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Lipid Oxidat ion in Lipid-Induced Insul in  Res is tance  
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To investigate the respective role of nonesterified fatty acids (NEFA) oxidation and total lipid oxidation in lipid-induced insulin 
resistance, we measured the response of glucose metabolism to insulin in normal subjects without (control study) or with 
either heparin (heparin study) or triglycerides (TG) emulsion {Ivelip study) infusion. Three.step euglycemic-mild- 
hyperinsulinemic clamp studies were performed. Lipid and glucose metabolism were studied using indirect calorimetry and 
[6,6-2Hz]glucose and [1-13C]palmitate infusions. NEFA concentration and turnover and oxidation rates were decreased by 
insulin in the control study, but were maintained during the heparin and Ivelip infusion studies. Total lipid oxidation was 
decreased similarly in the control and heparin studies, but was increased during the Ivelip infusion. Stimulation of glucose 
oxidation and utilization by insulin was reduced in the Ivelip study, but not in the heparin study. Thus, peripheral insulin 
resistance was observed in the presence of a combined increase in total lipid and NEFA oxidation, but not during an isolated 
increase in NEFA oxidation. On the other hand, insulin-induced inhibition of glucose production was impaired in both the 
heparin and Ivelip studies. We conclude that total lipid oxidation is a major determinant of peripheral insulin resistance, 
whereas hepatic insulin resistance could be induced even by a moderate increase in NEFA availability. 
Copyright © 1995 by W.B. Saunders Company 

S INCE THE D E M O N S T R A T I O N  by Randle  et al 1 that 
fatty acids in vitro inhibit glucose oxidation in heart  

muscle, it has been proposed that an excess of lipid 
substrates could play a role in the abnormalit ies of glucose 
metabolism in type II diabetes mellitus. To test this 
hypothesis, many studies 2-12 have used heparin or a com- 
bined triglycerides (TG) and heparin infusion as an experi- 
mental  tool to mimic an increased lipid substrate availabil- 
ity. Most of these studies showed an impairment  of insulin- 
stimulated glucose utilization and oxidation in the presence 
of high lipid concentrations. 2-7,11,12 Recently, Groop et al, 9 
as well as Yki-Jfirvinen et al, 8 failed to demonstrate any 
alteration in insulin-mediated glucose disposal when the 
decrease in plasma nonesterified fatty acids (NEFA)  during 
insulin infusion was prevented by heparin infusion. In 
addition, Capaldo et al, I° using the forearm technique, 
showed that the main tenance  of basal N E F A  concentrat ion 
did not affect insulin-st imulated glucose uptake, further 
questioning the importance of the so-called glucose-fatty 
acid cycle. However, it should be noted that N E F A  oxida- 
tion and total lipid oxidation are not  equivalent. 8,13 In the 
studies reported by Groop et al 9 and Yki-Jfirvinen et al, 8 
little or no modifications of total lipid oxidation were 
observed despite significant alterations in N E F A  metabo- 
lism. This suggests that increased plasma N E F A  availability 
and oxidation are not  sufficient by themselves to induce 
insulin resistance, but  require a simultaneous increase in 
total lipid oxidation. 

Therefore, the aim of the present  study was to determine 
the respective roles of increased plasma N E F A  oxidation 
and increased total lipid oxidation in the induction of 
insulin resistance. This was achieved by comparing the 
action of insulin on glucose metabolism in the absence 
(control test) and presence of either an increase in N E F A  
availability and oxidation without alteration in total lipid 
oxidation (observed during a heparin infusion) or a com- 
bined increase in N E F A  and total lipid oxidation (observed 
during a T G  emulsion infusion). 

SUBJECTS AND METHODS 

Subjects 

Ten healthy nonsmoking subjects (five men, five women) with a 
mean _+ SEM age of 24 -+ I years and a body mass index of 21.2 + 
0.5 were studied. None had a personal or familial history of 
diabetes or obesity or were taking any medication. Their fasting 
blood glucose was 5.2 _+ 0.2 mmol/L and fasting plasma insulin was 
60 + 6 pmol/L. All subjects were on their usual diet before the 
study. The purpose, nature, and potential risks of the study were 
carefully explained, and informed written consent was obtained 
from all subjects. This protocol was approved by the ethics 
committee of the "Hospices Civils de Lyon." 

