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ABSTRACT

Background: It is hypothesized that low dietary fat oxidation
makes subjects prone to weight gain.

Objective: The aim of the study was to determine dietary fat oxi-
dation in normal, overweight, and obese subjects.

Design: The subjects were 38 women and 18 men with a mean
(£SD) age of 30 & 12 y and a body mass index (in kg/m?) of 25 +
4 (range: 18-39). Dietary fat oxidation was measured with deuter-
ated palmitic acid, given simultaneously with breakfast, while the
subjects were fed under controlled conditions in a respiration cham-
ber. Body composition was measured by hydrodensitometry and
deuterium dilution.

Results: Dietary fat oxidation, measured over 12 h after breakfast,
ranged from 4% to 28% with amean (£SD) of 16 + 6%. Dietary fat
oxidation was negatively related to percentage body fat, and lean
subjects had the highest and obese subjects the lowest values (r =
—0.65, P < 0.001).

Conclusion: The observed reduction in dietary fat oxidation in
subjects with a higher percentage body fat may play a role in human
obesity. Am J Clin Nutr 2008;87:132-5.

KEY WORDS Obesity, respiration chamber, energy expendi-
ture, substrate utilization, deuterated palmitic acid

INTRODUCTION

Obesity is a major health problem as a risk factor for the
development of coronary heart disease, type 2 diabetes, hyper-
tension, dyslipidemias, stroke, and cancer (1-3). Obesity is the
result of energy intake in excess of energy requirements and for
which alterations in the routing of dietary nutrients may also play
arole. Maggio and Greenwood (4) hypothesized that excessive
storage of dietary fat relative to its oxidation might predispose to
fat accretion. A suggested mediator in partitioning absorbed fat
between storage and oxidation is lipoprotein lipase (LPL). A low
muscle LPL activity was related to a low ratio of fat to carbohy-
drate oxidation as measured in subjects fed a weight-
maintenance diet in a respiration chamber (5). Subsequently, a
low ratio of fat to carbohydrate oxidation is a predictor of weight
gain and thus contributes to the development of obesity (6).
Normal-weight subjects with a strong family history of obesity
have reduced lipid oxidation in the postprandial period as an
early predictor of weight gain (7).

Fat metabolism can be traced with isotope-labeled fatty acids.
Oxidation and adipose tissue uptake of dietary fat can be mea-
sured by adding fatty acid tracers to meals. Thus, it was shown in

nonobese humans that women and men oxidize a similar propor-
tion of dietary fat over 24 h after a test meal; women stored a
greater portion in subcutaneous adipose tissue (8). The missing
meal fat, calculated as total intake minus oxidation and subcu-
taneous storage, was related to visceral fat mass. In another study,
in which nonobese and obese subjects were followed for 6 h after
an oral fat load, it was suggested that obesity is associated with
a defect in the oxidation of dietary fat, probably related to an
excessive uptake by the adipose tissue of meal-derived fatty acids
(9). Recently, a difference in trafficking of dietary fat was shown
in obesity-prone and obesity-resistant rats (10). The obesity-
resistant phenotype was associated with greater oxidation and
less storage of dietary fat than was the obesity prone phenotype.

The following study presents results of observations in the
human model where dietary fat oxidation was measured in nor-
mal, overweight, and obese subjects for 24 h in a respiration
chamber.

SUBJECTS AND METHODS

Data were collected through 3 different experiments that stud-
ied the effect of dietary intake on energy expenditure and sub-
strate utilization measured with the same technique. The data
presented are from the placebo observations in these experi-
ments. The Ethics Committee of Maastricht University approved
the studies. All subjects received verbal and written information
and signed a written consent form.

