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Objective: There is sparse evidence for the impact of gene-diet interaction on gestational diabetes
mellitus (GDM) onset. Recent findings have shown that late first-trimester high adherence to a Medi-
terranean diet (MedDiet) pattern is associated with a GDM risk reduction. The aim of this study was to
investigate if this effect could be modulated by TCF7L2 rs7903146 polymorphism.
Research design and methods: A total of 874 pregnant women participants in the St Carlos GDM pre-
vention study, were stratified into three groups defined as “High,5e6 on targets”, “Moderate, 2e4 on
targets” or “Low, 0e1 on targets” adherence to Mediterranean diet according to late first-trimester
compliance with six food targets: >12 servings/week of vegetables, >12 pieces/week of fruits, <2 serv-
ings/week of juice, >3 servings/week of nuts, >6 days/week and >40 mL/day consumption of extra virgin
olive oil. All patients were genotyped for rs7903146 using Taqman technology.
Results: Logistic regression analysis revealed that the risk of developing GDM in those with high
adherence versus low adherence was significantly reduced only in carriers of the T-allele (CT þ TT), with
an adjusted odds ratio of 0.15 (95% CI:0.05e0.48). This effect was not observed in CC carriers. Interaction
analysis yielded significant rs7903146-MedDiet interaction in GDM risk (p < 0.03)
Conclusions: Women carrying the rs7903146 T-allele who highly adhere to a MedDiet early in pregnancy
have lower risk of developing GDM than CC carriers. This reinforces the importance of identifying pa-
tients at risk of GDM who would be especially sensitive to nutritional interventions based on their ge-
netic characteristics.
© 2020 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Increasing evidence suggests that dietary patterns during
pregnancy have an important role in the development of gesta-
tional diabetes mellitus (GDM). Our group has previously reported
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that adopting healthy dietary patterns early on in pregnancy re-
duces the risk of developing GDM. Moreover, the adherence to a
Mediterranean Diet (MedDiet) supplemented with extra virgin
olive oil (EVOO) and pistachios- or just emphasizing the recom-
mendations of a daily consumption of EVOO and nuts, was asso-
ciated with a 30% reduction in the incidence of GDM [1e3].
Furthermore, we have recently shown that GDM risk can be
modified depending on the degree of adherence to a MedDiet.
There seems to be an inverse linear relationship between late first-
trimester (>12 gestational week-GW) degree of adherence to a
MedDiet pattern and the incidence of GDM, where having a high
adherence is associated with a 65% reduction GDM risk [4].

In recent years, nutrigenetic studies have provided growing
evidence that genetic variants confer individual differences in
response to nutritional interventions and that a gene-diet inter-
action may modify Type 2 diabetes mellitus (T2DM) risk. Several
association studies and meta-analysis have demonstrated that
GDM may share the same genetic susceptibilities with T2DM.
Genome-wide association (GWA) studies have provided strong
evidence that single nucleotide polymorphisms (SNPs) within
Transcription Factor 7 Like 2 (TCF7L2) gene influence both T2DM
and GDM risk [5e8].

The TCF7L2 gene encodes T-cell transcription factor 4 (TCF4)
that plays a key role in the Wnt signaling pathway. It is crucial in
the beta-cell genesis and function and it is considered as a main
regulator of glucose homeostasis. The T-allele of the rs7903146 (C/
T) SNP in TCF7TL2 has been significantly associated with an
increased risk of T2DM and GDM. Although it is an intronic variant
it has a functional effect by modulating the transcriptional ma-
chinery that regulates the glucose response. In fact, T-allele has
been associated with impaired beta-cell function and insulin
secretion and lower insulin levels [9].

Some studies have reported that rs7903146 T-allele modifies the
beneficial effect of specific foods, like whole-grain intake, on T2DM
risk while others have not [10,11]. There are scarce data on the
influence of an overall healthy food pattern, such as the MedDiet
pattern, in modulating the associations between the rs7903146
polymorphism and T2DM risk. Corella et al. demonstrated that
MedDiet significantly interacts with rs7903146 on fasting blood
glucose (FBG) at baseline, reporting higher fasting glucose con-
centrations in TT carriers than CCþ CT individuals when adherence
to MedDiet was low. Conversely when the adherence was high this
increase was not observed [12].

