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OBJECTIVE

To assess the interactions between diet quality and genetic predisposition to inci-
dent type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

Between 2006 and 2010, 357,419 participants with genetic and complete dietary data
from the UK Biobank were enrolled and prospectively followed up to 2017. The
genetic risk score (GRS) was calculated on the basis of 424 variants associated with
T2D risk, and a higher GRS indicates a higher genetic predisposition to T2D.The adher-
ence to a healthy diet was assessed by a diet quality score comprising 10 important
dietary components, with a higher score representing a higher overall diet quality.

RESULTS

There were 5,663 incident T2D cases documented during an average of 8.1 years
of follow-up. A significant negative interaction was observed between the GRS
and the diet quality score. After adjusting for major risk factors, per SD increment
in the GRS and the diet quality score was associated with a 54% higher and a 9%
lower risk of T2D, respectively. A simultaneous increment of 1 SD in both the diet
quality score and GRS was additionally associated with a 3% lower T2D risk due
to the antagonistic interaction. In categorical analyses, a sharp reduction of 23%
in T2D risk associated with a 1-SD increment in the diet quality score was
detected among participants in the extremely high GRS group (GRS >95%). We
also observed a strong negative interaction between the GRS and the diet quality
score on the blood HbA1c level at baseline (P < 0.001).

CONCLUSIONS

The adherence to a healthy diet was associated with more reductions in blood
HbA1c levels and subsequent T2D risk among individuals with a higher genetic
risk. Our findings support tailoring dietary recommendations to an individual’s
genetic makeup for T2D prevention.

Type 2 diabetes (T2D) has reached pandemic levels, affecting 463 million people
worldwide (1). Studies have demonstrated that T2D originates from the complex
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interplay between both genetic and life-
style factors, including diet (2,3). The
so-called gene-diet interactions are def-
ined as a joint effect of genetic and die-
tary exposures on the outcome, which
is higher or lower than the sum of their
individual effects (4). Previous evidence
has shown considerable individuals’ var-
iability in response to dietary preven-
tion or intervention for T2D, which may
partly result from genetic variation and
interactions between diet and genes
(5). Therefore, elucidating the gene-diet
interactions on T2D development could
help us identify the susceptible popula-
tions and develop personalized nutrition
guidance for more effective prevention
of T2D. Although the interactions bet-
ween specific dietary components and
certain genetic variants on the risk of
T2D have been indicated in some stud-
ies (6–8), limited findings have been
replicated (9). Current dietary guidelines
for T2D prevention and management
have emphasized adopting an overall
healthy eating pattern rather than focu-
sing on individual nutrients or single
food item (10–12). However, it remains
unclear whether the importance of adh-
ering to a healthy diet depends on an
individual’s genetic makeup.
In the past few years, successive waves

of large-scale genome-wide association
studies (GWAS) have established >500
loci associated with T2D risk (13–16).
Superior to single nucleotide polymor-
phisms (SNPs), aggregating T2D-associ-
ated SNPs into genetic risk scores (GRS)
can increase the predictability of incident
T2D and enable a continuous measure of
the genetic risk (16,17). Thus, generating
GRS is more appropriate to examine
gene-diet interactions on T2D and should
be more intensively used (9).
Consistent evidence demonstrates that

healthy dietary patterns, such as the
Mediterranean diet and the Dietary
Approach to Stop Hypertension (DASH)
diet, could reduce the risk of developing
T2D (18–20). These healthful dietary pat-
terns are characterized by high consump-
tion of whole grains, vegetables, fruits,
legumes, and nuts and low consumption
of refined grains, processed red meats,
and sugar-sweetened beverages (21). Up
to now, few studies have evaluated the
interactions between overall diet quality
and genetic predisposition to T2D. Altho-
ugh a nested case-control study showed
that the genetic risk of developing T2D

was enhanced by a Western dietary pat-
tern in male health professionals (22),
other studies failed to detect a signifi-
cant interaction between the overall diet
quality and the GRS (23–25). The major
shortcoming of these previous studies is
the inadequate sample size (n < 30,000),
which may reduce statistical power to
detect significant interactions (9). In addi-
tion, GRS constructed by fewer SNPs may
provide a less accurate representation of
the genetic risk for T2D. Overall, sparse
scientific evidence supports tailoring die-
tary recommendations to individual gen-
etic risk profiles for T2D prevention. A
large sample size of population-wide bio-
banks is needed to identify the interac-
tions between diet quality and genetic
susceptibility to T2D (26).

