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Abstract Aims/hypothesis: Plasma NEFA concentrations
are largely determined by adipose tissue lipolysis. Insulin
suppression of lipolysis is commonly impaired with insulin
resistance and improves with thiazolidinedione treatment of
type 2 diabetes. The present studies were designed to assess
the effects of thiazolidinedione on NEFA (oleate) metab-
olism that are independent of improved glycaemic control.
Materials and methods: We measured plasma oleate con-
centration and flux ([3H]oleate), glucose kinetics ([6-2H2]
glucose) and substrate oxidation (indirect calorimetry) be-
fore and after pioglitazone (30 mg/day for ∼20 weeks) in 20
non-diabetic adults with upper body obesity. To assess the
effects of improved insulin sensitivity per se we performed
the same measurements in a matched group of volunteers
treated with diet/exercise. Half of the two groups underwent
these measurements during a hyperinsulinaemic–euglycae-
mic clamp, and the other half had their measurements taken
during a (control) saline infusion before and after the in-
tervention. Results: Both interventions increased insulin-
stimulated glucose disposal and reduced plasma oleate
concentrations during the insulin clamp. After diet/exer-
cise, oleate flux decreased (p=0.03) during the insulin
clamp and oleate clearance remained unchanged (p=0.55),
whereas in the pioglitazone group, oleate flux during the
clamp was unchanged (p=0.97) and oleate clearance in-

creased (p=0.003). Oleate clearance in the saline control
condition was increased in the pioglitazone group compared
with the diet/exercise group (p=0.02). Conclusions/
interpretation: In insulin-resistant, non-diabetic adults,
pioglitazone increases NEFA clearance during physiological
hyperinsulinaemia, whereas improved insulin sensitivity
achieved by diet/exercise does not alter NEFA clearance but
enhances insulin suppression of NEFA release. This action of
pioglitazone may contribute to improved glucose metabo-
lism in type 2 diabetes.

Keywords Diet/exercise . Glucose . Insulin resistance .
[3H]Oleate

Abbreviations FFM: fat-free mass . GCRC: General
Clinical Research Center . LPL: lipoprotein lipase . Ra: rate
of appearance . Rd: rate of disappearance . REE: resting
energy expenditure . SA: specific activity

Introduction

Insulin resistance is commonly present in upper body
obesity [1–3] and type 2 diabetes [4, 5]. This is manifested
by impaired glucose disposal and increased plasma NEFA
concentrations. Plasma NEFA concentrations are largely
determined by effective adipose tissue lipolysis, as as-
sessed by measurements of NEFA release [6], but are also
regulated by NEFA clearance [7, 8]. Lipolysis is abnor-
mally increased under both basal [3] and insulin-sup-
pressed conditions [3, 9] in upper body obesity and type 2
diabetes [4, 5]. The resultant higher NEFA concentrations
[7] are thought to contribute to insulin resistance at the
level of muscle [10, 11] and liver [12], to hypertriglycer-
idaemia [13] and to abnormal vascular function [14]. The
ability of insulin to suppress plasma NEFA concentrations
following meal ingestion is thought to play an important
role in peripheral glucose disposal [10] and suppression of
hepatic glucose release [12]. Thus, the effects of diabetes
treatment agents on postabsorptive and insulin-suppressed
NEFA are of equal interest.
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Interventions that reduce insulin resistance also improve
the metabolic abnormalities associated with upper body
obesity [15] and enhance glucoregulation in type 2 diabe-
tes. Examples include diet/exercise and thiazolidinediones
[16]. Thiazolidinediones, peroxisome proliferator-activated
receptor-γ agonists, have been reported to enhance the
insulin suppression of lipolysis in type 2 diabetes [17–20];
this could account for the improved insulin regulation of
glucose disposal seen in response to thiazolidinediones.

