängleholm, Sweden) were filled with whole blood for deter-
mination of haematocrit and haemoglobin, respectively.
Changes in plasma volume were subsequently calculated
using the equation of Dill and Costill [13].

Plasma was obtained by collecting the blood sample
into tubes that had been pretreated with an anti-coagulant
(lithium heparin). These samples were mixed and imme-
diately centrifuged at 4◦C for 15 minutes at 1900 g. After
centrifugation, plasma was separated and stored at −70◦C
for the subsequent analysis of glucose, glycerol, nonesteri-
fied fatty acids (NEFAs), and B-hydroxybutyrate (3-OHB).
Serum was obtained by collecting blood samples into serum
separation tubes. The blood was stored at room temperature
for 30 minutes before centrifuged at 20◦C for 15 minutes at
2000 g. Serum was stored at −70◦C for subsequent analysis
of Insulin.

NEFA, Glucose, Glycerol, and 3-OHB were analysed
using appropriate kits on ILab 300 analyser (IL Instrumen-
tation laboratories, Warrington, UK). Insulin was assayed
by ELISA (DRG instruments Gmbh, Germany) using a fully
automated system (Triturus, Grifols, Cambridge, UK).

Insulin resistance (HOMA2-IR) and β-cell function
(HOMA2 %B) in fasting state were determined using
a homeostasis model assessment (HOMA-IR) and were
calculated from fasting insulin and fasting glucose [14].

2.6. Statistical Analysis. All statistical analyses were per-
formed using the software statistical package SPSS version 12
(Chicago, USA). One-way ANOVA was employed to evaluate
differences in the resting mean values of all the variables
measured over the four testing occasions. In addition, fat
and CHO oxidations values during exercise for four trials
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were compared using one-way ANOVA. A two-way ANOVA
(4 × 3) with repeated measures across meals (4 levels)
and conditions (3 levels) was employed to examine the
differences in mean values for blood parameters. When
ANOVA indicated the presence of a significant difference,
post hoc comparisons using the Bonferroni method were
applied to determine pairwise differences. Values in the
text are presented as mean (±SE) unless otherwise stated.
The level of significance in all statistical analyses was set at
P < .05.

3. Results

3.1. Substrate Oxidation. No significant main effect of the
meals was observed for rates of fat oxidation (F3,21 = 1.8;
P = .177), although fat oxidation was demonstrably, but
nonsignificantly, higher after HF (0.26 ± 0.04 g/min) than N
(0.21 ± 0.04 g/min), HGI (0.22 ± 0.03 g/min), and LGI (0.19
± 0.03 g/min). The rates of carbohydrate oxidation during
exercise were 1.79 ± 0.28, 1.58 ± 0.22, and 1.68 ± 0.22, 1.77
± 0.21 g/min for N, HF, HGI, and LGI, respectively. Statistical
analysis revealed no significant effect of meal on the rate of
carbohydrate oxidation during exercise.

3.2. Blood Parameters. Statistical analysis showed a signifi-
cant main effect of the meal on NEFA concentration (F3,21 =
39.2; P = .001). Pairwise comparisons revealed a significant
difference between NEFA responses to N and HF (P = .02)
as well as between HGI and LGI meals (P = .003). Pre-
exercise NEFA concentration increased significantly follow-
ing HF (from 0.39 ± 0.08 to 0.61 ± 0.08 mmol/L) and
decreased significantly after eating HGI (from 0.44 ± 0.09
to 0.13 ± 0.02 mmol/L) and LGI (from 0.55 ± 0.08 to 0.27
± 0.07 mmol/L). However, NEFA concentration increased
significantly in response to exercise only after HGI (from 0.12
± 0.02 to 0.36 ± 0.09 mmol/L) and LGI (from 0.27 ± 0.06 to
0.64 ± 0.18 mmol/L). Figure 1 highlights data from NEFA.

A significant effect of meal was found for glycerol
concentration (F3,21 = 9.7;P = .001). Pairwise comparisons
revealed a significant difference between HF and HGI (P =
.01). Resting glycerol values were increased significantly
after all meals except for HGI (Figure 2). Moreover, glycerol
concentration increased significantly during exercise after all
types of meals (Figure 2).