In this study, we first created a diet
quality score according to recent dietary
and policy priorities for cardiometabolic
health (27). Then, we examined the inter-
action between the diet quality score
and the genetic predisposition to T2D, as
captured by the GRS, on hemoglobin A1c
levels and T2D development in 357,419
adults from the UK Biobank study.

RESEARCH DESIGN AND METHODS

Study Population
The UK Biobank is a large prospective
cohort consisting of �0.5 million partici-
pants aged 40–69 years and recruited
across the U.K. from 2006 to 2010 (28,
29). At baseline, participants were req-
uired to complete a series of touch-
screen questionnaires, provide biologi-
cal samples, and undergo various physi-
cal assessments. All participants gave
informed consent at recruitment. The
UK Biobank study was approved by the
North West Multi-centre Research Eth-
ics Committee (Manchester, U.K.).

The UK Biobank data set for this
project included 502,505 participants.
Exclusion criteria included the with-
drawal of informed consent, patients
with cardiovascular disease, cancer or
diabetes at baseline, lack of genetic
data or discordance between reported
and genotype-inferred sex, not of White
British descent, and those with incom-
plete data on important dietary compo-
nents used for assessing the overall diet
quality. Finally, 357,419 individuals were
selected for the present analysis (Supp-
lementary Fig. 1).

Genotyping and SNP Selection
A detailed description of the genotyping
process, imputation, and quality control
in the UK Biobank study has been pub-
lished (30). Briefly, the SNPs were geno-
typed using the custom UK Biobank Lung
Exome Variant Evaluation Axiom (807,
411 markers) or the UK Biobank Axiom
array (825,927 markers) and then imp-
uted using merged UK10K and 1000
Genomes Project phase 3 panels as the
reference panel. We selected 424 SNPs
representative of loci associated with
T2D (Supplementary Table 1) based on
the ancestry-specific analysis of Euro-
peans in the largest genome-wide multi-
ethnic meta-analysis (13). The SNPs mis-
sing in UK Biobank data were excluded,
and no proxy SNPs were used.

Calculation of the GRS for T2D
A previously described weighting met-
hod (31) was used to calculate the GRS
for T2D based on the 424 selected SNPs
that passed quality control (13). Each
SNP was weighted by its relative effect
size (β-coefficient). We used β-coeffi-
cients derived from the European popu-
lation in the latest genome-wide mul-
tiethnic meta-analysis (13) to obtain
more precise effect sizes of these SNPs
on T2D. The GRS was calculated by the
following equation: GRS = (β1 � SNP1 1
β2 � SNP2 1…1 β424 � SNP424) �
(424/sum of the β-coefficients), where
SNPi (i = 1, 2, ..., 424) is is the risk allele
number of each SNP. The calculated GRS
ranged from 358.4 to 469.8. A higher
GRS indicates a higher genetic predispo-
sition to T2D, and each a GRS point cor-
responds to one risk allele.

Assessment of Diet Quality and
Covariates
In the assessment centers, participants
completed a touch-screen short food fre-
quency questionnaire (FFQ) that included
29 questions about diet over the past 12
months. Most of the questions inquired
about the consumption frequency of
major food groups, such as “How often
do you eat processed meats (such as
bacon, ham, sausages, meat pies, kebabs,
burgers, chicken nuggets)?”, followed by
the options from “never” to “once or
more daily.” For vegetable and fruit con-
sumption, participants were asked to
directly enter the average number of
servings consumed daily. In addition, a
subsample of participants was invited for
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a total of four times between 2011 and
2012 to complete an online 24-h dietary
assessment. Detailed information on the
dietary assessment has been reported
elsewhere (32). In the present analysis,
we only used data from the short FFQ,
available on the full cohort, to maximize
the sample size and better represent a
long-term diet. The performance of the
short FFQ has been validated by a
repeated assessment 4 years after rec-
ruitment and by comparing the dietary
touch-screen variables with the mean
intakes from online 24-h dietary assess-
ments, which demonstrated dietary vari-
ables from FFQ reliably rank individuals
according to intakes of the main food
groups (32).

According to the recent definition for
ideal consumption of dietary components
for cardiometabolic diseases, including
T2D (27,33), we then created a diet qual-
ity score based on 10 foods predictive of
T2D risk, emphasizing higher intake of
vegetables, fruits, fish, dairy, whole grains,
and vegetable oils and lower intake of
refined grains, processed meats, unpro-
cessed red meats, and sugar-sweetened
beverages. Supplementary Table 2 sum-
marizes the components and scaling
methods of the diet quality score. Each
dietary component was scored from 0
(unhealthiest) to 10 (healthiest) points,
with intermediate values scored propor-
tionally. The total diet quality score was
the sum of all the diet component scores
and ranged from 0 to 100, with a higher
score representing a higher overall diet
quality. The continuous scale and wide
range of the diet quality score enable
great sensitivity to differentiate dietary
intakes.

