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Abstract

India is a major contributor to the global public health burden of diabetes. We have undertaken a family study of large multiplex families
from Chennai, South India, and report on the familial aggregation of quantitative traits associated with type 2 diabetes mellitus in these
pedigrees. Five hundred twenty-four individuals older than 19 years from 26 large multiplex pedigrees were ascertained. Detailed
questionnaires and phenotype data were obtained on all participating individuals including fasting blood glucose, fasting insulin, lipid
profiles, height, weight, and other anthropometric and clinical measures. Heritability estimates were calculated for all quantitative traits at the
univariate level, and bivariate analyses were done to determine the correlation in genetic and environmental control across these quantitative
traits. Heritability estimates ranged from 0.21 to 0.72. The heritability estimates for traits most directly related to type 2 diabetes mellitus
were 0.24 ± 0.08 for fasting blood glucose and 0.41 ± 0.09 for fasting insulin. In addition, there was evidence for common genetic control for
many pairs of these traits. These bivariate analyses suggested common genes for fasting insulin and central obesity measures (body mass
index, waist, and hip), with complete genetic correlation between fasting insulin and waist. Quantitative traits associated with type 2 diabetes
mellitus have heritabilities suggestive of some familial or genetic effect. The evidence for pleiotropic control of insulin and central obesity–
related traits supports the presence of an insulin resistance syndrome in South Asians with a tendency for central obesity.
Published by Elsevier Inc.
Diabetes is a major public health concern; the World
Health Organization and the International Diabetes Federa-
tion report global prevalence rates in individuals at least 20
years of age between 2.8% [1] and 5.1% [2]. Projected rates
for the next 3 decades estimate 366 million diabetic persons
in 2030 [1]. In India, the National Urban Diabetes Survey
[3], in a stratified random sample of 11 216 individuals from
6 major cities, revealed high prevalence rates of diabetes
(12%) and impaired glucose tolerance (IGT) (14%). This is a
6-fold increase in prevalence compared with around 2% in
the 1970s [4]. Considering the rapid increase in its
population size coupled with the high rates of disease,
India is expected to add to the worldwide diabetes burden
with an estimated prevalence of 80 million diabetic persons
by 2030, accounting for one-fifth of the world's population
of diabetic persons [1].
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The etiology of type 2 diabetes mellitus is not yet fully
understood, but it is likely that both genes and environmental
components play a major role in its pathophysiology. The
sibling relative risk for type 2 diabetes mellitus is 4- to 6-fold
[5]. This finding, coupled with higher MZ concordance rates
compared with DZ concordance rates [6,7], suggests an
etiology based on both genes and environment.

With respect to Asian Indians, the risk for type 2
diabetes mellitus and premature coronary artery disease is
increased compared with Europeans [8]. This has been
explained by a higher frequency of hyperinsulinemia [9],
insulin resistance [10], dyslipidemia with low high-density
lipoprotein (HDL) cholesterol [11], and increased visceral
fat despite lower body mass index (BMI) [12], features
collectively referred to as the Asian Indian phenotype or
paradox [12].

Epidemiologic studies conducted by our group and others
[3,13] also support a strong role for genetics as evidenced by
an increased risk for type 2 diabetes mellitus and IGT among
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subjects with positive family history. Mohan et al [13]
showed that glucose intolerance was significantly higher in
subjects with both parents affected compared with those with
just 1 parent affected or those with no family history. Despite
this evidence in support of genetic susceptibility, the relative
importance of a potentially unique genetic effect vs lifestyle-
related factors is as of yet not clear. In this report, we present
an overview of large multiplex families from South India and
calculate estimates of heritability to evaluate the contribution
of genetic variation to quantitative traits related to type 2
diabetes mellitus.
1. Research design and methods

