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1990.-We have investigated the role of triglyceride-fatty acid 
cycling in amplifying control of the net flux of fatty acids in 
response to exercise and in recovery from exercise. Five normal 
volunteers were infused with [ l-13C]palmitate and D-5-glycerol 
throughout rest, 4 h of treadmill exercise at 40% maximum Oz 
consumption, and 2 h of recovery. Total fat oxidation was 
quantified by indirect calorimetry. Lipolysis (rate of appearance 
of glycerol) increased from 2.1 2 0.3 to 6.0 & 1.2 prnol. kg-‘. 
min after 30 min of exercise and progressively increased 
thereafter to a value of 10.5 & 0.8 prnol. kg-‘. min after 4 h. 
Lipolysis decreased rapidly during the first 20 min of recovery, 
but it was still significantly elevated after 2 h of recovery. The 
rate of appearance of free fatty acids followed the same pattern 
of response. Seventy percent of released fatty acids were rees- 
terified at rest, and this value decreased to 25% within the first 
30 min of exercise. Reesterification remained ~35% of lipolysis 
until the start of recovery, at which time the value rose to 90%. 
In exercise, more than one-half the increase in fat oxidation 
could be attributed to the reduction in the percent reesterifi- 
cation. Most of the change in percent reesterification during 
exercise and recovery was caused by changes in extracellular 
cycling of fatty acids released into plasma. We conclude that 
triglyceride-fatty acid cycling plays an important role in ena- 
bling a rapid response of fatty acid metabolism to major changes 
in energy metabolism. 

stable isotopes; lipolysis; reesterification 

A SUBSTRATE CYCLE exists when opposing, nonequilib- 
rium reactions, catalyzed by different enzymes, are active 
simultaneously (17). These cycles require energy and 
produce heat but do not result in any increase in the net 
flux of product. The triglyceride-fatty acid (TG-FA) cycle 
is one such cycle that has received considerable attention 
recently. In this cycle, fatty acids released during the 
process of lipolysis are subsequently reesterified rather 
than oxidized. Reesterification can occur within the adi- 
pocyte (“intracellular” recycling), or the fatty acid can 
be released and reesterified elsewhere (e.g., liver) (“ex- 
tracellular” recycling). TG-FA cycling is under both hor- 
monal (16) and substrate (29) control and is stimulated 
in fasting (10,13,30) as well as in numerous pathological 
conditions (22, 27). 

It has been hypothesized that substrate cycling ampli- 

fies the response of substrate flux to a given change in 
regulator (e.g., hormone) (17). The most dramatic change 
in the demand for fat as an oxidative substrate occurs in 
response to exercise and in the recovery period immedi- 
ately after exercise. Therefore, amplification of control 
of net substrate flux by TG-FA cycling would be impor- 
tant during exercise and recovery from exercise. The 
precise relationship between changes in lipolysis, rees- 
terification, and the availability of total fatty acids for 
oxidation has not been quantified previously in exercis- 
ing humans. A small amount of information is available 
regarding the rate of fatty acid reesterification in exer- 
cising dogs (5, 20), but the results of these studies are 
conflicting and only address the rate of reesterification 
within the adipocyte. Our previous studies have shown 
that the rate of this intracellular reesterification is gen- 
erally ~20% of the total whole body reesterification of 
fatty acids (27). 

The primary goal of this experiment was to assess the 
importance and the energy cost of total TG-FA cycling 
in coordinating the availability of fatty acids with energy 
requirements during exercise and recovery. An additional 
goal was to determine if changes in TG-FA cycling that 
occur in exercise and recovery primarily involve intra- 
cellular or extracellular recycling, so that mechanisms 
involved in the control of TG-FA cycling could be better 
understood. 