Materials 

D[6,6-ZH2]glucose (99% mole percent excess), NaH13CO3 (99% 
mole percent excess), and [1-13C]palmitic acid (99% mole percent 
excess) were obtained from Eurisotop (Saint Aubin, France). 
Chemical and isotopic purity were confirmed by gas chromatogra- 
phy-mass spectrometry analysis. D[6,6-ZHz]glucose and NaH13CO3 
were dissolved in sterile water and sterilized by filtration through a 
0.22-txm Millipore filter (Millipore, Bedford, MA). [1-13C]palmi- 
tate was bound to albumin (M6rieux, Lyon, France) as previously 
described, a4 All infusates were checked for pyrogens by Limulus 
test before administration and were infused through a 0.22-txm 
Millipore filter. Insulin (Umuline Rapide; Lilly, St Cloud, France) 
was prepared in sterile isotonic sodium chloride containing 2% 
human serum albumin. Ivelip 20% (soya bean oil 20 g/100 mL, 
glycerol 2.5 g/100 mL) was obtained from Clintec (Amilly, France). 
Reagents for derivatization were from Pierce (Rockford, IL). 

Experimental Protocol 

Three different studies were performed: control (six subjects), 
heparin infusion (five subjects), and Ivelip infusion (five subjects). 

From INSERM U197 Lyon; and the Department of Endocrinologie- 
Diabdtologie et Nutrition, Hopital E. Herriot, Lyon, France. 

Submitted.April 13, 1994; accepted September 7, 1994. 
-Address reprint requests to Martine Laville, MD, INSERM U197, 

Facultd de m~decine -Alexis Carrel, Rue Guillaume Paradin, 69372 
Lyon, Cedex 08. 

Copyright © 1995 by W.B. Saunders Company 
0026-0495/95/4405-0013503.00/0 

Metabolism, Vo144, No 5 (May), 1995: pp 639-644 639 



640 LAVILLE ET AL 

During the control study, a three-step euglycemic-hyperinsulin- 
emic clamp was performed. The other studies were similar except 
that heparin or Ivelip were infused at the same time that the insulin 
infusion began. One subject participated only in the control study, 
and three only in the heparin study. Four subjects participated in 
both control and Ivelip studies. Two subjects participated in all 
studies. An interval of more than 3 weeks was observed between 
the studies. All studies were performed in the postabsorptive state 
at least 12 hours after the last meal, and were initiated between 8 
and 9 AM after at least 30 minutes of bed rest. 

Control Study 

Intravenous catheters were inserted into veins of one forearm 
for the different infusions. To obtain arterialized blood samples, 
another catheter was inserted in a retrograde manner in a vein of 
the opposite hand kept at 60°C in a warming blanket. The study 
began with a 150-minute basal period to determine basal glucose 
and NEFA turnover rates. After a bolus of NaHa3CO3 (1.4 
i~mol/kg), a primed (17.6 p~mol/kg)-continuous (0.22 p~mol/ 
kg • min) infusion of [6,6-2H2]glueose and a primed (0.4 ~mol/kg)- 
continuous infusion (0.04 p~mol/kg • rain) of [1-13C]palmitate were 
simultaneously initiated. 

Euglycemic-hyperinsulinemic clamp. After the basal period, a 
primed-continuous insulin infusion was started. Insulin was in- 
fused at three successive rates (0.6, 1.2, and 4.2 pmol/kg - min for 2 
hours each). Each insulin infusion rate was primed according to the 
method reported by Rizza et al. 15 Any decrease in blood glucose 
was prevented by infusion of glucose (beet glucose, Fandre, 
Luches, France) as described previously. 16 At the beginning of the 
higher insulin infusion rate (4.2 pmol/kg • min), subjects received 
another bolus of [6,6-2H2]glucose (35.2 ~mol/kg) and the rate of 
the tracer infusion was increased to 0.66 ~mol/kg • min. 

