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Peroxisome proliferator-activated receptor g (PPARg)
as been implicated in adipocyte differentiation. Re-
ently it was reported that heterozygous deficiency of
PARg led to the protection from high-fat diet-induced

nsulin resistance in an animal model. A Pro12Ala poly-
orphism has been detected in the human PPARg2

ene. Since this amino acid substitution may cause a
eduction in the transcriptional activity of PPARg, this
olymorphism may be associated with decreased insulin
esistance and decreased risk of type 2 diabetes. To in-
estigate this hypothesis, we performed a case-control
tudy of the Pro12Ala PPARg2 polymorphism in Japa-
ese diabetic and non-diabetic subjects. The frequency
f Ala12 was significantly lower in the diabetic group. In
n overweight or obese group, subjects with Ala12 were
ore insulin sensitive than those without. These results

uggest that the PPARg is a thrifty gene and that the
ro12Ala PPARg2 polymorphism protects against type 2
iabetes in the Japanese. © 2000 Academic Press

Key Words: peroxisome proliferator-activated recep-
or g; Pro12Ala polymorphism; insulin resistance; type
diabetes; thrifty gene.

Peroxisome proliferator-activated receptor g (PPARg)
lays a major role in adipocyte differentiation (1) and is
molecular target of the insulin sensitizers, thiazoli-

inediones (2). However, the physiological role of
PARg remains unclear. Recently we have generated
ice lacking PPARg. Homozygous PPARg-deficient
ice were embryonic lethal due to placental dysfunc-
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ice were partially protected from high-fat diet-
nduced obesity and insulin resistance, suggesting that
PARg may mediate high-fat diet-induced obesity and

nsulin resistance. Thus, it appears that the amount of
PARg plays a critical role in adipocyte hypertrophy
nd development of insulin resistance under a high-fat
iet. PPARg is therefore viewed as a “thrifty gene” (3,
). High-fat diet is a major cause of the explosive in-
rease in obesity and diabetes in western countries and
apan. It is likely that two alleles of wild-type PPARg
ay interact with environmental factors such as high-

at diet leading to an increase in the incidence of type
diabetes. A Pro12Ala substitution has been detected

n the PPARg2 gene (5). This amino acid is located in
he PPARg2 domain that enhances ligand-independent
ctivation (6). The non-conservative substitution of
roline to alanine may cause a conformational change
n the protein, which may affect its activity. It has been
eported that a mutant PPARg2 with Ala12 had re-
uced transactivation activity (7). Based on the fact
hat this amino-acid is highly conserved and that codon
2 in the mouse PPARg2 gene is also proline (5), we
ypothesized that subjects with this polymorphism
ay be partially protected from type 2 diabetes. To test

his hypothesis, we performed a case-control study of
he PPARg 2 Pro12Ala polymorphism in unrelated
on-diabetic and diabetic subjects.

ATERIALS AND METHODS

Subjects. Non-diabetic subjects who were over the age of 60, had
bA1c values lower than 6.0%, and no family history of type 2
iabetes were recruited from an unselected population who under-
ent routine health check-up at the Hiroshima Atomic Bomb Casu-
lty Council Health Management Center. The diabetic subjects were
ecruited from the outpatient clinic of the Institute for Diabetes Care
nd Research, Asahi Life Foundation and Department of Metabolic
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iseases, Tokyo University. All the subjects enrolled in this study
ere of full Japanese ethnicity. A total of 541 non-diabetic and 415
iabetic subjects were enrolled in the present study. The study was
erformed under informed consent from all subjects and was ap-
roved by the Ethics Committee of Tokyo University.

Biological measurements. Plasma insulin was measured by
adio-immunoassay (Phadeseph Insulin RIA kit, Pharmacia K.K.,
okyo, Japan). Serum leptin was measured by radioimmunoassay

Human Lepin RIA Kit, Linco Research, Inc., St. Charles, MO).
nsulin resistance and b cell function were assessed by homeostasis
odel assessment (HOMA) (homeostasis model assessment of insu-

in resistance (HOMA-IR) 5 fasting insulin (mU/l) 3 glucose (mmol/
)/22.5, homeostasis model assessment of b cell function (HOMA-b) 5
0 3 fasting insulin (mU/l)/(fasting glucose (mmol/l) 2 3.5)), as
escribed elsewhere (8).

