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Abstract

The T allele of TCF7L2 rs7903146 is a common genetic variant associated with type 2 
diabetes (T2D), possibly by modulation of incretin action. In this study, we evaluated the 
effect of the TCF7L2 rs7903146 T allele on the incretin effect and other glucometabolic 
parameters in normal glucose tolerant individuals (NGT) and participants with T2D. 
The rs7903146 variant was genotyped in cohorts of 61 NGT individuals (23 were 
heterozygous (CT) or homozygous (TT) T allele carriers) and 43 participants with T2D (20 
with CT/TT). Participants were previously examined by an oral glucose tolerance test 
(OGTT) and a subsequent isoglycemic intravenous glucose infusion (IIGI). The incretin 
effect was assessed by quantification of the difference in integrated beta cell secretory 
responses during the OGTT and IIGI. Glucose and hormonal levels were measured during 
experimental days, and from these, indices of beta cell function and insulin sensitivity were 
calculated. No genotype-specific differences in the incretin effect were observed in the 
NGT group (P = 0.70) or the T2D group (P = 0.68). NGT T allele carriers displayed diminished 
glucose-dependent insulinotropic polypeptide response during OGTT (P = 0.01) while T 
allele carriers with T2D were characterized by lower C-peptide AUC after OGTT (P = 0.04) 
and elevated glucose AUC after OGTT (P = 0.04). In conclusion, our findings do not exclude 
that this specific TCF7L2 variant increases the risk of developing T2D via diminished incretin 
effect, but genotype-related defects were not detectable in these cohorts.
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Introduction

Type 2 diabetes is a multifactorial disorder with 
environmental triggers such as a sedentary lifestyle, 
physical inactivity and ensuing overweight. Genetic 
predisposition also plays an important role in the 
development of the disease, as shown by studies in 
twins and families with type 2 diabetes (1, 2). Type 2 
diabetes is characterized by hyperglycemia due to insulin 
resistance and a progressive loss of beta cell function. 
The pathogenesis of type 2 diabetes also involves chronic 
hyperglucagonemia and a severely reduced incretin effect 
(3, 4, 5). The incretin effect refers to the greater insulin 
response during oral glucose ingestion compared to 
isoglycemic intravenous (IV) glucose infusion (IIGI) (5). 
The incretin effect is mediated by the two gut hormones 
glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide 1 (GLP-1) (6). These hormones are 
secreted from enteroendocrine K and L cells, situated 
in the intestinal mucosa, in response to ingestion of 
nutrients. Both GIP and GLP-1 are insulinotropic in a 
glucose-dependent manner, that is, when glucose levels 
are elevated above fasting levels (7).

In 2006, it was discovered that a common SNP 
in TCF7L2 was associated with type 2 diabetes in an 
Icelandic population (8). This finding has been replicated 
in European, North American and other ethnic groups (9, 
10, 11), and to date, the T allele of the SNP rs7903146 
located within the TCF7L2 gene is a strong genetic 
predictor of type 2 diabetes with an odds ratio of ~1.4 per 
allele (8, 12, 13). The molecular mechanisms linking the T 
allele of the TCF7L2 variant rs7903146 and the increased 
risk of type 2 diabetes remain uncertain. TCF7L2 encodes 
a widely expressed transcription factor in the Wnt/ 
β-catenin signaling pathway (14). TCF7L2 may also exert 
its effect via regulation of neighboring genomic regions 
(15). The TCF7L2 variant has been linked to impaired 
incretin-stimulated insulin secretion as well as changes in 
incretin metabolism in a number of studies (12, 16, 17, 18, 
19, 20, 21, 22, 23, 24). Additionally, functional studies of 
rs7903146 suggest that TCF7L2 activity has effects related 
to gastric function, early onset of type 2 diabetes, hepatic 
lipid metabolism, pancreatic islet function, proinsulin 
conversion and insulin synthesis and secretion (10, 25, 
26, 27, 28, 29, 30, 31, 32, 33). Together, these findings 
point to a central role for TCF7L2 in the pathogenesis 
of some type 2 diabetes phenotypes. In T allele carriers 
with obesity and/or impaired glucose tolerance, the 
incretin effect is reduced compared to their C allele carrier 
counterparts (17, 24). However, the specific contribution 

of the T allele to the reduced incretin effect observed in 
these studies is difficult to disentangle as both obesity and 
reduced glucose intolerance is associated with a reduced 
incretin effect (34, 35). Nevertheless, the well-described 
impaired incretin effect in patients with type 2 diabetes 
may to some extent be caused by this specific genetic 
variation in TCF7L2 (17, 24). We, therefore, evaluated the 
impact of the T allele of TCF7L2 rs7903146 on the incretin 
effect in individuals with normal glucose tolerance and 
participants with type 2 diabetes separately to see if the 
findings from previous functional association studies 
applying the same methods as here were reproducible in 
these groups of participants. 

