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An adipocyte-derived peptide, adiponectin (also known

as GBP28), is decreased in subjects with type 2 diabe-

tes. Recent genome-wide scans have mapped a diabetes

susceptibility locus to chromosome 3q27, where the

adiponectin gene (APM1) is located. Herein, we present

evidence of an association between frequent single

nucleotide polymorphisms at positions 45 and 276 in the

adiponectin gene and type 2 diabetes (P � 0.003 and P �
0.002, respectively). Subjects with the G/G genotype at

position 45 or the G/G genotype at position 276 had a

significantly increased risk of type 2 diabetes (odds

ratio 1.70 [95% CI 1.09–2.65] and 2.16 [1.22–3.95], re-

spectively) compared with those having the T/T geno-

type at positions 45 and 276, respectively. In addition,

the subjects with the G/G genotype at position 276 had

a higher insulin resistance index than those with the T/T

genotype (1.61 � 0.05 vs. 1.19 � 0.12, P � 0.001). The G

allele at position 276 was linearly associated with lower

plasma adiponectin levels (G/G: 10.4 � 0.85 �g/ml, G/T:

13.7 � 0.87 �g/ml, T/T: 16.6 � 2.24 �g/ml, P � 0.01) in

subjects with higher BMIs. Based on these findings to-

gether with the observation that adiponectin improves

insulin sensitivity in animal models, we conclude that

the adiponectin gene may be a susceptibility gene for
type 2 diabetes. Diabetes 51:536–540, 2002

I
nsulin resistance is a fundamental element in the
etiology of type 2 diabetes and is quite often associ-
ated with obesity (1). Adipose tissue, in addition to
its function as the major energy reservoir, produces

and secretes proteins such as adipsin (2), tumor necro-
sis factor-� (3), and leptin (4). The APM1 (also known as
GBP28) encodes adiponectin, which is abundantly ex-
pressed in adipose tissue (5–8). Plasma adiponectin levels
have been reported to be reduced in patients with obesity
(9), type 2 diabetes (10), and coronary artery diseases (10),
all of which are closely related to insulin resistance. More-
over, it was recently demonstrated that treatment of a
diabetic animal with adiponectin markedly improved insu-
lin sensitivity (11) by reducing triglyceride accumulation
in skeletal muscle, presumably because of promotion of
�-oxidation of lipids. These observations suggest that
adiponectin plays an important role in insulin sensitivity. A
diabetes susceptibility locus has recently been mapped to
chromosome 3q27 (12,13), where the adiponectin gene is
located. We therefore hypothesized that genetic variation
in the adiponectin gene may predispose humans to insulin
resistance and type 2 diabetes.

RESEARCH DESIGN AND METHODS

Subject characteristics. Nondiabetic subjects were recruited from an
unselected population undergoing routine health checkups at the Hiroshima
Atomic Bomb Casualty Council Health Management Center (Hiroshima,
Japan). Inclusion criteria were as follows: 1) �60 years of age, 2) HbA1c

