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pidemiological studies report a high prevalence of

type 2 diabetes and metabolic syndrome in the
island nation of Mauritius. The Mauritius Family
Study was initiated to examine heritable factors that
contribute to these high rates of prevalence and con-
sists of 400 individuals in 24 large extended
multigenerational pedigrees. Anthropometric and bio-
chemical measurements relating to the metabolic
syndrome were undertaken in addition to family and
lifestyle based information for each individual.
Variance components methods were used to deter-
mine the heritability of the type 2 diabetes and
metabolic syndrome related quantitative traits. The
cohort was made up of 218 females (55%) and 182
males with 22% diagnosed with type 2 diabetes and
a further 30% having impaired glucose tolerance or
impaired fasting glucose. Notably BMI was not sig-
nificantly increased in those with type 2 diabetes (P
= .12), however a significant increase in waist cir-
cumference was observed in these groups (P = .02).
The heritable proportion of trait variance was sub-
stantial and greater than values previously published
for hip circumference, LDL and total cholesterol,
diastolic and systolic blood pressure and serum crea-
tinine. Height, weight and BMI heritabilities were all
in the upper range of those previously reported. The
phenotypic characteristics of the Mauritius family
cohort are similar to those previously reported in the
Mauritian population with a high observed preva-
lence rate of type 2 diabetes. A high heritability for
key type 2 diabetes and metabolic syndrome related
phenotypes (range 0.23 to 0.68), suggest the cohort
will have utility in identifying genes that influence
these quantitative traits.
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The prevalence of type 2 diabetes and obesity contin-
ues to increase in both developed and developing
countries presenting a major public health issue

impacting a wide variety of social and economic mea-
sures (Zimmet et al., 2001). The number of affected
individuals with type 2 diabetes worldwide is cur-
rently estimated at 246 million with a predicted
increase to 380 million by 2025 (Sicree et al., 2006).
Disease development involves defects in both insulin
production through pancreatic B-cell dysfunction and
insulin action through peripheral insulin resistance.
Type 2 diabetes frequently clusters with central
(upper-body) obesity, hypertension, and dyslipidemia
comprising a condition collectively termed the meta-
bolic syndrome. While a combination of genetic and
environmental factors are thought to underlie the epi-
demic, the underlying molecular mechanism of
pathogenesis and etiology of the disease remains
poorly understood (Florez et al., 2003; Stumvoll et
al., 2005).

There exists substantial evidence in the literature
from genetic epidemiology based familial relative risk
estimates and twin studies that support the role of
genetic factors in development of the disease together
with modifying effects of the environment (Diamond,
2003; Kahn et al., 1996). However, insight into the
genetic basis of the disease is limited to the rare mono-
genic forms of the disease that exhibit a clear
Mendelian pattern of inheritance (de Fronzo, 1988;
Florez et al., 2003; Kahn, 1994; Owen & McCarthy,
2007) . The genetic architecture underpinning predis-
position to the more common forms of type 2 diabetes
have remained elusive (Elbein et al., 2002).

While a number of studies have been undertaken,
sometimes inconsistent and conflicting results have
been obtained possibly contributed to by allelic and
locus heterogeneity, inappropriate study designs
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leading to low power to detect genes and variable phe-
notyping methodologies (Blangero, 2004; Florez et al.,
2003; Walder et al., 2003). We have adopted a study
design using large multigenerational pedigrees to
reduce genetic heterogeneity, increase the signal to
noise ratio and improve statistical power of gene
detection. The families were ascertained from a sub-
population within Mauritius that, due to geographic
and cultural factors, may exhibit reduced genetic and
environmental heterogeneity, and have the potential to
maximally expose the phenotypic variation influenced
by underlying genetic factors (Arcos-Burgos &
Muenke, 2002; Peltonen et al., 2000; Sheffield et al.,
1998; Varilo et al., 2003). We centre our analysis on a
range of quantitative trait measures underlying the
obese and diabetic phenotypes of the metabolic syn-
drome. Given the reports of high prevalence of
diabetes (Dowse et al., 1990) and increasing incidence
of type 2 diabetes in Mauritius (Soderberg et al.,
2005; Soderberg et al., 2004), the present study is
especially urgent.

