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ABSTRACT 

In order to achieve a better understanding of the impact of 

exercise on the concentration of serum free fatty acids (FFA) during 

post-exercise recovery, the purposes of this study were: 1) to 

determine the relationships between exercise intensity, total exercise 

energy expenditure, and the concentration of serum FFA during 

post-exercise recovery; 2) to examine the effects of exogenous glucose 

on post-exercise serum FFA and hormones controlling the FFA response; 

and 3) to examine the impact of acute exercise on hunger. Untrained, 

12-h fasted, college-age males performed cycle ergometer exercise at 

exercise intensities ranging from 29 to 59% peak V02 for total energy 

expenditures ranging from 162 to 320 kcal. Blood samples, hunger 

ratings, and metabolic indices were collected or measured before, 

during, and for 3 h following exercise. In response to exercise of 

approximately 300 kcal, FFA was elevated for 3 h post-exercise. The 

FFA response was a function of total exercise energy expenditure, 

rather than exercise intensity, or combined effects of these factors. 

The response was associated with low insulin concentration but no 

changes were observed in blood glucose, glucagon, growth hormone, or 

cortisol. Glucose ingestion and infusion studies demonstrated that 

possible mechanisms contributing to the post-exercise FFA response 

included decreases in FFA re-esterification, increases in triglyceride 

hydrolysis, and decreases in sympathetic input to adipose tissue. 

xii 



xiii 

Exercise caused a suppression of hunger for 2 h post-exercise which was 

a function of the combined effects of exercise intensity and total 

energy expenditure. An increase in core temperature may have 

contributed to the anorexigenic effect of exercise. In conclusion, 

exercise, performed in and followed by a period of fasting caused an 

elevation of FFA for 3 h during post-exercise recovery. The post

exercise recovery period should be considered an important phase in the 

physiological impact of exercise on the storage and utilization of fat. 



CHAPTER 1 

INTRODUCTION 

The metabolic condition of the body is constantly in a dynamic 

state between storage and utilization of fuel. Between meals the 

metabolic regulators align themselves for the purpose of sustaining the 

body until the next opportunity for nourishment. On a daily basis, 

there are hours in which the body is principally dependent on the 

utilization of endogenous fuel stores. During this postabsorptive 

state, the most critical demand is to maintain adequate blood glucose 

levels to supply the dependent central nervous system. All other 

energy needs must be met by utilizing fuels mobilized from endogenous 

stores. To this end, the body is able to calIon the abundant energy 

reserves of the adipose tissue. 

The exercising state is also a condition which places demand 

for the utilization of fuel stored in the body's tissues. In answer to 

the demand, metabolic regulators gear toward highly efficient delivery 

and utilization of fuel. Generally, the substrate needs during 

exercise are functions of the rate of energy expenditure. It is 

apparent that metabolic controls are exquisitely sensitive to exercise 

intensity, exercise duration, and to the leveis of substrates available 

for utilization. 

Studies of fuel and hormone levels following exercise suggest 

that the metabolic demands created by exertion carryover into the 

1 
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inactive recovery period. One indicator of this carryover effect is 

that circulating levels of free fatty acids (FFA) are elevated for 

minutes to hours following exercise. The magnitude of increase in FFA 

concentration appears to be a function of such factors as the total 

energy expended during exercise, the rate of exercise energy 

expenditure, or the nutritional status of the body; however, careful 

studies controlling these factors have not been done. Furthermore, 

lipolytic hormones normally acting in the fasting state appear to be 

accentuated by exercise; low insulin and high glucagon, cortisol, and 

growth hormone levels continue for varying lengths of time beyond the 

cessation of exercise and appear to flux in response to the demands of 

exertion, i.e. exercise intensity and duration. It is not known 

whether these hormones contribute to the FFA response during recovery 

from exercise. 

It appears that exercise may stimulate the mobilization of fat 

in the immediate hours following exertion and this effect may be 

accentuated during a short-term fasting state (Pruett, 1970). A 

combination of these factors, exercise performed during a short-term 

fasted state, is typical of people who regularly participate in 

exercise for weight control or maintenance of general cardiovascular 

conditioning. Since these conditions are common, it is of interest to 

describe this situation and the mechanisms which underly the impact of 

exercise on the dynamics of serum FFA concentration during recovery • 
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Statement of the Problem 

In order to achieve a better understanding of the impact of 

exercise on the concentration of serum FFA during post-exercise 

recovery, it is essential to study and understand the relationships 

between those factors which determine the need for fuel mobilization, 

i.e., exercise intensity and total energy expenditure, and the 

physiological mechanisms which control fuel homeostasis. Therefore, 

the purposes of this dissertation were: 1) to determine the 

relationships between exercise intensity, total exercise energy 

expenditure and the concentration of serum FFA during post-exercise 

recovery; 2) to examine the effects of exogenous glucose on 

post-exercise serum FFA and hormones controlling lipolysis in order to 

clarify possible mechanisms controlling the FFA response; and 3) to 

examine the impact of exercise on hunger during post-exercise recovery 

since hunger is an inherent physiological factor in the regulation of 

fuel homeostasis and may be related to the metabolic status of the body 

during post-exercis~ recovery. 



CHAPTER 2 

LITERATURE REVIEW AND EXPERIMENTAL OVERVIEW 

Elevation of FFA Concentration During Post-Exercise Recovery 

Previous studies have described the effects of exercise on FFA 

c~ncentration during post-exercise recovery. The FFA response has been 

shown to occur in what appears as two phases and the magnitude of the 

response appears related to exercise intensity, duration, or calorie 

expenditure, the latter reflecting the interaction of intensity and 

duration~ Some studies analyzed plasma FFA and some serum FFA; 

however, since no measurable difference in concentration exists between 

the two methods of analysis, in further discussion the terms FFA or FFA 

concentration will represent both measures. 

Several early studies of exercise and FFA concentration 

described an immediate increase in FFA within the first 5-20 min 

following exercise (Carlson and Pernow, 1959 and 1961; Friedberg et 

al., 1960; Cobb and Johnson, 1963). In these studies, exercise was 

performed at various intensities and durations, thus no relationship 

between the exercise factors and the FFA responses was clear. Carlson 

and Pernow (1961) attributed the immediate FFA increase to a decreased 

removal of FFA by tissues consequent to a decrease in blood flow after 

exercise. However, in studies using continuous infusion of labeled 

oleic acid, Hagenfeldt and Wahren (1975a) concluded that the 
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post-exercise peak in FFA was a consequence of augmented release of FFA 

into the plasma pool above the level during exercise. 

A more prolonged elevation of FFA following exercise was 
. . 

described by Pruett (1970). Post-exercise FFA responses were compared 

in men after 6 h of treadmill and cycle ergometer exercise at 20, 50, 

and 70% of maximal oxygen consumption (V02 max). During recovery FFA 

levels remained elevated above resting after the 50% and 70% efforts 

for over 2 h. Similarly, for one subject who exercised at 87% V02max 

on a cycle ergometer for two 15 min workbouts, FFA levels were 

approximately sevenfold greater than pre-exercise levels for 4 h of 

recovery. In this same experimental series, arterial and venous 

samples were collected in one subject across the exercising leg 

muscles. A substantial a-v FFA difference indicated that the FFA 

concentration was not a static situation in which mobilized FFA merely 

continued to circulate, but a dynamic situation in which FFA turnover 

was occurring at a rapid rate. Pruett concluded that the post-exercise 

FFA elevation was dependent on ~xercise intensity rather than on total 

energy expenditure. However, this conclusion was not based on careful 

control for these factors nor were studies performed on more than 3 

subjects. 

The available data suggest that the post-exercise FFA response 

occurs in two phases, an immediate increase which peaks within 5-20 min 

followed by a prolonged elevation which may remain for several hours. 

However, the exact dynamics between the two phases of the FFA response 

have not been been studied. Furthermore, studies have not defined 



clearly the effects of exercise intensity or total energy expenditure 

on the post-exercise FFA response. 

Neurohumoral Control of Lipolysis During Post-Exercise Recovery 

6 

The major lipolytic factors thought to contribute to FFA 

concentration during fasting and exercise are insulin, glucagon, 

cortisol, growth hormone, catecholamines, and sympathetic innervation 

of adipose tissue (Felig, 1979; Galbo, 1983). Studies of these factors 

during post-exercise recovery are limited. 

Insulin 

During normal fasting conditions insulin is probably the most 

important physiological regulator of lipolysis (Fain, 1980). In the 

adipocyte, insulin decreases the rate of lipolysis primarily by acting 

as an inhibitor of hormone-sensitive lipase. Absence of this influence 

appears to be a dominant factor determining the rate of lipolysis 

induced by other hormones. Basal levels of insulin range 10-20 uU/ml. 

During exercise, insulin levels decline to below normal basal values as 

a result of increased alpha-adrenergic stimulation (Terjung, 1980). 

Unless changes in blood glucose occur, low levels of insulin have been 

shown to persist for 12 h of fasting, post-exercise recovery (Maehlum 

and Hermansen, 1978; Maehlum, Felig, and Wahren, 1978; Krzentowski, et 

al., 1982). 

Glucagon 

Physiological levels of glucagon on the order of 200 pg/ml 

cause an increase in FFA concentration when unchecked by insulin 
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(Gerich et al., 1976). Galbo (1983) has demonstrated 35-300% increases 

in glucagon during prolonged, exhaustive exercise. These increases 

were associated with significant decreases in blood glucose. Within 30 

min following exhaustive exercise which induced a 300% increase in 

glucagon levels, glucagon decreased slightly with a trend to return to 

pre-exercise levels (Galbo, Holst, and Christensen, 1975). Data on 

glucagon levels during prolonged post-exercise recovery are not 

available. 

Cortisol 

Cortisol is a slower-acting lipolytic agent thought to have a 

delayed effect on FFA mobilzation (Fain, 1980). Normal resting levels 

are characterized by fluctuations due to diurnal secretion. Generally, 

cortisol levels are higher in the morning than in the evening with 

episodic spikes in response to stress (Nelson, 1980). Exercise bouts 

performed at 55 % V02 max in the morning have caused a significant 

increase in cortisol with levels remaining elevated for an hour after 

the termination of exercise. The same exercise bout performed 

midafternoon did not induce increases in cortisol (Brandenberger and 

Follenius, 1975). 

Growth Hormone 

Growth hormone is also a slower-acting lipolytic hormone (Fain, 

1980). A twofold increase in resting FFA concentration has been 

observed 4 h following the administration of a physiologic dose of 

growth hormone (Raben and Hollenberg, 1959). Overnight fasting growth 
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hormone levels average 1-2 ng/ml but have been reported to increase to 

approximately 50 ng/ml during exercise (Hunter, Fonseka, and Passmore, 

1965). Pruett (1970) suggested that the post-exercise elevation of FFA 

observed following exhaustive exercise was the result of 

exercise-induced increases in growth hormone but data were not 

provided. 

Catecholamines 

The catecholamines are among agents which increase lipolysis 

within seconds (Fain, 1980). Galster et ale (1981) observed that the 

lipolytic effects of epinephrine occur at plasma levels approximately 

threefold basal levels. Plasma norepinephrine levels elevated 2 to 3 

times above inactive fasting values have been associated with lipolysis 

(Silverberg et al., 1978). Significant increases in both epinephrine 

and norepinephrine occur during exercise with increases responsive to 

exercise intensity and duration (Galbo, 1983). Although immediate 

post-exercise increases in the catecholamines have been reported 

following maximal exercise performance (Dimsdale et al., 1984), other 

studies have shown that the catecholamines return to resting values 

within 30 min of recovery (Galbo, 1983). 

Sympathetic Innervation of Adipose Tissue 

Havel and Goldfien (1959) proposed that the sympathetic nervous 

system exerts a tonic action on the mobilization of FFA which may be 

altered by central stimuli as well as by hormonal factors. Subsequent 

studies have demonstrated the importance of sympathetic innervation in 



adipose tissue as a regulator of FFA mobilization during overnight, 

fasting conditions and during exercise (Brodie, Mickel, and Stern, 

1965; Havel, 1965; Gross and Migliorini, 1977). Goodner et al (1967) 

demonstrated that lipolysis is controlled through central 

glucosensitive mechanisms which alter FFA mobilization via changes in 

sympathetic input to adipose tissue. Data on the sympathetic input to 

adipose tissue during post-exercise recovery are not available. 

9 

In summary, only limited data are available which describe 

levels of neurohumoral lipolytic factors during post-exercise recovery. 

Thus it is apparent that measurements of these factors need to be made 

during post-exercise recovery in order to examine possible mechanisms 

which control FFA concentration. 

Effects of Exogenous Glucose on FFA Concentration 

In early studies of fasting FFA concentrations, Dole (1956) 

demonstrated that ingestion of glucose caused a marked decrease in FFA. 

Subsequent studies have shown the decrease in FFA caused by glucose to 

be the result of increased FFA re-esterification as glucose supplies 

carbon and reducing equivalents for formation of glycerophosphate 

(Carlson and Bally, 1965). A second mechanism by which glucose 

ingestion alters fasting FFA levels is through increases in insulin 

which inhibit FFA mobilization via a reduction in triglyceride 

hydrolysis (Jungas and Ball, 1963). Glucose also may act on FFA 

indirectly through decreasing levels of glucagon, cortisol, growth 

hormone, and sympathetic input to adipose tissue since these lipolytic 
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factors are integral components of glucose counterregu1ation (Goodner 

et a1., 1967; Fain, 1980; Rabin and McKenna, 1982). 

The effects of. glucose ingestion on FFA concentration during 

post-exercise recovery have been reported by Krzentowski et a1. (1982). 

They found a significant decrease in FFA during the first hour 

following ingestion associated with significant increases in insulin 

and decreases in glucagon. Levels of other lipolytic agents were not 

reported. 

The effects of an infusion of dilute glucose have been used to 

demonstrate the contribution of sympathetic innervation in FFA 

mobilization under overnight fasting conditions. Goodner et ale (1967) 

observed reductions in fasting FFA concentration during glucose 

infusion. This decrease in FFA was not associated with increases in 

glucose and the inhibitory effects of the infusion were abolished by 

autonomic blockade. The investigators concluded that the glucose 

infusion altered central glucosensitive centers and subsequently 

reduced the sympathetic stimulus for FFA mobilization. 

In summary, glucose has been shown to reduce FFA through direct 

effects on adipose tissue, through increases in insulin, and through 

altering the sympathetic input to adipose tissue. The administration 

of exogenous glucose provides a means of examining control mechanisms 

of FFA mobilization during recovery from exercise which has not been 

described. 
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Current Theories on Exercise and Hunger 

In general, the evidence accumulated on exercise and eating 

behavior suggests that acute bouts of exercise may have short term 

anorexigenic effects, but the physiological mechanisms are not clearly 

defined. Several factors have been proposed including increased levels 

of plasma catecholamines proportional to exercise intensity (Crews et 

al., 1969), increases in lactate (Baile, Zinno and Mayer, 1970), and 

increases in core temperature (Brobek, 1948). These factors have been 

associated with decreases in food consumption after acute exercise. 

Current theories on the control of hunger and satiety propose 

that hunger is stimulated when availability of utilizable fuel is 

reduced below some critical level (Friedman and Stricker, 1978). The 

stimulus for hunger is thought to derive from information provided to 

the brain when the supply of readily available fuel is limited and 

dependence on endogenous fuel sources, primarily fat, is necessary. 

