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Abstract The purpose of the present study was to

investigate whether both glycemic index (GI) and fructose

content of a pre-exercise meal would affect substrate uti-

lization during subsequent brisk walking. Ten healthy

young males completed 60 min of 46% _VO2 max brisk

walking 2 h after they consumed one of three breakfasts: a

low-GI meal without fructose (LGI), a low-GI meal

including fructose (LGIF), and a high-GI meal without

fructose (HGI). The calculated GI values for the three

meals were 41, 39, and 72, respectively. Substrate utiliza-

tion was measured using indirect respiratory calorimetry

method. During the postprandial period, the incremental

area under the blood response curve values of glucose

and insulin were higher in the HGI trial, compared with

those in the LGI and LGIF trials (HGI vs. LGI and LGIF:

Glucose 223.6 ± 19.1 vs. 70.2 ± 7.4 and 114.1 ± 16.4

mmol min L-1; Insulin 4257 ± 932 vs. 920 ± 319 and

1487 ± 348 mU min L-1). During exercise, substrate

preference was distinct based on different pre-exercise

carbohydrate meals. Higher fat and lower carbohydrate

oxidation was observed in the LGI trial, whereas both the

HGI and LGIF trials were characterized by higher carbo-

hydrate and lower fat oxidation (LGI vs. LGIF and HGI:

Carbohydrate 59.3 ± 2.4 vs. 69.8 ± 3.9 and 72.7 ± 3.9 g;

Fat 22.7 ± 2.0 vs. 18.5 ± 1.7 and 17.6 ± 1.3 g; P \ 0.05).

In conclusion, the presence of fructose in a LGI breakfast

resulted in similar substrate utilization during subsequent

brisk walking with that induced by a HGI breakfast. It

appears that both the GI and fructose content in a breakfast

individually affect substrate utilization during subsequent

moderate intensity exercise.
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Young males � Breakfast

Introduction

Energy used to sustain steady state aerobic exercise in

humans is derived predominantly from the oxidation of car-

bohydrate (CHO) and fat (Coyle 1995). Previous studies

have shown that maximal fat oxidation often occurs during

approximately 50% _VO2 max exercise for general population

(Venables et al. 2005; Achten and Jeukendrup 2004). When

exercise intensity further increases, fat oxidation decreases,

whereas CHO oxidation is markedly increased (Achten and

Jeukendrup 2003; Romijn et al. 1993). Therefore, moderate

intensity exercise appears to be the most favorable for

eliciting a substantial short-term increase in fat oxidation.

Substrate utilization during exercise is also influenced by

nutrition status, particularly CHO ingestion before or during

exercise (Achten and Jeukendrup 2004; Coyle 1995). It has

been suggested that the consideration of food choices before

exercise is important due to their potential to influence sub-

strate utilization acutely during subsequent exercise (Achten

and Jeukendrup 2004; Stevenson et al. 2009; Wong et al.

2008; Chen et al. 2008a).

Glycemic index (GI) was first introduced by Jenkins and

his colleagues (Jenkins et al. 1981), and is used to classify

the different CHO foods according to their ability to ele-

vate plasma glucose rapidly or more slowly. It is defined

as the incremental area under the blood response curve
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(IAUC) of glucose after a portion of food containing 50 g

available CHO expressed as a percentage of that after the

same amount of CHO from a reference food, usually glu-

cose or white bread, taken by the same subject. Glycemic

index is classified as low GI (LGI \ 55), moderate GI

(MGI 55–70), and high GI (HGI [ 70) (Brand-Miller et al.

1998). Some recent studies have observed that LGI meal

consumption several hours before exercise appears to result

in higher fat oxidation and lower CHO oxidation during

subsequent moderate to high intensity exercise when

compared to HGI meal consumption (Chen et al. 2008b;

Wee et al. 2005; Wong et al. 2008; Wu et al. 2003). In

these studies, endurance-trained subjects are usually used

and they generally follow a higher intensity exercise pro-

tocol, i.e., 70% _VO2 max or above.

The investigation of the role of GI is also important for

ordinary people, particularly for those who want to increase

fat oxidation for weight management or health mainte-

nance. However, there are only a few studies that used

untrained subjects and moderate intensity exercise proto-

col. In one of these studies (Stevenson et al. 2009), it was

demonstrated that LGI meal consumption produced less

CHO oxidation and more fat oxidation during subsequent

50% _VO2 max brisk walking, compared with HGI meal

consumption. However, in another very similar study using

the same exercise protocol (Backhouse et al. 2007), no

significant effect of GI meals on the amount of fat oxidized

was noted during exercise. This inconsistent result may be

caused by different pre-exercise meals.

