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The effect of diet composition on post-absorptive (15 h fast) fatty acid and glucose metabolism was investigated in five healthy men after 2
weeks on a low-carbohydrate (Low-CHO) diet (30 % energy intake from carbohydrates, 55 % from fat, 15 % from protein) and after 2
weeks on a high-carbohydrate (High-CHO) diet (energy intake 75, 10 and 15 % from carbohydrates, fat and protein respectively). The
diets were isoenergetic and comprised real foods. Stable-isotope tracer methodology and indirect calorimetry were employed to measure
glucose and fatty acid kinetics and oxidation. The relative contribution of carbohydrate to the total energy expenditure was significantly
higher after the High-CHO diet. After the High-CHO diet, total and plasma fatty oxidation (2·4 (SE 0·7) and 2·1 (SE 0·4) mmol/kg per min
respectively) were significantly lower than after the Low-CHO diet (4·8 (SE 0·5) and 4·6 (SE 0·8) mmol/kg per min for total and plasma
fatty oxidation respectively). The rate of appearance (Ra) of non-esterified fatty acids (NEFA) in plasma and the arterial NEFA concen-
tration were both significantly lower following the High-CHO than the Low-CHO diet. However, even after the High-CHO diet, NEFA Ra
was threefold higher than plasma fatty acid oxidation. Thus, the decrease in fatty acid oxidation after consumption of a high-carbohydrate
diet for 2 weeks in healthy men is unlikely to result from decreased fatty acid delivery to the tissues. Glucose Ra and arterial plasma
glucose concentration were similar after the two diets. After the High-CHO diet, arterial lactate concentration was higher and total carbo-
hydrate oxidation rate well exceeded glucose Ra in plasma. Therefore, alterations in intracellular mechanisms may limit fatty acid oxi-
dation after high-carbohydrate diets.

Diet: Fatty acids: Glucose: Oxidation: Stable isotopes

It is well established that carbohydrate and fat metabolism
are closely interrelated (Randle et al. 1963; Sidossis &
Wolfe, 1996), although the mechanisms regulating their
relative oxidation rates are not entirely understood. In
man, the carbohydrate and fat contents of the diet have a
major influence on substrate oxidation. Previous studies
in healthy men have shown that post-absorptive fat
oxidation is lower after a low-fat, high-carbohydrate diet
than after an isoenergetic high-fat, low-carbohydrate diet
(Bisschop et al. 2002). Suppressed post-absorptive fat oxi-
dation is observed even when high-carbohydrate diets are
compared with normal diets (Parks et al. 1999).

The mechanisms for the suppression of post-absorptive fat
oxidation after high-carbohydrate diets are unclear. Since
plasma non-esterified fatty acids (NEFA) are the major
source for fat oxidation at rest (Sidossis & Wolfe, 1996;
Mensink et al. 2001), a possible mechanism is that low-fat,
high-carbohydrate diets reduce NEFA availability (Helge
et al. 2001; Bisschop et al. 2002), which in turn limits fat oxi-
dation. Apart from a study that employed a very short-term
(4 d) dietary intervention protocol (Schrauwen et al. 2000),

there is no information on the effect of a longer-term high-
carbohydrate diet on components of fatty acid metabolism
in healthy human subjects, which would help to clarify the
operation of such a mechanism.

Alterations in intracellular mechanisms could also lead
to suppression of fat oxidation after high-carbohydrate
diets. For example, it has been shown that short-term
hyperglycaemia–hyperinsulinaemia decreases whole-body
fat oxidation even in the setting of constant plasma
NEFA availability (Sidossis & Wolfe, 1996; Sidossis
et al. 1996, 1999). This effect is primarily mediated via
an increase in glycolytic flux, which blocks long-chain
fatty acid entry into the mitochondria (Sidossis et al.
1996). It is possible that consumption of high-carbohydrate
diets affect fat oxidation via a similar mechanism.

The purpose of the present study was to investigate the
effect of isoenergetic low- and high-carbohydrate diets
on various components of post-absorptive fatty acid metab-
olism, such as the rate of appearance (Ra) of NEFA,
plasma-derived fatty acid oxidation and total fat oxidation,
in healthy men. In addition, the effect of diet composition
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on aspects of post-absorptive glucose metabolism (glucose
Ra and total carbohydrate oxidation) was assessed.
This was accomplished by the use of stable-isotope tracer
methodology and indirect calorimetry. Diets of 2-week
duration based on real foods were employed. The results
will potentially contribute to understanding the regulation
of substrate oxidation by diet composition.

