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Effect of carbohydrate ingestion on glucose kinetics
during exercise in the heat
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Angus, Damien J., Mark A. Febbraio, David Lasini,
and Mark Hargreaves. Effect of carbohydrate ingestion on
glucose kinetics during exercise in the heat. J Appl Physiol
90: 601–605, 2001.—Six endurance-trained men [peak oxy-
gen uptake (V̇O2) 5 4.58 6 0.50 (SE) l/min] completed 60 min
of exercise at a workload requiring 68 6 2% peak V̇O2 in an
environmental chamber maintained at 35°C (,50% relative
humidity) on two occasions, separated by at least 1 wk.
Subjects ingested either a 6% glucose solution containing 1
mCi [3-3H]glucose/g glucose (CHO trial) or a sweet placebo
(Con trial) during the trials. Rates of hepatic glucose produc-
tion [HGP 5 glucose rate of appearance (Ra) in Con trial] and
glucose disappearance (Rd), were measured using a primed,
continuous infusion of [6,6-2H]glucose, corrected for gut-de-
rived glucose (gut Ra) in the CHO trial. No differences in
heart rate, V̇O2, respiratory exchange ratio, or rectal temper-
ature were observed between trials. Plasma glucose concen-
trations were similar at rest but increased (P , 0.05) to a
greater extent in the CHO trial compared with the Con trial.
This was due to the absorption of ingested glucose in the
CHO trial, because gut Ra after 30 and 50 min (16 6 5
mmol zkg21 zmin21) was higher (P , 0.05) compared with
rest, whereas HGP during exercise was not different between
trials. Glucose Rd was higher (P , 0.05) in the CHO trial
after 30 and 50 min (48.0 6 6.3 vs 34.6 6 3.8
mmol zkg21 zmin21, CHO vs. Con, respectively). These results
indicate that ingestion of carbohydrate, at a rate of ;1.0
g/min, increases glucose Rd but does not blunt the rise in
HGP during exercise in the heat.

heat stress; liver glucose output; muscle glucose uptake

THE REGULATION OF HEPATIC glucose production (HGP)
during exercise involves a complex interplay of neural
and hormonal factors and both “feedback” and “feed-
forward” mechanisms (for review, see Ref. 9). Our
laboratory has previously demonstrated that increas-
ing circulating glucose concentration by exogenous
feeding (10) or glucose infusion (6) blunts the increase
in HGP during exercise. However, in the absence of
exogenous carbohydrate supply, exercise in the heat
results in hyperglycemia, which is due to an exagger-
ated increase in HGP (4). This is likely to be mediated
by the augmented epinephrine response observed dur-
ing exercise and heat stress (3, 4) because, in the

absence of differences in pancreatic hormones, ele-
vated epinephrine results in greater HGP during exer-
cise (7). Interestingly, when carbohydrate is ingested
during exercise in the heat, the rise in plasma glucose
is greater than that observed with carbohydrate inges-
tion during exercise at lower ambient temperatures (2).
This suggests that, unlike carbohydrate feeding in
comfortable ambient conditions, glucose ingestion in
the heat may not have such marked suppression of
HGP; however, this has never been experimentally
investigated. Thus the aim of the present study was to
investigate the effect of glucose ingestion on glucose
kinetics during exercise in the heat to contrast the
relative importance of the so-called feed-forward and
feedback mechanisms. We hypothesized that glucose
ingestion would elevate blood glucose concentration
and would partially, but not completely, attenuate the
increase in HGP during exercise in the heat.

METHODS

Subjects. Six male endurance-trained cyclists and/or tri-
athletes [age 31 6 1 (SE) yr, weight 79.9 6 3.2 kg, height
181 6 3 cm, peak pulmonary oxygen uptake (V̇O2 peak) 4.58 6
0.20 l/min] volunteered to serve as subjects for the investi-
gation, which was approved by the Deakin University Hu-
man Research Ethics Committee. The subjects had been
involved in training for endurance sports for at least 5 yr
and routinely trained in excess of 300–400 km/wk. Subjects
were made fully aware of the procedures and risks associated
with the study, both verbally and in writing. All subjects
completed a medical questionnaire and provided written,
informed consent. To determine V̇O2 peak, each subject per-
formed incremental cycling (Lode, Groningen, The Nether-
lands) to volitional fatigue in mild environmental conditions
(20–22°C), with an electric fan circulating air to minimize
thermal stress. V̇O2 peak was determined at least 7 days
before the first experimental trial.