Respiratory exchange measurements were used to estimate total 
glucose and lipid oxidation rates during the last hour of the basal 
period and of each different insulin infusion period. Measurements 
were performed with a computerized flow-through canopy gas 
analyzer system (Deltatrac metabolic monitor, Datex, Helsinski, 
Finland). Blood samples were drawn for determination of glucose, 
insulin, C-peptide, glucagon, NEFA, TG, glycerol, and ketone 
bodies concentrations and [6,6-2H2]glncose and [1-13C]palmitate 
enrichment during the last 30 minutes of the basal period and at 60, 
90, 100, 110, and 120 minutes of each insulin infusion period. Blood 
was collected in tubes maintained at 4°C and immediately centri- 
fuged. Plasma was then stored at -20°C until assay. 

13C enrichment in CO2 was determined in samples of expired 
gases as previously described. 17 Two samples were obtained before 
[1-a3C]palmitate infusion to determine basal 13CO2 abundance. 
Then air samples were collected during the last 30 minutes of the 
basal period and of each insulin infusion period. Urine was 
collected in the basal state and during the clamp study for 
determination of nitrogen excretion. 

Heparin Study 

The heparin study was similar to the control study except that at 
the beginning of the insulin infusion subjects received a primed 
(200 U)-continuous (20 U/min) infusion of heparin. At the start of 
the second (1.2 pmol/kg, min) and the third (4.2 pmol/kg- min) 
insulin infusion period, subjects received another heparin bolus 
(200 U). At the beginning of the third insulin infusion period, the 
heparin infusion rate was increased to 35 U/min. 

Ive• Study 

The Ivelip study was similar to the control study with one 
exception: at the beginning of the insulin infusion, subjects re- 
ceived an infusion of Ivelip (0.015 mL/kg • min). 

Analytical Procedures 

Plasma glucose, glycerol, and ketone bodies concentrations were 
determined in neutralized perchloric acid plasma extracts by 
enzymatic methods as previously described. 18 Plasma NEFA 19 and 
TG 2° levels were measured by enzymatic methods, and plasma 
insulin and glucagon levels by radioimmunoassay. 21,22 Urinary 
nitrogen was determined by chemiluminescence (Antek 703C, 
Sopares, Paris, France). Enrichment of plasma glucose and palmi- 
tate by tracers and the concentration of palmitate were determined 
by gas chromatography-mass spectrometry (5971 MSD, Hewlett- 

1416 13 Packard, Palo Alto, CA) as previously described in detail. , C 
enrichment of expired CO2 was determined on a dual-inlet isotope 
ratio mass spectrometer (Sira 12, VG Instrument, Middlewich, 
UK) as previously described. 23 

Steady-state isotopic enrichments were obtained in each group 
for all insulin infusion rates, as shown in Fig 1. Thus, glucose 
turnover rates were determined using the steady-state equation. 

Calculations 

Glucose and palmitate turnover rates were calculated during the 
basal state and for 30 minutes at the end of each insulin infusion 
period. Endogenous glucose production (EGP) was calculated by 
subtracting the exogenous glucose infusion rate from the isotopi- 
cally determined turnover rate. Negative values for EGP were 
observed only in the control study during the 4.2-pmol/kg - min 
insulin infusion rate. These negative values were observed despite 
an adaptation of the tracer infusion rate to the expected changes in 
glucose metabolism. According to Nosadini et al, 24 it was therefore 
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Fig 1. Evolution of isotopic enrichment during the basal period 
{120 to 150 minutes) and the last 30 minutes of the 3 insulin infusion 
rates (240 to 270, 360 to 390, and 480 to 510 minutes), (11) Control 
study (n = 6); (A) heparin study (n = 5); (©) Ivelip study {n = 5). 
Mean -+ SEM. 
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considered that EGP was totally suppressed and that glucose 
utilization was equal to the exogenous glucose infusion rate. The 
NEFA turnover rate was calculated as the product of the palmitate 
turnover rate and the ratio of NEFA to palmitate concentration. 
The 13CO2 production rate was determined by multiplying 13CO2 
enrichment by the CO2 production rate. 

