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Abstract Three groups of dogs were run under different 
experimental conditions characterized by varying the work 
load or the running time. Lipid and glycogen analyses were 
carried out on biopsy specimens from the biceps femoris 
muscle before and after exercise. In addition, arterial and ven- 
ous triglycerides and free fatty acids were determined on 
plasma samples from one group of dogs that had been pre- 
viously catheterized. Under the conditions of these experi- 
ments, results revealed: (7) plasma triglycerides did not con- 
tribute significantly to the energy supply for muscle contrac- 
tion; (2) plasma free fatty acid efflux into muscle was increased 
during mild exercise but significantly lowered during heavy 
exercise; (3) exercise did not affect the phospholipid level or its 
composition in the muscle; and (4) muscle triglyceride levels 
may increase, decrease, or remain unchanged, depending 
upon the work load imposed by the exercise. 

Supplementary key words exercise . FFA A-V differ- 
ences . plasma triglyceride . muscle glycogen . muscle 
triglyceride 

IT IS generally agreed that the free fatty acids of blood 
plasma are the principal source of fat transported in the 
blood from body stores to the sites of oxidative metabo- 
lism (1-3). However, measurements of radioactivity in 
expired COZ, after injection of '*C-labeled fatty acids in 
man (4, 5) and in dogs (6-8), suggest that the oxidation 
of circulatory FFA accounts for less than 50% of ventila- 
tory COz originating from the oxidation of fat. This led 

Abbreviations: FFA, free fatty acids; RQ, respiratory quotient. 
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to the assumption that intramuscular lipid must also be 
an important source of fuel for contracting muscle (9). 

In  contrast, Masoro et al. (10, 11) refuted the concept 
that intramuscular lipid is used as an energy source for 
muscular contraction. Working with anesthetized mon- 
keys, they electrically stimulated the gastrocnemius and 
soleus muscles for 5 hr and compared their lipid content 
with that of the corresponding contralateral quiescent 
muscles. They found no change in any of the lipid frac- 
tions and concluded that intramuscular lipids are not 
used as a net source of fuel for the increased energy re- 
quirements of contracting muscle. More recently, 
Carlson, Ekelund, and Froberg (12) obtained muscle 
tissue by needle biopsy from fasting men who were 
exercised to exhaustion on a bicycle. Analysis revealed 
that muscle triglyceride concentration decreased during 
the exercise. 

In view of these apparent discrepancies, further studies 
of the metabolism of muscle lipids during exercise ap- 
peared warranted. Although the radiotracer techniques 
used by Issekutz and Paul (6-9) have contributed 
valuable information and have led to the assumption 
that muscle lipids participate in oxidative metabolism 
during exercise, they were unable to distinguish whether 
or not these lipids come from the muscle cells or adipose 
tissue dispersed throughout the muscle mass. I t  is con- 
ceivable that the mechanisms that increase mobilization 
of FFA from adipose tissue also operate in relation to fat 
cells within the muscle mass. This FFA could reach 
muscle cells by simple diffusion without entering the 
circulation. I t  was decided, therefore, to approach the 
problem by direct chemical analyses of muscle lipid 
before and after exercise performed at  various work loads. 
In order to assess the relative work load imposed, as well 
as to compare the relative contribution of lipid and 
carbohydrate as muscular energy sources, the degree of 
muscle glycogen depletion was also determined. 
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METHODS Lipid extraction 

Visible fat and connective tissue were removed from 
the muscle, which was divided into two samples, one for 
lipid and one for glycogen determination. Muscle lipids 
were extracted by homogenizing 100-150 mg of tissue 
in an all-glass homogenizer with 5 ml of methanol. 
Chloroform (10 ml) was then added to the methanol 
homogenate, and nitrogen was bubbled through the 
mixture for 20 min. The lipid extract was then collected 
by filtration under positive nitrogen pressure. Plasma 
samples were lyophilized and total lipids were extracted 
with chloroform-methanol 2 : 1 (v/v). All solvents used 
for lipid extraction and analysis were freshly redistilled. 