Preexperimental protocol. Subjects were provided with a
food parcel (;15.6 MJ, 71% carbohydrate, 15% protein, 14%
fat) for the 24 h before an experimental trial. They were
instructed to adhere to the diet, consume water ad libitum,
and abstain from exercise, alcohol, tobacco, and caffeine in
this period. On the morning of an experimental trial, subjects
consumed 5 ml/kg of tap water on waking and arrived at the
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laboratory in a 10- to 12-h postabsorptive state. Our labora-
tory has previously found that these pretrial exercise and
lifestyle controls result in reproducible metabolite and hor-
monal levels in subjects before each experimental trial (4).

Experimental trials. Each subject was studied on two sep-
arate occasions, separated by at least 7 days. All trials were
performed in an environmental chamber maintained at 35°C,
with a relative humidity of ;50%. In addition, an electric fan
circulated air to facilitate evaporative cooling and to ensure a
uniform temperature within the chamber. On arrival at the
laboratory, subjects voided and were weighed nude, and a
rectal thermistor probe (Monotherm, Mallenckrodt Medical,
St. Louis, MO) was positioned 10–15 cm beyond the anal
sphincter. Subjects rested supine, and catheters were in-
serted into an antecubital vein of one forearm for the collec-
tion of blood samples and in the contralateral arm for tracer
infusion. The catheter for blood sampling was kept patent by
flushing with 0.9% saline every 30 min during rest and after
each blood sample. An initial blood sample was obtained,
after which a primed (3.3 mmol), continuous (54.3 6 2.3
mmol/min) infusion of [6,6-2H]glucose (Cambridge Isotope
Laboratories, Cambridge, MA) was commenced and main-
tained during 2 h of rest and 60 min of exercise. Subjects sat
in a chair at 20–25°C for the 2-h rest period before entering
the chamber and commencing cycle ergometer exercise at
68 6 2% V̇O2 peak. Subjects ingested either a 6% (wt/vol)
glucose solution containing 1 mCi [3-3H]glucose/g glucose
(CHO) or a sweet placebo (Con) during the exercise trials. At
the onset of exercise, subjects consumed a 400-ml bolus of the
test beverage, with an additional 150 ml ingested after 10,
20, 30, and 40 min of exercise for a total ingested volume of
1,000 ml during each trial. The beverages were administered
in opaque containers in a randomized order, and the subject
was unaware of the beverage type. Every 15 min during
exercise, expired gas was collected into Douglas bags for
measurement of ventilation rate, oxygen uptake (V̇O2), and
respiratory exchange ratio (RER). Heart rate (Electro, Polar,
Finland) and rectal temperature were monitored continu-
ously and recorded every 10 min throughout exercise. Venous
blood samples were obtained 10 and 5 min before exercise,
immediately before exercise, and at 10-min intervals during
exercise for analysis of plasma glucose and [6,6-2H]glucose
enrichment and for [3H]glucose specific activity in the CHO
trial. Additional blood samples were obtained before exercise
and after 30 and 60 min of exercise for analysis of plasma
lactate, insulin, glucagon, cortisol, epinephrine, and norepi-
nephrine.

Analytic techniques. Dried expirate was analyzed for oxy-
gen and carbon dioxide (Applied Electrochemistry S-3A/II
and CD-3A, Ametek, Pittsburgh, PA) concentration. These
analyzers were calibrated using commercial gases of known
composition. The volume of expired air was measured on a
gas meter (Parkinson-Cowan, Manchester, UK). Ten millili-
ters of blood were collected at each sampling time, an aliquot
of which was placed into a tube containing fluoride heparin
and spun in a centrifuge. The plasma was extracted and
stored at 280°C for later analysis of plasma glucose and
lactate using an automated method (EML-105, Electrolyte
Metabolite Laboratory, Radiometer, Copenhagen, Denmark).
From the same aliquot, plasma insulin (Incstar, Stillwater,
MN), cortisol (Orion, Espool, Finland), and glucagon (1) were
measured by radioimmunoassay. A further aliquot (;1.5 ml)
of the whole blood sample was placed into a tube containing
a preservative (EGTA and reduced glutathione). The plasma
was separated by centrifugation and was frozen at 280°C
for later analysis of catecholamine concentrations using a
single-isotope radioenzymatic method (TRK995, Amersham).