Genetic analysis. Genotyping was carried out on genomic DNA
xtracted from peripheral blood leukocytes using a QIAamp DNA
lood Mini kit (QIAGEN K.K., Tokyo, Japan). The Pro12Ala poly-
orphism was detected by the polymerase chain reaction-restriction

ragment length polymorphism (PCR-RFLP) method. The sequences
f the primers were 59-TCTGGGAGATTCTCCTATTGGC-39 (forward
rimer) and 59-CTGGAAGACAACTACAAGAG-39 (reverse primer).
he forward primer contained one nucleotide mismatch (under-

ined), which made it possible to use the restriction enzyme Hha I
New England Biolabs, Beverly, MA) for the detection of the
ro12Ala polymorphism. The conditions for PCR were: PCR in a 50
l reaction mixture containing 50–500 ng of genomic DNA, 0.2 mM of

he primers, 2.5 mM of KCl, and 1.25 U of Ampli Taq Gold (PE
iosystems Japan, Chiba, Japan). The reaction mixtures were incu-
ated at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C
or 30 s, annealing at 52°C for 30 s and extension at 72°C for 30 s.
CR products were digested with Hha I at 37°C overnight, and
esolved by 3% ethidium bromide-stained agarose gel electrophore-
is. The Pro12 allele gives one 154-bp fragment whereas the Ala12
llele gives 132- and 22-bp fragments.

Statistical analysis. Clinical variables are expressed as mean 6
tandard error of the mean (SEM). The proportions of genotypes or
lleles were compared by x2 analysis. Odds ratio and 95% CIs non-
djusted or adjusted for age, gender, and body mass index (BMI)
ere calculated by logistic regression analysis. Differences in the

linical characteristics between subjects with and without the poly-
orphism were evaluated by two-tailed t-test. All the statistic anal-

ses were performed using SAS for WINDOWS ver 6.12 software
SAS Institute Inc., Cary, NC).

ESULTS

Association between Pro12Ala polymorphism in
PARg and type 2 diabetes. The allelic frequency of
la12 in the total 956 subjects was 0.032, similar to a
revious report in the Japanese population (9). The
enotypic distribution of the Pro12Ala polymorphism
as in Hardy-Weinberg equilibrium (Pro/Pro, 93.7%;

Genotypic and Allelic Distribution of the PPARg2 Pro12Ala

Subjects Pro/Pro

Type 2 Diabetic subjects (n 5 415) 400 (96.4%)
Non-diabetic subjects (n 5 541) 496 (91.7%)

Note. Pro/Pro, homozygous for Pro12 allele; Pro/Ala, heterozygous f
.005 by x2 test.
213
ro/Ala, 6.2%; Ala/Ala, 0.1%). The frequency of sub-
ects bearing the Ala12 allele was lower in the diabetic
roup (3.6%) than in the non-diabetic group (8.3%)
P 5 0.003) (Table 1). The allelic frequency of Ala12
as significantly lower in type 2 diabetic group (0.018)

han in non-diabetic group (0.043) (P 5 0.003) (Table
). Subjects with the Ala12 allele had a decreased risk
or type 2 diabetes (odds ratio (OR) 5 0.413, 95% CI;
.220–0.735). After adjustment for age, gender, and
MI, this reduced risk was still observed (OR 5 0.324,
5% CI; 0.152–0.658).

Effect of Pro12Ala polymorphism in PPARg2 on clin-
cal variables. We also tested whether there were
ifferences in clinical parameters between subjects
ith and without the Pro12Ala polymorphism. To as-

ess the insulin resistance and b cell function of sub-
ects, we used the homeostasis model assessment
HOMA-IR and HOMA-b, respectively) (8). Values ob-
ained by HOMA has been shown to correlate well with
hose from the glucose clamp technique (10). Neither
OMA-IR nor HOMA-b was different between subjects
ith and without the Ala12 allele (Table 2). Any other

linical variables were not different between subjects
ith and without the Ala12 allele both in non-diabetic
nd diabetic groups (Table 2).
As type 2 diabetes itself may have effects on insulin

