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Summary

Compared with the limited capacity of the human body to store carbohydrate
(CHO), endogenous fat depots are large and represent a vast source of fuel for
exercise. However, fatty acid (FA) oxidation is limited, especially during intense
exercise, and CHO remains the major fuel for oxidative metabolism. In the search
for strategies to improve athletic performance, recent interest has focused on
several nutritional procedures which may theoretically promote FA oxidation,
attenuate the rate of muscle glycogen depletion and improve exercise capacity.
In some individuals the ingestion of caffeine improves endurance capacity, but
L-carnitine supplementation has no effect on either rates of FA oxidation, muscle
glycogen utilisation or performance. Likewise, the ingestion of small amounts of
medium-chain triglyceride (MCT) has no major effect on either fat metabolism
or exercise performance. On the other hand, in endurance-trained individuals,
substrate utilisation during submaximal [60% of peak oxygen uptéRepta)]
exercise can be altered substantially by the ingestion of a high fat (60 to 70% of
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energy intake), low CHO (15 to 20% of energy intake) diet for 7 to 10 days.
Adaptation to such a diet, however, does not appear to alter the rate of working
muscle glycogen utilisation during prolonged, moderate intensity exercise, nor
consistently improve performance. At present, there is insufficient scientific evi-
dence to recommend that athletes either ingest fat, in the form of MCTs, during
exercise, or ‘fat-adapt’ in the weeks prior to a major endurance event to improve
athletic performance.

In the search for strategies to enhance athletithe major part is stored within the myocyte as small
performance, recent investigations have focusetipid droplets(?-4
on nutritional techniques which may theoretically Both fatty acids (FA) stored in adipose tissue
promote fat oxidation and slow rates of muscle gly-and fat entering the circulation after a meal can
cogen depletion, thereby improving exercise caserve as potential energy sources for the muscle
pacity. Such nutritional interventions include: cell. Small but physiologically important amounts
 ingestion of caffeine and L-carnitine of FA are also stored as TG inside the muscle cells.
» the consumption of medium chaingg)  FA liberated from TG stored in adipocytes are re-

triacyglycerol (TG) before and during exercise leased to blood, where they are bound to albumin.
« fatingestion and fat infusions before and duringAlbumin levels in human blood are&6 mmol/L,

exercise while levels of FA are=0.2 to 1.0 mmol/L. As al-
- exposure to high fat, low carbohydrate (CHO)bumin can maximally bind 8 FA%, the albumin
diets. transport capacity is in excess of the FA actually

This review provides a brief summary of somebound under physiological circumstances and as
of the factors that limit the utilisation of fat as ansuch, cannot be the limiting factor for FA oxidation
energy source for skeletal muscle during moderatBy muscle. FA can also be derived from the TG
intensity exercise, and describes several dietary irffore of circulating chylomicrons and very low

terventions known to have an effect on substratdensity lipoproteins (VLDL), which are both
utilisation and athletic performance. formed from dietary fat in the post-absorptive

state. Chylomicrons are formed in the epithelial
wall of the intestine and reach the blood stream
after passage through the lymphatic system. VLDL
are synthesised in the liver after which they are
The human body utilises carbohydrate (CHO),released directly into the blood stream.
fat and to a lesser extent protein, as fuel for mus-
cular work. As an energy source, fat has several 2, Factors Limiting Fatty Acid Uptake by
advantages over CHO; the energy density is higher pMuscle Cells
(387.5vs 16.9 kJ/g) while the relative weight as
stored energy is lower. On the other hand, for every During perfusion of the muscle capillaries, FA
gram of CHO stored as glycogen, approximatelybound to albumin or stored in the core of
2g of water are stordd. Consequently, the amount chylomicrons and VLDL have to be released prior
of glycogen stored in muscle and liver is limited toto transport across the vascular membrane. In the
=450g. Fat can be stored in much higher amountgase of VLDL and chylomicrons this is achieved
In a healthy untrained male, up to 10kg of fat isby the action of the enzyme lipoprotein lipase
stored, mainly in adipose tissue. However, intra{LPL). LPL is synthesised within the muscle cell
muscular fat storage is usually very small; totaland, after an activation process, is translocated to
muscle mass may contain up to 300g of fat of whiclthe vascular endothelial cell membrane where it

1. Fat as an Energy Source for
Physical Activity
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exerts its enzymatic action on T&LPL also ex- minor quantities of fatty acid binding proteins
presses phospholipase, Activityl”! which is  (FABP) are present at this site, their role in trans-
necessary for the breakdown of the phospholipidnembrane FA transport is assumed to be unim-
surface lipid layer of the chylomicrons and lipo- portantl?®l Once in the interstitial space, albumin
proteins. will bind the FA for transport to the muscle cell
LPL activity is up-regulated by caffeine, cate- membrané!>21l Here the FA are taken over by an
cholamines and adenocorticotrophic hormoneFA-transporting proteif?*l or will cross the mem-
(ACTH), and down-regulated by insulfh!3lAfter ~ brane directly because of their lipophilic nature. In
TG hydrolysis, most of the FA will be taken up by the sarcoplasm, FABP, which is present in rela-
muscle, whereas glycerol will be taken away viatively high levels?! is crucial for FA transport to
the blood stream to the liver where it may serve aghe mitochondria. This transport is not assumed to
a gluconeogenic precursor. During the post-Pe limiting for FA oxidation.
absorptive state the level of circulating TG in ~ AS indicated earlier, an alternative source of FA
plasma is usually higher than that of FA, in contras@’® TGS present inside the skeletal muscle cells.
to the fasting state when chylomicrons are practifor the storage of FA, glycerol is obtained from

