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Abstract
Aims/hypothesis Increased NEFA production and concen-
trations may underlie insulin resistance. We examined
systemic and adipose tissue NEFA metabolism in insulin-
resistant overweight men (BMI 25–35 kg/m2).
Methods In a cohort study we examined NEFA concen-
trations in men in the upper quartile of fasting insulin
(n=124) and in men with fasting insulin below the median
(n=159). In a metabolic study we examined NEFA
metabolism in the fasting and postprandial states, in ten
insulin-resistant men and ten controls.
Results In the cohort study, fasting NEFA concentrations
were not significantly different between the two groups
(median values: insulin-resistant men, 410 µmol/l; controls,

445 µmol/l). However, triacylglycerol concentrations
differed markedly (1.84 vs 1.18 mmol/l respectively,
p<0.001). In the metabolic study, arterial NEFA concen-
trations again did not differ between groups, whereas
triacylglycerol concentrations were significantly higher in
insulin-resistant men. Systemic NEFA production and the
release of NEFA from subcutaneous adipose tissue,
expressed per unit of fat mass, were both reduced in
insulin-resistant men compared with controls (fasting
values by 32%, p=0.02, and 44%, p=0.04 respectively).
3-Hydroxybutyrate concentrations, an index of hepatic fat
oxidation and ketogenesis, were lower (p=0.03).
Conclusions/interpretation Adipose tissue NEFA output is
not increased (per unit weight of tissue) in insulin
resistance. On the contrary, it appears to be suppressed by
high fasting insulin concentrations. Alterations in triacyl-
glycerol metabolism are more marked than those in NEFA
metabolism and are indicative of altered metabolic parti-
tioning of fatty acids (decreased oxidation, increased
esterification) in the liver.
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Abbreviations
OBB Oxford Biobank
3OHB 3-hydroxybutyrate
RaNEFA rate of appearance of NEFA

Introduction

Insulin resistance is closely associated with disturbance of
fat metabolism. Its manifestations include dyslipidaemia
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with elevated triacylglycerol and depressed HDL-cholesterol
concentrations. In addition, it is widely believed that the
origins of insulin resistance lie in increased supply of NEFA
(also known as free fatty acids, FFA) [1–3]. Increased fatty
acid supply may lead to fat deposition in insulin target
tissues such as liver and skeletal muscle. This ‘ectopic’ fat
deposition is intimately related to the development of insulin
resistance, the phenomenon known as lipotoxicity [4].

Circulating NEFA arise from lipolysis in adipose tissue.
Adipose tissue accumulation is typically associated with
insulin resistance, and it would be reasonable to suppose
that increased fat mass will increase circulating NEFA
concentrations. Indeed, there is evidence for increased
NEFA concentrations in obese people [5, 6], although this
is not a universal finding (reviewed below). Abdominal
obesity, in particular, is associated with insulin resistance,
and it seems relevant that subcutaneous abdominal fat is the
major depot contributing to systemic NEFA concentrations
[7]. People with abdominal obesity tend to have higher
circulating NEFA concentrations than do BMI-matched
people with lower-body fat distribution [8].

Substantial evidence has been interpreted to show that
NEFA supply in various insulin-resistant states is increased
because the regulation of adipose tissue lipolysis itself also
becomes resistant to insulin. NEFA are released in the post-
absorptive state mainly from the hydrolysis of triacylglyc-
erol stored in adipocytes. This process is suppressed by
insulin in the period following a meal. Both fasting NEFA
concentrations and the failure to suppress NEFA under
euglycaemic–hyperinsulinaemic clamp conditions have
been correlated with measures of insulin resistance in
healthy individuals [9]. Defects in insulin-mediated sup-
pression of NEFA concentrations have been shown in
obesity [10], in impaired glucose tolerance [11] and in
patients with type 2 diabetes [12]. Plasma NEFA concen-
trations are potentially also regulated by the rate of removal
from the circulation. An impairment of NEFA uptake by
muscle has been demonstrated in obesity [13], in impaired
glucose tolerance [14] and in type 2 diabetes [15].
Increasing NEFA oxidation in insulin-resistant men by
peroxisome proliferator-activated receptor-δ activation
markedly lowers NEFA concentrations [16].

