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The mechanisms by which elevated plasma nonesterified fatty
acid (NEFA) levels induce skeletal muscle insulin resistance
remain unclear. A NEFA-induced defect in the activation of
PI3K, which plays a key role in insulin’s stimulation of glucose
transport, has been invoked. We sought to examine the effects
of elevated plasma NEFA (�1 mmol/liter) on muscle PI3K ac-
tivity, insulin receptor substrate (IRS)-1 (important for acti-
vation of PI3K), and Akt, which is downstream of PI3K and
activated by phosphorylation on serine and threonine in a
PI3K-dependent manner. Ten normal men [age, 37 � 9 yr
(mean � SD); body mass index, 25.2 � 3.8 kg/m2] underwent two
5-h hyperinsulinemic (80 mU/m2�min) euglycemic clamps with
basal and end of clamp biopsies of the vastus lateralis muscle.
Plasma NEFAs were increased in one study by infusion of 20%
Intralipid (1 ml/min) and heparin (900 U/h) throughout and for
2.5 h beforehand. Skeletal muscle protein levels were quan-
tified by Western blotting. Elevated plasma NEFA reduced
whole-body insulin-stimulated glucose disposal by 24% (42.1 �
4.0 vs. 54.8 � 3.6 �mol/kg�min; P < 0.001). Basal muscle IRS-1
was the same in the two studies. IRS-1 levels decreased by 40%
in the control glucose clamps (P < 0.005), but did not change
during the Intralipid study. Total tyrosine phosphorylated
IRS-1 increased by 29% during the control clamps (P < 0.05),
but by only 18% (NS) during the Intralipid studies. Total levels

of p85� subunit of PI3K and Akt were not influenced by plasma
NEFA levels either in the basal state or during the glucose
clamps. The insulin-induced increase in IRS-1-associated
PI3K activity was impaired by elevated NEFA, so that activity
at the end of the clamps with Intralipid was 35% lower than in
the control clamps (P < 0.05). The percentage reduction in
PI3K activation correlated with the reduction in insulin-stim-
ulated glucose disappearance rate that was induced by ele-
vated NEFA (r � 0.70; P < 0.05). Basal P-ser- and P-thr-Akt
levels were very low and unaffected by NEFA levels. The glu-
cose clamps resulted in a marked increase in P-ser and P-thr
Akt levels. Despite the decrease in PI3K in the Intralipid
study, no defect in Akt phosphorylation was found. In sum-
mary, NEFA-induced insulin resistance is associated with an
impairment of IRS-1 tyrosine phosphorylation and IRS-1-
associated PI3K activation. Down-regulation of IRS-1 levels is
also impaired. The NEFA-induced defect in muscle glucose
uptake appears to be a consequence of a defect in the insulin-
signaling pathway leading to impaired PI3K activation. This
in turn may lead to impaired glucose transport through an
Akt-independent pathway because Akt phosphorylation was
unaffected by elevated NEFA levels. (J Clin Endocrinol Metab
87: 226–234, 2002)

ELEVATED PLASMA NONESTERIFIED fatty acid
(NEFA) levels have been implicated in the pathogen-

esis of insulin resistance (1–3). Fasting plasma NEFA levels
have been found to correlate inversely with insulin sensi-
tivity in nondiabetic subjects (4, 5), and in nondiabetic Pima
Indians they are predictive of the subsequent development
of type 2 diabetes (6). Increased NEFA availability results in
decreased rates of glucose oxidation (7–9) and inhibits in-
sulin-stimulated skeletal muscle glycogen deposition (7) and
whole-body glucose uptake by 15–50% (3, 7, 8, 10–14). How-
ever, although inhibition of glucose oxidation is seen with
little delay, the defect of insulin-mediated glucose disposal
is manifested after 3 h or more of raised NEFA levels (7, 8,
11, 15).

Competition between glucose and fatty acids for oxidative
metabolism is largely explained by the inhibitory effects of
elevated NEFA on pyruvate dehydrogenase and on glyco-

lysis, as demonstrated by Randle et al. (16). They postulated
that inhibition of muscle glycolysis would increase glucose-
6-phosphate levels, which in turn would inhibit hexokinase
and, hence, phosphorylation and uptake of glucose. How-
ever, it is now apparent that decreased glucose uptake must
involve additional direct inhibitory effects of NEFA on in-
sulin-stimulated glucose transport. Evidence for this came
from the finding that when plasma NEFAs were elevated
during a hyperinsulinemic glucose clamp in normal subjects,
gastrocnemius muscle glucose-6-phosphate levels, instead of
increasing, as would be expected if the defect in glucose
uptake was secondary to a block in glycolysis, progressively
decreased (7, 17); the decline preceded the defect in glycogen
deposition (7, 17). Intracellular free glucose levels were lower
when NEFAs were elevated (12), implying a primary defect
in the pathway by which insulin stimulates glucose trans-
porter 4 (Glut 4) translocation and glucose transport.

Binding of insulin to its receptor activates the intrinsic
tyrosine kinase, which initiates a cascade of cell-signaling
responses, including the phosphorylation of insulin receptor
substrate (IRS) proteins that act as docking proteins (18). The
most abundant and perhaps most important of these in terms

Abbreviations: Glut 4, Glucose transporter 4; HGO, hepatic glucose
output; IR-�, insulin receptor �-subunit; IRS, insulin receptor substrate; N,
nitrogen; NEFA, nonesterified fatty acid; PI, phosphatidylinositol; PI-3-P,
PI-3-phosphate; Ra, rate of appearance; Rd, rate of disappearance.
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of insulin signaling in human muscle is IRS-1. Tyrosine phos-
phorylation of IRS-1 permits its association with the regu-
latory subunit of PI3K. This in turn activates PI3K activity,
which is necessary for insulin signaling to glucose transport
(18, 19). The mechanism by which activated PI3K induces
Glut 4 translocation and increased glucose uptake has not
been defined. A downstream effector of PI3K is the serine-
threonine kinase, PKB (Akt). It may play a role in insulin’s
effects on glucose transport (20, 21), although this is contro-
versial (22).

