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Abstract 

Background  This study aims to investigate potential interactions between maternal smoking around birth (MSAB) 
and type 2 diabetes (T2D) pathway-specific genetic risks in relation to the development of T2D in offspring. Addition-
ally, it seeks to determine whether and how nutritional factors during different life stages may modify the association 
between MSAB and risk of T2D.

Methods  This study included 460,234 participants aged 40 to 69 years, who were initially free of T2D from the UK 
Biobank. MSAB and breastfeeding were collected by questionnaire. The Alternative health eating index(AHEI) and die-
tary inflammation index(DII) were calculated. The polygenic risk scores(PRS) of T2D and pathway-specific were estab-
lished, including β-cell function, proinsulin, obesity, lipodystrophy, liver function and glycated haemoglobin(HbA1c). 
Cox proportion hazards models were performed to evaluate the gene/diet-MSAB interaction on T2D. The relative 
excess risk due to additive interaction (RERI) were calculated.

Results  During a median follow-up period of 12.7 years, we identified 27,342 cases of incident T2D. After adjust-
ment for potential confounders, participants exposed to MSAB had an increased risk of T2D (HR=1.11, 95%CI:1.08-
1.14), and this association remained significant among the participants with breastfeeding (HR= HR=1.10, 95%CI: 
1.06-1.14). Moreover, among the participants in the highest quartile of AHEI or in the lowest quartile of DII, the asso-
ciation between MSAB and the increased risk of T2D become non-significant (HR=0.94, 95%CI: 0.79-1.13 for AHEI; 
HR=1.09, 95%CI:0.99-1.20 for DII). Additionally, the association between MSAB and risk of T2D became non-significant 
among the participants with lower genetic risk of lipodystrophy (HR=1.06, 95%CI:0.99-1.14), and exposed to MSAB 
with a higher genetic risk for β-cell dysfunction or lipodystrophy additively elevated the risk of T2D(RERI=0.18, 
95%CI:0.06-0.30 for β-cell function; RERI=0.16, 95%CI:0.04-0.28 for lipodystrophy).

Conclusions  This study indicates that maintaining a high dietary quality or lower dietary inflammation in diet may 
reduce the risk of T2D associated with MSAB, and the combination of higher genetic risk of β-cell dysfunction or lipo-
dystrophy and MSAB significantly elevate the risk of T2D in offspring.
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Background
Type 2 diabetes (T2D) has become a significant worldwide 
public health concern due to its rapidly increasing preva-
lence, elevated rates of mortality and disability, resulting 
in a substantial global burden on both healthcare and the 
economy [1]. Therefore, the identification of potential risk 
factors is a crucial task for the prevention and treatment of 
T2D. Some observational studies have documented a link 
between maternal smoking around birth (MSAB) and an 
increased risk of T2D [2, 3]. However, the specific disease 
pathways involved in this link remain largely unknown, 
and limited research has explored the possibility of behav-
ioral interventions at various life stages to reduce the risk 
of T2D associated with MSAB.

Research has found that MSAB can disrupt pancreatic 
development and function through mitochondrial-medi-
ated β cell apoptosis with higher levels of inflamma-
tion and oxidative stress in offspring [4–8]. Therefore, 
nutritional factors that can alleviate these detrimental 
conditions may be more important for subjects who 
experienced MSAB. However, few studies have exam-
ined the efficacy of such nutritional factors in prevent-
ing T2D among this specific group. Breastfeeding and 
overall dietary quality are important nutritional factors 
at early life and throughout adulthood. Previous studies 
have suggested that breastfeeding can enhance offspring 
insulin sensitivity and secretion, while reducing inflam-
mation and oxidative stress levels [9, 10]. Moreover, a 
substantial body of evidence has linked overall dietary 
quality to insulin sensitivity, insulin secretion, inflam-
mation, and oxidative stress [11–15]. Building upon this 
existing knowledge, our study postulates that early-life 
breastfeeding and a sustained commitment to a high-
quality diet into adulthood may mitigate the risk of T2D 
among individuals exposed to MSAB.

