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Presentation OverviewPresentation Overview

1) Fat Metabolism – Current Understanding

2) Circumstances resulting in increased fat utilization 
during exercise.

3) Fat-adaptation in humans



2008_ICT

FAT METABOLISM – CURRENT 
UNDERSTANDING…
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Fuel Utilization at Different Endurance Fuel Utilization at Different Endurance 
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Significant intramyocellular lipid use 
during prolonged cycling in endurance 
trained males as assessed by three 
different methodologies

Trent Stellingwerff,1 Hanneke Boon,2 Richard A. M. J onkers,1 Joan M. Senden,1 
Lawrence L. Spriet,3 Rene´ Koopman,1 and Luc J. C. v an Loon1,2

Departments of 1Movement Sciences and 2Human Biology, Nutrition Research Institute
Maastricht, Maastricht University, Maastricht, The Netherlands; and 3Department
of Human Health and Nutritional Sciences, University of Guelph, Guelph, Canada

Am J Physiol Endocrinol Metab 292: E1715–E1723, 2007.
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Stellingwerff et al. AJP-Endo, 2007
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IMTG layer quantification process
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Postexercise fat intake repletes
intramyocellular lipids but no faster in trained 
than in sedentary subjects.
((DecombazDecombaz et al., AJPet al., AJP--RegReg, 2001; 2 hrs at 50% VO2max with 55 and 15% fat diets for recove, 2001; 2 hrs at 50% VO2max with 55 and 15% fat diets for recovery ry 
measured via measured via 11HH--MRS)MRS)

55% fat in recovery diet55% fat in recovery diet 15% fat in recovery diet15% fat in recovery diet
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Influence of endurance exercise training and sex on  
intramyocellular lipid and mitochondrial ultrastruct ure, 
substrate use, and mitochondrial enzyme activity
Tarnopolsky et al., Am J Physiol Regul Integr Comp Physiol292: R1271–R1278, 2007.
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Holloway, GP.
The role of protein-mediated transport in regulating 
mitochondrial long-chain fatty acid oxidation.
Appl Physiol Nutr Metab. 2008 Feb;33(1):141-2.
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Sports Medicine. 38(5):1, 2008
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CIRCUMSTANCES RESULTING IN 
INCREASED FAT USE DURING EXERCISE
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Arctic expeditions…
need for high density foods

"When first thrown wholly upon a diet 
of reindeer meat, it seems 
inadequate to properly nourish the 
system, and there is an apparent 
weakness and inability to perform 
severe exertive fatiguing journeys. 
But this soon passes away in the 
course of two or three weeks.“

-Lt. Frederick Schwatka, a graduate of both West Point 
and Bellevue Hospital Medical College.

-- diary entry for the period 12–14 March 1880, during 
which he and an Inuit companion 
walked the last 65 miles in less than 48 hours
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Arctic expeditions…
need for high density foods

We will need in excess of 5000 calories as a bare minimum and even then, we stand to 
expend more energy than we take on…. 

So why not take more food? Weight is of course the key here. Fat provides the greatest 
amount of energy for its weight…

So, we will consume a very high quantity of carbohydrates durin g the day, in the form of 
energy bars and drinks, together with nuts, alongsi de more fatty foods such as cheese 
and salami (both of which we all crave when training). 
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FAT-ADAPTATION IN DOGS TO INCREASE 
PERFORMANCE
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Sled-dogs: Using dietary lipid
to increase performance?

Series of studies conducted in the mid-1990’s…
primarily by Dr. Arleigh J. Reynolds, 
DVM, PhD, is affiliated with Cornell University College of Veterinary Medicine 
and lead researcher for Nestle’s Purina Animal Brand – Alaska.

Reynolds AJ et. al.  Effect of diet and training on muscle glycogen storage and utilization in sled dogs. 
J Appl Physiol. 1995 Nov;79(5):1601-7.

Reynolds AJ, et al. Lipid metabolite responses to diet and training in sled dogs. 
J Nutr. 1994 Dec;124(12 Suppl):2754S-2759S.

