
ORIGINAL PAPER

Fitness, adiposopathy, and adiposity are independent
predictors of insulin sensitivity in middle-aged men
without diabetes

Claire Huth & Étienne Pigeon & Marie-Ève Riou & Josée St-Onge & Hélène Arguin &

Erick Couillard & Marie-Julie Dubois & André Marette & Angelo Tremblay &

S. John Weisnagel & Michel Lacaille & Pascale Mauriège & Denis R. Joanisse

Received: 9 February 2016 /Accepted: 12 April 2016 /Published online: 2 May 2016
# University of Navarra 2016

Abstract Adiposopathy, or sick fat, refers to adipose
tissue dysfunction that can lead to several complica-
tions such as dyslipidemia, insulin resistance, and
hyperglycemia. The relative contribution of
adiposopathy in predicting insulin resistance re-
mains unclear. We investigated the relationship be-
tween adiposopathy, as assessed as a low plasma
adiponectin/leptin ratio, with anthropometry, body
composition (hydrostatic weighing), insulin sensitiv-
i ty (hyper insu l inemic -eug lycemic c lamp) ,

inflammation, and fitness level (ergocycle VO2max,
mL/kgFFM/min) in 53 men (aged 34–53 years) from
four groups: sedentary controls without obesity
(body mass index [BMI] <25 kg/m2), sedentary with
obesity (BMI > 30 kg/m2), sedentary with obesity
and glucose intolerance, and endurance trained ac-
tive without obesity. The adiponectin/leptin ratio
was the highest in trained men (4.75 ± 0.82) and
the lowest in glucose intolerant subjects with obesity
(0.27 ± 0.06; ANOVA p < 0.0001) indicating in-
creased adiposopathy in those with obesity. The
ratio was negatively associated with adiposity (e.g.,
waist circumference, r=−0.59, p< 0.01) and posi-
tively associated with VO2max (r = 0.67, p < 0.01)
and insulin sensitivity (M/I, r= 0.73, p< 0.01). Mul-
tiple regression analysis revealed fitness as the
strongest independent predictor of insulin sensitivity
(partial R2 = 0.61). While adiposopathy was also an
independent and significant contributor (partial
R2 = 0.10), waist circumference added little power
to the model (partial R2 = 0.024). All three variables
remained significant independent predictors when
trained subjects were excluded from the model.
Plasma lipids were not retained in the model. We
conclude that low fitness, adiposopathy, as well as
adiposity (and in particular abdominal obesity) are
independent contributors to insulin resistance in men
without diabetes.
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Introduction

Adipose tissue (AT) is a powerful secretory organ
releasing adipokines and inflammatory cytokines [7,
15, 23], many of which having significant effects on
whole-body or tissue-specific insulin resistance (IR)
[23]. However, state and functional differences exist
between depots of different types (e.g., subcutaneous
and omental visceral depots, e.g., [25]). Also, function
not only varies greatly according to anatomical location
but also by the type of adipocyte (white, brown, or
beige) found within each depot [24], and can further
be modified according to internal and external stresses
(e.g., AT browning, inflammation). In this context, it is
of interest to investigate the global secretory profile of
whole-body AT and its relation to health.

Although conditions such as type 2 diabetes (T2D),
hypertension, or dyslipidemia are generally associated
with obesity, these conditions can occur in individuals
without obesity or differ in individuals with similar
adiposity [2]. This has led to the concept of
adiposopathy, or sick fat, which states that AT function,
independently from its quantity, can influence the met-
abolic state [5]. Thus, a modified adipocyte secretory
profile can contribute to metabolic disorders such as
hyperglycemia or dyslipidemia [6, 3]. In this context,
the most often considered adipokines are adiponectin
and leptin [11, 20]. Given their similar effects on insulin
sensitivity (IS), but their inverse relationships with BMI
and metabolic health, the adiponectin/leptin (A/L) ratio
has been suggested and used as a marker of
adiposopathy, i.e., a marker of the secretory Bhealth^
of adipocytes [18, 35].