As far as we know, no rs7903146ediet interaction data have
been published for GDM. Therefore, the aim of this study was to
investigate whether the association between the degree of adher-
ence to a MedDiet pattern ‒ based on six food targets‒ at the end of
the first trimester (<12 GW) and GDM incidence is modulated by a
TCF7L2 rs7903146 polymorphism.

2. Research design and methods

2.1. Study design and participants

We included 874 women entering The St. Carlos GDM preven-
tion study [2]. This was a randomized controlled trial aimed to
assess the effect of an intervention based on MedDiet supple-
mented with EVOO and pistachios on the incidence of GDM. This
paper is based on a posterior post hoc analysis evaluating the as-
sociations of late first-trimester degrees of adherence to the six
food targets (high, moderate, and low) with the risk of GDM. The
trial was conducted from January 1st to December 31st, 2015 and
the follow-up finished on July 2016. Details of these studies have
been thoroughly described elsewhere [2,4].

The primary objective of this study is to evaluate the influence of
2

the TCF7L2 rs7903146 polymorphism on the effect of the different
degrees of adherence to the MedDiet on the incidence of GDM.

Briefly, all pregnant women who attended the first gestational
visit at 8e12 GWs and had a normal fasting serum glucose level
(<92 mg/dL) were invited to participate in this study. Inclusion and
exclusion criteria were previously detailed [2,4]. GDM was diag-
nosed at 24e28 GWs with a single 2-h 75-g oral glucose tolerance
test (OGTT), applying International Association of Diabetes and
Pregnancy Study Groups (IADPSG) criteria.

Participants were randomized at 12e14 GWs to a control or
intervention group. Both groups were followed up at baseline (visit
1); GDM screening, performed at 24e28 GWs (visit 2); 36e38 GWs
(visit 3); and delivery. The two groups received dietary guidelines,
based on MedDiet principles. The intervention group attended a
group session where they were instructed to enhance the con-
sumption of EVOO and nuts. Meanwhile, the control groupwas told
to limit the consumption of all types of fats. A semi-quantitative
frequency questionnaire based on the Diabetes Nutrition and
Complications Trial (DNCT) study and the 14-point Mediterranean
Diet Adherence Screener (MEDAS), adapted for pregnancy, were
used to evaluate lifestyle patterns and applied at each follow-up
visit. A detailed description of how lifestyle and diet were evalu-
ated has been published previously [2,4].

For the present post-hoc analysis, the variables were retrieved
from the main study database. The study populationwas treated as
a cohort, independent of randomization assignment. The sample
was stratified into three groups according to the degree of adher-
ence to the MedDiet in late first trimester (from 12 to 14 to
24e28 GWs) as previously described [4]. Six food targets were
chosen from the MedDiet. These were an intake of �40 mL/day of
EVOO, an intake of EVOO >6 times/week, and an intake of >3
servings/week of nuts, >12 servings/week of vegetables, >12
pieces/week of whole fruits, <2 servings/week of juice. A high
adherence was set for achieving 5e6 targets; moderate for 2e4
targets; and low for 0e1 targets. The post-hoc analysis of the data
verified that the degree of compliance to the six food targets
correlated positivelywith both theMEDAS and Nutrition scores and
that the use of these six food-groups could be able to estimate an
optimal adherence to MedDiet [4].

The study was approved by the Ethical Committee of the Hos-
pital Clínico San Carlos (July 17, 2013 (CI 13/296-E)) and conducted
according to the Helsinki Declaration. All patients signed informed
consent.

2.2. Participant’s history, anthropometric data and biochemical
analysis

A family history of T2DM and metabolic syndrome, obstetric
history of GDM and miscarriages, educational status, employment,
number of prior pregnancies, smoking habit, and gestational age at
entry were recorded at baseline in visit 1. Blood pressure, gesta-
tional weight gain, and body mass index (BMI) were evaluated and
recorded at 8e12, 24e28 and 36e38 GWs. Pre-gestational body
weight (BW) was self-referred and registered at Visit 1. Laboratory
tests were scheduled for each visit. Blood was drawn after an
overnight fast. Serum levels of glucose, lipids and other parameters
were determined using standard automated methods as previously
described (4).

