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ABSTRACT
Background: TCF7L2 is the strongest type 2 diabetes (T2D) locus
identified to date, and evidence suggests it plays an important role in
insulin synthesis, processing, and secretion. Dietary factors that in-
crease the insulin demand might enhance the risk of T2D associated
with TCF7L2 variants.
Objective: The objective was to determine whether the risk of T2D
associated with TCF7L2 is modified by the glycemic load (GL),
glycemic index (GI), cereal fiber content, and total carbohydrate
content of the diet.
Design: T2D cases (n ¼ 1140) and controls (n ¼ 1915) from the
Nurses’ Health Study were genotyped for TCF7L2 (rs12255372).
Dietary intake was assessed with a semiquantitative food-frequency
questionnaire.
Results: Significant differences in odds ratios (ORs) of T2D asso-
ciated with the TCF7L2 genotype between high and low strata of
GL (P ¼ 0.03) and GI (P ¼ 0.05) were suggested. Compared with
the GG genotype, multivariate-adjusted ORs (95% CI) of T2D as-
sociated with the TT genotype were 2.71 (1.64, 4.46) and 2.69
(1.64, 4.43) among individuals in the highest tertile of GL and
GI, respectively. Corresponding ORs (95% CIs) among individuals
in the lowest tertiles of GL and GI were 1.66 (0.95, 2.88) and 1.82
(1.11, 3.01). The risk of T2D associated with the TCF7L2 single
nucleotide polymorphism did not significantly differ by cereal fiber
or carbohydrate intake.
Conclusion: Carbohydrate quality and quantity modified risk of T2D
associated with TCF7L2, which suggests that changes in risk attribut-
able to the TCF7L2 variant are magnified under conditions of increased
insulin demand. Am J Clin Nutr 2009;89:1256–62.

INTRODUCTION

Type 2 diabetes (T2D) is a rapidly growing public health issue
with a major effect on morbidity and premature mortality
worldwide (1). Both environmental and genetic factors have
been implicated in the development of this disease (1–3). To
date, TCF7L2 (transcription factor 7–like 2 protein) is the
strongest and most widely replicated locus associated with T2D
(4, 5). Indeed, we previously reported a 1.53- and 1.32-fold
increased risk of T2D for each copy of a TCF7L2 risk allele
among men and women, respectively (6). TCF7L2 is a Wnt
signaling–associated transcription factor expressed in several
tissues, including the gut (7) and pancreas (8). Although the
precise mechanism by which TCF7L2 affects susceptibility to
T2D remains to be elucidated, recent data implicate the protein’s

role in glucose homeostasis (9, 10). TCF7L2 polymorphisms are
associated with several diabetic phenotypes characterized by
impaired insulin secretion, b cell function, and GLP-1 potenti-
ation of insulin secretion, but not with insulin sensitivity (11–
21). Moreover, variation in TCF7L2 influences the efficacy of
sulfonylureas (agents that promote insulin secretion) but not the
efficacy of metformin (insulin sensitizer) (22). Taken together,
these studies suggest that progressive loss of insulin secretion
might be the essential component of the phenotype, which
predisposes TCF7L2 variant carriers to T2D development.

Because insulin is secreted in response to elevated blood glucose
concentrations, dietary carbohydrate—which markedly influences
glucose concentrations or insulin demands—might modify the risk
associated with TCF7L2. Dietary glycemic index (GI) is an in-
dicator of carbohydrate quality that reflects the effect on blood
glucose, and the dietary glycemic load (GL) is an indicator of both
carbohydrate quality and quantity (23–25). Epidemiologic evi-
dence suggests that low glycemic diets or diets rich in whole-grain
cereals may protect against T2D (26, 27), probably through re-
ductions in postprandial glucose concentrations, insulin demand,
and insulin resistance (24, 28, 29). The purpose of the current
study was to determine whether the change in risk of T2D asso-
ciated with TCF7L2 locus genotypes is modified by the GL, GI,
cereal fiber content, and total carbohydrate content of the diet.