It is well known that fructose is a LGI CHO, whereas

glucose is a HGI CHO (Atkinson et al. 2008). However,

some earlier studies have shown that, compared with the

pre-exercise ingestion of a glucose beverage, the ingestion

of a fructose beverage causes similar substrate utilization

during exercise at 60% (Décombaz et al. 1985), 70%

(Fielding et al. 1987), or 75% _VO2 max (Hargreaves et al.

1987). When fructose is consumed as part of a mixed meal,

its effect on substrate utilization during subsequent exer-

cise may be more complicated. Therefore, fructose content

may be also an important potential influencing factor when

discussing the effect of GI meals on substrate utilization.

However, there is a paucity of studies that are conducted to

specifically investigate this effect.

The consumption of dietary fructose has increased in

conjunction with the recent rising intake of fructose-

containing sugars, largely in the form of sugar-sweetened

beverages (Storey et al. 2006; Marriott et al. 2009). More

importantly, the consumption of fructose has been sug-

gested to be related to the development of obesity, meta-

bolic syndrome, and diabetes (Bray et al. 2004; Johnson

et al. 2009). Therefore, investigating the effect of fructose

content in meals on the metabolic responses of humans is a

worthwhile endeavor. The purpose of this study was to

investigate whether both the GI and fructose content in

meal could affect substrate utilization during subsequent

brisk walking. It was hypothesized that compared with a

pre-exercise LGI meal without fructose, either a HGI meal

or the presence of fructose in a LGI meal would induce

decreased fat oxidation and increased CHO oxidation

during subsequent brisk walking.

Methods

Subjects

Ten healthy young males volunteered to participate in this

study. Their age, height, body weight, body mass index

(BMI), and _VO2 max (mean ± SD) were 21.7 ± 1.5 years,

171.3 ± 5.2 cm, 61.3 ± 5.2 kg, 20.9 ± 1.1 kg m-2, and

53.7 ± 3.7 mL kg-1 min-1. All subjects were required to

complete medical-history questionnaires and none of them

reported any medical conditions. All subjects also com-

pleted the International Physical Activity Questionnaire

(Craig et al. 2003) and they all had moderate levels of

physical activity. The present study was approved by the

University Clinical Research Ethical Committee. All sub-

jects gave their written informed consent.

Preliminary measurements

The subjects visited the laboratory to be familiarized with

the laboratory procedures and the exercise protocol on a

motorized treadmill (LE 500C, Jaeger, Germany). They

completed two preliminary tests before undertaking the

three main trials. The preliminary tests determined

the relationship between oxygen uptake ( _VO2) and sub-

maximal running speed and the _VO2 max of the subjects, as

previously described (Wong et al. 2000). Based on the

results of the two preliminary tests, the walking speed

equivalent to 50% of each subject’s _VO2 max was deter-

mined. Before the main trials, all subjects also undertook

30 min of brisk walking at the predicted speed to confirm,

and if necessary adjust, the walking speed for the main

trials.

Experimental protocol

All subjects completed three main trials in a counterbal-

anced crossover design, and the duration between any two

trials was at least seven days. Each subject was required to

have 3 days dietary records and to repeat the same diets

before each main trial to minimize the variation in muscle

and liver glycogen concentrations. The dietary records
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were analyzed using computer software (Food Processor

10.5, ESHA, USA). To maintain a euhydration condition

before each main trial, the subjects were instructed to drink

approximately 500 mL of water the night before reporting

to the laboratory. All subjects were required to refrain from

vigorous physical activities 24 h before the main trial.

After 10–12 h of overnight fasting, the subjects reported to

the laboratory at about 8 a.m. This was to ensure that they had

an empty stomach and to minimize the effect of previous

meals on the gastric emptying rate of the test meals. Upon

arrival, the subjects rested for around 15 min before a cath-

eter was inserted into the antecubital vein of the forearm.

Baseline venous and finger capillary blood samples, expired

air samples, and other baseline data, such as body weight,

heart rate (HR), rating of abdominal discomfort (RAD), and

rating of perceived thirst (RPT), were then collected. Rating

of perceived exertion (RPE) and further data were collected

at specific time points, as shown in Fig. 1.

