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Abstract

The present study sought to investigate, in sedentary men and women, (a) whether a common functional gene variant (peroxisome

proliferator–activated receptor-c2 [PPARc2] Pro12Ala) predicts insulin action and (b) whether improvements in insulin action in response to

endurance exercise training are associated with PPARc2 Pro12Ala. Sedentary, 50- to 75-year-old men and women (N = 73) were genotyped

and underwent oral glucose tolerance tests (OGTTs) before and after 6 months of endurance training. At baseline, men heterozygous for the

Pro12Ala variant had a greater OGTT insulin area under the curve (AUC) as compared with Pro12 homozygous men (P = .009). Endurance

training resulted in a significantly greater improvement in insulin AUC in Pro12Ala heterozygous men as compared with Pro12 homozygous

men (P = .003) despite no genotype-specific differences with respect to training-induced changes in body weight, body mass index, and

percent body fat. No differences between genotype groups were present at baseline or in response to training in women. Training did not alter

the OGTT glucose AUC for the group as a whole, and the baseline, final, and change in glucose AUC were not dependent on PPARc2
genotype and/or sex. In conclusion, these findings suggest that sedentary men with the PPARc2 Pro12Ala variant have lower insulin action

on glucose disposal as compared with their counterparts. However, these men are particularly responsive with respect to the magnitude of

endurance training–induced improvement in insulin action.

D 2004 Elsevier Inc. All rights reserved.
1. Introduction

The common, missense variation (Pro12Ala) in the

peroxisome proliferator–activated receptor-c2 (PPARc2)
gene has been extensively studied for associations with

insulin action and type 2 diabetes risk. The PPARc2 gene

codes for a ligand-activated transcription factor that is

primarily expressed in adipocytes but is also expressed at

lower levels in muscle [1]. As a transcription factor, the

PPARc2 protein regulates genes involved in lipid and

carbohydrate metabolism [2], and it is involved in the
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regulation of adipogenesis [3]. The Pro12Ala substitution

decreases the affinity of the PPARc2 protein for its response

elements in target genes and decreases its transcriptional

activity by 50% [4,5]. From a physiological perspective, it

might be predicted that the lower transcriptional activity of

the Ala12 isoform of PPARc2 would decrease insulin action

because dominant negative mutations in human beings

result in severe insulin resistance [6] and because pharma-

ceutical activation of PPARc with thiazolidinediones

increases insulin action in human beings [7]. Furthermore,

it has recently been shown that insulin action is impaired in

homozygous PPARc2 knockout mice [3].

Studies on the association between PPARc2 Pro12Ala

genotype and insulin action in human beings have produced

equivocal results. Some reports indicate that the Ala12 allele

may be associated with greater insulin action and/or a lower

risk for type 2 diabetes [4,8-10], while others indicate either
xperimental 54 (2005) 97–102
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the opposite [11,12] or no effect at all [13-16]. A potential

explanation for these discrepant findings is that most of

these studies did not account for the powerful and

potentially confounding effect of physical activity levels

on insulin action and type 2 diabetes risk [17]. Therefore,

the purpose of the present study was to assess the

relationship between the PPARc2 Pro12Ala genotype and

indices of insulin action in men and women before and after

6 months of supervised and standardized endurance exercise

training. Because diet may also alter the relationship

between the PPARc2 genotype and insulin action [18], all

subjects were trained by a registered dietician to consume a

diet consistent with the American Heart Association dietary

recommendations for the general population [19] and were

required to be weight stable for 2 weeks before baseline

testing. Lastly, because the relationship between the

PPARc2 Pro12Ala genotype and type 2 diabetes risk may

be different for men and women [11], sex was included as a

factor in our analyses.
2. Materials and methods

2.1. Subjects

Seventy- three sedentary, 50- to 75-year-old healthy men

(n = 32) and women (n = 41) gave informed, written consent

to participate in the present study, which was approved by

the University of Maryland at the College Park Institutional

Review Board. All subjects had normal glucose tolerance

[20], and none was receiving medication known to affect

glucose metabolism. Further details on subject screening

and recruitment are published elsewhere [21].