Evidence for this has been observed in animals where increases in food 

intake were preceeded by glycogen depletion and elevations in serum FFA 

(Friedman and Granneman, 1983). Recent studies have identified the 

liver as a key sensory organ responsible for monitoring changes in fuel 

homeostasis (Sawchenko and Friedman, 1979; Friedman and Granneman, 

1983). 

According to this metabolic theory of hunger control, exercise 

would be expected to cause an increase in hunger since greater fuel 

utilization occurs compared to the resting state. However, studies of 

acute exercise have demonstrated short term anorexigenic effects. 



Thus, further examination of the effects of exercise on hunger are 

needed. 

Summary and Approach 

12 

Evidence indicates that exercise causes an elevation in serum 

FFA during post-exercise recovery. However, exercise factors and 

physiological mechanisms which control this response remain unclear. 

The objective of this dissertation was to verify the 

post-exercise FFA response and study associated physiological 

mechanisms. In addition, the effects of exercise on hunger were 

assessed with relationships between exercise, hunger, and various 

metabolic factors explored. 

Study I (Chapter 4) 

Purpose: To describe the post-exercise response of serum FFA 

for 3 hours following exercise and to determine the effects of exercise 

intensity and energy expenditure on the response. 

Hypothesis: If exercise causes an elevation of serum FFA 

during post-exercise recovery, the extent of the response should be 

related to exercise intensity, total exercise energy expenditure, or a 

combination of both factors. 

Experimental Approach: Serum FFA, serum glucose, hematocrit, 

and respiratory gas exchange were measured in 8 men before, during, and 

for 3 h after exercise performed under 3 different combinations of 

exercise intensity and energy expenditure. 
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Study II (Chapter 5) 

Purpose: To compare post-exercise serum FFA concentration 

following exercise performed in a fasted state versus exercise preceded 

by glucose ingestion and to compare responses of insulin, glucagon, 

cortisol, and growth hormone during the two experimental conditions. 

Hypothesis: Since increases in glucagon, cortisol, and growth 

hormone and decreases in insulin and glucose have been observed both 

during exercise as well as fasting, the serum FFA response occurring 

during post-exercise recovery should be associated with similar 

hormonal and substrate changes. Glucose ingestion should reduce serum 

FFA and cause reversal in exercise-induced changes in the lipolytic 

hormones. 

Experimental Approach: Serum FFA, glucose, insulin, glucagon, 

cortisol, and growth hormone were measured along with hematocrit and 

respiratory gas exchange in 5 men before, during, and after exercise 

performed at approximately 60% peak V02 for an energy expenditure of 

approximately 300 kcal. Glucose was ingested 15 min prior to exercise. 

Study III (Chapter 6) 

Purpose: To determine the effects of glucose ingestion and 

glucose infusion administered during recovery on the post-exercise 

response of serum FFA, insulin, glucagon, cortisol, and growth hormone 

and to determine the possible influence of sympathetic control over the 

FFA response. 

Hypothesis: If increases in triglyceride hydrolysis and 

decreases in FFA re-esterification due to low concentrations of insulin 
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and glucose contribute to the post-exercise FFA response, then glucose 

ingestion should inhibit the FFA response. Also, if sympathetic input 

to adipose tissue contributes to the post~exercise FFA response and if 

glucose ingestion alters the sympathetic control via glucosensitive 

centers in the central nervous system, then glucose infusion should 

decrease the post-exercise FFA response. 

Experimental Approach: Methods and procedures of Study II were 

repeated except that glucose was ingested or infused at 60 min 

post-exercise. 

Study IV (Chapter 7) 

Purpose: To determine the effects of acute exercise on hunger 

ratings both during exertion and during a 3 h recovery period and to 

clarify possible mechanisms mediating these effects. 

Hypothesis: If the stimuli for hunger are derived from 

information provided to the brain when the supply of readily available 

fuel is limited, hunger should be greater in the hours following 

exercise than during non-exercise conditions. 

Experimental Approach: Hunger ratings were recorded as the 

experimental protocol of Study I was conducted. 
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CHAPTER 3 

METHODS 

Subjects 

In total, 11 healthy college-age males volunteered to 

participate in these experiments. Their physical characteristics are 

listed in Tab1~ 1. None were involved in any regular endurance 

exercise training immediately prior to or during the study. All 

subjects completed a medical history questionnaire during the initial 

screening and gave written consent after they were fully informed of 

all risks and discomforts associated with the experiments. None were 

diabetic, hyper-, or hypothyroid, or taking any medications that would 

influence metabolism during exercise or recovery. 

Treatments 

This investigation was conducted as a series of four studies. 

Treatments for Studies 1 and 4 (Chapters 4 and 7) are described in 

Figure 1. Treatments for Studies 2 and 3 (Chapter 5 and 6) are 

described in Figure 2. Further details of each treatment are given in 

subsequent chapters. 

Exercise and Diet Restrictions 

On a daily basis before each trial, subjects were questioned to 

insure that they were not experiencing any symptoms of sickness, had 

adequate sleep, and had followed experimental exercise and diet 



Table 1. Physical Characteristics of Subjects. 

Subject Height 

(crn) 

DC 180.3 

CD 188.0 

DH 185.4 

MH 172.7 

RH 188.0 

AI< 188.8 

EM 178.2 

LM 177 .8 

CR 189.5 

JS 162.6 

CY 177 .8 

Mean 180.8 

+SE 2.49 

Weight 

(kg) 

79.6 

80.7 

85.0 

63.4 

82.7 

74.2 

74.5 

85.5 

84.5 

61.8 

61.8 

75.8 

2.84 

Peak V0
2 
-1 (rn1·kg.min ) 

38.25 

38.91 

27.35 

36.20 

45.94 

34.18 

42.30 

39.11 

47.96 

29.68 

49.62 

39.04 

2.14 

Peak V0
2 

-1 (1· min ) 

3.04 

3.14 

2.32 

2.30 

3.80 

2.59 

3.11 

3.36 

4.05 

1.81 

3.07 

2.96 

0.20 
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Week Subject Week Subject 

AI< CY DH DC LM RH CD MH 

1 C'N LH LE SH 7 SH LE LH CN 

2 LE CN LE LH 8 LE CN SH LH 

3 SH LE LH CN 9 CN CH LE SH 

4 LH SH CN LE 10 LH SH CN LE 

5 LH 11 LH CN 

6 LH 12 LH CN 

Treatments 

CN Control, no exercise performed during a 5 h fasted, 
inactive period. 

LE Exercise performed at 30% peak V02 for an energy 
expenditure of 300 kcal1 longer duration, easier 
effort. 

LH Exercise performed at 60% peak V0
2 

for an energy 
expenditure of 300 kcal1 longer duration, harder 
effort. 

SH Exercise performed 60% V02 for an energy 
expenditure of 150 kcal1 shorter duration, harder 
effort. 

Fig. 1 Latin Square and Treatment Descriptions 
for Studies 1 and 4. 
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week Subject 

AK LM EM CR JS 

1 EFD EFT CON ElG ElF 

2 ElF CON EFT EFD ElG 

3 CON E!G EFD ElF EFT 

4 EFT ElF ElG CON EFD 

5 ElG EFD ElF EFT CON 

Treatments 

CON Control, no exercise performed during a 5 h 
fasted, inactive period. 

EFT Exercise performed in a fasted state followed 
by a 3 h fasting, recovery period. 

EFD Exercise performed following an ingestion of 
glucose with a 3 h recovery period following 
exercise. 

ElG Exercise performed in a fasting state followed 
by a 3 h recovery period. Glucose was ingested 
60 min. following the termination of exercise. 

ElF Exercise performed in a fasting state followed 
by a 3 h recovery period. Glucose was infused 
between 60 and 120 min. post-exercise. 

All exercise was performed at approximately 60% V02 for an 
energy expenditure of approximately 300 kcal. 

Fig. 2. Latin Square and Treatment Descriptions 
for Studies 2 and 3. 
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restrictions. Subjects were advised to refrain from any form of 

regular exercise during their participation in the experiments and they 

were restricted from participating in strenuous work or athletic 

activity the day before each trial. To encourage compliance and 

maintain records, subjects were asked to complete a weekly activity 

log. For diet control, subjects were given a sample 2400 kcal normal, 

mixed diet plan to follow. The plan served as a model and subjects 

were instructed to eat similar foods and portions. Diet records were 

reviewed to insure adequate diet control. Subjects were instructed to 

eat their last meal no later than 7:00 p.m. the evening before each 

trial. The morning of each trial, subjects were not allowed to eat 

breakfast and instructed to drink only water. All subjects drove to 

the laboratory and limited any exertion prior to the experiment as much 

as possible. 

Determination of Work Rate Assignments 

During the inital visit to the laboratory each subject 

underwent a maximal cycle ergometer test to determine peak oxygen 

consumption (peak V02). A discontinuous progressive work load protocol 

was administered at a pedal rate of 60 rpm. Work loads progressed to 3 

kilo pond (kp) in l-kp increments and then were increased by 1/2 kp. 

Each 3-min work-rate period was separated by 2 min of active rest in 

which the subject pedaled at 1/4 to 1/2 of the next work-rate. The 

criteria indicating that maximal peak aerobic capacity had been reached 

were: (1) a respiratory exchange ratio greater that 1.1 and (2) no 

further increase in oxygen uptake despite further increase in work 



20 

load. Work rates for the various experiments were determined by 

plotting oxygen uptake versus work load; then the resistances eliciting 

30% and 60% peak v02 were identified. Exercise duration was calculated 

from the oxygen uptake and the kilocalorie equivalent for oxygen. 

Procedures on Day of Trial 

Subjects reported to the laboratory at 7:00 a.m. and after a 

brief review of diet and exercise records, a catheter was inserted into 

an antecubital vein. Catheter insertion was followed by a 30-min rest 

period to allow any possible stress responses to subside before 

beginning the actual experiment (Goodner, et al. 1967). Hunger ratings 

and metabolic indices consisting of indirect calorimetry, rectal 

temperature, and blood sampling, were collected at the end of the 

30-min rest period. Subjects then exercised at specified work rates 

and durations. Measurements representing the exercise period were 

taken 5 min prior to termination of exercise. At the completion of 

exercise, subjects moved immediately from the ergometer to a supine 

resting position on a nearby exam table where for the next 3 h they 

rested quietly in a sitting or lying position. When measures were 

taken pre-exercise or during recovery, subjects assumed a quiet, supine 

position. The period from the termination of exercise up to 60 min 

post-exercise was designated as immediate post-exercise recovery. To 

describe this period measurements were taken at 5, 10, 20, and 60 min 

following exercise. Measurements describing the period designated 

extended recovery, were taken at 60, 90, 120, 150, and 180 min 



post-exercise. The control treatment was conducted exactly as 

described above except that exercise was not performed. 

Indirect CalorimetE[ 
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Using an open circuit system electronically adapted to a 

microcomputer, gas samples were drawn through oxygen (Applied 

Electrochemistry, Model S-34) and carbon dioxide (Applied 

Electrochemistry, Model CD-2) analyzers for the determination of oxygen 

and carbon dioxide fractional concentrations. The volume of inspired 

air was determined with a Parkinson-Cowan gas meter. Calculations of 

volumes and the Haldane transformation were performed by computer 

program. The gas analyzers were calibrated with known oxygen and 

carbon dioxide concentrations previously determined by Scholander 

procedures. Indices of lipid and carbohydrate oxidation rates were 

calculated as shown in Figure 3 (Consolazio, Johnson, and Pecora, 

1963). 

Ingestion and Infusion of Glucose 

In Studies 2 and 3 (treatments EFD and EIG), subjects ingested 

a glucose solution consisting of 75 g glucose dissolved in 400 ml of 

lemonade-flavored water. For treatment ElF in Study 3, 40 g glucose 

were mixed with 400 ml 0.9% saline. This solution was administered 

through the infusion system used to maintain catheter patency. The 

infusion rate was adjusted to deliver 100 mg glucose in 100 ml saline 

per min. The glucose was infused at this rate for 1 h. Total glucose 

delivered was 6000 mg. 



FORMULAS FOR INDICES OF LIPID AND CARBOHYDRATE OXIDATION 

INDEX OF LIPID OXIDATION (g • h-1) = 60 (V02-VC02) 
0.570 

INDEX OF CARBOHYDRATE OXIDATION [
V02-(fat g. min-1>] 

(g • h-1) = 60 0.828 

V02 = oxygen consumption per min 

VC02 = carbon dioxide production per min 

Fig. 3 Formulas for the Calculation of Indices of Lipid 
and Carbohydrate Oxidation Rates 

N 
N 
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Ratings of Perceived Hunger 

Hunger ratings (HGR) were obtained using a 9-pt scale modeled 

after similar scales which have been used to indicate perception of the 

physiological drive to eat (Monello, Saltzer, and Mayer, 1965; Stunkard 

and Fox, 1971; Durrant and Royston, 1980). To maintain consistency of 

instruction, the scale was introduced during each subject's first trial 

reading to each subject the paragraphs found in Figure 4. The 

investigator read the instructions aloud and the subject was encouraged 

to ask questions. Comprehension was tested by asking the subject to 

rate his hunger and then explain the feelings upon which the rating was 

based. Prior to all subsequent trials each subject was asked to review 

the scale and explanatory paragraphs. 

Measurement of Rectal Temperature 

The rectal temperature was measured at a depth of 15-17 cm from 

the external sphincter with a rubber-coated, copper thermocouple. The 

thermocurrent was monitored with a galvanometer (Yellow Springs 

Instrument Co.). 
o 

Room temperature was maintained at 26-28 C. During 

exercise subjects were cooled by a fan and offered water to drink ad 

libitum. 

Blood Sample Collection 

An 18-gauge, Teflon-lined catheter (Quick-Cath, Travenol) was 

placed in an antecubital vein. The catheter was attached to an intra-

venous infusion system using 0.9% saline (Travenol) to maintain 

catheter patency throughout the rest, exercise, and recovery periods. 



RATING 

2 

3 

4 

5 

6 

7 

8 

9 

HUNGER-FULLNESS PERCEPTION SCALE 

DESCRIPTION 

Very, Very Full 

Very Full 

Moderately Full 

Slightly Full 

Satisfied 

Slightly Hungry 

Moderately Hungry 

Very Hungry 

Very, Very Hungry 

EXPLANATORY PARAGRAPHS 

The body's need for nourishment is signaled by a variety of cues. For 
example, people often experience the feeling of emptiness or hear stomach 
noises between meals. Likewise, during and following food consumption the 
body signals various stages of fullness. These signals add up to the physical 
drive to eat. Of course, a person's eating behavior results from many 
physiological, environmental, and emotional cues. This scale is designed to 
help you focus on physical sensations that create feelings of hunger and 
fullness. 

You will be asked, "How hungry orfull do you feel?" Focus on signals inside 
your body. A rating of 1 is equivalent to the fullest you have ever felt. ago after 
Thanksgiving dinner. A rating of 5 is equivalent to just being satisfiea. i.e. not 
feeling one way or the other, not thinking about eating. A rating of 9 is 
equivalent to the most hungry you think you could ever feel. 

Fig. 4 Nine-Point Scale for Rating Hunger 
and Explanatory Paragraphs 
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When time to draw a sample, the saline infusion line was removed from 

the catheter and placed in a sterile protective housing. After a few 

seconds to allow blood mixed with saline to clear, a 10 ml glass 

syringe was attached to the catheter tip. Then a venous sample of 

fresh whole blood was collected. After replacing the saline line, the 

blood samples were divided as follows for various assays. 

Glucose and FFA - a 3.0 ml blood sample was allowed to clot, 

centrifuged, and serum removed and frozen until analyzed within 7 days. 