Materials and methods

Subjects

One hundred and four participants (34 females) from 8 
separate studies in which the incretin effect had been 
investigated using OGTTs and IIGIs were included 
in the present study (4, 34, 36, 37, 38, 39, 40, 41). 
Only individuals with normal glucose tolerance and 
participants with type 2 diabetes from these studies were 
included in our analysis, and thus, participants with 
end-stage renal disease, maturity-onset diabetes in the 
young or vagotomy were excluded. Sixty-one participants 
displayed normal glucose tolerance and 43 participants 
were diagnosed with type 2 diabetes according to WHO 
criteria at least 3 months before inclusion in the original 
studies. All participants with normal glucose tolerance 
were healthy, without family history of diabetes and had 
normal glucose tolerance according to an oral glucose 
tolerance test (OGTT) performed immediately before 
inclusion in the study. Participants with type 2 diabetes 
were diagnosed according to the criteria of the World 
Health Organization at least 3 months before inclusion in 
the original studies. After a washout period of no less than 
a week, none of the participants with type 2 diabetes were 
treated with drugs likely to affect the responses of glucose, 
insulin, C-peptide, GIP or GLP-1 during experimental 
days. All were well treated with regard to plasma lipids 
and blood pressure. None of the participants had impaired 
renal function, microalbuminuria or proliferative 
retinopathy. Eight had non-alcoholic fatty liver disease 
(NAFLD) in addition to type 2 diabetes; diagnosed based 
on histology and graded according to the quantity of 
hepatic fat infiltration (NAFLD ≥ 5% fat infiltration).  
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All participants were between 21 and 80 years of age, 
negative with regard to islet cell autoantibodies and 
glutamic acid decarboxylase-65 autoantibodies. Additional 
medications, if any, were paused for 12 h in both groups. 
All subjects agreed to participate after receiving oral 
and written information. The protocol for the present  
study was approved by the Scientific-Ethical Committee 
of the Capital Region of Denmark (registration no. H-1-
2014-104).

Study protocol and experimental procedures

All experiments were performed following the same 
protocol in our group and has been described thoroughly 
elsewhere (4, 34, 36, 37, 38, 39, 40, 41). In short, all 
participants were studied on two occasions: (i) during an 
OGTT (with a time frame of minimum 3 h) and; (ii) during 
a subsequent IIGI where the individual plasma glucose 
levels from the preceding OGTT were mimicked. The 
OGTT and the IIGI days were separated by at least 24 h. 
Before each occasion, the participants with type 2 diabetes 
were instructed not to take their oral antidiabetic therapy 
(if any) for a week. On both occasions, the participants 
were studied in the morning after an overnight fast (10 h)  
including liquids, medications and tobacco. On the day 
of the OGTT, the participants ingested 50 or 75 g of 
water-free glucose dissolved in water. Arterialized venous 
blood (i.e. drawn from a heated extremity) was drawn at 
regular intervals (0, 10, 20, 30, 40, 50, 60, 75, 90, 120, 
150 and 180 min) after ingestion of glucose to determine 
plasma/serum concentrations of glucose, glucagon,  
GLP-1, GIP, insulin and C-peptide. Subsequently, the 
IIGIs were performed using 20% (w/v) glucose infusion. 
The infusion rate was adjusted to copy the plasma glucose 
profile during the OGTT. Arterialized blood was sampled 
as on OGTT days, except for more frequent plasma glucose 
sampling to adjust the glucose infusion rate.

Biochemical analyses

Analyses for serum insulin and C-peptide and plasma 
glucose, glucagon, total GIP and total GLP-1 were 
performed as previously described (4, 34, 36, 37, 38, 39, 
40, 41).

Genotyping

DNA was prepared from blood sample lymphocytes and 
the TCF7L2 rs7903146 polymorphism was genotyped 
by the Illumina Infinium HumanCoreExome Beadchip 

platform (Illumina, San Diego, CA). Genotypes were 
obtained using the Genotyping module (version 1.9.4) 
of GenomeStudio software (version 2011.1, Illumina). 
Standard quality control was applied (42).

Calculations

AUC values were calculated using the trapezoidal 
rule and are presented as total or incremental AUC. 
Incremental AUC was calculated as baseline-subtracted, 
and consequently includes both positive and negative 
areas related to baseline. Incretin effect was calculated 
by relating the difference in integrated beta cell secretory 
responses between stimulation with OGTT and IIGI to the 
response after OGTT, which was taken as 100% (incretin 
effect (%) = 100% × (AUCOGTT − AUCIIGI)/AUCOGTT) (5). 
The insulinogenic index30 min (IGI30), an estimate of beta 
cell function from the OGTT, was calculated by relating 
the increment of insulin to that of plasma glucose 30 
min after glucose ingestion (IGI30 = (I30 − I0)/(G30 − G0)) 
(43). Oral glucose-insulin sensitivity120 min (OGIS120) (44), 
an assessment of insulin sensitivity from the OGTT, was 
calculated using the glucose values at time points 0, 90 
and 120 min and insulin values at time points 0 and  
90 min of the OGTT (44). Disposition index was 
calculated by relating the beta cell function index to the 
insulin sensitivity index (IGI30/OGIS120). There were small 
differences in blood sampling intervals between studies, 
therefore, missing data from four studies at time points 
40, 50 and 75 min were generated by linear extrapolation 
of existing data points. 