2.3. Genotyping

Genomic DNA was extracted with the DNAzol reagent (Invi-
trogen, Carlsbad, CA, USA) according to manufacturer’s recom-
mendations. Genotyping was performed using a predesigned
TaqMan assay for rs7903146 (C_29347861_10) using a 7500 Fast
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Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A
genotyping call rate over 95% per plate, negative sample controls
and three well-differentiated genotyping clusters were required to
validate results. Intra and interplate duplicates of several DNA
samples were included.

2.4. Statistical analysis

Categorical variables were expressed with their frequency dis-
tribution and continuous variables as means and standard devia-
tion (SD) or means and 95% confidence interval (CI). The
SaphiroeWilk test was used to verify normal distribution of the
data. For continuous variables, the KruskalleWallis test or a one-
way analysis of variance (ANOVA) were applied. SNPStats soft-
ware was used to evaluate HardyeWeinberg equilibrium and the
association between SNPs and GDM risk under multiple inheri-
tance models: co-dominant, dominant, recessive, over-dominant
and log-additive [13]. For each polymorphism, Odds Ratio (ORs)
and 95% CIs were calculated by unconditional logistic regression
analysis. Dominant homozygotes were selected as reference. The
Chi square for linear trends and unadjusted logistic regression
analysis (womenwith a low adherence as the reference group) was
performed, to evaluate the relationship between the different de-
grees of adherence and GDM and genotype. For the GDM outcomes,
a subgroup analysis was conducted, introducing the interaction
term between the adherence and the stratification variables. All p-
values are 2-tailed at less than 0.050. Analyses were done using
SPSS, version 21 (SPSS, Chicago, IL, USA).

3. Results

Table 1 summarizes the socio-demographic, clinical, biochem-
ical, and genetic characteristics of women according to late first-
trimester degree of adherence to six food targets. The cohort was
ethnically heterogeneous, the majority of Caucasian origin. Most
participants were primiparous. As expected, significantly different
genotype frequencies between ethnic populations were observed
(p < 0.001), but not between the adherence groups, considering all
the sample or according the different ethnic group. The “others”
group was a heterogeneous group mainly composed by African
Americans and Asians. There were differences between groups in
the distributions of ethnicity, family history of T2DM andmetabolic
syndrome, education level, and parity.

3.1. Genotype association with GDM

Genotype frequencies did not deviate from Hardy-Weinberg
equilibrium expectations. The SNPs was significantly associated
with lower OR of having a GDM under codominant, dominant and
overdominant models, at the expense of heterozygotes CT in the
crude analysis. However, after adjustment for ethnicity, family
history of metabolic disorders, parity, and BMI, only the protective
effect of heterozygote CT genotype remained significant under
overdominant model (Table 2).

TCF7L2 rs7903146-T variant was also significantly associated
with mean BMI in all models except the recessive in the crude
analysis (Supplementary Table S1). However, after stratifying by
BMI there were no differences in GDM risk between groups (obese
diabetics vs obese controls, p ¼ 0451; non-obese diabetics vs non-
obese controls, p ¼ 0169). Moreover, when we repeated the same
analysis adjusted for by age, ethnicity, parity and family history of
DM, all significations were lost. Nonetheless, considering the dif-
ferences found in genotype frequencies between ethnic groups and
the genotype associationwith BMI, data were also adjusted for BMI
in all the interaction analyses.
3

3.2. Associations and interaction between late first-trimester
degrees of adherence and GDM risk

Crude logistic regression analysis of the risk of having GDM
according to the degree of adherence in the whole sample and
stratified by rs7903146 genotype showed that the higher the
adherence to the six food targets, the lower the incidence and risk
of GDM in all groups, but it seems to be only at the expense of
heterozygotes CT or carriers of the T-allele (CT þ TT). In carriers of
the CC genotype the risk among the three groups is almost un-
changed, however none of the TT carriers developed GDM.
Considering this, for the following analyses the CTand TTgenotypes
were grouped together (Supplementary Table S2).

Table 3 shows adjusted analysis of data by age, ethnicity, parity,
family history of DM and pregestational BMI. Only in carriers of the
T-allele (CT þ TT) the risk of developing GDM in those with mod-
erate and high adherence was significantly reduced compared to
women with a low adherence, both when taking as the reference
group the low adherence group (85% risk reduction) or the low
adherence plus C/C genotype group (77% risk reduction). Only a
small percentage (7.4%) of carriers of the T-allele that were highly
adherent developed GDM, while the majority did not (92.6%). This
effect is not observed in carriers of the CC genotype. All the inter-
action analysis, crude or adjusted yielded significant rs7903146-
MedDiet interaction in GDM risk (p < 0.04).