SUBJECTS AND METHODS

Study population

The Nurses’ Health Study (NHS) was established in 1976
when 121,700 female registered nurses aged 30–55 y and residing
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in 11 large US states completed a mailed questionnaire on their
medical history and lifestyle characteristics (30). Beginning in
1980, dietary information has been updated by using validated
semiquantitative food-frequency questionnaires (FFQs). Every 2 y,
follow-up questionnaires have been sent to update information
on potential risk factors and to identify newly diagnosed cases
of T2D and other diseases (31). Blood was collected from 32,826
NHS participants between 1989 and 1990. Women in the present
study were selected from those who provided blood samples
(32). Demographic characteristics and the health status of par-
ticipants who provided blood samples were generally similar to
those who did not. Diabetes cases were defined as initially self-
reported diabetes subsequently confirmed by a validated sup-
plementary questionnaire (33, 34). For cases before 1998 (n ¼
977), the diagnosis was made by using criteria consistent with
those proposed by the National Diabetes Data Group (35), which
included one of the following: one or more classic symptoms
(excessive thirst, polyuria, weight loss, hunger, pruritus, or co-
ma) plus fasting plasma glucose �140 mg/dL (7.8 mmol/L),
and/or random plasma glucose �200 mg/dL (11.1 mmol/L),
and/or plasma glucose 2 h after an oral-glucose-tolerance test
result �200 mg/dL; or �2 elevated plasma glucose concen-
trations (as described above) on different occasions in the ab-
sence of symptoms; or treatment with hypoglycemic medication
(insulin or oral hypoglycemic agent). We used the American
Diabetes Association’s diagnostic criteria for the diagnosis of
diabetes cases during the 1998 and 2002 cycles (n ¼ 163) (36).
These criteria were the same as those proposed by the National
Diabetes Data Group, except for the elevated fasting plasma
glucose criterion for which the cutoff was changed from 140 to
126 mg/dL. Cases were matched to nondiabetic controls on age,
month, and year of blood draw and fasting status. To minimize
potential bias due to population stratification, we restricted our
analyses to non-Hispanic whites. We further excluded prevalent
or incident cases of T2D occurring before 1980 and women
missing 1980 FFQs and TCF7L2 genotypes. This study included
1140 incident cases of T2D occurring between 1980 and 2002
and 1915 nondiabetic control women. All participants provided
written informed consent, and the study was approved by the
Human Research Committee at the Brigham and Women’s
Hospital (Boston, MA).

Genotyping

DNA was extracted from the buffy coat fraction of centrifuged
blood by using a QIAmp blood kit (Qiagen, Chatsworth, CA).
DNA samples were genotyped for the TCF7L2 rs12255372 G to
T single nucleotide polymorphism (SNP) by using the Open-
Array SNP Genotyping System (BioTrove, Woburn, MA) ac-
cording to the manufacturer’s instructions. Primers and probes
are available on request. Genotyping success rates exceeded
95% for both cases and controls. Replicate quality-control
samples (10%) were included and genotyped with .99% con-
cordance. TCF7L2 genotypes among controls did not signifi-
cantly depart from Hardy-Weinberg equilibrium (P ¼ 0.09).

Dietary assessment

Dietary intakes were obtained from the 1980 FFQ. Detailed
information regarding the development of the FFQ, procedures

used to calculate energy-adjusted nutrient values, and re-
producibility and validity of the questionnaire were documented
elsewhere (31). For each food, a commonly used unit or portion
size was specified on the FFQ, and participants were asked how
frequently they had consumed the food over the previous year.
Nine responses were possible ranging from ‘‘never or less than
once per month’’ to ‘‘6 or more times per day.’’ We estimated
nutrient intakes by multiplying the frequency of consumption
of each food by the nutrient content estimated using food-
composition tables from the Harvard University food-composition
database, which was derived from US Department of Agricul-
ture sources (37). The GI of foods is a measure of the relative
postprandial blood glucose response per gram of carbohydrate.
The GI values for single food items on the questionnaire were
derived with the assistance of D Jenkins (University of Toronto),
which were based on available databases and publications (23,
38, 39). GL was calculated by multiplying the carbohydrate
content of each food by its GI and then multiplying this value by
the frequency of consumption and summing these values for all
foods. Dietary GL, therefore, represents both the quality and
quantity of carbohydrate consumed. Each unit of GL represents
the equivalent of 1 g carbohydrate from white bread or pure
glucose. Additionally, the overall dietary GI, a variable repre-
senting the overall quality of carbohydrate intake for each par-
ticipant, was created by dividing the dietary GL by the total
amount of carbohydrate consumed. In a validation study with
176 nurses, the corrected correlation coefficients between the
FFQ and multiple dietary records for carbohydrates and fiber
were 0.64 and 0.56 (31, 40). High correlations for individual
carbohydrate-rich food items have also been reported (white
bread: 0.71; dark bread: 0.77; cold breakfast cereal: 0.79; po-
tatoes: 0.66) (41). The ability of the FFQ to assess dietary GI
and GL was documented in a study that evaluated the relations
of these 2 variables to plasma concentrations of HDL and tri-
acylglycerol in postmenopausal women (42).

Nondietary covariate assessment

Information about medical history, anthropometric data, life-
style factors, and family history of diabetes in first-degree relatives
was derived from the 1980 questionnaires (43, 44). Body mass
index (BMI) was calculated as weight (in kg) divided by the
height squared (in m). Physical activity was expressed as hours
per week. Self-administered questionnaires about body weight and
physical activity were validated as described previously (45, 46).

