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Local Factors Modulate Tissue-Specific NEFA
Utilization

Assessment in Rats Using 3H-(R)-2-Bromopalmitate
Stuart M. Furler, Gregory J. Cooney, Bronwyn D. Hegarty, Megan Y. Lim-Fraser, Edward W. Kraegen, 

and Nicholas D. Oakes

Insulin-resistant states are associated with accumulation
of muscle lipid, suggesting an imbalance between lipid
uptake and oxidation. We have employed a new fatty-acid
tracer [9,10-3H]-(R)-2-bromopalmitate (3H-R-BrP) to
study individual-tissue nonesterified fatty acid (NEFA)
uptake in states with diminished or enhanced lipid oxi-
dation. 3H-R-BrP was administered to conscious male
Wistar rats (~300 g) during fasting (5, 18, or 36 h), acute
blockade of �-oxidation (etomoxir, 15 µmol/kg), and
insulin infusion (0.25 U · kg–1 · h–1). Estimates of NEFA
clearance rates (Kf*) and absolute rates of uptake (Rf*)
were calculated from tissue accumulation of 3H-R-BrP
products. In the basal state, NEFA uptake was dependent
on the oxidative capacity of tissues: Rf* in brown adipose
tissue (BAT) > heart (HRT) > diaphragm (DPHM) > red
quadriceps (RQ) > white quadriceps (WQ) > white adi-
pose tissue (WAT). Fasting increased (P < 0.001) Kf* in
WAT but did not change NEFA clearance in other tissues.
However, plasma NEFA levels were raised (P < 0.01),
tending to elevate Rf* in most tissues (P < 0.05: WAT,
BAT, WQ, DPHM). Etomoxir reduced (P < 0.01) Kf* only
in oxidative tissues (BAT, RQ, DPHM, HRT). Insulin low-
ered plasma NEFA levels (P < 0.001) and significantly
decreased Rf* in most tissues (P < 0.05: WAT, RQ, DPHM,
HRT). An increased (P < 0.05) clearance was observed in
WAT, BAT, and WQ; a decrease (P < 0.01) in Kf* was
observed in HRT. This study is the first to measure tis-
sue-specific NEFA uptake in conscious rats in the postab-
sorptive, fasted, and insulin-stimulated states. We have
demonstrated that tissue NEFA utilization is not exclu-
sively determined by systemic availability, but that the
early steps of NEFA uptake or metabolic sequestration
can also be rapidly modulated by local processes such as
NEFA oxidation. Diabetes 49:1427–1433, 2000

E
vidence continues to amass that increased intra-
cellular fatty acid availability (particularly in
skeletal muscle) is intimately linked to insulin
resistance (1,2) and a range of disease states,

including type 2 diabetes (3). Intracellular lipid accumulation
could result from modifications to a number of biochemical
processes, including accelerated entry of nonesterified fatty
acid (NEFA) into the cell, elevated rates of triglyceride for-
mation, or impaired lipid oxidation. However, it is currently
unclear whether the lipid accumulation is the cause or the
result of the insulin resistance (1).

We have recently developed a novel tracer methodology,
based on [9,10-3H]-(R)-2-bromopalmitate (3H-R-BrP), to quan-
tify the rate of tissue utilization of plasma NEFA in laboratory
rats. The fatty-acid analog 3H-R-BrP has access to the cytosol
and is a substrate for the initial acylation process, but it is not
oxidized in the mitochondria (4). Because the metabolic
products of 3H-R-BrP are not rapidly exported (5), the tissue
accumulation of radio-label, following systemic administra-
tion, can be used to estimate NEFA uptake. This methodol-
ogy was designed to determine total (oxidation and storage)
NEFA uptake. In contrast, the recently introduced tracer flu-
oro-6-thia-heptadecanoic acid (used in positron emission
tomography studies) is predominantly an indicator of oxi-
dation (6). The initial validation studies of 3H-R-BrP were
performed in anesthetized rats (5). Here we extend the use
of this tracer technique to conscious animals.

We have studied the effects of fasting, etomoxir (a phar-
macological inhibitor of NEFA �-oxidation), and hyperinsu-
linemia. It is well established that these 3 treatments modulate
whole-body lipid oxidation (7–10). Here, we have investigated
tissue-specific responses to characterize the link between
oxidation and uptake and to delineate potential mechanisms
of lipid accumulation. Our studies reveal that, apart from sys-
temic NEFA availability, tissue NEFA uptake is dependent on
local tissue factors, including the rate of �-oxidation.