values �5.8%, and 3) no family history of type 2 diabetes in first- and
second-degree relatives. The family histories of type 2 diabetes were assessed
based on answers to a questionnaire that collected information on first- and
second-degree relatives and their history of type 2 diabetes. The above criteria
were chosen to enhance statistical power to detect associations. Whole blood
samples were drawn in the fasting state, and fasting glucose, insulin, and
HbA1c levels were measured. The remaining samples were sent to the
Department of Metabolic Diseases, Graduate School of Medicine, University
of Tokyo, where genomic DNA was extracted and plasma adiponectin levels
were measured. The diabetic subjects were randomly recruited from patients
attending the outpatient clinic of the Department of Metabolic Diseases,
Graduate School of Medicine, University of Tokyo. Diabetes was diagnosed in
accordance with World Health Organization criteria (14). GAD antibody–
positive samples were excluded from the present study. All subjects enrolled
in this study were of full Japanese ethnicity, and there were no second-degree
or closer relationships among the subjects. A total of 480 nondiabetic and 384
diabetic subjects were enrolled in the present study, and the clinical charac-
teristics are shown in Table 1. The study was performed after obtaining
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written informed consent from all of the nondiabetic and diabetic subjects,
and it was approved by the Ethics Committee of the University of Tokyo.
Biological measurements. Insulin resistance was assessed by homeostasis
model assessment (HOMA) (insulin resistance index � [fasting glucose
(mmol/l) � fasting insulin (�U/ml)]/22.5 (15). Plasma adiponectin levels were
determined as described below. A 100-�l volume of 441-fold diluted serum and
standard samples was applied to a 96-well microtiter plate coated with mouse
anti-adiponectin monoclonal antibody (6). The plate was incubated for an
hour and then washed and incubated with the same mouse monoclonal
antibody labeled with horseradish peroxidase. Next, the plate was washed and
incubated with tetramethylbenzidine reagent. To stop the reaction, 0.36 N
sulfuric acid solution was added, and the absorbance at 450 nm was
measured.
Screening for mutations or polymorphisms in the adiponectin gene. A
16-kb region, including the adiponectin gene, was screened for mutations or
polymorphisms by PCR direct sequencing. We performed mutation/polymor-
phism screening on 15 French white subjects and 15 Japanese (total 30) type
2 diabetic patients. Because power was sufficient to detect (with 80% proba-
bility) polymorphisms/mutations in which allele frequencies were as low as
0.026, the method used in the present study should be sufficiently powerful to
detect relatively frequent polymorphisms that might be related to the patho-
genesis of common type 2 diabetes. Genomic DNA was extracted with a
QIAamp DNA Blood Mini Kit (QIAGEN, Valencia, CA). Sequencing was carried
out using a Big Dye Terminator Cycle Sequencing FS Ready Reaction Kit
(Applied Biosystems, Foster City, CA), and polymorphisms were designated
according to their location relative to the A of the ATG of the initiator
methionine (Met) of adiponectin (5).
Genotyping of polymorphisms in the adiponectin gene. The polymor-
phisms were typed by PCR direct sequencing or with a SNaPshot ddNTP
Primer Extension Kit (Applied Biosystems) in 480 nondiabetic and 384
diabetic subjects. The chemistry of the primer extension method is based on
the dideoxy single nucleotide extension of an unlabeled oligo-nucleotide
primer. The primer is designed so that it binds to a complementary template
one base adjacent to the polymorphism. DNA polymerase adds a single
fluorescence-labeled ddNTP to its 3� end. The conditions were as follows: 25
cycles of denaturation at 96°C for 5 s, annealing at 50°C for 5 s, and extension
at 60°C for 30 s. The completed reaction mixture was then resolved on an ABI
Prism 3100 Genetic Analyzer (Applied Biosystems). The sequences of the
primers used for PCR direct sequencing are shown in an online Appendix at
http://diabetes.diabetesjournals.org/.
Statistical analysis. The proportions of genotypes or alleles were compared
by 	2 analysis. Odds ratios (ORs) and 95% CI, with adjustment for age and sex
and for age, sex, and BMI, were calculated by logistic regression analysis.
Differences in continuous parameter, such as BMI, among genotypes were
evaluated by one-way ANOVA. We evaluated the influence of genotypes –3964,
45, and 276 on insulin resistance by using a general linear model to adjust for
possible confounding factors such as age, sex, and BMI. The results obtained
do not necessarily preclude an effect of age on insulin resistance but suggest
the absence of a correlation between age and insulin resistance over the age
of 60 years in our nondiabetic subjects. Frequencies of single nucleotide
polymorphism (SNP)45-SNP276 haplotypes were estimated by using the
Estimation Haplotype (EH) frequencies software program (ftp://linkage.
rockefeller.edu/software/eh). Because the insulin resistance indexes and
plasma adiponectin levels were not normally distributed in our data, these two
values were log-transformed before analysis, and the values presented were
back-transformed. First, to estimate the frequencies of each haplotype in the
type 2 diabetic and nondiabetic groups separately, we used EH software. Next,
we calculated the numbers for each haplotype by multiplying the estimated

frequencies by twice the number of nondiabetic or type 2 diabetic subjects.
Lastly, we generated data sets that reflected these numbers and subjected
them to the logistic regression procedure. All of the statistical analyses except
the estimations of haplotype frequency were performed using SAS for
Windows, version 6.12 (SAS Institute, Cary, NC). A P value of �0.05 was
considered significant in the present study.
GenBank accession numbers. The GenBank accession numbers were as
follows: human APM1 mRNA, NM004797; and human GBP28 gene,
AB012163S1, 2, and 3.