Statistical analyses

Data are presented as means ± s.e.m. unless otherwise 
stated. Group differences in gender distribution and 
OGTT glucose dose were compared using the Chi2 test for 
independence. Group differences in anthropometrics and 
parameters of glucose homeostasis were compared using 
the appropriate two-tailed unpaired Student’s t-test. Group 
differences in AUCs were tested by ANOVA using a mixed 
model including subject ID as random factor and glucose 
dose during OGTT as co-variance structure with the 
‘nlme’ package in the statistical software R. Multivariate 
linear regression analyses were performed in both groups 
to adjust for the potential effects of age, BMI, glucose dose 
during OGTT and gender on the incretin effect, 2-h plasma 
glucose after OGTT, insulin sensitivity (OGIS120), beta cell 
function (IGI30) and disposition index. One outlier was 
excluded from the analysis due to a highly implausible 
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incretin effect (−460%). The absence of multicollinearity 
was confirmed by the variance inflation factor with a cut-
off value of 1.5 using the ‘car’ package in R. To avoid false 
negatives in our relatively small dataset, no correction for 
multiple comparisons was applied. Thus, P values <0.05 
were considered statistically significant. For all statistical 
analysis, R statistical software version 3.6.1 was used 
(www.r-project.org).

Power analysis

Standard deviations from a previously published study 
(17) was used to calculate the power of our analysis. In the 
normal glucose tolerance group, we estimated that with 23 
participants in each group, we would have 84.1% power 
to detect differences in the incretin effect of 10% between 
the two groups with a significance level of 0.05 in an 
unpaired two-sided t-test. With slightly fewer participants 
in the type 2 diabetes group, the corresponding power 
level was 78.6% to detect differences of 10% between the 
two groups with a significance level of 0.05 in an unpaired 
two-sided t-test. 

Results

Characteristics of the study participants

We studied 61 individuals with normal glucose tolerance 
of whom 22 were heterozygous carriers of the TCF7L2 
rs7903146 T allele (CT) and one was homozygous T allele 
carrier (TT). Forty-three subjects with type 2 diabetes 
were studied, of whom 15 were heterozygous carriers 
of the T allele (CT) and five were homozygous T allele 
carriers (TT). Participants with type 2 diabetes and NAFLD 
were distributed evenly in the two genotype groups. The 
homozygous individuals did not appear to be different 
from the heterozygous subjects with regards to their 
incretin effect and subject characteristics and were, 
therefore, analyzed with the heterozygous T allele carriers. 
No differences in age, BMI, fasting plasma glucose, HbA1c, 
2-h plasma glucose after OGTT, beta cell function, insulin 
sensitivity, peak plasma glucose or fasting hormone 
concentrations between T allele carriers and non-carriers 
were observed in the normal glucose tolerance group 
(Table 1). There were significant differences in peak 
plasma glucose (17.0 ± 0.6 (CC) vs 18.9 ± 0.6 (CT/TT) 
mmol/L, P = 0.02) and plasma glucose 2-h after OGTT 
(13.5 ± 0.6 (CC) vs 15.2 ± 0.5 (CT/TT) mmol/L, P = 0.04 
after adjusting for age, gender, BMI and glucose dose) in 

the type 2 diabetes group (Table 2). The remaining subject 
characteristics and glucometabolic parameters were 
similar among T allele carriers and non-carriers in the type 
2 diabetes group (Table 2). Based on multivariate linear 
regression analyses using age, sex, OGTT glucose dose 
(50/75 g), BMI and TCF7L2 (CC or CT/TT) as independent 
variables, no significant interaction between the TCF7L2 
rs7903146 T allele and IGI30, OGIS120 or disposition  
index30 was detected in the normal glucose tolerance 
group (Table 1) or in the type 2 diabetes group (Table 2).

Glucose and hormone levels during OGTT and IIGI

In the normal glucose tolerance group (Fig. 1 and Table 3), 
the T allele of rs7903146 was associated with decreased 
secretion of GIP in response to OGTT. This was most 

Table 1 Anthropometric and metabolic data of the normal 
glucose tolerance group.

Normal glucose tolerance group
CC CT/TT P

n (f/m) 14/24 3/20 0.09
50/75 g-OGTT 

(n/n)
21/17 14/9 0.87

Age (years) 51.1 ± 2.5 46.1 ± 3.7 0.28
BMI (kg/m2) 26.5 ± 0.8 24.9 ± 0.9 0.18
FPG (mmol/L) 5.3 ± 0.05 5.2 ± 0.08 0.48
HbA1c (mmol/

mol) (%)
35.8 ± 0.5 (5.35) 36.2 ± 0.5 (5.4) 0.51

2-h glucose 
(mmol/L)

5.4 ± 0.2 5.0 ± 0.2 0.17/0.11a

IGI30 119 ± 13 110 ± 13 0.66/0.85a

OGIS120 (mL × 
min × m2)

