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Pathway of Free Fatty Acid Oxidation in Human Subjects

Implications for Tracer Studies

Labros S. Sidossis, Andrew R. Coggan, Amalia Gastaldelli, and Robert R. Wolfe
Metabolism Unit, Shriners Burns Institute, and Departments of Anesthesiology and Surgery, University of Texas Medical Branch,

Galveston, Texas 77550

Abstract

To determine the pathway of plasma FFA oxidation and the
site(s) of label fixation observed during infusion of FFA
tracers, [1-'*C]palmitate and [1-*C]acetate were infused
intravenously for 3 h in five volunteers. Breath *CO, enrich-
ment and “CO, specific activity were followed for 6 h to
determine the labeled CO, decay rates. Acetate enters di-
rectly into the TCA cycle; hence, if palmitate transits a
large lipid pool before oxidation, *CO, enrichment (from
palmitate) should decay slower than *CO, specific activity
(from acetate). Breath >*COQ, enrichment and *CO, specific
activity decayed at a similar rate after stopping the tracer
infusions (half-lives of *CO, and “CO, decay: mean [ +SE]
106.6+8.9 min, and 96.9+6.0 min, respectively, P = NS),
which suggests that palmitate enters the TCA cycle directly
and that label fixation occurs after citrate synthesis. Signifi-
cant label fixation was shown in plasma glutamate/gluta-
mine and lactate/pyruvate during infusion of either [1,2-
B3C]Jacetate or [ U-*C]palmitate, suggesting that TCA cycle
exchange reactions are at least partly responsible for label
fixation. This was consistent with our finding that the half-
lives of *CO, enrichment and *CO, specific activity de-
creased significantly during exercise to 14.4+3 min and
16.8+1 min, respectively, since exercise significantly in-
creases the rate of the TCA cycle in relation to that of the
TCA cycle exchange reactions. We conclude that plasma
FFA entering cells destined to be oxidized are directly oxi-
dized and that tracer estimates of plasma FFA oxidation
will underestimate the true value unless account is taken of
the extent of label fixation. (J. Clin. Invest. 1995. 95:278-
284.) Key words: exercise  isotopes * tricarboxylic acid cycle
« triacylglycerols « acetate

Introduction

Tracer methodology has been used in a variety of physiological
conditions to estimate the rate of plasma FFA oxidation and,
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in combination with indirect calorimetry, in attempts to differen-
tiate between the oxidation of fatty acids that have come from
the blood and those that have been directly oxidized in the same
cell in which they were stored (‘‘intracellular fatty acids’’)
(e.g., references 1-10). These studies suggest that as much as
70% of total fat oxidation comes from intracellular fatty acids
(1-12), and based on these results a potential role of intracellu-
larly stored fatty acids in the regulation of fatty acid oxidation
has been proposed (5). However, the validity of tracer estimates
of plasma fatty acid oxidation has been questioned, based on
observations of significant label fixation beyond that explained
by bicarbonate kinetics, during infusion of fatty acid tracers in
normal volunteers (13). Label fixation was thought to result
from incorporation of the label into the lipid pool of the cell,
via esterification of the infused fatty acid tracers before being
oxidized (10, 14, 15). The intracellular lipid pool is large and
its turnover rate relatively slow. Thus, if this hypothesis is cor-
rect, it is unlikely that the intracellular fatty acyl-CoA pool,
which is the true precursor pool for oxidation, would achieve
isotopic steady state within the time frame of most experiments
(i.e., 1-3 h). The fatty acid enrichment in plasma would there-
fore be higher than the enrichment of the precursor pool for
oxidation, not because of possible dilution of the tracer by fatty
acids originating from intracellularly stored lipids, but rather
due to the time required for the intracellular lipid pool to equili-
brate. In this circumstance, the use of the higher enrichment of
plasma FFA in the calculation of oxidation will result in the
underestimation of the true plasma FFA oxidation rate.

An alternative possibility could explain the label fixation
observed during infusion of fatty acid tracers (16—18). Two
CO, molecules are produced for every acetyl-CoA molecule
that enters the TCA cycle. However, if one or both carbons of
the acetyl-CoA molecule are labeled there is a chance that not
all of the label in acetyl-CoA will end up in CO, as a result of
TCA cycle activity, thereby resulting in the underestimation of
the true oxidation rate. This could occur if label is lost through
exchange reactions in the TCA cycle, as schematically shown
in Fig. 1. By exchange reactions we refer to a net movement
of tracer occurring in the setting of constant pool sizes of both
substrate and product. Exchange of label with unlabeled carbon
could occur in the liver mitochondria, where the oxaloacetate
(OAA)' pool is common to both the gluconeogenic and TCA
cycle pathways. Thus, label can be incorporated into phospho-
enolpyruvate (PEP), pyruvate, and eventually glucose. Further-
more, label can be lost from a-ketoglutarate to glutamate and
glutamine, a reaction that can take place throughout the body.
In this case the label will end up in the body’s amino acid/
protein pool instead of CO,. It is also possible that label could