Methods

Subjects

Five men (age 35 (SD 4) years; body weight 73 (SD 3) kg;
BMI 22 (SD 1) kg/m2) participated in the study. They were
all healthy, as indicated by comprehensive history and
physical examination, and standard blood and urine tests.
All subjects had stable body weights for at least 6
months before the study, normal oral glucose tolerance
and did not exercise during the interventions. The study
was approved by the Institutional Review Board and the
General Clinical Research Center (GCRC) of the Univer-
sity of Texas Medical Branch at Galveston. Informed con-
sent was obtained from all volunteers before enrolment.

Experimental design

Diet interventions. Detailed description of the diet inter-
ventions has been presented elsewhere (Mittendorfer &
Sidossis, 2001). In brief, subjects were admitted to the
GCRC at the University of Texas Medical Branch on
two different occasions. On one occasion, subjects
received a low-carbohydrate (Low-CHO) diet (30 %
energy intake from carbohydrates, 55 % from fat, 15 %
from protein) for 14 d; on the other occasion, subjects
received a high-carbohydrate (High-CHO) diet (energy
intake 75, 10 and 15 % from carbohydrates, fat and
protein respectively) for 14 d. In the Low-CHO diet, the
contribution of sugars and starch to total energy intake
was 12 and 18 % respectively, and 35 and 40 % in the
High-CHO diet. Saturated and monounsaturated fatty
acids represented 34 and 13 % respectively of total
energy intake in the Low-CHO diet and 7 and 1·4 % in
the High-CHO diet. Total daily energy supply was esti-
mated to cover each subject’s resting energy expenditure
plus 20 % to account for daily activities. All meals were
prepared by the metabolic kitchen at the GCRC and con-
sisted exclusively of regular food items (for example,
pasta, meat, salads, fruit, cereal bars, dairy products).
While in the GCRC, subjects were not allowed to leave
for more than 15 min at a time so that their food intake
could be monitored closely. The two interventions were
randomised in order and performed 5 to 6 weeks apart.
All subjects maintained their body weight during and
between the interventions.

Isotope infusion. On the evening of the 14th day the
volunteers ate dinner at 19.00 hours; afterwards they
fasted until the completion of the tracer infusion
(approximately 15 h later) the next day. At 20.30 hours
Teflon catheters were placed percutaneously into an ante-
cubital vein for isotope infusion and into a contralateral
dorsal hand vein for blood sampling. The hand vein

was heated during sampling in order to obtain arterialised
blood samples. At 21.00 hours a bolus of NaH13CO3

(25mmol/kg) was given and a continuous infusion
(0·035mmol/kg per min) of a [U-13C]fatty acid mixture
(86 % enriched) bound to human albumin was started
and maintained until the completion of the study (the
next day). The long duration of infusion of the fatty
acid mixture was necessary for the estimation of other
metabolic parameters presented elsewhere (Mittendorfer
& Sidossis, 2001). At 07.00 hours the next day, the sub-
jects were transferred to the Angiography and Interven-
tional Radiology Center of the University of Texas
Medical Branch, where a catheter was inserted into the
femoral artery, as described previously (Sidossis et al.
1999). After catheter placement, the subjects were trans-
ferred back to the GCRC for completion of the study.
The [U-13C]fatty acid infusion continued uninterrupted
during the catheter placement by use of a battery-oper-
ated pump. At 60 to 90 min after catheter placement, a
primed (18mmol/kg) continuous (0·22mmol/kg per min)
infusion of [6,6-2H2]glucose was started and maintained
for 120 min. Calibrated syringe pumps (Harvard Appar-
atus, South Natick, MA, USA) were used for all infu-
sions. For each infusion study, samples of the isotope
infusates were analysed for the exact enrichment and con-
centration of tracers. All tracer infusions were stopped
after the last blood sample was obtained and the catheters
were removed immediately.

Blood and breath sampling. For the determination of
background plasma NEFA and glucose enrichment and
background breath CO2 enrichment, blood and breath
samples were obtained in the evening of the 14th day
before the beginning of the tracer infusion. For the deter-
mination of plasma insulin, NEFA and glucose concen-
trations and plasma NEFA and glucose enrichment, blood
samples were obtained from the femoral artery every
10 min during the last 30 min of the tracer infusion.
Blood samples for the determination of NEFA and glucose
concentration and enrichment and for the determination
of insulin concentration were collected into pre-chilled
tubes containing ethylene glycol-bis(b-aminoethylether)-
N,N,N0,N0-tetra-acetic acid as anticoagulant. This pro-
cedure has been shown to prevent ex vivo lipolysis of
triacylglycerol in plasma from subjects that were given
heparin (Hargreaves et al. 1991). Blood samples for the
determination of glucose kinetics were collected into
pre-chilled tubes containing fluoride. Plasma from all
samples was separated immediately after the completion
of the study and stored at 2208C until analysis.

