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ARTICLE INFO ABSTRACT

Article history: Exercise has the potential to alleviate the resistance to insulin-mediated glucose uptake
Received 6 April 2010 precipitated by elevated circulating free fatty acids (FFAs) in conditions such as obesity, lipid
Accepted 10 January 2011 infusion, and starvation. In this study, 6 lean healthy men underwent two 3-day periods of

starvation with either no exercise or daily endurance exercise (80 min d™* at 50% maximal
rate of oxygen consumption) and a 3-day mixed diet without exercise. Insulin sensitivity

was determined by intravenous glucose tolerance test, and intramyocellular lipid (IMCL)

concentration was measured by *H magnetic resonance spectroscopy. In both starvation

conditions, fasting plasma FFAs were significantly elevated, whereas plasma glucose and

whole-body insulin sensitivity were significantly reduced. Vastus lateralis IMCL to water

ratio was significantly elevated after starvation without exercise compared with that after
starvation with exercise or that after mixed diet. Intramyocellular lipid to water ratio was
not different between starvation with exercise and mixed diet. In healthy lean men, exercise
during starvation prevents the accumulation of IMCL yet does not affect the starvation-

induced changes in FFAs and insulin sensitivity. Unlike during lipid infusion or obesity-

induced insulin resistance, exercise cannot overcome the reduction in insulin action caused
by starvation. We propose that carbohydrate availability is a key modulator of the combined

effects of exercise and circulating FFAs on insulin sensitivity.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction ensures whole-body insulin sensitivity (Si) [2]. The latter
appears to be due primarily to repeated short-term effects of
A sedentary lifestyle is associated with insulin resistance and exercise on promoting insulin-mediated glucose disposal

its comorbidities [1]; and conversely, regular physical activity rather than some chronic, long-term adaptation [3]. Even in
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athletes undergoing chronic endurance training, a few days of
inactivity drastically reduces Si [4,5]. However, in both healthy
sedentary people [1] and endurance-trained people who have
undergone a few days of inactivity [6], a single exercise session
restores Si to near trained levels.

Measures of whole-body Si are also reduced in situations
where blood plasma free fatty acids (FFAs) are elevated such as
obesity [7]; intravenous lipid infusion [8,9]; low-carbohydrate,
high-fat diet [10,11]; or starvation [10,12,13]. The combination
of inactivity and an acute increase in plasma FFAs leads,
within a few hours, to accretion of intramyocellular lipid
(IMCL) and a simultaneous and proportional reduction in Si
[14]. However, the effect of exercise superimposed upon
elevated FFAs is unclear.

Two studies have directly examined this situation in
humans. Schenk et al [8,15] reported that prior exercise
(90 minutes at 65% of VO,pear) prevented the decrease in Si
that otherwise occurs with an overnight lipid infusion,
implying that exercise is able to either compensate for or
directly prevent a diet-induced decrease in Si. Conversely,
Sparti and Decombaz [11] reported that prior exercise (30 min-
utes at 80% of estimated maximum heart rate followed by
30 minutes of resistance exercise then ~10 intervals of
2 minutes at 90% of maximum heart rate) did not mitigate
the insulin resistance observed following a subsequent
36-hour very low-carbohydrate, high-fat diet. The dissonance
between these studies may be due to different means of
elevating FFAs; but regardless, a better understanding of how
exercise and elevated FFAs interact to affect Si would be useful.
In this context, the effect of superimposing physical activity on
starvation in physically fit individuals is to date unknown.

Although Si has historically been the primary focus of
research into glycemic control, glucose effectiveness (Sg)
(ie, the ability of blood glucose to promote its own disposal
and suppress hepatic glucose output) is also an important
component of glucose tolerance [16], especially in patients
with impaired insulin secretion. Like Si, Sg is decreased by
physical inactivity [17,18] and is increased after a single
exercise bout [19]. However, the effect of exercise on Sgin a
state of elevated FFA and reduced Si has not been examined.

The aim of this study was to test the hypothesis that
exercise during starvation would prevent the changes in Si,
Sg, plasma FFA, and IMCL normally observed during
starvation without exercise. To this end, we exposed lean,
physically fit men to 2 approximately 3-day periods of
starvation with different levels of total energy expenditure,
as well as approximately 3 days of standardized moderate-
carbohydrate diet.

