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 Exercise training has consistently been shown to increase fat utilization during exercise, 

while conflicting results have been reported on the effects of sex and age on fuel 

metabolism during exercise. PURPOSE: The primary objective of this investigation was 

to compare fat and carbohydrate utilization during exercise among males and females 

varying in age and training status. METHODS: 8 groups of 10 subjects each were 

formed based upon trained (T)/untrained (U), male (M)/female (F), and young (Y)/older 

(O): TYM, TYF, UYM, UYF, TOM, TOF, UOM, UOF. All female subjects were 

experiencing regular menstrual cycles, not using oral contraceptives, and were tested in 

the mid-follicular phase of their menstrual cycle. The young subjects averaged 21.3 ±1.7 

yr and older subjects 40.1 ±1.9 yr. All subjects exercised for 35 minutes on a treadmill at 

an intensity just below their ventilatory threshold. Substrate utilization was indicated by 

the respiratory exchange ratio (RER), and a 2x2x2 factorial ANOVA was used to 

determine whether age, sex, and training status have independent or interacting effects on 

substrate-utilization variables, and t-tests were used for post-hoc comparisons. 

RESULTS: The average RER during exercise was lower in trained subjects (0.841±.023) 

compared to untrained subjects (0.884±.021) (P < .05). There was no difference in the 



      

   

   

 

average RER during exercise between the young (0.860±.026) and older (0.865±.034) 

groups of subjects. The average RER during exercise was lower for untrained females 

(0.860±.027) than untrained males (0.870±.032) (P < .05), but there was no difference in 

fat and carbohydrate utilization between trained males (0.843±.023) and trained females 

(0.838±.022). CONCLUSION: The major finding of this study was that untrained 

females utilized proportionately more fat during exercise compared to untrained males, 

but there was no difference in fat and carbohydrate utilization between trained females 

and trained males. Another finding was that a 20-year difference in age was not sufficient 

for an age effect to be evident in fat utilization during moderate exercise.  
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A comparison of substrate utilization during exercise among males and 

females varying in age and training status 

                        It is well established that the intensity and duration of exercise and a 

person’s training status are important factors that affect the utilization of fat and 

carbohydrate (CHO) during exercise. Romijn et al. [1] determined the effect of exercise 

intensity and duration on endogenous free fatty acid (FFA) mobilization and utilization 

during 2 hours of cycling exercise at 25, 65, and 85% VO2max. The results showed that 

the fat utilization rate increased (26.8 µmol.kg.min to 42.8 µmol.kg.min) when the 

exercise intensity increased from low intensity (25% VO2max) to moderate intensity (65 % 

VO2max), and then decreased (29.6 µmol.kg.min) when the exercise intensity increased 

further (85% VO2max), as muscle glycogen became the main fuel source utilized. 

Therefore, as exercise intensity increases, substrate utilization shifts from primarily fat to 

primarily CHO oxidation. Furthermore, several previous studies have shown that the 

duration of exercise also affects substrate utilization [1-3]. With increased duration of 

exercise, there are marked increases in fat metabolism and decreases in carbohydrate 

metabolism when exercising at a fixed intensity [3].  

                  It is also well documented that substrate utilization is altered based on an 

individual’s training status. Endurance training has been shown to increase the ability to 

utilize fat and decrease carbohydrate utilization during exercise [4, 5]. Several studies 
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concluded that the effects of endurance training result in adaptive change in muscle 

metabolic function characterized by increasing the number and size of mitochondria that 

can enhance the capacity to oxidize fat [4, 6-9].  

                     Sex is also a factor that may play a role in altering substrate utilization. 

There is evidence to support that females tend to use more fat and less CHO than males 

during exercise [10-15]. Blatchford and colleagues [14] studied sex differences in fat 

metabolism during 90 minutes of treadmill walking at 35% VO2max in untrained males 

and females. Females had significantly lower RER values compared with males at both 

45 and 90 minutes of exercise. Both groups gradually increased the percent of fat 

metabolized during exercise, with the 90-minute values being 59% for the males and 73% 

for the females. Similarly, Froberg & Pedersen [11] matched seven active males and 

seven active females based on age and physical activity habits. Subjects performed 

exercise to volitional exhaustion on two separate occasions at both 80 and 90 % VO2max. 

During 80% VO 2max, females had significantly lower RER values during exercise when 

compared to the males. Honto et al. [13] also investigated the sex difference in fuel 

metabolism during prolonged exercise. Fat and CHO oxidation during exercise were 

compared in 14 males and 13 females. The results showed that females had significantly 

lower RER values compared with males during two hours of exercise at 40% VO 2max. 

Females derived proportionally more of total energy from fat oxidation (50.9% and 

43.7% for females and males, respectively), whereas males derived proportionally more 
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of total energy from CHO oxidation (53.1% and 45.7% for males and females, 

respectively). In the cross-sectional study conducted by Venables et at. [16], the summary 

of exercise testing results from 157 males and 147 females who performed an 

incremental exercise test to exhaustion on a treadmill also found higher fat oxidation in 

females compared with males. Also, Tarnopolsky and colleagues [12] showed differences 

in substrate utilization in trained males and females. Six trained male and six trained 

female subjects were matched for training status and performance experience. The 

females were tested in the mid-follicular phase of their menstrual cycle. These 

researchers reported significant sex differences in RER values during moderate-intensity 

exercise. Throughout the 90-minutes run at 65% VO2max, females had significantly lower 

RER values compared with males, indicating an increased reliance on fats as fuel source.  

             In a longitudinal training study, Carter et al. [17] determined the effect of 7 

weeks of endurance training on whole-body substrate utilization during 90 minutes of 

exercise at 60% VO2peak in male and female subjects. Females showed a lower RER 

during exercise both pre-training and post-training compared to males. Similar findings 

have been reported by McKenzie et al. [18]. They studied the effects of a 38-day 

endurance exercise training program on leucine turnover and substrate metabolism during 

a 90-min exercise bout at 60% VO2peak in six males and six females. They concluded that 

the total fat oxidation was higher in females compare to males during exercise both 

before and after the endurance training program.  Thus in both longitudinal and cross-
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sectional studies, untrained and trained females have been shown to utilize more fat and 

less carbohydrate compared to untrained and trained males.    

               While there is considerable evidence that females utilize more fat during 

exercise than do males, some studies report no differences between the sexes. Costill et 

al. [19] tested trained males and trained females, who were similar in VO2max and training 

mileage during a 60-minute treadmill run at 70% VO2max, and reported no sex differences 

in fat utilization. Powers et al. [20] studied four trained males and four trained females 

who were matched by training experience and VO2max, and also reported no difference in 

RER between the males and females during a 90-minute treadmill run at 65% of VO2max. 

Roepstorff et al. [21] found similar results as Costill and colleagues. They conducted a 

study to determine sex differences in substrate utilization using endurance-trained 

subjects. Seven endurance-trained males and seven endurance-trained females were 

matched according to VO2peak, physical activity levels, and training history and completed 

90 minutes of cycling exercise at 58% VO2peak. It was noted that there was no sex 

difference in RER during exercise.  Such an interpretation is supported by Friedmann and 

Kindermann’s study [10], which compared changes in energy metabolism during 

exhaustive endurance exercise in male and female subjects. The investigation showed 

that untrained subjects demonstrated a sex difference in fat utilization, but endurance-

trained subjects did not.  
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                     In addition, to the conflicting evidence on the effect of sex on the relative 

contribution of carbohydrate and fat to energy metabolism during exercise, the effect of  

a person’s age is also not well defined. Previous studies have shown that older 

individuals tend to utilize more carbohydrate and less fat during exercise than younger 

individuals, and this outcome is associated with the decline in skeletal muscle respiratory 

capacity in older people [22-25].  Sial et al. [23] evaluated the effect of aging on fat and 

CHO metabolism during moderate exercise in six young and six old subjects. The results 

show that fat oxidation during exercise was 25-30% lower in old subjects than young 

subjects at either the same absolute or similar relative intensity (60 minutes of exercise at 

50% VO2max). Similar results are reported by Silverman and Mazzeo [26], who 

investigated the influence of age and training on the responsiveness of key hormones that 

regulate fuel metabolism during exercise. The data showed that mean respiratory 

exchange ratio (RER) values during the 45-minute sub-maximal exercise at the workload 

corresponding to each subject’s lactate threshold were higher in the old group than in 

young group, indicating greater fat utilization in the young groups. 

                Some studies have attempted to study both the aging and training-status factors 

on substrate utilization. Endurance training has been shown to increase fat oxidation 

during exercise in young and elderly persons [6, 7]. Phillips et al. [7] investigated the 

effect of training duration (5 days and 31 days) on substrate turnover and oxidation 

during exercise in 7 young male subjects. The results showed that at 5 days, training 
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induced a 10% increase in total fat oxidation during exercise, and at 31 days, total fat 

oxidation during exercise increased a further 58%. Also, Sial et al. [6] evaluated the 

effects of six weeks of endurance training on fat and glucose metabolism during a 60-

minute treadmill run at 50% of VO2peak in six elderly males and females (74±2yr). The 

evidence showed that endurance training increased fat metabolism during exercise in 

older individuals [6]. Poehlman et al. [27] examined the influence of 8 weeks of 

endurance training  on  total fat oxidation in 18 healthy old individuals (66.1±1.4 year;10 

males and 8 females). The results showed that fat oxidation increased by 22% in response 

to endurance exercise. Hagberg et al. [28] compared the metabolic response to exercise in 

young and old athletes. After running on a treadmill for 60 minutes at 70% VO2max, the 

results showed no difference between young and old athletes (RER = 0.87, 0.87 

respectively). Interestingly, although previous studies have shown differences between 

the sexes in substrate utilization, neither Poehlman et al. nor Hagberg et al. studies 

differentiated the sex of the subjects when they were comparing the aging effect.  

                     In light of the conflicting evidence regarding fat utilization in males and 

females during exercise, for which the training status of the subjects may be partially 

responsible for discrepancies in the findings, and the limited inclusion of an age factor in 

the study of male and female differences in exercise metabolism, the primary objective of 

this investigation was to compare fat and carbohydrate utilization during exercise among 

males and females varying in age and training status. By including all three factors in one 
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study, main and interactive effects of these factors can be compared. To the author’s 

knowledge, no these three factors have not been included in any one study. 

METHODOLOGY 

Participants  

           A total of 80 healthy male and female subjects were recruited for this study. All 

participants gave informed consent. The study was approved by Oregon State 

University’s Institutional Review Board (IRB).  Participants’ characteristics are presented 

in Table 1.   

            All subjects were healthy nonsmokers. None were taking medications that affect 

fat or carbohydrate metabolism, including oral contraceptives and hormone therapy. All 

female subjects were experiencing regular menstrual cycles.  

            The participants were categorized on the basis of age, sex and training status into 

one of eight groups of ten subjects each (described below), and all participants 

successfully completed all study requirements: 

• Young male subjects who are 18-24 years old and trained (YTM). 

• Young male subjects who are 18-24 years old and untrained (YUM). 

•    Young female subjects who are 18-24 years old and trained (YTF).  

• Young female subjects who are 18-24 years old and untrained (YUF).  

• Older male subjects who are 38-44 years old and trained (OTM).  

• Older male subjects who are 38-44 years old and untrained (OUM). 
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• Older female subjects who are 38-44 years old and trained (OTF). 

• Older female subjects who are 38-44 years old and untrained (OUF). 

