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Whole grains are known to influence postprandial glucose response and insulin demand and are inversely associated with diabetes risk. Genetic
variation of the transcription factor-7-like 2 encoding gene (TCF7L2) is assumed to promote an early insulin secretory defect and has been consistently attributed to the risk of developing type 2 diabetes. The present study examined the hypothesis that the protective effect of whole grains
might be attenuated in the presence of the rs7903146 risk-conferring T-allele. We employed a case –cohort study of 2318 randomised individuals
and 724 incident type 2 diabetes cases from the European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam cohort. Multivariate
Cox regression was used to estimate relative risks of diabetes including product terms testing for the genotype-specific effect modification of dietary whole grain. Dietary intake of whole grains was assessed by a validated FFQ. The TCF7L2 rs7903146 T-allele was associated with type 2
diabetes (hazard ratio ¼ 1·51; 95 % CI 1·21, 1·87) and modified the inverse association between whole-grain intake and diabetes risk (P¼ 0·016 for
interaction). While whole-grain intake was inversely associated with diabetes risk among rs7903146 CC homozygote carriers (hazard ratio for 50 g
portion per d ¼ 0·86; 95 % CI 0·75, 0·99), the T-allele negated the protective effect of whole-grain intake (hazard ratio among T-allele carriers for
50 g portion per d ¼ 1·08; 95 % CI 0·96, 1·23). These data provide evidence that the beneficial effect of whole-grain intake on diabetes risk is
modified by TCF7L2 rs7903146.
Type 2 diabetes: Dietary whole grains: TCF7L2 polymorphisms: Gene –diet interaction: Prospective cohort studies

The consumption of whole grains has consistently been found
to be inversely associated with type 2 diabetes risk in prospective studies(1,2). Whole grains may lead to a prolongation and
reduction of intestinal glucose absorption and thus to a lower
postprandial insulin secretory demand. However, it is reasonable to assume that the effect of whole grains to reduce type 2
diabetes risk may depend on variation in the genes involved
in the process of insulin secretion in the pancreatic b-cells.
The transcription factor-7-like 2 (TCF7L2) gene is a major
susceptibility locus for type 2 diabetes(3,4) and polymorphisms
in this gene are suggested to lead to diabetes by means of a
reduced insulin secretion(5). Thus, we hypothesised that variation in the TCF7L2 gene might influence the association
between the intake of whole grains and type 2 diabetes risk,
and evaluated this potential association in the large, population-based European Prospective Investigation into Cancer
and Nutrition (EPIC)-Potsdam cohort study.

Experimental methods
Study population
The EPIC-Potsdam study comprises 27 548 subjects from the
general population of the Potsdam area in Northern Germany,
mainly aged 35–65 years at recruitment (1994–8)(6,7). We
designed a prospective case –cohort study of 849 incident
type 2 diabetes cases identified during a mean follow-up
time of 7·1 years and 2500 randomly selected individuals (subcohort) from all participants of the EPIC-Potsdam study.
Identification and verification of incident cases have been
described in detail before(1). From the subcohort, 2322 subjects remained for analysis after exclusion of participants
with a history of diabetes at baseline, with self-reported diabetes during follow-up but without physicians’ confirmation,
and those without relevant baseline information, blood
samples, and fully obtained follow-up data. Furthermore,
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individuals reporting implausible energy intake (cutpoints of
less than 3350 kJ/d or more than 25 100 kJ/d) were excluded
from analysis, resulting in a final subcohort population of
2318 subjects. Of the 849 incident cases, 798 remained for
analysis after similar exclusion criteria. Because the subcohort
is representative of the full cohort at baseline, seventy-four
incident cases belonged to the subcohort and 724 cases were
so called ‘external cases’ identified in the remainder of the
full cohort. Informed consent was obtained from all study participants, and approval was given by the Ethical Committee of
the State of Brandenburg, Germany.