Lipid analysis 

The chloroform-methanol extracts from either plasma 
or muscle were evaporated to near dryness in a rotary 
evaporator under vacuum. The residues were redissolved 
in a small volume of chloroform-methanol 2 : l  (v/v). 
These samples were used for triglyceride, free fatty acid, 
and phospholipid analyses. Phospholipids were deter- 
mined by phosphorus analysis of spots after two-dimen- 
sional thin-layer chromatographic separation of the 
phospholipid classes, as described by Rouser, Fleischer, 
and Yamamoto (13). The triglycerides and free fatty 
acids were first isolated by thin-layer chromatography in 
a solvent system consisting of petroleum ether-ethyl 
ether-acetic acid 160 : 40 : 2. They were visualized with 
iodine vapor, scraped from the plate into a small flask, 
and extracted from the silica gel with chloroform- 
methanol 2: 1 (v/v). The triglycerides and free fatty 
acids were then determined by liquid scintillation 
counting of the methyl esters, after transesterification 
with [3H]methanol, by a modification of the procedure 
described by Fischer and Kabara (14). The extracts 
were transferred to a glass tube fitted with a Teflon-lined 
screw cap. The solvent was evaporated under a stream of 
nitrogen, and the reaction mixture, consisting of 0.35 ml 
of hexane, 0.35 ml of 14% BF3 in methanol, and 0.30 ml 
of [3H]methanol (sp act about 30 X lo3 dpm/pmole), 
was added. The reaction was carried out a t  100°C for 
20 min. After cooling in an ice bath, 1 .O ml of water and 
4.0 ml of hexane were added and the tubes were shaken. 
The hexane phase was removed and washed twice with 
40-50 ml of water in a separatory funnel. The washed 
hexane solutions were then transferred to counting vials, 
the solvent was evaporated under a stream of nitrogen, 
and the vials were placed in a vacuum oven for 2 hr a t  
60°C. The fatty acid methyl esters were then dissolved 
in 15 ml of toluene containing 8 g of butyl PBD (2-[4'-t- 
butylphenyl 1-5- [4 "-biphenyl ]-1,3,4-oxadiazole) and 0.5 
g of PBBO (2- [4'-biphenyl]-6-~henyl benzoxazole) 
per liter. The samples were counted in a Beckman 
model LS-232 liquid scintillation counter. Appropriate 

Sedentary male mongrel dogs weighing 22-27 kg were 
initially familarized with treadmill running during six 
sessions on the treadmill over a 2-wk period. At each 
session, the dogs ran at a speed of 125 m/min at  0" grade 
for 15 min. 2 days prior to the experimental test run, dogs 
were anesthetized initially with Surital (2 mg/kg), after 
which anesthesia was maintained by halothane adminis- 
tration. A cutdown was then performed on the right 
external jugular vein, and a no. 7 Cournard catheter was 
advanced to the right femoral vein under fluoroscopic 
,control via the superior vena cava, right atrium, and 
inferior vena cava. The tip of the catheter was positioned 
3 cm distal to the right inguinal ligament. PEl6O tubing 
was then advanced to the central aorta following a cut- 
down on the left carotid artery. 

While the dogs were still under anesthesia, an open 
muscle biopsy was performed on the left biceps femoris 
muscle (mean wt 150 mg). After the biopsies were ob- 
tained, the cutdown sites in the neck were closed with 
4-0 nylon sutures, and the catheters were brought out in 
the posterior neck region, filled with saline, and sealed. 
The dogs were then allowed to recover over the next 
36-48 hr, after which they underwent the test run on the 
treadmill. 

Control arterial and venous blood samples were drawn 
5 min prior to the onset of exercise while the dogs were 
standing quietly on the treadmill. Further serial samples 
were drawn at  specific intervals while the dogs were 
running and again at the time of exhaustion. The latter 
was defined as an inability to maintain a normal stride 
on the treadmill despite vigorous coaxing on the part of 
the investigators. The blood was immediately trans- 
ferred to precooled heparinized tubes and kept cold 
until the plasma was collected after centrifugation in a 
refrigerated centrifuge. At the time of exhaustion, a 
second muscle biopsy was performed on the right biceps 
femoris under local anesthesia with 2% lidocaine. These 
muscle samples were obtained within 5 min after the 
cessation of exercise. 

