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Abstract
Aims/hypothesis Exercise training improves glucose ho-
meostasis, but large inter-individual differences are
reported, suggesting a role of genetic factors. We investi-
gated whether variants either confirmed or newly identified
as diabetes susceptibility variants through genome-wide
association studies (GWAS) modulate changes in pheno-
types derived from an IVGTT in response to an endurance
training programme.
Methods We analysed eight polymorphisms in seven type 2
diabetes genes (CDKAL1 rs7756992; CDKN2A and

CDKN2B rs10811661 and rs564398; HHEX rs7923837;
IGF2BP2 rs4402960; KCNJ11 rs5215; PPARG rs1801282;
and TCF7L2 rs7903146) in a maximum of 481 sedentary,
non-diabetic white individuals, who participated in a 20-
week endurance training programme. Associations were
tested between the variants and changes in IVGTT-derived
phenotypes.
Results The only evidence of association with training
response was found with PPARG rs1801282 (Pro12Ala).
We observed that Ala carriers experienced greater increase
in overall glucose tolerance (Δglucose disappearance index
Ala/Ala 0.22±0.22, Pro/Ala 0.14±0.06, Pro/Pro 0.004±
0.03; p=0.0008), glucose effectiveness (Ala/Ala 0.28±
0.41, Pro/Ala 0.44±0.14, Pro/Pro 0.09±0.06; p=0.004),
acute insulin response to glucose (Ala/Ala 64.21±37.73,
Pro/Ala −11.92±40.30, Pro/Pro −46.30±14.70; p=0.03)
and disposition index (Ala/Ala 551.8±448.5, Pro/Ala
534.6±218.3, Pro/Pro −7.44±88.18; p=0.003).
Conclusions/interpretation Compared with Pro/Pro indi-
viduals, PPARG Ala carriers experienced greater improve-
ments in glucose and insulin metabolism in response to
regular endurance training. However, we did not find
evidence of association between type 2 diabetes suscepti-
bility variants recently identified through GWAS and
glucose homeostasis response to exercise. Our results
extend those of previous studies showing that Ala carriers
appear to be more responsive to beneficial health effects of
lifestyle interventions.
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DPP Diabetes Prevention Program
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HERITAGE HEalth, RIsk factors, exercise Training, And

GEnetics
HWE Hardy–Weinberg equilibrium
IGR Impaired glucose regulation
Kg Glucose disappearance index
Sg Glucose effectiveness
SI Insulin sensitivity index
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VO2max Maximal volume of oxygen consumption

Introduction

Type 2 diabetes is the result of a complex interplay between
genetic susceptibility and environmental factors, which
causes two major pathophysiological features: impaired
pancreatic beta cell function and insulin resistance [1].
Convincing data support the role of physical activity and
weight loss in preventing type 2 diabetes [2]. Studies have
demonstrated that exercise training may prevent type 2
diabetes by increasing insulin sensitivity and glucose
tolerance [3, 4]. However, there is considerable heteroge-
neity in the metabolic response to regular exercise. In this
respect, the HERITAGE Family Study has reported large
inter-individual differences in the changes of phenotypes
derived from an IVGTT following a 20-week exercise
training programme [5]. Moreover, previous publications
based on the same cohort suggested that genetic factors
contribute to this heterogeneity [6–9].

Since 2007, several genome-wide association studies
(GWAS) have been performed, leading to the discovery of
several novel genes predisposing to type 2 diabetes, as well
as confirming the implication of previously known candidate
genes: CDKAL1, CDKN2A/B, IGF2BP2, HHEX, HNF1B,
KCNJ11, PPARG, TCF7L2, SLC30A8, WFS1, ADAMTS9,
CDC123, CAMK1D, JAZF1, NOTCH2, THADA, TSPAN8
and LGR5 [10]. Since the response to lifestyle intervention
aimed at reducing type 2 diabetes risk may be modulated by
genetic factors, it is of great importance to identify patients
who are most likely to benefit from regular endurance
exercise and those who will not.

Of diabetes susceptibility polymorphisms, PPARG
Pro12Ala has been most studied in interaction with lifestyle
factors, but some conflicting results have been reported,
with either no effect of the polymorphism on the response
to intervention [11, 12] or beneficial health effects, albeit
only in carriers of the Ala allele [13–16]. Few studies have
investigated the impact of the other diabetes susceptibility
variants on response to lifestyle interventions. TCF7L2

rs7903146 has been associated with improvement of insulin
secretion and insulin sensitivity after lifestyle intervention
in overweight children, carriers of the at-risk T allele being
less responsive to the intervention [17]. However, analysis
of data from the Diabetes Prevention Program (DPP) by
Florez et al. failed to find significant gene × lifestyle
intervention interaction with TCF7L2 rs7903146 affecting
progression to type 2 diabetes [18]. More recently, Moore et
al. [19] found that the CDKN2A/B rs10811661 modified the
effects of the DPP lifestyle intervention on insulin secretion
and Brito et al. [12] reported that HNF1B rs4430796
significantly interacted with physical activity to influence
impaired glucose tolerance risk and incident diabetes.