cally absent from the circulatidh] Nevertheless, 9ycolysis — as glycerol-3-phosphate — which re-
the quantitative contribution of circulating TG &cts with fatty acyl CoA, after which further con-

to FA oxidation by the exercising muscle cells in d€nsation to, and storage as, TG take place in small
humans is uncertain. Due to technical limitationsf@t droplets, mainly Io]cated in the proximity of the
no reliable data are available to determine whethefitochondrial systeri# it has been suggested that
FA derived from the TG core of VLDL or adipocytes positioned between muscle cells may
chylomicrons substantially contribute to overall also.supply FA for OX|dat|on3 .bUt th? S|gn|f!cance
FA utilisation. However, even a small extraction of this has never been quantifi€tDuring periods

ratio, in the order of 2 to 3% of FA-TG, can coverOf increased muscle contractile activity, muscle li-

over 50% of total exogenous FA uptake and supPaseis activated by hormonal gcnons which leads
15 1) to the release of FA from the intramuscular TG.
sequent oxidatioH:

. Whereas norepinephrine infusion has been ob-
. Arterial levels of FA strongly affect FA-uptakg served to cause a significant reduction in muscle
into muscle both at rest and during low intensity

TG /28 insulin counteracts this effe@f] Apart
iad17-20] This impli i ' UL X
exercise Th'$ implies an FA gradlept fr_om from hormonal stimuli, there is also local muscular
blood to muscle in these conditioddY, which is

control of lipase activity, shown by the observation

achieved by a relatively rapid conversion of fréey, ¢ ajectrical stimulation of muscle enhances TG
fatty acid (FFA), taken up by the muscle cell, 10, a5kdowri28-31 Compared with fast twitch mus-
fatty acyl CoA. The rate of the latter reaction is ;e fipres. slow twitch fibres have a high li-

controlled by fatty acyl CoA syntheta&é&.During pase1032 as well as TG, contef34 Interest-
transport of FA from blood to muscle, several bar'ingly, TG storage within the muscle cell can be

riers may limit FA uptake: (i) the membranes of thejncreased by regular endurance trairf##g:36!
vascular endothelial cell; (ii) the interstitial space

between endothelium and muscle cell; and (iii) the 3. Factors Limiting Fatty Acid (FA)
muscle cell membrane. _ | Oxidation by Muscle Cells

Uptake by endothelial cells is most likely pro-
tein mediated. Both albumin-binding protein and At rest and during low intensity exercise, a rel-
membrane-associated FA-binding proteins mayatively high percentage of the energy production is
play a role. After uptake most FA will diffuse from derived from FA oxidatioft”.18:371However, with
the luminal to the abluminal membrane of theincreasing exercise intensities, particularly above
endothelial cells as free molecul@sAlthough 70 to 80% maximal oxygen uptake@¥may), there
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is a progressive shift from fat to CHO38-40indi-  regulated to result in enhanced FA supply. The re-
cating limitations in the rate of FA oxidation. Sev- sult will be that the rate of FA oxidation exceeds
eral explanations for this shift from fat to CHO the rate at which FAs are mobilised, leading to a
have been proposed, including an increase in cirfall in plasma FA and intracellular FAin muscle. As
culating catecholamines which stimulates botha consequence, the use of CHO from glycogen
glycogen breakdown in the liVéH and lipolysis. must be increased to cover the increased energy
However, the increased lactate formation whichdemand?754-56l

occurs when glycogen breakdown and glycolytic

flux are increased also suppresses lipolif3i&’] 4. Techniques to Improve FA Oxidation

The netresultwill be a decrease in plasma FAlevels  gjpce the storage of CHO in the form of glyco-

and hence the supply of FA to muscle cells. As gyen s limited, the ability to perform high intensity
consequence, enhanced CHO oxidation will moskyxercise will be decreased with progressive glyco-
likely compensate for the reduced FA oxidation.gen depletio?”l Any adaptation leading to an in-
Another reason for this substrate shift is the lowercreased capacity to utilise FA for ATP resynthesis
adenosine triphosphate (ATP) production rate pelyill lead to a sparing of endogenous CHO with the
unit of time from fat compared with CHO, com- consequence that endurance capacity may be im-
bined with the fact that more oxygen is needed folproved. Theoretically there may be a few interven-
the production of a certain amount of ATP from fattions which potentially increase plasma FA levels
compared with CH®?#49] Finally, limitations in  and up-regulate the mechanisms involved in trans-
the FA flux from blood to mitochondria might ex- port and oxidation of FA.

plain the shift from fat to CHO at higher exercise

intensities. This flux is dependent on the level of 4.1 Endurance Training

_FA in the blood, capillary density, transport capac- Endurance training has been observed to result
ity across vascular and muscle cell membranes

: . : ; ) .. Ihanumber of structural and metabolic adaptations
mitochondrial density and mitochondrial capacity v b favour FA oxidation. The capillary density

to take' up and OXIdIS'e. FA. The latter depends Obf muscle tissue increases which augments the ex-
the ac_tlon of th? carnitine transpor_t sygtem acrosﬁhange surface area, promotes blood flow and thus
the mitochondrial membrari®] which is regu- o delivery of oxygen and substrat€s8 Within

