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OBJECTIVE: To determine the influence of age on the ability to adjust macronutrient oxidation to changes in diet composition.
Our hypothesis was that the ability to adjust macronutrient oxidation to changes in diet composition would be impaired with
age.
DESIGN: Cross-sectional, randomized to three different isocaloric diets containing a constant percentage protein but varying in
percentage fat and percentage carbohydrate: mixed diet (M; 15=30=55); high-fat diet (HF; 15=60=25), and high-carbohydrate
(HC; 15=15=70).
SUBJECTS: Six young (YM; age¼25�1 y) and five middle-aged and older men (OM; age¼63�3 y).
MEASUREMENTS: Each subject underwent 24 h whole-room calorimetry on day 4 of each diet to determine 24 h macronutrient
oxidation rates. Macronutrient balance was calculated from the individual macronutrient oxidation rates and the corresponding
macronutrient intake.
RESULTS: Body mass, percentage fat, and fat-free mass were similar in the two groups. Twenty-four-hour energy expenditure
(EE) and energy balance did not differ across diets or between groups; 24 h EE was � 7% lower (NS) in the OM. Macronutrient
oxidation rates were not significantly different in YM vs OM during M. Protein oxidation was similar across diets, but higher
(P<0.05) in OM. Fat oxidation contributed 28.8� 7.0% vs 37.8�4.7% to 24 h EE on M (NS) in the OM vs YM, respectively.
This increased to 58.4�6.7 vs 51.9�5.3% of 24 h EE (NS) in the OM vs YM, respectively, during HF and decreased to 25.4�9.7
vs 20.2� 14.3% (NS) during HC (diet effect, both P< 0.05). Carbohydrate oxidation contributed 54.3�10.5% vs 56.6�2.4%
of 24 h EE (NS) on M in the OM vs YM, respectively. This decreased to 19.5�10.6 vs 29.9� 12.6% (NS) during HF and increased
to 53.6�12.3 vs 64.7�14.3% (NS) in the OM vs YM, respectively during HC (diet effect, P<0.05).
CONCLUSION: Taken together, these results suggest that the ability to adjust macronutrient oxidation to changes in diet
composition is maintained in OM and, thus, is unlikely to contribute to the increased susceptibility to weight gain and obesity
development that accompanies aging.
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Introduction
In the US and other industrialized countries body fatness

rises with advancing age.1 – 3 Consequently, middle-aged and

older adults demonstrate the highest prevalence of over-

weight and obesity than any other age group4,5 and are

considered a high-risk group for weight gain. There are both

behavioral and metabolic factors that could contribute to the

increased susceptibility to obesity in middle-aged and older

adults. For example, increases in dietary energy and reduc-

tions in physical activity are behavioral factors that could

contribute alone or in combination to produce a positive

energy balance and weight gain. Similarly, alterations in

obligatory energy expenditure or substrate oxidation also

could contribute. For example, a reduction in fat oxidation

has been associated with an increased risk of obesity in some

populations.6,7 In this regard, a reduced ability to increase fat

oxidation in response to an increase in dietary fat content
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may contribute to increased susceptibility to obesity in

middle-aged and older adults.

In young never-obese adults fed at maintenance energy

requirements, the respiratory quotient changes relatively

quickly in response to alterations in the fat-to-carbohydrate

ratio of the diet.8 – 10 Whether middle-aged and older adults

maintain the ability to alter fuel metabolism in this way is

unknown. Therefore, the purpose of the present study was to

determine the influence of age on the ability to adjust

macronutrient oxidation in response to changes in diet

composition. We hypothesized that middle-aged and older

adults would demonstrate an impaired ability to adjust fat

oxidation in response to changes in dietary fat content. If

observed, this may be one potential mechanism by which

the susceptibility to obesity development is increased in

middle-aged and older adults.

Methods
Subjects

Six young (YM) and five middle-aged and older men (OM)

volunteered to participate in the present study. All subjects

were screened for the presence of chronic diseases by physi-

cal examination and blood and urine chemistries. The OM

were further screened for the presence of coronary heart

disease with a maximal exercise electrocardiogram. All sub-

jects were non-obese (body mass index (BMI)�30 kg=m2)

and sedentary-to-recreationally physically active. None of

the subjects participated in a program of regular physical

activity. Subjects were weight stable (�2.0 kg with previous 6

months) with habitual fat intakes of between 20 and 40% of

total energy intake.