Gumbiner et al. (13) found no effect of elevated NEFAs on
insulin binding to muscle insulin receptors or on their kinase
activity, suggesting that the NEFA-induced defect in insulin
signaling to glucose transport is downstream of the insulin
receptor. By contrast, in cultured mouse myoblasts, palmi-
tate led to a 50% decrease in insulin-induced tyrosine phos-
phorylation of the insulin receptor �-subunit (IR-�) (23).
Only two in vivo studies, one in rats and another in humans,
have examined the effects of elevated NEFA on muscle in-
sulin-signaling steps distal to the receptor (12, 24). Both stud-
ies found that NEFA-induced insulin resistance was associ-
ated with impaired activation of muscle PI3K by insulin (12,
24). In rats, this defect was associated with decreased ty-
rosine phosphorylation of IRS-1 (24). In the human study,
levels of insulin-signaling proteins or their phosphorylation
state were not examined (12).

Mean plasma NEFA levels in the lipid-infused rats studied
by Griffin et al. (24) were rather high at 2.8 mmol/liter. At
these levels, direct effects on cell membranes and integral
membrane proteins might be anticipated. The aim of our
study was therefore to examine the effects of a more phys-
iological elevation of plasma NEFA (�1 mmol/liter), similar
to that found in obesity and type 2 diabetes, on proximal
insulin-signaling steps in muscle of healthy male subjects,
and in particular, to examine the relationships between ef-
fects of elevated NEFA on basal and insulin-stimulated
IRS-1, PI3K, and Akt. To do this, muscle biopsies were taken
in the basal state and at the end of a 5-h hyperinsulinemic
euglycemic clamp performed with and without elevated
plasma NEFA levels.

Materials and Methods
Subjects

Ten healthy male subjects [age, 37.4 � 8.7 (sd) yr; weight, 77.0 � 14.1
kg; body mass index, 25.2 � 3.8 kg/m2] with normal glucose tolerance
were studied. The study was approved by the Human Subjects Internal
Review Board of the University of California, San Diego; written in-
formed consent was obtained from each subject. None were on treatment
known to affect glucose tolerance. All consumed a diet containing at
least 200 g carbohydrate per day.

Protocol

Each subject was admitted to the University of California San
Diego Clinical Research Center in the evening on three occasions
approximately 5–10 d apart. Studies were performed in the morning
after a 10- to 12-h overnight fast. Each subject underwent the fol-
lowing three studies in random order: 1) a control 5-h 80 mU/m2�min
hyperinsulinemic euglycemic clamp with biopsy of the vastus later-
alis muscle before and at the end of the clamp; 2) a 5-h 80 mU/m2�min
hyperinsulinemic euglycemic clamp study with elevated plasma
NEFA and muscle biopsy at the end of the clamp; 3) a muscle biopsy
taken in the basal state after elevation of plasma NEFA. Plasma

NEFAs were elevated in studies 2 and 3 for 7.5 h by infusion of a
triglyceride emulsion containing 21 g/liter of glycerol as emulsifier
(Intralipid 20%; Fresenius Kabi Clayton, Clayton, NC) and heparin.
The fatty acid composition of Intralipid is 52% linoleate, 13% palmi-
tate, 22% oleate, 4.5% stearate, and 8.5% other. The Intralipid (60
ml/h) and heparin (900 U/h) infusions were started 2.5 h before the
glucose clamp and continued during the clamp in study 2; in study
3, they were started at 0100 h, 7.5 h before performance of the muscle
biopsy. The heparin infusion was discontinued 30 min before the
muscle biopsies, whereas the Intralipid infusion was continued until
the end of the procedure.

Hyperinsulinemic euglycemic clamps

At 0400 h, an 18-gauge cannula was inserted in an antecubital vein,
and a constant infusion of 3-3H-glucose (0.25 �Ci/min) (NEN Life
Science Products, Boston, MA) was started. For blood sampling, a
venous cannula was inserted retrograde into a distal forearm vein, the
hand being maintained in a hand warmer at 70 C. After each blood
sample was taken, this cannula was flushed with 0.15 mol/liter NaCl
in water. After four basal blood samples were taken at 0800 h for
estimation of plasma glucose concentration and specific activity,
insulin, NEFA, and triglyceride levels, an iv infusion of insulin
(Humulin S, Eli Lilly & Co., Indianapolis, IN) diluted in 0.15 mol/liter
saline containing 1% wt/vol human albumin was begun at 80 mU/
m2�min from a Harvard syringe pump. Potassium and phosphate
were given iv to compensate for the intracellular movement of these
ions and to maintain normal serum levels. Blood glucose was mea-
sured at 5-min intervals, and the blood glucose concentration was
clamped at 5.0 mmol/liter for 5 h by adjustment of the rate of infusion
of a solution of 20% (wt/vol) glucose in water (25). Blood samples for
glucose concentration and specific activity were taken every 20 min
until �270 min, and then every 10 min until �300 min.