Furthermore, the recent rapid advancements in gene-
sequencing technologies have not only facilitated the 
identification of individuals at high risk for T2D but 
have also created significant opportunities for inves-
tigating potential interactions between risk factors 
and disease-specific genetic pathways [16]. A recent 
soft clustering analysis of T2D-associated loci has suc-
cessfully categorized them into five distinct clusters, 
each representing a probable disease-causing pathway, 
including β-cell, proinsulin, obesity, lipodystrophy, and 
liver/lipid clusters [17]. Therefore, examining the poten-
tial interactions of MSAB with these pathway-specific 
genetic loci may add more important knowledge for the 
underlying the association between MSAB and T2D.

Therefore, this study aims to prospectively examine 
whether and how breastfeeding or overall dietary quality 
would influence the association between MSAB and risk 
of T2D. Additionally, this study also aims to evaluate the 
potential interactions of maternal smoking during preg-
nancy with these pathway-specific genetic loci of T2D.

Methods
Study population
The UK Biobank is a large study that includes over 
500,000 participants who joined the study between 2006 
and 2010, with an age range of 40-69 years. Detailed 
information about the study design and methods has 
been previously published [18]. During the recruitment 
phase, participants provided information through ques-
tionnaires on various socio-demographic factors, health 
status, medical history, family background, and lifestyle 
choices. Additionally, physical measurements were taken. 
All participants provided written consent to participate 
in the UK Biobank study, which was approved by the 
North West Multi-Centre Research Ethics Committee. 
For our analysis, we focused on participants with com-
plete data for the variables of interest (n=472,301) and 
excluded those who had already been diagnosed with 
T2D at the time of enrollment (n=12,067). This resulted 
in a final sample size of 460,234 individuals after exclud-
ing participants with missing data related to the expo-
sures of interest. Investigating the interaction between 
maternal smoking or breastfeeding and genetic risk score 
in relation to T2D was a key objective of our study.

Assessment of exposure and outcome
Participants in the study provided information about 
maternal smoking around the time of their birth and 
whether they were breastfed as babies through a touch-
screen questionnaire. The questionnaire included ques-
tions such as "Did your mother smoke regularly around 
the time when you were born?" (Data-Field 1787) and 
"Were you breastfed when you were a baby?" (Data-Field 
1677). Participants could choose from response options 
including "Yes," "No," "Don’t know," and "Prefer not to 
answer." Those who selected "Don’t know" or "Prefer 
not to answer" were considered missing data and were 
excluded from the analysis.

The alternative healthy eating index was calculated 
based on 11 components: vegetables, fruits, whole grains, 
nuts/legumes, omega-3 fatty acids, polyunsaturated 
fatty acids, sugary beverages and fruit juices, red and 
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processed meats, sodium, trans fatty acids and alcohol 
intake. Each component is scored on a scale of 0 to 10. A 
score of 10 indicates that the recommendations were fully 
met, whereas a score of 0 represents the least healthy die-
tary behavior. Intermediate intakes were scored propor-
tionately between 0 and 10. The total score ranges from 
0 to 110 [19].

DII scores were calculated based on the mean of the 
available Oxford WebQ dietary data using methodology 
described in a previous study [20]. Briefly, we included 18 
foods and nutrients in the UK Biobank dataset to create 
the Dietary Inflammatory Index (DII): alcohol, carbo-
hydrates, dietary fiber, folate, saturated fat, polyunsatu-
rated fat, protein, total fat, vitamin B12, vitamin B6, iron, 
magnesium, vitamin C, vitamin E, tea, garlic, onions, and 
total energy. The scores specific to these 18 food param-
eters were summed to obtain the overall DII score.

To define prevalent and incident cases of T2D in the 
UKB cohort, we followed the algorithms developed by 
previous study. The diagnosis of T2D was based on self-
reported medical history and medication information pro-
vided by the participants. The International Classification 
of Diseases, 10th edition (ICD-10) code E11 was used to 
define T2D cases. The prevalent T2D cases were identified 
if the participants reported a history of T2D, reported tak-
ing medication for T2D at the time of enrolment (such as 
insulin, sulphonylureas, glitazones, meglitinides, or acar-
bose), or if their HbA1c level was >48 mmol/mol (6.5%). 
For additional details, please refer to https://​bioba​nk.​ctsu.​
ox.​ac.​uk/​showc​ase/​label.​cgi?​id=​2000.

