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Abstract

Plasma FFA oxidation (measured by infusion of 14C-palmitate)
and net lipid oxidation (indirect calorimetry) are both inhibited
by insulin. The present study was designed to examine whether
these insulin-mediated effects on lipid metabolism resulted
from a decline in circulating FFA levels or from a direct action
of the hormone on FFA/lipid oxidation. Nine subjects partici-
pated in two euglycemic insulin clamps, performed with and
without heparin. During each insulin clamp study insulin was
infused at two rates, 4 and 20 mU/mi2 min for 120 min. The
studies were performed with indirect calorimetry and 3-3H-glu-
cose and '4C-palmitate infusion. During the control study
plasma FFA fell from 610±46 to 232±42 to 154±27 ;tmol/
liter, respectively. When heparin was infused basal plasma
FFA concentration remained constant. During the control
study, FFA/lipid oxidation rates decreased in parallel with the
fall in the plasma FFA concentration. During the insulin/hep-
arin study, plasma 14C-FFA oxidation remained unchanged
while net lipid oxidation decreased. In conclusion, when the
plasma FFA concentration is maintained unchanged by heparin
infusion, insulin has no direct effect on FFA turnover and dis-
posal. These results thus suggest that plasma FFA oxidation is
primarily determined by the plasma FFA concentration, while
net lipid oxidation is regulated by both the plasma FFA and the
insulin level. (J. Clin. Invest. 1991. 87:83-89.) Key words: free
fatty acid * insulin - lipid oxidation * glucose disposal

Introduction

In normal and diabetic subjects insulin is known to suppress
lipid oxidation as measured by indirect calorimetry (1, 2). How-
ever, indirect calorimetry measures net lipid oxidation which
includes both oxidation of plasma FFA and oxidation of intra-
cellular lipids (3-5). The oxidation of plasma FFA, which can
be measured with '4C-labeled palmitate, is inhibited by small
increments in the plasma insulin concentration (6, 7). The de-
crease in FFA oxidation could result from decreased substrate
level, secondary to an inhibition of lipolysis, or could result
from a direct effect of insulin on FFA oxidation. Because both
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lipolysis and FFA oxidation may be regulated in concert by
insulin, it is difficult to draw conclusions about the effect(s) of
insulin on lipid/FFA oxidation when the plasma FFA concen-
tration is changing. To circumvent this problem, wehave exam-
ined the effect of insulin on lipid/FFA oxidation under condi-
tions where the plasma FFA concentration has been kept con-
stant at the basal level by an infusion of heparin. A second aim
of the study was to examine the effect of different FFA concen-
trations on the suppression of hepatic glucose production and
stimulation of glucose disposal by insulin. Our data provide
evidence that insulin has no direct effect on plasma FFA oxida-
tion but markedly inhibits the oxidation of intracellular lipids.

Methods

Subjects. Nine healthy young subjects (seven males, two females) with
a mean (±SEM) age of 22±1 yr and ideal body weight of 102±2% were
studied. All subjects had a normal oral glucose tolerance test according
to the revised criteria of the National Diabetes Data Group. The fasting
plasma glucose was 86±1 mg/dl and fasting plasma insulin concentra-
tion was 7±1 uU/ml. None of the subjects had any clinical or labora-
tory evidence of hepatic, renal, or other endocrine disease. All subjects
were consuming a weight-maintaining diet containing at least 200 g of
carbohydrate per day for 2 wk before study. Before participating in the
experimental protocol, the purpose, nature, and potential risks of the
study were explained to all subjects and informed written voluntary
consent was obtained. The study protocol was approved by the Human
Investigation Committee of the Yale University School of Medicine.

Experimental protocol. All subjects participated in two experiments
which were carried out in random order with a 2-wk interval. During
the first experiment a two-step euglycemic insulin clamp (+4 and +20
mU/M2_ min) was performed (8) with each insulin infusion lasting 120
min. The second experiment was similar to the first with one exception;
at the beginning of the 4 mU/m2- min insulin infusion subjects re-
ceived a primed (200 U)-continuous (25 U/min) infusion of heparin to
stimulate lipoprotein lipase. At the start of the second insulin infusion
step (20 mU/M2_min) subjects received a second heparin bolus (200
U) followed by a continuous infusion at 35 U/min. All studies were
performed with indirect calorimetry and infusion of 3-3H-glucose and
'4C-palmitate to quantitate respiratory gas exchange, hepatic glucose
production, and FFA oxidation, respectively. The low insulin infusion
protocol (4 mU/Mi2. min) was designed to examine whether differences
in the plasma FFA concentration would influence the effect of insulin
on the liver. The 20 mU/M2_min insulin infusion protocol, on the
other hand, allowed us to examine whether differences in the plasma
FFA concentration would affect the capacity of insulin to stimulate
peripheral glucose uptake.