METHODS 

Subjects 

This study was approved by the Institutional Review 
Board of The University of Texas Medical Branch at 
Galveston. Five male subjects participated after giving 
their informed written consent. They were physically 
active, in good health, and had no history of metabolic 
diseases. Three subjects jogged 5 km about twice a week. 
Each volunteer was admitted to the Clinical Research 
Center at 11 A.M. on day 1 of the study. Maximum oxygen 
consumption (V02 maX) was measured in the afternoon 
during a stepwise exercise protocol on a treadmill (Quin- 
ton Q55 with Q645 control board, Seattle, WA). Exercise 
was initiated with a lo-min warm-up walk at 4 km/h. 
Speed and incline were then increased every minute until 
the subjects were exhausted. Oxygen consumption (VOW) 
agd carbon dioxide production (TcoJ were measured 
breath by breath throughout the exercise bout with a 
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metabolic cart (Horizon 4400, Beckman. Instruments, 
Anaheim, CA). In all cases the rate of Vo2 reached a 
plateau and the respiratory quotient (RQ) was greater 
than one before exhaustion. Mean values for age, height, 
body mass, and VO 2 max are given in Table 1. The subjects 
ate a regular dinner at 6 P.M. and a light snack at 8:30 
P.M.. No food was consumed from 9 P.M. until the end 
of the study on the next day. Water was available ad 
libitum at all times. 

Isotope Infusion and Exercise Protocol 

At 7 A.M. on day 2, Teflon catheters were placed 
percutaneously. The infusion catheter was introduced in 
the antecubital vein and the sampling catheter was 
placed in the dorsal hand vein of the contralateral side. 
The heated-hand technique (14) was used to obtain 
arterialized blood samples. The subject sat on a chair 
and rested until 9 A.M. when constant infusions of [l- 
13C]palmitate and D-5-glycerol (-0.03 and 0.05 pmol l 

kg-’ l min-l), respectively, were started with calibrated 
syringe pumps (Harvard Apparatus, Natick, MA). The 
exact infusion rates were determined for each subject 
separately by measuring palmitate and glycerol concen- 
trations in the infusates. Both isotopes (99% atom % 
excess) were purchased from Tracer Technologies (New- 
ton, MA). Palmitate was bound to albumin (Cutter Bio- 
logical, Berkeley, CA) by following previously described 
procedures (26). After 1 h of infusion, with the subject 
at rest, treadmill exercise was initiated and the rate of 
isotope administration was doubled for palmitate and 
tripled for glycerol to minimize changes in substrate 
isotopic enrichment. The exercise protocol consisted of 
a 4-h walk at 40% VOW max* The isotope infusion was 
continued for 2 h after the end of exercise to determine 
metabolite kinetics during recovery. 602 and VCO~ were 
quantified repeatedly for 5-10 min at regular intervals 
throughout the study, using the metabolic cart with nose 
clip and mouthpiece system. 

Blood Sampling 

The first blood samples were withdrawn 1 h after 
catheterization and before starting the isotope infusion 
to determine base-line concentrations and background 
enrichment. Blood was also taken 45,50,55, and 60 min 
after the beginning of infusion to measure resting kinet- 
ics. More samples were withdrawn after 10, 20, 30, 60, 
90,120,150,180,210, and 240 min of exercise, and 5, 10, 
20,30,60,90, and 120 min of recovery. All samples were 
collected in lo-ml vacutainers containing lithium hepa- 
rin and were placed on ice. Plasma was separated by 

TABLE 1. Physical characteristics and maximal oxygen 
uptake of subjects 

Age, Yr 
Height, cm 
Body mass, kg 
Percent ideal body mass 
VO 2 max, ml l kg-’ l min-’ 

Values are means t SE; n = 5 subjects. 

26.6-tl.9 
175&2.6 

65.9t3.1 
94.0t3.1 
49.w2.1 

centrifugation within 5 min of sampling and then frozen 
until further processing. 