Other factors such as inflammatory cytokines also
impact the insulin response [15, 23, 4]. With obesity,
there is an increased infiltration of white blood cells in
AT, and these, along with adipocytes, can secrete anti-
and pro-inflammatory molecules. Adiponectin is an ex-
ample of the former, while interleukin-6 (IL-6), C-
reactive protein (CRP), tumor necrosis factor alpha
(TNF-α), chemokine (C-C motif) ligand 5 (RANTES),
and monocyte chemotactic protein 1 (MCP-1) are ex-
amples of the latter [30]. TNF-α also has an impact on
insulin sensitivity by diacylglycerol esterification [10,
19]. RANTES and MCP-1 are also increased with obe-
sity, glucose intolerance, and T2D [22, 34].

Despite some work having studied the relationship
between adiposopathy and the insulin response, many
questions remain as to its relative contribution to IR

when compared to other known contributors. The aim
of this study was to investigate the relationship between
inflammatory markers, adipokines, adiposopathy, and
IR and to clarify how the fitness level (VO2max) and
abdominal obesity could influence these relations in a
cohort of middle-aged men without diabetes. We hy-
pothesized that adiposopathy would independently con-
tribute to IR.

Materials and methods

Subjects

Fifty-three men aged 34 to 55 years were recruited in
four groups in a cross sectional study: sedentary (n=11),
obesity (n = 11), obesity and glucose intolerance
(n=16), and highly trained endurance active (n=15).
The first three groups and testing methods were previ-
ously described [33]. In brief, control sedentary subjects
(defined by an absence of regular physical activities
over the last 3 months as described in [9]) had a body
mass index (BMI)≤25 kg/m2. Subjects in the obesity
group were sedentary and had a BMI>30 kg/m2. The
trained group consisted of subjects without obesity prac-
ticing high levels of regular aerobic physical activities.
Subjects from these groups had normal glucose toler-
ance measured by oral glucose tolerance test (OGTT)
(2 h glucose≤ 7.8 mmol/L). Subjects from the final
group, with obesity and glucose intolerance, differed
from those in the group with obesity by presenting
impaired glucose tolerance measured by OGTT (2 h
glucose>7.8 mmol/L). Exclusion and inclusion criteria
are detailed in [33]. Briefly, persons with T2D, a ±2 kg
body weight fluctuation in the previous 6 months,
smokers, heavy alcohol consumers, asthmatics needing
steroid therapy, or with any liver, renal, or uncontrolled
thyroid disorders were excluded. Subjects using medi-
cation with steroid hormones, α- or β-blockers, di-
uretics, or other lipid metabolism modulators (e.g.,
thiazolidinediones, statins, and insulin) were also ex-
cluded. Individuals with a history or physical findings
of coronary heart disease, peripheral vascular disease,
hypertension, or an inability to perform the exercise test
were also excluded. The research protocol was approved
by the ethics committees of Université Laval (CERUL,
approval 2004–2007) and the Centre de Recherche de
l’Institut Universitaire de Cardiologie et Pneumologie
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de Québec (CRIUCPQ; approval 2013–2151), and all
subjects provided written informed consent.

Body composition

Body weight was obtained to the nearest 0.1 kg with a
cal ibra ted scale including a tens ion gauge
(Intertechnology Inc., Don Mills, ON, Canada) and a
digital panel indicator (Beckman industrial series 600;
Beckmann Coulter Canada Inc., Mississauga, ON, Can-
ada). Height was measured to the nearest millimeter
with a wall stadiometer. Waist circumference (WC)
was taken in duplicate at the mid-distance between the
iliac crest and last rib margin with a flexible steel metric
tape to the nearest 0.1 cm. Body composition was ob-
tained by hydrostatic weighing as described in [9] for
precise assessment of fat and fat free masses.