1. Abbreviations used in this paper: OAA, oxaloacetate; PEP, phospho-
enolpyruvate; Ra, rate of appearance; TTR, tracer-tracee ratio.
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Figure 1. Schematic diagram indicating the possible fates of labeled
carbon after it has entered the TCA cycle. Two prominent pathways for
exchange (i.e., from a-ketoglutarate to glutamate and glutamine, and
from OAA to PEP) are shown in detail.

exchange from OAA to aspartate. These pathways are well
established from studies in vitro (16, 17) and in vivo (19-21).
If indeed label fixation during carbon-labeled fatty acid infusion
is the result of exchange reactions in the TCA cycle, and not
due to tracer incorporation into the lipid pool of the cell, then,
given the small size of the intracellular fatty acyl-CoA pool (8,
22), an isotopic equilibrium in the intracellular precursor pool
for oxidation could be rapidly achieved. In this case the use of
plasma fatty acid enrichment in the oxidation calculations would
be appropriate, and thus, tracer estimates of fatty acid oxidation
would probably be accurate, provided that the extent of label
fixation could be determined and incorporated into the calcula-
tions in a manner analogous to the current use of bicarbonate
correction factor (23, 24).

To address these issues we have performed three separate
experiments. First, we have infused [1-'>C]palmitate and [1-
“CJacetate for 3 h in normal volunteers (protocol 1). The
breath '*CO, enrichment (from the oxidation of [1-!*C]-
palmitate ) and the specific activity of '*CO, (from the oxidation
of [1-"*C]acetate) were measured for 6 h after stopping the
infusions to determine the decay rate of labeled CO,. Acetate,
as acetyl-CoA, enters directly into the TCA cycle without being
incorporated into fat. Thus, if label is fixed before the entrance
of labeled acetyl-CoA into the TCA cycle (e.g., in the triacyl-
glycerol (Tg) pool), then *CO, enrichment from labeled palmi-
tate should decay at a slower rate than '“CO, specific activity
from labeled acetate. On the other hand, if the decay rates of
BCO, enrichment and '*CO, specific activity are similar, it
would indicate that label fixation occurs after labeled acetyl-
CoA has entered the TCA cycle. Second, to confirm directly
the role of exchange reactions in label fixation, we measured
plasma glutamate/glutamine and lactate/pyruvate enrichment
during infusion of [1,2-'*C]acetate (protocol 2) and [U-"C]-
palmitate (protocol 3). If plasma glutamate/glutamine and lac-
tate/pyruvate enrichment increase, it would indicate that label
is fixed via exchange reactions in the TCA cycle, since these
are the only pathways by which label from [1,2-'>C]acetate
and [U-'C]palmitate could end up in plasma glutamate/gluta-
mine and lactate/pyruvate. Finally, we have further tested the
role of the exchange reactions in the TCA cycle by determining

the labeled CO, decay rates after stopping [1-'*C]acetate and
[1-®C]palmitate infusions during exercise (protocol 4). Exer-
cise substantially increases the rate of the TCA cycle, yet the
rate of TCA cycle exchange reactions would not be expected
to increase correspondingly (25, 26). Thus, if TCA cycle ex-
change reactions are the major site of label fixation, palmitate-
and acetate-derived labeled CO, would decay significantly
faster during exercise as compared to rest. On the other hand,
if label fixation is the result of esterification and storage of fatty
acid tracers into the lipid pool of the cell, then only a modest
increase in palmitate-derived *CO, decay rate should be ex-
pected, reflecting the two to threefold increase in FFA flux that
results from exercise (27).

Methods

Volunteers. 12 volunteers, 4 women and 8 men (age 29+6 y, body wt
69+8 kg), participated in one or more protocols. The number of volun-
teers in each protocol is specified below. All volunteers were healthy, as
indicated by comprehensive history, physical examination, and standard
blood and urine tests, and consented to participate in this study, which
was approved by the Institutional Review Board and the Clinical Re-
search Center of the University of Texas Medical Branch at Galveston.

All experiments were performed in the morning, after the volunteers
had fasted overnight (i.e., 12 h). Teflon catheters were placed percutane-
ously into an antecubital vein for isotope infusion and into a contralateral
dorsal hand vein, which was heated, for sampling of arterialized venous
blood. The catheters were kept patent by controlled infusion of 0.9%
NaCl. The volunteers rested for 15—-30 min after catheter placement,
at which time one of the following four experimental protocols was
performed.