RESEARCH DESIGN AND METHODS

Animals. The experiments described here were approved by the Garvan
Institute/St. Vincent’s Hospital Animal Experimentation Ethics Committee, fol-
lowing guidelines issued by the National Health and Medical Research Coun-
cil (Australia).

Experiments were performed on male Wistar rats (weight ~300 g), pur-
chased from Animal Resources Centre, Perth, Western Australia. Rats were
housed in a temperature-controlled (22 ± 1°C) environment with a 12:12 h
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light:dark cycle (lights on at 0600) with free access to commercial rodent diet
(Norco, Kempsey, Australia) and water. One week before study, chronically
indwelling cannulas were inserted into the jugular vein and carotid artery under
ketamine hydrochloride (90 mg/kg) and xylazine (10 mg/kg) anesthesia as pre-
viously described (11). After surgery, rats were housed in individual cages and
allowed to recover for 7–10 days. Only rats that had regained their preopera-
tion weight by this time were studied.
Treatment before tracer administration. To study fasting periods of vary-
ing lengths, food, but not water, was removed from animal cages either 5, 18,
or 36 h before the acute investigation period, which commenced at 1000.
Five-hour fasted rats are in the postabsorptive state and are routinely used as
control animals (12).

Some rats were given a large dose of ethyl-2-[6-(4-cholorophenoxyl)-
hexyl]oxirane-2-carboxylate (etomoxir), a carnitine palmitoyl transferase I
inhibitor, to completely block �-oxidation or insulin. Etomoxir (15 µmol/kg;
RBI, Natick, MA) was injected intravenously 30 min before commencement
of the tracer infusion. Insulin (Actrapid; Novo-Nordisk, Copenhagen, Denmark)
was infused into the jugular cannula at a constant rate of 0.25 U · kg–1 · h–1,
together with a variable-rate glucose infusion to maintain plasma glucose
levels (12). Tracer was not administered until a stable euglycemic-hyperin-
sulinemic state was established, typically 90 min after commencement of the
insulin infusion.

The effects of etomoxir were studied in rats fasted for 5 and 18 h. Insulin
was administered to postabsorptive animals only. In all, 6 groups of rats were
used. Treatment profiles for each group are summarized in Table 1.
Tracer administration. Rats were administered a mixture of 3H-R-BrP and
[U-14C]palmitate (14C-P). The 3H-R-BrP tracer was produced by AstraZeneca
Mölndal, Sweden. The synthesis of racemic [9,10-3H]-2-bromopalmitic acid and
subsequent resolution of the R-isomer has been previously described (5).
The 14C-P tracer was commercially available (Dupont, Boston, MA). Each rat
was infused with ~50 � 106 dpm 3H-R-BrP and ~30 � 106 dpm 14C-P in 1 ml of
vehicle. Tracer was delivered in saline conjugated with bovine serum albumin
(5). The albumin-tracer complex was infused at a constant rate into the jugu-
lar cannula of conscious rats over a 4-min period.

Apart from calculation of rates of whole-body NEFA turnover, the only pur-
pose of administering 14C-P tracer in the present study was to quantify the rela-
tionship between tissue clearance rates of this authentic NEFA and the ana-
log 3H-R-BrP in the conscious state.
Plasma samples. To characterize the plasma 3H-R-BrP and 14C-P activity
time courses, arterial blood samples (~200 µl) were collected from the carotid
catheter at 1, 2, 3, 4, 5, 6, 8, 12, and 16 min after the start of tracer infusion.
To determine hormone and substrate levels, extra blood (~200 µl) was col-
lected with the final sample, and an additional sample (~400 µl) was taken
immediately before initiation of tracer infusion. All blood samples were imme-
diately centrifuged. The separated plasma was quickly frozen by immersion
in liquid nitrogen and then stored at –20°C until analyzed. Throughout the
experiment, the arterial catheter was kept patent by periodic flushing with
small quantities of 20 mmol/l sodium citrate in saline.
Tissue samples. After collection of the final blood sample, rats were killed
with an overdose (60 mg) of pentobarbitone injected into the carotid catheter.
Samples of tissues, including white quadriceps, red quadriceps, diaphragm,
heart, inguinal white adipose tissue, and intrascapular brown adipose tissue,
were rapidly dissected, freeze-clamped with aluminum tongs precooled in liq-
uid nitrogen, and stored at –70°C awaiting analysis.