Details of covariates
The baseline touch-screen questionnaire was used to assess 
potential confounders, including age(years), sex(male/
female), race(non-white/white), smoking status(never, pre-
vious and current), drinking status(never, previous and cur-
rent). Physical activity (metabolic equivalents minutes per 
week were calculated according to the International Physi-
cal Activity Questionnaire short form: 1 min walking=3.3 
METS, 1min moderate physical activity=4 METS and 1 
min vigorous physical activity=8 METS), employment sta-
tus (employed/retired/others), BMI (<25, 25-29.9, or 30 kg/
m2), birth weight (deciles), hypertension drug use (yes/no), 
cholesterol-lowering drug use (yes/no), and family history 
of diabetes (yes/no). Townsend Index of Deprivation is a 
measure of socioeconomic status (SES), derived using cen-
sus data and participants’ postcodes, where higher scores 
represent higher levels of deprivation.

Polygenic risk score(PRS) for T2D
The genotyping process, quality control measures, and 
imputation procedures for the UKB have been previously 

described in detail [21]. In our study, we utilized a set of 
424 single nucleotide polymorphisms (SNPs) that passed 
quality control to derive the PRS for T2D [22]. For each 
SNP, the individual’s score was determined by the num-
ber of risk alleles they carried (0, 1 or 2). The SNP scores 
were then weighted based on the effect size of each 
SNP on T2D, as reported in a genome-wide associa-
tion study (GWAS) conducted by Scott et al. in individu-
als of European descent [22]. Finally, the weighted sum of 
the risk alleles was calculated using the following formula: 
PRS=(β1×SNP1+β2×SNP2 +...+β102×SNP102) × (424/sum 
of the β coefficients), where βi represents the effect value 
of the ith SNP obtained from the aforementioned GWAS 
study results. To investigate potential interactions between 
established T2D genetic loci and maternal smoking, we 
constructed five pathway-specific genetic risk scores based 
on a recent soft clustering analysis of T2D-associated loci. 
This clustering analysis identified five distinct clusters that 
likely represent disease-causing pathways: β-cell, proin-
sulin, obesity, lipodystrophy, and liver/lipid clusters, as 
described in previous studies [16, 17]. Moreover, we also 
included the genetic risk score of HbA1c based on the ini-
tial release of PRS in the UK biobank [23].

Statistical analysis
All analyses were conducted using R 4.2.1. and P<0.05 
were statistically significant. Baseline characteristic for 
continuous variables were expressed as means (standard 
deviation, SD) and categorical variables were expressed 
as numbers (percentages, %), which were compared by 
general linear model and logistic regression model with 
adjustment for age and sex. The cox proportional haz-
ards (CPH) models were used to evaluate the associa-
tion interaction of the MSAB with AHEI, DII and PRS 
on risk of T2D. Survival time was from participation 
in the UKB assessment center to diagnosis of T2D or 
up to February 1, 2022. Our CPH models included sev-
eral covariates: age, sex, race, smoking status, alcohol 
consumption, employment status, BMI, physical activ-
ity level, Townsend deprivation index, birth weight, 
hypertension drug use, cholesterol-lowering drug use, 
and family history of diabetes. In cases where covariate 
information was missing, we imputed the mean for con-
tinuous variables or used the missing indicator method 
for categorical variables. To explore potential modifi-
cation effects of AHEI, DII and PRS on the association 
between MSAB and risk of T2D, we categorize the AHEI, 
DII and each PRS by quartiles from bottom to top, and 
respectively examine the association between MSAB 
and risk of T2D in the different quartiles. We also addi-
tionally added the interaction terms into the CPH mod-
els to calculate the P-values of the interaction terms. To 

https://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=2000
https://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=2000
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examine the additive association of AHEI, DII and PRS 
between MSAB on risk of T2D, the cross-groups terms 
based on the MSAB and quartiles of AHEI, DII and each 
PRS were created, which were added in the CPH model. 
Participants without the MSAB and in the lowest quar-
tile of AHEI, DII and each PRS were set as the reference 
group. Meanwhile, the relative excess risk due to inter-
action (RERI) and the attributable proportion due to 
interaction(AP) were calculated to evaluate the statisti-
cal significance of the additive association. An absence of 
additive interaction was indicated when the confidence 
intervals of RERI and AP included zero.