50-52 i i . . . .
lated by malonyl ,COA' IDuring exercise, mal- gy o|atal muscle there is an increased mitochondrial
onyl CoA formation is reduced and therefore thevolume as well as oxidative enzyme actiV#§8-62l

capacity to transport FA across the mitochondrialpg g result, trained muscles are able to oxidise
inner membrane is enhancéd. more substraf&! which is also expressed in an in-
The rate of FA oxidation depends on 3 pro-creased oxygen consumption at maximal exercise
cesses: (i) lipolysis of TG in adipose tissue andintensitieg5®61 Trained muscles store more intra-
circulating TG and transport of FA from blood cellylar fat and also express a higher LPL activity,

plasma to the sarcoplasm; (ii) availability and ratewhich will favour the maximising of FA flux to
of hydrolysis of intramuscular TG; and (iii) activa- the mitochondrid.58.63-651 This may enhance

tion of the FA and transport across the mitochonthe capacity to utilise intramuscular TG as
drial membrane. Itis likely that the first 2 processesfyell3.35.36.60.61.63yhjle using less blood-borne FA.
pose the ultimate limitations to fat oxidation ob- The advantage of a shift from extracellular to intra-
served during conditions of maximal FA flux. This cellular stores of FI&8.67]is that potential barriers

is most evident during both short term intensein overall FA utilisation, such as the endothelium
exercise or during the initial phase of a longand the sarcolemma, are irrelevant when intra-
term exercise. In this condition lipolysis in adiposecellular TG is utilised. Thus, training enhances to-
tissue and in muscle-TG is insufficiently up- tal FA oxidation by increasing intramuscular fat
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storage and by increasing the maximal FA flux.cise when malonyl CoA levels in muscle cells are
Along with this, endogenous CHO stores will be already appreciably lower, due in part to the down-
conserved, prolonging the time-period duringregulation of insulin levels.

which intense exercise can be performed. There are reasons to hypothesise that caffeine
ingestion may indirectly also counteract its effect
4.2 Caffeine Ingestion on lipolysis and subsequent FA oxidation during

exercise. Increased liver glycogen breakdown and

Caffeine affects muscle, adipose and centraplasma lactate levels have been observed after
nervous tissue by indirectly mediating the level ofcaffeine ingestioff?72.102.105-1091gnd |actate is
cyclic adenosine monophosphate (CAMP) and itknown to be a strong inhibitor of lipolysis. Thus
related calcium release from the intracellular stor-caffeine might also exert depressing effects on FA
age site$8] This effect is initiated by binding of oxidation in exercising muscle cells.
catecholamines to beta-receptors of cell mem-
branes, thereby enhancing the activity of the en- 4 3 |-Camitine Ingestion
zyme adenylate cyclase which catalyses the forma-
tion of cAMP from ATP. Caffeine has been  Carnitine is synthesised mainly in the liver, kid-
observed to enhance plasma noradrenaline (norey and brain, but not in musd¢% Carnitine is
epinephrindf®! and adrenaline (epinephrine) lev- also obtained from the diet, especially from red
els[69-74] Additionally, caffeine inhibits phospho- meat. After ingestion with diet or hepatic forma-
diesterase which degrades cAMP. In this waytion, L-carnitine is released into the circulation and
caffeine increases cAMP half-lif&76] An in- is taken up by muscle. Small quantities are lost
crease in the cAMP level enhances lipoly&ik. daily from the body via urine and stool. In healthy
However, the notion that caffeine affects lipolysisindividuals there is a balance between daily syn-
via adrenaline has been challenged. Chesley dhesis and loss. The primary function of L-carnitine
all’8 infused epinephrine to a concentration com-is the transfer of long chain FA across the mito-
parable with the physiological levels after caffeinechondrial membrané!!! It has been hypothesised
ingestion and did not observe any effect on plasméhat increased availability of L-carnitine will in-
FA. Nevertheless, caffeine has been observed torease the capacity to transport FA into mitochon-
enhance plasma FA in many studiég’4.79.80-100]  dria as well as subsequent oxidation. If true, this

Interestingly, an increased fat oxidation (as aswould be of significant benefit to the endurance
sessed by respiratory gas exchange) and reducedhlete or to individuals wishing to increase their
glycogen degradation were observed in only dean body mass by reducing adipose tissue fat.
few of these studigl83.84.86.1011This may be ex- In vitro, the addition of L-carnitine to an incu-
plained by the fact that the caffeine-induced elevabation medium has been shown to markedly en-
tion of FA sinply comes on top of the relatively high, hance long chain FA oxidation of isolated mito-
exercise-induced increase in FA, which alreadychondrial’'!! In vivo, oral L-carnitine has been
maximises FA delivery for uptake across the epi-observed to increase plasma L-carnitine concen-
thelium. These data also indicate that the perfortrations, but uptake in muscle remained un-
mance-enhancing effects of caffdfi§g0-72.102.103]  changed!!?! This fits well with the observation
are most probably related to effects on the centrathat L-carnitine is taken up by muscle against a
nervous system rather than to effects on fat oxidaeoncentration gradient — plasma 40 tqu@@ol/L —
tion and glycogen sparing. Recently it has beermuscle 3 to 4 mmol/E13 This gradient is so large
shown that caffeine decreases malonyl CoA inthat even a substantial oral intake would not result
skeletal muscl&%4 This may help explain why in a measurable change. There are no indications
caffeine induces increased FA oxidation when in-that heavy exercise results in an increased loss of
gested in resting conditions, but not during exer-carnitine from the body. Accordingly, no difference
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in resting carnitine levels has been observed be30g of MCT an hour before commencing a 60-min-
tween trained and untrained individuBf¢]l These  ute exercise bout at 70% 00O¢max The most ob-
data, as well as those of other recent well controlledious effect of the MCT ingestion was the rise in
studied!*5-118lfail to show an effect of L-carnitine circulating ketone bodies acetoacteate #ad
supplementation on FA oxidation by muscle duringhydroxybutyrate. However, the pre-exercise MCT

exercise. ingestion had no effect on circulating FA levels or
the rates of fat oxidation. These authors also re-
4.4 Medium Chain Triglyceride (TG) Ingestion ported severe gastrointestinal problems when more

than MCT 50g was ingested and suggested that the

MCTs predominantly contain FAs with a chain \ovimum amount of MCT that can tolerated by
length of 6 to 16!1% Because of their relatively o<t athletes was about 307

small molecular size, these medium chain fatty Similar results were obtained in a study by
acids (MCFA) have several physical characteristicsDécombaz et 4123 who had participants exercise
which distinguish them from long chain fatty acids for 60 minutes at 60% Gf@maxafter the ingestion