Maximal aerobic power and cardiorespiratory fitness
(VO2max)

The procedure was previously described [33]. In brief,
the test was performed on a bicycle ergometer (Ergo-
Metrics 800 s; SensorMedics, Yorba Linda, CA, USA),
a 5-min warmup between 50 and 75 W followed by an
incremental test starting between 100 and 150 W with
an increase of 25 W every 2 min. Subjects were
instructed to maintain a cadence of 70 rpm during the
test. Direct measures of O2 (Ametek S-3Awith a Zircon
cell) and CO2 (Anarad AR-411 infrared gas analyzer)
were obtained every 30 s. Perceived exertion, Borg
analog RPE scale [8], and blood pressure were mea-
sured every 2 min. The end of the test occurred when the
participants could not maintain the required cadence or
upon the appearance of a usual indicator for the deter-
mination of exercise testing [13]. Since we were inter-
ested in a measure of the relative metabolic capacity of
lean (muscle) tissue, we express VO2max adjusted for fat
free mass.

Euglycemic-hyperinsulinemic clamp

Clamp conditions were previously described [29]. In
brief, subjects fasted overnight (12 h) [27] and
avoided exercise for 3 days preceding the clamp to
minimize the acute effects of exercise on IS [26, 31].
All subjects also consumed a standardized diet ad-
justed to their isocaloric needs the day preceding the
clamp [37]. An antecubital arm vein was cannulated

with a catheter for infusion of insulin and 20 %
glucose, and the contralateral arm vein was cannu-
lated to allow sampling for determination of plasma
insulin and glucose levels. Baseline fasting blood
was drawn for measurements. A continuous infusion
of insulin (Humulin; 40 mU/m2/min) was started,
keeping arterial insulin in the upper physiologic
range of approximately 500 pM. Blood samples
were taken every 5 min for measurements of plasma
glucose, and insulin levels were measured every
10 min. IS was measured as the insulin sensitivity
index (M/I; mean glucose infusion rate/mean insulin
concentration) calculated between times 90 and
120 min of the clamp.

Oral glucose tolerance test

After an overnight fast, an oral glucose tolerance test
with a 75-g glucose load was performed. Blood samples
were collected through a venous catheter from an
antecubital vein at −15, 0, 30, 60, 90, and 120 min
following glucose ingestion for the determination of
plasma glucose and insulin concentrations [28]. Plasma
glucose was measured enzymatically, whereas plasma
insulin was measured by radioimmunoassay with poly-
ethylene glycol separation [12, 32]. Subjects were clas-
sified as glucose tolerant if fasting plasma glucose level
was <7.0 mmol/L and <7.8 2 h after bolus ingestion.
Subjects were considered glucose intolerant if their
plasma glucose level was ≥7.8 mmol/L 2 h after bolus
ingestion. T2D was defined as a fasting plasma glucose
concentration ≥7.0 mmol/L and/or a 2-h plasma glucose
concentrations ≥11.1 mmol/L [1].

Blood analyses

An Elite Bayer glucometer (3903-E) was used to
monitor glucose every 5 min during the clamp.
Every 10 min, additional blood samples were col-
lected, centrifuged to obtain plasma, and stored at
−20 °C for later analyses. Glucose was measured
using the hexokinase method and plasma insulin
using a radioimmunoassay with polyethylene glycol
separation as described previously [29]. The plasma
lipid-lipoprotein profile was assessed as described
previously [33]. Human high molecular weight
(HMW) adiponectin was measured by ELISA
(Millipore, Billerica, MA, USA). Leptin and inflam-
matory molecules were measured by Milliplex®
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Multiplex kits (Millipore, Billerica, MA, USA)
using Luminex® technology. The adiponectin/leptin
ratio was used as an indicator of AT function, a
higher ratio indicating good, healthy function, and
a lower ratio indicating increased adiposopathy. Ex-
cept where specified, all measures were performed
on plasma obtained before the beginning of the
euglycemic-hyperinsulinemic clamp.

