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Purpose: Genetic and environmental factors are related to type 2 diabetes (T2D). Genetic 
modifiers of T2D have not been widely determined among smoking individuals. In this 
population-based study, we investigated the interactive association between rs4402960 
polymorphism of the insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) 
gene and smoking with T2D among Taiwanese adults.
Materials and Methods: We obtained genetic data collected between 2008 and 2018 for 
22,039 participants (aged 30–70 years) from the Taiwan Biobank (TWB) database. These 
data were analyzed using the t-test, Chi-square (χ2) test, and multiple logistic regression.
Results: The mean ages for participants with and without diabetes were 58.11±8.75 and 
48.58±11, respectively. Compared with the rs4402960 GG genotype, the odds ratio (OR) for 
T2D was 1.261 among GT and 1.545 among TT genotype individuals (p<0.05). Current 
smokers compared to nonsmokers were associated with a higher risk of T2D (OR=1.266, 
p=0.0404). There was a significant interaction between the IGF2BP2 rs4402960 variant and 
smoking on T2D (p = 0.0497). After stratification by rs4402960 genotypes and smoking 
status, the OR was substantial only in current smokers with GG genotype (OR, 1.663, p = 
0.0008).
Conclusion: This population-based study indicated that the risk for T2D was stronger 
among current smoking rs4402960 GG individuals recruited between 2008 and 2019 in 
Taiwan.
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Introduction
Type 2 diabetes remains a significant issue of public health.1 The global prevalence 
of the disease was 9.3% in 2019 and may likely be 10.9% by 2045.2 Between 2005 
and 2014, Li and his colleagues observed a slight decline in diabetes mortality from 
3.45% to 3% in Taiwan even though its prevalence keeps rising.3 T2D is still 
among the most prevalent chronic diseases in Taiwan4 and is more predominant 
among men.5 To a certain degree, the higher prevalence of the disease in men may 
be attributed to smoking6 as most men in Taiwan are smokers.7

So far, several studies have previously focused on host genetic factors asso-
ciated with diseases,8 including T2D. Risk factors for T2D are both modifiable and 
non-modifiable.1 Some of the modifiable factors linked to this condition include 
smoking, physical inactivity, overweight/obesity, and abnormal cholesterol levels.9 

Active smoking predicted an increase in the risk of T2D,10 even though not all 
smokers develop the disease. A genome-environment-wide-interaction study sug-
gested possible mechanisms that link T2D to cigarette smoking.11
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To our knowledge, significant efforts have been made 
to investigate how T2D is affected by smoking or genetic 
loci in different populations. However, the interactive 
effect of both variables on the disease has not been suffi-
ciently investigated. So far, the latest findings from 
a Mendelian study provided genetic evidence to support 
the link between T2D and smoking.12 More results from 
the study indicated that gene-smoking interactions for T2D 
had focused mainly on variants in CYP2A6, CHRNA4, 
HNF1A, and APOC3 genes. It is worth noting that genetic 
loci in these genes have been associated either with smok-
ing behavior, T2D, or other metabolic traits.

Insulin-like growth factor 2 mRNA-binding protein 2 
(IGF2BP2) is one gene whose variants have also shown 
associations with T2D.13 This gene plays an essential role 
in embryogenesis and pancreatic development.14,15 Among 
the IGF2BP2 variants related to T2D, rs4402960 has shown 
strong associations, particularly among Europeans and East 
and South Asian populations,16,17 even though contrary find-
ings have also been reported among Han Chinese 
populations.18 As far as we know, this variant has not been 
investigated based on smoking status. Considering that 
genetic factors may modify the effects of smoking on T2D, 
we performed analyses to identify the interactive effect of 
IGF2BP2 rs4402960 and cigarette smoking on the risk of 
T2D using data from participants in TWB.

Materials and Methods
Data Source
Established in 2005, TWB is a research database that aims 
to collect genetic data from about 200,000 ethnic 
Taiwanese adults (aged 30–70 years) with no history of 
cancer.19 These data, especially on local chronic diseases 
will contribute to enhance knowledge on their interaction 
with genes and the environment.20 Information on partici-
pants’ recruitment is obtained from various media sources 
such as websites, television, posters, and brochures. 
Participants are eligible for enrollment if they meet the 
requirements listed on the TWB website. Eligible volun-
teers provided their contact information and are later con-
tacted to confirm their willingness to participate in the 
project. They are assigned to specific recruitment centers. 
So far, TBW has 29 recruiting centers.

