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Abstract Aims/hypothesis: Resistin is an adipokine
associated with obesity and type 2 diabetes in animal
models, but in humans its role remains uncertain. This
study was undertaken to test whether serum resistin is
related to insulin resistance and markers of low-grade
inflammation in elite athletes taken as a model of extreme
insulin sensitivity. Subjects materials and methods: In 23
elite athletes (sprinters, middle-distance and marathon
runners) and in 72 sedentary men including lean and obese
individuals with NGT, and obese individuals with IGT or
new-onset type 2 diabetes, we assessed insulin sensitivity
using a whole-body insulin-sensitivity index (WBISI)
derived from a 3-h OGTT; energy homeostasis was also
assessed by means of indirect calorimetry, along with
circulating adipokines and low-grade pro-inflammatory
cyto-chemokines. Results: Professional athletes had
increased WBISIs (p<0.001) and lipid oxidation
(p<0.03); they also showed higher serum resistin con-
centrations (p<0.001), although the pro-inflammatory
chemokines were not increased in comparison with the
other study groups. Resistin was independently associated
only with fasting plasma NEFA. Increased resistin was
detected in the middle-distance and marathon runners, but
not in the sprinters when compared with the lean, young,

sedentary individuals. Conclusions/interpretation: Serum
resistin concentration is increased in elite athletes,
providing evidence against the notion that resistin levels
reflect insulin resistance in humans, as seen in animal
studies. Increased resistin was observed in aerobic-
endurance, but not sustained-power athletes and this
feature appeared to be independently associated with
parameters of fatty acid metabolism.

Keywords Adipokines . Lipid oxidation . NEFA .
OGTT . Physical exercise

Abbreviations CCL2: chemoattractant CC chemokine
ligand 2 . HOMA: homeostasis model assessment . MCP:
macrophage chemotactic protein . MIP: macrophage
inflammatory protein . REE: resting energy expenditure .
RQ: respiratory quotient . WBISI: whole-body insulin-
sensitivity index

Introduction

Administration of resistin to mice impairs glucose toler-
ance [1] and alters insulin-mediated hepatic gluconeogen-
esis [2], while neutralisation with anti-resistin antibody
improves insulin sensitivity [1]. In addition, adenovirus-
mediated chronic ‘hyper-resistinaemia’ induced in vivo
insulin resistance in normal rats [3] and hepatic insulin
resistance in high-fat-fed mice [4]. Based on this research
in animal models, it was hypothesised that resistin might
represent the link between obesity and insulin resistance. In
spite of many efforts, little is known about the function of
resistin in humans [5]. The identity of resistin amino acid
sequences in mouse and human proteins is only 59% [6]
and because of this incomplete homology resistin may have
different physiological roles in different species [7]. In fact,
studies in humans reported conflicting results, indicating
decreased or increased resistin levels in obesity, opposite
responses to insulin-sensitisers and contradictory correla-
tions between resistin and markers of insulin resistance
[8–15]. It has also been suggested that resistin plays a role
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in inflammatory conditions, because it is expressed in
human macrophages [16] and because recent data have
supported the existence of an independent association of
resistin with the inflammatory factors IL-6 and C-reactive
protein [17]. The aim of the present study was to examine
whether resistin is a marker of insulin resistance or low-
grade inflammation in a human model of extreme insulin
sensitivity, i.e. elite athletes, when compared not only with
insulin-resistant individuals but also with normal healthy
individuals.

Subjects, materials and methods

Subjects

Twenty-three elite track runners (sprinters: n=6; middle-
distance: n=7; endurance athletes: n=10) who participate in
national and international competitions were recruited
within the Federazione Italiana Atletica Leggera-Lombar-
dia Section. They were compared with 13 sedentary lean
young men. The study also included middle-aged over-
weight individuals with NGT (n=34) and overweight
individuals with IGT (n=12) or with new-onset type 2
diabetes (n=13) as classic control groups characterised by
varying degrees of insulin resistance. Glucose-tolerance
status was established on the basis of a 75-g OGTT
performed in accordance with the criteria suggested by the
American Diabetes Association. The non-athletic indi-

viduals were recruited in the outpatient services of the
Center of Nutrition/Metabolism of the San Raffaele
Scientific Institute. Body weight was stable for at least
6 months. The anthropometric characteristics of the
subjects are summarised in Table 1. All subjects were in
good health as assessed by medical history, physical
examination and haematological and urine analysis.
Informed consent was obtained from all subjects after
explanation of the purpose, nature and potential risks of the
study. The protocol was approved by the Ethical
Committee of the San Raffaele Scientific Institute.