Several potential confounders were
also assessed through the touch-screen
questionnaire, including age, sex, race,
weight and height, education, Townsend
deprivation index (34), household income,
smoking, alcohol consumption, physical
activity, history of diseases, dietary sup-
plementation, and medication. MET was
calculated according to the short form of
International Physical Activity Ques-
tionnaire (35). Hypertension was def-
ined as a self-reported history of
hypertension, systolic blood pressure
$140 mmHg, diastolic blood pressure
$90 mmHg, or taking antihyperten-
sive drugs. Blood samples were col-
lected at baseline, and HbA1c levels
were measured. Detailed information

on the measurement is available online
at https://biobank.ctsu.ox.ac.uk/showcase.

Ascertainment of T2D
The definitions for prevalent and incident
T2D cases are presented in Supplemen-
tary Table 3. Prevalent T2D was ascer-
tained using the UK Biobank algorithms
for the diagnosis of diabetes (36). Incident
T2D cases were identified using cumula-
tive hospital inpatient records with the
code E11 from ICD-10. Hospital admission
data were available for participants until
31 March 2017. Detailed information on
T2D ascertainment can be found at
https://biobank.ndph.ox.ac.uk/showcase/
label.cgi?id=2000. Follow-up time was
calculated from the date of attendance
at the baseline assessment center to the
time of T2D diagnosis, lost to follow-up,
death, or the end of follow-up (31 March
2017), whichever occurred earlier.

Statistical Analysis
We used Cox proportional hazards reg-
ression models to calculate hazard ratios
(HRs) and 95% CIs for T2D according to
the categories of the diet quality score
or GRS. The interaction between the diet
quality score and GRS on the subsequent
incidence of T2D was tested by including
a multiplicative interaction term in the
Cox proportional hazards models. Contin-
uous standardized values ([value �
mean]/SD) of the GRS and diet quality
score were used in these analyses for
appropriate scaling for clinical interpreta-
tion. Proportional hazards assumption
was checked by calculating the correla-
tion between Schoenfeld residuals and
ranked event times. Several potential
confounders were included in our multi-
variable-adjusted models. Model 1 was
adjusted for age and sex. Model 2 was
further adjusted for assessment centers,
BMI, education, Townsend deprivation
index, household income, smoking, phys-
ical activity, alcohol consumption, history
of hypertension, history of high choles-
terol, vitamin supplement use, mineral
supplement use, aspirin use, and lipid-
lowering medication. Missing data were
coded as a missing indicator category, if
necessary. Similarly, general linear mod-
els were used to estimate HbA1c levels at
baseline according to the categories of
the GRS and assess the interaction bet-
ween the diet quality score and the GRS

on HbA1c levels by including a multiplica-
tive interaction term.

The diet quality score or GRS was
also divided into low, median, or high
levels according to tertiles, and we esti-
mated the HRs of T2D and HbA1c levels
according to joint categories of the diet
quality score and GRS (9 categories).
Given that the empirical risk of chronic
diseases was evidenced to sharply
increase in the extreme tails of the GRS
distribution (37,38), we further estimated
the changes in the HRs of T2D and HbA1c
levels associated with 1-SD increment in
the diet quality score in percentile cate-
gories of the GRS to see whether the
interactions existed among the individuals
with extremely high genetic risk.

Sex-specific analyses were performed
to investigate whether the interactions
differed by sex. We also tested the
potential interactions for specific diet
components. Several sensitivity analyses
were also conducted. We tested whe-
ther the association was affected by fur-
ther adjusting for a sleep pattern (poor,
intermediate, or healthy) (39), hormone
replacement therapy and oral contra-
ceptive use, glucosamine use, or fish oil
use. We further excluded incident T2D
cases that occurred within the first year
to minimize the possibility of reverse
causation. Finally, analyses were rest-
ricted to the participants with no miss-
ing covariate data.

Statistical analyses were performed
with SAS 9.4 software (SAS Institute,
Cary, NC). Tests were two-sided, and
the significance was defined as P <
0.05.