Protocol 1: labeled CO, decay studies at rest (n = 5). In this
protocol the decay rates of labeled CO, after stopping the infusion of
[1-C]palmitate and [1-'*C]acetate were determined. A primed (5.0
nCi/kg), constant (0.2 nCi-kg~'-min~"') infusion of [1-'*C]acetate
(Dupont-NEN, Boston, MA) dissolved in 0.9% NaCl, and a constant
(0.05 pmol-kg ™' min~") infusion of [1-'3C]palmitate (99% enriched,
MSD Isotopes Div., Montreal, Canada) bound to 5% human albumin
(Alpha Therapeutic Corporation, Los Angeles, CA) were started and
maintained in human volunteers for 3 h using calibrated syringe pumps.
The exact infusion rates were determined by measuring the concentra-
tions of the isotopes in the infusates and multiplying those values by
the infusion rates. Priming doses of NaH">*CO; (1.2 umol-kg™') and
NaH'CO; (10 nCi-kg™') were given at the beginning of the studies,
diluted in 0.01 N NaOH. After 3 h, the infusions were discontinued and
the volunteers rested for 6 h more.

Blood samples were obtained before tracer infusion, at 160, 170,
and 180 min of infusion, and 1, 2, 3, 4, 5, 8, 10, 20, 30, 40, 50, and
60 min after stopping the tracer infusion for determination of plasma
palmitate carbon enrichment. Breath samples were obtained before
tracer infusion, 160, 170, and 180 min after the beginning of infusion,
2, 4, 6, 8, 10, 20, 30, 40, 50, and 60 min after stopping the infusion
and every 30 min thereafter for the remainder of the study period for
measurement of 'CO, enrichment and *CO, specific activity.

Protocol 2: doubly labeled acetate infusion (n = 5). This protocol
was designed (a) to test the assumption that acetate directly enters the
TCA cycle, and (b) to quantify the extent of label fixation via TCA
cycle exchange reactions, which represents nonoxidative loss of label
during infusion of acetate tracers. To quantify the extent of label fixation,
not only is the rate at which the enrichment increases in glutamate/
glutamine and lactate/pyruvate during the [1,2 '*C]acetate infusion
required, but also the kinetics of these pools must be quantified. Thus,
in this protocol, d,-glutamate was given as a bolus (50 umol-kg ") at
the start of the [1,2-'°C]acetate infusion (2.5 umol-kg ™' min~', prime
62.5 umol-kg™'). The acetate infusion was maintained for 30 min,
after which a bolus of [U-">C]pyruvate (30.5 umol-kg™') was given
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to quantify the lactate/pyruvate kinetics. The pyruvate tracer enables
quantification of the total lactate/pyruvate pool because of the rapid
exchange between lactate and pyruvate (28), and the glutamate tracer
enables quantification of both the glutamate and glutamine pools because
these compounds are analytically indistinguishable using the nitrogen-
acetyl-n-propyl ester derivative (see Assays). The pyruvate bolus was
delayed until the end of the acetate infusion because it would have
interfered with the '*C incorporation data during the acetate infusion.
Residual acetate tracer, on the other hand, had no effect on the calcula-
tion of pyruvate kinetics because of the mass difference of the carbon
in the tracers. Blood samples were obtained before tracer infusion and
2, 4,6, 10, 15, 17, 20, 25, and 30 min after the start of [1,2-'*C]acetate
infusion. The sampling schedule was the same following the [U-'>C]-
pyruvate injection.

Protocol 3: uniformly labeled palmitate infusion (n = 2). To test
the hypotheses that (a) at least part of the plasma FFA directly enter
the TCA cycle without transiting premitochondrial pool(s), and (b) at
least part of the label fixation observed during infusion of fatty acid
tracers occurs via exchange reactions in the TCA cycle, a primed (2.3
pmol-kg™") constant (0.23 pmol-kg ™ '-min~") infusion of [U-'*C]-
palmitate (98% enriched; CIL, Woburn, MA), bound to 5% human
albumin was started and maintained for 40 min. Blood samples were
obtained before the tracer infusion, and at 2, 4, 6, 10, 15, 20, 25, 30,
35, and 40 min after the start of tracer infusion, for determination of
plasma glutamate and lactate/pyruvate enrichments. Breath samples for
the determination of '*CO, enrichment were obtained before the start
of tracer infusions and 2, 4, 6, 8, 10, 12, 15, 20, 25, 30, 35, and 40 min
after the start of infusions.