406 ± 6.9 424 ± 8.9 0.10/0.39a

Disposition 
index30

0.31 ± 0.04 0.27 ± 0.04 0.43/0.90a

Peak glucose 
(mmol/L)

9.6 ± 0.2 9.8 ± 0.3 0.65/0.59a

Fasting insulin 
(pmol/L)

55.0 ± 4.4 57.4 ± 6.9 0.94

Fasting 
C-peptide 
(pmol/L)

635 ± 51 601 ± 43 0.80

Fasting 
glucagon 
(pmol/L)

6.7 ± 0.6 7.5 ± 0.5 0.17

Fasting GLP-1 
(pmol/L)

11.9 ± 1.0 11.5 ± 1.0 0.93

Fasting GIP 
(pmol/L)

11.3 ± 0.9 14.7 ± 1.5 0.05

Data are means ± s.e.m.
aAdjusted for age, BMI, sex and glucose dose (75/50 g) in a multivariate 
linear model.
FPG, fasting plasma glucose; GIP, glucose-dependent insulinotropic 
polypeptide; GLP-1, glucagon-like peptide 1; IGI30, insulinogenic index (30 
min); OGIS120, oral glucose insulin sensitivity (from 120 min oral glucose 
tolerance test).

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-20-0471
https://ec.bioscientifica.com © 2020 The authors

Published by Bioscientifica Ltd

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-20-0471
https://ec.bioscientifica.com


D S Mathiesen et al. TCF7L2 and the incretin effect 12259:12

pronounced when analyzing incremental AUC for GIP 
(5349 ± 400 (CC) vs 3631 ± 513 (CT/TT) min × pmol/L, 
P = 0.01) (Table 3), and less so in the AUC for GIP 
(7643 ± 414 (CC) vs 6623 ± 535 (CT/TT) min × pmol/L, 
P = 0.11) (Table 3). Apart from this, the T allele was not 
associated with any differences in circulating levels of 
glucose, insulin, C-peptide, glucagon nor GLP-1 during 
OGTT or IIGI. Expectedly, there were significantly greater 
AUCs for insulin, C-peptide, glucagon, GLP-1 and GIP 
during OGTT compared to IIGI. This was independent of 
the genotype studied. 

In the type 2 diabetes group (Fig. 2 and Table 4), 
incremental AUC for glucose was significantly lower after 
OGTT in the non-carriers compared to T-allele carriers 

(2198 ± 79 (CC) vs 2446 ± 84 min × mmol/L, P = 0.04). 
Additionally, incremental AUCs for C-peptide during OGTT 
were significantly lower in the T allele carriers compared to 
non-carriers in the type 2 diabetes group (365 ± 26 (CC) 
vs 277 ± 28 (CT/TT) min × nmol/L, P = 0.04). Otherwise, 
insulin, glucagon, GLP-1 and GIP hormone responses did 
not differ between genotype groups. The route of glucose 
administration was a consistent and significant determinant 
for glucagon, GLP-1 and GIP responses, which were greater 
during OGTT compared to IIGI in both groups. 

Incretin effect

As shown in Table 3, the normal glucose tolerance group 
displayed no statistically significant difference in any 
estimate of incretin effect between genotype groups. In a 
multivariate linear model adjusting for TCF7L2 rs7903146 
genotype, OGTT glucose dose (50/75 g), age, gender and 
BMI, only BMI could significantly predict the magnitude 
of the incretin effect (with increasing BMI leading to a 
decreasing incretin effect). In the type 2 diabetes group 
(Table 2), no differences in incretin effect estimates were 
found in any analysis performed. Here, no covariables in 
the multivariate linear regression significantly predicted 
the magnitude of the incretin effect. Expectedly, all 
estimates of the incretin effect were significantly lower 
in the type 2 diabetes group as compared to the normal 
glucose tolerance group (P < 0.001). A sensitivity analysis 
revealed no significant changes in the results when 
the participants with NAFLD and type 2 diabetes were 
excluded from analysis.

Discussion

In the cohorts studied here, we could not detect reduced 
incretin effect in carriers of the risk T allele of TCF7L2 
rs7903146 among participants with normal glucose 
tolerance or among participants with type 2 diabetes. In 
the normal glucose tolerant risk allele carriers, we observed 
a diminished GIP response to OGTT as compared to non-
carriers. This was not observed in T allele carriers in our 
cohort of participants with type 2 diabetes, but these 
displayed lower C-peptide and elevated glucose levels 
after OGTT compared to non-carriers. There were no 
differences between normal glucose tolerant carriers and 
non-carriers with regard to insulin or C-peptide responses 
to oral or IV glucose. This is in agreement with other 
studies utilizing OGTTs in heterozygous and homozygous 
T allele carriers (17, 18, 19, 20).

Table 2 Anthropometric and metabolic data of the type 2 
diabetes group.

