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ABSTRACT
Aims/Introduction: To analyze the associations and interactions of the genetic suscep-
tibility and family history of diabetes with lifestyle factors in relation to diabetes among
Chinese adults.
Materials and Methods: We constructed a genetic risk score of 34 single-nucleotide
polymorphisms in 11,596 participants from Songnan and Youyi communities, Baoshan Dis-
trict, Shanghai, China. We determined a healthy lifestyle by a normal body mass index
(<24 kg/m2), adequate fruit and vegetable intake (≥4.5 cups/day), never smoked or quit
smoking >1 year prior, sufficient physical activity (≥600 metabolic equivalent minutes per
week), and a sleep duration of ≥6 to ≤8 h/day. Logistic regression models were used to
examine the associations and interactions between heritability and lifestyle on diabetes.
Results: A healthier lifestyle was associated with a lower prevalence of diabetes within
any heritable risk groups categorized by the genetic risk score and family history of dia-
betes. In the combined communities, the odds ratio (95% confidence interval) for diabetes
associated with each additional healthy lifestyle factor was 0.83 (0.77–0.89) among partici-
pants with a low genetic risk score and 0.86 (0.81–0.91) among participants with a high
genetic risk score (Pinteraction = 0.66). Similar interaction patterns of family history (Pinterac-
tion = 0.15) and the combination of family history and the genetic risk score with healthy
lifestyle (Pinteraction = 0.55) on diabetes were observed.
Conclusions: A healthier lifestyle was associated with a significantly lower prevalence
of diabetes regardless of heritable risk groups, highlighting the importance of adhering to
a healthy lifestyle for diabetes prevention among the entire population.

INTRODUCTION
Type 2 diabetes imposes a substantial public health burden by
virtue of its high prevalence and the difficulty of effective man-
agement1. Diabetes is mainly caused by the interplay between
genetic and environmental factors. To date, genome-wide asso-
ciation studies (GWASs) have identified more than 500 inde-
pendent single-nucleotide polymorphisms (SNPs) associated

with diabetes2. These risk alleles, when aggregated into a genetic
risk score (GRS), could provide a continuous and quantitative
measure of the genetic susceptibility to diabetes3,4. Before the
GWASs, family history (FH) of diabetes used to be the primary
surrogate measure of heritable contribution to diabetes5. Com-
pared with people without a diabetic family member, people
who have either one parent or one full sibling with diabetes
have approximately a twofold elevated risk of diabetes6. FH not
only reflects heritability, but also reflects potential shared envi-
ronmental risk factors among relatives. The GWAS-identifiedReceived 20 November 2020; revised 27 April 2021; accepted 10 May 2021
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variants collectively can explain approximately 20% of the over-
all heritability for diabetes2, which suggests that FH might still
contain unidentified shared genetic and environmental informa-
tion that is complementary to the genetic variations5.
Previous studies of people of European descent have mani-

fested that lifestyle factors, such as diet, physical activity and
body mass index (BMI), might modulate the genetic suscepti-
bility to diabetes7-9. However, data on the interplay between the
genetic variations and lifestyle factors on diabetes are limited in
Chinese adults. In addition, given the considerable popularity
of FH of diabetes, a comprehensive analysis of the GRS and
FH might obtain more comprehensive information about the
heritable risk of diabetes.
In the present study, we determined the heritable risk factors

of diabetes by a GRS and FH of diabetes, and examined the
associations and interactions between healthy lifestyle factors
and these heritable factors on diabetes in Chinese adults, with
particular interest in assessing whether the association between
a healthy lifestyle and diabetes could be modified by heritable
risk factors.

MATERIALS AND METHODS
Study populations
The present study was a part of an ongoing investigation of
community-dwelling Chinese adults aged ≥4010,11. The partici-
pants of the present study were recruited from two nearby
communities, Songnan and Youyi, Baoshan district of Shanghai,
China, in 2011 and 2013. A total of 11,935 participants (6,552
in Songnan community and 5,383 in Youyi community) were
recruited in this study, in which 339 participants (181 in Song-
nan and 158 in Youyi) who had more than two missing SNPs
were excluded. Thus, 11,596 participants (6,371 in Songnan
and 5,225 in Youyi) with qualified genotype information and
complete information on lifestyle, FH of diabetes and diabetes
measurements were included in the study (flowchart see Fig-
ure S1). This study was approved by the Medical Ethics Com-
mittee of Ruijin Hospital, Shanghai Jiao Tong University
(Ethics committee reference number: [2011] Lin Lun Shen No.
[14]; Approval date: 10 March 2011). All study participants
provided written informed consent.