Experimental protocol

Subjects were instructed to consume an isocaloric diet and
to abstain from exercise activity for 3 days before the
studies.

OGTT Subjects were admitted to the Metabolic Room of
the Section of Nutrition/Metabolism of the San Raffaele
Scientific Institute at 07.30 h after a 10-h overnight fast.
The OGTT was performed at 08.00–08.30 h following the
American Diabetes Association recommendations [18]. A
Teflon catheter was inserted into an antecubital vein for
blood sampling; blood was obtained for the assessment of
glucose, insulin and NEFA concentrations in the basal
period and after the oral glucose load (75 g) at 30-min
intervals for 180 min. Samples were also collected for the

Table 1 Anthropometric and laboratory features and insulin sensitivity of study groups

Athletes Lean NGT Overweight NGT Overweight IGT/T2DM

n 23 13 34 25
Anthropometry
Age (years) 24±5a 26±4a 49±9 49±9
Body weight (kg) 69±7a 69±7a 84±17 87±18
Height (cm) 179±6 176±6 173±6 174±6
BMI (kg/m2) 21.5±1.2a 22.5±2.4a 28.0±6.0 28.6±4.8

Laboratory
Fasting NEFA (mmol/l) 0.65±0.24 0.50±0.22 0.55±0.18 0.59±0.19
Total cholesterol (mmol/l) 3.7±0.7a 4.2±1.0a 5.6±1.0 5.9±1.3
HDL-cholesterol (mmol/l) 1.5±0.3a 1.4±0.4b 1.1±0.3 1.1±0.2
LDL-cholesterol (mmol/l) 1.9±0.6a 2.4±0.9a 3.6±0.8 3.9±1.2
Triglycerides (mmol/l) 0.7±0.2a 1.0±0.5b 2.5±0.9 2.0±1.0
Total homocysteine (μmol/l) 12.0±4.7 8.9±2.0 11.0±4.0 11.6±2.9

OGTT
Fasting glucose (mmol/l) 4.7±0.3a 4.9±0.4c 5.5±0.4c 6.6±1.4
Mean glucose30–180 (mmol/l) 5.4±0.7b 5.5±0.6c 6.7±0.9c 10.5±3.1
Fasting insulin (pmol/l) 46±27a 72±36 86±60 93±54
Mean insulin30–180 (pmol/l) 141±44a 252±80 378±203 369±209
WBISI 9.77±3.87a,d 5.49±2.46c 4.21±2.22 3.02±1.64

Values are means±SD
By one-way ANOVA and post hoc Bonferroni:
ap<0.001 vs overweight NGT and overweight IGT/type 2 diabetes mellitus (T2DM)
bp<0.05 vs overweight NGT and overweight IGT/T2DM
cp<0.01 vs overweight IGT/T2DM
dp<0.01 vs lean NGT
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assessment of fasting plasma or serum concentration of
total cholesterol, HDL-cholesterol, triglycerides, leptin,
adiponectin, resistin, macrophage inflammatory protein
(MIP)-1α, MIP-1β, macrophage chemotactic protein
(MCP)-1, IL-6 and total homocysteine.

Indirect calorimetry Indirect calorimetry was performed
continuously, while lying quietly, for 30 min during the
basal equilibration period with a ventilated hood system
(Sensor Medics 2900; Metabolic Measurement Cart) to
measure VO2 and VCO2 to calculate glucose and lipid
oxidation. The mean CV values within the session for both
O2 and CO2 measurements were below 2%.

Serum resistin in middle-age, non-professional
endurance-trained individuals

To test whether the serum resistin pattern characterising
elite professional athletes was comparable with that of non-
professional but physically active individuals, its fasting
serum concentration was measured in a group of middle-
age men (n=9, age 47±11 years, BMI 22.7±1.3 kg/m2)
involved in amateur endurance-training programmes and
was compared with that of sedentary individuals matched
for anthropometric features (n=9, age 42±8 years, BMI
22.5±0.9 kg/m2). These study subjects were not originally
part of the present study, but were part of another study in
which cardiac function and metabolism were assessed
using magnetic resonance techniques in middle-age men
undergoing regular aerobic exercise training in comparison
with matched individuals with a sedentary life-style (data
not shown). Resistin was measured retrospectively in these
individuals to look for a potential confirmation of the data
observed in the elite athletes.