Plasma tracer concentrations. A lipid separation procedure (13) was used
to isolate 3H-R-BrP and 14C-P from total 3H and 14C plasma activities. An ini-
tial acid lipid extraction, using a mixture of isopropanol-hexane-0.5 mol/l
H2SO4 (40:10:1), was followed by a polarity separation step under alkaline con-
ditions. The latter procedure predominantly partitioned neutral lipids (includ-
ing esterified fatty acids) into a hexane phase and polar lipids (including
NEFAs such as the 3H-R-BrP and 14C-P tracers) into an alcohol phase. Small
corrections (<10%), based on separation of NEFA and esterified fatty acid stan-
dards, were applied for incomplete partitioning of tracer (5).
Tissue tracer content. Total 3H and 14C activities in tissue samples (~100 mg)
were measured using a Packard System 387 Automated Sample Preparation
Unit (Packard Instrument, Meriden, CT). This instrument completely oxi-
dized the tissue samples and collected the resulting labeled combustion prod-
ucts, 3H2O and 14CO2, in separate vials. The activities of collected 3H and 14C
were measured individually using single-channel liquid-scintillation proto-
cols (Wallac 1409 counter; Wallac OY, Turku, Finland).
Plasma substrate and hormone concentrations. Plasma glucose concen-
trations were measured by the glucose oxidase method (YSI 2300; YSI, Yellow
Springs, OH). Plasma NEFA levels were determined using an acyl-CoA oxidase
based colorimetric kit (WAKO NEFA-C; WAKO Pure Chemical Industries,
Osaka, Japan). Plasma insulin was determined using a rat insulin radioim-
munoassay kit (Linco Research, Charles, MO).
Calculations. The clearance rates of 3H-R-BrP and 14C-P by individual tissues
(Kf* and Kfs� respectively) were calculated as previously described (5):

Kf* = mB Kfs� = mP

T T (1)�CB(t)dt �CP(t)dt
0 0

where mB and mP are the tissue content of radiolabeled products of 3H-R-BrP
and 14C-P, respectively; CB and CP are arterial plasma concentrations of
extracted 3H-R-BrP and 14C-P, respectively; and T is the length of the experiment
(~16 min).

For data from each rat, the initial step in the evaluation of the above inte-
grals was to use nonlinear regression to fit the discrete CB and CP values to a
mathematical model. The 4-parameter model used corresponded (for the
truncated infusion protocol used) to a double-exponential impulse response
function. Integrals were then evaluated analytically, using best-fit parameter
values (5).

An index of total tissue NEFA utilization (Rf*) was calculated from

Rf* = Kf* · CFA (2)

where CFA is the plasma concentration of cold NEFA.
Estimates of whole-body 14C-P clearance and NEFA utilization (MCRP and

RP, respectively) were derived from

MCRP = D RP = MCRP · CFA (3)

� ∞
CP(t)dt

0

where D is the total dose of 14C-P administered during the 4-min infusion period.
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TABLE 1
Treatment groups and auxiliary variables

Group

Fast (5 h) Fast (5 h) + Etx Fast (5 h) + Ins Fast (18 h) Fast (18 h) + Etx Fast (36 h)

Length of fast (hours) 5 5 5 18 18 36
Additional treatment — Etomoxir Insulin — Etomoxir —
n 7 7 5 6 6 6
Body weight (g) 288 ± 9 295 ± 8 310 ± 9 267 ± 3 285 ± 6 280 ± 6
Plasma glucose (mmol/l) 8.3 ± 0.2 7.9 ± 0.2 7.4 ± 0.3* 5.8 ± 0.1 5.7 ± 0.2 6.1 ± 0.1†
Plasma insulin (mU/l) 36 ± 6 30 ± 7 112 ± 12‡ 8 ± 2 14 ± 3 6 ± 1§

Concentrations shown are the means derived from 2 plasma samples taken immediately before initiation of tracer administra-
tion and cessation of the experiment. Etomoxir (15 µmol/kg) was administered 30 min before tracer. Exogenous insulin was infused
at 0.25 U · kg–1 · h–1. Euglycemia was maintained by clamp.  *P < 0.05 (effect of hyperinsulinemia); †P < 0.01 (effect of fasting);
‡P < 0.001 (effect of hyperinsulinemia), §P < 0.001 (effect of fasting).