Euglycemic insulin clamp. The subjects were admitted to the Clini-
cal Research Center on the morning of study. All studies were initiated
at 0800 after a 12-h overnight fast. Before the study Teflon catheters
were inserted into an antecubital vein for infusion of test substances
and retrogradely into a wrist vein for withdrawal of blood samples. The
hand was then inserted into a heated box (70°C) to achieve arterializa-
tion of venous blood. After obtaining four basal samples for insulin,
glucose, and FFA a primed-continuous infusion (4 mU/Mi2. min) of
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crystalline porcine insulin (Lilly, Indianapolis, IN) was started to
acutely raise and maintain the plasma insulin concentration at the
desired level for 120 min. The plasma glucose concentration was deter-
mined every 5 min and a variable infusion of 20%glucose was adjusted
to maintain the plasma glucose concentration constant at the basal
level (8). At 120 min the insulin space was reprimed and the second
insulin infusion (20 mU/m2* min) started and maintained for another
120 min. Blood samples for plasma insulin and FFA concentrations
were drawn at 15-min intervals.

Tritiated glucose. At 150 min before the start of insulin, a primed
(25 uCi)-continuous (0.25 XCi/min) infusion of 3-3H-glucose (New
England Nuclear, Boston, MA) was begun. Baseline samples for deter-
mination of 3-3H-glucose specific activity were drawn at 5-min inter-
vals during the last 30 min of the equilibration period. During the
insulin clamp, 3-3H-glucose samples were drawn at 15-min intervals
until the last 20 min, during which time they were obtained at 5-min
intervals. All subjects achieved a steady-state level of plasma tritiated
glucose specific activity at the end of the basal equilibration period.

FFA turnover. 14C-Palmitate (New England Nuclear) was utilized to
quantitate plasma FFA turnover (6, 9). A priming dose of 2.5 gCi
14C-palmitate was injected 150 min before the first insulin infusion and
this was followed by a constant infusion at 0.1 Ci/min throughout the
study. Simultaneously, a bolus injection of 3.5 MCi of [I -'4C]-NaHCO3
(New England Nuclear) was given to prime the bicarbonate pool. Base-
line samples for determination of '4C-FFA plasma specific activity
were drawn at 5-min intervals during the last 30 min of the equilibra-
tion period. During the insulin clamp '4C-FFA samples were drawn at
30, 60, 75, 90, 100, 110, 120, 150, 180, 195, 210, 220, 230, and
240 min.

FFA oxidation. The rate of FFA oxidation during the '4C-palmitate
infusion was calculated from the specific activity of expired CO2in air
samples obtained at 5-min intervals during the last 30 min of the equili-
bration period and at 60, 90, 100, 110, 120, 180, 210, 220, 230, and 240
min of the insulin clamp (6, 10). Each expired air sample was bubbled
through a 3-ml sample of carbon dioxide trapping solution (I Mhya-
mine hydroxide:absolute ethanol:0. 1%phenolphtalein; 3:5:1). The ca-
pacity of the trapping solution to trap I mmol of CO2was checked with
I N HCl. The '4C-radioactivity was subsequently determined on dupli-
cates in a Packard Tricarb Scintillation counter (Packard Instrument
Co. Inc., Downers Grove, IL) and the expired '4CO2 specific activity
calculated. Total '4C02 expired per minute was determined by multi-
plying the '4CO2 specific activity by the total CO2production rate de-
termined by indirect calorimetry (see below).

