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Abstract

Endurance trained people exhibit low levels of postprandial lipemia. However, this favorable situation is rapidly reversed with
de-training and it is likely that the triglyceride (TG) lowering effects of exercise are mainly the result of acute metabolic responses to recent
exercise rather than long-term training adaptations. A large body of evidence suggests that postprandial lipemia can be attenuated following
an individual exercise session, with the energy expended during exercise being an important determinant of the extent of TG lowering.
Increased lipoprotein lipase-mediated TG clearance and reduced hepatic TG secretion are both likely to contribute to the exercise-induced
TG reductions. These changes may occur in response to post-exercise substrate deficits in skeletal muscle and/or the liver. In addition,
regular exercise can oppose the hypertriglyceridaemia sometimes seen with low-fat, high-carbohydrate diets. Levels of physical activity
should therefore be taken into account when considering nutritional strategies for reducing the risk of cardiovascular disease. © 2003
Elsevier Inc. All rights reserved.
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1. Introduction: the importance of the postprandial
state

An increased plasma concentration of high-density li-
poprotein (HDL) cholesterol is the most consistent alter-
ation to the lipid profile evident following a program of
regular aerobic exercise [1,2]. The concentration of this
lipoprotein is an important predictor of cardiovascular risk
[3] and the extent of its change provides a useful marker of
the efficacy of an exercise intervention. However, the study
of fasting lipid and lipoprotein concentrations reveals little
information about the mechanisms by which exercise influ-
ences the lipoprotein profile.

The efficiency of metabolism of TG-rich lipoproteins
(TRL) is a major determinant of the HDL cholesterol con-
centration and one which is particularly evident during the
postprandial period [4,5]. After ingestion of a meal, intes-
tinally derived chylomicrons compete with hepatically-de-
rived very-low-density lipoproteins (VLDL) for clearance

by the same lipolytic pathway—i.e. hydrolysis of lipopro-
tein-TG by lipoprotein lipase (LPL) residing on the capil-
lary endothelium of extra-hepatic tissues, particularly adi-
pose tissue and skeletal muscle [6,7]. This leads to an
accumulation of circulating TG contained in TRL (chylo-
microns and VLDL) and accelerated transfer of esterified
cholesterol from HDL and low-density lipoprotein (LDL) to
TRL, with TG transferring in the opposite direction (a
process mediated by cholesteryl ester transfer protein
(CETP)). This reduces the HDL cholesterol concentration
and leads to TG-enriched, cholesteryl ester-depleted HDL
and LDL particles. The TG content of these particles is then
hydrolyzed by hepatic lipase, resulting in small HDL par-
ticles which are removed from the circulation at an en-
hanced rate [8] and atherogenic small-dense LDL particles
[9]. Thus, exaggerated postprandial lipemia is an important
feature of the ‘atherogenic lipoprotein phenotype’ (low
HDL cholesterol and small-dense LDL) and the HDL cho-
lesterol concentration can viewed as an integrative marker
of TG metabolism.

However, postprandial metabolism is important for rea-
sons other its role in remodelling HDL and LDL. Over 20
years ago Donald Zilversmit proposed that atherogenesis
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was a postprandial phenomenon with the remnants of post-
prandial lipoproteins directly infiltrating the arterial wall
leading to the accumulation of atheromatous plaques [10].
A large body of in vitro and in vivo studies support the
direct atherogenicity of TRL and their remnants [5,11] and
it has recently become recognized that ‘endothelial dysfunc-
tion’—an early feature of the atherosclerotic disease pro-
cess—is evident during the hours following fat ingestion
[12,13]. Additionally, changes to lipid metabolism occur-
ring during the hours after a meal can result in an increase
in blood coagulability, with elevations in plasma factor VII
coagulant activity [14,15]. As factor VII initiates the throm-
botic response following the rupture of an atheromatous
plaque, postprandial rises in activity may play a role in the
acute phase of the atherosclerotic disease process. While
many of these postprandial changes are transient in nature,
this must be viewed in the context of daily living. People
typically consume multiple meals during the day, with ad-
ditional food ingested long before the metabolic distur-
bances associated with previous meals have subsided. Thus,
the dynamic postprandial state prevails for perhaps two-
thirds of the day and these repeated metabolic challenges
represent the ‘normal’ physiological state of free-living hu-
mans.

Evidence from cross-sectional and case-control studies
suggests that impaired metabolism of postprandial lipopro-
teins is implicated in the development of clinically relevant
atherosclerosis [11] and thus, interventions which reduce
postprandial lipemia may play a role in delaying the ath-
erosclerotic disease process.

