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Abstract Impaired fasting glucose (IFG) and impaired

glucose tolerance (IGT) are two intermediate states in the

transition from normal glucose metabolism to type 2 dia-

betes. Insulin clamp studies have shown that subjects with

IGT have increased insulin resistance in skeletal muscle,

while subjects with IFG have near normal muscle insulin

sensitivity. Because of the central role of altered free fatty

acid (FFA) metabolism in the pathogenesis of insulin

resistance, we have examined plasma free fatty acid con-

centration under fasting conditions, and during OGTT in

subjects with IGT and IFG. Seventy-one NGT, 70 IGT and

46 IFG subjects were studied. Fasting plasma FFA in IGT

subjects was significantly greater than NGT, while subjects

with IFG had similar fasting plasma FFA concentration to

NGT. However, fasting plasma insulin concentration was

significantly increased in IFG subjects compared to NGT

while subjects with IGT had near normal fasting plasma

insulin levels. The adipocyte insulin resistance index

(product of fasting plasma FFA and FPI) was significantly

increased in both IFG and IGT subjects compared to NGT.

During the OGTT both IFG and IGT subjects suppressed

their plasma FFA concentration similarly to NGT subjects,

but the post-glucose loads were significantly increased in

both IFG and IGT subjects. These data suggest that both

subjects with IFG and IGT have increased resistance to the

antilipolytic action of insulin. However, under basal con-

ditions, fasting hyperinsulinemia in IFG subjects is

sufficient to offset the adipocyte insulin resistance and

maintain normal fasting plasma FFA concentration while

the lack of increase in FPI in IGT subjects results in an

elevated fasting plasma FFA.
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Introduction

Insulin resistance is a characteristic feature of type 2 dia-

betes [1], and much evidence supports an important role

for increased plasma free fatty acid (FFA) concentrations

in the pathogenesis of the insulin resistance [2]. Diabetic

and non-diabetic insulin-resistant subjects have elevated

plasma FFA levels compared to insulin-sensitive individ-

uals [3, 4]. In normal healthy subjects, a small physiologic

rise in plasma FFA concentration induces muscle insulin

resistance and the resultant severity of insulin resistance is

similar to that observed in subjects with type 2 diabetes

mellitus [5]. Furthermore, reduction of the plasma FFA

concentration in type 2 diabetic subjects with acipimox

improves the insulin resistance [6]. Impaired fasting glu-

cose (IFG) and impaired glucose tolerance (IGT) represent

prediabetic states which are intermediate between normal

glucose tolerance and type 2 diabetes [7] and manifest

distinct metabolic abnormalities [8]. Recently, we have

demonstrated that IGT subjects have severe insulin resis-

tance in skeletal muscle, while individuals with IFG have

normal muscle insulin sensitivity [9]. Because elevated

plasma FFA levels have been implicated in the pathogen-

esis of muscle insulin resistance, we hypothesized that

differences in the plasma FFA concentration may vary

between these two states. Therefore, we have examined

plasma FFA levels in IFG and IGT subjects in the fasting

state and during an oral glucose tolerance test (OGTT) and
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compared the values to those in normal glucose tolerant

(NGT) subjects.

Methods

All subjects were from the Veterans Administration

Genetic Epidemiology Study (VEGAS) who, according

to the ADA criteria [10], had isolated impaired fasting

glucose (IFG) (FPG = 100–125 mg/dl, and 2 h PG \
140 mg/dl, n = 46), isolated impaired glucose tolerance

(IGT) (FPG \ 100 mg/dl and 2 h PG = 140–199 mg/dl, n =

70) or normal glucose tolerance NGT (FPG \ 100 mg/dl

and 2 h PG \ 140 mg/dl, n = 71) and had a measure-

ment of plasma free fatty acid concentration (FFA) under

basal postabsorptive condition and during an OGTT. All

subjects were of Mexican American descent and each

subject received an OGTT performed following a 10–12 h

overnight fasting. During OGTT, blood samples were

collected at -30, -15, 0, 15, 30, 45, 60, 75, 90, 105 and

120 min for the measurement of plasma glucose and

insulin concentrations; plasma FFA concentration was

measured at -30, -15, 0, 60, 90 and 120 min. All sub-

jects were healthy, and none were taking any medication

known to affect glucose tolerance or lipid/FFA metabo-

lism. No subject participated in any strenuous exercise

program. Body weight was stable (±1.5 kg) for at least

3 months before study in all subjects. The study protocol

was approved by the Institutional Review Board of the

University of Texas Health Science Center at San Anto-

nio, and informed written consent was obtained from all

subjects before their participation.

