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Abstract We describe a method for assessing tissue-specific
plasma free fatty acid (FFA) utilization in vivo using a non-
B-oxidizable FFA analog, [9,10-*H]-(R)-2-bromopalmitate
(®H-R-BrP). Ideally ®H-R-BrP would be transported in
plasma, taken up by tissues and activated by the enzyme
acyl-CoA synthetase (ACS) like native FFA, but then 3H-
labeled metabolites would be trapped. In vitro we found that
2-bromopalmitate and palmitate compete equivalently for
the same ligand binding sites on albumin and intestinal fatty
acid binding protein, and activation by ACS was stereoselec-
tive for the R-isomer. In vivo, oxidative and non-oxidative
FFA metabolism was assessed in anesthetized Wistar rats by
infusing, over 4 min, a mixture of 3H-R-BrP and [U-1%C]
palmitate (**C-palmitate). Indices of total FFA utilization
(R*) and incorporation into storage products (R;’) were de-
fined, based on tissue concentrations of 3H and 14C, respec-
tively, 16 min after the start of tracer infusion. R*f, but not
Ry, was substantially increased in contracting (sciatic nerve
stimulated) hindlimb muscles compared with contralateral
non-contracting muscles. The contraction-induced increases
in R*; were completely prevented by blockade of B-oxida-
tion with etomoxir. These results verify that 3H-R-BrP traces
local total FFA utilization, including oxidative and non-oxi-
dative metabolism. Separate estimates of the rates of loss of
3H activity indicated effective 3H metabolite retention in
most tissues over a 16-min period, but appeared less effec-
tive in liver and heart.& In conclusion, simultaneous use of
3H-R-BrP and [*C]palmitate tracers provides a new useful
tool for in vivo studies of tissue-specific FFA transport, utili-
zation and metabolic fate, especially in skeletal muscle and
adipose tissue.—Oakes, N. D., A. Kjellstedt, G-B. Forsberg,
T. Clementz, G. Camejo, S. M. Furler, E. W. Kraegen, M.
Olwegéard-Halvarsson, A. B. Jenkins, and B. Ljung. Devel-
opment and initial evaluation of a novel method for assess-
ing tissue-specific plasma free fatty acid utilization in vivo
using (R)-2-bromopalmitate tracer. J. Lipid Res. 1999. 40:
1155-1169.
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Perturbations in lipid metabolism most likely play key
roles in the pathogenesis of the metabolic disease states of
obesity and non-insulin-dependent diabetes mellitus. Our
understanding of lipid metabolism is currently limited,
however, by an inadequate set of tools for evaluating lipid
metabolism in vivo. While established techniques exist for
assessing whole body lipid metabolism, using either calo-
rimetry (1) or lipid tracer dilution studies (2), studies at
the individual tissue level have been conducted mostly in
vitro. Techniques for assessing in vivo metabolism in indi-
vidual tissues have been traditionally limited to organs
with accessible and dedicated venous drainage, using mass
balance techniques (e.g., 3, 4). More general methods are
required to quantify lipid utilization rates in key metabolic
tissues such as liver, skeletal muscles, and fat. Such meth-
ods could then be used to complement and evaluate the
functional significance of a growing body of tissue-specific
data reporting treatment-induced alterations in the mole-
cules involved in lipid metabolism (5-7).

Plasma long-chain free fatty acids (FFA) are transported
in blood bound to albumin. Debate continues about their
mechanism of entry into cells, whether by passive diffu-
sion across the plasma membrane or facilitated transport
via specific membrane-associated transporters (8). In the
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acyl-CoA synthetase; R* index of tissue-specific FFA utilization rate;
Ry, index of tissue-specific plasma FFA incorporation rate into storage;
FABP, fatty acid binding protein; iFABP, intestinal FABP; CPT I, carnitine
palmitoyl transferase |; DAUDA, 11-dansylamino undecanoic acid;
HPLC, high performance liquid chromatography; WQ, white quadri-
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mius; EDL, extensor digitorum longus; WAT, white adipose tissue; BAT,
brown adipose tissue; VLDL, very low density lipoprotein.

1To whom correspondence should be addressed.

2Present address: University of Wollongong, Wollongong, New South
Wales, Australia.

Journal of Lipid Research Volume 40, 1999 1155

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

cytosol FFAs are bound to fatty acid binding proteins
(FABP). Metabolic sequestration is effected by acyl-CoA
synthetase (ACS) which activates cytosolic FFA to the fatty
acyl-CoA derivative. This activation is necessary for the
major metabolic pathways of FFA metabolism, including
B-oxidation and esterification, and therefore net flux
through this reaction represents total fatty acid utilization.
One principle for assessing tissue-specific FFA utilization
is based on the use of a labeled fatty acid analog with a
structural modification that does not interfere with cellu-
lar uptake and metabolic sequestration, but which alters
subsequent metabolism to result in local trapping of the
label. The partially metabolizable analog should not be a
substrate for B-oxidation. Tissue accumulation of label
would then be a function of total fatty acid utilization. An
analogous principle has been applied successfully using
radiolabeled 2-deoxyglucose to measure regional glucose
metabolism (9). Several fatty acid analogs have been de-
signed for the clinical assessment of myocardial metabo-
lism (10-14). However these radiolabeled compounds are
not readily available, utilize radioisotopes for external im-
aging, require specialist chemical facilities for synthesis,
and have not been extensively evaluated for use in tissues
other than myocardium.

Tracer-labeled 2-bromopalmitate is a potentially useful,
partially metabolizable fatty acid analog for the assess-
ment of tissue-specific fatty acid utilization. 2-Bromopal-
mitate binds to albumin and FABP (15) and indirect evi-
dence suggests that it can be activated by ACS (16). It is
not a substrate for B-oxidation in mitochondria or peroxi-
somes and has been used in pharmacological doses to in-
hibit fatty acid oxidation. This action is believed to be due
to an effectively irreversible interaction of 2-bromopalmi-
toyl-CoA and carnitine palmitoyl transferase | (CPT 1)
which blocks transport of native long-chain fatty acyl CoAs
into the mitochondria (17, 18). By the above reasoning,
trapping at this metabolic site would ideally place 2-
bromopalmitate tracer as an indicator of total FFA utili-
zation. Finally, high specific activity 3H- or 4C-labeled 2-
bromopalmitate can be produced using commercially
available 3H- or 14C-labeled palmitate as starting material.

This report describes the theory, method, and initial ex-
perimental evaluation of a new technique for quantitative
determination of tissue-specific FFA utilization in vivo
based on the use of radiolabeled 2-bromopalmitate. In vitro
studies were performed to verify that 2-bromopalmitate
competes for the same transport protein ligand binding
sites as native FFAs and that it is activated by the enzyme
ACS. In vivo studies were conducted to assess the validity
of the method, including the effectiveness of tissue trap-
ping of radiolabeled products of 2-bromopalmitate tracer,
and to obtain estimates of the ratio of radiolabeled 2-
bromopalmitate to labeled palmitate activation rates in in-
dividual tissues. The results confirm that 2-bromopalmitate
participates in FFA transport and reveal that activation by
ACS is stereoselective for the R-enantiomer. Results of the
in vivo studies demonstrate (R)-2-bromopalmitate tracer
as a valuable tool for the assessment of tissue-specific total
fatty acid utilization.
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METHODS AND MATERIALS

2-Bromopalmitate binding to albumin
and fatty acid binding protein

Fluorescence titration was used to compare binding of 2-bro-
mopalmitate and palmitate to bovine serum albumin (BSA) and
intestinal fatty acid binding protein (iFABP). The decrease in in-
trinsic fluorescence of BSA caused by the binding of fatty acids
can be used to obtain average binding isotherms of this system
(19, 20). Fatty acids and BSA were prepared in phosphate-buff-
ered saline containing 2 mm calcium and magnesium. Relative af-
finities of palmitate and 2-bromopalmitate for BSA were estab-
lished by titration of 1 wm solutions of initially fatty acid-free BSA
with repeated additions of 2 wl of 1 mm solutions of the fatty ac-
ids. The BSA-fatty acid solution was held at 20°C and continu-
ously stirred in a 2-ml cuvette. Readings were taken 4 min after
each addition. Excitation and emission wavelengths were 290 nm
and 370 nm, respectively. The respective slits were 2.5 and 4 nm
and the integration time of the measurements after each addi-
tion of fatty acids was 2 s. The maximal quenching (Fmax/mol of
bound fatty acid) was obtained in separate experiments in
which fixed amounts of the fatty acids were titrated with an ex-
cess of BSA. Displacement of the fluorescent fatty acid probe
11-dansylamino undecanoic acid (DAUDA) from FABP by other
ligands can be used to estimate relative affinities of these mole-
cules for the protein (21). For the displacement experiments, 2-
ml aliquots of 1 um iFABP and 1 um DAUDA were titrated with
2-ul consecutive additions of 50 wm palmitate or 2-bromopalmi-
tate. All the solutions were made in phosphate-buffered saline.
Reaction cells were maintained at 20°C and continuously stirred.
Measurements were performed 4 min after additions. The de-
crease in emission at 500 nm was followed after excitation at 350
nm. Experiments were conducted in a LS-50B luminescence
spectrometer (Perkin-Elmer, Norwalk, CT).