RESULTS

Population Characteristics
Characteristics of participants in the cur-
rent UK Biobank categorized by quartiles
of diet quality score are summarized in
Table 1. At baseline, participants with
higher diet quality scores were generally
older, more often women, highly edu-
cated, more physically active, and had
lower BMIs. They were also more likely
to have prevalent hypercholesteremia
and use aspirin, vitamins, minerals, and
lipid-lowering medications. The mean
GRS of T2D for participants was 414
with a normal distribution (Supplemen-
tary Fig. 2). Besides, the GRS was not
correlated with the diet quality score. As
expected, the HRs of T2D were lower
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with the increasing quartiles of the diet
quality score (Supplementary Fig. 3).

The Interaction Between the Diet
Quality Score and GRS on T2D
Incidence and HbA1c

A total of 5,663 participants with T2D
were documented during an average of
8.1 years of follow-up (2,882,727 per-
son-years). In the analysis of continuous
standardized values (Table 2), we obs-
erved a significant interaction between
the diet quality score and the GRS on

the subsequent T2D risk (P for interac-
tion = 0.038) in the age- and sex-
adjusted model (model 1). The interac-
tion was slightly enhanced after further
adjusting for other demographic charac-
teristics, lifestyle factors, and the use of
other supplements and medications
(model 2; P for interaction = 0.031). Rel-
ative to the mean values, each SD incre-
ment in GRS was associated with a 54%
(95% CI 50–58%) higher risk (P <
0.001), and per SD increment in the
diet quality score was related to a 9%

(95% CI 7–12%) lower T2D risk (P <
0.001). Besides, a simultaneous incre-
ment of 1 SD in both the diet quality
score and the GRS was additionally asso-
ciated with a reduction of 3% in T2D risk
(P = 0.031) due to the antagonistic
interaction.

Similarly, we observed a strong inter-
action between the diet quality score
and the GRS on blood HbA1c levels
(Table 2). In the multivariable-adj-
usted model, each SD increment in
the GRS was associated with 0.544

Table 1—Baseline characteristics of participants across quartiles of the diet quality score in the UK Biobank cohort

Quartiles of diet quality score

Q1 Q2 Q3 Q4

Characteristics n = 89,354 n = 89,276 n = 89,485 n = 89,304 P*

Male 56.6 43.9 38.2 38.1 <0.001

Age (years) 54.6 ± 8.2 55.7 ± 8.1 56.3 ± 7.9 57.2 ± 7.7 <0.001

BMI (kg/m2) 27.7 ± 4.7 27.3 ± 4.5 26.9 ± 4.5 26.4 ± 4.4 <0.001

Townsend deprivation index �1.3 ± 3.1 �1.6 ± 2.9 �1.8 ± 2.8 �1.7 ± 2.8 <0.001

Household income (£)† <0.001

<18,000 18.7 16.1 15.4 17.7
18,000 to 30,999 21.6 21.3 21.3 22.5
31,000 to 51,999 24.0 24.2 24.2 23.6
52,000 to 100,000 18.7 20.5 20.8 18.7
>100,000 4.7 5.7 5.9 4.9

Education <0.001

College or university degree 26.1 33.1 37.5 39.7
Vocational qualifications 12.0 11.3 10.9 10.9
Optional national exams at ages 17–18 years 11.2 12.2 12.4 11.5
National exams at age 16 years 31.4 28.1 26.0 24.3
Others 18.6 14.7 12.6 12.9

Physical activity (MET-h/week) 42.3 ± 47.6 43.2 ± 44.5 44.3 ± 42.9 49.8 ± 45.9 <0.001

Smoking status <0.001

Never 50.8 56.2 58.2 58.2
Previous 31.7 33.7 34.4 35.7
Current 17.3 9.9 7.2 5.9

Alcohol consumption <0.001

Never or special occasions only 16.3 15.3 14.9 17.0
1 to 3 times/month 11.2 11.1 11.0 11.2
1 or 2 times/week 26.0 26.7 26.8 26.7
3 or 4 times/week 22.8 24.6 26.4 25.8
Daily or almost daily 23.7 22.2 20.9 19.3

