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OBJECTIVE—The association between the E23K polymorphism of ATP-sensitive K⫹ channel subunit Kir6.2 and diabetes
has been reported in Caucasians but not in Asians. We examined
this issue in follow-up and cross-sectional studies in a general
Japanese population.
RESEARCH DESIGN AND METHODS—In a 14-year follow-up study of 976 subjects aged 40 –79 years with normal
glucose tolerance (NGT), we investigated the impact of the E23K
polymorphism on change of glucose tolerance status using a 75-g
oral glucose tolerance test. Additionally, we confirmed this
association in a cross-sectional survey of 2,862 subjects.
RESULTS—In the follow-up study, the frequencies of the K/K
genotype or K-allele were significantly higher in subjects with
conversion from NGT to diabetes than in those in whom NGT
was maintained (genotypes, P ⫽ 0.01; alleles, P ⫽ 0.008). In
multivariate analysis, the risk for progression to diabetes was
significantly higher in subjects with the E/K (odds ratio 2.10 [95%
CI 1.16 –3.83]) and K/K (2.40 [1.01–5.70], P for trend ⫽ 0.01)
genotypes than in those with the E/E genotype after adjustment
for confounding factors, namely, age, sex, fasting plasma glucose, family history of diabetes, BMI, physical activity, current
drinking, and current smoking. In the cross-sectional study, the
frequencies of the K/K genotype or K-allele were also significantly higher in those with diabetes than in those with NGT
(genotypes, P ⫽ 0.006; alleles, P ⫽ 0.001).
CONCLUSIONS—Our findings suggest that the Kir6.2 E23K
polymorphism is an independent genetic risk factor for diabetes
in the general Japanese population. Diabetes 56:2829–2833,
2007
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ariants in genes encoding key components of
insulin secretion pathways may confer a susceptibility to type 2 diabetes. Among candidate genes
for such variants, the ATP-sensitive K⫹ channel
(KATP channel) genes play an essential role in glucosestimulated insulin secretion (1). The KATP channel in
pancreatic ␤-cells is composed of an ATP-sensitive and
pore-forming inwardly rectifying K⫹ channel (Kir6.2) subunit (2) and a regulatory sulfonylurea receptor 1 subunit
(3). A single nucleotide polymorphism at codon 23 of the
KCNJ11 gene (rs5219) results in a glutamic acid to lysine
substitution (E23K) in the NH2-terminal tail of Kir6.2
(4 – 6), and this polymorphism may cause modest reductions in ATP sensitivity and insulin secretion (7). Although
there is general consensus that this polymorphism is a risk
factor for type 2 diabetes in Caucasian populations (8 –12),
very few studies have examined its effect in Asian populations. Recently, one study reported that the E23K polymorphism was not significantly related to diabetes in
Japanese (13). The aim of the present article is to assess
the association of this polymorphism with diabetes in a
defined Japanese population after accounting for comprehensive risk factors for diabetes.
RESEARCH DESIGN AND METHODS
Follow-up study group. In 1988, a screening survey for the present study
was performed in the town of Hisayama, a suburb of Fukuoka, Japan (14). The
age and occupational distributions for Hisayama were almost identical to
those of Japan as a whole based on data from the national census. Of all
residents aged 40 –79 years in 1988, 2,587 participated in the baseline survey
(participation rate 80.2%). After excluding 82 subjects who had already had
breakfast, 15 who ceased taking a 75-g oral glucose tolerance test (OGTT) due
to nausea or general fatigue during the ingestion of glucose, and 10 who were
on insulin therapy, 2,480 subjects completed the OGTT. Of these, 1,561
subjects with normal glucose tolerance (NGT) were enrolled in the baseline
examination. After the initial screening, glucose tolerance levels were measured again in 2002. The genotype data of the E23K polymorphism and glucose
tolerance levels were successfully obtained for a total of 976 subjects (383
men and 593 women), and these were the subjects selected for the 14-year
follow-up study.
Cross-sectional study group. A diabetes survey similar to that done in 1988
was performed in 2002. Of all residents aged 40 years or over, 3,328 underwent
the examination (participation rate 77.6%). Among the participating residents,
3,196 subjects agreed to the genetic analysis. Of these, a total of 2,851 subjects
completed the OGTT after excluding 234 who refused the OGTT, 76 who had
already eaten breakfast, and 35 who were on insulin therapy. Among those
who did not undergo the OGTT, the following 78 subjects were categorized as
having diabetes and included in the cross-sectional study: 21 with fasting
plasma glucose ⱖ7.0 mmol/l, 6 with plasma glucose ⱖ11.1 mmol/l after eating
breakfast, 16 who were taking oral hypoglycemic agents, and 35 on insulin
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Data are means ⫾ SD, percentages, or geometric mean (range). Fasting insulin, 2-h postload insulin, and homeostasis model assessment of insulin resistance (HOMA-IR) values are
geometric mean and value by 1 SD computed on the log-transformed variable and the mean and SD values converted to the original scale. Age and percent of men are not adjusted.
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n
Age (years)
Men (%)
Fasting plasma glucose
(mmol/l)
2-h postload glucose
(mmol/l)
Fasting insulin (pmol/l)
2-h postload insulin
(pmol/l)
HOMA-IR
Family history of
diabetes (%)
BMI (kg/m2)
Regular exercise (%)
Current drinking (%)
Current smoking (%)