Sensitivity analysis
Three sensitivity analyses to ensure the robustness of our 
findings. Firstly, to minimize the impact of reverse causa-
tion, we excluded participants with less than 2 years of 
follow-up. Secondly, to mitigate confounding effects from 
personal smoking, we restricted our analysis to non-
smoking participants. Thirdly, to exclude the influence of 
selection bias on our results, we performed a propensity 
score matching (PSM) for the participants without infor-
mation of maternal smoking and breastfeeding. The PSM 
method was matched by 12 covariables for baseline char-
acteristics. The nearest neighbor matching within a spec-
ified caliper distance was used as the criteria for selecting 
participants with information of maternal smoking and 
breastfeeding with calipers of width equal to 0.2.

Results
Baseline characteristics of participants
Table  1 provides an overview of the initial character-
istics of the study cohort, categorized according to the 
presence or absence of T2D. Among these participants, 
a total of 5.9% of the study population have T2D during 
the follow-up. Individuals with T2D tended to be older, 
predominantly male, and of white ethnicity. Addition-
ally, this group displayed a heightened prevalence of 
obesity, reduced engagement in physical activity, ele-
vated Townsend Deprivation Index scores, a higher fre-
quency of maternal smoking, and diminished rates of 
breastfeeding.

Modification and joint effects of nutritional factors 
on the association between MSAB and risk of T2D
During a median follow-up of 12.7 years, we observed 
27,342 incident cases of T2D. After adjustment for poten-
tial confounders, as indicated by HRs and 95%CI, com-
pared with other participants, the participants exposed 
to MSAB had a higher risk of developing T2D (HR=1.11, 
95%CI:1.08-1.14); while participants with breastfeed-
ing had lower risk of T2D (HR=0.95, 95%CI:0.92-0.99) 
(Additional file 1: Table S1). Meanwhile, compared with 

participants in the lowest quartile of AHEI, participants 
in the highest quartile had lower risk of T2D (HR=0.84, 
95%CI:0.76-0.94), and participants in the highest quar-
tile of DII had higher risk of T2D (HR=1.08, 95%CI:1.01-
1.14) (Additional file  1: Table  S1). The modification 
effects indicated by HRs and 95%CI were presented in 
Fig.  1A. Among the participants with breastfeeding, 
exposed to MSAB was still associated with an increased 
risk of T2D (HR=1.10, 95%CI:1.06-1.14). Meanwhile, 
among the participants in the highest quartile of AHEI, 
the association between MSAB and the increased risk 
of T2D become non-significant (HR=0.94, 95%CI: 0.79-
1.13); while among the participants in the highest quar-
tile of DII, such association was still significant (HR=1.16, 
95%CI:1.06-1.27).

The joint effects indicated by HRs and 95%CI were 
presented in Fig.  1B. Although compared with par-
ticipants who received breastfeeding and did not expe-
rience MSAB, the participants exposed to MSAB 
without breastfeeding had a greater risk of T2D 
(HR=1.16, 95%CI:1.10-1.22), the additive association 
indicated by RERI and AP was non-significant (RERI=-
0.04, 95%CI: -0.19-0.10; AP=-0.04, 95%CI: -0.19-0.10) 
(Additional file  1: Table  S2). Similarly, compared to 
participants in the highest quartile of AHEI without 
MSAB, participants in the lowest quartile of AHEI with 
MSAB had an increased risk of T2D (HR=1.56, 95%CI: 
1.35-1.81), and compared to participants in the lowest 
quartile of DII without MSAB, participants in the high-
est quartile of DII with MSAB had an increased risk of 
T2D (HR=1.23, 95%CI: 1.12-1.34); however, only the 
additive association between MSAB and AHEI was non-
significant (RERI=-0.29, 95%CI:-0.55 to -0.03; AP=-0.28, 
95%CI:-0.56 to -0.01) (Additional file 1: Table S2).