Sample Analysis 

Plasma glucose concentration was measured on a glu- 
cose analyzer (Beckman Instruments) by use of the glu- 
cose oxidase method. Plasma lactate was measured on a 
Yellow Springs Institute Lactate Analyzer (Yellow 
Springs, OH). Free fatty acids (FFA) from plasma were 
extracted, isolated by thin-layer chromatography, and 
derivatized to their methyl esters. Palmitate and total 
FFA concentrations were determined by gas chromatog- 
raphy (Hewlett-Packard 5890) using hepatadecanoic acid 
as an internal standard (26). Isotopic enrichment of 
palmitate was measured by gas chromatography mass 
spectrometry (GCMS) analysis of the methyl ester deriv- 
atives on a Hewlett-Packard 5992 (25). Ions of mass-to- 
charge ratios (m/e) 270 and 271 were selectively moni- 
tored. Isotopic enrichment and concentration of glycerol 
were determined by GCMS (Hewlett-Packard 5985B) by 
following previously described procedures (30). Ions of 
m/e 205, 206, and 208 were monitored, and a correction 
was made for the contribution of the enrichment at m/e 
206 to the apparent enrichment at m/e 208. 

Calculations 

Indirect calorimetry. The rate of triglyceride oxidation 
was calculated from the indirect calorimetry data (11). 
Nitrogen excretion rate was assumed to be 7.7 /-cg* kg-‘. 
min-‘. This average value was taken from the measured 
values determined in another study performed in our 
laboratory (7) in which 16 normal subjects performed the 
same exercise protocol. A 30% error in this assumed 
value (which exceeds the total range of values in the 
previous study) would have had no significant effect on 
the calculated values of fat and glucose oxidation in 
exercise in the current study. Fatty acid oxidation was 
determined by converting the rate of triglyceride oxida- 
tion (go kg-‘. min-‘) to its molar equivalent (pm01 . kg-‘. 
min-l), assuming the average molecular weight of tri- 
glyceride is 860 g/mol (11) and multiplying the molar 
rate of triglyceride oxidation by three because each mole 
of triglyceride contains three moles of fatty acids. 

Rates of appearance (Rd. Ra of glycerol and palmitate 
were calculated using the equation of Steele (21), as 
modified for use with stable isotopes (18). In the transi- 
tion from rest to exercise, minimal changes in isotope 
enrichment were observed because of the changes in 
isotope infusion rate (e.g., see Fig. 2). Because of the 
relatively constant isotopic enrichments in the transition 
from rest to exercise and throughout exercise as well as 
because of the rapid rate of equilibration within the 
palmitate (15) and glycerol (4) pools (caused by a rapid 
turnover rate relative to pool size), isotopic steady-state 
equations were used to calculate Ra at each time point 
during exercise. In the early part of recovery, isotopic 
enrichment changed rapidly, and the non-steady-state 
approximation of Steele (21) was used. In this case, the 
effective volume of distribution (V) was assumed to be 
270 ml/kg for glycerol (4) and 40 ml/kg for palmitate. 
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After the first 30 min of recovery the change over time 
in isotopic enrichment of glycerol was so small that the 
specific value for V had no significant effect on the 
calculated value. The value for V for palmitate was 
chosen because acute changes in palmitate concentration 
are essentially restricted to plasma (being bound to al- 
bumin). The Ra of FFA was then calculated by dividing 
the Ra of palmitate by the fractional contribution of 
palmitate to the total FFA concentration, as determined 
by gas chromatography. 

TG-FA cycling. The total rate of lipolysis was deter- 
mined by measuring R* of glycerol. Glycerol appears in 
the blood only as a product of lipolysis (9, 24, 29) and 
cannot be directly reincorporated into triglyceride within 
the adipocyte because of the absence of glycerol kinase 
(6). Every molecule of glycerol released into the blood 
represents the complete degradation of a triglyceride 
molecule, meaning that three fatty acids were also re- 
leased. Thus, in steady-state conditions, the difference 
between three times the Ra of glycerol (total fatty acids 
released) and the rate of total fatty acid oxidation (de- 
termined by indirect calorimetry) will give the total rate 
of reesterification, since reesterification is ultimately the 
only other fate of fatty acids released by lipolysis. When 
plasma FFA concentration increases, the rate of rise 
(times the plasma volume) must also be subtracted from 
three times the Ra of glycerol to determine the rate of 
reesterification. 