Total subjects in the cross-sectional study in 2002
E/K
K/K
P for trend
E/E
NGT subjects at baseline from the follow-up study in 1988
E/E
E/K
K/K
P for trend

TABLE 1
Clinical characteristics of subjects according to the Kir6.2 E23K polymorphism in NGT subjects in 1988 and total subjects in 2002
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therapy. Consequently, 2,929 subjects whose glucose tolerance levels were
determined underwent analysis of the E23K polymorphism. Of these, the
genotype data were successfully obtained from a total of 2,862 subjects (1,268
men and 1,594 women), for a genotyping success rate of 97.7%.
Genotyping. Genotyping of the Kir6.2 E23K polymorphism was done by a
TaqMan assay at HuBit Genomix (Tokyo, Japan). The TaqMan genotyping
reaction was amplified on a GeneAmp PCR System 9700, and fluorescence was
detected on an ABIPRISM 7900HT Sequence Detection System. We confirmed
the genotyping results of 376 randomly selected subjects by the direct
sequencing method at the RIKEN Institute (Yokohama, Japan). Consequently,
the concordance rate was 100% in the 369 subjects who were successfully
genotyped by both the TaqMan and direct sequencing methods. The distributions of the E23K polymorphism were in Hardy-Weinberg equilibrium.
Clinical evaluation. In both the 1988 and 2002 surveys, the study subjects
underwent the OGTT between 8:00 and 10:30 A.M. after at least a 12-h
overnight fast. The plasma glucose levels were determined by the glucoseoxidase method and serum insulin by a radioimmunoassay in 1988 and a
chemiluminescent enzyme immunoassay in 2002. Plasma glucose levels were
classified according to World Health Organization criteria (15). In the 2002
survey, the subjects who were taking antidiabetic medicine or had a glucose
concentration of ⱖ11.1 mmol/l after eating breakfast were categorized as
having diabetes. Homeostasis model assessment of insulin resistance was
calculated from fasting plasma glucose and serum insulin (16). BMI was
calculated from the height and weight. Diabetes in first- or second-degree
relatives was taken to indicate a family history of diabetes. Alcohol intake and
smoking habits were classified as either currently habitual or not. Subjects
engaging in sports at least three times per week during their leisure time were
classified into a regular exercise group.
Statistical analysis. The distributions of the E23K polymorphism were
analyzed according to glucose tolerance levels by 2 test. Adjusted odds ratios
(ORs) and 95% CIs were calculated by logistic regression model. The
population-attributable risk (PAR) percentage and its 95% CI were estimated
according to the method used in the previous report (17). If assuming a
significance level of P ⬍ 0.05 and 80% power, it is estimated that the OR for the
risk of diabetes between the E/E and K/K genotypes becomes significant at the
difference of 1.37-fold or greater in our cross-sectional survey. In a metaanalysis of the cross-sectional studies (10), it has been reported that the OR
for the risk of diabetes in the K/K genotype was 1.49, significantly higher than
that for the E/E genotype. Thus, the sample size of our study seems to be
enough for the detection of the significant association.
This study was conducted with the approval of the ethics committee of the
Faculty of Medicine, Kyushu University, and written informed consent was
obtained from all study subjects.