Activation of individual 2-bromopalmitate
enantiomers by acyl CoA synthetase

Conversion of the individual R- and S-isomers of [9,10 3H]-2-
bromopalmitate to their respective CoA esters by acyl CoA syn-
thetase (ACS) was investigated using a hepatic microsomal prep-
aration essentially as described in (22). Pieces of rat liver were
homogenized in ten volumes of homogenization buffer (10 mm
HEPES, pH 7.4, 1 mm EDTA, 5 mm DTT, 5 mm EGTA) using
a Potter-Elvehjem homogenizer. The particulate fraction was
cleared by centrifugation at 13000 g for 20 min at 4°C. The super-
natant was then centrifuged at 140,000 g for 70 min at 4°C to pel-
let the microsomal fraction. The pellet was resuspended in ho-
mogenization buffer and stored in aliquots at —80°C. Reaction
mixtures (50 pL) containing either [U-14C]palmitic acid (24C-P)
or [9,10-3H]-(R)-2-bromopalmitate (3H-R-BrP) or [9,10-3H]-(S)-
2-bromopalmitate (®H-S-BrP) together with 80-1500 wm palmitic
acid, 1 mm coenzyme A, 10 mm ATP, 15 mm MgCl,, 150 mm KCl, 5
mm DTT, 1.6 mm Triton X-100, and 100 mm Tris-HCI, pH 8.0,
were preincubated for 3 min at 37°C. Reactions were initiated by
the addition of microsomal material (10-100 png-ml-1) and ter-
minated after 5 min by spotting onto thin-layer chromatography
plates (Silica Gel 60, AS Merck, Darmstadt). Plates were devel-
oped in chloroform-pyridine-formic acid-water 30:70:14:12.
After drying, the plates were exposed on phosphoimager screens
(Molecular Dynamics, Sunnyvale, CA) and detected spots were
identified using standards and quantified.

Animal preparation

General. To briefly overview, studies were conducted in anes-
thetized rats, acutely prepared with jugular and carotid catheters.
After a post-surgical stabilization period, radioactive tracers of
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palmitate and 2-bromopalmitate were administered together as a
constant 4-min infusion via a jugular catheter and frequent blood
samples were collected from the carotid catheter for the determina-
tion of plasma tracer kinetics. The experiment was terminated with
collection of tissue samples for analysis of tracer concentrations.

The experimental procedures were approved by the local eth-
ics review committee on animal experiments (Goteborg region)
and were in accordance with Swedish laws on the use and treat-
ment of experimental animals. Adult male Wistar rats were main-
tained in a temperature-controlled (20-22°C) room with a 12 h
light-dark cycle (lights on at 06:00) with free access to rodent
chow (R3, Lactamin AB, Stockholm) and tap water. On the
morning of the study, food was withdrawn at 07:00 and rats were
anesthetized at 09:00 (Na-thiobutabarbitol 120 mg-kg~1, Inac-
tin®, RBI, Natick, MA). Body temperature was monitored using a
rectal probe and maintained between 37°-38°C throughout the
experiment. Animals were tracheotomized and catheters were
placed in the right jugular vein and left carotid artery.

Unilateral hindlimb muscle contraction. Gluteal muscles were dis-
sected to expose the left and right sciatic nerves. Both sciatic
nerves were ligated and transected. The distal stump of the left
sciatic nerve was pulled through custom-made silver ring elec-
trodes for later stimulation. The rat was placed on its back and
the left knee was flexed and fixed to a post with metal suture.
The lower leg was held horizontal, with the foot in a flexed posi-
tion, by attachment of the heel, using a suture under the Achilles
tendon via a spring, to an adjustable beam. Some standardization
of mechanical work of the lower leg muscles was provided by an
in-line spring, stretched to a standard length using the beam ad-
justment. The ring electrode leads were connected to an electri-
cal stimulator (Grass, SD9, Quincy, MA) via a stimulus isolator/
current-supply (A385, World Precision Instruments, Sarasota,
FL). Sciatic nerve stimulation (pulse frequency 1 Hz, pulse width
0.2 ms, supramaximal amplitude ~0.5 mA) was commenced 25
min before tracer infusion (1 h after completion of surgery and
the hindlimb set-up procedure).

Experimental groups. Three groups of animals were studied (6
rats/group). Two groups were studied for estimating tissue spe-
cific FFA utilization rates: one group under control conditions
and another group during fatty acid oxidation blockade with a
carnitine palmitoyl transferase | inhibitor, etomoxir (RBI, Natick,
MA). The etomoxir dose (20 wmol-kg~1) was administered intra-
venously, in 200 wL sterile water, 20 min before tracer infusion.
Tissues were collected from both of these groups 16 min after
tracer infusion. In a third group of rats, studied to assess tissue
trapping of tracer metabolites, tissues were removed 60 min after
tracer administration, instead of 16 min.

Synthesis, resolution and identification of optical
enantiomers of [9,10-3H]-2-bromopalmitate

Racemic [9,10-3H]-2-bromopalmitic acid was synthesized from
[9,10-3H]palmitic acid (1.96 TBq-mmol~!, Amersham, Solna,
Sweden) by a Hell-Volhard-Zelinsky reaction (23). Palmitic acid
was treated with excess bromine and PCl; at 80°C overnight. The
reaction was quenched with water and then bromine was removed
by evaporation. Extraction with diethylether and purification by
flash chromatography on silica gel using a gradient of 5-10%
methanol and 0.2% acetic acid in chloroform yielded racemic
[9,10-3H]-2-bromopalmitic acid with a radiochemical purity of 99%
according to thin-layer chromatography (chloroform-methanol
water—acetic acid in the volume proportions 65:25:3:0.1). The
pure R- and S-enantiomers were obtained by chromatographic
resolution on a Kromasil 100-CHI-TBB chiral column (EKA
Chemicals, Bohus, Sweden) with 2.5% methylt-butylether and
0.1% acetic acid in hexane at 50°C (24). Radiochemical detec-
tion was used for collection. Assignment of absolute configura-

tions of the separated R and S-enantiomers was accomplished by
an enantioselective, lipase catalyzed, esterification of racemic
[9,10-3H]-2-bromopalmitic acid with n-butanol in hexane (25).
After 65% conversion, the acid fraction was isolated and HPLC
analysis showed only one peak coinciding with the slower eluting
enantiomer from the chiral column. The optical rotation of this
enantiomer was +22.8° (1% in CHCl;, [«]%p). The (+)-enantio-
mer has previously been assigned to have the R-configuration
(26). The radiochemical purity of 3H-labeled material used to
prepare the infusate (described below) was >95% 3H-R-BrP, as
determined by HPLC.

Albumin-([9,10-3H]-(R)-2-bromopalmitate)—
([U-14C] palmitate) complex for infusion

In vivo studies required the use of purified 3H-R-BrP rather than
the racemic mixture of R- and S-enantiomers (see below). Prelimi-
nary investigations revealed that extremely alkaline conditions
cause racemization of purified 3H-R-BrP. This precluded the use of
methods based on the production of fatty acid soaps with hydrox-
ide. The following procedure was therefore adopted. Infusates
were prepared daily in quantities sufficient to perform experiments
in two rats. Ethanol containing ~108 dpm 3H-R-BrP, ~8 X 107 dpm
14C-P (DuPont, Boston, MA) and 305 nmol Na-palmitate (Sigma,
St. Louis, MO) was dried under a N, stream and reconstituted in
150 pl ethanol. The resulting solution was then added drop-wise to
0.6 ml of continuously stirred 4% (w:v) essentially FFA-free BSA
(Sigma, St. Louis, MO) in normal saline. The infusate was made up
to a final volume of ~2 ml by addition of normal saline.

Blood sampling and tracer infusion

All blood samples were collected via the carotid catheter. Cathe-
ter patency was maintained between samples by continuous infu-
sion of a sterile saline solution containing Nax-citrate (20.6 mm, 12
wl-min—1). Immediately before tracer infusion, a 200-ul blood
sample was collected for plasma free fatty acid (FFA), triglyceride,
glucose, and insulin determinations (see below). The albumin—
(®H-R-BrP)—(**C-P) complex was infused into the jugular vein at
230 wl-min~1 (Microinjection Pump, CMA/100, Carnegie Medi-
cin, Stockholm, Sweden) for a total of 4 min. To obtain the plasma
3H-R-BrP and 14C-P activity time courses, blood samples (~170 wl)
were collected from the carotid catheter 1, 2, 3, 4, 5, 6, 8, 12, and
16 min after the start of tracer infusion. Plasma was separated as
quickly as possible by centrifugation and an aliquot (25 wl) was
placed directly into 2 ml lipid extraction mixture (described
below). Aliguots of the infusate were also collected into extraction
mixture for later determination of total infusate activities.

Tissue sampling

After collection of the final blood sample, rats were killed with
an overdose of thiobutabarbitol (120 mg-kg~1). The following
hindlimb muscles, from both legs, were collected: white quadri-
ceps (WQ), red quadriceps (RQ), white gastrocnemius (WG),
red gastrocnemius (RG), and extensor digitorum longus (EDL).
In addition, white adipose tissue (WAT), from epididymal and in-
guinal depots, interscapular brown adipose tissue (BAT) as well
as samples of diaphragm, heart, liver, kidney, stomach, and brain
were collected. For measurement of total tissue 3H and 14C,
freshly collected tissue pieces (~100 mg) were weighed and
placed in small cardboard cones for combustion (see below). For
investigation of 3H metabolites of 3H-R-BrP, in some experi-
ments, tissues were rapidly dissected, frozen in liquid N,-cooled
tongs, and stored at —70°C awaiting analysis.