Subjects

The subjects were 38 women and 18 men aged 30 £ 12y with
a mean (£SD) body mass index (in kg/m?) of 25 + 4 (range:
18-39) (Table 1). The subjects were in good health as assessed
by medical history and physical examination. Body composition
was estimated by using hydrodensitometry and isotope dilution.
Body density was determined by underwater weighing with si-
multaneous measurement of residual lung volume with the he-
lium dilution technique. Total body water (TBW) was deter-
mined with deuterium dilution following the Maastricht protocol
(11). Body composition was calculated from body density and
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TABLE 1
Subject characteristics’

Women (n = 38) Men (n = 18)

Age (y) 28 + 11 (19-53) 34 + 13 (18-54)

Height (m) 1.68 + 0.08 (1.50-1.81)  1.77 + 0.10 (1.63-2.07)
Weight (kg) 67.4 107 (49.4-94.1)  85.1 £ 16.0 (63.1-113.4)
Body fat (%)  29.8 + 7.8 (10.4-43.6) 243 7.9 (5.5-34.8)°
BMI (kg/m?)  24.0 + 3.5(17.5-31.9) 27.2 + 4.8 (20.4-39.2)
SMR (MJ/d) 6.12 £ 0.56 (4.79-7.17)  7.61 % 1.03 (5.59-9.63)
PAL 143 +0.08 (1.14-1.58)  1.41 = 0.08 (1.30-1.56)

 All values are X + SD; range in parentheses. SMR, sleeping metabolic
rate; PAL, physical activity level (ie, total energy expenditure as a multiple
of SMR as measured in a respiration chamber).

2 Significantly different from women (unpaired  test): °P < 0.01,° P
< 0.05.

TBW with the 3-compartment model of Siri (12). TBW was
measured after measurement of dietary fat oxidation, and base-
line values were corrected for the increase in body water deute-
rium from the oxidation of deuterated fat (see below).

Diet and dietary fat oxidation

Dietary fat oxidation was measured with deuterated palmitic
acid (13), given simultaneously with breakfast, while the sub-
jects were fed in energy balance in a respiration chamber. Three
days before the test day, the subjects were provided with a diet of
the same composition to consume at home. The diets provided
30%, 30%, and 40% of energy from fat, protein, and carbohy-
drate, respectively (n = 12); 35%, 15%, and 50% of energy from
fat, protein, and carbohydrate, respectively (n = 14); 35%, 10%,
and 55% of energy from fat, protein, and carbohydrate, respec-
tively (n = 6); or 30%, 15%, and 55% of energy from fat, protein,
and carbohydrate, respectively (n = 24). The energy content of
the diet that the subjects consumed at home was based on basal
metabolic rate, which was calculated with the equation of Harris-
Benedict (14) and multiplied by an activity index of 1.7 (15). To
attain energy balance in the respiration chamber, we adopted an
activity index of 1.4. Energy intake in the respiration chamber
was divided over 3 meals; breakfast provided 20% of the daily
total. Palmitic acid, d;-palmitic acid (98 atom%; Cambridge
Isotope, Andover, MA) at a dose of 20 mg/kg, was supplied in
150 mL hot chocolate milk. *H was measured in a urine sample
collected before dosing and samples were collected every 2 h for
12 h after dosing. In 20 subjects, an additional measurement was
performed 24 h after dosing. Urine samples were analyzed for
deuterium content with an isotope ratio mass spectrometer (Op-
tima, VG, Manchester, United Kingdom) after preparation with
the platinum-equilibration methodology (16). Urine samples of
300 uL were placed in the bottom of 3-mL glass containers with
4 mg catalyst (5% platinum-on alumina, 325 mesh; Aldrich Chem-
ical Company Ltd, Dorset, United Kingdom) in an insert, filled with
hydrogen from a cylinder to 60 kPa above atmospheric pressure, and
left for 3 d at room temperature before analysis. Recovery of deu-
terium from palmitic acid oxidation was calculated as excess *H
times dilution space divided by the dose of *H administered (13).