We also performed the interaction analysis looking at OGTT
glucose levels (Supplementary Table S3). We did not find any
rs7903146 modulatory effect on the FBG, but at min 60, women
with TT genotype and high adherence to the MedDiet, had lower
blood glucose levels (113.67 mg/dl) than those with low adherence
(136.33 mg/dl). The interaction disappeared at 120 min. Women
carrying the C-allele reached similar blood glucose levels despite
degrees of adherence to the MedDiet.

Fig. 1 shows the logistic regression analysis by subgroups for the
probability of having GDM according to the level of adherence (in
crude and stratified by BMI, age and parity). We have previously
reported an interaction between BMI and the level of adherence
(high versus low and moderate versus low) for the incidence of
GDM (p ¼ 0.033) in the way that the protective effect of having a
high adherence to the six food targets was higher in women who
are overweight and obese than those with a normal weight, both in
the crude and adjusted analysis [4]. This effect almost overlaps with
that of the T-allele. Overweight/obese women or carriers of the T-
allele are those who benefit most from the protective effect of the
high adherence to the six food targets (BMI OR 0.04, 95% CI
0.005e0.342, p ¼ 0.003; rs7903146-T carriers OR 0.14, 95% CI
0.05e0.46).

4. Discussions

An inverse relationship between high-, moderate-, and low-
adherence to six food targets of the MedDiet at the end of the
first trimester (>12 GW) and GDM risk has been previously re-
ported. Having a high or moderate adherence has been associated
with a 65% or 44% GDM risk reduction respectively (4). The results
of the current study demonstrated that TCF7L2 rs7903146 poly-
morphism may modulate this effect of the MedDiet on the inci-
dence of GDM.

Some studies have reported gene-lifestyle interactions
regarding T2DM incidence or GDM development [14], although the
strength of evidence is still weak. TCF7L2 rs7903146 has been the
most widely associated polymorphism with GDM risk across
different populations. Most studies revealed that the rs7903146 T-
allele was positively linkedwith GDM and have reported significant
associations with global ORs of up to 1.65 [7,8,15], although some



Table 1
Characteristics of the clinical trial population at baseline according to late first-trimester degree of adherence to the six food targets.

Variables Groups p value

Low adherence (n ¼ 136/15.6%) Moderate adherence (n ¼ 623/71.3%) High adherence (n ¼ 115/13.1%)

Age (years) 31.2 ± 6.0 33.1 ± 4.9 33.9 ± 4.9 0.001
Race/Ethnicity
Caucasian 79 (58.1) 420 (67.4) 88 (76.5) 0.005
Hispanic 51 (37.5) 188 (30.2) 21 (18.3)
Others 6 (4.4) 15 (2.4) 6 (5.2)

TCF7L2 Genotype
All
C/C 60 (45.5) 300 (48.4) 50 (47.6) 0.603
C/T 59 (44.7) 259 (41.8) 49 (46.7)
T/T 13 (9.8) 61 (9.8) 6 (5.7)
Caucasian
C/C 26 (34.2) 166 (39.8) 37 (44) 0.291
C/T 40 (52.6) 197 (47.2) 42 (50)
T/T 10 (13.2) 54 (12.9) 5 [6]
Hispanic
C/C 30 (60) 125 (66.5) 10 (58.8) 0.671
C/T 18 [36] 57 (30.3) 7 (41.2)
T/T 2 (4) 6 (3.2) 0 (0)
Others
C/C 4 (66.7) 9 (60) 3 (75) 0.460
C/T 1 (16.7) 5 (33.3) 0 (0)
T/T 1 (16.7) 1 (6.7) 1 [25]

Family history of:
Type 2 diabetes 28 (20.6) 131 (21.0) 21 (18.3) 0.019
MetS (>2 components) 18 (13.2) 135 (21.7) 30 (26.1)

Previous history of:
Gestational diabetes 7 (5.1) 15 (2.4) 3 (2.6) 0.342
Miscarriages 45 (33.1) 196 (31.5) 37 (32.2)