Plasma [6,6-2H]glucose enrichment was measured as de-
scribed previously (10). Briefly, 500 ml of each plasma sample
were deproteinized by addition of 500 ml of 0.3 M ZnSO4 and
500 ml of 0.3 M Ba(OH)2 and subsequent mixing, preceding
centrifugation. To remove charged metabolites, the superna-
tant was passed down an ion-exchange column (Dowex 2 3 8,
200–400 mesh, Bio-Rad, Richmond, CA). The columns were
washed with distilled water, and the resultant eluant was
oven dried overnight to remove any deuterated water. The
samples were then redissolved in 1.0 ml of distilled water. To
determine the [3H]glucose specific activity in the plasma
samples in the CHO trials, 100-ml aliquots of the reconsti-
tuted eluant were placed in scintillation vials and dried
overnight, with the remaining 900 ml retained for evaluation
of [6,6-2H]glucose enrichment. In addition, samples of the
ingested [3H]glucose beverage were dehydrated. The result-
ing dry residues from both plasma and beverage samples
were dissolved in 0.5 ml of distilled water and 10 ml of
scintillation cocktail (Ready Value, Beckman, Fullerton, CA)
before refrigeration for 60 min. The samples were counted in
a liquid scintillation counter (model LS 3801, Beckman), and
the specific activity of each sample calculated. The remaining
900 ml of the reconstituted eluant were placed in glass vials,
dehydrated, and derivatized to the pentaacetate derivative
by the addition of a pyridine and acetic anhydride cocktail.
The derivatized-glucose level was measured with a gas chro-
matograph-mass spectrometer (5890 series 2 gas chromato-
graph, 5971 mass spectrometer detector, Hewlett-Packard,
Avondale, PA). Glucose kinetics at rest and during exercise
were calculated with a modified one-pool, non-steady-state
model (15), assuming a pool fraction of 0.65 and estimating
the apparent glucose space as 25% of body weight. Glucose
rate of appearance (Ra) and glucose rate of disappearance
(Rd) were determined from changes in the percent enrich-
ment in the plasma of [6,6-2H]glucose. In the Con trial,
glucose Ra measures total endogenous glucose Ra. Although
the kidney is capable of gluconeogenesis, during exercise the
liver is likely to be the predominant, if not sole, source of the
increase in glucose production (16). Thus, in the Con trial,
HGP was equal to total Ra, whereas, in the CHO trial, HGP
was calculated as the difference between the measured total
Ra and the glucose Ra from the ingested beverage (gut Ra;
Ref. 14). The metabolic clearance rate (MCR) of glucose was
calculated by dividing glucose Rd by the prevailing plasma
glucose concentration.

Statistical analysis. The data from the Con and CHO trials
were compared using a two-factor (time and treatment)
ANOVA with repeated measures with significance at the P ,
0.05 level. Specific differences were located using the Stu-
dent-Newman-Keul’s post hoc test when ANOVA revealed a
significant interaction. All data are reported as means 6 SE.

RESULTS

During 60 min of exercise at 68 6 2% of V̇O2 peak,
there were no differences between trials in average
V̇O2, RER, and heart rate (Table 1). The increase (P ,
0.05) in rectal temperature during exercise was similar
in the two trials (Table 1).

Plasma glucose concentrations were similar at rest
and increased during exercise in both trials (Fig. 1).
After 40 min of exercise, plasma glucose was higher
(P , 0.05) in the CHO trial, compared with the Con
trial, whereas, at 60 min, it tended (P 5 0.06) to be
higher in the CHO trial. HGP was similar at rest and
increased during exercise in both trials (Fig. 1). There
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were no differences, however, in HGP between trials.
Total glucose Ra increased during exercise and was
higher (P , 0.05) during the last 30 min in the CHO
trial compared with the Con trial. The elevated glucose

Ra in the CHO trial was not due to changes in HGP but
rather the appearance of glucose from the ingested
beverage. Gut Ra increased throughout exercise in the
CHO trial, reaching a peak value of 16 6 5
mmol zkg21 zmin21 in the final 10 min of exercise (Fig.
1). Glucose Rd increased in both trials; however, during
the last 30 min of exercise, it was higher (P , 0.05) in
the CHO than in Con trial (Fig. 2).