Modification and joint effects of genetic susceptibility 
on the association between MSAB and risk of T2D
A higher PRS of T2D and disease-causing genetic pathway 
in terms of HbA1c deposition, β-cell function, proinsulin 
synthesis, obesity, lipodystrophy, and liver function were 
all significantly associated with an increased risk of T2D 
(Additional file  1: Table  S3). The modification effects of 
these PRS indicated by HRs and 95%CI were presented 
in Fig. 2. The association between MSAB and risk of T2D 
become non-significant only among the participants in the 
lowest quartile of lipodystrophy (HR=1.06, 95%CI:0.99-
1.14), and such association was still significant among 
participants in the lowest quartile of other PRS (HR=1.12, 
95%CI:1.05-1.19 for T2D-PRS; HR=1.13, 95%CI:1.06-
1.21 for HbA1c deposition; HR=1.09, 95%CI:1.02-1.17 
for β-cell function; HR=1.13, 95%CI: 1.06-1.20 for obe-
sity; HR=1.10, 95%CI:1.03-1.17 for proinsulin synthesis; 
HR=1.13, 95%CI:1.07-1.21 for liver function).
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The joint effects of these PRS and MSAB indicated 
by HRs and 95%CI were presented in Fig. 3. Compared 
to participants without MSAB and in the lowest quar-
tile of PRS, participants in the highest quartile of PRS 
with MSAB had an increased risk of T2D (HR=2.04, 
95%CI:1.93-2.15 for T2D-PRS; HR=2.01, 95%CI:1.90-
2.12 for HbA1c deposition; HR=2.13, 95%CI: 2.01-
2.25 for β-cell function; HR=1.40, 95%CI: 1.33-1.48 
for obesity; HR=1.70, 95%CI:1.60-1.79 for proinsulin 
synthesis; HR=2.01, 95%CI: 1.91-2.13 for lipodystro-
phy; HR=1.52, 95%CI:1.44-1.61 for liver function); 

however, as indicated by RERI and AP (Additional file 1: 
Table S2), only the additive association of β-cell function  
(RERI=0.18, 95%CI:0.06-0.30; AP=0.08, 95%CI:0.03-0.14) 
and lipodystrophy (RERI=0.16, 95%CI:0.04-0.28; AP=0.08, 
95%CI:0.02-0.14) with MSAB was significant.

Sensitivity analysis
Three sensitivity analyses were performed. The first sen-
sitivity analysis showed that after excluding the par-
ticipants who were diagnosed by T2D in the two years 
follow-up, and we still observed these above results, 

Table 1  Baseline characteristics of participants by T2D in the UK Biobank cohort

Continuous variables are presented as Mean(SD). Categorical variables are presented as numbers (%, percentage)

T2D Type 2 diabetes, BMI Body mass index, SD Standard deviation

Incident T2D P value

No Yes

Participants (%) 432,892 (94.1) 27,342 (5.9)

Age (years), mean (SD) 56.23 (8.10) 59.28 (7.26) <0.001

Gender (%) <0.001

  Female 242,579 (56.0) 11,527 (42.2)

  Male 190,313 (44.0) 15,815 (57.8)

Race (%) <0.001

  Non-white ethnicity 18,293 (4.2) 2,715 (9.9)

  White ethnicity 414,599 (95.8) 24,627 (90.1)

Smoking (%) <0.001

  Never 241,736 (55.8) 12,257 (44.8)

  Previous 147,630 (34.1) 11,362 (41.6)

  Current 43,526 (10.1) 3,723 (13.6)

Drinking (%) <0.001

  Never 16,415 (3.8) 1,978 (7.2)

  Previous 13,775 (3.2) 1,637 (6.0)

  Current 402,702 (93.0) 23,727 (86.8)

Employment (%) <0.001

  In paid employment or self-employed 258,051 (59.6) 12,113 (44.3)

  Retired 139,782 (32.3) 11,705 (42.8)

  Others 35,059 (8.1) 3,524 (12.9)

BMI (%), kg/m2 <0.001

  <25 153,916 (35.6) 2,611 (9.5)

  25-29.9 186,911 (43.2) 9,724 (35.6)

  ≥30 92,065 (21.3) 15,007 (54.9)