Substrate oxidation and energy expenditure

Subjects entered the respiration chamber in the evening or the
early morning before the 24-h measurement started. The respi-
ration chamber is a 14-m> room furnished with a bed, chair,

computer, television, radio cassette player, telephone, intercom,
sink, and toilet (17). During the day, the subjects were allowed to
move freely, sit, lie down, study, telephone, listen to the radio, watch
television, and use the computer; only sleeping and strenuous exer-
cise were not allowed. Fat, protein, and carbohydrate oxidation and
energy expenditure were calculated from measurements of oxygen
consumption, carbon dioxide production, and urinary nitrogen ex-
cretion by using the formulas of Brouwer (18).

Statistical analysis

Data are presented as means *+ SDs unless otherwise indi-
cated. Regression analysis was performed to determine relations
between selected variables. Significance was defined as P <
0.05. All statistical tests were performed by using the
STATVIEW program (1992-1998; SAS Institute Inc, Cary,
NO).

RESULTS

The subjects were in a slightly positive energy balance and fat
balance (Table 2). Protein and carbohydrate balances were not
significantly different from zero. Dietary fat oxidation, as calcu-
lated from cumulative recovery of deuterium from palmitic acid
oxidation over 12 h after breakfast, ranged from 4% to 28% with
amean value of 16 = 6%. In a stepwise regression analysis with
energy balance or fat balance, diet composition or study, subject
age, and body mass index as independent variables, dietary fat
oxidation was negatively related to body mass index (r = —0.58,
P < 0.001; Figure 1A). On average, dietary fat oxidation in a
subject with a body mass index of 20 was twice that in a subject
with a body mass index of 30.

Dietary fat oxidation showed a steep increase from 2 h after
consumption to plateau at ~12 h after consumption (Figure 2).
In the 20 subjects in whom an additional measurement was per-
formed 24 h after consumption, label recovery showed a further
increase of 0.9 £ 1.1% (P < 0.01). The negative relation between
dietary fat oxidation and body mass index already existed at 2 h
(r=-0.36,P<001),4h(r=—0.52, P <0.001),6 h (r =
—0.64, P < 0.001), 8 h (r = —0.61, P < 0.001), and 10 h (r =
—0.59, P < 0.001).

In a multiple regression analysis with sex and percentage body
fat as independent variables and 12-h dietary fat oxidation as the
dependent variable, dietary fat oxidation was negatively related to
percentage body fat (r = —0.65, P <0.001); values for women were
higher than for men (Figure 1B). Energy balance or fat balance, diet
composition or study, physical activity level in the chamber, and
subject age did not explain any additional variation.

TABLE 2
Energy and substrate balances measured over 24 h in a respiration
chamber (n = 56)’

Intake Expenditure Balance
MJld
Energy 9.76 £ 1.33 9.34 £ 0.34 0.41 + 0.60°
Fat 3.35+0.36 3.03 + 1.05 0.30 + 0.94°
Protein 1.34 £0.21 1.38 £0.48 —0.03 £ 0.43
Carbohydrate 5.07 £0.62 4.93 + 1.05 0.14 £ 0.95

 All values are X + SD.
2 Significantly different from zero, P < 0.01.
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FIGURE 1. Dietary fat oxidation calculated by linear regression 12 h after
consumption of deuterated palmitic acid as a function of BMI for women (O)
and men (@) combined (r = —0.58, P < 0.001) (A) and as a function of body
fat for women (O; r = —0.65, P < 0.001) and men (®; r = —0.27, NS) (B).

DISCUSSION

Dietary fat is often considered a factor in the development of
obesity (19). Fat, as a substrate for energy metabolism, is at the
bottom of the oxidative hierarchy that determines fuel selection
(20). Here, we showed that dietary fat oxidation, as measured
over 12 h after a breakfast containing deuterated palmitic acid,
was negatively related to body fatness, and lean subjects had the
highest and obese subjects the lowest values. All subjects were
observed under similar sedentary conditions in a respiration
chamber without activity equipment or a imposed activity pro-
tocol.

