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Abstract

Increased plasma FFA reduce insulin-stimulated glucose up-
take. The mechanisms responsible for this inhibition, however,
remain uncertain. It was the aim of this study to determine
whether the FFA effect was dose dependent and to investigate
its mechanism. We have examined in healthy volunteers (13
male /1 female) the effects of three steady state plasma FFA
levels (~ 50, ~ 550, ~ 750 uM) on rates of glucose uptake,
glycolysis (both with 3-3H-glucose), glycogen synthesis (de-
termined with two independent methods), carbohydrate
(CHO) oxidation (by indirect calorimetry), hepatic glucose
output, and nonoxidative glycolysis (glycolysis minus CHO ox-
idation) during euglycemic-hyperinsulinemic clamping. In-
creasing FFA concentration (from ~ 50 to ~ 750 uM) de-
creased glucose uptake in a dose-dependent fashion (from ~ 9
to ~ 4 mg/kg per min). The decrease was caused mainly
(~ %) by a reduction in glycogen synthesis and to a lesser
extent (~ ¥3) by a reduction in CHO oxidation. We have iden-
tified two independent defects in glycogen synthesis. The first
consisted of an impairment of muscle glycogen synthase activ-
ity. It required high FFA concentration (~ 750 xM), was asso-
ciated with an increase in glucose-6-phosphate, and developed
after 4-6 h of fat infusion. The second defect, which preceded
the glycogen synthase defect, was seen at medium ( ~ 550 uM)
FFA concentration, was associated with a decrease in muscle
glucose-6-phosphate concentration, and was probably due to a
reduction in glucose transport/phosphorylation. In addition,
FFA and/ or glycerol increased insulin-suppressed hepatic glu-
cose output by ~ 50%. We concluded that fatty acids caused a
dose-dependent inhibition of insulin-stimulated glucose uptake
(by decreasing glycogen synthesis and CHO oxidation) and
that FFA and / or glycerol increased insulin-suppressed hepatic
glucose output and thus caused insulin resistance at the periph-
eral and the hepatic level. (J. Clin. Invest. 1994. 93:2438-
2446.) Key words: glycogen synthesis ¢ glycolysis ¢ carbohy-
drate oxidation  glycogen synthase ¢ glycogen phosphorylase

Introduction

Inability of insulin to appropriately promote glucose uptake in
skeletal muscle (insulin resistance) has been recognized as an
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early and prevalent abnormality in non-insulin-dependent
diabetes mellitus (NIDDM)! (for review see reference 1).
While its cause remains uncertain, insulin resistance is known
to be commonly associated with an inability of insulin to nor-
mally promote nonoxidative glucose disposal (glucose storage)
and to activate skeletal muscle glycogen synthase (GS) (2-9).
There is evidence to suggest that in many instances the defects
in glucose uptake and storage may be related to abnormal fat
metabolism (10, 11). First, most patients with NIDDM are
obese and have elevated blood FFA concentrations (12),
which have been shown to inhibit insulin-stimulated glucose
uptake (13-17). The issue of whether or not FFA inhibit glu-
cose uptake has remained somewhat controversial since some
investigators have failed to find such an effect (18, 19). We
have demonstrated recently, however, that the fatty acid—me-
diated inhibition of insulin-stimulated glucose uptake only de-
veloped after 3-4 h of fat infusion (15). It is therefore likely
that insufficient length of fat infusion was the reason why the
inhibitory effect of FFA on glucose uptake was not found in
some studies. Second, Gulli et al. (20) have recently shown in
offspring of parents with NIDDM, known to be at high risk to
develop the disease (7, 8), that impaired insulin-stimulated
glucose uptake and storage were associated with elevated fatty
acid levels and oxidation. Third, fat infusion has recently been
shown to be associated with suppression of insulin-stimulated
skeletal muscle GS activity (15, 16). It was not clear from these
studies, however, whether the observed GS defect was responsi-
ble for the inhibition of glucose uptake. GS activities were mea-
sured only before and after but not during fat infusions; thus, it
remained unknown whether the GS defect preceded, coincided
with, or followed the inhibition in glucose uptake. Moreover,
glycogen synthesis, which does not always correlate with GS
activity (21), was not measured. The aim of this study was
therefore to determine whether the fatty acid effects were dose
dependent and to elucidate their mechanisms by examining
FFA actions on all major pathways of intracellular glucose uti-
lization. To this end, we have examined effects of three steady
state fatty acid levels (~ 50, ~ 550, ~ 750 uM) on rates of
glucose uptake, glycolysis, glycogen synthesis, carbohydrate
(CHO) oxidation, nonoxidative glycolysis (lactate/alanine
fluxes), and on hepatic glucose output (HGO) in healthy vol-
unteers during euglycemic hyperinsulinemia.