The literature, however, is inconsistent. In some studies,
even extremely obese people have normal circulating
NEFA concentrations [17]. It may be that a consistent
elevation of NEFA concentrations in obesity occurs only in
the presence of type 2 diabetes [18]. In those studies
showing elevated NEFA concentrations in obesity, the
degree of elevation is not simply proportional to the
increase in fat mass. For instance, Opie and Walfish [5]
showed that fasting NEFA concentrations were elevated by
some 60% in grossly obese people compared with lean
controls, but the difference in adipose tissue mass was more

than tenfold. This does not seem to be compatible with the
idea that insulin resistance of lipolysis further increases
NEFA delivery from adipose tissue. It is also important to
recognise that euglycaemic–hyperinsulinaemic clamp con-
ditions, with controlled insulin concentrations, may not
mimic normal daily life, in which insulin-resistant individ-
uals will display hyperinsulinaemia, especially after meals,
and that it is not clear how that would affect the regulation
of NEFA supply. There is little information regarding
adipose tissue fatty acid metabolism and its regulation in
relation to insulin resistance under the normal physiological
conditions of fasting and feeding.

We therefore set out to test the hypothesis that
disturbances of the regulation of adipose tissue lipolysis
and excess circulating NEFA concentrations characterise
insulin-resistant individuals. We studied circulating NEFA
concentrations in relation to other metabolic parameters in a
large cohort of overweight, but healthy men stratified by
fasting insulin concentration. We also conducted a detailed
study of systemic, adipose tissue and skeletal muscle fatty
acid metabolism in subgroups selected from this cohort,
using stable-isotope tracer methodology combined with
arterio–venous measurements as described recently [19].

Methods

Cohort study

The Oxford Biobank (OBB), a population-based random
collection of healthy men and women aged 30 to 50 years
[20], was used for the cohort study. Individuals on the OBB
register have previously had measurements of biochemical
(fasting plasma insulin, glucose, HDL-cholesterol, triacyl-
glycerol, NEFA) and anthropometric (height, weight, waist,
hip, blood pressure, body composition) parameters. Over-
weight men with a BMI of 25 to 35 kg/m2 were included in
the present analysis. Comparisons were made between a
group with low and a group with high fasting insulin
concentrations, taking this as a proxy measure of insulin
resistance. To ensure clear separation between groups, men
selected for the control group had fasting insulin concen-
trations below the median for the entire OBB population
(51.6 pmol/l). They were compared with men with fasting
insulin concentrations within the upper quartile of the
whole OBB population (above 76.2 pmol/l).

Metabolic investigation

Participants We recruited 20 overweight men from the
cohort described above for detailed metabolic investigation.
Thus, their BMI was between 25 and 35 kg/m2 when
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recruited into the OBB. Of these 20 men, ten were selected
from those with fasting insulin concentrations below the
median for the entire OBB population and ten from the
upper quartile of that population. This was to ensure that
the groups included those at the extremes of insulin
sensitivity and resistance. At the time of the detailed
metabolic study, some of these parameters had changed.
We therefore divided the whole group on the basis of their
median fasting insulin concentration at the time of the study
(88.8 pmol/l) and regarded the ten men above the median for
fasting insulin as the insulin-resistant group, and the remain-
ing ten men as the insulin-sensitive group. However,
recognising that insulin resistance constitutes a continuum,
we looked at some of our key results in terms of relationships
with insulin sensitivity/resistance across the whole group.

Individuals taking any medication affecting lipid metab-
olism were excluded from this metabolic study cohort and
no participant recruited was known to have diabetes. Fat
mass was estimated using a bioimpedance analyser (Body-
stat-1500; Bodystat, Isle of Man, UK). Participants were
studied following an overnight fast that commenced at
20:00 hours on the evening before the study, and asked to
refrain from strenuous exercise and alcohol for 24 h prior to
the study. All participants gave written informed consent
and the study was approved by the Oxfordshire Clinical
Research Ethics Committee. Data from some participants have
been previously reported as part of a more detailed study of lipid
handling in adipose tissue, not relating to insulin sensitivity [19].