Procedures  

                  Testing was conducted in the Human Performance Lab in OSU Women’s 

Building on two separate days for: 1) orientation, screening, and ventilatory threshold 

determination, and 2) body composition determination and a 35-minute moderate 

exercise session.  

Visit 1. Orientation, screening, and ventilatory threshold detemination (1 hour) 

For their first visit, the subjects provided informed consent and completed a health 

history questionnaire. The health history questionnaire was used to determine their health 

status for exercising, and based upon this, they were classified as being at low, moderate 

or high cardiovascular disease risk according to ACSM guidelines [29]. The 

questionnaire also collected information about their physical activity behaviors. Subjects 

then completed a progressive test on the treadmill to indentify their ventilatory threshold 

(VT).  

• Trained subjects began at slow jog (4.5 mph) on a level treadmill. Following a 

3-minute warm-up, the running speed was increased 0.5 mph per minute until 

the subjects exceeded their VT and achieved a respiratory exchange ratio of 

1.0 (see below). 

• Untrained subjects began at slow walk (2.5 mph) on a level treadmill. After a 

3-minute warm-up, the walking speed was increased 0.5 mph per minute until 

the subjects exceeded their VT and achieved a respiratory exchange ratio of 

1.0 (see below). 
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Visit 2. Body composition determination and moderate exercise session (1 hour) 

Within one week after the VT test for male subjects or during their next mid-follicular 

menstrual-cycle phase (days 1-7 of the menstrual cycle) for female subjects, subjects 

returned to the lab for their second visit. The subjects reported in the morning following 

an overnight fast of at least 10 hours. Subjects refrained from strenuous exercise during 

the previous 24 hours. 

           Body composition was measured using the BODPOD (air displacement) method 

[30].  Following the BODPOD test, subjects exercised by walking or running on the 

treadmill for a 35-minute bout of moderate exercise at a speed that was 0.5 mph slower 

than the speed that elicited their VT in their VT test, which was a walking pace for 

untrained subjects and a jogging pace for trained subjects.  

Measurement  

             During exercise tests, subjects wore a nose-clip and breathed through a mouth-

piece that allowed them to inhale room air and that directed exhaled air to a ProvoMedics 

TrueMax 2400 metabolic cart, which was calibrated before each trial. Oxygen 

consumption (Vo2 ) and carbon-dioxide production (Vco2) were determined for every 

minute, from which the respiratory exchange ratio (RER) was calculated as Vco2 / Vo2. 

During the moderate exercise session, RER values from minutes 6-35 were averaged and 

compared between subject groups. When RER can be interpreted for fat and carbohydrate 

utilization, it ranges between 0.7 to 1.0, with an RER of 0.7 indicating complete reliance 

on fat as an oxidative fuel source, and 1.0 indicating complete a reliance on carbohydrate.  
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                 Ventilatory threshold (VT) was defined as the point at which the minute 

ventilation (V̇E) increased in a nonlinear fashion compared to increases in V̇o2 , and was 

substantiated by an increase in the V ̇E/V̇co2 to V̇E/V̇o2 ratio. The VT was calculated using 

the V-slope method [31] (ParvoMedics TrueOne 2400 software). 

 

Statistics 

              A 2x2x2 factorial ANOVA was used to determine whether age, sex, and training 

status have independent or interacting effects on substrate utilization valuables, and t-

tests were used for post-hoc comparisons. A probability of P< 0.05 was set to indicate 

significance. The results were analyzed using the SPSS 18.0 for Windows-statistical 

package [32]. 
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 RESULTS 

Subject characteristics. Characteristics of subjects are presented in Table 1. By design, 

older subjects were approximately 20 years older than younger subjects. Male subjects 

were taller and heavier than female subjects, and older subjects were heavier than 

younger subjects (P < .05). The percent body fat was lower for male subjects compared to 

female subjects, for younger subjects compared to older subjects, and for trained subjects 

compared to untrained subjects (P < .05). The VT of trained subjects was higher than that 

of untrained subjects. The running speed for the moderate-exercise session was faster for 

male subjects than for female subjects, for younger subjects than for older subjects, and 

for trained subjects was faster than for untrained subjects (P < .05).   

                   Figures 1-4 present the physical activity behaviors of the groups of subjects 

in this study. All four groups of trained subjects exercised strenuously for at least 30 

minutes on 5 days per week for several years, and their main activities were running, 

jogging and walking. All four groups of untrained subjects were normally active but did 

not engage in regular aerobic exercise. Light exercise activities, such as easy walking and 

yoga, were their favorite activities.   

 The average RER and the exercise metabolism data from the last 30 

minutes of the 35-minute moderate-intensity treadmill exercise session are presented in 
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Table 2. The energy-expenditure data (Kcal and Kcal fat) were not statistically analyzed 

because the males were heavier and exercising at a faster speed at their VT than the 

females, which would cause those values to be higher. The average RER and the percent 

energy expenditure derived from fat (%Kcal fat) were statistically analyzed, and the 

results are presented in Tables 3 and 4, respectively.  

 The mean RER value during 30-minutes of treadmill exercise was 

significantly higher in males than in females and in the untrained subjects compared to 

trained subjects, but there was no statistically significant difference between younger and 

older subjects (Table 3). None of the interaction was statistically significant, with the 

exception of the interaction between sex and fitness, which was significantly significant. 

Due to the statistically significant interaction between sex and fitness level, a post-hoc t-

test analysis was conducted to compare trained males to trained females and untrained 

males to untrained females, combining the younger and older subjects within each of the 

four groups. There was no difference in the mean RER between trained males and trained 

females, while the mean RER was significantly lower for the untrained females compare 

to the untrained males (Table 5). 

 The mean %Kcal fat during the moderate exercise session was significantly 

higher in females than males and among the trained subjects compared to untrained 

subjects (Table 4), but there was no statistically significant difference between the 
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younger and older subjects. None of the interactions among the main effects were 

statistically significant, although the interaction between sex and training status neared 

statistical significance. The post-hoc t-test analysis determined that the %Kcal fat for 

trained males and trained females was not statistically different, while the %Kcal fat was 

significantly higher among the untrained females compared to the untrained males (Table 

6). 
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Table 1. Subject characteristics: age, height, weight, percent body fat (%BF), ventilatory threshold (VT), and moderate-

exercise test speed. [Mean ± standard deviation (SD)]     

 Younger Older 

 Trained Untrained Trained Untrained 

 Male  (n=10) Female (n=10) Male  (n=10) Female (n=10) Male  (n=10) Female (n=10) Male    (n=10) Female (n=10) 

Age    (y) 21.0 ±1.2 20.6 ± 1.5 22.6 ± 1.3 21.1± 2.2 41.0±2.1 40.0 ± 2.3 40.0± 1.9 39.4 ±1.3 

Height (cm) 174.9 ± 8.9
a 163.8±7.3  

174.1±6.1
a 163.0±4.5  

180.3±5.6
 a
 163.8±2.8

 
 180±5.6 a 162.1±5.8  

Weight (kg) 69.8±8.7
 ab

 62.5±8.0
 b

 77.8±12.4
 ab

 55.5±7.0
 b

 82.7±13.0 a 58.9±7.2
 
 81.1±14.0 a 62.1±7.3

 
 

% BF 11.8±6.4
 abc

 22.5±8.8
 bc

 21.7±6.9
 ab

 24.9±4.6
 b

 20.6±7.7
 ac

 21.4±4.5
 c

 23.7±7.2
 a 

 26.8±7.5
 
 

VT   (L/min) 2.4±0.3
 ab

 2.2±0.3
 b

 2.1±0.4
 ab

 1.6±0.8
 b

 2.8±0.4
 a

 
1.9±0.4

 
 

1.7±0.5
 a

 
1.3±0.3

 
 

VT 

(mL/kg/min) 
35.04 ± 3.7

 bc 35.95 ±7.0
 bc

 26.92±2.2
 b

 26.29±15.1
 b

 33.39±2.4
c
 31.45±4.8

c
 20.54±5.0 20.91±4.1 

Speedd   (mph) 6.2±0.5
 abc

 5.9±0.4
 bc 

 4.4±0.3
 ab

 3.9±0.4
 b

 5.7±0.3
 ac

 5.4±0.3
 c

 4.1±0.5
 a

 3.8±0.4
 
 

   

 a 
 Male subjects are significantly different from female subjects.    

b
 Younger subjects are significantly different from older subjects.  

  
c  

Trained subjects  are significantly different from untrained subjects.    
d
 Speed of moderate intensity exercise test.             
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Table 2. The RER, energy expenditure (EE), and total and percent energy expenditure from fat (Kcal fat and %Kcal fat) 

during 30 minutes of moderate- intensity exercise [Mean ± standard deviation (SD)]     

 

 Younger Older 

 Trained Untrained Trained Untrained 

 Male  (n=10) Female (n=10) Male  (n=10) Female (n=10) Male  (n=10) Female (n=10) Male    (n=10) Female (n=10) 

RER .840±.008 .837±.001 .890±.009 .874±.023 .847±.032 .840±.031 .893±.012 .870±.081 

EE (Kcal/30min) 354.5±45.5 278.8±46.2 286.3±67.3 194.5±69.5 365.1±50.8 247.0±54.58 222.2±63.7 182.7±58.8 

Kcal from Fat 

(Kcal/30 min) 

188.0±30.4 147.4±29.4 102.8±26.8 80.1±36.4 184.6±47.4 133.5±51.6 69.9±22.0 74.3±27.1 

% Kcal from fat 52.9±2.8  53.0±6.12  35.8±3.14  40.6±7.1 50.5±10.9  52.8±10.47 31.5±3.8  40.5±5.7 
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Figure 1. Average time per week that subjects in each group engaged in strenuous, 

moderate, or mild exercise of at least 15 minutes.   
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Figure 2. Forms of strenuous activity engaged in by subjects in each group. 
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Figure 3. Forms of moderate activity engaged in by subjects in each group. 
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Figure 4. Forms of mild activity engaged in by subjects in each group. 
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Table 3. 2x2x2 ANOVA of RER data for main effect and interactions for variables: sex, 

age, and training status.  

Source df SS MS F sig Observed 

power 

Sex 1 .004 .004 10.852 .002* .901 

Age 1 .000 .000 1.125 .292 .182 

Training status 1 .037 .037 93.301 .000* 1.00 

Sex*Age 1 .001 .001 1.375 .245 .212 

Sex*Training status 1 .002 .002 4.742 .033* .575 

Age* Training status 1 1.25E-6 1.25E-6 .003 .956 .051 

Sex*Age*Training 

status 

1 .000 .000 .527 .470 .111 

Total 80 59.603     

* P < .05 
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Table 4. 2x2x2 ANOVA of %Kcal from fat data for main effect and interactions for 

variables: sex, age, and training status 

Source df SS MS F sig 

Sex 1 328.74 328.74 6.88 .011* 

Age 1 60.19 60.19 1.26 .266 

Training status 1 4598.79 4598.79 96.17 .000* 

Sex*Age 1 53.46 53.46 1.12 .294 

Sex*Training status 1 158.57 158.57 3.32 .073 

Age* Training status 1 3.77 3.77 .079 .780 

Sex*Age*Training 

status 

1 4.864 4.864 .102 .751 

Total 80 168419.94    

* P < .05 
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Table 5. The average RER during minutes 6-35 of the moderate-exercise session: 

organized by Sex and Training Status (± SD), combining across age groups.  

 Male Female              t 

Trained .843±023 0.838 ± .022         .698 

    

Untrained 0.896 ± .012 0.822± .020       4.644* 

* P < .05 

 

Table 6. The average %Kcal fat during minutes 6-35 of the moderate-exercise session: 

organized by Sex and Training Status (± SD), combining across age groups.  