Methods

Subjects

14 healthy, normal weight volunteers (13 men and 1 woman) were
studied. We were unable to recruit more women, largely because of the

1. Abbreviations used in this paper: CHO, carbohydrate; FFM, fat free
mass; G-6-P, glucose-6-phosphate; Ggq, glucose rate of disappearance;
GS, glycogen synthase; HGO, hepatic glucose output; NIDDM, non-
insulin-dependent diabetes mellitus; npRQ, nonprotein respiratory
quotient; PDH, pyruvate dehydrogenase; UDPG, uridine-diphos-
phate-glucose.



need for four open muscle biopsies. The subjects’ ages, weights, heights,
and body compositions are shown in Table I. None of the subjects had
a family history of diabetes or any other endocrine disorders, and none
were taking any medications. Their weights were stable for at least 2
mo, their diets contained a minimum of 250 g/d of carbohydrate for at
least 2 d before the studies. Informed written consent was obtained
from all after explanation of the nature, purpose, and potential risks of
these studies. The study protocol was approved by the Institutional
Review Board of Temple University Hospital. All subjects were admit-
ted to Temple University Hospital’s General Clinical Research Center
on the evening before the studies. The studies began at ~ 8 a.m. after
an overnight fast with the subjects reclining in bed. A short polyethyl-
ene catheter was inserted into an antecubital vein for infusion of test
substances. Another catheter was placed into a contralateral forearm
vein for blood sampling. This arm was wrapped with a heating blanket
(~ 70°C) to arterialize venous blood. We have shown in preliminary
experiments that this results in near identical arterial and venous fore-
arm blood glucose concentrations (Boden, G., unpublished observa-
tions).

Experimental design

Study 1 (high fatty acids). Four subjects were studied in this protocol.
3-3H-glucose was infused intravenously for 7.5 h (=90 to 360 min)
starting with a bolus of 40 xCi over 1 min, followed by a continuous
infusion of 0.4 uCi/min. At 0 min, LIPOSYN II (Abbott Laboratories,
North Chicago, IL) a 20% triglyceride emulsion (10% safflower, 10%
soy bean oil) plus heparin (0.4 U/kg per min) were infused at a rate of
1.5 ml/min for 6 h. Regular human insulin (Humulin R; Eli Lilly &
Co., Indianapolis, IN) was infused intravenously at a rate of | mU/kg
per min for 6 h starting at 0 min. Glucose concentrations were clamped
at ~ 85 mg/dl by a feedback-controlled glucose infusion. The first
muscle biopsy was performed before the start of the infusions (between
—90 and 0 min), and the other three biopsies were performed at 120,
240, and 360 min, respectively.

Study 2 (medium fatty acids). Four subjects were studied in this
protocol, which was identical to study 1 except that LIPOSYN II was
infused without heparin.

Study 3 (low fatty acids). Six subjects were studied. All six received
insulin and glucose as in studies 1 and 2. Three received, in addition,
glycerol (0.7+0.05 mg/kg per min) plus heparin (0.4 U/kg per min) to
simulate glycerol and heparin infusions in study 1 (LIPOSYN II con-
tains 2.14 g glycerol/ 100 ml as emulsifier). The additional infusion of
glycerol and heparin had no effect on any of the metabolic parameters
measured including serum concentrations of glucose, insulin, and glu-
cagon and rates of glucose appearance, oxidation, glycolysis, and glyco-
gen synthesis. The data from the studies with and without glycerol plus
heparin were therefore combined.

Glucose turnover

Glucose turnover was determined with 3-*H-glucose. The tracer infu-
sion was started 90 min before initiation of the clamp to assure isotope
equilibration. Glucose was isolated from blood for determination of
3-3H-glucose specific activity as described (22). Changes in specific
activity during hyperinsulinemia were avoided by adding 3-*H-glucose
to the unlabeled glucose, which was infused at variable rates to main-

Table I. Characteristics of Study Subjects

Study 1 Study 2 Study 3
(high fatty acids) (medium fatty acids) (low fatty acids)
Sex (M/F) 4/0 4/0 5/1
Age (yr) 24.2+2.8 31.0+£3.0 26.5+£2.0
Height (cm) 182.9+2.9 177.2+3.6 173.0+3.5
Weight (kg) 83.3+8.2 82.9+4.6 68.5+3.6
FFM (kg) 70.8+8.1 70.3+£3.9 60.3+3.6

tain euglycemia (23). Rates of total body glucose appearance and disap-
pearance (Ggq) Were calculated using Steele’s equation for steady state
conditions (24). As seen in Fig. 1, serum 3-3H-glucose specific activi-
ties were at steady state for all three groups and for the entire length of
the studies except for minor changes during the initial 90 min.

