Available online at www.sciencedirect.com

ScienceDirect Metabolism

Clinical and Experimental

X et =N
ELSEVIER Metabolism Clinical and Experimental 58 (2009) 11911199

www.metabolismjournal.com

Effect of resistance exercise, with or without carbohydrate
supplementation, on plasma ghrelin concentrations and postexercise
hunger and food intake

Tasha P. Ballard®, Christopher L. Melby™®*, Heidi Camus®, Matthew Cianciulli®, Julie Pitts,
Stacy Schmidt®, Matthew S. Hickey™"

*Department of Food Science and Human Nutrition, Colorado State University, Fort Collins, CO 80523, USA
®Department of Health and Exercise Science, Colorado State University, Fort Collins, CO 80523, USA

Received 4 September 2008; accepted 23 March 2009

Abstract

The effects of resistance exercise with and without carbohydrate (CHO) supplementation on hunger, postexercise food intake, and plasma
ghrelin, an orexigenic gastric peptide, are poorly characterized. We examined the individual and combined effects of a resistance exercise bout
and CHO consumption on plasma ghrelin and postexercise food intake. Twenty-one apparently healthy young male participants ([mean + SD]
age = 20 + 1.8 years, body mass index = 24.8 + 3.3 kg/m*) completed in random order 3 treatment conditions: (1) ExCHO—80-minute
resistance exercise bout while consuming CHO (~77 g CHO, 306 kcal); (2) ExXPLA—identical exercise with a noncaloric placebo; and (3)
NoExCHO-—no-exercise trial of quiet sitting and CHO consumption. Blood samples were obtained before, during, and immediately
postexercise, and 110 minutes after exercise. At 2 hours postexercise, they were provided a buffet of food from which they ate ad libitum.
There was a significant time X treatment interaction for plasma ghrelin caused by a decline from pre- to postexercise in the 2 exercise
conditions compared with an increase over time in the NoExCHO condition. At 110 minutes postexercise, ghrelin was 21% and 13% lower in
ExCHO and ExPLA compared with NoExCHO (both Ps < .05). However, despite the lower ghrelin concentrations for the 2 exercise
conditions, the subjective ratings of hunger were not lower for these conditions compared with the NoExCHO. There were no differences in
absolute ad libitum energy intake from the buffet among the 3 conditions, but relative energy intake from the buffet accounting for the
estimated cost of exercise was lowest among the 2 exercise conditions. We conclude that (1) weight lifting lowers plasma ghrelin
concentrations during exercise and attenuates its rise during the postexercise period in young men and (2) the lower plasma ghrelin
concentration is not associated with lower subjective feelings of hunger measured 100 minutes postexercise, but is associated with a lower
relative food intake.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Heavy exercise is, by its very nature, characterized by
an acute state of negative energy balance. It is intuitive
then that acute exercise would stimulate a compensatory
postexercise hunger leading to subsequent food intake and
restoration of energy homeostasis. However, heavy exer-
cise may actually result in a prolonged negative energy
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balance. We [1] and others [2-4] have shown that, despite
heavy endurance exercise, energy intake during the
exercise day and possibly even for days after exercise is
often not sufficiently increased to compensate for the
energy cost of the activity. Less is known about the effects
of resistance exercise on postexercise energy homeostasis,
but there is evidence that a single vigorous bout of weight
lifting can produce a prolonged metabolic perturbation in
both men [5] and women [6]. Reasons for the failure to
immediately compensate for the increased energy expen-
diture from exercise are not clear, but might be at least
partially explained by exercise-induced changes in neural
and/or hormonal stimuli that influence sensations of
hunger and satiety.
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Appetite and energy balance are regulated in part by
various gut peptides including peptide YY (PYY), glucagon-
like peptide—1 (GLP-1), and ghrelin [7,8]. Peptide YY and
GLP-1 are involved in the suppression of appetite [9],
whereas ghrelin, conversely, has been shown to stimulate
food intake [10,11]. Circulating ghrelin increases with
fasting and in turn is linked to increased hunger and food
intake by activating hypothalamic neurons that release
neuropeptide Y and agouti-related protein [12]. Circulating
ghrelin peaks in the preprandial state that stimulates food
intake, and decreases after meal ingestion [13]. This decline
is tied to increased satiety. One might surmise that, in
defense of energy homeostasis, an acute energy deficit
associated with exercise could result in changes in gut
peptide concentrations that would lead to compensatory
feeding and rapid restoration of acute energy balance. In line
with this argument, Leidy et al [14] found a combination of
energy restriction and exercise over a 3-month period to
increase 24-hour plasma ghrelin. However, the study did not
address the effect of acute exercise independent of long-term
dietary restriction; nor did it address the acute effects of
vigorous exercise independent of weight loss. In a recent
study, acute aerobic exercise for 60 minutes resulted in lower
postexercise hunger levels and lower relative food intake,
which were linked to increased GLP-1 and PYY [15]. These
data support the notion that acute acrobic exercise induces a
postexercise anorexia and that the failure to rapidly defend
the acute energy deficit is associated with increases in
anorexigenic gut peptides.

In addition to changes in GLP-1 and PYY, the failure to
rapidly restore energy homeostasis in response to vigorous
exercise could be related to low circulating ghrelin, leading
to a lower physiologic stimulus to eat. However, acute
endurance exercise does not appear to affect plasma ghrelin
concentrations [15,16], although several recent reports
suggest the possibility that such exercise may reduce
circulating ghrelin in the postexercise period [17,18],
especially its most active acetylated form. A recent study
in animals showed that endurance exercise had no effect on
plasma ghrelin concentrations, but reduced hypothalamic
ghrelin. The latter was related to a decrease in appetite and to
exercise-induced weight loss [19]. Although only a few
studies have examined the effect of resistance exercise on
plasma ghrelin, the results suggest that acute weight lifting
exercise suppresses plasma ghrelin concentrations [20,21].
The lower ghrelin concentration could then contribute to a
reduced sense of hunger and a lower drive to eat, thus
contributing to the postexercise anorexia. However, in these
resistance exercise studies, there was no attempt by the
authors to measure the possible effects of the lower
postexercise plasma ghrelin concentrations on hunger and
food intake.