Statistical analysis

Statistical analyses were performed by using the SAS statistical
package(version9.1forUNIX;SASInstitute,Cary,NC).Student’s
t tests and chi-square tests were used for comparisons of means
and proportions between cases and controls and across TCF7L2
genotypes and tertiles (low, intermediate, and high) of dietary
intake among controls. To determine the main effects of TCF7L2
genotype, GI, GL, cereal fiber, and carbohydrate on the risk of
T2D, odds ratios (ORs), and 95% CIs were estimated by un-
conditional logistic regression and adjusted for age (continuous)
and BMI (,23, 23–24.9, 25–29.9, 30–34.9, or �35). In multi-
variate analysis, we further adjusted for smoking (never, past, or
current), alcohol intake (g/d), coffee intake (�1 cup/wk, 5–6 cups/
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wk, 1 cup/d, 2–3 cups/d, or�4 cups/d; 1 cup¼ 237 mL), menopausal
status [pre- or postmenopausal (never, past, or current hormone
use)], and quintiles of physical activity, ratio of polyunsaturated to
saturated fatty acids, cereal fiber (g/d), and trans fat (g/d) intake. In
a secondary analysis we also adjusted for family history of di-
abetes (yes or no). Codominant and additive genetic models were
evaluated with reference to the ‘‘nonrisk’’ G allele. Tertiles of
dietary intake were modeled by using indicator variables in lo-
gistic models with the lowest tertile of intake as the reference.
Tests of linear trend across increasing tertiles of intakes were
conducted by assigning the median value for each tertile as
a continuous variable. Departures from a multiplicative OR in-
teraction model were tested by using the likelihood ratio test
comparing a model with and without the product (TCF7L2 3

dietary factor) interaction term. Power calculations were per-
formed by using Quanto 1.2.3 (http://hydra.usc.edu/gxe). Given
an a of 0.05, an allele frequency of 0.30, and a main effect OR of
1.30, the current study provided 80% power to detect gene-diet
interactions with risk ratios .1.40. Two-sided P values ,0.05
were considered statistically significant.

RESULTS

Cases of T2D had a significantly higher BMI, consumed less
alcohol, engaged in less physical activity, were more likely to
smoke, and were more likely to have a family history of diabetes
than were control subjects (P , 0.05). Baseline (1980) char-
acteristics of control subjects based on TCF7L2 genotype and
tertiles of GL and diet GI are presented in Table 1 and Table 2,
respectively. No significant and consistent difference in char-
acteristics was observed across TCF7L2 genotypes. The fre-

quency of the TCF7L2 risk allele (T) was 33% for cases and
27% for controls. Compared with individuals with the GG ge-
notype, the age- and BMI-adjusted ORs (95% CIs) of T2D were
1.29 (1.08, 1.53) and 2.14 (1.61, 2.84) for those with the GT and
TT genotypes, respectively. Corresponding multivariate-adjusted
ORs (95% CI) were 1.24 (1.04, 1.47) and 2.11 (1.58, 2.82).
Compared with a low-GL diet, the multivariate-adjusted OR
(95% CI) of T2D associated with an intermediate and a high-GL
diet was 1.10 (0.88, 1.36) and 1.20 (0.95, 1.52), respectively (P ¼
0.12 for trend). Compared with a low-GI diet, the multivariate-
adjusted ORs (95% CIs) of T2D associated with an intermediate-
and a high-GI diet were 1.01 (0.82, 1.26) and 1.16 (0.93, 1.44),
respectively (P ¼ 0.18 for trend). Cereal fiber and carbohydrate
(percentage of calories) intakes were not significantly associated
with risk of T2D (multivariate-adjusted P for trend ¼ 0.44 and
0.56, respectively).

A significant TCF7L2-GL interaction in relation to diabetes
risk was observed both before and after multivariate adjustment
(P ¼ 0.03; Table 3). We observed a marginally significant
TCF7L2-GI interaction in models adjusting for age and BMI
(P ¼ 0.05) and for other covariates (P ¼ 0.06). The risk of T2D
associated with the TCF7L2 TT genotype was greatest among
individuals consuming a high-GL or high-GI diet. Compared
with the GG genotype, multivariate-adjusted ORs (95% CI) of
T2D associated with the TT genotype were 2.71 (1.64, 4.47) and
2.69 (1.64, 4.43) among individuals in the highest tertile of GL
and GI, respectively. When family history of T2D was further
adjusted in the model, interactions were no longer evident
(TCF7L2-GL: P ¼ 0.13; TCF7L2-GI: P ¼ 0.14). A greater risk
associated with the TT genotype was also observed among in-
dividuals in the lowest tertile of cereal fiber intake [multivariate-