Glycolytic flux

Glycolytic flux was determined according to Rossetti and Giaccari with
minor modifications (25). Tritium in the 3-carbon position of glucose
is lost into water during glycolysis. Recently, we have validated the
assumption that the rate of plasma tritiated water formation reflects the
intracellular detritiation of 3-H-glucose (26). The rate of glycolysis
was obtained by dividing the whole body *H,O production rate by the
specific activity of its precursor, i.e., plasma 3-*H-glucose. To calculate
the 3H,0 production rate, the time course of the plasma *H,0 concen-
tration was plotted vs time, and the slope of the linear regression was
estimated by the least square method. The whole body production rate
was obtained by multiplying this value with the body water volume
measured in each study subject. Total body water occupies ~ 73% of
fat free mass (FFM) (26). The latter was determined by underwater
weighing (27).

Glycogen synthesis

Glycogen synthesis was quantitated by two independent methods.
First, because net glycogen synthesis is the portion of glucose flux not
entering glycolysis, whole body glycogen synthesis rates were obtained
by subtracting rates of glycolysis from rates of glucose uptake (Ggg).
We have documented the validity of this noninvasive approach by
demonstrating in healthy humans that results obtained with this
method were comparable with rates of glycogen synthesis determined
by incorporation of tritium from 3-*H-glucose into muscle glycogen.
Second, rates of glycogen formation were calculated on the basis of in
vitro muscle GS activity determined with actually measured muscle
concentrations of glucose-6-phosphate (G-6-P) and uridine-diphos-
phate-glucose (UDPG) (26). Glycogen synthesis per unit muscle was
extrapolated to whole body glycogen synthesis, assuming that 52% of
FFM was muscle (26).

CHO and lipid oxidation

CHO and lipid oxidation were determined by indirect calorimetry as
described (28) with a metabolic measurement cart (Beckman Instru-
ments, Inc., Palo Alto, CA). Rates of protein oxidation were estimated
from urinary N excretion after correction for changes in urea N pool
size (29). Rates of protein oxidation were used to determine the non-
protein respiratory quotient (npRQ). It was assumed that for each
gram of N excreted in the urine, 6.02 liters of O, were consumed, and
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Figure 1. *H-Glucose specific activities. 3->H-glucose specific activi-
ties during euglycemic-hyperinsulinemic clamping at high (open tri-
angles, n = 4), medium (open circles, n = 4), and low FFA concen-
trations (filled circles, n = 6). Shown are mean+SE.
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4.75 liters of CO, were produced (RQ = 0.79). Rates of CHO and fat
oxidation were determined with the npRQ tables of Lusk, which are
based on an npRQ of 0.707 for 100% fat oxidation and 1.00 for 100%
CHO oxidation.

Muscle biopsies and extractions

Biopsies were obtained from the lateral aspect of the vastus lateralis
muscle ~ 15 cm above the patella from all subjects as described (15).
The excised muscle sample (~ 150 mg) was dropped immediately into
isopentane, kept at its freezing point (—160°C) by liquid nitrogen. The
frozen muscle was stored at —80°C until it was aliquoted for measure-
ment of GS, G-6-P/UDPG, and glycogen phosphorylase.

Metabolite assays

Muscle UDPG concentration was measured after two sequential chro-
matographic and HPLC separations and ultraviolet detection, as re-
ported previously (26). Briefly, the first is performed on a solid-phase,
strong anion exchange cartridge, with the use of phosphate buffers of
increasing molarity. This first purification allows one to partially sepa-
rate the compound of interest from all nonpolar and most of the polar
intracellular substrates with optimal recoveries. The second step is a
reversed-phase, ion-pairing HPLC isocratic method on a C,gr column
(Supelco, Inc., Bellefonte, PA). Muscle G-6-P concentrations were
measured spectrophotometrically as described by Michal (30).