Respiratory gas exchange measurements. All studies were per-
formed with continuous indirect calorimetry to estimate net rates of
carbohydrate and lipid oxidation (3). Starting 60 min before and con-
tinuing from 60 to 120 min and from 180 to 240 min of the insulin
clamp, continuous gaseous exchange measurements were performed
with a ventilated hood system (Vista, Vacumed, Ventura, CA). Venti-
lation was measured by means of a dry gas meter. A constant fraction of
the air flowing out of the hood was automatically collected for analysis.
Oxygen was measured by electrochemical analysis and CO2content by
an infrared analyzer using Applied Electrochemistry Instruments (Sun-
nyvale, CA). Protein oxidation was calculated from the urinary nitro-
gen excretion obtained before and during the insulin clamp (3).

Analytical determinations
Plasma glucose was determined in duplicate by the glucose oxidase
method on a glucose analyzer II (Beckman Instruments, Inc., Fuller-
ton, CA). Methods for determination of plasma tritiated glucose spe-
cific activity have been published previously (I 1). Blood for determina-
tion of insulin, FFA and '4C-FFA specific activity was sampled into
prechilled tubes and immediately centrifuged. Plasma insulin was mea-
sured by specific radioimmunoassay (12), urinary nitrogen excretion
by the method of Kjeldahl (13), and plasma FFA concentrations were
measured by the microfluorometric method of Miles et al. (14). The
method for determination of '4C-FFA specific activity in plasma has
been described in detail previously (6).

Calculations
Hepatic glucose production (HGP). Basal HGPwas calculated by divid-
ing the 3-3H-glucose infusion rate by the steady-state plateau of plasma
3-3H-glucose specific activity achieved during the last 30 min of the
basal tracer infusion period. After administration of insulin and glu-
cose a non-steady state condition in glucose specific activity exists, and
the rate of glucose appearance (R.) was calculated by the model de-
scribed by Radziuk (15). The infusion rate of cold glucose was inte-
grated over 20-min intervals and subtracted from the total R. calcu-
lated during the same 20-min period to obtain the rate of HGP. Nega-
tive numbers for HGPwere observed occassionally during the 20
mU/mi2 min insulin clamp step. As recently demonstrated on theoreti-
cal as well as experimental grounds (I16), such underestimation of glu-
cose turnover by the tracer method is largely accounted for by a model
error emerging at high rates of glucose metabolism. Because a simple
and satisfactory correction for changes in the glucose system during the
non-steady state is not yet available, we took the negative numbers to
indicate complete suppression of HGP.

Glucose metabolism. During the insulin clamp the mean glucose
infusion rate was determined during the last 60 min of each insulin
clamp step. Total body glucose metabolism was calculated by adding
the rate of residual endogenous glucose production during the last 60
min of each insulin clamp step to the meanglucose infusion rate during
the same period. Nonoxidative glucose metabolism during the last 60
min of each insulin clamp step was calculated as the difference between
total body glucose uptake and glucose oxidation as determined by indi-
rect calorimetry.

Indirect calorimetry. Net glucose and lipid oxidation rates were esti-
mated from indirect calorimetric measurements in the basal state and
during the last 60 min of each insulin infusion step. The constants to
calculate glucose, lipid, and protein oxidation from gas exchange data
and nonprotein urinary nitrogen excretion are those in reference 3. To
allow direct comparison with '4C-FFA oxidation, net lipid oxidation
(in milligrams) has been converted to moles by dividing by the molecu-
lar weight of palmitate (mol wt 256). At a non-protein respiratory
quotient > 1.0, the equation for the calculation of substrate oxidation
remains valid (3); the resulting negative value for lipid oxidation is in
fact equivalent to net fat synthesis (3).

Plasma FFA turnover. Palmitic acid accounts for - 30% of the
total FFA pool independently of the plasma FFA concentration (17).
Because the fractional turnover of palmitate is very similar to that of
total FFA, labeled palmitate can be used to trace total FFA ( 17). The
plasma FFA turnover rate was calculated as palmitate infusion rate
divided by the steady-state plasma FFA specific activity and is ex-

pressed as gmol/kg. min. Using this approach the specific activities of
both plasma "4C-FFA and of '4CO2 in expired air are in steady state

during the last 30 min of the equilibration period and a new steady state
is achieved during the last 60 min of each insulin clamp step (Fig. 1) (6).
We have therefore assumed steady-state conditions to calculate the
rates of FFA turnover and FFA oxidation.

Metabolic clearance rate of FFA (MCRFFA). The metabolic clear-
ance rate of plasma FFA (ml/kg- min) was calculated by dividing the
basal or steady-state plasma FFA turnover rate by the plasma FFA
concentration during the same period.