The integral in Eq. 3 was evaluated as described above for Eq. 1, except that
an infinite upper limit of integration was used.

In this study, estimates of NEFA clearance, as well as absolute uptake of
NEFA, are presented. The 2 variables convey different information, and both
are useful in interpretation of results. Estimates of Rf* provide quantitative
descriptions of changes in overall lipid metabolism due to all factors, includ-
ing variation in the plasma concentration of cold NEFA (Eq. 2). In contrast,
Kf* estimates are not influenced (Eq. 1) by this potentially confounding effect
and therefore provide a tissue-specific index of NEFA metabolism that is less
susceptible to whole-body perturbations.
Statistical analysis. A separate statistical test was used to detect an over-
all effect of each of the 3 primary treatments used in the study.
Fasting. A Kendall rank correlation was used to test for a consistent trend
across data from the 3 groups: Fast (5 h), Fast (18 h), and Fast (36 h).
Etomoxir. Data from the 4 groups: Fast (5 h), Fast (5 h) + Etx, Fast (18 h), and
Fast (18 h) + Etx (Table 1) were analyzed by 2-way analysis of variance (ANOVA).
Insulin. Data from Fast (5 h) and Fast (5 h) + Ins groups were compared by t test.

RESULTS

General. The effects of the various treatments on whole-
body indexes of NEFA metabolism are shown in Fig. 1. The
NEFA turnover data were derived from the plasma kinetics
of the authentic NEFA tracer 14C-P. Indexes of tissue-specific
NEFA metabolism derived from 3H-R-BrP data are shown in
Fig. 2 (absolute uptake) and Fig. 3 (clearance). Prevailing
plasma glucose and insulin concentrations are included in
Table 1.
Fasting. The 3 groups used to assess the effect of fasting are
shown in Figs. 1–3 as unfilled columns. Statistically significant
trends with length of fast are denoted by a dagger (†) over the
right-most bar.

Plasma NEFA levels were mildly elevated with fasting
(Fig. 1); a concurrent decrease in both glucose and insulin
plasma concentrations was also observed (Table 1). There
was an increase in whole-body NEFA turnover with fasting
(Fig. 1), as progressively more of the body’s energy require-
ments were met by lipid oxidation.
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FIG. 1. Whole-body indexes of NEFA metabolism for fasted but oth-

erwise untreated rats (�), etomoxir-treated rats ( ), and hyperin-

sulinemic rats (�). Plasma NEFA concentration for each rat is the

mean of 8 readings taken throughout the tracer infusion period.

Turnover estimates were derived from the rate of disappearance of

palmitate tracer from the plasma and mean NEFA concentration

(Eq. 3). *, †, and § indicate a significant effect of etomoxir adminis-

tration, fasting, and hyperinsulinemia, respectively. §P < 0.05; ††P <

0.01; ***,†††,§§§ P < 0.001.

FIG. 2. Tissue NEFA uptake rates (Rf*) derived from 3H-R-BrP tracer

accumulation in fasted but otherwise untreated rats (�), etomoxir-

treated rats ( ), and hyperinsulinemic rats (�). *, †, and § indicate

a significant effect of etomoxir administration, fasting, and hyperin-

sulinemia, respectively. *,†,§ P < 0.05; ††,§§ P < 0.01; ***,†††P < 0.001.



Elevated plasma NEFA levels would, by mass action
alone, tend to increase tissue NEFA uptake. Estimates of
NEFA uptake, derived from 3H-R-BrP tissue accumulation,
increased significantly with fasting in most of the tissues
studied (Fig. 2). However, except for white fat (Fig. 3),

there was no detectable change in individual tissue 3H-R-BrP
clearance, suggesting that any fasting-induced tissue-level
alterations in the processes responsible for the uptake and
sequestration of NEFA from plasma occur predominantly in
the fat depots.
Pharmacological inhibition of �-oxidation. Etomoxir
was administered to 2 groups of rats that had been fasted for
5 and 18 h, respectively. Etomoxir-treated groups are shown
as shaded bars in all figures. One or more asterisks (*) above
the right shaded bar denote a significant main effect of eto-
moxir administration. These statistical results are derived
by 2-way ANOVA and indicate an overall etomoxir effect
across both the 5- and 18-h fasted states.