Type 2 diabetes group
CC CT/TT P

n (f/m) 12/11 14/6 0.38
50/75 g OGTT 

(n/n)
20/3 17/3 1.00

Age (years) 61.3 ± 2.2 55.9 ± 2.2 0.09
Duration of 

diabetes 
(months)

56.2 ± 10.6 38.8 ± 8.5 0.21

BMI (kg/m2) 32.2 ± 1.3 29.5 ± 1.1 0.12
FPG (mmol/L) 8.6 ± 0.3 9.4 ± 0.4 0.12
HbA1c (mmol/ 

mol) (%)
49.0 ± 1.5 (6.6) 51.7 ± 1.7 (6.9) 0.25

2-h glucose 
(mmol/L)

13.5 ± 0.6 15.2 ± 0.5 0.05/0.04a

IGI30 32.8 ± 6.4 25.3 ± 5.9 0.39/0.82a

OGIS120 (mL ×  
min × m2)

296 ± 8.8 278 ± 8.1 0.15/0.19a

Disposition 
index30

0.13 ± 0.03 0.08 ± 0.02 0.19/0.51a

Peak glucose 
(mmol/L)

17.0 ± 0.6 18.9 ± 0.6 0.02/0.02a

Fasting insulin 
(pmol/L)

121 ± 16.6 96.9 ± 12.1 0.43

Fasting 
C-peptide 
(pmol/L)

1,220 ± 125 918 ± 84 0.13

Fasting 
glucagon 
(pmol/L)

8.7 ± 0.7 9.6 ± 1.2 0.73

Fasting GLP-1 
(pmol/L)

13.5 ± 1.2 15.6 ± 1.1 0.14

Fasting GIP 
(pmol/L)

19.8 ± 5.0 20.8 ± 4.0 0.89

Data are means ± s.e.m. Significant P values (<0.05) shown in bold.
aAdjusted for age, BMI, sex and glucose dose (75/50 g) in a multivariate 
linear model.
FPG, fasting plasma glucose; GIP, glucose-dependent insulinotropic 
polypeptide; GLP-1, glucagon-like peptide 1; IGI30, insulinogenic index (30 
min); OGIS120, oral glucose insulin sensitivity (from 120 min OGTT).
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The findings in our study are in contrast with 
findings from other functional association studies in 
which the T allele of TCF7L2 rs7903146 was found to 
impair the incretin effect (17, 24) or incretin-induced 
insulin secretion during a hyperglycemic clamp (18, 19). 
In a study by Villareal   et  al. including 18 individuals 
(8 with CT/TT) with normal or impaired glucose 
tolerance, carriers of the risk T allele were characterized 
by a diminished incretin effect (measured by OGTT/IIGI 
method) compared to homozygous C allele carriers (17). 
This finding has been reproduced by Galderisi  et al., who 
found the OGTT/IIGI-derived incretin effect to be reduced 
in T allele carriers compared to C allele carriers in a group 
of 39 obese adolescents with normal or impaired glucose 
tolerance (24). Supporting this, Schäfer  et al. conducted a 
sophisticated study in which 73 individuals (38 with CT/
TT) underwent a hyperglycemic clamp with a continuous 
IV GLP-1 infusion (1.5 pmol/kg min) (18). In this setting, 
a defect in the insulinotropic action of exogenous GLP-1 
was observed in carriers of the TCF7L2 rs7903146 risk T 
allele with normal and impaired glucose tolerance (18). 
Using a similar design, the impact of the rs7903146 T 

allele on insulin secretion in response to exogenous GIP 
and GLP-1, respectively, was studied in normal glucose 
tolerant males with normal weight by Pilgaard   et  al. 
(19). Forty-four rs7903146 homozygous C allele carriers 
(CC) vs 37 risk allele carriers (CT/TT) were subjected to 
three hyperglycemic clamps (7 mmol/L) with infusion 
of GLP-1 (1 pmol/kg min), GIP (4 pmol/kg min) and 
saline, respectively, showing diminished insulinotropic 
action of GLP-1 and GIP in T allele carriers. In line with 
this, the T allele carriers displayed reduced 24-h insulin 
concentrations and reduced insulin secretion during a 
mixed meal test, but not during an IVGTT. Additionally, 
the T allele carriers were characterized by increased hepatic 
glucose production despite reduced 24-h glucagon levels. 
In another study, the incretin effect was quantified in 235 
individuals with impaired fasting glucose (>5.4 mmol/L) 
by an OGTT followed by an IVGTT (with glucose bolus 
injection), and as such, not by the gold standard method 
(12). Here, carriers of the TCF7L2 rs7903146 risk T allele 
were characterized by a slightly (3.5%) lower insulin 
response to oral relative to IV glucose as compared to non-
carriers (12). Some factors may account for the difference 

