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Fat Oxidation After Acipimox-Induced Reduction in Plasma Nonesterified Fatty
Acids During Exercise at 0°C and 20°C

Joseph D. Layden, Dalia Malkova, and Myra A. Nimmo

he main aim of this study was to investigate if whole body fat oxidation, after acipimox administration, during submaximal

xercise in the cold, is different from that at temperate environments. Seven healthy recreationally active male subjects

ycled at 70% V̇O2peak for 60 minutes; once at 0°C and once at 20°C. To exclude availability, and therefore oxidation of

lasma-derived nonesterified fatty acids (NEFA), 90 minutes before each cycling bout, subjects ingested 250 mg of the

ntilipolytic drug, acipimox. Blood and expired gas measurements were obtained at rest, immediately before exercise, and at

5, 30, 45, and 60 minutes of exercise. In both trials, after the ingestion of acipimox, plasma NEFA concentrations fell

ramatically and immediately before and during exercise were lower than 0.05 mmol � L�1 in both trials. Pre-exercise and

xercise values of glycerol, glucose, triacylglycerol (TG), and rectal temperature (Tre) were not different between the 0°C and

0°C trials. During exercise at 0°C, skin temperature (Tsk) was significantly reduced from pre-exercise values (P < .05) and at

ll time points was significantly lower than during exercise at 20°C. Muscle temperature did not differ between trials but in

oth trials was lower (P < .05) at 1 cm depth than at 3 cm and 2 cm. Gross energy expenditure of cycling (0°C trial, 3.6 � 0.1

J; 20°C trial, 3.6 � 0.1 MJ), the oxidation rates of carbohydrate (0°C, 32.4 � 0.5 KJ � min�1; 20°C, 32.6 � 0.7 KJ � min�1) and

at (0°C, 24.6 � 1.2 KJ � min�1; 20°C, 23.0 � 1.8 KJ � min�1), and the proportion of energy derived from fat (0°C, 45 � 1 %; 20°C,

0 � 4%) and carbohydrate (0°C, 55 � 1%; 20°C, 58 � 3%) were not different between the 2 trials. In conclusion, after acipimox

dministration, whole body fat oxidation during exercise, designed to avoid adjustment of core temperature or thermogen-

sis, is not different at 0°C compared with 20°C. This allows the inference that during submaximal exercise, cold has no effect

n the utilization of intramuscular TG (IMTG).
2004 Elsevier Inc. All rights reserved.
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HE IMPORTANCE of lipid as a substrate for energy
expenditure during exercise is well documented. How-

ver, some investigations in a cold air environment have re-
orted that, during submaximal exercise as short as 40 to 60
inutes, the contribution of fat to whole body energy expen-

iture is reduced.1,2 In addition, this occurs in spite of mainte-
ance of core and active muscle temperature.2 The mechanisms
esponsible for the reduced utilization of fat under these con-
itions remain a matter of debate.
During most exercise situations, the contribution of fat to-

ards exercise energy expenditure is a function of the plasma
oncentration of nonesterifed fatty acids (NEFA).3,4 However,
n the cold an uncoupling between availability and oxidation of
lasma NEFA has been noted at rest5 and during exercise.6 This
uggests that one of the mechanisms involved in the reduced
xidation of fat seen during exercise in the cold involves
educed utilization of plasma NEFA. The utilization of other
otential sources of fat such as intramuscular triacylglycerol
IMTG) and circulating plasma triacylglycerol (TG) lipopro-
eins, may also be influenced by the cold whilst exercising, but
his possibility has not been explored.