Dietary fat oxidation is often measured with '*C- or '*C-
labeled fatty acids. Votruba et al (13) showed that results of the
deuterated palmitic acid method are equivalent to results of the
traditional ['*C]palmitic acid method. An advantage of the deu-
terated palmitic acid method is that there is no need for arecovery
correction due to exchange, ie, the ['*Clacetate correction. The
deuterium label, after oxidation of the labeled fat, accumulates in
the body water and subsequent loss is negligible over the adopted
study interval of 12 h.

The observed level of dietary fat oxidation is comparable with
that observed in earlier studies. Votruba et al (13) calculated the
recovery of deuterated palmitic acid to be 13 £ 8% 10 h after
dosing. Recovery values from ['*C]palmitic acid were 16 + 3%
over an interval of 9 h during which subjects were not allowed to
eat, after a test meal of 3.00 MJ containing 38% of energy as fat
(21). The oxidation of dietary fat decreases with increasing car-
bon number (22). Cumulative oxidation over 9 h ranged from a
high of 34 = 10% for laurate (12:0) to 14 £ 3% for palmitate
(16:0)andtoalow of 11 &= 4% for stearate (18:0). Sonko et al (23)
estimated ingested fat oxidation over 24 h by providing subjects
with =70% of total fat intake over the 24-h interval from natu-
rally "*C-enriched corn oil and from test meals supplemented
with ['*C]palmitic acid. They calculated that 28 * 3% of in-
gested fat was oxidized over 24 h, which provided 8 *+ 1% of total
energy expenditure when the diet contained 30% of energy as fat.

The cumulative oxidation of dietary fat in time, as shown in
Figure 2, corresponds to earlier observations with '>C-labeled
fatty acids (24, 25). Peaks in '*>C enrichment in breath were
reached 3-5 h after intake of ['*C]linoleic acid or ['*C]palmitic
acid. The 12-h recovery of 17% to 25% in subjects with a body
massindex of 22.2 + 1.3 also corresponded to the range observed
for similar subjects in the current study (Figure 1). Thus, in the
postprandial state, most of the dietary fat is channeled into adi-
pose tissue (25).

The observed sex difference in dietary fat oxidation, ie, higher
values in women than in men (Figure 1B), requires further study.
Burdge et al (26, 27) observed the opposite, ie, lower dietary fat
oxidation in women than in men. However, they gave women and
men the same sized meal with the tracer; thus, the lower dietary

25+

Cumulative recovery (% of dose)

15

Time after dose (h)

FIGURE 2. Mean (£SD) cumulative oxidation of dietary fat as a per-
centage of dose over time. n = 56.
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fat oxidation in women possibly reflected the lower rate of en-
ergy metabolism in women than in men. Goyens (28) observed
no sex difference in '*Crecovery as '*CO, in expired breath from
'3C-labeled fatty acids included in a standardized breakfast,
without further information on breakfast size in relation to indi-
vidual energy requirement. In the current study, the label was
included in a breakfast consisting of a fixed fraction of 20% of the
total individual daily energy requirement. The 4 studies cited
above used a diet that provided 30-38% of energy from fat,
which is similar to the diets used in the current study, which
provided 30-35% of energy from fat.

In an animal model, differences in the partitioning of dietary
fat between oxidation and storage were associated with obesity (10).
Obesity-prone rats showed less oxidation and more storage of di-
etary fat than did obesity-resistant rats; the obesity-prone rats were
only slightly heavier than the lean phenotype. In the current study the
differences in body weight, and consequent differences in body fat,
were much larger. The lower dietary fat oxidation in overweight and
obese subjects could have been a cause or a result of the difference
in body fatness. Indeed, increased fatty acid trapping by adipose
tissue was observed in obese women (29).