Etomoxir administration elevated plasma NEFA levels,
with no detectable change in the rate of whole-body NEFA
turnover (Fig. 1). These results reflect blockade of �-oxida-
tion in oxidative tissues but no effect of etomoxir on NEFA
appearance rates. The elevation of plasma NEFA was more
pronounced in 18-h than in 5-h fasted rats (P < 0.001, 2-way
ANOVA interaction term), which is consistent with increased
lipolysis from fat depots and increased tissue dependence on
NEFA oxidation as the fasting period was increased.

As shown in Fig. 3, etomoxir significantly reduced 3H-R-BrP
clearance in oxidative tissues (brown fat, red quadriceps,
diaphragm, and heart), but not in nonoxidative tissues
(inguinal fat and white quadriceps).

Absolute NEFA uptake (Rf*) was calculated as the prod-
uct of clearance and circulating NEFA levels (Eq. 2). Eto-
moxir administration had opposing effects on these 2 vari-
ables, resulting in no significant etomoxir-induced change in
Rf* in most tissues (Fig. 2). The exceptions were nonoxida-
tive inguinal fat, where an increase in Rf* reflected the
plasma NEFA elevation, and highly oxidative heart, where the
substantial decrease in clearance (6-fold in 18-h fasted rats)
was translated into a decrease in absolute NEFA uptake.
Insulin administration. Results derived from 5-h fasted
hyperinsulinemic rats are shown in all figures as a solid bar.
The symbol § over this column indicates a significant differ-
ence between insulin-treated and untreated 5-h fasted rats. 

Exogenous insulin administration elevated plasma
insulin levels to the high physiological range (Table 1), and
there was a marked fall in plasma NEFA concentration
(Fig. 1). Elevation of plasma insulin levels also produced a
significant decrease in whole-body NEFA turnover (Fig. 1)
and total NEFA uptake in most of the tissues studied
(Fig. 2). The mass-action effect of the large fall in plasma
NEFA concentration (Fig. 1) would be expected to con-
tribute significantly to this response. However, clearance of
3H-R-BrP was increased in white and brown adipose tissue
and in white quadriceps and was decreased in heart
(Fig. 3), suggesting that mechanisms other than mass
action may be modulating NEFA uptake in a tissue-spe-
cific manner.
Comparison of analog and authentic tracer. Etomoxir
administration allowed a valid comparison of 3H-R-BrP and
14C-P in the conscious state. Under conditions of oxidation
blockade, similar behavior of the analog and authentic NEFA
would be expected, since 3H-R-BrP is not a substrate for oxi-
dation. Comparisons of the behavior of 14C-P and 3H-R-BrP
tracers are shown in Fig. 4 and Table 2. In Fig. 4, clearance
estimates for diaphragm are divided into 2 groups, with solid
points derived from rats whose oxidation is impaired. In
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FIG. 3. Tissue clearance (Kf*) of 3H-R-BrP tracer in fasted but other-

wise untreated rats (�), etomoxir-treated rats ( ) and hyperinsu-

linemic rats (�). *, †, and § indicate a significant effect of etomoxir

administration, fasting, and hyperinsulinemia, respectively. §P < 0.05;

**,§§P < 0.01; ***,†††,§§§ P < 0.001.



addition to etomoxir treatment, clamp data are also included
in this group because acceleration of glucose uptake by
hyperinsulinemia indirectly inhibits NEFA oxidation (14).
All other data, from fasted but untreated rats, are shown as
open points. These data generally lie above the oxidation-
impaired points consistent with a greater loss of 14C label from
the tissue through oxidation. An excellent correlation (R2 =
0.88) was evident between clearance estimates for 14C-P and
3H-R-BrP when oxidation was impeded (solid points). A
significantly weaker relationship was observed (R2 = 0.23)
when all data were included.