The nature, purpose and risks of the study were explained

to each subject before written informed consent was

obtained. The Colorado State University Human Research

Committee and the Colorado Multiple Institutional Review

Board approved the experimental protocol.

Protocol

Each subject underwent 24 h whole-room indirect calorime-

try on four occasions. The initial whole-room calorimetry

visit, which included a standardized activity protocol, was

used to determine 24 h energy requirements. This initial

whole-room calormetry visit allowed us to target zero

energy balance with greater precision. The subsequent

whole-room calorimetry visits (order randomized) were

used to measure 24 h macronutrient oxidation rates on day

4 of each of three different isocaloric diets. Twenty-four-hour

macronutrient balances were calculated from the respective

24 h oxidation and intake of protein, fat and carbohydrate.

On the 3 days preceding each calorimetry visit food was

provided in an amount necessary to maintain weight stabi-

lity (<0.5 kg). All food was provided and prepared by the

General Clinical Research Center’s (GCRC) metabolic

kitchen. Subjects were required to consume at least one

meal in the GCRC each day. Body weight stability was also

verified during these visits. All other food was packaged to be

taken away and eaten at home or at the their place of work.

Each experimental diet contained a constant percentage of

protein but varied in the percentage of fat and carbohydrate.

The specific macronutrient composition (protein, fat, carbo-

hydrate) of each diet, as a percentage of total energy intake,

was 15=30=55 for the mixed diet condition (M), 15=60=25 for

the high-fat diet condition (HF), and 15=15=70 for the high-

carbohydrate condition (HC). A 2 week wash out period

separated each diet condition.

Procedures

Body weight was measured on a physicians balance scale to

the nearest 0.1 kg prior to each whole-room calorimeter visit.

The percentage of body fat and fat-free mass was measured in

all subjects using dual-energy X-ray absorptiometry (Model

DPX-IQ Lunar Corp., Madison, WI).

Twenty-four-hour energy expenditure (EE) and macronu-

trient oxidation was measured using whole-room indirect

calorimetry. The whole-room calorimeter is similar to that

described previously.8,11 – 14 Twenty-four-hour EE and macro-

nutrient oxidation rates were calculated from oxygen

consumption and carbon dioxide production.15 Protein oxi-

dation was estimated from urinary nitrogen content. Sub-

jects entered the whole-room calorimeter after a 12 h

overnight fast at 08:00 and left the following day at 07:00.

The results were extrapolated to 24 h. Upon entry in the

calorimeter resting EE was measured after 30 – 45 min of

lying quietly in bed. During this and subsequent calorimeter

visits subjects were required to perform two 30 min bouts of

exercise on a cycle ergometer at 40% of their individually

determine peak oxygen consumption. Peak oxygen con-

sumption was measured during incremental cycle ergometry

(Monark, Varberg, Sweden) to exhaustion. Oxygen consump-

tion, carbon dioxide production and ventilation were mea-

sured using a metabolic cart (SensorMedics 2900, Yorba

Linda, CA). Each subject also performed two 30 min bouts

of walking at a rate of 8 m=10 s. The rationale for having our

subjects perform these activities was to standardize activity

patterns across the dietary conditions. Each subject followed

the same standardized activity pattern and were fed meals at

the same time of the day during each whole-room calori-

meter visit. The exercise in the calorimeter also gave an

activity pattern that was more representative of a day when

not confined to the room. Therefore, the calorimeter visit

was not unusually sedentary.

Four-day diet records were obtained on all subjects to

determine the average habitual total calorie and macronu-

trient intake. A research dietitian instructed subjects on the

procedures for weighing and recording food intake. Nutri-

tionist IV software (First DataBank, Inc., San Bruno, CA) was

used to determine the self-reported total energy intake and

macronutrient composition of each individuals diet. GCRC

Dietplanner (version 2.11; developed by Doris Dare, MS, RD,
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at the University of San Francisco GCRC) was used to design

and plan the study diets for the present study.