Administration of acipimox, a nicotinic acid analog that is a
owerful inhibitor of lipolysis in adipose tissue,7 leads to the
omplete suppression of the exercise-induced increase in
lasma concentration of NEFA8-16 through its action on hor-
one-sensitive lipase (HSL).17 It is therefore likely, that after

dministration of acipimox, there is a removal of fat oxidation
btained from plasma NEFA. Of the other sources of lipid,
ery-low-density lipoproteins, the principle source of TG-rich
ipoproteins in the fasted state, contributes little to exercise
nergy metabolism18,19 and is further reduced by acipimox
dministration.20 On the contrary, evidence suggests that utili-
ation of IMTG, a major contributor of non–plasma-derived
EFA during low- and moderate-intensity aerobic exercise,21

s increased following acipimox administration.22 Thus, inves-

igation of total fat oxidation during exercise under conditions

etabolism, Vol 53, No 9 (September), 2004: pp 1131-1135
f acipimox-induced reduction in plasma NEFA could serve as
seful model to provide an insight on the effect of cold on
tilization IMTG.
The aim of this study was to investigate if whole body fat

xidation, after acipimox administration, during 60 minutes of
ycling exercise in the cold at 70% V̇O2max, to avoid adjustment
f core temperature or thermogenesis, is different from that at
emperate environments. More specifically, we aimed to test
he hypothesis that during this type of exercise cold exposure
as no impact on the oxidation of IMTG.

MATERIALS AND METHODS

ubjects

Subjects were 7 healthy men with the following physical character-
stics (mean � SD): age, 24.1 � 8 years; body mass index, 22.8 � 0.9
g � m�2; body fat level, 13.0% � 0.5%; peak oxygen uptake (V̇O2peak)
5.1 � 4.7 mL � kg�1 � min�1.
The University of Strathclyde Ethics Committee approved all pro-

edures and subjects provided written consent. All subjects were non-
mokers and none used any medication. The subjects were recreation-
lly active.

tudy Design

Subjects underwent 2 trials, with an interval of 5 to 7 days between
rials. For each trial subjects reported to the laboratory, between 9 and

From the Strathclyde Institute for Biomedical Sciences, University of
trathclyde, Glasgow; and Division of Developmental Medicine, Glas-
ow University, Glasgow, UK.
Submitted October 23, 2003; accepted March 25, 2004.
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© 2004 Elsevier Inc. All rights reserved.
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1132 LAYDEN, MALKOVA, AND NIMMO
0 AM, in a fasted state. Subjects cycled at 70% V̇O2peak, with an air
elocity of 0.35 m � s�1 for 60 minutes. At 0°C an insulated hood
overed the flywheel to ensure that the temperature at this point was
aintained at approximately 20°C and therefore did not alter the
orkload. Four subjects were exposed to 0°C before 20°C and the

emaining 3 the converse. Ninety minutes before cycling they ingested
cipimox. In the 24-hour period prior to each trial, subjects abstained
rom alcohol, caffeine, and vigorous physical activity. To minimize
ifferences in metabolic heterogeneity, subjects weighed and recorded
ll the food and drink they consumed during the 48 hours leading up to
he first experimental trial, and were asked to replicate this prior to the
ubsequent trial. To ensure euhydration subjects consumed 1 L of water
he night before and 0.5 L two hours prior to each experiment.

reliminary Exercise Tests

Prior to the main experimental trials, 2 preliminary tests were con-
ucted. In the first test, V̇O2peak was determined. Subjects performed a
ontinuous incremental cycling test to volitional exhaustion on a me-
hanically braked cycle ergometer (Monarch 864, Varburg, Sweden) at
room temperature of 20°C. Expired air was collected and analyzed via
n on-line system (Oxycon Gamma, Mijnhardt, Holland). A pilot study
onducted on 6 subjects revealed that V̇O2peak was not affected by
mbient temperatures ranging from �10°C to 20°C. In the second test,
ubjects completed a familiarization trial in an environmental chamber
t 20°C at a workload corresponding to 70% V̇O2peak, which confirmed
he workload for the main experimental trials.