Muscle biopsies (200–300 mg) were obtained from the vastus lateralis
under local lignocaine anesthesia (26). On the control study day, a biopsy
was taken before the basal blood samples and again at 300 min of the
glucose clamp. The clamp was prolonged beyond 300 min until com-
pletion of the muscle biopsy. Corresponding basal and end of clamp
muscle biopsies during the clamp with elevated NEFA were taken on
separate days as detailed above. Tissue was blotted free of blood and
immediately frozen in liquid nitrogen (N), under which it was stored
until used for studies of the IR-�, IRS-1, PI3K, and Akt.

Whole-body glucose and lipid oxidation

Substrate oxidation rates in the basal state and during the glucose
clamps were determined by indirect calorimetry, using the Metascope
II calorimeter (Cybermedic Inc., Boulder, CO). Briefly, a clear plastic
ventilated hood was placed over the subject’s head, and room air was
drawn through the hood at a constant rate of 35–50 liter/min. Oxygen
consumption and CO2 production were measured for 15 min during the
second half of each 30 min of the study, and the means of the values
during the last 10 min of the measurement interval were used for
calculations. A timed (approximately 5 h) basal urine sample was ob-
tained, and a further sample was obtained at the conclusion of the study
for determination of urinary N excretion rates during the basal and
clamp periods. Nonprotein respiratory quotient was calculated from the
rates of O2 consumption, CO2 production, and urinary N excretion as
previously described (27). Carbohydrate and lipid oxidation were cal-
culated from standard equations (27). In some subjects, negative rates of
lipid oxidation were observed during the glucose clamp. These negative
values are thought to be numerically equivalent to the net amount of
lipid synthesized (28). Under conditions of lipogenesis, the standard
equation (glucose oxidized � 4.55 VCO2 � 3.21 VO2 � 2.87 N, where
VCO2 is CO2 production and VO2 is O2 consumption) overestimates the
amount of glucose oxidized by an amount equal to that converted to fat
(28). Therefore, when negative rates of lipid oxidation were obtained,
glucose oxidation was calculated from the following equation (28):

Glucose oxidized � 1.34 �1.00 VCO2 � 4.88 N)

Total nonoxidative glucose disposal during the glucose clamp was cal-
culated by subtracting the amount of glucose oxidized and the glucose
excreted in the urine from total plasma glucose disappearance rate (Rd).
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Muscle IRS-1 immunoprecipitation and Western blotting of
muscle proteins

Muscle samples (30–50 mg) were homogenized (Polytron Kine-
matica, Lucerne, Switzerland) in 1.5 ml ice-cold buffer [50 mmol/liter
HEPES (pH 7.4), 150 mmol/liter sodium chloride, 200 mmol/liter so-
dium fluoride, 20 mmol/liter sodium pyrophosphate, 4 mmol/liter
sodium vanadate, 10% vol/vol glycerol, 0.85% vol/vol Triton X-100, 2
mmol/liter phenylmethylsulfonylfluoride, and two Complete protease
inhibitor tablets per 100 ml] (Roche Molecular Biochemicals, Mannheim,
Germany). After 15 min on ice, the samples were centrifuged for 5 min
at 2,500 rpm (1,000 � g). Then, the supernatants were centrifuged at
14,000 � g for 20 min (4 C). The protein concentration in the supernatant
was determined using the Bio-Rad Laboratories, Inc. (Hercules, CA)
protein assay kit, and the samples were diluted with the above buffer
to a final protein concentration of 3 mg/ml. Then, aliquots were diluted
with an equal volume of 2� Laemmli buffer containing 100 mmol/liter
dithiothreitol, heated at 98 C for 6 min, and stored at �70 C until used for
Western blotting. For immunoprecipitation of IRS-1, the muscle extracts (1.0
mg protein in 1.0 ml) were incubated at 4 C on a rotating mixer with 8 �g
anti-IRS-1 antibody for 2 h and 2% vol/vol protein A Sepharose for a further
12 h. For subsequent Western blot analysis, the immunoprecipitates were
washed three times with the above buffer, resuspended in Laemmli
sample buffer with 100 mmol/liter dithiothreitol, and heated at 98 C for
6 min. Immunoprecipitated proteins and proteins in the total muscle
extracts prepared above (45 �g protein per lane) were separated by
SDS-PAGE (5 or 7.5% resolving gel) and transferred to Immobilon P
membranes (Millipore Corp., Bedford, MA) in 39 mmol/liter glycine, 48
mmol/liter Tris, 0.0375% wt/vol SDS, 20% methanol using a semi-dry
blotting apparatus (Pharmacia-LKB multiphor II system) at a constant
current of 1.2 mA/cm2 for 90 min. Preliminary experiments were con-
ducted to determine for each of the proteins studied that the amount of
homogenate protein loaded was within a range that resulted in a pro-
portionate change in signal intensity as the amount of protein loaded
was varied.

Aliquots (3–12 �g protein) of a standard 3T3-L1 lysate preparation
were run in parallel on all gels. Membranes were blocked for 1 h at room
temperature with 5% nonfat dry milk or with 2.5% BSA (for RC20
antibody blots) and then incubated at 4 C overnight with the following
antibodies: rabbit anti-IR-� (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), rabbit anti-IRS-1 or mouse monoclonal antibody against the p85�
subunit of PI3K, (both from Upstate Biotechnology, Inc., Lake Placid,
NY), rabbit antibodies to Akt (recognizes Akt-1, Akt-2, and Akt-3 iso-
forms), to ser 473 phosphorylated Akt and to thr-308 phosphorylated
Akt (all from New England Biolabs, Inc., Beverly, MA). After washing,
the membranes were incubated at room temperature with either anti-
mouse or antirabbit horseradish peroxidase-conjugated secondary an-
tibodies as appropriate. To quantify tyrosine phosphorylated IRS-1,
membranes were incubated overnight at 4 C with a primary antibody
that was conjugated with horseradish peroxidase (RC20, Transduction
Laboratories, Lexington, KY). Then, membranes were washed again,
and bands were visualized using enhanced chemiluminescence (Pierce
Chemical Co., Rockford, IL) and quantified by densitometry.