1.1. Subjects

Probands were selected from 3 sources: (1) subjects
participating in the Chennai Urban Rural Epidemiology
Study (CURES), (2) subjects participating in the Chennai
Urban Population Study (CUPS), and (3) diabetic subjects
visiting the outpatient clinic at Dr Mohan's Diabetes
Specialities Centre, a tertiary referral center for diabetes
that is located in Chennai. The CUPS and CURES are both
ongoing epidemiologic studies conducted by the Madras
Diabetes Research Foundation and are described in detail
elsewhere [14,15]. Briefly, CURES is an epidemiologic
study conducted on a representative population of 26 001
individuals (aged N20 years) in Chennai, the fourth largest
city in India, with a population of 5 million. On the other
hand, CUPS is composed of a selected sample of 1262
subjects from 2 residential areas in Chennai representing the
middle and lower socioeconomic groups. As part of these 3
studies, detailed family history information was obtained on
all individuals. Families were considered for inclusion into
this study based on size, number of individuals with diabetes,
and willingness to participate.

Probands and all willing first-, second-, and third-degree
relatives were recruited to participate in this family study.
Clinical phenotyping and questionnaire administration were
generally conducted at the subject's residence, except where
individuals preferred to visit the clinic. An oral glucose
tolerance test using 75-g glucose load was performed on all
study subjects, except self-reported diabetic subjects, for
whom fasting venous plasma glucose and postprandial
plasma glucose were measured. Fasting blood samples were
obtained after an 8-hour overnight fast. Anthropometric
measures including weight, height, waist circumference, and
hip circumference were obtained using standardized techni-
ques described elsewhere [14]. Blood pressure was recorded
in the sitting position in the right arm to the nearest 1 mm Hg
using the electronic OMRON machine (Omron, Tokyo,
Japan). Two readings were taken 5 minutes apart, and the
mean of the two was taken as the blood pressure. Informed
consent was obtained from all study subjects as per a
protocol approved by the Madras Diabetes Research
Foundation Institutional Review Board.
1.2. Biochemical estimations

Fasting plasma glucose (glucose oxidase-peroxidase
method; Roche Diagnostics, Mannheim, Germany), serum
cholesterol (cholesterol oxidase-peroxidase-amidopyrine
method, Roche Diagnostics), serum triglycerides (TGL)
(glycerol phosphate oxidase-peroxidase-amidopyrine
method, Roche Diagnostics), and HDL cholesterol (direct
method polyethylene glycol–pretreated enzymes, Roche
Diagnostics) were measured using a Hitachi-912 Autoanaly-
zer (Hitachi, Mannheim, Germany). Serum insulin concen-
tration was estimated by an electrochemiluminescence
immunoassay using an immunoassay analyser (Elecsys
2010, Roche Diagnostics), and hemoglobin A1c (HbA1c)
was measured by high-pressure liquid chromatography using
the Variant machine (Bio-Rad, Hercules, CA).The intra- and
interassay coefficients of variation for the biochemical assays
ranged between 3% and 7%. Low-density lipoprotein (LDL)
cholesterol was calculated using the Friedewald formula.

An individual was classified as diabetic if the subject (1)
had physician-diagnosed diabetes, (2) was on drug treatment
for diabetes (insulin or oral hypoglycemic agents), and/or (3)
met the criteria laid by the World Health Organization
Consultation Group report, that is, fasting plasma glucose of
at least 126 mg/dL or 2-hour post-glucose value of at least
200 mg/dL [16]. Impaired glucose tolerance was diagnosed
if the 2-hour post-glucose was at least 140 mg/dL
(≥7.8 mmol/L) and less than 200 mg/dL (b11.1 mmol/L),
and normal glucose tolerance was determined if 2-hour
postglucose was less than 140 mg/dL (b7.8 mmol/L) [16].