Whole-body O2 consumption (V̇O2) and CO2 production
(V̇CO2) were measured over 30 min during the last hour of
the study using a metabolic cart (Sensormedics 2900;
Yorba Linda, CA, USA). For the determination of 13CO2

enrichment in expired air, four breath samples were col-
lected into 20 ml vacutainers every 10 min during the last
30 min of the tracer infusion.

Materials

All isotopes were purchased from Cambridge Isotope
Laboratories (Andover, MA, USA). The composition of
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the [U-13C]fatty acid mixture was: 51·7 % palmitic acid
(C16 : 0), 9·3 % palmitoleic acid (C16 : 1), 5·5 % stearic
acid (C18 : 0), 17·9 % oleic acid (C18 : 1), 14·1 % linoleic
acid (C18 : 2) and 1·5 % linolenic acid (C18 : 3). Human
albumin (5 %, w/v) was purchased from Baxter Healthcare
Corporation (Glendale, CA, USA).

Analytical procedures

The 13CO2:12CO2 value in expired air samples was deter-
mined by isotope ratio MS (SIRA VG Isotech, Cheshire,
UK) as previously described (Wolfe, 1992; Sidossis et al.
1999). For the determination of plasma NEFA enrichments
and concentrations, fatty acids were extracted from plasma
and isolated by TLC (Wolfe, 1992). After extraction from
the TLC silica gel, fatty acids were combusted (Elemental
Analyzer, Carlo Erba 1500; CE Elantech, Inc., Lakewood,
NJ, USA), and the 13CO2:12CO2 value in the headspace
was determined by isotope ratio MS. Plasma glucose enrich-
ment was determined after derivatisation with penta-acetate
(Wolfe, 1992). Plasma glucose, lactate, 3-hydroxybutyrate
and insulin concentrations were measured as previously
described (Mittendorfer & Sidossis, 2001).

Calculations

The rates of whole-body fat and carbohydrate oxidation
were calculated by indirect calorimetry based on the O2

consumption and CO2 production rates (Frayn, 1983).
Total fatty acid oxidation was calculated by converting
the rate of fat (triacylglycerol) oxidation (g/kg per min)
to its molar equivalent, assuming the average molecular
weight of triacylglycerol to be 860 g/mol and multiplying
the molar rate of triacylglycerol oxidation by three,
because each molecule contains three moles of fatty acids.

NEFA and glucose kinetics were calculated using the
average femoral arterial NEFA, glucose and CO2 enrich-
ments and concentrations obtained during the last 30 min
of the tracer infusion. An isotopic plateau for plasma
NEFA and glucose carbon enrichment, and blood and
breath CO2 carbon enrichment was reached when the
measurements for the calculation of fatty acid and glucose
kinetics were made. This protocol has been described pre-
viously (Sidossis et al. 1999).

The Ra (which was equal to the rate of disappearance) of
NEFA and glucose in plasma was determined by dividing

the tracer infusion rate (I) by the arterial enrichment (EA)
of NEFA and glucose respectively, i.e.

Ra ¼ I=EA:

Plasma NEFA oxidation was calculated from the tracer
data as follows:

Plasma NEFA oxidation ¼
ECO2 £ _VCO2

EA £ ACF £ 17
;

where ECO2 is breath 13CO2 enrichment, ACF is the acetate
correction factor obtained after 15 h of labelled acetate
infusion (Mittendorfer et al. 1998) to account for carbon-
label fixation that occurs during oxidation of fatty acids
(Sidossis et al. 1995) and 17 is the mean number of 13C
atoms in our NEFA mixture.

Statistical analysis

All data are reported as mean values with their standard
errors. The effect of diets on substrate concentrations, kin-
etics and oxidation was evaluated using paired Student’s
t tests.

Results

Arterial concentrations of plasma metabolites during the
last 30 minutes of the tracer infusion

The average arterial plasma NEFA, glucose, lactate, insulin
and 3-hydroxybutyrate concentrations are presented in
Table 1. Plasma NEFA concentration was 35 % lower
(P¼0·048) after the High-CHO than after the Low-CHO
diet. Glucose and insulin concentrations were similar fol-
lowing the two diets. Lactate concentration was 50 %
higher (P¼0·024) after the High-CHO diet than after the
Low-CHO diet. Plasma 3-hydroxybutyrate concentration
tended to be lower after the High-CHO diet (P¼0·07)
(Table 1).