Educational status
Elementary education 19 (14.0) 54 (8.7) 5 (4.3) 0.001
Secondary school 49 (36.0) 145 (23.3) 18 (15.7)
University degree 65 (47.8) 420 (67.4) 92 (80.0)
UNK 3 (2.2) 4 (0.6) 0 (0)

Employment 100 (73.5) 482 (77.4) 92 (80.0) 0.815
Number of pregnancies
Primiparous 50 (36.8) 274 (44.0) 54 (47.8) 0.017
Second pregnancy 43 (31.6) 196 (31.5) 42 (36.8)
>2 pregnancies 43 (31.6) 153 (24.5) 19 (15.4)

Smoker
Never 75 (55.1) 334 (53.6) 68 (59.1) 0.260
Current 16 (11.8) 52 (8.3) 4 (3.5)
Gestational age (weeks) at baseline 12.1 ± 0.7 12.1 ± 0.5 12.0 ± 0.5 0.137

Body Weight (kg)
Prepregnancy 61.1 ± 11.8 61.0 ± 10.8 59.5 ± 9.3 0.383
At entry 63.3 ± 11.3 63.1 ± 11.1 61.5 ± 8.4 0.356
Weight gain 2.2 ± 3.2 2.0 ± 3.0 2.0 ± 2.7 0.707

BMI (kg/m2)
Prepregnancy 23.4 ± 4.1 23.2 ± 3.8 22.5 ± 3.4 0.137
At baseline 24.3 ± 4.3 23.9 ± 3.9 23.3 ± 3.5 0.111

Blood pressure (mm Hg):
Systolic 107 ± 10 107 ± 11 107 ± 10 0.972
Diastolic 66 ± 15 66 ± 9 66 ± 8 0.809

Fasting blood glucose mg/dL 82 ± 5 81 ± 6 81 ± 7 0.377
HbA1c % 5.2 ± 0.2 5.2 ± 0.3 5.1 ± 0.3 0.436
Cholesterol mg/dL 171 ± 28 175 ± 31 176 ± 25 0.507
Triglycerides mg/dl 82 ± 38 83 ± 42 76 ± 30 0.288
TSH mcUI/mL 1.9 ± 1.2 2.0 ± 1.3 2.1 ± 1.4 0.610
T4L ng/dL 8.6 ± 1.3 8.6 ± 1.6 8.9 ± 1.2 0.144

Data are Mean ± SD or n(%). MetS, Metabolic Syndrome. UNK, unknown. BMI, body mass index; MEDAS Score: Mediterranean Diet Adherence Screener Score. P Differences
between groups analysed with ANOVA (continuous variables) and c2 test (categorical variables). MetS, Metabolic Syndrome. UNK, unknown. BMI, body mass index).
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findings yielded controversial results [6,16e18]. In this study we
found that the genotype TT was more frequent in GDM patients
(11,1% vs 8,9%) but the differencewas not statistically significant. On
the contrary, carriers of CT genotypes had around 33% significant
4

lower risk of developing GDM in both the crude and adjusted
analysis Although, it cannot be ruled out that a true overdominance
or advantage of heterozygotes may be the cause of the discrepancy
with the published results, it may also be attributed to the fact that



Table 2
TCF7L2 rs7903146 genotype association with GDM.

Model Genotype No GDM GDM Crude analysis p trend Adjusted analysis* OR (95% CI) p trend AIC

All (n ¼ 857) OR (95% CI) AIC

Codominant C/C 316 (46.1%) 94 (54.6%) 1.00 0.038 858.8 1.00 0.09 825.3
C/T 308 (45%) 59 (34.3%) 0.64 (0.45e0.92) 0.69 (0.47e1.01)
T/T 61 (8.9%) 19 (11.1%) 1.05 (0.60e1.84) 1.12 (0.62e2.02)

Dominant C/C 316 (46.1%) 94 (54.6%) 1.00 0.046 859.4 1.00 0.13 825.7
C/T-T/T 369 (53.9%) 78 (45.4%) 0.71 (0.51e0.99) 0.76 (0.53e1.08)

Recessive C/CeC/T 624 (91.1%) 153 (89%) 1.00 0.4 862.6 1.00 0.33 827.2
T/T 61 (8.9%) 19 (11.1%) 1.27 (0.74e2.19) 1.33 (0.76e2.35)