Three groups of dogs were run under different experi- 
mental conditions characterized by varying the work- 
load or varying the running time. Group I consisted of 
four animals that were run to exhaustion, as previously 
defined, a t  125 m/min on a 10" grade. Group I1 con- 
sisted of four dogs that ran for a period of 30 min at 
125 m/min at  a 10" grade. None of these animals 
appeared exhausted at this end point. Group I11 con- 
sisted of three dogs who ran for 120 min at 125 m/min on 
a 0" grade. None of these dogs appeared to be near 
exhaustion. Dogs in groups I1 and 111 were not cathe- 
terized prior to study and only underwent control and 
postexercise muscle biopsies. 
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blanks were carried through simultaneously, and 
accurately determined specific activity of the [aH]- 
methanol was used in the computation of the amount of 
fatty acid. 

Recovery and reproducibility studies of the radio- 
chemical analyses for FFA and triglyceride were done 
on lipid extracts from 10 g of muscle and 25 ml of plasma. 
The  lipid extracts were stored under nitrogen in a 
freezer. On four separate occasions, aliquots were taken 
from each extract and the analysis was carried out in 
quadruplicate. At the same time, recovery studies were 
done on separate aliquots from the same samples, to 
which measured amounts of pure oleic acid and triolein 
were added. The results are shown in Table 1. 
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Glycogen analysis 

Muscle samples weighing 20-50 mg were homogenized 
within 10 min of removal in 1.6 ml of water. Protein was 
precipitated by adding 0.4 ml of 50% trichloroacetic 
acid. The homogenate was allowed to stand in an ice 
bath for at least 2 hr before centrifugation. The super- 
natant solution was transferred to a glass tube fitted with 
a Teflon-lined screw cap and glycogen was precipitated 
with 10 ml of cold absolute ethanol. The tubes were 
placed in the cold for a t  least 12 hr prior to centrifuga- 
tion. The supernatant solution was decanted and the 
remaining glycogen was hydrolyzed in 0.4 ml of 2 N 

HzS04 at  100°C for 2 hr. The resulting glucose was 
determined by the o-toluidine method described by 
Dubowski (1 5). 
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RESULTS 

Table 2 presents the plasma triglyceride values from a 
representative dog in group I. Dogs in this group were 
first made to run at 125 m/min on a 0' grade. At the 
end of 15 min while the dogs were still running, the 
treadmill was elevated to a grade of 10'. Even though 
there were considerable variations in plasma triglyceride 
levels among the dogs, the arterial and venous concen- 
trations remained essentially the same in each dog while 
at rest or during exercise a t  either of the two work loads. 

TABLE 1.  Replicate determinations of muscle and plasma 
FFA and triglyceride levels and recovery of added fatty acid 

and triglyceride standards 

Muscle Plasma 
Free Fatty Free Fatty 

Triglyceride Acid Triglyceride Acid 

pmoles/g Hmolcsll 
10.54 f 0.46 2.14 f 0 .08  0.41 f 0 . 0 3  0.73 f0.01 

Recovery of Added Standard 
99 . I %  100.2% 99.6% 99.9% 

Each value is the mean f SE of 16 determinations. 
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TABLE 2. Effects of exercise on plasma triglyceride levels 
from a representative dog in group I 

Running 
Time Arterial Venous 

min mmolrs/P 
0 0.42 f 0.05 0.41 f 0.06 
5 0.40 f 0.06 0" grade 0.40 f 0.04 

15 0.39 f 0.04 0 .38  f 0 .02  
20 0.37 f 0.02 10" grade 0.38 f 0.05 

0.37 f 0.02 30 0.36 f 0.06 
40 0 .34  f 0.03 0.35 f 0.05 
Exhaustionb 0.34 f 0 .02  0.34 f 0 .04  

(1 Means f SE of quadruplicate determinations. 
6 Mean exhaustion time was 60 min (range 50-95). 