2. Effects of exercise on postprandial metabolism

2.1. Effects of exercise training—chronic adaptation or
acute response?

There is clear evidence from a number of cross-sectional
studies comparing endurance-trained men with untrained
control subjects that regular exercisers exhibit low levels of
postprandial lipemia [16–19] and enhanced rates of TG
clearance [16,20–22]. However, while these studies accu-
rately describe the usual state of TG metabolism in well-
trained people, interpretation of these findings is difficult as
exercise could theoretically have both chronic (i.e. long-
term training adaptations) and acute (i.e. short-term effects
of recent exercise) influences on TG metabolism. In the
above studies, subjects were requested to maintain their
normal training regimen in the days prior to assessment of
fat tolerance [16], to refrain from vigorous exercise for the
12-36 h prior to testing [17,19–21] or no information was
provided on this issue [18,22]. Athletes will invariably ex-
ercise unless specifically requested not to do, thus in all the
above studies the subjects would only have refrained from
exercise for, at most, the day prior to testing. Consequen-
tially, acute changes due to recent exercise are likely to have

contributed to the findings of these studies and it not pos-
sible to ascertain whether long-term training adaptations per
se contributed to the enhanced TG metabolism observed in
these endurance athletes. In studies specifically designed to
exclude the influence of recent exercise by studying subjects
�60 hr after their last exercise session, no differences in
postprandial lipemia were observed between endurance
trained, sprint/strength trained and untrained young adults
[23] or endurance trained and untrained middle-aged
women [24].

Intervention studies have reported that a period of en-
durance training can reduce postprandial concentrations of
TG and TG-rich lipoproteins [25,26] and in some instances
increase TG clearance [27,28]. However, in the majority of
these studies [25,27,28] post-training assessments of fat
tolerance were undertaken within 36 hr of exercise, making
it difficult to assess the relative importance of acute and
chronic exercise effects. In studies where post-training as-
sessments of fat tolerance were made more than 48 hr
post-exercise, no significant effects of training on postpran-
dial lipemia [29] or TG clearance [30] were observed, de-
spite clear improvements in endurance fitness. Although
one study [26] found that postprandial lipemia, assessed
after four days without exercise, was significantly reduced
following an exercise training program, subjects lost over 4
kg in body mass during the intervention period and this
rather than exercise training per se may have contributed to
the TG attenuation.

De-training studies provide compelling evidence that ex-
ercise training may not markedly influence TG metabolism
in the absence of recent exercise. Cessation of exercise for
14–22 days has been reported to induce increases of ap-
proximately 40% in postprandial chylomicron and chylomi-
cron remnant concentrations (assessed by Vitamin A fat
loading) in male distance runners [31]. Other studies, eval-
uating the early phase of de-training, suggest that training-
induced changes to TG metabolism may be very short-lived.
In one, where endurance-trained subjects refrained from
exercise for six and a half days, postprandial lipemia was
increased by 35% (compared with values 15 hr post-exer-
cise) after just 60 hr without exercise, with little further
increase after nearly a week of de-training [32]. Similarly,
in another report where untrained men and women were
trained for 13 weeks, then de-trained for 9 days, postprandial
lipemia increased rapidly (by 37% within 60 hr and 46%
within 9 days) when the training stimulus was interrupted [33].

Thus, the weight of evidence suggests that, while endur-
ance-trained people have efficient TG metabolism, evi-
denced by low levels of postprandial lipemia and rapid TG
clearance, this favorable condition is rapidly reversed in the
absence of recent exercise.

2.2. Effects of individual exercise sessions

There is a large body of evidence showing that postpran-
dial lipemia can be attenuated by a prior session of exercise
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[24,34–44]. The effects of exercise performed after meal
ingestion on postprandial TG concentrations are less clear
with some studies reporting an exercise-induced reduction
[45–50] and others reporting no effect [44,51]. Studies of
both the fasted [52,53] and the postprandial state [44] sug-
gest that maximal exercise-induced TG attenuation occurs
after a delay of some hours, rather than during or immedi-
ately post-exercise. This implies that the exercise-induced
changes to TG metabolism are not simply a consequence of
altered blood flow and substrate delivery occurring during
exercise as these changes would be maximal during exercise
and early in recovery. Thus, it probable that more subtle
exercise-induced changes to metabolism are responsible for
the exercise-induced TG diminution.

The TG-lowering effect of exercise appears to be related
to the energy expended during the exercise session. Exercise
for 90 min at 60% of maximal oxygen uptake (V̇O2max)
induced twice the reduction in subsequent postprandial li-
pemia seen after exercise at 30% V̇O2max for the same
duration [42]. However, three hours of exercise at 30%
V̇O2max induced a similar reduction as 90 min at 60%
V̇O2max [43], demonstrating that energy expenditure, inde-
pendent of exercise intensity, is an important determinant of
the magnitude of the exercise-induced reduction in post-
prandial lipemia. A recent report of 81 subjects showed that
the energy expended during exercise was a significant pre-
dictor of the exercise-induced reduction in postprandial li-
pemia [54]. The magnitude of the exercise-induced reduc-
tion in postprandial TG concentrations also appears to be
independent of the type of substrate utilized during exercise.
In one study, this was manipulated by administration of
acipimox (which suppresses fatty acid release from adipose
tissue) one hour before a 90-min session of moderate exer-
cise. Acipimox increased carbohydrate oxidation and re-
duced fat oxidation during exercise (compared with the
same exercise session without prior acipimox ingestion) but
the reduction to subsequent postprandial TG concentrations
was the same for both exercise sessions [40].

