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Abstract

Background: Effects of endurance training on adipose insulin sensitivity in association with body composition,
circulating adipokines, and markers of inflammation have been studied less in young Asian subjects.
Methods: Adipose insulin sensitivity/resistance was compared between 170 female Japanese collegiate athletes
and 311 nonathletes (18–24 years), who underwent measurements of serum adipokines, markers of insulin
sensitivity, inflammation, and dual-energy X-ray absorptiometry. Two separate subsamples of two groups of
women underwent either a 75-gram oral glucose tolerance test or a standardized meal test, but not both.
Results: As compared with nonathletes, athletes, characterized by higher skeletal muscle mass and lower per-
centage of body fat (both P < 0.001), had lower adipose insulin resistance (IR) (a product of fasting insulin and
nonesterified fatty acid (NEFA) and lower leptin/adiponectin ratio (both P < 0.001). Although athletes had lower
postmeal/postglucose insulinemia (P = 0.009 and 0.01, respectively), the two groups did not differ in postmeal
percentage NEFA suppression and postmeal/postglucose glycemia, suggesting increased insulin sensitivity in
adipose tissue and skeletal muscle, respectively. Serum leptin (P < 0.001) and tumor necrosis factor-a (P = 0.01)
were lower in athletes, whereas adiponectin and homeostasis model assessment IR did not differ.
Conclusions: Endurance training was associated with increased insulin sensitivity in adipose tissue as well as
skeletal muscle without changes in circulating adiponectin even in young, normal-weight Japanese women.
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Introduction

Despite remarkable advances in cardiovascular
health promotion, cardiovascular disease (CVD) remains

the leading cause of death worldwide, with obesity being a
rising contributor.1 Obesity, an important risk factor for CVD
even in Asians,2 is associated with chronic low-grade systemic
inflammation, in part, because of increase in proinflammatory
systemic milieu imposed by proinflammatory cytokines.3

Adipocytes are a major source of proinflammatory cytokines

and are implicated in the onset and progression of obesity,
insulin resistance (IR), and CVD.3,4 Proinflammatory adipo-
kines, leptin, interleukin-6, and C-reactive protein, are higher,
whereas adiponectin, the main anti-inflammatory and insulin-
sensitizing compound, is lower in obesity.5,6

A recent meta-analysis7 has shown that endurance train-
ing has favorable effects on most of the cardiovascular risk
factors associated with metabolic syndrome, including ab-
dominal obesity, blood pressure, glucose, and dyslipidemia.
In addition, a recent systematic review8 has revealed that
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physical activity positively affects key players in atheroscle-
rosis development, including IR9 and inflammatory markers.
However, the majority of these studies included middle-aged,
overweight, and obese subjects, with very few studies in-
cluding young normal-weight women, or Asian women. In
addition, the role of resistance to the antilipolytic effect of
insulin has been less investigated, although hepatic and mus-
cular IR has gained much attention and investigation. Fur-
thermore, effects of endurance training on adipose and muscle
IR, in association with body composition, serum adipokines,
and markers of inflammation, have hardly been investigated in
a single study. The present study, therefore, compared adipose
insulin sensitivity/resistance cross-sectionally between sed-
entary and endurance-trained female college students, popu-
lations in which confounding factors are so scarce.10–12

Materials and Methods

We studied 170 female collegiate athletes and 311 untrained
female students aged 18–24 years, whose details have been re-
ported elsewhere.10–12 They were all Japanese and were re-
cruited as volunteers. Athletes were students of the Department
of Health and Sports Sciences and were also members of the
volleyball club, basketball club, or track club (middle-distance
runners) of the University. They had been training regularly for
2 years or longer before the study, 5 hr a day, and 6 days a week,
and participated regularly in competitive events in their re-
spective sport specialties. Nonathletes were students of the
Department of Food Sciences and Nutrition of the University
and were not engaged in any regular sport activity. Subjects with
clinically diagnosed acute or chronic inflammatory diseases,
endocrine, cardiovascular, hepatic, renal diseases, hormonal
contraception, and unusual dietary habits were excluded. No-
body reported to receive any medications or have regular sup-
plements. The study was approved by the Ethics Committees of
the University (No. 07–28) to be in accordance with the Helsinki
declaration. All subjects gave written consent after the experi-
mental procedure had been explained.