The small decrease in plasma triglyceride shown in 
Table 2, which is not statistically significant, was ob- 
served in only two of the four dogs studied. The plasma 
arteriovenous (A-V) free fatty acid differences are 
shown in Fig. 1. There is a slight rise during mild 
exercise. However, with the onset of heavy exercise the 
A-V difference decreases until, a t  the point of exhaustion, 
it is essentially abolished. 

The results of a detailed analysis of the phospholipids 
in muscle from dogs in group I, before and immediately 
after cessation of exhaustive heavy exercise, are pre- 
sented in Table 3. No changes were observed in the 
phospholipid concentration, nor were there changes in 
any of the phospholipid classes as a result of exercise. 
The results of muscle glycogen and triglyceride deter- 
minations from dogs in groups I and I1 are presented in 
Table 4. Muscle triglyceride and glycogen levels were 

TIME (min) 

FIG. 1.  Each point is the mean f SE of values obtained from the 
four dogs in group I. The fist  point at time 0 is the resting A-V 
difference. The second point is after 15 min at 125 m/min at 0' 
grade. The third and fourth points are from samples obtained while 
the dogs were running at 125 m/min at 10" grade. Statistical 
significance compared with the preexercise value: second point, 
P < 0.05; third point, P < 0.01; and fourth point, P < 0.001 
(Student's t test). 
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TABLE 3. Phospholipid composition of muscle before and 
after heavy exercise in group I 

After Heavy 
Rest Exercisea 

Phosphatidylcholine 
Phosphatidylethanolamine 
Phosphatidylserine 
Phosphatidylinositol 
Diphosphatidylglycerol 
Phosphatidic acid 
Sphingomyelin 
Lipid phosphorus 

pmole/g tissucb 

6.30 f 0.26 
3.29 f 0.15 
0.30 f 0.04 
0.58 f 0.07 
0.70 f 0.06 

0.57 f 0.09 
12.46 f 0.39 

6.16 f 0.31 
3.18 f 0.12 
0.28 f 0.05 
0.63 f 0.06 
0.72 f 0.04 

0.67 f 0.08 
12.37 f 0.41 

tr tr 

a Muscle samples were obtained within 5 min after exhaustion. 
bMeans f SE of three dogs from group I. Samples from the 

fourth dog were inadvertently lost. 

exercise is estimated to yield 1.7 times more ATP than 
did the oxidation of muscle glycogen. 

The effects of mild exercise (group III), carried out 
over a period of 2 hr, on the triglyceride and glycogen 
content of muscle are shown in Table 6. The glycogen 
content decreased by 20%, and its rate of utilization 
was 8 pmoles of glucose/100 g of muscle/min. In  con- 
trast, the triglyceride level rose from 9.8 pmoles/g to 
20.4 pmoles/g, an increase of 108%. 

DISCUSSION 
I t  was estimated from the depletion of muscle glycogen 

in dogs running on a 10' grade (Table 4) that the 
utilization of muscle glycogen was about 50 pmoles of 

TABLE 4. Triglyceride and glycogen levels in muscle during heavy exercise 

Group I1 Group 1" 
Triglyceride Glycogen Triglyceride Glycogen 

pmoles/g tis" 
42.6 f 2 . 1 ~  Rest 11.3 & 0.8  46.7 f 2 . 6 ~  8.9 f 0.8  

After exercise 10.5 dz 0.9 35.0 f 1.9 4.5 i= 0.3  12.8 f 0.7 
Individual 

differences 0.8 f 0.7 11.7 f 1.0  4.4 f 0.5 29.8 f 1 . 1  
P d  >0.05 <o . O O l  <o ,001 <o . O O l  
'% Decrease 7 25 50 70 
Theoretical 

ATP yield 353 456 1954 1162 

(1 Mean exhaustion time was 60 min (range 50-95). 
b hleans f SE of four dogs. 
c Values expressed as pmoles of glucose/g of tissue. 
d Calculated using Student's t test. 

significantly decreased in group I. Only glycogen was 
significantly decreased in group 11. The rate of muscle 
glycogen depletion in dogs from group I was 50 pmoles 
of glucose/100 g of muscle/min. During this time, the 
muscle triglyceride level decreased 50%. In group I1 the 
rate of glycogen depletion was about the same as in 
group I, but muscle triglyceride levels were not signifi- 
cantly changed. Table 5 shows the similarity in tri- 
glyceride and glycogen levels in the contralateral muscles. 