GS assay

Muscle GS activity was measured by a modification (31, 32) of the
method of Thomas et al. (33) and is based on the measurement of the
incorporation of radioactivity into glycogen from UDP-{U-'C}-
glucose. Tissue samples (7-12 mg) were homogenized in 1.0 ml of
Tris-HCl buffer, pH 7.8, containing 10 mM EDTA, 5 mM DTT, 50
mM NaF, and 2.5 g/liter rabbit liver glycogen type III. The homoge-
nate was centrifuged at 2,000 g for 15 min (at 4°C), and the superna-
tant was used for the GS assay by measuring the incorporation of UDP-
[U-'*C]glucose into glycogen at 37°C. For the kinetic analysis, the
assay was conducted at final concentrations of 0.005, 0.025, 0.050,
0.125,0.50, and 2.0 mM UDPG and 0, 0.11,0.22, and 7.2 mM G-6-P;
the data were linearized as Eadie-Hofstee plots and fit using linear
regression. The K, for UDPG is the reciprocal of the slope, whereas the
Vmax 18 the y-intercept divided by the slope.

GS activity was calculated as micromoles of UDPG incorporated
into glycogen per minute per milligram of protein and was expressed as
K, the concentration of UDPG at which GS activity was half maxi-
mal, as V,,, or as the fractional velocity of GS activity, i.e., the activity
of GS at 0.1 mM G-6-P divided by the activity at 7.2 mM G-6-P. Thisis
an indicator of the active form of GS and believed to be a sensitive
parameter of in vivo GS activity (34).

Glycogen phosphorylase assay

Muscle glycogen phosphorylase activity was measured as described pre-
viously (31). This assay is based on the measurement of the incorpora-
tion of carbon-14 into glycogen from labeled glucose 1-phosphate. Gly-
cogen phosphorylase g, the active phosphorylated enzyme, was assayed
in the absence of AMP, and phosphorylase b, the total enzyme activity,
was assayed in the presence of 5 mM AMP. The tissue homogenates
(7-12 mg) were prepared as described above. The supernatant was
used for glycogen phosphorylase assays by measuring the incorporation
of ["*C]glucose 1-phosphate into glycogen at 30°C in a mixture con-
taining 33 mM Mes, 200 mM KF, 0.45% mercaptoethanol, 15 mM
glucose 1-phosphate (50 uCi/mmol), and 3.4 mg/ml glycogen. Phos-
phorylase b was assayed in the same manner, except that the mixture
contained 100 mM glucose 1-phosphate (6 ¢Ci/mmol), 13.4 mg/ml
glycogen, and 5 mM AMP.

HGO
HGO was calculated as the difference between glucose rate of appear-

ance and the rate of glucose infused to maintain euglycemia during the
clamps.
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Nonoxidative glycolysis (lactate/alanine flux)

Nonoxidative glycolysis was calculated as the difference between rates
of total body glycolysis and CHO oxidation.

Leg blood flow

Leg blood flow was determined every 30 min by venous occlusion
plethysmography with a mercury strain gauge apparatus (model EC-
5R; Hokanson Inc., Issaquah, WA) (35).

Body composition

Body composition was determined by underwater weighing with correc-
tion for residual lung volume (27), which was determined after immer-
sion in a sitting position with a closed circuit O, dilution method (27).

Analytical procedures

Plasma glucose was measured with a glucose analyzer (Beckman In-
struments, Inc.). Serum insulin (36) and glucagon (37) were deter-
mined by radioimmunoassay. Blood urea nitrogen (38) was measured
colorimetrically. Urinary nitrogen was measured by the method of
Kjeldahl (39). Lactate (40)and pyruvate (41 ) were measured enzymat-
ically. Fatty acids were determined by gas chromatography (model
5730A; Hewlett-Packard Co., Palo Alto, CA) as the sum of seven indi-
vidual fatty acids (myristate, palmitate, palmitoleate, stearate, oleate,
linoleate, and arachidonate ). Heptadecanoic acid was used as internal
standard.

Statistical analysis and calculations

All data were expressed as the mean+SEM. Statistical significance was
assessed using ANOVA with repeated measures and Student’s two-
tailed paired or unpaired ¢ test where applicable.

Results

Euglycemic insulin clamps with and without fat infusion (Fig.
2). In all three studies, insulin infusion raised plasma insulin
concentrations from ~ 5 to ~ 70 U /ml. Plasma glucose was
clamped at ~ 85 mg/dl. In the low fatty acid group, plasma
FFA decreased from 52690 before to 54+6 uM during insulin
infusion. In the medium fatty acid group, FFA concentration
was 500120 before and 632+133 uM at the end of the clamp
(NS). In the high fatty acid group, FFA concentrations in-
creased from 415+69 before to 748+34 uM at the end of the
clamp (P < 0.01). The three FFA concentration curves (high,
medium, and low fatty acid groups ) were significantly different
from each other (overall comparison of groups by ANOVA
with repeated measures P < 0.001).