FFA oxidation. The rate of oxidation of plasma FFA in the basal
state and during the euglycemic insulin clamp was calculated from the
14C radioactivity in expired CO2divided by the product of the plasma
FFA specific activity and a factor k, which takes into account the in-
complete recovery of labeled '4CO2 from the bicarbonate pool (6, 10).

FFA oxidation rate (;Lmol/kg min) = (S.A.CO2) X VCO2/k
x (S.A.'4C-FFA), where S.A.'4C02 = specific activity of CO2in expired
air; VCO2 = total CO2 production (to change ml/min to Mmol/min,
divide by 22.4); S.A.'4C-FFA = specific activity of 14C-FFA in plasma,
and k = 0.81.

Nonoxidative FFA disposal. Nonoxidative FFA disposal, a measure

of FFA reesterification, was calculated as the difference between total
FFA turnover and FFA oxidation (6, 18).
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Figure 1. The specific activity of FFA in plasma (top) and of CO2 in
expired air (bottom) in the basal state and during a two-step
euglycemic insulin clamp (insulin infusion rates of 4 and 20
mU/M2. min) performed with saline (broken line) and with heparin
(solid line). Values represent the mean±SEM(n = 9).

Intracellular (unlabeled) FEA oxidation was calculated as the differ-
ence between net lipid oxidation (indirect calorimetry) and plasma
FFA oxidation. It should be noted that this represents a minimal esti-
mate of intracellular FFA oxidation because net lipid oxidation, as
determined by indirect calorimetry, equals the difference between lipid
oxidation and lipid synthesis.

Statistical analysis
Data are presented as mean±SEM. Significance of differences between
the two experiments was calculated with analysis of variance. Pearson's
correlation coefficients were calculated by standard formulae.

Results

Plasma glucose, insulin, and FFA concentrations. The fasting
plasma glucose concentration during the control and heparin
experiments was 86±2 and 85±2 mg/dl, respectively. The
mean plasma glucose during the 4 and 20 mU/mi2 min insulin
clamp steps of both studies was similar and averaged 84±2
mg/dl. The coefficients of variation of the plasma glucose were
3.9±0.5% and 3.7±0.5%, respectively, during control and hepa-
rin experiments. The fasting plasma insulin concentration dur-
ing the control study was 6±1 AtU/ml and rose to I I± and
36±2 MU/ml, respectively, during the 4 and 20 mU/M2_min
insulin clamp steps (Fig. 2). The basal plasma insulin concen-
tration in the heparin experiment was 7±1 gU/ml and rose to
11 i 1 and 36±2 uU/ml, respectively. The coefficients of varia-
tion in plasma insulin during the control and the heparin ex-
periment were 7.4±0.8% and 7.5±0.9%, respectively.

The basal plasma FFA concentration during the control
study was 610±46 ,mol/liter and fell to 232+42 and 154±27
,uU/liter, respectively, during the 4 and 20 mU/mi2 min insulin
clamp steps (Fig. 2). The basal plasma FFA concentration dur-
ing the heparin study, 646±77 ,umol/liter was maintained at
725±129 and 524±100 Mtmol/liter, respectively, during the 4
and 20 mU/mi2 min insulin clamp steps.
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Figure 2. The plasma FFA (top) and insulin (bottom) concentrations
in the basal state and during a two-step euglycemic insulin clamp
(insulin infusion rates of 4 and 20 mU/Mi2. min) performed with
saline (broken line) and with heparin (solid line). Values represent the
mean±SEM(n = 9).

FFA metabolism
FFA turnover rate. The basal rate of FFA turnover was similar
during the control and the heparin experiments (5.97±0.67 vs.
6.46±0.6 gmol/kg. min) (Fig. 3). During the control experi-
ment the plasma FFA turnover rate decreased by 50% during
the low-dose insulin infusion (to 2.99±0.39 Amol/kg * min) and
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Figure 3. The plasma FFA turnover rate (top) and metabolic
clearance rate of FFA (bottom) in the basal state and during a two-step
euglycemic insulin clamp (insulin infusion rates of 4 and 20
mU/in2. mmn) performed with saline (open bars) and with heparin
(shaded bars). Values represent mean±SEM(n = 9). ***P < 0.001,

*P<0.01l, significance of difference from the heparin experiment.
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no significant further reduction was observed during the 20
mU/Mr2. min insulin infusion step (2.61±0.4). During the in-
sulin clamp study performed with heparin, the plasma FFA
turnover rate was not significantly different from baseline dur-
ing the 4 and 20 mU/M2. min insulin infusion steps
(6.01±0.77 and 5.42±0.69 ,umol/kg * min, respectively). How-
ever, the plasma FFA turnover rate during the insulin clamp
performed with heparin was significantly greater than that dur-
ing the control study (no heparin) (P < 0.01).