TABLE 1

Baseline characteristics according to TCF7L2 genotype among controls1

TCF7L2 genotype

Characteristic GG GT TT P

n 1021 755 139 0.73

Age (y) 47.5 6 6.92 47.5 6 6.8 48.0 6 6.8 0.69

BMI (kg/m2) 24.6 6 4.8 24.3 6 4.3 24.2 6 4.4 0.41

Family history of diabetes (%) 21 24 24 0.85

Current smoking (%) 19 20 22 0.95

Alcohol intake (g/d) 6.9 6 10.4 5.7 6 8.8 6.4 6 9.0 0.03

Coffee intake (cups/d)3 1.9 6 1.6 1.7 6 1.6 1.8 6 1.5 0.12

Physical activity (h/wk) 4.24 6 2.92 3.87 6 2.88 4.40 6 2.77 0.02

Postmenopausal (%) 52 49 51 0.55

Current PMH users (%) 19 21 23 0.76

Energy (kcal/d) 1595 6 474 1584 6 500 1558 6 498 0.67

Carbohydrate (% of energy) 39 6 9 38 6 9 39 6 9 0.98

Total fat (% of energy) 39 6 8 40 6 8 39 6 8 0.41

Protein (% of energy) 19 6 4 19 6 4 19 6 3 0.80

Energy-adjusted intakes

P:S ratio 0.35 6 0.14 0.35 6 0.13 0.37 6 0.13 0.24

trans Fat (g/d) 3.96 6 1.34 4.07 6 1.30 4.16 6 1.38 0.11

Cereal fiber (g/d) 2.5 6 1.5 2.7 6 1.7 2.6 6 1.5 0.02

Glycemic index 51.2 6 4.6 51.2 6 4.5 50.9 6 4.1 0.75

Glycemic load (g) 84.1 6 24.5 83.4 6 22.9 82.4 6 23.1 0.65

1 PMH, postmenopausal hormone; P:S, ratio of polyunsaturated to saturated fatty acids. Differences between geno-

types were tested with a chi-square test for categorical variables and by ANOVA for continuous variables.
2 Mean 6 SD (all such values).
3 1 cup ¼ 237 mL.
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adjusted OR (95% CI): 2.62 (1.61, 4.27)], even though the
TCF7L2–cereal fiber interaction was not significant (P ¼ 0.14).
The risk of T2D associated with TCF7L2 did not significantly
differ by carbohydrate intake (P ¼ 0.18 for interaction). We also
tested the same interaction using the Pro12Ala substitution in
peroxisome proliferator–activated receptor-c, which has no pre-
sumed influence on insulin secretion. No interaction was observed
(data not shown).

DISCUSSION

TCF7L2 is the strongest locus associated with T2D identified
thus far (4, 5). TCF7L2 variants have been shown to predict the
incidence of T2D in persons who were already at high risk (ie,
those with impaired glucose tolerance) of the disease (15, 47),
which suggests potential synergistic effects between different
risk factors. In the current study we found that the risk associ-
ated with a TCF7L2 variant was modified by the carbohydrate
quality and quantity of the diet; the increased risk was more
pronounced among women consuming a high-GL or high-GI
diet. To our knowledge, this was the first study to examine the
interaction between TCF7L2 genetic variation and specific
components of the diet.

TCF7L2 variants have been associated with impaired insulin
synthesis, processing, and secretion (13–18). Adverse con-
sequences of this impairment may be exacerbated under con-
ditions of increased insulin demand. Consistent with this notion,
a high-GL or high-GI diet, previously shown to increase post-
prandial glucose concentrations and thus, insulin demand (24,

25, 28, 29), augmented the change in log odds of T2D associated
with the TCF7L2 risk variant in the current study. In contrast,
total carbohydrate (expressed as a proportion of total energy intake)
did not modify risk of T2D associated with TCF7L2 genotype,
which suggests that carbohydrate quality may mediate the modi-
fication effect. Our findings further corroborate those reported by
Lyssenko et al (9). In their study, TCF7L2 risk variant carriers
showed a weaker insulin response to oral than to intravenous glu-
cose than did nonrisk variant carriers—an effect restricted to the
hyperglycemic state (9). Taken together, these findings suggest
that the association between TCF7L2 and T2D might also be
mediated by defects in the enteroinsular axis (9). Although no
significant interaction was observed between TCF7L2 and cereal
fiber, a high cereal fiber intake also attenuated thevariant-associated
risk, possibly by influencing carbohydrate quality or reducing the
amount or rate of carbohydrates absorbed (25, 48). Alternatively,
these dietary factors might modify risk by improving insulin sen-
sitivity (25), which would indirectly affect insulin demand.

The increased risk of T2D associated with the TCF7L2 TT
variant was not completely abolished by consumption of a low-
GL or low-GI diet. Besides the carbohydrate quality of the diet,
other factors influencing insulin demand may also modify the
risk associated with TCF7L2. Recent intervention studies report
no risk associated with TCF7L2 among subjects assigned to
a lifestyle modification arm (15, 47). Because diet was only one
of the lifestyle components modified, other components of the
intervention may also be contributing to the effect and warrant
further investigation. Interestingly, the interactions we observed
were no longer significant when models were adjusted for

TABLE 2

Baseline characteristics according to median (range) tertiles of dietary glycemic load and glycemic index among controls1

Tertiles of glycemic load Tertiles of glycemic index

Low Intermediate High Low Intermediate High

Characteristic 63.0 (1.0–72.0) 82.0 (73.0–91.0) 104.0 (92.0–196.0) P 47.5 (5.7–49.7) 51.3 (49.7–53.0) 55.0 (53.1–64.0) P

Age (y) 47.9 6 6.62 47.4 6 6.8 47.3 6 7.1 0.25 48.0 6 6.8 47.9 6 6.6 46.8 6 7.0 0.003