Reynolds AJ, et al. FASEB 1995: (9): A996
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~30% increase in fat oxidation with HFD
(~55% kcals in diet from fat, adaptations take 8 wks in dogs)
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2-fold greater glycogen use after HCD 
post-training vs. HFD

(+95% VO2max for 3min
25km/hr up 10% grade!)
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~30% increase in mitochondria with HFD

Hans Hoppeler
Bern

“The increase in mitochondrial volume was due to an increase in the number of mitochondria, 
not an increase in the volume of individual mitochondria.  In other words when trained on a high 
fat diet these dogs put more mitochondria in their fibers and these disappeared when the diet 
was changed back to a high carbohydrate diet, but training load remained the same.  Also it 
was interesting to note that each individual mitochondria in the high fat fed treatment had a lipid 
droplet at it's core.”
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FAT ADAPTATION – IN HUMANS…
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Initial idea….about 10 years ago…

• Only a finite amount of stored glycogen, therefore a shift 
towards increased fat oxidation at a given exercise intensity 
should spare glycogen for later in a sporting event, and “in 
theory” increase endurance sport performance.

• What if you could shift metabolism towards the oxidation of 
more fat, yet still have ample stored carbohydrate available?

...best of both worlds!
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So what is this FAT-adaptation (FAT-adapt) 
nutritional & exercise intervention?
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Diet            FAT or CHO        FAT or CHO        FAT or CHO        FAT or CHO        FAT or CHO     CHO Restoration  

Training                Interval                3-4 h long                 2-3 h                  Interval               3-4 h long                  rest
training                    ride  hill ride                 training            ride 

Day 1              Day 2             Day 3            Day 4     Day 5            Day 6                                    Day 7

Testing
Trial

General schematic of 
FAT-adaptation protocol

• Two experiment trials: HiFAT (FAT-adapt) vs. Hi CHO (HCHO)

• Two diets while training for 5-days
• HCHO: 10.3 g · kg-1 · day-1 CHO or ~70% of total energy 

(total intake of ~18MJ daily (4300 kcals)
• FAT-adapt: 4.6 g · kg-1 · day-1 FAT or ~67% of total 

energy (total intake of ~18MJ daily (4300 kcals)
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Unlike previous high fat studies, unique FAT-adapt 
protocol, with a day of CHO restoration, has shown:

-- Persistence of an ~ 2-fold increased whole-body fat oxidation despite 
CHO restoration (Burke et al., J. Appl. Physiol., 2000; Burke et al., Med. Sci. Sports Ex., 2002; Carey et al., J. Appl.
Physiol., 2001; Staudacher et.al, 2001).

-- These shifts in fuel utilization still present during a 4-hour ride that included 
glucose supplementation of ~100 g/ hour (Carey et al., J. Appl. Physiol., 2001)

-- Fully restored glycogen stores so ample CHO available during exercise and
it abolishes the effect of elevated FFA normally present after a high-fat diet.

-- Strong trend towards sparing glycogen with biopsy measurments
(P=0.06) and statistical glycogen sparing via indirect tracer methods (Burke et 
al., J. Appl. Physiol., 2000; Carey et al.,   J. Appl. Physiol., 2001)

-- Performance benefit?
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Performance conclusions by Dr. 
Louise Burke prior to 2005 study…

“Indeed, so concerned about the possibility of making a type II 
error, we embarked upon testing six more subjects with the 
same study design.  Our interim results show [nothing]: 1 hour 
time trial: CON 41.92km;  FAT-ADAPT= 41.94km (P=0.98).”

“…[even though] our FAT-adapt strategy, which has consistently 
been shown to spare muscle glycogen utilization during 
prolonged submaximal exercise, it does NOT appear to provide 
a clear benefit to performance”

Carey et al. Effects of fat adaptation and carbohydrate restoration
on prolonged endurance exercise. J Appl Physiol 91: 115–122, 2001.
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Decreased PDH activation during exercise 
following short-term high-fat dietary 
adaptation with carbohydrate restoration.