2. Methods
2.1. Subjects

Six healthy, physically fit men volunteered for this study.
Participants’ physical characteristics are given in Table 1. All
participants reported regularly undertaking exercise for more
than 1.5 hours daily, at least 5 days per week. Participants
were informed of the study protocol and risks before providing
their written consent. The study was approved by the

Table 1 - Participants’ physical characteristics

Age (y) 38.8+12.7
Body mass (kg) 729 + 8.8
Body fat (%) 135+2.1
RMR (mL O, min?) 306 + 35
VOsmax (ML kg™ min™) 75.5 + 16.0

Values are mean + standard deviation. VO,,,x indicates maximal
rate of oxygen consumption.

University of Sydney human research ethics committee and
conformed to the Declaration of Helsinki.

2.2.  Preliminary testing

One week before participation in the first intervention,
submaximal and maximal oxygen uptake tests were per-
formed on an electronically braked cycle ergometer (Lode
ergometer, Groningen, the Netherlands) as previously de-
scribed [20]. External power output and VO, attained during
the final minute of each submaximal workload and the
maximal ramp were used to formulate regression equations
from which workloads for the control exercise bout were
derived. On a separate occasion, participants presented at the
laboratory following a 12-hour overnight fast for measure-
ment of resting metabolic rate (RMR) using respiratory gas
analysis while lying supine after 30-minute rest. Body density
was assessed via hydrodensitometry; and percentage body fat
was then calculated using a 2-compartment model, as
previously described by Brozek et al [21]. Underwater body
weight measurements were corrected for measured residual
lung volume using the methods of van der Ploeg et al [22].

2.3. Experimental protocol

All participants underwent 3 supervised dietary and exercise
interventions in random order. A minimum 7-day washout
was allowed after the mixed-diet intervention and 25 days
after the starvation interventions. Each intervention period
was of 67-hour duration and comprised a water-only starva-
tion diet with no physical activity (inactivity + starvation), a
water-only starvation diet with controlled physical activity
(exercise + starvation), or a mixed control diet with no physical
activity (inactivity + mixed diet). Beginning the day before
initiation of the diet intervention (36 hours before initiation),
subjects refrained from exercise and recorded all dietary
intake. Before subsequent interventions, subjects again
refrained from exercise and consumed the same diet as before
the first intervention. This preconditioning period plus the
intervention period resulted in 4.5 days (108 hours) of diet and
exercise control before each testing session. There were
63 hours between the last exercise session and the intrave-
nous glucose tolerance test (IVGTT) in the inactivity condi-
tions and 15 hours between the last exercise session and the
IVGTT in the exercise condition.

Upon initiation of the diet, participants ingested either a
carbohydrate snack or water only, according to their alloca-
tion to mixed diet or a starvation intervention. The snack, a
sports drink containing glucose and sucrose, provided 1 g
carbohydrate per kilogram of body weight (100% energy from



METABOLISM CLINICAL AND EXPERIMENTAL 60 (2011) 1051-1057

1053

carbohydrate) in the mixed diet, or water only in the
starvation diets. In the mixed diet, participants ingested an
evening meal 2 hours later. This meal contained 1.5 g
carbohydrate per kilogram of body weight and supplied 50%
of energy from carbohydrate, 35% of energy from fat, and 15%
of energy from protein. Beginning the following morning and
continuing for the remainder of the mixed dietary treatment
(48 hours), participants received a diet that provided energy
to match a daily expenditure of 1.5x RMR to maintain energy
balance. Diets were designed to deliver 50% of energy from
carbohydrate, 35% of energy from fat, and 15% of energy from
protein. In the starvation conditions, participants continued
a water-only diet until completion of the experimental
treatment. In the inactivity + starvation condition, partici-
pants performed no unnecessary physical activity. The
exercise + starvation condition was identical except that
participants reported to the laboratory and performed a
standardized exercise bout (50% of the power associated with
maximal rate of oxygen consumption for 80 minutes) on the
cycle ergometer at 5:00 pm on the second and third days
(28 and 52 hours after initiation of starvation). Diet compo-
sition was quantified via Foodworks (Xyris Software, Mel-
bourne, Australia) using the New Zealand-Standard
database. In all dietary interventions, participants were
instructed to maintain activities of daily living and avoid all
forms of recreational exercise. Participants were based in the
university environment, returning to their homes to sleep.
The researchers maintained a minimum of daily contact
with participants to ensure compliance with the dietary and
exercise protocols.