Leg blood flow rates were 4.0+0.6, 3.8+0.5, and 3.9+0.3
ml/dl leg tissue per min in the low, medium, and high fatty
acid groups, respectively. During insulin infusions, leg flow
rates increased t0 4.7+0.8, 5.7+0.9, and 5.7+0.9 ml/dl, respec-
tively. The differences among the three groups were not statisti-
cally significant.

Glucose uptake (Ggy) (Fig. 3, top). Ggq rose from ~ 2 to
~ 6 mg/kg per min during the initial 90 min of insulin infu-
sion in all three groups. Thereafter, G4 in the low, medium,
and high fatty acid groups were significantly different from
each other (overall comparison of groups). Gg, rose further to
~ 9 mg/kg per min in the low fatty acid group, stabilized at
~ 6 mg/kg per min in the medium fatty acid group, and de-
clined to ~ 4 mg/kg per min in the high fatty acid group.
Comparing individual time points, the differences between
high and low fatty acid groups became significant at 210 min.

Comparing mean values of the last 3 h (180-360 min) (Fig.
4), Ggy declined in a linear fashion with increasing plasma
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Figure 2. Euglycemic-hyperinsulinemic clamps. Serum insulin con-
centrations (op), glucose concentrations (middle), and FFA con-
centrations (bottom) in healthy volunteers during euglycemic-hyper-
insulinemic clamping at high (open triangles, n = 4), medium (open
circles, n = 4), and low FFA concentrations (filled circles, n = 6).
Shown are mean+SE.

FFA concentrations over the entire range of FFA concentra-
tions tested.

Glycogen synthesis (Fig. 3, middle and bottom). Rates of
glycogen synthesis (determined as Ggq — glycolysis) rose in
response to insulin in all three groups. In the low fatty acid
group glycogen synthesis increased most (from 0.09+0.08 to
5.12+1.00 mg/kg per min, P < 0.01), in the medium fatty acid
group it increased less (from 0.28+0.35 to 3.88+1.31 mg/kg
per min, P < 0.01), while in the high fatty acid group it in-
creased least (from 0.17%0.05 to 1.69+0.38 mg/kg per min, P
< 0.05).

Glycogen synthesis rates declined with increasing plasma
FFA over the entire range of FFA concentrations tested
(Fig. 4).

Glycogen synthesis rates determined on the basis of muscle
GS activities measured at in vivo G-6-P and UDPG concentra-
tions yielded similar results. Basal rates of glycogen synthesis
combining values from all three groups, however, were slightly
higher than values obtained with the noninvasive subtraction
method (1.0+0.2 vs 0.2+0.1 mg/kg per min). An inhibitory
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Figure 3. Effect of FFA on glucose uptake and glycogen synthesis.
Whole body glucose determined on the basis of muscle GS measure-
ments with in vivo G-6-P/UDPG concentrations ( bottom) during
euglycemic-hyperinsulinemic clamping at high (n = 4), medium (n
= 4), and low FFA concentrations (7 = 6). Shown are mean+SE.
Symbols as in Fig. 1. Statistical analysis: glucose uptake, overall com-
parison of groups: @ vs 0, P < 0.01;e vs o, P <0.001;0 vs A P

< 0.03. Comparison of individual time points: * P < 0.05, P < 0.01
comparing e vs A. Glycogen synthesis (Ggq minus glycolysis), overall
comparison of groups: e vs A, P < 0.05. Comparison of individual
time points: *P < 0.05, e vs A. Glycogen synthesis (GS with in vivo
G-6-P/UDPG) overall comparison of groups: e vs A, P < 0.05.
Comparison of individual time points: * P < 0.05, P < 0.01 compar-
ing @ vs 0 and a.

effect of fatty acids was apparent at the first biopsy after start of
the lipid infusions (2 h) and continued to be present until the
end of the studies in the high but not the medium FFA groups
(Fig. 3, bottom).

Glycolysis (Fig. 5, top). Glycolytic flux increased from
2.03+0.11 to 3.71+0.38 mg/kg per min in the low fatty acid
group (P < 0.05). No significant changes in glycolytic flux
occurred in the medium and in the high fatty acid groups (from
1.65+0.34 t0 2.36+0.71 mg/kg per min and from 2.24+0.33 to
2.49+0.40 mg/kg per min, respectively).

Glycolytic rates declined significantly between ~ 50 and
~ 550 uM FFA. No further decrease was seen with higher
(~ 750 uM) FFA levels (Fig. 4).