After the collection of baseline samples, the subjects

consumed either a low-GI meal without fructose (LGI), a

low-GI meal including fructose beverage (LGIF), or a

high-GI meal (HGI) in a counterbalanced randomized

order. All foods were required to be consumed within

15 min. Subjects remained seated in a quiet area of the

laboratory for 120 min, and their activity levels were

minimal. Subjects ingested 2 mL kg-1 of distilled water

every 30 min to ensure adequate hydration and balance the

water content of the meals.

Following the 120 min postprandial period, a standard-

ized 5 min warm-up at 40% _VO2 max was performed. The

subjects then completed 60 min of brisk walking using the

pre-determined speed that elicited 50% of individual’s
_VO2 max. During exercise, 2 mL kg-1 of distilled water was

given every 15 min to the subjects to reduce the effect of

dehydration.

Prescribed test meals

Three isocaloric breakfasts were used in the present study.

All meals provided 1.0 g kg-1 body weight CHO for each

subject, and the amounts of macronutrients were also

similar among the three meals. The GI value of the entire

meal was calculated using a method described previously

(Wolever and Jenkins 1986). The calculated GI values for

LGI, LGIF, and HGI meals were 41, 39, and 72, respec-

tively. The GI values for the individual foods were taken

from the recent international GI tables (Atkinson et al.

2008). The amounts of macronutrients were similar among

the three meals (Table 1). Glucose was used in the HGI

meal to increase the GI value of the entire meal and to

match the macronutrient content between the HGI and

LGIF meals. Fructose and glucose were dissolved in water

before consumption to ensure that the concentration of

glucose or fructose beverage was around 10%. The water

content of all meals was standardized so that each meal

provided the subjects with the same volume of liquids. The

VS 
Venous blood sample,  
Rating of abdominal discomfort, 
Rating of perceived thirst 

5-min warm up at 40% VO2max

CS Capillary blood sample, Heart rate  60-min brisk walking at 46% VO2max

M Meal consumption * Expired air sample  

  noitrexe deviecrep fo gnitaR # thgiew ydoB WB

Postprandial period 

0              60             120       Ex-15   Ex-30   Ex-45   Ex-60 (min) 
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Brisk Walking
Fig. 1 Schematic

representation of the

experimental procedures
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entire meal provided around 20% energy from fat, 17%

from protein, and 63% from CHO. In the LGIF and HGI

trials, around 25% energy came from either fructose or

glucose beverage. All meals were freshly prepared in the

morning of each main trial. The preparation procedure was

standardized to minimize the influences of cooking meth-

ods. To avoid the occurrence of bias, the specific purpose

of using the GI foods and measuring the weight of the food

was not disclosed to the subjects.

Measurements

Capillary blood samples were collected from the thumb of a

pre-warmed hand using a Softclix automatic lancet (Boeh-

ringer Mannheim, East Sussex, UK) and capillary dispensers

(YSI, OH, USA) to determine the blood glucose concentra-

tion, blood lactate concentration, hemoglobin (Hb) concen-

tration, and hematocrit (Hct). Blood lactate and glucose

concentrations were determined immediately using a lactate

analyzer (Model 1502, YSI, USA) and a glucose analyzer

(Model 1502, YSI, USA). Hematocrit was determined using

a reader (Clay Adams, Autocrit Ultra 3, Englewood, NJ).

Hemoglobin was determined using clinical chemistry ana-

lyzer (Reflotron� System, Boehringer Mannheim, Ger-

many). The percentage change in plasma volume was

calculated from Hb and Hct values (Dill and Costill 1974).

An indwelling cannula (Angiocath, 22GA 1.00-in.) was

inserted into the antecubital vein of the forearm after the

subjects arrived at the laboratory and rested. The venous

blood samples were withdrawn via a three-way tap. The first

2.5 mL of samples were discarded to avoid contamination

with saline. Another 5 mL of samples were dispensed into a

nonheparinized plastic tube and left to clot at room tem-

perature for 60 min. Serum samples were then obtained and

stored in microtubes in a -35�C medical freezer. The serum

samples were analyzed for insulin concentrations later

using commercially available kits (Insulin ELISA, Merco-

dia, Sweden). Also, serum free fatty acids (FFA) and

glycerol concentrations were measured using semi-auto-

matic clinical analyzer (RX monza, Randox, UK).