Because insulin action may play a role in determining the

relative oxidation vs storage of individual macronutrients,

insulin sensitivity was estimated using Bergman’s minimal

model with a modified frequently sampled intravenous glu-

cose tolerance test (IVGTT).16 Three baseline blood samples

for the modified IVGTT were drawn. Glucose was then

injected (0.3 g=kg) at time 0 and insulin (0.03 U=kg) was

injected 20 min later. A total of 33 blood samples (6 ml)

were drawn for subsequent determination of glucose and

insulin concentration over the course of the 3 h protocol.

Glucose was measured enzymatically using the hexokinase

method on an automated Rohe COBAS Mira Plus glucose

analyzer. Insulin concentrations were measured by radio-

immunoassay (Kabi Pharmacia, Piscataway, NJ).

Statistical analysis

Differences in subject characteristics were assessed by inde-

pendent t-tests. Repeated measures analysis of variance was

used to assess the diet, group and diet�group interaction

effects for each dependent variable. No diet�group interac-

tion effects were observed and, thus, no post-hoc comparisons

were performed. A significance level of P<0.05 was selected

a priori. All values are presented as means� s.e.

Results
Subjects characteristics

Subject characteristics are shown in Table 1. There was an

�40 y age difference between the YM and OM. Body mass,

body fat percentage, fat-free mass, insulin sensitivity were

similar in the two groups (all P>0.05); however, as expected,

peak oxygen consumption was significantly lower in the OM

compared with YM. Habitual total energy intake as well as

the percentage of protein, fat and carbohydrate was also

similar in the two groups (Table 2, all P>0.05).

Components of 24 h EE, energy intake and energy

balance

There was no significant effect of diet on 24 h energy expen-

diture (24 hEE) (Figure 1, top panel), sleeping metabolic rate,

or resting metabolic rate (data not shown). Twenty-four-hour

EE was approximately 7% lower (P>0.05) in the OM com-

pared with YM both adjusted and unadjusted for fat-free

mass (adjusted means not shown). By design, 24 h energy

intake (EI) was similar across diet condition and not signifi-

cantly different in the OM vs YM (Figure 1, middle panel).

Table 1 Subject characteristics

Variable Young (n¼6) Older (n¼ 5)

Age (y) 25�1 63� 3*

Body mass (kg) 79.0�3.0 82.0� 4.0

Body fat (%) 21.9�3.0 25.6� 1.0

Fat-free mass (kg) 61.0�1.7 61.0� 3.1

VO2 peak (l=min) 3.1�0.3 2.3� 0.1*

SI(�1074 min=mU=ml) 8.0�1.7 8.6� 0.2

Values are means� s.e. VO2 peak¼peak oxygen consumption; SI¼ insulin

sensitivity index. *P< 0.05 vs young subjects.

Table 2 Habitual dietary intake of the subjects in the present study

Variable Young (n¼ 6) Older (n¼5)

Total energy (kcal=day) 2605� 158 2325�148

Protein (%) 15.2� 1.2 16.4�1.7

Fat (%) 31.6� 1.8 31.9�3.5

Carbohydrate (%) 50.9� 1.6 50.0�3.9

Values are means� s.e. %¼percentage of total energy intake.

Figure 1 Twenty-four-hour energy expenditure (upper panel), energy
intake (middle panel), and energy balance in the young and middle-
aged and older men during each diet condition. Values are means� s.e.
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Energy balance was similar (� þ50 – 100 kcals; P>0.05)

across diet conditions and did not differ between groups

(Figure 1, bottom panel; P>0.05). There was no significant

group�time interaction effects observed for any of these

variables.

Twenty-four-hour non-protein respiratory quotient

(NPRQ), macronutrient oxidation and macronutrient

balance

The 24 h NPRQ was significantly influenced by diet composi-

tion (Figure 2). However, there was no significant difference

in the 24 h NPRQ between the YM and OM across diet

conditions. As expected, there was no significant diet effect

on protein oxidation. However, protein oxidation was higher

(P<0.05) in the OM compared with YM (Figure 3, top panel)

across diet conditions. Fat and carbohydrate oxidation were

significantly influenced by diet composition (Figure 2,

middle and lower panels). There were no significant differ-

ences in fat or carbohydrate oxidation between the YM and

OM across diet conditions. There were no significant group

�diet interaction effects observed for the 24 h RQ or protein,

fat and carbohydrate oxidation.