Analysis of plasma and tissue samples

Measurement of plasma substrates and insulin. Colorimetric kit
methods were used for the measurement of plasma FFA (NEFA
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C, Wako, Richmond, VA), triglyceride (Triglycerides/GB, Boeh-
ringer Mannheim, Indianapolis, IN), and glucose (Glucose HK,
Roche, Stockholm, Sweden). Measurements were performed
on a centrifugal analyzer (Cobas Bio, F. Hoffmann-La Roche &
Co., Basle, Switzerland). Plasma insulin was determined using a
rat insulin radioimmunoassay kit (Linco Research Inc., Charles,
MO).

Resolution of plasma 3H-R-BrP, 3H,0, and 14C-P. In order to dis-
criminate 3H-R-BrP and 4C-P from total 3H and 4C activities, a
lipid extraction and separation procedure, based on the method
of Hagenfeldt (27), was performed on plasma samples. Briefly,
the method involved an initial acid lipid extraction, using a mix-
ture of isopropanol-hexane-0.5 m H,SO, 40:10:1, followed by a
polarity separation step, under alkaline conditions. This step par
titions neutral lipids (including EFA) into a hexane phase and
polar lipids (including FFA, e.g., 3H-R-BrP and !4C-P) into an
alcohol phase. Small corrections were made for incomplete parti-
tioning of 3H-R-BrP and 4C-P into the alcohol phase (see Appen-
dix). 3H,0 was estimated as the 3H activity lost during evapora-
tion of the lower isopropanol-water phase of the lipid extraction
procedure.

Measurement of total plasma 3H and 14C levels. Total plasma and
tissue 3H and 14C activities were determined using a Packard Sys-
tem 387 Automated Sample Preparation Unit (Packard Instru-
ment Co., Inc., Meriden, CT) which completely oxidizes the sam-
ple and separates 3H,0O and 14CO, into separate scintillation vials
for counting. Sample 3H and 14C activities were measured using
liquid scintillation spectrometry (Wallac 1409 counter; Wallac
OY, Turku, Finland).

Analysis of plasma and tissue metabolites of [9,10-3H]-(R)-2-bromopal-
mitate. Tissue (~200 mg) was homogenized in 2 ml of 2-pro-
panol containing 0.1% acetic acid. To this was added 3 ml of
hexane and 1 ml of saline buffer and the mixture was shaken at
room temperature for 30 min. After centrifugation (1500 g, 5
min), the organic phase was evaporated under nitrogen and the
residue was reconstituted in 100 wl of the mobile phase and in-
jected onto the chiral column (described below). Plasma sam-
ples were prepared according to the procedure previously re-
ported (24). After lipid extraction and phase separation, the
aqueous phase was recovered and 3H activity was measured in a
liquid scintillation counter (Beckman 1409, Turku, Finland)
with the scintillant Rialuma® (Lumac-LSC B.V., Groningen, The
Netherlands). The chiral chromatographic column was a Kro-
masil-CHI-TBB, 250 X 4.6 mm |.D. (EKA Chemicals, Bohus,
Sweden). The mobile phase consisted of hexane containing
methyl-t-butyl ether (2.5%) and acetic acid (0.1%) as modifiers.
The flow rate was 0.5 ml-min~-1 and the column was thermo-
stated at 50°C. An HPLC radioactivity monitor (Berthold LB
506 C-1, Bad Wildbad, Germany) was used for the detection of
the labeled compounds.

Calculations

Index of tissue-specific plasma FFA utilization rate: calculation of
R*. We define the index of tissue-specific FFA utilization (R*)
as

Cpmg

RO = Eqg. 1)

T

[ea(at
0

where C; is the steady state arterial plasma FFA concentration, ¢z
is the arterial plasma concentration of 3H-R-BrP as a function of
time (t), produced by a short (4 min) infusion of 3H-R-BrP, mg
is the tissue content of 3H associated with metabolized products
of 3H-R-BrP (att = T), and T is the time of tissue collection (=16
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min). Derivation of this equation is described in the Appendix.
Given the satisfaction of certain assumptions, R* is in theory di-
rectly proportional to the true FFA utilization rate (R;). We bor-
row the terminology of Sokoloff et al. (9) and refer to the con-
stant of proportionality (LC*) as the “lumped constant” i.e., (LC* =
R%/R;).

Whole hody 3H-R-BrP Kinetics: calculation of plasma clearance rates.
Plasma clearance rates of 3H-R-BrP (CRg) were estimated using
the equation

T i
CRg = 0B Eq. 2)

ch(t)dt
0

where T;, is the exact tracer infusion time (4 min), ig is the 3H-R-
BrP infusion rate and cg is the plasma concentration of 3H-R-BrP.
A completely analogous expression was used for calculating
clearance rates of 14C-P.

Index of tissue-specific plasma FFA incorporation rate into storage: cal-
culation of Ry, " and estimation of the lumped constant (LC*). An esti-
mate of the flux component of fatty acid utilization directed into
storage (Rg") was obtained from the expression

Cpm
Rf’:L Eqs)

s T
cp(t)dt
!

where mp is the tissue content of radioactivity associated with
metabolized products of 1*C-P (at t = T), ¢ is the arterial
plasma 14C-P concentration. The assumption here was that all
14C label associated with activated 14C-P directed into oxidative
metabolism would be lost from the tissue (as 14CO,) by the time
of tissue sampling. The tissue 14C content would therefore re-
flect the component of utilization directed into storage path-
ways (glyceride and phospholipid synthesis). Under conditions
of fatty acid oxidation blockade, the metabolically sequestered
14C-P would be directed into storage and therefore, in the eto-
moxir-treated animals, the parameter Rg" would provide a rea-
sonable estimate of the true fatty acid utilization rate (Ry). Si-
multaneous administration of both 1C-P and 3H-R-BrP enabled
estimation of LC*in individual rats in the etomoxir group using
the expression

LC* =R*/Ry,’

Plasma 3H-R-BrP and 4C-P activity data: function fits and calcula-
tion of integrals. Integrals of the plasma activity functions, e.g.,
required for calculating R* (equation 1) and CRg (equation
2), were calculated analytically from parameters obtained by
fitting the plasma curves to a model function (details in the
Appendix).

Analysis of tissue 3H retention data. To assess the assumption that
metabolites of 3H-R-BrP were effectively trapped, tissue 3H activ-
ity at the end of the standard duration experiment (16 min) was
compared to the activity at the end of an extended duration ex-
periment (60 min). This data were then used to estimate reten-
tion over the standard 16-min experiment using procedures de-
scribed in the Appendix.

Statistics

Group mean contrasts were made using analysis of variance.
Comparisons made between data pairs obtained within individ-
ual animals were made using Student’s paired t-test. Statistical
calculations were performed using SPSS™ (SPSS Inc., Chicago,
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Binding of 2-bromopalmitate and palmitate to intestinal fatty acid binding protein (iFABP) and bo-

vine serum albumin (BSA). A: Binding to iFABP was assessed using displacement of the fluorescent probe
DAUDA, from the single ligand binding site of iFABP, by the fatty acids. B: Binding to BSA was assessed using
the reduction in intrinsic fluorescence caused by the binding of ligands to the highest affinity binding sites

for long chain fatty acids.

IL). Results are reported as the mean = SEM. P less than 0.05 was
considered statistically significant.

RESULTS

Binding of 2-bromopalmitate and native FFA to
albumin and intestinal fatty acid binding

Displacement of the fluorescent probe, DAUDA
bound to iFABP, by 2-bromopalmitate and palmitate is
shown in Fig. 1A. It has been previously established that
iFABP has a single FFA binding site and that DAUDA
binds to this site (28). The similar ability of the two fatty
acids to displace DAUDA demonstrated that 2-bromopal-
mitic acid and palmitate compete for the same ligand
binding site on iFABP and, furthermore, that the affini-
ties of the two fatty acids are similar. BSA has a tryp-
tophan at position 134 in the third structural domain
whose fluorescence emission at 370 nm is quenched by
bound fatty acids (19). The binding isotherms presented
in Fig. 1B indicate that palmitate and 2-bromopalmitate
bind to the same high affinity binding sites with similar
average Kg4s(2-3.5 wm) and stoichiometry.

Individual enantiomers of [9,10-3H]-2-bromopalmitate
as substrates for hepatic acyl CoA synthetase (ACS)

Rates of conversion of [!*C]palmitate, as well as the
enantiomers of [9,10-3H]-2-bromopalmitate to their re-
spective CoA esters, by hepatic microsomal ACS prepared
from rat liver are shown in Fig. 2. Of the two configura-
tions of the bromine, only the R-enantiomer of [9,10-3H]-
2-bromopalmitate (3H-R-BrP) was significantly activated
by ACS. A decreasing rate of R-enantiomer conversion
with increasing palmitate levels probably resulted from in-
creasing competition with the unlabeled fatty acid for the
enzyme. The parallel fall in #C-P conversion demon-

strates that the R-enantiomer was handled by the same en-
zyme as the native FFA. The lower rates of conversion of
the R-enantiomer indicated however that it was not as
good a substrate as palmitate.

Plasma kinetics of [9,10-3H]-(R)-2-bromopalmitate
and [U-14C]-palmitate

In vivo studies were performed with the purified 3H-R-
BrP, in line with the in vitro finding of stereoselectivity of
ACS (above). This was done with the intention of estab-
lishing a tracer method for the determination of tissue-
specific FFA utilization, where the FFA analog had to be a
substrate for ACS, which metabolically sequesters native
FFA.