Anthropometric and laboratory measurements
Trained physicians administered standard questionnaires to col-
lect socioeconomic and demographic information, FH of dis-
eases, and lifestyle factors including smoking status and sleep
duration. Education level was categorized as less than high
school (<9 years) and high school or further education
(≥9 years). Smoking status was classified as non-smoker or quit
smoking more than 1 year prior and current smoker or quit
smoking not more than 1 year12. Sleep duration was obtained
by adding nightly sleep duration and daytime snap duration,
and was divided into 6–8 h/day and ≥0 to <6 or >8 h/day13.
Physical activity was assessed based on the International Physi-
cal Activity Questionnaire Short Form14. Metabolic equivalent

minutes per week (MET-min/week) was calculated15, and phys-
ical activity was categorized as ≥0 to <600 MET-min/week and
≥600 MET-min/week. A food frequency questionnaire was used
to collect fruit and vegetable intake by asking the consumption
frequency and amount per serving during the previous
12 months. Fruit and vegetable intake was categorized as ≥0 to
<4.5 cups/day and ≥4.5 cups/day12.
Height and bodyweight were measured by trained physicians.

BMI was calculated as bodyweight in kilograms divided by
height squared in meters (kg/m2). Systolic blood pressure and
diastolic blood pressure were measured in triplicate on the
same day after at least 10-min rest using an automated elec-
tronic device (OMRON Model HEM-752 FUZZY, Omron Co.,
Dalian, China), and the average value of the three measure-
ments was used for analysis. Hypertension was diagnosed as
systolic blood pressure ≥140 mmHg, diastolic blood pressure
≥90 mmHg, or use of antihypertensive medications.
All participants underwent a 75-g oral glucose tolerance test

(OGTT) after an overnight fast of at least 10 h, and blood sam-
ples were collected at 0 and 2-h during the OGTT. Plasma glu-
cose was measured using the glucose oxidase method on an
autoanalyzer (ADVIA-1650 Chemistry System; Bayer Corp.,
Leverkusen, Germany). Glycated hemoglobin was determined
by high-performance liquid chromatography (Bio-Rad, Her-
cules, CA, USA). Serum concentrations of total cholesterol,
triglycerides, high-density lipoprotein cholesterol and low-
density lipoprotein cholesterol were measured with an autoana-
lyzer (ADVIA-1650 Chemistry System; Bayer Corp., Lev-
erkusen, Germany). Dyslipidemia was defined as total
cholesterol ≥6.22 mmol/L (240 mg/dL), triglycerides
≥2.26 mmol/L (200 mg/dL), high-density lipoprotein cholesterol
<1.04 mmol/L (40 mg/dL), low-density lipoprotein cholesterol
≥4.14 mmol/L (160 mg/dL) or use of lipid-lowering medica-
tions16.

FH of diabetes and the GRS construction
In the present study, heritable risk factors of diabetes were
determined by a GRS and FH of diabetes. FH of diabetes was
defined as having at least one first-degree relative with diabetes.
White blood cells were collected for deoxyribonucleic acid
extractions using a commercial blood genomic deoxyribonucleic
acid extraction kit (OSRM102-T1, TIANGEN BIOTECH Co.,
Ltd., Beijing, China) on an automated nucleic acid extraction
instrument (OSEM48, TIANGEN BIOTECH Co., Ltd., Beijing,
China) according to the manufacturer’s standard protocol.
Specific assays were designed using the MassARRAY assay
design software package (v3.1) (https://www.agenacx.com/Home
). Mass determination was carried out with the MALDI-TOF
mass spectrometer, and data acquisition was carried out using
MassARRAY Typer 4.0 software (Sequenom, CapitalBio Corp.,
Beijing, China). The minimum call rate was 98.7%. The con-
cordance rate was >99% based on 100 duplicates genotyping17.
Given the ethnicity specificity of genetic backgrounds, we

selected 34 SNPs that were discovered in European individuals
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and replicated in East Asian individuals, and those identified
and validated in meta-analysis including GWASs from East
Asian individuals18,19. All SNPs reached a genome-wide
significance level (P < 5 9 10-8) in the association with dia-
betes and were not in linkage disequilibrium (r2 = 0.000, except
it was 0.055 between rs10906115 and rs12779790 in CDC123/
CAMK1D) according to the data of East Asian ancestries in
the International HapMap release 21. As for the GRS con-
struction, we assumed the addictive genetic model for each
SNP, applying a linear weighing of 0, 1 and 2 to genotypes
containing 0, 1 or 2 risk alleles, respectively20. The GRS was
calculated on the basis of the 34 diabetes-associated SNPs by a
weighted method (Table S1): GRS = (b1 9 SNP1 + b2 9

SNP2+. . .+b34 9 SNP34) 9 (34/sum of the b-coefficients),
where SNPi is the risk allele number of each SNP associated
with diabetes, and bi (the natural log of the odds ratio [OR]) is
the effect size of each SNP associated with diabetes summarized
in the literature18,19. As to participants who had one or two
missing SNPs, we assigned them the average GRS. In the pre-
sent study, the GRS ranged from 21.0 to 49.4, with a higher
score indicating a higher risk of diabetes. We categorized par-
ticipants into high and low GRS groups by the median value of
the GRS.