PI3K assay

Skeletal muscle IRS-1 was immunoprecipitated with anti-IRS-1 an-
tibody and protein A Sepharose beads as described above. The bead
pellets were washed three times with buffer A [Tris-buffered saline (pH
7.4) containing 1% vol/vol Nonidet P-40, 100 �mol/liter Na3VO4], three
times with buffer B [100 mmol/liter Tris HCl (pH 7.4) containing 500
mmol/liter LiCl2, 100 �mol/liter Na3VO4], and twice with buffer C [10
mmol/liter Tris HCl (pH 7.4) containing 100 mmol/liter NaCl, 1 mmol/
liter EDTA, 100 �mol/liter Na3VO4]. The beads were suspended in 10
mmol/liter Tris HCl (pH 7.4) containing 100 mmol/liter NaCl, 1 mmol/
liter EDTA, 10 mmol/liter MgCl2, 100 �mol/liter EGTA, and 20 �g
phosphatidylinositol (PI). PI3K activity was measured in a final reaction
volume of 100 �l by the phosphorylation of PI in the presence of 20 �Ci
[�-32P]ATP for 20 min (29). The reactions were terminated by the ad-
dition of 20 �l 8 m HCl, and then the lipids were extracted with 160 �l
chloroform:methanol (1:1 vol/vol). The organic phase was loaded on to
trans-1,2-diaminocyclohexane-N,N,N�,N�-tetra-acetic acid (1% wt/vol)
-coated silica gel TLC plates. After the separation of lipids by TLC using

the boric acid method (30), PI-3-phosphate (PI-3-P) was visualized by
autoradiography. Signals were quantitated by densitometric scanning.
PI3K activity is expressed in arbitrary units relative to the signal inten-
sity of a standard muscle sample processed in parallel and loaded on
each TLC plate.

Other analyses

Plasma glucose was measured by a glucose oxidase method imme-
diately after sampling using a model 2700 Yellow Springs analyser (YSI,
Inc., Yellow Springs, OH). For determination of 3H glucose specific
activity, 0.65 ml plasma was deproteinized with Ba(OH)2/ZnSO4 (31).
After centrifugation, the neutral supernatant was evaporated, and the
residue was dissolved in 1 ml water. After adding 10 ml of scintillation
fluid (Ecoscint, Manville, NJ), 3H dpm were determined in an ICN 36014
liquid scintillation counter (Titertek Instruments, Inc., Huntsville, AL)
using an external standard to correct for quenching. Quadruplicate
aliquots of the labeled glucose infusate were added to nonradioactive
plasma and processed in parallel with the plasma samples to allow
calculation of the 3-3H-glucose infusion rate.

Serum insulin was measured by a double antibody technique (32).
The intra- and interassay coefficients of variation were 6.8 and 7.9%,
respectively. Urinary N excretion was calculated from the urine con-
centrations of creatinine, uric acid, and urea (33). Blood (1.0 ml) for
determination of plasma NEFA was taken into EDTA-coated microfuge
tubes and immediately centrifuged (10 sec, 14,000 � g) in an Eppendorf
(Hamburg, Germany) microcentrifuge; the plasma was immediately
frozen on solid CO2. Plasma samples were stored at �70 C until assayed.

Calculation of glucose appearance and disappearance rates

In the basal state, rates of glucose appearance (Ra) and disappear-
ance (Rd) were calculated by dividing the 3-3H-glucose infusion rate
by the plasma glucose specific activity using the mean of the four
basal plasma samples. During the clamp, glucose Ra and Rd were
calculated from the 3-3H-glucose data using the non-steady state
equations of Steele et al. (34). A distribution volume of 0.19 liter/kg
and a pool fraction of 0.5 were used in the calculation (35). Hepatic
glucose output (HGO) was calculated by subtracting the exogenous
glucose infusion rate from glucose Ra.

Statistical analysis

Results are expressed as mean � sem unless otherwise indicated. The
significance of differences within groups was tested by paired t test or,
in the case of the Western blot data and PI3K activities, by the Wilcoxon
paired sample test because these data were not normally distributed.
Correlations were sought by Pearson’s least squares method. A P value
less than 0.05 was considered statistically significant.

Results
Plasma glucose, insulin, NEFA, and triglyceride
concentrations

Fasting plasma glucose concentrations were not affected
by infusion of Intralipid and heparin (Table 1). In the control
study, fasting plasma NEFA levels were 0.34 � 0.05 mmol/
liter and were suppressed to very low levels during the
glucose clamps (Table 1). Infusion of Intralipid and heparin
raised fasting plasma NEFA levels approximately 3-fold, and
these elevated levels were maintained throughout the glu-
cose clamps (Table 1). Fasting triglyceride levels were in-
creased approximately 2-fold by the Intralipid and heparin
infusion (Table 1), and increased further to 362 � 73 mg/dl
by the last half hour of the glucose clamp. By contrast, in the
control studies plasma triglyceride levels decreased to a
mean level of 95 � 21 mg/dl during the last half hour of the
glucose clamps. Fasting insulin levels and insulin levels dur-
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ing the last half hour of the clamp were not significantly
different between the two studies (Table 1).