History of hypertension 55.1 53.5 52.5 53.2 <0.001

History of high cholesterol 11.0 11.7 11.9 12.5 <0.001

Family history of diabetes 20.5 20.2 20.0 19.9 0.012

Aspirin use 8.4 8.4 8.5 8.8 0.015

Vitamin supplementation 24.7 30.4 33.7 37.5 <0.001

Mineral supplementation 8.0 11.2 13.1 16.0 <0.001

Lipid-lowering medication use 10.3 10.8 10.8 11.2 <0.001

Genetic risk score 414.0 ± 11.9 414.0 ± 11.9 414.0 ± 11.9 414.1 ± 11.9 0.350

Data are means ± SD or %. *P values for differences were analyzed by x2 test for categorical variables or ANOVA for continuous variables.
†£1.00 = $1.30, e1.20.
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mmol/mol higher HbA1c level (P <
0.001). The per SD increment in the
diet quality score was related to a
0.146 mmol/mol lower HbA1c level
(P < 0.001). Besides, 1-SD increment
in the diet quality score plus 1-SD
increment in the GRS was addition-
ally associated with a reduction of
0.050 mmol/mol in HbA1c level (P <
0.001).

In sex-specific analyses, we found a
significant interaction between the
diet quality score and the GRS on T2D
risk in men (P for interaction = 0.029)
but not in women (P for interaction =
0.459) (Supplementary Table 4). How-
ever, the strong interactions between
the diet quality score and the GRS on
HbA1c were consistent in both men
and women (both P for interaction <
0.001). For individual diet compo-
nents, higher scores in refined grains,
whole grains, processed meats, fish,
fruits, and vegetables were signifi-
cantly associated with reductions in
T2D risk. Among these diet components,

processed meats showed a significant
interaction with the GRS on T2D risk
(P for interaction = 0.005) (Supplemen-
tary Table 5).

T2D Risk and HbA1c According to
Joint Categories of the Diet Quality
Score and the GRS
Results from the joint categories of the
diet quality score and the GRS showed
that a higher GRS was associated with a
higher risk of T2D and that this associa-
tion was more pronounced among par-
ticipants who had a lower diet quality
score (Fig. 1A). Viewed differently, the
positive associations of poor diet quality
with T2D risk were stronger among par-
ticipants with a higher GRS. Compared
with the individuals in the lowest tertile
of GRS and the highest tertile of the diet
quality score, those in the highest tertile
of the GRS and the lowest tertile of the
diet quality score had a 2.29-fold increase
in T2D risk. Similar results were also
detected for blood HbA1c levels (Fig. 1B).

Associations of Diet Quality With
T2D Risk and HbA1c According to
Percentile Categories of the GRS
In analyses according to the percentile
categories of the GRS, a gradient of T2D
risk was apparent across the 10 GRS
groups (Fig. 2A), where participants with
a higher GRS were at higher risk of devel-
oping T2D. This trend was especially visi-
ble for individuals in the right tail of the
GRS distribution, where T2D risk
increased sharply as the GRS increased.
Compared with participants in the group
with 40–60% GRS, the adjusted HRs (95%
CIs) for those in the groups with 95–99%
and >99% GRS groups were 2.14 (1.91–
2.39) and 2.84 (2.37–3.39), respectively.
We observed that the reduction of T2D
risk associated with a 1-SD increment in
the diet quality score was greater across
the increasing categories of the GRS
(P for interaction = 0.012) (Fig. 2B).
Notably, sharp reductions in the risk
of T2D were detected for individuals
in the extremely high GRS groups (GRS
>95%). Each SD increment in the diet
quality score was related to a 23% (95%
CI 15–30%) decreased T2D risk among
individuals in the group with 95–99%
GRS. A reduction of 23% (95% CI 7–36%)
associated with a 1-SD increment in the
diet quality score was also observed for
those even in the group with >99% GRS.
Similarly, the adjusted means of HbA1c
levels were higher across the genetic risk
bins, with a sharp increase in the
extremely high GRS group (GRS >99%)
(Fig. 3A). Although the diet quality score
was consistently associated with reduced
HbA1c levels in each genetic risk group,
reductions were more prominent with
the increasing GRS categories (P for inter-
action <0.001) (Fig. 3B). Specifically, par-
ticipants with the top 1% GRS had 0.436
mmol/mol decreased HbA1c associated
with 1-SD increment of diet quality score.

Sensitivity Analyses
The documented significant interactions
between the diet quality score and GRS
on T2D risk and HbA1c did not change
substantially after further adjusting for
sleep pattern, hormone replacement
therapy and oral contraceptive use, glu-
cosamine use, and fish oil use (Suppleme-
ntary Table 6). Our results also remained
similar when we further excluded incident
T2D cases that occurred within the first
year or those with missing covariate data
(Supplementary Table 7).