Healthy lifestyle factors and the healthy lifestyle score
We determined a healthy lifestyle score consisting of five risk
factors based on a prior knowledge and public health recom-
mendations: a normal BMI (<24 kg/m2), adequate fruit and
vegetable intake (≥4.5 cups/day), never smoked or quit smoking
>1 year prior, sufficient physical activity (≥600 MET-min/
week), and a sleep duration of ≥6 to ≤8 h/day. We assigned a
score (0 for unhealthy and 1 for healthy) for each lifestyle fac-
tor and summed the scores of the five factors. The healthy life-
style score ranged from 0 (the least healthy) to 5 (the
healthiest).

Definition of diabetes
According to the American Diabetes Association 2010 criteria,
diabetes was defined as: fasting plasma glucose ≥7.0 mmol/L
(126 mg/dL), OGTT-2h plasma glucose ≥11.1 mmol/L
(200 mg/dL), glycated hemoglobin A1c ≥6.5%, or a self-
reported previous diagnosis of diabetes by health-care profes-
sionals21.

Statistical analysis
Characteristics of study participants were presented by low and
high GRS levels. Categorical variables were summarized as
numbers with percentages, and continuous variables were sum-
marized as means with standard deviations. Differences in char-
acteristics between low and high GRS levels were compared by
the v2-test for categorical variables and analysis of variation for
continuous variables.
The healthy lifestyle score was categorized into low (scored

0, 1 or 2), intermediate (scored 3) and high (scored 4 or 5)

levels. Multivariable logistic regression models were used to
evaluate the ORs and 95% confidence intervals (CIs) of diabetes
associated with individual SNPs included in the GRS, heritable
factors (FH of diabetes and the GRS) and lifestyle factors (indi-
vidual lifestyle factors and the healthy lifestyle score). We used
attributable risk percentage (AR%) to estimate the risk of dia-
betes attributable to high GRS and FH of diabetes. The AR%
was calculated by dividing the AR (subtracting the prevalence
in the unexposed from the prevalence in the exposed) by the
prevalence in the exposed and then multiplying the product by
100 to obtain a percentage. Multiplicative interactions of the
GRS and FH with lifestyle factors on diabetes were tested by
including the product term (e.g., GRS 9 lifestyle score cate-
gory) in the models. To further evaluate whether the associa-
tion between the healthy lifestyle score and diabetes persists
across different heritable risk levels, participants were catego-
rized into four groups according to the combination of the
GRS and FH of diabetes: low GRS without FH, low GRS with
FH, high GRS without FH and high GRS with FH. The inter-
action between heritable risk levels and healthy lifestyle score in
relation to diabetes was examined. We carried out the analysis
in Songnan and Youyi communities, and pooled the findings
across the two communities by means of inverse variance
weighted fixed effects meta-analysis. Statistical analysis was car-
ried out by SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). A two-sided P-value <0.05 was the threshold for statisti-
cal significance.

RESULTS
Basic characteristics of the study participants according to the
GRS levels in Songnan and Youyi communities were summa-
rized in Table 1. Participants with a high GRS had a higher
proportion of FH of diabetes, and had higher concentrations of
fasting plasma glucose, OGTT-2h plasma glucose and glycated
hemoglobin than participants with a low GRS in both Songnan
and Youyi. No significant differences were observed in age,
education attainment, fruit and vegetable intake, smoking sta-
tus, physical activity, sleep duration, blood pressures, and lipid
profiles between low and high levels of the GRS in the two
communities.