It is also evident that the same exercise energy expendi-
ture will attenuate postprandial lipemia to the same degree
whether exercise is performed in single or multiple sessions.
Three 30-min moderate exercise sessions attenuated post-
prandial TG concentrations on the following day to the
same degree as one 90-min session [36] and in another
study where the metabolic responses to sequential meals
(breakfast, lunch, dinner) was assessed, three 10-min brisk
walks spread throughout the day attenuated day-long TG
concentrations to the same degree as 30 min of walking
before breakfast [55].

Although exercise training (in the absence of acute ex-
ercise) does not appreciably influence postprandial lipemia,
in the long-term it could enhance the acute changes to TG
metabolism elicited by individual exercise sessions. In one
report, endurance-trained and untrained middle-aged
women each undertook two oral fat tolerance tests; one was
�16 hr after 90 min of walking at 60% V̇O2max, the other

after 3 days without exercise [24]. Exercise attenuated post-
prandial lipemia by 16% in the untrained women but by
30% in their trained counterparts, which might reflect a
synergistic interaction between exercise training and acute
exercise. However, due to their higher functional capacities,
the trained women expended 41% more energy during the
exercise session than the untrained subjects and this may
have contributed to the greater TG reduction. Thus, in
practical terms, exercise training per se is likely to be
beneficial to TG metabolism, even if this is only because
trained individuals are able to expend more energy during
an exercise session than their untrained peers.

3. Potential mechanisms responsible for the exercise-
induced TG attenuation

The lower postprandial TG concentrations observed fol-
lowing exercise could theoretically be due to an increased
rate of clearance from the circulation of TRL-TG and/or to
a reduced rate of appearance of TRL (either chylomicrons
and/or VLDL) into the circulation. Well-trained individuals
display enhanced TG clearance compared with untrained
controls [16,20–22] and TG clearance can be increased by
a period of endurance exercise training or a prolonged (�3
hr) session of exercise [56–58]. This increase in TG clear-
ance is likely to be mediated by an upregulation of LPL
activity. Post-heparin plasma LPL activity is higher in en-
durance-trained people compared with untrained control
subjects [21,59] and decreases with a period of de-training
[31]; the functional significance of this is illustrated by
positive relationships between TG clearance and plasma
LPL activity in runners [20,21]. Increases in plasma LPL
activity of 46-74% have also been observed 18 hr following
prolonged exercise lasting several hours [58,60], but
changes reported after more modest exercise (yet sufficient
to decrease lipemia) have been much smaller [59,61].

It is likely that these changes in whole-body LPL activity
largely reflect differences in LPL activity in skeletal muscle.
One report demonstrated that 5–13 consecutive days of
exercise increased LPL mRNA and mass in skeletal muscle,
with no changes evident in adipose tissue LPL mRNA or
mass [62]. Another showed that in runners, a two-week
period of detraining in runners decreased in LPL activity in
skeletal muscle but increased LPL activity in adipose tissue
[63]. Increases in skeletal muscle LPL activity of 200-240%
have been reported following a session of prolonged intense
exercise lasting many hours [64–66], whereas acute exer-
cise-induced changes to adipose tissue LPL activity appear
to be of a much smaller magnitude [67].

Data from Seip and colleagues suggest that the effects of
acute exercise on skeletal muscle LPL are delayed and
transient, with maximal increases in skeletal muscle LPL
mRNA occurring perhaps four hours post-exercise and re-
turning to baseline levels within 24 hr [68,69]. Post-exercise
changes to LPL protein mass, and presumably LPL activity,
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were evident after a further delay, with the maximal re-
sponse occurring �8 hr post-exercise [68,69]. This delayed
activation of skeletal muscle LPL following exercise has
also been reported by other workers [70] and is consistent
with the delayed maximal attenuation in TG concentrations
following exercise.

Thus, it is likely that increased LPL-mediated clearance
of TRL-TG is an important contributor to the low levels of
postprandial lipemia experienced by endurance-trained peo-
ple and to the attenuation in plasma TG seen following
prolonged exercise. However, there is now a body of evi-
dence suggesting that increased TG clearance cannot en-
tirely account for exercise-induced TG reductions, at least
when exercise is of moderate intensity and duration. As
most population health guidelines now recommend regular
participation in moderate intensity exercise [71], under-
standing how this quality of exercise influences TG metab-
olism has widespread relevance.

A recent report has demonstrated that while 90 min of
brisk walking significantly reduced postprandial lipemia in
a group of middle-aged men, the same amount exercise did
not increase clearance of an intravenous lipid emulsion [35].
This is in line with an earlier study of normally active young
men which showed that while TG clearance was signifi-
cantly increased following three hours of moderate-intensity
exercise (50% of maximal work load), this was not altered
by 90 min of exercise at the same intensity [56]. Another
study of young men revealed that 90 min of moderate
exercise did not increase mean skeletal muscle LPL activity
18 hr following exercise despite significantly reducing post-
prandial lipemia at this time, although the individual sub-
jects who experienced increases in LPL activity after exer-
cise also experienced the largest exercise-induced TG
reductions [39]. Furthermore, a report using arterio-venous
difference methods demonstrated that two hours of moder-
ate exercise did not significantly increase absolute TG-
uptake across the leg (which is mainly skeletal muscle) 18
hr post-exercise, despite again significantly attenuating
postprandial TG concentrations [41]. Taken collectively,
these studies suggest that mechanisms other than increased
TG uptake into skeletal muscle are likely to contribute to the
TG reduction seen after moderate intensity exercise.