Figure 1
Concentrations of plasma glucose (A), serum 
insulin (B), serum C-peptide (C), plasma glucagon 
(D), plasma glucose-dependent insulinotropic 
polypeptide (GIP) (E) and plasma glucagon-like 
peptide 1 (GLP-1) (F) of CC homozygotes (full line 
and filled symbols) and T allele carriers (dotted 
line and open symbols) with normal glucose 
tolerance during OGTT (circles) and isoglycemic  
IV glucose infusion (IIGI) (squares). Data are 
means ± s.e.m.
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between previous conclusions and our results: (i) In most 
of the abovementioned studies, individuals with impaired 
glucose tolerance were overrepresented in the T allele 
groups, and (ii) A BMI difference of 2.3 kg/m2 between 
non-carrier and risk allele carrier groups in the study by 
Villareal   et  al. may explain some of the incretin effect 
variance between the two groups, as the analysis was not 
adjusted for BMI. It is well known that impaired glucose 
tolerance as well as overweight/obesity are associated 
with a reduced incretin effect (34, 35). Thus, it seems 
reasonable to adjust for these factors when delineating the 
effects of the TCF7L2 genotype on the incretin effect (45). 
Despite adjusting for relevant variables, our analysis could 
not detect reduced incretin effect in the T allele carriers 
observed here. The range of the observed differences in 
the normal glucose tolerance group were 69 and 90% 
for incretin effects derived from incremental insulin 
and C-peptide AUCs, respectively. In the type 2 diabetes 
group, the range of the observed differences were 90 and 
214% for incretin effects derived from incremental insulin 
and C-peptide AUCs, respectively. In T allele carriers with 

normal glucose tolerance, it is very likely that the incretin 
effect is only trivially reduced, as previously reported (12). 
As our study was powered to detect differences of 10%, we 
cannot exclude a significant difference lower than 10%. 
In a previous report by our group, a 12% reduction of the 
incretin effect did not affect glucose tolerance (34), and 
our results seem to confirm this, since normal glucose 
tolerant T allele carriers were not different than C allele 
carriers with regard to any of the metabolic parameters 
evaluated here. Taken together, T allele carriers with 
normal glucose tolerance do not seem to be characterized 
by incretin-related metabolic abnormalities despite their 
genetic predisposition to diminished incretin action. 
On the other hand, T allele carriers with metabolic 
dysfunction (i.e. obesity or impaired glucose tolerance) 
consequently display reduced incretin effect (17, 18, 
24), thus confirming the effect of this genetic locus on 
incretin action. Our study is the first to evaluate the 
TCF7L2-specific defects in the incretin effect in T allele 
carriers with type 2 diabetes. The previously reported 
effect of the TCF7L2 genotype on incretin action does not 

Table 3 Differences in incretin effect and AUCs for glucose and hormones in the normal glucose tolerance group.

Normal glucose tolerance group
Total AUC Incremental AUC

CC (n = 38) CT/TT (n = 23) P CC (n = 38) CT/TT (n = 23) P

Glucose (min × mmol/L)
 OGTT 1264 ± 33 1213 ± 42 0.34 312 ± 29 279 ± 37 0.40
 IIGI 1262 ± 33 1210 ± 42 0.34 307 ± 29 267 ± 37 0.51
 P 0.98 0.87 0.97 0.60
Insulin (min × nmol/L)
 OGTT 44.4 ± 3.0 43.5 ± 3.9 0.79 34.8 ± 2.3 33.3 ± 3.0 0.66
 IIGI 19.8 ± 3.0 21.4 ± 3.9 0.81 9.6 ± 2.3 10.9 ± 3.0 0.71
 P <0.001 <0.001 <0.001 <0.001
 Incretin effect (%) 54.8 ± 2.5 51.6 ± 3.2 0.44/0.39a 72.2 ± 2.6 71.9 ± 3.7 0.78/0.70a

C-peptide (min × nmol/L)
 OGTT 327.0 ± 16 308.3 ± 21 0.61 215.1 ± 10 203.6 ± 13 0.58
 IIGI 207.7 ± 16 207.3 ± 21 1.00 90.8 ± 10 95.8 ± 13 0.89
 P <0.001 <0.001 <0.001 <0.001
 Incretin effect (%) 36.6 ± 2.5 33.6 ± 3.3 0.46/0.64a 57.3 ± 2.9 55.2 ± 3.6 0.64/0.82a

Glucagon (min × pmol/L)
 OGTT 762.3 ± 61 874.9 ± 79 0.19 −397.3 ± 55 −374.7 ± 71 0.71
 IIGI 634.5 ± 61 695.8 ± 79 0.24 −628.6 ± 55 −744.2 ± 71 0.20
 P <0.001 <0.01 <0.001 <0.001
GLP-1 (min × pmol/L)
 OGTT 3297 ± 155 3213 ± 192 0.87 1136 ± 107 1142 ± 132 0.95
 IIGI 1834 ± 155 1922 ± 192 0.30 −274.5 ± 107 −162 ± 132 0.54
 P <0.001 <0.001 <0.001 <0.001
GIP (min × pmol/L)
 OGTT 7643 ± 414 6623 ± 535 0.11 5349 ± 400 3631 ± 513 0.01
 IIGI 1528 ± 414 2003 ± 535 0.49 −242 ± 400 −313 ± 513 0.90
 P <0.001 <0.001 <0.001 <0.001

Data are means ± s.e.m. Significant P values (<0.05) are shown in bold.
aAdjusted for age, BMI, sex and glucose dose (75/50 g) in a multivariate linear model.
GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide 1; IIGI, isoglycemic IV glucose infusion.
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seem to translate into this group of participants, and the 
characteristic diminished incretin effect in the diabetic 
state is most likely independent from TCF7L2 genotype. 