All participants underwent blood sampling after a 12-hr
overnight fast, and measurements of anthropometric indices,
body composition, blood pressure, and pulse rate as previ-
ously described.10,11 In fasted blood samples of 74 athletes
and 210 nonathletes, the following were measured,10,11

plasma glucose, serum insulin, triglycerides (TG), choles-
terol, high-density lipoprotein cholesterol (HDL-C), apoli-
poprotein AI (apoAI) and apolipoprotein B-100 (apoB),
nonesterified fatty acid (NEFA), adiponectin, leptin, high-
sensitivity C-reactive protein (hsCRP), tumor necrosis factor-
a (TNF-a), and plasminogen activator inhibitor-1 (PAI-1).

Lean tissue mass, fat mass, and bone mineral mass for arms,
legs, trunk, and the total body were measured using whole-
body dual-energy X-ray absorptiometry (DXA) (Hologic
QDR-2000, software version 7.20D, Waltham, MA) as pre-
viously reported.11 The ratio of trunk to leg fat was considered
a marker of abdominal fat accumulation.13

A standard 75-grams oral glucose tolerance test (OGTT) was
performed in 50 athletes and 118 nonathletes. Another set of 17
athletes and 18 nonathletes underwent a standardized meal test.
This meal composed of a breakfast meal (total energy 450 kcal)
and provided 33.3% of calories from fat (16.7 grams), 51.4%
from carbohydrates (57.8 grams), and 15.3% from protein (17.2
grams). The test meal contained more fat than a typical Japanese
breakfast (20%–25%), but comparable energy content (median:

423 kcal). OGTT and meal tests were performed during the
morning after 12 hr of fasting with blood samplings at baseline
(0 min), 30, 60, and 120 min after the start of the drink/meal for
the measurement of plasma glucose and serum insulin con-
centrations. Serum TG and NEFA were measured for meal tests
as well. Participants were asked to consume the entire drink
within 5 min and the entire meal within 15 min. The area under
the concentration curve (AUC) was calculated with the trape-
zoidal method.

The percentage of NEFA suppression was calculated as
NEFA concentrations at 30, 60, and 120 min divided by the
fasting NEFA concentration in each participant. Homeostasis
model assessment of insulin resistance (HOMA-IR) also was
calculated as a more reflective surrogate of hepatic IR.14,15

Given the central role of obesity in the pathogenesis of IR, we
calculated the ratio of serum leptin and adiponectin levels,
which would reflect compromised adipose tissue function,
including adipose-IR.16 The adipose-IR was calculated as a
product of fasting insulin and NEFA concentrations.17

Data were presented as mean – standard deviation, unless
otherwise stated. Due to deviation from normal distribution,
inflammatory markers were logarithmically transformed for
analysis. Comparisons between athletes and nonathletes
were made with two-sample t-test. A two-tailed value of
P < 0.05 was considered significant. Statistics were per-
formed with SPSS system 17.0 (SPSS, Inc., Chicago, IL).

Results

As previously reported,10–12 participants were normoten-
sive and normal weight (Table 1). Collegiate athletes were
characterized by higher lean mass and lower percentage of fat

Table 1. Blood Pressure and Anthropometric

Features of Female Collegiate Athletes

and Nonathletes

Nonathletes
(n = 311)