Total whole body reesterification consists of intracel- 
lular recycling, in which the fatty acids never leave the 
cell where lipolysis occurred before reesterification, and 
extracellular recycling, in which the fatty acid passes 
through the plasma before reesterification. The most 
common examples of extracellular recycling are the re- 
lease of FFA into plasma from adipocytes and clearance 
and reesterification of fatty acids within the liver. The 
difference between three times the Ra of glycerol (intra- 
cellular release of fatty acids) and the Ra of FFA into 
plasma should provide an indicator of intracellular re- 
cycling. Extracellular recycling is calculated as the dif- 
ference between total recycling and intracellular recy- 
cling. 

The energy cost of TG-FA cycling was estimated from 
the number of high-energy phosphate bonds (ATP + 
ADP) required for reesterification. It was assumed that 
eight high-energy phosphate bonds were required per 
mole of triglyceride recycled (10). Because -18 kcal of 
heat are released per mole of ATP hydrolyzed and syn- 
thesized (17), the total energy cost is ~144 kcal/mol of 
triglyceride recycled. 

The impact of changing the percentage reesterification 
of released fatty acids on the rate of fat oxidation during 
exercise was evaluated by comparing the actual rate of 
fat oxidation during exercise with the theoretical rate 
that would have occurred had the percent reesterification 
not changed from the resting values. 

Similarly, the effect of the change in the percent 
reesterification that occurred in the recovery period was 
determined by comparing the actual FFA concentration 
with the value that would have occurred if the percent 
reesterification had not changed from the exercise value. 

It was assumed that all fatty acids not oxidized or rees- 
terified would remain in a plasma volume of 3 liters. 

Statistics 

Mean values measured at each time point during and 
after exercise were compared with resting levels by use 
of the Dunnett’s multiple range test (32). P c 0.05 was 
considered indicative of statistically significant differ- 
ences. 

RESULTS 

Substrate Concentrations 

The plasma concentrations of FFA and glycerol rose 
progressively throughout exercise, reaching levels of ml.6 
and 0.4 mM for FFA and glycerol, respectively, by the 
end of exercise (Fig. 1). An overshoot in FFA concentra- 
tion was observed during the first 10 min of recovery, 
after which values dropped rapidly for the next 45 min 
before stabilizing over the 2nd h of recovery at a value 
significantly higher (P < 0.05) than the resting concen- 
tration. No such overshoot occurred in glycerol concen- 
tration, which decreased throughout the recovery period9 
but nonetheless was significantly higher after 2 h of 
recovery than during rest (P c 0.05) (Fig. 2). Plasma 
glucose concentration decreased steadily from 5 to 4 mM 
during exercise and stayed low throughout the 2-h recov- 
ery period. Plasma lactate concentration remained at the 
basal concentration throughout exercise and recovery. 

In all cases a good equilibrium in glycerol and palmi- 
tate enrichment was achieved at rest, and the enrichment 
levels were relatively constant throughout exercise be- 
cause of changing the isotope infusion rate (see Fig. 2 for 
representative example). During the first 30 min after 
exercise, enrichment rose rapidly but was again relatively 
constant during the last hour of. recovery. 

in untrained subjects before, during, &d after 4 h of treadmill 
at 40% voz max. Values are means & SE for n = 5 persons. 
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FIG. 1. Plasma concentrations of glycerol and free fatty acids (FFA) 
exercise 
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FIG. 2. Representative examples of effect of prolonged treadmill 
exercise on plasma glycerol (MPE, mole percent excess) and palmitate 
enrichment (APE, atom percent excess). Isotope infusion was started 
1 h before beginning exercise. Resting infusion rates were 0.034 and 
0.030 pmol . kg-’ . mine1 for glycerol and palmitate, respectively. At i5me 
0, exercise was started, and infusion rate was tripled for glycerol and 
doubled for palmitate. 
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FIG. 3. Rate of appearance (Ra) of glycerol and FFA at rest, in 
exercise, and in recovery (n = 5). 