Insulin, cortisol, and human growth hormone - a 6.0 ml sample 

was allowed to clot, centrifuged, and serum divided into separate tubes 

marked for each hormone. Samples were stored in 3.0 ml 

silicone-coated, rubber-stoppered , glass Vacutainers at -10 C. 

Glucagon - a 1.0 ml sample was placed in a tube containing 0.1 

ml EDTA; 0.15 ml of the inhibitor Trayslol was added and mixed. The 

tube was then placed in an icebath. Within 20 min the sample was 

centrifuged. Then 2.0 ml plasma were removed and frozen in the same 

manner as the other hormones. 

Hematocrit - 2 hematocrit capillary tubes were prepared each 

time a blood sample was taken. Tubes were centrifuged within 20 min 

and read soon thereafter. 

Serum Free Fatty Acid (FFA) Analysis 

A colorimetric method modified from Duncombe (1964), Laurell 

and Tibbling (1973), and Noma, Hiroaki, and Kita (1973) was used to 

determine free fatty acid concentration in serum samples (see Appendix 

A). Samples were stored frozen and assayed within 7 days of 
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collection. Standard curves were established every two weeks as fresh 

copper reagent was mixed. All samples were run in triplicate; an 

average of the two closest values was used as the result. To determine 

inter-assay control, 50 samples were chosen at random. The mean (~SE) 

difference between duplicate tubes was 0.011 ~ 0.008 mmol/l. 

Assay-to-assay variation was 0.016 + 0.007 mmol/l, determined from 13 

randomly chosen assays. 

Serum Glucose Analysis 

The colorimetric method of Hyvarinen and Nikkila (1962) was 

used to determine glucose concentration in serum (see Appendix B). 

Samples were stored frozen and assayed within 7 days of collection. 

Standard curves were established every 3 weeks using serial dilutions 

of glucose standard (Sigma) dissolved in dilute benzoic acid. All 

samples were run in duplicate; an average of the values used as the 

result. To determine inter-assay control, 50 samples were chosen at 

random. The mean (~SE) difference between duplicate tubes was 0.043 + 

0.015 mmol/l. Assay-to-assay variation was 0.079 + 0.037 mmol/l 

determined from 14 assays chose at random. 

Hormone Analyses 

Insulin, glucagon, cortisol, and human growth hormone 

concentrations were analyzed using 1251 radioimmunoassay kits by 

Cambridge Medical Diagnostics, Inc. All analyses were directed by Mr. 

John Devaraj of Medical Consultant's Laboratory, Scottsdale, AZ. All 

samples were run in triplicate. Control data are provided in Table 2. 
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Table 2. Inter-assay variation and assay standardization oata 
for insulin, glucagon, growth hormone, and cortisol 
raeioimmunoassay procedures. 

Hormone Variation in Low Control High Control 
Triplicate Samples Actual Measured Actual Measured 

Insulin 3.0 20 19.6 65 60.? 
uU/rnl (0.9) (2.23) ( .68) (5.36 ) (1.11) 

Glucagon 27 108 122 415 386 
pg/rnl (1.3) (13.3) (12.5) (21. 9) (22.8) 

Growth Hormone 1.0 2.6 2.5 11.7 11.8 
ng/ml (0.6) ( .17) ( .15) (.29) ( • 25) 

Cortisol 1.9 8.7 8.7 35.4 36.0 
ug/dl (0.8) (.44) ( .42) (2.0) (1. 52) 

Values are mean (±SE) . 
variation in triplicate samples based on 25 randomly chosen samples. 
Actual control measures based on concentration pre-determined per 
control vial. 
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Plasma Volume and Solute Content Calculations 

The equations used for the calculation of percent change in 

plasma volume and change in solute concentrations are given in Figure 5 

(Van Beaumont, 1972; Greenleaf, Convertino, and Mangseth 1979). 

Experimental Design and Statisical Analyses 

Studies 1 and 4 (Chapters 4 and 7) 

Data for these studies were derived from the same experiment. 

This experiment was designed as a series of two, 4 x 4 (week x 

treatment) latin squares. Subjects were randomly assigned to squares, 

four subjects participated in the first four weeks, and the remaining 

four subjects in a second four-week period. Each subject received all 

four treatments spaced one week apart. Treatment order between the two 

squares was arranged to control for any order effect. This control was 

necessary to eliminate the possiblity that one treatment might 

influence the outcome of the next. Treatment order was also arranged 

to control for any so-called learning effect. A possibility existed 

that subjects might enter the initial treatments with more anxiousness 

than in the later treatments. Since anxiety is known to elevated serum 

free fatty acids (Goodner et al., 1967), each treatment was assigned to 

early periods as often as it was assigned to later periods. To 

estimate the day-to day, within-subject variation, two subjects 

performed treatment LH three times and one subject performed treatment 

CN two times. The latin squares and treatment descriptions are given 

in Figure 1. 



PLASMA VOLUME AND PLASMA SOLUTE CONTENT 
CALCULATIONS 

%APV = 100 • 100 rctB - HctA] 
100 - Het B Het A 

%ACO = 100)( CnA - IHetA - (100 -Het B) )( (CnB)] / HetB (100 - HetA) 

HetA (100 - HetB) )( (CnB) I HetB (100 - HetA) 

PV = PLASMA VOLUME 
CO = CONTENT OF SOLUTE 

CN = CONCENTRATION OF SOLUTE 
B = BEFORE (PRE-SAMPLE) 
A = AFTER (POST ~SAMPLE) 

Fig. 5 Formulas for the Calculation of Percent Change 
in Plasma Volume and Change in Solute Content 

N 
\0 
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To compare treatment effects, data from this experiment were 

analyzed using multiple regression techniques to derive treatment sums 

of squares and to examine variation due to week and square. It was 

determined that week and square assignments did not influence the 

treatment outcomes. The variation term derived from the treatment 

repetitions was used to determine the error term for testing treatment 

significance. With-in treatment differences were tested using ANOVA 

for repeated measures. Multiple comparisons were performed using the 

Newman-Kuel range test. Statistical significance was established at 

the .05 level. 

Studies 2 and 3 (Chapter 5 and 6). 

Data for these studies were derived from the same experiment. 

This experiment was designed in a 5 x 5 (week x treatment) latin square 

with the same control for treatment order established as in studies 1 

and 4. Subjects were randomly assigned to treatment sequence. The 

latin square and treatment descriptions are given in Figure 2. 

Differences between and with-in treatments were analyzed using 

ANOVA techniques for repeated measures. Treatment comparisons were 

determined using the Newman-Kuel range test. Statistical significance 

was established at the .05 level. 



CHAPTER 4 

EFFECTS OF EXERCISE INTENSITY AND ENERGY EXPENDITURE 

ON POST-EXERCISE SERUM FREE FATTY ACID CONCENTRATION 

Introduction 

The metabolic response to exercise has been studied with great 

interest and in considerable depth. Comprehensive reviews of exercise 

metabolism provide detailed descriptions of the fuel and hormone 

changes encountered during various types of exercise (Galbo, 1983, 

Calles- Escandon and Felig, 1984). However, the period of 

post-exercise recovery is not as thoroughly understood. It appears 

that a physiologic priority within the immediate hours following 

exercise is to replenish fuel stores depleted during exertion, mainly 

liver and muscle glycogen (Maehlum et al., 1978; Maehlum and Hermansen, 

1978; Krzentowski et al., 1982). At the same time, the energy demand 

of the body must continue to be met by a readily available fuel. 

Indeed, several studies have demonstrated elevated levels of free fatty 

acids (FFA) or glycerol and an increased rate of lipid oxidation for 

hours following exercise (Pruett, 1970; Krzentowski et al., 1982). 

Thus, it has been suggested that fat plays an important role in the 

process of metabolic recovery following exercise. 

Previous studies describing circulating levels of serum free 

fatty acids (FFA) have shown that an immediate and dramatic increase in 

FFA occurs between 5 and 20 minutes post-exercise (Carlson and Pernow, 

31 
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1961; Hagenfeldt and Wahren, 1975a). The dynamics of serum FFA 

concentration as recovery is extended have not been well defined. 

Furthermore, the stimulus for the post-exercise elevation of FFA is not 

clear. Pruett (1970) suggested that post-exercise elevation of FFA is 

a function of exercise intensity, however in his study the experimental 

design did not include careful control for total energy expenditure or. 

exercise duration. Similar studies describing post-exercise FFA 

concentration (Rodahl, Miller, and Issekutz, 1964; Krzentowski et al., 

1982) have not attempted to determine the possible exercise factors 

which induce the FFA response. 

The purpose of the present study was to describe the 

post-exercise response of serum FFA for 3 hours following endurance 

exercise of two different intensities and total kilocalorie 

expenditures. Exercise bouts were selected to represent exercise 

intensities typical of adults pursuing basic physical fitness. The aim 

of the investigation was to determine the extent to which FFA 

concentration is increased after termination of exercise and how this 

response relates to exercise intensity and total caloric expenditure. 

Methods and Procedures 

Subjects 

Eight, healthy college-age males volunteered to participate in 

this experiment. None were involved in any regular endurance training 

immediately prior to or during the study. Their mean (~SE) age, 
. 

height, weight, and peak V02 were 25.8 + 1.1 yr, 180.8 ~ 2.9 em, 75.7 

+ 3.3 kg, and 39.0 + 2.5 ml·kg-~ min-I, respectively. All subjects 
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completed a medical history questionnare during the initial screening 

and gave written consent after they were fully informed of all risks 

and discomforts associated with the experiments. None were diabetic, 

hyper-, or hypothyroid, or taking any medications that would influence 

metabolis'm during exercise or recovery. 

Treatments and Procedures 

All eight subjects were randomly assigned to each of four 

treatments: control, no exercise performed during a 4.5 h fasted rest 

period (CN); exercise performed at 30% of peak V02 for an energy 

expenditure of 300 kcal, subjects perceived this bout to be longer 

duration but easy effort (LE); exercise performed at 60% of peak V02 

for an energy expenditure of 300 kcal, longer duration and harder 

effort (LH); and exercise performed at 60% of peak V02 for an energy 

expenditure of 150 kcal, shorter duration and harder effort (SH). 

Exercise was performed on a cycle ergometer and was followed by a 3 h 

recovery period. For one subject, a repeat trial of treatment LH was 

performed in order to test the effects of an ingestion of glucose on 

FFA concentration during recovery. In ~his repeat trial the subject 

ingested 75 g of glucose dissolved in 400 ml of water at 120 min 

post-exercise. 

Subjects reported to the laboratory at 7:00 a.m. and after a 

brief review of diet and exercise records, a Teflon-lined catheter was 

inserted into an antecubital vein. The catheter was then attached to 

an intravenous infusion system using 0.9% saline to maintain catheter 

patency during the 5-h experimental period. Catheter insertion was 
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followed by a 30-min rest period to allow any possible stress responses 

to subside before beginning the actual experiment (Goodner et aI, 

1967). Metabolic measures consisting of blood samples for FFA and 

glucose and respiratory gas exchange were collected at the end of the 

30-min rest period. Subjects then exercised at specified work rates 

and durations. Metabolic measures representing the exercise period were 

taken 5 min prior to the termination of exercise. At the completion of 

exercise, subjects moved immediately from the ergometer to a supine 

resting position on a nearby exam table where for the next 3 h they 

rested quietly in a sitting or lying position. When measures were 

taken during rest or recovery, subjects assumed a quiet, supine 

position 15 min prior to measures being taken. The period from the 

termination of exercise to 60 min post-exercise was designated as 

immediate post-exercise recovery. To describe this period metabolic 

measures were taken at 5, 10, 20, and 60 min following exercise. 

Metabolic measures describing the period designated extended recovery, 

were taken at 60, 90, 120, 150, and 180 min post-exercise. 

Methods 

The methodology for this study has been previously described. 

Refer to Chapter 3. 

Results 

Non-exercise, fasting conditions 

Resting conditions prior to each exercise treatment are listed 

in Table 3. No significant differences were observed comparing the 

treatments prior to exercise. 



Table 3. Mean (+SE) values for serum FFA and glucose, V02 , RER, and lipid and carbohydrate oxidation 
indices measured during the pre-exercise rest period (n=32). 

VARIABLE TREATMENTSb 

LN LE LH SH 

FFA, mmo1/l 0.230 (.03) 0.243 (.02) 0.288 (.03) 0.262 (.01) 

Glucose, mmo1/1 4.05 (.26) 4.17 ( .29) 3.80 ( .32) 4.22 ( .15) 

. -1 
V02 , l·ml.n 0.258 (.01) 0.261 (.OS) 0.261 (.09) 0.263 (.07) 

RER 0.84 (.01) 0.S3 (.02) 0.S2 (.02) 0.84 (.01) 

a 
Lipid oxi~ftion 4.68 ( .01) 4.56 ( .01) 4.98 ( .01) 4.56 (.04) 
Index g·h 

carbohydr~te Oxidation 7.56 (.02) 7.92 (.02) 6.96 ( .02) 8.10 (.01) 
Index goh 

aLipid and carbohydrate oxidation indices are estimations based on indirect calorimetry. 

bNo statistical treatment differences were observed. 

loU 
lJ1 
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During the control treatment (CN), mean (~SE) serum FFA 

increased from a resting value of 0.230 ~ .03 to 0.302 ~ .04mmol/1 at 

the end of the 5-h experimental period (p<.05, Fig. 6). Blood glucose 

concentration did not change significantly (Fig. 7). By 120 min 

post-exercise, RER decreased below pre-exercise values (p<.05), Table 

4) and as estimated from indirect calorimetry, the lipid oxidation 

index increased from a resting value of (mean ~SE) 4.62 + .34 to 5.43 + 

-1 .53 g·h by the end of the control period (p<.OS). 

Exercise 

The actual mean relative exercise intensity measured during 

treatment LE (29% peak V02) was approximately half that measured during 

treatments LH and SH (59% and 58% peak V02 , respectively, p<.05). 

Based on calculations, the mean total exercise energy expenditures for 

treatments LE (320 kcal) and LH (297 kcal) varied slightly from the 300 

kcal expenditure approximated by work rate assignments, however the 

difference was not significant. Mean total exercise energy expenditure 

for treatment SH (162 kcal) was appoximately half the exercise energy 

expenditure of treatments LE and LH (p<.05). 

Exercise caused a significant increase in FFA during treatment 

LE (p<.05), but no changes were observed during exercise in treatments 

LH or SH (Fig. 6). Correcting for significant decreases in plasma 

volume which occurred during exercise (p<.05, Fig. 8), it was estimated 

that the content of total circulating FFA actually increased by 0.112 

romol/l from rest during treatment LE (p<.05) but decreased by 0.060 and 

0.063 romol/l from rest during treatments LH and SH, respectively (ns, 



Table 4. Respiratory exchange ratio (RER) before, during, and after exercise in overnight-fasted 
subjects. 