Expired air samples were analyzed using a metabolic

testing system (MAX-II, Physio-Dyne, New York). Rates

of CHO and fat oxidation were calculated from _VO2 and
_VCO2 values using stoichiometric equations (Frayn 1983).

The amounts of CHO and fat oxidized were estimated from

the area under the rate of oxidation versus time curve for

each subject. The energy expenditure during exercise was

calculated by applying the equation described by McArdle

et al. (2006). Heart rate was measured by a HR monitor

(Polar PE 4000 Sport Tester, Kempele, Finland). Rating of

perceived exertion was estimated using the 6- to 20-point

Borg scale (Borg 1973). Rating of abdominal discomfort

was assessed on a 10-point scale, where 1 was ‘‘completely

comfortable’’ and 10 was ‘‘very uncomfortable’’ (Wong

et al. 2008). Rating of perceived thirst was assessed on a

10-point scale, where 1 was ‘‘not thirsty’’ and 10 was ‘‘very

thirsty’’ (Wong et al. 2008).

Statistical analysis

Data were presented as mean ± SEM. SPSS software

(version 12.0) was used for data analysis. Dependent

Table 1 Nutritional

composition of test meals (for a

60 kg subject)

LGI low-GI meal without

fructose, LGIF low-GI meal

including fructose beverage,

HGI high-GI meal, CHO
carbohydrate, GI glycemic

index
a Calculated by a method

described previously (Wolever

and Jenkins 1986), with GI

values taken from the

International GI table (Atkinson

et al. 2008)

Meals Quantity (g) Energy

(kcal)

CHO (g) Fat (g) Protein (g) Calculated

GIa

LGI

Spaghetti, cooked 182 288 56.2 10. 6 1.8

Full milk 60 38 2.9 1.9 2.0

Egg, boiled 60 65 0.3 5.5 4.4

Total 391 59.4 18.0 8.2 41

LGIF

Rice vermicelli 42 158 32.3 3.1 0.1

Egg, boiled 60 65 0.3 5.5 4.4

Ham 46 75 1.8 7.6 4.4

Fructose 26 96 26.0 0 0

Total 394 60.4 16.2 8.9 39

HGI

Rice vermicelli 45 170 33.7 3.3 0.1

Egg, boiled 60 65 0.3 5.5 4.4

Ham 45 73 1.3 7.5 3.9

Glucose 25 92 25.0 0 0

Total 400 60.3 16.3 8.4 72
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variables of the three trials (LGI vs. LGIF vs. HGI), total

substrate oxidation, and macronutrients intake for 3 days

before the main trial, were compared using one-way

analysis of variance (ANOVA) with repeated measures.

Changes in concentrations of blood glucose, blood lactate,

serum insulin, serum FFA, serum glycerol, and changes in

HR, RPE, RPT, and RAD values were analyzed by a fac-

torial (two-way, Treatment 9 Time) ANOVA with repe-

ated measures. A Bonferroni correction method was

performed at the location of the variance. Statistical sig-

nificance was set at the 0.05 level.

Results

All subjects completed the protocol as expected. However,

the venous blood samples of two subjects were not obtained

due to the difficulty in accessing veins. Therefore, the serum

insulin, FFA, and glycerol concentrations coming from

eight subjects were included in the statistical analysis.

No differences in the baseline measurements were found

among the three trials. There were also no differences in

daily energy and macronutrient composition of the sub-

jects’ diets during the 3 days before each main trial

(Table 2).

Postprandial period

Blood glucose

The blood glucose concentrations were higher in the HGI

trial than those in the LGI and LGIF trials at most time

points (Fig. 2a). The IAUC value of glucose was also

higher in the HGI trial than that in the LGI and LGIF trials

(Table 3).

Serum insulin

At most time points serum insulin concentrations were

higher in the HGI trial than those in the LGI trial (Fig. 2c).

Higher serum insulin concentration was also found at

30 min in the HGI trial than that in the LGIF trial (Fig. 2c).