Statistical analysis

Statistical analyses were performed using the JMP®
9.0.2 software (2010 SAS Institute Inc., Cary, NC,
USA). Values which were three standard deviations
or more from the mean for normally distributed data
were considered outliers and excluded from analy-
ses. Group comparisons were performed with a one-
way ANOVA followed by Tukey-Kramer HSD post
hoc tests for group differences with normally dis-
tributed data. For data that lacked normality, non-
parametric Wilcoxon/Kruskal-Wallis (Rank Sums)
tests and non-parametric Wilcoxon comparisons for
each pair were performed. Pearson correlations were
used to assess relationships between variables. Step-
wise (mixed) regression modeling was used to as-
sess the independent contributions to IS (measured
as M/I) of retained variables. Separate models with
and without trained individuals were run. Data are
presented as means ± SEM and are considered statis-
tically different when p< 0.05.

Results

Subject characteristics

Subjects were generally well matched for age, although
trained active men were slightly older than the glucose
intolerant with obesity (Table 1). As expected, there
were significant differences in body composition and
anthropometric markers between subjects with and
without obesity, the trained having lower body mass,
body fat, and waist circumference. Also as expected, the
glucose intolerant subjects with obesity had the highest
fat free mass of any group. VO2max, expressed per
kilogram of fat free mass to better reflect the metabolic
function of lean (muscle) tissue, did not differ between
the sedentary groups, although it tended to be lower in
the glucose intolerant with obesity. As expected, values
were much higher in trained subjects.

Plasma variables

Plasma glucose, insulin, lipid-lipoprotein profile, in-
flammatory markers, and adipokines levels are
shown in Table 2. The glycemic profile shows no
between group differences for fasting glucose levels,
as expected, whereas fasting insulin levels were
lower in sedentary subjects and lowest in the trained
(2.5-fold less than the levels in glucose intolerant
men with obesity). Glucose intolerant subjects with
obesity were the most metabolically deteriorated,

Table 1 Characteristics of the subjects

Sedentary Trained Obesity Obesity and glucose intolerance ANOVA p value

Number of subjects 11 15 11 16

Age (years) 44.4 ± 1.1ab 47.7 ± 1.4a 44.9 ± 2.0ab 41.2 ± 1.3b 0.0220

Physical characteristics

BMI (kg/m2) 23.9 ± 0.5a 23.6 ± 0.3a 32.1 ± 1.0b 35.3 ± 1.0c <0.0001

Body mass (kg) 73.9 ± 1.8a 74.0 ± 2.2a 101.0 ± 3.6b 108.0 ± 3.4b <0.0001

Waist circumference (cm) 88.7 ± 2.0a 84.5 ± 1.0a 111.0 ± 3.0b 118.0 ± 2.3b <0.0001

Fat mass (kg)* 14.7 ± 0.9a 10.7 ± 0.6a 33.0 ± 2.6b 34.5 ± 2.6b <0.0001

Fat percent (%)* 19.9 ± 1.0a 14.3 ± 0.6b 32.3 ± 1.6c 31.4 ± 1.5c <0.0001

Fat free mass (FFM) (kg)* 59.1 ± 1.4a 63.3 ± 1.8ab 68.0 ± 1.6bc 74.1 ± 1.6c <0.0001

Cardiorespiratory fitness

VO2max (mL/kgFFM/min) 47.8 ± 1.8a 63.0 ± 1.2b 46.7 ± 1.1a 43.1 ± 1.4a <0.0001

Groups with different letters indicate statistically significant differences. Asterisk indicates values obtained by hydrostatic weighing as
described in [9]
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their glucose levels being almost two times higher
and their insulin levels five times higher than the
trained, 2 h following glucose bolus ingestion dur-
ing the OGTT. IS (measured as M/I) was signifi-
cantly different between groups, the lowest in glu-
cose intolerant men with obesity, intermediary in
controls without obesity, and the highest in trained
individuals.