Metabolic clearance rate of FFA (MCRFFA). In the control
experiment the basal MCRFFArose from 9.6±0.8 ml/kg- min
to 13.7±1.0 and 17.6±1.2 ml/kg * min, respectively, during the
4 and 20 mU/M2_ min insulin clamp steps (Fig. 3). In contrast,
during heparin infusion the basal MCRFFA(10.3±0.7 ml/
kg min) did not change significantly during either the 4
(9.3±1.0 ml/kg-min) or 20 mU/m2.min (11.6±1.2 ml/
kg. min) insulin clamp steps.

Net lipid oxidation. The basal rate of total net lipid oxida-
tion was 3.36±0.21 and 3.12±0.37 ,mol/kg * min, respectively,
during control and heparin experiments (Fig. 4). During low-
dose insulin infusion, lipid oxidation did not change signifi-
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Figure 4. The rates of net lipid oxidation, plasma FFA oxidation and
nonoxidative FFA metabolism in the basal state and during a two-
step euglycemic insulin clamp (insulin infusion rates of 4 and 20
mU/M2_min) performed with saline (open bars) and with heparin
(shaded bars). Values represent mean±SEM(n = 9). *P < 0.05, **P
< 0.01, significance of difference from the heparin experiment.

cantly in either control (2.98±0.21 umol/kg- min) or heparin
(3.37±0.41) experiments. During the 20 mU/M2. min insulin
infusion, net lipid oxidation fell in both the control and hepa-
rin studies (P < 0.01); however, the reduction was significantly
greater in the control experiment (0.39±0.16 vs. 1.24±0.32
pmol/kg. min; P < 0.01).

FFA oxidation. The basal rate of plasma FFA oxidation,
which accounted for - 50% of basal net lipid oxidation, was
similar in control (1.57±0.15 gmol/kg min) and heparin
(1.50±0.14 ;tmol/kg- min) studies (Fig. 4). In the control ex-
periment, plasma FFA oxidation was reduced by 45% at the
low-dose insulin infusion (0.86±0.15 ,tmol/kg min) and did
not change further during the 20 mU/M2_ min insulin infusion
(0.92±0.17 gmol/kg * min). Whenplasma FFA concentration
was maintained with heparin, the plasma FFA oxidation rate
remained constant at the basal level during the 4 and 20 mU/
m2. min insulin clamp steps (1.57±0.18 and 1.61±0.18 ,mol/
kg min, respectively; both P < 0.01 vs. control study).

Nonoxidative FFA metabolism. The basal rate of nonoxida-
tive FFA metabolism was similar in control and heparin exper-
iments (4.40±0.57 vs. 4.96±0.46 ;imol/kg- min) (Fig. 4). Dur-
ing the 4 and 20 mU/Mi2. min insulin clamp steps of the con-
trol study the basal rate of nonoxidative FFA metabolism
declined by 51 and 62%, respectively. Whenthe plasma FFA
concentration was maintained at the fasting level with heparin,
the rate of nonoxidative FFA metabolism declined slightly, al-
though not significantly from baseline and remained greater
than during the control experiment (P < 0.01).

During both control and heparin studies plasma FFA con-
centration was strongly correlated with the rate of plasma FFA
oxidation (r = 0.71; P< 0.001; n = 54) (Fig. 5), with the rate of
nonoxidative FFA disposal (r = 0.84; P < 0.001), and weakly
with the rate of net lipid oxidation (r = 0.31; P < 0.02).

Glucose metabolism
Hepatic glucose production (HGP). The basal rate of HGPwas
similar during the control and heparin studies (2.0±0.13 and
1.90±0.08 mg/kg. min) (Fig. 6). During low-dose insulin infu-
sion, HGPwas reduced by 50% in control and heparin experi-
ments (to 1.03±0.13 and 1. 19±0.18 mg/kg . min, respectively).
During the 20 mU/m2. min insulin infusion, HGPwas com-
pletely suppressed in both experiments.