A summary of similar correlation analyses for all tissues is
shown in Table 2. For the oxidative tissues (brown adipose
tissue, red quadriceps, diaphragm, and heart), a stronger cor-
relation between clearance estimates for the 2 tracers (Kf* and
Kfs�) was evident when tissue oxidation was impeded. Highly
significant relationships (R2 = 0.62–0.97, P < 0.0001) were

obtained for all tissues. Overall, these results confirm that
when conditions allow a comparison (i.e., when there is lit-
tle loss of 14C from tissues through oxidation), 3H-R-BrP is a
suitable substitute for 14C-P to monitor NEFA tissue utiliza-
tion. Note that NEFA oxidation may not have been com-
pletely inhibited in the hyperinsulinemic group, but this would
have diminished the power of the above analysis and would
therefore not invalidate the above conclusions.

Also included in Table 2 are the tracer clearance ratios
Kf*/Kfs� for etomoxir-treated rats. Data obtained under clamp
conditions were not included in these calculations, because
there may have been residual oxidative capacity under these
circumstances. The Kf*/Kfs� ratios are estimates of the
“lumped constant” used to scale 3H-R-BrP results to absolute
indices of NEFA uptake or clearance if required. These are
appropriate values to use in the conscious state.

DISCUSSION

The experiments described here are the first application, in
conscious animals, of a newly developed 3H-R-BrP technique
(5) for the study of NEFA metabolism in laboratory animals.
We report simultaneous measurements of NEFA uptake by a
broad range of tissues studied in the postabsorptive or fasted
states. Two interventions, etomoxir administration and
insulin elevation, both known to modify lipid metabolism,
were also studied here. Whole-body effects of fasting and
treatments were as expected, but novel tissue-specific alter-
ations in fatty acid metabolism were exposed.

In the postabsorptive state, the total rate of NEFA uptake
into an individual tissue was generally matched by its oxida-
tive capacity, as has been suggested by previous ex vivo work
(15). In muscle, there were several orders of magnitude dif-
ference in NEFA uptake for nonoxidative white quadriceps
muscle (0.28 ± 0.06 µmol · 100 g–1 · min–1) and highly oxida-
tive heart tissue (10.0 ± 2.2 µmol · 100 g–1 · min–1) under basal
conditions. Results for the oxidative red muscles studied
(red quadriceps and diaphragm) fell between these 2 extreme
values (Fig. 2). The same dependence of NEFA uptake on
oxidative capacity was observed in different adipose tissues.
Total uptake rates into oxidative brown adipose tissue
(14.8 ± 3.0 µmol · 100 g–1 · min–1) exceeded those in heart; val-
ues for nonoxidative inguinal fat (0.29 ± 0.06 µmol · 100 g–1 ·
min–1) were comparable to rates in white muscle. After incor-
porating lumped-constant corrections (see below), these val-
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FIG. 4. Comparison of clearance estimates derived from 3H-R-BrP and
14C-P accumulation in diaphragm. �, Situations where oxidation was

substantially impeded [Fast (5 h) + Etx, Fast (18 h) + Etx, and Fast

(5 h) + Ins]. For this restricted dataset, R2 = 0.88. �, All other cases

where there was no obstruction to tissue loss of 14C via oxidation. Sum-

mary of similar data for other tissues is found in Table 2. 

TABLE 2
Lumped constant estimates

Tissue R2 (inclusive) R2 (restricted) Lumped constant (LC* = Kf
*/Kfs�)

Inguinal fat 0.67 0.77 0.37 ± 0.02
BAT 0.84 0.97* 0.44 ± 0.01
White quadriceps 0.80 0.93 0.45 ± 0.03
Red quadriceps 0.35 0.81* 0.50 ± 0.07
Diaphragm 0.23 0.88† 0.45 ± 0.05
Heart 0.05 0.62‡ 0.26 ± 0.03

R2 (inclusive) is the coefficient of determination relating clearance estimates for 3H-R-BrP and 14C-P for all data. To calculate R2

(restricted), only cases where oxidation was substantially impeded [Fast (5 h) + Etx, Fast (18 h) + Etx, and Fast (5 h) + Ins] were
included. LC* is the clearance ratio for the 2 tracers (3H-R-BrP/14C-P) using data from etomoxir-treated animals only. All R2

(restricted) are significantly different from zero (P < 0.0001). Symbols indicate a significant difference between inclusive and
restricted estimates of R2. *P < 0.05, †P < 0.001, ‡P < 0.01. Differences were assessed from z-transforms of R (28).



ues represent actual NEFA utilization rates of 0.62 ± 0.13,
38.5 ± 8.5, 33.6 ± 6.8, and 0.78 ± 0.16 µmol · 100 g–1 · min–1 for
white quadriceps, heart, brown adipose tissue, and inguinal
fat, respectively.