covariates were included. The product terms are not the classic
interaction terms, but allow estimation of the effect of nutrient
intake in the genotype groups separately. A parameter of a
gene –nutrient product term that is significantly different from
zero can be interpreted as a significant nutrient effect in the carriers of the corresponding genotype. The power to detect a genotype-specific environmental effect is somewhat higher than that
of a subgroup analysis with separate models for each genotype.
We used information on covariates obtained from the baseline
examination, including age, sex, waist circumference, BMI,
sports activity (0, 0·1 –4·0, . 4·0 h/week), occupational activity
(low, medium, high), educational attainment (less than high
school, high school, more than high school), cigarette smoking
(never, past, current , twenty cigarettes/d, current $ twenty
cigarettes/d), alcohol intake (0, 0 $ 5, 5 $ 10, 10 $ 20,
20 $ 40, and . 40 g/d), red meat (per 150 g/d), processed
meat (per 50 g/d), low-fat dairy (per 150 g/d), butter (per
20 g/d), margarine and vegetable oil (per 20 g/d) consumption,
coffee intake (per 150 ml/d) and total energy intake (kJ/d).
The statistical analyses were performed with SAS release 9.1
(SAS Institute, Cary, NC, USA).

Dietary assessment
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Frequency of intake and the portion size of 148 foods consumed during the 12 months before examination were
measured with a validated FFQ. Information on frequency of
intake and portion size was used to calculate the amount of
food items in grams consumed on average per d. We calculated total whole-grain intake as the sum of whole-grain
bread, whole-grain bread rolls, and whole-grain cereals and
considered 50 g as one portion, equalling about one slice of
bread or one roll in this population. The validity and reproducibility of the FFQ have been described previously(8,9).

Results
Cox proportional hazard ratios of TCF7L2 single nucleotide
polymorphisms located in the 64·6 kb linkage-disequilibrium
region of the gene with type 2 diabetes are shown in Table 1.
Among those TCF7L2 polymorphisms, rs7903146 C . T
showed the strongest association with type 2 diabetes risk
(hazard ratio for T-allele carriers ¼ 1·51; 95 % CI 1·21, 1·87)
when we adjusted for age, sex, BMI and waist circumference.
We then evaluated whether TCF7L2 rs7903146 and whole
grain interact in the prediction of type 2 diabetes by including
the product terms of genotype £ whole-grain intake into the
model. Whole-grain intake was significantly inversely associated with type 2 diabetes risk in rs7903146 C homozygotes
(hazard ratio per 50 g/d portion ¼ 0·86; 95 % CI 0·75, 0·99)
after adjustment for age, sex, anthropometry, lifestyle and
dietary confounders (Fig. 1). However, no association of
whole-grain intake with diabetes risk was seen among
T-allele carriers (hazard ratio per 50 g/d portion ¼ 1·08;
95 % CI 0·96, 1·23). The difference between genotype-specific
hazard ratios was statistically significant (P¼0·016). These
associations were similar in crude models only adjusted for
age (data not shown). The exclusion of study subjects
(n 178) with baseline glucose concentrations greater then

Genotyping
Genotyping was performed with the TaqMan System (Applied
Biosystems, Foster City, CA, USA) using 5 ng of wholegenome amplified DNA per single nucleotide polymorphism
as described before(10). An average genotyping success rate
of 98·1 % was achieved. Replicate quality-control samples
(6 %) were included and genotyped with $99 % concordance.
Statistical analysis
Hazard ratios were computed using a weighted Cox proportional
hazards model, modified for the case –cohort design according
to the Barlow method(11). To determine the interaction effect
between TCF7L2 rs7903146, whole-grain intake and diabetes
risk, we modelled whole-grain intake as a continuous variable
(per 50 g/d portion), calculated genotype £ whole-grain intake
product terms in a multivariate adjusted Cox model, and
performed linear hypothesis tests about the regression coefficients. In the model, genotype CT þ TT, ‘CC £ whole grains’
and ‘CT þ TT £ whole grains’ product terms, and additional