Glucose kinetics

In the basal state, total glucose Rd was similar in the
control study (11.2 � 0.5 �mol/kg�min) and during infusion
of Intralipid and heparin (11.6 � 0.5 �mol/kg�min). Glucose
Rd increased nearly 5-fold during the control glucose clamp
study (Fig. 1). When plasma NEFAs were elevated by infu-
sion of Intralipid and heparin, the increase in glucose Rd was
blunted, and it reached a level during the last 40 min of the
glucose clamp that was 24% lower (42.1 � 4.0) than in the
control study (54.8 � 3.6 �mol/kg�min; P 	 0.001). The

glucose infusion rate that was required to maintain the target
plasma glucose level during the last 40 min of the clamp was
28% lower when NEFAs were elevated (39.8 � 4.2 vs. 55.1 �
4.0 �mol/kg�min; P 	 0.001). Although elevated NEFA re-
sulted in a decrease in insulin-stimulated glucose Rd in all
subjects, the magnitude of this effect varied considerably
between subjects, ranging from a 7–50% decrease in glucose
Rd by comparison with the saline control study. The per-
centage reduction in glucose Rd (compared with the control
study) correlated with the plasma NEFA concentrations at-
tained during the last 30 min of the Intralipid study glucose
clamps (r � 0.70; P 	 0.05) but not significantly with plasma
triglyceride levels (r � 0.58; NS).

HGO was completely suppressed after 60 min in the con-
trol glucose clamp studies but not when plasma NEFAs were
elevated (Fig. 1). During the last 40 min of the clamp (260–300
min), HGO was significantly higher during the Intralipid
study (2.8 � 0.5 �mol/kg�min) than in the control study
(�0.4 � 0.5 �mol/kg�min; P 	 0.01).

Substrate oxidation

After an overnight fast, when plasma NEFAs were ele-
vated by the Intralipid infusion, basal rates of lipid oxidation
were higher than on the control study day (0.84 � 0.08 vs.
0.52 � 0.11 mg/kg�min; P 	 0.01), whereas carbohydrate
oxidation rates were lower (7.6 � 0.8 vs. 9.0 � 0.7 �mol/
kg�min; P 	 0.05). During the glucose clamps with elevated
NEFA, both the suppression of lipid oxidation and the en-
hancement of glucose oxidation were impaired. During the
last 40 min of the glucose clamps, lipid oxidation was sig-
nificantly higher in the Intralipid study than during the con-
trol study (0.51 � 0.07 vs. 0.03 � 0.02 mg/kg�min; P 	 0.001)
whereas glucose oxidation rates were lower (15.3 � 0.5 vs.
22.4 � 1.2 �mol/kg�min; P 	 0.001). Nonoxidative glucose
Rd during the last 40 min of the clamps was also significantly
lower when NEFAs were elevated (26.8 � 3.9 vs. 32.4 � 2.8
�mol/kg�min; P 	 0.05). Thus, of the total defect in glucose
Rd during the Intralipid study, 55% was due to a decrease in
glucose oxidation, and 45% was due to a decrease in non-
oxidative metabolism.

Muscle protein levels

Skeletal muscle levels of the IR-� and IR phosphorylation
at the end of the clamps were unaffected by lipid infusion
(data not shown). Basal skeletal muscle IRS-1 levels were the
same in the control and Intralipid studies (Fig. 2). In
the control study, IRS-1 levels decreased by 40% during

FIG. 1. Rates of whole-body glucose disposal (top) and HGO (bottom)
in 10 normal male subjects in the basal state and during a 5-h 80
mU/m2�min hyperinsulinemic euglycemic clamp in the absence (Con-
trol, F) and presence (E) of an Intralipid and heparin infusion to raise
plasma NEFA levels. Mean � SEM.

TABLE 1. Plasma glucose, insulin, and lipid levels in the basal state and during the last 30 min of the 80 mU/m2�min hyperinsulinemic
euglycemic clamps performed in the absence (control) and presence of an infusion of Intralipid and heparin (lipid) in 10 normal male
subjects

Control Lipid

Basal Clamp Basal Clamp

Plasma glucose (mmol/liter) 5.0 � 0.1 5.0 � 0.0 5.0 � 0.1 5.1 � 0.0
Plasma insulin (pmol/liter) 54 � 12 696 � 42 66 � 12 714 � 36
Plasma NEFA (�mol/liter) 340 � 46 14 � 4 1042 � 62a 966 � 129a

Serum triglyceride (mg/dl) 126 � 22 95 � 21 283 � 47b 362 � 73a

Values are expressed as mean � SEM.
a P 	 0.001, b P 	 0.002, compared to levels in the same state on the control study day.
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the clamp (P 	 0.005), whereas no decline in IRS-1 levels
occurred during the Intralipid study (Fig. 2). Tyrosine phos-
phorylated IRS-1 in the muscle lysates increased by 29%
during the control glucose clamp studies (P 	 0.05), but
increased by only 18% (NS) during the Intralipid clamp
study (Fig. 2). Because total IRS-1 levels fell during the con-
trol glucose clamp studies, it is apparent that the stoichiom-
etry of IRS-1 tyrosine phosphorylation increased to an even

greater extent in the control clamp study. As seen in Fig. 2,
tyrosine phosphorylated IRS-1 expressed per unit of IRS-1
increased by 92% (P 	 0.005), whereas in the Intralipid
study the much smaller increase did not reach statistical
significance.