Athletes
(n = 174) P

Age (years) 20.5 – 1.2 19.9 – 1.3 0.000
Systolic BP (mmHg) 106 – 10 106 – 10 0.830
Diastolic BP (mmHg) 61 – 8 59 – 7 0.001
Resting pulse rate (bpm) 65 – 10 57 – 8 0.000
Height (cm) 158.9 – 5.0 165.2 – 6.1 0.000
Weight (kg) 51.6 – 6.6 59.1 – 6.6 0.000
BMI (kg/m2) 20.4 – 2.2 21.6 – 1.9 0.000
Waist circumference (cm) 71.2 – 5.7 74.8 – 5.0 0.000
Fat mass index (kg/m2) 5.68 – 1.69 5.02 – 1.51 0.000
Arm fat mass (kg) 1.2 – 0.6 1.1 – 0.5 0.045
Leg fat mass (kg) 5.6 – 1.5 5.5 – 1.6 0.835
Trunk fat mass (kg) 7.0 – 2.5 6.5 – 2.1 0.036
Total fat mass (kg) 14.4 – 4.4 13.7 – 4.1 0.086
Trunk/low body 1.25 – 0.25 1.17 – 0.21 0.001
Arm percentage fat (%) 25.2 – 8.2 19.3 – 7.2 0.000
Leg percentage fat (%) 30.6 – 5.2 25.3 – 5.0 0.000
Trunk percentage fat (%) 28.6 – 6.6 23.2 – 5.8 0.000
Total percentage fat (%) 27.8 – 5.5 22.8 – 5.1 0.000
Arm lean mass (kg) 3.2 – 0.4 4.1 – 0.5 0.000
Leg lean mass (kg) 11.7 – 1.3 15.2 – 1.8 0.000
Trunk lean mass (kg) 16.1 – 1.5 20.2 – 2.0 0.000
Total lean mass (kg) 34.2 – 3.1 42.9 – 4.3 0.000

Mean – SD.
BMI, body mass index; BP, blood pressure; SD, standard

deviation.
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and resting pulse rate, although they had higher body mass
index and waist circumference. Athletes had lower, although
modest, arm and trunk fat mass, but comparable leg fat mass,
and hence, lower trunk/leg fat ratio than nonathletes.

As compared with nonathletes, athletes had higher HDL-
C and apoAI and lower fasting NEFA and adipose-IR
(Table 2). Athletes also had lower leptin, but comparable
adiponectin levels, and hence lower leptin/adiponectin ratio.
In addition, athletes had lower TNF-a, but hsCRP and PAI-1
levels did not differ between the two groups. There was no
difference in fasting insulin and HOMA-IR between athletes
and nonathletes, although athletes had increased, although
modestly, fasting glucose levels.

Both glucose and insulin concentrations at 120 min in
OGTT were lower in athletes as compared with nonathletes
(Table 3). Insulin AUC was lower in athletes as well, al-
though the two groups did not differ in glucose AUC. Fasting
glucose levels of athletes were higher, although modestly, in
this subgroup analysis.

As shown in Fig 1, athletes had lower insulin concen-
trations at 60 and 120 min during a meal test and hence
lower insulin AUC (Table 4). The groups did not differ in
postmeal glycemia, NEFA levels at any time point, and
percentage NEFA suppression during the meal test (Fig. 1),
as well as AUC of glucose, NEFA, and TG (Table 4). Again,
fasting glucose levels of athletes were higher, although
modestly, as compared with nonathletes (Fig. 1).

Discussion

The main finding of this study is that even in healthy,
normal-weight Japanese women in early adult life, athletes,

as compared with nonathletes, had not only lower adipose-IR,
a marker of adipose-IR,17 but also lower leptin/adiponectin
ratio, which would reflect compromised adipose tissue func-
tion, including adipose-IR.16 In addition, endurance training
was associated with comparable NEFA suppression in the
presence of lower postmeal insulinemia, suggesting increased
adipose insulin sensitivity. The present study confirms the
previous observation that endurance training was associated
with increased muscle insulin sensitivity in nonobese, young
women18 and extends to the fact that serum adiponectin did
not change, despite increased muscle and adipose insulin
sensitivity. It is noteworthy that these findings were ob-
served in a young, normal-weight population, in which
confounding factors are so scarce.10–12 Increased adipose
and muscle insulin sensitivity in our athletes may be re-
lated, in part, to lower trunk/leg fat ratio, a good marker
of abdominal or central adiposity,13 and higher lean mass,
respectively.