It seems unlikely that a reduced rate of chylomicron
appearance into the circulation would be an important
mechanism, at least when fat tolerance is measured some
hours after exercise. Prior exercise does not delay the time
to peak postprandial chylomicron-TG concentration (which
would be evident if the rate of chylomicron appearance was
reduced) [38,41] and studies administering paracetamol
during an oral fat tolerance test as a marker of gastric
emptying suggest that this is not slowed on the day follow-
ing exercise [35,38].

If increased lipoprotein-TG clearance and reduced chy-
lomicron-TG appearance cannot entirely account for reduc-
tion in postprandial TG concentrations evident following
(moderate-intensity) exercise, it is plausible that reduced

hepatic VLDL secretion could contribute. While there is
currently no direct evidence to support this concept in hu-
mans, animal studies and indirect evidence in humans are
consistent with this view. Studies in rats have shown that
hepatic VLDL secretion rates are reduced by exercise train-
ing [72–74] with one report showing that the exercise train-
ing-induced reduction in hepatic-TG secretion occurred
alongside an increase in hepatic ketone body production—
the two being inversely related [74]. The authors concluded
that exercise altered the partitioning of fatty acids in the
liver between oxidation and esterification pathways and this
was one of the causative factors for the TG-lowering effect.
Increased circulating concentrations of 3-hydroxybutyrate
(suggesting increased hepatic fatty oxidation), alongside
reduced postprandial TG concentrations have also been re-
ported in humans following exercise [38,41]. This is con-
sistent with the mechanism of TG reduction proposed by
Fukada and co-workers [74], and in the latter studies post-
prandial concentration of VLDL-TG were also markedly
reduced by exercise [38,41] . While these data do not permit
firm conclusions about the underlying cause of the
VLDL-TG reduction to be made, the findings are consistent
with reduced hepatic VLDL secretion playing a role. This
possibility warrants investigation.

It therefore seems likely that exercise reduces postpran-
dial TG concentrations by two complementary mechanisms.
Increased TG clearance is evident in well-trained subjects,
but only in the presence of a recent exercise session. Pro-
longed, intense exercise has also been shown to increase TG
clearance. However, exercise below a certain threshold en-
ergy expenditure does not appear to increase TG clearance,
while still reducing postprandial TG concentrations. This
suggests that another mechanism, such as reduced VLDL
secretion, also contributes to the exercise-induced TG-low-
ering effect. The relative importance of these two mecha-
nisms on TG lowering is likely to depend on a number of
factors including the characteristics of the individual (for
example, training status, degree of body fatness, age, gen-
der), the energy expended during exercise and perhaps even
dietary intake. Further study is needed to increase under-
standing about the mechanisms by which exercise reduces
TG concentrations in different circumstances.

4. Role of energy deficit and fuel depletion

Both the time-scale of the exercise-induced reductions to
postprandial TG concentrations (i.e. the effects of exercise
are lost within days) and the fact that exercise energy
expenditure seems to be the primary determinant of the
degree of TG reduction, suggest that exercise-induced de-
pletion of energy stores, and their subsequent replenish-
ment, plays a key role in the TG-lowering process. How-
ever, an exercise-induced energy deficit induces a much
greater reduction to postprandial lipemia than a dietary-
induced energy deficit of the same magnitude [37], imply-
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ing that exercise-induced changes to TG metabolism cannot
replicated by simply reducing energy intake (Fig. 1). This
has practical implications—i.e. controlling body weight by
restricting energy intake does not induce the same metabolic
benefits as controlling body weight through increased phys-
ical activity—but also suggests that it is substrate levels in
particular body tissues which are specifically influenced by
exercise, rather than global ‘whole-body’ changes, that play
a role for the exercise-induced TG-lowering effect.

Indirect evidence for tissue substrate deficits playing a
role in post-exercise hypotriglyceridemia comes from data
showing that whole-body postprandial fat oxidation is in-
creased on the day following an exercise session
[38,43,55,75]. This increase is due to both increased oxida-
tion of meal-derived exogenous fat and of endogenous lipid
stores [38]. Furthermore, Kiens and co-workers reported
that intra-muscular TG concentrations decreased, and the
whole-body fat oxidation rate was high during the hours
following exhaustive exercise, despite a high carbohydrate
intake [76]. Intra-muscular TG concentrations reached their
minimum value 18 hr after exercise and the authors specu-
lated that the exercised muscle preferentially oxidized fat
during recovery to allow the immediate replenishment of
muscle glycogen—a metabolic priority. By contrast, reple-
tion of intra-muscular TG stores, probably mediated by an
upregulation of LPL in this tissue (as well as increased

uptake of non-esterified fatty acids (NEFA) released from
adipose tissue), occurred more slowly, with concentrations
remaining significantly lower than pre-exercise values 30 hr
after exercise [76]. Reliance on circulating lipoproteins to
replete intramuscular TG stores may be a determinant of the
exercise-induced TG-reduction and the timescale of these
changes is in line with the time-scale for exercise-induced
changes in TG concentrations.