1.3. Statistical methods

Traits were log10 transformed where necessary (as
determined by the Shapiro-Wilk test); and simple and
multiple linear regression models were then used to assess
the importance of measured covariates including age and sex
for all traits. Residuals from these models were used in the
heritability analyses described below; that is, traits were
adjusted for covariates before heritability analyses. Fasting
plasma glucose, HbA1c, and fasting insulin levels were
analyzed by (1) ignoring diabetes status, (2) adjusting for
diabetes status, (3) adjusting for medication use, and (4) also
trimming the data (ie, setting all observations N2.5 standard
deviations from the mean to be missing). Pairwise
phenotypic correlations (ρp) between all pairs of phenotypes
were calculated with heritability estimates and correlations
(further described below) using the following [17]:
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Polygenic heritability is the proportion of total phenotypic
variance that can be attributed to the additive effect of genes.
Maximum-likelihood estimates of polygenic heritability
were obtained for transformed and adjusted traits using
variance-components models in Sequential Oligogenic



Table 2
Heritability estimates of quantitative traits in 498 individuals from 26
pedigrees

Phenotype Heritability ± SE⁎

Height 0.72 ± 0.09
Weight 0.40 ± 0.09
BMI 0.44 ± 0.09
Waist 0.28 ± 0.09
Hip 0.37 ± 0.10
Waist-to-hip ratio 0.21 ± 0.09
BPS 0.33 ± 0.09
BPD 0.35 ± 0.10
Cholesterol 0.40 ± 0.09
TGL 0.22 ± 0.09
LDL 0.58 ± 0.10
HDL 0.39 ± 0.10
Cholesterol-to-HDL ratio 0.40 ± 0.09
Fasting blood glucose 0.24 ± 0.08
2-h blood glucose 0.25 ± 0.15
HbA1c 0.36 ± 0.08
Fasting insulin 0.40 ± 0.09

⁎ All estimates were statistically significant (P b .001) with the
exception of 2-hour blood glucose (P = .027).
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Linkage Analysis Routines [18,19]. Briefly, the variance-
components model partitions the total phenotypic variance
of the trait (σp

2) into components that correspond to additive
genetic factors (σg

2) and unmeasured environmental factors
including nonadditive genetic components (σe

2). Given the
additive nature of the 2 components, the estimate of (narrow
sense) heritability is given by σg

2/σp
2. The significance of the

estimate of heritability is obtained using a likelihood ratio
test comparing a model in which heritability is estimated to
one in which it is set to 0. In addition, bivariate trait
analysis [18] was performed with a maximum-likelihood
procedure for pairs of quantitative traits to test for effects of
pleiotropy, that is, the additive effects of common genes on
the traits. In these bivariate models, 2 additional parameters
are estimated: ρg and ρe—the additive genetic correlation
and environmental correlation (including unmeasured
environmental effects and nonadditive genetic effects
[17]) for the pair of traits in the model, respectively. The
additive genetic correlation here is a measure of pleiotropy.
Formal tests were carried out to test the null hypotheses that
ρg = 0 and ρe = 0. The rejection of ρg = 0 indicates
significant additive effects of common genes on both traits.
Tests to evaluate ρg = 1 were also performed to evaluate the
evidence for complete pleiotropy.
2. Results

The sample was composed of 26 pedigrees totaling 1039
individuals. The pedigrees ranged in size from 18 to 70
Table 1
Clinical characteristics of study subjects by proband status

Variable Nonprobands (n = 498)

Male sex 256 (51%)
Diabetes status
Diabetic 166 (33%)
IGT 39 (8%)
Normal 293 (59%)
Age (y) 42.65 ± 14.58
Height (cm) 161.82 ± 9.82
Weight (kg) 67.5 ± 13.17
BMI 25.84 ± 4.66
BPS 123.21 ± 17.55
BPD 76.36 ± 10.56
Waist (cm) 89.15 ± 10.89
Hip (cm) 99.53 ± 9.68
Waist-to-hip ratio 0.9 ± 0.08
Fasting blood glucose (mg/dL) 116.9 ± 52.97
2-h blood glucose (mg/dL)a 122.39 ± 67.08
Cholesterol (mg/dL) 177.05 ± 38.4
TGL (mg/dL) 141.02 ± 122.18
LDL (mg/dL) 108.24 ± 31.08
HDL (mg/dL) 41.07 ± 8.87
Cholesterol-to-HDL ratio 4.45 ± 1.12
HbA1c (%) 6.63 ± 1.83
Fasting insulin (μIU/mL) 11.5 ± 9.47