The effect of insulin on postprandial NEFA metabolism is
complex. In adipose tissue, insulin stimulates intravascular
TG lipolysis (lipoprotein lipase-mediated lipolysis of TG of
TG-rich lipoproteins in the circulation),19 and suppresses
intracellular adipose tissue lipolysis.20 Insulin may con-
tribute to adipose tissue uptake of NEFAs generated from
intravascular TG lipolysis,20,21 that is, insulin may reduce
NEFA spillover. Direct adipose tissue uptake of NEFA was
recently demonstrated in vivo in humans.22,23 It has also
been reported that the net spillover of NEFA came from
adipose tissue, but not from muscle, in the postprandial state
in healthy humans,22,24 suggesting that the most important
source of NEFA spillover is adipose tissue. Taken together,
comparable NEFA suppression in the presence of lower
postmeal insulinemia found in athletes in the present study
may be net results of the complex dynamics of NEFA me-
tabolism described above and suggest that endurance
training is associated with increased insulin sensitivity in
adipose tissue in young women, which was supported by
lower adipose-IR and leptin/adiponectin ratio in female
athletes.

Although exercise training increases insulin-mediated
glucose uptake in the whole body,25,26 adaptations in skel-
etal muscle are considered central to this effect because this

Table 2. Biochemical Characteristics

of Nonathletes and Athletes

Nonathletes
(n = 311)

Athletes
(n = 174) P

Fasting glucose (mg/dL) 83 – 7 86 – 6 0.000
Fasting insulin (mU/mL) 6.2 – 3.4 5.8 – 4.6 0.296
HbA1c (%) 5.2 – 0.6 5.2 – 0.5 0.152
HOMA-IR 1.27 – 0.87 1.26 – 1.44 0.920
Adipose-IRa 3.45 – 2.73 2.11 – 1.36 0.000
Cholesterol (mg/dL) 182 – 28 181 – 26 0.681
Triglycerides (mg/dL) 58 – 34 56 – 21 0.425
HDL-C (mg/dL) 75 – 13 77 – 13 0.025
LDL-C (mg/dL) 96 – 24 92 – 21 0.111
Apolipoprotein AI (mg/dL) 164 – 20 172 – 22 0.000
Apolipoprotein B (mg/dL) 70 – 15 69 – 13 0.703
NEFAa (mEq/L) 0.56 – 0.22 0.41 – 0.18 0.000
Leptin (ng/mL) 8.6 – 3.9 6.4 – 2.9 0.000
Adiponectin (mg/mL) 11.5 – 4.3 11.6 – 4.3 0.879
Leptin/adiponectin ratio 0.93 – 0.93 0.64 – 0.40 0.000
PAI-1 (ng/mL) 21 – 13 21 – 11 0.981
TNF-a (pg/mL) 0.68 – 0.48 0.58 – 0.37 0.018
hsCRP (mg/dL) 29 – 69 33 – 79 0.542

Mean – SD.
aTwo hundred ten nonathletes and seventy-four athletes.
HbA1c, glycated hemoglobin; HDL-C, high-density lipoprotein

cholesterol; HOMA, homeostasis model assessment; hsCRP, high-
sensitivity C-reactive protein; IR, insulin resistance; LDL-C, low-
density lipoprotein cholesterol; NEFA, nonesterified fatty acids;
PAI-1, plasminogen activator inhibitor-1; TNF-a, tumor necrosis
factor-a.

Table 3. Oral Glucose Tolerance Tests

in Athletes and Nonathletes

Nonathletes
(n = 118)

Athletes
(n = 50) P

Glucose (mg/dL)
0 min 82 – 6 87 – 6 0.000
30 min 122 – 23 125 – 29 0.467
60 min 104 – 33 99 – 29 0.337
120 min 94 – 23 85 – 13 0.001

Insulin (mU/mL)
0 min 5.5 – 2.8 6.6 – 3.6 0.029
30 min 54 – 34 54 – 25 0.997
60 min 44 – 27 38 – 17 0.098
120 min 42 – 25 23 – 14 0.000

Glucose-AUC (mg/dL. 2 hr) 207 – 42 201 – 38 0.399
Insulin-AUC (mU/mL. 2 hr) 82 – 39 69 – 25 0.010

Mean – SD.
AUC, area under the concentration curve.
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tissue is responsible for the majority of glucose disposal.27 As
previously reported18,25 and confirmed in the present study,
endurance training is associated with increased muscle in-
sulin sensitivity even in young, normal-weight women. In-
creased insulin sensitivity in skeletal muscle was supported
by lower concentrations of 2-hr glucose and insulin in OGTT
in athletes, both of which were a crude marker of insulin-
mediated glucose disposal in skeletal muscle, that is, muscle
insulin sensitivity.28,29