BMI (kg/m2) 24.5 6 4.4 24.6 6 4.8 24.3 6 4.6 0.59 24.6 6 4.6 24.2 6 4.4 24.5 6 4.8 0.10

Family history of

diabetes (%)

25 20 22 0.07 23 24 21 0.53

Current smoking (%) 21 20 18 ,0.0001 19 17 23 ,0.0001

Alcohol intake (g/d) 9.7 6 12.2 5.7 6 8.7 3.7 6 6.4 ,0.0001 8.4 6 12.0 6.2 6 8.9 4.6 6 7.4 ,0.0001

Coffee intake (cups/d)3 2.0 6 1.6 1.8 6 1.6 1.7 6 1.6 0.0008 1.9 6 1.6 1.9 6 1.6 1.7 6 1.6 0.006

Physical (h/wk) 4.02 6 2.93 4.39 6 2.96 3.9 6 2.79 0.02 4.62 6 2.92 4.06 6 2.91 3.68 6 2.80 ,0.0001

Postmenopausal (%) 53 49 50 0.23 52 51 49 0.70

Current PMH users (%) 22 20 18 0.61 21 21 18 0.63

Energy (kcal/d) 1606 6 508 1599 6 476 1560 6 472 0.19 1597 6 520 1598 6 468 1570 6 469 0.52

Carbohydrate

(% of energy)

30 6 6 39 6 4 47 6 6 ,0.0001 36 6 9 38 6 8 41 6 9 ,0.0001

Total fat (% of energy) 45 6 7 39 6 6 34 6 6 ,0.0001 40 6 8 39 6 7 39 6 8 0.26

Protein (% of energy) 21 6 3 19 6 3 17 6 3 ,0.0001 21 6 4 19 6 3 18 6 3 ,0.0001

Energy-adjusted intakes

P:S ratio 0.31 6 0.1 0.34 6 0.11 0.40 6 0.16 ,0.0001 0.32 6 0.13 0.35 6 0.12 0.38 6 0.16 ,0.0001

trans Fat (g/d) 4.14 6 1.3 4.06 6 1.3 3.86 6 1.37 0.0004 3.48 6 1.14 4.14 6 1.32 4.43 6 1.34 ,0.0001

Cereal fiber (g/d) 2.0 6 1.3 2.7 6 1.6 3.1 6 1.6 ,0.0001 2.1 6 1.3 2.67 6 1.49 3.09 6 1.68 ,0.0001

Glycemic index 48.5 6 5.0 51.2 6 3.4 53.7 6 3.4 ,0.0001 46.5 6 3.8 51.4 6 0.97 55.5 6 1.97 ,0.0001

Glycemic load (g) 59.4 6 11.6 82.2 6 5.2 109.3 6 17.0 ,0.0001 69.8 6 19.7 83.3 6 18.3 97.7 6 24.1 ,0.0001

1 PMH, postmenopausal hormone; P:S, ratio of polyunsaturated to saturated fatty acids. Differences between genotypes were tested with a chi-square test

for categorical variables and by ANOVA for continuous variables.
2 Mean 6 SD (all such values).
3 1 cup ¼ 237 mL.
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family history of diabetes. Because family history encompasses
both genetic and shared environmental components, the effect of
family history may, in part, be explained by its correlation with
TCF7L2 (genetic) and GL (environment).

Several limitations need to be considered when interpreting
the results. Some of the control subjects may have undiagnosed
T2D that would bias the results toward the null. However, in
a previous validation study (49), the prevalence of undiagnosed

T2D in these health professionals (’2%) was substantially
lower than that in the general population (’30%) (50).
Population stratification may also affect the observed associa-
tions. However, because subjects were selected from a well-
characterized cohort with a defined study base and the analysis
restricted to non-Hispanic whites, biases due to population
stratification are likely minimized. Because we examined only
women of European ancestry and of a specific age range, the

TABLE 3

TCF7L2 genotype and risk of type 2 diabetes by tertile of dietary glycemic load, glycemic index, and cereal fiber

and carbohydrate intakes

Dietary factors

TCF7L2 genotype Low Intermediate High P for interaction

Glycemic load

Model 11

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.03 (0.76, 1.41) 1.18 (0.88, 1.59) 1.70 (1.27, 2.28)

TT 1.54 (0.91, 2.61) 2.36 (1.45, 3.84) 2.49 (1.54, 4.04)

Additive 1.15 (0.92, 1.45) 1.39 (1.13, 1.72) 1.62 (1.32, 2.00) 0.03

Model 22

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.06 (0.77, 1.47) 1.16 (0.86, 1.58) 1.75 (1.29, 2.36)

TT 1.66 (0.95, 2.88) 2.27 (1.37, 3.75) 2.71 (1.64, 4.46)

Additive 1.19 (0.94, 1.51) 1.37 (1.10, 1.71) 1.68 (1.35, 2.09) 0.03

Glycemic index

Model 11

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 0.96 (0.70, 1.30) 1.45 (1.07, 1.95) 1.43 (1.07, 1.91)