Skeletal muscle levels of the p85� subunit of PI3K in mus-
cle lysates were the same in the basal state and at the end of
the clamp in both studies (data not shown). Total skeletal
muscle Akt protein levels were also the same during the two
studies and were unaffected by the glucose clamps (control
study, basal, 0.69 � 0.08 U; end of clamp, 0.69 � 0.09 U; lipid
study, basal 0.87 � 0.18 U; end of clamp, 0.92 � 0.11 U; NS).
As seen in Fig. 3, the hyperinsulinemic glucose clamps re-
sulted in a marked increase in P-ser and P-thr Akt levels, and
the effect was the same in the control and Intralipid studies.

PI3K activity

Basal skeletal muscle IRS-1-associated PI3K activity was
not affected by elevation of plasma NEFA levels (Fig. 4). At

FIG. 2. A, Representative Western blot for IRS-1 protein in muscle
samples obtained from three of the subjects in the basal state (B) and
at the end of the 5-h 80 mU/m2�min hyperinsulinemic euglycemic
clamps (C). In subjects 2 and 3, a reduction in the IRS-1 signal in the
control glucose clamp sample compared with that in the basal state
is clearly seen, whereas in subject 1 the decrease was much less. B,
Skeletal muscle IRS-1 protein levels relative to levels of IRS-1 in a
standard 3T3-L1 lysate (top), muscle tyrosine-phosphorylated IRS-1
levels relative to levels of tyrosine-phosphorylated IRS-1 in a stan-
dard 3T3-L1 lysate (middle), and tyrosine-phosphorylated IRS-1 nor-
malized to IRS-1 levels (bottom) in the 10 normal subjects in the basal
state (white bars) and at the end of the 5-h 80 mU/m2�min hyper-
insulinemic euglycemic clamps (shaded bars) in the absence and
presence of Intralipid and heparin. Arbitrary units are used on
y-axis. Mean � SEM. �, P 	 0.05, and ��, P 	 0.005 vs. basal levels;
*, P 	 0.05compared with the control study.

FIG. 3. A, Representative Western blot for serine 473P-Akt and thre-
onine 308P-Akt in muscle taken from one of the subjects in the basal
state (B) and at the end of the hyperinsulinemic euglycemic clamps
(C). B, Skeletal muscle P-serine Akt (top) and P-threonine Akt (bot-
tom) relative to levels in a standard 3T3-L1 lysate in the 10 normal
subjects in the basal state (white bars) and at the end of the 5-h 80
mU/m2�min hyperinsulinemic euglycemic clamps (shaded bars) in the
absence and presence of an Intralipid and heparin infusion. Arbitrary
units are used on y-axis. Mean � SEM. ***, P 	 0.001 vs. basal levels.
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the end of the control glucose clamps, muscle IRS-1-associ-
ated PI3K was increased 5.0 � 1.5-fold (Fig. 4B) (P 	 0.002).
During the glucose clamps with Intralipid, the increase in
IRS-1-associated PI3K activity was blunted (3.7 � 1.6-fold)

(P 	 0.05), and at the end of the clamp the activity was 35%
lower (2.85 � 0.59) than in the control study (4.38 � 0.80) (P 	
0.05). Because IRS-1 levels were down-regulated by the in-
sulin infusion in the control but not in the Intralipid glucose
clamp studies, the difference in PI3K activity at the end of the
glucose clamps was even more marked when normalized to
muscle IRS-1 levels (Fig. 4C) (P 	 0.005). Although, muscle
PI3K activity did not correlate with the insulin sensitivity of
the subjects as measured by the control glucose clamp, a
significant relationship was found between the percentage
reduction in PI3K activation and the reduction in insulin-
stimulated glucose Rd induced by elevated NEFA (r � 0.70;
P 	 0.05) (Fig. 5).

Discussion

The mechanism by which NEFAs induce peripheral insu-
lin resistance remains unclear. Roden et al. (7) and Dresner
et al. (12), using nuclear magnetic resonance spectroscopy to
measure muscle glucose-6-phosphate levels and the muscle
intracellular free glucose concentration during glucose
clamps with and without elevated plasma NEFA, have pro-
duced compelling evidence to indicate that the time-depen-
dent reduction of insulin-stimulated glucose disposal seen
with elevated NEFA cannot simply be due to a downstream
block in glucose metabolism, as originally hypothesized by
Randle et al. (36), but must involve an additional primary
defect in the pathway by which insulin stimulates muscle
glucose transport. Altered Glut 4 expression does not appear
to play a role (37). Several in vitro studies have suggested that
fatty acids may affect the insulin-signaling pathway between
the IR and Akt, although the findings differ between studies
(23, 38). Storz et al. (23) found that in cultured myoblasts,
palmitate decreased insulin-stimulated tyrosine phosphor-
ylation of the IR-�. By contrast, Gumbiner et al. (13) found
that in normal subjects insulin binding and basal and insulin-
stimulated insulin receptor kinase activity were unaffected
by elevated NEFA, and they suggested that the NEFA-
induced defect in insulin signaling was downstream of the
insulin receptor. Dresner et al. (12) found that NEFA-induced

FIG. 4. PI3K data. A, A representative subject’s autoradiogram of a
TLC plate showing incorporation of 32P into the 3� position of phos-
phatidyl inositol. B, Basal; C, end of 80 mU/m2�min hyperinsulinemic
glucose clamp. B, Skeletal muscle PI3K activity in the 10 normal
subjects in the basal state (white bars) and at the end of the 5-h 80
mU/m2�min hyperinsulinemic euglycemic clamps (shaded bars) in the
absence and presence of an Intralipid and heparin infusion. Data are
in arbitrary units normalized to the PI3K activity in one subject’s
muscle sample at the end of the control glucose clamp study. Mean �
SEM. *, P 	 0.05 compared with values at the end of the control glucose
clamp. �, P 	 0.05, and ��, P 	 0.002, compared with corresponding
basal values. C, Skeletal muscle PI3K activity in the 10 subjects
normalized to IRS-1 levels. Legend as in B. Arbitrary units are used
on y-axis. Mean � SEM. ***, P 	 0.005 vs. control study.