25

—8— *H-R-Bromopalmitate
20 | -0 *H.S-Bromopalmitate
—A— '“C.Palmitate

Conversion rate (% min".mg protein™)

T T
0 200 400 600 800 1000 1200 1400

Palmitate (uM)

Fig. 2. Stereoselective conversion of the individual enantiomers
of 3H-R/S-bromopalmitate to CoA derivative by a hepatic micro-
somal preparation of acyl-CoA synthetase (ACS). A single represen-
tative experiment is plotted. Repeated experiments always showed
the same pattern.
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TABLE 1. Plasma labeled species distribution 16 min after the

start of 3H-R-BrP and 4C-P infusion

3H Species 14C Species

Neutral
Polar Lipid Lipid

Neutral

Polar Lipid Lipid 3H,0

237*+21 54*+06 48x16 122*09 62.7*35
31925 30*+x04 61*x04 295+43 53248

Control
Etomoxir

Data are means = SEM (n = 6/group). Results are expressed as %
of total plasma activity. Acid lipid extractions separated lipophilic and hy-
drophilic species. Lipophilic species were further split into polar (free
fatty acid containing) and neutral (EFA containing) subfractions using
an alkaline extraction. 3H,0O was estimated as the activity lost during
evaporation of the hydrophilic fraction. Remainder of the hydrophilic
fraction activity makes up the rest of the 100% of total plasma activity.

Plasma 3H-R-BrP was identified using the lipid extrac-
tion-separation procedure described above. This assign-
ment was confirmed using HPLC resolution of 3H-R-BrP
in two control animals. Thus, at all measurement time
points, greater than 86% of the detected lipophilic species
appeared under the 3H-R-BrP peak (results not shown).
Most of the remaining lipophilic 3H activity eluted early
from the column and most likely would have partitioned
into the neutral lipid subfraction (see Table 1), therefore
not influencing the measurement of 3H-R-BrP activity de-
termined in the polar lipid subfraction.

Arterial plasma tracer kinetic responses to a 4-min con-

stant intravenous infusion of 3H-R-BrP and 14C-P, for the
control and etomoxir-treated animals, are displayed in
Fig. 3. During the initial tracer infusion period (0-4 min)
plasma activity of both 3H and 14C species appeared to
rapidly approach a plateau. In the period (4-16 min) after
tracer infusion, plasma 3H-R-BrP and 14C-P levels rapidly
decayed. Slower removal from plasma of 3H-R-BrP than 14C-
P was evidenced by higher plasma levels during infusion
and slower disappearance of 3H-R-BrP after cessation of
infusion. Plasma data for individual animals was fitted to a
four parameter model function (see Appendix). Fits to
group data are displayed as dotted lines in Fig. 3. Fits for
all individual animals were acceptable as judged by the
chi-square criteria. Parameters obtained from the fitting
procedure were used to calculate plasma clearance rates
of the tracers, which are shown in Table 2. The clearance
rate estimates confirmed that the plasma clearance rate of
3H-R-BrP was significantly lower than for 4C-P in both the
control and etomoxir-treated groups. Analysis of data
pairs obtained in individual animals from either control
or etomoxir-treated animals revealed a high degree of cor-
relation between clearance rate estimates of 4C-P and 3H-
R-BrP (r2 = 0.58, P < 0.001), despite the fairly narrow
range of the data.

Plasma FFA was increased by 67% by prior etomoxir ad-
ministration compared to the control situation (P <
0.001, Table 2). Apparently this was not due to decreased
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Fig. 3. Arterial plasma 3H- and 4C-species kinetic responses to a 4-min infusion of [9,10-3H]-(R)-2-
bromopalmitate (3H-R-BrP) and [U-14C]palmitate (}4C-P) complexed to bovine serum albumin. Control
group data are displayed in the left hand panels (A and C), etomoxir group data in the right hand panels (B
and D). Closed symbols represent total measured activities, open symbols represent the fatty acid species
component (3H-R-BrP or 1C-P). Dotted lines denote the least-squares fits of the model function (see Appen-
dix) to the fatty acid species data. Data have been normalized to infusion rates of 0.25 X 108 dpm-min~1 for

both tracers and a body weight of 350 g.
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TABLE 2. Plasma FFA and whole body parameters derived
from plasma 3H-R-BrP and 14C-P tracer kinetics

Control Etomoxir

Plasma FFA (mm) 0.42 =0.03 0.70 + 0.08"
Plasma insulin (pm) 265 *= 30 250 = 70
Plasma glucose (mm) 83=*+0.3 7.0=*0.32
Plasma clearance rate of 3H-R-BrP

(ml-kg~'min-1) 31615 28012
Plasma clearance rate of 14C-P

(ml-kg~t min—1) 49926 474*19
Distribution volume of 3H-R-BrP

(ml-kg=b) 28130 340x19
Distribution volume of C-P (ml-kg~1) 319+ 3.8 356 +1.8

Data are means = SEM (n = 6) for an untreated control group
and a group given etomoxir (20 pwmol-kg~1), as a bolus 25 min before
tracer administration.

ap < 0.05; P < 0.001 vs. control group.

¢P < 0.001 vs. *C-P.

plasma FFA clearance, as clearance rate estimates of neither
14C-P nor 3H-R-BrP were significantly reduced by etomoxir.
We suggest that the failure of etomoxir to significantly
lower plasma FFA clearance was due to the predominantly
non-oxidative metabolism of FFAs at the whole body level
under the conditions of the present study, i.e., barbiturate
anesthesia. This conclusion is supported by the tissue-
specific data (below) indicating large etomoxir-induced
reductions of FFA clearance only in tissues where we
would be confident that a major metabolic fate of FFAs
was oxidation (contracting muscles). As no reduction of
plasma FFA clearance was detected, it can be inferred that
the elevated plasma FFA concentrations were due to in-
creased rates of appearance of FFA into plasma (R,).
Plasma glucose and insulin levels (Table 2) were mea-
sured to assess their potential role in this etomoxir-
induced increase in R,. While insulin concentrations were
not altered, etomoxir did lower plasma glucose levels
which may have contributed to the increased FFA mobili-
zation via a reduction in adipose tissue re-esterification.
Possible involvement of counter-regulatory hormones was
not investigated.

Appearance of radiolabeled metabolites in plasma

At the earliest (1 min) time point, virtually all of the 14C
and 3H activity was associated with 14C-P and 3H-R-BrP, re-
spectively (Fig. 3). Appearance of labeled, non-free fatty
acid species, progressively reduced the relative contribu-
tion of the 1#C-P and 3H-R-BrP to total plasma ®H and 4C
activity with increasing time. The nature of the labeled 3H
and 1“C metabolites was, however, quite different. At late
time points the disappearance of total 14C activity reversed
and activity increased (beginning 12-16 min, Fig. 3). This
pattern has been observed previously (29) and most likely
represents 14C-P that has been taken up by the liver, esteri-
fied, and subsequently exported in VLDL particles. This
interpretation was supported by our analysis of the final
(16 min) plasma sample showing that most of the non-14C-
P material appears in the non-polar lipid-extractable frac-
tion (Table 1). In contrast to 4C species kinetics, total
8H activity decayed towards a plateau at late time points

(Fig. 3) and as the 3H-labeled metabolite was hydrophilic
(Table 1) it could not have been associated with esterified
3H-R-BrP.

The appearance of only small amounts of 3H,0O (identi-
fied using evaporation) in the plasma at 16 min (Table 1)
confirmed the expectation that oxidative metabolism was
a minor metabolic fate of 3H-R-BrP. Assuming a body wa-
ter content of 70% of body weight and complete equilib-
rium of 3H,0 among all body water compartments at 16
min, it was estimated that of the total administered 3H-R-
BrP a maximum of only 4 = 1% in control and 5 + 1% in
etomoxir-treated rats was oxidized to 3H,0.

Tissue metabolites of 3H-R-BrP

A necessary condition required for equation 1 to pro-
vide an accurate estimate of R* is that at the tissue sam-
pling time (16 min) the contribution of unmetabolized
3H-R-BrP to total tissue 3H activity be small (see Appen-
dix). We assessed this condition using an HPLC analysis of
extracts of tissues obtained under standard conditions (16
min, etc.) from two control animals. Results of this analy-
sis confirmed that only a small fraction of tissue activity
was unmetabolized 3H-R-BrP. Individual tissue results ex-
pressed as percentage of total recovered 3H activity ap-
pearing under the 3H-R-BrP peak were: WQ 11%, RQ
10%, heart 8%, and liver <1%. The 3H labeled metabo-
lites are yet to be identified.

Tissue-specific indices of plasma FFA metabolism

Table 3 and Fig. 4 show indices of FFA utilization (R*)
and the component of FFA utilization directed into stor-
age metabolism (R;") which were calculated from total 3H
and 4C activities in tissues collected 16 min after the start
of tracer infusion, as well as areas under the plasma 3H-R-
BrP and 14C-P curves using equations 1 and 3, respectively.
Etomoxir was administered to block fatty acid oxidation,
thereby forcing the tissues into a predominantly storage
mode of fatty acid metabolism. As expected, etomoxir in-
creased Ry’ in most of the tissues examined. Etomoxir-
induced changes in R*; differed from tissue to tissue, how-
ever, probably reflecting the combined influence of the el-
evation in systemic FFA (Table 2) and differences in the
metabolic status of the individual tissues in the control
group. Thus, in tissues likely to oxidize a large fraction of
metabolically sequestered FFAs in the control animals
(heart, diaphragm [Table 3] and contracting hindlimb
muscles [Fig. 4]), etomoxir either significantly decreased
or did not change R* compared to the untreated con-
trols. By contrast, in those tissues likely to be in a storage
mode of FFA metabolism (brain, WAT [Table 3] and non-
contracting hindlimb muscles [Fig. 4]), etomoxir increased
R*.

