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Abstract
Aims/hypothesis The aim of this study was to investigate
whether intrahepatic and intramyocellular fat are related to
insulin resistance in these respective tissues or to the
metabolic syndrome.
Methods Hepatic (insulin 1.8 pmol kg−1 min−1 combined with
[3-3H]glucose) and muscle (insulin 6.0 pmol kg−1 min−1)
insulin sensitivity were measured on separate occasions in 45
non-diabetic men (age 42±1 years, BMI 26.2±0.6 kg/m2)
using the euglycaemic–hyperinsulinaemic clamp. Liver fat
and intramyocellular lipid (IMCL) were measured by proton
magnetic resonance spectroscopy and body composition by
magnetic resonance imaging. We also determined fasting
serum insulin and adiponectin concentrations, components of
the metabolic syndrome and maximal oxygen consumption.
Results In participants with high [median 12.0% (interquartile range 5.7–18.5%)] vs low [2.0% (1.0–2.0%)]
liver fat, fasting serum triacylglycerols (1.6±0.2 vs 1.0±
0.1 mmol/l, p=0.002) and fasting serum insulin (55±4 vs
32±2 pmol/l, p<0.0001) were increased and serum HDLcholesterol (1.26±0.1 vs 1.48±0.1 mmol/l, p=0.02) and
fasting serum adiponectin (9.5±1.2 vs 12.2±1.2 μg/ml, p=
0.05) decreased. In participants with high [19.5% (16.0–
26.0%)] vs low [5.0% (2.3–7.5%)] IMCL, these parameters
were comparable. Liver fat was higher in participants with
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[10.5% (3.0–18.0%)] than in those without [2.0% (1.5–
6.0%), p=0.010] the metabolic syndrome, even independently of obesity, while IMCL was comparable. Insulin
suppression of glucose rate of appearance and serum NEFA
was significantly impaired in the high liver fat group.
Conclusions/interpretation Fat accumulation in the liver
rather than in skeletal muscle is associated with features of
the metabolic syndrome, i.e. increased fasting serum triacylglycerols and decreased fasting serum HDL-cholesterol,
as well as with hyperinsulinaemia and low adiponectin.
Keywords Hepatic insulin resistance .
Intramyocellular lipid . Liver fat . Metabolic syndrome .
Muscle insulin resistance . Non-esterified fatty acids
Abbreviations
ALT
alanine aminotransferase
AST
aspartate aminotransferase
FFM
fat free mass
IMCL
intramyocellular lipid
MRI
magnetic resonance imaging
ppm
parts per million
Ra
rate of appearance
Rd
rate of disappearance

V O2 max maximal oxygen consumption

Introduction
The metabolic syndrome, as currently defined by the
International Diabetes Federation, includes an increased
waist circumference, elevated serum glucose, triacylglycerols and blood pressure, as well as a low HDL-cholesterol
concentration [1]. Although insulin resistance is considered
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a core component of the syndrome [2], the contribution of
insulin resistance in muscle, liver and other tissues, such as
adipose tissue, to features of the metabolic syndrome is
unclear. Insulin normally inhibits the production of both
glucose and VLDL from the liver [3, 4]. When the liver is
fatty, the ability of insulin to suppress glucose production is
impaired [5, 6], as is the ability of insulin to suppress
VLDL production while VLDL clearance is unaltered [7].
Insulin resistance in the liver can thus be expected to be
accompanied by mild hyperglycaemia, hyperinsulinaemia,
hypertriacylglycerolaemia and a low HDL-cholesterol
concentration. Adiponectin is an insulin sensitiser, serum
levels of which are low in obesity [8]. In mice, it acts
exclusively in the liver to reduce steatosis and inflammation, and increase insulin sensitivity [8]. Serum adiponectin
would therefore be expected to correlate with hepatic rather
than muscle insulin sensitivity.
Intramyocellular lipid (IMCL) has been shown to be
inversely [9–11], not at all [12] and positively [12] correlated
with insulin sensitivity in muscle. The paradoxical positive
correlation has been attributed to the ‘exercise paradox’, the
propensity of trained athletes to have increased IMCL stores,
which can be effectively utilised to sustain energy needs
during prolonged exercise [13, 14]. On the other hand,
obesity is accompanied by an increase in IMCL [12, 15].
Thus, while obesity and maximal oxygen consumption
:
(V O2 max ) have opposite effects on muscle insulin sensitivity,
they are both associated with increased IMCL.
In the present study, we hypothesised that hepatic fat
accumulation is associated to a greater degree with features
of the metabolic syndrome than is fat accumulation in the
skeletal muscle. There are no human studies where insulin
sensitivity was measured in the same participants in both
the liver and skeletal muscle and related to intramyocellular
and intrahepatic lipid contents or to the clinical measure of
insulin resistance i.e. the metabolic syndrome. We studied
45 non-diabetic, apparently healthy men, in whom insulin
sensitivity was measured on two separate occasions under
conditions which were optimised to measure either muscle
or hepatic insulin sensitivity. Intrahepatic and intramyocellular fat were determined in each participant using proton
magnetic resonance spectroscopy, and subcutaneous and
intra-abdominal fat were measured by magnetic resonance
imaging (MRI). In addition, since physical fitness may
influence intramyocellular fat in particular [12, 16, 17],
:
V O2 max was determined in each participant.