RESULTS

Table 1 shows the clinical characteristics of NGT subjects
in 1988 and total subjects in 2002 according to Kir6.2 E23K
genotypes.
The frequencies of the E23K polymorphism based on
change of glucose tolerance status are shown in Table 2.
The distributions of the E23K polymorphism in subjects
with conversion from NGT to impaired fasting glycemia
(IFG) or impaired glucose tolerance (IGT) were not significantly different from those in whom NGT was maintained over the 14-year follow-up. The frequencies of the
E/K and K/K genotypes or K-allele, however, were significantly higher in individuals with progression to diabetes
than in those in whom NGT was maintained (genotypes,
P ⫽ 0.01; alleles, P ⫽ 0.008).
The age- and sex-adjusted or multivariate-adjusted ORs
of the E23K polymorphism for the development of diabetes were analyzed between subjects with conversion from
NGT to diabetes during the follow-up period and subjects
with NGT maintained (Table 3). The risk for progression
from NGT to diabetes was more than twofold higher in the
E/K and K/K genotypes than in the E/E genotype after age
and sex adjustment. This association remained significant
even after adjustment for confounding factors at baseline,
i.e., age, sex, fasting plasma glucose, family history of
diabetes, BMI, physical activity, current drinking, and
current smoking (E/K genotype, adjusted OR 2.10 [95% CI
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TABLE 2
Genotype and allele frequencies of the Kir6.2 E23K polymorphism according to change of glucose tolerance status in the follow-up
study, 1988 –2002
Change of glucose tolerance status
NGT 3 IFG
NGT 3 IGT

NGT 3 NGT
E23K genotype
E/E
E/K
K/K
P vs. NGT
E23K allele
E
K
P vs. NGT

NGT 3 diabetes

259 (0.44)
260 (0.44)
66 (0.11)

41 (0.46)
35 (0.39)
14 (0.16)
0.41

95 (0.42)
104 (0.46)
29 (0.13)
0.74

19 (0.26)
43 (0.59)
11 (0.15)
0.01

778 (0.66)
392 (0.34)

117 (0.65)
63 (0.35)
0.69

294 (0.64)
162 (0.36)
0.43

81 (0.55)
65 (0.45)
0.008

Data are n (frequency).

1.16 –3.83]; K/K genotype, 2.40, [1.01–5.70]; P for trend ⫽
0.01). A similar result was revealed in the allele frequency
model; the risk for conversion to diabetes was higher in
subjects with the minor K-allele than in those with the
major E-allele (1.58 [1.09 –2.30], P ⫽ 0.01). The likelihood
ratio in the multivariate-adjusted model that included the
above-mentioned confounding risk factors and the E23K
polymorphism was significantly higher than that in the
model with only the confounding factors (genotypes, P ⫽
0.02; alleles, P ⫽ 0.01). Furthermore, the multivariateadjusted OR of the dominant model in which the E/K and
K/K genotypes were combined was 2.16 (95% CI 1.21–3.85)
compared with the E/E genotype. When estimating the
PAR percentage, 40.1% (10.8 – 62.2) of the progression to
diabetes among NGT subjects was attributable to these
dominant genotypes.
Furthermore, we investigated the association between
the E23K polymorphism and the risk of diabetes in the
total subject group in 2002 (Table 4). The genotype and
allele frequencies of the E23K polymorphism in subjects
with IFG and IGT were not significantly different from
those in the subjects with NGT, while the frequencies of
the K/K genotype or K-allele were significantly higher in
those with diabetes than in those with NGT (genotypes,
P ⫽ 0.006; alleles, P ⫽ 0.001).
DISCUSSION

In our follow-up and large cross-sectional studies, we
showed a positive association between the Kir6.2 E23K
polymorphism and type 2 diabetes. These associations
remained significant even after adjusting for other con-

founding factors. The likelihood ratio was significantly
higher in the multivariate-adjusted model with the polymorphism than in that without. These findings suggest that
the E23K polymorphism is a significant predictor of future
diabetes in the general Japanese population.
Several case-control studies indicated that the E23K
polymorphism is a risk factor for type 2 diabetes (8 –12),
but this association was not observed in cohort studies—
two Finnish prospective studies showed that the E23K
polymorphism had no effect on the development of diabetes (18,19). The present study is the first to indicate an
association between the E23K polymorphism and diabetes
using a follow-up design. Our study group consisted of
exclusively Japanese subjects, with no population stratifications (20), and their glucose tolerance levels were
determined in principle using an OGTT. This study design
provided us an opportunity to precisely examine the
ability of the E23K polymorphism to predict diabetes.
In our follow-up study, the PAR percentage for progression to diabetes was 40.1% in the NGT subjects, which was
higher than that reported in previous studies of this gene
(8,12). This difference seems to be attributable to the fact
that we used control subjects in whom NGT was maintained, as confirmed by the OGTT, over a 14-year interval.
However, since our result was based on a small number of
subjects, it is better to confirm this value in other large
populations.
The present study is the first to show a significant
association between the E23K polymorphism and diabetes
in Japanese. Recently, it was reported that this polymorphism was not associated with diabetes in Japanese indi-