ain Exercise Trial

On arrival at the laboratory, subjects were weighed nude and a rectal
hermistor was inserted 12 cm beyond the anal sphincter (Grant Instru-
ents, Cambridge, UK). During all trials subjects wore the same

horts, socks, and shoes. An antecubital vein of either the right or left
rm was cannulated for the collection of blood samples. Subjects then
ested in a seated position for 30 minutes in a thermoneutral room
uring which time skin thermistors and heart rate (HR) monitors were
ut in place. A resting blood sample was drawn and expired gas
ollected to assess metabolic homogeneity prior to exercise between
onditions. Following the collection of resting samples subjects in-
ested a 250-mg capsule of acipimox (Olbetam; Farmitalia Carlo Erba,
ilton Keynes, UK). Ninety minutes after acipimox ingestion, pre-

xercise blood samples and expired gas were collected, and measure-
ents of HR, skin temperatures (Tsk), and rectal temperature (Tre) were
ade. Subjects then entered the climatic chamber (SANYO Gallen-

amp, Loughborough, UK) and commenced cycling immediately. Ev-
ry 15 minutes during exercise a blood sample was drawn, expired air
ollected, and HR, Tsk, Tre, and ratings of perceived exertion (RPE)23

ere recorded. Immediately post-exercise, muscle temperature (Tm) of
astus lateralis was recorded.

easurements

Expired gas was collected into a Douglas bag over a 1-minute period
nd immediately analyzed for O2 and CO2 concentrations (Servomex
440, Crowborough, UK). The expired gas volume was determined
sing a dry gas meter (Harvard, Kent, UK), and O2 and CO2 production
ere calculated using the Haldane transformation. Energy expenditure

nd substrate oxidation during cycling were estimated from O2 uptake and
O2 production using indirect calorimetry, neglecting protein oxidation.24

Skin temperatures were measured at 8 sites using surface thermistors
Grant Instruments) attached with a single layer of waterproof tape and
�

sk was calculated with the following equation25: T� sk � 0.07 �

forehead � 0.175 � Tright scapula � 0.175 � Tleft upper chest � 0.07 �

right upper arm � 0.07 � Tleft forearm � 0.05 � Tleft hand � 0.19 �
right anterior thigh � 0.2 � Tleft calf. s
All thermistors were calibrated (�0.1°C) against a certified refer-
nce mercury thermometer (Zeal, London, UK). Temperatures were
ecorded using a portable data logger (1206 Series Squirrel, Grant
nstruments).

Muscle temperature was recorded using a muscle needle probe
Ellab, Roedovre, Denmark), inserted into the vastus lateralis while
ubjects remained seated on the bicycle. Muscle temperature measure-
ents were recorded at 3, 2, and 1 cm from the skin surface, as during

xercise in the cold there is a variation of muscle temperature at
ifferent depths.26 The coefficient of variation for the measurement of
uscle temperature, using data from 5 subjects who completed exercise

t 0°C on 2 occasions, without any intervention, was calculated to be
.8%, 1.9%, and 7.0% at 3 cm, 2 cm, and 1 cm depth, respectively.

nalytical Methods

Hemoglobin (cyanmethemoglobin method) and hematocrit (micro-
apillary technique) were measured for estimation of changes in plasma
olume.27 Blood samples were dispensed into precooled K-EDTA
onovettes. Duplicate 100-�L aliquots from each blood sample were

eproteinized in 0.4 mmol/L perchloric acid for the measurement of
lycerol28 and glucose (glucose oxidase method, Boehringer Mann-
eim GmbH Diagnostica, Berkshire, UK). The remaining blood was
mmediately centrifuged at 4,000 rpm at 4°C for 10 minutes. The
lasma was then frozen at �20°C until analyses of NEFA concentra-
ion (enzymatic colorimetric method, Boehringer Mannheim GmbH
iagnostica) and TG (INFINITY Triglyceride Reageant, Sigma Diag-
ostics, Dorset, UK). Samples from both trials were treated in the same
ay.

tatistical Analysis

Results are shown as means � SEM. Differences in resting and
re-exercise values were compared by paired t test. Responses during
he exercise period were compared by 2-factor (trial by time) repeated-
easures analysis of variance (ANOVA) with a Tukey post hoc test

sed to locate the differences. The level of significance was set at P �
05.