Methods
Participants and study design We recruited 45 men from
occupational health services in Helsinki on the basis of the
following inclusion criteria: (1) age 18–60 years; (2) no
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known acute or chronic disease, except for obesity, based
on history, physical examination and standard laboratory
tests (blood counts, serum creatinine, thyroid-stimulating
hormone, electrolyte concentrations and ECG); (3) no
regular medication; and (4) alcohol consumption <20 g
per day. Individuals with elevated liver enzymes [serum
alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and gamma glutamyl transferase] were not excluded.
The study protocol was approved by the Ethics Committee
of the Helsinki University Central Hospital and each
participant provided written informed consent. Data on
liver fat and hepatic insulin sensitivity of 30 men have
previously been reported [6].
The participants were studied on four separate occasions.
All measurements were performed within 1 month. These
measurements included: (1) hepatic insulin sensitivity; (2)
liver fat and IMCL (by proton magnetic resonance spectroscopy), intra-abdominal and subcutaneous fat by MRI; (3)
:
muscle insulin sensitivity; and (4) V O2 max .
Hepatic insulin sensitivity The dose–response characteristics of insulin suppression of glucose production and
stimulation of glucose utilisation differ [18]. At insulin
concentrations typically achieved during measurement of
insulin sensitivity by the insulin clamp technique (insulin
infusion rate 6.0 pmol kg−1 min−1 or 240 pmol m−2 min−1)
[19], hepatic glucose production in normal individuals is
completely suppressed [18, 20]; therefore, any interindividual variation in hepatic insulin sensitivity is missed. To
measure hepatic insulin sensitivity, a prolonged low-dose
insulin infusion is required [21], and it is necessary to use a
glucose tracer to distinguish between insulin effects on
glucose production and utilisation [19, 21].
We chose an insulin infusion rate of 1.8 pmol kg−1 min−1
to maximise the possibility of detecting inter-individual
differences in hepatic insulin sensitivity. At 0800 hours,
after an overnight fast, two indwelling catheters were
placed in an antecubital vein and retrogradely in a heated
hand vein for infusion of glucose, insulin and [3-3H]
glucose, and for sampling of arterialised venous blood. To
determine rate of appearance (Ra) and rate of disappearance
(Rd) under basal and hyperinsulinaemic conditions, [3-3H]
glucose was infused in a primed (74×104 Bq) continuous
(7.4×104 Bq/min) fashion for a total of 360 min [5, 19].
Baseline blood samples were taken for measurement of
fasting serum insulin and glucose concentrations, and for
the biochemical measurements (serum ALT, serum AST,
fasting serum triacylglycerols, fasting serum HDL concentrations, fasting serum C-peptide, fasting serum adiponectin
and fasting serum NEFA). After 120 min, insulin was
infused in a primed continuous (1.8 pmol kg−1 min−1)
fashion as previously described [5]. Plasma glucose was
maintained at 5 mmol/l (90 mg/dl) until 360 min using a
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variable rate infusion of 20% glucose [19]. Blood samples
for measurement of glucose specific activity and NEFA
concentrations were taken at 90, 100, 110 and 120 min and
at 15–30 min intervals between 120 and 360 min. Serum
free insulin concentrations were measured every 60 min
during the insulin infusion.
Muscle insulin sensitivity The 6.0 pmol kg−1 min−1 insulin
infusion rate was chosen because it stimulates glucose
disposal half-maximally, which occurs mainly in skeletal
muscle [18, 22] and completely suppresses hepatic glucose
production in non-diabetic individuals [18, 20]. The study
was started at 0800 hours after a 12 h fast. Two 18 gauge
catheters (Venflon; Viggo-Spectramed, Helsingborg, Sweden) were inserted, one in the left antecubital vein for
infusions of insulin and glucose, and another retrogradely
in an ipsilateral heated dorsal hand vein for withdrawal of
arterialised venous blood. Insulin (Actrapid Human; Novo
Nordisk, Copenhagen, Denmark) was infused in a primedcontinuous manner at a rate of 6.0 pmol kg−1 min−1 for
120 min. Normoglycaemia was maintained by adjusting the
rate of a 20% glucose infusion based on plasma glucose
measurements, which were performed every 5 min from
arterialised venous blood. Blood samples for serum free
insulin concentrations were withdrawn every 30 min during
the 2 h insulin infusion. The M value (0–120 min) was calculated from the glucose infusion rate after correction for
changes in the glucose pool size and expressed per fat free
mass (FFM).
Liver fat content (proton magnetic resonance spectroscopy)
Localised single voxel (2×2×2 cm3) proton spectra were
acquired using a 1.5-T whole-body system (Magnetom