TT 1.71 (1.06, 2.77) 1.86 (1.09, 3.16) 2.80 (1.72, 4.54)

Additive 1.17 (0.95, 1.45) 1.40 (1.12, 1.75) 1.58 (1.28, 1.95) 0.05

Model 22

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 0.88 (0.64, 1.21) 1.45 (1.06, 1.97) 1.39 (1.03, 1.87)

TT 1.82 (1.11, 3.01) 1.88 (1.09, 3.23) 2.69 (1.64, 4.43)

Additive 1.16 (0.93, 1.46) 1.40 (1.12, 1.76) 1.54 (1.24, 1.92) 0.06

Cereal fiber

Model 11

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.57 (1.16, 2.13) 1.20 (0.90, 1.59) 1.12 (0.82, 1.52)

TT 2.43 (1.52, 3.88) 2.13 (1.30, 3.50) 1.85 (1.09, 3.13)

Additive 1.56 (1.27, 1.93) 1.35 (1.09, 1.66) 1.26 (1.00, 1.57) 0.18

Model 22

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.55 (1.14, 2.12) 1.16 (0.86, 1.56) 1.01 (0.73, 1.38)

TT 2.62 (1.61, 4.27) 1.86 (1.11, 3.12) 1.69 (0.99, 2.91)

Additive 1.60 (1.28, 1.98) 1.28 (1.03, 1.59) 1.18 (0.93, 1.49) 0.14

%Carbohydrate

Model 11

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.12 (0.82, 1.52) 1.32 (0.98, 1.78) 1.40 (1.05, 1.87)

TT 1.80 (1.08, 3.02) 2.55 (1.50, 4.35) 2.25 (1.43, 3.55)

Additive 1.25 (1.00, 1.57) 1.47 (1.18, 1.84) 1.47 (1.20, 1.80) 0.19

Model 22

GG 1.00 (reference) 1.00 (reference) 1.00 (reference)

GT 1.13 (0.82, 1.56) 1.24 (0.91, 1.69) 1.38 (1.03, 1.86)

TT 1.92 (1.12, 3.30) 2.42 (1.40, 4.18) 2.33 (1.46, 3.72)

Additive 1.28 (1.02, 1.62) 1.42 (1.12, 1.78) 1.48 (1.20, 1.82) 0.18

1 Results from unconditional logistic regression that included age and BMI (5 categories).
2 Model 1 plus adjustments for smoking (never, past, or current), alcohol (g/d), coffee (5 categories), menopausal status

[pre- or postmenopausal (never, past, or current hormone use)], quintiles of physical activity (h/wk), and quintiles of

energy-adjusted ratio of polyunsaturated to saturated fatty acids and trans fat (g/d) and cereal fiber (g/d) intakes.
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generalizability of our findings to men, other age groups, or
other ethnic groups is unknown. Errors in the measurement of
dietary intake (eg, errors resulting from the limited quality of
available food-composition data and by random error) may have
limited our ability to obtain accurate risk estimates. Although
our FFQ was not initially designed to identify differences in the
GI of foods, it was designed to explain variance in the quantity
and quality of carbohydrate intake (40). Moreover, any dietary
measurement error may have only attenuated associations and
are not likely to have explained the gene-diet interactions ob-
served, assuming that errors occur independent of TCF7L2 ge-
notype. Interactions were also robust to adjustment for various
lifestyle and dietary factors. Nevertheless, we cannot exclude
the possibility that some other variable, highly correlated with
GL, is interacting with TCF7L2. Finally, because this is the first
study to explore the interaction between carbohydrate quality
and TCF7L2, replication is required to confirm our findings.

In conclusion, carbohydrate quality and quantity of the diet-
modified risk of T2D associated with TCF7L2, which suggests
that, in situations of high glucose concentrations or insulin demand,
the changes in risk of T2D attributable to TCF7L2-associated risk
alleles is magnified. The current findings contribute to our un-
derstanding of the etiologic role of TCF7L2 in T2D development
and may also have implications for prevention of T2D in individuals
harboring TCF7L2 risk alleles through dietary intervention.

We thank Patrice Soule and Hardeep Ranu of the Dana Farber/Harvard

Cancer Center Genotyping Core for sample preparation and genotyping.

We are indebted to the participants in the NHS for their dedication and

commitment.

The authors’ responsibilities were as follows—MCC and LQ: completed

the statistical analysis; MCC: prepared the first draft of the manuscript; FBH:

obtained funding and provided supervision; and all authors: contributed to the

data interpretation and critically revised the manuscript. None of the authors

had a personal or financial conflict of interest.

REFERENCES
1. Hogan P, Dall T, Nikolov P. Economic costs of diabetes in the US in

2002. Diabetes Care 2003;26:917–32.
2. Kaprio J, Tuomilehto J, Koskenvuo M, et al. Concordance for type

1 (insulin-dependent) and type 2 (non-insulin-dependent) diabetes melli-
tus in a population-based cohort of twins in Finland. Diabetologia 1992;
35:1060–7.