Subjects from the groups with obesity also displayed
the most deteriorated lipid-lipoprotein profile, present-
ing higher NEFA and triacylglycerol levels, and lower

HDL-cholesterol levels, than their counterparts without
obesity. No differences in total or LDL-cholesterol were
seen between groups.

As for inflammatory variables, no significant be-
tween group differences were seen for levels of TNF-α,
MCP-1 and RANTES (Table 3). CRP levels were sim-
ilar in the sedentary and trained groups, but were signif-
icantly greater in those with obesity (twofold higher)
and glucose intolerance (fourfold higher). IL-6 levels
were similar in subjects with obesity or obesity and
glucose intolerance, sedentary subjects presenting

Table 2 Plasma lipid-lipoprotein profile, OGTT, and euglycemic-hyperinsulinemic clamp data

Sedentary Trained Obesity Obesity and glucose intolerance ANOVA p value

Number of subjects 11 15 11 16

Plasma lipids

NEFA (mmol/L) 0.41 ± 0.04a 0.37 ± 0.03ab 0.47 ± 0.05ab 0.52 ± 0.031b 0.0226

Total cholesterol (mmol/L) 4.67 ± 0.23 4.80± 0.18 5.15± 0.30 5.29± 0.17 0.1520

LDL-cholesterol (mmol/L) 3.00 ± 0.21 2.92± 0.59 3.21± 0.21 3.32± 0.14 0.2904

HDL-cholesterol (mmol/L) 1.26 ± 0.06ab 1.42 ± 0.10a 0.96 ± 0.04c 1.00 ± 0.04bc <0.0001

Total triacylglycerols (mmol/L) 1.11 ± 0.16a 1.09 ± 0.10a 2.07 ± 0.24b 2.65 ± 0.20b <0.0001

Glycemic characteristics and insulin sensitivity

Fasting glucose (mmol/L) 5.55 ± 0.15 5.82± 0.11 5.77± 0.13 5.88± 0.10 0.264

2-h OGTT glucose (mmol/L) 5.20 ± 0.49a 6.11 ± 0.47a 6.47 ± 0.23ab 9.13 ± 0.22b <0.0001

Fasting insulin (mmol/L) 75.6 ± 9.7a 63.4 ± 7.9a 110.0 ± 16.7ab 160.8 ± 24.0b 0.0004

2-h OGTT insulin (mmol/L) 526 ± 93a 244 ± 47b 767 ± 134a 1284± 178c <0.0001

Insulin sensitivity index (M/I) 11.0 ± 1.46a 19.80 ± 1.97b 6.48 ± 1.12ac 4.56 ± 0.71c <0.0001

Groups with different letters indicate statistically significant differences.

NEFA non-esterified fatty acids, LDL low density lipoprotein, HDL high density lipoprotein

Table 3 Fasting plasma adipokines and inflammatory profile of the subjects

Sedentary Trained Obesity Obesity and glucose intolerance ANOVA p value

Number of subjects 11 15 11 16

Adipokines

Adiponectin (ng/mL) 4361± 1079 4416± 473 4239± 798 3173 ± 722 0.2918

Leptin (pg/mL) 3176± 506a 1086± 104b 11,227 ± 1703c 11,193 ± 1127c <0.0001

Adiponectin/leptin 2.13 ± 0.89a 4.75 ± 0.82b 0.44 ± 0.09c 0.27 ± 0.06c <0.0001

Inflammatory markers

CRP (ng/mL) 943 ± 326a 980 ± 247a 2374± 464b 4403 ± 922b 0.0011

IL-6 (pg/mL) 1.22 ± 0.28ab 0.94 ± 0.29a 2.04 ± 0.32b 1.91 ± 0.20b 0.0056

RANTES (pg/mL) 14,591 ± 3543 14,518 ± 3236 14,578 ± 4487 10,243± 2209 0.7892

MCP-1 (pg/mL) 226 ± 17 212 ± 11 251 ± 16 229 ± 18 0.3941

TNF-α (pg/mL) 4.44 ± 0.62 4.65 ± 1.39 5.76 ± 0.96 4.53± 0.37 0.2016

Groups with different letters indicate statistically significant differences
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intermediary values while trained men had the lowest
levels (half those of the groups with obesity).