a Two-hour blood glucose levels were available only on subjects free
from diabetes when enrolled in the study.
individuals (average = 40), were 3 to 6 generations in depth
(average = 4), and comprised 267 sibships with an average of
7 subjects affected with diabetes per pedigree (range, 1-16).
Phenotype data were obtained on 524 individuals older than
19 years. An average of 20 subjects was phenotyped per
pedigree (range, 3-41), resulting in 2362 relative pairs. There
were 2061 relative pairs excluding the proband: 340 parent-
offspring, 386 sibling, 91 grandparental, 706 avuncular, 3
half-sibling, and 535 cousin pairs. The clinical character-
istics of the study subjects are presented in Table 1.

To adjust for the ascertainment scheme, the probands
were removed from each family; and only the 498
nonprobands were used in the heritability analyses. Using
the log-transformed quantitative traits (with the exception of
waist, which was normally distributed) adjusted for age and
sex, the traits had heritability estimates ranging from 21% to
72% (all P values b .001 with the exception of 2-hour blood
glucose, P = .027; Table 2). The heritability of the traits most
directly related to type 2 diabetes mellitus was as follows:
24% for fasting blood glucose, 41% for fasting insulin, and
36% for HbA1c. Trimming the data (ie, setting all
observations N2.5 standard deviations from the mean to be
missing) made little difference on the estimates for these
phenotypes (data not shown). Adjusting for diabetes status or
medication use had no effect on the heritability estimates for
fasting insulin; and although they resulted in lower estimates
for fasting glucose and HbA1c, the confidence intervals for
the estimates overlapped (data not shown). Height, weight,
BMI, waist, and hip were generally on the higher end of the
range of heritabilities, with height having the highest
heritability (72%).

Tables 3 and 4 present the phenotypic correlations and the
genetic and environmental correlations (including the
nonadditive genetic component) in the quantitative traits,



Table 3
Phenotypic correlations between the diabetes-related quantitative phenotypes in 498 individuals from 26 pedigrees

Chol indicates cholesterol; FBG, fasting blood glucose; 2h BG, 2-hour blood glucose.
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respectively. As seen in Table 3, many of the quantitative
traits appear to be correlated (14 pairs with 0.3 ≤ ρp ≥ 0.7
and 10 pairs with ρp N 0.7). The traits cluster as 4 subtypes of
phenotypically related variables: (1) anthropometric (height,
weight, BMI, waist, and hip), (2) blood pressure (systolic
[BPS] and diastolic [BPD]), (3) lipids (cholesterol, TGL,
LDL, and HDL), and (4) traits most related to type 2 diabetes
mellitus (fasting blood glucose, HbA1c, fasting insulin, and
2-hour blood glucose). The strongest correlations are
observed between variables within subtypes (Table 3;
average ρp considering absolute value and ignoring direction
was 0.52 for pairs within subtypes and 0.15 for pairs between
subtypes). This phenotypic correlation is reflected in ρe
(environmental and nonadditive genetic correlation), as is
evident from Table 4 where the ρe for most pairs of traits is
Table 4
Statistically significant genetic (ρg, upper right triangle) and environmental (ρe, bo
quantitative phenotypes

⁎ Significant evidence for complete pleiotropy, that is, evidence that ρg is not s
significantly different from 0, although the degree of this
correlation varies greatly (absolute ρe = 0.2-0.96) and was
stronger within subtypes (average absolute ρe = 0.67 vs 0.32
between subtypes). There is also evidence for genetic
correlation for several pairs of these traits, and this is most
seen within the subtypes once again (average absolute ρg =
0.77 vs 0.50). Interestingly, the genetic correlation between
fasting blood glucose and HbA1c is 0.85. Most noteworthy is
the strong genetic correlation seen between fasting insulin
levels and many of the anthropometric measures, that is, the
obesity-related measures (weight = 0.67, BMI = 0.68,
waist = 0.79, and hip = 0.62). Finally, strong evidence for
pleiotropy (where ρg is not statistically different from 1) was
only observed for 2 pairs of traits: (1) insulin and waist and
(2) BMI and waist.
ttom left triangle) correlations from bivariate analysis among diabetes-related

ignificantly different from 1.
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3. Discussion