Ra of glycerol increased from a resting value of 2.1 & 
0.3 to 6.0 & 1.2 pmol . kg-‘. min-’ after 30 min of exercise 
and progressively increased thereafter to a value of 10.5 
& 0.8 pmol l kg-‘. mine1 after 4 h (Fig. 3). Ra of glycerol 
dropped rapidly during the first 20 min of recovery, 
followed by a slower decrease to 4.7 & 0.9 prnol. kg-‘. 
min+ at 2 h of recovery, which was still significantly 
higher than at rest (P c 0.05). The general pattern of 
response of Ra of FFA during exercise and recovery was 

comparable to that of glycerol. It was significantly in- 
creased at 30 min, then rose throughout exercise, and fell 
in recovery (Fig. 3). In contrast to the overshoot in 
plasma concentration of FFA during the early part of 
recovery (Fig. 2), Ra of FFA declined rapidly immediately 
at the cessation of exercise. As with glycerol, Ra of FFA 
remained significantly (P c 0.05) elevated above the 
resting value after 2 h of recovery. 

Indirect Calorimetry 

The indirect calorimetry data indicated a stable Vo2 

throughout exercise at precisely 40% vo2 max. The aver- 
age value for Vo2 in exercise was 20.8 k 0.07 ml. kg-’ l 

min, whereas the resting value of 3.28 k 0.35 ml kg-‘. 
min-’ VCO~ decreased slightly throughout exercise, re- 
flecting a RQ that fell progressively from 0.92 & 0.015 to 
0.83 k 0.003 d uring exercise. The RQ remained around 
0.83 during recovery. Total energy expenditure fell rap- 
idly over the first 20 min of recovery and then remained 
~20% above the preexercise resting value throughout the 
remainder of recovery. 

The rate of total fatty acid oxidation during exercise 
is shown in Fig. 4. Corresponding to the fall in RQ, fat 
oxidation rose throughout exercise from a resting value 
of 1.9 & 0.2 to a value of -20 prnol. kg-‘. min after 4 h. 
The largest change in fat oxidation occurred during the 
first 30 min of exercise when the value rose to 13.7 & 
1.01 pmol l kg-‘. min. Fat oxidation fell to between 3 
and 3.5 pmol . kg-’ l min-’ throughout recovery. This was 
significantly higher than the resting value. 

TG- FA Cycle 

TotaZ cycling. The greater rate of fat oxidation in 
exercise resulted not only from an increased rate of 
lipolysis, as reflected by Ra of glycerol (Fig. 3), but also 

i i A 
I - 

4 
Hours Of Exercise 

FIG. 4. Rate of total fatty acid oxidation (0) determined by indirect 
calorimetry and calculated rate of fatty acid oxidation (0) had there 
been no change in percent reesterification from resting value (70%). 
Shaded area represents increased oxidation in exercise accounted for 
by changes in percent reesterification, and it is ~50% of total fat 
oxidation. 
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because of a dramatic reduction in the percentage of 
fatty acids reesterified at the onset of exercise (Fig. 5). 
At rest 70% of released fatty acids were reesterified. This 
percentage fell to -25% at 30 min of exercise and re- 
mained below 35% throughout exercise. As soon as ex- 
ercise stopped, reesterification jumped to -90% of re- 
leased fatty acids. The percent had fallen back to 75% 2 
h after exercise. 

The energy requirement of the TG-FA cycle was ~0.8 
kcal/h at rest, which was 1.2% of total energy expendi- 
ture (TEE; Table 2). Although the value rose slightly in 
exercise, it was only 0.4% of TEE because of the large 
increase in TEE. In recovery the high rate of cycling 
accounted for 4.7 kcal/h, which was 5% of the total. 
More significantly, the energy required for the increase 
in cycling during recovery above the resting value (3.9 
kcal/h) accounted for 13.7% of the increase in total 
energy expenditure in recovery. 