Reduced fasting concentrations of GIP and AUC for 
GIP during an OGTT have previously been observed in a 
mixed normal/impaired glucose tolerance group including 
both heterozygous and homozygous T allele carriers (20). 
Other functional association studies have reported either 
unaffected or elevated GIP levels in response to an OGTT 
or a meal test in T allele carriers with normal or impaired 
glucose tolerance (16, 17, 19, 31). In the present study, we 
observed diminished GIP incremental AUC in response to 
OGTT in risk allele carriers with normal glucose tolerance 
only. This finding may relate to the leaner phenotype of 
the T allele carriers as a higher BMI seems to be associated 
with increased GIP secretion (46). 

Our results are in agreement with studies reporting 
no genotype-specific effects on GLP-1 levels in individuals 
with normal or impaired glucose tolerance during an 
OGTT or a meal test (16, 17, 19, 20, 21, 25, 26, 31). 
However, in a cohort of individuals with risk factors for 
type 2 diabetes or lifestyle-controlled type 2 diabetes,  

a subset of 50 homozygous T allele carriers (TT) displayed 
elevated baseline levels of GLP-1 (22). This is in contrast 
with the findings in our study but may relate to the higher 
number of participants in the other study and the larger 
proportion of homozygous T allele carriers (TT) amongst 
these. Other factors contributing to the contrasting results 
may include differences in BMI, age and the ratio between 
males and females (especially in the CT/TT group) 
between this and the abovementioned study. We observed 
a decreased C-peptide AUC during OGTT in carriers of 
the TCF7L2 rs7903146 T allele among individuals with 
type 2 diabetes. Resonating with this, AUC for glucose 
and peak plasma concentration of glucose during OGTT 
were significantly higher in these participants compared 
to their non-carrier counterparts. Taken together, these 
observations may suggest a beta cell secretory defect in 
TCF7L2 rs7903146 T allele carriers with type 2 diabetes. 
In line with this, association studies have consistently 
reported defective beta cell function in T allele carriers (9, 
10, 33, 47). As no beta cell secretory deficits were detectable 
among T allele carriers in our normal glucose tolerance 
group, our results may indicate that the effect of the  

Figure 2
Concentrations of plasma glucose (A), serum 
insulin (B), serum C-peptide (C), plasma glucagon 
(D), plasma glucose-dependent insulinotropic 
polypeptide (GIP) (E) and plasma glucagon-like 
peptide 1 (GLP-1) (F) of CC homozygotes (full line 
and filled symbols) and T allele carriers (dotted 
line and open symbols) with type 2 diabetes 
during OGTT (circles) and isoglycemic IV glucose 
infusion (IIGI) (squares). Data are means ± s.e.m.
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T allele on beta cell function become apparent alongside 
the development of a defective glucose metabolism. 

Our findings are in disagreement with a study in 
which 56 participants with type 2 diabetes (30 with  
CT/TT) were studied during a mixed meal test (48). In this 
study, both heterozygous and homozygous T allele carriers 
(CT/TT) were compared to homozygous C allele carriers 
(CC). T allele carriers had higher postprandial levels of 
proinsulin, insulin and C-peptide, perhaps indicative of 
a higher degree of insulin resistance in participants with 
type 2 diabetes and the TCF7L2 rs7903146 risk genotype. 
This is supported by another study in a cohort of 955 
obese youths, in which the TCF7L2 rs7903146 T allele 
associated with decreased beta cell responsiveness to 
OGTT and increased hepatic insulin resistance (27). In our 
rather small data set there was no interaction between the 
TCF7L2 rs7903146 T allele and insulin sensitivity in any 
of the groups, in agreement with some but not all earlier 
studies of the impact of TCF7L2 on insulin sensitivity (12, 
19, 20, 27, 32, 48, 49). A strength of the present study is 
the use of the gold standard measure of the incretin effect 

(OGTT and IIGI) reflecting the impact of endogenous 
incretins on glucose metabolism and, thus, providing 
insights into possible pathophysiological mechanisms. 
In contrast, investigations of supraphysiologic levels of 
exogenous incretins, as in the abovementioned studies by 
Schäfer  et al. (18) and Pilgaard  et al. (19), may reveal defects 
in the actions of the incretins in supraphysiological levels 
with particular relevance to incretin-based treatments. 
Another strength of our study is the sample size of 104 
individuals characterized by the OGTT and IIGI method, 
which is the largest cohort used to evaluate the impact of 
TCF7L2 genotype on the action of endogenous incretins 
to date. Our diverging results compared to previous 
functional studies on the TCF7L2 rs7903146 risk variant 
may relate to differences in the studied populations 
including the ratio of heterozygous to homozygous 
carriers. Limitations worth considering when interpreting 
our results include potential interstudy variability in 
assays and other procedures in the 8 investigations on 
which the present study was based; although these were 
conducted by the same group using standardized methods.  