Our investigation of large multiplex families with type 2
diabetes mellitus may provide insight into the role of
genetic predisposition vs environmental influence on the
escalating prevalence of diabetes in India. In this current
work, we assessed the contribution of genetic effects to
quantitative traits associated with type 2 diabetes mellitus.
Wide ranges of heritability estimates have been reported for
these traits in other populations. For example, in the
Framingham Heart Study, an unascertained representative
white population in the United States, estimates for these
traits were as follows: (1) height: 0.52 ± 0.09 to 0.88 ±
0.06, (2) weight: 0.42 ± 0.10 to 0.56 ± 0.50, (3) BMI:
0.46 ± 0.10 to 0.49 ± 0.06, (4) BPS: 0.38 ± 0.09 to 0.44 ±
0.03, (5) cholesterol: 0.51 ± 0.04, (6) fasting blood glucose:
0.17 ± 0.04 to 0.39, (7) HDL: 0.62, and (8) TGL: 0.56
[20-22]. Here, we have found that all the traits showed
moderate to high familial aggregation, with heritabilities
ranging from 21% to 72%. The anthropometric measures
had the highest heritability especially considering height,
BMI, and weight; and although lower, the measures most
directly related to the type 2 diabetes mellitus phenotype
are also significant. We analyzed pairs of traits and found
strong correlations for shared genes (ρg, the additive effect
of genes) and shared environment (ρe, unmeasured
environmental effects along with the nonadditive effects
of genes). Significant genetic correlations (ie, where ρg N
0) were found for several pairs of traits (n = 25) and appear
to be stronger within subtypes of traits. Our most
noteworthy finding was the strong genetic correlations
between fasting insulin and all the anthropometric mea-
sures, trends not observed with any of the other subtypes
(ie, blood pressure and lipid measures). This is particularly
interesting given that only 2 pairs of traits showed evidence
for complete pleiotropy: BMI and waist, and insulin and
waist. These results taken in entirety suggest that common
genes may exert an influence on central obesity and insulin
in these pedigrees.

Obesity is known to be related to insulin resistance;
studies have shown that increased secretion of free fatty
acids, inflammatory cytokines, and decreased secretion of
adiponectin mediate obesity and insulin resistance [23,24].
Asian Indians are more prone to diabetes and cardiovascular
disease because of increased waist circumference, visceral
fat in particular, and insulin resistance (features described as
the Asian Indian phenotype) [25]. This suggests a correlation
between waist and insulin as observed in our data; and
although environmental factors could certainly account for
this correlation (eg, diet, physical inactivity), our study also
suggests that common genetic factors may also play a role.
Furthermore, waist circumference is an aggregate measure-
ment of total and abdominal fat and is highly correlated with
visceral adiposity, which has been shown to be more
metabolically active than other adipose tissues, whereas
BMI lacks the discriminatory power to differentiate between
body fat and lean mass. Studies show that waist circumfer-
ence also predicts the percentage of body fat quite accurately
[26] and correlates well with metabolic syndrome and
cardiovascular risk factors in Canadians [27], blacks and
whites in the United States [28], and other ethnic groups
(Chinese, Europeans, and South Asians) [29]. In a study
among Asian Indians [30], we reported that waist circum-
ference yields higher correlation coefficients for metabolic
risk factors compared with BMI, suggesting waist circum-
ference as a better index than BMI to identify metabolic
risk factors.