Imputing basic physiological actions of thiazolidine-
diones from their effects in type 2 diabetes is confounded
by the effects of improved glycaemic control on insulin
action. Lowering plasma glucose concentrations in type 2
diabetes improves insulin action with respect to glucose
metabolism, even when insulin is used as the treatment
[21]. Although similar studies do not appear to have been
conducted with respect to NEFA metabolism in type 2
diabetes, there are reports that in vitro lipolysis of human
fat cells is affected by variations in extracellular glucose
[22, 23]. To avoid potential confounding by disparate
improvements in diabetic control with different treatments,
we examined the physiological effects of pioglitazone on
fatty acid metabolism in non-diabetic men and women with
upper body obesity, in whom insulin regulation of NEFA
metabolism is known to be abnormal [3, 9]. To determine
whether any observed effects were specific to pioglitazone,
or could be reproduced non-specifically via another means
of insulin sensitisation, we also studied a comparable
number of volunteers before and after diet/exercise-
induced weight loss.

Subjects and methods

Subjects Subjects are the same as those reported in a recent
publication of the effects of pioglitazone vs diet/exercise
on body fat distribution and insulin sensitivity [24]. As
part of this study, which was approved by the Institutional
Review Board, we obtained written informed consent from
45 non-diabetic, upper body obese men and premeno-
pausal women with a BMI of 28–36 kg/m2. Subjects were
sedentary (participating in no regular recreational exercise
activities) and were weight-stable for at least 6 months
before entering the study. Further inclusion criteria con-
sisted of either a fasting plasma glucose of 5.5–6.9 mmol/l
or at least two of the following: (1) WHR > 0.85 (women)
or >0.95 (men); (2) visceral fat area measured by com-
puted tomography (CT) >120 cm2 (women) or >180 cm2

(men); or (3) CT-measured visceral:total fat ratio >0.30
(women) or >0.40 (men). Exclusion criteria were a history
of coronary heart disease, atherosclerosis or systemic
illness; biochemical evidence of renal or liver failure;
blood pressure >160/90 mm Hg; use of medication that
could not safely be discontinued 2 weeks before the study;
smoking; pregnancy; and breast-feeding.

Six women dropped out after completing the pre-
intervention study for a variety of reasons, only one of

which was treatment-related (angioneurotic oedema after
pioglitazone [25]).

Study protocol The volunteers were assigned to the diet/
exercise or the pioglitazone arm and to the insulin clamp
or the saline study protocol using a block randomisation
approach that was designed to achieve equal numbers of
men and women in the different arms/study types. After
baseline testing (body composition, complete blood count,
chemistry panel, lipid profile, intravenous glucose toler-
ance test [24]), volunteers consumed an isocaloric diet for
1 week (50% carbohydrates, 35% fat, 15% protein). The
volunteers were then admitted to the Mayo General Clini-
cal Research Council (GCRC), where a blood sample was
collected for background plasma oleate specific activity
(SA) and glucose enrichment. At 06.00 hours the next
morning, an infusion of [6] glucose (0.06 mg kg−1 FFM
min−1) was started to trace glucose kinetics, followed by a
[9, 10-3H]oleate (29 kBq/min) infusion at 08:00 hours. In
19 volunteers, a hyperinsulinaemic (1.0 mU kg−1 FFM
min−1)–euglycaemic clamp was started at 08:00 hours
using [6-2H2]glucose-labelled 50% dextrose; the other 20
participants received a saline infusion. The particular dose
of insulin used for this study was chosen because it is in
the mid-physiological range (comparable to plasma insulin
concentrations obtained following meal ingestion) and to
be sure that moderate changes in glucose and NEFA
responses to insulin could be detected if they occurred.
The specific duration of the insulin clamp was chosen to
be sure that a new steady-state respiratory exchange ratio
would be achieved in the insulin clamp group to accurately
measure substrate oxidation. Blood samples were obtained
at 10-min intervals between 13:30 and 14:00 hours for the
measurement of plasma hormone and catecholamine
concentrations, plasma oleate levels and glucose flux
rates. Indirect calorimetry was performed at 13:30 hours
with a DeltaTrac Metabolic Cart (Yorba Linda, CA, USA).
Urine was collected for measurement of nitrogen excretion
throughout the study.