Intracellular and extracellular cycling. The rate of in- 
tracellular cycling was 1.3 prnol. kg-‘. min-’ at rest, 
which was 20% of the total rate of fatty acid released (3 
x Ra of glycerol). Throughout exercise, intracellular cy- 
cling rose to ~3 PrnoL kg-‘. min, but this was only 
-12% of the total fatty acids released over the last 2 h 
of exercise because of the increased rate of lipolysis. In 
recovery the rate of intracellular cycling was similar to 
the value at rest. Thus the percent of intracellular rees- 
terification fell in exercise and was also lower than the 
resting value in recovery. The rate of extracellular cycling 
was 3.1 pmol . kg-‘. min at rest. This value was 50% of 
released fatty acids (3 x Ra of glycerol) and 62% of the 
rate of release of FFA into plasma (Ra of FFA). The total 
rate of extracellular cycling ranged from 5 to 8 prnol. 
kg-‘. min in exercise (20-25% of Ra of FFA). In recov- 

r  I 
Exercise ,~~~ Rest 1 

* 
60 

Recovery 

P 

ery the extracellular recycling averaged 20 prnol kg-‘. 
min-’ (72% of Ra of FFA) during the first 30 min and 
was at 9 prnol. kg-‘. min (65% of Ra FFA) at the end 
of 2 h. Thus most of the change in the percentage of 
released fatty acids that were reesterified during exercise 
and recovery could be attributed to changes in extracel- 
lular cycling. 

The impact of the decrease in percent reesterification 
on the rate of fat oxidation in exercise can be seen in 
Fig. 4. The shaded area of the graph, indicating the 
amount of fat oxidation attributable to the reduction in 
the percentage of fatty acids reesterified, is -50% of the 
total rate of fat oxidation. If the percent reesterification 
had remained at the exercise value, the plasma concen- 
tration of FFA would have risen to >7 mM in the 
recovery period because of the volume of distribution of 
FFA and the rate of fat oxidation in exercise. 

Ra of FFA in relation to fatty acid oxidation. Ra of FFA 
and total fatty acid oxidation are presented together 
graphically in Fig. 6. At all times there was more than 
enough plasma FFA available to provide all substrate for 
fatty acid oxidation. 

DISCUSSION 

The results of this study establish the importance of 
the TG-FA cycle in amplifying the ability of stored 
triglyceride to respond rapidly to major changes in energy 
requirements caused by starting, maintaining, and stop- 
ping exercise. At rest, ~70% of all fatty acids released 
during lipolysis were reesterified. During the first 30 min 
of exercise, that value dropped to 25%, whereas total 
fatty acid release via triglyceride hydrolysis tripled (Figs. 
3 and 5). This coordinated response allowed a sixfold 
increase in FFA availability for oxidation. By itself the 
sharp decrease in percent reesterification effectively dou- 
bled the number of FFA available for energy metabolism 
in working muscles during exercise and could account 
for more than one-half of total fatty acid oxidation (Fig. 
4). Immediately at the cessation of exercise almost 90% 
of fatty acids released from lipolysis were reesterified. 
This dramatic increase in percent reesterification was a 
major reason for the ranid fall in FFA concentration 

1 2 3 4 5 6 
HOURS 

FIG. 5. Percent reesterification of fatty acids made available via 
triglyceride hydrolysis. 

Rest 
32 

2% 

24- 

TABLE 2. Energy cost of TG-FA cycle 

kcal/h % Energy 
Expenditure 

% Increase 
Above Rest 

Rest 0.8 1.2 

Exercise Recovery 

~ 
123 456 

HOURS 
Exercise 1.7 0.4 0.5 
Recovery 4.7 3.6 13.7 

FIG. 6. Comparison of rate of appearance of free fatty acids (0) with 
total fatty acid oxidation (0) as determined by indirect calorimetry. 
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after exercise. Had the percentage o f fatty acids reester- 
ified in the recovery period stayed at the value during 
exercise (2530%), plasma FFA concentration would 
have risen to a level that would have far exceeded the 
binding capacity of albumin. The rapid changes in the 
percentage of released fatty acids that were reesterified 
at the start of both exercise and recovery enhanced the 
metabolic response to the rapid changes in energy re- 
quirements. 

