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Abstract Aims/hypothesis: Intramyocellular lipid accu-
mulation and insulin resistance are thought to be due to
reduced lipid oxidation in a human model of high risk of
developing type 2 diabetes. Methods: We studied 32 off-
spring of type 2 diabetic parents and 32 control individuals

by means of DXA, indirect calorimetry, insulin clamp and
1H MRS of the calf muscles, and differences between and
within study groups were analysed before and after segre-
gation by quartiles of fasting lipid oxidation. Results: In
comparison with control subjects, the offspring showed
impaired insulin sensitivity, which was associated with
higher fasting intramyocellular lipid content (Spearman’s
rho −0.35; p=0.04), but fasting lipid oxidation did not differ
between groups (1.21±0.46 vs. 1.25±0.37 mg·kg−1 lean
body mass per min; p=0.70). Nevertheless, offspring in the
lowest quartile of lipid oxidation had the most severe im-
pairment of insulin sensitivity and a strong association
was shown between lipid oxidation and insulin sensitivity
within quartiles (Spearman’s rho 0.47; p=0.01); this was not
observed within the control group (Spearman’s rho 0.13;
p=0.47). Intramyocellular lipid content was not signifi-
cantly different within quartiles of lipid oxidation in either
of thegroups. Conclusions/interpretation: Insulin sensitiv-
ity improved across increasing quartiles of fasting lipid
oxidation in the offspring group, but remained constant in
the control group, supporting the hypothesis that impaired
fat oxidation is a primary pathogenic factor of insulin re-
sistance in people with a genetic background for type 2
diabetes. Despite their association with impaired insulin
sensitivity, soleus and tibialis anterior intramyocellular lipid
content remained constant across increasing quartiles of
fasting lipid oxidation within both groups.
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Introduction

Increased intramyocellular lipid (IMCL) content as assessed
using 1H-magnetic resonance spectroscopy (1H-MRS) has
been associated with insulin resistance in humans, espe-
cially in non-obese individuals [1–3]. In parallel, impair-
ment of muscle or plasma NEFA oxidation in obesity and
type 2 diabetes have been reported by different groups [4–
6]. The observation that in obese women [5] and type 2
diabetic patients [7] the impairment of fat oxidation was not
reversed by considerable body weight reduction and that it
was also detected in individuals with impaired glucose tol-
erance [8] would support the hypothesis of a primary ge-
netic defect. An impairment of fasting lipid oxidation in
association with insulin resistance and IMCL accumulation
may also be seen as a secondary consequence of metabolic
disturbances [9]. The reverse metabolic picture was de-
scribed by our group in healthy humans in whom, despite
a moderate degree of overweight, insulin sensitivity and
normal IMCL content were preserved in association with
higher fasting lipid oxidation [10]. Moreover using a lon-
gitudinal approach, it was shown that in obese individuals
enhanced insulin sensitivity through physical activity was
associated with increased fat oxidation [11, 12].

Based on this evidence, the present work explores the
hypothesis that IMCL accumulation and insulin resistance
might be associated with reduced fasting whole-body lipid
oxidation in non-diabetic offspring of type 2 diabetic par-
ents (OFF), a well-established human model of primary
and genetically determined insulin resistance.

Subjects, materials and methods

Description of study subjects The offspring group was
recruited at Scientific Institute H. San Raffaele, Milan,
Italy. The main criteria for their inclusion in the study were
the following: (1) both parents with type 2 diabetes (n=25)
or one parent and a first-degree (n=4, brother or sister) or
second-degree (n=3; grandparents) relative with type 2
diabetes; (2) age (24–45 years); (3) white race; (4) seden-
tary life style (habitual physical activity was assessed
using a questionnaire [13]); (5) no history of hypertension,
endocrine/metabolic disease, or cigarette smoking. We se-
lected 32 OFF (20F/12M) who did not participate in heavy
physical activity. They were compared with 32 healthy
subjects (NOR), who were carefully matched for anthro-
pomorphic features with the exception that they had no
family history of diabetes and hypertension traced through
their grandparents. The characteristics of the study groups
are summarised in Table 1. Body weight was stable for
at least 6 to 12 months. Because of its potential impact on
insulin sensitivity [14], women recruited for the study had
not taken oral steroidal contraception for at least 12 months.
All subjects were in good health as assessed by medical
history and physical examination. Informed consent was
obtained from all subjects after explanation of the purposes,
nature and potential risks of the study. The protocol was
approved by the Ethical Committee of the Scientific In-
stitute H. San Raffaele.