Earlier studies from our group have shown important
genetic differences in Asian Indians in the PPARγ gene [31],
PGC-1 gene [32], and adiponectin gene [33], which help
explain at least in part the Asian Indian phenotype with
respect to insulin resistance, visceral adiposity, and diabetes.
In addition, studies on the LPL gene have shown the −T93G
single nucleotide polymorphism to be associated with
obesity but not type 2 diabetes mellitus, whereas the
−G53C single nucleotide polymorphism appears to be
protective against both obesity and type 2 diabetes mellitus
among Asian Indians [32]. In this same study, subjects with
normal glucose tolerance who had the Thr54 allele in the
intestinal fatty acid–binding protein gene (FABP2) showed
significantly higher 2-hour plasma glucose, glycated hemo-
globin, 2-hour insulin, and fasting LDL cholesterol levels
compared with those with the Ala54 allele [34]. These
candidate gene studies provide some support for the
observed genetic correlation seen between anthropometric
measures and fasting insulin levels in our study. Future
studies by our group include both linkage in these pedigrees
and large-scale case-control association studies at the
candidate gene and, eventually, a genomewide association
level to further explore these findings.

In summary, our results support a role for both
environment and genes in the pathophysiology of type 2
diabetes mellitus and its related quantitative phenotypes in
Asian Indian subjects. The evidence for common effects
across multiple traits is not surprising given the underlying
physiologic relationship between these phenotypes. In fact,
the evidence in favor of common genes playing a role in
obesity-related phenotypes and fasting insulin levels is
similar to findings by others [35,36] and supports the
observations of an insulin resistance syndrome prevalent in
South Asian populations that is associated with a tendency
for central obesity [37]. This is in accordance with our
biological understanding that obesity, particularly abdominal
obesity, increases insulin resistance, the predecessor for
diabetes. This supports the observation of high heritability of
central obesity in southern Indians reported earlier. Complete
pleiotropic control of insulin and waist, but not insulin and
BMI, suggests that waist may play a more major role in
diabetes than BMI in Asian Indians. In conclusion, these 26
multiplex families from Chennai, South India, reveal strong
familial aggregation of quantitative traits that are typically
associated with type 2 diabetes mellitus. Further study of
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these families may help identify potentially unique genetic
loci among Asian Indians.

Acknowledgment

The authors would like to thank the clinical coordinators
Uma Shankari G, Rajeshwari K, Maria Margret Susan, and
Suresh T and the laboratory technicians Ganga Kalyani E,
Anitha D, Sridevi K, Sasikala K, Sathish Raj S, and Ms
Nazeera R for their help in subject recruitment and sample
processing. The authors thank Dr Linda Kao for her help and
advice in the preparation of this manuscript. This research
was supported in part by the Intramural Research Program of
the National Human Genome Research Institute, National
Institutes of Health.

References

[1] Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of
diabetes: estimates for the year 2000 and projections for 2030. Diabetes
Care 2004;27:1047-53.

[2] Sicree R, Shaw J, Zimmet P. Diabetes and impaired glucose
tolerance. In: Gan D, editor. Diabetes atlas. International Diabetes
Federation. Brussels, Belgium: International Diabetes Federation;
2006. p. 15-103.

[3] Ramachandran A, Snehalatha C, Kapur A, Vijay V, Mohan V, Das AK,
et al. High prevalence of diabetes and impaired glucose tolerance in
India: National Urban Diabetes Survey. Diabetologia 2001;44:
1094-101.

[4] Pradeepa R, Deepa R, Mohan V. Epidemiology of diabetes in India—
current perspective and future projections. J Indian Med Assoc 2002;
100:144-8.

[5] Florez JC, Hirschhorn J, Altshuler D. The inherited basis of diabetes
mellitus: implications for the genetic analysis of complex traits. Annu
Rev Genomics Hum Genet 2003;4:257-91.

[6] Kaprio J, Tuomilehto J, Koskenvuo M, Romanov K, Reunanen A,
Eriksson J, et al. Concordance for type 1 (insulin-dependent) and type
2 (non–insulin-dependent) diabetes mellitus in a population-based
cohort of twins in Finland. Diabetologia 1992;35:1060-7.