2.4. Determination of IMCL content

After 65 hours of each diet, vastus lateralis proton magnetic
resonance (‘H-MRS) spectra were obtained as previously
described [10]. Spectral data were postprocessed by magnetic
resonance user interface software (JMRUI version 3.0, EU
Project). The vastus lateralis IMCL content was determined
by the ratio of the methylene (-[CH2]n) resonance from IMCL
at 1.3 ppm and intracellular water [23]. A 10-resonance model
was used to determine IMCL concentration as we have
detailed previously [10]. Muscle water signal amplitudes
were measured from the non-water-suppressed spectrum
using Hankel-Lanczos squares singular values decomposition.
The H-MRS processing was performed by an experimenter
who was blinded to treatment allocation.

2.5. Intravenous glucose tolerance test

Following determination of IMCL content (15 hours after the
last exercise session in the exercise + starvation condition),
participants reported to the laboratory where glucose toler-
ance was assessed by frequently sampled IVGTT without
modification by insulin infusion as previously described
[10,24]. Intravenous rather than oral glucose tolerance test
was chosen to avoid potential confounding effects of diet
(including starvation [25]) on gastric emptying and subse-
quent glucose tolerance [26]. The IVGTTs were undertaken
after a 12-hour overnight fast (or 67-hour fast in the
starvation intervention). Additional blood samples were

collected at 15, 30, 60, and 120 minutes for determination of
plasma FFA concentrations.

2.6. Blood sampling

Before the IVGTT, 3 mL of venous blood was sampled by
syringe, transferred into EDTA, placed on ice, and then
centrifuged at 2000 g for 8 minutes within 30 minutes of
collection. Plasma was decanted off and stored at -80°C for
later analysis of FFA concentration. An additional 2 mL of
venous blood was drawn into a lithium heparin-pelleted
syringe. This sample was mixed and rested on ice for
approximately 5 minutes, after which 1.3 mL was transferred
into blood tubes and centrifuged at 2000 g for 8 minutes, and
the plasma was frozen (-80°C) for later determination of
plasma insulin concentration. Residual blood remained on ice
in the lithium heparin-pelleted syringe for later determination
of plasma glucose concentration. Blood for glucose, insulin,
and FFA measurement was sampled according to these
methods during the ensuing IVGTT according to the sampling
schedule outlined previously [10,24].

2.7. Analytical procedures and calculations

Plasma glucose concentration was measured by autoanalyzer
(EML 105; Radiometer, Copenhagen, Denmark). The plasma
concentration of FFAs was determined using a Wako NEFA C
test kit (WAKO Chemical, Richmond, VA) scaled for use in a
microplate (Bio-Rad, Hercules, CA). All measurements were
made in duplicate, and the mean was reported. Insulin
sensitivity and Sg were determined via the minimal model
analysis of the plasma glucose and insulin response to the
IVGTT [24] using MINMOD Millennium (version 6.02; MinMod,
University of Southern California, Los Angeles, CA).

2.8.  Analysis

Differences in nutritional intake, all basal measures (plasma
glucose, insulin, FFA, and ratio of IMCL to water) and
differences in Si and Sg between conditions were compared
by 1-way repeated-measures analysis of variance (ANOVA).
Plasma glucose, insulin, and FFA concentrations during
IVGTT were compared by 2-way repeated-measures ANOVA
for investigation of treatment and time (diet-time) interac-
tions. Where statistical significance was found, the Tukey
honestly significant difference test was used to determine
where the difference occurred. Statistical significance was
accepted at P < .05. All values are expressed as mean =*
standard deviation.

3. Results
3.1. Diet and exercise

During the mixed diet, subjects had an average daily energy
intake of 12 299 kJ (49.5% + 0.7% from carbohydrate, 34.3% +
1.2% from fat, and 15.8% + 0.9% from protein). Subjects
consumed no energy during the starvation conditions. All
subjects were able to complete the required exercise, although
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2 subjects had to stop for a brief rest after 70 minutes during
the last exercise session in the exercise + starvation condition.