FIG. 5. Relationship between the percentage reduction in PI3K ac-
tivation by insulin during the clamps with elevated NEFA compared
with the control glucose clamp study and the reduction in insulin-
stimulated glucose Rd induced by elevated NEFA (r � 0.70; P 	 0.05)
in the 10 male subjects.
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insulin resistance in normal subjects was associated with a
marked decrease in IRS-1-associated PI3K activity. However,
levels of insulin-signaling proteins and effects on IR-� and
IRS-1 tyrosine phosphorylation were not examined. In this
study, we sought to examine the effects of a physiological
elevation of plasma NEFA on proximal insulin-signaling
steps thought to be important for the stimulatory effect of
insulin on glucose transport.

Elevated plasma NEFA resulted in a 24% decrease in total
insulin-stimulated glucose Rd, due to a reduction in both
oxidative and nonoxidative glucose Rd. Suppression of HGO
during the glucose clamps with elevated NEFA was also
impaired, although we used a rather high insulin infusion
rate that resulted in plasma insulin levels around 720 pmol/
liter (120 mU/liter) (Fig. 1). Because the Intralipid and hep-
arin were started 2.5 h before the glucose clamps, these
defects were already apparent during the second hour of the
clamps (Fig. 1). The degree of insulin resistance induced by
elevated plasma NEFA is generally consistent with that
found by others (3, 8, 10–14), and a good correlation was
found between the percentage reduction in glucose Rd and
the plasma NEFA concentrations during the last 30 min of the
glucose clamps with Intralipid (r � 0.70; P 	 0.05).

Elevated NEFA had no effect on basal or insulin-stimu-
lated muscle IR-� levels or their level of tyrosine phosphor-
ylation as determined by Western blotting. These findings
concur with those of Gumbiner et al. (13), who found no effect
of elevated NEFA on muscle insulin receptor kinase activity,
and are consistent with the view that NEFAs impair insulin
signaling downstream of the insulin receptor. A key finding
in our study is that when NEFAs were elevated during the
glucose clamps, the insulin-induced increase in IRS-1-asso-
ciated PI3K activity was blunted (Fig. 4). Moreover, the mag-
nitude of this defect correlated with the reduction in insulin-
stimulated glucose Rd induced by elevated NEFA (r � 0.70;
P 	 0.05) (Fig. 5).

The 35% reduction in IRS-1-associated PI3K activity at the
end of the Intralipid clamps, compared with the control
clamps, is less than the defect reported by Dresner et al. (12).
The higher lipid infusion rate and NEFA levels in that study
and the greater degree of insulin resistance induced could
explain this difference. Another factor, however, could be the
timing of the muscle biopsy that was performed 30 min after
the start of the insulin infusion in their study (12). The extent
of activation of PI3K may wane with prolonged insulin ex-
posure (39, 40). Fasshauer et al. (41) found that in brown
adipocytes from IRS-2 knockout mice, a 30% reduction in
total phosphotyrosine-associated PI3K activity was associ-
ated with an impairment of Glut 4 translocation and a 50%
decrease in insulin-induced glucose uptake. In view of the
evidence that NEFA-induced insulin resistance involves a
defect of muscle glucose transport (7, 12), it seems likely that
the 35% reduction in IRS-1-associated PI3K activity at the end
of the Intralipid clamps led to a defect of muscle Glut 4
translocation that in turn resulted in a decrease in total glu-
cose Rd.

PI3K is activated by the binding of its regulatory p85
subunit to tyrosine-phosphorylated IRS-1. Thus, an impair-
ment of IRS-1 phosphorylation on tyrosines would explain
the decreased activation of PI3K by insulin. Interpretation of

our tyrosine-phosphorylated IRS-1 data must take into ac-
count the higher muscle IRS-1 protein levels at the end of the
clamps with elevated NEFA compared with the control
study (Fig. 2). Thus, although the tyrosine-phosphorylated
IRS-1 signal in the whole muscle lysate was not significantly
different at the end of the control and Intralipid clamps, the
stoichiometry of IRS-1 tyrosine phosphorylation was clearly
altered by the increased NEFA levels (Fig. 2). The data are
compatible with either a smaller proportion of IRS-1 mole-
cules that are tyrosine phosphorylated or with the presence
of less heavily phosphorylated IRS-1 species in the lipid
study. In rats, the defect in IRS-1 phosphorylation induced by
elevated NEFA was found to be associated with increased
membrane PKC � levels (24), raising the possibility that in-
creased serine-threonine phosphorylation of IRS-1 by this
PKC isoform may make IRS-1 a poorer substrate for the
insulin receptor kinase (42, 43). This may result in a sub-
population of IRS-1 molecules that are not tyrosine phos-
phorylated or may impair the phosphorylation of specific
sites on IRS-1. Either way, a PKC mechanism would fit with
our data. Serine phosphorylation of IRS-1 might be expected
to retard the mobility of IRS-1 on the SDS-gels. However, we
did not observe any effect of elevated NEFA on IRS-1
mobility.

An alteration in the specific IRS-1 tyrosines phosphory-
lated in the clamps with Intralipid could readily explain the
impairment of PI3K activation by insulin although the total
phosphotyrosine IRS-1 signal was not significantly de-
creased. For example, if the particular p85 binding sites on
IRS-1 were phosphorylated to a lesser extent, because of
increased PKC activity or some other mechanism, then this
would explain why less PI3K was immunoprecipitated by
the IRS-1 antibody.

