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Abstract
Aims/hypothesis It is not known whether the beneficial
effects of exercise training on insulin sensitivity are due to
changes in hepatic and peripheral insulin sensitivity or
whether the changes in insulin sensitivity can be explained
by adaptive changes in fatty acid metabolism, changes in
visceral fat or changes in liver and muscle triacylglycerol
content. We investigated the effects of 6 weeks of
supervised exercise in sedentary men on these variables.
Subjects and methods We randomised 17 sedentary over-
weight male subjects (age 50±2.6 years, BMI 27.6±0.5 kg/

m2) to a 6-week exercise programme (n=10) or control
group (n=7). The insulin sensitivity of palmitic acid
production rate (Ra), glycerol Ra, endogenous glucose Ra
(EGP), glucose uptake and glucose metabolic clearance rate
were measured at 0 and 6 weeks with a two-step hyper-
insulinaemic–euglycaemic clamp [step 1, 0.3 (low dose);
step 2, 1.5 (high dose) mU kg−1 min−1]. In the exercise
group subjects were studied >72 h after the last training
session. Liver and skeletal muscle triacylglycerol content
was measured by magnetic resonance spectroscopy and
visceral adipose tissue by cross-sectional computer tomog-
raphy scanning.
Results After 6 weeks, fasting glycerol, palmitic acid Ra
(p=0.003, p=0.042) and NEFA concentration (p=0.005)
were decreased in the exercise group with no change in the
control group. The effects of low-dose insulin on EGP and
of high-dose insulin on glucose uptake and metabolic
clearance rate were enhanced in the exercise group but
not in the control group (p=0.026; p=0.007 and p=0.04).
There was no change in muscle triacylglycerol and liver fat
in either group.
Conclusions/interpretation Decreased availability of circu-
lating NEFA may contribute to the observed improvement
in the insulin sensitivity of EGP and glucose uptake
following 6 weeks of moderate exercise.
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IHCL intrahepatocellular lipid
IMCL intramyocellular lipid
MCR metabolic clearance rate
Production rate Ra
VO2max maximal aerobic capacity

Introduction

Although it is well known that established obesity is
associated with insulin resistance, this association has also
been reported in non-obese, but overweight individuals
(BMI 25–30 kg/m2) [1]. Specific factors which predispose
these subjects to insulin resistance have been shown to be
central fat distribution (both visceral and subcutaneous),
also referred to as upper-body obesity, and low physical
activity. Increased visceral fat may lead to the develop-
ment of hepatic insulin resistance by increasing release of
NEFA into the portal circulation [2], while increased
subcutaneous fat may lead to release of more NEFA into
the systemic circulation potentially leading to both
peripheral and hepatic insulin resistance [3]. Fatty acid
flux has been shown to be greater in obese individuals
with upper-body obesity than in subjects with lower-body
obesity [4, 5].

Elevated NEFA concentrations may cause insulin resis-
tance by two mechanisms: substrate competition and
inhibition of insulin signalling. Until recently it was
considered that NEFA caused insulin resistance by the
Randle cycle. This cycle proposed that increased NEFA
oxidation restrained glucose oxidation in muscle by altering
the redox potential of the cell and inhibiting key enzymes
within the glycolytic cascade [6]. However, studies with
1H-magnetic resonance spectroscopy (1H-MRS) have
shown that experimental elevation of NEFA concentration
in plasma results in primary inhibition of glucose transport
and phosphorylation in muscle [7, 8]. There is evidence that
this is due to inhibition of insulin signalling via phospha-
tidylinositol 3-kinase [8]. Increased NEFA concentrations
have also been shown to enhance gluconeogenesis thus
increasing endogenous glucose production (EGP) [3, 9],
and there is evidence that this may also be due to inhibition
of insulin signalling [10]. Finally, increased NEFA have
been shown to increase insulin secretion of the beta cell in
the pancreas [11].

Increased circulating NEFA may lead to an increased
deposition of triacylglycerol in muscle and liver and this
may also lead to insulin resistance in these tissues. Insulin-
stimulated glucose uptake is inversely correlated to intra-
myocellular lipid (IMCL) in normal subjects and offspring
of type 2 diabetic patients [12] and subjects with increased
liver fat have been shown to have reduced insulin
sensitivity of EGP [13].