TREATMENT Pre-
Exercise Exercise 

Immediate Recovery Extended Recovery 

-40 -5 5 10 20 60 90 120 150 

CN 
• 84 .86 .83 .86 .85 .84 .84 .81 .81 

(.01 ) (.02) ( .02) (.01) (.02) (.01 ) (.01) ( .01) ( .01) 

** **+ **+ * * * * 
LE .83 .88 .96 .89 .83 .79 .79 .79 .79 

( .02) ( .01) ( .04) ( .02) (.01 ) ( .02) (.02) (.02) ( .01) 

** **+ **+ .78*++ .77*++ 
LH .82 .93 .98 .90 .80 .79 .80 

(.01 ) ( .02) ( .01) ( .02) ( .03) (.03 ) ( .02) ( .01) ( .01) 

** **+ **+ * * * 
5H 

.84 .99 1.07 .93 .81 .81 .80 .80 .80 
(.01 ) ( .01) (.03 ) ( .02) ( .02) ( .01) ( .01) ( .01) ( .01) 

180 min • 

.80 
( .02) 

* .79 
(.02) 

.77*++ 
( .01) 

* .80 
( .01) 

Values are mean (+5E). Pre-exercise (-40) measures were taken an average 40 min. prior to the beginning 
of the recovery period. Exercise (-5) measures were taken 5 min. prior to the termination of exercise. 
Zero (0) time refers to the beginning of the recovery period. 

* pre-exercise within treatment; p < .05. 

** pre-exercise within treatment; p < .05. 

+ treatment CN; P < .05. 

++ 
treatment CN, LE, SH; P < .05. 

W 
-...J 



Figure 6 

FFA Concentration Before, During, and After Exercise 
of Various Intensities And Total Energy Expenditures 

Mean (~SE) values fOE serum free fatty acid (FFA) concentration. *p<.05 vs CN. ap<.05 
vs rest (-40 min). p<.05 vs exercise (-5 min). cp<.05 vs 60 min post-exercise. 
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Table 5. Mean changes in the concentration and content levels of serum free fatty acids (FFA) and 
glucose during exercise and 20 minute post-exercise. 

Treatment Period of Change 

Pre-exercise to exercise Exercise to 20 min. post -exercise 

Change in Change in content Change in Change in content 
Concentration per liter blood Concentration per liter blood 

(mmo1/1) (nuno1) (nunol/1) (nuno1) 

CN 
FFA .005 -.003 .006 .006 
Glucose .011 -.035 -.043 .066 

* * * 
LE 

FFA .142 .112 .033 .074* 
Glucose -.311 -.807 .275 .783 

* * FFA .007 -.060 .201 .298* LH 
Glucose -.290 -1.145 .520 1.343 

SH 
FFA -.020 -.063 • 097 .039 • 
Glucose -.550 -1.285 .309 .943 

Changes in content based on calculations (Van Beaumont, 1972). 

* p < .05 vs CN. 

W 
\.0 



see Table 5). Although exercise caused a slight reduction in mean 

glucose concentration, the changes were not significant (Fig.7). 

Correcting for decreases in plasma volume, it was estimated that total 

circulating glucose content decreased approximately 1.0 mmol/l during 

exercise bouts LH and SH (p<.OS). 

Immediate recovery 

40 

The 20-min period immediately following exercise was 

characterized by an increase in the concentration of FFA (Fig. 6). The 

greatest rebound in FFA occurred following treatment LH where the 

concentration increased twofold above the exercise level (p<.05) during 

the first five minutes of recovery. A significant but lesser increase 

in FFA was observed immediately following exercise bout LE (p(.05). 

Although a similar trend occurred following treatment LE, the FFA 

increase was not significantly above levels measured during treatment 

CN. 

Plasma volume changes were similar following each exercise 

treatment increasing an average 8.5% above exercise levels during the 

initial 5 min of recovery (p(.OS, Fig. 8). Based on these rapid 

increases in plasma volume in the first 20 min of recovery, the total 

content of FFA in the circulation increased an estimated 0.298 and 

0.074 mmol per liter of blood following exercise treatments LH and LE, 

respectively (p(.OS, Table 5). Between the termination of exercise and 

20 min post-exercise the estimated content of total circulating glucose 

increased by 0.783, 1.343, and 0.943 mmol for LE, LH, and SH, 

respectively (p<.OS, Table 5). 



Figure 7 

Glucose Concentration Before, During, and After Exercise 
of Various Intensities and Total Energy Expenditures 

Mean (~SE) values for serum glucose concentration. 
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Figure 8 

Percent Change in Plasma Volume During And After Exercise 
of Various Intensities and Total Energy Expenditures 

Mean percent change in plasma volume calculated from pre-exercise resting samples 
designated as zero. 
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Extended recovery 

By 60 min post-exercise, the dramatic increases in FFA which 

occurred immediately after exercise diminished, however FFA following 

treatments LE and LH remained elevated above control (p<.OS, Fig. 6). 

Between 60 and 180 min, increases in FFA of 27, 28, 19, and 16% were 

measured during treatments LE, LH, SH, and CN, respectively (p<.OS). 

At 120 min post-exercise, FFA concentrations for treatments LH and LE 

were elevated above control (p<.OS), and although the mean 

concentration for treatment LH was greater that LE, no significant 

difference existed between the two treatments. Blood glucose remained 

stable during extended recovery (Fig. 7). During this period no 

changes occurred in plasma volume so concentration values accurately 

reflect the content of circulating FFA and glucose. 

During the period of extended recovery, there were no 
. 

measureable effects of exercise on V02 • However, a significant 

decrease in RER occurred during all treatments (Table 4). A comparison 

between treatments demonstrated that the greatest decrease in RER 

occurred following treatment LH (p<.OS). The mean (~SE) lipid 

oxidation index measured 60-180 min post-exercise was S.04 + .48, S.46 

± .42, 6.18 ~ .54, and S.S8 + .24 g.h-1 for treatments CN, LE, LH, and 

SH, respectively. Although the lipid oxidation index increased over 

the 2 h period after each exercise treatment, the greatest difference 

followed treatment LH (p<.OS). 
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Glucose ingestion 

Subject LM ingested 75g glucose dissolved in 400 ml of water at 

120 min post-exercise recovery in a repeat trial of treatment LH. 

Within 30 min, blood glucose increased from 4.34 to 7.08 mmol/l and 

serum FFA decreased from 0.517 to 0.369 mmol/l (Fig. 9). 

Discussion 

In contrast to previous studies (Pruett, 1970; Hagenfeldt and 

Wahren 1975a; Krzentowski et al., 1982), the design of the present 

study provided careful control for exercise intensity and total energy 

expenditure for the purpose of determining those factor(s) associated 

with induced changes in serum FFA. The greatest elevation of FFA 

occurred following treatments LE and LH which had the common exercise 

factor of a total energy expenditure of approximately 300 kcal, yet 

exercise was performed at two different intensities. In comparison, 

treatment SH was performed at the same intensity as treatment LH but 

did not induce a significant elevation of serum FFA during extended 

recovery. Thus, in this experiment, total exercise energy expenditure 

was the key factor determining the prolonged, post-exercise FFA 

response. This is in contrast to Pruett (1970) who suggested that 

exercise intensity was an independent factor related to the 

post-exercise elevation of FFA. It is interesting to note that the 

total kilocalorie expenditure of the exercise bout described by Pruett 

was 879 kcal and plasma FFA reached approximately 1.90 mmol/l by 180 

min post-exercise. In the present study, exercise of approximately 



Figure 9 

Glucose and FFA Concentration During Post-Exercise Recovery 
With and Without Glucose Ingestion 

Subject LM repeated treatment LH but ingested 75g glucose after 
sample was drawn at 120 min. Values are mean (~SE) for blood 
glucose (panel a) and serum FFA (panel b). 
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one-third the total caloric cost (treatment LH, 297 kcal) induced an 

increase in serum FFA that was approximately one-third to one-fourth 

the concentration observed by Pruett (0.525 vs 1.900 mmol/l). These 

data consistent. with the findings of the present study which 

demonstrated that the magnitude of the FFA response during extended 

recovery was proportional to exercise energy expenditure. 
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In general, under fasted resting conditions, the increases in 

concentration of circulating FFA have been considered evidence for an 

increased rate of FFA mobilization from adipose tissue (Frederickson 

and Gordon, 1958a; Goodner et al., 1967; Hagenfeldt, 1979). However, 

other possible factors influencing concentration exist including 

decreases in the rate of FFA uptake from the circulation and decreases 

in plasma volume. With regard to a possible reduction of FFA uptake, 

two possible mechanisms warrant consideration. First, the delivery of 

FFA may have been limited by a shift in blood flow away from major 

lipid utilizing tissues. This seems unlikely due to the fact that 

resting blood flow patterns are restored within 30 min following 

exercise (Bevegard and Shepard, 1967) and remain relatively unchanged 

thereafter unless perturbed by physical activity or stressful 

environmental conditions. In the present study, all samples were taken 

with subjects in a quiet, supine position and no physical activity was 

allowed during the recovery period. Thus, shifts in blood flow 

resulting in a decreased delivery of FFA do not seem probable. As a 

second mechanism, a change in metabolism causing greater demand for 

carbohydrate would reduce the uptake of FFA. In the present study, 



since significant decreases in RER and increases in lipid oxidation 

index occurred during extended recovery, it is unlikely that a 

reduction of FFA uptake was occurring. 
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With regard to a decrease in plasma volume, our data 

demonstrated that by 60 min post-exercise, plasma volume recovered to 

within 1-5% above resting values and remained constant for the duration 

of the recovery period (Fig. 8). Since plasma volume did not change, 

it can be assumed that the increase in FFA concentration reflected 

actual accumulation of FFA content in the blood. Given the reasons 

presented above, a reduction in the uptake of FFA or a change in plasma 

volume are not plausible explanations for the increase in FFA 

concentration observed during post-exercise recovery. 

It is well established that an increase in blood glucose brings 

about a decrease in circulating FFA (Dole, 1956) acting through a 

direct antilipolytic effect on adipose tissue as well as an indirect 

effect via the antilipolytic action of insulin (Jungas and Ball, 1963; 

Arner, Bolinder, and Ostman, 1983). In the present study, one subject 

ingested 75 g of glucose at 120 min post-exercise. Within 30 min his 

blood glucose increased from 4.34 to 7.08 mmol/l and serum FFA 

decreased from 0.517 to 0.369 mmol/l (Fig. 9). These data are 

consistent with findings of Pruett (1970) who also demonstrated that 

ingestion of glucose diminshed the post-exercise elevation of FFA. 

Since glucose has inhibitory effects on FFA mobilization, and in the 

present and previous studies an ingestion of glucose significantly 

reduced post-exercise FFA levels, it is reasonable to conclude that the 
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prolonged elevation of FFA observed following exercise is due to 

increases in FFA mobilization. 

The dynamics of post-exercise FFA'concentration described by 

this study appeared to exist in two phases. During the initial 5 min 

of immediate recovery, FFA concentration increased rapidly and then 

decreased toward resting values within approximately 20 min (Fig. 6). 

These data confirm previous findings of Carlson and Pernow (1961) and 

Havel, Naimark, and Borchgrevink, (1963). Since the most dramatic 

increase in FFA occurred during immediate recovery of treatment LH, it 

appears that mechanisms leading to increases in FFA are responsive to 

a combination of exercise intensity and total kilocalorie expenditure. 

14 Based on infusion of C-labeled oleic acid, Hagenfeldt and Wahren 

(1975a) demonstrated that this early peak in serum FFA is a consequence 

of an augmented release of FFA. 

The second phase of the post-exercise response began to occur 

approximately one hour after exercise was terminated. This period of 

recovery combined the effects of 14 hours of fasting and partial 

reduction of endogenous fuels utilized during exercise. Since calorie 

cost appears to be the primary factor associated with the elevation of 

FFA during extended recovery, the response mechanism may be sensitive 

to fuel utilization or possibly the extent of fuel depletion. The fact 

that glucose ingestion produced a decrease in FFA implies that the 

availability of glucose either during or after exercise could 

significantly alter the post-exercise FFA response observed during 

fasted conditions. 
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In conclusion, results of the present study demonstrated that 

FFA concentration was elevated following exercise for at least 3 hours. 

The magnitude of the prolonged FFA response was a function of the total 

caloric cost of exercise rather than exercise intensity per see Based 

on data which demonstrated that plasma volume during recovery was 

unchanged from pre-exercise, that the index of lipid oxidation was 

increased, and that an ingestion of glucose reduced serum FFA, the 

elevation in serum FFA concentration appeared to be the result of a 

proportional increase in FFA mobilized from adipose tissue. 
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CHAPTER 5 

EFFECTS OF GLUCOSE INGESTION BEFORE EXERCISE 

ON POST-EXERCISE SERUM FREE FATTY ACID CONCENTRATION 

Introduction 

Previous studies have demonstrated that endurance exercise 

causes a prolonged elevation of circulating free fatty acids (FFA) 

lasting for several hours beyond the termination of exercise. This 

effect has been observed following heavy exhaustive exercise performed 

at 85-90% of peak v0 2 (Pruett, 1970) and following moderate exercise 

performed at 60% of peak V02 with a total energy cost of 300 kcal 

(Maxwell, Chapter 4). A common characteristic of these studies has 

been that exercise was performed while subjects were in a 12-h fasted 

state. The availability of glucose has both direct and indirect 

effects on circulating levels of FFA (Jungas and Ball, 1955; Dole, 

1956; Arner et al., 1983) and on various hormones which control 

lipolysis. It was therefore of interest to study the post-exercise FFA 

response following exercise preceded by an ingestion of glucose. The 

purposes of this experiment were to, a) compare post-exercise serum 

FFA concentration following exercise performed in a fasted state versus 

exercise preceded by a glucose ingestion, and b) to compare the 

responses of insulin, glucagon, cortisol, and growth hormone during the 

two experimental conditions. 
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Methods and Procedures 

Subjects 

Five healthy, college-age males volunteered to participate in 

this experiment. None were involved in any regular endurance training 

immediately prior to or during the study. Their mean (+SE) age, 

height, weight, and peak V02 were 23.6 ~ 2.0 yr, 179 + 4.9 cm, 76.1 + 

-1 -1 
4.3 kg, and 38.6 + 3.2 ml'kg . min • All subjects completed a medical 

history questionnaire during initial screening and gave written consent 

after they were fully informed of all risks and discomforts associated 

with the experiments. None were diabetic, hyper-, or hypothyroid, or 

taking any medications that would influence metabolism during exercise 

or recovery. 

Treatments and Procedures 

All five subjects were randomly assigned to each of four 

treatments: control - no exercise performed during a 5-h fasted rest 

period (CON); exercise performed in the overnight-fasted state followed 

by a 3-h fasting recovery period (EFT); and exercise performed 

following glucose ingestion then followed by a 3-h recovery period 

(EFD). Cycle ergometer exercise was performed at 60% of peak V02 , 
determined from an initial test of maximal performance, for a duration 

assigned to elicit a total energy expenditure of approximately 300 

kcal. Peak oxygen uptake (peak V02) was defined as the rate of oxygen 

consumption measured at volitional fatigue. Details of glucose 

administration are described in Chapter 3. 
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Subjects reported to the laboratory at 7:00 a.m. and after a 

brief review of diet and exercise records, a Teflon-lined catheter was 

inserted into an antecubital vein. The catheter was then attached to 

an intravenous infusion system using 0.9% saline to maintain catheter 

patency during the 5-h experimental period. Catheter insertion was 

followed by a 30-min rest period to allow any possible metabolic stress 

responses to subside before beginning the actual experiment (Goodner et 

al., 1967). Metabolic measures consisting of indirect calorimetry and 

blood sampling were collected at the end of the 30-min rest period. 