TABLE 3
Age- and sex-adjusted or multivariate-adjusted ORs and 95% CIs for the progression to diabetes from NGT by the Kir6.2 E23K
genotype and allele in the follow-up study, 1988 –2002
E23K genotype

Subjects at risk (n)
Cases of diabetes (n)
Age- and sex-adjusted OR
(95% CI)
Multivariate-adjusted OR
(95% CI)

E23K allele
P value
for
trend

E

K

P

457
65
1.59 (1.12–2.26)

0.009

1.58 (1.09–2.30)

0.01

E/E

E/K

K/K

278
19
1 (referent)

303
43
2.25 (1.28–3.97)

77
11
2.27 (1.03–5.02)

0.008

859
81
1 (referent)

1 (referent)

2.10 (1.16–3.83)

2.40 (1.01–5.70)

0.01

1 (referent)

Multivariate adjustment was made for age, sex, fasting plasma glucose, family history of diabetes, BMI, physical activity, current drinking,
and current smoking.
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TABLE 4
Genotype and allele frequencies of the Kir6.2 E23K polymorphism according to glucose tolerance status in the crosssectional study, 2002
NGT
E23K genotype
E/E
617 (0.43)
E/K
655 (0.46)
K/K
161 (0.11)
P vs. NGT
E23K allele
E
1,889 (0.66)
K
977 (0.34)
P vs. NGT

Glucose tolerance status
IFG
IGT
Diabetes
124 (0.44)
117 (0.42)
39 (0.14)
0.31

254 (0.42)
261 (0.44)
84 (0.14)
0.20

202 (0.37)
263 (0.48)
85 (0.15)
0.006

365 (0.65)
195 (0.35)
0.73

769 (0.64)
429 (0.37)
0.29

667 (0.60)
433 (0.39)
0.001

Data are n (frequency).

viduals (13). In that study, subjects were recruited from
university hospitals and the control subjects defined as
subjects with A1C levels ⬍5.6%. However, a group of
subjects with A1C ⬍5.6% could include individuals with
diabetes, as well as IFG and IGT (21). Actually, the
frequency of the minor K-allele in the control subjects of
that report was significantly higher than that in our NGT
subjects, although the K-allele frequencies in the respective groups of diabetic subjects were similar. The different
criteria used to define the phenotype are partly responsible for these different outcomes.
Some limitations of our study must be mentioned. First,
there is an overlap of subjects used in both the crosssectional and follow-up analyses—34% of the subjects in
the cross-sectional analysis were also enrolled in the
follow-up analysis, and thus our results are not really
replicated. Further investigations will be needed to confirm our results in other Asian populations. Second, a 75-g
OGTT has low reproducibility (22). Some of the participants might have been categorized into different glucose
tolerance levels after repeat testing. Nonetheless, any
misclassification would be expected to weaken rather than
strengthen the association found in this study. Thus, the
true association may be stronger than that shown in our
results. Third, subjects with type 1 diabetes may have been
included in our study population. In a clinical study, 3– 4%
of the group of nonobese Japanese diabetic patients were
positive for the GAD antibody (23). Immune abnormality
in pancreatic ␤-cells is considered to lead to diabetes
independently of the E23K polymorphism, suggesting that
subjects with type 1 diabetes are distributed equally
among the genotypes. Thus, this limitation does not seem
to invalidate the association of the E23K polymorphism
with the risk of type 2 diabetes.
In conclusion, we confirmed the association between
the E23K polymorphism of the KATP channel subunit Kir6.2
and susceptibility to type 2 diabetes in a follow-up study
and a large cross-sectional study in a general Japanese
population. Considering that populations throughout the
world have a high frequency of the E23K polymorphism,
this polymorphism may be a pathogenic gene for diabetes
worldwide.
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