2.2. Dietary control

For 6 weeks before baseline testing, all subjects attended

twice weekly classes in which they were taught by a

registered dietician to consume a diet consistent with the

American Heart Association dietary recommendations for

the general population [19]. Subjects were asked to maintain

this diet throughout the duration of the study; compliance

with the recommendations was monitored via 7-day diet

records and food frequency questionnaires. Subjects who

were noncompliant with the dietary recommendations

during the study were counseled by a registered dietician

until dietary compliance was again achieved.

2.3. Exercise intervention

The 6-month supervised endurance exercise training

consisted of exercises such as treadmill walking and

stationary cycling. Details of the training program have

been published previously [21]. In brief, the exercise

program gradually progressed over the first 10 weeks to 3

to 4 sessions of exercise per week for 40 minutes at 65% to

75% of heart rate reserve. Exercise heart rates were

monitored with Polar heart rate monitors (Polar Beat model,

Polar Electro Inc, Woodbury, NY).
2.4. Genotype

Subjects were genotyped by polymerase chain reaction /

restriction fragment length polymorphism analysis of

nuclear DNA from blood leukocytes according to proce-

dures described by Nicklas et al [22] and Yen et al [23].

2.5. Dependent measures

Dependent data on subjects who attended at least 75% of

the required exercise training sessions were collected.

Training was continued until the last set of data was

collected, and assessments at the end of the training

intervention were made 24 to 36 hours after an exercise bout.

For the oral glucose tolerance test (OGTT), venous blood

for glucose and insulin analyses was drawn into tubes

containing 15% of potassium EDTA before and 30, 60, 90,

120, and 180 minutes after a 75-g oral glucose load. The

samples were stored on ice for subsequent isolation of

plasma via centrifugation (48C and 1800g for 20 minutes),

and the plasma was stored at �808C. The OGTTs were

started between 6:30 and 9:00 am and after a 12- to 16-hour

fast. Subjects consumed 250 g or more of carbohydrate per

day for 3 days before each OGTT.

2.6. Body composition

Body fat mass, as a percentage of total body mass, was

measured via whole-body dual-energy x-ray absorptiometry

(model DPX-L, Lunar Corporation, Madison, Wis) as

described elsewhere [24]. Body composition data were

not available on 5 (2 homozygous Pro12 men, 2 homozy-

gous Pro12 women, and 1 heterozygous man) of the 73

subjects.

2.7. Sample analysis

Glucose was analyzed using the glucose oxidase method,

and insulin was determined by radioimmunoassay. All

samples were run in duplicate, and when discrepancies

between duplicate measures occurred (N0.1 mmol/L for

glucose or a coefficient of variation of N0.10 for insulin),

the sample was reassessed in a subsequent assay.

2.8. Calculations

Total areas under the curve (AUCs) were calculated for

the OGTT plasma glucose and insulin responses using the

trapezoidal rule. The product of the glucose AUC and

insulin AUC (AUCproduct) was calculated as an index of

insulin resistance [25,26].

2.9. Maximum oxygen uptake

Maximum oxygen uptake (VO2max) was determined by

indirect calorimetry during an incremental treadmill exercise

test to exhaustion as described elsewhere [27].