 Male Female              t 

Trained 51.651±7.89 52.890±1.867      -.483 

    

Untrained 33.672±4.055 40.542± 6.290       -4.105* 

* P < .05 
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Discussion  

                      The main objective in the current study was to compare substrate 

utilization, as indicated by the RER, during exercise among males and females varying in 

age and training status. One finding of this investigation was that fat utilization during 

exercise was higher in trained subjects compared to untrained subjects. There was no 

difference in substrate utilization during exercise between the younger and older groups 

of subjects. Post-hoc analysis determined that untrained females utilized proportionately 

more fat during exercise compared to the untrained male subjects, but there was no 

difference in fat and carbohydrate utilization between trained females and trained males. 

                     In this study, the RER was used to determine fat and carbohydrate 

utilization during exercise. The RER is the common indirect method used to determine 

substrate utilization, and it has been used in previous studies evaluating sex differences 

[10-14], age differences [22-25], and training-status differences [10, 19, 20] in substrate 

utilization.  The RER is a numeric index of carbohydrate and fat utilization based on the 

ratio of carbon dioxide produced (Vco2) to oxygen consumed (Vo2). Normal RER values 

during steady-state exercise range between 0.7 and 1.0. A lower RER represents a greater 

level of fat oxidation, while a higher RER represents a greater level of carbohydrate 

oxidation [33].  The RER can be validly interpreted for substrate utilization when Vco2 is 
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generated from oxidation only. When expired CO2 is also the result from the buffering of 

lactic acid during anaerobic conditions, having both oxidative and non-oxidative sources 

of carbon dioxide production invalidates interpretation of the RER for fat and 

carbohydrate oxidation [34].  

                      Most studies measuring substrate utilization during exercise established the 

intensity of the exercise studied as a percentage of the subject’s maximal oxygen 

consumption (Vo2max), which may present a problem if subjects are not matched on 

lactate threshold (LT). The lactate threshold is defined as the exercise intensity when 

lactic acid starts to accumulate in the blood (the rate of lactate production exceeds the 

rate of lactate removal) [35]. The LT can also be defined as the maximum intensity at 

which a steady-state of exercise can be maintained [36]. The LT has a more direct 

bearing on fat and carbohydrate utilization than %Vo2max because the LT is indicative of 

the point beyond which the RER cannot be interpreted for substrate utilization due to the 

production of carbon dioxide from lactic acid buffering in the blood. The LT occurs at 

varying percentages of Vo2max   across individuals [28, 37-40], and has been reported to 

occur as low as 60%  Vo2max [28, 40] and as high as 85% Vo2max [39]. Establishing 

exercise intensity in studies of substrate utilization by %Vo2max does not ensure that the 

RER can be validly interpreted, since subjects may or may not be below their LT at the 

specific %Vo2max tested.  



      

   

   

  23 

   

   

 

                   The measurement of LT requires an invasive procedure to obtain samples of 

blood to measure levels of lactate. The VT is considered an indirect and noninvasive 

measurement of the LT [41, 42], for it identities the point at which ventilation increases 

in response to the additional carbon dioxide produced by lactic acid buffering. Davis [41] 

and Caiozzo [43] have reported a high correlation between VT and LT (r = 0.88 to 0.95). 

Therefore, this study used the VT as a basis for establishing the exercise intensity that 

could be validly interpreted for carbohydrate and fat utilization.  

                      The present investigation demonstrates that the average RER for the trained 

subjects was significantly lower than that for the untrained subjects, indicating that 

trained subjects utilized more fat and less carbohydrate than untrained subjects during 35 

minutes of moderate exercise. It is well documented that endurance training increases fat 

oxidation and decreases carbohydrate oxidation during exercise [6, 8, 9]. Much of the 

increase in fat utilization in trained subjects is related to the physiological changes that 

enhance the body’s oxidative capacity, mainly due to increases in the number and size of 

mitochondria [4, 8] and oxidative enzymes [44].  

                     Finding that the untrained females derived proportionately more energy 

from fat during their exercise compared to the untrained males is consistent with other 

studies of untrained subjects. Horton et al. [13] compared untrained male and female 
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subjects on substrate utilization during cycling at 40% VO2max, and reported that 

untrained female subjects had significantly lower RER values compared to untrained 

male subjects. Blatchford and colleagues [14] also reported higher levels of fat utilization 

among untrained females compared to untrained males during exercise at 35% Vo2max. 

Carter and associates [17] conducted a 7-week training study, and reported that the 

untrained females oxidized proportionately more fat than untrained males during exercise 

at 60% Vo2peak. Contrary to the finding of the present study, Carter et al. also found that 

the trained females utilized more fat during exercise than the trained males. 

            A major finding of this study was that there was no difference in RER or %Kcal 

fat between the trained males and females. This finding is in agreement with studies 

conducted by Costill et al.[19], Powers et al.[20], and Froberg and Pederson [11]. On the 

other hand, these results conflict with the findings of studies by Tarnopolsky et al. [12], 

Carter et al. [17], and Phillips et al. [38], who reported that trained females utilized a 

greater proportionate of fat during exercise than trained males. The reasons for the 

conflicting findings are unclear. As noted above, in order to interpret RER as indicative 

of fat and carbohydrate use, the exercise intensity should be at or below the subjects’ 

lactate or ventilatory threshold. All of previous studies had reported the workload as 

relative to the subjects’ Vo2max, not relative to their VT. However, many of the studies set 

the exercise intensity at a moderate level, where it is relatively safe to interpret the RER 



      

   

   

  25 

   

   

 

for substrate utilization. For example, studies that found no difference in RER between 

trained males and females have tested at moderate intensities ranging between 58 to 70 % 

Vo2max [1, 20, 21, 45]. Studies that have reported a significant difference in fat utilization 

between trained males and females have also tested at intensities ranging between 60 to 

75% Vo2max [11, 12, 17, 46]. Therefore, differences in the findings do not appear to be 

due to differences in the intensities of exercise used in the studies or an inability to 

interpret RER as an indicator of substrate utilization. 

                 A factor that may have a bearing on the conflicting results in sex differences in 

substrate utilization during moderate exercise is the fitness level or the training status of 

the subjects [1, 11, 12, 17, 19-21, 45, 46].  Of the key studies, Vo2max for the trained 

females in the studies that reported no sex difference in fat utilization ranged from 52-61 

ml.kg-1.min-1 [19-21], as compared to a range of 41-58 ml.kg-1.min-1 for the trained 

females in studies that reported a sex difference in fat utilization [11, 12, 17, 46]. Thus, 

there was a trend for the females in the studies finding a sex difference in fat utilization 

during moderate exercise to have a lower Vo2max than those in the studies finding no 

difference. The Vo2max  ranges for the males in the studies were more similar (53-63 

ml.kg
-1

.min
-1

 in studies finding no difference, and 44-65 ml.kg
-1

.min
-1

 in studies finding a 

sex difference in fat utilization) [11, 12, 17, 19, 21, 46]. In the present study the Vo2max of 

the subjects was not measured. 
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                   Menstrual status has been shown to affect exercise metabolism. Hackney et 

al. [47] studied substrate utilization in nine trained eumenorrheic women during different 

intensities (35, 60, 75% Vo2max) of sub-maximal exercise at the mid-follicular and the 

mid-luteal phases of the menstrual cycle. They show that fat utilization at low (35% 

Vo2max) and moderate intensity (60% Vo2max) was increased during the luteal phase 

compared to the follicular phase of the menstrual cycle. Interestingly, at vigorous 

intensity (75% Vo2max), the fat utilization and carbohydrate utilization at the stages of the 

menstrual cycle were not significantly different. Jurkowski et al. [48] reported that the 

blood lactate response to exercise was lower during the luteal phase than follicular phase. 

They concluded that the female sex hormones estrogen and progesterone play an 

important role in substrate utilization, and these hormones vary depending on the phase 

of the menstrual cycle. In addition, Tarnopolsky [49] noted that male estrogen levels are 

similar to female levels in the follicular phase of the menstrual cycle (males = 6-24 

pg/ml, females = 10-50 pg/ml). Therefore, in the studies on substrate utilization by males 

and females conducted by Tarnopolsky et al. [12, 46], the female subjects were studied 

during exercise in the mid-follicular phase of their menstrual cycle, when circulating 

ovarian hormones are relatively low. Even though the hormone difference between males 

and females would be less pronounced during the follicular stage of the menstrual cycle, 

Tarnopolsky et al. and Carter et al. still found that females used more fat during exercise 
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than in males did. Studies that found no sex difference among trained subjects, such as 

Powers et al. [20], and Costill et al. [19], did not report the menstrual status of the female 

subjects in their studies. It is possible that not controlling for the menstrual status of the 

trained females in these studies created variability in their metabolic responses during 

exercise that contributed to there being no statistically significant difference compared to 

the trained males. However, in the present study, menstrual status was controlled, and no 

difference in fat utilization was found between the trained males and females.   

               In the present study, no age effect was evident in substrate utilization during 

exercise, nor was there an interaction between age and training status, indicating that 

regardless of training status, younger subjects have similar RER values as older subjects. 

These results stand in disagreement with previous studies that report that older 

individuals tend to utilize more carbohydrate and less fat during exercise than younger 

individuals [23, 26, 28, 37]. For example, Sial et al. [23] evaluated the effect of age on fat 

and carbohydrate metabolism during moderate-intensity exercise. Six elder (73 ±2yr) and 

six younger (26 ±2yr) subjects participated, and the old subjects used more carbohydrate 

and less fat than the young subjects. In the studies that report an age effect on fat and 

carbohydrate utilization during exercise, the older subjects were 40-50 years older than 

the younger subjects [23, 28]. Roberts and Dallal [50] summarized 20 studies on energy 

expenditure and aging. Individuals from the database were 20-100 years of age. The 
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results demonstrated that physical activity levels may be relatively constant between the 

ages of 20 to 40-50 years, and after that, it decreases sharply. The older and younger 

subjects in this study reported engaging in similar levels of strenuous exercise sessions 

per week (see Figure 5). To the extent that an age effect is actually due to differences in 

physical activity associated with aging, the similar levels of physical activity between the 

younger and older groups in this study would explain the absence of an age effect on 

substrate utilization. If age is an independent factor affecting substrate utilization, then 

the age range in this study was not large enough to exert that effect.    
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Figure 5.  Number of strenuous exercise sessions per week of 15 minutes or longer by 

subjects in younger and older groups. 
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Strengths of study 

                    One strength of this study is its study design. Most previous studies 

incorporated just one or two factors when comparing subjects on substrate utilization 

during exercise, such as comparing male and female subjects, young and old subjects, or 

trained and untrained subjects.  No study has been designed to compare all three factors 

concurrently. This study made comparisons between groups that have not been presented 

together in previous studies. As a result, it was possible to identify the sex effect, the 

training status effect, and the interaction between sex and training on substrate utilization 

during moderate exercise.  

                    Another strength of this study is the use of a sufficiently large sample of 

female and male subjects across age and training status, compared to previous studies 

[20], which gave this study adequate power to test for effects on substrate utilization 

(Tables 3 and 4). 