RESULTS

Plasma volume was similar before each cycling (difference,
.8% � 0.8%), and changes during exercise were not signifi-
antly different (0°C, 3.1% � 0.9%; 20°C, 4.9% � 0.7%).
lasma concentrations of metabolites therefore were not ad-

usted.
Resting plasma NEFA concentrations were not significantly

ifferent between 0°C and 20°C trials (0°C trial, 0.35 � 0.04
mol � L�1; 20°C trial, 0.32 � 0.05 mmol � L�1). Nor was

here a difference in resting TG (0°C trial, 0.73 � 0.10 mmol �
�1; 20°C trial, 0.77 � 0.11 mmol � L�1). The main side effect
f acipimox, flushing, was observed transiently in 4 subjects,
ut this disappeared quickly and skin colour returned to normal
rior to cycling. Following acipimox ingestion, plasma NEFA
evels were significantly reduced from resting values in both
rials (P � .05) and remained low throughout exercise with no
ignificant differences being observed between trials (Fig 1).
re-exercise values of glycerol (0°C trial, 28 � 6 �moL � L�1;
0°C trial, 33 � 6 �moL � L�1), glucose (0°C trial, 5.3 � 0.01
mol � L�1; 20°C trial, 5.3 � 0.01 mmol � L�1), TG (0°C trial,

.69 � 0.13 mmol � L�1; 20°C trial, 0.77 � 0.13 mmol � L�1),

re (0°C trial, 36.6 � 0.1°C; 20°C trial, 36.6 � 0.1°C), and T� sk

0°C trial, 32.2 � 0.2°C; 20°C trial, 32.3 � 0.3°C) were not

ignificantly different between the 2 trials. During exercise,
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1133IMTG OXIDATION DURING EXERCISE IN THE COLD
oncentration of glycerol, glucose, and TG, and values of Tre

ere not different between the 0°C and 20°C trials (Table 1).
uring exercise at 0°C, T� sk was significantly reduced from
re-exercise values (P � .05) at all time points and was
ignificantly lower than during exercise at 20°C (Table 1).

uscle temperature did not differ between trials but in both
rials the muscle temperature was less (P � .05) at 1cm depth
han at 3 and 2 cm (Table 2).

Subjects exercised at a mean of 70.2% � 1.6% V̇O2peak at
°C and 70.2% � 2.2% V̇O2peak at 20°C. Oxygen consumption,
R, and RPE were not significantly different during exercise at
°C and 20°C (Table 1). Gross energy expenditure of cycling
0°C trial, 3.6 � 0.1 MJ; 20°C trial, 3.6 � 0.1 MJ) and exercise
alues of the RER (Table 1) were not significantly different

Fig 1. Plasma NEFA concentration before ingestion of 250 mg of

cipimox (�90 minutes), immediately before (0 minutes), and during

0 minutes of submaximal cycle ergometer exercise conducted at

°C and 20°C. Values are mean � SEM.

Table 1. Heart Rate, Rating of Perceived Exertion, Respiratory E

Triacylglycerol, and Blood Glucose and Glycerol Du

15 min 30 min

0°C 20°C 0°C

V̇O2 (L � min-1) 2.74 � 0.10 2.67 � 0.08 2.80 � 0.12 2
HR (beats � min-1) 139 � 4 142 � 5 143 � 6 1
RPE 12 � 0 12 � 0 13 � 0 1
RER 0.88 � 0.01 0.90 � 0.02 0.86 � 0.00 0
Tre (°C) 37.1 � 0.1 37.0 � 0.1 37.7 � 0.1 3
T� sk (°C) 22.7 � 0.2 30.0 � 0.8‡ 22.1 � 0.2 3
TG (mmol � L-1) 0.74 � 0.16 0.62 � 0.07 0.69 � 0.13 0
Glucose (mmol � L-1) 4.8 � 0.02 5.0 � 0.02 4.7 � 0.02
Glycerol (�mol � L-1) 39 � 4 36 � 5 37 � 5

NOTE. Values are mean � SEM.
Abbreviations: V̇O2, oxygen consumption; HR, heart rate; RPE, ra

emperature; T� sk, mean skin temperature; TG, triacylglycerol.
*Significantly different (P � .05) from value at 15 minutes in 0°C.
†Significantly different (P � .05) from value at 15 minutes in 20°C t

‡Significantly different (P � .05) from value at corresponding time point
etween the 2 trials. This resulted in oxidation rates of carbo-
ydrates and fat (Fig 2), and the proportion of energy derived
rom fat and carbohydrate (Fig 3) being similar in both conditions.