(LCFA). MCFAs are more soluble compared with of MCT 25g. Rates of CHO and fat oxidation dur-

LCFAs and they have a lower meiting point which ing exercise as well as muscle glycogen breakdown

makes them liquid at room temperature. Wherea§Nere unaffected by MCT ingestié3 Satabin et

LCTs are strong inhibitors of gastric emptying, al 1241 fed participants 45g of MCT or LCT an hour

yvher:zgdded to CHO.’ MCTs are emptied very fap before exercise and found that, compared with fast-
idly.1120] MCTs require less bile and pancreatic. : e
- ; : . : ing, there were no changes in substrate utilisation
juices for digestion, which results in both a faster

and a more complete hydrolysis of MCT. Indeed,nor exercise time to exhaustion at a workload elic-

MCTs are absorbed almost as fast as gluEé%e. iting 60% of Wzmax Rece ntly Horowitz et di? .
After absorption into the intestinal mucosa, hypotheglseq that MCT |ngest|on COUId. be benefi-
LCFAs are esterified into TGs which will be incor- S8 during intense exercise (>80% 0Dbna)

porated into chylomicrons. Via the slow lymph SyS_where FA availability is _norma_llly limiting because.
tem these chylomicrons will finally reach the sys- of a decreased rate of lipolysis. In order to test this

temic circulation. On the other hand, MCFA will NYPothesis they fed participants MCT 25g an hour

directly enter the systemic circulation through thePefore a 30-minute exercise bout at 85% of

portal vein. As a result, the process of digestion andf O2max Although ingestion of MCT resulted in el-

absorption of LCT typically takes 3 to 4 hours, evated levels of circulating kgton_e body, there was
whereas MCFA may appear in the circulationnO effect on the rate of fat oxidation, or the rate of
within several minuteB2l At the tissue level, 9lycogen breakdown.
there are also differences between LCFA and Massicotte et df?%l were the first group to in-
MCFA. To cross the inner mitochondrial mem- Vvestigate the effects of MCT ingestidaring ex-
brane, LCFAs are dependent on carnitine palmitercise. UsingC-labelling techniques, they com-
oyltransferase |, whereas MCFAs are less dependared the oxidation of MCT with that of glucose
ent on this transport system. These characteristicduring 2 hours of exercise at 65% 0DMnax
of MCT have lead to the suggestion that MCT They found that the contribution to total energy
could be a valuable energy source during exercisgequirements during exercise was similar between
or as a pre-exercise meal in order to increase ththe 2 interventions (MCT 118 31vsglucose 140
FA availability at the onset of exercise and to+ 36 kcal). More recently, Jeukendrup and co-
‘spare’ muscle glycogen. workers investigated the effects of a combination
One of the first reports on the effects of pre-of CHO and MCT ingestion during 3 hours of ex-
exercise MCT ingestion in humans was a study byercise at 57% of @,axin well trained cyclist§27]
Ivy et all*221in which 10 well trained men ingested Participants received a bolus of 4 ml/kg body mass
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at the start and 2 ml/kg every 20 minutes duringtion of MCT to a CHO solution improved 40km
exercise of either a 15% CHO solution (total 214g),time-trial performance by 2.5% compared with
an equicaloric CHO-MCT solution (149g of CHO, CHO alone. These authors attributed the enhanced
29g of MCT), CHO plus MCT (214g of CHO plus performance to the larger doses of MCT ingested
29g of MCT) or 29g of MCT in water. In order to compared with previous studié3? However, em-
estimate the rates of ingested MCT oxidation, aploying a similar experimental design during
[13C]trioctanoate tracer was added to the MCT oil.which MCT 85g was co-ingested with CHO,
When MCT was co-ingested with CHO, approxi- Jeukendrup et &% found no significant differ-
mately 70% of the amount ingested was oxidisecence in the time to complete a set amount of work
during the second hour of exercise, compared with271kJ) when MCT was added to CHO or when
only 33% when the MCT was ingested alone. To-only CHO was consumeé?l In that study gastro-
wards the end of the exercise bout, the rates dftestinal cramping was more often reported
ingested MCT oxidation reached 0.12 g/mm'when MCT were ingested than with carbohydrate.

which approached the rates of ingestion. Even sghterestingly, both studi€s®*3!found that MCT
the contribution of ingested MCT to total energy INgestion alone reduced pelrformance compared
expenditure only reached a maximum of 7%. Al-With CHO. Jeukendrup et &£ also reported im-

though the precise mechanism for the acceleratef@i'ed performance with MCT ingestion when
oxidation of MCT when they were co-ingested compared W't_h pIaceb-o (wat.er).