The purpose of this study was to investigate whether
variants that have been either confirmed or newly identified
as type 2 diabetes susceptibility variants through GWAS
modulate changes in phenotypes derived from an IVGTT in
response to 20 weeks of regular exercise training. This
study is thought to be the first to assess the impact of the
novel diabetes variants on glucose homeostasis changes in
response to a fully standardised and monitored exercise
training programme using IVGTT-derived measures of
glucose homeostasis.

Methods

Study participants The HEealth, RIsk factors, exercise
Training, And GEnetics (HERITAGE) Family Study is a
multicentre exercise training study, whose main objective
was to assess the role of genetic factors in cardiovascular,
metabolic and hormonal responses to aerobic exercise
training in sedentary families. The study design, sampling,
inclusion and exclusion criteria have been described in
detail elsewhere [20]. Briefly, the offspring were required to
be ≥17 years of age and the parents <65 years old. All
participants were required to be sedentary at baseline,
defined as not having engaged in regular vigorous physical
activity over the previous 6 months, and free of chronic
diseases that would prevent their participation in an
exercise training programme. Although the HERITAGE
Family Study recruited white and black participants, the
present work reports data on white participants only. The
baseline white cohort consisted of 503 participants, but
only those who completed the 20-week exercise interven-
tion (i.e. did at least 58 of the prescribed 60 sessions) were
included in the present study (481 participants, 233 of them
men, from 98 nuclear families). Of the 481 participants,
184 were parents (93 men, 91 women) and 297 were adult
offspring (140 men, 157 women). The protocol was
approved by each of the institutional review boards of the
different centres involved in the study (Arizona State
University, Indiana University, Laval University, Penning-
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ton Biomedical Research Center, University of Minnesota,
University of Texas at Austin, Texas A&M University and
Washington University). Informed consent was obtained
from each participant.

Exercise training programme The 20-week exercise
programme has been described in detail previously [20].
Briefly, the participants trained three times per week on
cycle ergometers in the laboratory. Exercise intensity was
customised for each participant, based on the heart rate to
oxygen uptake relationship as measured at baseline. The
participant started training at a heart rate corresponding to
55% of maximal volume of oxygen consumption

�
VO2max

� �

for 30 min per session, gradually progressing to a heart rate
corresponding to 75% of baseline

�
VO2max for 50 min per

session at the end of week 14. This level was sustained for
the last 6 weeks. All training sessions were performed
under supervision in each of the participating clinical
centres. The participants were instructed not to change
their dietary habits during the exercise programme.

Phenotype measurements All phenotypes were measured at
baseline and after the exercise training programme on the
day after the last exercise session. A frequently sampled
IVGTT was administered in the morning after an overnight
fast of 12 h, as previously described [5]. The IVGTT
protocol did not include the injection of intravenous insulin
or tolbutamide. Insulin sensitivity index (SI), acute insulin
response to glucose (AIRg), disposition index (DI) and
glucose effectiveness (Sg) were derived from the Minimal
Model Millennium software [21]. SI measures the ability of
an increment in plasma insulin to enhance the net
disappearance of glucose from plasma and is used as a
measure of insulin sensitivity. AIRg, derived as the
integrated area under the insulin curve between 0 and
10 min of the IVGTT, is used as a measure of insulin
response. The DI, calculated as SI multiplied by AIRg,
measures the ability of the pancreatic beta cell to compen-
sate for changes in insulin sensitivity [22]. Sg measures the
ability of glucose itself to increase glucose disposal and to
suppress endogenous glucose output independently of
change in plasma insulin. Finally, glucose disappearance
index (Kg) estimates glucose disappearance based on the
slope of the line derived from least-squares regression of the
natural logarithm of plasma glucose from 10 to 60 min
during the IVGTT, and was used as a measure of overall
glucose tolerance. Plasma glucose was enzymatically deter-
mined using a reagent kit (Diagnostic Chemicals, Oxford,
USA) and plasma insulin was measured by radioimmuno-
assay after polyethylene glycol separation [23]. Body mass
index (kg/m2) was calculated as body weight divided by
height squared. Waist girth was measured with a fibreglass
anthropometric tape as described earlier [24].