The relative contributions of muscle triglycerides and 
glycogen as energy sources for muscle contraction were 
calculated. These calculations were based on the 
assumption that each substrate was completely oxidized 
through the normal oxidative pathways. The complete 
oxidation of 1 mole of glucose derived from glycogen 
yields 39 moles of ATP, whereas, if it is assumed that 
C18 is the average chain length of the fatty acids in 
muscle triglycerides, the complete oxidation of the fatty 
acids from 1 mole of triglyceride yields 441 moles of 
ATP. The contribution of the glycerol moiety of tri- 
glyceride is neglected in this calculation. Using these 
values, the complete oxidation of the fatty acids derived 
from muscle triglycerides during this period of heavy 

glucose/100 g of muscle/min. This is close to the values 
reported by Bergstrom et al. (16) for men pedaling a 
bicycle to exhaustion a t  a work load corresponding to an 
80% maximal oxygen uptake. I t  is, however, in definite 
contrast to the rate of muscle glycogen utilization seen 
in dogs during mild exercise in this study, 8 pmoles of 
glucose/ 100 g of muscle/min (Table 6). 

TABLE 5. Triglyceride and glycogen levels in the left and 
right biceps femoris muscles before and after exercisea 

Before Exercise After Exercise 
L R L - R  L R L - R  

Triglyceride (n = 8) (pmoles/g) 
Mean 9.98 10.31 -0.33 4.37 4.98 -0.61 
f SE 0.8& 1.01 0.98 0.39 0.44 0.35 
P b  >0.05 > O .  05 

Glycogen (n = 8) (pmoles glucose/g) 
Mean 48.2 46.9 1 . 3  12.2 11.5 0.7 

SE 2 .1  2.3 2.0 0.9 0.7 0.8 
P > O .  05 >0.05 

L, left; R, right; L - R, individual difference between left 

a Dogs were run to exhaustion at 125 m/min on a 10" grade. 
b Calculated using Student's t test. 

and right; n, number of dogs. 
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TABLE 6. Concentration of triglycerides and glycogen in 
muscle before and after mild exercise (group 111)s 

Triglyceride Glycogen 

fimoles glucose/g 

Rest 9 .8  f 0.9 48.99 f 3.0 
After exercise 20.4 f 1.2 38.9 zk 2 . 6  
Individual differences 10.6 f 0 .6  10.0 f 1.0 
Pb <0.001 <0.001 
yo Change 4-108 - 20 
Theoretical ATP yield 390 

fimoles/g tissue tissue 

a Means i SE of three dogs in group I11 ; running time, 2 hr at 0' 

b Calculated using Student's t test. 
grade. 

Since studies by Have1 and coworkers (4, 5) in man 
and by Issekutz, Paul, and coworkers (6-8) in dogs 
indicate that less than half the GO2 originating from the 
oxidation of fat was derived immediately from the 
circulating plasma FFA, some investigators have sug- 
gested that plasma triglyceride fatty acids might be an 
alternative source of fatty acids available to the working 
muscle. Carlson and Mossfeldt (17) observed that 
plasma triglyceride levels in young men exercising at  a 
moderate work load were not changed. However, in 
well-trained skiers participating in prolonged heavy 
exercise of cross-country racing, plasma triglyceride 
levels were reduced. Results of the present study show no 
evidence of an efflux of triglyceride fatty acid from the 
circulation into muscle during the 60 min of running. 
Arteriovenous differences are not the most sensitive 
method to measure the ability of muscle to extract lipid 
from the circulation. However, if there were significant 
changes in lipoprotein lipase activity at  the muscle sites, 
they would be reflected in an increased A-V difference. 
These data by no means show that lipoprotein lipase 
activity is absent, but rather indicate that the activity is 
not significantly increased during exercise. More re- 
cently, Froberg (1 8) reported that plasma triglyceride 
levels in untrained rats did not change, but in trained 
rats a decrease was observed. I t  may be that the state of 
training determines the source of extra muscular energy 
used during heavy work. However, under conditions of 
this study with untrained dogs, it is unlikely that plasma 
triglycerides contribute significantly to energy metabo- 
lism. 