No significant differences were observed for
adiponectin despite large differences in fat mass
between groups. There was no difference between
subjects with obesity or obesity and glucose-
intolerance for leptin levels, whereas sedentary sub-
jects had levels three to four times lower and trained
ten times lower than individuals with obesity. The
adiponectin/leptin ratio followed an inverse distribu-
tion pattern when compared to leptin, the trained
having the highest (healthiest) value and subjects
with obesity and glucose intolerance the lowest level
(indicating increased adiposopathy).

Relationships between anthropometry, fitness,
adipokines, inflammatory markers, and IS

The results of Pearson correlation analyses between
circulating inflammatory markers, anthropometry,
fitness, adipokines, inflammatory markers, and
clamp variables are presented in Table 4. Correlations
were effected with and without the trained group to
investigate how high fitness and regular physical
activity could affect the relationships. CRP and IL-6
showed moderate (r range 0.3–0.6) but statistically
significant correlations with increasing body weight
and adiposity, all positive except for a negative cor-
relation between IL-6 and lean body mass (data not
shown). The negative relationships between fitness
as well as IS with CRP and IL-6 were all moderate (r
range −0.3 to −0.5) but statistically significant. No
significant correlat ions were observed with
RANTES, TNF-α, or MCP-1. Overall, this indicates
that a deteriorated anthropometric, fitness, and IS
profile is associated with increased inflammation
measured as circulating IL-6 and CRP. Leptin levels
were strongly positively correlated with markers of
body weight and fat mass, and negatively correlated
with lean body mass (data not shown). Leptin levels
were also moderately to strongly negatively correlate
with fitness and IS. No significant correlations with
any of the variables of interest were seen with circu-
lating adiponectin levels. Correlations with the
adiponectin/leptin ratio were the mirror image of
those seen with leptin. Of note, the single strongest
corre la t ion with IS was observed with the
adiponectin/leptin ratio.

Multiple regression modeling of IS

In order to identify which variables independently pre-
dict IS, we entered the strongest single correlates from
each family of variables into a stepwise multiple regres-
sion models (Table 5). We chose to include all subjects
(sedentary and trained) in the first model to better reflect
the general population. The second was run without
trained subjects, in order to exclude any specific con-
founding effect of regular training on the studied rela-
tionships. In both models, fitness, adiposopathy, and
waist circumference were found to be significant and
independent predictors of IS. The relative importance of
each variable in the model varied when trained subjects
were excluded. While fitness level was the strongest
predictor when all subjects were included (VO2max par-
tial R2 = 0.61) with waist circumference adding only

Table 4 Correlations with insulin sensitivity (M/I from the
euglycemic-hyperinsulinemic clamp)

With trained
(n= 53)

Without trained
(n= 38)

r p value r p value

Physical characteristics

BMI (kg/m2) −0.675 <0.0001 −0.675 <0.0001

Body mass (kg) −0.619 <0.0001 −0.636 <0.0001

Waist circumference (cm) −0.711 <0.0001 −0.735 <0.0001

Fat mass (kg) −0.692 <0.0001 −0.681 <0.0001

Fat free mass (kg) −0.349 0.0105 −0.423 0.0081

Fitness indicators

VO2max (mL/kgFFM/min) 0.783 <0.0001 0.558 0.0003

Adipokines

Adiponectin (ng/mL) 0.237 0.0932 0.204 0.2334

Leptin (pg/mL) −0.677 <0.0001 −0.621 <0.0001

Adiponectin/leptin 0.727 <0.0001 0.663 <0.0001

Inflammatory markers (pg/mL)