For the EFD treatment, subjects drank a glucose solution (75 g glucose 

dissolved in 400 ml of water) 15 min prior to exercise immediately 

after the pre-exercise metabolic measures. Subjects then exercised at 

specified work rates and durations. Metabolic measures representing 

the exercise period were taken 5 min prior to the termination of 

exercise. At the completion of exercise, subjects moved immediately 

from the ergometer to a supine resting position on a nearby exam table, 

where for the next three hours, they rested quietly in a sitting or 

lying position. When measures were taken during rest or recovery, 

subjects assumed a quiet, supine position. The period from the 

termination of exercise to 60 min post-exercise was designated as 

immediate post-exercise recovery. To describe this period, metabolic 

measures were taken at 5, 10, 20, and 60 following exercise. Metabolic 

measures describing the period designated, extended recovery, were 

taken at 60, 90, 120 150, and 180 min post-exercise. 
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Methods 

The methodology for this study has been previously described. 

Refer to Chapter 3. 

Results 

Exercise 

Actual mean (~SE) values measured for relative work intensity, 

exercise energy expenditure, and exercise duration for treatments EFT 

and EFD were 57.4 ~ 1.3% peak V02 , 299 ~ 9.6 kcal, and 37 + 5.3 min, 

respectively. No significant differences were observed between 

treatments EFD and EFT. Exercise in the fasted state caused a 

significant increase above control in mean (+SE) RER (0.96 + .02 vs 

0.82 ~ .02, p<.05). The ingestion of glucose prior to exercise caused 

an even greater increase in RER above that measured during exercise 

under fasting conditons (0.98 + .03 vs 0.96 + .02, p<.05). 

Serum FFA 

Average pre-exercise, pre-glucose ingestion serum FFA levels 

for the three treatments ranged from 0.217 to 0.268 romol/l (ns, Fig. 10 

A). During the control trial, FFA increased from (mean ~SE) 0.268 + 

.03 to 0.333 + .08 over the 5-h experimental period (p<.05). By the 

end of exercise in treatment EFT, FFA concentration remained unchanged 

from that measured at pre-exercise. In contrast, during exercise of 

treatment EFD, FFA decreased from (mean ~SE) 0.217 ~ .02 to 0.179 + .03 

romol/l. Serum FFA during exercise in EFD was significantly lower than 

FFA during CON and EFT (p<.05). In immediate recovery (5 - 60 min), 



FIGURE 10 

Serum FFA, Glucose, And Insulin Concentrations Before, 
During, and After Exercise Performed Under 

Fed and Fasted Conditions 

Mean (+SE) concentrations for free fatty acids (FFA) (panel A), 
glucose (panel B), and insulin (panel C). In treatment EFD subjects 
ingestEd glucose 15 min prior to exercise. ap<.05 vs rest (-40 
min), p<.05 vs exercise

t
(-5 min), cp<.05 vs 60 min post-exercise, 

*p<.05 vs CON and EFT, p<.05 vs CON and EFD. 
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rapid increases in FFA were observed in both exercise treatments, 

however the concentrations reached during EFD were approximately 0.200 

mmol/l less than FFA levels in the fasted state (p<.05). Serum FFA 

during EFD reached lowest concentration at 60 min post-exercise. The 

period of extended recovery was characterized by a steady increase in 

FFA in both EFT and EFD (p<.05). During EFT, a significant elevation 

of FFA was evident between 90 - 180 min post-exercise, peaking at (mean 

~SE) 0.399 mmol/l (p<.05). In contrast, FFA concentration during EFD 

remained markedly lower than control and EFT levels (p<.05). 

Serum Glucose 

Prior to exercise and glucose ingestion, serum glucose for the 

three treatments ranged from 3.87 to 4.09 mmol/l (ns, Fig. 10 B). 

During the control treatment, glucose tended to decline slightly for 

the 5-h duration to a concentration of 3.84 mmol/l (ns). Exercise 

caused a nonsignificant decrease in serum glucose in the fasted state. 

The ingestion of glucose prior to exercise caused an increase in blood 

glucose during exercise, however, due to a relatively large variation, 

the increase was not significant. At 20 min post-exercise, blood 

glucose in the EFD treatment (5.22 mmol/l) increased 19% above exercise 

levels making it significantly elevated above control and EFT 

conditions (p<.05). However, by 60 min post-exercise, EFD glucose 

returned to 3.79 mmol/l, equivalent to control and EFT concentrations. 

For the duration of extended recovery, glucose levels remained 

relatively unchanged with little variation among conditions. 
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Insulin 

Resting insulin levels ranged from 8.1 to 5.7 uU/ml (ns., Fig. 

10C). During the control trial, insulin remained unchanged ranging 

between 8.1 and 5.3 uU/ml (ns). During exercise in the fasted state, 

no change in insulin was observed. Following exercise, insulin 

concentration ranged from 3.18 to 5.24 uU/ml, consistently lower than 

control, but the difference was not significantly different. Following 

glucose ingestion, mean (~SE) insulin measured 5 min before the 

termination of exercise averaged 19.7 + 4.5 uU/ml. This was 

significantly greater than CON and EFT (p<.05). By 60 min recovery, 

mean (~SE) insulin concentration during EFD decreased to 12.6 + 4.1 

uU/ml but remained significantly higher than CON and EFT (p<.05). 

During the last 2-h of recovery, insulin in treatment EFD declined 

steadily to 3.8 + 8.5 uU/ml, similar to values measured during CON and 

EFT. 

Glucagon 

Mean (~SE) glucagon concentration for CON, EFT, and EFD ranged 

between 46 + 41 and 159 ~ 68 pg/ml in the pre-exercise, pre-glucose 

ingestion state (ns, Fig. 11 A). During treatment CON, glucagon 

averaged (mean ~SE) 147 ~ 75 pg/ml. No significant differences were 

observed over the 5-h period Exercise did not induce significant 

changes in glucagon levels. Samples drawn 5 min prior to the 

termination of exercise in both EFT and EFD were not significantly 

different from control. Glucagon concentrations between 60 and 180 min 

post-exercise were (mean ~SE) 130 ~ 71, 139 ~ 78, and 146 ~ 79 ng/ml 



FIGURE 11 

Glucagon, Growth Hormone, and Cortisol Concentrations 
Before, During and After Exercise 

Performed Under Fed and Fasted Conditions 

Mean (+SE) concentrations for glucagon (panel A), growth hormone 
(panel-B), and cortisol (panel C) measured pre-exercise and 
pre-glucose ingestion,S min before the termination of exercise, and 
60, 120, and 180 min post-exercise. 
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for EFT, EFD, and CON, respectively. No treatment differences were 

observed. 

Growth Hormone 

Mean (~SE) growth hormone concentrations for CON, EFT, and EFD 

ranged between 1.97 ~ .099 and 2.38 ~ .662 ng/ml in the pre-exercise, 

pre-glucose ingestion state (ns, Fig. 11 B). During the first 45 min 

of the control treatment, growth hormone in one subject increased to 

10.2 ng/ml. For the other four subjects, growth hormone remained 

unchanged. Slight elevations observed during exercise were not 

significant from pre-exercise or control. During recovery, growth 

hormone averaged (mean ~SE) 1.93 ~ .35, 2.27 ~ .38, and 2.58 ~ .49 for 

CON, EFT, and EFD, respectively. No treatment differences were 

observed. 

Cortisol 

58 

Mean (~SE) cortisol concentrations for CON, EFT, and EFD ranged 

between 11.4 + 1.1 and 16.3 ~ 3.0 uU/dl in the pre-exercise, 

pre-glucose ingestion state (ns, Fig. 11 C). Although mean cortisol 

concentrations increased during exercise, the changes were not 

significantly greater than pre-exercise or control. During recovery, 

cortisol concentrations averaged over three measurements were (mean 

~SE) 10.2 ~ 1.2, 10.7 ± 1.4, and 9.4 + 1.3 ug/dl for CON, EFT, and EFD, 

respectively. No treatment differences were observed. 
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Discussion 

Previous studies have shown that endurance exercise, pe~formed 

in and followed by a fasted state, induces both an immediate and 

prolonged elevation of circulating FFA (Rodahl et aI, 1964; Pruett, 

1970; Hagenfeldt and Wahren, 1975a; Maxwell, Chapter 4). In the 

present study, this finding was confirmed. During fasted conditions, 

serum FFA increased rapidly within 5 min following exercise and then a 

prolonged continuous increase was observed between 60 and 180 min 

post-exercise. Maxwell (Chapter 4) has suggested that the 

post-exercise elevation of serum FFA concentration is the result of a 

proportionate increase in the rate of FFA mobilization. Other studies 

have demonstrated a close relationship between circulating FFA 

concentration and FFA mobilization from adipose tissue both during 

resting, fasted conditons (Armstrong et aI, 1961) and during recovery 

from exercise (Hagenfeldt and Wahren, 1975a). 

As suggested by Pruett (1970) one of the factors contributing to 

the prolonged elevation of FFA following exercise may be an increase in 

growth hormone. Elevated levels of the lipolytic hormones, glucagon, 

cortisol, and growth hormone, have been observed during exercise and 

during resting, fasted conditions associated most often with reduced 

concentrations of blood glucose (Feldman, Plonk, and Bivens, 1975; 

Rizza, Cryer, and Gerich, 1979; Gerich, 1981; Galbo,1983). Insulin is 

recognized as a major lipolytic regulator because absence of its 

influence appears to establish a permissive biochemical environment for 

the action of other stimulators of lipolysis (Fain, 1980). In the 



present study, the post-exercise FFA response which occurred under 

fasting conditions was not associated with increases in glucagon, 

cortisol, or growth hormone nor with a significant reduction of blood 

glucose. However, during both the control and the fasting, exercise 

treatments, the FFA responses were associated with low insulin 

concentrations during all phases of the experiment. These data 

suggest that the post-exercise elevation of FFA above control levels 

was not induced by the actions of glucagon, cortisol, or growth 

hormone, but may have been regulated by the absence of insulin in 

concert with the action(s) of other lipolytic factors stimulated by 

exercise but not during resting, fasting conditions. 
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Glucose ~ngestion prior to exercise significantly attenuated 

the post-exercise FFA response. During the first 20 min of recovery 

following glucose ingestion, a slight increase in serum FFA occurred. 

However, the absolute concentration of FFA measured 10 min 

post-exercise was 35% lower than corresponding levels measured during 

fasting. This diminished FFA response occurred simultaneously with an 

increase in blood glucose and a likely increase in serum insulin. 

Although insulin levels were not measured during the first 20 min of 

recovery, elevated insulin was observed during exercise and at 60 min 

post-exercise, thus it was probable that insulin was elevated 

immediately after the termination of ex~rcise. Since glucagon, 

cortisol, and growth hormone were eliminated as· contributing factors to 

the post-exercise FFA response, it was probable that the ingestion of 

glucose caused a decrease in serum FFA via an inhibition of lipolysis 
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induced by the anti1ipo1ytic effects of insulin and perhaps by a direct 

action of glucose on adipose tissue (Arner et a1, 1983). 

A second mechanism may have also contributed to the attenuated 

FFA response following glucose ingestion. In an earlier study, Maxwell 

(Chapter 4) demonstrated that the magnitude of the post-exercise FFA 

response was determined by total exercise energy expenditure. It was 

therefore possible that the signals for post-exercise FFA mobilization 

were derived from afferent information on the availability, 

utilization, or depletion of endogenous fuels. In fact, metabolic 

receptors in the liver have been identified and may play an integral 

role in monitoring fuel homeostasis (Sawchenko and Friedman, 1979; 

Friedman and Granneman, 1983). Ingestion of glucose prior to exercise 

has been shown to significantly contribute to energy production thus 

sparing endogenous fuels (Costill et aI, 1973). Although fuel 

utilization and depletion were not measured in the present study, 

higher levels of serum insulin, serum glucose, and RER indicated that 

glucose ingestion altered substrate utilization during exercise. 

Therefore, it was possible that the availability of exogenous glucose 

during exercise reduced the utilization of endogenous fuels thereby 

decreasing the stimuli for FFA mobilization. 

In the second and third hours of post-exercise recovery, a 

gradual increase in serum FFA concentration occurred in the 

glucose-ingestion treatment even though levels remained significantly 

below that measured during the control and fasting exercise treatments. 

During this period, serum insulin and glucose levels had returned to 
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control levels and no changes were observed in glucagon, cortisol, or 

growth hormone. These data suggest that the increase of serum FFA 

toward control levels was the net result of the removal of the 

antilipolytic influences of insulin and glucose possibly combined with 

the effects of other unidentified lipolytic agents stimulated by 

fasting and exercise. 

In summary, comparison of these experimental treatments 

permitted examination of possible mechanisms controlling the 

post-exercise FFA response. The findings support the following 

conclusions. First, the post-exercise FFA response under fasting 

conditions was not associated with significant changes in serum 

glucagon, cortisol, growth hormone or glucose levels. However, it was 

associated with low insulin levels which may have set a permissive 

environment for FFA mobilization. Second, since no treatment 

differences were observed between the hormonal responses of control 

treatment and the fasting, exercise treatment, it appeared that the 

post-exercise FFA response was due to some other lipolytic factor(s) 

stimulated by exercise. Third, the ingestion of glucose prior to 

exercise reduced the post-exercise FFA response demonstrating the 

likelihood that the mechanism may be partially controlled by changes in 

serum glucose and insulin. It is also· possible that the availability 

of exogenous glucose during exercise reduced the utilization of 

endogenous fuels thereby altering the stimuli for FFA mobilization 

during recovery. 



Chapter 6 

EFFECTS OF EXOGENOUS GLUCOSE ON MECHANISMS CONTROLLING 

POST-EXERCISE SERUM FFA CONCENTRATION 

Introduction 

When exercise is performed in, and followed by, a period of 

fasting, a significant elevation of serum free fatty acids (FFA) occurs 

for several hours during recovery (Pruett, 1970; Maxwell, Chapter 4). 

The mechanisms which control this FFA response to exercise have not 

been clearly defined. It is well established that the control of 

circulating FFA under basal, fasting conditions is mediated by varying 

levels of lipolytic hormones (Unger, Eisentraut, and Madison, 1963; 

Felig, 1979) and also by sympathetic input to adipose tissue (Havel and 

Goldfien, 1959; Gross and Migliorini, 1977). These mechanisms appear 

to be independently responsive to varying levels of blood glucose. 

Goodner et al (1967) demonstrated that a large bolus of glucose 

delivered to the body via ingestion reduced basal, fasting FFA levels 

through the the antilipolytic effects of insulin. In the same study a 

constant intravenous infusion of glucose in low concentration reduced 

serum FFA via a decrease in sympathetic input to adipose tissue while 

no changes were observed in other lipolytic hormones. Since different 

inhibiting mechanisms can be elicited via the administration of varying 

concentrations of glucose, this approach was used in the present study 

to identify possible controlling mechanisms of the post-exercise FFA 
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response. The purposes of this study were to compare the responses of 

serum FFA, glucose, insulin, glucagon, cortisol, and growth hormone 

under 3 different post-exercise conditions: fasting, following glucose 

ingestion, and during a continuous infusion of a dilute glucose 

solution. 

Methods and Procedures 

Subjects 

Five healthy, college-age males volunteered to participate in 

this experiment. None were involved in any regular endurance training 

immediately prior to or during the study. Their mean (±SE) age, 

height, weight, and peak V02 were 23.6 ± 2.0 yr, 179 ± 4.9 em, 76.1 + 

-1 -1 
4.3 kg, and 38.6 + 3.2 ml-kg - min • All subjects completed a medical 

history questionnaire during initial screening and gave written consent 

after they were fully informed of all risks and discomforts associated 

with the experiments. None were diabetic, hyper-, or hypothyroid, or 

taking any medications that would influence metabolism during exercise 

or recovery. 