Table 2—Interaction between the diet quality score and the GRS on the risk of
type 2 diabetes and blood HbA1c level*

UK Biobank

β SE P HR (95% CI)

Type 2 diabetes
Model 1†

GRS 0.438 0.014 <0.001 1.55 (1.51–1.59)
Diet quality score �0.239 0.015 <0.001 0.79 (0.77–0.81)
GRS � diet quality score �0.028 0.014 0.038 0.97 (0.95–0.998)

Model 2‡
GRS 0.431 0.014 <0.001 1.54 (1.50–1.58)
Diet quality score �0.098 0.015 <0.001 0.91 (0.88–0.93)
GRS � diet quality score �0.029 0.014 0.031 0.97 (0.95–0.997)

HbA1c (mmol/mol)

Model 1†
GRS 0.570 0.007 <0.001 —

Diet quality score �0.276 0.007 <0.001 —

GRS � diet quality score �0.051 0.007 <0.001 —

Model 2‡
GRS 0.544 0.007 <0.001 —

Diet quality score �0.146 0.007 <0.001 —

GRS � diet quality score �0.050 0.007 <0.001 —

*Cox proportional hazards regression models for type 2 diabetes and generalized linear
models for HbA1c were performed using standardized values of the diet quality score and
the GRS. †Model 1 was adjusted for age and sex. ‡Model 2 was further adjusted for centers
(22 categories), BMI (in kg/m2; <18.5, 18.5–25, 25–30, 30–35, $35, or missing), education
(college or university degree, vocational qualifications, optional national exams at ages
17–18 years, national exams at age 16 years, others, or missing), Townsend deprivation index
(quintiles), household income (<£18,000, £18,000–30,999, £31,000–51,999, £52,000–100,000,
>£100,000, or missing), smoking (never, former, current, or missing), alcohol consumption
(never or special occasions only, 1 to 3 times/month, 1 or 2 times/week, 3 or 4 times/week,
or daily/almost daily), physical activity (in MET-h/week; quintiles), history of hypertension (yes
or no), history of high cholesterol (yes or no), vitamin supplement use (yes or no), mineral
supplement use (yes or no), aspirin use (yes or no), and lipid-lowering medication (yes or no).
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CONCLUSIONS

In this large study, including 357,419
participants of European descent, we
examined the interplay between diet
quality and genetic predisposition rela-
ted to T2D and blood HbA1c. Higher diet
quality was significantly associated with
reductions in HbA1c and T2D risk among
individuals at higher genetic risk for T2D
but not among those at lower genetic
risk. Besides, individuals at an extremely

high genetic risk (GRS >95%) had a
sharp reduction in T2D risk related to
improved diet quality. From another
perspective, improved diet quality might
attenuate the genetic influences on
T2D.

Comparison With Other Studies and
Possible Explanations
Although it is widely hypothesized that
genetic predisposition interacts with an

unhealthy lifestyle on the epidemic of
T2D, previous evidence suggests that
lifestyle and genetic factors contribute
independently to the susceptibility to
T2D (33,40–43). Regarding the dietary
factors, only few studies have tested
the potential interaction between over-
all diet quality and genetic susceptibility
to T2D. In the Health Professionals Fol-
low-Up Study (HPFS) of 1,196 patients
with diabetes and 1,337 control sub-
jects without diabetes, higher adher-
ence to a Western diet was associated
with increased T2D risk only among par-
ticipants with a high GRS ($12 risk
alleles) but not among those with a
lower GRS (<12 risk alleles) (P for inter-
action = 0.02) (22).

However, two other larger studies did
not find any significant interactions
between diet quality and the GRS on
T2D risk. The InterAct case-cohort study
including 16,154 individuals reported no
interactions between the T2D GRS cal-
culated using 49 SNPs and the diet qual-
ity assessed by a Mediterranean diet
score (23). Likewise, the Malm€o Diet
and Cancer cohort study of 25,069 par-
ticipants showed that the GRS com-
puted using 49 SNPs and the diet risk
score derived from four important foods
independently added to the T2D risk
(24). Recently, a cross-sectional study of
3,733 White British participants found
that a diet quality index according to
the U.K. dietary reference values and
guidelines was inversely associated with
HbA1c and that such protective associa-
tions were similar across tertiles of the
GRS calculated by 87 SNPs (25).

Potential interactions were likely to
be obscured due to the limited statisti-
cal power in these studies. First, the
GRS constructed using a limited number
of SNPs did not accurately represent
the genetic risk. In our study, we used
424 T2D associated SNPs from the larg-
est-to-date GWAS study, which expla-
ined 19% of T2D risk on a liability scale
(13). The GRS integrating such a large
number of loci dramatically enhanced
the prediction of an individual’s genetic
risk for T2D.