DISCUSSION

The major finding of the present study is that whole body fat
xidation, after acipimox administration during exercise, de-
igned to avoid adjustment of core temperature or thermogen-
sis, is not different at 0°C compared with 20°C. This allows
he inference that during exercise of this type, fat oxidation
btained from the combined contribution of IMTG and plasma
G lipoproteins is not influenced by cold. More specifically,

aking into consideration the fact that very-low-density lipopro-
eins, the principal source of TG-rich lipoproteins in the fasted
tate, contributes little to energy metabolism18,19 and is further
educed by acipimox administration,20 the data of this study
onfirm the hypothesis that during submaximal exercise cold
as no effect on the utilization of IMTG. These indirect find-
ngs contribute to the understanding of mechanisms responsible
or the reduced utilization of fat seen during exercise in the
old1,2 and allows the suggestion that the decrease in fat oxi-
ation seen during exercise at lower ambient temperatures
ould not be explained by the effect of cold on the utilization of
MTG or plasma TG lipoproteins. Therefore, as suggested in
ur previous study,6 the uncoupling between the availability
nd oxidation of plasma NEFA may be the only mechanism
nvolved in the reduced oxidation of fat in the cold.

The comparison of fat oxidation obtained from IMTG during
ubmaximal cycling at 0°C and 20°C was based on the following
ssumptions about the action of acipimox. First, acipimox is a
owerful inhibitor of lipolysis in adipose but not in muscle tissue.
he inhibition of lipolysis in adipose tissue through the observa-

ion of significantly reduced plasma NEFA throughout exercise
onducted after oral acipimox administration has been shown in
umerous studies8-16 and is further supported by the current study.
lack of inhibition of HSL in muscle is supported by the fact that

he pharmacological sites of action of nicotinic acid are largely
estricted to adipose tissue and spleen.29 In addition to this, it has

ge Ratio, Rectal Temperature, Mean Skin Temperature, Plasma

60-Minute Cycling at 70% V̇O2peak at 0°C and 20°C

45 min 60 min

C 0°C 20°C 0°C 20°C

0.08† 2.91 � 0.10* 2.93 � 0.08† 3.00 � 0.11* 2.99 � 0.09†
6† 149 � 6* 154 � 6† 154 � 6* 160 � 7†
0 13 � 1* 14.0 � 1† 15 � 1* 15 � 1†
0.01 0.86 � 0.01 0.86 � 0.01 0.86 � 0.01 0.87 � 0.01
0.1 38.0 � 0.1 37.6 � 0.3 38.1 � 0.1 37.7 � 0.3
0.7‡ 22.1 � 0.3 30.9 � 0.7‡ 22.1 � 0.3 30.7 � 0.7‡
0.10 0.63 � 0.10 0.67 � 0.08 0.66 � 0.16 0.67 � 0.11
0.02 4.6 � 0.02 4.9 � 0.02 4.4 � 0.02 4.7 � 0.01
7 36 � 5 33 � 7 37 � 4 38 � 9

of perceived exertion; RER, respiratory exchange ratio; Tre, rectal
xchan

ring

20°

.85 �

51 �

3.1 �

.87 �

7.5 �

0.8 �

.67 �

5.1 �

39 �

ting

rial.

in 0°C trial.
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1134 LAYDEN, MALKOVA, AND NIMMO
een demonstrated that the control of IMTG hydrolysis is not
olely related to the level of HSL activation30 and that the limited
nhibitory action of acipimox on HSL in muscle may be con-
ounded by muscle contraction.31,32 Thus, after administration of
cipimox, utilization of IMTG, the main contributor of non–
lasma-derived fatty acids, should remain significant. This is in
ine with the fact that during moderate intensity exercise con-
ucted under the action of this drug, utilization of IMTG is
ncreased rather than diminished.22