Overdominant C/C-T/T 377 (55%) 113 (65.7%) 1.00 0.011 856.9 1.00 0.03 823.4
C/T 308 (45%) 59 (34.3%) 0.64 (0.45e0.91) 0.68 (0.47e0.97)

Log-additive e e e 0.86 (0.66e1.11) 0.25 862 0.90 (0.69e1.19) 0.47 827.6

Genotype distributions are shown as n(%) and odds ratio 95% CI (OR). CI, confidence interval; GDM, gestational diabetes mellitus; AIC, Values of Akaike’s Information Criterion;
P-trend values were calculated from adjusted or unadjusted logistic regression analysis for codominant, dominant, and recessive models. *Adjusted logistic regression by age,
ethnicity, parity, family history of DM and pregestational BMI.

Table 3
Association between late first-trimester degree of adherence to the six food targets and GDM risk stratified by TCF7L2 rs7903146 genotype. Interaction analysis between
genotypes and adherence (n ¼ 856, in crude and adjusted by age, ethnicity, parity, family history of DM and BMI).

No GDM GDM *Crude OR (95% CI) *Adjusted OR (95% CI) yCrude OR (95% CI) yAdjusted OR (95% CI)

rs7903146 C/C Low adherence 46 (76.6) 14 (23.3) 1.00 1.00 1.00 1.00
Moderate adherence 231 (77.0) 69 (23.0) 0.98 (0.51e1.89) 0.83 (0.42e1.66) 0.98 (0.51e1.89) 0.83 (0.42e1.64)
High adherence 39 (78.0) 11 (22.0) 0.93 (0.38e2.27) 1.06 (0.42e2.72) 0.93 (0.38e2.27) 1.06 (0.42e2.72)

rs7903146 C/T þ T/T Low adherence 49 (68.0) 23 (31.9) 1.00 1.00 1.54 (0.71e3.35) 1.53 (0.67e3.47)
Moderate adherence 269 (84.0) 51 (15.9) 0.40 (0.23e0.72) 0.39 (0.21e0.741 0.62 (0.32e1.22) 0.60 (0.29e1.21)
High adherence 50 (92.6) 4 (7.4) 0.17 (0.05e0.52) 0.15 (0.05e0.48) 0.26 (0.08e0.84) 0.23 (0.07e0.77)

p-interaction 0.035 0.025 0.035 0.025

Data are n(%) Logistic regression analysis by genotype subgroups evaluating degree of adherence to the six food targets and risk of GDM; p-interaction: logistic regression
analysis evaluating interactions between degree of adherence and genotypes. * Analysis with no GDM and Low adherence as reference; yAnalysis with no GDM, Low
adherence and C/C genotype as reference.

Fig. 1. Logistic regression analysis by subgroups (crude and stratified by BMI, age and parity) evaluating degree of adherence to the six food targets and risk of GDM. p: logistic
regression analysis comparing ORS with the group of reference (low adherence group). p-interaction: logistic regression analysis evaluating interactions between degree of
adherence and BMI (�25 or <25 kg/m2), age (�35 or <35 years), parity (multiparous or primiparous) and rs7903146 (CT þ TT or CC). OR: odds ratio; CI: confidence interval; BMI:
body mass index. High: high adherence, 5e6 targets; Moderate: moderate adherence, 2e4 targets; Low: low adherence, 0e1 targets.
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the sample is not large enough to detect T associated risk, or due to
differences in ethnicity, the GDM diagnostic criteria applied or even
5

the laboratory technique used for the allele detection.
In agreement with the current work, the T-allele was not
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significantly associated to GDM in various studies in Spanish and
other Caucasian populations, with similar risks obtained to ours
[19e22]. Some authors have also found no association between
rs7903146 and GDM risks in Euro-Brazilian or in Mexican popula-
tion [23,24]. It is remarkable that in a recentmeta-analysis from the
combing results of 24 relevant publications including samples with
different ethnicities, Wang et al. describe similar results to ours in
the crude analysis in the whole sample, with analogous global ORs
in all comparison models [15]. Apart from ethnicity, there is no
apparent evidence to support that the diagnostic criteria using
different OGTT could influence this association [7]. In agreement
with our results, Klein et al. reported that in Caucasianwomenwho
were prospectively screened for GDM according to the IADPSG
criteria, the T-allele was protective for GDM although the associa-
tion was not statistically significant [25]. Curiously, Wu et al. have
shown in their meta-analysis, that allelic detection of rs7903146
with another technique than the Taqman assays used in our study,
was often significantly associated with increased risk of GDM
because the T-allele was not properly identified in heterozygotes,
consequently the homozygous genotypes were overrepresented
[7]. Finally, as negative studies are less likely to be published, non-
significant genetic associations might have been underreported,
potentially leading to an overestimation of positive effects.