Table 1 Characteristics of study
groups

Values are means±SD. p values
are for independent t-tests
aThe range of possible scores for
the physical activity index is 3
to 15; the lowest value corre-
sponds to the level of physical
activity of a clerical worker who
plays a light sport (energy
expended is <0.76 MJ/h, e.g.,
bowling) and who participates
in sedentary activities during
leisure time. The highest value
corresponds to the level of
physical activity of a person
who is very physically active at
work (e.g., a construction
worker), who plays heavy sports
(energy expanded is at least 1.76
MJ/h, e.g., boxing, basketball,
football or rugby) and who is
very physically active during
leisure time (e.g., walking >1 h/
day or biking >45 min/day)

Offspring Normal p value

Subjects: number (women/men) 32 (20/12) 32 (20/12)
Anthropometric features
Age (years) 28±7 26±5 0.22
BMI (kg/m2) 24.2±6.3 23.8±5.7 0.78
Body fat (%) 28.6±12.0 28.2±11.0 0.89
LBM (kg) 46±9 47±10 0.73
Physical activity indexa 9.0±0.3 9.0±0.5 0.94
Laboratory features
Plasma glucose (mmol/l) 5.2±0.8 5.0±0.3 0.11
Plasma total cholesterol (mmol/l) 4.91±0.80 4.42±0.64 0.02
Plasma triglyceride (mmol/l) 1.07±0.44 0.84±0.34 0.12
Plasma NEFA (mmol/l) 0.642±0.183 0.481±0.208 <0.01
Energy expenditure
REE (kJ/day) 6728±1306 6709±1544 0.95
% of predicted REE (%) 100±15 99±9 0.69
Endocrine profile
Insulin (pmol/l) 42±23 39±19 0.53
Leptin (ng/ml) 9.5±7.7 8.4±7.8 0.60
Adiponectin (μg/ml) 9.5±4.5 14.0±6.5 <0.01
α-TNF-R2 (ng/ml) 1.38±0.48 1.41±0.33 0.81
Metabolic features
SIP(clamp) (l·min−1·kg LBM−1·pmol·l−1)×103 13.2±4.8 17.8±6.0 <0.01
Lipid oxidation (mg·kg LBM−1·min−1) 1.21±0.46 1.25±0.37 0.70
Soleus IMCL content (AU) 88±48 62±36 0.03
Tibialis anterior IMCL content (AU) 21±12 15±10 0.05
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Experimental protocol Subjects were instructed to consume
a weight maintenance diet containing at least 250 g of car-
bohydrate per day and to abstain from exercise activity for 3
weeks before the studies. Women were studied between
days 3 to 8 of the menstrual cycle. Subjects were studied by
means of the euglycaemic–hyperinsulinaemic clamp and
indirect calorimetry in order to assess whole-body insulin
sensitivity, glucose and lipid oxidation (following correc-
tion for urinary nitrogen excretion) after a 10-h overnight
fast and during the insulin clamp. Within 2 to 3 days they
were studied in the Division of Diagnostic Radiology of our
institute (between 07.00 and 09.00 hours after a 10-h
overnight fast) by means of 1H-MRS to measure IMCL
content.Within 2 to 3 days they also underwent dual-energy
X-ray absorptiometry (DXA) to assess body composition.