Protocol 4: labeled CO, decay studies during exercise (n = 5).
These exercise experiments were performed to test the hypothesis that
an increase in the rate of the TCA cycle would decrease the relative
proportion of tracer lost to exchange reactions, thereby minimizing the
time delay in decay of '*CO, enrichment after the infusion of [1-'>C]-
palmitate is stopped. Confirmation of this hypothesis would support the
contention that TCA cycle exchange reactions are the major site of label
fixation observed during infusion of fatty acid tracers. After catheter
placement the volunteers sat quietly on a cycle ergometer and 15-30
min later blood and breath samples were obtained for the determination
of background enrichments. Immediately after, exercise at 40+10% Vo,
peak was started and continued for 2 h. The volunteers’ Vo, peak were
determined 1 wk earlier using a continuous exercise protocol during
which power output was increased by 25 W every 2 min until fatigue.
At the start of exercise an infusion of NaH *CO; (20.0 nCi-kg ™' prime,
1.0 nCi-kg™'-min~' constant infusion) and [1-'>C]palmitate (0.12
pmol-kg ~'-min ' constant infusion), or, on a second occasion, an infu-
sion of [1-'*C]acetate (20 nCi-kg ™' prime, 1.0 nCi-kg ~'-min ' constant
infusion) was started and maintained for the first hour of exercise.
Priming doses of NaH'*CO; (5.0 umol-kg~', when [1-'3C]palmitate
was infused) and NaH'*CO; (20 nCi-kg ™', when [1-'*C]acetate was
infused) were given immediately preceding the tracer infusion. After 1
h, the infusions were stopped and the volunteers continued to cycle for
an additional 1 h.

Blood samples were obtained at 45, 50, 55, and 60 min of infusion
and 0.5, 1, 1.5, 2,25, 3,4, 5, 8, 10, 15, 20, and 30 min after stopping
of the tracer infusion for measurements of plasma palmitate enrichment.
Breath samples for the determination of '*CO, enrichment and '*CO,
specific activity were obtained at 50, 55, and 60 min after the beginning
of infusion and 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, and 60
min after the infusion was stopped.

Assays. Expired air for measurement of '*CO, specific activity, was
collected in 3-liter anesthesia bags and CO, was trapped by bubbling
through a 1:4:9 solution of phenolphthalein (0.1% solution; Fisher Sci-
entific Co., Fair Lawn, NJ), benzethonium hydroxide (1.0 M solution;
Sigma Chemical Co., St. Louis, MO), and absolute ethanol to trap
exactly 1 mmol of CO,. Scintillation fluid (10 ml of toluene, 0.04%
2,5-diphenyl-oxazole; Sigma Chemical Co.) was added immediately in
the vial and '*CO, specific activity (disintegrations-min ~'-mmol ') was
determined using liquid scintillation counting (29). 20 ml of expired
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air was injected into evacuated tubes for determination of '*CO,/'*CO,.
Briefly, CO, was isolated from the breath samples before analysis by
isotope ratio-mass spectrometry (IRMS) by passage through a water
trap followed by condensation in a liquid nitrogen trap to allow other
gases to be evacuated. The '*CO,/'?CO, was then determined with a
triple-collector IRMS (SIRA VG; Isotech, Cheshire, UK). The ratio is
reported in units of tracer—tracee ratio (TTR) that is defined as: TTR
= ("C/'"*C)sa — ("*)C/"C)ref — [('*C/"™*C)bk — ('*C/'*C)ref], where
sa = sample, ref = reference gas, and bk = baseline sample.

Blood samples were collected into prechilled tubes containing so-
dium heparin, and plasma was separated immediately by centrifugation
and frozen until further processing. Plasma palmitate enrichment was
determined by following previously described procedures (30). Briefly,
FFA were extracted from plasma, isolated by thin-layer chromatography,
and converted to their methyl esters. The isotopic enrichment of palmi-
tate was determined by gas chromatography mass spectrometry (GCMS)
(5992; Hewlett-Packard Co., Palo Alto, CA), by selectively monitoring
ions mass-to-charge (m/e) of 270 and 271.

For determination of glutamate/glutamine enrichment (protocol 2)
the proteins in plasma were precipitated, the amino acids were separated
from the protein-free supernatant, and the nitrogen-acetyl-n-propyl es-
ters were prepared and analyzed by GCMS, selectively monitoring ions
at m/e 274, and 276 (30). This derivatization procedure causes loss of
the amide nitrogen of glutamine, but all carbons of glutamate are re-
tained. Thus, with this analytical approach we pool glutamine and gluta-
mate carbon enrichment, which is appropriate since we are considering
them in essence a single biological pool.

To measure plasma lactate enrichment 1.5 ml of freshly drawn whole
blood was added to ethyl acetate/HCI solution and immediately centri-
fuged for 10 min at 4°C. After treatment with sodium sulfate the Tris-
trimethylsilyl derivative of lactate was analyzed using a GCMS, selec-
tively monitoring ions at m/e 219 and 221. Since lactate and pyruvate
enrichment are in equilibrium intracellularly (31), an increase in lactate
enrichment, during the infusion of [1,2-'*C]acetate and [U-"C]-
palmitate, would indicate label transfer from OAA to PEP and eventually
pyruvate.