The plasma NEFA oxidation rate ([NEFA ox] txmol/kg ' rain) 
was calculated according to the following formula: NEFA ox = 
('£/'co 2 x 13C02 APE x Rt NEFA)/(F x 0.8), where ~7co2 is the 
amount of expired COg (Ixmol CO2/kg " min), 13CO2 APE is the a3C 
enrichment in expired CO2 (atom percent), Rt NEFA is the NEFA 
turnover rate (~mol/kg • rain), F is the [1-13C]palmitate infusion 
rate (Ixmol/kg ' rain), and 0.8 is a correction factor for incomplete 
recovery of 13C-bicarbonate. 

Total glucose and lipid oxidation rates were estimated from gas 
exchange measurements. 2s Nonoxidative glucose metabolism dur- 
ing the last 30 minutes of each insulin infusion period was 
calculated as the difference between glucose utilization and glu- 
cose oxidation. 

To compare total lipid oxidation and NEFA oxidation, total lipid 
oxidation was expressed as micromoles of equivalent palmitate per 
kilogram per minute. Milligrams per kilogram per minute of total 
lipid oxidation were converted to micromoles of equivalent palmi- 
tate per kilogram per minute using the molecular weight of 
palmitate (256 g) to convert milligrams to micromoles. 

Statistical Analysis 

Data are presented as the mean _+ SEM. Within-study compari- 
sons were performed with two-way ANOVA followed by the 
Scheff6 protected t test to locate differences. Between-group 
comparisons were performed using one-way ANOVA followed by 
the Scheff6 protected t test. P less than .05 was considered 
statistically significant. 

R E S U L T S  

Glucose Level and Hormonal Parameters 

During all clamp studies, glucose was maintained at the 
basal level (Table 1). Plasma insulin concentrat ion was 

comparable in all groups during the basal state and during 
the clamp study except for the last infusion rate. During this 
step, insulin concentrat ion was lower in the heparin study 
than in the two others (P < .01). Glucagon was slightly 
decreased in the three groups, but this decrease was 
significant only during the last insulin infusion rate for 
heparin (98 + 15 v 118 -+ 14 ng/L, P < .05) and Ivelip 
(80 -+ 15 v 125 _+ 20 ng/L, P < .05) groups. 

TG, NEFA, Glycerol, and Ketone Bodies Concentrations 
and NEFA Tumover Rate 

In the control study, TG concentrat ion was decreased 
during the last insulin infusion rate. During the heparin 
study, TG concentrat ion was decreased at the beginning of 
heparin infusion and then remained constant, whereas it 
was increased by Ivelip infusion during all the Ivelip 
studies. N E F A  concentrat ion was decreased by insulin 
throughout the control study and was nearly indetectable 
during the last insulin infusion period. During heparin and 
Ivelip studies, N E F A  concentrat ion was maintained during 
the whole experiment at higher values than in the control 
study (P < .001). However, N E F A  concentrat ion was in- 
creased to a greater extent during the Ivelip study than 
during the heparin study (P < .01). Glycerol concentrat ion 
was enhanced during the Ivelip study, whereas it was 
decreased during the control study and remained un- 
changed in the heparin study. Ketone bodies decreased 
throughout the experiment in the control and heparin 
studies, but  were maintained close to baseline values during 
the Ivelip study. The N E F A  turnover rate followed a similar 
N E F A  concentrat ion pattern in all experiments (Table 1). 

NEFA Oxidation and Total Lipid Oxidation Rates 

In the basal state, N E F A  oxidation represented only 
48% + 7% of total lipid oxidation. The N E F A  oxidation 

Table 1. Metabolic Parameters During Control, Heparin, and Ivelip Studies 

Insulin Infusion Ra te  Plasma Insulin Plasma Glucose TG NEFA Glycerol Ketone Bodies NEFA Turnover 
(prnol/kg - min) (pmol/L) (mmol/L) (mmol/L) (#mol/L) (#mol/L) (#mol/L) (#mol/kg, min) 