nd glucose levels, we performed a further analysis to
nvestigate any effect of the Pro12Ala polymorphism
n insulin resistance in non-diabetic subjects. Since it
s well known that obesity has a confounding effect on
ariables relevant to insulin resistance, we subdivided
on-diabetic subjects into three groups according to
MI (lean, BMI , 22 kg/m2: normal, 22 kg/m2 # BMI ,
5 kg/m2: overweight or obese, 25 kg/m2 # BMI). Over-
eight or obese subjects were defined as described in

he previous study (11). In lean and normal groups,
either fasting plasma insulin nor HOMA-IR were dif-
erent between subjects with and without the Ala12
llele. However in the overweight or obese group, both
asting plasma insulin (57.4 6 5.23 vs 70.6 6 2.53
mol/l, P 5 0.03) and HOMA-IR (1.89 6 0.18 vs 2.35 6
.09, P 5 0.03) were lower in subjects with the Ala12
llele than those without (Fig. 1). Since the average
MI of subjects with the Ala12 allele (27.5 6 0.46
g/m2) was comparable to that of those without (27.7 6

lymorphism in Type 2 Diabetic and Non-Diabetic Subjects

Pro/Ala 1 Ala/Ala Allelic frequency of Ala12

15 (3.6%) 0.018
45 (8.3%)

pp
0.043

pp

ro12 and Ala12 alleles; Ala/Ala, homozygous for Ala12 allele. **P ,
Po

or P
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.15 kg/m2, P 5 0.73), these results suggest that sub-
ects bearing the Ala12 allele were more insulin sensi-
ive than those without.

Serum leptin levels were also measured in non-
iabetic subjects. The plasma leptin levels tended to be
igher in subjects with the Ala12 allele (8.02 6 1.04
g/ml) than in those without (6.27 6 0.20 ng/ml) (P 5
.08).

ISCUSSION

The aim of this study was to investigate the impact
f the proline to alanine substitution in the human
PARg2 gene on glucose metabolism and susceptibility

Characteristics of Non-Diabet

Non-diabetic subjects

Pro/Pro Pro/Ala 1 A

ender (female/male) 258/238 28/17
ge (years) 69.1 6 0.26 69.1 6 0
MI (kg/m2) 23.7 6 0.14 24.4 6 0
ystolic blood pressure (mm Hg) 131.4 6 0.80 135.0 6 2
iastolic blood pressure (mm Hg) 77.5 6 0.43 79.4 6 9
asting glucose (mmol/l) 5.16 6 0.02 5.12 6 0
bA1c (%) 5.15 6 0.01 5.10 6 0
asting insulin (pmol/l) 53.0 6 1.24 51.8 6 3
otal cholesterol (mmol/l) 5.39 6 0.24 5.67 6 0
riglyceride (mmol/l) 1.31 6 0.04 1.46 6 0
igh density lipoprotein (mmol/l) 1.57 6 0.02 1.72 6 0
OMA-IRa 1.72 6 0.04 1.67 6 0
OMA-bb 94.1 6 2.43 99.8 6 8

Note. Values are means 6 SEM. a, bindicates homeostasis model ass
s described under Materials and Methods.

FIG. 1. Influence of the PPARg Pro12Ala polymorphism on fastin
n non-diabetic subjects with (solid bars) or without (open bars) the Al
lean, BMI , 22 kg/m2: normal, 22 kg/m2 # BMI , 25 kg/m2: overwe
omeostasis model assessment of insulin resistance as described un
214
or type 2 diabetes. First, this study indicated that the
roline to alanine substitution in codon 12 in PPARg2
s associated with a decreased risk of type 2 diabetes.
econd the present data showed that insulin sensitiv-

ty was higher in subjects with the Ala12 allele than
hose without in the overweight or obese group. This is
onsistent with a previous report (7) in which the av-
rage BMI of subjects was comparable to that of our
verweight or obese group. This suggests that having
he Ala12 allele may protect against insulin resistance
hich would normally arise in obese subjects. It is
ossible that genetic or environmental factors causing
besity may interact with the PPARg gene, leading to
he differences in insulin sensitivity between subjects

nd Type 2 Diabetic Subjects

541) Type 2 diabetic subjects (n 5 415)