Mechanisms of FFA-induced Inhibition of Glucose Uptake 2441



[
$ s
[<] (o]
;Q 8 . g
] s 3 2
o a
g ¢ H ’\-:*-" 2 g
& s |, 3
. /]
) ¢ ¢ g
é»? s s Ag
€E ¢ ] © 38
‘2&’ 3 s 3 §§
&2 , , 30
o _— } * 3<
Q (o]
- LR
© .
/] 0 "]
[ 30 T
(]
s 25 Q . .
o ., 0 &  Figured. Effects of FFA on CHO metabolism. Ef-
kS . . B ~) fects of three FFA concentrations on whole body
§ 3 3 i 18 § rates of glucose uptake (average values from 180 to
S 2 d w0 & 360 min), glycogen synthesis, glycolysis, CHO oxi-
, 0s g dation, nonoxidative glycolysis, and HGO during
o o o euglycemic-hyperinsulinemic clamping. Shown are
0 200 400 600 800 ° 200 400 600 800 mean+SE; *P < 0.05, P < 0.01 comparing low

FFA uM FFA uM

CHO oxidation (Fig. 5, middle). Rates of CHO oxidation
increased from 0.63+0.21 to 2.33+0.21 mg/kg per min (P
< 0.01) in the low fatty acid group. In both medium and high
fatty acid groups, CHO oxidation did not increase significantly
above basal values during insulin infusions and remained
lower than in the low fatty acid group. These differences be-
came statistically significant at 150 min (P < 0.05).

CHO oxidation rates declined when plasma FFA increased
from 515 to 562+106 uM (P < 0.01). There was no further
decline in CHO oxidation rates when plasma FFA concentra-
tion increased from 562+106 to 766+44 uM (Fig. 4).

Nonoxidative glycolysis (Fig. 5, bottom). Basal nonoxida-
tive glycolysis rates were 1.40+0.26, 0.81+0.45, and 1.60+0.39
mg/kg per min in low, medium, and high fatty acid groups,
respectively (NS). There were no significant changes in re-
sponse to insulin or to fatty acids in any of the three groups.

Plasma glucagon and HGO (Fig. 6). There were no signifi-
cant intra- or interstudy changes in plasma glucagon concen-
trations.

In the low fatty acid group, insulin suppressed HGO vir-
tually completely from 2.26+0.06 to 0.29+0.14 mg/kg per
min (not significantly different from 0). In the medium and
high fatty acid groups, HGO was significantly less inhibited
(from 2.10+0.27 to 0.93+0.12; —66% and from 2.72+0.56 to
1.45+0.46 mg/kg per min; —47%, respectively). The differ-
ences in HGO between low and high fatty acid groups became
statistically significant at 150 min (P < 0.02). Increasing fatty
acid concentration from 550 to 750 uM did not further in-
crease HGO (Fig. 4).

Muscle GS (Fig. 7). The K, of GS activity (Fig. 7, top)
declined significantly between 0 and 2 h in all three groups. In
the low and medium fatty acid groups, K,, remained low until
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with medium or high FFA values.

\

the end of the studies. In the high fatty acid group, K, increased
between 4 and 6 h and at 6 h had reached preclamp levels.

GS Ve (GS at 7.2 mM G-6-P) (Fig. 7, middle), represent-
ing an index of the total amount of enzyme present in muscle,
was the same in all three groups and did not change signifi-
cantly in response to insulin or to fatty acids.

GS fractional velocity (Fig. 7, bottom), the ratio of GS activ-
itiesat 0.11 and 7.2 mM G-6-P, is considered a good indicator
of in vivo enzyme activity. It increased significantly in all three
groups in response to insulin between 0 and 4 h. Between 4 and
6 h GS fractional velocity remained elevated in the low and
medium, but declined significantly in the high fatty acid group.

Muscle glycogen phosphorylase and G-6-P (Table II). Gly-
cogen phosphorylase a activities did not change significantly in
response to insulin or to insulin plus fatty acids in any of the
three groups.

There were no statistically significant changes in G-6-P
concentrations in any of the three groups between 0 and 4 h.
Between 4 and 6 h, G-6-P increased significantly in the high
fatty acid group (P < 0.05), while it remained unchanged in
the low and medium fatty acid groups.

Discussion

FFA /CHO metabolism dose effect relationships. In this study,
we have examined effects of three steady state plasma fatty acid
concentrations on the ability of insulin to promote glucose up-
take and on the rate of intracellular glucose utilization, i.e.,
glycogen synthesis and glycolysis. As > 80% of the glucose in-
fused intravenously has been shown to be taken up by muscle
(42), our results provided information primarily on the effects
of FFA on muscle metabolism.
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Figure 5. Effect of FFA on glycolysis, CHO oxidation, and nonoxi-
dative glycolysis. Whole body rates of glycolysis, CHO oxidation, and
nonoxidative glycolysis during euglycemic-hyperinsulinemic clamp-
ing at high, medium, and low FFA concentrations. Symbols and
number of experiments as in Fig. 1. * P < 0.05 comparing values at
low and high FFA concentrations.