The volunteers were subsequently randomised to under-
go either a diet/exercise programme or pioglitazone treat-
ment (30 mg daily) for 18–20 weeks [24], after which time
the pre-intervention studies were repeated. The weight-
loss programme consisted of a diet designed to induce a
500-kcal/day deficit (55% carbohydrates, 30% fat, 15%
protein), an aerobic exercise programme and biweekly
behaviour-modification instructions (modified LEARN
programme [26]). Following treatment initiation, the pio-
glitazone group continued their previous lifestyle (with
respect to diet and physical activity) and were monitored
every 4 weeks for body weight, liver function tests and pill
counts. The post-intervention studies for each volunteer
were identical to their pre-intervention studies, including
the documentation of the weight-maintaining diet (by daily
GCRC weights) for 1 week prior to their post-intervention
assessments.

Analysis of plasma samples Glucose: glucose analyser
(Beckman Instruments, Fullerton, CA, USA); glucose

150



enrichment: gas chromatography/mass spectrometry [27];
insulin, C-peptide and growth hormone concentrations:
chemiluminescent sandwich assays (Sanofi Diagnostics,
Chaska, MN, USA); catecholamines: HPLC with electro-
chemical detection [28]. Plasma oleate concentrations and
SA, as well as total NEFA concentrations, were measured
by HPLC [6]. Plasma triglyceride concentrations were
measured using a centrifugal auto-analyser [29], and
plasma triglyceride SA was measured by extracting the
lipids from plasma using standard techniques [30] and
then specifically isolating and measuring the radioactivity
in the triglyceride using a HPLC-based approach [31]. We
corrected for incomplete recovery by measuring the
glycerol concentration in a hydrolysed aliquot of the
triglyceride HPLC fraction. This method allowed us to
measure the specific concentration of 3H-labelled trigly-
ceride in plasma (dpm/ml), irrespective of the presence of
other 3H-labelled compounds (3H2O, [

3H]oleate, etc).

Calculations NEFA flux is the amount of fatty acid
released into the circulation via adipose tissue lipolysis
and taken up by tissues per time unit. At steady-state, the
rate of NEFA release is equal to NEFA uptake. In these
studies we specifically measured oleate, the major NEFA
in plasma, as the indicator of NEFA flux.

Steady-state plasma oleate (and NEFA) concentrations
and SA were achieved in each study. Steady-state rates of
appearance (Ra) and disappearance (Rd) of oleate and
glucose were calculated using the mean SA or enrichment
values and tracer infusion rates [3, 27]. Endogenous glu-
cose production during the insulin clamp was calculated
by subtracting the exogenous glucose infusion rate from
total glucose appearance. Oleate clearance (l/min) was
calculated by dividing oleate Rd (μmol/min) by oleate
concentration (μmol/l). Because the groups were well
matched in terms of resting energy expenditure (REE) and
fat-free mass (FFM) the oleate flux data are presented as
μmol/min rather than dividing by units of weight or body
composition [7]. Matching for relevant variables is
preferable to using numerator/denominator approaches to
present NEFA flux data because it prevents drawing
spurious conclusions [32]; NEFA flux is most strongly
predicted by REE [7]. Substrate oxidation was assessed
using CO2 production relative to O2 consumption rates
and urinary nitrogen excretion [33].

Statistical analysis Values are expressed as means±SEM.
Statistical comparisons between men and women in the
diet/exercise and pioglitazone groups before and after
interventions were performed using a 2×2×2×2 repeated-
measures ANOVA with factors for sex (men vs women),
group (diet/exercise vs pioglitazone), study (saline vs insu-
lin clamp) and time (pre- vs post-intervention). If statistical-
ly significant differences were found, follow-up non-paired
or paired t tests were performed. If the direction of the
difference was predicted from the literature (for example,
insulin-stimulated glucose disposal increasing with diet/
exercise or pioglitazone), a one-sided t-test was used instead
of a two-sided comparison. A p value<0.05 was considered

statistically significant. We applied a Bonferroni correction
when multiple comparisons were made that were not part of
the initial plan for statistical analysis.