Single nucleotide polymorphisms selection and genotyping
Eight type 2 diabetes susceptibility variants identified
through GWAS in 2007 were genotyped in the HERITAGE
Family Study cohort (Table 1). Genotyping of the single
nucleotide polymorphisms (SNPs) was done using Golden-
Gate chemistry (Illumina, San Diego, CA, USA) and array
matrix technology (Sentrix) on a BeadStation 500GX
(Illumina). Genotype calling was done with BeadStudio
software (Illumina) and each call confirmed manually. Call
rates were 100% for all eight SNPs as well as for all DNA
samples. No Mendelian errors were found. For additional
quality control purposes, five Centre d’Etude du Polymor-
phisme control DNA samples (NA10851, NA10854,
NA10857, NA10860, NA10861; all included in the HapMap
Caucasian panel, http://hapmap.ncbi.nlm.nih.gov/cgi-perl/
gbrowse/hapmap24_B36/) were genotyped in triplicates (dis-
tributed across 14 arrays). Concordance between the replicates
as well as with the HapMap database genotypes was 100%.

Statistical analyses Deviation from Hardy–Weinberg equi-
librium (HWE), allele and genotype frequencies, and the
linkage disequilibrium among polymorphisms were tested
in unrelated individuals using the ALLELE procedure
implemented in SAS Statistical Software package (version
9.1.3; SAS Institute, Cary, NC, USA). The pairwise linkage
disequilibrium among the two SNPs in CDKN2A/B was
assessed by r2 and D′ [25]. Student paired t tests were used
to compare means of IVGTT-derived phenotypes at
baseline and after exercise training (SAS Institute). The
associations between the variants and changes in IVGTT-
derived phenotypes were tested using variance components
and likelihood ratio test-based procedures implemented in
the QTDT software package [26]. The total association
model of the QTDT software uses a variance-components
framework to combine a phenotypic mean model and
estimates of additive genetic, residual genetic and residual
environmental variances from a variance–covariance matrix
into a single likelihood model. Evidence of association is
evaluated by maximising the likelihoods under two con-
ditions: the null hypothesis (L0) restricts the additive
genetic effect of the marker locus to zero (βa=0), whereas
the alternative hypothesis does not impose any restrictions
to βa. The quantity of twice the difference of the log
likelihoods between the null and the alternative hypotheses,
i.e. 2[ln(L1)− ln(L0)], is asymptotically distributed as χ2

with one degree of freedom. A dominance effect can be
tested in a similar manner, but the alternative hypothesis
model includes estimates for additive (βa) and dominance
(βa × βa) genetic effects, and the likelihood-ratio test is
based on χ2 distribution with 2 degrees of freedom [26].
The estimated effect (regression coefficient) of the variants
and the proportion of the variance explained by the variants
were also computed. The analyses were done on training
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response data adjusted for age, sex, baseline waist girth (when
appropriate) and the respective baseline IVGTT measure.
Fasting glucose and fasting insulin were logarithmically
transformed and SI, AIRg and DI were square root trans-
formed to normalise their distribution prior to the analyses.

Nominal p values are reported in Table 3, but for
significant effects we also reported Bonferroni-adjusted p
values. This method assumes independent tests, and states
that if n independent tests are performed, then the corrected
α level for each individual test is α′ = α/n. However,
because not all of the tests performed were independent (we
have correlations between phenotypes derived from the
IVGTT; data not shown), we chose to correct the α level for
the number of independent tests corresponding to the
number of independent SNPs tested (i.e. eight). In doing
so, the Bonferroni-based threshold for significance was
0.0063. Power calculations performed in the HERITAGE
cohort for white participants indicated that we had 80%
power to detect an association at the 0.05 α level for a SNP
accounting for as little as 1.6% of the phenotypic variation.

Results

Allele and genotype frequencies of the variants are
presented in Table 1. All variants were in HWE (χ2>

0.05). Table 2 displays the characteristics of the participants.
Following the 20-week exercise training programme, sig-
nificant changes in adiposity and IVGTT-derived measures
were observed in the participants.

Table 3 displays the estimated effects of the variants on
changes in IVGTT-related phenotypes (regression coeffi-
cient β) and the proportion of total variance of the
phenotypes explained by the variants. No effects of
CDKAL1 rs7756992, CDKN2A/B rs564398, HHEX
rs7923837, IGF2BP2 rs4402960, KCNJ11 rs5215 and
TCF7L2 rs4903146 polymorphisms were observed. A
marginal effect of CDKN2A/B rs10811661 on fasting
glucose was found. Each copy of the at-risk allele was
associated with an increase in fasting glucose level of
0.070 mmol/l (p=0.04 unadjusted for multiple testing, p=
0.32 adjusted for multiple testing) in response to exercise
training. The only significant association that remained
significant after adjustment for multiple testing was observed
with PPARG Pro12Ala. Results show that the Pro12Ala
polymorphism accounted for a significant proportion of the
variance for changes in overall glucose tolerance (ΔKg

2.81%; p=0.0008 unadjusted, p=0.006 adjusted), ΔSg
(1.83%; p=0.004 unadjusted, p=0.03 adjusted), ΔAIRg

(0.94%; p=0.03 unadjusted, p=0.24 adjusted) and ΔDI

(2.15%; p=0.003 unadjusted, p=0.02 adjusted), and that
the Pro allele was negatively associated with changes in