                    Finally, the exercise intensity that was used in this study was slightly below 

the VT, allowing for a valid comparison and interpretation of RER across the variables of 

sex, age, and training status. In addition, the menstrual status of female subjects in the 

study was controlled: all female subjects were eumenorheic and were tested in the mid-

follicular stage of their menstrual cycle. 
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Limitations of study 

                   A limitation in the present study is its cross-sectional design. A longitudinal 

study offers a stronger determination of cause-and-effect than does a cross-sectional 

study, but among the variables under study, a longitudinal design is feasible for the 

training effect only. The 20-year difference in age between younger and older groups may 

not be sufficient to indentify a potential difference in substrate utilization, so future 

studies should have a larger age differential. As noted above, a strength of this study was 

setting the moderate intensity based upon the subjects’ VT, but not having measured the 

subjects’ Vo2max limits the ability to compare the exercise intensity used in this study to 

that used in studies that reported the intensity as a percentage of Vo2max.    

 

In conclusion 

                An expected finding of this study is that fat utilization during moderate exercise 

was higher in trained subjects compared to untrained subjects. Another finding was that a 

20-year difference in age was not sufficient for an age effect to be evident in fat 

utilization during exercise. The major finding of this study was that untrained females 

utilized proportionately more fat during exercise compared to untrained males, but there 

was no difference in fat and carbohydrate utilization between trained females and trained 

males. 
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Recommendation for future research 

           Based on the findings in this study, future research should consider having a larger 

age difference between the younger and older subjects. Future research should continue 

to establish exercise intensity being studied relative to the subjects’ VT, but should also 

consider measuring Vo2max so that the training status of the subjects can be reported in 

those terms. Due to the finding in this study that there was no difference in fat utilization 

between trained males and females, but there was a difference between untrained males 

and females, future studies may consider conducting a training study with periodic 

comparisons of substrate utilization during exercise to attempt to capture the transition in 

substrate utilization over changes in training status.  

        

 

 

 

 

 



      

   

   

  32 

   

   

 

REFERENCES 

1. Romijn, J.A., et al., Regulation of endogenous fat and carbohydrate metabolism 

in relation to exercise intensity and duration. Am J Physiol, 1993. 265(3 Pt 1): p. 

E380-91. 

2. Bassami, M., et al., Effects of exercise intensity and duration on fat metabolism in 

trained and untrained older males. Eur J Appl Physiol, 2007. 101(4): p. 525-32. 

3. Jeukendrup, A.E., Modulation of carbohydrate and fat utilization by diet, exercise 

and environment. Biochem Soc Trans, 2003. 31(Pt 6): p. 1270-3. 

4. Holloszy, J.O. and E.F. Coyle, Adaptations of skeletal muscle to endurance 

exercise and their metabolic consequences. J Appl Physiol, 1984. 56(4): p. 831-8. 

5. Hurley, B.F., et al., Muscle triglyceride utilization during exercise: effect of 

training. J Appl Physiol, 1986. 60(2): p. 562-7. 

6. Sial, S., et al., Training-induced alterations in fat and carbohydrate metabolism 

during exercise in elderly subjects. Am J Physiol, 1998. 274(5 Pt 1): p. E785-90. 

7. Phillips, S.M., et al., Effects of training duration on substrate turnover and 

oxidation during exercise. J Appl Physiol, 1996. 81(5): p. 2182-91. 

8. Coggan, A.R., et al., Fat metabolism during high-intensity exercise in endurance-

trained and untrained men. Metabolism, 2000. 49(1): p. 122-8. 

9. Kiens, B., et al., Skeletal muscle substrate utilization during submaximal exercise 

in man: effect of endurance training. J Physiol, 1993. 469: p. 459-78. 

10. Friedmann, B. and W. Kindermann, Energy metabolism and regulatory hormones 

in women and men during endurance exercise. Eur J Appl Physiol Occup Physiol, 

1989. 59(1-2): p. 1-9. 

11. Froberg, K. and P.K. Pedersen, Sex differences in endurance capacity and 

metabolic response to prolonged, heavy exercise. Eur J Appl Physiol Occup 

Physiol, 1984. 52(4): p. 446-50. 

12. Tarnopolsky, L.J., et al., Gender differences in substrate for endurance exercise. J 

Appl Physiol, 1990. 68(1): p. 302-8. 

13. Horton, T.J., et al., Fuel metabolism in men and women during and after long-

duration exercise. J Appl Physiol, 1998. 85(5): p. 1823-32. 

14. Blatchford, F.K., R.G. Knowlton, and D.A. Schneider, Plasma FFA responses to 

prolonged walking in untrained men and women. 1985. 53(4): p. 343-347. 

15. Maher, A.C., et al., Women Have Higher Protein Content of ��-Oxidation 

Enzymes in Skeletal Muscle than Men, Public Library of Science. p. e12025. 



      

   

   

  33 

   

   

 

16. Venables, M.C., J. Achten, and A.E. Jeukendrup, Determinants of fat oxidation 

during exercise in healthy men and women: a cross-sectional study. 2005, Am 

Physiological Soc. p. 160. 

17. Carter, S.L., C. Rennie, and M.A. Tarnopolsky, Substrate utilization during 

endurance exercise in men and women after endurance training. Am J Physiol 

Endocrinol Metab, 2001. 280(6): p. E898-907. 

18. McKenzie, S., et al., Endurance exercise training attenuates leucine oxidation 

and BCOAD activation during exercise in humans. Am J Physiol Endocrinol 

Metab, 2000. 278(4): p. E580-7. 

19. Costill, D.L., et al., Lipid metabolism in skeletal muscle of endurance-trained 

males and females. J Appl Physiol, 1979. 47(4): p. 787-91. 

20. Powers, S.K., W. Riley, and E.T. Howley, Comparison of fat metabolism between 

trained men and women during prolonged aerobic work. 1980. p. 427. 

21. Roepstorff, C., et al., Gender differences in substrate utilization during 

submaximal exercise in endurance-trained subjects. Am J Physiol Endocrinol 

Metab, 2002. 282(2): p. E435-47. 

22. Julius, S., et al., Influence of age on the hemodynamic response to exercise. 

Circulation, 1967. 36(2): p. 222-30. 

23. Sial, S., et al., Fat and carbohydrate metabolism during exercise in elderly and 

young subjects. Am J Physiol, 1996. 271(6 Pt 1): p. E983-9. 

24. Toth, M.J. and A. Tchernof, Lipid metabolism in the elderly. 2000. p. S121. 

25. Montoye, H.J., Age and oxygen utilization during submaximal treadmill exercise 

in males. J Gerontol, 1982. 37(4): p. 396-402. 

26. Silverman, H.G. and R.S. Mazzeo, Hormonal responses to maximal and 

submaximal exercise in trained and untrained men of various ages. 1996. 51(1): 

p. B30. 

27. Poehlman, E.T., et al., Effects of endurance training on total fat oxidation in 

elderly persons. J Appl Physiol, 1994. 76(6): p. 2281-7. 

28. Hagberg, J.M., et al., Metabolic responses to exercise in young and older athletes 

and sedentary men. J Appl Physiol, 1988. 65(2): p. 900-8. 

29. Thompson, W.R., et al., ACSM's guidelines for exercise testing and prescription. 

2009: Lippincott Williams & Wilkins. 

30. Fields, D.A., M.I. Goran, and M.A. McCrory, Body-composition assessment via 

air-displacement plethysmography in adults and children: a review. Am J Clin 

Nutr, 2002. 75(3): p. 453-67. 

31. Beaver, W.L., K. Wasserman, and B.J. Whipp, A new method for detecting 

anaerobic threshold by gas exchange. J Appl Physiol, 1986. 60(6): p. 2020-7. 



      

   

   

  34 

   

   

 

32. Ho, R., Handbook of univariate and multivariate data analysis and interpretation 

with SPSS. 2006: CRC Press. 

33. Vella, C. and L. Kravitz, Gender differences in fat metabolism. 2002. p. 36-46. 

34. McArdle, W.D., F.I. Katch, and V.L. Katch, Exercise physiology: nutrition, 

energy, and human performance. 2009: Lippincott Williams & Wilkins. 

35. Brooks, G.A., T.D. Fahey, and K.M. Baldwin, Human bioenergetics and its 

applications. 2000. p. 338-364. 

36. Robergs, R.A. and S.J. Keteyian, Fundamentals of exercise physiology: For 

fitness, performance, and health. 2000: McGraw-Hill. 

37. Manetta, J., et al., Substrate oxidation during exercise at moderate and hard 

intensity in middle-aged and young athletes vs sedentary men. Metabolism, 2005. 

54(11): p. 1411-9. 

38. Phillips, S.M., et al., Gender differences in leucine kinetics and nitrogen balance 

in endurance athletes. 1993, Am Physiological Soc. p. 2134-2141. 

39. Allen, W.K., et al., Lactate threshold and distance-running performance in young 

and older endurance athletes. 1985, Am Physiological Soc. p. 1281-1284. 

40. Hurley, B.F., et al., Effect of training on blood lactate levels during submaximal 

exercise. 1984, Am Physiological Soc. p. 1260-1264. 

41. Davis, J.A., et al., Anaerobic threshold and maximal aerobic power for three 

modes of exercise. 1976. 41(4): p. 544-550. 

42. Myers, J. and E. Ashley, Dangerous curves. 1997, American College of Chest 

Physicians. p. 787-795. 

43. Caiozzo, V.J., et al., A comparison of gas exchange indices used to detect the 

anaerobic threshold. 1982, Am Physiological Soc. p. 1184-1189. 

44. Holloszy, J.O., Adaptation of skeletal muscle to endurance exercise. Med Sci 

Sports, 1975. 7(3): p. 155-64. 

45. Romijn, J.A., et al., Substrate metabolism during different exercise intensities in 

endurance-trained women. J Appl Physiol, 2000. 88(5): p. 1707-14. 

46. Tarnopolsky, M.A., et al., Carbohydrate loading and metabolism during exercise 

in men and women. J Appl Physiol, 1995. 78(4): p. 1360-8. 

47. Hackney, A.C., M.A. McCracken-Compton, and B. Ainsworth, Substrate 

responses to submaximal exercise in the midfollicular and midluteal phases of the 

menstrual cycle. Int J Sport Nutr, 1994. 4(3): p. 299-308. 

48. Jurkowski, J.E., et al., Effects of menstrual cycle on blood lactate, O2 delivery, 

and performance during exercise. 1981, Am Physiological Soc. p. 1493-1499. 

49. Tarnopolsky, M., Gender differences in metabolism: practical and nutritional 

implications. 1999: CRC. 



      

   

   

  35 

   

   

 

50. Roberts, S.B. and G.E. Dallal, Energy requirements and aging. 2005, Cambridge 

Univ Press. p. 1028. 

51. Jacobs, K.A. and W.M. Sherman, The efficacy of carbohydrate supplementation 

and chronic high- carbohydrate diets for improving endurance performance. Int J 

Sport Nutr, 1999. 9(1): p. 92-115. 

52. Miller, S.L. and R.R. Wolfe, Physical exercise as a modulator of adaptation to 

low and high carbohydrate and low and high fat intakes. 1999, MACMILLAN 

PRESS. p. 112-119. 

53. Jensen, C.R. and A.G. Fisher, Scientific basis of athletic conditioning. 1979: Lea 

& Febiger, US. 

54. Lamb, D.R., Physiology of exercise: responses and adaptations. 1984: 

Macmillan. 

55. Jeukendrup, A. and M. Gleeson, Sport nutrition: an introduction to energy 

production and performance. 2010: Human Kinetics. 

56. De Vivo, D.C., et al., L-carnitine supplementation in childhood epilepsy: current 

perspectives. Epilepsia, 1998. 39(11): p. 1216-25. 