  MET-min/week ≥600 (%) 278,904 (64.4) 14,673 (53.7) <0.001

≥600

  Townsend deprivation index, mean (SD) -1.46 (3.00) -0.58 (3.37) <0.001

  Birth weight, mean (SD), kg 3.33 (0.66) 3.24 (0.76) <0.001

  Hypertension drug use (%) 23,609 (5.5) 2,058 (7.5) <0.001

  Cholesterol-lowering drug use (%) 24,123 (5.6) 4,592 (16.8) <0.001

  Family history of diabetes (%) 74,215 (17.1) 8,865 (32.4) <0.001

  Maternal smoking around birth (%) 109,657 (25.3) 7,343 (26.9) <0.001

  Breastfed as a baby (%) 241,387 (55.8) 14,925 (54.6) <0.001
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suggesting the acute occurrence of T2D did not influence 
the results (Additional file  2: Figs. S1-3). Secondly, we 
found that the above results did not change significantly 
when we restricted the analysis to nonsmokers (Addi-
tional file  2: Figs. S4-6), suggesting that smoking behav-
ior in the offspring did not influence our results. Lastly, 
the participants with missing information of MSAB and 
breastfeeding were more likely to be old, retired women, 
smokers and drinkers (Additional file 1: Table S4). After 
the PSM, no-significant differences were found between 
groups with and without information of maternal smok-
ing and breastfeeding (Additional file  1: Table  S5). We 
still observed that maintaining a high dietary quality or 
lower dietary inflammation foods intake may reduce the 
risk of T2D associated with MSAB and the combination 
of maternal smoking around birth and higher genetic risk 
of β-cell function or lipodystrophy additively elevated the 
risk of developing T2D among the sample without any 
differences of baseline characteristics with the excluding 
sample in the main analysis (Additional file 2: Figs. S7-9).

Discussion
In this prospective cohort study, we found that partici-
pants exposed to MSAB had a higher risk of developing 
T2D. Notably, early-life breastfeeding did not alter this 
association. However, individuals who consistently main-
tained a high AHEI score or a low DII score throughout 
adulthood experienced a reduced risk of T2D, even if 
they had been exposed to MSAB. Further, this associa-
tion remained consistent among individuals with lower 

genetic risk for T2D, β-cell function, proinsulin synthe-
sis, obesity, liver function and HbA1c deposition, but it 
attuned among the participants with lower genetic risk of 
lipodystrophy. Additionally, a higher PRS of β-cell func-
tion and lipodystrophy with the MSAB additively elevated 
risk of T2D.

Smoking during pregnancy in women is an important 
public health issue. It is estimated that the prevalence of 
maternal smoking during pregnancy is 30.6% in the Euro-
pean Region [24]. Consistent with these data, a total of 
25.4% of participants reported that their mothers smoked 
around their born in the data of UK biobank. Accumulat-
ing studies have documented detrimental health impacts 
of MSAB on offspring, such obesity, hypertension and 
cancer [25–28], and a recent study also augment this link 
to higher incidence of T2D in offspring [3]. These stud-
ies emphasized the importance of smoking cessation dur-
ing pregnancy. However, nearly half of female smokers do 
not quit smoking during pregnancy, possible because of 
nicotine addiction, living stress and etc. [29], which may 
bring serious health burden in the offspring. Therefore, 
identifying modifiable factors that can mitigate these 
deleterious effects is an important task for public health 
research.

In this study, we focused on the nutritional factors at 
different life stages for modifying the association between 
MSAB and risk of T2D because of its feasible and cost-
effective benefits [30]. A few studies have emphasized 
the importance of breastfeeding during the early life on 
metabolism of energy and glucose because of abundant 

Fig. 1  The association between MSAB and T2D stratified by various levels of breastfeeding, AHEI and DII
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bioactive components in breast milk [31–33], and it shares 
common biological pathways with MSAB. However, we 
found that breastfeeding did not mitigate the link between 

MSAB and the increased risk of T2D, suggesting that 
mothers who smoked during pregnancy may also influ-
ence the function of breast milk, impairing its beneficial 

Fig. 2  The association between MSAB and T2D stratified by different genetic risk scores

Fig. 3  Joint analysis of genetic risk scores and MSAB in relation to T2D
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effects. This observation may be attributed to the addi-
tional exposure to tobacco-derived compounds present 
in breast milk. Smoking constitutes a habit characterized 
by addiction, often proving challenging to cease abruptly 
[34]. Mothers who smoke during pregnancy or encounter 
second-hand smoke exposure frequently persist in such 
behaviors postpartum [35]. Consequently, nicotine and 
other constituents found in tobacco can be conveyed to 
the fetus via breast milk, resulting in indirect fetal expo-
sure [36]. Further investigations are warranted to delve 
into the extent to which individuals exposed to maternal 
smoking might derive benefits from breastfeeding in com-
parison to those without maternal smoking exposure.