Genes n Variants Allele frequency Genotype frequency HWE p value

CDKAL1 481 rs7756992a A=0.75 A/A=0.56 0.64

G=0.25 A/G=0.39

G/G=0.05

CDKN2A/B b 480 rs564398 A=0.61 A/A=0.36 0.75

G=0.39 A/G=0.49

G/G=0.15

481 rs10811661 A=0.82 A/A=0.67 0.34

G=0.18 A/G=0.31

G/G=0.02

HHEX 481 rs7923837 G=0.59 G/G=0.34 0.67

A=0.41 G/A=0.50

A/A=0.16

IGF2BP2 481 rs4402960 C=0.70 C/C=0.50 0.55

A=0.30 C/A=0.40

A/A=0.10

KCNJ11 481 rs5215 A=0.58 A/A=0.35 0.44

G=0.42 A/G=0.46

G/G=0.19

PPARG 481 rs1801282 C=0.88 C/C=0.78 0.72

G=0.12 C/G=0.21

G/G=0.01

TCF7L2 481 rs7903146 G=0.72 G/G=0.51 0.82

A=0.28 G/A=0.41

A/A=0.08

Table 1 Allelic and genotypic
frequencies of the variants

aCDKAL1 rs7756992 is a proxy
for rs10946398 (D′=0.95,
R2 =0.68)
b Linkage disequilibrium:
D′=0.01, R2 =0.00
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these phenotypes (or inversely, that the Ala allele is
positively associated with changes in glucose homeostasis)
(Table 3).

In line with the results presented in Table 3, Table 4
shows that following an i.v. glucose load carriers of the Ala
allele exhibited greater improvements in overall glucose
tolerance (ΔKg Ala/Ala 0.22±0.22, Pro/Ala 0.14±0.06,
Pro/Pro 0.004±0.03; p=0.0008) and ΔSg (Ala/Ala 0.28±
0.41, Pro/Ala 0.44±0.14, Pro/Pro 0.09±0.06; p=0.004),
and an increase in ΔAIRg (Ala/Ala 64.21±37.73, Pro/Ala
−11.92±40.30, Pro/Pro −46.30±14.70; p=0.03) and in ΔDI

(Ala/Ala 551.8±448.5, Pro/Ala 534.6±218.3, Pro/Pro
−7.44±88.18; p=0.003). To test whether the associations
detected by us could be attributed to training-induced
changes in waist circumference, analyses were repeated
by adding changes in waist circumference as covariable in
the model. Our results remained the same, suggesting that
the effects of Pro12Ala on glucose homeostasis improve-
ment after the training programme are independent of
changes in waist circumference. Additional analyses
(results not shown) on glucose and insulin levels at selected
time points during the IVGTT revealed that, compared with
Pro/Pro homozygotes, Ala carriers presented greater reduc-
tions in glucose levels at 30 (p=0.002 unadjusted, p=0.02
adjusted), 45 (p=0.0009 unadjusted, p=0.007 adjusted), 60
(p=0.003 unadjusted, p=0.02 adjusted) and 90 (p=0.04
unadjusted, p=0.26 adjusted) min after the i.v. glucose
load. No association was found with insulin levels at
selected time points during the IVGTT. Even though
carriers of the at-risk Pro/Pro genotype experienced
significantly less improvement in glucose tolerance and Sg
than Ala carriers in response to exercise training, they none-
theless showed evidence of favourable changes. Indeed,
changes in adiposity (BMI and waist girth), insulin sensi-
tivity (fasting insulin, 30, 45, 60, 90, 120 and 180 min
insulin levels), insulin response (AIRg) and glucose tolerance
(120 and 180 min glucose levels) were significantly dif-
ferent from zero (results not shown).

Discussion

Genome-wide association studies recently identified novel
variants associated with type 2 diabetes risk in addition to
confirming the implication of previously well-known
susceptibility genes [27–33]. From public health and
clinical perspectives, it is important to evaluate whether
carriers of diabetes susceptibility alleles can benefit from
regular physical activity. We therefore investigated whether
these diabetes susceptibility variants modulate changes in
glucose homeostasis in response to a supervised exercise
training programme.