Associations of FH of diabetes and the GRS with diabetes
Compared with participants with a low GRS, participants with
a high GRS showed a higher risk of prevalent diabetes, with
the OR for diabetes of 1.57 (95% CI 1.39–1.77) in the Songnan
community, and 1.67 (95% CI 1.42–1.96) in the Youyi commu-
nity (Table 2). A similar and greater association between FH of
diabetes and diabetes was observed: the OR for diabetes associ-
ated with a FH was 2.78 (95% CI 2.37–3.26) in Songnan and
3.67 (95% CI 3.01–4.46) in Youyi. FH of diabetes showed a
stronger impact on diabetes than a high GRS in both commu-
nities. For participants in Songnan, the AR% for diabetes was
24.4% attributable to a high GRS and 39.3% attributable to FH
of diabetes. For participants in Youyi, a high GRS accounted
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Table 1 | Basic characteristics of study participants according to the genetic risk score in two communities

Characteristic Overall Genetic risk score P-value

Low High

Songnan community
No. participants 6,371 3,191 3,180
Age (years) 62.2 (9.5) 62.1 (9.5) 62.2 (9.5) 0.77
Man, n (%) 2,421 (38.0) 1,178 (36.9) 1,243 (39.1) 0.074
High school or further education, n (%) 1,876 (29.5) 924 (29.0) 952 (29.9) 0.39
Heritable risk factor
Family history of diabetes, n (%) 910 (14.3) 423 (13.3) 487 (15.3) 0.019
Genetic risk score 34.5 (3.8) 31.5 (2.4) 37.6 (2.3) <0.001
Healthy lifestyle factor
BMI (kg/m2) 25.7 (3.7) 25.9 (3.8) 25.5 (3.7) <0.001
Fruit and vegetable intake (cup/day) 5.0 (3.8) 5.1 (3.9) 4.9 (3.8) 0.062
Smoking, n (%)† 1,728 (27.1) 842 (26.4) 886 (27.9) 0.19
Physical activity (MET-min/week) 2,126 (3,113) 2,190 (3,229) 2,061 (2,990) 0.098
Sleep (h/day) 8.22 (1.57) 8.24 (1.55) 8.20 (1.60) 0.24
Fasting plasma glucose (mmol/L) 6.2 (2.0) 6.0 (1.8) 6.3 (2.1) <0.001
OGTT-2h plasma glucose (mmol/L) 8.9 (4.3) 8.6 (4.1) 9.2 (4.5) <0.001
HbA1c (%) 5.9 (1.1) 5.8 (1.1) 5.9 (1.2) <0.001
Waist circumstance (cm) 83.5 (10.0) 84.0 (10.0) 83.1 (9.9) <0.001
Systolic blood pressure (mmHg) 138.4 (20.0) 138.3 (19.7) 138.6 (20.3) 0.54
Diastolic blood pressure (mmHg) 78.5 (10.1) 78.7 (10.0) 78.4 (10.1) 0.17
Lipid profile (mmol/L)
Total cholesterol 5.42 (1.00) 5.42 (1.02) 5.42 (0.99) 0.77
Triglycerides 1.58 (1.10) 1.59 (1.06) 1.58 (1.13) 0.58
High-density lipoprotein cholesterol 1.29 (0.32) 1.29 (0.32) 1.29 (0.32) 0.85
Low-density lipoprotein cholesterol 3.17 (0.84) 3.18 (0.84) 3.17 (0.83) 0.76

Youyi community
No. participants 5,225 2,612 2,613
Age (years) 64.4 (10.0) 64.4 (9.9) 64.5 (10.2) 0.61
Man, n (%) 1,711 (32.8) 812 (31.1) 899 (34.4) 0.011
High school or further education, n (%) 1,795 (34.4) 865 (33.1) 930 (35.6) 0.28
Heritable risk factor
Family history of diabetes, n (%) 856 (16.4) 375 (14.4) 491 (18.4) <0.001
Genetic risk score 34.5 (4.0) 31.4 (2.4) 37.7 (2.4) <0.001
Healthy lifestyle factor
BMI (kg/m2) 24.8 (3.4) 24.8 (3.5) 24.7 (3.3) 0.11
Fruit and vegetable intake (cup/day) 3.9 (1.5) 4.0 (1.5) 3.9 (1.5) 0.27
Smoking, n (%)† 736 (14.1) 356 (13.6) 380 (14.5) 0.34
Physical activity (MET-min/week) 1,683 (2,221) 1,646 (2,227) 1,720 (2,215) 0.23
Sleep (h/day) 7.86 (1.22) 7.86 (1.21) 7.85 (1.23) 0.59
Fasting plasma glucose (mmol/L) 5.8 (1.4) 5.7 (1.3) 5.9 (1.5) <0.001
OGTT 2 h plasma glucose (mmol/L) 8.8 (3.8) 8.5 (3.6) 9.2 (4.0) <0.001
HbA1c (%) 6.2 (0.9) 6.1 (0.9) 6.2 (1.0) <0.001
Waist circumstance (cm) 83.2 (9.2) 83.3 (9.2) 83.1 (9.2) 0.60
Systolic blood pressure (mmHg) 135.4 (20.6) 135.3 (20.6) 135.6 (20.6) 0.58
Diastolic blood pressure (mmHg) 75.9 (10.2) 76.0 (10.4) 75.9 (10.0) 0.66
Lipid profile (mmol/L)
Total cholesterol 4.36 (1.12) 4.36 (1.09) 4.36 (1.14) 0.82
Triglycerides 1.50 (1.07) 1.49 (0.99) 1.51 (1.14) 0.40
High-density lipoprotein cholesterol 1.11 (0.32) 1.11 (0.31) 1.11 (0.32) 0.83
Low-density lipoprotein cholesterol 2.53 (0.82) 2.53 (0.81) 2.53 (0.83) 0.83