It is also possible that attenuating the acute energy deficit
resulting from exercise by caloric consumption, as in the
case of drinking a carbohydrate (CHO) beverage during
exercise, could alter postexercise hunger and food intake.

For example, we have previously found that, in response to
ingesting a CHO beverage during exercise compared with
noncaloric placebo, young women compensated by con-
suming less energy during the remainder of the day [1].
Given that administration of both oral and intravenous
glucose lower plasma ghrelin in humans [22], such
compensation seen in our previous study could be related
to lower postexercise plasma ghrelin concentrations. The
possible effect of energy consumption vs noncaloric placebo
during resistance exercise on ghrelin and postexercise energy
intake has not been studied. Accordingly, the purpose of this
study was to examine the effect of resistance exercise, with
and without at least partial energy replacement using a CHO
beverage, on plasma ghrelin, glucose, insulin, hunger, and
postexercise energy intake. We hypothesized that, if blood
glucose were better maintained during and after exercise
because of CHO ingestion, this might result in lower
subjective ratings of hunger and less buffet food intake
compared with the placebo condition. We further hypothe-
sized that, if the exercise produced a decline in ghrelin, this
would result in lower subjective feelings of hunger and lower
energy intake from the buffet.

2. Methods
2.1. Study design

A randomized, double-blind, placebo-controlled study
was used to test the effects of a CHO beverage consumption
during acute resistance exercise on postexercise hunger,
satiety, energy intake, and plasma ghrelin concentrations.
Study participants completed each of 3 different conditions
in random order: (1) exercise-CHO condition (ExXCHO)—
participants completed a strenuous resistance exercise
session (weight lifting) while drinking the CHO beverage
at specified periods throughout the study protocol; (2)
exercise-placebo condition (ExPLA)—participants com-
pleted the resistance exercise session while consuming a
noncaloric placebo supplement at the same specified periods
as the ExXCHO condition; and (3) no-exercise—carbohydrate
condition (NoExCHO)—participants received the same
CHO beverage at the same periods as the ExXCHO condition,
but sat quietly rather than exercising. The CHO beverage
(Gatorade, Barrington, IL) contained 6% CHO in the form of
glucose and sucrose.

2.2. Subjects

Twenty-one apparently healthy men between the ages of
19 and 24 years participated in the study. Potential subjects
were screened with a medical history questionnaire to
exclude those with diabetes or any impairment or injury that
would affect participation in the resistance exercise
protocol. Subjects were nonsmokers, had no self-reported
history of disordered eating, and were recreational weight
lifters (2-4 sessions per week) and therefore familiar with
the lifting machines. One subject did not participate in the
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blood sampling protocol, so blood biomarkers are reported
for 20 subjects.

2.3. Specific procedures

2.3.1. Resting energy expenditure

Resting energy expenditure (REE) was measured for the
purpose of estimating daily energy requirements. Subjects
reported to the laboratory between 7:00 and 9:00 AM after
a 12-hour fast. Resting metabolic rate (RMR) was
measured via indirect calorimetry (CPX Express; Med
Graphics, St Paul, MN). Respiratory gas exchange was
measured during 30 minutes of quiet rest in a supine
position. During this time, VO, and VCO, were measured,
with the values during the final 15 minutes averaged to
determine REE. The deWeir [23] equation was used to
convert respiratory gas exchange values to energy
expenditure (in kilocalories).

2.3.2. Dietary protocol

Subjects’ habitual eating patterns were analyzed using 3-
day diet records. A food preference questionnaire was also
completed by each subject to rate his preferences for various
food items to ensure acceptability of the food provided
during each of the treatment conditions. The Food Intake
Analysis Software (FIAS version 3; University of Texas
Health Sciences Center, School of Public Health, 1998) was
used to analyze total energy and macronutrient intake and to
create each subject’s diet. This software consists of the
Primary Data Set and the Survey Nutrient Data Base of the
National Nutrient Data Bank, which the United States
Department of Agriculture developed and maintains.

Because energy balance and macronutrient intake can
influence hunger, satiety, and feeding behavior, it was
important to provide the same diet during the 24 hours before
each testing day, as well as the same breakfast the morning of
each of the 3 treatments. Each subject’s sedentary 24-hour
energy intake requirement was determined by multiplying
his 24-hour REE by an activity factor of 1.4. Food was
provided the day before each treatment, with diets composed
of approximately 65% CHO, 20% fat, and 15% protein.
Diets were consistent within each subject for all 3 trials. Each
participant was instructed to only eat the food provided for
the pretrial day, to stop eating and drinking anything but
water 12 hours before he came to the laboratory the next day,
and to refrain from exercise during the pretrial day as well.
For the breakfast the morning of each trial, 25% of the
previous day’s kilocalories for each subject were provided in
a standardized meal. An example of a typical breakfast was a
slice of whole wheat toast with peanut butter, an individual
8-0z container of fruit-flavored yogurt, a banana, an apple,
and a glass of milk.