Euglycaemic–hyperinsulinaemic clamp Subjects were ad-
mitted to the Metabolic Unit of the Division of Internal
Medicine at 07.00 hours after a 10-h overnight fast. A
teflon catheter was inserted into an antecubital vein for
infusions and an additional one was inserted retrogradely
into a wrist vein for blood sampling. The hand was kept in
a heated box (50°C) to allow sampling of arterialised ve-
nous blood. A bolus (5 mg/kg of body weight) followed
by a continuous infusion (0.05 mg/kg of body weight
per minute) of 6,6-2H2 glucose obtained from massTrace
(Woburn, MA, USA) was administered. Blood samples for
postabsorptive plasma glucose, total cholesterol, triglycer-
ides, NEFA, insulin, α-tumour necrosis factor receptor-2
(α-TNFR-2), leptin and adiponectin were performed in
duplicate in the postabsorptive condition. Following a 150-
min tracer equilibration period, a euglycaemic–hyperin-
sulinaemic clamp was performed as previously described
[10, 14] for a 150-min period using an insulin infusion rate
of 40 mU·m−2·min−1. Blood samples for plasma hormones,
substrates and tracer enrichment were drawn every 15 min
throughout the study.

Indirect calorimetry Indirect calorimetry was performed
continuously, while subjects were lying quietly, for 30 min
during the basal equilibration period and at the end of the
clamp with a ventilated hood system (Sensor Medics 2900;
Metabolic Measurement Cart, Milan, Italy). The mean CVs
within the session for O2 and CO2 measurements were
below 2%.

1H-magnetic resonance spectroscopy This was performed
on a GE Signa 1.5 Tesla scanner (General Electric Medical
Systems,Milwaukee,WI, USA) using a conventional linear
extremity coil as previously described [3, 10, 14]. Briefly,
two 1H spectra were collected from a 15×15×15 mm vol-
ume within the soleus and tibialis anterior muscles re-
spectively, using a PRESS pulse sequence (TR=2,000 ms
and TE=60 ms) and 128 averages were accumulated for
each spectrum with a final acquisition time of 4.5 min. The
water signal was suppressed during the acquisition as it
would dominate the other metabolites’ peak signals of in-
terest. A third 1H spectrum of a triglyceride solution inside a
glass sphere, positioned within the extremity coil next to the

calf, was also obtained during the same session in order to
have an external standard acquired in the same conditions as
the subject’s spectra. Postprocessing of the data, executed
with Sage/IDL software (GE Medical Systems) was per-
formed as previously described [3, 10, 14]. The T2 (spin–
spin relaxation time) value of the muscle –CH2 signal of the
IMCL compartment was measured in five lean and four
overweight individuals, in whom signal intensities were
obtained at six different TEs chosen to linearly fit a mono-
exponential function, and was found to be not different
between the subjects.

Body composition DXA was performed with a Lunar-
DPX-IQ scanner (Lunar, Madison, WI, USA), as previous-
ly described [3, 10, 14]. Fat content is expressed as % of
tissues.

Analytical procedures Plasma glucose was measured with
a Beckman glucose analyser [3]. Plasma NEFA, total cho-
lesterol, and triglycerides were measured as previously
described [3]. Plasma insulin was measured using micro-
particle enzyme immunoassay technology as previously
described [10, 14]. Plasma leptin concentrations were de-
termined as previously described [10, 14] by RIA with a
human kit. α-TNFR-2 was measured with an enzyme im-
munoassay following the manufacturer’s (Immunotech;
Beckman Coulter, Marseille, France) recommendations
(intra- and interassay CV <3% and 5%, respectively) as
previously described [10, 14]. Plasma adiponectin was
measured using a commercially available radioimmuno-
assay kit (Linco Research, St Charles, MO, USA) as pre-
viously described [15]. The intra-assay and interassay
CVs for adiponectin were 4±1% and 14±3%, respectively.
Serum urea nitrogen was measured in the postabsorptive
and hyperinsulinaemic conditions using an enzymatic meth-
od on an Hitachi 747 [10]. The d2-glucose enrichment was
measured by GCMS as previously described [3, 10, 14, 15].