Muscle IRS-1 protein levels were 40% lower at the end of
the control glucose clamps than in the basal state (P 	 0.005).
Down-regulation of IRS-1 protein levels by prolonged ex-
posure (4 h or more) to high insulin levels has been reported
in Chinese hamster ovary cells overexpressing human insu-
lin receptors and IRS-1 (44). Interestingly, although basal
IRS-1 levels were not affected by elevated NEFA, the down-
regulation of IRS-1 during the glucose clamps was com-
pletely prevented (Fig. 2). The insulin-induced down-regu-
lation of IRS-1 protein levels is thought to be at least partly
mediated by the proteasome degradation pathway and to
require PI3K activation (44). It is thus possible that the defect
of IRS-1 down-regulation seen during the glucose clamps
with elevated NEFA could be secondary to the impairment
of IRS-1-associated PI3K activation when plasma NEFAs
were elevated (Fig. 4).

Most (20, 21, 45, 46) but not all (22, 47) studies support a
role for Akt in the effects of insulin on Glut 4 translocation
and glucose transport. Akt is a serine/threonine kinase that
is downstream of PI3K. It is activated by phosphorylation on
thr 308 and ser 473 in Akt 1 (thr 309 and ser 474 in Akt 2) by
phospholipid-dependent kinase-1 (48). PI-3-P, the major
lipid product of the PI3K reaction, promotes this phosphor-
ylation by phospholipid-dependent kinase-1 by binding to
the amino terminus of Akt (48, 49). In in vitro cell systems,
inhibitors of PI3K block the activation of Akt (19, 48). As
expected, insulin induced a marked increase in the phos-
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phorylation of Akt at both ser 473 and thr 308. However,
despite the 35% decrease in IRS-1-associated PI3K activity at
the end of the Intralipid glucose clamps compared with the
control glucose clamp studies, no impairment of Akt phos-
phorylation at either thr 308 or ser 473 was found (Fig. 3).
There are several potential explanations for the seemingly
divergent effects of elevated NEFA on insulin stimulation of
IRS-1-associated PI3K activity and the phosphorylation of
Akt. Firstly, only partial activation of PI3K may be necessary
for full stimulation of Akt. Secondly, changes in total IRS-
1-associated PI3K activity and Akt phosphorylation may not
reflect changes within specific membrane compartments (41,
50). Thirdly, a PI3K-independent mechanism for activation
of Akt (51, 52) may be able to offset the 35% decrease in
IRS-1-associated PI3K activity. A similar dissociation be-
tween effects on PI3K activity and on Akt has been observed
in other insulin-resistant states. Thus, glucosamine-induced
insulin resistance in rats was accompanied by a smaller in-
crease in muscle IRS-1-associated PI3K activity in response
to an acute insulin stimulus but no change in Akt activity
(40).

It has been proposed that Akt 2 rather than Akt 1 is in-
volved in insulin-induced glucose uptake, because Akt 2 but
not Akt 1 was found to colocalize with Glut 4-containing
vesicles and to redistribute to the plasma membrane of rat fat
cells in response to insulin (41). The antibody used in our
study recognizes both Akt 1 and Akt 2. Thus, it is conceivable
that a small difference, specifically in Akt 2 phosphorylation,
went undetected. However, our data concur with those of
Fasshauer et al. (41). These investigators found that in brown
adipocytes from IRS-2 knockout mice, phosphorylation and
activation of both Akt 1 and Akt 2 was normal, despite a 30%
decrease in phosphotyrosine-associated PI3K activity. Inter-
estingly, despite normal total Akt phosphorylation and ac-
tivation, translocation of Akt to the plasma membrane was
impaired in the adipocytes from the IRS-2 knockout mice
(41).

The findings in our study must take into account the fatty
acid composition of the infused Intralipid, which differs sig-
nificantly from that of plasma (13% linoleate, 27% palmitate,
35% oleate, 12% stearate, 12% other) (53). It has been sug-
gested that palmitate has a greater propensity for inducing
insulin resistance than other fatty acids (23). However, in
another study, linoleate, oleate, and palmitate had similar
inhibitory effects on glycogen synthesis and 2-deoxyglucose
uptake in cultured mouse myotubes, although their specific
effects on proximal insulin-signaling steps differed (38). In
vivo studies have also indicated that fatty acids other than
palmitate, particularly linoleate, can induce muscle insulin
resistance (54).

In conclusion, insulin resistance induced by a physiolog-
ical elevation of plasma NEFA levels was associated with an
abnormality of muscle IRS-1 tyrosine phosphorylation and a
defect in insulin activation of IRS-1-associated PI3K activity.
Muscle IRS-1 down-regulation by insulin was also impaired
by elevated NEFA levels. The defect in PI3K activation by
insulin correlated with the reduction in whole-body glucose
disposal induced by elevated NEFA. Because activation of
PI3K is necessary for insulin-induced Glut 4 translocation,
our data support the notion that the NEFA-induced impair-

ment of insulin-stimulated muscle glucose uptake is, at least
in part, a consequence of defects in the insulin-signaling
pathway leading to impaired PI3K activation. However,
insulin-induced phosphorylation of Akt was unaffected by
elevated NEFA. Assuming that insulin-induced transloca-
tion of Akt to Glut 4 vesicles and the plasma membrane
parallels the phosphorylation and activation of total cellular
Akt, our data would suggest that this downstream effector
of PI3K may not participate in the NEFA-induced defect of
muscle glucose uptake and that alternative PI3K-dependent
pathways may be involved (55, 56).
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