3. Risch N. Linkage strategies for genetically complex traits. I. Multilocus
models. Am J Hum Genet 1990;46:222–8.

4. Grant SF, Thorleifsson G, Reynisdottir I, et al. Variant of transcription
factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes. Nat Genet
2006;38:320–3.

5. Florez JC. The new type 2 diabetes gene TCF7L2. Curr Opin Clin Nutr
Metab Care 2007;10:391–6.

6. Zhang C, Qi L, Hunter DJ, et al. Variant of transcription factor 7-like 2
(TCF7L2) gene and the risk of type 2 diabetes in large cohorts of U.S.
women and men. Diabetes 2006;55:2645–8.

7. Korinek V, Barker N, Moerer P, et al. Depletion of epithelial stem-cell
compartments in the small intestine of mice lacking Tcf-4. Nat Genet
1998;19:379–83.

8. Parton LE, McMillen PJ, Shen Y, et al. Limited role for SREBP-1c in
defective glucose-induced insulin secretion from Zucker diabetic fatty
rat islets: a functional and gene profiling analysis. Am J Physiol En-
docrinol Metab 2006;291:E982–94.

9. Lyssenko V, Lupi R, Marchetti P, et al. Mechanisms by which common
variants in the TCF7L2 gene increase risk of type 2 diabetes. J Clin
Invest 2007;117:2155–63.

10. Yi F, Brubaker PL, Jin T. TCF-4 mediates cell type-specific regulation of
proglucagon gene expression by beta-catenin and glycogen synthase
kinase-3beta. J Biol Chem 2005;280:1457–64.

11. Elbein SC, Chu WS, Das SK, et al. Transcription factor 7-like 2 poly-
morphisms and type 2 diabetes, glucose homeostasis traits and gene
expression in US participants of European and African descent. Dia-
betologia 2007;50:1621–30.

12. Watanabe RM, Allayee H, Xiang AH, et al. Transcription factor 7-like 2
(TCF7L2) is associated with gestational diabetes mellitus and interacts
with adiposity to alter insulin secretion in Mexican Americans. Diabetes
2007;56:1481–5.

13. Saxena R, Gianniny L, Burtt NP, et al. Common single nucleotide
polymorphisms in TCF7L2 are reproducibly associated with type
2 diabetes and reduce the insulin response to glucose in nondiabetic
individuals. Diabetes 2006;55:2890–5.

14. Damcott CM, Pollin TI, Reinhart LJ, et al. Polymorphisms in the
transcription factor 7-like 2 (TCF7L2) gene are associated with type 2
diabetes in the Amish: replication and evidence for a role in both insulin
secretion and insulin resistance. Diabetes 2006;55:2654–9.

15. Florez JC, Jablonski KA, Bayley N, et al. TCF7L2 polymorphisms and
progression to diabetes in the Diabetes Prevention Program. N Engl J
Med 2006;355:241–50.

16. Kirchhoff K, Machicao F, Haupt A, et al. Polymorphisms in the
TCF7L2, CDKAL1 and SLC30A8 genes are associated with impaired
proinsulin conversion. Diabetologia 2008;51:597–601.

17. Palmer ND, Goodarzi MO, Langefeld CD, et al. Quantitative trait
analysis of T2D susceptibility loci identified from whole genome as-
sociation studies in the Insulin Resistance Atherosclerosis Family Study.
Diabetes 2008;57:1093–100.

18. Scott LJ, Bonnycastle LL, Willer CJ, et al. Association of transcription
factor 7-like 2 (TCF7L2) variants with type 2 diabetes in a Finnish
sample. Diabetes 2006;55:2649–53.

19. Dahlgren A, Zethelius B, Jensevik K, Syvanen AC, Berne C. Variants of
the TCF7L2 gene are associated with beta cell dysfunction and confer an
increased risk of type 2 diabetes mellitus in the ULSAM cohort of
Swedish elderly men. Diabetologia 2007;50:1852–7.

20. Loos RJ, Franks PW, Francis RW, et al. TCF7L2 polymorphisms
modulate proinsulin levels and beta-cell function in a British Europid
population. Diabetes 2007;56:1943–7.

21. Schafer SA, Tschritter O, Machicao F, et al. Impaired glucagon-like
peptide-1-induced insulin secretion in carriers of transcription factor
7-like 2 (TCF7L2) gene polymorphisms. Diabetologia 2007;50:
2443–50.

22. Pearson ER, Donnelly LA, Kimber C, et al. Variation in TCF7L2
influences therapeutic response to sulfonylureas: a GoDARTs study.
Diabetes 2007;56:2178–82.

23. Jenkins DJ, Wolever TM, Taylor RH, et al. Glycemic index of foods:
a physiological basis for carbohydrate exchange. Am J Clin Nutr 1981;
34:362–6.

24. Ludwig DS. The glycemic index: physiological mechanisms relating to
obesity, diabetes, and cardiovascular disease. JAMA 2002;287:2414–23.

25. Willett W, Manson J, Liu S. Glycemic index, glycemic load, and risk of
type 2 diabetes. Am J Clin Nutr 2002;76(suppl):274S–80S.