Table 1. Association of transcription factor-7-like 2 (TCF7L2) single nucleotide polymorphisms with
type 2 diabetes risk*
Genotype n†

rs7901695
rs7903146
rs11196205
rs12255372

Minor allele carriers

11

12

22

Hazard ratio

95 % CI

P

359/1198
376/1249
221/657
389/1255

315/832
319/821
350/1074
317/823

93/175
78/155
204/479
66/131

1·44
1·51
1·24
1·36

1·16, 1·79
1·21, 1·87
0·98, 1·58
1·10, 1·68

0·001
0·0002
0·08
0·005

11, Homozygote major allele carriers; 12, heterozygotes; 22, homozygote minor allele carriers.
* Hazard ratios and 95 % CI adjusted for age, sex, BMI and waist circumference.
† Number of incident cases and non-diabetic subjects from the subcohort.
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Fig. 1. Hazard ratios (HR) of type 2 diabetes for whole grains (50 g/d portion)
according to transcription factor-7-like 2 (TCF7L2) rs7903146 genotype.
HR for whole grains were adjusted for age, sex, BMI, waist circumference,
educational attainment, occupational activity, sports activity, cigarette smoking, consumption of alcohol, red meat, processed meat, low-fat dairy, butter,
margarine and vegetable fat, coffee, and total energy intake (kJ/d). Vertical
bars represent 95 % CI. n, Number of incident cases and non-diabetic subjects
from the subcohort. For the CC genotype, HR ¼ 0·86 (95 % CI 0·75, 0·99); for
the CTþTT genotype, HR ¼ 1·08 (95 % CI 0·96, 1·23). * HR for the CTþ TT
genotype was significantly different from that for the CC genotype (P, 0·016).

The present study was supported by grants from the European
Union (EUGENE2, LSHM-CT 204 512013), the German Ministry of Science and Technology (NGFN2, 01GS0487) and the
Federal Ministry of Education and Research (AZ 0313437D).
E. F. was responsible for analysis and manuscript preparation;
H. B. was responsible for design, subject evaluation and data
collection; A. F. was responsible for revision of the manuscript; F. D. was responsible for data collection and revision
of the manuscript; H. G. J. was responsible for revision of
the manuscript and M. S. was responsible for design, subject
evaluation, data collection and revision of the manuscript.
None of the authors had any financial, personal or other
conflict of interest.
References
1.

2.

1260 mg/l in our analyses only produced minor changes in risk
ratios and the difference between genotype groups remained
significant (data not shown).

3.

Discussion
In the US Diabetes Prevention Program, there was no apparent
difference in diabetes-free survival under an intensive lifestyle
intervention between TCF7L2 rs7903146 genotypes(12), allowing the assumption that behavioural intervention can mitigate
the risk conferred by the genetic background. However, the
lifestyle intervention aimed at a reduction of body weight by
increasing physical activity and by modifying diet, in particular fat intake, and succeeded primarily by improving insulin
sensitivity. However, genetic variation in TCF7L2 is specifically associated with impaired insulin secretion(5). In the present study, we found that the protective effect of whole-grain
intake on diabetes risk exclusively applied to CC genotype
carriers of rs7903146, whereas subjects carrying the T-allele
seemed to exhibit no benefit from whole-grain consumption.
This suggests that the detrimental effect of the risk allele
might mitigate the beneficial effect of whole grains on type
2 diabetes risk. The beneficial effect of whole grains may at
least partly be related to their high fibre content. Proposed
mechanisms, for soluble fibres in particular, involve delayed
gastric emptying, inhibition of a-amylase, and a reduction of
intestinal transit times, leading to a prolongation and reduction
of intestinal glucose absorption and thus to a lower postprandial insulin secretory demand. Fibres in whole grains may
also stimulate gastrointestinal hormone secretion, in particular
gastric inhibitory polypeptide and glucagon-like peptide-1
(GLP-1)(13,14). Because the insulin-secretory defect of the
TCF7L2 variant may arise from reduced GLP-1 efficiency
rather then GLP-1 secretion(15,16), the beneficial effects of
fibre-rich whole grains might be diminished in the context
of a genetically disturbed GLP-1 action.
In conclusion, we found that the inverse association
between whole-grain consumption and type 2 diabetes risk
might depend on variation in TCF7L2.