Results

Subject characteristics As reported in our previous study
[24], the diet/exercise and pioglitazone groups had similar
baseline, anthropometric, biochemical and metabolic pa-
rameters (Table 1). After the diet/exercise programme,
weight (−11.7±3.2 kg), body fat (−9.3±0.9 kg) and visceral
fat (−2.5±0.3 kg) decreased (p<0.001). After pioglitazone
treatment, body weight increased (+2.7± 0.7 kg, +1.3±0.4 kg
of fat, both p<0.01) but visceral fat mass did not (4.4±0.4 vs
4.3±0.4 kg). Serum triglyceride concentrations decreased
after diet/exercise (1.8±0.3 vs 1.1±0.1 mmol/l, p<0.01), but
not after pioglitazone (1.9± 0.2 vs 1.8±0.2 mmol/l, p=0.10).
Diet/exercise, but not pioglitazone, decreased REE in
women (Table 2); however, REE was similar in the diet/
exercise and pioglitazone groups, both before and after the
interventions. The initial haematocrit in the pioglitazone
group was 39.6%, and had decreased to 38.2% (p<0.001) at
the time of the second study. The haematocrit in the diet/
exercise group decreased from 39.2% to 38.7% (p=0.06).

Plasma glucose, hormone and catecholamine concentra-
tions Plasma glucose, insulin and C-peptide concentrations
were comparable in the two treatment groups and in the
men and women at baseline [24], and decreased signif-
icantly following intervention. Table 3 shows the plasma

Table 1 Subject characteristics

Diet/exercise group Pioglitazone group

Baseline Post-
intervention

Baseline Post-
intervention

Age
(years)

41±2 36±2

Weight
(kg)

97.5±3.3 85.8±3.1*** 98.2±2.7 100.9±3.0**†

BMI
(kg/m2)

32.1±0.7 27.7±0.8*** 33.4±0.6 34.0±0.7*†

WHR 0.95±0.02 0.90±0.01*** 0.94±0.01 0.90±0.01***
Body fat
(%)

40±1 32±2*** 41±1 41±2†

FFM (kg) 59.0±2.5 58.5±2.4 58.0±2.2 59.1±2.2
Fasting
glucose
(mmol/l)

5.3±0.1 5.1±0.1*** 5.4±0.1 5.1±0.1**

Values (means±SEM) are from the 19 participants (ten men, nine
women) in the diet/exercise group and the 20 participants (ten men,
ten women) in the pioglitazone group who completed both studies.
Baseline values were not significantly different between diet/
exercise and pioglitazone
*p<0.05
**p<0.01
***p<0.001 vs baseline
†p<0.05 vs diet/exercise group
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insulin, growth hormone and catecholamine concentra-
tions during the NEFA flux measurements.

Glucose kinetics Because there were no significant differ-
ences in FFM or REE between the diet/exercise and
pioglitazone groups before or after the intervention, glu-
cose kinetic values are presented in μmol/min (Table 4).
However, for easier comparison with other work, glucose
flux values are given in μmol kg−1 FFM min−1 below.

In the saline group, neither pioglitazone nor diet/exer-
cise changed glucose flux (pre-intervention: 11±1 vs 11±1;
post-intervention: 11±1 vs 12±1 μmol kg−1 FFM min−1,
respectively) or oxidation (Table 4). Insulin-stimulated
glucose disposal increased after diet/exercise (30±2 vs 39±
4 μmol kg−1 FFM min−1, pre- vs post-intervention, p=0.007),
as did glucose oxidation (p=0.002) and the glucose infusion
rate required to maintain euglycaemia (p=0.004). After
pioglitazone, insulin-stimulated glucose disposal increased

significantly (from 26±3 to 33±4 μmol [kg FFM−1] min−1,
p=0.03), whereas the increases in glucose oxidation
(p=0.08) and the glucose infusion rate (p=0.19) were not
statistically significant. Endogenous glucose production
during the insulin clamp was not significantly changed by
diet/exercise (4±1 vs 5±2 μmol kg−1 FFM min−1, pre- vs
post-intervention, p=NS) and was actually increased fol-
lowing pioglitazone treatment (3±1 vs 6±2 μmol kg−1 FFM
min−1, pre- vs post-intervention, p=0.03).