Further, we observed that under the condition of 
MSAB, the participants who commitment to a high-
quality diet or low inflammation foods in their daily diet 
during adulthood had lower risk of developing T2D, sug-
gesting that the nutritional behavior during adulthood 
aided in alleviating the deleterious effects of maternal 
smoking during pregnancy on glucose homeostasis. 
These observational could be partially supported by pre-
vious studies. It has been documented that substances 
contained in tobacco smoke, such as nicotine, carbon 
monoxide, and polycyclic aromatic hydrocarbons, could 
cross the placenta, enter the fetal circulation [5, 37], and 
further interfere with their development and induce per-
manent alterations in metabolism. Additionally, other 
toxic constituents in cigarette smoke including aro-
matic compounds, heavy metals, and carbon monoxide 
could also interfere with glycometabolism by promoting 
inflammation and oxidative stress [9, 10]. Most of these 
biological mechanisms can be inhibited by improv-
ing overall dietary quality or low inflammation foods 
intake [11–15]. Collectively, these findings emphasized 
the importance for elevating the overall dietary quality 
among participants who experienced MSAB.

Moreover, the detail mechanism underlying the link 
between MSAB and the disordered of glucose homeo-
stasis is still largely unknown, probably because it is 
difficult to establish an experimental animal model 
that mimic this condition. Therefore, we examined 
the modification and additive effects of causal disease-
specific genetic risk score on the association between 
MSAB and risk of T2D. We found that only among 
the participants with lower genetic risk of lipodystro-
phy, the association between MSAB and the increased 
risk of developing T2D attuned, and other genetic risk 
in terms of β-cell function, proinsulin synthesis, obe-
sity, liver function, and HbA1c deposition did not have 
such modification effects. Meanwhile, the combina-
tion of higher genetic risk for lipodystrophy and β-cell 
dysfunction with MSAB additively increased the risk 
of developing T2D. These observations suggest that 

genetic loci related to lipodystrophy and β-cell func-
tion may involve in regulating this association. Previous 
study has documented that the lipodystrophy-specific 
type of T2D is more likely to be characteristics as 
higher levels of triglycerides and insulin resistance, and 
β-cell dysfunction-specific type of T2D is more likely to 
be characteristics as impairment of proinsulin synthesis 
and insulin secretion, compared with other causal-spe-
cific pathway of genetic risk [17]. This finding prompted 
that decreasing hyperglycemia, insulin resistance and 
improving insulin secretion may be potential inter-
vention targets for alleviating this deleterious effect. A 
previous study has found that parental smoking during 
pregnancy is associated with an increased risk of ges-
tational diabetes in the daughter with higher levels of 
insulin resistance [38], and MSAB can disrupt pancre-
atic development and function through mitochondrial-
mediated beta cell apoptosis [6], which may further 
support the findings in this study.

The major strengths of our knowledge include large 
sample size and prospective design. Its novelty lies in 
identifying potential modifiable factors that can mitigate 
the deleterious effects of MSAB on the development of 
T2D. Besides, we also employed a comprehensive analy-
sis of T2D-related causal disease-specific PRS to explore 
the potential biological mechanisms underlying this link. 
However, it is important to acknowledge the potential 
limitations of this study. Firstly, due to its observational 
nature, the association between MSAB or breastfeeding 
and the risk of incident T2D cannot be interpreted as a 
causal relationship. Randomized clinical trials are nec-
essary to establish causality and validate our findings. 
Secondly, some incident T2D cases relied on secondary 
diagnoses, which might result in a delay in identifying the 
actual onset time of T2D. Thirdly, the data collected on 
MSAB and breastfeeding was limited to binary informa-
tion, indicating whether or not participants were exposed 
to MSAB or breastfeeding. Detailed information such as 
the amount and duration of smoking or breastfeeding was 
not available. Further studies should consider capturing 
these factors comprehensively to better understand their 
impact on the results. Fourthly, although we adjusted 
for major confounding factors, the possibility of residual 
confounding cannot be completely ruled out. Lastly, it 
should be noted that the study was conducted based on 
the UK Biobank dataset, which predominantly consists 
of participants of European descent. This might limit the 
generalizability of the results to other populations.

Conclusion
In summary, our study emphasized the importance 
for maintain a high dietary quality or lower dietary 
inflammation foods intake among the individuals who 
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experience maternal smoking during pregnancy. Moreo-
ver, the combination of higher genetic risk of β-cell dys-
function or lipodystrophy and MSAB significantly elevate 
the risk of T2D in offspring.
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