Vision; Siemens, Erlangen, Germany), which consisted of a
combination of whole-body and loop surface coils for radiofrequency transmitting and signal receiving. T1-weighted
high-resolution MRI scans were used for localisation of the
voxel of interest within the right lobe of the liver. Magnetic
resonance spectroscopy measurements of liver fat were
performed in the middle of the right lobe of the liver at a
location that was individually determined for each participant; vascular structures and subcutaneous fat tissue were
avoided when selecting the voxel. Participants lay on their
stomachs on the surface coil, which was embedded in a
mattress in order to minimise abdominal movement due to
breathing. The single voxel spectra were recorded using the
stimulated-echo acquisition mode sequence, with an echo
time of 20 ms, a repetition time of 3,000 ms, a mixing time
of 30 ms and 1,024 data points over 1000 kHz spectral width
with 32 averages. Water-suppressed spectra with 128
averages were also recorded to detect weak lipid signals. A
short echo time and long repetition time were chosen to
ensure a fully relaxed water signal, which was used as an
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internal standard. Chemical shifts were measured relative to
water at 4.80 [parts per million (ppm)]. The methylene
signal, which represents intracellular triacylglycerol, was
measured at 1.4 ppm. Signal intensities were quantified by
using an analysis program, VAPRO-MRUI (http://www.
mrui.uab.es/mrui/, last accessed in October 2007). Spectroscopic intracellular triacylglycerol content (liver fat) was
expressed as a ratio of the area under the methylene peak to
that under the methylene and water peaks (×100=liver fat %).
This measurement has been validated against histologically
determined lipid content [23] and against estimates of fatty
degeneration or infiltration by X-ray computer-assisted
tomography [5]. All spectra were analysed by physicists
who were unaware of any of the clinical data.
IMCL (proton magnetic resonance spectroscopy) Magnetic
resonance images for localisation and proton magnetic
resonance spectroscopy were acquired using a 1.5 T system
(Magnetom Vision; Siemens) as previously described [24].
A loop surface coil was used for detection. The volunteers
lay supine, with the left leg immobilised by firm padding.
One third of the distance from the trochanter major of
the femur to the middle of the patella was measured and the
centre of the coil was placed in contact with that spot. The
1
H-spectra were obtained from quadriceps femoris (vastus
lateralis) muscle. The volume of interest, voxel (13×13×
20 mm3), was placed inside the lateral part of the vastus
lateralis muscle to ensure parallel fibre orientation. The
position of the voxel was chosen on the T1-weighted
magnetic resonance images so that it did not contain any
visible fat or fasciae that are known to contain significant
amounts of adipocytes [25] and would affect the resonance–frequency shift data. Spatial localisation was
achieved by using a stimulated echo acquisition mode
applied with a repetition time of 3,000 ms, with an echo
time of 20 ms and a mixing time of 30 ms. We used 128
excitations with water presaturation. The resonance at
1.5 ppm originates from the extramyocellular CH2 protons
of lipids (triacylglycerols and fatty acids) and the resonance
at 1.3 ppm from intramyocellular CH2 protons of lipids
[25–27]. Resonance intensities were related to resonance at
3.0 ppm, which is derived from the CH3 protons of total
creatine (creatine and phosphocreatine). IMCL was
expressed as a ratio of the area under the intramyocellular
methylene peak to that under the methylene and total
creatine peaks (×100=IMCL %). The spectral data were
fitted in time domain with the program MRUI, based on the
solving of nonlinear least squares problems [26].
Intra-abdominal fat and subcutaneous fat (MRI) A series
of 16 T1-weighted trans-axial scans were acquired from a
region extending from 8 cm above to 8 cm below the fourth
and fifth lumbar interspace (16 slices, field of view 375×
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Analytical procedures, calculations and other measurements
Plasma glucose concentrations were measured in duplicate
with the glucose oxidase method using a Glucose
Analyzer II (Beckman Instruments, Fullerton, CA, USA)
[28]. Serum free insulin concentrations were measured with
the Auto-DELFIA kit (Wallac, Turku, Finland) and Cpeptide concentrations by radioimmunoassay [29]. Serum
HDL-cholesterol and triacylglycerol concentrations were
measured with enzymatic kits from Roche Diagnostics
using an autoanalyser (Roche Diagnostics Hitachi, Hitachi,
Tokyo, Japan). Serum ALT and AST activities were
determined as recommended by the European Committee
for Clinical Laboratory Standards. Serum NEFA concentrations were measured using a fluorometric method [30],