Treatments and Procedures 

All five subjects were randomly assigned to each of four 

treatments: control, no exercise performed during a 4.5 h fasted rest 

period (CON); exercise performed in the overnight-fasted state 

followed by a 3-h recovery period with no glucose administered during 

the recovery period (EFT); exercise performed in the overnight-fasted 

state followed by a 3-h recovery period with glucose ingestion at 
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60-min post-exercise (ElG); and exercise performed in the overnight 

fasted state followed by a 3-h recovery period with continuous glucose 

infusion between 60 and 1Z0 min post-exercise (ElF). Cycle ergometer 

exercise was performed at 60% peak VOZ' determined from an initial test 

of maximal performance, for a duration assigned to elicit a total 

energy expenditure of approximately 300 kcal. Peak oxygen uptake (peak 

VOZ) was defined as the rate of oxygen consumption measured at 

volitional fatigue. Details of glucose administration are given below. 

Subjects reported to the laboratory at 7:00 a.m. and after a 

brief review of diet and exercise records, a Teflon-lined catheter was 

inserted into an antecubital vein. The catheter was then attached to 

an intravenous infusion system using 0.9% saline to maintain catheter 

patency during the 5-h experimental period. Catheter insertion was 

followed by a 30-min rest period to allow any possible metabolic stress 

responses to subside before beginning the actual experiment (Goodner, 

1967). Metabolic measures consisting of respiratory gas exchange and 

blood sampling were collected at the end of the 30-min rest period. 

Subjects then exercised at specified workrates and durations. 

Metabolic measures representing the exercise period were taken 5 min 

prior to the termination of exercise. At completion of exercise, 

subjects moved immediately from the ergometer to a supine resting 

position on nearby exam table, where for the next three hours, they 

rested quietly in a sitting or lying position. When measures were 

taken during rest or recovery, subjects assumed a quiet, supine 

position. The. period from the termination of exercise through 60 min 

post-exercise was designated as immediate post-exercise recovery. To 
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describe this period, metabolic measures were taken at 5, 10, 20, and 

60 min following exercise. Metabolic measures describing the period 

designated, extended recovery, were taken at 60, 90, 120, 150, and 180 

min post-exercise. 

Glucose Ingestion and Infusion 

For glucose ingestion, 75 g of glucose were dissolved in 400 ml 

of lemonade-flavored water. Subjects drank the entire volume 

immediately following the metabolic collections at 60 min 

post-exercise. For glucose infusion, 40 g of glucose were mixed with 

400 ml 0.9% saline. This solution was administered through the 

infusion system used to maintain catheter patency. The infusion rate 

was adjusted to deliver 100 mg glucose in 100 ml saline per minute, a 

delivery rate similar to that used by Goodner et al (1967). 

Immediately after metabolic measures were collected at 60 min 

post-exercise, glucose infusion was initiated and continued until just 

prior to the metabolic sampling at 120 min post-exercise. 

Methods 
The methodology for this study has been previously described. 

Refer to Chapter 3. 

Results 

Pre-exercise 

Pre-exercise conditions were the same for the four treatments. 

Mean (+SE) values for resting oxygen uptake and the respiratory 

exchange ratio were 0.258 ! .03 l/min and 0.83 ~ .02, respectively. 

Mean (!SE) values for serum FFA and glucose were 0.245 + .03 mmol/l and 
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4.10 ~ 0.2 mmol/l, respectively. Mean (+SE) values for insulin, 

glucagon, growth hormone, and cortisol in the overnight fasted state 

were 6.3 ~ 1.3 uU/ml, 164 + 69 pg/ml, 2.3 ~ 1.0 ng/ml, and 13.0 ~ 2.6 

ug/dl, respectively. No statistical differences were observed between 

treatments for any of the measured variables. 

Exercise 

Mean (~SE) values for exercise oxygen uptake, relative work 

intensity, and absolute work rate for the three exercise treatments 

were 1.720 + .171 l/min, 59 + 2%, and 646 + 79 kgm, respectively. The 

mean (+SE) energy expenditure during exercise was 306.2 + 11.0 kcal. 

No significant treatment differences were observed. 

Exercise did not cause significant changes in serum FFA or 

glucose sampled during the last 5 min of the exercise period (Fig 12). 

Mean (+SE) values for insulin, glucagon, growth hormone, and cortisol 

during exercise were 5.6 ~ 0.5 uU/ml, 180 ~ 65 pg/ml, 4.2 + 1.7 ng/ml 

and 13.4 ~ 2.8 ug/ml, respectively. Exercise did not induce 

significant changes in these hormones. 

Immediate Recovery 

Within the first 5 min of recovery, serum FFA for all exercise 

treatments increased an average 47% above levels measured during the 

final minutes of exercise (p<.05), followed by a gradual decline to 

fasting, control levels by 60 min post-exercise (Fig. 12 A). Serum 

glucose measured during immediate recovery remained unchanged compared 

to pre-exercise, exercise, and fasting control levels (Fig. 12 B). 

These responses were consistent for each exercise treatment·. Mean 



Figure 12 

Serum FFA and Glucose Concentrations Before~ During, 
and 60 min Following Exercise Performed Under Fasting Conditions 

Mean (+SE) concentration for serum free fatty acids (FFA) and - a glucose. *p<.05 CON vs EFT,ElG,ElF. p<.05 vs -5 min for treatments 
EFT,ElG, and ElF. 
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Fig. 12 Serum FFA and Glucose Concentrations Before, During, and 
60 min Following Exercise Performed Under Fasting Conditions 
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(±SE) values for insulin, glucagon, growth hormone, and cortisol 

measured at 60 min post-exercise were 5.5 ± .6 ug/ml, 159 + 24 pg/ml, 

2.3 + .3 ng/ml, and 10.S ± .3 ug/dl, respectively. No significant 

differences were observed compared to pre-exercise levels or between 

treatment means. By 60 min post-exercise, mean (±SE) oxygen uptake 

-1 (.261 ±.02 lemin ) and respiratory exchange ratio (0.80 +.01) were the 

same as that measured during pre-exercise and fasting control. No 

significant treatment differences were observed. 

Glucose Ingestion 

A 56% increase in serum FFA occurred between 60 and 180 min 

post-exercise during treatment EFT (p<.OS; Fig. 13). Compared to 

fasting control values, FFA concentration during EFT was significantly 

elevated for the entire period of extended recovery (p<.05). Glucose 

ingestion caused a 48% decrease in post-exercise serum FFA (p<.05), 

abolishing the exercise-induced FFA elevation and reducing FFA 

significantly below fasting control levels. This reduction in FFA was 

accompanied by a 28% increase in serum glucose and a 7-fold increase in 

serum insulin (p<.OS), elevating both significantly above that measured 

during CON and EFT (p<.05, Fig. 13). Combined mean (±SE) values for 

glucagon, growth hormone, and cortisol measured during extended 

recovery of CON and EFT were 77.S ± 60 pg/ml, 2.0 ± 1.1 ng/ml, and 10.2 

~ 2.5 ug/dl, respectively and these levels were not altered by glucose 

ingestion, i.e., treatment EIG. 

Between 60 and 180 min post-exercise, no significant change was 

observed in resting oxygen uptake for treatments CON, EFT, or EIG. 



Figure 13. 

Effects of Glucose Ingestion on Serum FFA, Glucose, and Insulin 
During Post-Exercise Recovery 

Mean (±SE) concentrations for serum free fatty acids (FFA), glucose, 
and insulin after glucose ingestion at 70

t
min post-exercise. ap<.OS 

vs 60 min post-exercise. *p<.OS vs CON. p<.OS vs CON and EFT. 
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Mean (~SE) RER values between 120 and 180 min post-exercise for 

treatments CON, EFT, and EIG were 0.83 + .02, 0.79 ~ .01, and 0.88 + 

.02, respectively (p<.05). Statistical significance was measured 

between each of the three treatment means. 

Glucose Infusion 
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During glucose infusion, serum FFA did not increase above 

fasting control levels and averaged 19% (p<.05) below that measured 

during EFT (Fig. 14). No increases were observed in serum glucose or 

insulin (Fig. 14). Also, no changes were observed in glucagon, growth 

hormone, or cortisol during or after glucose infusion. Glucose 

infusion did not alter resting oxygen consumption or the respiratory 

exchange ratio. 

Discussion 

In this study the response of serum FFA during post-exercise 

recovery was consistent with previous studies (Pruett, 1970; Hagenfeldt 

and Wahren, 1975a; Maxwell, Chapter 4). By design, the exercise 

treatments each followed the same protocol until 60 min post-exercise, 

and up to that point treatment responses were similar. The period of 

immediate recovery was characterized by a rapid increase in serum FFA 

within the first 5 min, followed by a gradual decrease to resting 

control concentrations by 60 min post-exercise. As previously 

described (Maxwell, Chapter 5), circulating glucose, insulin, glucagon, 

growth hormone, and cortisol concentrations did not change during 

exercise or during immediate recovery compared to pre-exercise values. 



Figure 14 

Effects of Glucose Infusion on Serum FFA, Glucose, and Insulin 
During Post-Exercise Recovery 

Mean (±SE) concentrations for serum free fatty acids (FFA), glucose, 
and insulin. Glucose was infused between 60 and 120 min 
post-exercise. *p<.OS EFT vs CON, ElF. 
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When the period of fasting was extended beyond 60 min 

post-exercise, a second increase in serum FFA was observed. In the 

third hour of recovery, FFA concentration was significantly elevated 

above pre-exercise and fasting control values, suggesting that the 

stimulus for FFA accumulation was greater following exercise than 

during fasting alone. These data suggested that the elevation of FFA 

observed during this time period was the result of the additive effects 

of fasting and exercise on mechanisms controlling the release of FFA 

into the circulation. 

Glucose ingestion was used as a method of inhibiting the 

accumulation of serum FFA in order to determine possible mechanisms 

responsible for the observed elevation of serum FFA from 120 to 180 min 

following exercise. Early studies of the dynamics of circulating FFA 

demonstrated that glucose ingestion reduced serum FFA levels measured 

during inactive overnight fasting conditions (Dole, 1956; Gordon and 

Cherkes, 1956). In the present study, glucose ingestion not only 

reduced the extra accumulation of serum FFA induced by exercise, but 

also lowered serum FFA below that measured during fasting control. 

Several mechanisms have been proposed through which glucose may 

lower circulating FFA. First, an increase in re-esterification of 

unreleased FFA may occur if glucose uptake by the adipose cell 

increases (Jeanreneaud and Renold, 1959). An increase in blood glucose 

and insulin stimulates the formation of glycerophosphate in adipose 

tissue leading to an increase rate of re-esterification (Carlson and 

Bally, 1965). Second, an elevation of insulin caused by an increase in 

blood glucose may have a direct inhibiting action on triglyceride 



74 

hydrolysis since insulin is a strong inhibitor of hormone sensitive 

lipase (Jungas and Ball, 1963). Third, since the release of lipolytic 

hormones is closely integrated with changes in blood glucose, an 

increase in blood glucose may .act to limit the production of glucagon 

(Unger et aI, 1963), growth hormone (Abrams et aI, 1966), and cortisol 

(Yates and Urquhart, 1962). Finally, glucose may inhibit sympathetic 

stimulation of lipolysis (Goodner et al., 1967) since both sympathetic 

deafferentation (Cantu and Goodman, 1967; Gross and Migliorini, 1977) 

and pharmacological blockade (Havel and Goldfien, 1959; Abramson, Arky, 

and Woeber, 1966) have been shown to alter the FFA response to 

variations in blood glucose concentration. 

In the present study, the bolus of glucose delivered to the 

circulation via ingestion and absorption caused significant increases 

in blood glucose and insulin, both remaining elevated above fasting 

control levels for 60 to 120 min following the ingestion. It is 

probable that these increases in glucose and insulin contributed to the 

decrease in post-exercise serum FFA acting through an increase in FFA 

re-esterification and a decrease in triglyceride hydrolysis. With 

regard to the actions of the other lipolytic hormones on post-exercise 

FFA, under the conditions of the present experiment no changes were 

observed in glucagon, growth hormone, or cortisol levels during fasting 

control, post-exercise fasting, or following glucose ingestion. Thus, 

it is unlikely that the post-exercise elevation of FFA concentration 

was stimulated by these hormones or that ingestion of glucose acted to 

inhibit the secretion of these hormones. It is possible that the 

increase in blood glucose acted upon the central nervous system to 



reduce sympathetic stimulus for FFA release. However, because 

increases in blood glucose and insulin may have had direct effects on 

re-esterification and triglyceride hydrolysis, such actions make it 

difficult to determine the extent to which circulating glucose levels 

may have altered sympathetic control over the post-exercise elevation 

of serum FFA. 
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To further elucidate the possible contribution of the 

sympathetic nervous system to the control of post-exercise serum FFA, 

we repeated an experimental procedure of glucose infusion as previously 

reported by Goodner et al (1967). In their experiments, Goodner and 

co-workers demonstrated that the sympathetic contribution to lipolysis 

during fasting was closely regulated by blood glucose. They 

intravenously infused small amounts of glucose into inactive subjects 

fasted overnight and found that the infusion produced a significant 

decrease in fasting FFA levels. The infusion did not cause an increase 

in circulating insulin and its effects upon serum FFA were abolished by 

autonomic blockade. They concluded that the glucose infusion reduced 

fasting FFA levels via central regulation of sympathetic outflow to 

adipose tissue. It is important to note that their experiments did not 

involve exercise. 

In the present study, the continuous infusion of glucose 

administered between 60 and 120 min following exercise, reduced 

post-exercise FFA concentration to fasting control levels. The 

infusion attenuated only the additional portion of the serum FFA 

concentration attributed to exercise. In contrast to the previous 

study by Goodner et al. (1967), glucose infusion during post-exercise 
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recovery did not cause a significant increase in blood glucose. It is 

possible that the rate of glucose infusion was balanced by an 

exercise-induced increase in muscle and hepatic glucose uptake for 

replenishment of glycogen (Maehlum and Hermansen, 1978; Maehlum et al., 

1978). As observed in the study by Goodner et ale (1967), in the 

present study no change occurred in insulin concentration during the 

glucose infusion. Also, no changes were measured in glucagon, growth 

hormone, or cortisol. Thus, although glucose infusion following 

exercise did not significantly raise blood glucose, it did inhibit the 

exercise-induced elevation of serum FFA through mechanisms apparently 

independent of insulin and the other lipolytic hormones. 

Two possible actions of the infused glucose on the release of 

FFA may have occurred in the present study. First, the infused glucose 

may have acted directly in adipose tissue to increase FFA 

re-esterification and thus reduce serum FFA concentration. However, 

without a concomitant increase in insulin, the uptake of glucose would 

be limited (Jeanrenaud and Renold, 1959). In the present study, 

insulin levels did not increase; therefore, it is unlikely that 

re-esterification significantly reduced circulating FFA. Second, as 

suggested by Goodner et al (1967), the infused glucose may have acted 

upon glucose-sensitive centers in the hypothalmus thereby reducing 

sympathetic input to adipose tissue. 

A comparison of the effects of glucose ingestion versus glucose 

infusion on post-exercise FFA concentration demonstrated that the 

exercise-induced elevation of serum FFA concentration was partially 

controlled by some factor(s) other than reductions in glucose and 
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insulin, or increases in glucagon, cortisol, or growth hormone. Since 

glucose ingestion elevated blood glucose and insulin, it was reasonable 

to conclude that the treatment reduced post-exercise FFA concentration 

through three possible mechnanisms: 1) an increase in FFA 

re-esterification, 2) a decrease in triglyceride hydrolysis by insulin 

inhibition of hormone sensitive lipase, and 3) a decrease in 

triglyceride hydrolysis following a reduction of sympathetic input. In 

contrast, glucose infusion only eliminated that portion of the serum 

FFA induced by exercise and this effect occurred without concomitant 

increases in glucose or insulin. Since the effects of glucagon, 

cortisol, and growth hormone were eliminated as possible factors 

causing the post-exercise elevation of FFA, and since an inhibition of 

this FFA response caused by glucose infusion occurred without change in 

insulin, it is possible that sympatheic input to adipose tissue was a 

primary mechanism through which exercise induced the additional release 

of FFA during recovery. 