The statistical analysis revealed a significant effect of the
meal on 3-OHB (F3,21 = 3.6; P = .03). However, pairwise
comparisons did not show any significant difference among
the four meals. Resting 3-OHB concentration increased
significantly after all meals except for HGI (Figure 3).

A significant effect of meals on glucose concentration
was found (F3,21 = 39.2; P = .001). Postprandial glucose
concentration increased following all meals, though the
changes were not statistically significant (Figure 4). However,
glucose concentration decreased significantly (P < .05) from
5.36 ± 0.25 to 4.65 ± 0.08 mmol/L and from 7.18 ± 0.25 to
5.76 ± 0.48 mmol/L during 30 minutes of exercise after HF
and LGI, respectively.
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Figure 1: Mean (±SE) plasma NEFA concentrations at pre-meal,
pre-exercise, and post-exercise for four trials.∗ indicates significant
with resting values and $ indicates significant difference with
postprandial values.
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Figure 2: Mean (±SE) plasma glycerol concentrations at pre-
meal, pre-exercise and, post-exercise for four trials. ∗ indicates
significant with resting values and $ indicates significant difference
with postprandial values.

Although ANOVA did not show a main significant effect
of either meal or time on insulin concentration, the pre-
exercise insulin concentration (18.9 ± 1.7 μU/mL) in HGI
trial was significantly (P < .05) higher than resting values
(15.2 ± 1.1 μU/mL). In addition, insulin concentration
decreased significantly during exercise after N, HF and HGI
(Figure 5). The mean (±SE) resting value of HOMA2-IR
(insulin resistance) for all subjects was 0.76 ± 0.06 and that
for HOMA2-β (β-cell function) was 78.5 ± 69. These resting
values are indicators of normal insulin resistance and β-cell
function in our elderly subjects.

4. Discussion

The present study is the first study designed to investigate the
effects of pre-exercise mixed meals on fat and carbohydrate
metabolism during exercise in elderly individuals, and its
principle finding was that in spite of some changes in fat
metabolites, the composition of the meal did not result in
differences in CHO and fat oxidation. These results are in
contrast to the data reported by previous studies in young
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Figure 3: Mean (±SE) plasma 3-OHB concentrations at pre-meal,
pre-exercise and, post-exercise for four trials.∗ indicates significant
with resting values.
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Figure 4: Mean (±SE) plasma glucose concentrations at pre-meal,
pre-exercise and, post-exercise for four trials. $ indicates significant
difference with postprandial values.

subjects that observed a rise in fat oxidation after HF due to
increases in fatty acid (FA) availability and mobilization [4,
6, 15, 16]. Moreover, a depression in the rate of fat oxidation
following CHO ingestion, attributed to hyperinsulinaemia,
has also been observed in the postprandial period [7–9].

Availability and utilisation of plasma FA decreases after a
CHO meal partly because the CHO-induced rise in insulin
inhibits the mobilisation and availability of circulating FA,
which reduces fat oxidation possibly by inhibiting the rate
of long-chain fatty acids entry into the mitochondria for β-
oxidation [17, 18]. Despite CHO-induced hyperinsulinemia
and suppression of FA after CHO ingestion, our results show
that the CHO oxidation was resistant to alteration during
exercise in elderly males. Several mechanisms, including
impaired insulin-stimulated glucose uptake, may have con-
tributed to these results. Having said that, it should be noted
that the HOMA scores indicate normal insulin resistance and
β-cell function for these elderly participants.

The increased release of FAs in older individuals, in
excess of the energy needs and/or oxidative capacity of
respiring tissues, increases the amount of non-oxidised FAs.
Excess non-oxidised FAs with age may have several adverse
metabolic effects including increased glucose production
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Figure 5: Mean (±SE) plasma insulin concentrations at pre-meal,
pre-exercise and, post-exercise for four trials.∗ indicates significant
with resting values and $ indicates significant difference with
postprandial values.