4.
5.
6.

7.

8.

9.

10.

11.
12.

13.

Schulze MB, Schulz M, Heidemann C, Schienkiewitz A, Hoffmann K & Boeing H (2007) Fiber and magnesium intake and
incidence of type 2 diabetes: a prospective study and meta-analysis. Arch Intern Med 167, 956–965.
de Munter JS, Hu FB, Spiegelman D, Franz M & van Dam RM
(2007) Whole grain, bran, and germ intake and risk of type 2
diabetes: a prospective cohort study and systematic review.
PLoS Med 4, e261.
Cauchi S, El Achhab Y, Choquet H, et al. (2007) TCF7L2 is
reproducibly associated with type 2 diabetes in various ethnic
groups: a global meta-analysis. J Mol Med 85, 777– 782.
Florez JC (2007) The new type 2 diabetes gene TCF7L2. Curr
Opin Clin Nutr Metab Care 10, 391– 396.
Weedon MN (2007) The importance of TCF7L2. Diabet Med
24, 1062 –1066.
Boeing H, Korfmann A & Bergmann MM (1999) Recruitment
procedures of EPIC-Germany. European Investigation into
Cancer and Nutrition. Ann Nutr Metab 43, 205– 215.
Bergmann MM, Bussas U & Boeing H (1999) Follow-up
procedures in EPIC-Germany – data quality aspects. European
Prospective Investigation into Cancer and Nutrition. Ann Nutr
Metab 43, 225– 234.
Bohlscheid-Thomas S, Hoting I, Boeing H & Wahrendorf J
(1997) Reproducibility and relative validity of food group
intake in a food frequency questionnaire developed for the
German part of the EPIC project. European Prospective Investigation into Cancer and Nutrition. Int J Epidemiol 26, Suppl. 1,
S59 –S70.
Kroke A, Klipstein-Grobusch K, Voss S, Moseneder J, Thielecke F, Noack R & Boeing H (1999) Validation of a self-administered food-frequency questionnaire administered in the
European Prospective Investigation into Cancer and Nutrition
(EPIC) Study: comparison of energy, protein, and macronutrient
intakes estimated with the doubly labeled water, urinary nitrogen, and repeated 24 h dietary recall methods. Am J Clin Nutr
70, 439– 447.
Hampe J, Wollstein A, Lu T, Frevel HJ, Will M, Manaster C &
Schreiber S (2001) An integrated system for high throughput
TaqMan based SNP genotyping. Bioinformatics 17, 654– 655.
Barlow WE, Ichikawa L, Rosner D & Izumi S (1999) Analysis
of case – cohort designs. J Clin Epidemiol 52, 1165 –1172.
Florez JC, Jablonski KA, Bayley N, Pollin TI, de Bakker PI,
Shuldiner AR, Knowler WC, Nathan DM & Altshuler D
(2006) TCF7L2 polymorphisms and progression to diabetes
in the Diabetes Prevention Program. N Engl J Med 355,
241– 250.
Hagander B, Schersten B, Asp NG, Sartor G, Agardh CD,
Schrezenmeir J, Kasper H, Ahren B & Lundquist I (1984)

Downloaded from https://www.cambridge.org/core. IP address: 3.226.254.115, on 18 Nov 2019 at 01:27:29, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114508020369

480

British Journal of Nutrition

Effect of dietary fibre on blood glucose, plasma immunoreactive
insulin, C-peptide and GIP responses in non insulin dependent
(type 2) diabetics and controls. Acta Med Scand 215, 205– 213.
14. Juntunen KS, Niskanen LK, Liukkonen KH, Poutanen KS, Holst
JJ & Mykkanen HM (2002) Postprandial glucose, insulin, and
incretin responses to grain products in healthy subjects. Am J
Clin Nutr 75, 254 – 262.

481
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