We calculated the hepatic insulin resistance index [34,
16] (endogenous glucose production in mmol/min ×
plasma insulin concentrations in μU/ml) to estimate the
ability of fasting plasma insulin concentrations to limit endo-
genous glucose production in our volunteers. There was
an improvement in both the diet/exercise group (6.6±1.1
vs 3.5±0.3, pre- vs post-intervention, p=0.006) and the
pioglitazone group (9.9±2.4 to 7.4±2.4, p=0.006). There
was no significant change in this index for either group
under insulin clamp conditions.

Oleate kinetics Plasma oleate concentrations and SAs for
the different groups and different studies are depicted in
Figs. 1 and 2, respectively. For the saline-infused volun-
teers, plasma oleate concentrations averaged 174±10 and
166±13 μmol/l (total NEFA concentrations of 536±28 and
533±40 μmol/l) in the diet/exercise and pioglitazone

Table 3 Plasma hormone and catecholamine concentrations

Saline Insulin clamp

Pre-
intervention

Post-
intervention

Pre-
intervention

Post-
intervention

Insulin (pmol/l)
Diet/exercise 30±6 24±6* 276±12 240±18*
Pioglitazone 48±6 36±6* 294±36 216±18*
Growth hormone (μg/l)
Diet/exercise 1.4±0.7 2.2±0.9 1.0±0.5 1.2±0.5
Pioglitazone 0.9±0.6 0.4±0.1 1.8±1.1 3.1±0.1
Adrenaline (epinephrine) (pmol/l)
Diet/exercise 27±3 23±4 36±4 22±3
Pioglitazone 25±6 19±4 27±4 25±4
Noradrenaline (norepinephrine) (nmol/l)
Diet/exercise 129±8 133±9 167±9 164±11
Pioglitazone 143±14 160±21 170±13 189±20

Values (means±SEM) are from the 19 participants (10 men, 9
women) in the diet/exercise group and the 20 (10 men, 10 women)
in the pioglitazone group who completed both studies. Samples
were collected at the same time as the samples collected for
measurement of glucose and NEFA kinetics. Pre-intervention
values were not significantly different between the diet/exercise and
pioglitazone groups
*p<0.05 vs pre- intervention

Table 4 Substrate kinetics

Diet/exercise group Pioglitazone group

Pre-
intervention

Post-
intervention

Pre-
intervention

Post-
intervention

Saline
Glucose Rd 730±132 588±32 685±73 644±65
Glucose
oxidation

325±110 337±88 348±70 416±57

Glucose
storage

405±179 251±78 337±45 227±79

Fatty acid
oxidation

311±23 284±30 298±20 285±20

Insulin clamp
Glucose Rd 1,696±126 2,304±276* 1,466±154 1,852±250*
Glucose
oxidation

849±61 1,120±70** 787±126 994±90

Glucose
storage

847±127 1,184±28** 679±140 858±226*

GIR 1,472±104 2,003±173** 1,305±171 1,523±232
Fatty acid
oxidation

156±16 69±23** 177±35 117±19

All values are in μmol/min. Glucose rate of disappearance (Rd)
is from steady-state tracer-derived turnover data from samples
taken between 13:30 and 14:00 hours. Glucose and fatty acid
oxidation were measured by indirect calorimetry. Glucose storage
is calculated as glucose uptake minus glucose oxidation. The
difference between the intervention responses were not statistically
significant
GIR glucose infusion rate needed to maintain euglycaemia
*p<0.05
**p<0.01 vs pre-intervention (two-sided t-test)

Table 2 REE

Diet/exercise group Pioglitazone group

Baseline Post-
intervention

Baseline Post-intervention

Women 6.66±0.18 6.26±0.21* 6.61±0.25 6.74±0.23
Men 8.39±0.35 7.72±0.20 8.52±0.29 8.38±0.36

The means±SEM of afternoon resting energy expenditure (MJ/day)
are given for the men and women who completed both studies in
the diet/exercise and pioglitazone treatment groups. There were no
statistically significant differences between the diet/exercise and
pioglitazone groups
*p<0.05 vs baseline
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groups, respectively, before the interventions. After both
diet/exercise and pioglitazone, plasma oleate concentrations
were essentially unchanged at 174±8 and 165±9 μmol/l,
respectively (total NEFA concentrations of 517±31 and
527±30 μmol/l). The average oleate concentrations are
presented in Fig. 3; oleate as a percentage of total NEFA
did not differ between groups or between the pre- and
post-intervention studies. Oleate flux did not change sig-
nificantly after either diet/exercise (166±13 vs 149±8 μmol/
min, pre- vs post-intervention) or pioglitazone (159±14 vs
176±17 μmol/min, pre- vs post-intervention).