Exercise is a very effective way of improving insulin
sensitivity. A 6-week exercise programme has been shown
to increase insulin sensitivity by 40% in inactive subjects
[14]. Although these authors did not separate the effect of
exercise on insulin sensitivity into effects on EGP and
peripheral glucose uptake the demonstration that exercise
increased insulin-stimulated glycogen synthesis and insulin-
stimulated glucose transport-phosphorylation in muscle
suggests increased insulin sensitivity of peripheral glucose
disposal [13]. The mechanism for the improved insulin
sensitivity of glucose metabolism following exercise is not
clear. Some studies suggest that it may be related to a
decrease in circulating NEFA [15] and a reduction in
central obesity [16]. Since recent evidence suggests that
insulin resistance may be due to the accumulation of lipid
in liver and muscle, exercise-induced changes in this may
also be a possible mechanism.

We investigated the effect of a 6-week supervised
exercise programme on the insulin sensitivity of palmitic
acid and glycerol metabolism (a measure of lipolysis),
EGP and peripheral glucose uptake, intrahepatocellular
lipid (IHCL) and IMCL and visceral obesity in sedentary
male subjects. To study the chronic rather than the acute
effects of exercise training, studies were undertaken >72 h
after the last exercise bout. Since EGP and lipolysis are
sensitive to much lower concentrations of insulin than
glucose uptake a two-step euglycaemic–hyperinsulinae-
mic clamp was used to measure insulin sensitivity. For the
first step an insulin infusion rate of 0.3 mU kg−1 min−1

was used to measure the insulin sensitivity of EGP,
glycerol and palmitic acid production rate (Ra); for the
second step a high dose insulin infusion rate of 1.5 mU
kg−1 min−1 was used to measure the insulin sensitivity of
glucose uptake.

Subjects and methods

Subjects Sedentary healthy male adult subjects (n=17) with
BMI 25 to 30 kg/m2 were recruited in response to an
advertisement at King’s College London. Subjects were
excluded if they had diabetes mellitus, were taking lipid-
lowering medication or had clinically significant hyper-
lipidaemia (plasma triacylglycerol >3.95 mmol/l or total
cholesterol levels >7.76 mmol/l). Subjects with significant
cardiorespiratory or locomotor problems precluding vigor-
ous exercise and subjects already engaged in regular
physical activity were also excluded. The study was
approved by St Thomas’ Hospital research ethics commit-
tee and all subjects gave informed consent.

The subjects were randomly allocated to an exercise
group (n=10) and a control group (n=7). Subjects were
interviewed by an exercise physiologist to establish that
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they were sedentary (defined as spending most of the day
sitting and not participating in any recreational exercise).

Supervised training protocol Subjects allocated to the
exercise group exercised at 60 to 85% of maximal aerobic
capacity (VO2max) for a minimum of 20 min at least three
times per week for 6 weeks, as detailed in the Electronic
supplementary material (ESM 1). The control group was
asked to continue with their normal activity for the duration
of the 6-week period. Both groups were asked not to
change their dietary habits during the study.

VO2maxVO2max was measured using a step-wise maximal
exercise test on an electronically braked bicycle ergonom-
eter [17] as detailed in the ESM 1.

Study protocol Subjects were studied on two occasions,
before (0 week) and after a 6-week exercise programme or
control period. Subjects were asked not to undertake any
vigorous physical activity for 72 h [18] and to fast
overnight before the study day. On the day of the study,
the subject was weighed and intravenous cannulae were
inserted into the antecubital fossa of each arm: one for
blood-taking and the other for the infusion of the isotopes,
insulin and exogenous glucose. After taking initial (unen-
riched) blood samples, an infusion of [1-13C]palmitate
bound to human albumin (5%) (Grifols, Barcelona, Spain)
[19, 20] (0.5 mg kg−1 h−1), and primed infusions of
[1,1,2,3,3-2H5]glycerol (0.12 mg/kg; 0.4 mg kg−1 h−1) and
[6,6-2H2]glucose (170 mg; 1.7 mg/min) were started. Once
a steady state with the stable isotopes was achieved, a
further five baseline samples were taken between 100 and
120 min to measure the enrichment of palmitic acid,
glycerol and glucose, and concentrations of insulin,
glucose, palmitic acid, NEFA and glycerol [20]. Samples
were also taken for the measurement of adiponectin and
glucagon concentration at baseline (100–120 min).