CRP −0.474 0.0008 −0.508 0.0015

IL-6 −0.335 0.0036 −0.284 0.0880

RANTES 0.004 0.9196 −0.060 0.7238

TNF-α 0.155 0.2719 0.072 0.6682

MCP-1 −0.179 0.2076 −0.030 0.8612

Blood lipids (mmol/L)

NEFA −0.264 0.0560 −0.394 0.0143

Total cholesterol −0.184 0.1667 −0.143 0.3911

LDL-cholesterol −0.177 0.2047 −0.059 0.7252

HDL-cholesterol 0.532 <0.0001 0.351 0.0308

Total triacylglycerols −0.577 <0.0001 −0.458 0.0039
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very little power to the model (partial R2 =0.024), this
was reversed when only sedentary subjects were ana-
lyzed with waist circumference becoming the strongest
predictor (partial R2 =0.52) and VO2max losing impor-
tance (partial R2 = 0.08). The contribution of
adiposopathy was almost identical in both models (par-
tial R2 =0.10 and 0.11, respectively). Leptin alone, or
adiponectin alone, in lieu of the adiponectin/leptin ratio,
were not retained in the regression models with or
without the trained individuals (data not shown).

Discussion

In the present study, we investigated the relationship
between adiposopathy and IS in men without diabe-
tes, and attempted to quantify its relative contribu-
tion when compared to inflammatory state, fitness
level, and AT distribution. Our findings reveal that,
in a population of men without diabetes varying
greatly for their adiposity and maximal aerobic ca-
pacity, fitness, adiposopathy, and abdominal obesity
were independent predictors of IS.

The finding of a strong relationship between VO2max

and IS when all subjects are included agrees with pre-
vious work that has highlighted the importance of car-
diorespiratory fitness, even in the absence of regular
training, in protecting against deteriorated metabolic

health [36]. That the strength of this contribution was
decreased in the model without trained subjects is not
surprising, given the narrow range of VO2max values
between subjects from the three sedentary groups.

Our inflammatory marker data are also in agreement
with previous findings showing obesity as a chronic
inflammatory state, which is further exacerbated in the
presence of an increasing number of risk factors for the
metabolic syndrome [15, 4]. The elevated levels of IL-6
and CRP we observe are concordant with the well
known increased pro-inflammatory adipokine levels re-
ported in numerous studies [15, 23, 4]. Inflammation in
the context of obesity has also been shown to correlate
with IR, and the negative relationships we observe
between IS and markers of inflammation are in agree-
ment. These relationships were weak, however, when
compared to those seen with fitness and markers of
adiposity or adiposopathy. Given their origin in AT,
and the myriad of other factors modulating the insulin
response that arise from this same tissue, it is perhaps
not surprising that inflammation was not retained as an
independent predictor of IS in various regressionmodels
we studied (data not shown). As the weakest single
correlates of the different classes of variables to IS,
inflammation was not used in the final regression model
shown in Table 5 in order to limit the number of vari-
ables to within accepted guidelines for our number of
subjects.

Anthropometric measures are highly valuable and re-
liable clinical measures, and strongly correlate with an
individual’s metabolic profile. However, they cannot in-
form us on the actual functional state, for example the
secretory profile, of the AT itself. Adiponectin, an
adipokine exclusively secreted by adipocytes, has a pos-
itive action on IS by activating skeletal muscle β-
oxidation of lipids, glucose uptake, and energy expendi-
ture, and is often reported as being decreased with in-
creasing adiposity [11]. While leptin has also a positive
effect on IS by increasing muscle glucose uptake, storage
as glycogen, and lipid β-oxidation [20], its levels are
increased in subjects that are dysmetabolic or with obe-
sity, the result of a compensatory mechanism aimed at
reducing energy intake and improving the metabolic
condition, but also as a result of the development of leptin
resistance [21]. Although both are implicated in promot-
ing insulin sensitization, these adipokines are generally
reported to have opposite relationships to adiposity. The
adiponectin/leptin ratio has been previously used as an
indicator of overall AT function, and some studies show