2.10. Statistics

Two-factor (genotype and sex) analyses of covariance

were used for statistical analysis of outcome data. Data with



Table 1

Characteristics of subjects in the baseline, sedentary state

Men Women

Pro /Pro (n = 24) Ala /Pro (n = 8) Pro /Pro (n = 37 ) Ala /Pro (n = 4

Age (y) 59 F 1 54 F 2 59 F 1 58 F 3

Weight (kg) 84.6 F 2.7* 89.3 F 4.6* 76.8 F 2.2 75.8 F 6.6

Height (cm) 177 F 1* 177 F 2* 164 F 1 164 F 3

BMI (kg /m2 ) 27 F 1 29 F 1 29 F 1 28 F 2

Percent body fat a 26.2 F 1.4* 30.4 F 2.6* 42.2 F 1.1 41.3 F 3.4

Vo2max (mLd kg�1d min�1) 29 F 1* 28 F 1* 23 F 1 22 F 1

Race

White, n (%) 16 (67) 5 (62) 28 (76) 3 (75)

Black, n (%) 4 (17) 3 (38) 8 (22) 0 (0)

Other, n (%) 4 (17) 0 (0) 1 (3) 1 (25)

a Data are missing for 5 subjects. Data are least squares means F SEM, except for race, where data are absolute and relative frequencies.

* P V .05 vs women of either genotype group.
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nonnormally distributed residuals were log transformed for

statistical analyses, and their resultant statistics (least squares

means and SEMs) were reverse transformed for presentation.

Age, body mass index (BMI), and their respective inter-

actions with the PPARc2 Pro12Ala genotype and sex were

included in the initial model as covariates and were retained

in the final model when their P values were z.10. Post hoc

means comparisons were performed using protected least

significant difference tests. A Fisher exact test was used to

test for differences in the proportions of white and black

subjects among the study groups. Spearman correlations

were used for correlation analyses, and tests for homogeneity

among correlation coefficients were performed using Fisher

r-to-Z transformations as described elsewhere [28]. Analyses

were performed at an a error rate of .05. Error terms are

presented as SEM. SAS software (SAS version 8, SAS

Institute, Inc, Cary, NC) was used for all analyses except for

the tests for differences among correlation coefficients,

which were done manually.

3. Results

Mean age for the 73 subjects at baseline was 58F 1 years.

Baseline VO2max was 25 F 1 mLd kg�1dmin�1, indicating
Table 2

Results for subjects in the baseline, sedentary state

Men Women P for interaction

Pro /Pro Ala /Pro Pro /Pro Ala /Pro

Insulin AUC (� 103 pmold L�1d min�1)a 53 (4, 4) 98 (24, 19)* 50 (3, 3) 41 (9, 7) .009

Glucose AUC (� 102 mmold L�1d min�1) 8.8 (0.4, 0.4) 8.8 (0.6, 0.6) 8.7 (0.3, 0.3) 8.0 (0.9, 0.9) NS

AUCproduct (� 106 units)a 45 (5, 5) 90 (30, 23)* 43 (8, 4) 33 (10, 8) .02

Fasting insulin (pmol /L)a 79 (5, 5) 110 (21, 18)* 75 (4, 4) 54 (9, 8) .01

Fasting glucose (mmol /L) 5.3 (0.1, 0.1) 5.7 (0.3, 0.3) 4.9 (0.3, 0.3) 5.0 (0.2, 0.2) NS

a Data are least squares means (+ SEM, � SEM). NS indicates not significant at P = .05. Insulin AUC, AUCproduct, fasting insulin, and fasting glucose data

were compared after adjustment for age, baseline BMI, and an interaction between genotype and age. Glucose AUC data were compared after adjustment fo

baseline BMI. Residuals for insulin AUC, AUCproduct, and fasting insulin were nonnormally distributed; data for these variables were therefore log transformed

for statistical analyses, and their resultant statistics (least squares means and SEMs) were reverse transformed for presentation.

* P b .01 vs all other means.
)

that the subjects were sedentary, and baseline BMI was 28F
1, indicating that the subjects were overweight, on average.