Three subjects from the exercise group and one from the
control group did not receive [1-13C]palmitate due to
problems with preparing this for the study.

At 120 min a two-step hyperinsulinaemic–euglycaemic
clamp was started. Step 1 consisted of insulin infusion at
0.3 mU kg−1 min−1 (low dose) for 120 min to measure the
insulin sensitivity of EGP, glycerol Ra and palmitic acid
Ra; step two consisted of insulin infusion at 1.5 mU kg−1

min−1 (high dose) for 180 min to measure the insulin
sensitivity of glucose uptake [21]. Glucose concentration
was maintained at euglycaemia using dextrose spiked with
[6,6-2H2]glucose (8 mg/g glucose for step 1 and 10 mg/g
glucose for step 2). Blood samples were taken every 30 min
except between 210 and 240 min (low-dose steady state),
and between 390 and 420 min (high-dose steady state)
when samples were taken every 5 min. Glucagon samples
were taken at the end of each steady state.

Body composition and intracellular fat measurements Height,
weight and WHR were measured before each metabolic
study. IHCL and IMCL were measured by 1H-MRS within
1 week of the metabolic study and prior to the start of the
exercise programme [22, 23] as detailed in ESM 1. Subjects
were asked not to exercise for 72 h prior to the
measurement. The measurements were repeated under the
same conditions after the 6-week exercise or control period
[24]. 1H-MRS could not be performed on one of the
subjects in the control group due to metal implants and on
one of the subjects in the exercise group due to technical
problems with the scanner.

Computer tomography Computer tomography (CT) was
used to measure cross-sectional abdominal visceral adipose
tissue areas at L4/5 region and the cross-sectional muscle
and adipose tissue areas of both legs at the mid-thigh region
[25], as detailed in ESM 1. In three subjects subcutaneous
abdominal fat could not be measured due to insufficient
data collection.

Analytical methods Glucose, glycerol and palmitic acid
isotopic enrichments and concentration of palmitic acid
were measured by GC-MS on a HP 5971A MSD (Agilent
Technologies, Wokingham, Berks, UK) according to meth-
ods previously described [20, 21, 26] as detailed in ESM 1.
Glycerol and glucose concentrations were also determined
as detailed in ESM 1.

Insulin was measured using an in-house double antibody
RIA [27] (intra-assay CV 6%). Plasma adiponectin was
measured by RIA using commercially available kits (Linco
Research, St Louis, MO, USA; intra-assay CV 5%). Serum
NEFA concentration was determined using a commercially
available kit (Wako Chemicals, Neuss, Germany; inter-
assay CV 3.0%).

Calculations EGP and glucose uptake were calculated
using non-steady-state equations proposed by Steele and
modified for stable isotopes [28]. The volume of distribu-
tion was assumed to be 22% of body weight. The
calculation was also modified for inclusion of [6,6-2H2]
glucose in the dextrose infusion [29]. Prior to calculation of
glucose turnover, plasma glucose concentration and glucose
enrichment time courses were smoothed using optimal
segments technique analysis [30]. EGP was calculated at
basal and following low-dose insulin. Glucose uptake and
metabolic clearance rate (MCR) were calculated at basal
and following high-dose insulin. Glucose MCR was
calculated from glucose uptake/glucose concentration.
Glycerol and palmitic acid Ra and uptake were also
calculated using the non-steady-state Steele equations
modified for stable isotopes at basal and following low-
dose insulin. The volume of distribution for glycerol and
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palmitic acid were assumed to be 230 and 40 ml/kg
respectively [19]. Insulin MCR at each steady state for the
low-dose and high-dose insulin was calculated as the
insulin infusion rate/insulin concentration.