[19] and impaired insulin-stimulated glucose uptake [20].
FAs exert their effects through inhibition of PDH with
subsequent increased intracellular concentration of glucose-
6-phosphate and inhibition of hexokinase, which decreases
glucose uptake [21]. Another factor that may contribute
to impaired glucose uptake with ageing is inhibition of
glucose transport either due to less availability of the GLUT-
4 transporters or, to the signalling processes for GLUT-4
vesicle translocation to the plasma membrane [22]. These
considerations need further exploration.

Although after the HF meal, NEFA, and glycerol con-
centrations were higher than for the other meals, the fat
oxidation rates during exercise were not different. This
contradicts the findings in young participants [4, 15, 16].
Evaluation of skeletal muscle samples has revealed that
maximal mitochondrial oxidative enzyme activity is lower in
older than in young subjects because of both decreased mito-
chondrial volume density [23] and mitochondrial function
[24]. Lower activity of enzymes such as AMPK, cAMP, and
protein kinase C in elderly individuals results in activation
of ACC (acetyl-CoA carboxylase). Activation of ACC leads
to an increase in concentration of malonyl-CoA which has
an inhibitory effect on CPT-I, thereby inhibiting the entry
of long chain fatty acids into mitochondria and resulting in
lower FA oxidation [25]. We did not examine activities of
such enzymes and so can only speculate.

Lack of changes in fat oxidation after HF was found in
spite of increased lipolysis. It has been demonstrated that
relative to the energy needs of the body, FA release is not
impaired in the elderly [26]. In fact, FAs are released in
excess of energy needs in older individuals when compared
to younger controls. Thus, when considered relative to the
energy demands of the body or the metabolically active tissue
mass, ageing is not associated with impaired FA release which
supports our findings for lipolysis.

A higher rate of fat oxidation during submaximal exercise
after ingesting LGI foods has been reported in young
healthy males when compared to HGI [9, 11]. In terms
of the effect of GI, the results of the present study were
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somewhat unexpected since the calculated amount of fat
oxidation during 30 minutes of cycling commencing 3 hour
after consuming HGI and LGI meals was not significantly
different. One possible explanation for this discrepancy
might be the impaired glucose uptake associated with ageing
as previously discussed.

In the present study, postprandial NEFA concentration
was increased after HF, which is in agreement with previous
studies on young participants [6, 9]. The increase in plasma
NEFA concentration which occurred might be a result of
TAG hydrolysis by endothelial lipoprotein lipase (LPL). Both
HGI and LGI resulted in suppression of NEFA concentra-
tions 3 hours after the meal consumption. However, NEFA
concentrations at the end of 30-minutes cycling in both
HGI and LGI trials were raised to pre-meal levels. Higher
post-exercise NEFA is typical response to exercise-induced
decrease in insulin and increase in catecholamines.

Postprandial glycerol concentration increased signifi-
cantly after all meals except for HGI. The lack of a
significant increase in glycerol after HGI might be due to the
enhanced secretion of insulin following the HGI meal which
would activate the enzyme LPL in adipose tissue [27]. The
insulin activation of LPL serves to increase TAG uptake and
storage after a single meal which eventually results in lower
glycerol concentration. Studies in young subjects during
low and moderate intensity exercise have demonstrated that
increased blood glucose availability suppresses fat utilisation
by inhibition of both fat mobilisation and fat oxidation
within muscle [7, 18]. Postprandial glycerol concentration
was significantly higher after HF than HGI and LGI in elderly
subjects which reflects the lack of insulin response to HF
in comparison to the other meals. These findings are in
agreement with those of Whitley et al. [6] and Murphy et
al. [28] who reported increases in glycerol after HF in young
participants.