Fifty-two of the subjects classified themselves as whites,

while the remainder classified themselves as blacks (n = 15)

or members of other (n = 6) racial groups. Race was not used

as a variable in the outcome analyses because none of the

study outcomes was dependent on race (data not shown) and

because the balance among the frequencies for whites,

blacks, and bothersQ was similar among the study groups

(Table 1; P = .24). Twenty-four men and 37 women were

homozygous for the PPARc2 Pro12 allele, 8 men and 4

women were heterozygous, and no subjects were homozy-

gous for the Ala12 allele. These genotype frequencies were

not different from the Hardy-Weinberg predicted frequencies

for men, women, or for the group as a whole. At baseline,

body weight, height, BMI, percent body fat, and Vo2max did

not differ between genotype groups for either men or women

(Table 1). Men were heavier and taller and had lower percent

body fat and greater Vo2max values than women; however,

these dimorphisms were not dependent on the PPARc2
genotype.

At baseline, fasting insulin and insulin AUC from the

OGTTwere greater in PPARc2 Pro12Ala heterozygous men

than in Pro12 homozygous men or in women of either
r



Table 3

Endurance exercise training–induced changes

Men Women P for interaction

Pro /Pro Ala /Pro Pro /Pro Ala /Pro

Change in insulin AUC (� 103 pmold L�1d min�1) �10 F 3 �39 F 8* �12 F 2 �8 F 7 .001

Change in glucose AUC (� 102 mmold L�1d min�1) 0.0 F 0.3 �0.5 F 0.5 �0.1 F 0.2 0.4 F 0.7 NS

Change in AUCproduct (� 106 units) �9 F 3 �38 F 9* �11 F 3 �8 F 8 .02

Change in fasting insulin (pmol /L) �10 F 4 �43 F 10* �10 F 3 2 F 9 .003

Change in fasting glucose (mmol /L) 0.1 F 0.1 0.0 F 0.2 0.1 F 0.1 0.1 F 0.3 NS

Change in weight (kg) �1.9 F 0.5 �1.5 F 0.8 �1.0 F 0.4 �0.1 F 1.2 NS

Change in BMI (kg /m2) �0.6 F 0.2 �0.5 F 0.3 �0.4 F 0.1 0.0 F 0.4 NS

Change in percent body fata �1.4 F 0.4 �0.3 F 0.7 �1.5 F 0.3 �0.2 F 0.9 NS

Change in Vo2max (% increase in mLd kg�1d min�1) 19 F 2 21 F 4 13 F 2 22 F 5 NS

a Data are missing for 5 subjects. Data are least squares means (F SEM). Changes in insulin AUC and changes in AUCproduct were compared after

adjustment for age, change in BMI, and an interaction between genotype and age. Changes in glucose AUC were compared after adjustment for changes in

BMI. Changes in fasting insulin were compared after adjustment for age and an interaction between genotype and age.

* P b .05 vs all other means.
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genotype group (Table 2). Because the means for OGTT

glucose AUC were not different at baseline between

genotypes in men, the differences in insulin AUC suggest

greater insulin resistance in PPARc2 Ala12 carriers.

Furthermore, AUCproduct was 2-fold greater in Ala12 carrier

men. None of the outcomes were different between

genotypes in women at baseline.

Exercise training increased Vo2max (initial = 26 F
1 mLd kg�1d min�1; final = 30 F 1 mLd kg�1dmin�1; P b

.0001) and decreased total body weight (initial = 82.3 F
2.1 kg; final = 81.1 F 2.1 kg; P = .002), BMI (initial =

28.2 F 0.6 kg/m2; final = 27.8 F 0.6 kg/m2; P = .004), and

percent body fat (initial = 35.7 F 1.2; final = 34.5 F 1.2;

P V .0001) for the group as a whole. These exercise

training–induced changes were not different between

PPARc2 genotype groups, between men and women, or

among genotype- and sex-specific groups (Table 3), although

there was a tendency for greater decreases in percent body fat

among homozygous Pro12 carriers (men and women

combined) vs noncarriers (�1.4 F 0.2 and � 0.2 F 0.6,

respectively; P = .06).