Whatever the reason, the aim should be a reduction in the storage
of dietary fat in obesity-prone and obese subjects. Further research
on the effect of a reduction in energy intake, especially fat, and an
increase in physical activity is required when accumulation of di-
etary fat is to be prevented. For physical activity, evidence suggests
that moderate-intensity exercise yields the most grams of fat used for
oxidation in the average individual (30), inactivity reduces the ox-
idation of saturated but not monounsaturated dietary fat (31), and
exercise increases monounsaturated fat oxidation more than satu-
rated fat oxidation regardless of exercise intensity (32). In conclu-
sion, dietary fat oxidation is negatively related to percentage body
fat and thus may play a role in human obesity.

We thank Loek Wouters for the deuterium analyses of the samples.

The authors’ responsibilities were as follows— KRW and MSW-P: de-
signed the experiments; AS, MPJ, and MPEW: performed the experiments
and collected the data; KRW: analyzed the data and wrote the manuscript; and
MSW-P, AS, MPJ, and MPEW-A: reviewed the manuscript. The authors had
no conflict of interest.

REFERENCES

1. Kopelman PG. Obesity as a medical problem. Nature 2000;404:635-43.

2. Eisenmann JC, Katzmarzyk PT, Perusse L, Tremblay A, Despres JP,
Bouchard C. Aerobic fitness, body mass index, and CVD risk factors
among adolescents: the Quebec family study. Int J Obes Relat Metab
Disord 2005;29:1077-83.

3. Batty GD, Shipley MJ, Jarrett RJ, Breeze E, Marmot MG, Smith GD.
Obesity and overweight in relation to organ-specific cancer mortality in
London (UK): findings from the original Whitehall study. Int J Obes
Relat Metab Disord 2005;29:1267-74.

4. Maggio CA, Greenwood MR. Adipose tissue lipoprotein lipase (LPL)
and triglyceride uptake in Zucker rats. Physiol Behav 1982;29:1147-52.

5. Ferraro RT, Eckel RH, Larson DE, et al. Relationship between skeletal
muscle lipoprotein lipase activity and 24-hour macronutrient oxidation.
J Clin Invest 1993;92:441-5.

6. ZurloF, Lillioja S, Del Puente AE, et al. Low ratio of fat to carbohydrate
oxidation as predictor of weight gain: study of 24-h RQ. Am J Physiol
1990;259:E650-7.

7. Giacco R, Clemente G, Busiello L, et al. Insulin sensitivity is increased
and fat oxidation after a high-fat meal is reduced in normal-weight
healthy men with a strong familial predisposition to overweight. Int J
Obes Relat Metab Disord 2004;28:342—8.

8. Romanski SA, Nelson RM, Jensen MD. Meal fatty acid uptake in adi-
pose tissue: gender effects in nonobese humans. Am J Physiol Endocri-
nol Metab 2000;279:E455-62.

9.

10.

11.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Binnert C, Pachiaudi C, Beylot M, et al. Influence of human obesity on
the metabolic fate of dietary long- and medium-chain triacylglycerols.
Am J Clin Nutr 1998;67:595-601.

Jackman MR, Kramer RE, MacLean PS, Bessesen DH. Trafficking of
dietary fat in obesity-prone and obesity-resistant rats. Am J Physiol
Endocrinol Metab 2006;291:E1083-91.

Westerterp KR, Wouters L, van Marken Lichtenbelt WD. The Maas-
tricht protocol for the measurement of body composition and energy
expenditure with labeled water. Obes Res 1995;3:49-57.

. Siri WE. Body composition from fluid spaces and density: analysis of

methods. In: Brozek J, Henschel A, eds. Techniques for measuring body
composition. Washington, DC: National Academy of Science, 1961:223—4.

. Votruba SB, Zeddun SM, Schoeller DA. Validation of deuterium labeled

fatty acids for the measurement of dietary fat oxidation: a method for
measuring fat-oxidation in free-living subjects. Int J Obes Relat Metab
Disord 2001;25:1240-5.

Harris JA, Benedict FG. A biometric study of basal metabolism in man.
Washington, DC: Carnegie Institution, 1919.