Statistical analysis The results are presented as means±SE.
Baseline characteristics of the two groups at 0 week and
changes in measurements between baseline and 6 weeks in
the two groups were compared using Student’s t tests.
Repeated-measurements ANOVA followed by Bonferroni’s
multiple comparison test were used for statistical compar-
isons within the time courses of the experiments for insulin
and glucose concentrations. Correlation for log adiponectin
concentration with log IHCL content was made in SPSS
(SPSS 12.0.2 for Windows; SPSS, Chicago, IL, USA)
using Pearson’s correlation. Within-group changes between
baseline and 6 weeks were compared using paired t tests.
Intracellular fat measurements were analysed with a Mann–
Whitney U test. p values <0.05 were considered statistically
significant.

Results

Body composition and hormones Subjects in the exercise
group did not differ from those in the control group with
regard to age, BMI, WHR, fitness level (in terms of
VO2max) and lipid profile at 0 week (Table 1). In the
exercise group VO2max increased by 20±5% after 6 weeks
with no change in the control group (Δ control vs Δ
exercise, p<0.001) (Table 1). There was a 3±1% decrease
in WHR in the exercise group, with no change in the

control group (Δ control vs Δ exercise, p=0.03) (Table 1).
There was no significant change in body weight, BMI, or
lipid profile in either group at 6 weeks. There was no
significant difference in the change in adiponectin between
0 and 6 weeks in the two groups (Table 1).

At 0 week there was no difference in intra-abdominal
and subcutaneous abdominal adipose tissue, leg subcutane-
ous adipose tissue and leg muscle as calculated from the CT
scans (Table 2). After 6 weeks leg muscle was increased by
3.7±1% in the exercise group (p=0.006), but the change
between groups was not significant (p=0.06). There was a
significant within-group decrease in visceral fat in the
exercise group (p=0.034), but the change in visceral fat
between groups was not significant. No significant change
in leg fat or subcutaneous abdominal fat was seen in either
group after 6 weeks.

IHCL and IMCL content of tibialis anterior muscle did
not differ between groups at 0 week (Table 2). After
6 weeks, IHCL and IMCL contents did not change in either
group (Table 2). Fasting log adiponectin concentration in all
subjects at 0 week correlated inversely with log IHCL
content (r=−0.732, p=0.001).

Hyperinsulinaemic–euglycaemic clamp: EGP, glucose up-
take and MCR Plasma glucose concentration at basal and
during the hyperinsulinaemic–euglycaemic clamp with
low-dose and high-dose insulin was not different within
or between groups at 0 and 6 weeks (Fig. 1). Serum insulin
concentration was not different within or between groups at
0 and 6 weeks at basal, during low-dose infusion and
during high-dose infusion (Fig. 1).

No difference was seen in basal EGP between groups at
0 week (control group, 8.1±0.5 μmol kg−1 min−1; exercise

Table 1 Clinical characteristics

Control group Exercise group p value

0 week 6 weeks 0 week 6 weeks Δ control vs Δ exe

Age (years) 55±4 – 47±3 –
Body weight (kg) 84.1±2.5 83.3±2.4 87.4±2.8 87.6±2.6 NS
BMI (kg/m2) 27.6±0.9 27.4±0.9 27.6±0.6 27.5±0.6 NS
Fat mass (kg) 20.5±1.9 20.3±1.9 22.4±1.6 22.0±1.4 NS
WHR 1.00±0.02 1.01±0.02 0.98±0.02 0.95±0.01* 0.03
VO2max (ml kg−1 min−1) 27±2 26±2 31±1 38±2* 0.001
HOMA-IR index 2.54±0.6 2.43±0.6 2.44±0.5 2.30±0.4 NS
Total cholesterol (mmol/l) 5.7±0.3 5.8±0.4 5.6±0.5 5.5±0.4 NS
Triacylglycerol (mmol/l) 1.1±0.2 1.2±0.2 1.5±0.3 1.5±0.3 NS
LDL-cholesterol (mmol/l) 4.1±0.3 3.8±0.2 3.8±0.4 3.7±0.4 NS
HDL-cholesterol (mmol/l) 1.10±0.1 1.04±0.1 1.14±0.1 1.24±0.1 NS
Adiponectin (μg/ml) 7.0±0.9 6.6±1.0 6.4±0.8 5.4±0.7 NS