Decreases in fasting insulin and insulin AUC in response

to endurance training were 4-fold greater in Pro12Ala
Table 4

Results for subjects in the final, trained state

Men

Pro /Pro Ala /Pro

Insulin AUC (� 103 pmold L�1d min�1) 42 (4, 3) 51 (8, 7

Glucose AUC (� 102 mmold L�1d min�1) 8.9 (0.4, 0.4) 8.5 (0.7

AUCproduct (� 106 units) 37 (4, 4) 41 (8, 7

Fasting insulin (pmol /L) 71 (4, 4) 64 (6, 6

Fasting glucose (mmol /L) 5.3 (0.1, 0.1) 5.7 (0.3

Data are least squares means (+SEM, �SEM). Insulin AUC and fasting insulin d

compared after adjustment for age, final BMI, and an interaction between sex and

and an interaction between sex and final BMI. Fasting glucose data were compa

Residuals for insulin AUC, AUCproduct, and fasting insulin were nonnormally distr

analyses, and their resultant statistics (least squares means and SEMs) were reve
heterozygous men as compared with Pro12 homozygous

men; no such genotype-specific effects of exercise training

were found in women (Table 3). Fasting glucose and

glucose AUC remained unchanged in all study groups

despite the sex- and genotype-specific changes in insulin.

The decrease in AUCproduct was 4-fold greater in Pro12Ala

men as compared with homozygous men and with women

of either genotype.

For the group as a whole, the changes in body weight

were correlated with changes in insulin AUC (r = 0.42; P =

.0002) and glucose AUC (r = 0.27; P = .02). Likewise, the

magnitude of change in BMI was correlated with changes in

insulin AUC (r = 0.43; P = .0001) and glucose AUC (r =

0.29; P = .01). These correlations did not differ among the 4

study groups (all P values were z.34); however, it should

be noted that tests for differences among correlation

coefficients generally require sample sizes that are larger

than those for 2 of the groups (Ala12 carrier men and

women) in the present study [28]. After the 6-month

exercise training program, none of the fasting or OGTT-

based outcomes differed among the study groups, which

indicates that all of the baseline differences were eliminated

(Table 4).
Women P for interaction

Pro /Pro Ala /Pro

) 40 (3, 3) 35 (8, 6) NS

, 0.7) 8.7 (0.3, 0.3) 7.8 (1.0, 1.0) NS

) 35 (3, 3) 28 (8, 6) NS

) 66 (3, 3) 57 (8, 7) NS

, 0.3) 5.0 (0.1, 0.1) 5.1 (0.3, 0.3) NS

ata were compared after adjustment for final BMI. Glucose AUC data were

final BMI. AUCproduct data were compared after adjustment for final BMI

red after adjustment for age and an interaction between age and genotype.

ibuted; data for these variables were therefore log transformed for statistical

rse transformed for presentation.
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4. Discussion

Many studies have assessed the relationship between

indices of insulin action or type 2 diabetes risk and the

PPARc2 Pro12Ala genotype; however, the results are

equivocal. Some of the variability among previous reports

may be because of a dependency of the association

between the PPARc2 genotype and insulin action on

exercise training status [29], diet [18], and sex [11]. In

the present study, subjects consumed a standardized diet,

and sex- and genotype-specific associations with indices of

insulin action were determined before and after supervised,

standardized exercise training. The main finding from the

present study is that sedentary PPARc2 Pro12Ala hetero-

zygous men have greater fasting and OGTT insulin

concentrations than Pro12 homozygous men and women

of either genotype. In response to exercise training,

Pro12Ala heterozygous men experience greater decreases

in fasting insulin and insulin AUC than Pro12 homozygous

men despite similar changes in body weight, BMI, and

percent body fat. Because these differences in the fasting

and OGTT insulin among study groups occurred in the

absence of differences in fasting and OGTT glucose,

differences in insulin action are likely.