Fasting and postprandial blood or serum 3-hydroxybu-
tyrate concentrations (a marker of hepatic fat oxidation) are
also increased on the day following exercise [38,41], sug-
gesting that increased hepatic fat oxidation contributes to
the increases in whole-body fat oxidation observed at this
time. Indeed, fat-carbohydrate interactions similar to those
occurring in skeletal muscle following exercise may also
occur in the liver. Prolonged exercise depletes hepatic gly-
cogen stores and these are replaced during the hours fol-
lowing exercise, a process facilitated by carbohydrate in-
gestion [77]. During this post-exercise period, circulating
concentrations of ketone bodies can increase markedly,
reaching peak levels at least five to seven hours following
exercise [78,79], consistent with the time-course of plasma
TG changes. It has been hypothesed that this post-exercise
ketosis is a consequence of hepatic carbohydrate deficiency
[80]. Certainly, post-exercise carbohydrate ingestion re-
duces postexercise ketosis [78] and, in rats, post-exercise

Fig. 1. Plasma TG responses to high fat test meals administered after three days of no exercise (Control, F), on the day following a 90-min treadmill walk
at 60% maximal oxygen uptake (Exercise, ■ ), and after a day when no exercise was undertaken but energy intake was restricted to induce the same energy
deficit as that incurred due to the 90-min walk (Intake restriction, E). Subjects were post-menopausal women. Areas under the TG vs time curve were 20%
(p � 0.05) and 7% (p � 0.17) lower than control after exercise and energy intake restriction, respectively. Values are mean � SEM, n � 11. Reproduced
from reference [37] with permission by the American Journal of Clinical Nutrition. © Am J Clin Nutr. American Society for Clinical Nutrition.
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blood 3-hydroxybutyrate concentrations have been shown
to be negatively related to hepatic glycogen concentrations
[81,82]. Thus, increased post-exercise hepatic ketone body
production, which might reflect a shift in the hepatic parti-
tioning of fatty acids towards oxidation thereby reducing
VLDL production [74], may well be a consequence of
exercise-induced hepatic glycogen depletion.

An overview of the potential changes to postprandial TG
metabolism which occur during the hours following an
exercise session is presented in Fig. 2.

5. High-carbohydrate diets, exercise and postprandial
lipemia

Low-fat, high-carbohydrate diets have traditionally been
viewed as a attractive alternative to atherogenic high-satu-
rated fat diets as they reduce LDL cholesterol concentra-
tions [83] and help in the maintenance of a healthy body
weight [83–85], but recently the desirability of such diets
has been a matter of debate as they can increase postpran-

dial TG concentrations [86,87] and reduce HDL cholesterol
concentrations [88]. This has led some investigators to ad-
vocate diets high in monounsaturated fatty acids as an
alternative nutritional strategy [89,90]. However, these po-
tentially adverse consequences of high-carbohydrate diets
have generally been observed in sedentary Western popu-
lations and may not occur in those with high levels of
physical activity. Indeed, physically active populations con-
suming low-fat, high carbohydrate diets, such as those liv-
ing in rural China, have favorable lipid profiles [91,92] and
endurance athletes who typically consume diets with a very
high carbohydrate content [93] have high HDL cholesterol
and low plasma TG concentrations [1]. These observations
raise the possibility that regular exercise might offset the
potential adverse consequences of high levels of carbohy-
drate ingestion.

There is a large body of evidence suggesting that carbo-
hydrate-induced hypertriglyceridaemia (at least in the fasted
state) is due to increased hepatic production of VLDL-TG,
with both the number of VLDL particles secreted and the
amount of TG per particle being increased [94]. This is

Fig. 2. Postulated effects of exercise on postprandial TG metabolism. Bold arrows represent changes (relative to the unexercised state) occurring during the
hours following an exercise session. (An ‘up-arrow’ indicates an exercise-induced increase, a ‘down-arrow’ indicates a decrease, a ‘sideways-arrow’ indicates
no change and a question mark indicates that the effect is uncertain). The relative magnitude of these exercise-induced changes is likely depend on a number
of factors including the energy expended during the exercise session and the training status of the individual.
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consistent with data from the postprandial state showing
increased circulating concentrations of VLDL-TG [95] and
VLDL apolipoprotein B100 [86] after high carbohydrate
diet interventions. It has also been suggested that TG clear-
ance is impaired following a high carbohydrate diet [96,97],
possibly mediated by decreased LPL activity [98,99], al-
though reports are inconsistent on this point [100,101]. As
exercise, even at moderate levels, has been shown substan-
tially to reduce postprandial TG concentrations, by increas-
ing TG clearance and/or reducing VLDL production, there
is a strong theoretical rationale for proposing that regular
physical activity could oppose the adverse effects of high
carbohydrate ingestion on postprandial TG metabolism.
However, to date, only two studies have been undertaken
specifically to address this hypothesis.