In the insulin clamp group the pre-intervention plasma
oleate concentrations were 21±5 and 33±5 μmol/l (p=NS)
for diet/exercise and pioglitazone, respectively (total
NEFA concentrations of 70±16 and 99±37 μmol/l). Oleate
concentrations decreased by ∼50% during hyperinsulinae-
mia in both the diet/exercise (9±2, p=0.02 for pre- vs post-
intervention) and pioglitazone group and (17±3 μmol/l,
p=0.13 for pre- vs post-pioglitazone) following treatment.
The corresponding NEFA concentrations were 33±5 and

60±11 μmol/l in the diet/exercise group and pioglitazone
group, respectively. In the diet/exercise group, oleate flux
during the insulin clamp decreased from 33±5 μmol/min
pre-intervention to 18±4 μmol/min post-intervention
(p=0.03). In the pioglitazone group, oleate flux was 39±9
and 39±6 μmol/min before and after the intervention,
respectively.

Because of the discordant changes in oleate concentra-
tions and fluxes, we analysed oleate clearance changes in
the two groups. The repeated-measures ANOVA indicated
an overall significant (p=0.006) between-group (diet/
exercise vs pioglitazone) difference in oleate clearance.
By ANOVA the change in clearance between the diet/
exercise and pioglitazone groups was statistically signif-
icant for both the saline control participants (p=0.02) and
the insulin clamp participants (p=0.003). Pre-intervention
oleate clearance in the saline control studies was 0.97±0.07 l/
min in the diet/exercise group and 0.97±0.10 l/min in
pioglitazone group (Fig. 3). In the saline control subgroups,
oleate clearance decreased somewhat after diet/exercise

Fig. 2 The plasma oleate SAs
over the last 30 min of the
insulin clamp or control saline
infusion in volunteers treated
with diet/exercise or pioglita-
zone are depicted. Values
obtained prior to beginning
treatment (pre-intervention) are
shown on the left and those
observed after treatment (post-
intervention) are shown on the
right. Empty squares diet/exer-
cise group-saline, filled squares
diet exercise group-clamp,
filled circles pioglitazone group-
saline, empty circles
pioglitazone group-clamp

Fig. 1 The plasma oleate con-
centrations over the last 30 min
of the insulin clamp or control
saline infusion in volunteers
treated with diet/exercise or
pioglitazone are depicted.
Values obtained prior to begin-
ning treatment (pre-interven-
tion) are shown on the left and
those observed after treatment
(post-intervention) are shown on
the right. Empty squares diet/
exercise group-saline, filled
squares diet exercise group-
clamp, filled circles pioglitazone
group-saline, empty circles
pioglitazone group-clamp
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(0.88±0.20 l/min, Fig. 3), but increased after pioglitazone
(1.09±0.13 l/min, Fig. 3). Similarly, in the insulin clamp
groups, oleate clearance did not change significantly in
response to diet/exercise (1.79± 0.20 vs 1.92±0.30 l/min,
pre- vs post-intervention, p=NS, Fig. 3), but, in contrast,
increased from 1.80±0.21 to 2.52±0.24 l/min (p<0.01) in
response to pioglitazone.

Plasma triglyceride radioactivity The concentration of 3H-
labelled triglyceride in plasma following intervention was
virtually identical in the two groups (p=0.98 by ANOVA),
averaging 964±92 and 994±264 dpm/ml in the diet/
exercise and pioglitazone groups during the saline condi-
tion, and 1,009±177 and 916±139 dpm/ml in the diet/

exercise and pioglitazone groups during the insulin clamp,
respectively.