with CHO is not known, these workers speculated In conclusion, the mgestpn of small (10 g/h)
that it may have been due to the accelerated efmounts of MCT have no major effects on FA me-

trance of MCT into the systemic circulation. What- tabolism, nor do they improve exercise perfor-

ever the mechanism, the total rates of CHO and fa[pance.t Although tr?e Ingestion .Of larger (.?0 g/h)h
oxidation were unaffected by MCT ingestion. amounts may €nhance exercise capacity, suc

i a separate study, Jeukendrup ddlexam- | 2R0S B HOK 8 B B e o
ined the effects of MCT ingestion on the rates of P

muscle glycogen utilisation during 180 minutes ofbe detrimental to performance.
exercise at 57% of @nayx In agreement with the
results from their previous stuéhf?! MCT inges-

tion had no effect on the rates of total CHO oxida- Compared with MCT, LCTs are a relatively

tion, nor the rates of muscle glycogen utilisation. ,qor source of energy for the exercising muscles.
MCT ingestion was also found to have no effect omafter ingestion, LCTs are emulsified by bile salts
CHO utilisation even when individuals com- gnq subsequently hydrolysed by the action of pan-
menced exercise with low muscle glycogen con-reatic lipase. They are then transported across the
tentl129] intestinal wall where chylomicrons are formed in
To date, only one study has reported a beneficiaghe epithelial wall of the intestine. From here, they
effect of MCT ingestion on metabolism and perfor-will slowly enter the systemic circulation. LCT
mance. Van Zyl et 439 had 6 trained individuals has to be hydrolysed by LPL before LCFA can be
ingest a random order of either a 10% CHO soludelivered to extra-hepatic tissues including the
tion, a 4.3% MCT suspension or a combination ofmuscle.
MCT plus CHO during 2 hours of submaximal ex-  Satabin et dt24 investigated the effects LCT
ercise (60% of Domay Which was immediately versus MCT ingestion in 9 healthy individuals who
followed by a simulated 40km time-trial. The consumed isocaloric (400 kCal) amounts of these
amount of MCT ingested throughout the trial wastest solutions 1 hour before an exhaustive exercise
86g. Not only were the large=30 g/h) doses of bout at 60% of D,max The ingested LCT was oxi-
MCT tolerated by their participants, but the addi-dised to a lesser extent than the MCT$43% of

4.5 Long Chain TG Ingestion
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amount ingested), but submaximal exercise timesites of exercise, at which time the rates of carbo-
were not significantly different (108s 115 min-  hydrate and fat oxidation were comparable with a
utes for MCT and LCT, respectively). lvy ett¥?  control trial.

also fed participants LCT 1 hour before exercise At present it is not known whether athletes
and observed no differences in serum FA levelshould aim to commence exercise with elevated
but a large increase in the serum TG levels. Howievels of plasma FFA or try to prevent these levels
ever, despite these different metabolic responsedrom falling too low. The procedure of infusing a
the ingestion of LCT had no effect on either carbo-ipid emulsion in combination with heparin seems
hydrate or fat oxidation rates compared withto be impractical and unrealistic in most sports and
MCT. is also banned by the doping regulations of the

International Olympic Commission.

4.6 Fat Infusion
4.7 Fasting

In order to study the effects of elevated FA In rats, short term fasting increases lipolysis and
concentrations on substrate metabolism and exer- ’ 9 poly

cise performance, several studies have infuSeé?;ﬁ:sinl(ai\éilsaglecér(:eur:zﬂ?gnzfsrgﬁ‘olir?;ﬂwiﬁhIﬂg?l re-
lipid emulsions or injected heparin in an attemptIn humans. however. no such eFf)fects have béen ob-
to elevate the circulating levels of FA. Costill et ' '

al[132 injected participants with 2000U of heparin served:*l On the contrary. Fasting may result in

30 minutes before exercise adl hours after con- gZgig:drggﬁzfltehgrlmyci:r%g(:gvaeerizJ\rlglncche met;(r)r;_
sumption of a fatty meal. They reported that the P P

L 39] -
elevated plasma FA significantly decreased the ratg ance- Loy et dl**1 showed that a 24-hour fast

of muscle glycogen breakdown during 30 minutesreduced pre-exercise musgle glycoggn cqntent and
of treadmill exercise at 70% ofQ¥hmax cOMpared blood glucose. cor)centrat|ons ar)d impaired suob-
with glucose ingestion. In a similar study from the sequent exercise t|r_ne FO exhaustion by 2.0 t9.25 .
same lab, Vukovich et #8331 found a similar reduc- Thus, although fasting Increases the gvallabmty of

tion (=40%) in muscle glycogen breakdown after aFFA and the ra_tes of fat oxidation dun_ng exercise,

lipid emulsion was infused followed by injection such perturbatlon§ do not have a positive effect on
of heparin. Dyck et 4134 infused a lipid emulsion subsequent exercise performance, largely due to a

(Intralipid) with heparin during 15 minutes of in- reduction in endogenous glycogen stores.
tense exercise (cycling at 85% 00¥nay and
found that muscle glycogen utilisation was 44%
lower after the infusion compared with control val-
ues. Interestingly, in all of the studies reported so
far, less glycogen was utilised during the early
stages of exercise when FA levels were elevated at The concept that alteration of an individual’s
the start of exercise. However, it is feasible that théhabitual diet several days prior to exercise can
observed effects are not the result of ‘glycogenmodify patterns of fuel substrate utilisation and im-
sparing’per se but rather an accelerated rate of pact on subsequent performance is not new.
glycogenolysis in the ‘control’ trials where typi- Christensen and Hand&{! were probably the first
cally plasma FFAs are very low (<0.2 mmol/L). In to show that, if individuals were exposed to a high
support of this contention, Ravussin ef'&ll re-  fat diet (94% MJ) for just 3 days, subsequent en-
ported increased rates of fat oxidation during thedurance time to exhaustion on a cycle ergometer
first 30 minutes of exercise at 44% dD¥naxwhen  was significantly shorter compared with when a
a lipid emulsion plus heparin (500 U/h IV) was high CHO diet (83% MJ) was consumed (8210
infused, an effect which disappeared after 30 minminutes for the high fat and high CHO diets, re-