3.2. IMCL content

The ratio of vastus lateralis IMCL to water was significantly
higher in the inactivity + starvation condition than in the
mixed (P = .0003) or exercise + starvation conditions (P = .009,
Table 2). The ratio of IMCL to water was not significantly
different between the mixed and exercise + starvation condi-
tions (P = .10). Intramyocellular lipid content demonstrated a
significant within-subject correlation between the mixed and
inactivity + starvation conditions (r = 0.82, P = .008), but there
were no significant correlations between the exercise +
starvation condition and either the mixed (r = 0.57, P = .07) or
inactivity + starvation (r = 0.6, P = .06) conditions.

3.3. Basal plasma metabolite and insulin concentrations

Compared with either starvation condition, basal plasma
glucose (inactivity, P = .002; exercise, P = .001) and insulin
(inactivity, P = .0003; exercise, P = .003) concentrations were
higher and FFA concentrations were lower (inactivity, P <
.0001; exercise, P < .0001) after the mixed diet. There was no
difference in basal glucose, insulin, or FFA concentrations
between the starvation conditions (Table 2).

3.4. Plasma metabolite and insulin responses to IVGTT

In all 3 treatments, the plasma glucose concentration
increased rapidly following the intravenous glucose infusion
at the initiation of the IVGTT, reaching a peak between 3 and
14 minutes after initiation. Glucose concentration subse-
quently declined and was not different between treatments
and not different from baseline by the last sample of the
IVGTT at 180 minutes (Fig. 1A). There was a significant
treatment-time interaction effect (P = .039) with mixed diet
resulting in higher plasma glucose concentration compared
with the starvation interventions at baseline and lower
plasma glucose concentration compared with exercise +

Table 2 - Basal substrate and insulin concentrations and
IVGTT results after 67 hours of dietary intervention

Inactivity + Exercise + Inactivity +

mixed diet starvation starvation

Plasma glucose 45+03 34+05" 35+03"
(mmol L)

Plasma insulin 19.8+83  107+65  85+51"
(pmol L)

Plasma FFAs 379+120 1188 +219° 1180 +294"
(umol L)

Vastus lateralis IMCL 13.6 +6.1 18.1+5.8 25.6+5.9°1
to water ratio (x107%)

Si (L min* mU™) 16.5 + 6.8 60+17"  57+15

Sg x 1000 (min™?) 44422 88+30" 6423

Values are means + SD; n = 6 participants. Between-trials
comparisons were performed using repeated-measures ANOVA.

* Significantly different vs inactivity + mixed diet (P < .01).

T Significantly different vs exercise + starvation (P < .05).
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Fig. 1 - Effect of 67 hours of inactivity + mixed diet, inactivity +
starvation, or exercise + starvation on (A) plasma glucose, (B)
insulin, and (C) FFA concentrations during an IVGTT; n = 6
subjects. Between-trials comparisons were performed using
repeated-measures ANOVA. *Significantly different
inactivity + mixed diet vs inactivity + starvation (P < .05).

t Significantly different inactivity + mixed diet vs exercise +
starvation (P < .05).

starvation from 40 to 100 minutes and compared with
inactivity + starvation from 30 to 140 minutes (Fig. 1A).

There were 7 data points in which the plasma insulin
concentration was less than the detectable limit of the assay
(6 pmol LY, and a value of 5 pmol L~ was assumed for these
points. Plasma insulin concentration increased rapidly fol-
lowing the intravenous glucose infusion at the initiation of the
IVGTT, reaching a peak between 3 and 8 minutes after
initiation. Insulin concentration subsequently declined and
was not different from baseline by 140 minutes (Fig. 1B). There
was no significant treatment-time interaction effect on
insulin concentration (P = .18, Fig. 1B).

In all treatments, plasma FFA concentration declined after
glucose infusion, reaching a minimum at 60 minutes, after
which time it began to rise again (Fig. 1C). After the
starvation conditions, plasma FFA concentration was signif-
icantly greater (P < .0001) throughout the IVGTT compared
with the mixed diet. There was also a significant treatment-
time interaction (P < .0001) during the IVGTT, with plasma
FFA concentration declining more rapidly after starvation
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than after the mixed diet (Fig. 1C). There was no difference in
FFA concentration between the starvation conditions.

3.5.  Minimal model analysis

Values for Si and Sg after each of the interventions are
presented in Table 2. Compared with that after mixed diet, Si
determined by the minimal model was significantly lower
after starvation with inactivity (P = .005) and starvation with
exercise (P = .007). There was no difference in Si between the
starvation conditions. Glucose effectiveness was significantly
greater after the exercise + starvation condition than after the
mixed diet (P = .022), but there was no significant difference
between starvation conditions (P = .15) or between inactivity +
starvation and mixed diet (P = .38).