Methods

Subjects

The island of Mauritius lies in the Indian Ocean
approximately 800 km east of Madagascar. Its multi-
ethnic population of 1.1 million inhabitants is
predominantly made up of Indo Mauritians (68%),
Creole (27%), Sino Mauritians (3%) and Franco
Mauritians (2%). This diverse ethnic composition
reflects the history of migration of slaves, indentured
laborers and merchants from India, Madagascar,
Africa, and Asia. Limited admixture between these
subpopulations has been noted (Manrakhan, 1984),
suggesting that cultural and religious isolates may
exist within the geographical population isolate with
the potential to contribute to increased levels of
genetic and environmental homogeneity among the
population. This, combined with a cultural preference
for large families, is expected to improve the statistical
power for detection of genes influencing quantitative
measures underlying the development of type 2 dia-
betes, obesity and the metabolic syndrome.

The Mauritius Family Diabetes Study was a collab-
orative effort between the International Diabetes
Institute, the Mauritius Ministry of Health and
Quality of Life and the University of Mauritius SSR
Centre for Medical Studies and Research. A total of
400 individuals were included in the study in 24
extended pedigrees.

Phenotyping

Phenotypes related to type 2 diabetes, obesity and
traits known to cluster with the metabolic syndrome
were obtained from each individual during the course
of a medical exam during the collection phase of the
project that began in 1999 and concluded in 2000.
Four phenotypes directly related to obesity and body
composition were assessed in the Mauritian sample.
These included waist/hip ratio (WHR), body mass
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index (BMI), fat mass (in kilograms) and relative fat
mass. Height was measured to the nearest centimeter
and weight measured to the nearest 0.1 kg in light
clothes and without shoes. BMI was calculated as
weight in kilograms divided by height in meters
squared. The waist measures were taken at the mid-
point between the iliac crest and the lower rib margin,
while the hip measurement was taken around the
maximum circumference of the buttocks posteriorly
and the symphisis pubis anteriorly. Waist and hip cir-
cumferences were measured in duplicate to the nearest
0.5 cm with a measuring tape while the participant
was standing relaxed and wearing a single layer of
light clothing. If the first two measures differed by
more than 2 cm, a third measure was taken. The mean
of the closest two measures were used to calculate the
waist circumference and waist hip ratios (WHR).
Body composition measures were taken using a single
frequency bioelectrical impedance meter (BIM4
UniQuest Ltd, St Lucia, Australia), with the partici-
pants rested and lying horizontally on a bed.

Blood pressure was measured with a standard
mercury sphygmomanometer in the right arm of par-
ticipants who had been seated for 5 minutes. Using the
first and fifth Korotkoff sounds, blood pressure was
recorded twice to the nearest 2 mmHg and the mean
value calculated.

To measure aspects of glucose metabolism, we
obtained measures of fasting plasma glucose using a
YSI Glucose Analyser (Yellow Springs, OH), and
fasting levels of insulin using a standard microparticle
enzyme immunoassay method (IMx, Abbott
Diagnostics, Illinois). Participants who had not previ-
ously been diagnosed with diabetes and whose fasting
plasma glucose levels were < 10 mmol/l on the
morning of the medical exam (determined by a
Hemocue blood glucose analyser; B-Glucose Analyzer;
HemoCue AB, Angelholm, Sweden) were asked to
complete an oral glucose tolerance test (OGTT) (75 g
dextrose monohydrate in 250ml water) followed by a
second blood sample 120 minutes later. Glucose toler-
ance status was determined according to 1999 WHO
criteria (WHO, 1999).

Total cholesterol and triglycerides were determined
on fasting plasma by manual enzymatic methods. All
plasma measures were done in duplicate and quality
control procedures implemented to maintain accuracy
across batches.