Interestingly, although our data have not been able to demon-
strate an association between the presence of the T-allele and the
risk of developing GDM, we found a significant gene-lifestyle
interaction between rs7903146 and the degree of adherence to a
MedDiet in the onset of GDM. We have shown that only in T-car-
riers the nutritional intervention modified the risk of developing
GDM in a manner that women with moderate and high adherence
had a reduced GDM risk compared to women with low adherence.
This effect became significant when adjusted by age, ethnicity,
parity, and gestational BMI and was not observed in carriers of the
CC genotype. To the best of our knowledge this is the first time that
it has been published a gene-diet interaction study investigating
the modulatory influence of rs7903146 in the associations of an
overall food pattern, such as the MedDiet, with GDM risk. Only a
few studies of gene-lifestyle interactions and their influence on
GDM development have been published. Popova et al. [22] and
Grotenfelt et al. [26] found respectively an interaction effect of
rs10830963-MTNR1B and rs1799884-GCK and the frequency of
sausage intake on the risk of developing GDM.

Most nutrient-gene interactions studies have been conducted in
T2DM. Opposite to our findings, some publications reported that
the protective effect of whole-grain and fiber intake on diabetes
risk was inversely associated with diabetes risk exclusively among
rs7903146 CC homozygote carriers, whereas subjects carrying the
T-allele seemed to benefit less or exhibit no benefit from whole-
grain consumption [10,11]. However, other authors have also
failed to replicate this interaction [27,28]. The majority of the
studies show that T-carriers benefit most from a nutritional inter-
vention. One publication based on data from EPIC-InterAct found a
significant interaction between rs12255372, a polymorphism that
is strong linkage disequilibrium with rs7903146, and coffee con-
sumption, where the inverse association of coffee intake and T2DM
was only present among participants carrying the risk-conferring T-
allele [29].

Our results may be in agreement with those of Corella et al. that
found a statistically significant interaction between adherence to
an overall food pattern-a MedDiet supplemented with EVOO or
nuts or low fat- and the rs7903146 polymorphism influencing
fasting glucose concentrations. Only in TTcarriers, womenwith low
adherence to MedDiet had higher FBG levels than those with high
adherence. This effect was not observed in CC þ CT carriers where
the FBG levels were similar regardless theMedDiet adherence score
6

[12].
The mechanism by which rs7903146 variant alters diabetes risk

remains unknown. TCF7L2, encodes a high mobility group box-
containing transcription factor that plays a key role in the Wnt/b-
catenin signaling pathway. Multiple studies have demonstrated
that TCF7L2 rs7903146 T-variant is associated with both impaired
insulin secretion due to defective b-cell genesis or function and
with impaired insulinotropic effect of incretins [9,30,31].
Conversely, some authors have outlined a tendency to develop
higher peripheral insulin sensitivity in carriers of the T-allele as
compared with the non T-allele group [31] although a compensa-
tory upregulation of insulin sensitivity in response to an inherent b-
cell dysfunction cannot be excluded.

It has been recently proven that EVOO and other specific com-
ponents of MedDiet, reduce b-cell apoptosis, normalize glucose-
induced insulin secretion, delay absorption of carbohydrates,
improve glucose uptake and metabolic control by lowering insulin
resistance, influence incretin response and finally overcome insulin
resistance [32]. Considering that maintenance of normal glucose
homeostasis in pregnancy is dependent upon the capability of b-
cells to increase the secretion of insulin to compensate the insulin
resistance in late pregnancy, T-allele variant could affect beta cell
proliferation and insulin secretion in response to specific foods and
may influence GDM susceptibility. Given this, it would be rational
to speculate that the effect of a healthy MedDiet would be more
evident in women genetically susceptible by interacting on the
same pathways and decreasing the risk of GDM.