2.4. Exercise protocol

2.4.1. Pretesting
At least 1 week before the first workout session, subjects
reported to the weight lifting gymnasium to determine the

maximum weight the individual could lift at 1 time (1 RM)
for each of the 8 different lifts. Because the subjects were
experienced with weight lifting exercise, they first estimated
their own theoretical 1 RM for each lift. They then engaged
in a warm-up protocol that involved several sets at a lighter
weight (eg, 10 reps at ~40% of the estimated 1 RM, 8 reps at
~60%, 2 reps at 80%, 1 rep at 90%). After an attempt at their
estimated 1 RM, the resistance was adjusted after investi-
gator-subject discussion as to the ease or difficulty of the lift,
using approximately 2.5- to 5-kg increments until the subject
could only execute a single repetition of the particular lift
using correct form. All attempts were separated by at least 3
minutes of rest.

In addition, at least 4 days before the first experimental
exercise condition, subjects participated in the identical
weight lifting protocol used for the ExPLA and ExCHO
conditions to familiarize them with the protocol.

2.4.2. Resistance exercise protocol

The morning of the trial, participants reported to the
laboratory after a 12-hour fast, at which time they were
weighed, were fed a standardized breakfast, and completed a
postprandial visual analog scale (VAS) hunger questionnaire.
Two hours after the onset of breakfast, the participants’ first
blood samples were obtained to measure preexercise
glucose, insulin, and ghrelin. All subjects then completed a
second hunger questionnaire. Immediately before beginning
the exercise protocol, subjects were weighed using a
standard balance beam scale.

Participants completed an 8-exercise protocol (ie, 8
different lifts) addressing the major skeletal muscle groups.
These included chest press, seated rows, shoulder press,
triceps extension, biceps curls, leg press, leg extensions, and
leg curls. A total of 4 sets were completed for each of the 8
different lifts. The first 3 sets of each exercise consisted of
10 repetitions at a weight equivalent to 70% of the subject’s
1 RM. Each set was separated by a 2-minute timed interval
from the start of one set to the start of another set. The
resistance for the fourth and the final set was 55% of the
subject’s 1 RM, with the subject completing as many reps as
possible until the onset of exhaustion (ie, failure to complete
the lift unaided through the full range of motion). A 3-minute
rest period separated the final set of one particular exercise
and the commencement of the first set of the next exercise. In
addition, there was an 8-minute rest period between the
fourth and fifth of the 8 total exercises performed, during
which time blood samples were obtained and the hunger/
satiety questionnaire was administered. In a previous work in
our laboratory [5] in which subjects performed a similar
protocol and respiratory gas exchange measures were
obtained, we estimated the gross energy cost of the exercise
bout to be 7 to 9 kcal/min. Given the longer rest interval in
the current study halfway through the exercise session,
which was not present in our previous study, we used a gross
energy cost estimate of the exercise session to be at the lower
end of the range at 7 kcal/min and calculated the estimated
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net energy cost of the exercise bout for each subject
according to the following formula: net energy cost = (7 kcal/
min * 80 minutes) — REE for 80 minutes. The REE for 80
minutes was determined by multiplying each subject’s
measured RMR (in kilocalories per minute) by 80 minutes.
The estimated mean net energy cost of the exercise sessions
was 452 £ 18 kceal.

2.4.3. Carbohydrate supplement

Study volunteers consumed 150 mL of CHO or placebo
5 minutes before beginning the exercise or sitting session
and consumed this same amount 5 minutes after the
exercise or sitting session. During the actual exercise and
controlled sitting sessions, the total volume of fluid
ingested was 12 mL/kg of body weight divided into 32
servings, for a mean fluid intake of approximately 990 mL
during the 80 minutes of exercise or sitting. The mean
total supplemental CHO or placebo that was consumed
each session (before, during, and after exercise or rest) was
76.6 £ 1.96 g (1278.33 = 32.67 mL). This was equivalent
to 306.4 + 7.9 kcal.

2.5. Timeline
The specific order of events by time is provided below:

® 7:00 am: Study participant reports to laboratory.
Breakfast is consumed, and hunger/satiety ques-
tionnaire is administered immediately post—break-
fast consumption.

® 9:10 AM: Hunger/satiety questionnaire is adminis-
tered, body weight is measured, and blood samples
are obtained.

® 9:25 AM: 150 mL of CHO or placebo beverage is
consumed.

® 9:30 am: Exercise or quiet sitting protocol begins.

® 10:10 aM: Blood sample is obtained after the fourth
resistance exercise for EXCHO and ExPLA, and at the
midpoint of the quiet sitting protocol. Hunger/satiety
questionnaire is administered.

® 10:50 am: Blood sample is obtained immediately after

the final lift of the exercise session, hunger/satiety

questionnaire is administered, body weight is mea-

sured, and 150 mL of CHO beverage is consumed.

12:20 pm: Blood sample is obtained.

12:30 pM: Hunger/satiety questionnaire is administered.

12:45 pm: Buffet.

13:15 pm: Hunger/satiety questionnaire is adminis-

tered, and final blood sample is obtained.

2.6. Subject measurement of hunger and satiety

A VAS questionnaire for hunger and satiety was used a
total of 6 times throughout the protocol: postbreakfast
(7:15 am), preexercise (9:10 aM), middle of exercise (10:10
AM), postexercise (10:50 am), prebuffet (12:30 pm), and
postbuffet (13:15 pm). Self-reported perceptions of hunger
and fullness were obtained from the questionnaire. Subjects

provided ratings by placing a mark on a 100-mm line with
the 2 opposite extremes identified at the respective ends of
the line.