Leptin concentrations in human plasma were mea-
sured using a commercially available human leptin
RIA kit (Linco Research Inc., St Charles, USA). This
kit used '*’I-labeled leptin and a human leptin anti-
serum to determine plasma levels by the double
antibody technique. In the procedure, 50 ul of human
plasma was added to 50 ul of '»’I-human leptin
(tracer) and 50 ul of rabbit anti-human leptin anti-
serum (‘first antibody’) and left to bind overnight
(20-24 hours) at 4 °C. A 0.5 ml aliquot of cold (4 °C)
goat anti-rabbit IgG antibody (‘second antibody’) was
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then added, which was highly specific for the “first
antibody’ and served as a carrier. Binding proceeded
at 4 °C for 20 mins, after which tubes were cen-
trifuged at 3500 g for 30 mins, to separate the bound
from the free leptin. Each tube was then aspirated,
leaving the bound leptin in a pellet in the bottom of
the tube. The radioactivity of the solid phase pellet
was determined using a gamma counter. The concen-
tration of each unknown sample was then computed
by comparing the competitive capacity of the plasma
leptin with standards of known concentrations (0,
0.5, 1, 2, 5, 10, 20, 50, and 100 ng/ml). A spline-
shaped curve described the relationship between the
ratio of bound to unbound *I-labeled leptin and the
log of the leptin concentration. Under standard condi-
tions, the gradient and linearity of the curve were
maximal in the central region of the curve (approxi-
mately 10-100 ng/ml). Samples of high leptin
concentration were diluted further and re-assayed
where necessary to enable measurement in the linear
region of the curve. Two quality controls (Linco
Research Inc, St Charles, USA, Cat # 6000-K; March
2002) were incorporated into each assay with low
(expected range: 2.1-3.9 ng/ml), and high (expected
range: 16.4-24.6ng/ml) concentrations.

Glycosylated haemoglobin (HbA1c) was measured
in whole blood using ion-exchange high pressure
liquid chromatography as implemented in the Variant
I analysis procedure according to the manufacturer’s
protocols (Bio-Rad laboratories, Hercules, USA).

The project was submitted to and approved by two
independent ethics committees in both the sponsoring
country, Australia, and the host country, Mauritius,
according to the Council for International
Organizations of Medical Sciences (CIOMS) and
World Health Organization (WHO) guidelines for
International Biomedical Research Involving Human
Subjects (Geneva, 1993). Participation in the study
was allowed after informed consent was obtained fol-
lowing an explanation by local community health
workers in their natural language.

Statistical Genetic Methods

For all traits, residuals from least squares multiple
linear regression, using age, age?, sex, age-by-sex, and
age?-by-sex as independent variables, were exactly
normalized using an inverse Gaussian transformation
in SOLAR (Almasy & Blangero, 1998). The covariates
in all of our models were age, age?, sex, age-by-sex,
age?-by-sex, occupational physical activity, leisure
physical activity, alcohol intake, smoking, menopause,
and oral contraceptive use. Heritability was estimated
as the ratio of the additive genetic variance to the total
phenotypic variance using a maximum likelihood esti-
mation algorithm implemented in SOLAR. As first
demonstrated in Duggirala et al. (1997), SOLAR can
be used to estimate the heritabilities of discrete traits
(in addition to the standard case as regards continuous
traits), such as type 2 diabetes. Thus, SOLAR was

used to compute the heritability of type 2 diabetes in
the Mauritius population, as well as the heritabilities
of the continuous traits, though without monozygotic
twins there is the potential for confounding of genetic
and shared environmental effects.

Results

The Mauritius Family Diabetes Study included a total of
400 individuals in 24 extended pedigrees. Probands were
identified via questionnaire administered as part of a
National randomized cluster based non-communicable
diseases prevalence survey conducted in 1998 (Soderberg
et al., 2005) and screened for membership of a large
multigenerational family. Local community health
workers assisted in the gathering of family relationship
data and in explanation of the study to potential partici-
pants. Those invited to join the study were enthusiastic
about participation with an overall participation rate
exceeding 70%. The cohort is comprised of a total of
2,409 pairwise relationships with a substantial number
of distant relations observed including 755 avuncular
and 597 first cousins (Table 1). The mean sib ship size
was 3.8 (range 2-11). This level of extension in the
family collection distinguishes this study from a nuclear
family or sib-pair based study design and carries
increased statistical power to detect genes on a per par-
ticipant basis (Altmuller et al., 2001; Blangero et al.,
2001). Examples of two family pedigrees that partici-
pated in the study are shown (Figure 1).

The cohort was examined for a range of anthropo-
metric and biochemical measures related to the risk of
development of type 2 diabetes and cardiovascular
disease. Basic screening of individuals for complica-
tions as a result of diabetes was also undertaken
including neuropathy (vibration perception threshold)
and retinopathy (visual acuity measurement). Dietary
habits, work related and leisure time physical activity
levels were also recorded for incorporation into the
present and future analyses.