Glutamate carbon enrichment in protocol 3 was measured on an
IRMS, which is significantly more sensitive than the GCMS, because
the anticipated plasma glutamate enrichment was very low. Plasma glu-
tamate was first isolated by high pressure liquid chromatography. The
separation was carried out on a 2150 solvent delivery system, equipped
with a 2152 LC controller. Confirmation of the purity of the aliquot
containing glutamate was performed on a 2248 solvent delivery system
equipped with a 2144 fluorescent detector (all from LKB, Bromma,
Sweden). Glutamate carbon enrichment was determined after combus-
tion on a SIRA VG triple-collector IRMS (Isotech). With this approach
glutamine is not included in the analysis, as glutamate is specifically
isolated by high pressure liquid chromatography without any derivatiza-
tion and minimal degradation of glutamine to glutamate, and total carbon
enrichment (as opposed to molecular enrichment) is determined.

Calculations. CO, decay data were first normalized to the plateau
enrichment before the infusion of tracers was stopped (100% at t = 0).
The decay of enrichment subsequent to stopping the infusion was
then fitted using a one or a two exponential model: y(t) = Ao
+ 3 A,e**, where n = 1 or 2, with the constraints that A, > =0 and

i=1
K; < =0. For a specific candidate model with fixed value of n, the best
fit to the washout data was found using the weighted nonlinear least
squares method implemented on MLAB (Civilized Software, Bethesda,
MD). The half-life of labeled carbon decay is the time required for the
TTR to decay 50%.

Glutamate/glutamine and lactate/pyruvate rate of appearance (Ra)
were determined using a two-compartment model where the appearance
and loss of label occurs from the second pool. The enrichment data
were fitted as described above, and the kinetic parameters (including
Ra) were computed using MLAB.

The extent of label fixation via TCA cycle exchange reactions ( pro-
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Figure 2. Fractional decay of plasma palmitate enrichment, breath *CO,
enrichment, and breath “CO, specific activity, after stopping [1-'>C]-
palmitate, and [1-'*C]acetate infusions at rest (means=*SE for five vol-
unteers) (protocol 1). — A —, ["*C] plasma palmitate; — 0 —,
CO, from [1-'*C]acetate; — 0 — '*CO, from [1-'*C]palmitate.

tocol 2), which represents nonoxidative loss of label into glutamate/
glutamine and lactate/pyruvate, was estimated as follows:

percent labeled carbon from [1,2-">C]acetate transferred to glutamate/
glutamine =

Ra glutamate/glutamine X glutamate/glutamine enrichment %

100
2 X acetate infusion rate
and

percent labeled carbon from [1,2-'>C]acetate transferred to lactate/
pyruvate =

Ra lactate/pyruvate X lactate/pyruvate enrichment
2 X acetate infusion rate

X 100.

The 2 in the denominator is to account for the fact that doubly labeled
acetate was infused.

Statistical analysis. Half-lives were compared by the z test, where
z is equal to the fraction where the numerator is the difference of the
half-lives and the denominator is the standard error of the numerator.
Regression analysis (TTR regressed on time) was used to estimate
the slope and SE of plasma glutamate/glutamine and lactate/pyruvate
enrichment in all protocols. We tested the hypothesis that the slope was
zero, for each individual slope, by the ¢ test, and differences between
slopes were compared by the z test. Plasma glutamate/glutamine and
lactate/pyruvate TTR at each time point was compared to basal via a
paired £ test.

Results

Protocol 1. Plasma palmitate enrichment, breath *CO, enrich-
ment, and breath '“CO, specific activity reached an apparent
plateau at the end of 3 h of [1->)C]palmitate and [1-'“C]acetate
infusions in all studies (data not shown).

The pattern of decay of plasma palmitate enrichment, *CO,
enrichment, and "*CO, specific activity, after discontinuation of
tracer infusion, are shown in Fig. 2. The half-life of '*CO,
excretion, from [1-'*C]palmitate, was similar to the half-life of
“CO, excretion, from [1-'*C]acetate, and significantly greater

Table I. Half Lives of Labeled Carbon Decay after Stopping
Infusion of Tracers

Plasma 3CO, (from 14Co, (from  'CO, (from
[®Clpalmitate  [1-'*C]palmitate) [1-'Clacetate) NaH"“CO,)
Rest
(protocol 1)  4.3+0.4 106.6+8.9 96.9+6.0 37+1*
Exercise
(protocol 4)  1.7+0.3* 12.2+2.6% 142*1.1* 5.1*1.0

Values are means*+SE in min. * P < 0.001 vs rest, ¥ from reference
13.

than the half-life of plasma ['>C]palmitate (Table I). To dem-
onstrate the point that bicarbonate kinetics only partly explain
the prolonged *CO, and *CO, excretion, the half-life of *CO,
specific activity, from NaH *CO; infusion, as reported by Hei-
ling et al. (13) from a similar experimental protocol, is also
shown in Table L.