In one study of young men, a three-day high-carbohy-
drate diet (70% energy from CHO) increased the postpran-
dial TG response to a standard high-fat test meal by 35%
compared with an isoenergetic three-day mixed diet (46%
energy from carbohydrate) [102]. However, 30 min of daily
moderate exercise during the high-carbohydrate diet inter-
vention prevented the carbohydrate-induced augmentation
in postprandial lipemia, with postprandial TG concentra-
tions on this diet being similar to the mixed diet. The

three-day high-carbohydrate diets, both with and without
daily exercise, significantly reduced LDL cholesterol con-
centrations by �0.2 mmol.l�1, compared with the mixed
diet. In a second study of post-menopausal women, fat
tolerance was assessed after three-day low (35% carbohy-
drate) or high (70% carbohydrate) carbohydrate diets [103].
When subjects performed no exercise during the dietary
interventions, postprandial concentrations of TG were 36%
higher after the high carbohydrate diet and concentrations of
apolipoproteins B48 and B100 in the triglyceride-rich li-
poprotein fraction and remnant-like lipoprotein cholesterol
were also significantly elevated. However, the addition of
daily exercise (60 min of brisk walking) during the high-
carbohydrate diet significantly reduced all these concentra-
tions, virtually to the level seen during the low-carbohydrate
diet (Fig. 3).

In both these studies, daily exercise completely opposed
the postprandial hypertriglyceridaemia induced by a short-
term high-carbohydrate diet. However, postprandial lipemia
after a high-carbohydrate diet plus daily exercise was no
lower than that observed after low-carbohydrate or mixed
diets. This might be interpreted by some as demonstrating
that, other than LDL lowering—which can be achieved by
switching to a diet high in unsaturated fat—there is no

Fig. 3. Plasma TG responses to high fat test meals administered after a three-day low-carbohydrate diet (35% energy from carbohydrate) (Low CHO, F),
after a three-day high-carbohydrate diet (70% energy from carbohydrate) (High CHO, ■ ), and after a three-day high-carbohydrate diet with 60 min of daily
walking at 60% maximal oxygen uptake (High CHO � exercise, E). Subjects were post-menopausal women. Area under the TG vs time curve was 36%
higher after the high-carbohydrate diet than the low-carbohydrate diet (p � 0.01), but area under curve after the high-carbohydrate diet with daily walking
was not significantly different from the low-carbohydrate diet. Values are mean � SEM, n � 8. Reproduced from reference [103] with permission by
Arteriosclerosis Thrombosis and Vascular Biology. © Lippincott Williams & Wilkins.
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‘net-gain’ associated with adopting a low-fat, high-carbo-
hydrate diet, even with the addition of daily exercise. This,
however, may not be true under free-living conditions. The
high-carbohydrate diets utilized in the two above studies
were extreme and designed to maximize any potential hy-
pertriglyceridaemia, with 70% of energy intake from car-
bohydrate and half to two-thirds of this provided by simple
sugars. This level of carbohydrate ingestion would be ex-
tremely difficult to achieve in the free living population and
‘low-fat’ diet guidelines usually recommend ingestion of
�30% energy from fat, which corresponds to �50-55%
energy from carbohydrates, typically with an emphasis on
complex carbohydrates rather than simple sugars [104].
Such ‘real-life’ diets would have a much smaller hypertri-
glyceridemic effect than the experimental diets above
[105,106]. Thus, it is likely that adopting this recommended
form of ‘low-fat, high-carbohydrate’ diet, together with
30-60 min of daily exercise, would result in levels of post-
prandial lipemia which were in fact lower than observed
following a typical ‘mixed’ diet, although this requires
formal investigation. Switching from a ‘Western’ diet to an
AHA ‘Step I’ diet (�30% energy from fat, �10% energy
from saturated fat) lowers LDL cholesterol by an average of
7-12% [83,107]; thus this type of diet combined with reg-
ular exercise could favorably modify a number of features
of the lipoprotein profile, without adverse consequences.

One additional point warrants discussion. In the two
studies described above, the high-carbohydrate and the low/
moderate carbohydrate diets were designed to be isoener-
getic. Under free-living conditions, ad libitum high carbo-
hydrate diets often lead to reduced energy intake and weight
loss compared with diets containing greater proportions of
fat [83,108,109] which, alongside many other health bene-
fits, is associated with a reduction in plasma TG concentra-
tion [83]. Thus, regular exercise (which is also associated
with weight loss and the prevention of weight gain, among
many other health benefits), together with a ‘low-fat, high-
carbohydrate diet’ may well provide the optimal lifestyle
strategy to achieve a favorable lipid profile. Long-term
studies of the effects of low-fat, high-carbohydrate diets
combined with regular exercise on postprandial lipoprotein
metabolism are clearly needed to address this issue.

However, although the level of exercise required for the
beneficial effects of a high-carbohydrate diet to be enjoyed
without any adverse changes appears to be relatively mod-
est, it is inevitable that some individuals will not be pre-
pared to alter their sedentary lifestyles. In these people,
replacing dietary saturated fats with unsaturated fats, rather
than carbohydrate, may be a preferable option. However,
high fat intakes are associated with increased body weight
irrespective of the quality of dietary fat ingested [83]. Thus,
this dietary approach—taken together with a physically in-
active lifestyle—could make maintenance of a healthy body
weight difficult and may result in trading one set of risk
factors (hypertriglyceridaemia and low HDL cholesterol)
with another (obesity and associated co-morbidities). Thus,

without undertaking regular exercise, it is probable that
compromises would need to be made with respect to man-
agement of the atherosclerotic risk profile.