[7] Poulsen P, Kyvik KO, Vaag A, Beck-Nielsen H. Heritability of type II
(non–insulin-dependent) diabetes mellitus and abnormal glucose
tolerance—a population-based twin study. Diabetologia 1999;42:
139-45.

[8] McKeigue PM. Coronary heart disease in Indians, Pakistanis, and
Bangladeshis: aetiology and possibilities for prevention. Br Heart J
1992;67:341-2.

[9] Mohan V, Sharp PS, Cloke HR, Burrin JM, Schumer B, Kohner EM.
Serum immunoreactive insulin responses to a glucose load in Asian
Indian and European type 2 (non–insulin-dependent) diabetic patients
and control subjects. Diabetologia 1986;29:235-7.

[10] Sharp PS, Mohan V, Levy JC, Mather HM, Kohner EM. Insulin
resistance in patients of Asian Indian and European origin with non–
insulin dependent diabetes. Horm Metab Res 1987;19:84-5.

[11] Mohan V, Deepa R. Risk factors for coronary artery disease in Indians.
J Assoc Physicians India 2004;52:95-7.

[12] Joshi SR. Metabolic syndrome—emerging clusters of the Indian
phenotype. J Assoc Physicians India 2003;51:445-6.

[13] Mohan V, Shanthirani CS, Deepa R. Glucose intolerance (diabetes and
IGT) in a selected South Indian population with special reference to
family history, obesity and lifestyle factors—the Chennai Urban
Population Study (CUPS 14). J Assoc Physicians India 2003;51:771-7.

[14] Deepa M, Pradeepa R, Rema M, Mohan A, Deepa R, Shanthirani S,
et al. The Chennai Urban Rural Epidemiology Study (CURES)—
study design and methodology (urban component) (CURES-I).
J Assoc Physicians India 2003;51:863-70.

[15] Shanthirani CS, Rema M, Deepa R, Premalatha G, Ravikumar R,
Mohan A, et al. The Chennai Urban Population Study (CUPS)—
methodological details (CUPS paper no. 1). Int J Diab Dev Countries
1999;19:149-55.

[16] Alberti KG, Zimmet PZ. Definition, diagnosis and classification of
diabetes mellitus and its complications. Part 1: diagnosis and
classification of diabetes mellitus provisional report of a WHO
consultation. Diabet Med 1998;15:539-53.

[17] Falconer DS, Mackay TFC. Correlated characters. In: Falconer DS,
Mackay TFC, editors. Introduction to quantitative genetics. Essex,
England: Pearson Education Limited; 1996. p. 312-34.

[18] Almasy L, Dyer TD, Blangero J. Bivariate quantitative trait linkage
analysis: pleiotropy versus co-incident linkages. Genet Epidemiol
1997;14:953-8.

[19] Almasy L, Blangero J. Multipoint quantitative-trait linkage analysis in
general pedigrees. Am J Hum Genet 1998;62:1198-211.

[20] Mathias RA, Roy-Gagnon MH, Justice CM, Papanicolaou GJ, Fan YT,
Pugh EW, et al. Comparison of year-of-exam– and age-matched
estimates of heritability in the Framingham Heart Study data. BMC
Genet 2003;4(Suppl 1):S36.

[21] McQueen MB, Bertram L, Rimm EB, Blacker D, Santangelo SL. A
QTL genome scan of the metabolic syndrome and its component traits.
BMC Genet 2003;4(Suppl 1):S96.

[22] BrownWM, Beck SR, Lange EM, Davis CC, Kay CM, Langefeld CD,
et al. Age-stratified heritability estimation in the Framingham Heart
Study families. BMC Genet 2003;4(Suppl 1):S32.

[23] Matsuzawa Y. The metabolic syndrome and adipocytokines. FEBS
Lett 2006;580:2917-21.

[24] Boden G, Shulman GI. Free fatty acids in obesity and type 2 diabetes:
defining their role in the development of insulin resistance and beta-
cell dysfunction. Eur J Clin Invest 2002;32(Suppl 3):14-23.