The other important source of fatty acids for muscle 
metabolism must be intramuscular. There are numerous 
observations which indicate that muscle cells can store 
lipids which may serve as energy sources. Neptune, 
Sudduth, and Foreman (19) discovered that if rat 
diaphragms were incubated in a substrate-free medium 
the total fatty acid content decreased. It has also been 
shown that 14C-labeled palmitate is incorporated into 
both triglyceride and phospholipid of rat diaphragms 

(20-22). The lipid which is found in subcellular particles 
is phospholipid (23), and the question raised is whether 
increased muscle activity utilizes phospholipids for fuel. 
If phospholipid is broken down, this need not necessarily 
be reflected in a decreased phospholipid concentration. 
I t  is possible that the loss of fatty acid from phospholipids 
could result in the formation of lyso compounds or phos- 
phatidic acid. Not only was the phospholipid concentra- 
tion unchanged by exhaustive heavy exercise, but also 
the composition was not affected. There was no indi- 
cation of the appearance of lyso compounds, or an 
accumulation of phosphatidic acid, leading us to con- 
clude that phospholipids do not constitute a significant 
source of substrate for muscle activity. This interpreta- 
tion is consistent with the observations of Carlson et al. 
(12), who recently measured the phospholipid con- 
centration in the leg muscle of man after exhaustive 
exercise. These data also corroborate the observations 
made by Masoro, Rowell, and McDonald (11) that 
repeated contraction of skeletal muscle induced by 
electrical stimulation does not alter its phospholipid 
composition. 

However, our results differ from those of Masoro et al. 
(11) with respect to the effect of exercise on muscle 
triglycerides. Whereas they concluded that muscle tri- 
glycerides are not used as a net source of fuel, results of 
the present study show that muscle triglyceride levels 
may increase, decrease, or remain unchanged, de- 
pending on the work load. During mild exercise, there 
is a net deposition of triglyceride in skeletal muscle. This 
increase in muscle triglyceride levels is similar to observa- 
tions made by Masoro et al. (11) on fasted rats. Fasting, 
which stimulates the mobilization of FFA from adipose 
tissue, resulted in the accumulation of muscle tri- 
glyceride. Accumulation of intramuscular lipid has also 
been observed in other states characterized by en- 
hanced mobilization of endogenous lipid stores. Carlson, 
Liljedahl, and WirsCn (24) observed that the augmented 
release of FFA from adipose tissue induced by nor- 
epinephrine infusion was reflected in an increased 
deposition of lipids in various tissue cells including liver 
and skeletal muscle. In  the present study, there was an 
increased efflux of FFA from plasma to muscle during 
mild exercise, as evidenced from an increased A-V 
difference (Fig. 1). The increased supply of FFA may 
have exceeded the demand ; consequently, the excess 
FFA entering the muscle were deposited as triglyceride. 
On  the other hand, the increased work load imposed by 
heavy exercise demands a greater turnover of substrate. 
Our results indicate that the A-V FFA difference 
markedly narrowed during heavy exercise. I t  is possible 
that under these conditions the supply of FFA no longer 
met the demand. Consequently, the excess triglycerides? 
deposited during the previous period of mild exercise, 
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were depleted. I t  should be cautioned, however, that 
the decreased A-V difference might be due to an 
increased blood flow rather than to a decreased rate of 
FFA efflux. However, observations made by Issekutz 
et al. (25) indicate that the decreased A-V difference 
may be related, a t  least in part, to a decreased turnover 
of FFA. They have shown that during heavy exercise 
blood lactic acid accumulated, and as a consequence the 
turnover of FFA was significantly decreased. This is 
iurther supported by our observation that continuation 
of heavy exercise is followed by an even greater decrease 
in A-V difference (Fig. 1). Since there is no experimental 
evidence that blood flow changes with time at a given 
work load (26), it is reasonable to assume that the 
decreased A-V difference reflects a decreased influx of 
FFA into muscle. Consequently, intracellular tri- 
glyceride stores are used, as seen from the significant 
decrease in intramuscular triglyceride level (Table 3). 
This is in accord with the recent observations of Carlson 
et al. (12) that the triglyceride content of human 
skeletal muscle is decreased after exhaustive exercise. 