The IAUC value of insulin in the HGI trial was higher than

Table 2 Daily energy and macronutrient content of diets during

3 days before each main trial (n = 10, mean ± SEM)

Trial

LGI LGIF HGI

Daily energy (kcal) 1825 ± 179 1787 ± 161 1893 ± 148

Energy from CHO (%) 52.4 ± 3.1 47.7 ± 2.2 48.2 ± 2.2

Energy from protein (%) 19.5 ± 1.4 21.8 ± 1.4 19.9 ± 1.2

Energy from fat (%) 28.0 ± 1.8 29.7 ± 1.8 32.0 ± 2.9

LGI low-GI meal without fructose, LGIF low-GI meal including

fructose beverage, HGI high-GI meal
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Fig. 2 Blood glucose concentrations (a), lactate concentrations (b),

serum insulin concentrations (c), free fatty acid concentrations (d),

and glycerol concentrations (e) during the postprandial period. Data

are presented as mean ± SEM. aP \ 0.05 versus LGI, bP \ 0.05

versus LGIF. LGI low-GI meal without fructose, LGIF low-GI meal

including fructose beverage, HGI high-GI meal
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that in the LGI and LGIF trials, whereas there was no

difference between the latter two trials (Table 3).

Blood lactate

The blood lactate concentrations were higher in the LGIF

trial than those in the LGI and HGI trials (Fig. 2b). The

IAUC value of lactate was also higher in the LGIF trial

than that in the LGI and HGI trials (Table 3).

Serum FFA

The serum FFA concentrations were lower in the HGI trial than

those in the LGI and LGIF trials at 30 and 120 min, separately

(Fig. 2d). There were no differences in serum FFA concen-

trations at any time point between the LGIF and LGI trials.

Serum glycerol

At 90 min, serum glycerol concentration was lower in the

HGI trial than that in the LGI trial (Fig. 2e).

CHO oxidation and fat oxidation

The amount of CHO oxidized was lower in the LGI trial

than that in the LGIF and HGI trials, whereas there was no

difference in the fat oxidation amount among the three

trials (Table 4).

Exercise period

Blood glucose

During the first part of exercise (15 and 30 min), blood

glucose concentrations were lower than fasting levels in all

three trials (P \ 0.05 vs. baseline). However, no differ-

ences were found in blood glucose concentrations among

the three trials (Fig. 3a).

Serum insulin

During the first part of exercise (30 min), serum insulin

concentrations were suppressed to below fasting levels in

all three trials (P \ 0.05 vs. baseline). In the LGIF and

HGI trials, they were also lower than those at the onset of

exercise (P \ 0.05 vs. P-120 min). However, no differ-

ences were found in serum insulin concentrations among

the three trials (Fig. 3c).

Blood lactate

The only difference among the three trials was found at

60 min, at which time the blood lactate concentration was

higher in the HGI trial than that in the LGI trial (Fig. 3b).

During the first part of exercise (15 and 30 min), blood

lactate concentrations were higher than those at the

onset of exercise in all trials (P \ 0.05 vs. P-120 min).

However, at 45 and 60 min, the higher blood lactate

concentrations were only found in the HGI trial (P \ 0.05

vs. P-120 min).

Serum FFA

After the onset of exercise, serum FFA concentration

gradually increased and peaked at the end of exercise in the

LGIF and HGI trials (P \ 0.05 vs. P-120 min). At 30 min,

serum FFA concentration was lower in the HGI trial than

that in the LGI trial (Fig. 3d).

Serum glycerol

Serum glycerol concentration also rose gradually after the

onset of exercise and peaked at the end of exercise

Table 3 Comparison of IAUC values of glucose, insulin, and lactate

during the postprandial period

Trial IAUC value during the postprandial period

Glucose

(mmol min L-1)

Insulin

(mU min L-1)

Lactate

(mmol min L-1)

LGI 70.2 ± 7.4 920 ± 319 43.6 ± 5.4

LGIF 114.1 ± 16.4 1487 ± 348 135.6 ± 11.0a

HGI 223.6 ± 19.1a,b 4257 ± 932a,b 68.4 ± 12.9b

IAUC Incremental area under the blood response curve, LGI low-GI

meal without fructose, LGIF low-GI meal including fructose bever-

age, HGI high-GI meal
a P \ 0.05 versus LGI
b P \ 0.05 versus LGIF

Table 4 CHO and fat oxidation amount during the postprandial

period and during exercise

Postprandial period Exercise Total

CHO oxidation amount (g)

LGI 7.0 ± 1.0 59.3 ± 2.4 66.3 ± 3.0

LGIF 15.2 ± 2.4a 69.8 ± 3.9a 85.0 ± 5.4a

HGI 12.0 ± 1.3a 72.7 ± 3.9a 84.7 ± 4.8a

Fat oxidation amount (g)