Second, previous studies were sub-
ject to limited sample size (n < 30,000),
which may attenuate statistical power
to detect significant interactions. Impor-
tantly, evidence revealed that the empiri-
cal risk of diseases, including T2D,
elevated sharply in the extreme tails of

Figure 1—HRs of T2D and HbA1c levels according to joint categories of the diet quality score
and the GRS. Data are HRs of T2D (A) and HbA1c levels (B) adjusted for age, sex, centers, BMI,
education, Townsend deprivation index, household income, smoking, alcohol consumption,
physical activity, history of hypertension, history of high cholesterol, vitamin supplement use,
mineral supplement use, aspirin use, and lipid-lowering medication.
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the GRS distribution (37,38), which was
validated in our study. Previous studies
roughly stratified the participants into a
small number of risk groups, such as ter-
tiles and quartiles of the GRS, and there-
fore, could not catch the effect of diet
among those with extremely high
genetic risk. In the current study, we
novelly observed that individuals in the
extremely high genetic categories (>95%
GRS) had a sharp reduction in T2D risk
related to improved diet quality, which
largely explained the significant interac-
tion between the diet quality score and
the GRS in the analysis using continuous
variables. We also detected that the pro-
tective associations of the diet quality
score with T2D risk were not significant
among those with a GRS <40%, which
implied that for individuals with rela-

tively low genetic risk, the effect of a
high-quality diet might be weak and that
modifications of other lifestyle factors,
such as physical activity and smoking,
may be considered. Similarly, the HPFS
found that higher adherence to a West-
ern dietary pattern was not associated
with higher T2D risk among those with a
lower GRS (56% of participants) (22).
Together, our finding of a significant inter-
action between diet and genetic predis-
position to T2D highlights the imp-
ortance of sample size and T2D risk pre-
diction accuracy by the GRS in the gene-
diet analysis. More large-scale studies
covering a sufficient sample of people
with extremely high genetic risk are
needed to replicate our findings.

The documented strong interaction
between a healthy diet and HbA1c may

have public health significance because a
small reduction in HbA1c would lead to a
population reduction in risk of T2D (44).
The Prevenci�on con Dieta Mediterr�anea
(PREDIMED) study of 2,993 men and
4,025 women demonstrated an interac-
tion between the Mediterranean diet and
variants at the TCF7L2 gene (rs7903146)
on fasting glucose after a 4.8-year follow-
up (45). They observed that the genetic
effect of the rs7903146 SNP on fasting
glucose was attenuated by high adher-
ence to the Mediterranean diet. More-
over, they also found that the reductions
in T2D incidence for rs4580704 G-allele
carriers compared with the CC homozy-
gotes were more evident in the Mediter-
ranean diet intervention group than in
the control group (46). These data coll-
aborate with our finding to support the

Figure 2—HRs of T2D according to percentile categories of the GRS. HRs of T2D relative to the 40–60% GRS group (A) and HRs of T2D associated
with a 1-SD increment in the diet quality score (B) were adjusted for age, sex, centers, BMI, education, Townsend deprivation index, household
income, smoking, alcohol consumption, physical activity, history of hypertension, history of high cholesterol, vitamin supplement use, mineral sup-
plement use, aspirin use, and lipid-lowering medication. The vertical lines represent 95% CIs.
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suggestion that maintaining a high-quality
diet would benefit glycemic control and
that such protection is more prominent
for individuals at high genetic risk of T2D.
Consistent with the interaction for T2D
risk, the substantial reduction in HbA1c
associated with improved diet quality
was found for participants with an
extremely high GRS in our study, indicat-
ing the importance of identifying individu-
als with extremely high genetic risk and
implementing early diet modification
before the onset of T2D.
The biological mechanisms underlying

the documented interactions between
diet quality and genetic predisposition on
HbA1c and T2D risk remain unclear. The
modifying effect could be partly explained
by the beneficial bioactivities of a healthy
diet, such as regulating lipid and glucose
metabolism, enhancing insulin sensitivity,
and balancing energy intake (10,21). Not-
ably, a previous study suggested adh-
ering to healthy dietary patterns signifi-
cantly attenuated the genetic susceptibil-
ity to obesity and weight gain (47), which