HOMA-IR, homeostatic model assessment of insulin resistance; exe, exercise group
*p<0.001 vs 0 week
Basal measurements were not different between groups.
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group, 7.8±0.5 μmol kg−1 min−1) or 6 weeks (control
group, 7.5±0.7 μmol kg−1 min−1; exercise group, 7.5±
1.2 μmol kg−1 min−1). Following low-dose insulin, EGP
was lower in the exercise group at 6 weeks (2.3±0.4 μmol
kg−1 min−1) than 0 week (3.4±0.4 μmol kg−1 min−1) (p=
0.026). There was no change in the control group (0 week
3.1±0.7 μmol kg−1 min−1; 6 weeks; 3.2±0.4 μmol kg−1

min−1). The change in EGP with low-dose insulin was
significantly different between groups (Δ control vs Δ
exercise, p=0.014) (Fig. 2a).

After 6 weeks, the glucose uptake following high-dose
insulin infusion (52.7±3.7 μmol kg−1 min−1) was signifi-
cantly greater in the exercise group than at 0 week (45.1±
3.7 μmol kg−1 min−1) (p=0.007). This change in glucose
uptake was greater than in the control group (45.3±
3.0 μmol kg−1 min−1, 0 week vs 46.2±3.3 μmol kg−1

min−1, 6 weeks), but did not achieve statistical significance
(Δ control vs Δ exercise, p=0.053) (Fig. 2b).

After 6 weeks, the glucose infusion rate following high-
dose insulin infusion (53.1±3.2 μmol kg−1 min−1) was
significantly greater in the exercise group than at 0 week
(46.3±3.7 μmol kg−1 min−1) (p=0.016). This change in
glucose infusion rate was greater than in the control group
(42.8±4.4 μmol kg−1 min−1, 0 week vs 44.2±3.8 μmol
kg−1 min−1, 6 weeks), but did not achieve statistical
significance (Δ control vs Δ exercise, p=0.08).

Basal glucose MCR was not different between groups
at 0 week (control subjects, 1.8±0.1 ml kg−1 min−1;
exercise group, 1.8±0.1 ml kg−1 min−1) or 6 weeks
(control subjects, 1.6±0.1 ml kg−1 min−1; exercise group,
1.8±0.1 ml kg−1 min−1). After 6 weeks the change in
glucose MCR following high-dose insulin infusion in the
exercise group (11.8±0.8 ml kg−1 min−1 vs 10.2±0.8 ml
kg−1 min−1, 0 week) was significant (p=0.04). This
change in glucose MCR was greater than in the control

Table 2 Body composition measured by CT scanning of intra-abdominal fat and subcutaneous abdominal fat and by 1H-MRS
of intrahepatocellular lipid content and intramyocellular lipid content of tibialis anterior

Control group Exercise group p value

0 week 6 weeks 0 week 6 weeks Δ control vs Δ exe

IA fat (cm2) 197.0±25.6 181.4±26.7 169.8±13.1 139.2±10.0* NS
SC fat (cm2) 395.8±52.3 375.8±45.5 334.6±37.6 324.6±33.2 NS
Leg fat (cm2) 64.7±9.4 63.3±13.6 81.1±11.8 91.1±12.7 NS
Leg muscle (cm2) 176.8±1.9 166.8±1.2 194.1±16.4 204.0±17.2** 0.061
IHCL, liver 3.9 (2.0–8.7) 5.2 (1.5–12.1) 4.0 (0.9–22.5) 4.3 (1.0–11.9) NS
IMCL, tibialis 10.0 (8.3–14.7) 9.6 (6.5–12.6) 10.3 (4.7–13.7) 7.7 (5.3–10.0) NS

Results are mean±SEM or median (IQR). Values refer to the peak area of the IHCL signal with reference to the water peak after correcting for T1
and T2. Basal measurements were not different between groups.
IA intra-abdominal, SC subcutaneous, IHCL intrahepatocellular lipid, IMCL intramyocellular lipid, exe exercise group
*p=0.034 vs 0 week
**p=0.006 vs 0 week
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Fig. 1 Glucose (a) and insulin concentrations (b) in the exercise (blue
line) and control groups (red line) at 0 week (dotted line ●) and
6 weeks (solid line▴). There were no differences within or between
groups in glucose or insulin concentrations, either at basal, or
following the low-dose (LD) and high-dose (HD) insulin infusions.
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group (0 week, 9.4±0.9 ml kg−1 min−1; 6 weeks, 8.6±
0.5 ml kg−1 min−1) (Δ control vs Δ exercise, p=0.048)
(Fig. 2c).