Data are mean (standard deviation) or n (%). BMI, body mass index; HbA1c, glycated hemoglobin; MET-min/week, metabolic equivalent minutes
per week; OGTT, oral glucose tolerance test. †Current smokers and those who quit smoking not more than 1 year.
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for 35.2% and FH of diabetes accounted for 53.3% of the AR%
for diabetes (Figure S2).

Associations of individual lifestyle factors and the healthy
lifestyle score with diabetes
Of the five individual healthy lifestyle factors, BMI <24 kg/m2

(Songnan OR 0.57, 95% CI 0.50–0.65; Youyi OR 0.74, 95% CI
0.63–0.88) and fruit and vegetable intake ≥4.5 cups/day (Songnan
OR 0.86, 95% CI 0.77–0.97; Youyi OR 0.50, 95% CI 0.41–0.60)

were independently associated with a decreased risk of prevalent
diabetes in both Songnan and Youyi communities (Table 3).
When analyzed collectively, compared with participants with a

low healthy lifestyle score, the ORs for diabetes were 0.84 (95%
CI 0.74–0.96) among participants with an intermediate healthy
lifestyle score and 0.68 (95% CI 0.58–0.80) among participants
with a high healthy lifestyle score in the Songnan community,
and the corresponding ORs for diabetes were 0.77 (95% CI 0.64–
0.93) and 0.56 (95% CI 0.45–0.68) in the Youyi community.

Table 2 | Associations of family history and the genetic risk score with diabetes in participants from two communities

Heritable risk factor Songnan community Youyi community

No. participants OR (95% CI) No. of participants OR (95% CI)

Model 1† Model 2‡ Model 1† Model 2‡

Genetic risk score
Low 3,191 1 (ref) 1 (ref) 2,612 1 (ref) 1 (ref)
High 3,180 1.46 (1.30-1.64) 1.57 (1.39-1.77) 2,613 1.64 (1.40-1.93) 1.67 (1.42-1.96)

Family history
No 5,461 1 (ref) 1 (ref) 4,369 1 (ref) 1 (ref)
Yes 910 2.65 (2.27-3.09) 2.78 (2.37-3.26) 856 3.57 (2.95-4.33) 3.67 (3.01-4.46)

CI, confidence interval; OR, odds ratio. †Model 1 was adjusted for age and sex. ‡Model 2 was adjusted for age, sex, education attainment (less than
high school, high school or further education), waist circumstance, body mass index, hypertension (yes, no) and dyslipidemia (yes, no).

Table 3 | Associations of individual lifestyle factors and the healthy lifestyle score with diabetes in participants from two communities

Lifestyle factor Songnan community Youyi community

No.
participants

OR (95% CI) No.
participants

OR (95% CI)

Model 1† Model 2‡ Model 1† Model 2‡

BMI (kg/m2)
≥24 4,242 1 (ref) 1 (ref) 2,993 1 (ref) 1 (ref)
<24 2,129 0.51 (0.44-0.58) 0.57 (0.50-0.65) 2,232 0.67 (0.57-0.79) 0.74 (0.63-0.88)

Fruit and vegetable intake (cup/day)
<4.5 3,332 1 (ref) 1 (ref) 3,608 1 (ref) 1 (ref)
≥4.5 3,039 0.86 (0.77-0.97) 0.86 (0.77-0.97) 1,617 0.51 (0.42-0.61) 0.50 (0.41-0.60)

Smoking
Current or quit ≤1 year 1,728 1 (ref) 1 (ref) 736 1 (ref) 1 (ref)
Never or quit >1 year 4,643 1.06 (0.91-1.23) 1.08 (0.93-1.25) 4,489 0.86 (0.68-1.10) 0.85 (0.67-1.08)

Physical activity, MET-min/week
<600 1,867 1 (ref) 1 (ref) 1,644 1 (ref) 1 (ref)
≥600 4,504 0.96 (0.84-1.08) 0.96 (0.84-1.09) 3,581 1.08 (0.91-1.28) 1.10 (0.93-1.31)