2.7. Blood sampling

Blood samples were obtained by venipuncture at 5
different time points during each of the 3 treatment
protocols: at baseline just before beginning the exercise
session or controlled rest (9:10 Am), halfway through the
exercise or controlled rest session (10:10 AM), immediately
postexercise or rest (10:50 am), at 110 minutes postexercise
or rest (12:20 pMm), and at 150 minutes postexercise or rest,
after consumption of food from the “buffet” (13:15 pm).
Blood was drawn into Vacutainer tubes containing EDTA,
which were then immediately put on ice. After all 5 samples
were collected, they were centrifuged; and plasma was
removed and stored in a —70°C freezer for later analysis.
Upon completion of all 3 protocols by all of the subjects,
the plasma was taken to the University of Colorado Health
Sciences Center and analyzed for glucose by the glucose
oxidase method, and for insulin and ghrelin by enzyme-
linked immunosorbent sandwich assays.

2.8. Measured food intake

Two hours after the cessation of the exercise bout,
subjects were presented with a food buffet. They were
instructed to sit at the buffet for a total of 30 minutes and
cat whatever foods in whatever amounts they wanted.
Participants were not told that their food consumption was
being measured, in an attempt to decrease any confounding
variables that could influence the amount and types of food
consumed. The same food items were present in every
buffet, set up in the same place, and weighed (Ohaus
CS2000 Compact Scale, Pine Brook, NJ), before setting up
the buffet to determine the same gram weight for each food
item. After the 30-minute period, every food item,
container, and wrapper were reweighed to calculate the
amounts (in grams) of each food item consumed. The
macronutrient composition of the meal was then analyzed
with FIAS399 for total kilocalories.

Given the additional CHO consumed in 2 of the 3
conditions (ExCHO and NoExCHO) and the additional
energy expenditure in 2 of the 3 conditions (ExCHO and
ExPLA), the energy intake from the buffet was calculated
as a relative value, adjusting for the CHO supplement and
for the net energy cost of exercise using the following
formula: relative energy intake from the buffet = buffet
energy intake plus supplemental CHO intake during
exercise or sitting, minus the estimated net exercise
energy expenditure.

2.9. Data analysis

Data were analyzed by SPSS (Chicago, IL) software
using a 2-way (condition X time) repeated-measures analysis
of variance, with post hoc comparisons made where



T.P. Ballard et al. / Metabolism Clinical and Experimental 58 (2009) 1191-1199 1195

Table 1

Physical characteristics of the subjects (n = 21; mean + SD)

Age (y) 20+ 1.8
Weight (kg) 82.3+13.6
Height (cm) 181.7+7.3
BMI (kg/m?) 248 +33
Fasting blood glucose (mg/dL) 83.1 +13.0
RMR (kcal) 1940 + 315

appropriate using least significant difference tests. Statistical
significance was set at P less than .05.

3. Results

The physical characteristics of study participants (n =21)
are reported in Table 1. All subjects were normal-weight
young men who engaged in resistance exercise 2 to 4 times
per week, but none were competitive body builders or
participants in intercollegiate sports that required a specific
training regimen.

3.1. Exercise bouts

Table 2 shows the mean amount of weight lifted for each
specific lift as well as the mean total amount of weight lifted
for each of the 2 exercise treatments. These values were
determined based on the amount of weight lifted for each
exercise multiplied by the number of repetitions during all 4
sets. The total amount of weight lifted for all 8 lifts was
similar for the 2 exercise conditions; that is, there were no
differences in weight lifted whether the CHO beverage was
consumed or not.

3.2. Plasma glucose, insulin, and ghrelin changes over time

Baseline plasma glucose concentrations did not differ
among the 3 conditions the morning of each trial (Fig. 1). A
significant time x treatment interaction was found (P <.001),
with post hoc comparisons revealing that, at the completion
of exercise session, plasma glucose concentrations were
higher for ExCHO than for both other conditions. However,

Table 2
Amount of weight lifted (in kilograms) (weight x repetitions x sets) for each
of the 2 exercise bouts (n = 21)

Exercise ExCHO mean = SD ExPLA mean = SD
Chest 2708 + 577 2748 + 552

Row 2543 + 456 2520 + 472

Leg press 6096 + 2031 6351 + 2089

Leg extension 2943 + 787 2959 + 832

Leg curl 1936 + 380 1883 + 386
Shoulder 1658 + 389 1652 + 328
Biceps 1050 + 286 1058 + 277
Triceps 1031 + 250 1042 + 287

Total weight lifted 19779 + 3402 20142 + 3875

There were no significant treatment differences in the amount of weight
lifted for any single exercise or for the total bout.
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Fig. 1. Plasma glucose concentrations (mean + SEM) determined before,
during, and postexercise, and before and after food consumption from the
buffet in 20 subjects, each completing the 3 conditions. There was a
significant time x condition interaction with plasma glucose. *ExCHO
different than EXPLA (P <.05); SExCHO different from NoExCHO (P <.05).

glucose concentrations 90 minutes postexercise (minute 170)
were lower for the EXCHO compared with the ExXPLA and
NoExCHO conditions (P <.001). Immediately after buffet
consumption, plasma glucose remained lower for ExCHO
compared with NoExCHO (P <.05).