57. Hoffman, J., Physiological aspects of sport training and performance. 2002: 

Human Kinetics Publishers. 

58. Mittendorfer, B. and S. Klein, Effect of aging on glucose and lipid metabolism 

during endurance exercise. Int J Sport Nutr Exerc Metab, 2001. 11 Suppl: p. S86-

91. 

59. Meredith, C.N., et al., Peripheral effects of endurance training in young and old 

subjects. J Appl Physiol, 1989. 66(6): p. 2844-9. 

60. Coggan, A.R., et al., Histochemical and enzymatic characteristics of skeletal 

muscle in master athletes. J Appl Physiol, 1990. 68(5): p. 1896-901. 

61. Conley, K.E., S.A. Jubrias, and P.C. Esselman, Oxidative capacity and ageing in 

human muscle. J Physiol, 2000. 526 Pt 1: p. 203-10. 

62. Trounce, I., E. Byrne, and S. Marzuki, Decline in skeletal muscle mitochondrial 

respiratory chain function: possible factor in ageing. Lancet, 1989. 1(8639): p. 

637-9. 

63. Coggan, A.R., et al., Muscle metabolism during exercise in young and older 

untrained and endurance-trained men. J Appl Physiol, 1993. 75(5): p. 2125-33. 

64. Bjorntorp, P., Regional fat distribution--implications for type II diabetes. Int J 

Obes Relat Metab Disord, 1992. 16 Suppl 4: p. S19-27. 

65. Ostman, J., S. Efendi, and P. Arner, Catecholamines and metabolism of human 

adipose tissue. I. Comparison between in vitro effects of noradrenaline, 

adrenaline and theophylline on lipolysis in omental adipose tissue. 1969. 186(4): 

p. 241. 



      

   

   

  36 

   

   

 

66. Groop, L.C., et al., Role of free fatty acids and insulin in determining free fatty 

acid and lipid oxidation in man. J Clin Invest, 1991. 87(1): p. 83-9. 

67. Durnin, J. and V. Mikulicic, The influence of graded exercises on the oxygen 

consumption, pulmonary ventilation and heart rate of young and elderly men. 

1956, Physiological Soc. p. 442. 

68. Strandell, T., Heart Rate, Arterial Lactate Concentration and Oxygen Uptake 

During Exercise in Old Men Compared with Young Men. Acta Physiol Scand, 

1964. 60: p. 197-216. 

69. Suominen, H., et al., Effects of 8 weeks' endurance training on skeletal muscle 

metabolism in 56-70-year-old sedentary men. Eur J Appl Physiol Occup Physiol, 

1977. 37(3): p. 173-80. 

70. Marliss, E.B., et al., Gender differences in glucoregulatory responses to intense 

exercise. J Appl Physiol, 2000. 88(2): p. 457-66. 

71. Romijn, J.A., et al., Relationship between fatty acid delivery and fatty acid 

oxidation during strenuous exercise. 1995. 79(6): p. 1939. 

72. Numao, S., et al., Sex differences in substrate oxidation during aerobic exercise in 

obese men and postmenopausal obese women. Metabolism, 2009. 58(9): p. 1312-

9. 

73. Tarnopolsky, M.A., et al., Gender differences in carbohydrate loading are related 

to energy intake. J Appl Physiol, 2001. 91(1): p. 225-30. 

74. Devries, M.C., et al., 17 {beta}-Estradiol Supplementation Decreases Glucose 

Rate of Appearance and Disappearance with No Effect on Glycogen Utilization 

during Moderate Intensity Exercise in Men. 2005. 90(11): p. 6218. 

75. Tarnopolsky, M.A., Sex differences in exercise metabolism and the role of 17-

beta estradiol. Med Sci Sports Exerc, 2008. 40(4): p. 648-54. 

76. Kendrick, Z.V., et al., Effect of estradiol on tissue glycogen metabolism in 

exercised oophorectomized rats. J Appl Physiol, 1987. 63(2): p. 492-6. 

77. Ellis, G.S., et al., Effects of estradiol on lipoprotein lipase activity and lipid 

availability in exercised male rats. J Appl Physiol, 1994. 77(1): p. 209-15. 

78. Kendrick, Z.V. and G.S. Ellis, Effect of estradiol on tissue glycogen metabolism 

and lipid availability in exercised male rats. J Appl Physiol, 1991. 71(5): p. 1694-

9. 

79. Rooney, T.P., et al., Effect of estradiol on the temporal pattern of exercise-

induced tissue glycogen depletion in male rats. J Appl Physiol, 1993. 75(4): p. 

1502-6. 

80. Devries, M.C., et al., 17-{beta}-estradiol supplementation decreases glucose Ra 

and Rd with no effect on glycogen utilization during moderate intensity exercise 

in men. 2005, Endocrine Soc. 



      

   

   

  37 

   

   

 

81. Horton, T.J., et al., No effect of menstrual cycle phase on glucose kinetics and fuel 

oxidation during moderate-intensity exercise. 2002, Am Physiological Soc. p. 

E752. 

82. Kiessling, K.H., K. Piehl, and C.G. Lundquist, Effect of physical training on 

ultrastructural features in human skeletal muscle. Plenum Press, 1971: p. 97-101. 

83. Gollnick, P.D., et al., Enzyme activity and fiber composition in skeletal muscle of 

untrained and trained men. J Appl Physiol, 1972. 33(3): p. 312-9. 

84. Holloszy, J.O., et al., Mitochondrial citric acid cycle and related enzymes: 

adaptive response to exercise. Biochem Biophys Res Commun, 1970. 40(6): p. 

1368-73. 

85. Green, H.J., et al., Adaptations in muscle metabolism to prolonged voluntary 

exercise and training. J Appl Physiol, 1995. 78(1): p. 138-45. 

86. Wilmore, J.H., D.L. Costill, and W.L. Kenney, Physiology of sport and exercise. 

2008: Human Kinetics Publishers. 

87. Hermansen, L. and M. Wachtlova, Capillary density of skeletal muscle in well-

trained and untrained men. J Appl Physiol, 1971. 30(6): p. 860-3. 

88. Ingjer, F., Effects of endurance training on muscle fibre ATP-ase activity, 

capillary supply and mitochondrial content in man. J Physiol, 1979. 294: p. 419-

32. 

89. Sylven, C., E. Jansson, and K. Book, Myoglobin content in human skeletal muscle 

and myocardium: relation to fibre size and oxidative capacity. Cardiovasc Res, 

1984. 18(7): p. 443-6. 

90. Saltin, B. and L.B. Rowell, Functional adaptations to physical activity and 

inactivity. Fed Proc, 1980. 39(5): p. 1506-13. 

91. Ferrannini, E., The theoretical bases of indirect calorimetry: a review. 

Metabolism, 1988. 37(3): p. 287-301. 

92. Brown, S.P., W.C. Miller, and J.M. Eason, Exercise physiology: basis of human 

movement in health and disease. 2006: Lippincott Williams & Wilkins. 

93. Plowman, S. and D.L. Smith, Exercise physiology for health, fitness, and 

performance. 2007: Lippincott Williams & Wilkins. 

94. McArdle, W.D., F.I. Katch, and V.L. Katch, Exercise physiology: energy, 

nutrition, and human performance. Vol. 23. 2008. 1403. 

95. Kang, J., Bioenergetics primer for exercise science. 2007: Human Kinetics 

Publishers. 

96. McArdle, W., F. Katch, and V. Katch, Essentials of Exercise Physiology 3rd 

Edition Lippincott Williams & Wilkins. 2006: Philadelphia. 



      

   

   

  38 

   

   

 

97. Crouter, S.E., et al., Accuracy and reliability of the ParvoMedics TrueOne 2400 

and MedGraphics VO2000 metabolic systems. Eur J Appl Physiol, 2006. 98(2): p. 

139-51. 

98. Bassett, D.R., Jr., et al., Validity of inspiratory and expiratory methods of 

measuring gas exchange with a computerized system. J Appl Physiol, 2001. 91(1): 

p. 218-24. 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

   

   

  39 

   

   

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

Review of Literature 

 

 

 

 

 

 

 



      

   

   

  40 

   

   

 

 

Review of Literature 

 Fuel utilization-The role of carbohydrate and fat 

                  Carbohydrate (CHO), fat, and protein provide the necessary components to 

sustain energy metabolism during exercise. The main contributors of fuel for the body are 

carbohydrates and fats, whereas protein’s contribution is minimal. Indicative of their 

importance in energy metabolism, carbohydrate and fat stores are more readily available. 

CHO is usable as glucose in the bloodstream and is stored as glycogen in the liver and 

muscle, while fat is usable as free fatty acids (FFA) and stored as triglycerides in both 

adipose and muscle tissue. The body’s endogenously stored energy is comprised of 

approximately 92-98% fat and 2-8% carbohydrate [3]. A majority of the body’s 

endogenous CHO fuel is stored as glycogen in skeletal muscle (82% of total CHO 

energy) and the liver (14%), with only 4% found as plasma glucose [51].  

Carbohydrate metabolism 

                        CHO is the one of most important energy sources for human metabolism. 

CHO are eventually transformed into glucose, and some glucose is stored as glycogen by 

the process of glycogenesis. Glycogen is stored in the liver and muscle and can 
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breakdown to glucose when the blood glucose level is low. This process is called 

glycogenolysis. There are three major stages in carbohydrate metabolism: glycolysis, the 

Krebs cycle, and the electron transport chain. 

Glycolysis 

                  Glycolysis is the sequence of reactions that release energy and converts 

glucose or glycogen into two molecules of private acid in the cytoplasm of the cell. 

Glucose is transported from  blood across the cell membrane by the GULT4 transporter 

(glucose transporter carrier proteins). In the cell, glucose is broken drown to glucose-6-

phosphate (G-6-P) by the enzyme hexokinese (HK), and through the ten step series of the 

glycolytic pathway is converted to pyruvate. The Glycolytic pathway is regulated by 

three important enzymes. HK is the first of regulatory enzymes in glycolysis. It can be 

activated by increased level of glucose and on the other hand HK is inhibited by elevated 

G-6-P levels. Phosphofructokinase (PFK) is the most important rate-limiting enzyme of 

glycolysis. Rate-limiting means that this enzyme controls the rate at whole the series of 

reaction occur.  PFK is inhibited by high levels of ATP and an elevated amount of citrate, 

which indicate plenty of energy within the cell [52].The final regulating step is the 

enzyme Pyruvate kinese (PK). PK is activated by fructose 1, 6 diphosphate, the product 

of the PFK reaction, and, on the other hand, PK is inhibited by the protein kinase. The 

protein kinase in the liver will be stimulated when blood glucose levels are low. At the 
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end of glycolytic pathway, pyruvate can be reduced to lactate by the enzyme lactate 

dehydrogenase if there is insufficient  oxygen in the cell, or pyruvate is transported into 

the mitochondria if oxygen is available.                

                          Glycolysis is associated with both the utilization and production of ATP. 

If glycolysis begins with the breakdown of glycogen, a net of 3 ATP is produced, and if 

glycolysis begins from glucose, a net 2 ATP is produced, because 1 ATP is used for the 

conversion of glucose to G-6-P when at enters the cell.  