Discussion

We assessed the effects of pioglitazone on overnight
postabsorptive and insulin-regulated NEFA and glucose
metabolism in non-diabetic men and women with upper
body obesity. A diet/exercise group was also studied for
comparison of the two insulin-sensitising regimens. To the
extent that better regulation of NEFA concentrations has
beneficial effects on the metabolic complications of upper
body obesity, understanding whether and how these two
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flux (b) and clearance (c) under
the saline and hyperinsulinae-
mic–euglycaemic clamp condi-
tions. Values for those volunteers
treated with diet and exercise
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regimens alter fatty acid metabolism may provide insights
into mechanisms of health improvement.

After diet/exercise, the ability of insulin to suppress
lipolysis was enhanced, resulting in ∼50% lower oleate
concentrations during hyperinsulinaemia. In contrast, after
pioglitazone treatment the ∼50% lower plasma oleate con-
centrations during the insulin clamp were due to a 40%
increase in clearance rather than reduced lipolysis.

We have found no previous reports that pioglitazone
increases NEFA clearance in humans, although increased
NEFA clearance was seen during lipid emulsion infusion
into thiazolidinedione-treated animals [35]. Previous stud-
ies suggested that thiazolidinediones lower NEFA concen-
trations in type 2 diabetes via improved insulin suppression
of lipolysis [17–20]. In the current study of non-diabetic
adults with upper body obesity we did not find greater
insulin suppression of lipolysis. It is possible that the im-
proved glycaemic control achieved with thiazolidinedione
treatment of type 2 diabetes secondarily improves insulin
suppression of lipolysis, whereas a primary effect of
thiazolidinediones is enhanced removal of NEFA from the
circulation. Another possible explanation for this discrep-
ancy might be the use of glycerol kinetics rather than
NEFA flux as a reflection of adipose tissue lipolysis in most
of the studies [19]. Glycerol Ra is a reflection of both
adipose tissue lipolysis and the intravascular hydrolysis of
VLDL by lipoprotein lipase [36].

We found indirect evidence for enhanced insulin regu-
lation of overnight postabsorptive lipolysis by both inter-
ventions; oleate release in the saline-infused volunteers
was not increased in either the diet/exercise or pioglitazone
groups, despite significantly reduced insulin concentra-
tions. Lipolysis is exquisitely sensitive to insulin [37, 38],
such that NEFA flux should have increased in our volun-
teers had there been no change in insulin’s antilipolytic
effects. The absence of this change implies that, at least at
basal insulin concentrations, insulin was more effective at
suppressing lipolysis.

Given the sensitivity of lipolysis to insulin regulation,
one might question how our insulin clamp results relate to
the daily fluctuations in NEFA availability. The plasma
insulin concentrations we achieved during the insulin
clamp are similar to those seen in upper body obese in-
dividuals following ingestion of a mixed meal [9]. In that
same study [9] we found that the endogenous oleate con-
centrations observed at the postprandial nadir were similar
to the suppressed steady-state levels we observed during
this study. These insulin concentrations discriminate
between upper body and lower body obesity in terms of
suppression of lipolysis [9, 39], whereas lower doses of
insulin do not [3]. In addition, the dose given in this study
is identical to that we previously found to clearly
discriminate between upper body obese and non-obese
men and women in terms of glucose and NEFAmetabolism
(M. D. Jensen, unpublished results). Finally, the NEFA
concentrations seen during hyperinsulinaemia following
diet/exercise or pioglitazone are more in keeping with the
lowest endogenous NEFA concentrations seen following
meal ingestion in non-obese and lower body obese adults

[9]. Because of the importance of insulin suppression of
NEFA concentrations in regulating glucose metabolism
[40], we believe that the dose of insulin we selected is
relevant to the effects of diet/exercise and pioglitazone on
postprandial metabolism.