NEFA, palmitic acid and glycerol concentration and Ra As
shown in Table 3 and Fig. 3, basal NEFA, palmitic acid and
glycerol concentration and basal palmitic acid and glycerol
Ra and uptake at 0 week were not different between the two
groups. After 6 weeks, basal NEFA and glycerol concen-
tration decreased in the exercise group (both p=0.005),
with no change in the control group. The change in basal
NEFA and glycerol concentration in the exercise group was
significantly different from the control group (Δ control vs
Δ exercise, p=0.004 and p=0.021, respectively). Basal
palmitic acid concentration was lower after 6 weeks
exercise, but this did not achieve statistical significance

when compared with 0 week. When compared with the
control group, the change in palmitic acid concentration
was significantly different between groups (Δ control vs Δ
exercise, p=0.018).

Basal glycerol Ra (3.0±0.49 μmol kg−1 min−1) and
palmitic acid Ra (1.5±0.1 μmol kg−1 min−1) were both
lower after 6 weeks in the exercise group (2.3±0.36 μmol
kg−1 min−1, p=0.003 and 1.23±0.16 μmol kg−1 min−1, p=
0.042, respectively) with no change in these measurements
in the control group (glycerol Ra, 0 week, 3.0±0.45 μmol
kg−1 min−1 vs 6 weeks, 3.0±0.44 μmol kg−1 min−1;
palmitic acid Ra, 0 week, 1.22±0.10 μmol kg−1 min−1 vs
6 weeks 1.36±0.13 μmol kg−1 min−1, respectively) (Fig. 3).
Following low-dose insulin, palmitic acid Ra was lower at
6 weeks than 0 week in the exercise group, but this did not
achieve statistical significance. The change in palmitic acid
Ra with low-dose insulin was significantly different from
the control group (Δ control vs Δ exercise p=0.028).
Glycerol Ra was not different following low-dose insulin
after 6 weeks exercise.

Palmitic acid and glycerol uptake followed the same
pattern as palmitic acid and glycerol Ra in both groups at
basal and after the low-dose insulin infusion. Basal glycerol
uptake (3.0±0.54 μmol kg−1 min−1) and palmitic acid
uptake (1.55±0.08 μmol kg−1 min−1) were both lower after
6 weeks in the exercise group (2.3±0.39 μmol kg−1 min−1,
p=0.012 and 1.26±0.13 μmol kg−1 min−1, p=0.042,
respectively), with no change in these measurements in
the control group (glycerol uptake; 0 week, 3.08±0.51 μmol
kg−1 min−1 vs 6 weeks, 3.07±0.48 μmol kg−1 min−1;
palmitic acid uptake, 0 week, 1.27±0.10 μmol kg−1 min−1

vs 6 weeks 1.39±0.12 μmol kg−1 min−1, respectively).

Discussion

Using a two-step euglycaemic–hyperinsulinaemic clamp,
we demonstrated that 6 weeks of exercise training in
sedentary male subjects resulted in increased insulin
sensitivity of both EGP and peripheral glucose uptake. We
also demonstrated that exercise training resulted in de-
creased fasting palmitic acid Ra, glycerol Ra and NEFA
concentrations in the absence of any change in insulin
concentrations, suggesting an increase in the insulin
sensitivity of lipolysis.