Study protocol On the study day, serial blood samples were
taken in the fasting state and for 6 h after ingestion of a
mixed test meal consisting of 40 g fat, 40 g carbohydrate
and 100 mg [U-13C]palmitic acid (isotope purity 98%; CK
Gas Products, Hook, UK). All sample timing is relative to
the start of the meal (time 0). Participants also received a
continuous intravenous infusion of [2H2]palmitic acid
(isotope purity 97%; CK Gas Products) complexed to
human albumin (infusion rate 0.04 µmol kg−1 min−1). The
infusion was started 60 min prior to the blood sample at
−60 min to allow for equilibration of tracer.

Blood sampling The superficial epigastric vein was cannu-
lated, as previously described [21] in order to sample the
venous effluent of subcutaneous abdominal adipose tissue.
This vein carries a negligible metabolic contribution of
blood from other tissues. Arterial blood was sampled from
the femoral artery. Venous blood from forearm muscle was
obtained from a cannula placed retrogradely in a deep
antecubital vein. In order to avoid contamination of the
blood from the forearm muscle with blood from the hand, a
wrist cuff was inflated to 200 mmHg for 3 min before
taking samples. Blood sampling was performed simulta-
neously from all three sites.

Tissue blood flow Subcutaneous abdominal adipose tissue
blood flow was measured by 133Xe washout [22]. Forearm
muscle blood flow was assessed by venous occlusion
strain-gauge plethysmography with an inflated wrist cuff
[23]. Blood flow measurements were made immediately
following blood sampling.

Analyses Whole blood was collected into heparinised
syringes (Sarstedt, Leicester, UK) for measurement of
metabolite and insulin concentrations. Plasma glucose,
triacylglycerol and NEFA concentrations were determined
enzymatically using a multianalyser (ILab 600 M; Instru-
mentation Laboratory, Warrington, UK). Whole blood for
3-hydroxybutyrate (3OHB) measurement was deproteinised
with 7% (wt/vol.) perchloric acid and concentrations were
measured enzymatically. Insulin was determined by radio-
immunoassay (Linco Research, St Charles, MO, USA).
Fatty acid composition and isotopic enrichment were
determined as previously described [19].

Calculations The homeostasis model assessment of insulin
resistance was calculated from fasting plasma insulin and
glucose concentrations [24].

Plasma concentrations of lipids were converted to
whole-blood concentrations using the packed cell volume.
Arterio–venal and veno–arterial differences in metabolite
concentrations (labelled and unlabelled) were calculated
across adipose tissue and forearm. Net flux (uptake or release)
was calculated as the product of arterio–venal or veno–arterial
difference and tissue blood flow. A positive arterio–venal
difference in metabolite concentrations implies net uptake or
extraction across a tissue, whereas a positive veno–arterial
difference implies net release from a tissue. Fractional NEFA
and triacylglycerol extraction were calculated as the arterio–
venal difference divided by the respective arterial concentra-
tion. Clearance of triacylglycerol, a measure of the efficiency
of substrate removal from the circulation, was calculated as
the product of fractional extraction and tissue blood flow [25].
Absolute (unidirectional) extraction of NEFA by muscle was
taken as the arterial NEFA concentration multiplied by the
forearm clearance of plasma [2H2]palmitate. The whole-body
rate of appearance of NEFA (RaNEFA) was derived from
arterial tracer: tracee ratios of [2H2]palmitate. Steele’s
equation modified for use with stable isotopes [26] was
used to calculate RaNEFA at each timepoint [27].

Statistical methods

Data were analysed using SPSS for Windows version 10
(SPSS UK, Chertsey, UK). Statistical significance was set
at p<0.05. Data for the cohort study are presented as
medians ± interquartile range and the Mann–Whitney U test
was used to detect differences between groups. Data from
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the metabolic investigation are presented as means±SEM
unless otherwise stated. Repeated measures ANOVA was
used to determine differences between the groups over the
whole study period. Data were log-transformed when
appropriate for analysis. Areas under the curves were
calculated by the trapezoid method. The Mann–Whitney
or unpaired t tests were used to compare mean fasting
parameters and AUCs depending upon whether data were
normally distributed. Spearman correlation coefficients
were used to describe the relationship between NEFA
output and insulin concentration.