The Krebs cycle 

               The second stage of carbohydrate metabolism is called the citric acid cycle or 

the Krebs cycle. The Krebs cycle is a series of chemical reactions that generate hydrogen 

molecules to be processed for energy in the electron transport system (ETS). When 

oxygen supply is adequate, the pyruvate that formed in the cytoplasm of the cell during 

glycolysis is transferred to the mitochondria, where most of the energy inherent in 

glucose is released. In the mitochondria, pyruvate acid is transformed to acetyl CoA by 

the enzyme pyruvate dehygenase, and it enters into the series of chemical reactions called 

the Krebs cycle. Acetyl CoA condenses with a four-carbon compound called oxaloacetate 

to form a six-carbon acid (citrate) and is degraded to five and four- carbon compounds, 

releasing two molecules of CO2. Simultaneously, two molecules of NADH are formed. 
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Finally, the C-4 carbon undergoes three additional reactions in which guanosine 

triphosphase (GTP), FADH2 and NADH are formed, thereby regenerating oxaloacetate. 

FADH2 and NADH are passed on to the electron transport chain that is embedded in the 

inner mitochondrial membrane. GTP is a high energy compound that is used to 

regenerate ATP from ADP. Therefore, the main purpose of the Krebs cycle is to provide 

high energy electron in the form of FADH2 and NADH to be passed onward to the 

electron transport chain.  

Electron transport chain (ETS)  

                The hydrogen atoms released from the glycolytic pathway and the Krebs cycle 

represent a large source of unharnessed energy that must be oxidized to realize the full 

potential of the metabolic system. In fact, over 90 percent of the total ATP produced in 

the metabolic pathway comes from the processing of this hydrogen though the ETS. 

These hydrogen are carried by the carrier molecules (NAD and FAD), but the pair of 

hydrogen electron on NAD yield more energy than the pair on FAD because they enter 

the ETS at a higher level. Three ATP are released for the hydrogen ions carried by NAD 

and two ATP are produced for the hydrogen pairs carried by FAD.  

               Producing energy through the ETS is called oxidative phosphorylation, a two-

step process where the hydrogen atoms lose their electrons, and the energy released is 
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used to phosphorylate ADP to form ATP. Phosphorylation takes place as hydrogen atoms 

carried by NAD and FAD enter the ETS, their electrons are stripped from them, and the 

electrons are transfered down a series of electron carriers to atomic oxygen. The protons 

are pumped outside the mitochondria, producing a chemical and osmotic difference 

between the inside and outside of the membrane. These protons then enter the 

mitochondria at a stalk (on the inner membrane) to combine with oxygen, and the energy 

released from this movement is used couple a phosphate ion to ADP, thus forming ATP. 

This coupling occurs at three different places in ETS for hydrogen carried by NAD, and 

only two places for those carried by FAD. The entire process occurs because oxygen is 

available as the final electron acceptor, and the hydrogen ion and its electron move from 

an area of electronegativity (NAD and FAD) to an area of electron positivity (atomic 

oxygen). Without oxygen, there would be no reason for hydrogen ions to move to the 

ETS and energy production would not be possible. 

Fat metabolism 

                     Fat is the other major nutrient that provides energy for muscular contraction. 

About 40% of the calories ingested in the normal diet are from fat [53]. Approximately 

95% of the fat in the body is in the form of triglycerides (TG), and TG is made up of 

three free fatty acid (FFA) molecules with glycerol. Lipolysis is the process by which 

fatty acids are metabolized. Fatty acid those are utilized for energy by contracting 
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muscles came from TG stored in the muscles as intramuscular triglycerides (IMTG), TG 

stored in fat cell, and TG or fatty acids circulating in bloodstream. [54]. Fat metabolism 

refers to ATP come from fatty acid molecules that are split off from stored TG , 

transported by the blood to muscles, and broken down by the muscle for energy by the 

process called beta oxidation (β- oxidation) [54]. This process occurs in the mitochondria 

of the cell. There are four major steps involved in fat metabolism: 1) FFA release from 

adipose tissue, 2)  movement of FFA’s into muscle from the blood,  3) beta oxidation, 

and  4) the Krebs cycle and electron transport chain (ETC) [53] . 

FFA release from adipose tissue and from muscle 

             Before energy is released from the fat, TG in adipose tissue is broken down to 

three free fatty acid molecules (FFA) and glycerol through a process called lipolysis (the 

hydolysis of TG). This process is stimulated by a hormone-sensitive lipase (HSL). HSL is 

located directly in the fat cell and is stimulated by the hormones epinephrine and 

norepinephrine during exercise as well as by growth hormone (GH). Epinephrine and 

norepinephrine initiate lipolysis, where GH helps maintain it during prolong exercise. Fee 

fatty acids are insoluble in the water, so free fatty acids released into the blood must be 

bound to a protein carrier called albumin to allow them to be transported to cells and 

within the blood stream. The free fatty acid may be reattached to glycerol in the blood to 

make circulating TG, which are often bound to proteins in the blood and circulate as 
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lipoprotein [54]. The glycerol molecule is water-soluble and can freely travel through the 

blood will enter the bloodstream called circulating glycerol and is absorbed by the liver 

or kidney where it is rejoined the glycolysis and gluconeogenesis pathway. IMTG can be 

degraded to FFA like in adipose. FFA that is released from IMTG may enter to blood, 

reesterified, or oxidized within muscle [55].  

                    FFA are transported to the muscle cell they are release from albumin and 

transported across the muscle cell membrane by FFA transporter. There are three main 

FFA transporters located on the muscle cell membrane: fatty acid binding protein 

(FABP), fatty acid translocase (FAT), and fatty acid transport protein (FATP). These 

proteins bind the FFA molecules and transport them across the cell membrane and the 

mitochondria for complete oxidation.  

                    Fatty acids are transported across the outer mitochondrial membrane by 

carnitine-palmitoyl transferase I (CPT-I), and then couriered across the inner 

mitochondrial membrane by carnitine transport system [56]. Once inside the 

mitochondrial matrix, fatty acyl-carnitine reacts with coenzyme A to release the fatty acid 

and produce acetyl-CoA. Once inside the mitochondrial matrix, fatty acids undergo β-

oxidation. When fatty acid undergoes β- oxidation it produces acetyl CoA, FADH2, and 

NADH molecules. The acetyl CoA then serves as substrate in the Krebs cycle in which 
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additional hydrogen carriers (NADH, FADH) are produced. Those high energy carriers 

undergo mitochondrial oxidation in the ETS to produce ATP.  

                     The total of ATP comes from the breakdown of fatty acid molecule that 

follow reaction in beta oxidation (β- oxidation), Krebs cycle, and electron transport 

change. Depending on how many carbons atoms per FFA, human FFA has 16 or 18 

carbon atom, therefore the totals of ATP are 147 molecules after completely all of the 

oxidation.  

                     Energy can be extracted from the food in body to generate high energy 

phosphate bond in ATP (adenosine triphospate). This high bond can be broken rapidly to 

support the immediate need for muscle contraction by converting ATP to ADP 

(adenosine diphosphate), and ADP is then is restored to ATP very quickly by creatine 

phosphate (CP). CP can readily provide a phosphate group to ADP to form ATP under 

the influence of creatine kinase (CK). The store of CP is called phosphagen system 

limited, and it can provide energy for shot intense muscular activity for only a few 

seconds (10 – 15 second), such as sprinting, jumping and lifting. If the exercise persists at 

high intensity for more than 15 seconds, then  the phosphagen system cannot supply the 

ATP needed, glucose or glycogen must be processd anaerobically by the glycolysic 

pathway (without oxygen). Using this pathway, ATP is produced and also lactic acid 
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results.  The lactic acid system is capable of releasing energy to resynthesise ATP 

without the involvement of oxygen and is called anaerobic glycolysic. When the oxygen 

is available and the muscle is not working strenuously or the exercise intensity is low or 

moderate. The pyruvate from glucose is converted to carbon dioxide and water in 

mitochodia . Approximately 36 ATP can be produced aerobically from a single glucose 

molecule compared to 2 ATP anaerobically. Aerobic metabolism supplies energy more 

slowly than anaerobic metabolism, but can be sustained for long periods of time. The 

major advantage of the less efficient anaerobic pathway is that it more rapidly provides 

ATP in muscle by utilizing local muscle glycogen. Anaerobic glycolysis supplies most 

energy for short term intense exercise ranging from 30 seconds to 2 minutes. The 

disadvantages of anaerobic metabolism are that it cannot be sustained for long periods, 

since the accumulation of lactic acid in muscle decreases the PH and inactivates key 

enzymes in the glycolysic pathway, leading to fatigue. The lactic acid released from 

muscle can be taken up by the liver and converted to glucose again (Cori Cycle), or it can 

be used as a fuel by the cardiac muscle directly or by less active skeletal muscles away 

from the actively contracting muscles. 

               Under most circumstances, the type of substrate (fuel) and the rate at which it is 

utilized during exercise is largely dependent on the intensity and duration of the exercise. 

Endurance exercise of various intensities will utilize varying proportions of fat and 
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carbohydrate. While exercise at low intensities (<50% VO2max) utilizes mostly fat , 

exercise at higher intensities (greater than 70% VO2max) primarily utilizes intramuscular 

glycogen stores with minimal contribution from intramuscular fat stores [3]. The 

moderate exerciser (65% VO2max) gathers approximately 40% of his/her fuel from 

intramuscular and plasma FFA, 10% from plasma glucose, and 50% from muscle 

glycogen [52]. At about 65% VO2max, there is a “crossover point” where carbohydrate 

becomes more dominant than fat in supplying fuel to the muscle [57]. This shift to CHO 

metabolism at the high exercise intensity is caused by two factors: the recruitment of fast 

twitch fibers (which are better equipped to metabolize CHO) and increasing levels of 

epinephrine in the blood (which contribute to glycogen breakdown). Therefore, as 

exercise intensity increases, substrate utilization shifts from primarily fat to primarily 

CHO oxidation. However, the relative contribution of carbohydrate and fat to energy 

metabolism can vary depending on other factors, including training status, sex, and age as 

well as will be described below. 
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Factor affecting substrate utilization 

Aging factor 

                Aging is associated with changes in body composition, including reduction in 

lean body mass and an increase in body fat, a decline in physical activity that contributed 

to decrease exercise tolerance, increased fat mass and alteration in glucose and 

lipoprotein metabolism [23, 37]. The mechanisms that determine the age-associated 

change in metabolism are not well defined but the results of a study conducted by Sial 

and colleagues demonstrate that fat oxidation is decreased and carbohydrate oxidation is 

increased during moderate intensity exercise in older individuals [23]. The change in 

substrate utilization during exercise in aging may be caused by an age-related decline in 

skeletal muscle respiratory capacity [23] and fat mobilization [24].  

                    Data obtained from in vivo and in vitro experiments show a decrease in 

muscle oxidative capacity related with aging [58]. Also, several studies have shown that 

muscular mitochondria respiratory capacity in untrained older individuals is lower than in  

untrained young individuals [58-61]. Coggan et al. [60] studied the effect of aging on 

human skeletal muscle and they found that mitochondrial oxidative enzyme activities 

(citrate synthase, succinate dehydrogenase, b-hydroxyl-CoA-dehydrogenase) were 25% 

lower in old as compare to young subjects. Similarly, others have shown the capacity of 
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human muscle to utilize O2, measured in vitro, was 25–30 % lower in older subjects [59, 

62].Also in 1993, Coggan and colleagues’ study found that mitochondria oxidative 

enzyme activity is 25–40 % lower in muscles of untrained elderly men and women 

compared with young  men and women [63]. A decline in marker enzyme activity in 

muscle reflected decreasing mitochondrial function (low respiratory rate and enzyme 

activity) and mitochondria density in the elderly [61, 62]. Data from in vivo studies 

comparing young and old adults at any given power output shows increased use of CHO 

and a decreased use of fat as a fuel during exercise in elderly. This is obviously due to the 

muscle oxidative capacity and the ability to generate adequate ATP for muscle work that 

are lower in elderly than in young men indicating that old individuals used more glucose 

than fatty acid during exercise [58].    