The stronger evidence of an association with training
response was found with PPARG Pro12Ala. The present
study showed that in response to exercise training, PPARG
Ala carriers experienced greater increases in overall glucose
tolerance, Sg, AIRg and DI than carriers of the Pro/Pro
genotype. From a biological point of view, insulin sensi-
tivity and insulin secretion are distinct pathways that
interact to modulate glucose metabolism and tolerance.
The enhancement of overall glucose tolerance observed in
Ala carriers was explained by an improvement in beta cell
function, since we observed an increase in insulin response
to glucose and in the DI. Interestingly, we also observed
that in response to regular endurance training, Ala carriers
experienced greater improvements in Sg, i.e. the ability of
glucose itself to increase glucose disposal and suppress
endogenous glucose output independently of changes in
plasma insulin levels. The fact that Ala carriers presented
greater reductions in glucose levels at 30, 45, 60 and
90 min after the i.v. glucose load than Pro/Pro individuals,
while no differences were observed for the corresponding
changes in insulin levels, suggests better Sg. Importantly,
we found that although Ala carriers exhibited greater
improvements in glucose homeostasis in response to endur-
ance training than Pro/Pro carriers, the latter still improved
their metabolic profile. From a public health perspective, this
is clearly important. It is well established that the Pro/Pro

Phenotypes Pre-training Post-training Changes p value

n (men/women) 481 (233/248) – – –

Age (years) 35.92±0.67 – – –

BMI (kg/m2) 25.85±0.23 25.75±0.23 −0.09±0.03 0.01

Waist girth (cm) 90.40±0.68 89.33±0.68 −1.02±0.13 <0.0001

Fasting glucose (mmol/l) 5.05±0.03 5.08±0.03 0.02±0.02 0.18

Fasting insulin (pmol/l) 65.78±1.84 61.36±1.70 −5.181±1.17 <0.0001

SI (×10
−4 min−1 [µU/ml]−1)a 4.34±0.14 4.57±0.13 0.25±0.13 0.006

AIRg (pmol/l×10 min) 664.72±24.37 623.63±21.85 −37.76±14.09 <0.0001

DI
b 2,352.72±80.17 2,440.41±87.03 109.90±82.59 0.83

Sg (per 100 min) 1.63±0.04 1.79±0.05 0.16±0.05 0.002

Kg (per 100 min) 1.64±0.03 1.67±0.03 0.04±0.03 0.17

Table 2 Characteristics of the
participants

Data are means ± SE
aUnits are from the MINMOD
program [21]. To convert
to SI units (×10−4 min−1

[pmol/ml]−1 ), multiply by 0.167
b DI is calculated as SI generated
from the MINMOD program
(×10−4 min−1 [µU/ml]−1 )
multiplied by AIRg

(pmol/l×10 min)
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Table 3 Summary of associations between the variants and changes in adiposity and IVGTT-derived phenotypes

Variables per variant Estimated effect (β) Explained variance (%) p value

CDKAL1 rs7756992 A>G*

BMI (kg/m2) −0.056 0.21 0.34

Waist girth (cm) −0.131 0.08 0.50

Fasting glucose (mmol/l) 0.037 0.40 0.25

Fasting insulin (pmol/l) 1.972 0.30 0.28

SI (×10
−4 min−1 [µU/ml]−1)a 0.367 0.91 0.06

AIRg (pmol/l×10 min) 20.946 0.24 0.30

DI
b 141.39 0.31 0.25

Sg (per 100 min) 0.000 0.01 0.84

Kg (per 100 min) 0.044 0.34 0.24

CDKN2A/B rs10811661 A*>G (or T*>C)

BMI (kg/m2) 0.025 0.03 0.72

Waist girth (cm) 0.145 0.08 0.51

Fasting glucose (mmol/l) 0.070 1.16 0.04 (0.32)