Results

Cohort study

There were 636 men with a BMI of 25 to 35 kg/m2 in the
OBB. Of these, 159 had fasting arterial insulin concen-
trations below the median for the whole OBB population
and 124 had fasting arterial insulin concentrations in the
upper quartile for the OBB population. Biochemical and
anthropometric indices in these groups are compared on
Table 1. Fasting insulin concentrations were well separated,
by definition. The groups were well matched for age.
Despite significant differences in many parameters mea-
sured (p<0.01 for weight, BMI, waist circumference, blood
pressure, triacylglycerol, glucose, HDL-cholesterol), there
was no difference in fasting plasma NEFA concentration
between the two groups. Total cholesterol concentrations
were also similar in the groups.

Metabolic investigation

The clinical and metabolic characteristics of the subgroups
participating in the metabolic study are summarised in
Table 2. As with the cohort study, fasting plasma insulin
concentrations were different by definition and age was
well matched. The BMI differed between the groups by
about the same proportion as in the cohort study, but was
not significantly different between groups. However, the
insulin-resistant group had significantly greater fat mass
than the controls. The most striking metabolic difference
was in fasting triacylglycerol concentrations (p=0.01), but,
as in the cohort study, fasting plasma NEFA concentrations
were not different between the groups.

Systemic responses and tissue blood flow Arterial insulin
concentrations (Fig. 1a) in the insulin-resistant group were
elevated compared with the controls in the fasting state (by
definition) and throughout the postprandial period. In
contrast, plasma glucose concentrations (Fig. 1b) in the
two groups were identical throughout the experiment.
Plasma triacylglycerol concentrations (Fig. 1c) were greater
in the insulin-resistant group than in the control group in
the fasting (p=0.012) and postprandial states, whereas
3OHB concentrations (Fig. 1d) were lower in the insulin-
resistant group than in controls, both in the fasting state
(p=0.06), and over the whole time-course (Fig. 1).

Forearm blood flow was relatively steady during the
study and did not differ between groups. Adipose tissue
blood flow tended to be lower in the insulin-resistant group
than among controls, with less response to the test meal.

Table 1 Characteristics of participants in the cohort study

Controls (n=159) Insulin-resistant (n=124)

Median Interquartile range Median Interquartile range p value

Age (years) 43 36–45 43 40–45 0.989
Weight (kg) 85.0 81.0–92.1 92.5 85.3–98 <0.001
BMI (kg/m2) 26.8 25.6–28.5 28.9 27.1–31.2 <0.001
Waist (cm) 94.0 89.0–99.0 99.0 94.0–105.0 <0.001
Insulin (pmol/l) 40.2 31.8–46.2 90.0 82.8–110.4 (<0.001)
Glucose (mmol/l) 5.17 5.00–5.43 5.51 5.2–5.92 <0.001
HOMA-IR 1.53 1.20–1.80 3.77 3.32–4.48 <0.001
NEFA (µmol/l) 445 309–561 410 314–548 0.668
Triacylglycerol (mmol/l) 1.18 0.85–1.62 1.84 1.36–2.56 <0.001
Total cholesterol (mmol/l) 5.6 5.0–6.3 5.8 5.0–6.5 0.264
HDL-cholesterol (mmol/l) 1.23 1.06–1.40 1.13 0.98–1.31 0.001
Systolic BP 125 118–132 128 120–137 0.006
Diastolic BP 80 76–85 86 81–93 <0.001

Participants with BMI 25–35 kg/m2 were selected from the Oxford Biobank on the basis of fasting plasma insulin concentration, as described in
the Methods
Statistical differences were calculated by Mann–Whitney test
HOMA-IR, homeostasis model assessment of insulin resistance
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However, the differences were not significant (p=0.08 for
main effect of group).

Fatty acid metabolism Arterial plasma NEFA concentra-
tions (Fig. 2a) tended to be lower in the fasting state in the
insulin-resistant group than in the control group, as
observed in the cohort study. However, there were no
statistically significant differences between the two groups
at any time.