la P-value Pro/Pro Pro/Ala 1 Ala/Ala P-value

0.19 152/248 4/11 0.37
0.97 61.8 6 0.53 58.3 6 2.62 0.20
0.15 23.5 6 0.20 22.9 6 0.92 0.10
0.54 131.5 6 0.96 126.6 6 4.47 0.44
0.54 75.4 6 0.62 71.7 6 2.66 0.37
0.78 7.96 6 0.13 7.15 6 0.43 0.35
0.13 7.94 6 0.10 8.33 6 0.45 0.56
0.72 48.9 6 1.42 34.8 6 3.64 0.19
0.33 5.25 6 0.05 4.99 6 0.11 0.41
0.62 1.55 6 0.06 1.23 6 0.13 0.40
0.26 1.30 6 0.02 1.29 6 0.11 0.90
0.64 2.43 6 0.08 1.64 6 0.21 0.22
0.50 38.7 6 1.34 27.3 6 4.25 0.26

ent of insulin resistance and pancreatic b cell function, respectively

lasma insulin (left panel) and insulin resistance index (right panel),
allele. Subjects were subdivided into three groups according to BMI
t and obese, 25 kg/m2 # BMI. Means 6 SEM are shown. aindicates
Material and Methods. *P , 0.05.
ic a

(n 5

la/A
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bese subjects.
In contrast to our results, no significant association
as detected between the Pro12Ala polymorphism and

ype 2 diabetes in German (12) and Italian populations
13). The reasons for this discrepancy are not clear. It
as been pointed out that the case-control methodology

s not necessarily robust because of population strati-
cation, especially in heterogeneous ethnic groups
uch as Caucasians. Japanese are an ethnically fairly
omogenous group. Thus it is likely that the influence
f population stratification in this study was smaller
han that in previous studies. In addition, since non-
iabetic subjects in our study were over 60 years of age
nd had no family history of diabetes at the time of
egistration, they can be considered to be “true” con-
rols in that they are not likely to have genetic suscep-
ibility to diabetes. The control group in the previous
tudies might have included a substantial number of
ubjects who possess some genetic susceptibility to
ype 2 diabetes but do not yet have overt diabetes.

We failed to detect any difference in BMI between
ubjects with Ala12 and those without. It was reported
hat the Pro12Ala polymorphism was associated with
igher BMI in a Caucasian population (14, 15). In
hose studies, however, though the association was
eemingly strong in an extremely obese cohort, it was
uch less clear in the less obese cohort, the average
MI of which was still much higher than our subjects.

ncreased insulin sensitivity might predispose subjects
ith this variant to obesity under some environmental
nd/or genetic backgrounds in Caucasians which may
e different from ours.
How then does this proline to alanine substitution

rotect against insulin resistance and type 2 diabetes?
n heterozygous PPARg-deficient mice, food intake was
ecreased and body temperature was higher, indicat-
ng increased energy expenditure (3). The expression of
eptin in white adipocytes and serum leptin were
igher in heterozygous PPARg-deficient mice than in
ild-type mice. As sensitivity to exogenously adminis-

ered leptin was comparable between both types of
ice, we concluded that protection from high-fat diet-

nduced insulin resistance resulted at least partially
rom augmented effect of leptin. Treatment with
PARg agonists led to a reduction of leptin expression

evels in adipocytes (16). C/EBPa, which is important
or adipocyte differentiation, promotes expression of
eptin through binding to the leptin gene promoter. It
as been postulated that PPARg inhibits this effect of
/EBPa (17). Thus we have proposed that the higher

eptin level in heterozygous PPARg-deficient mice may
e caused by a partial release from inhibition of leptin
ene expression due to a relative reduction in the ac-
ivities of PPARg (3). We postulated that differences in
eptin levels may account for the present results and
herefore examined the serum levels of leptin in sub-
215
ere higher in subjects with the Ala12 allele than
hose without. Thus it is possible that higher levels of
eptin might be associated with a relatively increased
nsulin sensitivity in subjects bearing the Ala12 allele.

In conclusion, the present findings suggest that the
la12 allele of the PPARg2 gene may protect subjects
ith this polymorphism from type 2 diabetes. PPARg
ay therefore be an important thrifty gene.
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