Kahara et al also assessed the association of the PPARc2
Pro12Ala genotype with insulin action before and after

endurance exercise training [29]. While no association

between the PPARc2 Pro12Ala genotype and insulin action

was found in the initially sedentary Japanese men, the

training-induced changes in insulin action were greater in

heterozygous men as compared with Pro12 homozygous

men, which is consistent with the findings of the present

study. It is not clear why Kahara et al [29] did not find a

PPARc2 genotype dependency of insulin action among

sedentary subjects while the present study did. One

possibility is that the subjects in the present study were

more overweight and older and, consequently, at greater risk

for developing insulin resistance and type 2 diabetes than

those studied by Kahara et al [29]. Alternatively, racial

differences could explain the discrepancy between the

studies because the cause of diabetes in Japanese Americans

may be different from that found in other subjects [30].

Lastly, differences in dietary fat intake between the groups

could account for the genotype-specific differences in

baseline characteristics between studies [18].

Although no studies other than that of Kahara et al [29]

and the present study specifically assessed the relationship

between the PPARc2 Pro12Ala genotype and endurance

training–induced changes in insulin action, two other

lifestyle modification studies warrant discussion. First,

Nicklas et al [22] assessed the association between the

PPARc2 Pro12Ala genotype and insulin action in sedentary,

overweight or obese, postmenopausal women. Consistent

with our findings, genotype was not associated with insulin

action at baseline in sedentary women. In response to diet-

induced weight loss, however, Ala12 carrier women
experienced 2-fold greater improvements in insulin action

as compared with Pro12 homozygous women, despite

similar changes in body weight and composition. Although

it is not clear why restriction of energy intake in women

resulted in genotype-specific improvements in insulin action

while exercise training–induced did not, it is perhaps

appropriate to consider diet- and exercise-induced improve-

ments in insulin action as distinct phenotypes.

In a study from the Finnish Diabetes Prevention Study,

Lindi et al [12] reported that in sedentary men and women

with impaired glucose tolerance, PPARc2 Ala12 allele

carriers had a greater 3-year incidence of type 2 diabetes

compared with noncarriers. Although an increased inci-

dence of type 2 diabetes in Ala12 carriers seems contrary

to the findings of others [10], an intervention consisting of

exercise and diet modification fully abrogated the ill effect

of the Ala12 allele on diabetes incidence. If poor insulin

action is considered to be a risk factor for type 2 diabetes,

our results are consistent with those of Lindi et al [12] in

that lifestyle modifications such as exercise training may

reduce the genetic predisposition to type 2 diabetes.

A limitation of the present study is the presence of only 4

women who were PPARc2 Ala12 carriers. Conceivably, this

could have led to a false-negative result (type II statistical

error) for genotype-dependent differences in women. Power

calculations are difficult in these circumstances because the

genotype effect size for training-induced changes in insulin

AUC for women is unknown. If the effect size seen in men

in the present study is used as an estimate for the effect size

in women (which assumes that men and women do not

differ with respect to training-induced changes in insulin

AUC), the power to detect a statistical difference between

genotype groups in women is 0.98, which suggests that our

findings are valid. Furthermore, if the 4 Ala12 carrier

women are considered in the context of all women in the

present study, it is noteworthy that 2 were above the 50th

percentile and 2 were below the 50th percentile with respect

to training-induced changes in insulin AUC. Taken together,

although a type II statistical error cannot be ruled out, the

findings in the present study appear to be valid.

In summary, sedentary men who were heterozygous for

the PPARc2 Pro12Ala genotype had greater fasting and

OGTT insulin concentrations as compared with Pro12

homozygous men. Endurance training in men resulted in

significantly greater improvement in insulin concentrations

in Pro12Ala heterozygotes compared with Pro12 homozy-

gotes, such that no differences in fasting and OGTT insulin

concentrations existed between genotypes after endurance

training. Lastly, the baseline, final, and training-induced

changes in the plasma glucose response to glucose ingestion

were not different among sex- and genotype-specific

groups. Taken together, these findings suggest that seden-

tary men who are heterozygous for the PPARc2 Pro12Ala

genotype have lower insulin action relative to their counter-

parts but are more responsive to the insulin-sensitizing

effect of endurance exercise training.
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