RESULTS

Detection of SNPs in the adiponectin gene. We de-
tected 10 relatively frequent polymorphisms in the adi-
ponectin gene (Fig. 1) in two ethnic groups: French and
Japanese. The allelic distributions were in the Hardy-
Weinberg equilibrium for all of these polymorphisms. In
addition to these polymorphisms, we found four rare
mutations that resulted in substitutions of amino acids in
exon 3 (G84R, I164T, R221S, and H241P) (Fig. 1). These
missense mutations were quite rare (allele frequency �1%)
and were detected in both type 2 diabetic and nondiabetic
subjects.
Associations between SNPs in the adiponectin gene

and type 2 diabetes. For SNPs at positions 45 and 276,
statistically significant differences in the distribution of
both genotypes (P � 0.01 and P � 0.007, respectively) and
alleles (P � 0.003 and P � 0.002, respectively) between
type 2 diabetic and nondiabetic subjects were detected
(Table 2). The G allele was significantly more frequent
than the T allele at positions 45 and 276 (P � 0.003 and P �
0.002, respectively) in type 2 diabetic subjects than in
nondiabetic subjects. The subjects with the G/G genotype
at position 276 were at increased risk for type 2 diabetes
(OR 2.16, 95% CI 1.22–3.95) compared with those having
the T/T genotype. The subjects with the G/T or G/G
genotype at position 45 were also at significantly increased
risk for type 2 diabetes (OR 1.41, 95% CI 1.06–1.88; OR
1.70, 95% CI 1.09–2.65, respectively) compared with those
having the T/T genotype. No other SNPs were associated
with increased risk of type 2 diabetes (Table A1 at
http://diabetes.diabetesjournals.org). We estimated the fre-
quency of the SNP45-SNP276 haplotypes among the type 2
diabetic and nondiabetic subjects (Table A2 at http://
diabetes.diabetesjournals.org) and found significant differ-
ences in the distributions of the haplotypes between the
45T-276G and the 45T-276T haplotypes (P � 0.029). This
finding is consistent with the data showing that the G allele
of SNP276 is significantly associated with type 2 diabetes.
However, the OR for diabetes associated with the G allele
at SNP276 is roughly equal to that associated with the G

FIG. 1. Schema of genomic structure and polymorphic variants of the
adiponectin gene. The exon-intron organization of the gene is indi-
cated by closed boxes. Arrows point to the positions of the polymorphic
variants identified. Numbers indicate locations relative to the A of the
ATG of the initiator Met of the adiponectin gene. Rare mutations with
amino acid substitutions are also described.

TABLE 1
Clinical characteristics of the subjects enrolled in the present
study

Nondiabetic
subjects

Type 2 diabetic
subjects

n 480 384
Age (years) 69.4 
 8.79 58.7 
 11.3
Sex (M/F) 285/195 267/117
BMI (kg/m2) 23.9 
 3.97 23.4 
 3.98
HbA1c(%) 5.19 
 0.26 8.22 
 1.93
Fasting glucose (pmol/ml) 5.16 
 0.61 8.70 
 2.91
HOMA* 1.57 
 0.89 2.70 
 2.26

Data are means 
 SD. *The insulin resistance index was calculated
by HOMA.
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allele at SNP45 (Table A2), suggesting that a combination
of SNP45 and SNP276 was responsible for the increased
risk of type 2 diabetes or that both were in linkage
disequilibrium with an unidentified and truly relevant SNP.
Because SNP45 is a silent polymorphism, the former is less
likely, and a more extensive search for SNPs in the
intronic and promoter region, which we already searched,
is needed to investigate the latter possibility.
Effect of SNPs on insulin resistance and BMI. We next
tested whether these SNPs had any effect on insulin
resistance. Because treatment for type 2 diabetes may
affect plasma insulin levels, we evaluated the effect of
polymorphisms on clinical variables in nondiabetic sub-
jects. After adjusting for possible confounding effects of
age, sex, and BMI, we found significant associations
between SNPs at positions �4034, �3964, and 276 and the
insulin resistance index (Table 3). No other SNPs were
associated with HOMA of insulin resistance (HOMA-IR)
(Table 3). There were significant individual differences in
HOMA among the three SNP276 genotypes (G/G: 1.61 