There was a dose-dependent relationship between plasma
FFA concentrations and glucose uptake. Ggq decreased by
~ 50% (from 8.8 to 4.2 mg/kg per min) when FFA concentra-
tions rose from ~ 50 to ~ 750 uM (Figs. 3 and 4). Overall, the
major part (~ %) of the decline in Gg4 was caused by reduc-
tion in the rate of glycogen synthesis, and a minor part (~ '3)
was caused by reduction in the rate of CHO oxidation. The
decrease in Ggq4 of ~ 3 mg/kg per min which occurred when
FFA concentrations rose from ~ 50 to ~ 500 uM was ac-
counted for equally by decreases in CHO oxidation and glyco-
gen synthesis, while the decline in Ggq which occurred when
plasma FFA concentrations rose further (from ~ 550 to
~ 750 uM) was caused exclusively by a decrease in glycogen
synthesis. These findings expanded earlier observations (13,
43) that the effect of fat on CHO oxidation was relatively small
and that the main problem in obese diabetic and nondiabetic
subjects, whose FFA concentrations are commonly > 500 uM,
was a defect in nonoxidative glucose disposal (1-9).
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Figure 6. Plasma glucagon and HGO. Effect of euglycemic-hyperin-
sulinemic clamping at high, medium, and low FFA concentrations
on plasma glucagon concentration and on rates of HGO. Number of
subjects and symbols as in Fig. 1. * P < 0.05 comparing high or me-
dium with low FFA concentrations.

Time course and mechanisms of FFA effects. The inhibi-
tion of CHO oxidation appeared early, was largest at postab-
sorptive FFA concentrations (~ 550 uM), and, as we have
previously demonstrated, was associated with a four- to five-
fold increase in muscle acetyl-CoA content (15). Acetyl-CoA
is well known to inhibit pyruvate dehydrogenase (PDH ) activ-
ity. Moreover, Kelley et al. (16) have shown recently that fat
infusion induced inhibition of PDH in normal volunteers. Pres-
ent evidence, therefore, supports the notion that fat infusion
decreases CHO oxidation in skeletal muscle by acetyl-CoA-in-
duced inhibition of PDH activity. This may, however, not be
the only mechanism, as there was evidence that fatty acids may
have lowered glucose transport or phosphorylation (see below)
which would have also reduced CHO oxidation.

The present study provided evidence for the presence of
two independent mechanisms for the inhibition of glycogen
synthesis. First, as reported previously by us (15) and con-
firmed recently by others (16), fat infusion abolished insulin
stimulation of GS activity in skeletal muscle. We have now
extended our earlier observations by demonstrating that the
inhibition of GS occurred late, i.e., after 4-6 h of fat infusion,
was seen only at high FFA concentrations (~ 750 uM), and
was associated with an increase in muscle G-6-P content. The
cause for the inhibition of GS remained uncertain but may
have been related to an increase in long chain acetyl-CoA and/
or glycogen concentrations. Both have been shown to suppress
glycogen synthesis (44, 45). Serial measurements in plasma

Mechanisms of FFA-induced Inhibition of Glucose Uptake 2443
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Figure 7. Effect of FFA on muscle GS. Effect of euglycemic-hyperin-
sulinemic clamping at high, medium, and low FFA concentrations
on GS K, (mM UDPG), V,,,, and fractional velocity (0.11/0.72
mM G-6-P). Symbols and number of subjects as in Fig. 1. *P < 0.05
comparing high and low FFA concentrations.

and muscle biopsy samples revealed, however, that glycogen
synthesis was already inhibited before inhibition of muscle GS
activity. This indicated the presence of an additional, earlier
fatty acid-induced block of glycogen synthesis which was unre-
lated to an impairment of GS. Glycogen synthesis depends
primarily on the activity of the rate-limiting enzyme GS and
the availability of its main substrate G-6-P/UDPG. The ob-
served reduction of glycogen synthesis associated with normal
GS activity, therefore, suggested that fatty acids had lowered
G-6-P/UDPG levels in skeletal muscle. This suggestion was
supported when rates of glycogen synthesis were determined in
vitro with in vivo G-6-P and UDPG concentrations (Fig. 3,
bottom), and a significant suppression of glycogen synthesis
was apparent at the first muscle biopsy after start of the fat
infusion, i.e., at 2 h. Together, our data provided evidence that
a decrease in G-6-P/UDPG, probably produced by fatty acid-
mediated inhibition of glucose transport or phosphorylation,
was responsible for a major defect in glycogen synthesis. Sup-
porting this notion, Hardy et al. (46) have reported recently
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Table I1. Effects of Fatty Acids on Glycogen Phosphorylase a
and on G-6-P Concentration in Skeletal Muscle