Westerterp KR. Exercise and energy balance. In: Westerterp-Plantenga
MS, Steffens AB, Trenblay A, eds. Regulation of food intake and energy
expenditure. Milano, Italy: EDRA, 1999:439-61.

Scrimgeour CM, Rollo MM, Mudanbo SMKT, Handley LL, Prosser SJ.
Simplified method for deuterium/hydrogen isotope ratio measurement on
water samples of biological origin. Biol Mass Spectrom 1993;22:383-7.
Schoffelen PF, Westerterp KR, Saris WH, Ten Hoor F. A dual-
respiration chamber system with automated calibration. J Appl Physiol
1997;83:2064-72.

Brouwer E. On simple formulae for calculating the heat expenditure and
the quantities of carbohydrate and fat oxidation in metabolism of men
and animals, from gaseous exchange (oxygen intake and cabonic acid
output) and urine-N. Acta Physiol Pharmacol Neerl 1957;6:795-802.

. Bray GA, Paeratakul S, Popkin BM. Dietary fat and obesity: a review of

animal, clinical and epidemiological studies. Physiol Behav 2004;83:549—
55.

Prentice AM. Manipulation of dietary fat and energy density and sub-
sequent effects on substrate flux and food intake. Am J Clin Nutr 1998;
67(suppl):S535-41.

DeLany JP, Windhauser MM, Champagne CM, Bray GA. Differential
oxidation of individual dietary fatty acids in humans. Am J Clin Nutr
2000;72:905-11.

Jones AE, Stolinski M, Smith RD, Murphy JL, Wootton SA. Effect of fatty
acid chain length and saturation on the gastrointestinal handling and meta-
bolic disposal of dietary fatty acids in women. Br J Nutr 1999;81:37-43.
Sonko BJ, Fennessey PV, Donnelly JE, et al. Ingested fat oxidation
contributes 8% of 24-h total energy expenditure in moderately obese
subjects. J Nutr 2005;135:2159-65.

Vermunt SHF, Mensink RP, Simonis MMG, Wagenmakers AJM,
Hornstra G. The metabolism of linoleic acid in healthy subjects after
intake of a single dose of 13C-linoleic acid. Eur J Clin Nutr 2001;55:
321-6.

Bickerton AST, Roberts R, Fielding BA, et al. Preferential uptake of
dietary fatty acids in adipose tissue and muscle in the postprandial pe-
riod. Diabetes 2007;56:168 -76.

Burdge GC, Jones AE, Wootton SA. Eicosapentaenoic and docosapen-
taenoic acids are the principal products of a-linolenic acid metabolism in
young men. Br J Nutr 2002;88:355-63.

Burdge GC, Wootton SA. Conversion of a-linolenic acid to eicosapen-
taenoic, docosapentaenoic and docosahexaenoic acids in young men.
Br J Nutr 2002;88:411-20.

Goyens PLL. a-Linolenic acid metabolism in humans; compartmental
modeling, dietary modulation and effects on serum lipids. Thesis. Maas-
tricht University, Maastricht, Netherlands, 2007.

Kalant D, Phélis S, Fielding BA, Frayn KN, Cianflone K, Sniderman
AD. Increased postprandial fatty acid trapping in subcutaneous adipose
tissue in obese women. J Lipid Res 2000;41:1963-8.

Hansen K, Shriver T, Schoeller D. The effects of exercise on the storage
and oxidation of dietary fat. Sports Med 2005;35:163-73.
Bergouignan A, Schoeller DA, Normand S, et al. Effect of physical
inactivity on the oxidation of saturated and monounsaturated dietary
fatty acids: results of a randomized trial. PLoS Clin Trials 2006;1:e27.
Votruba SB, Atkinson RL, Schoeller DA. Prior exercise increases di-
etary oleate but not palmitate oxidation. Obes Res 2003;11:1509-18.

¥T0Z ‘22 yaore uo 1sanb Aq 610 uonuinuusle woly papeojumod


http://ajcn.nutrition.org/
http://ajcn.nutrition.org/