The improvement of insulin sensitivity of EGP that is
effected by chronic exercise training has not been
previously demonstrated. Although DeFronzo et al.
reported that a 6-week exercise training programme in
moderately obese subjects improved the insulin sensitivity
of EGP measured with a hyperinsulinaemic–euglycaemic
clamp (1 mU kg−1 min−1) [31], the post-training assess-
ments were made 48 h after the last exercise bout. It has

a

b

c

t

t

Fig. 2 Rates of a EGP, b glucose uptake (Rd), and c glucose MCR
during basal and low-dose (LD) or high-dose (HD) insulin infusion
in the control group (white bars) and exercise (exe) group (grey
bars) at 0 week (open bars) and 6 weeks (hatched bars). *p<0.03
for 0 week vs 6 weeks; **p<0.01 for 0 week vs 6 weeks; ††p<0.04
for Δ control vs Δ exe; ‡‡p=0.053 for glucose uptake). For actual p
values refer to the text

Diabetologia (2007) 50:404–413 409



been shown that the acute effect of exercise on insulin
sensitivity is maintained for 48 h, but is unmeasurable
after 72 h [32]. In the current study all subjects were
studied 72 h after the last exercise session. DiPietro et al.
[33] found no difference in the insulin sensitivity of EGP
after 9 months of exercise training at moderate or high
intensity in older non-obese women studied 72 h after the
final exercise bout and compared to a control group. This
may be due to the lack of change in fitness, as VO2max did
not change with exercise training. In the current study
there was a significant improvement in VO2max following
exercise training.

We also demonstrated that after exercise training glucose
uptake and clearance increased with the high-dose insulin
infusion in agreement with a previous study showing an
improvement in peripheral insulin sensitivity following
exercise training in insulin-resistant men, who were studied
96 h after the last exercise session [34].

We hypothesised that an improvement in insulin sensi-
tivity after exercise training may be explained by adaptive
changes in fatty acid metabolism, changes in visceral fat or
changes in liver and muscle triacylglycerol content. We
measured lipolysis in the fasting state and following low-
dose insulin using isotopic tracers of both glycerol and
palmitic acid. Whole-body glycerol Ra has been used in
many studies to provide an estimate of the rate of lipolysis.
However, this may overestimate lipolysis, since VLDL
hydrolysis will contribute to glycerol Ra. Although this will
be a small percentage of total glycerol Ra in the fasting
state, during an hyperinsulinaemic clamp this contribution
may increase, since insulin increases lipoprotein lipase
mass and activity [35, 36]. Measurement of NEFA Ra using
an isotope of one of the more abundant circulating fatty
acids such as palmitic acid or oleic acid has also been used
as a measure of whole-body lipolysis, although this may

lead to an underestimation of lipolysis due to intracellular
recycling of fatty acids into triacylglycerol. Both fasting
glycerol Ra and palmitic acid Ra were reduced following an
exercise programme in the current study, suggesting a
decrease in fasting lipolysis. Since fasting insulin concen-
trations were not different after exercise training, an
increase in the insulin sensitivity of lipolysis in the fasting
state seems plausible. This supports the findings of a study
that showed a decrease in lipolysis and hormone sensitive
lipase activity in isolated adipocytes following endurance
training for 4 months in obese subjects [37]. The
suppression of NEFA concentration was significantly
greater during the low-dose insulin infusion after 6 weeks
exercise training, and although the suppression of glycerol
and palmitic acid Ra was not different within groups, the
decrease in palmitic acid Ra with low-dose insulin in the
exercise group was significantly greater than in the control
group. This also suggests an improvement in the insulin
sensitivity of lipolysis.

The decrease in circulating NEFA may provide a
mechanism for the improved insulin sensitivity of EGP
and glucose uptake. Previous studies in obese subjects
have shown that the insulin sensitivity of glucose
production is reduced in the presence of elevated plasma
NEFA concentrations resulting from an infusion of intra-
lipid and heparin [38]. In type 2 diabetic subjects
reduction of NEFA by administration of Acipimox
120 min before a euglycaemic–hyperinsulinaemic clamp
study (108 pmol m−2 min−1; 0.4 mU kg−1 min−1) was
shown to reduce EGP [39], while in vitro increased NEFA
levels have been shown to impair insulin binding and
clearance in hepatocytes [40]. NEFA have also been
shown to reduce insulin-stimulated glucose transport and
whole-body glucose clearance in healthy subjects [41],
while overnight administration of Acipimox has been

Table 3 NEFA, glycerol and palmitic acid concentration at baseline and during the low-dose hyperinsulinaemic–euglycaemic clamp