MCR during exercise was similar in the two trials
(Fig. 2). There were no differences between trials in
plasma lactate, insulin, glucagon, cortisol, epineph-
rine, or norepinephrine during exercise (Table 2), al-
though all except plasma insulin increased during ex-
ercise (Table 2).

DISCUSSION

The major finding of the present study was that,
during exercise in a hot environment, glucose ingestion
at the rate of ;1 g/min did not attenuate HGP even
though it significantly elevated plasma glucose. This
finding is in contrast with previous observations (8, 10)

Table 1. Average V̇O2, RER, and heart rate during,
and rectal temperature before and after, 60 min of
exercise at 68 6 2% V̇O2peak in CHO and Con trials

Con Trial CHO Trial

V̇O2, l/min 3.0160.20 3.2160.11
RER 0.9460.02 0.9560.02
Heart rate, beats/min 16366 16265
Tre, °C

Preexercise 36.960.1 37.060.0
Postexercise 38.760.1 38.760.1

Values are means 6 SE for 6 subjects. Con trial, without carbo-
hydrate ingestion; CHO trial, with carbohydrate ingestion; V̇O2,
oxygen uptake; V̇O2peak, peak V̇O2; RER, respiratory exchange ratio;
Tre, rectal temperature.

Fig. 1. Plasma glucose concentrations (A) and rates of glucose appear-
ance (Ra; B) from the liver [hepatic glucose production (HGP)] and
ingested glucose (GUT) during 60 min of exercise at 68 6 2% peak
oxygen uptake in the heat during trials with (■) and without (F; Con)
carbohydrate ingestion. Values are means 6 SE for 6 subjects. *Differ-
ent from the Con trial, P , 0.05. All exercise values beyond 10 min are
different from preexercise, P , 0.05.

Fig. 2. Whole body glucose uptake (glucose Rd; A) and metabolic
clearance rate (MCR; B) during 60 min of exercise at 68 6 2% peak
oxygen uptake in the heat during trials with (■) and without (F)
carbohydrate ingestion. Values are means 6 SE for 6 subjects.
*Different from the Con trial, P , 0.05. All exercise values beyond 20
min are different from preexercise, P , 0.05.
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during exercise in comfortable ambient conditions,
where even modest amounts of ingested carbohydrate
blunted the exercise-induced rise in liver glucose out-
put. Our data suggest a marked feed-forward stimula-
tion of liver glucose output during exercise and heat
stress that is less sensitive to inhibition by increased
blood glucose availability.

It has been previously demonstrated that increasing
circulating glucose by glucose ingestion (5, 8, 10) or
infusion (6) attenuated the rise in HGP during exercise
in comfortable ambient conditions. It is interesting to
note that, in these previous studies that have mea-
sured HGP with glucose ingestion, the amount in-
gested was 0.6 (8), 1.7 (10), and 3.0 g/min (8). Despite
the wide range in the amount of exogenous carbohy-
drate supplied in these studies, HGP did not rise dur-
ing exercise. In contrast, although we fed the subjects
carbohydrate at a rate of ;1 g/min, HGP was increased
to a similar extent in the two trials (Fig. 1). Thus our
data suggest that exogenous heat stress renders glu-
cose availability less important in mediating HGP dur-
ing exercise. During exercise in the heat, blood flow to
the splanchnic bed is reduced (13), which may be a
consequence of increased plasma catecholamines dur-
ing exercise in the heat (Table 2; Ref. 4). This reduction
in splanchnic blood flow, and a decreased rate of gastric
emptying (11), could delay the absorption and appear-
ance of ingested glucose. Indeed, the measured gut Ra
in the present study was lower than values our labo-
ratory have observed after carbohydrate ingestion dur-
ing exercise at 20–22°C, albeit with a higher beverage
glucose concentration (10). Despite this, the peak
plasma glucose levels observed in CHO (Fig. 1) were
still 1–2 mmol/l higher than in previous studies in
which an attenuated HGP has been observed (5, 8, 10).