6. Conclusions

Exercise is a potent regulator of postprandial lipid me-
tabolism, with the weight of evidence suggesting that the
majority of exercise’s hypotriglyceridemic effect is due to
acute metabolic changes following individual exercise ses-
sions, rather than long-term adaptations to training. The
energy expended during exercise is an important determi-
nant of the exercise-induced TG reduction which is inde-
pendent of exercise intensity, format and nature of sub-
strates used while exercising. The TG-lowering effect of
exercise cannot be replicated by a dietary-induced energy
deficit of similar magnitude. The mechanisms responsible
for exercise-induced TG reductions require further elucida-
tion but it is probable that increased LPL-mediated TG
clearance and reduced hepatic VLDL secretion both con-
tribute. The relative importance of these two mechanisms is
likely to depend on a number of factors including the energy
expended during the exercise session and characteristics of
the individual (i.e. training status, body fatness etc). In
addition, exercise can oppose carbohydrate-induced post-
prandial hypertriglyceridemia and therefore levels of phys-
ical activity should be taken into account when considering
nutritional strategies for reducing the risk of cardiovascular
disease.
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[75] Bielinski R, Schutz Y, Jéquier E. Energy metabolism during the
postexercise recovery in man. Am J Clin Nutr 1985;42:69–82.

[76] Kiens B, Richter EA. Utilization of skeletal muscle triacylglycerol
during postexercise recovery in humans. Am J Physiol 1998;275:
E332–7.

[77] Casey A, Mann R, Banister K, Fox J, Morris PG, Macdonald IA,
Greenhaff PL. Effect of carbohydrate ingestion on glycogen resyn-
thesis in human liver and skeletal muscle, measured by (13)C MRS.
Am J Physiol Endocrinol Metab 2000;278:E65–75.

[78] Koeslag JH, Noakes TD, Sloan AW. The effects of alanine, glucose
and starch ingestion on the ketosis produced by exercise and by
starvation. J Physiol 1982;325:363–76.

[79] Koeslag JH, Levinrad LI, Lochner JdV, Sive AA. Post-exercise
ketosis and post-prandial exercise: effect of glucose and alanine
ingestion in humans. J Physiol 1985;358:395–403.

[80] Koeslag JH. Post-exercise ketosis and the hormone response to
exercise: a review. Med Sci Sports Exerc 1982;14:327–34.

[81] Adams JH, Koeslag JH. Carbohydrate homeostasis and post-exer-
cise ketosis in trained and untrained rats. J Physiol 1988;407:453–
61.

[82] Adams JH, Koeslag JH. Glycogen metabolism and post-exercise
ketosis in carbohydrate- restricted trained and untrained rats. Q J
Exp Physiol 1989;74:27–34.

[83] Yu-Poth S, Zhao G, Etherton T, Naglak M, Jonnalagadda S, Kris-
Etherton PM. Effects of the National Cholesterol Education Pro-
gram’s Step I and Step II dietary intervention programs on cardio-
vascular disease risk factors: a meta-analysis. Am J Clin Nutr 1999;
69:632–46.

[84] Astrup A. The role of dietary fat in the prevention and treatment of
obesity. Efficacy and safety of low-fat diets. Int J Obes Relat Metab
Disord 2001;25(Suppl 1):S46–50.

[85] Astrup A, Ryan L, Grunwald GK, Storgaard M, Saris W, Melanson
E, Hill JO. The role of dietary fat in body fatness: evidence from a
preliminary meta-analysis of ad libitum low-fat dietary intervention
studies. Br J Nutr 2000;83(Suppl 1):S25–32.

[86] Koutsari C, Malkova D, Hardman AE. Postprandial lipemia after
short-term variation in dietary fat and carbohydrate. Metabolism
2000;49:1150–5.

[87] Jeppesen J, Schaaf P, Jones C, Zhou M-Y, Chen Y-DI, Reaven GM.
Effects of low-fat, high-carbohydrate diets on risk factors for isch-
emic heart disease in postmenopausal women. Am J Clin Nutr
1997;65:1027–33.

[88] Mensink RP, Katan MB. Effect of dietary fatty acids on serum lipids
and lipoproteins. A meta-analysis of 27 trials. Arterioscler Thromb
1992;12:911–9.

[89] Katan MB, Grundy SM, Willett WC. Should a low-fat, high-carbo-
hydrate diet be recommended for everyone? Beyond low-fat diets.
N Engl J Med 1997;337:563–6.

131J.M.R. Gill and A.E. Hardman / Journal of Nutritional Biochemistry 14 (2003) 122-132



[90] Reaven GM. Do high carbohydrate diets prevent the development or
attenuate the manifestations (or both) of syndrome X? A viewpoint
strongly against. Curr Opin Lipidol 1997;8:23–7.

[91] Xie J, Liu L, Huang J, Hu H, Kesteloot H. Nutritional habits and
serum lipid levels in a low-fat intake Chinese population sample.
Acta Cardiol 1998;53:359–64.