a

5

0

c

10
5

0

Low LFAT

High LFAT

Low LFAT

High LFAT

d

75

15

***

60
45
30
15

fS Adiponectin
(µg/ml)

Diagnosis of the metabolic syndrome The metabolic syndrome was defined according to criteria of the International
Diabetes Federation [1]: central obesity (waist circumference ≥94 cm in men and ≥80 cm in women) and at least
two of the following factors: (1) serum triacylglycerols
≥1.70 mmol/l or specific treatment for this lipid abnormality; (2) serum HDL-cholesterol <1.03 mmol/l in men and
<1.29 mmol/l in women or specific treatment for this lipid
abnormality; (3) systolic blood pressure ≥130 mmHg or
diastolic blood pressure ≥85 mmHg or treatment for
previously diagnosed hypertension; and (4) fasting plasma
glucose ≥5.6 mmol/l or previously diagnosed type 2 diabetes.

Statistical analyses The participants were divided into two
equally sized groups based on their median IMCL (9.0%)
or liver fat content (3.0%). Non-normally distributed data
were used after logarithmic transformation. If distributed
normally, data are shown as means±SEM, whereas nonnormally distributed data are shown as median (25%
percentile, 75% percentile). The unpaired Student’s t test
was used to compare mean values between groups.
Analysis of covariance was used to adjust for BMI, percent
body fat, liver fat and IMCL. Correlation analyses were
performed using Spearman’s nonparametric rank correlation coefficient. Multiple linear regression analysis was
used to analyse independent determinants of liver fat
content and muscle insulin sensitivity.
Calculations were made using GraphPad Prism version
4.00 for Windows (GraphPad Software, San Diego, CA,
USA), SysStat Statistical Package (SysStat version 10;