Protein balance was not influenced by diet composition

(Figure 4, top panel, P>0.05). However, the OM demon-

strated a significantly more negative protein balance com-

pared to the YM across diet conditions. Both fat (P¼0.057)

and carbohydrate (P¼0.07) balance were tended to be influ-

enced by diet composition (Figure 3, middle and lower

panels). There were no significant differences in fat or car-

bohydrate balance in the YM and OM across diet conditions.

Furthermore, there was no significant diet�group inter-

action effects observed for the individual macronutrient

balances.

Discussion
The major new finding of the present study was that the

ability to adjust macronutrient oxidation in response to

isocaloric changes in diet composition was not impaired in

middle-aged and older adults. Although fat oxidation tended

to be lower in the middle-aged and older men during the

mixed dietary condition, this had no bearing on the ability

to increase fat oxidation in response to increase in dietary fat

content. Thus, these findings do not support the idea that

middle-aged and older adults are metabolically susceptible to

obesity development.

We did not observe an impaired ability to adjust macro-

nutrient oxidation in response to isocaloric changes in diet

composition in middle-aged and older adults. Taken

together with the observation that many middle-aged

and older adults are generally overweight or obese,4,5 our

findings suggests that other factors must be considered as

Figure 2 Twenty-four-hour non-protein respiratory quotient (NPRQ) in
the young and middle-aged and older men during each diet condition.
Values are means� s.e.

Figure 3 Twenty-four-hour protein, fat and carbohydrate oxidation
rates in the young and middle-aged and older men during each diet
condition. Values are means� s.e. CHO¼ carbohydrate.
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being responsible for the increased susceptibility to obesity

that accompanies aging. In this regard, total energy require-

ments decline with age due largely to reductions in the

amount of energy expended in physical activity.17,18 If

energy intake is not reduced by a similar amount a positive

energy balance and weight gain will occur. In addition, the

regulation of energy intake also appears to be impaired with

age.19 Thus, it is possible, even likely, that a progressive

impairment in the control of food intake with age, together

with a progressive reduction in physical activity, contributes

to obesity development in middle-aged and older adults.

Fat oxidation tended to be lower in the older compared to

young men during the mixed dietary condition, although

this did not reach statistical significance. Indeed, lower levels

of fat oxidation with age have been observed under resting

conditions,20 – 22 in response to meal ingestion,23 as well as

during exercise.24 However, it is important to emphasize that

this may have little bearing on the adjustments in fat oxida-

tion that occur in response to changes in dietary composi-

tion. For example, despite lower levels of fat oxidation

during the mixed diet condition, the older men from the

present study demonstrated similar (even greater) increases

in fat oxidation during the high-fat diet compared to the

young men. Therefore, it would appear that alterations in

substrate oxidation with age under one condition should not

be generalized to a 24 h period.

Interestingly, protein oxidation was higher and protein

balance was more negative in the middle-aged and older

men compared with the young adults. The reason for this

finding is unclear. We do not think this reflects methodolo-

gical error as this was observed under each of the diet

conditions. These findings are consistent with other studies

suggesting that protein requirements are elevated in older

men and women.25,26 However, this issue remains contro-

versial.27,28 Nonetheless, our findings may provide insight

into the loss of muscle mass observed with age, although our

study was not designed to address this issue.

We would like to emphasize that a major strength of our

study was the extraordinary achievement of energy balance in

the calorimeter. Each subject underwent an initial whole-room

calorimeter visit to determine 24 h energy requirements on a

calorimetry day. In addition, we provided our subjects with a

standardized activity protocol to perform during each whole-

roomcalorimetry visit. This level of activity allowed us to avoid

a calorimeter visit that was unusually sedentary. Together, this

allowed us to test our stated hypothesis in the absence of a

confounding positive or negative energy balance (either

between or across conditions).

Therearesomepotentiallimitationsofthepresentstudythat

should be addressed. First, the group of middle-aged and older

men studies in the present investigation may not be represen-

tativeofallmiddle-agedandolderadults. Itispossiblethatthese

individuals were more active than most in this age group. In

addition, our middle-aged and older subjects were relatively

lean. We recognize that it is possible that impairment in the

ability to adjust macronutrient oxidation in response to iso-

caloricchangesindietcompositionmighthavebeenobservedif

obese older adults were studied. However, it is important to

emphasizethat,becausewedidnotobservedanyimpairmentin

lean middle-aged and older adults, our findings suggest that an

impairment in the ability to adjust macronutrient oxidation in

response to isocaloric changes in diet composition is not an

inevitable consequence of aging per se.