0.05, G/T: 1.45 
 0.05, and T/T: 1.19 
 0.12, P � 0.002, r2 �
0.28) (Fig. 2A). There were no differences in BMI accord-
ing to SNP genotypes (data not shown).
Relationship between SNP276 and plasma adiponec-

tin levels. We hypothesized that SNP276 might affect the
expression and plasma levels of adiponectin. Overall, the

plasma adiponectin levels tended to be lower in the
subjects with the G allele (G/G: 14.2 
 0.56 �g/ml, G/T:
15.5 
 0.61 �g/ml, T/T: 17.3 
 1.35 �g/ml, P � 0.08).
Because an interaction between BMI and genotype at
position 276 was observed (P � 0.036), we performed a
subset analysis by subdividing the subjects into groups
according to the tertiles of their BMI. As shown in Fig. 2B,
there were no differences in plasma adiponectin levels
among the SNP276 genotypes (G/G: 19.1 
 0.97 �g/ml,
G/T: 18.2 
 1.15 �g/ml, T/T: 18.8 
 2.14 �g/ml, P � 0.84) in
the lean subgroup. In the intermediate subgroup, there
was a tendency toward lower plasma adiponectin levels
among the SNP276 genotypes (G/G: 12.8 
 0.95 �g/ml,
G/T: 15.1 
 1.00 �g/ml, T/T: 16.0 
 2.32 �g/ml, P � 0.09).
In the obese subgroup, there were significant differences
in adiponectin levels among the SNP276 genotypes (G/G:
10.4 
 0.85 �g/ml, G/T: 13.7 
 0.87 �g/ml, T/T: 16.6 
 2.24
�g/ml, P � 0.01) (Fig. 2B). When subset analysis was
performed by subdividing subjects by either median BMI
values or quartiles of BMI values, those with the G/G
genotype were found to have significantly lower plasma
adiponectin levels than the subjects with the T/T genotype
among those in the upper half or the highest quartile of
BMI values. No other SNPs were associated with plasma
adiponectin levels (data not shown).

TABLE 2
Comparison of genotypic and allelic distribution of SNPs between type 2 diabetic and nondiabetic subjects

Polymorphisms
Genotypes [n (%)]

P

Alleles [n (%)]
P

�11414 A/A A/G G/G 0.37 A G 0.59
T2DM 219 (57.0) 143 (37.2) 22 (5.7) 581 (75.7) 187 (24.3)
NDM 275 (57.3) 187 (40.0) 18 (3.7) 737 (76.8) 223 (23.2)

�11379 G/G G/A A/A 0.50 G A 0.51
T2DM 367 (95.6) 17 (4.4) 0 (0) 751 (97.8) 17 (2.2)
NDM 454 (94.5) 26 (5.5) 0 (0) 934 (97.3) 26 (2.7)

�11365 C/C C/G G/G 0.25 C G 0.10
T2DM 233 (60.7) 127 (33.1) 24 (6.2) 592 (77.3) 174 (22.7)
NDM 265 (55.2) 178 (37.1) 37 (7.7) 706 (73.8) 250 (26.1)

�4034 A/A A/C C/C 0.19 A C 0.21
T2DM 327 (85.2) 56 (14.6) 1 (0.2) 710 (92.4) 58 (7.6)
NDM 425 (88.5) 52 (10.8) 3 (0.7) 902 (94.0) 58 (6.0)

�3964 A/A A/G G/G 0.03 A G 0.49
T2DM 334 (87.0) 50 (13.0) 0 (0) 718 (93.5) 50 (6.5)
NDM 429 (86.4) 47 (9.8) 4 (0.8) 905 (94.3) 55 (5.7)

45 T/T T/G G/G 0.01 T G 0.003
T2DM 164 (42.7) 169 (44.0) 51 (13.3) 497 (64.7) 271 (35.3)
NDM 251 (52.3) 183 (38.1) 46 (9.6) 685 (71.4) 275 (28.6)

276 G/G G/T T/T 0.007 G T 0.002
T2DM 224 (58.3) 142 (37.0) 18 (4.7) 590 (76.8) 178 (23.2)
NDM 236 (49.2) 203 (42.3) 41 (8.5) 675 (70.3) 285 (29.7)