Protocol 2. Consistent with the hypothesis that acetate di-
rectly enters into the TCA cycle, plasma glutamate/glutamine
and lactate/pyruvate enrichments significantly (P < 0.01) in-
creased within 6 min after the start of [1,2-'3C]acetate infusion
(Fig. 3). Furthermore, both plasma glutamate/glutamine and
lactate/pyruvate enrichments continued to increase throughout
the experiments, indicating label fixation via exchange reactions
in the TCA cycle (Fig. 3). The rates of glutamate/glutamine
and lactate/pyruvate appearance were 12.1+1.0 umol-kg™'
min ' and 41.2+4.3 ymol-kg ~'-min ', respectively. Nonoxida-
tive loss of label into glutamate/glutamine and lactate/pyruvate
accounted for 9.5 and 4.1% of acetate label, respectively.

Protocol 3. Plasma glutamate carbon enrichment signifi-
cantly (P < 0.05) increased over the baseline within 6 min
after the start of [U-'"3C]palmitate infusion, and continued to
increase throughout the experiment (Fig. 4). Breath >)CO, en-
richment also started to increase shortly after the initiation of
tracer infusion (Fig. 4). These results suggest that, like acetate,
palmitate also directly enters into the TCA cycle and that TCA
cycle exchange reactions are, at least in part, responsible for

1.8

1.5 -
1.2 4
1.0 4

TTR X 100

0.8 -
0.5 4
0.2 -

0.0[F

Time (min)

Figure 3. Plasma glutamate/glutamine and lactate/pyruvate enrich-
ments during 30 min of [1,2-'*C]acetate infusion at rest (means*+SE
for five volunteers). The enrichments of both glutamate/glutamine
(— 0 —) and lactate/pyruvate (— O —) significantly (P < 0.01)
increased over basal within 6 min after the beginning of [1,2-'3C]acetate
infusion (protocol 2).
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Figure 4. Plasma glutamate carbon enrichment and breath *CO, enrich-
ment during 40 min of [U-"C]palmitate infusion at rest (means+SE
for two volunteers). Glutamate and *CO, enrichments significantly (P
< 0.05) increased over basal within 6 min after the beginning of
[U-"C]palmitate infusion (protocol 3). — 0O —, breath '*CO,,

— O —, plasma glutamate carbon.

label fixation during infusion of fatty acid tracers. It was not
possible to detect significant changes in plasma lactate enrich-
ment due to the low tracer infusion rate used in this protocol.

Protocol 4. Plasma palmitate carbon enrichment, '*CO, en-
richment (from the oxidation of [1-'*C]palmitate), and “CO,
specific activity (from NaH'“CO; and [1-'*C]acetate infu-
sions ), reached an apparent plateau at the end of 60 min of [1-
3C]palmitate, [1-'*C]acetate, and NaH '*CO; infusion during
exercise (data not shown).

The decay curves of labeled carbon after discontinuation of
tracer infusion during exercise are shown in Fig. 5. The half-
life of plasma ['*C]palmitate was 1.7+0.3 min. The half-life
of 1®CO, excretion, from [1-'3C]palmitate, was 12.2+2.6 min,
similar to the half-life of '*CO, excretion from [1-'*C]acetate
(14.2+1.1, P = NS). As was the case at rest, '*CO, enrichment
and "“CO, specific activity (from [1-'*C]acetate) decayed sig-
nificantly (P < 0.01) slower than bicarbonate-derived '“CO,
specific activity (Fig. 5), suggesting that bicarbonate kinetics
only in part explain label fixation during exercise as during rest.

BCO, (from [1-"C]palmitate), and “CO, specific activity
(from [1-'*C]acetate) decayed significantly (P < 0.01) faster
during exercise as compared to rest (Table I), in keeping with
the notion that exchange reactions in the TCA are the major
site of label fixation during fatty acid tracer infusion.

Discussion

The validity of tracer estimates of plasma FFA oxidation has
been questioned based on observations of significant label fixa-
tion, beyond that explained by bicarbonate kinetics, during infu-
sion of fatty acid tracers. It has been suggested that the label
fixation results from plasma FFA entering cells for oxidation
first being esterified into Tg and temporarily stored in the lipid
pool of the cell before oxidation. We found that plasma FFA
entering cells destined to be oxidized are transferred directly
into the mitochondria without transiting premitochondrial lipid
pools (protocol 1). The notion that plasma FFA directly enter
the oxidative pathway was confirmed by the findings that label
from the infused palmitate was recovered in breath CO, and
plasma glutamate shortly after the start of [U-'*C]palmitate
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Figure 5. Fractional decay of plasma palmitate enrichment, breath *CO,
enrichment, and breath '*CO, specific activity, after stopping [1-'>C]-
palmitate, NaH “CO; and [1-'*C]acetate infusions during exercise

(means=SE for three volunteers) (protocol 4). — A —, [*C]plasma
palmitate; — ¢ —, '*CO, from NaH'*CO;; — 0 —, '*CO, from
[1-C]palmitate; — 0 —, '*CO, from [1-'“C]acetate.

infusion (protocol 3). Furthermore, these findings also indi-
cated that exchange reactions in the TCA cycle were responsible
for at least part of the label fixation observed during the infusion
of labeled palmitate (protocols 2 and 3). In fact, the exercise
studies (protocol 4) showed that these exchange reactions are
the major sites of label fixation.