Calculations

Since plasma insulin concentration is a strong inhibitory

stimulus for lipolysis, the basal lipolytic insulin resistance

index was calculated as the product of the fasting plasma

insulin concentration and the log transformation of the

fasting plasma FFA concentration [11]. Experimental val-

idation of this index previously has been published [11].

Over the range of plasma insulin concentrations from

6 ± 1 lU/ml (fasting) to 10 ± 1 lU/ml (4 mU/m2 min

euglycemic insulin clamp) to 22 ± 2 lU/ml (10 mU/

m2 min euglycemic insulin clamp), the suppression of

plasma FFA concentration (log transformed) and the sup-

pression of plasma FFA (14C-palmitate) turnover (log

transformed) is linear. Furthermore, over this range of

plasma insulin concentrations, the correlation between the

plasma FFA concentration and plasma FFA turnover is

highly correlated (r = 0.96, p \ 0.0001). Therefore, the

product of the fasting plasma insulin and fasting plasma

FFA (log transformed) concentrations over this range of

hyperinsulinemia provides a valid index of adipocyte sen-

sitivity to the antilipolytic effect of insulin.

Analytical techniques

Plasma glucose was measured by the glucose oxidase

reaction (Glucose Oxidase Analyzer, Beckman, Fullerton,

CA). Plasma insulin concentration was measured by

radioimmunoassay. Plasma FFA was measured by a col-

orimetric assay (Wako Chemicals, Germany).

Statistical analysis

Data are presented as the mean ± standard deviation. To

compare the mean of the groups ANOVA was used. When

the means were significantly different, post hock testing

was made with student t test. To adjust for possible

covariates (sex, cholesterol and triglycerides), ANCOVA

was used. Statistical significance was considered at

p \ 0.05. All statistical analysis were performed with JMP

Ver 5.1.

Results

Table 1 presents the clinical and anthropometric charac-

teristics of the three study groups, which were well

matched for age, waist circumference and BMI. IFG is

more common in males than females [7], not surprisingly,

there was male predominance in the IFG group (p = 0.02

with chi square). Fasting plasma insulin concentration was

different amongst the three study groups (Fig. 1) (p = 0.02

with ANOVA). Subjects with IFG had a significantly

higher (p \ 0.01) fasting plasma insulin concentration

compared to subjects with IGT or NGT. Fasting plasma

FFA concentration also differed amongst the three study

groups (Fig. 1) (p = 0.006 with ANOVA). After adjust-

ment for gender, fasting plasma FFA concentration differed

amongst the three study groups (p = 0.01 with ANCOVA).

Subjects with IFG had similar fasting plasma FFA con-

centration to subjects with NGT (668 ± 203 vs.

692 ± 201 lM, respectively, p = 0.37). However, IGT

subjects had a significantly higher fasting plasma FFA

concentration compared to NGT (780 ± 231 lM,

p = 0.0008) and IFG (p \ 0.001) subjects. The adipocyte

insulin resistance index (product of fasting plasma FFA

(log transformed) and fasting plasma insulin concentration)

was different amongst the three study groups (p = 0.006

with ANOVA) and was significantly increased in both IFG

(p = 0.01) and IGT (p \ 0.01) subjects compared to NGT

subjects (53 ± 48, 39 ± 29, and 29 ± 20, respectively)

(Fig. 1), and the difference remained statistically different

after adjustment for covariates (p = 0.03 with ANCOVA).
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Suppression of plasma FFA concentration during the

OGTT was similar in all three groups (Fig. 2). However,

the mean plasma concentration during the 2-h OGTT was

significantly increased in IGT 190 ± 10 and IFG

226 ± 23 lM compared to 168 ± 10 lM in NGT subjects

(p \ 0.05 by ANOVA).