349 A/A A/G G/G 0.39 A G 0.25
T2DM 172 (44.8) 169 (44.0) 43 (11.2) 513 (66.8) 255 (33.2)
NDM 237 (49.4) 192 (40.0) 51 (10.6) 666 (69.4) 294 (30.6)

712 A/A A/G G/G 0.42 A G 0.98
T2DM 126 (32.8) 206 (53.7) 52 (13.5) 458 (59.6) 310 (40.4)
NDM 168 (35.0) 237 (49.4) 75 (15.6) 573 (59.7) 387 (40.3)

2019 D/D D/I I/I 0.69 D I 0.41
T2DM 138 (35.9) 186 (48.4) 60 (15.7) 462 (60.2) 306 (39.8)
NDM 182 (37.9) 232 (48.3) 66 (13.8) 596 (62.1) 364 (37.9)

Numbers indicate the location of the SNP relative to the A of the ATG of the initiator Met of the adiponectin gene. D, deletion of nucleotide
A at position 2019; I, insertion of nucleotide A at position 2019; NDM, nondiabetic subjects; T2DM, type 2 diabetic subjects. df � 2 and 1 for
the distribution of genotypes and alleles, respectively.
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DISCUSSION

The present study provides evidence that adiponectin is a
novel susceptibility gene for type 2 diabetes in the Japa-
nese population. We screened the adiponectin gene exten-
sively for SNPs and found SNP276 to be associated with
type 2 diabetes. SNP276 was also associated with insulin
resistance, indicating that this SNP is related to the
pathogenesis of type 2 diabetes.

A major question concerns the mechanism by which
SNP276 influences insulin sensitivity and the risk for type
2 diabetes. SNP276 is in an intron of the adiponectin gene.
It is noteworthy that intronic SNPs in CAPN10 (16) or
COL1A1 (17) affect the expression levels of these genes.
Recently, it was demonstrated that replenishment of adi-
ponectin ameliorates insulin resistance in animal models
of type 2 diabetes in which the animals were maintained
on a high-fat diet (13). Administration of physiological
doses of adiponectin reduced triglyceride accumulation in
skeletal muscle and liver by enhancing fatty acid combus-
tion and energy dissipation in skeletal muscle (13,18).
Thus, decreased or deficient adiponectin presumably
causes insulin resistance, thereby leading to the develop-
ment of type 2 diabetes. In fact, subjects with the G/G
genotype of SNP276, a putative at-risk genotype, had lower
plasma adiponectin levels and higher insulin resistance
than those with the T/T genotype, a putative not-at-risk
genotype (Fig. 2B). Taken together with the fact that
SNP276 is in an intron of the adiponectin gene, these
results suggest that SNP276 may affect insulin resistance,
which may be mediated through alteration of expression
levels of adiponectin and in turn decreasing plasma con-
centrations. Because direct evidence that SNP276 affects
the expression levels of adiponectin could not be obtained
in this study, further study will be needed, such as a

functional study or direct measurement of the expression
levels of adiponectin in white adipose tissue derived from
subjects with the SNP276 genotypes studied herein. How-
ever, we cannot explain at present why a relationship
between SNP276 and insulin resistance was observed
among the subjects as a whole regardless of their degree
of obesity, whereas the association between adiponectin
levels and SNP276 was seen only in relatively obese
individuals.

Our present findings are consistent with recent reports
of susceptibility loci for type 2 diabetes (11) and the
quantitative trait loci for insulin resistance (12) being
mapped to chromosome 3q27, where the adiponectin gene
is located. Moreover, the results of affected sib-pair anal-
ysis of a Japanese population suggested linkage with type
2 diabetes in the same chromosomal region (Y.M. S.O.,
C.D., K.Y., Céline Populaire, Cécile Lecoeur, Vincent Vatin,
Emmanuelle Durand, K.H., T.O., K.T., P.B., T.K., P.F.,
unpublished data). The estimated relative risk of develop-
ing disease for siblings (�-s) derived from the closest
marker to the adiponectin gene was calculated to be 1.66.
Based on this result, adiponectin is one of the positional
candidate genes in this region that might explain this
linkage. Further study is needed to clarify the relationship
between this linkage and the observed association with
the adiponectin gene.