                The release of fatty acids from adipose tissue and the capacity of respiring 

tissue to oxidize fatty acids are two primary factors determining the rate of fat oxidation 

during exercise. The mobilization of triglyceride provides an important fuel for working 

muscles [23], and the increase in lipolysis is largely due to catecholamine-mediated 

stimulation of β-adrenergic. Lipolysis can be regulated by several hormones, such as 

catecholamines, glucagon, adrenocorticotropic hormone, growth hormone, 

prostaglandins, thyroid hormones, glucocorticoids and sex steroid hormones [64]. The 

aging process may affect hormonal regulation of lipolysis [24]. These finding are in 
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agreement with Ostman et al [65], who reported that the ability of catecholamines to 

stimulate lipolysis was reduced in older subjects as a result of decreased adipose tissue 

adrenergic responsiveness. Also, data from animal and human studies show that the 

ability to mobilize fat may be impaired in the elderly because of  a decrease in both the 

sympathoadrenal response to exercise and adipose tissue sensitivity to stimulation [23]. 

Results from three studies [23, 24, 66] indicated that the lipolytic response to exercise 

and the capacity to mobilize free fatty acids from adipose tissue stores were reduced  with 

age. Reduced free fatty acid mobilization may decrease fat oxidation by limiting substrate 

supply.  

                   The most common method to determine whole body fat and carbohydrate 

oxidation rates is respiratory exchange ratio (RER). The RER is a numeric index of 

carbohydrate and fat utilization based on a ratio of carbon dioxide produced to oxygen 

consumed. Lower RER represents a greater lead of fat oxidation, while higher RER 

represents a greater lead of carbohydrate oxidation [33]. Several studies show that RER 

at any given absolute exercise intensity was greater in old than young subjects [22, 25, 

67]. This observation showed that elderly subjects use less fat and more carbohydrate as 

a fuel than young subjects during exercise perform at the same absolute intensity. This 

observation is supported by a finding of higher blood lactate levels during sub-maximal 

exercise in elderly subjects [23, 26, 68]. Results from several studies evaluated the 
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effect of aging on substrate utilization during prolonged exercise (≥30 min). During 

exercise performed at the same relative intensity, Hagberg et al. [28] evaluated the 

effect of aging and endurance training on metabolic responses of trained and sedentary 

young men (age 20 to 32 years) and older men (age 60 to 70 years) exercising at the 

same relative exercise intensity (70% VO2 max ) for 60 minutes. The results showed that 

the young sedentary men had a higher RER than the other three groups, indicating a 

greater reliance on CHO as substrate. They concluded that the young sedentary men 

were only group exercising above their lactate threshold. They also found that young 

trained men had higher fat oxidation, lower plasma FFA concentration compare to old 

trained men. On the other hand, Silverman and Mazzeo [26] investigated the influence 

of age and training on the responsiveness of key hormones responsible for regulating 

metabolism during exercise. The data showed that mean RER values during the 45 

minute sub-maximal exercise at the workload corresponding to each their lactate 

threshold were higher in the old group than in young group.  

                  Similar results with Silverman and Mazzeo, Sial et al.[23] evaluated the 

effect of aging on fat and carbohydrate metabolism during moderate intensity exercise. 

Six elderly and six young adult men and women who participated in this study were 

matched by sex and lean body mass. The old subjects performed 60 minutes cycle 

exercise at 50% VO2 max, whereas the young subjects exercised at the same absolute and 
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at the same relative intensity as the elderly subjects. The results show that the RER was 

higher in the older subjects at either the same absolute intensity or relative intensity. 

This means that fat oxidation during exercise was lower in the older subjects than in the 

young subjects exercising at either the same absolute or similar relative intensities. In 

addition, carbohydrate oxidation in the elderly group was higher than in the young 

groups exercising at the same absolute intensity and lower than young subjects at the 

same relative intensity. However, Mittendorfer and Klein [58] explained that the results 

of these  studies were different because they did not carefully control for diet, training 

status, and lactate threshold, which can affect RER. 

                     Regardless of age, endurance training has been shown to increase fat 

oxidation during exercise in young adults [7]and in elderly persons [6]. After endurance 

training, older people can increase skeletal muscle mitochondrial enzyme, respiratory 

capacity, decrease glucose production and oxidation, and increase fat oxidation [58, 63, 

69]. This is supported by Meredith et al [59] who studied the peripheral effects of 

endurance
 
training on 65-year-old men who performed cycle ergometry at

 
70% of their 

age-adjusted maximal heart rate for 45 minutes
 
per day, 3 days per week until 12 

weeks. In their study, they demonstrated
 
that the oxidative capacity of the older men's 

muscles increased
 
by 125%.  Likewise, in young adults, endurance training can also 

increase skeletal muscle mitochondrial enzyme respiratory capacity [4]. Therefore, 
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endurance training can increase mitochondrial content and the activity of citric acid 

cycle enzymes  

                Aging is associated with changing substrate utilization during exercise. It may 

be caused by an age-related decline in skeletal muscle respiratory capacity and fat 

mobilization. Some studies focusing on the effect of aging on substrate utilization 

during exercise showed that older people rely more on carbohydrate than fat as a fuel 

during exercise. On the other hand, one research showed high CHO utilization in young 

sedentary men comparing with old men [28].  

Also, endurance training has been shown to increase fat oxidation during exercise in 

young adults and in elderly persons. Interestingly, some studies did not match subjects 

for gender difference and some studies did not carefully control lactate threshold as 

well as training status. Gender, lactate threshold, and training status are factors that 

influence the effect of aging on substrate utilization. We will discuss below. 

Gender factor 

                      In general, the relative contribution of each substrate to energy production 

is complicated by many factors. Gender is one factor that may play a role in altering 

substrate utilization. Several studies have concluded that women tend to utilize more fat 

and less carbohydrate than men [10-12]. However, several other studies have shown that 
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there are no gender differences in the proportion of oxidize carbohydrate and fat [19, 45, 

70, 71].  

                 There is evidence that women tend to use less CHO than men during exercise. 

However, the mechanism behind this phenomenon remains unclear. In the study by 

Tarnopolsky et al.[12], six trained males and six trained females were matched on VO2 

max   per kg lean body weight and training volume. The females were exercise- tested in 

the midfollicular phase to control the potential effect of menstrual phase on substrate 

utilization. The results show significant gender differences in RER values during 

treadmill running for 90 min at 65% VO2 max . Females had significantly lower RER 

values compared with males, indicating that trained females used more fat and less 

carbohydrate than trained males. They also concluded that muscle biopsy samples 

showed greater muscle glycogen depletion in male subjects when compare with female 

subjects.  Similarly, Tarnopolsky et al.[46] investigated the effects of gender on CHO 

loading and substrate utilization during 60 minutes of  cycling ergometry at 70% VO 2 

peak. Seven trained males and eight trained females were selected and matched on their 

training history and VO 2 peak   per kg lean body weight. The women were also tested 

during the midfollicular phase of their menstrual cycle. The results were similar to their 

previous study; they demonstrated that the RER was lower in women than in men, 

indicating greater lipid oxidation and lesser CHO oxidation. Horto et al. [13] studied 
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gender differences in fuel metabolism during long- duration exercise. Fourteen male and 

female subjects were matched on training status (volume and intensity of training as 

determined from self-report activity record). Fuel oxidation was measured using indirect 

calorimetry and blood samples were drawn for circulating substrate and hormone levels. 

The results showed that women had significantly lower RER values compared with men 

during two hours of exercise at 40% VO2 max. The percentage of fat oxidation during 

exercise averaged 43.7% for the males and 50.9% for the females. Blatchford and 

colleagues [14] studied gender differences in fat metabolism during 90 minutes of 

treadmill walking at 35% VO2 max in six untrained men and six untrained women 

following an overnight fast. Women had significantly lower RER values compared with 

men at both 45 minutes and 90 minutes of exercise. Both groups gradually increased the 

percent of fat metabolized during exercise, with the 90-minute values being 59% for the 

males and 73% for the females. Froberg & Pedersen [11] matched seven active males and 

seven active females based on age and physical activity habits from personal interviews. 

Subjects performed exercise to volitional exhaustion on two separate occasions at both 80 

and 90% VO2 max. They reported that female subjects exercised for a significantly longer 

period of time than age- and training-matched male subjects at 80% VO2 max. The women 

also had significantly lower RER values during exercise when compared to the men. 

These researchers concluded that the greater performance in women was due to a greater 
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reliance on fat as fuel during exercise and a sparing of muscle glycogen. However, during 

exercise at 90% VO2 max, the RER between men and women showed no difference. The 

researchers also concluded that gender differences in substrate utilization appear to be 

intensity-related.  

                   Friedmann and Kindermann [10] determined gender comparison on the 

changes in energy metabolism during exhaustive endurance exercise, especially on 

lipid and carbohydrate metabolism. Twenty-four men (12 untrained and 12 trained) 

and twenty-four women (12 untrained and 12 trained) were matched on training 

history and current performance capacity. The results demonstrated that blood 

glucose levels in untrained women were higher than in untrained men, indicating 

increased mobilization of FFA from intramuscular fats depots during energy 

production in untrained women. In contrast, no gender differences in endurance 

trained subjects were seen in lipid metabolism. They conclude that gender 

differences in substrate utilization seem to appear in untrained subjects and these 

differences between genders disappear when the individuals are highly trained. 

Similarly,  Costill et al.[19] tested 12 trained females and 13 trained males during 

treadmill running at 70% VO2 max matched on VO2 max per kg body weight and 

training volume. The results showed no gender differences in fat or CHO oxidation, 

blood FFA, or glycerol. The researchers concluded that there were no differences in 
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fat metabolism in similarly trained males and females during sub-maximal exercise. 

However, the results from more recent studies have showed differences in substrate 

utilization when endurance trained men and women are matched by training status 

[12, 46]. 

                   While there is uncertainty surrounding the mechanism for observed gender 

differences in substrate utilization, several studies have shown that the female hormone 

estrogen and progesterone may hold the primary role causing gender difference in 

substrate utilization [72-74]. Estrogen is a collective term for a group of 18 –carbon 

steroid hormone and the most biologically active estrogen is 17β–estradiol ( E2 ) [17, 72, 

75].  During exercise, E2 may influence sex differences in substrate utilization [72]. 

Results from the rats studied have shown that E2 supplementation influences substrate 

selection during exercise [76-79]. Administration of E2 spares muscle and liver glycogen 

[76, 78], increases free fatty acid (FFA) availability for oxidation during endurance 

exercise [76, 79], elevated intramyocellular lipid (IMCL) concentration [77], and 

decrease lactate concentration [76]. Similar finding from human study, Devries et al. [80] 

investigated the effect of 8 days of E2   supplementation in eleven men following 90 

minutes of cycling at 65% VO2 max. The data showed that E2 supplementation decreased 

RER, glucose rate of appearance (Ra) and disappearance (Rd) during moderate exercise. 

They conclude that E2 supplementation can increase lipid use and decrease carbohydrate 
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as well as decrease glucose Ra (primarily liver glucose production) and Rd (primarily 

muscle glucose uptake). 