Calculations Glucose turnover was calculated in the basal
state by dividing the 6,6-2H2 glucose infusion rate by the
steady-state plateau of plasma 6,6-2H2 glucose enrichment
achieved during the last 45 min of the basal period. Glu-
cose kinetics during the insulin clamp was calculated
using Steele’s equations for the non-steady state [16]. A
steady state of plasma di-deuterated glucose enrichments
was reached in the study groups during both the end of
the equilibration period and the last 30 min of the insulin
clamp. Endogenous glucose production (EGP) was cal-
culated by subtracting the glucose infusion rate from the
rate of glucose appearance measured with the isotope
tracer technique. Total body glucose uptake was deter-
mined during the clamp by adding the rate of residual EGP
to the exogenous glucose infusion rate. Insulin sensitivity
(SIP(clamp)) was obtained as follows: �Rd= �IxGð Þ, where
ΔRd is the increment of total glucose uptake (normalised
to kg lean body mass [LBM]), ΔI is the increment of
plasma insulin concentration (both calculated at basal and
clamp steady-state conditions), andG is the plasma glucose
concentration during the clamp [17]. Glucose, lipid and
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protein oxidation were estimated as previously described
[10] in the postabsorptive state. During the insulin clamp,
protein oxidation rates were corrected for changes in pool
size [18].

Statistical analysis Data in text and tables are means±SD.
Data in figures are means±95% CI. Analyses were per-
formed using SSPS (version 10.0; SPSS, Chicago, IL,
USA). The steady state for plasma glucose 6,6-2H2 en-
richment was defined as a non-significant correlation with
time (p>0.05) using linear regression. An independent t-test
was used to compare basal values between OFF and NOR
for each variable. The effect of whole-body lipid oxidation
was assessed after its segregation into quartiles within OFF
and NOR. One-way ANOVA or Kruskal–Wallis non-pa-
rametric tests were used to compare variables between quar-
tiles of lipid oxidation within OFF and NOR separately
depending on the distribution of the data. Tukey’s post hoc
test was used. Regression analysis was performed using the
General Linear Model procedure to detect significant ef-
fects of group-by-lipid oxidation interaction on SIP(clamp),
soleus and tibialis anterior IMCL content. Also in this case,
non-parametric correlation coefficients were obtained using
Spearman’s rho when appropriate. Statistical significance
was defined as a p value of less than 0.05.

Results

Anthropometric, laboratory and whole-body energetic fea-
tures of study groups There was no difference between the
study groups with regard to sex, age, BMI, body fat con-
tent and LBM (Table 1). The physical activity index also
did not differ between the study groups (range 8.4–9.0 in
OFF and 8.1–9.0 in NOR; Table 1). There was also no
difference in fasting plasma glucose and triglyceride val-
ues between the groups. In contrast, OFF showed higher
total cholesterol and fasting plasma NEFA (Table 1). En-
ergy expenditure and the % measured energy expenditure/
predicted energy expenditure (calculated using Harris–
Benedict equations) ratio were not different between the
groups.

Endocrine profile There was no difference in postabsorp-
tive plasma insulin concentrations between the OFF and
NOR groups (Table 1). During the clamp, the plasma in-
sulin concentration reached a plateau, which also did not
differ between the groups (380±79 vs. 392±134 pmol/l;
p=0.67). Plasma leptin concentrations were also not differ-
ent between groups (Table 1), while the plasma adipo-
nectin concentration was lower in the OFF group than in
the NOR group (Table 1). Plasma α-TNFR-2 concentra-
tions were not different between the groups (Table 1).