Second, it is possible that middle-aged and older adults in

the present study demonstrated an impaired ability to adjust

macronutrient oxidation to changes in diet composition

prior to the time during which macronutrient oxidation

was measured (ie day 4). However, there was a non-signifi-

cant trend suggesting the middle-aged and older adults may

actually demonstrate a superior ability to adjust macronu-

trient oxidation to changes in diet composition. Thus,

although we cannot exclude this as a possibility, the above

suggestion appears unlikely.

Figure 4 Twenty-four-hour protein, fat, and carbohydrate balances in
the young and middle-aged and older men during each diet condition.
Values are means� s.e. CHO¼ carbohydrate.
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Third, it is also possible that the middle-aged and older

adults in the present study would have demonstrated an

impaired ability to adjust macronutrient oxidation to

changes in diet composition under conditions of energy

imbalance. We believe this is unlikely based on previous

observations. Roberts et al19 reported no effect of age on

the increase in total energy expenditure, body weight, or

body fat with experimental overfeeding in men. In contrast,

the older subjects in this previous study failed to demon-

strate a spontaneous hypophagia following the period of

overfeeding. In turn, body weight also failed to return to

baseline following overfeeding as occurred in the young

subjects. Taken together with the well-documented reduc-

tion in total energy expenditure with age,17,18 these observa-

tions suggest that factors other than the ability to adjust

macronutrient oxidation must be considered as being

responsible for the obesity development that occurs in

middle-aged and older adults.

Finally, the number of young and middle-aged and older

men we studied was small. Therefore, we cannot exclude the

possibility of inadequate power to detect significant differ-

ences between our groups. However, we should emphasize

that although not significant, the directional differences in

substrate oxidation between the young and older men in the

present study (ie increase in fat oxidation during the high fat

diet) would actually support a superior adjustment in sub-

strate oxidation in response to changes in diet composition

in the older men. Future studies will be necessary to confirm

or refute our findings.

In summary, the results of this preliminary study suggest

that the ability to adjust maconutrient oxidation in response

to changes in diet composition is not impaired in healthy,

non-obese middle-aged and older men. Future studies will be

necessary to determine the factors that contribute to obesity

development in this age group.

Acknowledgements

This work was supported by National Institute of Health

grants AG00687 and AG15420 (KPD), grants DK42549 and

DK48520 (JOH) and the General Clinical Research Center

NIH 5-01-RR-00051 at the University of Colorado Health

Sciences Center in Denver. We wish to express our apprecia-

tion to Marybeth Flanagan for her technical assistance.

References

1 Durnin JVGA, Womersly J. Body fat assessed from total body
density and its estimation from skinfold thickness: measurements
on 481 men and women aged from 16 to 72 y. Br J Nutr 1974; 32:
77 – 97.

2 Going S, WDLT, HM. Aging, body composition, and physical
activity: a review. J Aging Phys Act 1994; 2: 38 – 66.

3 Steen B. Body composition and aging. Nutr Rev 1988; 46: 45.
4 Flegal KM, Carroll MD, Kuczmarski RJ, Johnson CL. Overweight

and obesity in the United States: prevalence and trends, 1960-
1994. Int J Obes Relat Metab Disord 1998; 22: 39 – 47.

5 Kuczmarski R, Flegal K, Campbell S, Johnson C. Increasing prevalence
of overweight among US adults: the national health and nutrition
examination surveys, 1960 to 1991. JAMA 1994; 272: 205–211.

6 Seidell J, Muller D, Sorkin J, Andres R. Fasting respiratory
exchange ratio and resting metabolic rate as predictors of
weight gain: the Baltimore Longitudinal Study on Aging. Int J
Obes Relat Metab Disord 1992; 16: 667 – 674.

7 Zurlo F, Lillioja S, Puente AED, Nyomba B, Raz I, Saad M,
Swinburn B, Knowler W, Borgardus C, Ravussin E. Low ratio of
fat to carbohydrate oxidation as predictor of weight gain: study of
24-h RQ. Am J Physiol 1990; 259: E650 – E657.