5. Effects of High Fat Diets on Exercise
Performance and Metabolism

5.1 Short Term Exposure to High Fat Diets
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Table I. Effects of short term (<7-day) dietary exposure to a high fat diet on submaximal exercise capacity and fuel substrate oxidation

Study Time (days) Fat (%) CHO (%) Exercise task Time (min) RER Reference

sample

7T 1 68 16 Time to cycle 1600kJ 139.32 0.82 146
1 5 83 Time to cycle 1600kJ 117.1 0.89°

6 UT 3 46 5 Cycle to fatigue at 75% VO2max 57 0.79 141
3 82 Cycle to fatigue at 75% VO2zmax 167° 0.91

3UT 3 94 4 Cycle to exhaustion at 176 W 88 140
3 3 83 Cycle to exhaustion at 176 W 210°

7UT 4 76 Run to fatigue at 70% VOzmax 64 0.85 142
4 77 Run to fatigue at 70% VO2zmax 106° 0.95

7UT 4 76 11 Run to fatigue at 70% VOzmax 106 143
4 10 77 Run to fatigue at 70% VOzmax 61.5P

20 UT 5 69 5 Cycle at 65% VO2max 25 0.81 145

8 75 Cycle at 65% VO2max 25 0.92

5T 7 38 50 Run to fatigue at 75-80% VOzmax 91.22 0.91 144

7 15 73 Run to fatigue at 75-80% VO2max 75.8 0.91

a Fat diet significantly greater than carbohydrate, p < 0.05.
b Carbohydrate diet significantly greater than fat, p < 0.05.

Abbreviations: CHO = carbohydrate; RER = respiratory exchange ratio; T = endurance trained; TT = time-trial; UT = untrained; VO2max =
maximum oxygen uptake.

spectively; table ). The high fat diet consumed byfollowed by a maximal treadmill test and a pro-
the participants in that investigation was, howeverJonged run to exhaustion at 75 to 85% @M ax
extreme and likely to have been severely proteirinterestingly \O,maxWas significantly higher after
deficient. Nevertheless, Bergstrom et'&l sub-  the high fat compared with both the individuals’
sequently reported that intermittent exercise timehabitual diets and the high CHO diet (66563.7
to fatigue was impaired by 66% after 3 days of avs 59.6 ml/kg/min, respectively; p < 0.05). Addi-
less severe high fat diet (54% MJ), compared withionally, 5 participants ran on average 32% longer
when individuals consumed a high CHO diet sim-after the high fat diet compared with their habitual
ilar in composition to that chosen in the study ofdiet, and 20% longer compared with the high CHO
Christensen and HansBA% The magnitude of the diet (both p < 0.05; table 1). However, the results
decline in endurance cycling capacity reported inof this study should be interpreted with caution.
these early investigations after just 3 days exposurEirst, the order of presentation of the dietary treat-
to high fat diets is similar to that found by Galbo ments was not randomised, but assigned as normal
et all*42l and Johannessen ef'dfl in participants  diet, ‘high fat’ diet and high CHO diet for all par-
who performed treadmill exercise to exhaustionticipants. Secondly, there was considerable overlap
after 4 to 5 days of either high fat (76% MJ) or highin absolute macronutrient content between the 3
CHO (77% MJ) diets; in all cases, exercise time todiets, effectively precluding a comparison of treat-
exhaustion was reduced by at least 40% (table I).ments. Furthermore, the ‘high fat’ diet was lower
The only study to find a beneficial effect of in terms of both absolute and relative fat content
short term exposure to a high fat diet on enduranceompared with the diets typically used in fat adap-
capacity is that of Muoio et 84! This study had tation studies. In fact, the ‘high fat’ diet was similar
6 well trained runners consume either theirin composition to that regularly consumed by
habitual diet (61% MJ from CHO, 24% fat), a ‘high many athlete&47! Finally, the mechanism by
fat’ diet (50% MJ CHO, 38% MJ fat), or a high which performance was improved after the ‘high
CHO diet (73% MJ CHO, 15% MJ fat) for 7 days fat’ diet is not easy to determine, as RER values
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Table Il. Effects of long term (>7-day) dietary exposure to a high fat diet on submaximal exercise capacity and fuel substrate oxidation

Study Time (days) Fat (%MJ) CHO (%MJ) Exercise task Time (min) RER Reference
sample
5T 10 65 15 150 min at 70% VOzmax then 20km TT 29.5 0.782 149
10 15 65 150 min at 70% VOzmax then 20km TT 30.9 0.81
5T 14 67 7 Cycle to fatigue at 60% VOzmax 79.7% 0.872 148
14 12 74 Cycle to fatigue at 60% VOzmax 42.5 0.92
14 67 7 Cycle to fatigue at =90% VO2zmax 8.3 1.07
14 12 74 Cycle to fatigue at =90% VO2zmax 12.5 1.15
4UT 14 60 24 Intermittent cycle/run at 53% VO2zmax 270 152
9 83 Intermittent cycle/run at 51% VO2max 261.5
60 24 Intermittent cycle/run at 70% VOzmax 161.5
9 83 Intermittent cycle/run at 70% VOzmax 188.5
5T 28 85 2 Cycle to fatigue at 64% VOzmax 147 0.72 150
28 28 55 Cycle to fatigue at 64% VOzmax 151 0.83
10UT 49 62 21 Cycle to fatigue at 70% VO2zmax 65.2 0.82 151
49 20 65 Cycle to fatigue at 70% VO2zmax 102.4° 0.88

a Fat diet significantly greater than carbohydrate, p < 0.05.
b Carbohydrate diet significantly greater than fat, p < 0.05.