LGI 12.6 ± 1.2 22.7 ± 2.0 35.3 ± 2.6

LGIF 9.4 ± 1.1 18.5 ± 1.7a 28.0 ± 2.6a

HGI 9.7 ± 1.0 17.6 ± 1.3a 27.3 ± 2.1a

LGI low-GI meal without fructose, LGIF low-GI meal including

fructose beverage, HGI high-GI meal
a P \ 0.05 versus LGI
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(P \ 0.05 vs. P-120 min). At the end of exercise, serum

glycerol concentration was lower in the HGI trial than that

in the LGIF trial (Fig. 3e).

CHO oxidation and fat oxidation

Compared with those in the LGI trial, the CHO oxidation

amount was higher, and the fat oxidation amount was lower

in the LGIF and HGI trials, whereas no difference was

found in either CHO or fat oxidation amount between the

latter two trials (Table 4).

HR, RPE, exercise intensity, and energy expenditure

No differences were found among the three trials (LGI vs.

LGIF vs. HGI) in average HR (130 ± 2 vs. 130 ± 3 vs.

131 ± 3), RPE (12 ± 0.7 vs. 12 ± 0.7 vs. 13 ± 0.6),

exercise intensity (45.6% ± 0.8% vs. 45.5% ± 1.0% vs.

45.7% ± 0.9% _VO2 max), and calculated energy expendi-

ture (437 ± 17 vs. 437 ± 15 vs. 438 ± 15 kcal).

Changes in perceptual variables (RPT and RAD)

during the entire experiment

No differences were observed in the RPT and RAD among

the three trials. However, the RPT and RAD were higher

during exercise than those during the postprandial period in

all three trials (data not shown here).

Discussion

The major finding of this study was that compared with a pre-

exercise LGI meal without fructose, either a HGI meal or a

LGI meal including certain amount of fructose resulted in a

greater rate of CHO oxidation and less fat oxidation during

subsequent brisk walking. Although HGI meal attenuated the

availability of glycerol compared with LGIF meal, there were

no differences in substrate utilization between the two trials.

The novelty of the present study was that it was the first time to

investigate the effect of both the GI and fructose content of a

pre-exercise meal on substrate utilization during subsequent

moderate intensity exercise.

During the postprandial period, higher CHO oxidation

was found in the HGI trial than that in the LGI trial,

whereas no difference was found in fat oxidation between
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the two trials (Table 4). This result was a little different

from the previous study (Stevenson et al. 2009), in which

higher fat oxidation was also found during the postprandial

period in the LGI trial. This inconsistent result might be

partly due to the different subjects between the two studies.

In the present study healthy young males were used,

whereas sedentary females were used in the previous study

(Stevenson et al. 2009). Females have been reported to

demonstrate greater fat utilization and less carbohydrate

and protein metabolism than equally trained and nourished

males during moderate intensity exercise (Tarnopolsky

et al. 1990).

Previous studies have indicated that the GI of meals may

be an important factor influencing substrate utilization

during subsequent moderate to high intensity exercise.

Some studies have observed lower fat oxidation and higher

CHO oxidation during exercise after HGI meal consump-

tion than LGI meal consumption (Chen et al. 2008b; Wee

et al. 2005; Wong et al. 2008; Wu et al. 2003). The

mechanism behind this may be the reduced hyperglycemia

and hyperinsulinaemia during the postprandial period fol-

lowing LGI meal consumption. A previous study demon-

strated that compared with LGI meals consumption, a rapid

increase in blood glucose and insulin concentrations during

the postprandial period after HGI meals consumption

facilitated the muscle glycogen synthesis and augmented

its utilization during subsequent exercise (Wee et al. 2005).

In addition, it is well known that insulin can suppress the

lipolysis (Campbell et al. 1992). This suppression appears

to be long lasting, even when insulin concentration has

returned to basal levels (Montain et al. 1991; Coyle 1991).