These studies do not address the tissue(s) or the mech-
anism responsible for the greater NEFA clearance, al-
though we can virtually exclude increased uptake into
tissues that use NEFA for immediate oxidative needs.
Increased NEFA uptake into muscle would have to be
accompanied by increased fatty acid oxidation in order to
prevent accumulation of intramyocellular fatty acids, which
are thought to result in insulin resistance. Fatty acid
oxidation was not increased following pioglitazone treat-
ment in either the saline or the insulin clamp studies
(Table 4); this would be expected if skeletal muscle were
the primary site of increased NEFA clearance. Because
fatty acid oxidation did not increase, this indicates that
pioglitazone increased non-oxidative NEFA clearance. One
tissue that might account for this is the liver, which could
then export the NEFAs as VLDL triglyceride back to
adipose tissue. Adipose tissue lipoprotein lipase (LPL) can
act on VLDL triglyceride [41] such that circulating VLDL
triglyceride [42] can return to adipose tissue via a form of
‘tissue substrate cycling’. A recent report showed that
pioglitazone treatment of type 2 diabetes lowered VLDL
triglyceride concentrations, did not increase hepatic VLDL
triglyceride production, but did increase VLDL triglyceride
clearance [43]. Whether the same effects occur in non-
diabetic individuals is unknown. Serum triglyceride con-
centrations did not decrease in our group. Thus, if VLDL
triglyceride clearance increased in this study, VLDL
triglyceride production must have also increased. Another
possible route of NEFA clearance might be direct uptake
into adipose tissue, although the lack of NEFA tracer
uptake across adipose tissue [44] argues against this
possibility. Either of these processes could allow increased
non-oxidative NEFA clearance without predisposing to
ectopic fat deposition.

Both diet/exercise and pioglitazone interventions im-
proved peripheral insulin action as assessed by fasting
glucose insulin and C-peptide concentrations, insulin sensi-
tivity from an intravenous glucose tolerance test [24], and
glucose Rd during a euglycaemic–hyperinsulinaemic
clamp. Surprisingly, endogenous glucose production was
greater during the insulin clamp after pioglitazone treat-
ment, albeit this was in the context of 25% lower plasma
insulin concentrations. This response of endogenous
glucose production to thiazolidinediones has previously
been reported to occur in dogs [45] and humans [34],
despite increased peripheral insulin sensitivity. It was
speculated [34] that this phenomenon is caused by a
thiazolidinedione-induced increase in insulin clearance
(which is consistent with our data), since endogenous
glucose Ra is quite sensitive to small changes in plasma
insulin concentrations. It should be noted that some
investigators have found greater suppression of endoge-
nous glucose production following pioglitazone treatment
of type 2 diabetes during a 40mU min−1 m−2 dose insulin
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clamp [16]. Whether our results disagree with these
because of population differences (non-diabetic subjects)
or differences in insulin infusion rates is unclear.

The 6-h [3H]oleate infusion used in our study resulted in
incorporation of the NEFA tracer into circulating triglycer-
ides. The VLDL triglycerides are thought to be taken-up in
peripheral tissues via LPL-mediated hydrolysis [41]. If
some of the fatty acids from circulating triglycerides escape
uptake by tissues following hydrolysis and enter the
circulating NEFA pool, this would create a second source
of [3H]oleate (in addition to the tracer being infused).
Because the NEFA turnover calculation assumes a single,
externally infused source of 3H-oleate, an ‘escape’ of [3H]
oleate from VLDL triglyceride could cause an under-
estimation of oleate flux. This would be a special problem
for interpreting our clearance data from the post-interven-
tion study if there were different amounts of radiolabelled
triglycerides in plasma between the groups. The finding
that plasma [3H]triglyceride concentrations were virtually
identical between groups implies that, if this process
occurs, its effect would be equal in each group. Thus, our
conclusion that NEFA clearance increases with pioglita-
zone is not confounded by differences in plasma [3H]
triglyceride concentrations.

In summary, in this study we examined the effects of
pioglitazone vs diet/exercise treatment on the insulin
regulation of NEFA and glucose metabolism in non-
diabetic adults with upper body obesity. Both interventions
improved insulin sensitivity with respect to glucose
metabolism, although diet/exercise resulting in an average
9-kg fat loss appears to be somewhat better than piogli-
tazone. Pioglitazone increased NEFA clearance most
dramatically during physiological hyperinsulinaemia, re-
sulting in reduced NEFA concentrations without reduced
lipolysis. The greater NEFA clearance is unlikely to be the
result of insulin sensitisation per se, since it was not seen in
the diet/exercise group. This action of thiazolidinediones
may be important in their ability to improve glucose
metabolism in type 2 diabetes.
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