Whole-body RaNEFA did not differ between the groups.
When RaNEFA was expressed per kg fat mass, it was lower
in the insulin-resistant group than in controls in the fasting
state (p=0.04), although not statistically significantly
thereafter (Fig. 2b). Adipose tissue NEFA output from
adipose tissue (expressed per 100 g of tissue) (Fig. 2c) was
also lower in the fasting state in the insulin-resistant group
than in controls (p=0.04). There were no differences in the
postprandial period. When adipose tissue NEFA output

Table 2 Baseline characteristics of participants in the detailed metabolic study

Controls (n=10) Insulin-resistant (n=10)

Median Interquartile range Median Interquartile range p value

Age (years) 44 32–54 44 34–49 0.63
Weight (kg) 85.7 76.5–99.3 92.8 73.3–109.9 0.14
BMI (kg/m2) 27.2 22.8–31.8 29.7 25.3–34.6 0.14
Fat mass (kg) 17.9 10.8–22.0 20.3 17.2–31.8 0.04
Waist (cm) 94.0 86.0–108.0 100.5 86.0–112.0 0.06
Insulin (pmol/l) 57.6 29.4–87.6 103.8 89.4–172.2 (0.00)
Glucose (mmol/l) 5.61 4.65–6.31 5.55 4.43–6.60 0.97
HOMA-IR 2.33 1.30–3.89 4.43 3.15–7.66 0.001
NEFA (µmol/l) 672 437–843 591 367–803 0.28
Triacylglycerol (mmol/l) 0.96 0.70–2.43 2.04 1.14–3.28 0.01
HDL-cholesterol (mmol/l) 1.09 0.89–1.67 1.07 0.91–1.25 0.63
Systolic BP 123 104–143 131 122–153 0.09
Diastolic BP 80 75–98 86 73–96 0.14

Plasma data refer to fasting concentrations
Statistical differences were calculated by Mann–Whitney test
HOMA-IR, homeostasis model assessment of insulin resistance
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Fig. 1 Arterial plasma concen-
trations of a insulin, b glucose,
c triacylglycerol (TG) and
d 3OHB in the fasting state and
following a mixed meal in
insulin-resistant men (circles)
and controls (squares).
Repeated-measures ANOVA
showed significant main effect
of group on plasma insulin
(p=0.001), triacylglycerol
(p=0.001) and 3OHB
(p=0.034). Dashed vertical line,
time at which test meal was
given
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from the subcutaneous abdominal depot was multiplied by
whole-body fat mass to obtain an estimate of whole-body
NEFA release, the differences between groups disappeared
(p=0.28 for fasting values).

Looking at the continuum of fasting plasma insulin
concentrations, these were negatively related to fasting
values of adipose tissue NEFA release (expressed per kg
adipose tissue, rs=−0.53, p=0.02) and RaNEFA expressed
per kg fat mass (rs=−0.47, p=0.04; Fig. 3). In other words,
the higher the fasting insulin concentration, the lower the
rate of fatty acid release per unit weight of adipose tissue.
These two measures of NEFA output in relation to fat or
adipose tissue mass were themselves correlated (rs=−0.61,
p<0.01).

Net uptake of NEFA by forearm muscle was greater in
the insulin-resistant group than in the controls in the fasting
state (Fig. 2d; p=0.023), but not thereafter. Forearm muscle
absolute (unidirectional) NEFA uptake was calculated using
the clearance of [2H2]palmitate and the arterial NEFA
concentration. It was not different between groups.

Systemic concentrations of non-esterified [U-13C]palmi-
tate were measured as an index of ‘spillover’ from lipolysis
of chylomicron-triacylglycerol [19]. They rose after the meal
in both groups, with a peak at 5 h, but were identical in the
two groups.

Triacylglycerol metabolism Plasma triacylglycerol was
removed by both tissues. Net extraction of plasma
triacylglycerol (arterio–venal difference × blood flow) was
not different between groups either in adipose tissue
(p=0.72) or forearm muscle (p=0.18). However, because
of the higher arterial triacylglycerol concentration in the

insulin-resistant group, triacylglycerol clearance was lower
in the insulin-resistant group than in controls, both in
adipose tissue (Fig. 4a) and in muscle (Fig. 4b).