is a major risk factor for T2D. Interactions
between important nutritional compo-
nents of a healthy diet and genetic var-
iants could also play a part. Our results
suggest that processed meats may be the
major food item driving the interaction
between diet quality and genetic risk.
Components of processed meats, includ-
ing saturated fat, advanced glycation end
products, heme iron, nitrosamine, sodium
nitrite, and nitrose compounds, may have
toxic effects on pancreatic β-cells or
impair insulin sensitivity (48). It is pos-
sible that genetic variants associated
with insulin secretion or insulin resis-
tance strengthen this detrimental eff-
ect on T2D risk. In addition, variants
of TCF7L2 result in impaired glucagon-
like peptide 1–induced insulin secre-
tion, while a fiber-rich diet could stim-
ulate glucagon-like peptide 1 and thus
counteract the genetic effects (25,49).
More experimental research is req-
uired to give biological insights into
the gene-diet interactions on glucose
intake and T2D risk.

In the sex-specific analysis, we sho-
wed that the interactions between the
diet quality score and the GRS on HbA1c
were consistently strong among both
men and women, but the interactions
on T2D risk were detected in men but
not in women, which may be due to
the higher incidence of T2D in men
than in women (50). Consistently, the
previous HPFS showed a significant int-
eraction between a Western diet and
the GRS in male health professionals
(22). The possible mechanisms explain-
ing this difference may include the mod-
erating effects of sex hormones on
glucose and lipid metabolism (51). Stud-
ies have shown that men were more
sensitive to diet-induced obesity or
insulin resistance compared with wom-
en due to the lack of the protective
effect of estrogen (51). It is possible
that estrogen regulated the expressions
of genes involved in glucose metabolism
and thus attenuated the interaction
between these genes and diet.

Strengths and Limitations
The major strength of the current study
is the large population size, which pro-
vides sufficient statistical power to detect
significant interactions and allows for
analyses in individuals with extremely
high genetic risk. In addition, we con-
structed a comprehensive diet quality
score and took advantage of a large
number of SNPs identified to be associ-
ated with T2D, which provided an accu-
rate prediction of genetic risk. Other
strengths include the wealth of data on
covariates, including socioeconomic char-
acteristics and lifestyle factors.

Some limitations should also be noted.
First, residual confounding due to mea-
surement errors or unmeasured factors
is still possible, although we have care-
fully controlled for various nondietary
factors in our models.

Second, consumption of dietary com-
ponents of the diet quality score was
assessed at baseline, which may not cap-
ture potential changes in dietary habits
during the follow-up. The weaker interac-
tion observed for T2D risk than HbA1c at
baseline implied that the precise mea-
surement of diet was important for
detecting significant interactions. Besides,
information on covariates was also col-
lected at baseline, and thus, changes dur-
ing the follow-up could not be adjusted.

Figure 3—Blood HbA1c levels according to percentile categories of the GRS. Mean HbA1c levels
(A) and changes in HbA1c levels associated with a 1-SD increment in the diet quality score (B)
were adjusted for age, sex, centers, BMI, education, Townsend deprivation index, household
income, smoking, alcohol consumption, physical activity, history of hypertension, history of
high cholesterol, vitamin supplement use, mineral supplement use, aspirin use, and lipid-lower-
ing medication. The vertical lines represent SEs.
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Therefore, studies using repeated meas-
urements of diet and covariates should
be encouraged.

Third, new cases of T2D were con-
firmed by hospital inpatient records or
self-report in our study, which may not
be precise. The lack of laboratory tests,
such as fasting glucose or HbA1c might
underestimate the incident cases of T2D.
However, this misclassification would
occur virtually independent of the diet
quality score and GRS and thus might not
cause serious bias.

Fourth, although the diet quality score
comprises important food items that are
also included in many healthy dietary
patterns, such as the Mediterranean Diet
and Dietary Approach to Stop Hyperten-
sion, further studies are needed to test
whether these specific dietary patterns
also interact with the genetic risk of T2D.

Fifth, our study population was res-
tricted to White European descent, and
thus our findings may not immediately
be generalized to other ethnic groups of
populations. Finally, a causal relationship
may not be implied due to the observa-
tional nature.

Conclusion and Implications
In summary, we showed that the pro-
tective associations of diet quality with
T2D and blood HbA1c were modified
by the genetic risk. These results indi-
cate that individuals with higher
genetic risk, especially extremely high
genetic risk, may benefit more from
adherence to a healthy diet in T2D
prevention. Our findings provide imp-
ortant evidence to support tailoring
dietary recommendations to an indi-
vidual’s genetic makeup for T2D pre-
vention. More studies with a large
sample size of population-wide bio-
banks and precisely measured dietary
exposures are needed to corroborate
our results.
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