There were no significant differences in baseline insulin
concentrations the morning before each trial (Fig. 2). A
significant time x treatment interaction was found (P <.001);
and post hoc comparisons revealed that, at the midpoint of
exercise, the insulin concentrations differed significantly
among all 3 conditions. Immediately after exercise, ExXPLA
had significantly lower plasma insulin than ExCHO (P <
.001) and NoExCHO (P <.001). Insulin concentrations were
not different among conditions at the measured time interval
between the end of exercise and buffet consumption. As
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Fig. 2. Plasma insulin concentrations (mean + SEM) determined before,
during, and postexercise, and before and after food consumption from the
buffet in 20 subjects, each completing the 3 conditions. There was a
significant time X condition interaction with plasma insulin. *ExCHO
different from EXPLA (P <.05); *ExCHO different from NoExCHO (P <.05);
"ExPLA different from NoExCHO (P <.05).
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Fig. 3. Plasma ghrelin concentrations (mean + SEM) determined before,
during, and postexercise, and before and after food consumption from the
buffet in 20 subjects, each completing the 3 conditions. There was a
significant time X condition interaction with plasma ghrelin. *ExCHO
different from EXPLA (P <.05); *ExCHO different from NoEXCHO (P <.05);
"ExPLA different from NoExCHO (P <.05).

expected, insulin levels rose sharply in response to feeding
from the buffet in all conditions.

There was a significant baseline difference in plasma
ghrelin concentrations at the morning of each trial between
the no-exercise and exercise conditions (P < .05). Ghrelin
decreased in response to exercise compared with an increase
in the no-exercise condition (treatment x time interaction,
P <.05) (Fig. 3). Carbohydrate consumption during exercise
did not lower plasma ghrelin concentrations at the midpoint
and end of exercise any more than exercise alone. Ninety

80+
70
60+
50
40+

30+

Hunger Rating

204

10

PostBkfst Pre-Ex Mid-Ex Post-Ex Pre-Buf Post-Buff

Time

Fig. 4. Subject hunger ratings (mean + SEM) in response to the question
“How hungry do you feel right now?” on a VAS from 0 to 100 (0 = not
hungry at all; 100 = extremely hungry). Hunger ratings displayed a time
effect based on a progressive increase until the buffet feeding and then a
subsequent decrease postbuffet. There was no significant treatment effect
and no treatment X time interaction.
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Fig. 5. Relative buffet energy intake (mean + SEM). There were significant
differences among all 3 conditions. Different symbols indicate group
differences at P less than .05.

minutes after exercise, ghrelin concentrations remained
significantly lower for the EXCHO and ExPLA conditions
than for NoExCHO (P < .05). At this same time point,
plasma ghrelin was lower for EXCHO than ExPLA; but the
difference did not reach statistical significance (P = .1).
Immediately after buffet consumption, plasma ghrelin
concentrations were at their highest, with values being
significantly lower for ExPLA than for ExCHO and
NoExCHO. There was no significant difference in post-
buffet ghrelin concentrations between the ExCHO and
NoExCHO conditions.

3.3. Hunger and energy intake

For hunger ratings, there was a significant time effect,
with hunger increasing sharply 30 minutes before the buffet
and diminishing upon completion of the buffet. However,
there was no condition x time interaction for subjective
feelings of hunger (Fig. 4) or satiety (not shown in figure
format as these data are similar to those in Fig. 4, but in the
opposite direction). These data indicate that the CHO
compared with placebo consumed during exercise did not
affect subsequent subjective hunger or satiety ratings, nor did
exercise compared with rest affect hunger ratings.

3.3.1. Buffet

There were no differences in ad libitum absolute energy
intake from the buffet after any of the trials ([mean = SD]
NoExCHO, 1251 + 440 kcal; ExCHO, 1297 + 347 kcal;
ExPLA, 1367 + 303 kcal). These data indicate that the study
volunteers did not lower their postexercise energy intake to
compensate for the additional energy intake from the CHO
beverage in the NoExCHO and ExCHO conditions. It is also
apparent from these data that, for the 2 exercise conditions,
the subjects did not compensate for the additional energy
expended during the exercise bout by increasing their energy
intake from the buffet relative to their buffet intake in the
resting condition.
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Fig. 5 shows that the relative buffet energy intake was
significantly different among all 3 conditions, being lowest
in the ExPLA condition and highest in the NoExCHO
condition. The relative buffet energy intake differences
among the 3 conditions indicate that, when feeding ad
libitum from the buffet, these young men failed to
compensate for the supplemental CHO ingested in the
ExCHO and NoExCHO conditions relative to the ExPLA
condition, and also failed to compensate for the energy cost
of exercise in the ExXCHO and ExPLA relative to the
NoExCHO condition.

4. Discussion
4.1. Major findings

There were several noteworthy findings of this study: (1)
In young physically active men, resistance exercise sig-
nificantly attenuated the rise in plasma ghrelin concentra-
tions as the time interval increased after the preexercise
breakfast meal; but the lower concentrations of this hormone
had no effect on subjective measures of postexercise hunger.
(2) Minimizing the acute energy deficit from exercise by
consumption of approximately 300 kcal of CHO during the
resistance exercise protocol did not lower plasma ghrelin
concentrations more than exercise without partial energy
replacement. (3) Attenuating the acute energy deficit by use
of a CHO beverage during resistance exercise did not lower
postexercise energy intake relative to the exercise condition
without CHO. (4) Despite the energy cost of the resistance
exercise (estimated to be ~450 kcal), the subjects did not
immediately compensate by increasing energy intake from
the buffet relative to the no-exercise condition. There
remains the possibility that the lower postexercise plasma
ghrelin contributes to the lower relative energy intake in a
meal 2 hours after resistance exercise.

4.2. Ghrelin response

The significantly higher baseline plasma ghrelin levels for
the 2 exercise conditions are difficult to interpret, given the
fact that the same meals were provided the day before each
trial and subjects reported to the laboratory in the fasted state
for each trial. Perhaps the anticipation of the impending
exercise led to a rise in ghrelin concentrations. It has been
shown in mice that ghrelin secretion is increased with stress;
and because the participants knew that they were going to
exercise later, there could have been an increase in stress that
may have affected baseline ghrelin levels [24].