Sleep (h/day)
<6 or >8 3,029 1 (ref) 1 (ref) 1,780 1 (ref) 1 (ref)
6–8 3,342 0.95 (0.85-1.07) 0.97 (0.86-1.09) 3,445 0.87 (0.74-1.03) 0.86 (0.73-1.02)

Healthy lifestyle score
Low 2,485 1 (ref) 1 (ref) 1,697 1 (ref) 1 (ref)
Intermediate 2,321 0.80 (0.71-0.91) 0.84 (0.74-0.96) 1,935 0.75 (0.62-0.89) 0.77 (0.64-0.93)
High 1,565 0.62 (0.53-0.73) 0.68 (0.58-0.80) 1,593 0.52 (0.43-0.65) 0.56 (0.45-0.68)

BMI, body mass index; CI, confidence interval; MET-min/week, metabolic equivalent minutes per week; OR, odds ratio. †Model 1 was adjusted for
age and sex. ‡Model 2 was adjusted for age, sex, education attainment (less than high school, high school or further education), hypertension (yes,
no), and dyslipidemia (yes, no).
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Associations of heritable risk factors with diabetes by the
healthy lifestyle score
We found consistent and non-significant interactions of the
healthy lifestyle score with the GRS (Songnan P for interac-
tion = 0.70; Youyi P for interaction = 0.93) and FH of diabetes
(Songnan P for interaction = 0.46; Youyi P for interac-
tion = 0.30) in relation to prevalent diabetes in both the Song-
nan and Youyi communities (Table 4). In the combined
communities, within each category of the healthy lifestyle score,
the OR for diabetes associated with each additional 10 points
of the GRS was 2.10 (95% CI 1.74–2.54) among participants
with a low healthy lifestyle score, 2.03 (95% CI 1.66–2.47)
among participants with an intermediate healthy lifestyle score
and 2.28 (95% CI 1.73–2.99) among participants with a high
healthy lifestyle score (P for interaction = 0.93). The OR for
diabetes associated with a FH of diabetes was 2.90.
(95% CI 2.39–3.52), 3.17 (95% CI 2.58–3.88) and 3.32 (95%

CI 2.56–4.29) among participants with a low, intermediate and
high healthy lifestyle score, respectively (P for interac-
tion = 0.41).

Association of the healthy lifestyle score with diabetes by
heritable risk factors
Across the Songnan and Youyi communities, a healthier life-
style was associated with a lower prevalence of diabetes, regard-
less of the GRS levels and a FH of diabetes (Figure 1). In the

combined communities, the ORs for diabetes associated with
each additional healthy lifestyle factor were 0.83 (95% CI 0.77-
0.89) among participants with a low GRS and 0.86 (95% CI
0.81-0.91) among participants with a high GRS, and were 0.85
(95% CI 0.80-0.89) and 0.83 (95% CI 0.75-0.92) among partic-
ipants without and with a FH of diabetes, respectively.
The association between the healthy lifestyle score and dia-

betes was consistent according to the combined categories of
the heritable risk factors in the Songnan and Youyi communi-
ties (Figure 2). In the combined communities, among partici-
pants with a low GRS, the ORs for diabetes associated with
each additional healthy lifestyle factor were 0.84 (95% CI 0.77-
0.90) for participants without a FH of diabetes, and 0.82 (95%
CI 0.70-0.97) for participants with a FH. Among participants
with a high GRS, the ORs for diabetes were 0.86 (95% CI
0.80-0.92) and 0.83 (95% CI 0.72-0.94) for participants with-
out and with a FH of diabetes, respectively.

DISCUSSION
In the present large, population-based cohort study of 11,596
Chinese adults, both a higher genetic susceptibility and a FH of
diabetes were positively associated with the risk of prevalent
diabetes, with FH showing a greater impact on diabetes in
terms of association strength and attributable risk. By contrast,
a healthier lifestyle consisting of a normal BMI (<24 kg/m2),
adequate fruit and vegetable intake (≥4.5 cups/day), never

Table 4 | Associations between heritable risk factors and diabetes by the healthy lifestyle score in participants from two communities

Community Healthy lifestyle score P for interaction

Low Intermediate High

Songnan
Genetic risk score per 10-point increment
Model 1† 2.02 (1.60-2.56) 1.78 (1.39-2.28) 2.35 (1.67-3.32) 0.67
Model 2‡ 2.05 (1.61-2.60) 1.81 (1.41-2.32) 2.39 (1.68-3.41) 0.70
Family history
Model 1† 2.32 (1.82-2.96) 2.92 (2.26-3.79) 3.01 (2.18-4.16) 0.52
Model 2‡ 2.36 (1.85-3.02) 3.05 (2.34-3.97) 3.06 (2.20-4.27) 0.46