Data from the present study support the following conclusions. 

First, the elevation of serum FFA above normal fasting levels observed 

2-3 h following exercise was not induced by increases in glucagon, 

growth hormone, or cortisol. Second, only that portion of serum FFA 

elevated above control levels following exercise was reduced by glucose 

infusion and this effect appeared to be independent of the actions of 

glucose and insulin on adipose tissue. Finally, glucose infusion 

probably inhibited some other factor(s) responsible for the additional 

release of FFA consequent to exercise. A possible factor inhibited by 

glucose infusion may have been sympathetic input to adipose tissue. 
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Chapter 7 

EFFECTS OF ACUTE EXERCISE ON HUNGER IN HUMANS 

Introduction 

Most studies concerned with the effects of exercise on human 

eating behavior have focused on changes in body composition, food 

intake, and energy balance subsequent to chronic exercise training 

(Oscai, 1973; Wilmore, 1983). Only a few studies have addressed the 

effects of acute exercise on human eating behavior. Jankowski and Foss 

(1972) examined post-exercise changes in 24-h energy intake following 

a I-mi versus a 440-yd run and found no measurable effect. Belbek and 

Critz (1973) proposed that an acute bout of exhaustive treadmill 

exercise produced an increase in the plasma concentration of an 

anorexigenic substance. In general, the evidence accumulated 

concerning exercise and eating behavior suggests that acute bouts of 

exercise may have short term anorexigenic effects, but physiological 

mechanisms leading to these effects are not clearly defined. Several 

factors have been proposed including increased levels of plasma 

catecholamines proportional to exercise intensity (Crews et aI, 1969), 

increases in lactate (Baile et aI, 1970), and increases in core 

temperature (Brobek, 1948). Recently, studies have suggested that the 

supply of metabolic fuels may provide stimulus for hunger mediated by 

neural sensory signals originating in the liver (Friedman and Stricker, 

1978; Granneman and Friedman, 1983). Under this hypothesis, peripheral 
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factors such as circulating levels of glucose or free fatty acids (FFA) 

may relate to various degrees of hunger and satiety (Friedman, 1982). 

In order to further examine the effects of acute exercise on 

human eating behavior, ratings of perceived hunger were recorded 

before, during, and for 3 hours following exercise of varying 

intensities and energy expenditures. Numerous studies have used hunger 

rating scales as a method of quantifying the subjective expression of 

physical signals manifesting in the drive to eat (Monello et aI, 1965; 

Stunkard and Fox, 1971; Durrant and Royston, 1980). In the present 

study, hunger ratings were compared to exercise intensity, total 

exercise energy expenditure, respiratory exchange ratio (RER), rectal 

temperature, and serum levels of FFA and glucose. The purposes of this 

investigation were a) to determine the effects of acute exercise on 

hunger ratings both during exertion and during a 3-h recovery period 

and b) to examine changes in serum FFA and glucose, respiratory 

exchange ratio (RER), and rectal temperature in order to clarify 

possible mechanisms mediating the effects of acute exercise on hunger. 

Methods and Procedures 

Subjects 

Eight, healthy college-age males volunteered to participate in 

this experiment. None were involved in any regular endurance training 

immediately prior to or during the study. Their mean (~SE) age, 

height, weight, and peak V02 were 25.8 + 1.1 yr, 180.8 ~ 2.9 cm, 75.7 

-1 .-1 
~ 3.3 kg, and 39.0 + 2.5 ml'kg • m~n ,respectively. All subjects 

completed a medical history questionnare during the initial screening 
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and gave written consent after they were fully informed of all risks 

and discomforts associated with the experiments. None were diabetic, 

hyper-, or hypothyroid, or taking any medications that would influence 

metabolism during exercise or recovery. 

Treatments and Procedures 

All eight subjects were randomly assigned to each of four 

treatments: control, no exercise performed during a 4.5 h fasted rest 

period (CN); exercise performed at 30% of peak VOZ for an energy 

expenditure of 300 kcal, subjects perceived this bout to be longer 

duration but easy effort (LE); exercise performed at 60% of peak VOz 
for an energy expenditure of 300 kcal, longer duration and harder 

. 
effort (LH); and exercise performed at 60% of peak VOZ for an energy 

expenditure of 150 kcal, shorter duration and harder effort (SH). 

Exercise was performed on a cycle ergometer and followed by a 3 h 

recovery period. 

Subjects reported to the laboratory at 7:00 a.m. and after a 

brief review of diet and exercise records, a Teflon-lined catheter was 

inserted into an antecubital vein. The catheter was then attached to 

an intravenous infusion system using 0.9% saline to maintain catheter 

patency during the 5-h experimental period. Catheter insertion was 

followed by a 30-min rest period to allow any possible stress responses 

to subside before beginning the actual experiment (Goodner et al., 

1967). A hunger rating and metabolic measures consisting of indirect 

calorimetry, rectal temperature, and blood sampling, were collected at 

the end of the 30-min rest period. Subjects then exercised at 
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specified work rates and durations. The hunger rating and metabolic 

measures representing the exercise period were taken 5 min prior to the 

termination of exercise. At the completion of exercise, subjects moved 

immediately from the ergometer to a supine resting position on a nearby 

exam table where for the next 3 h they rested quietly in a sitting or 

lying position. When measures were taken during rest or recovery, 

subjects assumed a quiet, supine position. The period from the 

termination of exercise up to 60 min post-exercise was designated as 

immediate post-exercise recovery. To describe this period hunger 

ratings and metabolic measures were taken at 5, 10, 20 and 60 min, 

following exercise. Hunger ratings and metabolic measures describing 

the period designated extended recovery, were taken at 60, 90, 120, 

150, and 180 min post-exercise. 

Methods 

Hunger ratings (HGR) were obtained using a 9-point scale (Fig. 

4, Chapter 3). To maintain consistency of instruction, the scale was 

introduced during each subject's first trial using the paragraphs found 

in Figure 4. The investigator read the instructions aloud and the 

subject was encouraged to ask questions. Comprehension was tested by 

asking the subject to rate his hunger and then explain the feelings 

upon which the rating was based. Prior to all subsequent trials each 

subject was asked to review the scale and explanatory paragraph. 

The rectal temperature was measured at a depth of 15-17 cm from 

the external sphincter with a rubber-coated, copper thermocouple. The 

thermocurrent was monitored with a galvanometer (Yellow Springs 



o 
Instrument Co). Room temperature was maintained at 26-28 C. During 

exercise subjects were cooled by a fan and offered water to drink ad 

libitum. 

All other methods pertaining to this study are described in 

Chapter 3. 

Results 

Exercise 

The actual mean relative exercise intensity measured during 

treatment LE (29% of peak V02) was approximately half that measured 

during treatments LH and SH (59% and 58% of peak V02 , respectively, 

p<.05). Based on calculations, the mean total exercise energy 

expenditures for treatments LE (320 kcal) and LH (297 kcal) varied 

slightly from the 300 kcal expenditure approximated by work rate 
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assignments (ns). Mean total exercise energy expenditure for treatment 

SH (162 kcal) was appoximately half the exercise energy expenditure of 

treatments LE and LH (p<.05). 

Hunger Ratings 

The mean (~SE) pre-exercise hunger rating for the four 

treatments was 5.5 + .4 and no treatment differences were observed 

(Fig. 15). During the 4.5 h non-exercise, control treatment mean (~SE) 

HGR increased from 5.4 + .3 to 7.3 ~ .4 (p<.05). Compared to 

non-exercise control, mean HGR was significantly reduced during and for 

10 min following exercise in treatments LE, LH, and SH (p<.05); 

however, there did not appear to be a significant difference induced by 



Figure 15 

Hunger Ratings Before, During, and After Exercise 
of Various Intensities and Total Energy Expenditures 

a Mean (~5E) hunger ratings measured during control and exercise treatments. p<.05 vs rest 
(-40). p<.05 vs LE,LH,SH. *p<.05 vs 60 min post-exercise. 
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exercise intensity or exercise energy expenditure. By 60 min 

post-exercise, HGR for treatments LE and SH had increased above 

pre-exercise levels (p<.OS) while HGR measured during treatment LH 

remained significantly below pre-exercise HGR and below that measured 

during treatments CN and SH (p<.OS). During the final 2 h of the 

experimental period, mean HGR increased gradually during all four 

treatments (p<.OS), but significantly lower hunger ratings were 

reported following exercise compared to non-exercise control at 90 and 

120 min. By ISO min the effect of exercise was no longer apparent. In 

terms of verbal descriptors, hunger perception generally increased from 

the feeling of being "satisfied" as the experiment began, to feeling 

"moderately hungry" at the end of the S h experimental period. No 

ratings were reported below 4 ("slightly full") and only one subject 

reported a single rating of 9 ("very, very hungry"). In general, 

subjects expressed an urgency to eat by the end of the experimental 

period regardless of the treatment. 

Serum FFA 

Prior to exercise mean (~SE) FFA concentration was .2S6 + .02 

mmol/l for all four treatments and no statistical differences were 

observed (Fig. 6, Chapter 4). During non-exercise, fasting control, 

mean (~SE) FFA gradually increased from .230 ~ .03 to .302 ~ .04 mmol/l 

(p<.OS). Exercise caused a significant increase in serum FFA during 

treatment LE (p<.OS) but no changes were observed during exercise in 

treatments LH and SH. During the first S min of immediate recovery, 

FFA increased 3S% and 109% above exercise levels during treatments LE 
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and LH, respectively (p<.05) thus making these post-exercise FFA levels 

significantly greater than control. The period of extended recovery 

beyond 60 min post-exercise was characterized by gradual increases in 

FFA during treatments LE,LH, and SH (p<.05) with mean concentrations 

during LE (57%) and LH (82%) greater than those measured during 

non-exercise, fasting control (p<.05). 

Serum Glucose 

No significant changes were observed in serum glucose during 

control, exercise, or post-exercise recovery (Fig. 7, Chapter 4). Mean 

(~SE) pre-exercise glucose was 4.06·~ .25 mmol/l and no treatment 

differences were observed. Although exercise caused a slight reduction 

in mean glucose concentrations, the changes were not significant. 

During immediate and extended recovery, glucose concentration remained 

unchanged from pre-exercise values and no treatment differences were 

observed. 

Respiratory Exchange Ratio 

Prior to exercise the mean (+SE) respiratory exchange ratio 

(RER) for the four treatments was .83 + .02 and no treatment 

differences were observed (Table 4, Chapter 4). During the 

non-exercise control treatment, RER remained relatively unchanged until 

a decrease was measured in the last 60 min of the experimental period 

(p<.05). In general, exercise caused a significant increase in RER 

above pre-exercise levels with exercise of 58-59% of peak V0 2 

(treatments LH and SH) inducing a significantly higher RER compared to 
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. 
that measured during exercise of 29% peak V02 (treatment LE, p<.05). A 

gradual decrease below pre-exercise RER was measured during all 

treatments by the end of the extended recovery period (p<.05) with the 

greatest decrease measured following treatment LH (p<.05). 

Rectal Temperature 

The mean (~SE) pre-exercise rectal temperature was 36.9 + .04oC 

and no treatment differences were observed (Fig. 16). During the 

non-exercise, control treatment rectal temperature remained unchanged. 

o 
Compared to control, exercise caused a significant increase of 0.49 , 

o 0 
0.60 , and 1.00 for treatments LE, SH, and LH respectively (p<.05). 

The mean exercise rectal temperature of treatment LH was also 

significantly greater than that measured during LE and SH (p<.05). 

Temperatures remained elevated above control for the first 20 min of 

post-exercise recovery. By 60 min post-exercise, only the mean rectal 

temperature of treatment LH remained elevated above control (p<.05). 

For the duration of post-exercise recovery no significant treatment 

differences were observed. 

Discussion 

The major finding of this study was that exercise caused a 

suppression of perceived hunger which was evident by the end of the 

exercise period and continued for 2 h during recovery. This finding is 

consistent with the suggestion that a temporary anorexigenic effect 

occurs during and after acute exercise (Belbek and Critz, 1973). 

Although a suppression of hunger occurred during exercise, no 



Figure 16 

Rectal Temperature Before, During and After Exercise 
of Various Intensities and Total Energy Expenditures 

Values are mean (+SE) rectal temperatures measured during control 
- a t and exercise trials. p<.OS vs rest (-40). *p<.OS vs eN. p<.05 vs 

LE, SHe 
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relationship was observed between the degree of suppression and 

exercise intensity or total energy expenditure until 20 min in 

post-exercise recovery. For the period 20-60 min following exercise, 

hunger was most reduced by the combination of the highest exercise 

intensity (59% of peak V02) and the greatest total energy expenditure 

(297 kcal-treatment LH). There did not appear to be an independent 

effect of exercise intensity since treatment SH (58% of peak V02) did 

not produce a similar hunger suppression. In the second hour of 

post-exercise recovery, increases in hunger occurred during each 

treatment with mean hunger ratings following exercise remaining 

significantly lower than non-exercise control. During this period, 

exercise intensity and total energy expenditure did not appear to have 

distinguishing effects. 

Several studies using animals have investigated the effects of 

exercise intensity and exercise energy expenditure on eating behavior 

(for reviews see Oscai, 1973; Wilmore, 1983). Our finding that the 

combination of exercise intensity and exercise energy expenditure 

induced a suppression of hunger is not in full agreement with Katch, 

Martin, and Martin, (1979) who observed exercise intensity as an 

independent factor related to a decrease in 24 h food intake. Our 

findings are also contrary to observations by Jankowski and Foss (1972) 

who found no change in human food intake following either a I-mile run 

or 440 yd run on a treadmill. A comparison of the present findings on 

hunger to previous findings on food intake may not be straightforward. 

It is important to note that the relationship between perceived hunger 
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and actual food intake is unclear since other factors such as emotions 

and environment influence eating behavior (Durrant and Royston, 1980). 

For this reason, the effects of exercise on hunger measured through 

food intake may be confounded with other nonphysiological variables 

which mask the actual urge to eat. This may explain some of the 

discrepancies between findings on the effects of exercise on hunger 

versus actual food intake. 

Contemporary theories on the control of hunger state that 

hunger is stimulated when the availability of utilizable fuel is 

reduced below some critical level (Friedman and Stricker, 1978). Under 

this hypothesis, eating provides metabolic fuels from exogenous sources 

maintaining an adequate supply of energy-yielding substrates in the 

circulation and in fuel depots such as the liver, adipose tissue, and 

muscle. The stimulus for hunger is thought to derive from information 

provided to the brain when the supply of readily available fuel is 

limited and dependence on endogenous fuel sources, primarily fat, is 

necessary. Evidence for this has been observed in animals where an 

increase in food intake was preceeded by liver glycogen depletion and 

increases in serum FFA (Friedman and Granneman, 1983). Recent studies 

have identified a potential role of the liver as a key sensory organ 

responsible for monitoring changes in fuel homeostasis although the 

nature of the receptors is not well understood (Sawchenko and Friedman, 

1979; Friedman and Granneman, 1983). 