4, Discussion

The primary finding of this study is that daily endurance
exercise does not mitigate the insulin desensitizing effect of
3 days of starvation despite preventing the accumulation of
vastus lateralis IMCL.

The exercise performed in the starvation condition was
considerably less than the habitual training load of our
endurance-trained subjects. Nevertheless, the subjects found
it difficult to complete the last exercise session during
starvation; and 2 subjects required a brief rest to be able to
complete the exercise. Previous research where exercise was
imposed on starvation has demonstrated a 32% reduction (P =
.025) in time-to-failure in an incremental exercise test after
2 days and a 45% reduction (P < .0001) after 4 days [27]. These
large decreases in physical capacity demonstrate the chal-
lenge of performing physical work during starvation and
suggest that the dose used in the present study approached
the limit of what is achievable in this state.

To increase Si above habitual levels in the very fit
endurance-trained subjects used in our study would require
a prodigious amount of exercise, more than would be
physically possible during starvation. To avoid this methodo-
logical difficulty, we used an intervention of starvation +
inactivity to reduce Si and compared the results to a habitual
diet control (mixed diet + inactivity) and a habitual physical
activity control (starvation + exercise). In other endurance-
trained groups of subjects, cessation of training resulted in a
28% decline in Si after 38 hours [5] and a 35% decline after
60 hours [4] compared with 12 or 14 hours after the last exercise
session. Even when Si was reduced by 50% after 10 days of
inactivity, Si was restored to normal levels by a single exercise
session approximating a typical training session for the athlete
[6]. Thus, our inactivity interventions, which involved 63 hours
between the last exercise session and the IVGTT, would
normally have markedly reduced Si compared with our
exercise intervention, which included 2 extra exercise sessions
and only 15 hours between the last exercise session and the
IVGTT. As such, the lack of difference in Si between starvation
+ inactivity and starvation + exercise must be due to the
starvation overriding or masking any impact of inactivity.

The results of the current study are consistent with
previous research in which FFAs were elevated by low-

carbohydrate diet [11], but are at odds with the ability of
exercise to maintain Si in the face of plasma FFA concentra-
tions elevated by lipid infusion [8,15]. A key difference
between these 2 conditions is a difference in carbohydrate
status brought about by the methods of raising FFAs. In low-
carbohydrate diet and starvation, the increase in FFAs is
accompanied by a reduction in circulating glucose availability;
but with lipid/heparin infusion, it is not. This difference may
suggest that some minimum level of carbohydrate status is
required to enable exercise to increase whole-body Si. Taking a
teleological perspective, such an interaction between exercise
and carbohydrate status would be prudent, as an increase in Si
with exercise when carbohydrate status is low could produce
dangerous hypoglycemia.

The energy expended because of additional physical
activity in the exercise condition is equivalent to the
metabolizable energy of approximately 250 g of fat. Assuming
an average 18 kg of active muscle mass recruited by the
subjects in our study during cycling [28,29], the difference in
total IMCL content between exercise and inactivity conditions
is approximately 115 g. Thus, the extra oxidation of lipid to
meet the energy requirements of exercise could account for
the difference in IMCL stores between starvation + exercise
and starvation + inactivity despite both conditions having
similarly elevated plasma FFA concentration and similarly
reduced Si [30]. This mechanism is also consistent with the
elevation of IMCL stores despite exercise when FFAs are
elevated by lipid infusion [8,15], as the greater carbohydrate
availability and plasma insulin concentration in this situa-
tion would be expected to increase carbohydrate oxidation,
decrease FFA oxidation, and increase FFA esterification [31].
However, differences in oxidation alone cannot explain the
ability of exercise to maintain Si in the face of lipid infusion
[8,15] but not starvation or low-carbohydrate diet [11]. A
possible explanation for this effect is an alteration in the
rate of FFA absorption by muscle cells. Membrane-bound
fatty acid transport protein content increases in response to
various physiological stimuli including insulin [32], muscle
contraction [33], and starvation [34]. If myocellular fatty acid
absorption capability is increased by low carbohydrate
availability, then there would be a greater intramyocellular
FFA load in starvation compared with lipid infusion despite
a similar plasma FFA concentration.