Study Participants and Identification of T2D
We obtained TWB data from 22,091 participants recruited 
between 2008 and 2018. Participants were between 30 and 

70 years old. During recruitment, each participant had 
completed questionnaires covering a wide range of medi-
cal, social, and lifestyle information and provided blood 
samples for DNA analysis. The TWB research team 
obtained ethical approval for the program from the 
Ethics and Governance Council of Taiwan Biobank and 
the Institutional Review Board on Biomedical Science 
Research/IRB-BM in Academia Sinica.21 Data from 52 
participants were incomplete and hence were excluded. 
In the final analysis, data were from 22,039 participants 
(11,049 women and 10,990 men). We identified T2D 
based on (1) a fasting glucose level of ≥126 mg/dl; (2) 
a glycosylated hemoglobin A1c value of at least 6.5%; or 
(3) self-reported diabetes.22 We defined nonsmokers as 
people with no history of smoking. Former smokers were 
those who never smoked in the past 6 months. Current 
smokers were people that smoked continuously for at least 
6 months and were still smoking during the assessment.

Every participant provided informed consent before 
trained staff collected their data. This study was approved 
by the Institutional Review Board of Chung Shan Medical 
University.

Variant Selection and Genotyping
Using web-based search engines (such as SNPedia, 
Google Scholar, PubMed, and others), we selected two 
genetic variants, rs4402960 and rs1470579 of the 
IGF2BP2 gene, which have shown strong associations 
with T2D. Of these SNPs, rs4402960 was the only SNP 
that passed the quality control test, hence it was used in 
our final analysis. Genotyping was done at the National 
Center for Genome Medicine in Academia Sinica using 
the Axiom™ Genome-Wide ASI Array.

Statistical Analysis
We expressed the results of the statistical analysis as 
a mean ± standard deviation (SD). We used the Student’s 
t-test and the χ2 test to compare characteristics among 
participants and multiple logistic regression analyses to 
estimate the ORs for T2D. We performed these analyses 
using PLINK v1.09 and SAS 9.4 (SAS Institute, Cary, 
NC) software. We exclude SNPs with 1) p-value for the 
Hardy-Weinberg equilibrium test <0.001, 2) low call rate 
(<95%), and 3) minor allele frequency of <0.05.

Results
Of the overall participants (n = 22,039), 1030 had diabetes 
(Table 1). Baseline characteristics differed significantly 
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between those with and without T2D (p<0.05). The geno-
type distribution of the rs4402960 variant among patients 
with T2D was 52.72% for GG, 40.39% for GT, and 6.89% 

for TT, respectively. Compared with the rs4402960 GG 
genotype (Table 2), the OR for T2D was 1.261 (p<0.0013) 
in GT and 1.545 (p<0.0020) in TT genotype individuals. 
Current smokers compared to nonsmokers were associated 
with a higher risk of T2D (OR=1.266, p = 0.0404). The 
OR was 2.285 (p<0.0001) in obese individuals and 3.394 
(p<0.0001) in those with hyperlipidemia. There was 
a significant interaction between the rs4402960 variant 
and smoking on T2D (p = 0.0497). After stratification by 
rs4402960 genotypes and smoking status (Table 3), the 
OR was significant only in current smokers with GG 
genotype (OR, 1.663, p = 0.0008). There was no 

Table 1 Demographic Characteristics According to Disease Status

Diabetes p-value

No 
(n=21,009)

Yes (n=1030)

rs4402960 (n, %) 0.0011

GG 12,265 (58.38) 543 (52.72)

GT 7584 (36.10) 416 (40.39)

TT 1160 (5.52) 71 (6.89)

Smoking status (n, %) <0.0001

Nonsmoker 15,867 (75.52) 664 (64.47)

Former smoker 2680 (12.76) 223 (21.65)

Current smoker 2462 (11.72) 143 (13.88)

Sex (n, %) <0.0001

Women 10,663 (50.75) 386 (37.48)