]
Table 1

Number of Pairwise Relationships by Type

Relationship Pairs (N)
Parent-offspring 205
Siblings 572
Grandparent—grandchild 20
Avuncular 755
Half-siblings 9
Grandavuncular 78
Half-avuncular 12
1st cousins 597
1st cousins, once removed 145
2nd cousins 16
Total 2409
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Figure 1

Example of two extended pedigrees from the cohort. Age is shown for each individual in addition to type 2 diabetes affections status;

type 2 diabetes (black), normal glucose tolerant (open).

Genetic Influences on Type 2 Diabetes in Mauritius

The phenotypic characteristics of the Mauritius
sample population are reported in Table 2. Overall,
55% of the cohort were women with a mean age
(both sexes) of 50 years. Approximately 22% were
diagnosed with type 2 diabetes and 30% showed
impaired glucose tolerance. These prevalence rates
were higher than the National average previously
reported in a large cross sectional study undertaken in
1998, 18% for type 2 diabetes and 14% IGT
(Soderberg et al., 2005) and consistent with an
increased familial risk of type 2 diabetes that has been
observed previously in other cohorts. In contrast to
many published studies, body mass index (BMI) was
not significantly different between euglycemic individ-
uals and those who were hyperglycemic (P = .12).
However, in some populations waist circumference
has been proposed as a more accurate predictor of
type 2 diabetes (Huxley et al., 2008; Yusuf et al.,
20035), although the improvements in efficacy over
BMI alone depend on ethnicity, sex and age (Freiberg
et al., 2008). In this cohort we observed that waist cir-
cumference was significantly higher (P = .02) in
individuals with diabetes as compared to those who
were normoglycemic. These observations suggest that
development of type diabetes in this cohort is associ-
ated with increased waist but not BMIL.

The average reported incidence of type 1 diabetes
in Asian-Indian populations in Mauritius is
1.9/100,000, among the lowest observed for any pop-
ulation (Tuomilehto et al., 1993). Nonetheless, we
carefully screened participants for early age of dia-
betes onset and requirement for injected insulin to
ensure individuals with type 1 diabetes were not
included in the study group. Similarly we screened
families where an autosomal dominant pattern of
inheritance was observed for type 2 diabetes to mini-
mize inclusion of participants with maturity onset
diabetes of the young (MODY).

Heritabilities of the measured quantitative and
dichotomous traits were calculated using SOLAR in the
family cohort (Table 3). The majority of traits exhibited
heritabilities that were within the range published by
other studies; however four traits (leptin, percentage fat
mass, urate and HDL cholesterol) showed slightly
lower heritability than those previously observed.
Conversely, six traits had heritabilities above the range
previously published; these were hip circumference
(0.55), LDL (0.68) and total cholesterol (0.66), diastolic
(0.32) and systolic blood pressure (0.54) and serum cre-
atinine (0.45). A further three traits, height (0.84),
weight (0.67) and from these calculated BMI (0.64),
showed a level of heritability that was well above the
mean of the previously reported range. The observation
that the majority of the observed traits exhibited higher
heritability measures than the mean of other published
studies suggests the cohort is well suited for the identifi-
cation of genetic factors contributing to variance in the
complex disease traits.
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Table 2
Clinical Characteristics of Study Population by Glucose Tolerance Status