In the current study, the nadir of plasma ghrelin was
reached immediately after the exercise bouts. This attenua-
tion of the rise in plasma ghrelin resulting from resistance
exercise is supported by previous literature. Although the
mechanism behind this phenomenon is currently unknown
[25], the rise in plasma growth hormone (GH) concentrations
with strenuous exercise has been implicated. Because ghrelin
is a secretagogue for GH [26], there could potentially be a

negative feedback loop such that suppression of ghrelin
occurs when GH levels are high [27]. It has been shown that
resistance exercise increases GH concentrations to a greater
degree than aerobic exercise [28], which may explain why
resistance compared with endurance exercise appears to have
a greater suppressive effect on ghrelin concentrations.

Hunger and satiety result from the integration of
numerous signals, not just a single peptide like ghrelin. For
example, an acute bout of aerobic exercise was shown to
increase the anorexigenic gut peptides PYY and GLP-1 in
concordance with reduced hunger and relative energy intake
from a buffet [15]. We did not measure these gut peptides;
but it has recently been demonstrated that PY'Y, an appetite-
suppressing peptide, appears more responsive to aerobic than
resistance exercise, whereas the reverse may be true for
ghrelin [29]. It seems possible then that different types of
exercise may affect distinctive gut peptides, the levels of
which act in concert to affect postexercise hunger, satiety,
and food intake.

We hypothesized that young men completing a stren-
uous resistance exercise bout would report less hunger
during a short postexercise recovery period as has been
previously shown [7], which would be related to lower
ghrelin concentrations. However, subjective measures of
hunger were not different after either exercise bout
compared with a resting control condition despite the
lower ghrelin concentrations. Possibly, the time interval
between the breakfast meal and the postexercise buffet was
so long that any tendency toward exercise-induced
suppression of hunger was completely overwhelmed by
the subject’s not having eaten for almost 6 hours [7].
Perhaps, had subjects been provided access to food
immediately after the exercise bout when ghrelin was at
its nadir, food intake would have been lower. Food
consumption immediately after vigorous exercise is often
recommended for athletes to maximize glycogen restora-
tion, minimize skeletal muscle protein degradation, and
enhance protein synthesis. However, our study subjects
were not trained athletes or body builders; and we chose to
feed the study participants 2 hours postexercise, as this
seemed like a more realistic reflection of people’s normal
eating habits, given the usual decrease in appetite after
strenuous exercise [15,30]. Examining food intake, gut
peptides, and hunger scores immediately after cessation of
resistance exercise is recommended for a future study.

Plasma ghrelin progressively increased after exercise,
reaching a peak concentration immediately after the buffet.
Cummings [11] found that subjective feelings of satiety and
termination of a meal occur before ghrelin concentrations
decline and that the decline in plasma ghrelin did not reach
significance until 60 minutes after the start of the meal. Blom
et al [31] did not find changes in postprandial ghrelin
concentrations among 3 different CHO breakfasts (low-
calorie, high-calorie simple CHO, and high-calorie complex
CHO) until 120 minutes postmeal [31]. Because of the
evidence that feeding is terminated before a significant
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decline in ghrelin, there must be other physiologic factors
that have a stronger impact in meal initiation and termina-
tion. These factors could be from sensory cues [32,33],
gastric distension, increased blood glucose concentrations
[34], and several short-acting, meal-stimulated intestinal
satiation factors (ie, cholecystokinin) [11]. We hypothesized
that, if plasma glucose were better maintained during and
after exercise because of CHO ingestion, this might result in
lower ghrelin concentrations, lower subjective ratings of
hunger, and less buffet food intake compared with the
placebo condition. However, we found plasma glucose
fluctuations over time to be greatest in the ExCHO, such that
90 minutes postexercise the glucose concentrations were
significantly lower in ExXCHO compared with the other 2
conditions. Although plasma ghrelin levels often decrease
with higher glucose and insulin, our data and those of others
[35] suggest that this is not always a tight relationship. In the
ExCHO condition, the plasma glucose was lowest at the
same time point that ghrelin was also the lowest. Given that
transient declines in blood glucose levels are known to
induce feeding [34], there is the possibility that the hunger-
suppressing effect of low plasma ghrelin was offset by the
hunger-stimulating effect of low plasma glucose. Moreover,
data from Erdmann et al [36] suggest that the effect of
ghrelin on hunger may not appear until 4 hours postmeal and
therefore is not necessarily involved in immediate food
intake. If true, this could potentially explain the disconnect
we found between ghrelin and glucose concentrations with
hunger ratings and food intake.

It has also been suggested that insulin is an inhibitor of
ghrelin release [36]. In the current study, we found no
consistent indication that insulin had an effect on ghrelin
concentrations. In fact, insulin and ghrelin were both at or
near their highest point after the buffet in all conditions,
which contradicts the notion that insulin suppresses
ghrelin. It is possible that there is a time lag in the effect
of insulin on suppression of ghrelin [37], but the study
design we used does not provide for an opportunity to
examine this possibility.

4.3. Strengths and limitations

There are several strengths to the current study including
the double-blind and within-subject design. Because acute
energy balance can affect subjective measures of hunger and
satiety as well as actual food intake, we determined energy
requirements for each individual subject and provided all
food for the day before the 3 testing conditions and also a
standardized breakfast the day of each test. Thus, between-
and within-subject differences in energy balance across the 3
conditions were minimized. Because of the short study
duration, it is unclear what long-term effects the additional
CHO and the exercise energy expenditure would have on
energy intake. Furthermore, because our study sample was
composed of lean college-aged men, our results are likely not
applicable to overweight, obese, or female populations.