Trent Stellingwerff1, Lawrence L. Spriet1, Matthew J. Watt3, Nick E. Kimber2, 
Mark Hargreaves2, John A. Hawley3, Louise M. Burke4

Am J Physiol Endocrinol Metab 290: E380–E388, 2006.
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Purpose

•To investigate the effects of a 5-day high-fat diet with 1 day of 
CHO restoration (FAT-adapt) as compared to a 6-day 
isoenergetic high CHO diet (HCHO) on the regulation of key 
enzymes (PDHa and HSL) involved in skeletal muscle CHO 
and FAT metabolism.
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Regulation of PDH
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20 min steady state cycling at 
~70% VO2peak(63% of PPO)

1 min sprint @ 
150% PPO

BiopsyBiopsy

BloodBlood
samplingsampling

Pulmonary gas Pulmonary gas 
collectioncollection

Experimental ProtocolExperimental Protocol

2 trials: 1) CON vs. FAT2 trials: 1) CON vs. FAT--ADAPTADAPT
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Blood, glycogen and respiratory 
measures

FAT-adapt reduced the RER during 70% VO2peak cycling
(FAT-adapt: 0.85 ± 0.02 vs. HCHO: 0.91 ± 0.01)

Which resulted in a:
45% increase in whole-body fat oxidation and a

30% decrease in CHO oxidation

No differences in plasma lactate, glucose, insulin,
FFA, epinephrine or norepinephrine
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G6P + (pyruvate + lactate accumulation)/2 + lactate efflux (20G6P + (pyruvate + lactate accumulation)/2 + lactate efflux (20--30% of lactate accumulation)/2 + PDH flux (use 1 min value/2)30% of lactate accumulation)/2 + PDH flux (use 1 min value/2)

Decreased calculated glycogenolysis
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High Energy Phosphates

•No change in any of the high energy phosphates (PCr, ATP, 
ADPf, AMPf or Pif) after FAT-adapt as compared to HCHO 
during 70% VO2peak ride.

•After the 1-min 150% PPO sprint after FAT-adapt as 
compared to HCHO:

- ADPf
- AMPf
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¯ in PDHa after a high-fat diet 
despite CHO restoration
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Performance Improvement?

Fat adaptation followed by carbohydrate loading compromises
high-intensity sprint performance
Havemann et al., J Appl Physiol100: 194–202, 2006.
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“There is now evidence that what was initially viewed as 
“glycogen sparing” after FAT-adapt may be, in fact, a down-
regulation of CHO metabolism or “glycogen impairment”.  
[Stellingwerff et al.] recently reported that FAT-adapt protocols 
are associated with a reduction in the activity of pyruvate
dehydrogenase; this change would act to impair rates of 
glycogenolysis at a time when muscle CHO requirements are 
high…. [it may] compromise the ability of well-trained cyclists to 
perform a high-intensity sprint when they need it most- at the 
end of a race.”
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Future???

-- Type of fat?  MCT’s?

-- Training induced changes in fat handling/utilization
-- Fasted Training?
-- Low glycogen training?

-- Timing…long enough for adaptation?



2008_ICT

We propose that his dramatic 
improvement in recovery between 
stages, the most important factor in 
winning multi-day stage races, is due 
to his unilateral orchiectomy, a 
procedure that results in permanent 
changes in serum hormones. These 
hormonal changes… alter fuel 
metabolism; increasing hormone 
sensitive lipase expression and 
activity, promoting increased free fatty 
acid (FFA) mobilization to, and 
utilization by, muscles, thereby 
decreasing the requirement to expend 
limiting glycogen stores before, during 
and after exercise.
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Thus…the search continues for the holy 
grail of optimizing fat metabolism…

??
QUESTIONS ?QUESTIONS ?
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HSL RegulationHSL Regulation

Matthew J. Watt1, and Lawrence L. Spriet.  Regulation and role 
of hormone-sensitive lipase activity in human skeletal muscle 
Proceedings of the Nutrition Society (2004), 63, 315–322