The difference in exogenous fat intake in the current study
and that of Schenk et al [8,15] is not likely to be responsible for
the difference in the observed effects of exercise on Si. When
carbohydrate status is low, as in the current study, circulating
FFA will be elevated either from high exogenous fat intake
[8-10] or from increased adipose tissue lipolysis [10,13]. Thus,
skeletal muscle cells will be exposed to the same interstitial
milieu regardless of dietary fat intake.

The exercise + starvation condition in the current study
resulted in very high Sg. As Si is reduced in both starvation
conditions, it seems paradoxical that Sg should be increased.
However, it is likely that Sg is not quantitatively important at
the low plasma glucose concentrations during the fast (Table 2).
Increased Sg has important implications for patients with
type 2 diabetes mellitus, as increases in Sg have the potential
to improve glycemic control even when insulin secretion is
absent. Furthermore, increased Sg provides a convenient
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mechanism for very rapid initiation of muscle and liver
glucose uptake and suppression of hepatic glucose production
in response to an increase in plasma glucose.

Increased Sg during starvation could be mediated by
reduced muscle glycogen concentration [3]. Whereas liver
glycogen is substantially depleted after an overnight fast [35],
muscle glycogen stores remain near full capacity after a mixed
diet, are somewhat reduced after 3 days of inactivity +
starvation, and are further reduced after exercise + starvation
[36]. This order parallels the Sg values we observed.

The primary measure of Si and Sg used in this study was
the IVGTT with minimal model analysis developed by
Bergman et al [37]. The minimal model has good correlation
with the hyperinsulinemic-euglycemic clamp [38] and low
coefficient of variation [39]. Furthermore, the IVGTT will not
be affected by alterations in glucose absorption by the gut,
as might be expected after a 72-hour fast [25]. The minimal
model has been shown to systematically overestimate Sg,
with the degree of overestimation increasing with increas-
ing insulin response during the first 20 minutes of the
IVGTT. As such, caution should be used when comparing Sg
results between groups with differing insulin response [40].
However, in the present study, there were no between-
treatment differences in insulin response during the first
20 minutes of the IVGTT (Fig. 1); so the overestimation
should remain consistent, and comparison between treat-
ments is valid.

In summary, 3 days of starvation causes increased IMCL
and circulating FFAs and decreased Si. The current study
shows that exercise during starvation prevents the accumu-
lation of IMCL and increases Sg yet does not affect the changes
in Si or plasma FFA concentration. We propose that some
minimum level of whole-body carbohydrate status is required
to enable exercise to affect Si.

Acknowledgment

The authors wish to thank David Walton for his assistance
with spectroscopy and Dr Patricia Ruell for her assistance with
biochemical analysis. Funding: This research was supported
by the Peter Snell Doctoral Scholarship in Public Health and
Exercise Science.

REFERENCES

[1] Mikines K], Sonne B, Farrell PA, Tronier B, Galbo H. Effect of
training on the dose-response relationship for insulin action
in men. J Appl Physiol 1989;66:695-703.

Duncan GE, Perri MG, Theriaque DW, Hutson AD, Eckel RH,
Stacpoole PW. Exercise training, without weight loss,
increases insulin sensitivity and postheparin plasma lipase
activity in previously sedentary adults. Diabetes Care 2003;26:
557-62.

Borghouts LB, Keizer HA. Exercise and insulin sensitivity: a
review. Int J Sports Med 2000;21:1-12.

Burstein R, Polychronakos C, Toews CJ, MacDougall JD, Guyda
HJ, Posner BI. Acute reversal of the enhanced insulin action in
trained athletes. Association with insulin receptor changes.
Diabetes 1985;34:756-60.

[2

3

4

[5] Oshida Y, Yamanouchi K, Hayamizu S, Nagasawa J, Ohsawa I,
Sato Y. Effects of training and training cessation on insulin
action. Int J Sports Med 1991;12:484-6.

Heath GW, Gavin Il JR, Hinderliter JM, Hagberg JM, Bloomfield

SA, Holloszy JO. Effects of exercise and lack of exercise on

glucose tolerance and insulin sensitivity. ] Appl Physiol

1983;55:512-7.

Charles MA, Eschwe’ge E, Thibult N, Claude JR, Warnet JM,

Rosselin GE, et al. The role of non-esterified fatty acids in the

deterioration of glucose tolerance in Caucasian subjects:

results of the Paris Prospective Study. Diabetologia 1997;40:

1101-6.