We considered matching the energy consumed from the
CHO beverage with the net cost of the exercise bout,
essentially creating a condition of exercise without any
acute energy deficit. However, difficulties in accurately
determining resistance exercise energy expenditure limit the
ability to design such a study, as well as the fact that rarely
would a person exercise for 80 minutes without some
degree of energy deficit. We believe that the amount of
supplemental CHO consumed led to only partial energy
replacement based on estimates of the energy cost of the
exercise. However, we recognize that the formula we used
was only an estimate; and it is therefore possible that the
magnitude of energy deficit may have been higher or lower
than we surmise.

We used the VAS approach to determine subjective
measures of hunger during the protocol. The hunger ratings
were not different among trials, but peaked just before eating
the buffet meal, with an average hunger rating of around 65.
However, we did not measure hunger ratings after the
overnight fast just before the breakfast, which might be
expected to be the peak level of hunger [38]. We therefore
cannot ascertain how the level of hunger before the buffet
relates to subjects’ maximum level of hunger after the
overnight fast. It has been shown that a rating of around 75 to
80 is typical after an overnight fast [38], suggesting that our
subjects’ hunger rating of 65 before the buffet meal reflected
a fairly high level of hunger for participants.

The amount of fluid provided each study participant was
consistent across all 3 trials. It is possible that the increase in
fluid per se could have an effect on ghrelin, hunger, or food
intake. It has been demonstrated that food intake and hunger
do not differ when noncaloric or caloric beverages are
consumed 30 and 60 minutes before a meal [33]. Moreover,
fluid consumption compared with no fluid does not affect
food intake or hunger ratings 30 and 60 minutes later [33].
The effect of fluid intake on ghrelin levels is not known;
however, intragastric infusion of water has no effect on
ghrelin concentrations [39]. Given the nature of our study
design in which we did not include a no-fluid condition, we
cannot discern any possible effects that the fluid and
electrolytes might have had on ghrelin levels, hunger, and
buffet intake.

4.4. Conclusion

Vigorous resistance exercise, with or without partial
energy replacement by way of CHO supplementation,
attenuated the postexercise rise in plasma ghrelin concentra-
tions as the time interval increased from the preexercise
meal. However, the lower plasma ghrelin concentrations did
not decrease subjective feelings of hunger relative to the no-
exercise condition; nor was absolute postexercise ad libitum
energy intake lower in the exercise compared with the no-
exercise conditions. However, when accounting for the cost
of the exercise, relative energy intake was lower for the 2
exercise conditions compared with rest, leaving open the
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possibility that the lower plasma ghrelin may be related to
reduced relative energy intake after resistance exercise.

Acknowledgment

We are grateful to our study participants for their willing
cooperation and considerable time spent in participating in
this study. We extend our thanks to Russell Risma, MD, who
served as medical director for this study. This study was
funded by the Gatorade Sports Science Institute, Barrington,
IL, and the Colorado Agricultural Experiment Station,
Project 616 (CLM, MSH).

References

[1] Melby CL, Osterberg KL, Resch A, et al. Effect of carbohydrate
ingestion during exercise on post-exercise substrate oxidation and
energy intake. Int J Sport Nutr Exerc Metab 2002;12:294-309.

[2] Whybrow S, Hughes DA, Ritz P, et al. The effect of an incremental
increase in exercise on appetite, eating behaviour and energy balance in
lean men and women feeding ad libitum. Br J Nutr 2008:1-7.

[3] Stubbs RJ, Hughes DA, Johnstone AM, et al. Rate and extent of
compensatory changes in energy intake and expenditure in response to
altered exercise and diet composition in humans. Am J Physiol Regul
Integr Comp Physiol 2004;286:R350-8.

[4] Stubbs RJ, Sepp A, Hughes DA, et al. The effect of graded levels of
exercise on energy intake and balance in free-living men, consuming
their normal diet. Eur J Clin Nutr 2002;56:129-40.

[5] Melby C, Scholl C, Edwards G, et al. Effect of acute resistance exercise
on postexercise energy expenditure and resting metabolic rate. J Appl
Physiol 1993;75:1847-53.

[6] Osterberg KL, Melby CL. Effect of acute resistance exercise on
postexercise oxygen consumption and resting metabolic rate in young
women. Int J Sport Nutr Exerc Metab 2000;10:71-81.

[7] King NA, Tremblay A, Blundell JE. Effects of exercise on appetite
control: implications for energy balance. Med Sci Sports Exerc
1997;29:1076-89.

[8] Blundell JE. The control of appetite: basic concepts and practical
implications. Schweiz Med Wochenschr 1999;129:182-8.

[9] Neary NM, Small CJ, Druce MR, et al. Peptide YY3-36 and glucagon-
like peptide-17-36 inhibit food intake additively. Endocrinology
2005;146:5120-7.

[10] Kojima M, Hosoda H, Date Y, et al. Ghrelin is a growth-hormone—
releasing acylated peptide from stomach. Nature 1999;402:656-60.

[11] Cummings DE. Ghrelin and the short- and long-term regulation of
appetite and body weight. Physiol Behav 2006;89:71-84.

[12] Cowley MA, Smith RG, Diano S, et al. The distribution and
mechanism of action of ghrelin in the CNS demonstrates a novel
hypothalamic circuit regulating energy homeostasis. Neuron 2003;37:
649-61.

[13] Drazen DL, Vahl TP, D’Alessio DA, et al. Effects of a fixed meal
pattern on ghrelin secretion: evidence for a learned response
independent of nutrient status. Endocrinology 2006;147:23-30.

[14] Leidy HJ, Dougherty KA, Frye BR, et al. Twenty-four—hour ghrelin is
elevated after calorie restriction and exercise training in non-obese
women. Obesity (Silver Spring) 2007;15:446-55.