Basal 

C 69 _+ 4 5.4 _+ 0.2 0.40 _+ 0.03 394 ± 50 43 _+ 4 131 _+ 32 5.5 _+ 0.8 

H 58 _+ 15 4.7 ± 0.2 0.65 _+ 0.11 537 +- 37 50 ± 8 175 _+ 30 5.8 _+ 1.4 

IV 64 _+ 7 5.4 ± 0.3 0.57 ± 0.14 536 -+ 87 53 _+ t4  250 _+ 85 5.7 _+ 1.0 

0.6 

C 81 + 3 4.8 -+ 0.2 0.39 ± 0.03 211 _+ 5411 29 _+ 4 82 _+ 25 3.0 _+ 0.5~ 

H 67 _+ 8 4.5 ± 0.2 0.43 _+ 0.05§ 485 ± 69* 38 _+ 5 118 _+ 22~: 4.3 _+ 0.7~: 

IV 80 ± 8 5.0 _+ 0.2 2.18 ± 0.47"1l 678 +- 1071 191 _+ 26111 375 ± 115 7.1 -+ 0.9* 

1.2 

C 110 ± 6§ 4.8 _+ 0.2 0,36 ± 0.01 89 ± 1911 18 _+ 211 52 _+ 6§ 1.8 ± 0.411 

H 95 _+ 6§ 4.5 ± 0.3 0.39 _+ 0.0351] 398 _+ 791-:~ 35 ± 6 79 _+ 7~§ 3.8 -+ 0.5 

IV 107 ± 12§ 4.7 _+ 0.2 2.05 ± 0.66"11 708 + 451- 221 _+ 201-11 572 +_ 125" 6.5 ± 0.91" 

4.2 

C 278 _+ 611 4.8 ± 0.2 0.29 _+ 0.01§ 34 ± 911 15 ± 311 39 _+ 4§ 1.0 ± 0.2il 
H 207 _+ 10Jl 5.0 ± 0.2 0.30 _+ 0.04$1[ 215 ± 45t~:§ 35 _+ 11 56 ± 6§ 3.6 -+ 1.4 

IV 249 ± 14":HI 5.0 ± 0.2 2.60 ± 0.91"11 456 _+ 381- 220 ± 23t1[ 302 _+ 118" 6.6 _+ 0.71` 

Abbreviat ions: C, control (n = 6); H, heparin (n = 5); IV, Ivelip (n = 5). 

*P < .05, 1`P < .001: H and IV v C. 

tP  < .05, H v IV. 

§P < .05, liP < ,01 : values during the clamp study v basal values. 
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rate had an evolution similar to that of NEFA concentra- 
tion and turnover rate. NEFA oxidation was decreased by 
insulin in the control study, but was maintained at higher 
values during heparin and Ivelip studies. During Ivelip 
infusion, NEFA oxidation was increased as compared with 
basal values (P < .01). It was thus higher than during both 
the control and heparin studies (P < .01 v heparin study, 
P < .001 v control study). Total lipid oxidation showed a 
different evolution than NEFA oxidation, since it was 
similarly decreased by insulin during both heparin and 
control studies. In contrast, during Ivelip infusion, total 
lipid oxidation was higher than baseline values for the first 
and second insulin infusion rates (P < .01) and returned to 
initial values during the last insulin infusion period (Fig 2). 

Glucose Metabolism 

Glucose turnover rate. The glucose turnover rate was 
comparable in all groups in the basal state and was not 
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Fig 2, Evolution of plasma NEFA oxidation (A) and total lipid 

oxidation (B) rates during the basal period and the 3 insulin infusion 
rates (0.6, 1.2, and 4.2 pmol /kg ,  rain} during a euglycemic insulin 
clamp. (11) Control study (n = 6); (A) heparin study (n = 5); (©) Ivelip 
study (n = 5l. Mean -+ SEM. After significant ANOVA, protected t test 
is used to locate differences. For each insulin infusion rate, values 
obtained during the heparin or Ivelip studies are compared with those 
of the control study: *P < .05, **P < .001. 
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Fig 3, Insulin dose-response on glucose utilization (A) and glucose 

oxidation (B) rates during a 3-step euglycemic insulin clamp study 
performed without (11, control study) or with heparin ([]) or Ivelip {[]) 
infusions. Mean _+ SEM. For each insulin infusion period, values 
obtained during heparin or Ivelip studies are compared with those of 
the control study: *P < .05, **P < .001. 

modified by the first and second insulin infusion rates. 
During the third insulin infusion period, glucose utilization 
was increased. This increase was similar during the control 
and heparin studies, but was of a lower increment during 
the Ivelip study (P < .01 v control and heparin studies) 
(Fig 3). 