As noted above, etomoxir increased systemic FFA levels,
which on its own could increase tissue FFA utilization,
through simple mass action. To exclude the effect of this
etomoxir-induced increase in FFA and isolate the local tis-
sue level effects of etomoxir on FFA uptake, indices of tissue-
specific clearance of FFA (K*) were calculated from the

* and plasma FFA (Cp) data as K*% = R*%/Cp. In oxida-
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TABLE 3.

Indices of fatty acid utilization (R*%)and fatty acid

incorporation into storage (R¢') in individual tissues

Control Etomoxir
R*% Ry’ R*% /Ry’ R% Ry’ R*%/Rg’

Heart 124 =13 5.0+ 0.6 2.65 +0.38 34 x0.2° 18.3 = 1.1° 0.19 = 0.01¢
Leg muscles

Non-stim Fig. 4A Fig. 4C 0.37 = 0.01 Fig. 4B Fig. 4D 0.39 = 0.02

Contracting Fig. 4A Fig. 4C 0.95 = 0.05 Fig. 4B Fig. 4D 0.36 = 0.01°
Diaphragm 1.8+0.2 27=*03 0.68 = 0.04 1.6 0.1 52+ 0.6 0.32 = 0.02¢
WAT 0.35 = 0.03 0.90 = 0.10 0.40 = 0.01 0.64 + 0.03° 1.89 = 0.31° 0.38 = 0.03
Kidney 33*+03 52 *0.6 0.65 = 0.04 3.8*x04 8.3+ 0.92 0.47 = 0.03
Brain 0.20 = 0.02 0.38 = 0.04 0.52 = 0.02 0.36 + 0.052 0.53 = 0.07 0.67 + 0.02¢
Liver 201 =22 198+ 2.8 1.04 + 0.09 27.0+28 36.7 = 5.42 0.76 = 0.032
BAT 25+0.2 28+0.2 0.88 = 0.05 53+ 1.12 69+17 0.80 *= 0.03

Data are given as pmol of plasma FFA utilized per 100 g tissue per minute. Hindlimb muscles are categorized
as either control (Non-stim) or sciatic nerve electrically stimulated (Contracting); see Fig. 4 for individual muscle
results. White adipose tissue (WAT) results represent an average of values from epididymal and inguinal depots.
Brown adipose tissue (BAT) was taken from the interscapular depot.

ap < 0.05,"P < 0.01, °P < 0.001 vs. control group.

tive tissues, K* estimates were reduced by etomoxir (heart
30.9 = 0.9 vs. 5.2 *= 0.8; diaphragm 4.5 = 0.3 vs. 2.3 + 0.1;
contracting WG 2.9 = 0.2 vs. 0.9 = 0.1; contracting RG
2.9 = 0.3vs. 1.7 = 0.1; contracting EDL 4.1 = 0.4vs. 1.1 =
0.1 ml-min~1-100 g~1; Control vs. Etomoxir, P < 0.01)
with no change in non-oxidative tissues (brain 0.50 = 0.04
vs. 0.50 = 0.03; WAT 0.88 = 0.05 vs. 0.88 * 0.07; non-con-
tracting WG 0.83 + 0.06 vs. 0.82 = 0.06; non-contracting
RG 1.3 = 0.1vs. 1.5 = 0.1; non-contracting EDL 1.0 = 0.1

2.0

vs. 1.1 = 0.1 ml-min—1.100 g—1; Control vs. Etomoxir, P >
0.05). The tissue R*: results are therefore clearly consis-
tent with the expected action of etomoxir to block FFA
oxidation.

Hindlimb skeletal muscle R; and Ry’ results are pre-
sented in Fig. 4. First, looking at only the resting leg mus-
cles, we note that the R* (and Rg") values for the various
muscles rank: principally oxidative muscles (RQ, RG) >
mixed muscle (EDL) > principally glycolytic muscles (WG,

1.5 -

1.0 A

(umol.100g 'min™)

0.5 -

*

R,

0.0 -

wWQ RQ WG RG EDL

3

Sl Control leg
[ stimulated leg

2.0 _BJ

1.5 A

1.0 A

4 {Cl

R, (umol.100g'min™)

wQ RQ WG RG EDL

wa RaQ

WG RG EDL

Fig. 4. Effect of contraction and etomoxir on indices of fatty acid utilization (R*) and fatty acid storage
(Rs") in individual hindlimb muscles: white quadriceps (WQ); red quadriceps (RQ); white gastrocnemius
(WG); red gastrocnemius (RG); extensor digitorum longus (EDL). Control group data are shown in the left
hand panels (A and C), etomoxir group data in the right hand panels (B and D). Unilateral sciatic nerve
stimulation elicited muscle contractions in the lower leg muscles (WG, RG, EDL) of the stimulated side.
Closed histograms represent muscles on the control side, open histograms the stimulated side. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. control leg. TP < 0.05, TP < 0.01, TP < 0.001 vs. control group.
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WQ). Unilateral sciatic nerve stimulation elicited contrac-
tion only in the lower leg muscles (WG, RG and EDL) of
the stimulated side. Consistent with this (panel A), a large
contraction-induced increase in R* was observed in all
three lower leg muscles with no change in R* in the quad-
riceps muscles (WQ and RQ) of the thigh of the stimulated
side, compared with the control side. By contrast, muscle
contraction had no apparent effect on R’ (panel C); values
for individual muscles, including WG, RG, and EDL, were
the same in the stimulated and control legs. These results
indicated that muscle contraction induced an increase in
fatty acid uptake and utilization, which was directed selec-
tively into oxidative metabolism. This interpretation was re-
inforced by the hindlimb muscle responses obtained in the
etomoxir-treated group (panels B and D). p-Oxidation
blockade completely abolished the contraction-induced in-
creases in R* in WG, RG, and EDL; values for all hindlimb
muscles were similar in stimulated and control legs. No dif-
ferences in Rg;’ were seen between the stimulated and con-
trol legs except in EDL where there was a small but statisti-
cally significant reduction in the stimulated side.

The R*% /R’ ratios in the etomoxir treatment group
(Table 3) provided estimates of the lumped constant
(LC*) for 3H-R-BrP. For all tissues examined, the R*% /Ry’
ratios were significantly less than 1 (P < 0.01), indicat-
ing slower uptake or metabolism of 3H-R-BrP than 14C-P.
In addition to assessing treatment-induced changes in
individual tissue R*: values, it would be generally useful
to be able to compare the R* values of different tissues.
To do this directly, the lumped constants for the tissues
being compared should be similar. To assess the variability
of LC*across different tissues, multiple range comparisons
(Student-Newman-Keuls test [30]) were conducted to com-

pare mean etomoxir group R*/Ry' values for different
tissues in Table 3. The test indicated that ratios for heart,
brain, liver, and BAT were not compatible with ratios for
skeletal muscles, WAT, and kidney (results not shown).

Retention of tissue 3H and 14C activity

The effectiveness of tissue trapping of 3H-labeled me-
tabolites of 3H-R-BrP was assessed by evaluating the reduc-
tion in tissue 3H activity over an extended duration exper-
iment. Increasing the experimental duration from 16 min
to 60 min revealed loss of total 3H activity from all tissues
except brain (Table 4). First order rate constants (\), cal-
culated from the ratios of 3H activity at 60 min to 16 min,
were used to estimate the retention of 3H activity over the
standard 0-16 min experiment. Relatively low rates of loss
were estimated in hindlimb muscles, diaphragm, WAT,
BAT, and kidney (8-23%/16 min). Higher rates of 3H loss
were apparent in the heart (35%/16 min) and liver
(30%/16 min). It should be pointed out that these esti-
mates are based on the assumption that all of the 3H-R-
BrP is present in the tissues at the time of the start of the
3H-R-BrP infusion. Thus the calculated rates of loss will be
overestimated. The metabolic status of a particular tissue
apparently did not influence 3H retention as indicated by
the lack of difference between retentions in contracting
and non-contracting hindlimb muscles (compare results
for WG, RG, and EDL, Table 4).

Unlike 3H-R-BrP, which undergoes very little oxidation
over the 16-min experiment (above), 14C-P is readily oxi-
dizable. The 4CO, produced would be rapidly lost from
the tissues and eliminated from the animal. As most of the
infused 14C-P has left the plasma by 16 min and because of
the rapidity of FFA oxidation, it is reasonable to expect

TABLE 4. Retention of tissue 3H and 4C activity after intravenous administration of 3H-R-BrP and 14C-P

3H Activity 14C Activity
Ratio 16 Min Ratio 16 Min
60 Min/16 Min N Retention 60 Min/16 Min N Retention
% min—1 % % min—1 %
Heart
Leg muscles
Non-stim
wQ 69 = 10 0.0085 87 86 + 11 0.0035 95
RQ 62 +7 0.0110 84 96 =8 0.0010 98
WG 73+7 0.0073 89 79+ 8 0.0054 92
RG 65+ 8 0.0102 85 90 *+9 0.0025 96
EDL 74 + 11 0.0071 89 87 +8 0.0032 95
Contracting
WG 80+4 0.0053 92 80 +8 0.0051 92
RG 77 =12 0.0061 91 857 0.0037 94
EDL 64 + 11 0.0103 85 82+5 0.0047 93
Diaphragm 49 £ 6 0.0164 77 94 + 11 0.0015 98
WAT 54 + 4 0.0142 79 64 +8 0.0104 84
Kidney 58 +3 0.0126 82 75 +5 0.0067 90
Brain 119+ 6 —0.0040 107 109 + 11 —0.0021 103
Liver 38+5 0.0224 70 54 +3 0.0145 79
BAT 78 = 14 0.0057 91 169 + 41 —0.0122 122

Tissue activities were determined in separate groups with tissues collected at either 16 min or 60 min after
commencement of tracer infusion. Ratio data represents 60 min activities divided by the mean 16 min activity, after
dose normalization. First order rate constants for loss of activity (\) were calculated from this ratio and used to esti-
mate the fraction of label retained in tissues over the standard experimental time of 16 min (16 min Retention).
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that the majority of 14C activity remaining in the tissue at
16 min was derived from non-oxidative (storage) metabo-
lism. From 16 min, the reduction of 14C activity in most tis-
sues was slow; only in liver was the estimated loss >20%/
16 min (Table 4). Stability of the 14C-labeled products at
16 min was further emphasized by the apparent lack of ef-
fect of muscle contraction status (and hence oxidative me-
tabolism) on 1%C retention, i.e., estimated 16 min reten-
tions in contracting and non-stimulated hindlimb muscles
were the same.