Variable Euglycemic IGT and/or IFG Diabetes
N 192 19 89

Age 474132 49.49 +14.09 57.93 + 11.47
Sex (M/F) 99/93 52/67 31/58
Height (cm) 160.99 + 9.28 158.28 + 8.59 157.86 + 9.32
Weight (kg) 62.66 + 11.41 64.68 + 12.04 63.97 +12.15
BMI (kg/m?) 24.21 +4.22 25.85 + 4.67 25.68 + 4.46
Waist circumference (cm) 82.73 +9.86 85.47 +9.57 86.59 + 10.51
Hip circumference (cm) 98.55 + 8.40 101.62 + 10.11 101.04 + 9.37
WHR 0.84 £ 0.07 0.84 £ 0.06 0.86 + 0.07
Fat mass (%) 21.82+8.44 24.86 + 10.66 23.67 +7.55
Fasting glucose (mmol/l) 5.87 +2.36 5.72+0.80 10.85 + 4.25
2-hour glucose (mmol/l) 7.93+3.79 9.96 + 2.86 13.24 +5.22
Fasting insulin (pmol/l) 12.03 + 6.41 14.03 £ 7.17 12.95 + 6.99
HbA,, 522 +1.38 5.07 £ 0.53 8.06+1.93
HDL cholesterol (mmol/l) 1.19+0.30 1.23 +0.31 1.18 +0.30
LDL cholesterol (mmol/l) 3.42+0.94 3.59+0.90 3.66 + 0.98
Total cholesterol (mmol/I) 5.35+1.03 5.60 + 1.03 5.82+1.19
Triglycerides (mmol/l) 1.59 +0.90 1.70 + 0.87 2.03+1.09
Leptin (ng/ml) 15.13+£12.32 21.40+17.13 18.31£13.43
Diastolic BP (mmHg) 75.95 + 14.27 717.97 + 15.30 82.48 + 12.69
Systolic BP (mmHg) 128.06 + 23.32 133.43 +22.25 147.11 + 24.76
Creatinine (mmol/l) 8.95+5.53 7.68+5.27 6.99+4.18
Urate (umol/l) 267.94 + 80.70 286.27 + 72.35 255.98 + 92.11

Discussion

We report here the ascertainment of a large extended
pedigree-based cohort as part of the Mauritius
Family Diabetes Study of type 2 diabetes and cardio-
vascular disease. The cohort is made of up 400
participants in 24 families comprising a total of 2409
pair-wise relationships with a substantial number
being represented in extended relationships within
the family. Extensive anthropometric and biochemi-
cal quantitative traits related to type 2 diabetes and
cardiovascular disease were measured and recorded
in addition to dietary habits and physical activity
levels. The prevalence of type 2 diabetes was higher
in this family cohort as compared to the general pop-
ulation in Mauritius consistent with the widely
observed familial predisposition to the disease.

In contrast to the published observations on many
cohorts, we did not observe a significantly increased
BMI among individuals with type 2 diabetes as com-
pared to subjects with normal glucose tolerance. This
is consistent with the findings of our previously
reported data from a cross-sectional survey that
observed a leaner phenotype as measured by BMI
among individuals with type 2 diabetes in contrast to
the phenotypes reported in the Pima Indian cohort
(Kriska et al., 2001; Soderberg et al., 2005). We did

observe, however, a modestly increased waist circum-

ference in individuals with diabetes as compared to
normoglycemic individuals, an alternate measure of
obesity that has found utility in prediction of type 2
diabetes (Huxley et al., 2008; Yusuf et al., 20035).
Interestingly, it has been noted that there exists a high
prevalence of type 2 diabetes among the Asian-Indian
population in Mumbai, India, despite the relatively
low rates of obesity (Marita et al., 2005). The partici-
pants of this cohort are direct descendants of
Asian-Indian migrants to Mauritius, and appear to
have retained the phenotypic attributes of type 2 dia-
betes of that population.

The heritability estimates of the recorded quantita-
tive traits were in general consistent with those of
prior published studies. However, we observed in
approximately one-third of the traits measured a heri-
tability level that exceeded the range of earlier
reported cohorts. This suggests a potential reduction
in trait variation due to environmental and random
factors and an increased influence of genetic or herita-
ble factors, making the cohort well suited for the
identification of trait influencing genes.

In summary, we report on the ascertainment of a
large family-based cohort for the identification genes
influencing risk of type 2 diabetes and cardiovascular
disease in Mauritius. The large sib-ship size, com-
bined with the relatively low mobility of this
population, allowed for considerable collateral and
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Table 3

Heritability Estimates of Diabetes and Cardiovascular Disease Related Quantitative Traits in Mauritius

Trait Heritability Pvalue  Heritability reported  References
by others

Height 0.84 + 0.08 5.7x10% 0.43-0.98 (Sale et al., 2005; Schousboe et al., 2004)

Weight 0.67 £0.11 1.4x10-" 0.51-0.76 (North et al., 2003; Poulsen et al., 1999)

BMI 0.64 +0.11 8.2x10" 0.21-0.79 (Hsu et al., 2005; Hsueh et al., 2000; S. C. Hunt et al., 1989; Knuiman et
al., 1996; Mitchell et al., 1996; Narkiewicz et al., 1999; North et al., 2003;
Poulsen et al., 1999; Rice et al., 1999; Sakul et al., 1997; Sale et al., 2005;
Schousboe et al., 2004; Selby et al., 1990)