Another possible explanation for our results with respect to
obtaining higher benefits from the diet by being a carrier of the T-
allele could be found in its relationship to BMI. Several authors have
reported significant interactions between the MedDiet and
rs7903146 influencing BMI, weight, and waist circumference. Their
results are in line with ours in that a healthy diet provides a more
beneficial effect in subjects carrying the T-allele. A randomized
controlled trial with obese participants following a 10-wk inter-
vention with hypoenergetic diets showed that obese individuals
with the rs7903146 T-allele had better responses inweight loss and
adiposity outcomes [33]. Roswall et al. showed that subjects car-
rying the T-allele experienced less weight gainwhen the adherence
to the MedDiet was high [34]. Similarly, Sotos-Prieto et al. found in
a Hispanic sample that subjects with CT þ TT genotypes had lower
weight and waist circumference when they score high to MedDiet
adherence when compared with CC carriers [35]. Some authors
have shown the T-allele was associated with lower BMI only in
T2DM patients but not in controls [36]. Moreover, Corella et al. have
suggested that the rs7903146eT2DM association had higher effect
in lean compared with obese individuals [37]. Finally, other studies
have found a negative impact of the rs7903146 T-allele on change in
anthropometric measurements during lifestyle intervention
[38e40].

Despite these findings, in our case it does not seem that BMI
explains the result of the TCF7L2 rs7903146-diet interaction on the
incidence of GDM. To explore the effect of BMI, we studied its as-
sociation with rs7903146 and observed that a statistically signifi-
cant association existed in all but the recessive model when we
analysed the total group in crude. However, when we repeated the
same analysis adjusted for age, parity and ethnicity, all significa-
tions were lost. Furthermore, there are no differences in BMI pre-
pregnancy or at baseline nor in body weight prepregnancy, at entry
or even in weight gain between the three separate groups ac-
cording to MedDiet adherence. Furthermore, the interaction with
adherence to the diet is maintained after adjusting for BMI and we
have not found an interaction between polymorphism and weight
gain according to MedDiet adherence levels.

All this suggests that in this case, it is not the interaction of
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polymorphism with weight that would explain the results, but
rather its effect on the glucose response to nutrient intake. In this
respect, we found that during OGTT women who carried the TT
genotype and had a high adherence to the MedDiet reached
considerably lower blood 1-h glucose levels (113.67 mg/dl) in
relation to those with low adherence (136.33 mg/dl). Women car-
rying the C-allele reached similar glucose concentrations among
them. Thus, a direct effect of the T-allele on the glucose regulation
cannot be excluded.

Finally, in a previous study based on this sample we reported
that the protective effect of having a high adherence to the six food
targets was higher in women who were overweight and obese and
who were multiparous. Interactions indicated that women BMI
with �25 could benefit the most from improvements in healthier
dietary habits in pregnancy followed by multiparous. In this study
we have ascertained that women carrying the T-allele benefited
from the MedDiet almost as much as overweight/obese women.
Only a small percentage (7.4%) of carriers of the T-allele that were
high adherents developed GDMwhile the majority of those did not
(92.6%). This effect was not observed in carriers of the CC genotype.
Our data suggest that unfavourable genetic predisposition can be
compensated by a healthy diet.

There are some limitations in this study. Our results may reflect
the sample is not large enough to detect T-associated risks and is
heterogeneous. Although the data provided were adjusted by
ethnicity, some of the results may be attributable to specific ethnic
effects. However, if conducting the analysis separated by ethnicity,
each of the subgroups would have even more modest statistical
power to demonstrate statistically significant associations or in-
teractions of gene variants with GDM.

5. Conclusion

In conclusion, our results suggest that women carrying the risk
T-allele of the TCF7L2 rs7903146 polymorphismwho highly adhere
to a MedDiet early in pregnancy had a significantly lower risk of
developing GDM than women who do not. We have demonstrated
that a possible unfavourable genetic predisposition may be coun-
teracted by adopting healthier diets. This reinforces the importance
of identifying patients at risk of GDM based on genetic character-
istics which are especially sensitive to specific types of diets and the
relevance of a prompt nutritional education to pregnant women.
Further studies are required to identify diet interactions with
population at risk of GDM. This may help to develop more indi-
vidualized intervention strategies that can contribute to precision
medicine.
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