DISCUSSION

We describe a new method for the determination of tissue-
specific rates of free fatty acid (FFA) utilization in vivo. The
method is based on the use of [9,10-3H]-2-bromopalmitate,
a synthetic partially metabolizable fatty acid tracer. A pre-
requisite was that this tracer would qualitatively partici-
pate in the same transport and metabolic sequestration
steps as those that handle native FFAs. Consistent with
this, our in vitro studies confirmed that 2-bromopalmi-
tate and palmitate compete for the same ligand binding sites
on extracellular and intracellular fatty acid binding pro-
teins. We found, however, that the initial intracellular acti-
vation reaction, catalyzed by the enzyme acyl-CoA synthetase
(ACS), was stereoselective for one isomer, [9,10-3H]-(R)-2-
bromopalmitate (3H-R-BrP). A procedure was developed
for the in vivo determination of an index of tissue-specific
FFA utilization, which we have called R*;, based on the local
entrapment of 3H-labeled products in tissue samples col-
lected 16 min after the start of a 4-min intravenous infu-
sion of 3H-R-BrP. The basic principle was that after trans-
fer of plasma 3H-R-BrP to the cells, transport across the
plasma membrane into the cytosol, and activation by ACS,
a 3H-labeled product would be formed which would be
metabolically trapped and retained in the tissues. Ideally
the tissue 3H-labeled product content at the time of tissue
sampling would represent the integral of all 3H-R-BrP flux
through the ACS reaction. Under these circumstances R*
would be proportional to the native FFA activation rate.
The proportionality, or “lumped” constant (LC*) repre-
sents the ratio of the likelihood that a molecule of plasma
3H-R-BrP will be activated to 3H-R-BrP-CoA to the likeli-
hood that a molecule of plasma FFA will undergo activa-
tion to its CoA derivative.

In vivo experiments were conducted to address the va-
lidity of the method, assessing specific assumptions includ-
ing the tissue-specific effectiveness of 3H-labeled product
trapping. Satisfactory levels of 3H retention were observed
in most tissues. Comparison of R*, and an index of the
rate of FFA incorporation into storage products (R¢'), ob-
tained from the kinetics of a simultaneously administered
radiolabeled native FFA, [U-1“C]palmitate (14C-P), under
conditions of pharmacological fatty acid oxidation block-
ade by etomoxir, enabled estimation of LC*. This analysis
revealed that bromination of the palmitate molecule does
significantly slow tissue uptake from plasma or its subse-
quent metabolism (such that LC* < 1). The present re-
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sults demonstrate that the parameter R* reliably indexes
changes in total fatty acid utilization (including oxidative
and non-oxidative metabolism) in a range of metaboli-
cally important tissues, notably skeletal muscles and fat.

Validity of R*; as an estimate of tissue-specific
plasma FFA utilization rate

The theoretical basis for the derivation of the equation
1 for R* is outlined in the Appendix, and a more com-
plete treatment of the derivation of equations for the gen-
eral analogous problem, where a partially metabolizable
analog of a natural substance is used to estimate the reac-
tion velocity of the native substance, is given in ref. 31.
Briefly, the major assumptions are: 1) that 3H-R-BrP par-
ticipates in the same transport and metabolic sequestra-
tion processes as native FFAs; 2) that the 3H-labeled prod-
ucts of the analog are metabolically trapped and; 3) that
the analog does not influence native FFA metabolism (the
trace amount assumption). It is noteworthy that there is
no theoretical requirement for LC* (the proportionality
constant between R* and the true fatty acid utilization
rate) to be a particular value, e.g., 1. Evidence concerning
the validity of the major assumptions is considered below.

Assumption 1: 3H-R-BrP competes for the same transport and
metabolic sequestration steps as native FFAs. The protein bind-
ing studies indicated satisfaction of the basic requirement
that 2-bromopalmitate would trace the extracellular and
intracellular transport of native FFAs. Thus, 2-bromopal-
mitate and palmitate bound with similar affinity and sto-
ichiometry to the same high affinity ligand binding sites
on iFABP and albumin (Fig. 1).

Stereoselectivity of the ACS enzyme for 2-bromopalmi-
tate (Fig. 2) suggested that the individual isomers would
exhibit very different kinetics in vivo, and that only the ac-
tivatable R-isomer (3H-R-BrP) would be useful as a tracer
of FFA utilization. This followed because the ACS-medi-
ated activation step is required for commitment of FFA to
the major pathways of fatty acid metabolism. The present
findings are consistent with previous reports of stereo-
selectivity of ACS for other compounds (32, 33).

In line with the in vitro finding of stereoselectivity of the
ACS enzyme, our in vivo method for the assessment of tissue-
specific FFA utilization is based on the administration of
pure 3H-R-BrP. Chemistry used for the synthesis of the ana-
log took advantage of commercially available high specific
activity [9,10-3H]palmitate as starting material. The bromi-
nation step produced a racemic mixture of enantiomers. A
method was therefore developed for resolution of the indi-
vidual enantiomers, described in detail elsewhere (24).

Assumption 2: Metabolic trapping. At the whole body
level, the production of only very small amounts of 3H,0
(<5% 3H dose) confirmed the fundamental requirement
that oxidative metabolism was a minor metabolic fate of
3H-R-BrP. The much lower emergence of 3H-labeled neu-
tral lipid species in the plasma, compared with 14C-labeled
species, suggested that 3H-R-BrP is also a very poor sub-
strate for esterification. Potential errors resulting from re-
circulation of esterified 3H-R-BrP in VLDL would there-
fore most likely be minimal. At the individual tissue level,
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acceptable levels of trapping of 3H-labeled metabolites of
3H-R-BrP were estimated in most tissues over the standard
experimental period of 16 min (Table 4). Relatively slow
rates of loss of 3H activity from brain, brown adipose tis-
sue, skeletal muscles, kidney, white adipose tissue, and dia-
phragm imply reasonably accurate determination of R*;.
It was also noteworthy that in hindlimb muscles the con-
traction status, and hence presumably the metabolic sta-
tus (oxidation versus storage metabolism), had no appar-
ent effect on retention. In contrast to the majority of
tissues, substantial rates of 2H loss were observed in liver
(30%/16 min) and heart (35%/16 min), degrading the
reliability of R*; estimates for these tissues.

The fairly rapid loss of 3H activity from some tissues sug-
gested shortening the experiment from 16 min, in order
to increase the accuracy of R* estimates, e.g., if the exper-
iment were terminated at 12 min instead, the estimated
losses would be 23% in liver and 27% in heart. Another
motive for shortening the experiment relates to the
progressive appearance in plasma of the hydrophilic 3H-
labeled metabolite (Fig. 3). Arguing against a shorter ex-
periment would be that errors arise from the increased in-
clusion of free 3H-R-BrP in the measured total tissue 3H
activity. This includes 3H-R-BrP both in the circulation
and in the cells that would subsequently escape metabolic
sequestration, returning to the circulation. As mentioned
above, we found that at 16 min the contribution of non-
metabolized 3H-R-BrP was minor, less than 12% in the tis-
sues examined.

Identification of the tissue and plasma metabolites of
3H-R-BrP remains an important task for future work. This
could provide further insight into the robustness of the
technique and allow prediction of situations where the
method may fail. While B-oxidation does not appear possi-
ble for 2-bromopalmitate (17), other pathways of oxida-
tive metabolism, particularly w-oxidation would theoreti-
cally not be prevented by the bromine on the alpha carbon.
While w-oxidation is unlikely to be a quantitatively impor-
tant pathway for FFA metabolism under ordinary circum-
stances, situations may arise, e.g., treatment with peroxi-
some proliferators, where enhanced w-oxidation in some
tissues, notably the liver, would result in accelerated rates of
local 3H activity loss and hence less accurate R* estimates.

Assumption 3: trace amount. A fundamental requirement
for a metabolic tracer to be useful is that it does not per-
turb the metabolic system under study. Pharmacologically,
2-bromopalmitate has been used to block B-oxidation,
possibly via an almost irreversible interaction of 2-bro-
mopalmitoyl-CoA with CPT I (18). To assess the potential
perturbation of the 2-bromopalmitate administered in
our experiments, we have calculated the extent of CPT |
inhibition based on average tissue 3H levels at 16 min and
assuming that all tissue 3H activity was associated with 3H-
R-BrP-CoA, irreversibly bound to the palmitoyl-CoA bind-
ing site of CPT I. Using CPT I binding capacities from De-
clercq et al. (34), we estimate that the administration of a
large dose of 425 pM (50 X 10% dpm) 3H-R-BrP would in-
hibit 5% and 17% of the total CPT | content in red quad-
riceps muscle and liver, respectively. As this analysis is

based on the worst case scenario, we believe it is unlikely
that the 3H-R-BrP tracer had any significant impact on
FFA oxidation. At the same time, this analysis provides
clear motivation for synthesis of high specific activity (R)-
2-bromopalmitate tracer.