Insulin-stimulated glucose metabolism and insulin sensi-
tivity The EGP was not different between the two groups,
either in the fasting (2.13±0.24 vs. 2.23±0.32mg·kg−1·min−1;
p=0.29) or in the insulin-stimulated conditions (0.33±0.18
vs. 0.38±0.21 mg·kg−1·min−1; p=0.23) (OFF and NOR

groups, respectively). Whole-body insulin-stimulated glu-
cose disposal was reduced in OFF (6.60±2.09 mg·kg−1 LBM
min−1) in comparison with NOR (8.77±1.97 mg·kg−1 LBM ·
min−1; p<0.001). This defect was due to the impairment of
non-oxidative glucose metabolism (3.23±1.69 vs. 4.94±1.90
mg·kg−1LBMmin−1 inOFFvs.NOR;p<0.001)sinceglucose
oxidation (3.52±1.61 vs. 3.83±1.89 mg·kg−1 LBM min−1;
p=0.42)was not affected in OFF in comparison with NOR.
SIP(clamp) was also reduced in OFF when compared with
NOR (Table 1).

Lipid metabolism Fasting plasma NEFA were higher in
OFF than in NOR (Table 1). During the insulin clamp,
suppression of plasma NEFA was not different between
groups (89±12 vs. 92±9% in OFF and NOR, respectively;
p=0.19). Fasting lipid oxidation was not different in OFF
when comparedwithNOR (Table 1). During the clamp lipid
oxidation was suppressed by 46% (0.54±0.49 mg·kg−1

LBM min−1) in OFF and by 62% (0.45±0.31 mg·kg−1

LBM·min−1) in NOR (p=0.19). 1H-MRS of the calf muscle
showed that the IMCL content in the soleus and in the
tibialis anterior muscles was higher in OFF than in NOR
subjects (Table 1).

IMCL content and insulin sensitivity Our group previously
reported a relationship between IMCL content and whole-
body insulin sensitivity in non-obese individuals. In this
work, in which non-obese and overweight/obese individ-
uals were included, the preliminary search for significant
interactions revealed the effect of a group-by-soleus IMCL
interaction using SIP(clamp) as the dependent variable (p=
0.02). Then, we performed linear regression analysis in the
entire study population (r2=0.21, p<0.0003) and separately
in the lean individuals (body fat <30%; r2=0.42, p<0.01)
and in the overweight individuals (body fat >30%; r2=0.11,
p=0.11). The lack of association between soleus IMCL
content and insulin sensitivity in the overweight/obese in-
dividuals was similar to a previous report by us on patients
with type 2 diabetes [15] and patients with myotonic dys-
trophy type 1 [19].

Quartiles of lipid oxidation Individuals within the OFF
group and the NOR group were subdivided into quartiles
of fasting lipid oxidation. The quartile cutoffs were 1.041,
1.220 and 1.684 mg·kg−1 LBM min−1 in OFF and 0.937,
1.184 and 1.515mg·kg−1 LBMmin−1 in NOR, respectively.

Effect of group and fasting whole-body lipid oxidation on
insulin sensitivity SIP(clamp) was lower in OFF than in NOR
(Fig. 1; general linear model analysis; p<0.003). SIP(clamp)

was different within quartiles of lipid oxidation in OFF
(p<0.05) but not within quartiles of lipid oxidation in NOR
(p=0.76) (Fig. 1). Lipid oxidation was significantly asso-
ciated with SIP(clamp) in OFF (Spearman’s rho 0.47; p=
0.01) but not in NOR (Spearman’s rho 0.13; p=0.47).

Effect of group and fasting whole-body lipid oxidation on
IMCL content Soleus (Fig. 2) and tibialis anterior (Fig. 3)
IMCL content was higher in OFF than in NOR (general
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linear model analysis: p<0.03 and p=0.05, respectively).
Soleus and tibialis anterior IMCL were not different within
quartiles of lipid oxidation in OFF and NOR (Figs. 2, 3).
No correlation between lipid oxidation and soleus or tib-
ialis anterior IMCL content was found in OFF and NOR.