The validity of the acetate tracer in our experiment depends
on the direct entry of infused acetate into the TCA cycle for
oxidation. It has been shown that in the postabsorptive state
incorporation of acetate into fatty acids, which is the only other
major pathway of acetate metabolism, is virtually zero (32).
In addition, our finding that plasma glutamate/glutamine and
lactate/pyruvate enrichments significantly increased over basal
within 6 min after the initiation of a primed constant infusion of
[1,2-"*C]acetate (Fig. 3), strongly suggests that acetate enters
directly into the TCA cycle. This is because the only pathway
by which label from acetate can end up in glutamate/glutamine
and lactate/pyruvate is via exchange reactions occurring after
acetate-derived labeled acetyl-CoA has entered the TCA cycle
(Fig. 1). In any case, if all infused acetate was not directly
oxidized, then the estimation that 14% of label was lost to
glutamate/glutamine and pyruvate/lactate would be too low,
thereby strengthening our conclusion regarding the quantitative
importance of these pathways.

The focus of this investigation was on the fate of plasma
FFA that enter cells destined to be oxidized and not those FFA
that are esterified into Tg and either stored or excreted by the
liver in the form of VLDL-Tg. It is well established that at rest
~ 50% of plasma FFA taken up by the various tissues of the
body are re-esterified for storage (33). Our present finding
suggests that the majority of the fatty acids that are oxidized
(i.e., ~ 50% of uptake) are directly transferred into the mito-
chondria, the site of oxidative decarboxylation. This finding is
in contrast to the notion that some (6, 7, 14, 15, 22, 34, 35),
or even all (10) of the plasma FFA entering cells to be oxidized,
transit slow intracellular premitochondrial pools before oxida-
tion. This hypothesis was based on observations of incomplete



oxidation of fatty acid tracers (6, 7, 10, 14, 15, 35) or was
derived from the results of kinetic analyses of the oxidation of
labeled fatty acids (22, 34). Our conclusion is in agreement,
however, with the results from studies in which the arterio-
venous difference during exercise of the water soluble metabo-
lites was also quantified during infusion of fatty acid tracers (8,
11). These studies showed that, taken together, CO, and water
soluble radioactivity could account for all of the labeled FFA
entering the muscle, suggesting that none of the FFA was stored
in the muscle lipid pool before oxidation. If it is true that plasma
FFA are directly oxidized then, given the small size of the
intracellular fatty acid pool (8, 22), an isotopic equilibrium in
the intracellular precursor pool for oxidation could be rapidly
(i.e., within 1-2 h) achieved, supporting the use of plasma
FFA enrichment in the oxidation calculations.

Whereas it appears to be possible to achieve an isotopic
equilibrium in precursor (fatty acid) enrichment, there is still
a significant problem with the isotopic technique. Thus, during
infusion of [1-'3C]palmitate we, similar to others (10, 13),
observed significant label fixation, beyond that explained by
bicarbonate kinetics. This was evident from the prolonged high
rates of palmitate-derived labeled CO, excretion after the tracer
infusion was stopped, both at rest (Fig. 2) and during exercise
(Fig. 5). Although this would not affect calculations of FFA
appearance or disappearance rates, label fixation would cause
the underestimation of isotopically determined plasma FFA oxi-
dation rates, by decreasing the apparent rate of labeled CO,
production (18, 23), and as a consequence would cause the
overestimation of the calculated intracellular fatty acid oxida-
tion rate. Thus, our data indicate that, as currently used, tracer
estimates of plasma FFA oxidation are not valid. This implies
that results from studies using tracer techniques alone or in
combination with indirect calorimetry to estimate plasma and
intracellular fatty acid oxidation (1-9), have likely underesti-
mated the true value of plasma FFA oxidation.