Determination of tissue-specific plasma
FFA utilization rate R*;

Our method culminates in the calculation of the pa-
rameter R*;, which is an index of tissue-specific fatty acid
utilization rate. Calculation of R* (equation 1) requires
estimation of the following three variables. 1) Plasma FFA
concentration. Implicit in the use of total FFA for this calcu-
lation is the assumption that all native FFA species have ki-
netically identical behavior. The basic rationale for the
current use of an analog of palmitate, rather than another
long chain FFA derivative, is that palmitate is one of the
most abundant plasma FFA species. Measurement of FFA
level requires that heparin is not used. In the current ex-
periments, Nas-citrate was applied for maintaining sam-
pling catheter patency. The 3H-R-BrP and 4C-P tracers
were complexed to albumin for infusion. To increase the
likelihood that the kinetics of these tracers would reflect
the transfer kinetics of the bulk plasma FFA, which is dis-
tributed among several albumin binding sites of different
affinities and off-rates, the following procedure was adopted.
Tracers were randomized with unlabeled FFA by mixing
them together with unlabeled palmitate before complex-
ing to FFA-free albumin in a palmitate:aloumin molar ra-
tio of 0.76. This ratio was chosen to approximate the ex-
pected in vivo plasma molar ratios, based on plasma FFA
levels around 0.5 mm. 2) Tissue content of 3H product. With
the aim of developing a straightforward and accurate
method for routine tissue processing, we used total tissue
8H activity as a surrogate measure of the 3H-labeled me-
tabolites of 3H-R-BrP. Justification for this simplified ap-
proach was obtained from a detailed chromatographic
analysis of tissue 3H-labeled metabolites which showed
that less than 12% of recovered tissue 3H activity was asso-
ciated with unmetabolized 3H-R-BrP. 3) Plasma 3H-BrP ac-
tivity. To determine the area under the plasma 3H-R-BrP
activity curve, plasma processing methods were required
for resolving 3H-R-BrP from hydrophilic radiolabeled
products which appeared in the plasma over the course of
the experiment. We identified 3H-R-BrP (and 1C-P) as the
material contained in the polar species subfraction of a
lipid extract (see Methods).

Validity of Ry’ as an estimate of the non-oxidative
component of FFA utilization rate

The tissue 14C retention data indicated Ry, as a valid esti-
mate of the rate of fatty acid incorporation into storage. Un-
like 3H-R-BrP, which does not undergo significant oxidation
over the 16-min experiment, 1C-P is readily oxidizable. After
activation by ACS, 14C-P is committed either to oxidative or
storage metabolism. Independence of these pathways is
strongly supported by recent, very elegant tracer studies
showing that fatty acids which enter the cells destined to be
oxidized are transported directly into the mitochondria,
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without transiting a premitochondrial glycerolipid pool
(35). The basic assumption required for the calculation of
Ry’ is that the tissue 14C activity (at the time of tissue sam-
pling) represents the integral of all 1*C-P flux directed into
non-oxidative metabolism over the 16-min experiment
(equation 3). For this to be true, the 1“C-labeled products of
non-oxidative 14C-P metabolism must be effectively trapped,
a condition that should be facilitated by the relatively large
intracellular pool sizes of the major storage products of
FFAs, glycerides and phospholipids. An additional require-
ment is that 14C-P entering oxidative metabolism must be
completely oxidized to 1*CO, and lost from the tissues be-
fore 16 min. Satisfactory fulfillment of these requirements
was indicated by the effective retention of 14C label present
in the tissues at 16 min, as indicated by the slow rates of loss
of 14C activity between 16 and 60 min (Table 4).

It should be pointed out that the simple method of esti-
mating R’ here does not take into account the possibility
of significant 14C label fixation from 14CO, via TCA cycle
exchange reactions (a problem referred to previously
(35)) which could falsely elevate R¢'". It was, however, en-
couraging that sustained twitch contractions in skeletal
muscle, which would be expected to increase local oxida-
tive 14C-P metabolism and reduce TCA exchange reac-
tions, had absolutely no effect on 14C retention. This sug-
gests a minimal contribution of 14C label derived from
oxidative metabolism to the 14C activity at 16 min and em-
phasizes the effectiveness of trapping of 14C-labeled prod-
ucts of non-oxidative metabolism, even in the presence of
high rates of oxidative metabolism.

Relationship between R*;and the true FFA utilization
rate: the lumped constant (LC*)

* should be interpreted as an indirect index of FFA
utilization rate, rather than a direct measure of absolute
FFA utilization rate. To establish a reference point for the
present results, we note that the ideal FFA analog would
have kinetics quantitatively identical to native FFA for all
initial transport and metabolic sequestration steps. In this
case LC* = 1, and R* would represent a direct measure of
FFA utilization rate. In contrast to this ideal at the whole
body level, we observed slower removal of intravenously
administered 3H-R-BrP from plasma than simultaneously
administered 14C-P (Fig. 3). Calculation of whole body
lumped constants (from the ratio of the estimated plasma
clearance rates of 3H-R-BrP and C-P in both the control
and etomoxir-treated groups [Table 2]) indicated an “av-
erage” tissue LC* of 0.62 = 0.03. Whether the whole body
kinetics reflected a generally slower handling of 3H-R-BrP
by tissues or, alternatively, was dominated by the influence
of a small subset of the body’s tissues, could only be re-
solved through a tissue-specific approach.

The inclusion of the etomoxir treatment group created a
situation where LC* values for individual tissues could be
estimated in vivo. Information about tissue-specific rates of
native FFA utilization was obtained from the parameter Ry,’,
our estimate of the component of fatty acid utilization that
is directed into storage, which is based on the tissue reten-
tion of 14C-labeled products of 1*C-P. The idea was that if -
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oxidation blockade could be effected using a high dose of
etomoxir (20 wmol-kg~1), then all activated 4C-P would be
directed into storage pathways and retained until tissue col-
lection. Under these special circumstances, Ry’ would pro-
vide an estimate of the true fatty acid utilization rate. Esti-
mates of LC* could then be obtained from the R*%/Ry/’
ratios in the etomoxir-treated animals. A comparison of the

* /R’ ratios in the control and etomoxir-treated animals
(shown in Table 3) proved that this approach was success-
ful. Significant levels of fatty acid oxidation would be ex-
pected to increase the ratio through a relative reduction of
the denominator R;’. Compatible with this expectation,
ratios were generally higher in the control group, particu-
larly in those tissues likely to have significant levels of oxida-
tive metabolism, e.g., contracting hindlimb muscles and
heart. In contrast, etomoxir had little effect on the R* /Ry’
ratio in tissues likely to be in a predominantly non-oxidative
mode of metabolism (e.g., non-stimulated hindlimb mus-
cles and white adipose tissue).

The tissue data demonstrated a generally slower uptake
and/or metabolism of 3H-R-BrP than 14C-P across a range
of tissues, resulting in lumped constant (LC*) estimates
less than unity. Skeletal muscles and white adipose tissue
LC* estimates were similar ~0.38 (Table 3), indicating
genuine FFA utilization rates of ~2.7 X R*. For compari-
son, lumped constants for the deoxyglucose analogs,
widely used for assessing tissue specific rates of glucose uti-
lization, have mean values of ~0.46 in brain (9) and esti-
mates in heart range from 0.33 upwards (36). Some heter-
ogeneity of R*%/R;’ ratios across different tissues was
observed, which may have been at least partly due to in-
complete tissue retention of either the 14C or the 3H label,
rather than regional differences in the relative rates of
handling of the analog and the native FFA. Thus the
higher R* /Ry ratios in liver and BAT could be explained
by significant levels of non-mitochondrial fatty acid oxida-
tion in these particular tissues, which would not be blocked
by etomoxir (37). Under these circumstances, 4CO,
would be lost from the tissues during the 16-min experi-
ment which would lower the denominator of the ratio.
The low R* /Ry ratio in heart is partly explainable by the
comparatively high rate of loss of 3H from this tissue (re-
ferred to above). Thus, if corrections are made for the 3H
(and 14C) losses using the rate constants in Table 4, the
R* /Ry ratio increases from 0.19 to 0.25.

The usefulness of R* estimates for individual tissues
will ultimately depend on the robustness of the tissue LC*
across different physiological states and treatments. Reveal-
ing the processes responsible for the low LC* may provide
some basis for predicting this robustness. Bromination
could theoretically reduce the transport rate of palmitate ei-
ther through the influence of increased molecular size or
decreased hydrophobicity. Alternatively, reduced rates of
transport of the analog could result from high affinity
binding with plasma albumin or FABP, but the binding
studies suggested similar affinities of the analog and natu-
ral fatty acid (Fig. 1). The in vitro work did, however, indi-
cate one possible explanation for the low lumped con-
stant, namely a slower rate of activation by the enzyme
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ACS (Fig. 2). Finally, it is worth pointing out that the mag-
nitude of the lumped constants obtained here for 3H-R-
BrP, as well as the interpretation given to the parameter

*,are in fact very similar to the analogous, widely used
method for estimating local rates of glucose metabolism
based on the use of 2-deoxyglucose tracer (9).