Abbreviations: CHO = carbohydrate; RER = respiratory exchange ratio; T = endurance trained; TT = time-trial; UT = untrained; VOzmax =
maximum oxygen uptake.

during submaximal exercise were unaffected byrun time to exhaustion in untrained, healthy indi-

either of the dietary manipulations. viduals. Such regimes also reduce resting muscle
To specifically investigate the effects of short glycogen content compared with high CHO diets,

term exposure to high fat diets on substrate metaand shift substrate metabolism in favour of lipid

bolism during exercise, Jansson and Kaij4dr oOxidation. However, there is no sparing of endo-

studied 20 untrained individuals after 5 days on &J€nous glycogen stores during exercise.

high fat diet (69% MJ) followed by 5 days on a high

CHO diet (75% MJ). The high fat diet significantly 5.2 Long Term Adaptation to High Fat Diets

reduced resting muscle glycogen content com-

pared with the high CHO diet [44 102 mmol/kg On the other hand there is some evidence' to

wet weight (ww)]. There was also a strong trendSU99est that longer (>7-day) periods of adaptation

for resting muscle TG content to be higher after thd® high fat diets may induce adaptive responses that

high fat compared with the high CHO diet (@4 are fundamentally different to the acute lowering
50 il y weigh), although s diference °F 00 CHO) tecerves wnich it evercse
was not statistically significant, possibly due to P P

the large variation in the content of intracellular fatreStriCtGd diets (table ). Indeed, it has been pro-
ge vanation | Intre vart posed that long term exposure to a high fat diet
found in muscle biopsy samples. During 25 min

X _ ) ._could eventually induce a reversal of some of the
utes of moderate intensity cycling there was an ing,itqchondrial adaptations that favour CHO oxida-
creased extraction of FFA by muscle, but no conyign and ‘retool the working muscle to increase its
sistent effect of diet on the rates of working musclecapacity for fat oxidatiof48.153 Although it has
glycogen utilisation. Based on RER values (tableneen suggested that as long as 20 weeks of expo-
1), the relative contribution from fat to oxidative sure should be allowed if humans wish to adapt to
metabolism increased by 37% after the high fat diethigh fat dietd!>4 such a period is both impractical,

In summarythe consumption of a high fat diet and could also pose health problems for athletes

for 3 to 7 days impairs moderate intensity cycle andsee section 5.3).
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Employing a random cross-over design, Lamberdiet. Largely as a result of one participant who
et all*48l studied the effects of 14 days of either arode almost 60% longer after the high fat diet, the
high fat (67% MJ) or a high CHO (74% MJ) diet mean time for the 5 individuals was not signifi-
in 5 trained cyclists. After dietary adaptation, par-cantly different after the 2 dietary interventions
ticipants undertook a comprehensive battery of(147 vs 151 minutes for the eucalonis high fat
physical tests, including a Wingate anaerobic testliets, respectively; table Il). As the experimental
(WANT), a ride to exhaustion a®0% of VO,max  design of this study was flawed by lack of a ran-
and, following a 30-minute rest, a further ride to dom, cross-over design, the results need to be in-
volitional fatigue at 60% of @,max Although the terpreted with caution. However, it is impressive
high fat diet significantly reduced pre-exercisethat performance was not impaired in all indivi-
muscle glycogen content to 68 mmol/kg ww com-duals given that pre-exercise muscle glycogen
pared with 121 mmol/kg ww after the high CHO levels were decreased by almost 50%. Of interest
diet, peak power measured during the WANnT waswvas that the increase in the relative contribution
not significantly different (862/s 804W for the from fat to oxidative metabolism during sub-
high fat and high CHO diets respectively). Neithermaximal exercise after 28 days of the high fat diet
was there an effect of dietary manipulation on the(40%) was similar in magnitude to that found after
time participants could ride at a work rate eliciting much shorter periods of dietary adaptalfitit4°]
=90% of VO,max (8.3vs 12.5 minutes for the high suggesting that most of the adaptive responses that
fat and high CHO trials, respectively). Although facilitate an increased rate of fat oxidation are com-
failing to attain statistical significance, such vari- plete after 7 to 10 days.
ability in work output would be expected to re- Probably the longest exposure to a CHO-re-
sult in vastly different athletic performances. Thestricted diet is the recent investigation of Helge et
only effect of the high fat diet was to prolong sub-al.[*>1 who studied 2 groups of 10 untrained par-
maximal endurance time from 42 to 80 minutesticipants who underwent a 49-day endurance-train-
(table Il), despite significantly lower starting mus- ing programme while consuming either a high fat
cle glycogen content (3&73 mmol/kg ww). Such  (62% MJ) or high CHO (65% MJ) diet. Cycle time
increases in endurance were associated with # exhaustion at 70% of®maxincreased by 191%
marked decrease in the average rate of CHO oxiafter the high CHO diet, but only by 68% in those
dation (2.2vs 1.4 g/min) and a significant increase individuals who consumed the high fat diet (table
in the rate of fat oxidation from 0.3 to 0.6 Il). In order to determine if the impairment in en-
g/min[148] The results of this study suggest thatdurance observed after the high fat diet could be
submaximal exercise capacity can be preserved ireversed, these individuals then switched to the
spite of low pre-exercise muscle glycogen contenthigh CHO diet during the 8th week of the study and