Hours

0 2 4 6

umol/g wet wt per min

Glycogen phosphorylase a
Low fatty acids 29+0.6 3.2+0.5 3.0+04 3.1+0.2
Medium fatty acids 33+1.5 2.6x0.7 29+09 3.1+0.9
High fatty acids 3.540.5 3.3x1.6 2.6+0.7 2.5+0.5

nmol/g wet wt

G-6-P
Low fatty acids 79+19 101£30 109+31  96+16
Medium fatty acids 74+26 5718  78%x19 105%11
High fatty acids 56+10  84+11 69+13 139+29*

* P < 0.05 compared with values at 0, 2, and 4 h.

that 1-2 mM palmitic acid inhibited insulin-stimulated 3-O-
methyl glucose transport into rat soleus muscle.

Nonoxidative glycolysis. Independent determination of gly-
colysis and CHO oxidation allowed us to calculate rates of
nonoxidative glycolysis, which consists essentially of lactate
and alanine production rates. Our data suggested that neither
insulin nor fat infusion affected nonoxidative glycolysis, which
remained at ~ 1-1.5 mg/kg per min during all three studies.
These findings are in accord with those of Consoli et al. (47)
who reported postabsorptive lactate and alanine production
rates of ~ 1.4 mg/kg per min in normal volunteers. They are
also in agreement with data showing that insulin has little or no
effect on lactate and alanine release from resting muscle (16,
48, 49). Our data do not exclude a small increase in lactate
accompanied by a decrease in alanine production in response
to lipid infusion as has been observed by Kelley et al. (16) in
arterio-venous balance studies across forearm muscle.

HGO. Confirming reports by others (14, 17, 50), we found
that lipid infusions interfered with insulin’s suppressive effect
on HGO, i.e., caused hepatic insulin resistance. The present
study showed, in addition, that this effect appeared early
and seemed greatest at postabsorptive FFA concentrations
(~ 550 uM).

The mechanisms responsible for this effect were not studied
but could have been related to elevated plasma concentrations
of FFA, glycerol, or both. Lipolysis from the infused fat re-
sulted in increased production of fatty acids and glycerol, re-
sulting not only in higher FFA but also in higher glycerol con-
centrations (4.5+0.6 vs 3.8+0.2 vs 1.2+0.4 mg/dl, respec-
tively, in high, medium, and low FFA studies). Putative
mechanisms for the lipid effect on HGO include enhanced 8-
oxidation of fatty acids which provides ATP, i.e., the energy
needed to drive gluconeogenesis, as well as acetyl-CoA which
activates pyruvate carboxylase, the first key enzyme in the glu-
coneogenetic pathway (51), and increased availability of glyc-
erol which is an excellent substrate for gluconeogenesis (52).

Fatty acids and insulin clearance. Despite large differences
in plasma FFA concentrations (from 50 to 750 uM), steady
state serum insulin concentrations, produced by continuous
infusion of insulin at a rate of 1 mU /kg per min, were the same
in all three groups. These data do not support the hypothesis



that elevated FFA concentrations interfere with hepatic degra-
dation of insulin and thus are responsible, at least in part, for
the hyperinsulinemia seen in obese diabetic and nondiabetic
individuals (for review see reference 53).

Physiological relevance. Impaired insulin stimulation of
glucose storage and GS activity and increased hepatic glucose
production have been consistent findings in obese diabetic and
nondiabetic individuals. The demonstration that FFA sup-
pressed insulin-stimulated glucose uptake and that the prod-
ucts of lipolysis, i.e., FFA and glycerol, increased hepatic glu-
cose production supported the notion that abnormal fat metab-
olism, perhaps superimposed on genetic abnormalities (7, 54,
55), may account for much of the peripheral and hepatic insu-
lin resistance of obese diabetic and nondiabetic subjects.

The observation that FFA inhibited glucose uptake in a
dose-dependent fashion throughout the physiologic range of
plasma FFA concentrations suggested further that for every
lowering in plasma FFA, regardless of the ambient FFA level,
there would be a corresponding decrease in insulin resistance.
This could perhaps be exploited by treating insulin-resistant
diabetic patients with antilipolytic agents.
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