                  Because the female sex hormones estrogen and progesterone appear to play an 

important role in substrate utilization, and these hormones vary depending on the phase 

of the menstrual cycle [47], it seem important to closely monitor  for menstrual cycle 

phase in studies involving women and exercise. Hackney et al.[47] determined the 

substrate  metabolism responses of eumenorrheic women to different intensities of 

submaximal exercise at the midfollicular (MF) and the midluteal (ML) phases of the 

menstrual cycle in nine women. The subjects performed 30 minutes of treadmill running 

at 35%, 60%, and 75% VO 2 max. The results showed that CHO oxidation was decreased 

and fat oxidation was increased during the luteal phase compare to the follicular phase at 

35%, and 60% VO2 max but at 75% VO2 max, CHO oxidation and fat oxidation were not 

significantly different in the luteal phases and follicular phases. They concluded that the 

phase of the menstrual cycle does influence metabolic substrate usage during low- to 

moderate-intensity submaximal exercise. In contrast , Horto et al.[81] investigated 

substrate oxidation, glucose kinetics, and the hormone response to moderate intensity of 

exercise at 90 minutes duration across three phases of the menstrual cycle (early 

follicular [EF], mid-follicular [MF], and mid-luteal [ML])  in 13 moderately active, 

normal weight healthy females who experienced regular menstrual cycle. The subjects 
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exercise for 90 minutes on a cycle ergometer at 50% VO2 max. .The results from their 

study showed that substrate utilization did not vary significantly across the menstrual 

cycle in active women, either at rest or during 90 minutes of moderate intensity of 

exercise. We can conclude that the substrate utilization did not difference across the 

phase of the menstrual cycle when the subjects exercise at high intensity (> 70% VO 2 

max) or long duration. 

                 The evidence is unclear as to whether there are gender differences in substrate 

utilization. Some studies show that women oxidized more fat and less CHO compare with 

men [11, 12, 14, 46]. Others show no difference in substrate utilization between genders 

[10, 19]. It appears that studies with contrary findings were not well matched for 

important variable For example the results form two studies have shown differences in 

substrate utilization when endurance trained men and women were matched by training 

status [12, 19]. In one study both male and female were well trained (ran 80-

115km/week) and did not mentioned whether the females were eumenorrheic or 

amenorrheic or at point of their menstrual cycle testing commenced. Therefore, the factor 

that should be consider when compared genders difference in substrate utilization are 

training level, and menstrual cycle phase.           
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Training factor 

                    It is well document that substrate utilization is altered based on an 

individual’s training status. The effects of endurance training results in adaptive change 

in muscle metabolic function characterized by a decrease in CHO and an increase in lipid 

oxidation when tested at the same absolute exercise intensity [17]. Several factors may be 

responsible for the stimulation of fat oxidation in endurance-trained people.  

                An increase in the number and size of mitochondria per unit area can enhance 

the capacity to oxidize fat. Mitochondria from trained muscle subject have an increased 

capacity to produce ATP aerobically by oxidative phosphorylation than in untrained 

subjects [4]. Data from Keissiling and colleagues show that  there was a 120 % increase 

in the number of mitochondria in the vastus lateralis  muscle of humans following a 28-

week endurance- training program [82]. Similarly, Gollnick et al [83] demonstrated an 

increase in size and number of mitochondria and suggested it provided a greater surface 

area for transport of fatty acids and pyruvate into mitochondria. An animal study using a 

rat showed that mitochondria  content was increased by 15 % , while the size of 

mitochondria  increase by 35% during 27 weeks of endurance training [84].  

                     After endurance training, the increased utilization of fat as an energy source 

during submaximal exercise may be attributed to the adaptive increase in mitochondrial 

enzyme required for fatty acid oxidation involved in the Krebs cycle and the electron 
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transport chain, and the enzymes responsible for the activation, transport, and β- 

oxidation of free fatty acids [57]. The increase in these enzymes allows for a more 

efficient metabolic system for oxidizing nutrients to form energy ATP. Also, the greater 

concentration of the oxidative enzymes is thought to spare muscle glycogen and reduce 

the production of lactate during exercise [4]. In Holloszy and Coyles’ research [4] , 

within untrained people, the concentration of mitochondrial enzymes appears to be twice 

as high in type I ( slow –twitch) fibers than in type II ( fast- twitch) fibers. Succinate 

dehydrogenase ( SDH) and citrate synthase are the Krebs cycle enzymes that are often 

measured as indicators of improvement in the oxidative potential of muscle following 

endurance training.When rats were trained on treadmill running daily, a twofold  increase 

in these enzymes has been reported after endurance training [44]. Similar findings are 

reported in human studies, Green et al[85] found that the activity of SDH increased by 

31% after 4 weeks of training. 

                 Increase in the capacity of trained muscle to oxidize fat may occur via the 

increase capillary density in muscle, allowing a greater surface area for FFA uptake from 

blood, and an increase in the activity of lipid-mobilization and lipid-metabolizing 

enzymes. These increases appears to occur within several weeks or months after the onset 

of an endurance training program [86]. Endurance trained men have been shown to have 

a 5 -10 % greater capillary  density than untrained men [87, 88]. Similar findings from 
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other studies reported an even larger disparity in capillary density (37%-50% differences) 

between trained subjects and untrained  subjects [89, 90]. 

                Numerous studies have demonstrated that endurance training increases fat 

oxidation and decreases CHO oxidation during exercise [6, 8, 9]. Carter et al. [17] 

investigated the effect of endurance training on substrate utilization during 90 minutes of 

exercise  at 60% VO 2 max in males and females. They concluded that there was a decrease 

in total CHO utilization during exercise after endurance training at the same absolute 

workload. These results are similar to other reports, where a decrease in CHO utilization 

and increase in fat utilization  during exercise at the same absolute workload after 

endurance training was found [5, 7]. From these studies, it is clear that training status is 

an important factor that must be accounted for when studying the substrate utilization. 

Calorimetry 

                 The ultimate goal of nutrient metabolism is to produce energy [91]. Energy 

metabolism can be defined as the rate of heat production, and heat is a convenient form 

of energy to handle or measure. We can estimate the metabolic rate or energy production 

of the body by measuring the amount of heat it produces. The process of measuring this 

heat release is termed calorimetry (from calorie, meaning heat) [92]. Therefore, 

calorimetry is the measurement of the heat energy liberated or absorbed in metabolism 

[93]. Calorimetry may be direct or indirect; direct calorimetry measures heat production 
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from the body; Indirect calorimetry calculates heat production from other measurements. 

Indirect calorimetry is divided into closed-circuit indirect calorimetry, which involves the 

recirculation of inhaled and exhaled air in a close system. Open -circuit indirect 

calorimetry involves the inhalation of atmospheric air and measurement and analysis of 

exhaled air [36]. Direct measurement of heat production in humans has limited 

applications. Direct calorimetry is also expensive, time-consuming, and requires 

engineering expertise. Compared with direct calorimetry, indirect calorimetry remains 

simpler and less expensive to maintain and staff [94], and is more feasible in exercising 

circumstances . 

 Indirect calorimetry 

                    Indirect calorimetry is the method by which metabolism is estimated from 

measurements to determine oxygen consumption (VO2) and carbon dioxide production 

(VCO2) [91]. Indirect calorimetry differs from direct calorimetry in that the indirect 

method determines how much oxygen is required for biological combustion, whereas the 

direct method measures heat produced as a result of metabolism [95].  

                       Open-circuit spirometry provides a relatively simple way to measure 

oxygen consumption. During the experiment, subjects are not permitted to re-breathe 

their own air. Instead, the subjects inhale ambient room air which has a constant 
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composition of 20.93% oxygen, 0.03% carbon dioxide, and 79.04% nitrogen [92, 96]. 

Because the body uses oxygen and produces carbon dioxide, subjects will exhale a 

reduced percentage of oxygen and a higher percentage of carbon dioxide than they inhale. 

If the volume and percentage of oxygen and carbon dioxide inhaled and exhaled is 

measured, absolute values of oxygen uptake and carbon dioxide output can be assessed 

[91]. The resulting values for oxygen uptake and carbon dioxide output will be calculate 

the respiratory quotient (RQ), RER, and finally substrate utilization. 

 

Validity and reliability of indirect calorimetry  

                    The most basic of these techniques to collect and analyze expired gas is the 

Douglas bag (DB) method, which has been in use for many years. Although this method 

is still considered to be the gold standard, it also has several disadvantages and its own 

limitations. Crouter et al. [97] mention these limitations:(1) the DB bag material made 

from PVC is slightly permeable to external air, (2) difficulty removing all of the air from 

the bag and air leaking out during the removal process, (3) the DB contents represent the 

entire sampling period, and (4) the DB method is time consuming and requires careful 

analysis by researchers to reduce errors while measuring the content of the bag.  



      

   

   

  67 

   

   

 

                     Over the past two decades, with increasing technological advances in 

computerized systems, researchers most frequently utilize computerized metabolic 

systems. These systems have made gas-exchange measurements easier and less time 

consuming [97]. The accuracy and validity of computerized metabolic systems have been 

established. One computerized metabolic system for laboratory use is the ParvoMedics 

TrueOne 2400 (TrueOne 2400) previously called the ParvoMedics TrueMax 2400 

(TrueMax 2400). The TrueOne 2400 uses a mixing chamber and is a non breath-by-

breath system. It has been shown to be an accurate device for the measurement of 

inspiratory and expiratory gas-exchange [98]. 

                         Bassett et. al. [98] used the Douglas bag method and Truemax 2400 

(ParvoMedics)  to assess the validity of inspiratory and expiratory methods of measuring 

gas exchange. Eight male subjects participated in the research. Gas exchange was 

measured at rest and during five work rates on a cycle ergometer. The results showed 

extremely small differences and close agreement across all variables with the Truemax 

2400 compared with the Douglas bag method. Similarly, Crouter et al.[97] used Douglas 

bag, TrueOne 2400, and MedGraphics VO2000 (VO2000) to assess the accuracy and 

reliability of the measurement of gas exchange. Ten healthy males had their gas-

exchange measurements taken at rest and during cycling at 50, 100, 150, 200, and 250 W, 

with each stage lasting 10 to 20 minutes. The test was performed on two separate days. 
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The results showed similar reliability between days among devices, however, for VO2 

and VCO2 the TrueOne 2400 were shown to be more reliable compared to the V2000. 

The TrueOne 2400 was not significantly different from the Douglas bag at rest or any 

work rate for VE, VO2, or VCO2. Thus, the reliability and validity of the TrueOne 2400 is 

similar to DB  

Summary 

  From the literature review, it can be concluded that substrate utilization during 

exercise is greatly affected by age, gender, and training-status factors. For the aging 

effect, fat oxidation is decreased and CHO oxidation is increased during exercise in older 

individuals. The change in substrate utilization during exercise in aging may be cause by 

an age-related decline in skeletal muscle respiratory capacity. For the gender effect, 

women tend to utilize more fat and less CHO than men. The female hormone estrogen 

and progesterone may hold the primary role causing gender difference in substrate 

utilization. For the training status effect, endurance training causes a decrease in CHO 

utilization and increase in fat utilization. An increase in the number and size of 

mitochondria, and an increase in oxidative enzymes lead to increase in the capacity of 

training muscle to oxidize fat during exercise. However, one factor may affect to another 

factor. Therefore, some studies may combine two factors together. They may combine 

effect of aging and training or they may combine gender and training, for example but 
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there is no study that combines three factors together.  The purpose of this project is to 

evaluate all three variables in the same study. 
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