Table 4 Differences in incretin effect and AUCs for glucose and hormones in the type 2 diabetes group.

Type 2 diabetes group
Total AUC Incremental AUC

CC (n = 23) CT/TT (n = 20) P CC (n = 23) CT/TT (n = 20) P

Glucose (min × mmol/L)
 OGTT 2198 ± 79 2446 ± 84 0.04 665 ± 46 725 ± 49 0.35
 IIGI 2226 ± 79 2444 ± 84 0.06 667 ± 46 770 ± 49 0.16
 P 0.14 0.85 0.76 0.15
Insulin (min × nmol/L)
 OGTT 43.0 ± 4.7 38.2 ± 5.6 0.44 22.2 ± 2.8 20.9 ± 3.0 0.38
 IIGI 38.8 ± 4.7 33.3 ± 5.1 0.50 16.0 ± 2.8 15.8 ± 3.0 0.98
 P <0.01 0.02 <0.01 0.20
 Incretin effect (%) 12.5 ± 4.0 11.5 ±5.2 0.88/0.68a 28.3 ± 6.9 6.6 ± 11.5 0.12/0.29a

C-peptide (min × nmol/L)
 OGTT 365 ± 26 277 ± 28 0.04 145 ± 12 121 ± 13 0.11
 IIGI 336 ± 26 275 ± 28 0.14 116 ± 12 101 ± 13 0.41
 P 0.18 0.95 0.01 0.26
 Incretin effect (%) 8.1 ± 3.3 1.3 ± 6.9 0.31/0.25a 15.2 ± 7.8 5.8 ± 11.0 0.48/0.84a

Glucagon (min × pmol/L)
 OGTT 1238 ± 123 1283 ± 154 0.99 −404 ± 82 −515 ± 88 0.38
 IIGI 889 ± 123 968 ± 132 0.80 −592 ± 82 −698 ± 88 0.33
 P <0.001 <0.001 0.02 0.02
GLP-1 (min × pmol/L)
 OGTT 3125 ± 199 3247 ± 222 0.63 626 ± 142 505 ± 158 0.70
 IIGI 1651 ± 199 1913 ± 222 0.21 −698 ± 142 −941 ± 158 0.25
 P <0.001 <0.001 <0.001 <0.001
GIP (min × pmol/L)
 OGTT 8946 ± 534 8159 ± 556 0.23 5290 ± 613 4664 ± 644 0.33
 IIGI 1964 ± 534 2081 ± 556 0.86 −1523 ± 613 −1898 ± 644 0.64
 P <0.001 <0.001 <0.001 <0.001

Data are means ± s.e.m. Significant P values (<0.05) are shown in bold.
aAdjusted for age, BMI, sex and glucose dose (75/50 g) in a multivariate linear model.
GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide 1; IIGI, isoglycemic IV glucose infusion.
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Studying normal glucose tolerant individuals may 
introduce a bias toward a normal incretin effect in T 
allele carriers, whereas any defects in T allele carriers 
in the type 2 diabetes group may be obscured by other 
pathophysiological traits contributing to the diabetic 
state. Also, the CC and CT/TT groups were not matched 1:1 
for age, sex and BMI. Lastly, the total number of subjects 
included in our analysis was relatively small compared to 
genetic studies in general and only six homozygous carrier 
(TT) of TCF7L2 rs7903146 were examined. Nevertheless, 
we believe that our results contribute importantly to the 
understanding of the potential influence of rs7903146 
on the incretin effect. The lack of influence of rs7903146 
on the incretin effect in subjects with normal glucose 
tolerance and in participants with type 2 diabetes in the 
present study, does not exclude the possibility of reduced 
insulinotropic effect of incretins (especially not of 
exogenous incretins in supraphysiological concentrations) 
in rs7903146 carriers progressing from a glucose tolerant 
stage to a prediabetic stage, as seen in studies including 
individuals with impaired glucose tolerance (17, 18, 24) 
or defects not detectable in this study. 

In conclusion, we report no detectable changes in 
incretin effect in these relatively small cohorts of carriers 
of rs7903146 with normal glucose tolerance and type 2 
diabetes, respectively. Additionally, rs7903146 carriers 
with normal glucose tolerance displayed no defects 
in glucose metabolism or insulin sensitivity indices. 
In contrast, rs7903146 carriers with type 2 diabetes 
were characterized by a diminished C-peptide response 
and elevated glucose during OGTT; possibly revealing 
diminished glucose-stimulated insulin secretion in T 
allele carriers with type 2 diabetes compared to their C 
allele carrier counterparts. Altogether, our findings do 
not exclude that the mechanistic basis for the increased 
risk of developing type 2 diabetes in individuals with this 
specific TCF7L2 variant involves defects in the incretin 
effect, but using the gold standard method to evaluate the 
incretin effect, we could not detect any genotype-related 
defects in these cohorts. 
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