Fasting increased whole-body NEFA turnover, which was
reflected by greater NEFA uptake by most tissues. Except
for white adipose tissue, there was no change in NEFA tissue
clearance, indicating that increased tissue and whole-body
uptake was due mainly to elevated plasma NEFA concentra-
tions resulting from increased lipolysis. The singular obser-
vation that 3H-R-BrP clearance by white fat increased with fast-
ing (Fig. 3) may indicate augmentation of NEFA re-esterifica-
tion (16) or could be due (in part) to countercurrent influx (17)
coupled to accelerated NEFA outflow from adipocytes. What-
ever the responsible mechanism, the observed uptake of NEFA
by adipose tissue would have only a small effect on whole-
body NEFA balance. If we assume that inguinal fat is typical
of all white adipose tissue and use previously published body
composition data (18), then the total NEFA influx into all fat
beds represents only 3 and 5% of whole-body NEFA turnover
after a 5- and 36-h fast, respectively.

The response to pharmacological blockade of �-oxidation
(acute etomoxir administration) confirmed the close associ-
ation between total NEFA uptake and its subsequent oxida-
tion that was implied by the postabsorptive results. Etomoxir
reduced NEFA clearance in oxidative tissues (brown fat, red
quadriceps, diaphragm, and heart) but not in nonoxidative tis-
sues (inguinal fat and white quadriceps). The rapid decrease
in NEFA clearance with inhibition of �-oxidation indicates a
close association between NEFA uptake and oxidation and
suggests that the early steps of fatty acid uptake are closely
coupled to the transfer of fatty acids to the mitochondrion.
This contrasts with glucose metabolism, for which inhibi-
tion of glucose oxidation by infusion of fatty acids (19–21)
does not immediately decrease glucose uptake, but diverts
glucose metabolism to lactate or glycogen formation.

Comparison of the tissue accumulation of both 3H-R-BrP
and 14C-P after etomoxir administration also verified that the
uptake of bromopalmitate paralleled the uptake of authentic
palmitate in conscious animals. The correlation between the
clearance of bromopalmitate and authentic substrate under
conditions of no fatty acid oxidation (Fig. 4) indicates that
3H-R-BrP accurately traces palmitate uptake. Pharmacologi-
cal blockade of lipid oxidation also allowed the calculation
of a set of lumped constants (Table 2) for adjusting NEFA
uptake values (derived from 3H-R-BrP clearance) to actual
fatty acid uptake in the conscious state. Values are typically
30% higher than those previously reported in barbiturate-
anesthetized rats (5). The equivalent parameter, used to con-
vert uptake results from deoxyglucose analogs to those for
authentic glucose, is also known to vary slightly across dif-
ferent physiological conditions (22). Anesthesia has been
shown to disturb specific aspects of lipid metabolism (23) and
is also likely to have more general effects through modulation
of catecholamine levels (24). It is therefore not surprising that
a small difference between the lumped constant for 3H-R-BrP
in conscious and anesthetized states was observed.

At the whole-body level, elevation of circulating insulin
levels had the opposite effect of fasting. This state was asso-
ciated with reduced plasma NEFA, reduced whole-body
NEFA turnover, and a corresponding reduction in NEFA
uptake into most tissues, implying that reduced NEFA supply

played a large part in alterations of tissue NEFA uptake in
response to insulin. However, unlike the changes associated
with fasting, NEFA clearance was altered in some lipid-uti-
lizing tissues, indicating modification of the processes
involved in the uptake and/or metabolic sequestration of
NEFA. The direction of the response was not uniform across
tissues. In nonoxidative tissues, such as white fat and white
muscle, an increase in 3H-R-BrP clearance was observed; in
highly oxidative heart tissue, NEFA clearance decreased
with physiological hyperinsulinemia.