Total glucose disposal. In the basal state the rate of glucose
disposal equals the rate of glucose appearance (HGP) and was
similar in control and heparin studies (Fig. 6). There was no
significant enhancement of glucose disposal during the 4 mU/
m2. min insulin infusion in either the control or heparin stud-
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Figure 6. The rates of hepatic glucose production (top) and glucose
disposal (bottom) in the basal state and during a two-step euglycemic
insulin clamp (insulin infusion rates of 4 and 20 mU/m'- min)
performed with saline (open bars) and with heparin (shaded bars).
Values represent mean+SEM(n = 9).

ies (2.34±0.21 vs. 2.39±0.24 mg/kg . min). During the 20 mU/
m2 - min insulin clamp step, the rate of glucose disposal rose
similarly in the control (7.52±0.72 mg/kg- min) and heparin
(6.98±0.60) studies.

Glucose oxidation. The respiratory quotients (RQs) in the
basal state and during the +4 and +20 mU/m2' min insulin
clamps were during the control study 0.82±0.01, 0.83±0.01,
and 0.95±0.01, respectively, and during the heparin study
0.83±0.01, 0.81±0.01, and 0.90±0.02, respectively.

The basal rate of glucose oxidation was similar in control
and heparin experiments (1.52±0.15 vs. 1.60±0.15 mg/
kg . min; P > 0.1) (Fig. 7). During low-dose insulin infusion,
there was no significant change in the rate of glucose oxidation
in the control study (1.55±0.15 mg/kg -min), whereas there
was a slight reduction during the heparin study (1.19±0.20 mg/
kg- min; P < 0.05 when comparing the change from basal be-
tween the two experiments). During the 20 mU/m2. min insu-
lin infusion, the rate of glucose oxidation was significantly re-
duced during the heparin vs. control study (2.80±0.35 vs.
3.71±0.24 mg/kg . min; P < 0.05).

Nonoxidative glucose metabolism. The basal rate of nonox-
idative glucose metabolism was similar in the two experiments
(0.48±0.12 vs. 0.32±0.14 mg/kg . min) (Fig. 7). There was no
significant change in the rate of nonoxidative glucose metabo-
lism during the low-dose insulin infusion in the control study
(0.79±0.22 mg/kg- min), whereas there was an increase in the
heparin study (1.19±0.36; P< 0.05). Although the rate of non-
oxidative glucose disposal was enhanced during the 20 mU/
m2. min insulin infusion in both the control and the heparin
studies, there was no significant difference between the control
and the heparin study (3.81±0.66 vs. 4.18±0.65 mg/kg - min).
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Figure 7. The rates of glucose oxidation (top) and nonoxidative
glucose metabolism (bottom) in the basal state and during a two-step
euglycemic insulin clamp (insulin infusion rates of 4 and 20
mU/m2' min) performed with saline (open bars) and with heparin
(shaded bars). Values represent mean±SEM(n = 9). *P < 0.05,
significance of difference from the heparin experiment.

Discussion

In the present study we have examined the independent effects
of insulin and FFA on total lipid oxidation, measured by indi-
rect calorimetry, and plasma FFA oxidation, measured by 14C-
palmitate. When insulin was infused to create physiologic in-
crements in the plasma insulin concentration (36±2 ,gU/ml),
both net lipid oxidation and plasma FFA oxidation declined in
parallel. However, because the plasma FFA concentration also
declined during the infusion of insulin, it was not possible to
define whether the decline in plasma FFA/net lipid oxidation
was due to a direct inhibitory effect of insulin or to a decrease in
substrate delivery. To distinguish between these two possibili-
ties, the plasma FFA concentration was "clamped" at the basal
level by an infusion of heparin to activate lipoprotein lipase.
Under these conditions insulin failed to inhibit plasma FFA
oxidation but decreased net lipid oxidation by > 60%. These
results point at the existence of two distinct lipid pools which
share the same oxidative pathway but whose input into this
oxidative pathway is differentially regulated by insulin and
plasma FFA supply. Oxidation of 14C-palmitate primarily re-
flects the circulating plasma FFA pool (4, 5, 19) and is unaf-
fected by insulin. In contrast, net lipid oxidation reflects both
circulating plasma FFA as well as a large intracellular FFA
pool, whose oxidation is sensitive to physiologic changes in the
plasma insulin concentration.