Effect of group and fasting whole-body lipid oxidation on
plasma NEFA concentration Plasma NEFA concentrations
were higher in OFF than in NOR (Table 1; p<0.01). How-
ever, plasmaNEFA concentrations were not different within
quartiles of lipid oxidation in OFF (0.577±0.205, 0.709±
0.219, 0.665±0.200 and 0.647±0.088 mmol/l in quartiles I,
II, III and IV, respectively) and NOR (0.410±0.182, 0.385±
0.172, 0.576±0.212 and 0.566±0.224 mmol/l in quartiles I,
II, III and IV, respectively).

Discussion

This work confirmed that in offspring of type 2 diabetic
parents with an established increased risk of developing
type 2 diabetes [20], peripheral insulin resistance is asso-
ciated with higher circulating NEFA and IMCL content.
The novel finding is that insulin sensitivity improved across
increasing quartiles of fasting lipid oxidation within the
OFF group but remained constant in the NOR group, sug-
gesting that impaired fat oxidation may be a primary path-
ogenic factor of insulin resistance in people with a genetic
background for type 2 diabetes.

A 30 to 40% lower insulin sensitivity in offspring of
type 2 diabetic parents is a typical feature [2, 3], even if
only 25% of these individuals actually had severe insulin
resistance [21]. We confirmed that in these subjects the
severity of the impairment of insulin-stimulated glucose
metabolism was proportional with higher IMCL content
and fasting plasmaNEFA concentrations (Table 1). Hypoth-
esising that these abnormalities of lipid metabolism might
be due to altered lipid oxidation, we performed whole-body
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Fig. 1 Effect of group and fasting whole-body lipid oxidation on
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indirect calorimetry to search for a relationship between
whole-body lipid oxidation and (1) insulin sensitivity, and
(2) IMCL content. At first glance, fasting lipid oxidation
was not different in the two groups (Table 1) and was
similarly suppressed (46±32% vs. 62±27%; p=0.58) during
the insulin clamp. This finding was in apparent contrast
with a recent study [22], which used magnetisation transfer
experiments to demonstrate, in a cohort of OFF previously
known to be insulin-resistant, that abnormal IMCL content
was associated with a skeletal muscle defect in mitochon-
drial oxidative phosphorylation and a reduced ATP synthe-
sis rate. This discrepancy was reconciled using a similar
selection procedure for study subjects; the analysis was
performed based on segregation of our OFF group by quar-
tiles of lipid oxidation. As shown in Fig. 1, this analysis
demonstrated that the OFF subgroup with the lowest fasting
whole-body lipid oxidation (quartile I) was that with the
most severe insulin-resistant state, while the OFF subgroup
with the highest fasting lipid oxidation rates was that with
the highest insulin sensitivity. Consensual results were ob-
tained when analysis was performed segregating the OFF
group by quartiles of SIp(clamp) (the most insulin-resistant
being the individuals with the lowest fasting whole-body
lipid oxidation; data not shown). Moreover a significant
association between insulin sensitivity and fasting whole-
body lipid oxidation was demonstrated, supporting the orig-
inal hypothesis that an impairment of fat oxidation may
be associated with insulin resistance. This conclusion was
further sustained by the observation that the relationship
linking fasting whole-body lipid oxidation and insulin sen-
sitivity was not detectable in the NOR control group, when
it was segregated by quartiles of lipid oxidation, suggesting
that this alteration may be peculiar to individuals with a
genetic risk of developing type 2 diabetes in the future. A
disturbed oxidative enzyme activity has also been described
in the skeletal muscle of type 2 diabetic and obese indi-
viduals using an in vitro studies approach [23, 24]. A dys-
function of mitochondria was proposed as a possible cause
of the impairment of lipid oxidation in the skeletal muscle of
type 2 diabetic patients [25], and a specific age-associated
decline in mitochondrial function has been suggested as a
possible pathogenic factor in the development of insulin
resistance in the elderly [26]. A primary mitochondrial
dysfunction as a cause of IMCL accumulation may con-
stitute a self-perpetuating mechanism inducing a damage to
mitochondria via ROS production [27]. It has been sug-
gested that the molecular mechanisms behind the abnormal
pattern of lipid oxidation may be linked with a common
polymorphism of the PPAR-γ coactivator 1 (a transcrip-
tional regulator of genes responsible for mitochondrial bio-
genesis and fat oxidation) in a Danish population [28] and in
Pima Indians [29]. In addition, in the skeletal muscle of
patients with type 2 diabetes, there was a reduction in the
expression of genes encoding the PPAR-γ coactivator 1
[30, 31].