Liver fat (%)

:

Maximal aerobic power Maximal aerobic power (V O2 max )
was measured directly using an incremental work-conducted
upright exercise test with an electrically braked cycle
ergometer (Ergometer Ergoline 900ERG; Ergoline, Bitz,
Germany) combined with continuous analysis of expiratory
gases and minute ventilation (Vmax229 series; SensorMedics,
Yorba Linda, CA, USA). Exercise was started at a work load
of 50 watts. The work load was then increased by 50 watts
every 3 min until perceived exhaustion or a respiratory
quotient of 1.10 was reached. Maximal aerobic power was
:
defined as the V O2 max during the last 30 s of exercise.

and serum adiponectin concentrations were measured using
an ELISA kit from B-Bridge International (San Jose, CA,
USA).
Glucose specific activity was determined as previously
described [31]. Glucose Ra and Rd were calculated using the
Steele equation, assuming a pool fraction of 0.65 for
glucose and a distribution volume of 200 ml/kg for glucose
[32]. The endogenous glucose Ra was calculated by
subtracting the exogenous glucose infusion rate required
to maintain euglycaemia during hyperinsulinaemia from the
rate of total glucose Ra.
The percent body fat was determined using a bioelectrical impedance analysis system (model BIA-101A; RJL
Systems, Detroit, MI, USA) [33]. Waist circumference was
measured midway between spina iliaca superior and the
lower rib margin, and hip circumference at the level of the
greater trochanters [34].

fS Insulin (pmol/l)

500 mm2, slice thickness 10 mm, breath-hold repetition
time 138.9 ms, echo time 4.1 ms). Intra-abdominal and subcutaneous fat areas were measured using an image analysis
program (Alice 3.0; Parexel, Waltham, MA, USA). A
histogram of pixel intensity in the intra-abdominal region
was displayed, and the intensity corresponding to the nadir
between the lean and fat peaks was used as a cut-off point.
Intra-abdominal adipose tissue was defined as the area of
pixels in the intra-abdominal region above this cutoff point.
For calculation of subcutaneous adipose tissue area, a region
of interest was first drawn manually at the demarcation of
subcutaneous adipose tissue and intra-abdominal adipose
tissue, as previously described [5].
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Fig. 1 Bar graphs showing liver fat (log scale) (a), IMCL (log scale)
(b), fasting serum insulin (c) and fasting serum adiponectin (d) in the
low and high liver fat groups. *p≤0.05; ***p<0.0001 vs the
corresponding low fat group. fS, fasting serum; LFAT, liver fat
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Table 1 Subject characteristics

n
Age (years)
Body composition
BMI (kg/m2)
Waist (cm)
Per cent fat
IA fat (cm3)
s.c. fat (cm3)
Liver fat (%)
IMCL (%)
MS components
fP glucose (mmol/l)
Serum triacylglycerols (mmol/l)
Serum HDL-cholesterol (mmol/l)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Other parameters
fS insulin (pmol/l)
fS adiponectin (μg/ml)
fS NEFA (ìmol/l)
Serum ALT (U/l)
Serum AST (U/l)
M value [1 μmol (kg FFM)−1 min−1]
:
−1
−1
V O2 max [ml (kg FFM) min ]

Low liver fat

High liver fat

Low IMCL

High IMCL

23
43±2

22
41±2

23
42±2

22
43±2

24.7±0.6
91±2
18.6±1.0
1100 (650–1320)
2080 (1470–2910)
2.0 (1.0–2.0)
7.5 (3.0–16.2)

27.7±0.9*
99±2*
22.6±1.0*
1630 (930–2430)*
2600 (1990–3370)
12.0 (5.7–18.5)***
15.5 (5.0–23.5)

24.7±0.7
91±2
18.8±1.1
1010 (680–1320)
2000 (1370–2860)
2.5 (2.0–6.0)
5.0 (2.3–7.5)

27.7±0.8**
99±2**
22.4±1.0*
1780 (1180–2600)**
2490 (2010–3110)
5.3 (1.7–17.5)
19.5 (16.0–26.0)***