Although the initial lipolytic response to changes in 
energy requirements at the onset of exercise and recovery 
was rapid, the maximum adaptive response lagged be- 
hind. Glycerol Ra continued to rise throughout exercise 
despite a constant rate of energy expenditure after the 
first 10 min. At the beginning of recovery the percentage 
decline in Ra of glycerol was much less than the percent- 
age decline in 
exercise Ra of 
level. 

energy expenditure, and 2 h after stopping 
glycerol had not yet returned to the resting 

In calculating the total rate of TG-FA recycling, we 
have assumed that Ra of glycerol reflects the total rate 
of whole body lipolysis. Ample evidence exists to support 
the validity of this assumption. 1) Adipose tissue con- 
tains no glycerol kinase, and therefore all glycerol re- 
leased from lipolysis will appear in plasma (6). 2) Glyc- 
erol is not produced metabolically by a process other 
than lipolysis (24, 29). 3) Underestimation of Ra of 
glycerol because of first-pass clearance by the liver of 
glycerol released by the gut is not likely to be a problem, 
even in exercise (23). 4) Underestimation of lipolysis 
because of partial hydrolysis of triglyceride is unlikely 
09 6). 

It was also assumed that the determination of the rate 
of total fat oxidation by indirect calorimetry was accu- 
rate. The level of exercise was particularly chosen to 
maintain normal acid-base balance and thereby prevent 
excessive ventilatory loss of COZ. The constant (resting) 
levels of lactate throughout rest, exercise, and recovery 
indicated that acid-base balance was maintained. It is 
conceivable that calculation of fat oxidation may have 
been underestimated because of an accelerated rate of 
gluconeogenesis in exercise. However, this possibility is 
unlikely, because the rate of glucose production is not 
stimulated at this level of exercise (8) and the lactate 
concentration did not increase in our study. 

The calculation of intracellular recycling relies on the 
validity of Ra of FFA as a quantitative measure of the 
rate of release of fatty acids. The data recently reported 
by Wasserman et al. (23), as well as earlier data from 
Basso and Have1 (3), indicate that no more than 10% of 
FFA flux originates from mesenteric lipolysis and that 
only 25% of that is cleared in the first pass of the liver. 
Therefore, ~3% of released fatty acids would be missed 
using isotopic tracers to measure Ra of FFA. It is possible 
to overestimate intracellular recycling if fatty acids re- 
leased by lipolysis were to be directly oxidized by adjacent 
tissues without appearing in plasma. Because the rate of 
plasma FFA oxidation, determined isotopically, is only 
about one-half the total rate of fat oxidation, it has been 
suggested that one-half of fat oxidation occurs by such 
“direct” routes (20). However, the rate of plasma FFA 

oxidation determined by traditional tracer techniques 
must be an underestimate of the true value, because the 
intracellular enrichment at the site of oxidation is not 
measured (25). Furthermore, retention of the label in 
‘*C-labeled fatty acids that are oxidized can occur via 
isotopic exchange from the oxaloacetate and a-ketoglu- 
tarate pools of the tricarboxylic acid cycle (28). Figure 6 
shows that at all times the Ra of FFA was well in excess 
of the total rate of fatty acid oxidation, which means 
that ample fatty acids were available from plasma to 
satisfy oxidative requirements. In addition the difference 
between Ra FFA and fat oxidation (Fig. 6) is consistent 
with expected values of hepatic fatty acid uptake and 
very low density lipoprotein release (31). Furthermore, 
the arteriovenous difference of plasma FFA across rest- 
ing and exercising muscle is consistent with the notion 
that plasma FFA supplies all of the fat used for energy 
(1). The observed ratio of Ra of FFA to Ra of glycerol in 
this and other studies (e.g., see Ref. 12) of -3:l also 
supports the idea that there is little oxidation of fatty 
acids released by lipolysis that do not enter the plasma 
pool, because this would result in a lower ratio. For all 
these reasons, we believe that our calculated values for 
total and intracellular recycling, and (by deduction) ex- 
tracellular recycling, are reasonably accurate. The value 
for total recycling is not dependent on the site of oxida- 
tion or Ra of FFA and thus is likely to be extremely 
reliable. 