The second aim of this work was to test whether the
impairment of whole-body lipid oxidation was also as-
sociated with abnormal IMCL accumulation. Originally
IMCL content was described as strongly associated with

insulin resistance [1–3] in sedentary and lean individuals.
Additional studies revealed that the IMCL content is also
strongly influenced by the aerobic fitness status of the study
groups and by body composition [32]. In particular, the
association between IMCL content and insulin sensitivity
found in the lean individuals was lost when overweight/
obese individuals were studied [33]. We also confirmed a
lack of association in the individuals with body fat greater
than 30%. Moreover, we observed that in contrast to insulin
sensitivity, the soleus (Fig. 2) and tibialis anterior (Fig. 3)
IMCL content in both the OFF and NOR groups remained
constant across increasing quartiles of fasting lipid oxida-
tion, suggesting that the impact of lipid oxidation on insulin
sensitivity is not directly mediated via an effect on IMCL
content but is rather complex and mediated by other factors.

Since studies have also implicated several adipocyte-
derived hormones in the cause of insulin resistance mod-
ulating IMCL content and possibly fat oxidative disposal,
we measured plasma concentrations of leptin, adiponectin
and α-TNF-R-2 in the fasting condition (Table 1). Adi-
ponectin concentrations were significantly lower in the
OFF than in the NOR group, and a weak correlation with
SIp(clamp) was found when data of study subjects were
plotted all together (r2=0.07; p=0.04), but not when plotted
separately between OFF or NOR; in fact, a group-by-adi-
ponectin effect on SIp(clamp) was found Moreover, no asso-
ciation was found between adiponectin and IMCL content
or lipid oxidation when tested with both parametric and
nonparametric tests. Our data suggested that alterations in
plasma concentrations of these adipocyte-derived factors
do not have a major role in mediating insulin resistance,
lipid oxidation and IMCL content, and that the role of the
association of adiponectin with SIp(clamp) remains to be
clarified in terms of biological relevance.

A technical limitation of our study is that the level of
physical activity was not determined using a direct pa-
rameter but was estimated using a questionnaire; due to
the criteria of selection and to the consequent homogeneity
of the features of the study subjects and due to the lack of
statistical association, we can rule out that the observed
differences in lipid oxidation between and within groups
may be primarily due to overall or specific types of exer-
cise. An additional limitation of the study is that lipid
oxidation was assessed using indirect calorimetry reflect-
ing substrate oxidation of all tissues and not only of the
skeletal muscle; we believe that this limitation was par-
tially circumvented by correcting the lipid oxidation for
the LBM. Nevertheless we cannot exclude that the asso-
ciation between lipid oxidation and insulin sensitivitywould
have been stronger if more specific measures of skeletal
muscle lipid oxidation had been employed.

In conclusion, the present work confirmed the higher
IMCL content in the OFF group and its relationship with
SIp(clamp), but failed to demonstrate an association between
fasting lipid oxidation and IMCL content within groups.
Despite that, it was demonstrated that insulin sensitivity
improved across increasing quartiles of fasting lipid oxi-
dation within the OFF group and remained constant in the
NOR group, supporting the hypothesis that impaired fat
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oxidation may be a primary pathogenic factor of insulin
resistance in people with a genetic background for type 2
diabetes.
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