Men 10,346 (49.25) 644 (62.52)

Age (years) 48.58 ± 11.00 58.11 ± 8.75 <0.0001

Blood pressure 

(mmHg)

Systolic 118.40 ± 17.47 128.80 ± 18.59 <0.0001

Diastolic 73.42 ± 11.14 74.82 ± 10.80 <0.0001

Serum lipids (mg/dl)

TC 194.00 ± 35.36 178.90 ± 34.23 <0.0001

TG 114.90 ± 89.38 153.90 ± 132.40 <0.0001

HDL-C 53.24 ± 13.17 46.47 ± 11.16 <0.0001

LDL-C 121.30 ± 31.53 107.50 ± 29.41 <0.0001

Body mass index (kg/m2) <0.0001

Normal weight 10,244 (48.76) 316 (30.68)

Underweight 614 (2.92) 15 (1.46)

Overweight 5974 (28.44) 310 (30.10)

Obesity 4177 (19.88) 389 (37.77)

Alcohol drinking (n, %) <0.0001

Never 18,870 (89.82) 861 (83.59)

Former 610 (2.90) 74 (7.18)

Current 1529 (7.28) 95 (9.22)

Exercise (n, %) <0.0001

No 12,518 (59.58) 491 (47.67)

Yes 8491 (40.42) 539 (52.33)

Hyperlipidemia (n, %) <0.0001

No 19,770 (94.10) 748 (72.62)

Yes 1239 (5.90) 282 (27.38)

Note: Categorical data are presented as numbers (%) and continuous variables as 
mean ± SD. 
Abbreviations: GG, wild-type; GT, heterozygous; TT, homozygous; TC, total cho-
lesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol, LDL-C, low- 
density lipoprotein cholesterol; BMI, body mass index, underweight (BMI < 18.5 kg/m2), 
normal (18.5–23.9 kg/m2), overweight (24–27 kg/m2), obesity (BMI > 27 kg/m2).

Table 2 Odds Ratios for T2D Among Overall Participants

OR p-value

rs4402960 (ref: GG)
GT 1.261 0.0013

TT 1.545 0.0020

p-trend <0.0001

Smoking status (ref: nonsmoker)
Former smoker 1.146 0.1699

Current smoker 1.266 0.0404

p-trend = 0.0305

Sex (ref: women)
Men 1.084 0.3619

Age 1.080 <0.0001

Blood pressure

Systolic 1.025 <0.0001

Diastolic 0.960 <0.0001

Serum lipids
TC 0.978 <0.0001

TG 1.003 <0.0001

HDL-C 0.990 0.0585
LDL-C 1.006 0.1590

Body mass index (ref: normal weight)
Underweight 1.253 0.4172

Overweight 1.185 0.0594

Obesity 2.285 <0.0001

Alcohol drinking (ref: never drinker)

Former drinker 1.392 0.0246
Current drinker 1.029 0.8217

Exercise (ref: no)
Yes 0.978 0.7576

Hyperlipidemia (ref: no)
Yes 3.394 <0.0001

Abbreviations: OR, odds ratio; ref, reference.
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association between T2D and smoking among GT and TT 
genotype individuals (p>0.05). Hyperlipidemia remained 
a risk factor for T2D, no matter the genotype. The OR was 
3.550 in GG, 3.283 in GT, and 2.957 in TT individuals, 
respectively (p<0.05). However, obesity remained a risk 
factor for T2D only among those with GG (OR, 2.13) and 
GT (OR, 2.634) genotype, respectively (p<0.0001).

Discussion
In the current study, we investigated how the association 
between T2D and smoking vary based on the IGF2BP2 
rs4402960 genotypes. As far as we know, prior studies in 
Taiwan have not assessed this interactive association. 
Using TWB data, we found that current smokers compared 
to nonsmokers were associated with a higher risk of T2D. 
According to Maddatu and his team, previous population- 

based studies have observed similar findings.23 We also 
found that rs4402960 GT and TT individuals were more 
likely to have T2D than GG individuals. This observation 
is similar to those that have been previously reported.16,24

When we performed the test for interaction for the 
rs4402960 variant and smoking, we observed that only 
the GG genotype was associated with T2D and specifically 
in current smokers (OR, 1.663, p = 0.0008). A recent 
replication study in Taiwan showed that genetic suscept-
ibility to diabetes might be intensified by active 
smoking.21 Most recently, genome-environment-wide 
interactive studies on T2D also provided evidence for 
genetic interactions with active smoking.11 Despite these 
observations, the probable biologic pathways or regulatory 
mechanisms to clarify these associations remain to be 
determined.