Table 5 Stepwise multiple regression models of predictors of the
insulin sensitivity index (M/I)

Parameter Action R2

(cumulative)
p value

With trained (n = 49)

VO2max (mL/kgFFM/
min)

Entered 0.608 <0.0001

Adiponectin/leptin Entered 0.708 0.0003

Waist circumference
(cm)

Entered 0.732 0.0438

Triacylglycerol
(mmol/L)

Not
entered

– –

Without trained (n= 34)

Waist circumference
(cm)

Entered 0.524 <0.0001

Adiponectin/leptin Entered 0.638 0.0038

VO2max (mL/kgFFM/
min)

Entered 0.718 0.0066

Triacylglycerols
(mmol/L)

Not
entered

– –
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that it is a better predictor of IR than HOMA-IR [16, 17].
A high ratio is considered as a marker of good AT health,
or low adiposopathy.

As expected, subjects presenting the most deteriorat-
edmetabolic profile were those who also had the highest
level of adiposopathy (a low adiponectin/leptin ratio),
and our data reveal a strong correlation between this
ratio and IS. The most surprising and novel data from
our study were the results of the multiple regression
model we used to tease out the independent contribu-
tions of adiposity, adiposopathy, fitness and inflamma-
tion state on IS (using the strongest single correlates
from each category in our models).

While finding that fitness (VO2max) was the strongest
predictor of IS when all subjects are included was not
surprising, though the magnitude of its predictive power
perhaps was (R2=0.60), we were surprised to find that
the only other variable, besides waist circumference,
with an important independent contribution in our
model predicting IS, was adiposopathy. This occurred
despite the well-described relationship between waist
circumference (a very good surrogate for visceral adi-
posity) and metabolic dysfunction and cardiovascular
disease (e.g., [14] [4]). Our data thus agree with the
suggestion that adiposopathy might be a better predictor
of metabolic dysfunction than AT distribution itself
when the whole population is considered. The observa-
tion that the predictive power of the adiponectin/leptin
ratio in the model with only the sedentary subjects
remained essentially identical to that with all subjects,
does suggest an important and constant contribution of
adiposopathy to IS regardless of fitness and physical
activity levels. The absence of an independent contribu-
tion of leptin or adiponectin in our regression models
(data not shown) reinforces the notion that adiposopathy
as measured as their ratio is a useful tool to inform us on
the metabolic status of whole-body adipose tissue and
its potential impact on metabolic health.

Our study does have certain limitations. A more
detailed analysis of regional AT distribution, for exam-
ple as assessed with DEXA or computed tomography,
might provide a stronger predictor of IS and could have
modulated our regression model results. Also, our study
used only middle-aged men without diabetes, thus we
cannot extrapolate our results to women, other age
groups, or to those suffering from greater metabolic
dysfunction. However, direct fitness (VO2max) assess-
ment, measuring IS with the clamp (the gold-standard
method to examine glucose-insulin homeostasis),

obtained under well-controlled conditions, are clear
strengths of this study.

Conclusion

In conclusion, our data show that fitness, adiposity
(notably abdominal obesity), and adiposopathy are in-
dependent predictors of IS in middle-aged men without
diabetes. From a clinical standpoint, albeit not an eco-
nomical one for the time being, this suggests that mea-
suring adiposopathy might be a useful diagnostic tool in
subjects without diabetes, linking AT function to meta-
bolic health. It would be of interest to examine this
relationship in a longitudinal study, to assess whether
increased adiposopathy predicts greater metabolic dete-
rioration over time, or to assess the effects of exercise or
caloric restriction on adiposopathy.
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