Analytical determinations

Glucose concentration was measured with a standard
glucose oxidase method on a glucose analyser (Beckman
Coulter, Fullerton, CA, USA). Blood samples for NEFA
assessment were collected in pre-chilled tubes containing
0.1% EDTA. Tubes were immediately placed in ice and
plasma was immediately processed by centrifugation at 4°C.
Plasma was then frozen and stored at −70°C and NEFA
determinations were performed within 0–5 working days as
suggested by Zambon and coworkers to obtain plasma
NEFA determinations avoiding lipoprotein lipase reactions
in blood [19]. Serum triglycerides, total cholesterol and
HDL-cholesterol were measured as previously described
[20]. LDL-cholesterol was calculated using the Friedwald
formula. The total plasma homocysteine level was deter-
mined using an HPLC method based on the derivatisation
with SBD-F (ammonium-7-fluorobenzo-2-oxa-1,3-diazole-
4-sulphonate) fluorescence as previously described [21].
Serum resistin was measured with an ELISA kit (BioVendor
Laboratory Medicine, Brno, Czech Republic). The sensitiv-
ity of the assay was 0.2 ng/ml of sample. The intra-assay CV

was <3.5% and the interassay <7%. Plasma levels of insulin
(sensitivity 2 μU/ml; intra- and interassay CV values <3.1
and 6%, respectively) and leptin (sensitivity 0.5 ng/ml; intra-
and interassay CV values <5 and 9%, respectively) were
measured with an RIA (Linco Research, St Charles, MO,
USA) following the manufacturer’s assay protocols. Serum
adiponectin was measured by an ELISA kit (B-Bridge
International, Sunnyvale, CA, USA) with a sensitivity of
25 pg/ml. The intra-assay CV was <3.7% and the interassay
<6%. Serum markers of inflammation, MCP-1, IL-6, MIP-
1α and MIP-1β (sensitivity 1.5, 0.2, 6.25 and 0.8 pg/ml,
respectively), were measured with a Human Chemokine/
Cytokine Array-SearchLight assay (Pierce Biotechnology,
Rockford, IL, USA).

Calculations

The whole-body insulin-sensitivity index (WBISI) was
measured using the modified formula of Matsuda and
DeFronzo [22] using the results obtained by the assessments
in all seven blood samples collected during the 3-h OGTT:

ISI OGTTð Þ

¼ 10;000
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G0 � I0ð Þ � meanG30�180minð Þ � mean I30�180minð Þp

where I0 (μU/ml) was the fasting insulin concentration, G0

(mg/dl) was the fasting glucose concentration and G30–

180 min and I30–180 min were the mean concentrations during
the 3-h OGTT of glucose and insulin, respectively. The
groups of amateur endurance-trained middle-age men and
the control group of sedentary individuals did not undergo
the OGTT. In these groups, insulin sensitivity was estimated
by means of an updated computer model of the homeostasis
model assessment (HOMA)-2 indices [23] available from
www.OCDEM.ox.ac.uk. Resting energy expenditure (REE)
was calculated byWeir’s standard equation [24] from the O2

consumption rate and the CO2 production rates measured by
means of indirect calorimetry (excluding the first 10 min of
data acquisition), and from the urinary nitrogen excretion.
Predicted REE was calculated using the Harris–Benedict
equations [25]. Glucose, lipid and protein oxidation were
estimated as previously described [26].

Statistical analysis

Data in text, tables and figures are means±SD. Analysis
were performed using SPSS software (version 10.0; SPSS,
Chicago, IL, USA). Comparisons among all groups were
performed using one-way ANOVAwith a Bonferroni post
hoc test, and a p value less than 0.05 was considered to be
statistically significant as shown in Tables 1, 2 and 3.
Comparison between the middle-age, amateur endurance-
trained men and matched sedentary controls was per-
formed using a two-tailed independent-samples t-test as
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shown in Table 4 and a p value less than 0.05 was
considered to be statistically significant. When parameters
showed a skewed distribution (Kolmogorov–Smirnov test
of normality), they were log-transformed before the
analysis (resistin, BMI, leptin, glucose, MCP-1/ chemo-
attractant CC chemokine ligand 2[CCL2], insulin, triglyc-
erides, adiponectin and IL-6). Two-tailed Pearson’s
correlation was performed to establish partial correlation
coefficients between resistin and other parameters. The
anthropometric and some of the metabolic features of the
sedentary individuals were homogeneous, while some of
those of the elite athletes were rather peculiar, as already
reflected in the comparison between groups. Based on this
observation, and to assess whether the correlation analysis
may add information beyond what was predictable from
differences between groups, a partial correlation control-
ling for the group variable was repeated to establish group-
independent associations. A prior power calculation
analysis using an optimal allocation strategy indicated
that 20 athletes and 15 sedentary controls were required to
provide a power of 90% to detect a 20% difference in
serum resistin and 15 athletes and 15 sedentary controls
were required to provide a power of 90% to detect a 30%
difference in WBISI between groups.