Table 3 Odds Ratios for Type 2 Diabetes Based on rs4402960 Genotypes

GG GT TT

OR p-value OR p-value OR p-value

Smoking status (ref: nonsmoker)

Former smoker 1.212 0.1607 0.990 0.9491 1.852 0.0868
Current smoker 1.663 0.0008 0.924 0.6864 0.611 0.3397

Sex (ref: women)
Men 1.055 0.6612 0.997 0.9824 2.225 0.0234

Age 1.076 <0.0001 1.084 <0.0001 1.094 <0.0001

Blood pressure

Systolic 1.026 <0.0001 1.027 <0.0001 1.020 0.0760

Diastolic 0.956 <0.0001 0.961 <0.0001 0.972 0.1415

Serum lipids

TC 0.973 <0.0001 0.981 0.0020 0.989 0.4593
TG 1.004 <0.0001 1.003 0.0084 1.002 0.3465

HDL-C 1.000 0.9471 0.977 0.0071 0.994 0.7630

LDL-C 1.012 0.0318 1.000 0.9929 0.993 0.6412

Body mass index (ref: normal weight)

Underweight 1.309 0.4535 1.215 0.6843 1.666 0.6353
Overweight 1.035 0.7818 1.463 0.0079 1.001 0.9988

Obesity 2.138 <0.0001 2.634 <0.0001 1.886 0.0744

Alcohol drinking (ref: never drinker)

Former drinker 1.491 0.0415 1.237 0.3793 1.136 0.8348
Current drinker 1.140 0.4394 0.815 0.3637 1.416 0.4614

Exercise (ref: no)
Yes 1.000 0.9991 0.992 0.9435 0.781 0.4037

Hyperlipidemia (ref: no)
Yes 3.550 <0.0001 3.283 <0.0001 2.957 0.0027

Abbreviations: OR, odds ratio; ref, reference.
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Our general model showed that hyperlipidemia and 
obesity were substantial risk factors for T2D. These meta-
bolic abnormalities are known to cause T2D. Obese smo-
kers were observed with a higher risk and incidence of 
T2D.25 After stratification by rs4402960 genotypes, we 
found that obesity remained a risk factor for T2D only 
among those with GG and GT genotypes, In contrast, 
hyperlipidemia was a significant risk factor for T2D irre-
spective of the genotype.

The IGF2BP2 gene is greatly expressed in the pancrea-
tic islets. The interactive effects between polymorphisms 
in this gene and T2D have been linked to the insulin-like 
growth factor 2 (IGF2) and insulin pathways.24 IGF2 
activity also appears to be influenced by tobacco 
smoking.26 IGF2BP2 rs4402960 has been associated with 
reduced first-phase insulin secretion.24,27

Importantly, we found that the GT and TT genotypes 
were independent risk factors for T2D in Taiwanese 
adults. These are similar to those previously reported in 
European, East Asian, and South Asian populations.16 

Contrary to expectation, when we tested for interaction 
between the rs4402960 variant and smoking, we found 
that the GG but not GT and TT genotype enhanced T2D 
risk among current smokers. The mechanism behind this 
observed association is not clear. However, there is 
a possibility that smoking might have either obscured or 
played a protective role in the association between T2D 
and the GT and TT genotype. Future studies would help to 
validate these findings. The main strength of our study is 
the large dataset. However, we collected participants’ 
information using TWB questionnaires; hence there was 
a possibility of bias.

Conclusion
We found that the rs4402960 variant of the IGF2BP2 gene 
had an interaction with smoking on T2D risk from this 
population-based study. We observed that only current 
smokers with the GG genotype had a greater chance of 
developing T2D. These findings extend knowledge of 
gene-environment interactions and their role in the etiol-
ogy of T2D.
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