The present study demonstrated that in elderly individ-
uals feeding isoenergetic meals containing different propor-
tions of carbohydrate and fat alters the metabolic variables
at rest and during subsequent exercise. Energy regulation
during 30 min of cycling in elderly individuals following
isoenergetic meals is associated with a relative increase in fat
oxidation and a decrease in carbohydrate oxidation following
HF and a corresponding increase in CHO oxidation and
a decrease following high carbohydrate (low fat) meals.
Therefore, based on these finding, it could be concluded that
fat and carbohydrate metabolism in elderly individuals in
response to different meals at rest and during subsequent
exercise are to some extent different from those of young
individuals and further studies are warranted to investigate
the mechanism/s responsible especially in relation to insulin
action and sensitivity. What we can state is that, on balance,
eating any type of meal 3 hours prior to a 30-minutes bout
of exercise is unlikely to significantly impact on so-called “fat
burning” in healthy elderly males.

Acknowledgments

The authors wish to thank volunteers for their enthusiastic
participation in this study. There is no conflict of interest and

all authors have been actively involved in the research project.
This research received no specific, grant from any funding
agency in the public, commercial or profit sectors.

References

[1] T. J. Doherty, “Aging and sarcopenia,” Journal of Applied
Physiology, vol. 95, no. 4, pp. 1717–1727, 2003.

[2] S. Sial, A. R. Coggan, R. Carroll, J. Goodwin, and S. Klein, “Fat
and carbohydrate metabolism during exercise in elderly and
young subjects,” American Journal of Physiology, vol. 271, pp.
E983–E989, 1996.

[3] K. J. Melanson, E. Saltzman, R. R. Russell, and S. B. Roberts,
“Fat oxidation in response to four graded energy challenges
in younger and older women,” American Journal of Clinical
Nutrition, vol. 66, no. 4, pp. 860–866, 1997.

[4] M. Bassami, S. Ahmadizad, D. Doran et al., “Effects of
exercise intensity and duration on fat metabolism in trained
and untrained older males,” European Journal of Applied
Physiology, vol. 101, no. 4, pp. 525–532, 2007.

[5] P. N. Ainslie, K. Abbas, I. T. Campbell et al., “Metabolic
and appetite responses to prolonged walking under three
isoenergetic diets,” Journal of Applied Physiology, vol. 92, no.
5, pp. 2061–2070, 2002.

[6] H. A. Whitley, S. M. Humphreys, I. T. Campbell et al.,
“Metabolic and performance responses during endurance
exercise after high-fat and high-carbohydrate meals,” Journal
of Applied Physiology, vol. 85, no. 2, pp. 418–424, 1998.

[7] J. F. Horowitz, R. Mora-Rodriguez, L. O. Byerley et al.,
“Lipolytic suppression following carbohydrate ingestion limits
fat oxidation during exercise,” American Journal of Physiology,
vol. 273, no. 4, pp. E768–E775, 1997.

[8] S. L. Wee, C. Williams, S. Gray et al., “Influence of high and
low glycemic index meals on endurance running capacity,”
Medicine and Science in Sports and Exercise, vol. 31, no. 3, pp.
393–399, 1999.

[9] C. L. Wu, C. Nicholas, C. Williams et al., “The influence
of high-carbohydrate meals with different glycaemic indices
on substrate utilisation during subsequent exercise,” British
Journal of Nutrition, vol. 90, no. 6, pp. 1049–1056, 2003.

[10] R. R. Wolfe, “Metabolic interactions between glucose and fatty
acids in humans,” American Journal of Clinical Nutrition, vol.
67, no. 3, pp. 519S–526S, 1998.

[11] E. Stevenson, C. Williams, and M. Nute, “The influence of the
glycaemic index of breakfast and lunch on substrate utilisation
during the postprandial periods and subsequent exercise,”
British Journal of Nutrition, vol. 93, no. 6, pp. 885–893, 2005.

[12] K. N. Frayn, “Calculation of substrate oxidation rates in vivo
from gaseous exchange,” Journal of Applied Physiology, vol. 55,
no. 2, pp. 628–634, 1983.

[13] D. B. Dill and D. L. Costill, “Calculation of percentage changes
in volumes of blood, plasma, and red cells in dehydration,”
Journal of Applied Physiology, vol. 37, no. 2, pp. 247–248, 1974.