To directly test the role of the TCA cycle exchange reactions
in label fixation we demonstrated the potential magnitude of
these reactions by infusion of [1,2-*C]acetate (protocol 2) and
then confirmed that these findings applied to fatty acids by
infusion of [ U-'3C]palmitate at rest (protocol 3). We estimated
that after 30 min of [1,2-3C]acetate infusion ~ 14% of the
label in acetate ended up in glutamate/glutamine and lactate/
pyruvate. This reflects the minimum amount of label that can
be fixed via TCA cycle exchange reactions, since label could
also be in glucose, aspartate, and perhaps other products.
Whereas we found no detectable isotopic enrichment in glucose
during the 30-min infusion, this probably reflects the slow turn-
over time of the glucose pool, relative to the rate and duration
of the acetate infusion. Thus, it is likely that at least 14% of
the label in palmitate is also expected to be fixed via these
exchange reactions, since labeled acetyl-CoA should be treated
the same regardless of whether it is coming from acetate or
palmitate.

Protocol 3 provided further support for the importance of
TCA cycle exchange reactions. We found that during infusion
of labeled palmitate plasma glutamate and breath '*CO, enrich-
ment significantly increased shortly after the initiation of tracer
infusion (Fig. 4). The only pathway by which label from palmi-
tate can end up in glutamate is via exchange reactions occurring
after palmitate-derived labeled acetyl-CoA has entered the TCA
cycle (Fig. 1). To further evaluate the role of exchange reac-
tions during labeled fatty acid infusion, we infused labeled pal-

mitate and acetate during exercise (protocol 4). Exercise in-
creases TCA cycle activity severalfold over the activity of the
exchange reactions, because the rates of glutamate formation
and gluconeogenesis are no where near as great as is total TCA
cycle activity (25, 26); thus, if label fixation occurs via TCA
cycle exchange reactions, then palmitate- and acetate-derived
labeled CO, would decay significantly faster during exercise as
compared to rest. We found that the decay rates of labeled
CO, increased severalfold during exercise, as compared to rest
(Table I). This increase cannot be explained merely by the two
to threefold increase in FFA flux expected as a result of exercise
(27). Furthermore, the increase in plasma glutamate/glutamine
enrichment during exercise was significantly less than the in-
crease at rest (data not shown), indicating that less label is lost
via TCA cycle exchange reactions during exercise as compared
to rest. The diminished increase in plasma glutamate/glutamine
enrichment during exercise cannot be due to increased appear-
ance of glutamate (25). These findings support the notion that
exchange reactions in the TCA cycle are the major site of label
fixation during infusion of fatty acid tracers.

Account cannot be taken of exchange reactions in the TCA
cycle by the so-called bicarbonate correction factor. Further,
the extent of underestimation of the true rate of oxidation will
depend on the rate of the TCA cycle in relation to the rate of
the exchange reactions. For example, an increase in insulin
concentration might decrease the rate of the gluconeogenic path-
way in relation to the TCA cycle, thereby indicating an apparent
increase in the efficiency of plasma FFA oxidation because less
label would be lost from the OAA pool. Similarly, if the TCA
cycle rate increases in relation to the rate of the exchange reac-
tions, as is the case during exercise, less label would be lost
via exchange reactions and thus the magnitude of the underesti-
mation of plasma FFA oxidation would be expected to be less.
Another problem stemming from the movement of the label
from the TCA cycle into other pathways is reflected by the slow
decay in enrichment after the tracer infusion is stopped (Fig.
2). Since the label moves into pools which themselves may
ultimately be oxidized, labeled CO, will be produced in that
process which will actually reflect fat oxidized at an earlier time.
Thus, an experimental design which compares FFA oxidation in
one state (e.g., basal) versus another state (e.g., hyperinsuli-
nemic clamp) would require many hours until the breath CO,
enrichment reflected what is actually occurring during that per-
turbation, as opposed to what occurred several hours earlier.
All of these problems make the traditional use of the tracer
method to quantify plasma FFA oxidation questionable in both
the quantitative and qualitative sense.

The fact that label fixation occurs after the entrance of ace-
tyl-CoA into the TCA cycle suggests that the problem is not
unique to isotopic determination of plasma FFA oxidation rates.
Since all substrates, (i.e., carbohydrates, fats, and proteins) have
to enter the TCA cycle in order to be oxidized, if the label also
enters the TCA cycle and is not lost to reactions before the
entrance of acetyl-CoA into the TCA cycle, then it is expected
that the isotopically determined oxidation rate of the particular
substrate would be an underestimate of the true oxidation rate.
The position of the label on acetyl-CoA, at the one (C-1) or
the two (C-2) position, will also affect the extent of label fixa-
tion, since there is much greater chance that label in the C-2
position will be lost in the pathways mentioned above, than
would label in the C-1 position. This problem has been pre-
viously discussed in relation to other substrates (18).
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In summary, our data suggest that plasma FFA entering
cells, destined to be oxidized, are transported directly to the
mitochondria for oxidation. Label fixation observed during FFA
tracer infusion occurs not only via the bicarbonate pool, but
also via isotopic exchange reactions in the TCA cycle. Tracer
techniques as currently used therefore do not accurately reflect
plasma FFA oxidation.
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