Therefore, the higher insulin concentration after HGI meals

consumption has been suggested to be more favorable for

CHO oxidation and therefore decrease the fat oxidation

during subsequent exercise (Wu et al. 2003).
Several studies also have been conducted to investigate

this effect during low to moderate intensity exercise

(Stevenson et al. 2009; Backhouse et al. 2007; Bennard and

Doucet 2006). One recent study (Stevenson et al. 2009)

found lower fat oxidation and higher CHO oxidation during

50% _VO2 max brisk walking in the HGI trial than in the LGI

trial. Similar results were also found in the present study

(Table 4). As discussed previously, the difference in sub-

strate utilization during exercise between the LGI and HGI

trials could also be partly explained by reduced hyperin-

sulinaemia during the postprandial period in the LGI trial

(Fig. 2c). Therefore, the results of the present study,

together with the previous findings, indicated that the GI

was also an important influencing factor on substrate uti-

lization during subsequent moderate intensity exercise.

In addition, several previous studies reported the lower

FFA concentrations during exercise, particularly at the first

part of exercise, after consumption of a HGI meal than a

LGI meal (Wong et al. 2008; Wee et al. 2005). The lower

FFA concentration was also found at 30 min during exer-

cise in the HGI trial than that in the LGI trial in the present

study (Fig. 3d). This may be caused by higher insulin

concentrations after HGI meal consumption (Fig. 2c), for

even very small increases in insulin have a marked sup-

pression effect on lipolysis (Campbell et al. 1992).

Therefore, a lower rate of lipolysis results in reduced FFA

concentration, which may also decrease the availability of

FFA for oxidation.

However, in a very similar study using the similar

exercise protocol and subjects (Backhouse et al. 2007),

no significant effect of GI meals on the amount of fat or

CHO oxidized during exercise was noted. Another study

(Bennard and Doucet 2006) also found similar substrate

utilization during exercise between the HGI and LGI trials.

The inconsistent results may be partly explained by the

differences in pre-exercise meals. In these two studies, two

meals produced similar glycemic and insulinemic respon-

ses, which was very different from the present study and

the previous study (Stevenson et al. 2009). It was worth

mentioning that in these two studies (Backhouse et al.

2007; Bennard and Doucet 2006), more fructose contents

were included in the LGI trial because of more fruits,

unsweetened apple juice, or fructose beverage. Unfortu-

nately, the authors did not discuss whether this difference

could influence substrate utilization.

To investigate whether fructose content in pre-exercise

meal was also an important influencing factor on substrate

utilization during subsequent moderate intensity exercise,

another LGI meal was included in the present study in

which fructose beverage supply around 25% of total

energies. As expected, the similar glycemic and insuli-

naemic responses were found between the LGI and LGIF

trials (Fig. 2a, c; Table 3). In addition, similar FFA and

glycerol concentrations were also found between the two

trials (Fig. 2d, e), which indicated the similar availability

of FFA. Despite all of these similarities, higher CHO

oxidation and less fat oxidation were found in the LGIF

trial than in the LGI trial (Table 4). Because of the similar

GI value and macronutrient contents, the inconsistent

results in substrate utilization between LGI and LGIF trials

may be explained by the influence of more fructose content

in the LGIF trial than in the LGI trial. The metabolism of

fructose in the liver can bypass the first rate-limiting

enzymes of glycolysis, and thus be expected to be more

readily oxidized (Lê and Tappy 2006).

In present study, higher blood lactate concentrations

were found during the postprandial period in the LGIF trial

compared with those in the LGI trial (Fig. 2b; Table 3).

These data suggested that glycolysis was much higher in

the LGIF trial, which also might be caused by the metab-

olism of fructose in the liver (Lê and Tappy 2006). Lactate
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is an important product of fructose metabolism in the liver,

and because fructose uptake by the liver is not inhibited,

fructose consumption will result in a larger increase in

circulating lactate than a comparable amount of glucose

consumption (Bjorkman et al. 1989). It has been suggested

that fructose-induced hyperlactatemia may contribute to

the suppression of adipose lipolysis (Abdel-Sayed et al.

2008). Furthermore, the increased blood lactate during the

postprandial period can be metabolized directly in working

muscle during subsequent exercise, which also may

increase CHO oxidation (Ahlborg and Bjorkman 1990).

Therefore, it seems that fructose is more favorable for

increased CHO oxidation. In previously mentioned study

(Backhouse et al. 2007), blood lactate concentrations were

also significantly elevated following the ingestion of the

LGI meal because of more fructose. This might be another

reason that no difference in substrate utilization was found

between the LGI and HGI trials in this study.