In the present study, when subjects prolonged their overnight 

fast under normal resting conditions, hunger steadily increased over 
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the 5 h period. This increase in hunger occurred as serum FFA increased 

and RER decreased, both factors indicating a greater reliance on fat as 

a metabolic fuel. The increase in hunger was not associated with 

changes in blood glucose but since food had been deprived for at least 

12-14 h it is probable that blood glucose was being maintained by 

hepatic glycogenolysis and gluconeogenesis. Previous studies in animals 

have demonstrated that increases in food intake may have closer 

association with glycogen depletion or glucose counterregulatory 

mechanisms than to levels of glucose measured in the blood per se 

(Friedman and Granneman, 1983). This may explain the increase in 

hunger observed in the present study despite normal, unchanging blood 

glucose levels. These data which describe changes in hunger during 

non-exercise fasting extended for 12-14 h appear consistent with the 

metabolic theory of hunger control described by Friedman and Stricker 

(1978). 

According to the aforementioned theory, it could be expected 

that hunger ratings would be higher than control following exercise 

since greater fuel utilization during exertion would add to the 

depletion of endogenous fuels occurring during fasting alone. 

Furthermore, it could be expected that hunger would be greatest 

following exercise of greatest total energy expenditure. These 

outcomes were not observed in the present study. Mean hunger ratings 

following exercise were significantly lower than non-exercise control 

ratings for 2 h despite changes in serum FFA and RER during 

post-exercise recovery that were consistent with greater dependence on 
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fat utilization. In fact during the first hour of recovery hunger was 

lowest following exercise of greatest total energy expenditure and 

associated with highest levels of serum FFA. In general, there did not 

appear to be a relationship between serum FFA or glucose levels and 

hunger ratings following exercise. These findings suggest that other 

factors induced by exercise may alter or override internal signals 

which increase hunger under normal resting conditions. 

An association between temperature regulation and food intake 

has been proposed as a possible mechanism of exercise-induced hunger 

suppression (Katch et al., 1979; Wilmore, 1983). In animal studies 

Brobek (1948) observed changes in food intake when changes in 

environmental temperatures were imposed. More recently, animal studies 

have shown that local heating of the liver supresses food intake 

mediated by thermosensitiye afferents suggesting that postprandial 

hunger suppression may be in part due to increases in hepatic 

temperature. It is possible that exercise-induced increases in core 

temperature suppress hunger via a similar mechanism. Of the metabolic 

factors measured in the present study, the exercised-induced 

suppression of hunger was most consistently related to increases in 

core temperature. During the first 90 min of post-exercise recovery 

mean hunger ratings were lowest during treatment LH in which the 

highest rectal temperatures were observed. It could be expected that 

exercise of greatest intensity and total energy expenditure would cause 

the greatest elevation of core temperature. Thus the acute effects of 

exercise intensity and energy expenditure on hunger ratings observed 
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during the first few hours of post-exercise recovery appeared to be at 

least partially controlled by changes in core temperature. Although 

during exercise core temperature was elevated most during treatment LH, 

no treatment differences were observed in hunger ratings. This suggests 

that other factors associated within muscular contraction such as 

lactate (Baile et al., 1970) or plasma catecholamines (Crews et al., 

-1969) may be integrated with core temperature to alter hunger. 

Between the second and third hours of post-exercise recovery 

mean hunger ratings following exercise were the same as those measured 

during non-exercise fasting conditons. According to the metabolic 

theory of hunger control post-exercise hunger ratings might have been 

expected to surpass those of control due to the added energy 

expenditure of exertion and observed elevations of serum FFA. Thus, an 

exercise-induced anorexigenic effect may have continued during this 

time period however, no explanation for this effect was presented by 

the data of the present study. No effect of core temperature seemed 

possible since by 90 min post-exercise rectal temperature returned to 

resting, control levels. 

In conclusion, exercise caused a suppression of perceived 

hunger which was evident by the end of exercise and generally continued 

for 2 h during recovery. The greatest anorexigenic effect occurred 

during the first hour of recovery following exercise combining highest 

intensity and energy expenditure. The effect of acute exercise on 

hunger could not be explained by the metabolic theory of hunger control 

proposed by Friedman and Sticker (1978). Rather, it appeared that 
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other exercise-induced factors such as an increase in core temperature 

may have altered or overridden internal signals which increased hunger 

under resting, fasted conditons. 



CHAPTER 8 

SUMMARY, CONCLUSIONS AND APPLICATIONS 

Summary 

Much of the practical and clinical application of exercise is 

for the purpose of reducing or controlling body fat. Many studies have 

focused on mechanisms which control the utilization of fat during 

exercise per see With regard to a single bout of exercise, it is known 

that the amount of fat utilized depends on the total energy expenditure 

set by the rate and duration of muscular contraction and on the supply 

of other fuels, mainly glucose. It is also known that fat is the 

dominant metabolic substrate at rest and during fasting conditions as 

the body spares the more limited supply of glucose. Within the context 

of understanding the mechanism(s) by which exercise impacts upon the 

storage of body fat, it is important to study the metabolic transition 

from the high rate of fat utilization during exercise to lesser active 

periods when the body is able to replace endogenous fuels used during 

exertion, but is still dependent on fat as a major energy substrate. 

It was for this reason that the present investigation was conducted. 

The purpose of this dissertation was to describe one aspect of fat 

metabolism i.e., the effects of exercise on serum free fatty acid 

concentration (FFA) during a 3 h period immediately following exertion. 

Previous studies have described an elevation of serum FFA 

during post-exercise recovery. In early studies of exercise and FFA 

94 
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concentration, Carlson and Pernow (1961) observed a rapid increase in 

FFA within the first 5 min of recovery. Later, Pruett (1970) observed 

an elevation in serum FFA for several hours following an exhaustive 

exercise bout in one subject. These studies established the need to 

describe: 1) the exact dynamics of the post-exercise FFA response, 2) 

the relationship of the response to exercise intensity and energy 

expenditure, and 3) the relationship of glucose and various lipolytic 

hormones to the FFA response. Within the experimental design it was 

also possible to measure the effects of exercise on hunger which was of 

interest because hunger is thought to be stimulated by signals related 

to the utilization of endogenous fuels. To address these problems 

subjects exercised at various intensities and durations common to 

people exercising for weight control purposes or for maintenance of 

cardiovascular fitness. Before, during, and for 3 h after exercise, 

hunger ratings and metabolic measures were collected. 

These findings confirmed those of previous studies which 

described two phases of the post-exercise FFA response. A rapid 

increase in serum FFA occurred within the first 5 min of recovery 

followed by a second, more prolonged increase which occurr.ed between 1 

and 3 h following exercise. The magnitude of the post-exercise FFA 

response during extended recovery was a function of total exercise 

energy expenditure rather than exercise intensity or a combination of 

these factors. Based on data demonstrating that plasma volume during 

recovery was unchanged from pre-exercise, that the index of lipid 

oxidation was increased, and that an ingestion of glucose reduced serum 



96 

FFA, the elevation in serum FFA concentration in recovery appeared to 

be the result of a proportionate increase in FFA mobilization from 

adipose tissue. 

In order to examine possible mechanisms controlling the 

post-exercise FFA response, the next series of studies used subjects 

ingesting glucose prior to exercise. Substrate and hormonal responses 

were then monitored during recovery and compared to responses observed 

under fasting conditions. An important finding of this experiment was 

that the post-exercise FFA response was not associated with significant 

changes in serum glucose, glucagon, cortisol, or growth hormone; 

however, it was associated with low insulin levels which may have set a 

permissive environment for FFA mobilization. These results suggested 

that other lipolytic agents besides glucagon, cortisol, and growth 

hormone may be induced following exercise to stimulate FFA mobilization 

in concert with low insulin levels. Glucose ingestion prior to 

exercise reduced the post-exercise FFA response, increased serum 

glucose, and increased serum insulin. This finding demonstrated that 

the mechanism controlling the elevation in serum FFA was controlled 

partially by changes in circulating levels of glucose and insulin. 

Glucose ingestion also may have caused a decrease in post-exercise FFA 

by altering fuel utilization during exercise thus reducing the stimulus 

for FFA mobilization during recovery. 
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Additional studies were performed to elucidate the factors 

controlling the second phase of the post-exercise FFA response. 

Subjects exercised as in prior experiments and then either ingested 

glucose or received an infusion of glucose at 60 min post-exercise. 

Subsequent to glucose ingestion serum, FFA decreased below levels 

measured during non-exercise fasting. This result demonstrated that a 

portion of the post-exercise FFA response may have been caused by 

increases in triglyceride hydrolysis and decreases in re-esterification 

due to low serum insulin and stable serum glucose levels. Glucose 

infusion only reduced that portion of serum FFA elevated above 

non-exercise control levels, and the effect of the infusion appeared to 

be independent of the actions of glucose and insulin on adipose tissue. 

These results implied that glucose infusion inhibited some other 

factor(s) responsible for the additional release of FFA consequent to 

exercise. Previous studies have demonstrated that glucose infusion can 

alter the sympathetic input to adipose tissue. Since the effects of 

glucagon, cortisol, and growth hormone were eliminated as possible 

factors, the results of the glucose infusion experiments raised the 

possibility that sympathetic input to adipose tissue might be an 

important factor controlling the post-exercise FFA response. 

Ratings of perceived hunger were collected during and after 

exercise in order to describe the relationships between exercise, 

hunger, and various metabolic factor.s thought to control eating 

behavior. Exercise caused a suppression of perceived hunger which was 

evident by the end of exercise and generally continued for 2 h during 
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recovery. The greatest anorexigenic effect occurred during the first 

hour of recovery following exercise combining highest intensity and 

energy expenditure. The effect of acute exercise on hunger could not be 

explained by current metabolic theories of hunger control. Rather it 

appeared that oth~r exercise-induced factors such as an increase in 

core temperature may have altered or overridden internal signals which 

increased hunger under resting, fasted conditons. 

Conclusions 

1) Exercise, performed in and followed by a period of fasting 

caused an elevation of serum FFA concentration for 3 h during recovery. 

This post-exercise response was a function of total exercise energy 

expenditure rather than exercise intensity or a combination of these 

factors. Although it appeared that the elevation of serum FFA was due 

to a proportional increase in FFA mobilization, further studies are 

needed to measure FFA mobilization directly. In addition, studies are 

needed to trace the fate of the circulating FFA in order to determine 

the extent to which utilization and redistribution of fat occurs. 

2) The post-exercise FFA response was not caused by changes in 

glucagon, growth hormone, or cortisol; however, it did occur in 

association with low levels of insulin. Possible mechanisms 

contributing to the post-exercise FFA response include: 

a) decreases in FFA re-esterification due to low levels of insulin and 

unchanging blood glucose, and b) increases in triglyceride hydrolysis 

due to low levels of circulating insulin establishing a permissive 
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environment for the action of other lipolytic agents induced by 

exercise. 

3) Since results of the glucose infusion study suggested the 

possible contribution of sympathetic input to adipose tissue as a 

factor determining the post-exercise response, further studies are 

needed to -exa:il;l~,,", ,tlrt·hP.~~,s:il?l~ mechanism. 
, .... .' . . 

4) Exercise caused a suppression of hunger which was evldeut by 

the end of the exercise period and continued for 2 h. The anorexigenic 

effect was related to a combination of exercise intensity and total 

exercise energy expenditure. The effect of acute exercise on hunger 

could not be explained by current metabolic theories of hunger control 

but appeared related to a prolonged elevation in core temperature. 

Applications 

A goal of this investigation was to contribute to the body of 

knowledge which exists on exercise and weight control. These studies 

demonstrated that when moderate endurance exercise is performed, under 

certain conditions the effects of the exercise on fat metabolism may be 

prolonged for several hours. It was determined that exercise which 

demands an energy expenditure of greater than 300 kilocalories, 

regardless of the intensity at which it is performed, causes an 

elevation in serum FFA for at least three hours following exercise. 

Although direct evidence was not obtained, it appeared that the 

increase in serum FFA was due to mobilization from adipose tissue. 

These findings suggest that as a result of exercise, fat stores may be 

reduced during recovery in addition to that which occurs during 
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exercise per see However, before conclusions can be made with regard 

to weight control additional studies are necessary to determine the 

fate of FFA during recovery and to determine the chronic effects of 

exercise performed day after day. 

The nutritional status of the body appears to be an important 

factor in the control of the post-exercise FFA response. These studies 

demonstrated that an ingestion of glucose prior to, or following 

exercise, significantly reduced post-exercise FFA levels. This 

suggests that in order to promote the greatest utilization of fat 

through exercise, exercise should be performed under fasting conditions 

and food, at least high concentrations of glucose, should not be 

consumed for several hours after exercise. Since a short-term 

reduction of hunger following exercise was observed in these studies, 

it is reasonable to consider a schedule which allows for a delay of 

several hours after exercise before a meal is consumed. Further 

studies of the effectiveness of this routine are needed. 



APPENDIX A 

COLORIMETRIC DETERMINATION OF SERUM FREE FATTY ACID CONCENTRATION 

Reagents 

1) Extraction reagent - chloroform and heptane (1:1) mixed with 

methanol (2% total volume). 

2) Copper reagent - mix fresh biweekly, 10.0 ml 0.5 M 

Cu(N03)2' 10 ml 1 m TEA, 3.5 ml IN NaOH. Bring to 

100 ml volume with saturated NaCL in H20 and adjust to 

pH 8.3. 

3) Color reagent - mix fresh before use, 2.2 mg sodium 

diethyldithiocarbamate per 1.0 ml butanol. 

4) Standard - 1 mmol palmitate in serial dilutions with CHM 

extraction reagent. 

Procedures 

1) Add 200 ul serum to large diameter Teflon-lined capped test 

tubes. Do not use rubber. 

2) Add 3 ml extraction reagent, jiggle gently to break up 

emulsion. 

3) Add 1.0 ml copper reagent, shake vigorously for 10 min. Do 

not vortex. 

4) Centrifuge for 20 min at 3000 rpm. 

5) Transfer 2.0 ml of the upper phase to a clean culture tube. 

101 



Be careful to not touch the side of the tube with the 

pipette. 

6) Add 0.5 ml color reagent in a timed sequence and vortex. 

7) Read absorbance at 436 nrn, 10 min after addition of color 

reagent. 

Calculations 

102 

Use the standard serial dilutions to obtain a linear regression 

equation and calculate mmo!/l concentration of the sample. 

(Duncombe, 1964; Laurell and Tibbling, 1973; and Noma, Hiroaki, 

and Kita, 1973.) 



APPENDIX B 

COLORIMETRIC DETERMINATION OF SERUM GLUCOSE CONCENTRATION 

Reagents 

1) o-Toluidine (Sigma) - contains 6% (v/v) o-aminotoluene in 

glacial acetic acid with thiourea. 

2) Glucose standard - Sigma stock mixed in dilute benzoic acid. 

Procedures 

1) To large ground glass test tubes (15mm x ls0mm) add the 

following: 

Blank: 100 ul H20, 5.0 ml o-toluidine 

Standards (prepare 2): 100 ul standard (100 mg%), 5.0 ml 

o-toluidine. 

Sample: 100 ul serum, 5.0 ml o-toluidine. 

2) Stopper tube tightly and place into boiling water in a timed 

sequence for exactly 10 min. Remove tubes in the same 

sequence and place in an ice bath to cool to room 

temperature. 

3) Read absorbance at 635 nm and compare to standard curve. 

(Hyvarinen and Nikkila, 1962.) 
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