[U-13C]Palmitic acid, given with the meal, appeared in
plasma triacylglycerol by 60 min. Arterial [U-13C]palmitate-
in-triacylglycerol concentrations rose to a peak at 240 min
(insulin-resistant group) and 180 min (controls), with
significantly higher concentrations in the former (Fig. 4c).
Net extraction of [U-13C]palmitate-in-triacylglycerol was
very similar in the two groups in each tissue. However,
[U-13C]palmitate-in-triacylglycerol clearance in adipose
tissue was consistently lower in the insulin-resistant group
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than in controls (repeated measures ANOVA, main effect of
group, p=0.005), but this was not the case in forearm
muscle.

[2H2]Palmitate, infused intravenously, appeared in arterial
plasma triacylglycerol from the first baseline sample on-
wards, reflecting incorporation into VLDL-triacylglycerol.
Concentrations of [2H2]palmitate-in-triacylglycerol rose to
maximum values at 300 min (insulin-resistant group) or
240 min (controls) and were consistently lower in the
controls (Fig. 4d). [2H2]Palmitate-in-triacylglycerol removal
across tissues was small, with inconsistent differences
between groups.

Discussion

We expected to show increased subcutaneous adipose tissue
NEFA release, leading to elevated NEFA concentrations in
insulin resistance, in line with previous observations in the
literature [9–11]. Instead, we found that systemic NEFA
concentrations were not elevated in insulin-resistant men
compared with controls and that NEFA release (expressed
per unit weight of adipose tissue) was somewhat lower in the
insulin-resistant men. Our results strongly suggest that NEFA
release from subcutaneous adipose tissue tended to be
suppressed by the elevated insulin concentrations in the

insulin-resistant men. Insulin resistance in our study was far
more clearly related to elevated triacylglycerol concentra-
tions than to any alteration in systemic NEFA concentrations.

In comparing these results with other studies with
apparently conflicting results, it is important to bear in
mind several points about the design of this study. We
chose men from a restricted range of BMI, in which it is
known that there is a wide variation in insulin sensitivity
[28]. We hoped to be able to select insulin-resistant men
and controls with similar BMI. In this we were moderately
but not entirely successful. In the metabolic study, there
was a small difference in fat mass, although BMI did not
differ significantly between the groups. Nevertheless, our
study is clearly different from those in which obese
participants have been compared with lean ones. We also
chose a healthy non-diabetic population, so our data are not
confounded by impaired glycaemic regulation or insulin
deficiency. In addition, we conducted a study in which the
participants received a meal rather than a controlled
infusion of insulin. Under these conditions, insulin-resistant
participants will respond (by definition) with an increased
insulin response. It might be argued that, if an increased
insulinaemic response is required to bring about normal
regulation of NEFA metabolism, then NEFA metabolism in
such persons is ‘insulin-resistant’. However, another way of
looking at this would be that adipose tissue responsiveness
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(squares). a Subcutaneous abdominal adipose tissue TG clearance,
b forearm muscle TG clearance, c arterial plasma concentrations of
[U-13C]palmitate-in-triacylglycerol (the tracer given with the meal), and
d arterial plasma concentrations of [2H2]palmitate-in-triacylglycerol (the
tracer infused intravenously). Adipose tissue and muscle TG clearance

were each lower in the postprandial state in the insulin-resistant group
than in controls (adipose tissue, comparison of AUCs 0–360 min,
p=0.036; muscle, repeated measures ANOVA, p=0.01). Arterial
[U-13C]palmitate-in-triacylglycerol and [2H2]palmitate-in-triacylglycerol
concentrations were each higher in the insulin-resistant group (repeated-
measures ANOVA, group × time effect, p=0.001 and p<0.001
respectively). Dashed vertical line, time at which test meal was given
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to insulin has been adjusted to suit the prevailing hyper-
insulinaemia. If insulin-sensitivity of lipolysis were to be
tested by infusion of insulin to produce pre-defined
concentrations, clearly the insulin-resistant men would also
appear insulin-resistant in this respect, compared with
controls. This has been noted in studies of fatty acid
metabolism in obesity: the dose–response curve for
suppression of lipolysis by insulin is shifted to the right,
but at the same time fat mobilisation is downregulated by
the hyperinsulinaemia [29].