Schenk S, Cook JN, Kaufman AE, Horowitz JF. Postexercise

insulin sensitivity is not impaired after an overnight lipid

infusion. Am ] Physiol Endocrinol Metab 2005;288:E519-25.

Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S, Cline

GW, et al. Effects of free fatty acids on glucose transport and

IRS-1-associated phosphatidylinositol 3-kinase activity. J Clin

Invest 1999;103:253-9.

[10] Johnson NA, Stannard SR, Rowlands DS, Chapman PG,
Thompson CH, O’Connor H, et al. Effect of short-term
starvation versus high-fat diet on intramyocellular
triglyceride accumulation and insulin resistance in physically
fit men. Exp Physiol 2006;91:693-703.

[11] Sparti A, Decombaz J. Effect of diet on glucose tolerance 36
hours after glycogen-depleting exercise. Eur J Clin Nutr
1992;46:377-85.

[12] Green ]G, Johnson NA, Sachinwalla T, Cunningham CW,
Thompson MW, Stannard SR. Low carbohydrate diet does not
affect intramyocellular lipid concentration or insulin
sensitivity in lean, physically fit men when protein intake is
elevated. Metabolism 2010;59:1633-41.

[13] Stannard SR, Thompson MW, Fairbairn K, Huard B,
Sachinwalla T, Thompson CH. Fasting for 72 h increase
intramyocellular lipid content in nondiabetic, physically fit
men. Am J Physiol Endocrinol Metab 2002;283:E1185-91.

[14] Boden G, Lebed B, Schatz M, Homko C, Lemieux S. Effects of
acute changes of plasma free fatty acids on intramyocellular
fat content and insulin resistance in healthy subjects.
Diabetes 2001;50:1612-7.

[15] Schenk S, Horowitz JF. Acute exercise increases triglyceride
synthesis in skeletal muscle and prevents fatty acid-induced
insulin resistance. J Clin Invest 2007;117:1690-8.

[16] Bergman RN, Ni TC, Ader M. Glucose effectiveness. In:
Draznin B, Rizza RA, editors. Clinical research in diabetes
and obesity, part 1: methods, assessment and metabolic
regulation. Totowa (NJ): Humana Press; 1997.

[17] Nishida Y, Higaki Y, Tokuyama K, Fujimi K, Kiyonaga A,
Shindo M, et al. Effect of mild exercise training on glucose
effectiveness in healthy men. Diabetes Care 2001;24:
1008-13.

[18] Nishida Y, Tokuyama K, Nagasaka S, Higaki Y, Shirai Y,
Kiyonaga A, et al. Effect of moderate exercise training on
peripheral glucose effectiveness, insulin sensitivity, and
endogenous glucose production in healthy humans
estimated by a two-compartment-labeled minimal model.
Diabetes 2004;53:315-20.

[19] Sakamoto M, Higaki Y, Nishida Y, Kiyonaga A, Shindo M,
Tokuyama K, et al. Influence of mild exercise at the lactate
threshold on glucose effectiveness. ] Appl Physiol 1999;87:
2305-10.

[20] Johnson NA, Stannard SR, Mehalski K, Trenell MI, Sachinwalla
T, Thompson CH, et al. Intramyocellular triacylglycerol in
prolonged cycling with high- and low-carbohydrate
availability. ] Appl Physiol 2003;94:1365-72.

[21] Brozek J, Grande F, Anderson JT, Keys A. Densitometric
analysis of body composition: revision of some quantitative
assumptions. Ann N'Y Acad Sci 1963;110(Body Composition
Part I):113-40.

6

[7

[8

[9



METABOLISM CLINICAL AND EXPERIMENTAL 60 (2011) 1051-1057

1057

[22] van der Ploeg GE, Gunn SM, Withers RT, Modra AC,

Crockett AJ. Comparison of two hydrodensitometric methods
for estimating percent body fat. ] Appl Physiol 2000;88:1175-80.

[23] Szczepaniak LS, Babcock EE, Schick F, Dobbins RL, Garg A,
Burns DK, et al. Measurement of intracellular triglyceride
stores by H spectroscopy: validation in vivo. Am J Physiol
Endocrinol Metab 1999;276:E977-89.