Glucose oxidation, The basal rate of glucose oxidation 
was not different during all three studies. In the control 
study, glucose oxidation was increased during the second 
insulin infusion period (P < .01) and increased further at 
the end of the study (P < .0001). The glucose oxidation 
pattern was comparable during the heparin study. In 
contrast, during the Ivelip study, glucose oxidation was not 
significantly increased. Thus, these values were lower than 
values observed in the control and heparin studies during 
the second and third insulin infusion periods (P < .01) 
(Fig 3). 

Nonoxidative glucose utilization. The nonoxidative glu- 
cose oxidation rate was comparable in all studies during the 
basal state (1.05 -+ 0.25, 1.02 -+ 0.23, and 0.98 -+ 0.27 rag/ 
kg. min for control, heparin, and Ivelip studies, respec- 
tively) and was not altered by the first and second insulin 
infusion periods. Nonoxidative glucose utilization was en- 
hanced by the last insulin infusion rate in all groups. 
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However, this increase was of a lesser magnitude in the 
Ivelip study (1.89 --- 0.14) as compared with the control 
(3.74 + 0.42) or heparin (2.91 _+ 0.45 mg/kg • min) studies 
(P < .01). 

E G P  rate. In the basal state, hepatic glucose production 
was equal to the glucose turnover rate and was comparable 
in all groups. EGP was not decreased by the first insulin 
infusion rate. In the control study, glucose production was 
reduced by the second insulin infusion rate and completely 
abolished by the last insulin infusion rate. In contrast, 
during heparin and Ivelip studies, glucose production was 
barely decreased by the second insulin infusion rate and 
was decreased but not abolished during the last insulin 
infusion rate (Fig 4). 

DISCUSSION 
We showed in the present report that an increase in 

plasma NEFA oxidation did not impair insulin-mediated 
glucose utilization (heparin study) if it was not associated 
with an increase in total lipid oxidation (Ivelip study). Thus, 
these results could clarify the apparent discrepancies be- 
tween previous studies 2-7,H,I2 and the recent studies of 
Groop et al 9 and Yki-J~irvinen et al. 8 The latter studies 
failed to demonstrate a lipid-induced peripheral insulin 
resistance, despite the maintenance of NEFA concentra- 
tion and oxidation rate by heparin infusion. However, in 
these studies, little or no modification of total lipid oxida- 
tion was observed, a finding that is in agreement with the 
present report. 

Our results confirm that plasma NEFA oxidation is only 
one component of total lipid oxidation (48% of total lipid 
oxidation in the basal state when using a factor of 0.8 for the 
incomplete collection of COz, 59% when using a factor of 
0.65). s,13 The results also show that the evolution of these 
two parameters could be dissociated, as observed in the 
heparin study. In the heparin study, NEFA oxidation 
during insulin infusion was maintained at a higher rate than 
during the control study, whereas total lipid oxidation was 
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Fig 4. Insulin dose-response on EGP rates during a 3-step euglyce- 
mic insulin clamp study performed without (11, control study) or with 
heparin ([]) or Ivelip ([]) infusions. Mean -+ SEM. For each insulin 
infusion rate, values obtained during heparin or Ivelip studies are 
compared with those of the control study: *P < .05, **P < .001. 