5.5±0.09
1.0±0.08
1.48±0.07
130±3
85±2

5.7±0.09
1.6±0.2**
1.26±0.06*
133±3
87±3

5.5±0.09
1.12±0.09
1.38±0.06
128±3
83±2

5.6±0.12
1.50±0.22
1.36±0.08
136±4
89±2

32±2
12.2±1.2
556±39
26±2
26±2
34.4±2.1
45.2±1.2

55±4 ***
9.5±1.2*
647±45
48±4***
35±2***
23.0±2.1 ***
41.1±1.4*

39±3
11.4±0.9
551±33
31±3
28±2
31.5±2.4
44.3±1.4

48±5
10.3±1.0
643±49
43±5
33±3
26.0±2.4
42.0±1.3

Data are shown as means±SEM or median (25th percentile, 75th percentile)
*p≤0.05; **p<0.01; ***p<0.0001 vs corresponding low fat group
fP, fasting plasma; fS, fasting serum; IA, intra-abdominal; MS, metabolic syndrome
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Characteristics of the study groups The high and low liver
fat groups were similar with respect to age. The high liver
fat group was more obese than the low liver fat group, but
the groups did not differ with respect to IMCL (Fig. 1).
Fasting serum insulin and liver enzymes were higher and
fasting serum adiponectin lower in the high than in the low
liver fat group (Table 1, Fig. 1). The differences in fasting
serum insulin (p<0.0001), serum ALT (p<0.0001) and
serum AST (p=0.001) remained significant after adjusting
for BMI. Fasting serum adiponectin concentrations did not
differ after adjusting for percent body fat (p=0.09).
The low and high IMCL groups were similar with
respect to age, but the high IMCL group was more obese
than the low one (Table 1). Liver fat was comparable
between the groups, as were fasting serum insulin and

a
IMCL (%)

Results

fasting serum adiponectin concentrations (Fig. 2). BMI was
similar between the low liver fat and low IMCL groups,
and between the high liver fat and high IMCL groups
(Table 1). IMCL was not correlated with liver fat content
(r=0.16).

fS Insulin (pmol/l)

SysStat, Evanston, IL, USA) and SPSS 11.0 for Windows
(SPSS, Chicago, IL, USA). A p value of less than 0.05 was
considered statistically significant.
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Fig. 2 Bar graphs showing IMCL (log scale) (a), liver fat (log scale)
(b), fasting serum insulin (c) and fasting serum adiponectin (d) in the
low and high IMCL groups. ***p<0.0001 vs the low IMCL group.
fS, fasting serum
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Components of the metabolic syndrome In the high liver fat
group, serum triacylglycerols were higher and serum HDLcholesterol concentrations lower than in the low liver fat
group (Table 1). The groups were comparable with respect
to fasting plasma glucose and systolic and diastolic blood
pressure. These results remained unchanged if adjusted for
IMCL. There was no significant difference in any component of the metabolic syndrome between the high and low
IMCL groups (Table 1) even after adjusting for liver fat
content. In participants with the metabolic syndrome (n=
14), liver fat was higher than in those without the syndrome
(n=31) even independently of BMI (p<0.05) and IMCL
(p=0.003), whereas IMCL was comparable between the
participants with and without the metabolic syndrome
(Fig. 3), even if adjusted for liver fat.
Hepatic and muscle insulin sensitivity Rates of basal
endogenous glucose Ra were comparable between the high
and the low liver fat groups [14.7±0.7 and 13.6±0.6 μmol
(kg FFM)−1 min−1, respectively]. During the last hour of the
insulin infusion, the percent suppression of endogenous
glucose Ra was inversely related to liver fat content (r=
−0.30, p<0.05; Fig. 4) and averaged 79% (51–120%) vs
97% (75–129%; high vs low liver fat group, p<0.05).
Muscle insulin sensitivity (M value) was significantly lower
in the high [23.0±2.1 μmol (kg FFM)−1 min−1] than in the
low [34.4±2.1 μmol (kg FFM)−1 min−1, p=0.0008] liver fat
group. In multiple linear regression analysis, BMI (p=
:
0.016) but not V O2 max (p=0.19) independently explained
variation in liver fat (r2 =21%, p=0.007 for ANOVA).
The low and high IMCL groups were comparable with
respect to basal endogenous glucose Ra in the basal state
[14.4±0.7 vs 14.0±0.6 μmol (kg FFM)−1 min−1, respectively], with no difference in percent suppression [96 (64–
145) vs 84% (56–109%)] or muscle insulin sensitivity
[26.0±2.4 vs 31.5±2.4 μmol (kg FFM)−1 min−1, high vs
low IMCL group] between the IMCL groups.
In simple linear regression analysis, muscle insulin
sensitivity was inversely related to BMI (r=−0.57, p<
0.0001; r=−0.50, p<0.0001 if adjusted for liver fat) and
:
positively related to V O2 max (r=0.41, p=0.005; r=−0.18, if
adjusted for liver fat; Fig. 5). In multiple linear regression
a
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IMCL (%)
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10
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Fig. 4 Graph showing the relationship between percentage suppression of endogenous glucose production during the last hour of
hyperinsulinaemia (300–360 min, log scale) and liver fat content
(log scale) in individual participants (circles). r=−0.30, p<0.05
:

analysis, BMI (p<0.0001) and V O2 max (p<0.05) were
independent determinants of muscle insulin sensitivity and
together explained 46.7% of its variation (p<0.0001 for
ANOVA). If liver fat was incorporated into these analyses,
:
BMI (p<0.0001) and liver fat (p=0.035), but not V O2 max
(p=0.12), were independent determinants of muscle insulin
sensitivity (r2 =52%, p<0.0001 for ANOVA). IMCL correlated significantly with BMI (r=0.47, p=0.001; r=0.35, p=
0.018 after adjusting for liver fat), but was not related to
:
V O2 max (r=−0.09; r=−0.05 adjusted for liver fat) or muscle
insulin sensitivity (r=−0.18; r=−0.11 adjusted for liver fat;
Fig. 5).
Serum NEFA concentrations during prolonged low-dose
insulin infusion In the liver fat groups, fasting serum NEFA
concentrations were comparable in the basal state, but after
30 min of the 1.8 pmol kg−1 min−1 insulin infusion, serum
NEFA concentrations were significantly higher in the high
than in the low liver fat group (459±30 vs 354±25 μmol/l,
respectively, p=0.009). During the next 3.5 h of insulin
infusion, serum NEFA remained significantly higher in the
high than in the low liver fat group (Fig. 6). The difference
in mean serum NEFA remained significant after adjusting
for age and BMI (p=0.03). In the IMCL groups, fasting
serum NEFA concentrations were similar basally and
during the first 2 h of insulin infusion. During the last
hour, serum NEFA concentrations were significantly higher
in the high IMCL group (Fig. 6), but after adjusting for
BMI, these differences did not remain significant.
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MS–

MS+

Fig. 3 Bar graphs (log scale) showing liver fat (a) and IMCL (b) in
participants without (−) and with (+) the metabolic syndrome (MS).
**p<0.01 vs individuals without the metabolic syndrome