26. Schulze MB, Liu S, Rimm EB, Manson JE, Willett WC, Hu FB. Gly-
cemic index, glycemic load, and dietary fiber intake and incidence of
type 2 diabetes in younger and middle-aged women. Am J Clin Nutr
2004;80:348–56.

27. Salmeron J, Ascherio A, Rimm EB, et al. Dietary fiber, glycemic load,
and risk of NIDDM in men. Diabetes Care 1997;20:545–50.

28. Jenkins DJ, Wolever TM, Collier GR, et al. Metabolic effects of
a low-glycemic-index diet. Am J Clin Nutr 1987;46:968–75.

29. Hu FB, van Dam RM, Liu S. Diet and risk of Type II diabetes: the role
of types of fat and carbohydrate. Diabetologia 2001;44:805–17.

30. Colditz GA, Hankinson SE. The Nurses’ Health Study: lifestyle and
health among women. Nat Rev Cancer 2005;5:388–96.

31. Willett WC. Nutritional epidemiology. New York, NY: Oxford Univer-
sity Press, 1998.

32. Hu FB, Doria A, Li T, et al. Genetic variation at the adiponectin locus
and risk of type 2 diabetes in women. Diabetes 2004;53:209–13.

33. Hu FB, Leitzmann MF, Stampfer MJ, Colditz GA, Willett WC, Rimm
EB. Physical activity and television watching in relation to risk for type
2 diabetes mellitus in men. Arch Intern Med 2001;161:1542–8.

34. Manson JE, Rimm EB, Stampfer MJ, et al. Physical activity and incidence of
non-insulin-dependent diabetes mellitus in women. Lancet 1991;338:774–8.

35. National Diabetes Data Group. Classification and diagnosis of diabetes
mellitus and other categories of glucose intolerance. Diabetes 1979;28:
1039–57.

TCF7L2, DIETARY CARBOHYDRATE, AND TYPE 2 DIABETES 1261



36. Report of the Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus. Diabetes Care 1997;20:1183–97.

37. USDA. Composition of foods: raw, processed and prepared. 1963–1992.
Washington, DC: US Department of Agriculture, 1993.

38. Miller JB, Pang E, Broomhead L. The glycaemic index of foods con-
taining sugars: comparison of foods with naturally-occurring v. added
sugars. Br J Nutr 1995;73:613–23.

39. Atkinson FS, Foster-Powell K, Brand-Miller JC. International tables of
glycemic index and glycemic load values: 2008. Diabetes Care 2008;31:
2281–3.

40. Willett WC, Sampson L, Stampfer MJ, et al. Reproducibility and val-
idity of a semiquantitative food frequency questionnaire. Am J Epi-
demiol 1985;122:51–65.

41. Salvini S, Hunter DJ, Sampson L, et al. Food-based validation of a di-
etary questionnaire: the effects of week-to-week variation in food con-
sumption. Int J Epidemiol 1989;18:858–67.

42. Liu S, Manson JE, Stampfer MJ, et al. Dietary glycemic load assessed
by food-frequency questionnaire in relation to plasma high-density-
lipoprotein cholesterol and fasting plasma triacylglycerols in post-
menopausal women. Am J Clin Nutr 2001;73:560–6.

43. Rimm EB, Giovannucci EL, Willett WC, et al. Prospective study of
alcohol consumption and risk of coronary disease in men. Lancet 1991;
338:464–8.

44. Colditz GA, Manson JE, Hankinson SE. The Nurses’ Health Study:
20-year contribution to the understanding of health among women.
J Womens Health 1997;6:49–62.

45. Wolf AM, Hunter DJ, Colditz GA, et al. Reproducibility and validity of
a self-administered physical activity questionnaire. Int J Epidemiol
1994;23:991–9.

46. Rimm EB, Stampfer MJ, Colditz GA, Chute CG, Litin LB, Willett WC.
Validity of self-reported waist and hip circumferences in men and
women. Epidemiology 1990;1:466–73.

47. Wang J, Kuusisto J, Vanttinen M, et al. Variants of transcription factor
7-like 2 (TCF7L2) gene predict conversion to type 2 diabetes in the
Finnish Diabetes Prevention Study and are associated with impaired
glucose regulation and impaired insulin secretion. Diabetologia 2007;
50:1192–200.

48. Montonen J, Knekt P, Jarvinen R, Aromaa A, Reunanen A. Whole-grain
and fiber intake and the incidence of type 2 diabetes. Am J Clin Nutr
2003;77:622–9.

49. Field AE, Coakley EH, Must A, et al. Impact of overweight on the risk
of developing common chronic diseases during a 10-year period. Arch
Intern Med 2001;161:1581–6.

50. Gregg EW, Cadwell BL, Cheng YJ, et al. Trends in the prevalence and
ratio of diagnosed to undiagnosed diabetes according to obesity levels in
the U.S. Diabetes Care 2004;27:2806–12.

1262 CORNELIS ET AL