similarly decreased during control and heparin studies. As 
suggested by Yki-J~irvinen et al, 8 the difference between 
NEFA oxidation and total lipid oxidation could be ex- 
plained by a balance between intracellular and intravascu- 
lar sources for lipid oxidation. An excess of plasma NEFA 
oxidation would be balanced by a decrease in the oxidation 
of intracellular lipids. This regulatory process would pro- 
tect peripheral glucose metabolism against short time 
and/or moderate increase in circulating lipid substrate 
availability. Lipid-induced insulin resistance would appear 
only when this process is overcome by a large and/or 
prolonged increase in plasma lipid concentration, as ob- 
served in the Ivelip study. It should be emphasized that the 
lipid supply we realized during the Ivelip infusion (0.015 
mL/kg" min of 20% Ivelip = 10 ~mol/kg-rain of fatty 
acids) is close to the fatty acid flux observed in non-insulin- 
dependent diabetes. 26 Thus, we show that a large increase 
in lipid substrate availability can induce peripheral insulin 
resistance. These data are in agreement with a role for lipid 
substrate in the pathogenesis of insulin resistance in non- 
insulin-dependent diabetes mellitus. 

The lipid-induced insulin resistance observed in the 
Ivelip study was characterized by a defect in both the 
oxidative and nonoxidative glucose pathway. A defect in 
glucose oxidation is almost a constant characteristic of 
lipid-induced insulin resistance, 3,5,6,12 opposite to the defect 
of the nonoxidative pathway, which is more rarely re- 
ported. 3,6,12 These discrepancies could be related to a time 
effect. Boden et al ~1 demonstrated that glucose oxidation 
was promptly inhibited by lipid infusion, whereas a nonoxi- 
dative defect was observed after only 2 to 4 hours of lipid 
infusion. Since in our study the defect in glucose storage 
was observed during the last insulin infusion rate (ie, at 
least after a 4-hour lipid infusion), such a time effect 
appears possible. The small number of subjects in each 
group (five to six) must also be taken into account, since a 
larger sample could reveal significant differences that have 
not been shown in our study. 

This study also demonstrates that hepatic insulin resis- 
tance could be induced by a moderate increase in NEFA 
turnover and oxidation rates, since identical abnormalities 
of EGP have been observed in the heparin and Ivelip 
studies. A lipid-induced decrease in hepatic insulin sensitiv- 
ity was obvious during the second insulin infusion period, 
since EGP was reduced by 50% in controls but only by 22% 
to 25% in heparin and Ivelip studies, respectively (P < .001). 
This defect was also observed for the last insulin infusion 
rate, since EGP was totally suppressed in control but not in 
heparin and Ivelip studies. Compared with the amount of 
data concerning the action of lipids on peripheral glucose 
metabolism, few studies have examined their action on 
glucose production. One reason is that glucose production 
is very sensitive to insulin, and studies performed using 
insulin levels greater than 300 pmol/L were not able to 
demonstrate any effect of lipid infusion. Our data agree 
with those reported by Lee et al, 4 Chambrier et al, 7 and 
Saloranta et a112 using either TG or TG plus heparin 
infusion, but are in disagreement with those reported by 
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Groop et al 9 and Yki-J/irvinen et al, s who did not  find any 
lipid-induced hepatic  insulin resistance. The reasons for 
these discrepancies remain to be determined.  A time effect 
has been suggested by Saloranta et al. 12 They report  an 
alteration of  insulin-induced inhibition of  E G P  when In- 
tralipid plus heparin were pre-infused 120 minutes before 
insulin. In the present  study, the effect on hepatic glucose 
production occurred during the second insulin infusion 
period, and these conditions approximated those of pre- 
infusion studies. The  fact that a similar alteration in 
insulin-induced inhibition of glucose production was found 

in both the heparin and Ivelip studies suggests that a mild 
increase in N E F A  supply to the liver is sufficient to have a 
significant effect on the sensitivity of E G P  to insulin. 

In conclusion, our data show that l ipid-induced insulin 
resistance is observed only when total lipid oxidation is 
altered. This suggests that total lipid oxidation is a major 
determinant  of lipid-induced insulin resistance. In contrast, 
hepatic insulin resistance was found even in the presence of 
a mild increase in N E F A  supply, suggesting that the liver is 
more sensitive than peripheral  tissues to lipid-induced 
insulin resistance. 
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