[15] Martins C, Morgan LM, Bloom SR, et al. Effects of exercise on gut
peptides, energy intake and appetite. J Endocrinol 2007;193:251-8.

[16] Burns SF, Broom DR, Miyashita M, et al. A single session of treadmill
running has no effect on plasma total ghrelin concentrations. J Sports
Sci 2007;25:635-42.

[17] Hagobian TA, Sharoff CG, Braun B. Effects of short-term exercise and
energy surplus on hormones related to regulation of energy balance.
Metabolism 2008;57:393-8.

[18] Broom DR, Stensel DJ, Bishop NC, et al. Exercise-induced
suppression of acylated ghrelin in humans. J Appl Physiol 2007;102:
2165-71.

[19] Wang J, Chen C, Wang RY. Influence of short- and long-term treadmill
exercises on levels of ghrelin, obestatin and NPY in plasma and brain
extraction of obese rats. Endocrine 2008;33:77-83.

[20] Kraemer RR, Durand RJ, Hollander DB, et al. Ghrelin and other
glucoregulatory hormone responses to eccentric and concentric muscle
contractions. Endocrine 2004;24:93-8.

[21] Ghanbari-Niaki A. Ghrelin and glucoregulatory hormone responses to
a single circuit resistance exercise in male college students. Clin
Biochem 2006;39:966-70.

[22] Shiiya T, Nakazato M, Mizuta M, et al. Plasma ghrelin levels in lean
and obese humans and the effect of glucose on ghrelin secretion. J Clin
Endocrinol Metab 2002;87:240-4.

[23] Weir JB. New methods for calculating metabolic rate with special
reference to protein metabolism. J Physiol 1949;109:1-9.

[24] Asakawa A, Inui A, Kaga T, et al. A role of ghrelin in neuroendocrine
and behavioral responses to stress in mice. Neuroendocrinology
2001;74:143-7.

[25] Winkleby MA, Kraemer HC, Ahn DK, et al. Ethnic and socioeconomic
differences in cardiovascular disease risk factors: findings for women
from the Third National Health and Nutrition Examination Survey,
1988-1994. JAMA 1998;280:356-62.

[26] Kraemer RR, Castracane VD. Exercise and humoral mediators of
peripheral energy balance: ghrelin and adiponectin. Exp Biol Med
(Maywood) 2007;232:184-94.

[27] Vestergaard ET, Dall R, Lange KH, et al. The ghrelin response to
exercise before and after growth hormone administration. J Clin
Endocrinol Metab 2007;92:297-303.

[28] Consitt LA, Bloomer RJ, Wideman L. The effect of exercise type on
immunofunctional and traditional growth hormone. Eur J Appl Physiol
2007;100:321-30.

[29] Broom DR, Batterham RL, King JA, et al. The influence of resistance
and aerobic exercise on hunger, circulating levels of acylated ghrelin
and peptide YY in healthy males. Am J Physiol Regul Integr Comp
Physiol 2008;296:R29-35.

[30] Peters EM. Nutritional aspects in ultra-endurance exercise. Curr Opin
Clin Nutr Metab Care 2003;6:427-34.

[31] Blom WA, Stafleu A, de Graaf C, et al. Ghrelin response to
carbohydrate-enriched breakfast is related to insulin. Am J Clin Nutr
2005;81:367-75.

[32] Booth FW, Chakravarthy MV. Physical activity and dietary interven-
tion for chronic diseases: a quick fix after all? J Appl Physiol
2006;100:1439-40.

[33] Rolls BJ, Kim S, Fedoroff IC. Effects of drinks sweetened with sucrose
or aspartame on hunger, thirst and food intake in men. Physiol Behav
1990;48:19-26.

[34] Campfield LA, Smith FJ. Transient declines in blood glucose signal
meal initiation. Int J Obes 1990;14(Suppl 3):15-31 [discussion 31-14].

[35] Gottero C, Bellone S, Rapa A, et al. Standard light breakfast inhibits
circulating ghrelin level to the same extent of oral glucose load in
humans, despite different impact on glucose and insulin levels. J
Endocrinol Invest 2003;26:1203-7.

[36] Erdmann J, Topsch R, Lippl F, et al. Postprandial response of
plasma ghrelin levels to various test meals in relation to food intake,
plasma insulin, and glucose. J Clin Endocrinol Metab 2004;89:
3048-54.

[37] Murdolo G, Lucidi P, Di Loreto C, et al. Insulin is required for prandial
ghrelin suppression in humans. Diabetes 2003;52:2923-7.

[38] Flint A, Raben A, Blundell JE, et al. Reproducibility, power and
validity of visual analogue scales in assessment of appetite sensations
in single test meal studies. Int J Obes Relat Metab Disord 2000;24:
38-48.

[39] Williams DL, Cummings DE, Grill HJ, et al. Meal-related ghrelin
suppression requires postgastric feedback. Endocrinology 2003;144:
2765-7.



	Effect of resistance exercise, with or without carbohydrate supplementation, on plasma ghrelin .....
	Introduction
	Methods
	Study design
	Subjects
	Specific procedures
	Resting energy expenditure
	Dietary protocol

	Exercise protocol
	Pretesting
	Resistance exercise protocol
	Carbohydrate supplement

	Timeline
	Subject measurement of hunger and satiety
	Blood sampling
	Measured food intake
	Data analysis

	Results
	Exercise bouts
	Plasma glucose, insulin, and ghrelin changes over time
	Hunger and energy intake
	Buffet


	Discussion
	Major findings
	Ghrelin response
	Strengths and limitations
	Conclusion

	Acknowledgment
	References