If we assume that the disappearance of muscle tri- 
glyceride and glycogen is a measure of the complete 
oxidation of these substrates, we see that triglyceride 
fatty acids yielded 1.7 times as much ATP as did the 
oxidation of muscle glycogen. Since a significant portion 
of the glycogen ends up as plasma lactic acid (25), it is 
not completely oxidized in muscle. Therefore, the ATP 
yield from glycogen depletion is even less than is indi- 
cated in Table 3. I t  would seem, then, that even at 
heavy work loads lipid is the major fuel supply for muscle 
contraction. 

This conclusion is a t  variance with the concept 
based on RQ determinations during exercise that carbo- 
hydrate is the predominant fuel for heavy exercise (27). 
RQ measurements in an intact organism represent at 
best an average resultant of all metabolic events occur- 
ring in the body. There is no question that muscle 
glycogen is depleted during severe exercise. However, a 
great deal of the energy is lost to the muscle, since the 
resulting lactic acid finds its way to the circulation. The 
lactic acid is eventually oxidized in extramuscular tissue 
and thus contributes to the ventilatory RQ, but not to 
the energy supply for muscle contraction. Even though 
the total organism is consuming carbohydrate at a 
rapid rate, it is possible that working muscle still de- 
pends primarily on lipid to support muscle activity. 
Technical assistance was provided by Donald B. Mellin. 
Manuscript received 28 January 7972; accepted 27 August 7972. 

REFERENCES 

1. Carlson, L. A., L.-G. Ekelund, and L. Oro. 1963. Studies 
on blood lipids during exercise. IV. Arterial concentration 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

of plasma free fatty acids and glycerol during and after 
prolonged exercise in normal men. J. Lab. Clin. Med. 61 : 
724-729. 
Carlson, L. A., and B. Pernow. 1959. Studies on blood 
lipids during exercise. I. Arterial and venous plasma con- 
centrations of unesterified fatty acids. J .  Lab. Clin. Med. 53 : 

Carlson, L. A., and B. Pernow. 1961. Studies on blood 
lipids during exercise. 11. The arterial plasma free fatty 
acid concentration during and after exercise and its regul- 
ation. J .  Lab. Clin. Med. 5 8 :  673-681. 
Havel, R. J., L.-G. Ekelund, and A. Holmgren. 1967. 
Kinetic analysis of the oxidation of palmitate-1-14C in man 
during prolonged heavy muscular exercise. J .  Lipid Res. 8 : 

Havel, R. J., A. Naimark, and C. F. Borchgrevink. 1963. 
Turnover rate and oxidation of free fatty acids of blood 
plasma in man during exercise: studies during continuous 
infusion of palmitate-l-CI4. J .  Clin. Invest. 42 : 1054-1063. 
Paul, P., and B. Issekutz, Jr. 1967. Role of extramuscular 
energy sources in the metabolism of the exercising dog. J .  
Appl. Physiol. 22 : 615-622. 
Paul, P. 1971. Muscle Metabolism during Exercise. B. 
Pernow and B. Saltin, editors. Plenum Press, New York. 