In the basal state plasma FFA oxidation accounted for only
40-50% of net lipid oxidation. Our results indicate that the
remaining 50-60% is derived from oxidation of intracellular
lipids, which are not in equilibrium with the plasma FFA pool
and therefore are not traced by the i4C-palmitate. Similar data
have been reported by Issekutz et al. (5) in dogs. Dagenais et al.
(4), using the forearm balance technique, also have provided
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evidence that intracellular oxidation of triglycerides and, possi-
bly phospholipids, make a substantial contribution to total
lipid oxidation in man. Similar results have been reported by
Robin et al. (19) in nutritionally depleted patients who were
suffering from acute infection or injury.

Consistent with the concept of a large intracellular lipid
pool, Eaton et al. have shown that the plasma FFA pool ex-
changes with a 100 larger tissue pool, the bulk of which resides
within the liver and muscle (20). Further support for this view
has been provided by George and Naik, who demonstrated
abundant lipid deposits in resting muscle (21). Hydrolysis of
these intramuscular triglycerides/phospholipid stores with
their subsequent intramuscular oxidation, or hydrolysis of li-
poproteins in the capillary bed with immediate oxidation by
adjacent muscle tissues, could explain the large discrepancy
between total lipid oxidation and plasma FFA oxidation (22).

From the present results it can be concluded that physio-
logic increments in the plasma insulin concentration do not
have a direct effect on the oxidation of circulating FFA. The
plasma FFA concentration appears to be the main determinant
of its own rate of oxidation. Several observations support this
conclusion. First, inhibition of lipolysis by physiologic hyper-
insulinemia causes a concomitant decline in the plasma FFA
oxidation rate, which closely parallels the decline in plasma
FFA concentration. Second, when the plasma FFA concentra-
tion was maintained constant by an infusion of heparin, the
rate of plasma FFA oxidation was uninfluenced by insulin.
Third, the plasma FFA concentration showed a strong positive
correlation with the rate of plasma FFA oxidation and a similar
correlation has been reported in dogs (10). Lastly, in vitro ex-
periments have demonstrated that the rate of FFA oxidation
increases in proportion to the increase in medium FFA con-
centration (23). Taken together, our data, as well as those of
others, indicate that the rate of FFA oxidation is predomi-
nantly regulated by the plasma FFA concentration.

During the 20 mU/M2. min insulin clamp step net lipid
oxidation decreased even though the plasma FFA concentra-
tion remained unchanged. This could be due to one of two
possibilities; insulin could suppress net lipid oxidation directly
by inhibiting the oxidation of intracellular lipid stores, or inhi-
bition of lipid oxidation could be secondary to stimulation of
glucose oxidation by insulin (the Randle cycle). Our results
suggest that insulin regulates net lipid oxidation via two dis-
tinct mechanisms. While its major action is to inhibit intracel-
lular lipid oxidation (or to stimulate glucose oxidation), insulin
also exerts a secondary effect on total lipid oxidation by modu-
lating the plasma FFA concentration via its inhibitory action
on lipolysis. Independent of changes in the plasma FFA con-
centration, insulin does not appear to affect plasma FFA oxida-
tion.

Some comment concerning the discrepancy between net
lipid oxidation measured by indirect calorimetry and plasma
FFA oxidation measured by the tracer during the +20 mU/
m2 * min is warranted. If lipogenesis from glucose is stimulated
by insulin, this will be measured as an apparent decrease in
lipid oxidation, even though no actual decrease in the oxidative
flux of lipid carbons has occurred. This could result in underes-
timation of the true rate of lipid oxidation. The tracer-derived
FFA oxidation measures the amount of lipid carbons which
enter the oxidative pathway from the plasma pool. An increase
in the recovery factor (which takes into account the incomplete
recovery of labeled CO2 from the bicarbonate pool and was

assumed to be 0.81) during hyperinsulinemia could result in
overestimation of tracer-derived FFA oxidation. Recent evi-
dence in dogs suggest that, in the fed state, the recovery factor
may slightly increase, i.e., the retention of CO2decreases (24).
Although we did not measure recovery of 14CO2 during hyper-
insulinemic conditions, it is unlikely that this would signifi-
cantly influence the results. An increase in the recovery factor
from 0.81 to 0.90 would at most result in a 10%overestimation
of the tracer-derived FFA oxidation rate. Still, during the +20
mU/m2.* min insulin clamp with saline the rate of plasma FFA
oxidation measured by the tracer is twice as high as the rate of
lipid oxidation measured by indirect calorimetry. As some of
the subjects presented with RQ> 1 during this insulin infusion,
we interpret the discrepancy between plasma FFA oxidation
and net lipid oxidation as an indication that insulin increases
significantly lipogenesis from glucose.