[25] Deepa R, Sandeep S, Mohan V. Abdominal obesity, visceral fat and
type 2 diabetes—“Asian Indian phenotype”. In: Mohan V, Gundu
HRR, editors. Type 2 diabetes in South Asians: epidemiology, risk
factors and prevention. New Delhi, India: Jaypee Brothers Medical
Publishers; 2006. p. 138-52.

[26] Lean ME, Han TS, Deurenberg P. Predicting body composition by
densitometry from simple anthropometric measurements. Am J Clin
Nutr 1996;63:4-14.

[27] Dobbelsteyn CJ, Joffres MR, MacLean DR, Flowerdew G. A
comparative evaluation of waist circumference, waist-to-hip ratio
and body mass index as indicators of cardiovascular risk factors. The
Canadian Heart Health Surveys. Int J ObesRelat Metab Disord 2001;
25:652-61.

[28] Okosun IS, Liao Y, Rotimi CN, Prewitt TE, Cooper RS.
Abdominal adiposity and clustering of multiple metabolic syndrome
in white, black and Hispanic Americans. Ann Epidemiol 2000;10:
263-70.

[29] Patel S, Unwin N, Bhopal R, White M, Harland J, Ayis SA, et
al. A comparison of proxy measures of abdominal obesity in
Chinese, European and South Asian adults. Diabet Med 1999;16:
853-60.

[30] Deepa M, Farooq S, Deepa R, Manjula D, Mohan V. Prevalence and
significance of generalized and central body obesity in an urban Asian
Indian population in Chennai, India (CURES: 47). Eur J Clin Nutr
2009;63:259-67.

[31] Vimaleswaran KS, Radha V, Ghosh S, Majumder PP, Deepa R, Babu
HN, et al. Peroxisome proliferator–activated receptor–gamma co-
activator–1alpha (PGC-1alpha) gene polymorphisms and their rela-
tionship to type 2 diabetes in Asian Indians. Diabet Med 2005;22:
1516-21.

[32] Radha V, Vimaleswaran KS, Ayyappa KA, Mohan V. Association of
lipoprotein lipase gene polymorphisms with obesity and type 2
diabetes in an Asian Indian population. Int J Obes (Lond) 2007;31:
913-8.



1445R.A. Mathias et al. / Metabolism Clinical and Experimental 58 (2009) 1439–1445
[33] Vimaleswaran KS, Radha V, Ramya K, Babu HN, Savitha N, Roopa V,
et al. A novel association of a polymorphism in the first intron of
adiponectin gene with type 2 diabetes, obesity and hypoadiponectine-
mia in Asian Indians. Hum Genet 2008;123:599-605.

[34] Vimaleswaran KS, Radha V, Mohan V. Thr54 allele carriers of the
Ala54Thr variant of FABP2 gene have associations with metabolic
syndrome and hypertriglyceridemia in urban South Indians. Metabo-
lism 2006;55:1222-6.

[35] Li JK, Ng MC, So WY, Chiu CK, Ozaki R, Tong PC, et al. Phenotypic
and genetic clustering of diabetes and metabolic syndrome in Chinese
families with type 2 diabetes mellitus. Diabetes Metab Res Rev 2006;
22:46-52.

[36] Mitchell BD, Kammerer CM, Mahaney MC, Blangero J,
Comuzzie AG, Atwood LD, et al. Genetic analysis of the IRS.
Pleiotropic effects of genes influencing insulin levels on
lipoprotein and obesity measures. Arterioscler Thromb Vasc Biol
1996;16:281-8.

[37] McKeigue PM, Shah B, Marmot MG. Relation of central obesity and
insulin resistance with high diabetes prevalence and cardiovascular risk
in South Asians. Lancet 1991;337:382-6.


	Heritability of quantitative traits associated with type 2 diabetes mellitus in large multiplex.....
	Research design and methods
	Subjects
	Biochemical estimations
	Statistical methods

	Results
	Discussion
	Acknowledgment
	References