[92] Tian HG, Nan Y, Liang XQ, Yang XL, Shao RC, Pietinen P,
Nissinen A. Relationship between serum lipids and dietary and
non-dietary factors in a Chinese population. Eur J Clin Nutr 1995;
49:871–82.

[93] Burke LM, Cox GR, Culmmings NK, Desbrow B. Guidelines for
daily carbohydrate intake: do athletes achieve them? Sports Med
2001;31:267–99.

[94] Parks EJ, Hellerstein MK. Carbohydrate-induced hypertriacylglyc-
erolemia: historical perspective, and review of biological mecha-
nisms. Am J Clin Nutr 2000;71:412–33.

[95] Chen Y-DI, Coulston AM, Zhou M-Y, Hollenbeck CB, Reaven GM.
Why do low-fat high-carbohydrate diets accentuate postprandial
lipemia in patients with NIDDM? Diabetes Care 1995;18:10–6.

[96] Aarsland A, Chinkes D, Wolfe RR. Contributions of de novo syn-
thesis of fatty acids to total VLDL- triglyceride secretion during
prolonged hyperglycemia/hyperinsulinemia in normal man. J Clin
Invest 1996;98:2008–17.

[97] Parks EJ, Krauss RM, Christiansen MP, Neese RA, Hellerstein MK.
Effects of a low-fat, high-carbohydrate diet on VLDL-triglyceride
assembly, production, and clearance. J Clin Invest 1999;104:1087–
96.

[98] Jackson RL, Yates MT, McNerney CA, Kashyap ML. Diet and HDL
metabolism: high carbohydrate vs. high fat diets. Adv Exp Med Biol
1987;210:165–72.

[99] Campos H, Dreon DM, Krauss RM. Associations of hepatic and
lipoprotein lipase activities with changes in dietary composition and
low density lipoprotein subclasses. J Lipid Res 1995;36:462–72.

[100] Blades B, Garg A. Mechanisms of increase in plasma triacylglycerol
concentrations as a result of high carbohydrate intakes in patients
with non-insulin-dependent diabetes mellitus. Am J Clin Nutr 1995;
62:996–1002.

[101] Yost TJ, Jensen DR, Haugen BR, Eckel RH. Effect of dietary
macronutrient composition on tissue-specific lipoprotein lipase ac-
tivity and insulin action in normal-weight subjects. Am J Clin Nutr
1998;68:296–302.

[102] Koutsari C, Hardman AE. Exercise prevents the augmentation of
postprandial lipaemia attributable to a low-fat high-carbohydrate
diet. Br J Nutr 2001;86:197–205.

[103] Koutsari C, Karpe F, Humphreys SM, Frayn KN, Hardman AE.
Exercise prevents the accumulation of triglyceride-rich lipoproteins
and their remnants seen when changing to a high-carbohydrate diet.
Arterioscler Thromb Vasc Biol 2001;21:1520–5.

[104] Krauss RM, Eckel RH, Howard B, Appel LJ, Daniels SR, Deckel-
baum RJ, Erdman JW, Kris-Etherton P, Goldberg IJ, Kotchen TA,
Lichtenstein AH, Mitch WE, Mullis R, Robinson K, Wylie-Rosett J,
St Jeor S, Suttie J, Tribble DL, Bazzarre TL. AHA Dietary Guide-
lines: revision 2000: a statement for healthcare professionals from
the Nutrition Committee of the American Heart Association. Circu-
lation 2000;102:2284–99.

[105] Retzlaff BM, Walden CE, Dowdy AA, McCann BS, Anderson KV,
Knopp RH. Changes in plasma triacylglycerol concentrations
among free-living hyperlipidemic men adopting different carbohy-
drate intakes over 2 y: the Dietary Alternatives Study. Am J Clin
Nutr 1995;62:988–95.

[106] Frayn KN, Kingman SM. Dietary sugars and lipid metabolism in
humans. Am J Clin Nutr 1995;62:250S–61S.

[107] Stone NJ, Nicolosi RJ, Kris-Etherton P, Ernst ND, Krauss RM,
Winston M. AHA conference proceedings. Summary of the scien-
tific conference on the efficacy of hypocholesterolemic dietary in-
terventions. American Heart Association. Circulation
1996;94:3388–91.

[108] Turley ML, Skeaff CM, Mann JI, Cox B. The effect of a low-fat,
high-carbohydrate diet on serum high density lipoprotein cholesterol
and triglyceride. Eur J Clin Nutr 1998;52:728–32.

[109] Sheppard L, Kristal AR, Kushi LH. Weight loss in women partici-
pating in a randomized trial of low-fat diets. Am J Clin Nutr
1991;54:821–8.

132 J.M.R. Gill and A.E. Hardman / Journal of Nutritional Biochemistry 14 (2003) 122-132


	Exercise and postprandial lipid metabolism: an update on potential mechanisms and interactions with high-carbohydrate diets (Review)
	Introduction: the importance of the postprandial state
	Effects of exercise on postprandial metabolism
	Effects of exercise training—chronic adaptation or acute response
	Effects of individual exercise sessions

	Potential mechanisms responsible for the exercise-induced TG attenuation
	Role of energy deficit and fuel depletion
	High-carbohydrate diets, exercise and postprandial lipemia
	Conclusions
	References