8 Hill J, Peters J, Reed G, Schlundt D, Sharp T, Greene H. Nutrient
balance in man: effects of diet composition. Am J Clin Nutr 1991;
54: 10 – 17.

9 Lean M, James W. Metabolic effects of isoenergetic nutrition
exchange over 24-hours in relation to obesity in women. Int J
Obes 1988; 12: 15 – 27.

10 Schrauwen P, Lichtenblet WvM, Saris W, Westerterp K. Changes
in fat oxidation in response to a high-fat diet. Am J Clin Nutr
1997; 66: 276 – 282.

11 Horton T, Drougas H, Brachey A, Reed G, Peters J, Hill J. Fat and
carbohydrate overfeeding in humans: different effects on energy
storage. Am J Clin Nutr 1995; 62: 19 – 29.

12 Horton T, Drougas H, Sharp T, Marinez L, Reed G, Hill J. Energy
balance in endurance-trained female cyclists and untrained con-
trols. J Appl Physiol 1994; 76: 1937 – 1945.

13 Sharp T, Reed G, Sun M, Abumrad N, Hill J. Relationship between
aerobic fitness and daily energy expenditure in weight stable
humans. Am J Physiol 1992; 263.

14 Thomas C, Peters J, Reed G, Abumrad N, Sum M, Hill J. Nutrient
balance and energy expenditure during ad libitum feeding of
high-fat and high-carbohydrate diets in humans. Am J Clin Nutr
1992; 55: 934 – 942.

15 Jacquier E, Acheson K, Schutz Y. Assessment of energy expendi-
ture and fuel utilization in man. Ann Rev Nutr 1987; 7: 187 – 208.

16 Bergman R, Beard J, Chen M. The minimal modeling method.
Assessment of insulin sensitivity and b-cell function in vivo. In:
Clarke W, Larner J, Pohl S (eds). Methods in diabetes research, vol II:
clinical methods. John Wiley: New York; 1986. p 15 – 34.

17 Roberts SB. Effects of aging on energy requirements and the
control of food intake in men. J Gerontol A Biol Sci Med Sci
1995; 50(Suppl): 101 – 106.

18 Roberts SB, Fuss P, Heyman MB, Young VR. Influence of age on
energy requirements. Am J Clin Nutr 1995; 62: 1053S – 1058S.

19 Roberts S, Fuss P, Heyman M, Evans W, Tsay R, Rasmussen H,
Fiatarone M, Cortiella J, Dallal G, Young V. Control of food intake
in older men. JAMA 1995; 272: 1601 – 1606.

20 Calles-Escandon J, Arciero P, Gardner A, Bauman C, Poehlman E.
Basal fat oxidation decreases with aging in women. J Appl Physiol
1995; 78: 266 – 271.

21 Calles-Escandon J, Poehlman E. Aging, fat oxidation, and exer-
cise. Aging Clin Exp Res 1997; 9: 57 – 63.

22 Toth M, Arciero P, Gardner A, Calles-Escandon J, Poehlman E.
Rates of free fatty acid appearance and fat oxidation in healthy
younger and older men. J Appl Physiol 1996; 80: 506 – 511.

23 Melanson K, Saltzman E, Russell R, Roberts S. Fat oxidation in
response to four graded energy challenges in young and older
women. Am J Clin Nutr 1997; 66: 860 – 866.

24 Sial S, Coggan AR, Carroll R, Goodwin J, Klein S. Fat and
carbohydrate metabolism during exercise in elderly and young
subjects. Am J Physiol 1996; 271: E983 – 989.

25 Campbell W, Crim M, Dallal G, Young V, Evans W. Increased
protein requirements in the elderly: new data and retrospective
reassessments. Am J Clin Nutr 1997; 60: 501 – 509.

26 Campbell W, Evans W. Protein requirements of elderly people.
Eur J Clin Nutr 1996; 50: S180 – S185.

27 Beaufrere B, Boirie Y. Aging and protein metabolism. Curr Opin
Clin Nutr Metab Care 1998; 1: 85 – 89.

28 Milward D, Roberts S. Protein requirements of older individuals.
Nutr Res Rev 1996; 9: 67 – 87.

Aging and macronutrient balance
KP Davy et al

1502

International Journal of Obesity