Results

Anthropometric and laboratory characteristics of study
subjects Anthropometric and laboratory features of the
elite athletes are summarised in Table 1. The young lean
men with NGT served as a reference group controlling for
insulin sensitivity in sedentary, otherwise healthy normal
individuals, and were matched for age and body weight
with the group of elite athletes. The overweight individ-
uals with NGT and IGT (including both IGT and type 2
diabetic patients) served as control groups with varying
degrees of insulin resistance. It is obvious that despite the
fact that the athletes and the lean sedentary NGT men were
not different for age and BMI, body composition of these

two groups of subjects must be different. In contrast,
overweight men with NGT and IGT/type 2 diabetes
mellitus were tightly matched for the anthropometric
features. While fasting plasma NEFAs were not different
among groups, the groups of overweight men (NGT and
IGT/type 2 diabetes mellitus) had significantly higher total
cholesterol, LDL-cholesterol and triglycerides and lower
HDL-cholesterol than the athletes and the lean sedentary
controls (Table 1).

OGTT Plasma glucose was not different between the
athletes and the lean young controls in the fasting state and
during the OGTT (as reflected by the mean glucose
concentration) (Table 1). All the groups of overweight
men had higher fasting plasma glucose in comparison with
athletes and the lean sedentary controls and the mean
glucose concentration was graded with the glucose-
tolerance status (Table 1). Fasting plasma insulin concen-
tration was not different between the athletes and the lean
sedentary controls but was lower in the athletes in
comparison with overweight NGT and IGT/type 2 diabetic
men (Table 1). The mean insulin concentration during the
OGTT was significantly lower in athletes in comparison
with NGT and IGT/type 2 diabetic patients (Table 1).
Based on the surrogate index of insulin sensitivity
(WBISI) the athletes were more insulin-sensitive with
respect to both the overweight men (NGT and IGT/type 2
diabetes mellitus; p<0.001) and the lean sedentary controls
(Table 1; p<0.01).

Adipokines Plasma leptin was significantly lower in the
athletes in comparison with all the other study groups
(Table 2). In spite of comparable BMIs, the lower leptin
levels in the athletes in comparison with the lean sedentary
controls would suggest a reduced body fat in the former.
Serum adiponectin was not different among groups (Table 2).
Serum resistin concentrations were significantly higher in the
athletes in comparison with both the lean sedentary controls
(p<0.001; Fig. 1a) and the overweight groups (NGT, IGT/type
2 diabetes mellitus; p<0.0001; Fig. 1a).

Table 2 Adipocyte hormones and pro-inflammatory chemokines in study groups

Athletes Lean NGT Overweight NGT Overweight IGT/T2DM

n 23 13 34 25
Leptin (ng/ml) 1.3±0.5a,d 3.7±2.3 7.6±6.8 7.2±4.8
Adiponectin (μg/ml) 8.0±2.9 6.9±3.2 6.4±1.7 6.7±3.8
Resistin (ng/ml) 4.5±1.6a,d 3.1±0.7 3.0±0.6 2.6±0.7
MCP-1/CCL2 (pg/ml) 221± 95c 262±72 281±102 334±84
IL-6 (pg/ml) 0.9±0.2b 1.1±0.8 2.9±3.1e 2.2±3.1
MIP-1α (pg/ml) 268±150 213±54 226±163 348±145
MIP-1β (pg/ml) 80±43 66±23 82±43 101±45