[14] T. M. Wallace, J. C. Levy, and D. R. Matthews, “Use and abuse
of HOMA modeling,” Diabetes Care, vol. 27, no. 6, pp. 1487–
1495, 2004.

[15] M. D. Vukovich, D. L. Costill, M. S. Hickey et al., “Effect
of fat emulsion infusion and fat feeding on muscle glycogen
utilization during cycle exercise,” Journal of Applied Physiology,
vol. 75, no. 4, pp. 1513–1518, 1993.

[16] G. Okano, Y. Sato, and Y. Murata, “Effect of elevated blood
FFA levels on endurance performance after a single fat meal



6 Journal of Nutrition and Metabolism

ingestion,” Medicine and Science in Sports and Exercise, vol. 30,
no. 5, pp. 763–768, 1998.

[17] L. S. Sidossis, C. A. Stuart, G. I. Shulman et al., “Glucose
plus insulin regulate fat oxidation by controlling the rate of
fatty acid entry into the mitochondria,” Journal of Clinical
Investigation, vol. 98, no. 10, pp. 2244–2250, 1996.

[18] E. F. Coyle, A. E. Jeukendrup, A. J. Wagenmakers et al.,
“Fatty acid oxidation is directly regulated by carbohydrate
metabolism during exercise,” American Journal of Physiology,
vol. 273, no. 2, pp. E268–E275, 1997.

[19] C. Fanelli, S. Calderone, L. Epifano et al., “Demonstration of a
critical role for free fatty acids in mediating counterregulatory
stimulation of gluconeogenesis and suppression of glucose
utilization in humans,” Journal of Clinical Investigation, vol. 92,
no. 4, pp. 1617–1622, 1993.

[20] G. Boden, X. Chen, J. Ruiz et al., “Mechanisms of fatty
acid-induced inhibition of glucose uptake,” Journal of Clinical
Investigation, vol. 93, no. 6, pp. 2438–2446, 1994.

[21] J. Wahren, L. Hagenfeldt, and P. Felig, “Glucose and free fatty
acid utilization in exercise. studies in normal and diabetic
man,” Journal of Medical Sciences, vol. 11, no. 6, pp. 551–559,
1975.

[22] J. H. Strubbe, “Parasympathetic involvement in rapid meal-
associated conditioned insulin secretion in the rat,” American
Journal of Physiology, vol. 263, no. 3, pp. R615–R618, 1992.

[23] K. E. Conley, S. A. Jubrias, and P. C. Esselman, “Oxidative
capacity and ageing in human muscle,” Journal of Physiology,
vol. 526, no. 1, pp. 203–210, 2000.

[24] O. E. Rooyackers, D. B. Adey, P. A. Ades et al., “Effect of
age on in vivo rates of mitochondrial protein synthesis in
human skeletal muscle,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 93, no. 26, pp.
15364–15369, 1996.

[25] D. G. Hardie and D. Carling, “The AMP-activated protein
kinase. fuel gauge of the mammalian cell?” European Journal
of Biochemistry, vol. 246, no. 2, pp. 259–273, 1997.

[26] L. C. Groop, R. C. Bonadonna, M. Shank et al., “Role of free
fatty acids and insulin in determining free fatty acid and lipid
oxidation in man,” Journal of Clinical Investigation, vol. 87, no.
1, pp. 83–89, 1991.

[27] R. H. Eckel, “Lipoprotein lipase: a multifunctional enzyme
relevant to common metabolic diseases,” New England Journal
of Medicine, vol. 320, no. 16, pp. 1060–1068, 1989.

[28] M. C. Murphy, S. G. Isherwood, S. Sethi et al., “Postprandial
lipid and hormone responses to meals of varying fat contents:
modulatory role of lipoprotein lipase?” European Journal of
Clinical Nutrition, vol. 49, no. 8, pp. 579–588, 1995.


	Introduction
	Methods
	Participants
	Experimental Design
	Exercise Protocol
	Dietary Analysis
	Blood Sampling and Analyses
	Statistical Analysis

	Results
	Substrate Oxidation
	Blood Parameters

	Discussion
	Acknowledgments
	References