In the present study, liver fat was fivefold higher in
participants with than in those without the metabolic
syndrome; this finding was independent of obesity. No
differences in IMCL content could be observed between
those with and those without the syndrome. The fatty liver
was shown to be insulin-resistant when measured directly.
These data suggest that in the present study group,
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Fig. 5 Graphs showing the
relationships between (a) BMI
and IMCL (log scale; r=0.47,
p=0.001); (b) M value and
IMCL
. (log scale; r=−0.18);
(c) VO2max and IMCL
(log scale; r=−0.09);
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.
value and VO2max (r=0.41,
.
p=0.005); (e) BMI and VO2max
(r=−0.30, p=0.044); (f) M value
(log scale) and BMI (r=−0.57,
p<0.0001); and (g) M value and
liver fat content (log
scale; r=−0.52, p=0.0002)
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intrahepato- rather than IMCL accumulation was a marker
of the metabolic syndrome, i.e. increased serum triacylglycerols and decreased HDL-cholesterol, as well as hyperinsulinaemia and low adiponectin.
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fitness [12–14] and obesity [12, 15], the lack of a
relationship between IMCL and muscle insulin sensitivity
is not surprising. As in the present study, Thamer et al.
:
found neither V O2 max nor insulin sensitivity to be associated with IMCL [12]. However, further analyses revealed a
:
significant positive association between V O2 max and IMCL
in lean, but not in obese individuals [12]. In the present
:
study, IMCL was not related to V O2 max , possibly because
the study participants covered a wide range of obesity, with
none participating in regular physical exercise. Neverthe:
less, BMI was inversely related to V O2 max expressed per
FFM (Fig. 5). This may explain why IMCL was not
inversely related to muscle insulin sensitivity, although
:
V O2 max was an independent determinant of muscle insulin
sensitivity (Fig. 5).
Hepatic fat content has been shown to associate with insulin
resistance of hepatic glucose production [5, 6, 37]. We now
extended these findings to show that liver fat is associated
with hepatic insulin resistance in the absence of changes in
IMCL and that liver fat and IMCL were not correlated. This
implies that sites of intracellular triacylglycerol accumulation
exhibit interindividual variation. It is noteworthy that
although liver fat is a marker of hepatic insulin resistance,
it is highly unlikely that the metabolically inert triacylglycerols mediate the impairment in insulin action [38, 39]. Lipid
intermediates that increase as a function of intracellular lipid
stores, such as diacylglycerol [40] or ceramides [41], are
likely to be responsible.
Regarding the reasons why liver fat is associated with
features of the metabolic syndrome, we have previously
shown that failure of insulin to suppress hepatic VLDL
production results in hypertriacylglycerolaemia and a low
HDL-cholesterol concentration [42], and that VLDL overproduction rather than impaired clearance correlates with
liver fat content [7]. Resistance to insulin suppression of
triacylglycerol production, although not measured in this
study, is therefore a likely explanation of the finding that
serum triacylglycerols were higher and HDL-cholesterol
lower in the high as compared with the low liver fat groups.
Intrahepatic fat content is frequently referred to as an
additional feature of the metabolic syndrome [43]. In the
present study, liver fat was fivefold higher in participants
with than in those without the metabolic syndrome, a
finding that was independent of obesity. On the other hand,
no differences in IMCL content could be observed between
participants with and without the metabolic syndrome. Our
findings suggest that depots of lipid accumulation in the
liver and skeletal muscle do not contribute in an interactive
manner to the metabolic syndrome.
In the present study, fasting serum NEFA concentrations
were not associated with liver fat or IMCL content, but they
remained significantly higher during the low-dose insulin
infusion in participants with high liver fat content, indepen-
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dently of obesity. This finding is in keeping with previous
studies in patients with non-alcoholic fatty liver disease as
compared with weight-matched healthy controls [44]. The
reason for the lack of any relationship between fasting serum
NEFA and liver fat content is unclear. Possibly, higher
NEFA during hyperinsulinaemia could reflect insulin resistance of lipolysis [43]. In keeping with differential regulation
of serum NEFA basally and during hyperinsulinaemia, basal
lipolysis is unaltered in hormone sensitive lipase-null mice
[45]. There are, however, no human data describing
alterations in NEFA fluxes across the splanchnic bed and
therefore alterations in NEFA utilisation in individuals with
high vs low liver fat content cannot be ruled out.
We conclude that intrahepatocellular rather than intramyocellular fat associates with the metabolic syndrome,
characterised by increased triacylglycerol and decreased
HDL-cholesterol concentrations, independently of obesity.
This may in part be because IMCL is not correlated with
muscle insulin sensitivity in individuals whose muscle
insulin sensitivity is regulated by both obesity and physical
fitness, as in the present study and that of Thamer et al.
[12]. The data thus suggest that ectopic fat deposition in the
liver may be a useful additional marker of the metabolic
syndrome. In this respect, the identification of novel
circulating markers suitable for use in the clinic as measures
of liver fat would be helpful.
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