Another way of looking at our results would be that
compensation for the increased fat mass occurs in the
insulin-resistant group, through increased insulin concen-
trations, bringing about a normalisation of NEFA concen-
trations. Many other studies can be interpreted in this
context. In the study of Opie and Walfish, as noted earlier, a
more than tenfold increase in fat mass was accompanied by
a relatively small increase in plasma NEFA concentration
[5]. In the young massively obese and insulin-resistant
women studied by Reeds et al. [17], very high fasting
insulin concentrations were apparently sufficient to bring
about complete normalisation of plasma NEFA concen-
trations. This interpretation suggests that there are mecha-
nisms that downregulate adipose tissue lipolysis as fat mass
increases. Part of this may be the accompanying hyper-
insulinaemia, but it has frequently been observed that the
catecholamine-stimulation of lipolysis is reduced in obesity
[30]. This may be brought about at a molecular level by
reduced expression of the key lipolytic enzymes, adipose
triacylglycerol lipase and hormone-sensitive lipase [31].
Presumably these mechanisms reinforce, in the longer term,
the direct suppressive effect of the increased insulin
concentration.

Our arterio–venal difference measurements were made
across subcutaneous adipose tissue. There is substantial
evidence, although by no means consistent, that visceral fat
depots are more closely associated with insulin resistance, as
reviewed (for and against) [32–34]. However, it is clear from
our own data in the present and an earlier [35] study, as well
as from the work of others [7], that abdominal subcutaneous
adipose tissue is the major determinant of systemic NEFA
concentrations. The present study does not address other
potential links between visceral fat and insulin resistance, for
instance those potentially mediated by adipokines.

The close association between insulin resistance and
hypertriacylglycerolaemia has been recognised for decades
[36, 37]. Elevated triacylglycerol concentrations in both the
fasting and postprandial states were a far more striking
accompaniment to insulin resistance in our study than any
alteration in NEFA metabolism. We examined triacylglyc-
erol removal in two of the major tissues involved in this
process, adipose tissue and skeletal muscle. Although some
reduction in triacylglycerol clearance was seen in these

tissues, that is likely to be simply a reflection of the
elevated triacylglycerol concentrations, with non-linear
removal kinetics. It seems unlikely that the relatively small
differences in peripheral triacylglycerol clearance would
account for the elevation of triacylglycerol concentrations
observed, in particular since the defects in clearance were
not so evident in the fasting state. Our data do not suggest
that over-supply of systemic NEFA could have accounted
for increased triacylglycerol production, although there may
have been increased fatty acid delivery from ‘splanchnic’
sources, as we have shown recently in insulin-resistant men
[38]. It seems likely that the elevation of triacylglycerol
concentrations mainly reflects altered metabolic partitioning
of fatty acids within the liver. The reduction in circulating
3OHB concentrations in the insulin-resistant group would
support the idea that fatty acids were preferentially delivered
to esterification rather than oxidation in the insulin-resistant
group. It could well be that the elevated insulin concen-
trations played a role in this metabolic switch. The more
rapid rate of appearance of the infused fatty acid tracer, [2H2]
palmitate, in plasma triacylglycerol in the insulin-resistant
group reinforces the idea of a primarily hepatic origin for the
increased triacylglycerol concentrations.

Taken as a whole, our data fit best with the concept that
the small difference in fat mass between the groups led to a
difference in the insulin sensitivity of glucose metabolism.
The resultant hyperinsulinaemia in the insulin-resistant men
was sufficient to normalise glucose metabolism and to
downregulate fat mobilisation just sufficiently to normalise
circulating NEFA concentrations. An additional effect was
an altered metabolic partitioning of fatty acids in the liver
towards triacylglycerol synthesis. This view fits perfectly
with the recent demonstration that the key change under-
lying the metabolic alterations of the metabolic syndrome is
a defect in muscle insulin resistance [39]. What remains
unexplained is how the small increase in fat mass led to
muscle insulin resistance (or vice versa).
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