The inhibitory effects of increased blood glucose
availability on liver glucose output during exercise
may be due to a direct effect on the liver (12) and/or
alterations in the plasma levels of various glucoregu-
latory hormones thought to regulate liver glucose out-
put. Our laboratory has previously observed that glu-
cose ingestion or infusion increases plasma insulin
levels (10) and attenuates the increases in plasma
glucagon (10) and catecholamines (6, 10) during stren-
uous exercise. Furthermore, our laboratory has sug-
gested that higher plasma levels of catecholamines,
cortisol, and growth hormone could contribute to the
greater liver glucose output during exercise in the heat
(4). In the present study, there were no differences in
plasma hormone levels between trials (Table 2), de-
spite the higher plasma glucose levels when carbohy-
drate was ingested (Fig. 1). Thus the combination of
exercise and heat stress results in greater activation of
the neuroendocrine pathways responsible for liver glu-
cose output and renders blood glucose less effective in
modifying these responses. Our laboratory has previ-
ously suggested that the balance between neuroendo-
crine feed-forward activation and humoral feedback
inhibition of liver glucose output depends on the inter-
action between motor center activity, as determined by
exercise intensity, and the prevailing glucose and in-
sulin levels (6). Our present results suggest that the
addition of heat stress at a given exercise intensity
shifts this balance in favor of activation. We are not
able to ascertain the exact signal responsible for this
exaggerated feed-forward activation with heat stress.
Core temperature is higher during exercise in the heat
(3, 4), although our laboratory has observed differences
in perceived exertion after only 5–10 min of exercise in
the heat at a time when rectal temperatures are not yet
significantly different (4). One possibility is that the
increased skin temperature contributes to the greater
“stress” experienced during exercise in the heat.

Glucose Rd, a measure of skeletal muscle glucose
uptake during exercise, was increased during the lat-
ter stages of exercise when the subjects were fed car-
bohydrate (Fig. 2), consistent with previous observa-
tions (8, 10). This is most likely a consequence of
increased plasma glucose because MCR was similar in
the two trials (Fig. 2). The functional significance of
this small increase in glucose Rd is small. The slight
increase in total carbohydrate oxidation we observed in
the CHO trial was not statistically significant. If we
assume that all of the glucose Rd was taken up and
oxidized by contracting skeletal muscle, we can derive
a minimal estimate of total glycogen oxidation, which
was not different between trials (data not shown).

In summary, in contrast to studies conducted in
comfortable ambient conditions, carbohydrate feeding
at a rate of ;1 g/min does not attenuate liver glucose
output during exercise in the heat, despite relative
hyperglycemia. Thus the stress associated with exer-
cise in the heat results in marked feed-forward stimu-
lation of liver glucose output, which renders feed-back
mechanisms less effective.

Table 2. Plasma concentrations of lactate, insulin,
glucagon, epinephrine, norepinephrine, and cortisol
before and during 60 min of exercise at 68 6 2%
V̇O2peak in CHO or Con trials

Preexercise 30 min 60 min

Lactate, mmol/l
Con 0.960.1 3.860.7* 4.461.1*
CHO 0.960.1 4.261.3* 4.261.2*

Insulin, pmol/l
Con 74610 5868 65616
CHO 6463 88615 94615

Glucagon, ng/ml
Con 4765 5067 71610*
CHO 45613 53610 71620*

Epinephrine, nmol/l
Con 0.4660.28 1.3760.36* 1.9660.79*
CHO 0.6360.17 1.5360.56* 1.6960.45*

Norepinephrine, nmol/l
Con 2.060.5 12.564.5* 16.066.3*
CHO 2.060.9 12.165.7* 15.067.4*

Cortisol, nmol/l
Con 422647 497682 6556231*
CHO 390680 524674 7036231*

Values are means 6 SE for 6 subjects. *Different from preexercise,
main effect, P , 0.05.
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