[24] Pacini G, Bergman RN. MINMOD: a computer program to
calculate insulin sensitivity and pancreatic responsivity from
the frequently sampled intravenous glucose tolerance test.
Comput Methods Programs Biomed 1986;23:113-22.

[25] Corvilain B, Abramowicz M, Fery F, Schoutens A, Verlinden M,
Balasse E, et al. Effect of short-term starvation on gastric
emptying in humans: relationship to oral glucose tolerance.
Am ] Physiol Gastrointest Liver Physiol 1995;269:G512-7.

[26] Horowitz M, Edelbroek MAL, Wishart JM, Straathof JW.
Relationship between oral glucose tolerance and gastric
emptying in normal healthy subjects. Diabetologia 1993;36:
857-62.

[27] Henschel A, Taylor HL, Keys A. Performance capacity in acute
starvation with hard work. ] Appl Physiol 1954;6:624-33.

[28] Medbo ]I, Tabata I. Anaerobic energy release in working
muscle during 30 s to 3 min of exhausting bicycling. ] Appl
Physiol 1993;75:1654-60.

[29] Janssen I, Heymsfield SB, Wang Z, Ross R. Skeletal muscle
mass and distribution in 468 men and women aged 18-88 yr.
J Appl Physiol 2000;89:81-8.

[30] van Loon L, Goodpaster B. Increased intramuscular lipid
storage in the insulin-resistant and endurance-trained state.
Pflugers Arch 2006;451:606-16.

[31] Rowlands DS, Johnson NA, Thomson JA, Chapman P,
Stannard SR. Exogenous glucose oxidation is reduced with
carbohydrate feeding during exercise after starvation.
Metabolism 2009;58:1161-9.

[32] Chabowski A, Goérski J, Luiken JJFP, Glatz JFC, Bonen A.
Evidence for concerted action of FAT/CD36 and FABPpm
to increase fatty acid transport across the plasma
membrane. Prostaglandins Leukot Essent Fatty Acids
2007,77:345-53.

[33] Holloway GP, Luiken JJFP, Glatz JFC, Spriet LL, Bonen A.
Contribution of FAT/CD36 to the regulation of skeletal muscle
fatty acid oxidation: an overview. Acta Physiologica 2008;194:
293-309.

[34] Turcotte LP, Srivastava AK, Chiasson JL. Fasting increases
plasma membrane fatty acid-binding protein (FABPPM) in red
skeletal muscle. Mol Cell Biochem 1997;166:153-8.

[35] Nilsson LH, Hultman E. Liver glycogen in man—the effect of
total starvation or a carbohydrate-poor diet followed by
carbohydrate refeeding. Scand J Clin Lab Invest 1973;32:
325-30.

[36] Knapik JJ, Meredith CN, Jones BH, Suek L, Young VR,

Evans WJ. Influence of fasting on carbohydrate and fat
metabolism during rest and exercise in men. ] Appl Physiol
1988;64:1923-9.

[37] Bergman RN, Ider YZ, Bowden CR, Cobelli C. Quantitative
estimation of insulin sensitivity. Am ] Physiol Endocrinol
Metab 1979;236:E667-77.

[38] Bergman RN, Prager R, Volund A, Olefsky JM. Equivalence of
the insulin sensitivity index in man derived by the minimal
model method and the euglycemic glucose clamp. J Clin
Invest 1987;79:790.

[39] Ferrari P, Alleman Y, Shaw S, Riesen W, Weidmann P.
Reproducibility of insulin sensitivity measured by the
minimal model method. Diabetologia 1991;34:527-30.

[40] Cobelli C, Bettini F, Caumo A, Quon M]J. Overestimation of
minimal model glucose effectiveness in presence of insulin
response is due to undermodeling. Am J Physiol Endocrinol
Metab 1998;275:E1031-6.



	Moderate-intensity endurance exercise prevents short-term starvation-induced intramyocellular lipid accumulation but not in...
	Introduction
	Methods
	Subjects
	Preliminary testing
	Experimental protocol
	Determination of IMCL content
	Intravenous glucose tolerance test
	Blood sampling
	Analytical procedures and calculations
	Analysis

	Results
	Diet and exercise
	IMCL content
	Basal plasma metabolite and insulin concentrations
	Plasma metabolite and insulin responses to IVGTT
	Minimal model analysis

	Discussion
	Acknowledgment
	References