Further suggestions to support the hypothesishe endurance ride was repeated. After 7 days of
that fatigue in the glycogen depleted state may b&€HO loading, the mean performance time im-
delayed in individuals with mitochondrial adapta- proved by only 12 minutes. These authors con-
tions favouring an increased capacity for fat oxida-cluded that a combination of training and a fat-rich
tion come from the work of Phinney et @9 who  diet did not reveal an additive effect on physical
examined the effects of 28 days of a high fat diefperformance. Such a conclusion, however, is not
versus a eucaloric diet (66% CHO) on cycle timeconvincing. Contrary to the results of humerous
to exhaustion at 63% of®nmax (table I1). Despite  other investigations, the endurance-training pro-
a 47% reduction in resting muscle glycogen congramme employed failed to elicit any increase in
tent (143vs 76 mmol/kg ww), 3 individuals rode the contribution of fat oxidation to the energy re-
for an equal or longer time, while 2 rode for lessquirements of exercise performed at the same ab-
time after the high fat compared with a eucaloricsolute intensity. Furthermore, it is difficult to see
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how the results of this study might have any practo suppress hepatic glucose output, and an attenu-
tical significance to well trained endurance athletesation of liver glycogen synthesi$% For these rea-
who have elevated concentrations of the mito-sons, caution should be exercised when recom-
chondrial enzymes fd3-oxidation compared with mending high fat diets to athletes.
their untrained counterparts.

Finally, it has recently been proposed that prep- )
aration for ultra-endurance events, should encom- 6- €onclusions
pass periods of nutritional periodisatid?P! Thus,
athletes would train for the majority of the year on Many strategies have been employed in an at-
a high CHO diet, adapting to a high fat diet for 7tempt to promote fat oxidation, slow the rates of
to 10 days in the 2 weeks before a major event, the@ndogenous carbohydrate stores and thereby en-
CHO loading in the final 2 to 3 days before com-hance endurance performance. While ingestion of
petition. In order to test this hypothesis, van Zyl etcaffeine in some individuals has been shown to im-
al[149 recently had 5 well trained cyclists ingest aProve endurance capacity, supplementing with L-
random order of either a high fat (65% MJ) or theircarnitine has no effect on rates of FA oxidation,
habitual diet (fat 29%, CHO 53% MJ) for 10 days, muscle glycogen utilisation or performance. The
followed by 3 days of a high CHO diet (65% MJ). ingestion of small (10 g/h) amounts of MCT have
Participants then undertook a 150-minute ride afi0 major effects on FA metabolism, nor do they
70% of VOumax followed by a 20km time-trial. improve exercise performance. The ingestion of
During both experiments participants ingested darger (30 g/h) amounts are likely to produce
CHO + 4.3% MCT suspension 10g/100ml. Adap-gastrointestinal problems in most athletes, which
tation to a high fat diet before CHO loading in as-Would be expected to be detrimental to perfor-
sociation with the ingestion of CHO + MCT during mance. While fasting increases the availability of
exercise significantly improved 20km time-trial FFA and the rates of fat oxidation during exercise,
performance by80 seconds (p < 0.05; table I).  Such perturbations do not have a positive effect on

subsequent exercise performance.
5.3 Effects of High Fat Diets on Blood Lipid With regard to the ingestion of diets rich in fat,
Profiles and Insulin Resistance the results of several studies show that short term
(<7-day) exposure to high fat, low CHO diets sig-

It has been suggested that periods of exposurgificantly impairs endurance performance. On the
to high fat diets may have a negative impact orother hand, in some well trained athletes, long term
health statu§-56.157] Yet, to the best of our knowl- (>7-day) adaptation to such diets has been shown
edge, only one study has examined the effect of o prolong endurance time at fixed, submaximal
high fat diet on blood lipid profiles in athleté4?!  work rates. However, these results are equivocal
In that investigation, well trained individuals were and are only of practical relevance to a small and
fed either a high CHO (65% MJ) or high fat (65% select group of competitive athletes. Regardless of
MJ) diet for 10 days. Plasma cholesterol, high denthe effects on performance, substrate utilisation
sity lipoprotein cholesterol and serum TG levelsduring submaximal exercise can be modified sub-
were not significantly different after the 2 dietary stantially by exposure to a high fat diet. Compared
interventions. Nevertheless, chronic high fat dietswith a high CHO diet, the increase in the relative
are normally associated with increased risk of varcontribution from fat to oxidative metabolism is
ious diseases, and although endurance training atypically around 40% after both short or long term
tenuates these risk$8159 athletes should limit adaptation to a high fat diet. However, adaptation
long term exposure to high fat diets. Short termto a high fat diet does not appear to alter the rate of
exposure to high fat diets is also associated witlworking muscle glycogen utilisation during pro-
insulin resistance in the liver, resulting in a failure longed, moderate intensity exercise.
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At present, there is insufficient scientific evi- 11

dence to recommend that athletes ‘fat load’ during

training and before major competitions. However, 12.

the hypothesis remains that optimal performance

in ultra-endurance events lasting >6 hours might1s.

still be obtained if an athlete trains for most of the

year on a high CHO diet, then undergoes a shorta.

term period of fat adaptation followed by the tra-

ditional CHO-loading regimen in the final days 1s.

before the event. Nutritional periodisation for

endurance and specifically ultra-endurance eventsg

should aim to enhance the contribution from fat to

oxidative energy metabolism, thus potentially ;;

sparing endogenous CHO stores. The effects of
such nutritional periodisation on metabolism and o
performance during ultra-endurance events re-
quires further research before any recommenda-19
tions are possible.

20.
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