Discussion

Resistance of the peripheral tissues to the action of insulin

plays a pivotal role in the pathogenesis of type 2 diabetes

[1]. Much attention has focused on the insulin resistance in

skeletal muscle because of its association with the meta-

bolic syndrome and cardiovascular disease [12]. In this

study, we demonstrate that subjects with IGT also manifest

moderate-severe insulin resistance in adipocytes. In NGT

subjects, the dose response curve for the inhibition of

lipolysis by insulin is shifted to the left compared to dose

response curve for insulin’s stimulatory effect on muscle

glucose uptake [11]. Thus, small increases in plasma insulin

concentration have a marked effect to inhibit lipolysis and

to reduce the plasma FFA concentration. Over the range of

plasma insulin concentrations from 4 to 24 lU/ml, we have

shown that ability of insulin to inhibit lipolysis and reduce

the plasma FFA concentration is linear [13]. Therefore, the

product of the fasting plasma insulin and FFA concentra-

tions provides a quantitative measure of the fat cells

sensitivity to the antilipolytic effect of insulin. The adipo-

cyte insulin resistance index was significantly increased in

subjects with IGT compared to NGT, indicating an

enhanced rate of lipolysis despite a normal fasting plasma

insulin concentration. The increased fasting plasma FFA

Table 1 Anthropometric and clinical characteristics of the study

groups

NGT IFG IGT ANOVA

Number 71 46 70

Age

(year)

45.6 ± 11 46.6 ± 11 47.9 ± 11 NS

Gender

(M/F)

24/48 16/12 15/65

BMI

(kg/m2)

32.8 ± 7.6 31.9 ± 7.5 32.0 ± 6.4 NS

Waist

(cm)

100.2 ± 18 98.1 ± 18 97.4 ± 18 NS

FPG

(mg/dl)

90 ± 5.6 108 ± 9 *** 91 ± 5 \0.0001

2 h-PG

(mg/dl)

115 ± 15 121 ± 15* 163 ± 15*** \0.0001

FPI

(lU/ml)

12 ± 7 18 ± 12** 13 ± 10 0.02

2 h-PI

(lU/ml)

81 ± 54 85 ± 63 117 ± 86** 0.009

Mean PI

(lU/ml)

96 ± 62 96 ± 69 96 ± 63 NS

Fasting

FFA

(lM)

692 ± 201 643 ± 203 780 ± 231** 0.02

2 h-FFA

(mM)

0.17 ± 0.08 0.23 ± 0.09** 0.2 ± 0.08 0.03

* p \ 0.05 compared to NGT

** p \ 0.01 compared to NGT

*** p \ 0.0001 compared to NGT

FPG fasting plasma glucose, 2 h-PG 2-h plasma glucose concentra-

tion, FPI fasting plasma insulin, FFA free fatty acid
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Fig. 1 Fasting plasma FFA concentration (upper panel), adipocyte

insulin resistance index (middle panel) and fasting plasma insulin

concentration (lower panel) in subjects with normal glucose tolerance

(NGT), impaired fasting glucose (IFG) and impaired glucose

tolerance (IGT). *p \ 0.05; **p \ 0.01
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concentration in IGT subjects may contribute to the muscle

insulin resistance that has been demonstrated in this predi-

abetic group with the euglycemic insulin clamp [9, 14, 15].

Subjects with IFG also manifested adipocyte insulin

resistance as demonstrated by an increase in the adipocyte

insulin resistance index (FPI X FFA). However, unlike

subjects with IGT, their fasting plasma FFA concentration

is maintained within the normal range. This is explained by

the significant increase in fasting plasma insulin concen-

tration, which is sufficient to offset the adipocyte insulin

resistance and prevent the basal rate of lipolysis from

increasing. We postulate that the normal fasting plasma

FFA concentration in IFG subjects, in part, contributes to

the normal insulin sensitivity that has been reported in this

group [9, 14, 15].

Despite the adipocyte insulin resistance observed in the

fasting state, the suppression of plasma FFA concentration

during the OGTT in both IFG and IGT was similar to that

in NGT. The normal suppression of plasma FFA concen-

tration during the OGTT can be explained by the high

plasma insulin concentration achieved during the OGTT

([90 lU/ml) (Table 1), which is more than sufficient to

overcome the adipocyte insulin resistance and suppress

lipolysis. This is consistent with previous studies which

have demonstrated that a plasma insulin concentration of

*50 lU/ml causes a near complete suppression of plasma

FFA levels in type 2 diabetic subjects [13, 16, 17].
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Fig. 2 Suppression of plasma FFA concentration during the OGTT.

The suppression was measured as the percentage decrease in fasting

plasma FFA concentration divided by the mean plasma insulin

concentration during the OGTT
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