Values are means±SD
By one-way ANOVA and post hoc Bonferroni:
ap<0.0001 vs overweight NGT and overweight IGT/type 2 diabetes mellitus (T2DM)
bp<0.05 vs overweight NGT and overweight IGT/T2DM
cp<0.01 vs overweight IGT/T2DM
dp<0.001 vs lean NGT
ep<0.05 vs lean NGT
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Pro-inflammatory chemokines Fasting serum concentra-
tions of pro-inflammatory chemokines (MCP-1/CCL2, IL-
6, MIP-1α, MIP-1β; Table 2) were not increased in elite
athletes when compared with the other study groups.
Statistical analysis revealed that MCP-1/CCL2 was re-
duced in the athletes in comparison with overweight
individuals with IGT and type 2 diabetes mellitus (p<0.01)
and that IL-6 was reduced in the athletes in comparison
with all the groups of overweight men (NGT, IGT and type
2 diabetes mellitus; p<0.001) and in the lean sedentary
controls in comparison with the overweight NGT men
(p<0.05). MIP-1α and MIP-1β were not different among
groups.

Energy homeostasis REE was not different among groups
(Table 3). No difference was found among groups, even
when the REE was normalised by the predicted REE based
on the classic Harris–Benedict equation (Table 3). In

contrast, the oxidative substrate partitioning was found to
be different among groups. In detail, the respiratory
quotient (RQ) was significantly lower in the athletes when
compared with the overweight men (NGT, IGT and type 2
diabetes mellitus; p<0.001) in association with a parallel
reduction of glucose oxidation (p<0.01; Table 3). Lipid
oxidation was higher in the athletes in comparison with the
overweight men (NGT, IGT and type 2 diabetes mellitus;
p<0.001) and also in comparison with the lean sedentary
controls (p<0.05; Table 3). No significant difference was
detected among the lean sedentary controls in comparison
with the overweight men (NGT, IGT and type 2 diabetes
mellitus).

Comparison among sprinters, middle-distance and mara-
thon runners When the elite athletes were segregated into
sprinters, middle-distance and marathon runners no
difference was detected with respect to age, BMI, fasting

Table 3 Parameters of energy homeostasis in study groups

Athletes Lean NGT Overweight NGT Overweight IGT/T2DM

n 23 13 34 25
REE (MJ/day) 8.1±1.4 7.3±0.8 7.9±9.2 8.3±1.4
REE/predicted REE (%) 111±17 101±8 109±11 111±12
RQ 0.76±0.05a 0.80±0.06 0.83±0.07 0.84±0.05
GOx (mg kg−1min−1) 0.81±0.94b 1.24±0.98 1.60±0.99 1.68±0.75
LOx (mg kg−1min−1) 1.48±0.48a,c 1.04±0.45 0.80±0.42 0.77±0.35

Values are means±SD
By one-way ANOVA and post hoc Bonferroni:
ap<0.001 vs overweight NGT and overweight IGT/type 2 diabetes mellitus (T2DM)
bp<0.05 vs overweight NGT and overweight IGT/T2DM
cp<0.01 vs lean NGT
GOx Glucose oxidation, LOx lipid oxidation

Table 4 Laboratory and metabolic features of middle-age, amateur endurance-trained and matched sedentary men

Amateur endurance-trained Sedentary p valuea

n 9 9
Lipid profile
Fasting NEFA (mmol/l) 0.51±0.17 0.50±0.07 0.89
Total cholesterol (mmol/l) 5.2±0.9 4.9±0.9 0.45
HDL-cholesterol (mmol/l) 1.7±0.3 1.3±0.3 0.05
LDL-cholesterol (mmol/l) 3.2±0.9 3.0±0.8 0.56
Triglycerides (mmol/l) 0.7±0.2 1.2±1.0 0.22
Insulin sensitivity
Fasting glucose (mmol/l) 4.7±0.6 4.9±0.4 0.32
Fasting insulin (pmol/l) 48±18 60±24 0.28
HOMA2-%B 113±40 114±30 0.92
HOMA2-%S 112±32 89±31 0.08
HOMA2 1.0±0.4 1.3±0.5 0.16
Disposition index 1.3±0.3 0.9±0.2 0.04
Adipokines
Leptin (ng/ml) 2.7±1.2 3.5±1.5 0.25
Adiponectin (μg/ml) 7.7±3.0 6.6±2.9 0.32
Resistin (ng/ml) 3.6±0.7 2.9±0.5 0.03