Circulating leptin is correlated to changes in adiposity, and
exercise training-induced decreases in adiposity result in
decreased circulating leptin in both rodents and humans, as
recently reviewed24,30 and confirmed in the present study.
However, studies in both rodent models and humans have not
come to a consensus on the effects of exercise on adiponectin
concentrations.24,30 No difference in serum adiponectin be-
tween athletes and nonathletes in the present study may be in
line with observations31–33 that in obese subjects there was no
change in plasma adiponectin concentration with exercise
training that did not alter body mass, despite an improvement
in insulin action. In contrast, plasma adiponectin increased in
conjunction with insulin action after weight loss.31 It is re-
ported that weight loss larger than 10% was necessary to
obtain a continuous significant increase in plasma adipo-
nectin levels in obese subjects.34

It has been reported that elevated inflammatory markers
are decreased by exercise training in patients with CVD or
cardiovascular risk factors9 and in obese individuals.30 In

the present study, young nontrained women were normal
weight and hence, had serum concentrations of inflamma-
tory markers that were not elevated. Therefore, it may be
reasonable to assume that inflammatory markers were not
reduced by endurance training, except for modest decrease
in TNF-a in athletes. There is no clear consensus regarding
the effects of training on TNF-a in blood and adipose tis-
sue.30 In a study in young normal-weight adults, 12 weeks of
endurance training actually increased the blood concentra-
tion of TNF-a.35

HOMA-IR, a marker of hepatic IR,14,15,36 in athletes was
equal to or rather higher than that in nonathletes in the
present study. This is mainly due to consistent increases,
although modest, in fasting glucose in athletes. We have no
appropriate explanation for this. Endurance training in rats
increased the hepatic glycogen content,37 which has been
shown to be directly related to hepatic glucose production.38

Following an overnight fast, 50%–75% of hepatic glucose
production was provided by glycogenolysis.39 Therefore, we
speculate that increased fasting glucose in athletes in the
present study may be due, at least in part, to an elevated
hepatic glycogen content in trained compared with untrained
subjects.

This study has several strengths, including homogeneous
study population with scarce confounding factors, and ac-
curate and reliable measures of body composition by DXA.
The main limitation of our study is that DXA does not allow
separate quantification of intermuscular and subcutaneous
fat in the legs and visceral fat and subcutaneous fat in the
trunk.11 However, fat mass in the legs in our study may be
mainly the subcutaneous fat depot.11 The cross-sectional
design of the present study complicates the drawing of
causal inferences, and a single measurement of biochemical
variables may be susceptible to short-term variation, which
would bias the results toward the null. We used crude
measures of insulin sensitivity in muscle and adipose tissue,
which may be less accurate. Finally, statistical power was
not calculated.

In conclusion, endurance training was associated with
increased insulin sensitivity in adipose tissue as well as

FIG. 1. Changes in glucose (A),
insulin (B), NEFA (C), and per-
centage NEFA suppression (D)
during a standardized meal test in
athletes (solid lines) and nonathletes
(dotted lines). The percentage of
NEFA suppression was calculated
as NEFA concentrations at 30, 60,
and 120 min divided by the fasting
NEFA concentration in each partic-
ipant. Data are mean – SD. *P < 0.01
between athletes and nonathletes.
NEFA, nonesterified fatty acids.

Table 4. The Area Under the Concentration

Curve During a Standardized Meal Test

in Athletes and Nonathletes

Nonathletes
(n = 18)

Athletes
(n = 17) P

Glucose-AUC (mg/dL. 2 hr) 174 – 20 175 – 21 0.852
Insulin-AUC (mU/mL. 2 hr) 54.2 – 24.4 34.1 – 17.4 0.009
TG-AUC (mg/dL. 2 hr) 141 – 49 137 – 46 0.805
NEFA-AUC (mEq/L. 2 hr) 0.62 – 0.13 0.55 – 0.13 0.128
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skeletal muscle without changes in circulating adiponectin
in young, normal-weight Japanese women.
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