Our results also help to clarify the mechanisms which regu-
late the plasma FFA concentration in the basal and insulin-
stimulated states in healthy subjects. The plasma FFA concen-
tration is determined by the rate of FFA appearance in the
systemic circulation (lipolysis) and the rate of FFA disappear-
ance (oxidation and reesterification). In the postabsorptive
state plasma FFA oxidation accounted for 30% of total FFA
turnover, while the remaining occurred via nonoxidative path-
ways, i.e., reesterification of FFA to triglycerides. The rate of
nonoxidative FFA disposal can be estimated from the differ-
ence between the rate of total body FFA turnover and the rate
of FFA oxidation (6, 18). Our data indicate that the major part
(70%) of FFA disposal during the basal state occurred via non-
oxidative pathways. Insulin suppressed nonoxidative FFA dis-
posal by 52 and 62%, respectively, during the 4 and 20 mU/
m2. min insulin clamp studies. However, nonoxidative FFA
disposal still comprised 70% of total FFA turnover. Thus, in
both the basal and insulin-stimulated conditions, reesterifica-
tion represented the major route of plasma FFA disposal. Dur-
ing the insulin clamp studies performed with heparin the rate
of nonoxidative FFA disposal failed to change from baseline,
suggesting that insulin per se has no direct effect on FFA rees-
terification. The decline in nonoxidative FFA disposal ob-
served when insulin was infused without heparin most likely is
secondary to the decline in plasma FFA concentration. Consis-
tent with this sequence, a strong positive correlation was ob-
served between the rate of nonoxidative FFA disposal and the
plasma FFA concentration. These findings are consistent with
the concept that the plasma FFAconcentration is a major deter-
minant of nonoxidative FFA disposal or reesterification. Sev-
eral other pieces of evidence support this concept. First, the rate
of incorporation of FFA into triglycerides rises when the
plasma FFA concentration is increased (20). Second, a positive
correlation has been shown between the rate of FFA turnover
and the appearance of FFA in triglycerides in dogs (25) and in
man (26, 27). Third, glucose feeding in normal subjects leads to
a decrease in plasma FFA concentration and a concomitant
reduction in the rate of FFA reesterification (19).

The present results also provide some interesting informa-
tion concerning the interaction between lipid/FFA and glucose
metabolism. More than 20 years ago Randle and co-workers
developed the concept of substrate competition, i.e., an in-
crease in FFA oxidation leads to a decrease in glucose oxida-
tion and vice versa (28). Wepreviously have shown in normal
subjects that the infusion of Intralipid during an insulin clamp
resulting in a twofold increase in the basal plasma FFA concen-
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tration caused a significant reduction in the rates of oxidative
and nonoxidative glucose disposal (29). In addition, the ability
of hyperglycemia to inhibit basal HGPwas impaired (29). In
the present study, when the plasma FFA concentration was
maintained constant at the basal level by heparin, the stimula-
tory effect of insulin on glucose oxidation was reduced, while
nonoxidative glucose disposal remained unchanged. The re-
sults indicate, that providing more substrate for FFA oxidation
under these conditions will only decrease the amount of glu-
cose oxidized leaving the nonoxidative pathway unaffected.
Furthermore, maintaining the FFA concentration unchanged
at the basal level with heparin does not affect the inhibitory
effect of insulin on HGP.

In summary, the data demonstrate that insulin has no di-
rect effect on turnover and disposal of FFA when the plasma
FFA concentration is maintained unchanged. They further
suggest that oxidation of FFA from plasma and from intracel-
lular lipid stores are differently regulated. Whereas the oxida-
tion of plasma FFA is primarily determined by the plasma FFA
concentration, the regulation of intracellular FFA oxidation is
more complex and dependent upon both the plasma FFA and
insulin concentration.
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