Values are means±SD
aIndependent-sample t-test (two-tailed)
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plasma glucose, NEFA, lipid profile, insulin sensitivity
(WBISI: 9.6±2.2, 9.5±4.3, 10.1±4.8 in sprinters, middle-
distance and marathon runners; p=0.90) and the param-
eters of energy metabolism (REE, RQ, glucose and lipid
oxidation). No difference was detected also with respect to
leptin, adiponectin, IL-6 and the pro-inflammatory
chemokines between the subgroups of elite athletes.
Despite the lack of difference for all the above-described
parameters, only serum resistin was different within the
athlete subgroups (ANOVA; p<0.001). Resistin was
higher in the middle-distance and marathon-runner
athletes (5.3±1.7 and 4.7±1.6 ng/ml) in comparison with
the lean NGT (3.1±0.7 ng/ml; p<0.01) as shown in
Fig. 1b, while in the sprinters (3.5±0.8 ng/ml) it was not
different from that in lean NGT (p=1.0) and was
significantly lower in comparison with the middle-
distance track runners (Fig. 1b; p<0.05). Plasma homo-

cysteine concentrations were not different among groups
(p=0.34).

Serum resistin in middle-age amateur endurance-trained
men Middle-age, amateur endurance-trained men were
characterised by a trend for higher insulin sensitivity
(HOMA2-%S: p=0.08; Table 4) and had a higher disposition
index (Table 4; p=0.04) and fasting serum resistin concen-
tration than the sedentary controls (Table 4; p=0.03).

General correlation analysis Pearson correlation analysis
showed that the serum resistin concentration was asso-
ciated with age (r=−0.46; p<0.01), BMI (r=−0.29;
p<0.01), glucose oxidation (r=−0.31; p<0.01), lipid
oxidation (r=0.38; p<0.001), RQ (r=−0.34; p<0.01), leptin
(r=−0.25; p<0.05), NEFA (r=0.20; p<0.05), glucose
(r=−0.28; p<0.05), total cholesterol (r=−0.386; p<0.01),
HDL-cholesterol (r=0.22; p<0.05), triglycerides (r=−0.26;
p<0.01), WBISI (r=0.43; p<0.01) and MCP-1/CCL2
(r=−0.26; p<0.01). When the partial correlation analysis
was performed controlling for the group variable, none of
the above-described associations were close to statistical
significance, with the exception of fasting plasma NEFA,
which remained significantly associated with serum
resistin (r=0.20; p<0.03), and of plasma glucose, even if
it showed only a trend towards a significant association
(r=0.16; p=0.062). When the relationship between serum
resistin and plasma NEFA was analysed separately in
normal-weight individuals (Fig. 2a) and overweight
individuals (Fig. 2b) a strong association was found in
the former (r=0.27; p<0.02) but not in the latter (r=−0.04;
p=0.74).

Discussion

This study has produced evidence that resistin is not
associated with insulin resistance in humans. Using a novel
approach, it tested this possibility in amodel ofmarked insulin
sensitivity such as elite athletes. Inspection of the data also
revealed that in elite professional athletes serum resistin
concentration is increased in comparison with (1) middle-age
insulin-resistant men with NGT and/or IGT/type 2 diabetes
mellitus and with (2) young, healthy and sedentary men.
Moreover, the increased serum resistin concentration was
found in athletes undergoing training programmes focused
mainly on aerobic endurance exercise and not in those
undergoing sustained-power exercise (sprinters).

In spite of the original report linking the adipose tissue
hormone resistin with insulin resistance [1] and of
subsequent reports showing that in humans this link is
controversial [11–15, 27, 28], our data are in line with a
recent report by Utzschneider et al. [29], suggesting that
circulating resistin is unlikely to be a major mediator of
insulin resistance in men and again supporting the existence
of a striking contrast with the observations in rodents [30].

The observational finding that resistin was even higher
in elite athletes than in insulin-resistant and healthy
controls (Fig. 1a) was unexpected. Therefore, we tested
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Fig. 1 Serum resistin concentrations in study groups. a Increased
log-resistin concentration in athletes in comparison with lean,
young, sedentary controls (Lean NGT), overweight individuals with
NGT (Ov NGT) and overweight individuals with IGT/type 2
diabetes mellitus (Ov IGT/T2DM). ‡p<0.0001 vs overweight NGT
and IGT/type 2 diabetes mellitus; ***p<0.001 vs lean NGT; one-
way ANOVA and post hoc Bonferroni. b Increased log-resistin
concentration in marathon runners and middle-distance runners in
comparison with lean, young, sedentary controls (Lean NGT) and
the increased log-resistin concentration in middle-distance runners
in comparison with sprinters. **p<0.01 vs lean NGT; § p<0.05 vs
sprinters; one-way ANOVA and post hoc Bonferroni
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retrospectively whether this pattern was also reproducible
in middle-age, amateur endurance-trained men as an
additional, but less extreme model of increased insulin
sensitivity in comparison with sedentary individuals and
found that the increased serum resistin was confirmed also
in non-professional physically fit subjects (Table 4).