Indices of tissue-specific fatty acid metabolism, R’ and
R*f, trace fatty acid storage, and utilization

The pattern of R* responses observed in skeletal mus-
cle demonstrated that, at a qualitative level at least, 3H-R-
BrP reliably traced total native FFA utilization (Fig. 4).
First, in the non-contracting hindlimb muscles, we ob-
served that both R* and Ry’ ranked according to the oxi-
dative capacity of the different muscle types. Most compel-
ling was that sustainable contractions induced substantial
increases in R*;, without any increase in Ry, indicating
that contraction induced an increase in fatty acid utiliza-
tion that was directed selectively into oxidative metabo-
lism. Thus R* traced total fatty acid utilization, including
oxidative metabolism, while Ry’ traced fatty acid storage.
This interpretation was greatly reinforced by the observa-
tion that B-oxidation blockade completely abolished the
contraction-induced increases in R*;.

Further evidence that 3H-R-BrP traced total fatty acid utili-
zation at a more general tissue level was obtained by an anal-
ysis of the effects of etomoxir on R* and Ry results in all
tissues (results in Table 3). The contention was that if 3H-R-
BrP traced plasma FFA metabolism, then effects of etomoxir
on R* would be expected to differ from tissue to tissue, de-
pending on the extent of fatty acid oxidation within individ-
ual tissues. Where the major metabolic fate of plasma FFA
was B-oxidation, etomoxir should have decreased fatty acid
utilization and hence R*:. This would be expected to occur
through an accumulation of cytosolic fatty acyl-CoA, leading
to product inhibition of ACS and hence reduced sequestra-
tion of FFA. In those tissues where storage was the major
fate, etomoxir should have increased R*;, because of the ob-
served etomoxir-induced increase in plasma FFA (Table 2).
Between these extremes, etomoxir may have little effect on
R*. Observed effects of etomoxir on R* were consistent
with these expectations. Thus, R* in contracting muscle
was either substantially decreased or unchanged by eto-
moxir. In contrast, etomoxir increased R* in all inactive
hindlimb muscles, white adipose tissue, and brain.

In conclusion, we have described a novel method for as-
sessing tissue-specific plasma FFA utilization in vivo based
on the use of [9,10-*H]-(R)-2-bromopalmitate. Our initial
investigation indicates the potential of the method as a
useful tool for in vivo studies of plasma FFA transport and
utilization, particularly in adipose tissues and skeletal mus-
cles. Indices of plasma FFA utilization obtained for liver and
heart should be interpreted more cautiously because of less
effective 3H-labeled metabolite retention in these tissues. Fi-
nally, simultaneous use of a native FFA tracer ([**C]palmi-
tate) and [9,10-H]-(R)-2-bromopalmitate increases the
power of the method by providing tissue-specific informa-
tion on the metabolic fate (oxidative versus non-oxidative
disposal) of metabolically sequestered FFAs. B

APPENDIX

Determination of plasma 3H-R-BrP and 14C-P

Small corrections were made for incomplete parti-
tioning of 3H-R-BrP and 4C-P into the alcohol phase of
the extraction system in the following way. Assuming all
lipid-extractable radioactivity was associated with either
FFA (F, either 3H-R-BrP or 14C-P) or EFA (T), then the re-
lationship to measured radioactivity levels in the alcohol
(A), and hexane fractions (H) is given by the two simulta-
neous equations: () A= (1 —cty) T + cpaF and (i) H =
¢ty T + (1 — cga) F; where ¢ty and ¢y are the partition co-
efficients for EFA into hexane, and free fatty acid into al-
cohol, respectively. Equations were solved for F and T. Val-
ues for the coefficients were obtained using pure fatty acid
(infusate 3H-R-BrP and 4C-P) and triglyceride ([carboxyl-
14C]triolein, NEN, Boston, MA) standards. The partition
coefficients were measured for each extraction run but
were very reproducible (¢cty ~ 0.98, cea ~ 0.90).

Theory and mathematical analysis: calculation of R*;

It is assumed that 3H-R-BrP undergoes the same initial
transport steps and activation reaction as the native FFAs.
Beyond the activation step, mediated by the enzyme ACS,
the metabolic handling of the analog diverges from the
native compounds. We assume that radioactive atoms de-
rived from 3H-R-BrP are effectively trapped in the cells.
Given the additional assumption of system stationarity
which, inter alia, presumes that the system is unperturbed
by the presence of tracer quantities of 2-bromopalmitate,
then the following expression for tissue-specific utilization
rate of FFA (Ry) can be written (see ref. 31 for a treatment
of the general mathematical problem):

R, = Cpmg()

LCOfcg(t)dt
!

where Cp is the arterial plasma FFA concentration, mg is
the tissue concentration of radioactivity associated with
metabolized products of 3H-R-BrP, cg is the arterial plasma
concentration of 3H-R-BrP as a function of time (t) after a
short infusion of 3H-R-BrP. LC* represents the ratio of the
probability that a molecule of arterial 3H-R-BrP will un-
dergo activation to 3H-R-BrP-CoA, to the probability that a
molecule of arterial palmitate will undergo activation to
palmitoyl-CoA. This parameter is equivalent to the so-
called “lumped constant” defined for 2-deoxyglucose (9).
LC*is a function of several individual mass transfer coeffi-
cients and would equal 1 if 3H-R-BrP kinetics were identi-
cal to the native compound, up to and including the acti-
vation step.

For an experiment conducted over a finite length of
time, the following approximation

_ Cpmg(T)
T

LC*[ cg(t)dt
J

l
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would be valid for experiments of sufficiently long dura-
tion (T) such that ¢g(T) = 0 and where the tissue con-
centration of non-metabolized 3H-R-BrP << mg. For
practical application, we define an index of plasma FFA
utilization (R*) in terms of measurable 3H-R-BrP kinetic
parameters as

R*, = Cpmg(T)

=
I cg(t)dt
0

noting that for sufficiently long T, R*% =~ LC*R;.

Plasma 3H-R-BrP and 14C-P activity data: function fits
and calculation of integrals

Regarding the method of tracer delivery, very rapid
plasma disappearance kinetics of 3H-R-BrP and 14C-P led
us to adopt a short infusion protocol as an alternative to
the bolus injection approach. Plasma 3H-R-BrP data were
fitted (using non-linear regression analysis) to the four pa-
rameter function

2
alt) = zél% [(1—eki‘)—sTm(1—e-*i<‘Tm))]@
in /5

where T;, is the tracer infusion time, Sy, is a step func-
tion (St,, = 0att < Tj,;St,, = latt = T;,). Acompletely
analogous expression was used for fitting the plasma
14C-P data. Integrals of the plasma activity functions, re-
quired for evaluating the whole body and tissue-specific
turnover parameters as well as initial distribution vol-
umes for 3H-R-BrP and 14C-P, were calculated analyti-
cally using the parameters obtained from the “best” fits.
Goodness-of-fit was quantitatively assessed using a chi-
square test (38) comparing residuals with estimates of
experimental error based on the variation of group data
at individual time points. The criteria for an acceptable
fit was P > 0.05.

Estimation of the lumped constant LC*

For estimation of LC* consider an experiment where
14C.P and 3H-R-BrP tracers are simultaneously introduced
into plasma as a short infusion. It is assumed that after the
ACS-mediated activation step, palmitoyl-CoA is directed
into either i) oxidation, in which case the radiolabeled
products of 14C-P, notably 1*CO,, are very rapidly cleared
from the cells and do not contribute to tissue activity at
the time of tissue sampling, or ii) storage (e.g., esterifica-
tion), where all radiolabeled products of 1#C-P are effec-
tively trapped in the tissue. Thus, total FFA utilization rate
can be written as the sum of the storage (R¢) and oxida-
tive pathways (Ry), i.e.,

Rf = R+ Ry,

and an estimate of the flux component of fatty acid utili-
zation directed into storage (Rg') can be obtained from
the expression
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R’:Cpm—P(T)

fs T
[es(tyct
0

where mp is the tissue concentration of radioactivity associ-
ated with metabolized products of 14C-P, ¢, is the arterial
plasma concentration of 14C-P as a function of time (t),
and T is the time of tissue sampling. Under conditions
where R;, << Rs (e.g., during B-oxidation blockade) this
approximation should be improved. As under these con-
ditions R* = LC* Ry an estimate of LC* can be obtained
using the expression

LC*=R* /R,

Analysis of tissue 3H retention data

To assess the assumption that metabolites of 3H-R-BrP
are effectively trapped, tissue 3H activity 16 min after tracer
administration (standard duration control group) was
compared to tissue activity 60 min after tracer administra-
tion (extended duration control group). Retention over
the standard 16 min experiment was estimated in the fol-
lowing way. Assuming i) that by 16 min all tissue activity
was associated with metabolized products of 3H-R-BrP and
that this material existed in a single kinetically homoge-
neous pool, ii) by 16 min entry of newly formed material
into this pool had practically ceased, and iii) efflux from
the pool was irreversible and directly into plasma. If it
were possible to pulse label the metabolite pool then we
would have

mg(t) = mB(O)e_t)\

where mg (0) is the tissue content of 3H activity associated
with metabolized products of 3H-R-BrP at t = 0, \ is the
first order rate constant for loss of tissue activity, which
was estimated from the tissues collected att = 16 and t =
60 min. Retention of 3H activity over the standard 16-min
experiment was then calculated using the \ estimates.

Manuscript received 14 December 1998 and in revised form 25 February 1999.
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