Youyi
Genetic risk score per 10-point increment
Model 1† 2.18 (1.59-2.99) 2.43 (1.74-3.39) 2.22 (1.44-3.41) 0.98
Model 2‡ 2.21 (1.61-3.04) 2.48 (1.78-3.48) 2.11 (1.37-3.26) 0.93
Family history
Model 1† 3.95 (2.91-5.37) 3.33 (2.42-4.59) 3.48 (2.32-5.21) 0.22
Model 2‡ 4.01 (2.94-5.47) 3.34 (2.42-4.61) 3.75 (2.48-5.66) 0.30

Pooled results
Genetic risk score per 10-point increment
Model 1† 2.08 (1.72-2.51) 1.99 (1.63-2.42) 2.30 (1.76-3.01) 0.93
Model 2‡ 2.10 (1.74-2.54) 2.03 (1.66-2.47) 2.28 (1.73-2.99) 0.93
Family history
Model 1† 2.85 (2.36-3.45) 3.08 (2.52-3.77) 3.19 (2.47-4.10) 0.37
Model 2‡ 2.90 (2.39-3.52) 3.17 (2.58-3.88) 3.32 (2.56-4.29) 0.41

†Model 1 was adjusted for age and sex. ‡Model 2 was adjusted for age, sex, education attainment (less than high school, high school or further
education), hypertension (yes, no) and dyslipidemia (yes, no).
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smoked or quit smoking >1 year prior, sufficient physical activ-
ity (≥600 MET-min/week), and a sleep duration of ≥6 to
≤8 h/day was independently associated with a substantially
lower risk of prevalent diabetes, regardless of different heritable
risk categories classified by the GRS and FH of diabetes. We
observed no statistically significant interaction effects between
the heritable risk factors and lifestyle factors in relation to dia-
betes, suggesting that adhering to a healthy lifestyle might
attenuate the risk of prevalent diabetes among the entire popu-
lation.
The present findings supported two noteworthy conclusions.

First, in this study, the GRS, FH of diabetes and lifestyle factors
were independently associated with diabetes, which is well
aligned with previous studies2,5,22. Notably, we found that a FH
of diabetes showed a stronger impact on diabetes than the
GRS, which highlights the necessity of taking into account both
FH and the GRS when examining the interplay between herita-
ble risk factors and lifestyle factors in relation to diabetes.
Second, we observed that a healthier lifestyle was associated

with a lower risk of prevalent diabetes regardless of heritable
risk backgrounds determined by individual and combined cate-
gories of the GRS and FH of diabetes. The present findings
emphasize the importance of adhering to a healthy lifestyle in
the prevention of diabetes among the entire population. Thus
far, studies on the interaction between genetic variations and

lifestyle factors on diabetes have shown inconsistent findings.
Cohort studies and trials in European populations have
reported interactions between genetic factors and lifestyle fac-
tors, such as diet and physical activity, on diabetes7,23. However,
emerging evidence has suggested non-significant interactions. In
the European Prospective Investigation into Cancer (EPIC)-
InterAct study, no statistically significant interactions between
variants of the GIPR, CAV2 and HFE gene and various dietary
factors were observed24,25. In addition, most of the interaction
findings have not yet been replicated across multiple study pop-
ulations. So far, the interaction of TCF7L2 rs7903146 with
whole grain food has been well replicated in more than one
independent study26-28. However, given the complex pathogene-
sis of diabetes, individual variants can only explain very limited
heritability29. Therefore, the ensemble of genetic variants to
form a GRS might be more appropriate to investigate gene–life-
style interactions. Cohort studies of American populations have
suggested consistent interaction effects of healthy lifestyle fac-
tors including healthy dietary patterns and physical activity with
genetic predisposition of obesity captured by GRSs on long-
term weight gain30,31. However, whether the beneficial effects
persist for diabetes and among other populations remains
unknown. Obesity is closely related to an increased risk of dia-
betes, but there are various differences between the etiology of
diabetes and obesity, especially heritability. Consensus estimates

Community

Songnan

Genetic risk score
Low

High
Family history

No

Yes

Youyi

Genetic risk score

Low

High
Family history

No

Yes
Pooled results

Genetic risk score

Low

High

Family history

No

Yes

0.6 0.7 0.8 0.9 1.0 1.1

0.83 (0.75-0.92)

0.85 (0.80-0.89)

0.86 (0.81 -0.91)

0.83 (0.77-0.89)

0.72 (0.61-0.85)

0.84 (0.77-0.91)

0.81 (0.73-0.89)

0.81 (0.72-0.91)

0.92 (0.80-1.05)
0.85 (0.80-0.91)

0.89 (0.82-0.96)

0.84 (0.77-0.92)