We must emphasise that with regard to the interpretation
of increased serum resistin in association with exercise
training in men, a clear limitation of the present report is the
observational approach of our study. We tested whether in
the athletes an increased serum resistin concentration
reflected ongoing pro-inflammatory events. In fact,
resistin’s structure is similar to that of proteins involved
in inflammatory processes and its serum concentration was
found to be associated with coronary artery calcification
independently of the C-reactive protein and other inflam-
matory markers [17]. In addition, exercise activity is
known to induce acutely increments of the circulating
levels of many pro- and anti-inflammatory cytokines and
chemokines [31]. For this reason we measured those
markers of ‘low-grade inflammation’ that have been

suggested to be possibly increased in individuals that are
chronically exposed to strenuous exercise. We failed to
detect a significant association of these markers with the
increased serum resistin found in the athletes; in fact, the
cyto-chemokine concentrations were not higher than those
of the control groups. In detail, MCP-1/CCL2 showed a
trend to be lower in athletes than in the overweight IGT/
type 2 diabetic subjects (Table 2), as we have previously
reported [32], and although plasma IL-6 increases in an
exponential fashion during acute exercise, in the resting
state it was lower in the athletes in comparison with the
subgroups of overweight individuals (Table 2). The present
findings are therefore in agreement with the described
long-term anti-inflammatory effect of exercise [26] and
apparently argue against the hypothesis that increased
resistin in athletes reflects inflammatory events.

A more detailed inspection of our data revealed that the
higher resistin levels were found in the athletes whose
exercise training must be sustained by the aerobic oxidative
system fuelled by macronutrients (aerobic endurance
exercise), and were not found in the athletes undergoing
a sustained-power exercise training whose performance is
based on immediately available intracellular energy depots
(ATP and phosphocreatine) (Fig. 1b). We therefore tried to
test whether serum resistin concentration was associated
with the substrates directly fuelling the aerobic oxidative
metabolism and noticed that the plasma NEFA concentra-
tion was the only variable which retained a statistical
association with the circulating resistin levels when the
group effect was taken into account, and this association
was more evident when explored in non-obese individuals
(Fig. 2a) than in overweight patients with or without IGT/
type 2 diabetes mellitus (Fig. 2b). A comparison with the
literature for these aspects is difficult because only recently
some effects of resistin on lipid metabolism were reported;
a hypertriglyceridaemic effect in vivo in animals [3, 33]
and a lipolytic effect in vitro [34]. It would appear,
therefore, that resistin may be associated with increased
NEFA availability in the bloodstream and in this regard it is
interesting to note the parallelism with the previously
reported paradox of the increased intra-myocellular lipid
content despite the high insulin sensitivity reported in
athletes [35].

In the elucidation of the mechanisms behind the higher
resistin levels in aerobic-endurance athletes many unre-
solved questions remain, and longitudinal studies showing a
direct effect of acute exercise bouts or of chronic exercise
training programmes are warranted to fully support the
described association and to clarify the impact of aerobic
endurance in comparison with sustained-power training
programmes. It may be concluded that this study further
confirms that increased serum resistin concentration is
unlikely to be involved in the pathogenesis of insulin
resistance in humans; paradoxically, increased serum resistin
was found in extremely insulin-sensitive elite athletes. This
work also reported for the first time an independent
association between circulating resistin and NEFA concen-
trations, suggesting that the interactions between resistin and
lipid metabolism should be further explored.
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Fig. 2 Association between serum resistin concentration and
plasma NEFA. a Scatter-plot correlating the log-resistin and plasma
NEFA concentration (r=0.27; p<0.02 partial correlation controlling
for group effect), combining data of the athletes (open squares and
broken line) and the lean, young, sedentary volunteers (filled
squares and solid line). b Scatter-plot correlating the log-resistin and
plasma NEFA concentration (r=−0.04; p=0.74), combining data
from the overweight individuals with NGT (open circles and solid
line) and overweight individuals with IGT/type 2 diabetes mellitus
(open triangles and dotted line)
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