Reduced substrate competition alone would tend to
increase clearance of NEFA, considering that hyperinsuline-
mia lowered plasma NEFA concentrations to below the appar-
ent Km for the NEFA oxidation and storage processes (25).
Human studies suggest that the magnitude of such an effect
could be large. The insulin-stimulated increase in whole-body
clearance of NEFA observed when plasma NEFA levels were
(as here) allowed to fall was absent when plasma NEFA con-
centrations were maintained at preclamp values (9). How-
ever, it is also likely that insulin directly promotes lipid stor-
age (tending to increase 3H-R-BrP clearance) by stimulating
acylglyceride formation (26). In contrast, increased glucose
oxidation induced by hyperinsulinemia indirectly inhibits tis-
sue lipid oxidation (presumably by elevation of cytosolic mal-
onyl-CoA) (14). Estimates of 3H-R-BrP clearance shown in
Fig. 3 reflect both oxidation and storage processes, which
were subjected to competing influences. The balance achieved
depended on the oxidative capacity of individual tissues. In
adipose tissues and the nonoxidative white quadriceps, stor-
age appears to be the dominant process, with total NEFA
clearance increasing with physiological hyperinsulinemia.
Highly oxidative heart muscle apparently responded pre-
dominantly to blockade of the oxidation pathway, resulting in
a decrease in 3H-R-BrP clearance in this tissue. It is likely that
the 2 opposing effects approximately balanced in red quadri-
ceps and diaphragm.

The responses to hyperinsulinemia and etomoxir adminis-
tration illustrate that the ability to simultaneously determine
NEFA uptake in several tissues with a range of oxidative capac-
ities provides additional insight into the mechanistic detail of
these interventions. It is evident that most of the observed
changes in NEFA uptake result from the net effect of 2 (or
more) possibly opposing primary effects. For example, as dis-
cussed above, it is likely that insulin simultaneously acts to
lower plasma NEFA by suppressing lipolysis, increasing intra-
cellular lipid storage, and indirectly reducing NEFA oxidation.
In the case of etomoxir, the balance was between direct and indi-
rect effects in different tissues. Here an elevation of circulating
NEFA levels (induced by reduced clearance in oxidative tissues)
tended to increase absolute NEFA uptake into all (including
nonoxidative) tissues. These separate actions become apparent
only when multiple tissues with different metabolic properties
are studied simultaneously. Moreover, although these basic
effects can be studied in other systems (e.g., in vitro prepara-
tions), the exact balance between them, attained in a specific
tissue under specific physiological conditions, can only be
determined by direct measurement in vivo.

The initial validation studies of the newly developed 3H-R-
BrP technique were conducted in anesthetized rats (5). The
present results, obtained in conscious animals, credibly
demonstrate that the methodology provides reliable infor-
mation over a more extensive range of physiological and
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pharmacological conditions. However, as with all new tech-
niques, caution must be exercised, and ongoing evaluation of
results is required to identify conditions under which the
methodology may have limitations and/or require modification.
Moreover, we do not necessarily regard the technique as sta-
tic; better identification of the tissue metabolites of the
authentic and analog NEFA tracers, which could lead to a
refinement of the methodology, remains a high priority.

Until recently, it has been a generally held view that tissue
NEFA utilization is driven predominantly by systemic supply
(7). However, indirect evidence is now emerging (based on
changes in expression of molecules involved in transport
and early metabolic steps [27]) that local tissue control mech-
anisms may also regulate NEFA uptake and utilization. The
absence of methodology to study NEFA metabolism in vivo
at the individual tissue level has precluded a rigorous func-
tional evaluation of such putative control mechanisms. The
development of the 3H-R-BrP tracer methodology has enabled,
for the first time, an exploration of NEFA metabolism in a
broad range of tissues across metabolic states with dimin-
ished or enhanced lipid oxidation. We have shown here that
the early steps of NEFA uptake can be rapidly regulated by
its rate of oxidation.

We are cautiously confident that future studies using 3H-R-
BrP will contribute to our understanding of fuel metabolism
in health and disease. The technique has special relevance to
the study of type 2 diabetes, given the well-established rela-
tionship between disturbed lipid and carbohydrate metabo-
lism in insulin resistance. This could be of particular impor-
tance for the development and evaluation of therapies that are
thought to act via redistribution of lipid stores or alteration
of lipid metabolism.
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