The primary factors determining the extent of reester- 
ification within the adipocyte are the ability of the 
plasma to carry away released FFA (i.e., blood flow and 
adequate albumin binding sites) and the availability of 
glucose to produce glycerol 3-phosphate for reesterifica- 
tion. The low rates of intracellular recycling in all phases 
of this experiment indicate that adipose tissue blood flow 
was always adequate to clear away fatty acids released 
by lipolysis. Glycerol 3-phosphate levels were not at a 
high level because of the lower glucose levels throughout 
the experiment. Thus the total rate of flux via the extra- 
cellular route (Ra of FFA) was not greatly influenced by 
the extent of intracellular reesterification. 

In contrast to the situation with intracellular reester- 
ification, changes in the extent of extracellular reesteri- 
fication of FFA that entered the plasma were important 
in determining the overall response to exercise. However, 
it is unlikely that the reduction in the percent reesteri- 
fication that occurred in exercise was accomplished by 
direct inhibition of reesterification, (i.e., active regula- 
tion of recycling). In fact, although in exercise the frac- 
tion of flux recycled decreased, the absolute amount of 
reesterification via the extracellular route doubled, and 
this amount of reesterification corresponded with the 
expected change in FFA delivery to the liver. Although 
hepatic blood flow probably decreased by lo-20% in 
exercise (19), the FFA concentration increased by 
slightly more than twofold. A stimulation of fatty acid 
oxidation in muscle, coupled with a redistribution of 
blood flow favoring muscle over the liver, undoubtedly 
contributed to the reduction in the fraction of flux that 
was reesterified during exercise. Thus, in this circum- 
stance, the rate of recycling appears to be predominantly 
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passively regulated, reflecting the balance between the 
actively regulated processes of lipolysis and oxidation. 

The physiological significance of TG-FA cycling is not 
diminished by what appears to be the passive nature of 
its regulation in response to exercise. This is appreciated 
by contrasting the extent of increased fat metabolism in 
exercise, which results about equally as a consequence of 
changes in release and recycling, to the situation for 
glucose, the other major circulating energy substrate. At 
rest almost all of the glucose released from the liver is 
metabolized [<15% recycling (16)], so that changes in 
availability of glucose during exercise must entirely result 
from changes in the rate of production. 

In contrast to the situation described for rest and 
exercise in which the liver may passively reesterify a 
constant fraction of delivered FFA, during recovery both 
the absolute and relative rate of reesterification of re- 
leased fatty acids increased dramatically, despite a de- 
crease in the delivery of FFA to the liver as plasma 
concentration fell. One plausible explanation is that 
there was accelerated clearance and reesterification of 
FFA in peripheral adipose tissue, but the signal for this 
type of peripheral clearance and reesterification is un- 
clear. It is also unclear why clearance and reesterification 
of plasma FFA by adipose tissue would occur at an 
accelerated rate in the absence of a change in the rate of 
intracellular TG-FA recycling. Thus an increased effi- 
ciency of reesterification within the liver cannot be ex- 
cluded. 

The unique aspect of the extracellular TG-FA cycle, 
as compared with other previously described substrate 
cycles, is that the rate of net flux is not simply passively 
determined by the difference between the total rate of 
flux and the amount that is recycled. Rather, the rate of 
net flux, which is actually the rate of fat oxidation, can 
be directly regulated. In response to exercise, the large 
increase in the energy requirement of the exercising 
muscles was undoubtedly responsible for the accelerated 
rate of fat oxidation, and thus the decreased availability 
of fatty acids for reesterification. This is reflected by an 
increased percent of FFA flux that was oxidized (Fig. 6). 
As expected, the reverse situation occurred in recovery. 

The energy cost of TG-FA cycling required ~2% and 
0.5% of total energy expenditure at rest and in exercise, 
respectively. The benefit afforded by a high rate of TG- 
FA cycling at rest in terms of regulation of substrate 
availability is thus accomplished economically in terms 
of overall energy expenditure. In contrast, during recov- 
ery from exercise, the high rate of cycling accounted for 
a considerable percentage (14%) of the increase in energy 
expenditure above the resting value before exercise. The 
potential physiological significance of this is evident 
when it is considered that the cycling persisted at an 
increased rate for at least 2 h after stopping exercise. 
Consequently, TG-FA cycling may be important not only 
in the control of substrate flux, but also in the effect of 
exercise on overall energy balance. 
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