OR (95% CI) P interaction

0.41

0.55

0.74

0.064

0.66

0.15

Figure 1 | Association between the healthy lifestyle score and diabetes by heritable risk factors in two communities. Analyses were adjusted for
age, sex, education attainment (less than high school, high school or further education), hypertension (yes, no) and dyslipidemia (yes, no). CI,
confidence interval; OR, odds ratio.
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of heritability for obesity and diabetes are approximately 70
and 35%, respectively22. Together with previous studies, the
present study further added evidence to non-significant interac-
tions of heritable risk determined by both the GRS and FH of
diabetes with lifestyle factors on diabetes among Chinese adults.
The precise mechanisms to explain our observations are not

fully unveiled. It has been suggested that environmental expo-
sures, such as diet and physical activity, could influence individ-
ual predisposition to diabetes through ligand binding efficiency,
membrane channeling, deoxyribonucleic acid replication and
repair or methylation22. Variations in the “intrinsic environ-
ment,’’ reflected in proteome, metabolome or microbiome pro-
files, might also modulate genome function, thus generating
complex feedback loops of gene–environment interactions22.
Previous studies suggested that certain genes associated with
diabetes might encode nuclear receptors implicated in insulin
signaling, adipogenesis and the matching of lipid storage provi-
sion to nutritional state, which could partly explain a gene–en-
vironment interaction on diabetes22. Thus, future experimental
or multi-omics studies are required to provide biological insight
into gene–environment interactions in relation to diabetes.
Several strengths merit consideration. First, different from

previous studies, we comprehensively evaluated the heritable
risk of diabetes by adding FH of diabetes to the GRS. Given
the considerable popularity of FH, we assumed a combination

of the GRS and FH might obtain more comprehensive infor-
mation about heritable risk of diabetes, and thus the findings
could be more directly relevant to public health and clinical
implications. Second, we comprehensively assessed a healthy
lifestyle consisting of five risk factors based on a prior knowl-
edge and public health recommendations. Third, our main
results were highly consistent and were mutually validated in
two communities, which strengthened the reliability of the find-
ings. Fourth, genotyping was carried out with high-quality con-
trol standards, which guaranteed the accuracy and reliability of
our genetic data.
The present study had several limitations. First, due to the

nature of a cross-sectional study, potential bias, confounding
and reverse causality might exist, which hindered efforts to
determine a causal effect. For example, participants with dia-
betes might be more health-conscious and adopt a healthier
lifestyle. Second, the GRS based on the 34 common diabetes-
related variants in East Asian individuals could not capture the
potential contribution of other variants, such as certain SNPs
identified or validated among Han Chinese individuals32,33.
However, these 34 SNPs have been identified or validated in
East Asians, and almost all the diabetes-associated SNPs identi-
fied or validated in Han Chinese were included in this study
(in an identical or proxy way) except for C2CD4A/B rs1370176,
GRK5 rs10886471, RASGRP1 rs7403531 and DUSP9

Community OR (95% CI)

0.84 (0.76 -0.92)

0.91 (0.74-1.12)

0.87 (0.80-0.95)

0.91 (0.76-1.08)

0.84 (0.73-0.96)

0.67 (0.51-0.89)

0.84 (0.75-0.94)

0.73 (0.60 -0.89)

0.84 (0.77-0.90)

0.82 (0.70-0.97)

0.86 (0.80-0.92)

0.83 (0.72-0.94) 0.55

0.76

0.29

P interaction

Songnan

Low genetic risk score

Low genetic risk score

No family history

Family history

High genetic risk score

No family history
Family history

No family history

Family history

High genetic risk score

No family history
Family history

Pooled results

Low genetic risk score

No family history

Family history

High genetic risk score

No family history

Family history

0.4 0.6 0.8 1.0 1.2

Youyi

Figure 2 | Association between the healthy lifestyle score and diabetes by the combined categories of heritable risk factors in two communities.
Analyses were adjusted for age, sex, education attainment (less than high school, high school or further education), hypertension (yes, no) and
dyslipidemia (yes, no). CI, confidence interval; OR, odds ratio.
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rs594532632-35, suggesting a robust relationship with diabetes
and representing a considerable heritability of diabetes18,19.
Third, this analysis was restricted to Chinese adults aged ≥40,
therefore caution should be taken to generalize the present
findings to other ethnic or age groups.
In conclusion, in the present study of 11,596 middle-aged

and elderly Chinese adults, a healthier lifestyle was associated
with a substantially lower prevalence of diabetes regardless of
heritable risk categories determined by the GRS and FH of dia-
betes. This study provides new evidence of the importance of
adhering to a healthy lifestyle in the prevention of diabetes
among the entire population.
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