Substrate kinetics

Plasma NEFA Ra was about 35 % lower (P¼0·045) fol-
lowing the High-CHO than the Low-CHO diet (Fig. 1).
Plasma glucose Ra was similar following the Low-CHO
and the High-CHO diet (Fig. 1).

Table 1. Post-absorptive (after 15 h fast) concentrations of plasma metabolites in the
femoral artery after the low- and high-carbohydrate (CHO) diet†

(Mean values with their standard errors for five men)

Low-CHO diet High-CHO diet

Mean SE Mean SE

Non-esterified fatty acids (mmol/l) 299 35 190* 33
Glucose (mmol/l) 4·9 0·1 4·9 0·1
Insulin (pmol/l) 34 10 46 12
Lactate (mmol/l) 0·64 0·07 0·98** 0·08
3-Hydroxybutyrate (mmol/l) 0·21 0·03 0·15 0·04

Mean values were significantly different from those for the Low-CHO diet: * P¼0·048, ** P¼0·024.
† For details of diets and procedures, see p. 414.
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Substrate oxidation

The rates of total fatty acid oxidation (indirect calorimetry)
and plasma fatty acid oxidation (tracer method) were both
significantly lower following the High-CHO than the
Low-CHO diet (Table 2). On the contrary, carbohydrate
oxidation (indirect calorimetry) was higher (P,0·001)
after the High-CHO diet (Table 2). As a result, the relative
contribution of carbohydrates to the total energy expendi-
ture was higher (P¼0·006) after the High-CHO diet,
whereas fat oxidation was higher (P¼0·006) after the
Low-CHO diet (Fig. 2). Total energy expenditure did not
differ between the two diets.

Discussion

To our knowledge, the present study is the first to describe
comprehensively the effect of isoenergetic low- and high-
carbohydrate diets on post-absorptive substrate kinetics
and oxidation in healthy men. The in-patient setting of
the study ensured high compliance to the diets, which com-
prised real foods. It was found that NEFA release (NEFA
Ra), plasma and total fatty acid oxidation were all sup-
pressed after 2 weeks on the High-CHO diet as compared
with 2 weeks on the Low-CHO diet.

A lower NEFA Ra after the High-CHO than the Low-
CHO diet suggests a decrease in peripheral lipolysis after

the High-CHO diet and/or increased fatty acid re-esterifica-
tion within adipose tissue. Similar responses in NEFA Ra
have been observed previously after liquid low- and
high-carbohydrate diets in healthy men (Bisschop et al.
2002). Several factors control the release of fatty acids
from adipose tissue. Only insulin was measured and it is
known that lipolysis is very sensitive to even minimal
changes in insulin concentration (Nurjhan et al. 1986;
Jensen et al. 1989). The small, although statistically insig-
nificant, increase in basal insulin concentration after the
High-CHO diet may have contributed to the observed
decrease in NEFA Ra. Furthermore, a previous report
(Bisschop et al. 2001) showed that, during a hyperinsuli-
naemic–euglycaemic clamp, NEFA concentrations were
higher after a low- than the high-carbohydrate diet, indicat-
ing reduced insulin sensitivity with regard to the effect of
insulin on lipolysis after the low-carbohydrate diet.

An effect of the carbohydrate and fat content of the diets
on post-absorptive endogenous glucose production was not
observed, although the methods that were employed cannot
distinguish between hepatic glycogenolysis and gluconeo-
genesis. Our finding is in contrast with the results of a pre-
vious study (Bisschop et al. 2000), which found higher
glucose Ra after a high-carbohydrate than after an iso-
energetic low-carbohydrate diet. This discrepancy may be
due to differences in study design and specifically the com-
position and physical state of the diets used. In the study by
Bisschop et al. (2000), the high-carbohydrate diet was a
fat-free liquid formula and the low-carbohydrate diet was
a liquid formula containing only 2 % energy in the form
of carbohydrate. Furthermore, the physical state of the
meal (liquid v. solid) affects hormonal and metabolic
responses (Habas & Macdonald, 1998). Therefore, dietary
interventions using liquid diets may exert different meta-
bolic effects compared with real-food diets.