The second assumption of the methodological approach was
hat the contribution of TG-rich lipoproteins would be minimal
ver the exercise period. This can be partially defended through
he observation that in this study over the whole period of
xercise, plasma TG concentration remained stable and was not
ignificantly different from pre-exercise values. At the same
ime, it is known that after an acute morning dose of acipimox,
ynthesis of very-low-density lipoprotein is nearly completely
alted for several hours.20 When combined together these 2
acts suggest that during exercise, conducted after acipimox
dministration, uptake and therefore oxidation of fatty acids
erived from TG-rich lipoproteins is negligible.
Evidence exists to suggest that the velocity of the enzymes

nvolved in energy pathways during submaximal exercise, may
e associated with muscle temperature.33,34 This is not surpris-

Fig 2. Rates of carbohydrate (CHO oxid) and fat oxidation (Fat

xid) during 60 minutes of submaximal cycle ergometer exercise

onducted at 0°C and 20°C. Exercise was conducted 90 minutes after

Table 2. Muscle Temperature Immediately After 60-Minute Cycling

at 70% V̇O2peak at 0°C and 20°C

Depth

3 cm 2 cm 1 cm

0°C 38.8 � 0.1 38.3 � 0.2 36.0 � 0.6*
20°C 38.8 � 0.1 38.3 � 0.3 36.6 � 0.4*

NOTE. Values are means � SEM.
*Significantly different (P � .05) from 3 and 2 cm depth.
hngestion of 250 mg of acipimox. Values are mean � SEM.
ng given that the Q10 (the fold increase in reaction rate for a
0°C rise in temperature) commonly found for enzyme-medi-
ted reactions is 2.0 to 3.0.35 Thus, it might have been expected
hat if muscle temperature had been lower at 0°C than at 20°C
direct Q10 effect on IMTG breakdown could have occurred.
he finding that muscle temperature of the vastus lateralis,

ecorded at 3, 2, and 1 cm from the skin surface immediately
ost-exercise was not different between temperate and cold
nvironment trials, perhaps could explain the integrity of the
MTG utilization process at 0°C.

In this study, during exercise at both 0°C and 20°C, fat oxida-
ion accounted for approximately 40% of the total energy, which
as consistent with the low average RER values seen over the
hole period of exercise. This high value of fat oxidation follow-

ng acipimox may not only reflect the fact that subjects exercised
t 70% V̇O2peak, the intensity that elicits the maximum fat oxida-
ion,36 but also indicates that in the subjects of this study, the rate
f IMTG utilization, the major contributor of fat after acipimox
dministration, was high. Indeed, based on the evidence that
uring exercise at 65% V̇O2max, at temperate environments, en-
urance-trained individuals show a 60% contribution from lipid
ources3 with approximately half being derived from IMTG,3,37

he proportion of energy obtained from fat under conditions of this
xperiment would be expected not to exceed 30%. However, the
igh rate of fat oxidation is in line with the possibility of increased
ctivity of muscle HSL under circumstances of reduced availabil-
ty of plasma NEFA38 and the fact that after administration of
cipimox IMTG oxidation is upregulated to compensate for the
eduction in plasma NEFA oxidation.21

In conclusion, whole body fat oxidation during cycling exer-
ise, following acipimox ingestion, was not different at 0°C com-
ared with 20°C. This indirectly suggests that in the cold, utiliza-
ion of IMTG is not different from that at ambient temperatures.
uture studies, employing muscle biopsy, isotope tracer, or 1H-
agnetic resonance spectroscopy, could be used to support this

Fig 3. Relative contribution of carbohydrate (CHO) and fat to

hole body substrate oxidation during 60 minutes of submaximal

ycle ergometer exercise conducted at 0°C and 20°C. Exercise was

onducted 90 minutes after ingestion of 250 mg of acipimox. Values

re mean � SEM.
ypothesis, although these methods too have inherent errors.
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