Fasting insulin (pmol/l) −0.470 0.01 0.82

SI (×10
−4 min−1 [µU/ml]−1)a 0.257 0.35 0.28

AIRg (pmol/l×10 min) 2.590 0.00 0.89

DI
b 43.250 0.02 0.81

Sg (per 100 min) −0.001 0.38 0.31

Kg (per 100 min) −0.034 0.16 0.46

CDKN2A/B rs564398 A*>G

BMI (kg/m2) 0.095 0.77 0.08

Waist girth (cm) 0.352 0.73 0.08

Fasting glucose (mmol/l) −0.023 0.20 0.42

Fasting insulin (pmol/l) −1.504 0.22 0.36

SI (×10
−4 min−1 [µU/ml]−1) a −0.062 0.03 0.73

AIRg (pmol/l×10 min) 19.325 0.26 0.31

DI
b 150.859 0.44 0.22

Sg (per 100 min) −0.000 0.00 1.00

Kg (per 100 min) 0.011 0.03 0.75

HHEX rs7923837 G*>A

BMI (kg/m2) −0.018 0.03 0.72

Waist girth (cm) 0.000 0.00 1.00

Fasting glucose (mmol/l) −0.003 0.00 0.75

Fasting insulin (pmol/l) −1.991 0.40 0.24

SI (×10
−4 min−1 [µU/ml]−1) a −0.234 0.48 0.19

AIRg (pmol/l×10 min) −34.273 0.83 0.07

DI
b −220.55 0.97 0.06

Sg (per 100 min) 0.000 0.00 0.82

Kg (per 100 min) −0.050 0.56 0.16

IGF2BP2 rs4402960 C>A*

BMI (kg/m2) −0.008 0.01 0.88

Waist girth (cm) 0.110 0.06 0.63

Fasting glucose (mmol/l) −0.031 0.33 0.22

Fasting insulin (pmol/l) 1.796 0.28 0.30

SI (×10
−4 min−1 [µU/ml]−1) a −0.292 0.65 0.10

AIRg (pmol/l×10 min) −17.851 0.20 0.34

DI
b −211.803 0.78 0.08

Sg (per 100 min) −0.001 0.57 0.14

Kg (per 100 min) −0.028 0.15 0.40
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genotype is associated with increased risk of type 2 diabetes.
Our finding therefore suggests that even if carriers of the Pro/
Pro genotype experience less improvement in type 2
diabetes-related phenotypes than Ala carriers, they still
benefit from regular exercise and in doing so may attenuate
their diabetes risk.

Several previous studies have examined the interactions
of the PPARG Pro12Ala genotype with environmental and
lifestyle factors, and their effect on diabetes-related meta-
bolic phenotypes, as indicated in a recent review [34].
However, the study design and outcome phenotypes have
been diverse and the results ambiguous. Two lifestyle (diet

and physical activity) intervention studies reported
conflicting results. Thus the Finnish Diabetes Prevention
Study (DPS) [13], which reported an association between
the PPARG Ala allele and progression to type 2 diabetes,
showed that in the intervention group, carriers of the Ala
allele lost more weight and none of them developed the
disease, suggesting that beneficial changes in diet and
physical activity may reverse the diabetogenic impact of the
Ala allele. However, results from the DPP showed no
differences in the response to lifestyle intervention among
participants with the PPARG Pro12Ala genotype [11]. More
recently, a large prospective study reported a nominal

Table 3 (continued)

Variables per variant Estimated effect (β) Explained variance (%) p value

KCNJ11 rs5215 A>G*

BMI (kg/m2) −0.003 0.00 0.95

Waist girth (cm) 0.176 0.19 0.28

Fasting glucose (mmol/l) −0.004 0.00 0.97

Fasting insulin (pmol/l) −1.105 0.12 0.44

SI (×10
−4 min−1 [µU/ml]−1) a 0.246 0.53 0.18

AIRg (pmol/l×10 min) −22.974 0.38 0.17

DI
b −111.618 0.25 0.30

Sg (per 100 min) 0.001 0.22 0.35

Kg (per 100 min) 0.006 0.01 0.86

PPARG rs1801282 C*>G

BMI (kg/m2) −0.138 0.69 0.08

Waist girth (cm) −0.223 0.12 0.38

Fasting glucose (mmol/l) −0.023 0.08 0.53

Fasting insulin (pmol/l) −3.954 0.66 0.09

SI (×10
−4 min−1 [µU/ml]−1) a −0.151 0.08 0.65

AIRg (pmol/l×10 min) −56.335 0.94 0.03 (0.24)

DI
b −508.25 2.15 0.003 (0.02)

Sg (per 100 min) −0.003 1.83 0.004 (0.03)

Kg (per 100 min) −0.172 2.81 0.0008 (0.006)

TCF7L2 rs7903146 G>A*

BMI (kg/m2) −0.042 0.13 0.46

Waist girth (cm) −0.264 0.36 0.24

Fasting glucose (mmol/l) −0.047 0.73 0.09

Fasting insulin (pmol/l) −2.776 0.67 0.11

SI (×10
−4 min−1 [µU/ml]−1) a −0.217 0.35 0.24

AIRg (pmol/l×10 min) 7.747 0.04 0.69

DI
b −69.226 0.08 0.59

Sg (per 100 min) −0.001 0.26 0.30

Kg (per 100 min) −0.007 0.01 0.77

Analyses were adjusted for age, sex, baseline waist girth (when appropriate) and the respective baseline value

p values are for the additive effect; those in parentheses are adjusted for multiple testing using the Bonferroni method

The estimated effect (β) was calculated for the at-risk allele (*)
a Units are from the MINMOD program [21]. To convert value to SI units (×10−4 min−1 [pmol/ml]−1 ), multiply by 0.167
b DI is calculated as SI units generated from the MINMOD program (×10−4 min−1 [µU/ml]−1 ) multiplied by AIRg (pmol/l×10 min)
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interaction effect for Pro12Ala on impaired glucose
regulation (IGR), the Ala allele being associated with a
reduced risk of IGR, but only in inactive individuals [12].
However, this finding did not withstand correction for
multiple testing. Results of gene × exercise training
interactions have been more consistent in showing Ala-
allele carriers to be more sensitive to the positive effects of
exercise on metabolic profile. A study of sedentary diabetic
men reported that after 3 months of supervised aerobic and
resistance exercises, greater improvements in fasting gly-
caemia were observed in Ala carriers [14]. Weiss et al.
studied sedentary overweight, but otherwise healthy indi-
viduals, who underwent 6 months of supervised aerobic
training. They found that male carriers of the Ala allele
were more responsive to the insulin-sensitising effect of
endurance training than carriers of the Pro/Pro genotype
[16]. Similarly, Kahara et al. [15] reported that after
3 months of aerobic exercise training, healthy Japanese
men carrying the Ala allele experienced greater improve-
ments in insulin sensitivity than those carrying the Pro/Pro
genotype.