After both the low- and the high-carbohydrate diet
plasma-derived fatty acids constituted the major source
for fat oxidation (Table 2). Thus, the decrease in plasma
fatty acid oxidation after the High-CHO diet was reflected
on total fatty acid oxidation. In agreement with other
studies (Helge et al. 2001; Bisschop et al. 2002), it was
found that the average arterial plasma NEFA concentration
was lower after the consumption of the High-CHO diet,
and this could have theoretically limited fat oxidation.
However, even though reduced, NEFA Ra after the High-
CHO diet (7·2 (SE 1·0) mmol/kg per min) was more
than threefold higher than plasma fatty acid oxidation

Fig. 1. Rate of appearance (Ra) of non-esterified fatty acids
(NEFA) and glucose following the low-carbohydrate (A) and the
high-carbohydrate (p) diet. Values are means for five men with
standard errors shown by vertical bars. *Mean value was signifi-
cantly lower than that for the low-carbohydrate diet (P¼0·045).

Table 2. Substrate oxidation rates after the low- and high-carbohydrate (CHO) diet†

(Mean values with their standard errors for five men)

Low-CHO diet High-CHO diet

Mean SE Mean SE

Total fatty acid oxidation (mmol/kg per min) 4·8 0·5 2·4* 0·7
Plasma fatty acid oxidation (mmol/kg per min) 4·6 0·8 2·1** 0·4
Carbohydrate oxidation (mmol/kg per min) 10·7 2·4 19·7*** 1·0

Mean values were significantly different from those for the Low-CHO diet: * P¼0·027, ** P¼0·041,
*** P,0·001.

† For details of diets and procedures, see p. 414.
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(2·1 (SE 0·4) mmol/kg per min) arguing against the possi-
bility that NEFA availability was a limiting factor for
fatty acid oxidation.

Alternatively, changes in intracellular mechanisms may
have inhibited fatty acid oxidation after the High-CHO
diet. It has been shown that glucose availability regulates
whole-body fatty acid oxidation (Sidossis & Wolfe,
1996; Sidossis et al. 1996, 1999). This is mediated via an
increase in glycolytic flux which, in turn, blocks long-
chain fatty acid entry into the mitochondria (Sidossis
et al. 1996). In the present study, systemic plasma glucose
concentrations and glucose Ra were similar following the
Low- and the High-CHO diet (Table 1, Fig. 1). This find-
ing, at first, argues against a high glycolytic rate-induced
inhibition of fat oxidation as a possible mechanism to
explain the observed decrease in fat oxidation after the
High-CHO diet. It is possible, however, that glycogenoly-
sis and thus glycolytic flux was higher following the
High-CHO diet compared with the Low-CHO diet. This
is supported by the observation that following the High-
CHO diet, carbohydrate oxidation (19·7 (SE 1·0) mmol/kg
per min) well exceeded glucose Ra in plasma (10·2 (SE

0·9) mmol/kg per min) whereas, after the Low-CHO diet,
the rate of whole-body carbohydrate oxidation (10·7 (SE

2·4) mmol/kg per min) was fully accounted for by the
glucose Ra in plasma (11·2 (SE 0·6) mmol/kg per min).
This suggests that glycogen stores were utilised to a greater
extent following the High-CHO diet. Also, the higher
lactate concentration after the High-CHO diet suggests
higher glycolytic flux after this diet.

In the present study, a control diet was not included
and so it cannot be determined to what extent the Low-
CHO diet shifted fuel reliance to fat to spare carbohydrate.
Low-CHO diets have been shown to increase resting
human skeletal muscle pyruvate dehydrogenase (PDH)
kinase activity and decrease the amount of PDH in its
active form (Peters et al. 1998), which in turn decreases

carbohydrate oxidation. Therefore, effects of the Low-
CHO diet on PDH activity may have also influenced
carbohydrate and fat oxidation rates in the present study.

In summary, it has been shown that, in healthy men,
consumption of an isoenergetic, High-CHO diet for 2
weeks increases post-absorptive carbohydrate oxidation
and decreases total and plasma fatty acid oxidation as com-
pared with a Low-CHO diet. The observed suppression of
fat oxidation after the High-CHO diet is unlikely to have
resulted from decreased fatty acid delivery to the tissues.
A potential mechanism for the High-CHO diet-induced
reduction in fatty acid oxidation is a decrease in the pro-
portion of NEFA uptake that is channelled into oxidative
pathways due to glucose-induced inhibition of long-chain
fatty acid entry into the mitochondria. In addition, the
Low-CHO diet may have affected carbohydrate and fat
oxidation rates via effects on PDH activity.
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