Waist circumference 059+ 0.1 2.2x10" 0.37-0.81 (Hsueh et al., 2000; Narkiewicz et al., 1999; Sakul et al., 1997;
Schousboe et al., 2004)

Hip circumference. 0.55+0.11 1.3x102 0.31-0.46 (Narkiewicz et al., 1999; Schousboe et al., 2004)

WHR 0.48 +0.11 7.2x10°° 0.10-0.54 (Hsueh et al., 2000; Mitchell et al., 1996; Narkiewicz et al., 1999; North
et al., 2003; Poulsen et al., 1999; Selby et al., 1990)

Fat mass (%) 0.37 £ 0.1 1.3x10°¢ 0.52-0.76 (Comuzzie et al., 1997; Hsu et al., 2005; North et al., 2003; Sakul et al.,
1997; Schousboe et al., 2004)

Fasting glucose 0.47 +0.12 3.0x107 0.18-0.64 (Hsueh et al., 2000; Mitchell et al., 1996; North et al., 2003; Poulsen et
al., 1999; Snieder et al., 2001; Watanabe et al., 1999)

2-hour glucose 0.37+0.12 1.4x105 0.16-0.51 (Hsueh et al., 2000; Mitchell et al., 1996; Poulsen et al., 1999; Watanabe
etal., 1999)

Fasting insulin 0.48 +0.12 2.7x10°® 0.19-0.65 (Hsueh et al., 2000; Mitchell et al., 1996; North et al., 2003; Poulsen et
al., 1999; Sakul et al., 1997, Watanabe et al., 1999)

HbA,, 0.36 £0.11 9.4x10% 0.31-0.62 (Hsueh et al., 2000; Snieder et al., 2001)

Diabetes 039024 1.9x107? 0.26-0.56 (Duggirala et al., 1999; Hunt et al., 2005; Poulsen et al., 1999)

HDL cholesterol 0.35+0.11 3.1x10°° 0.45-0.66 (Hsueh et al., 2000; Hunt et al., 1989; Mitchell et al., 1996; North et al.,
2003; Watanabe et al., 1999)

LDL cholesterol 0.68 +0.10 2.7x10°" 0.39-0.40 (Mitchell et al., 1996; North et al., 2003)

Total cholesterol 0.66 +0.12 5.7x10" 0.37-0.54 (Hsueh et al., 2000; SHunt et al., 1989; Knuiman et al., 1996; Mitchell et
al., 1996; North et al., 2003; Watanabe et al., 1999)

Triglycerides 0.25+0.11 1.0x10° 0.13-0.53 (Hsueh et al., 2000; Hunt et al., 1989; Mitchell et al., 1996; North et al.,
2003)

Leptin 0.35+0.12 2.4x10°* 0.39-0.73 (Comuzzie et al., 1997; Narkiewicz et al., 1999; Rotimi et al., 1997)

Diastolic BP 0.32+0.12 4.1x10* 0.24-0.30 (Hsueh et al., 2000; Hunt et al., 1989; Knuiman et al., 1996; Mitchell et
al., 1996; North et al., 2003; Watanabe et al., 1999)

Systolic BP 0.54 +0.11 2.9x10™" 0.15-0.42 (Hsueh et al., 2000; Hunt et al., 1989; Knuiman et al., 1996; Mitchell et
al., 1996; North et al., 2003; Watanabe et al., 1999)

Creatinine 0.45+0.12 2.0x10”7 0.25-0.37 (Fox et al., 2004; Hunt et al., 2004; Hunter et al., 2002)

Urate 0.39+0.11 1.1x10% 0.42-0.63 (Nath et al., 2007; Yang et al., 2005)

vertical expansion of pedigrees, permitting the
capture of substantial meiotic information. Given the
complexity of the genotype—phenotype relationship
for quantitative traits related to diabetes/obesity, we
suggest that future localization efforts should focus
on large extended pedigrees in order to obtain the
maximum power required for mapping these impor-
tant susceptibility genes. In general an increased
proportion of variance due to heritable factors (heri-
tability) was observed in this cohort as compared to
previously published studies indicating the suitability
of this cohort for future gene discovery research.
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