A systematic investigation of the results of the existing
literature on the effects of PPARG Pro12Ala on the
metabolic response to different types of lifestyle interven-
tion [11–16] showed that consistent findings have been
reported in exercise training studies [14–16] (i.e. the Ala
carriers are more responsive than the Pro/Pro to beneficial
effects of exercise training in terms of glucose homeostasis
improvement), even if the studies were performed on
different populations in terms of age, sex, ethnicity, BMI
or glucose tolerance status. The strength of a supervised
exercise programme is that it encourages participant
compliance and provides the same exercise stimulus to all
of them, therefore guaranteeing that inter-individual varia-

tion in glucose homeostasis changes cannot be due to
variation in exercise stimulus. Given the consistent results
of such studies [14–16], we speculate that the standardised
stimulus attenuated the impact of other potential confound-
ing factors such as age, sex, ethnicity, BMI and glucose
tolerance status on the metabolic response. Combined
lifestyle intervention studies (physical activity and nutri-
tion) like the DPS and the DPP have reported conflicting
results [11, 13]. Results of the DPS [13] are concordant
with findings of exercise training studies in showing an
effect of PPARG Pro12Ala on reduction of diabetes risk
following the intervention, whereas the DPP [11] showed
no effect. The design and type of intervention of the DPS
and the DPP are very similar. However, the DPP cohort
includes individuals of different ethnic origin (Whites,
African-American, Hispanic, Asian-American, American-
Indian), while the DPS cohort only includes individuals
from Finland. It has been shown that the effect of Pro12Ala
on obesity and diabetes risk varies by ethnicity [35, 36]. We
can therefore speculate that the effect of the polymorphism
on diabetes risk reduction in response to a lifestyle
intervention also varies by ethnicity and may explain the
conflicting results. Finally, a prospective study assessing
physical activity level by questionnaire reported opposite
findings, with physically active individuals carrying the Ala
allele at higher risk of impaired glucose metabolism [12].
However, this positive finding was no longer significant after
correction for multiple testing, suggesting that the association
may be attributable to chance. This overview highlights that
different variables such as the exposure measurement, the
outcome measurement, the study design, the population and
the statistical methods should all be taken into account when
comparing the results of several studies and may explain the
conflicting results sometimes observed.

Table 4 Association between PPARG rs1801282 (Pro12Ala) and changes in adiposity and IVGTT-derived phenotypes

Phenotypes Pro/Pro (n=381) Pro/Ala (n=92) Ala/Ala (n=8) p values

BMI (kg/m2) −0.12±0.04 0.045±0.08 0.01±0.24 0.08

Waist girth (cm) −1.10±0.15 −0.65±0.27 −1.34±0.54 0.38

Fasting glucose (mmol/l) 0.007±0.02 0.10±0.04 −0.01±0.14 0.53

Fasting insulin (pmol/l) −6.32±1.36 −1.01±2.31 −2.50±3.85 0.09

SI (×10
−4 min−1 [µU/ml]−1)a 0.22±0.15 0.41±0.31 0.04±0.46 0.65

AIRg (pmol/l×10 min) −46.30±14.70 −11.92±40.30 64.21±37.73 0.03 (0.24)

DI
b −7.44±88.18 534.6±218.3 551.8±448.5 0.003 (0.02)

Sg (per 100 min) 0.09±0.06 0.44±0.14 0.28±0.41 0.004 (0.03)

Kg (per 100 min) 0.004±0.03 0.14±0.06 0.22±0.22 0.0008 (0.006)

Data are means ± SE

Analyses were adjusted for age, sex, baseline waist girth (when appropriate) and the respective baseline value

p values are for the additive effect; those in parentheses are adjusted for multiple testing using the Bonferroni method
a Units are from the MINMOD program [21]. To convert value to SI units (×10−4 min−1 [pmol/ml]−1 ), multiply by 0.167
b DI is calculated as SI generated from the MINMOD program (×10−4 min−1 [µU/ml]−1 ) multiplied by AIRg (pmol/l×10 min)
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Functional studies might explain why Ala-allele carriers
are more sensitive to the effects of exercise, as suggested by
the results of the present study. PPARG is particularly
expressed in white adipose tissue and its effects on glucose
homeostasis are most likely to be attributable to altered
adipose tissue metabolism [37]. Studies [38, 39] have
suggested that the Ala allele reduces the transcriptional
activity of peroxisome proliferator-activated receptor gam-
ma (PPARG), enhancing the ability of insulin to suppress
lipolysis in adipocytes and leading to a decrease in release
of NEFA into the circulation [40]. The Ala allele was also
associated with a decrease in lipid oxidation, but an
increase in glucose oxidation in lean participants during
insulin stimulation [41]. In line with this, Adamo et al.
reported lower plasma NEFA levels at baseline and after
exercise training in Ala carriers than in the Pro/Pro
homozygotes [14]. Reduced availability of NEFA would
then permit glucose to be preferentially oxidised as a fuel
source in muscle. In the context of the present study, we
speculate that this metabolic effect of PPARG could explain
the greater improvement in glucose tolerance and Sg in Ala
carriers in response to exercise.