The potential bias due to population stratification be-
cause of selection of case and control subjects from

FIG. 2. Effect of the position 276 genotype on insulin resistance and
plasma adiponectin levels. Data are means � SE. A: Effect of position
276 genotype on insulin resistance. There were significant differences
in HOMA-IR between individuals among the three genotypes of SNP276.
The insulin resistance index was calculated by HOMA. B: Effect of
position 276 genotype on plasma adiponectin levels. In the lean sub-
group (BMI <21.9 � lower tertile, n � 160), there were no differences
in plasma adiponectin levels among the SNP276 genotypes. In the in-
termediate subgroup (21.9 < BMI < 26.7, n � 160), there was a ten-
dency toward lower plasma adiponectin levels in subjects with the G/G
genotype compared with subjects with the T/T genotype. In the obese
subgroup (BMI > 26.7 � upper tertile, n � 160), the G allele at position
276 was linearly associated with lower plasma adiponectin levels.

TABLE 3
Genotype of the polymorphisms and the insulin resistance index
of nondiabetic subjects

Polymorphism
Genotype

P

�11414 A/A A/G G/G
1.57 
 0.05 1.43 
 0.06 1.29 
 0.19 0.073

�11379 G/G G/A A/A
1.51 
 0.03 1.38 
 0.15 — 0.400

�11365 C/C C/G G/G
1.52 
 0.04 1.50 
 0.06 1.43 
 0.12 0.802

�4034 A/A A/C C/C
1.51 
 0.04 1.43 
 0.11 2.65 
 0.44 0.029

�3964 A/A A/G G/G
1.50 
 0.04 1.52 
 0.11 2.48 
 0.38 0.038

45 T/T T/G G/G
1.52 
 0.05 1.48 
 0.06 1.56 
 0.11 0.787

276 G/G G/T T/T
1.61 
 0.05 1.45 
 0.05 1.19 
 0.11 0.002

349 A/A A/G G/G
1.49 
 0.05 1.48 
 0.06 1.66 
 0.11 0.338

712 A/A A/G G/G
1.47 
 0.06 1.49 
 0.05 1.63 
 0.09 0.312

2019 D/D D/I I/I
1.52 
 0.06 1.56 
 0.05 1.31 
 0.09 0.072

The insulin resistance index was calculated with HOMA. D, deletion
of nucleotide A at position 2019; I, insertion of nucleotide A at
position 2019. df � 5.
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geographically different areas might be raised as a possible
limitation of this study. However, it should be noted that
the Japanese population is relatively homogenous, which
allowed the use of this approach in this study. Neverthe-
less, the distributions of SNPs at the whole-genome level
should be investigated in different geographical areas
before excluding a bias due to population stratification,
which may have affected the results. A family-based asso-
ciation study, such as the transmission disequilibrium test,
should also be performed.

It may be argued that Bonferroni’s correction should be
applied to the significance thresholds to avoid type 1 error
due to multiple comparisons. If Bonferroni’s correction
were strictly adopted, the thresholds of significance in
each comparison would be 0.00125 (a total of 40 compar-
isons in this study). After the correction, the alleles of
SNP45 and SNP276 would be only marginally associated
with type 2 diabetes. Thus, although there is a chance of
type 1 error due to multiple comparisons, based on the fact
that the comparisons we made were not totally indepen-
dent of each other because of linkage disequilibrium
(Table A3 at http://diabetes.diabetesjournals.org), we be-
lieve that this correction may be too conservative. More-
over, this study was designed and carried out based on the
fact that the chromosomal region 3q27, where the adi-
ponectin gene is located, is linked to type 2 diabetes (11,
Y.M., S.O., C.D., K.Y., Céline Populaire, Cécile Lecoeur,
Vincent Vatin, Emmanuelle Durand, K.H., T.O., K.T., P.B.,
T.K., P.F., unpublished data) and the metabolic syndrome
(12). Finally, adiponectin has been functionally implicated
in the regulation of �-oxidation of lipids in the skeletal
muscle (13,18) and insulin sensitivity.

In summary, SNPs in the adiponectin gene are associ-
ated with insulin resistance and type 2 diabetes, which
might be mediated through alterations in the expression
level and plasma concentration of adiponectin. We con-
clude that a variation in the adiponectin gene might play
an important role in the pathogenesis of type 2 diabetes.
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