Control group Exercise group p value

0 week 6 weeks 0 week 6 weeks Δ control vs Δ exe

NEFA (mmol/l)
Basal 0.70±0.08 0.75±0.05 0.74±0.05 0.55±0.06** 0.004
Low-dose insulin 0.18±0.03 0.21±0.03 0.16±0.03 0.12±0.02* 0.019
Glycerol (μmol/l)
Basal 63±8.0 59±4.7 77±10.3 55±5.9* 0.021
Low-dose insulin 23±3.9 22±3.4 28±6.3 21±4.4 NS
Palmitic acid (μmol/l)
Basal 132±15 144±19 157±32 133±35 0.018
Low-dose insulin 41±5 46±6 41±10 34±8 NS

Basal measurements were not different between groups
exe exercise group
*p=0.03 vs 0 week
**p=0.005 vs 0 week
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shown to reduce NEFA and improve insulin sensitivity of
glucose uptake in obese subjects [42]. Other factors may
also contribute to the improvement of insulin sensitivity of
peripheral glucose uptake, such as the increase in muscle
mass.

The decrease in visceral fat in the exercise group may
also have contributed to the improvement in insulin
sensitivity of EGP. Venous drainage from visceral fat
enters the hepatic portal circulation, thus NEFA released
from visceral fat will reach the liver directly. Nielsen et al.
measured the contribution of splanchnic lipolysis to
hepatic NEFA delivery in lean and obese men and women,
showing that this ranges from less than 10% to almost
50% and increases as a function of visceral fat [2]. As only
a small percentage of NEFA from visceral fat reach the
systemic circulation, a decrease in visceral fat would not

be expected to affect systemic NEFA levels or palmitic
acid Ra. The subcutaneous fat depot is thus largely
responsible for the release of NEFA into the systemic
circulation. We observed that there was no change in
subcutaneous fat (measured by CT scanning of leg fat and
abdominal subcutaneous fat), following the exercise
programme, a finding that suggests that the decrease in
lipolysis in the fasting state was not due to a decrease in
subcutaneous fat mass.

Recent studies suggest that hepatic triacylglycerol
content may be the main determinant of hepatic insulin
resistance. Hepatic triacylglycerol content measured with
proton spectroscopy is closely correlated with hepatic
insulin sensitivity in type 2 diabetic patients [43] and in
non-diabetic men [13]. In the latter study, this was
independent of intra-abdominal obesity measured by MRI
and of overall obesity, whereas a subsequent study in
patients with type 2 diabetes found liver triacylglycerol to
be closely related to visceral fat measured by CT [44]. In
the current study, the increase in the insulin sensitivity of
EGP occurred in the absence of any significant change in
IHCL. However, there was a large variance in IHCL and
the study may have been not sufficiently powered to detect
any significant change.

Intracellular muscle triacylglycerol deposition has also
been shown to retard GLUT4 trafficking, thereby reducing
glucose entry into cells [8]. Reduction in muscle triacyl-
glycerol by dietary restriction has been shown to improve
muscle glucose uptake, but in the present study the exercise
programme did not affect IMCL, suggesting the relation-
ship between IMCL and insulin sensitivity may also reflect
other factors [45].

In summary, this study suggests that an improvement in
the insulin sensitivity of lipolysis, resulting in decreased
availability of circulating NEFA, may contribute to the
observed improvement in hepatic insulin sensitivity of
EGP and peripheral insulin sensitivity of glucose uptake
following an exercise programme. While it is well
recognised that insulin sensitivity is improved following
exercise training in patients with type 2 diabetes and
obesity, this is the first study to show that the chronic
effects of exercise training (>72 h after the last bout of
exercise) results in improved insulin sensitivity of whole-
body lipolysis in the fasting state and of endogenous
glucose production rate during a euglycaemic–hyper-
insulinaemic clamp.
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Fig. 3 Glycerol (a) and palmitic acid (b) Ra, and NEFA concentration
(c) during basal and low-dose (LD) insulin infusion in the control (white
bars) and exercise (exe) groups (grey bars) at 0 week (open bars) and
6 weeks (hatched bars). *p<0.04 for 0 week vs 6 weeks; **p<0.01 for
0 week vs 6 weeks; ††p<0.04 for Δ control vs Δ exe; and ‡‡p<0.01 for
Δ control vs Δ exe. For actual p values refer to the text
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