In the present study, the food contents were similar

between the LGIF and the HGI trials except for the bev-

erages. Instead, the planned differences between the two

meals were the GI and fructose content. Despite the

expected differences in glycemic and insulinemic respon-

ses during the postprandial period between these two trials

(Fig. 2a, c; Table 3), substrate utilization was similar

during subsequent exercise (Table 4). Previous studies

suggested that during resting status, fructose consumption

suppressed lipolysis and whole-body lipid oxidation com-

pared with glucose (Chong et al. 2007; Blaak and Saris

1996), most likely because of the stimulation of the hepatic

de novo lipogenesis and a concomitant inhibition of tissue

lipid oxidation. In the present study, however, it appeared

that during exercise lipolysis was not suppressed by the

increased fructose content in the LGIF trial, as glycerol

concentrations were higher in the LGIF trial than that in the

HGI trail (Fig. 3e). This could be explained by lower

glycemic and insulinemic responses after LGIF meal con-

sumption. On the other hand, as discussed previously,

fructose appeared to be more favorable for increased CHO

oxidation during exercise. Therefore, the interaction of GI

and fructose content in these two trials may induce similar

substrate utilization. This result also indicated that more

fructose content in the LGIF trial might alter the ability to

oxidize fat in the exercising muscle.

Some earlier studies also found similar substrate utili-

zation during exercises with different intensities after

ingesting either fructose or glucose beverages (Décombaz

et al. 1985; Fielding et al. 1987; Hargreaves et al. 1987).

However, the results coming from studies examining the

effects of fructose beverage alone may not be applicable to

the fructose beverage in a normal diet. Therefore, the

results of the present study indicated that fructose contents

in the pre-exercise meal could be another important

influencing factor in determining substrate utilization dur-

ing subsequent moderate intensity exercise.

The consumption of a large amount of pure fructose

could exceed the capacity of intestinal fructose absorption

and result in abdominal symptoms (Truswell et al. 1988).

However, in the present study, the fructose content was

similar with that adopted in previous study (Stanhope et al.

2008). It appeared that the amount of fructose used in the

present study did not induce obvious abdominal symptoms.

This was also supported by the result that there were no

differences in RAD among the three trials even during

exercise.

In conclusion, compared with LGI meal without fruc-

tose, either HGI meal or LGI meal including certain

amount of fructose (*25% energy sources) consumption

resulted in increased CHO oxidation and decreased fat

oxidation during 60 min of subsequent brisk walking.

Therefore, both the GI and fructose content of the pre-

exercise meal could be important factors influencing sub-

strate utilization during subsequent moderate intensity

exercise. Further studies are required to investigate the

long-term influences of fructose consumption on substrate

utilization or whether a smaller amount of fructose con-

sumption will not disturb the influence of GI.
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Décombaz J, Sartori D, Arnaud MJ, Thelin AL, Schurch P, Howald H

(1985) Oxidation and metabolic effects of fructose or glucose

ingested before exercise. Int J Sports Med 6(5):282–286. doi:

10.1055/s-2008-1025852

Dill DB, Costill DL (1974) Calculation of percentage changes in

volumes of blood, plasma, and red cells in dehydration. J Appl

Physiol 37(2):247–248

Fielding RA, Costill DL, Fink WJ, King DS, Kovaleski JE, Kirwan JP

(1987) Effects of pre-exercise carbohydrate feedings on muscle

glycogen use during exercise in well-trained runners. Eur J Appl

Physiol 56(2):225–229. doi:10.1007/BF00640649

Frayn KN (1983) Calculation of substrate oxidation rates in vivo from

gaseous exchange. J Appl Physiol 55(2):628–634

Hargreaves M, Costill DL, Fink WJ, King DS, Fielding RA (1987)

Effect of pre-exercise carbohydrate feedings on endurance

cycling performance. Med Sci Sports Exerc 19(1):33–36

Jenkins DJA, Wolever TMS, Taylor RH, Barker H, Fielden H,

Baldwin JM, Bowling AC, Newman HC, Jenkins AL, Goff DV

(1981) Glycemic index of foods: a physiological basis for

carbohydrate exchange. Am J Clin Nutr 34(3):362–366

Johnson RJ, Perez-Pozo SE, Sautin YY, Manitius J, Sanchez-Lozada

LG, Feig DI, Shafiu M, Segal M, Glassock RJ, Shimada M,

Roncal C, Nakagawa T (2009) Hypothesis: could excessive

fructose intake and uric acid cause type 2 diabetes? Endocr Rev

30(1):96–116. doi:10.1210/er.2008-0033
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