Issekutz, B., Jr., H. I. Miller, P. Paul, and K. Rcdahl. 
1964. Source of fat oxidation in exercising dogs. Amer. J .  
Physiol. 207 : 58S589. 
Issekutz, B., Jr., and P. Paul. 1968. Intramuscular energy 
sources in exercising normal and pancreatectomized dogs. 
Amer. J .  Physiol. 215: 197-204. 
Masoro, E. J., L. B. Rowell, R. M. McDonald, and B. 
Steiert. 1966. Skeletal muscle lipids. 11. Nonutilization of 
intracellular lipid esters as an energy source for contractile 
activity. J .  Biol. Chem. 241 : 2626-2634. 
Masoro, E. J., L. B. Rowell, and R. M. McDonald. 1966. 
Intracellular muscle lipids as energy sources during mus- 
cular exercise and fasting. Federation Proc. 25 : 1421-1424. 
Carlson, L. A., L. Ekelund, and S. 0. Froberg. 1971. 
Concentration of triglyceride, phospholipids and glycogen 
in skeletal muscle and of free fatty acids and beta-hydroxy- 
butyric acid in blood in man in response to exercise. Eur. 
J .  Clin. Invest. 1 : 248-254. 
Rouser, G., S. Fleischer, and A. Yamamoto. 1970. Two 
dimensional thin layer chromatographic separation of 
solar lipids and determination of phospholipids by phos- 
phorous analysis of spots. Lipids. 5 : 494-496. 
Fischer, G. A., and J. J. Kabara. 1968. A micro quantita- 
tive determination of total fatty acids in biological samples 
by esterification with radioactive methanol. Anal. Bio- 
chem. 25 : 432-439. 
Dubowski, K. M. 1962. An o-toluidine method for body- 
fluid glucose determination. Clin. Chem. 8 : 215-235. 
Bergstrom, J., L. Hermansen, E. Hultman, and B. Saltin. 
1967. Diet, muscle glycogen and physical performance. 
Acta Physiol. Scand. 71 : 140-150. 
Carlson, L. A., and F. Mossfeldt. 1964. Acute effects of 
prolonged, heavy exercise on the concentration of plasma 
lipids and lipoproteins in man. Acta Physiol. Scand. 62: 

Froberg, S.  0. 1971. Effect of acute exercise on tissue lipids 
in rats. Metab. Clin. Exp. 20: 714-720. 
Neptune, E. M., Jr., H. C. Sudduth, andD.  R. Foreman. 
1959. Labile fatty acids on rat diaphragm muscle and their 

833-841. 

366-373. 

225-247. 

51-59. 

Therriault, Beller, Smoake, and Hartley Intramuscular energy during exercise 59 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


possible role as the major endogenous substrate for main- 
tenance of respiration. J .  Biol. Chem. 234 : 1659-1660. 

20. Neptune, E. M., Jr., H. C. Sudduth, D. R. Foreman, and 
F. J. Fash. 1960. Phospholipid and triglyceride metabolism 
of excised rat diaphragm and the role of these lipids in 
fatty acid uptake and oxidation. J .  Lipid Res. 1 : 229-235. 

21. Fritz, I. B., and E. Kaplan. 1961. Effects of glucose on 
palmitate esterification by isolated rat diaphragms. Amer. J .  
Physiol. 200 : 1047-1050. 

22. Bodel, P. T., D. Rubinstein, E. E. McGarry, and J. C. 
Beck. 1962. Utilization of free fatty acids by diaphragm 
in vitro. Amer. J .  Physiol. 203: 311-315. 

23. Rouser, G., S. Fleischer, and G. Simon. 1968. Lipid com- 
position of animal cell membranes, organelles and organs. 

In Biological Membranes. D. Chapman, editor. Academic 
Press, New York. 5-69. 

24. Carlson, L. A., S.-0. Liljedahl, and C. Wirstn. 1965. Blood 
and tissue changes in the dog during and after excessive 
free fatty acid mobilization. Acta Med. Scand. 178 : 81-102. 

25. Issekutz, B., Jr., H. I.  Miller, P. Paul, and K. Rodahl. 
1965. Aerobic work capacity and plasma FFA turnover. J .  
Appl. Physiol. 20 : 293-296. 

26. Felig, P., and J. Wahren. 1971. Amino acid metabolism in 
exercising men. J. Clin. Invest. 50 : 2703-2714. 

27. Hermansen, L., E. Hultman, and B. Saltin. 1967. Muscle 
glycogen during prolonged severe exercise. Acta Physiol. 
Scand. 71:  129-139. 

60 Journal of Lipid Research Volume 14, 1973 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