As for the other variants, we found no association,
except for a nominal effect of CDKN2A/B rs10811661, with
each copy of the protective allele associated with a decrease
in fasting glucose levels of 0.070 mmol/l (Table 3) after the
exercise training programme. The nature of the effect is
consistent with those reported in two previous studies. The
report from the DPP [19] showed that CDKN2A/B
rs10811661 marginally modified the effect of the lifestyle
intervention on beta cell function improvement, the
improvement being greater in participants with the low-
risk genotype than in those with the high-risk genotype
after lifestyle modification. Accordingly, the study of Brito
et al. [12] reported a nominally significant effect of gene ×
physical activity interaction on 2 h glucose levels for
CDKN2A/B rs10811661, the protective allele being associ-
ated with lower 2 h glucose levels, albeit only in physically
active individuals. In the same study [12], the only
interaction effect that withstands correction for multiple
testing was that with HNF1B rs4430796, the A allele
(protective allele) being associated with lower risk of IGR
and incident diabetes, but only in physically inactive
participants. Taken together, these results suggest that the
majority of the novel diabetes susceptibility variants do not
interact with physical activity/exercise to modulate changes
in type 2 diabetes risk.

Since only few studies have assessed the effects of
interaction between the novel diabetes susceptibility var-
iants and physical activity/exercise on type 2 diabetes risk
profile, further studies are needed before drawing firm
conclusions. Little is known about the function of these
variants, and examining their effects in the context of an

exercise intervention might help elucidate their role in
diabetes. Furthermore, from public health and clinical
perspectives, such studies are important to better under-
stand the contribution of genetic factors to individual
differences in response to regular physical activity/exercise.
They may help identify individuals who are likely to
benefit from being physically active, as well as those for
whom alternative interventions such as dietary changes or
pharmacological treatment might be more effective.

Our study has several strengths that emphasise its unique
contribution. First, the exercise programme was designed to
provide the same exercise stimulus in terms of frequency,
duration and relative intensity to all participants, and all
exercise sessions were performed under supervision. These
facts guarantee that inter-individual variation in glucose
homeostasis changes could not be due to variation in
exercise dose. Second, the duration of the programme
(20 weeks) was long enough to produce significant
physiological adaptations to regular exercise. Third, the
participants were free of disease and sedentary at baseline,
eliminating potential confounding due to differences in
baseline chronic diseases, medication use or activity levels.
Fourth, measures of glucose homeostasis and metabolism
were derived from an IVGTT, a method that is well
validated, widely used to investigate glucose metabolism
in vivo and allows determination of major components of
glucose metabolism in dynamic conditions. Finally, our
sample size is among the largest of published exercise
training studies reporting evidence of gene × exercise
interaction for phenotypes related to glucose and insulin
metabolism.

Despite its strengths, our study also had some limita-
tions. One potential limitation is the lack of a control group.
The HERITAGE Family Study was originally designed to
investigate the role of genetic factors in cardiovascular,
metabolic and hormonal responses to exercise training, so a
control group was not deemed necessary. It is therefore
difficult to conclude whether the observed improvement in
IVGTT-related phenotypes was due to exercise training or
to changes in other correlates of glucose homeostasis.
Second, participants were encouraged not to change dietary
habits in this trial, but we have no objective measures of
possible changes in free-living behaviour during the
intervention. However, we do not believe that changes that
might have occurred in dietary fat intake during the 20-week
period of exercise training would be of sufficient magnitude
to confound the changes in glucose homeostasis brought
about by the exercise training programme. Finally, the effects
of the Ala allele on glucose homeostasis improvement
could be due to false positive results. However, not only
was our study sufficiently powered to detect significant
effects, but our results also remained significant after
multiple testing correction.
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In summary, the results of the present study suggest that
changes in overall glucose tolerance, Sg and pancreatic beta
cell function in response to regular exercise may be
modulated by the PPARG Pro12Ala polymorphism. Our
results showed that Ala carriers experienced greater
improvements in glucose homeostasis, thus extending
previous findings that Ala carriers are more responsive to
the positive effects of lifestyle modifications on metabolic
variables associated with type 2 diabetes.
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