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Abstract 

Background:  Previous studies have reported that maternal smoking during pregnancy and breastfeeding may affect 
the occurrence of hypertension, but whether early life factors modify the impact of the offspring’s genetic risk on 
hypertension is still unknown. The aim of this study was to investigate the relationships among maternal smoking and 
breastfeeding with adult-onset hypertension and the modified impact of offspring genetic susceptibility.

Methods:  This study included 437,185 participants from the UK Biobank who were initially free of hypertension and 
provided a prospective cohort of individuals aged 40 to 69 years. The association of maternal smoking during preg-
nancy and breastfeeding with hypertension was examined by using the Cox regression model. Then, a polygenic risk 
score (PRS) for hypertension was used to test the gene–environmental interaction on hypertension.

Results:  During a median follow-up period of 8.7 years, a total of 68,148 cases of hypertension were identified in this 
study. The hazard ratios (HRs) and 95% confidence intervals (CIs) of hypertension for maternal smoking and breast-
feeding were 1.11 (1.09, 1.13) and 0.96 (0.94, 0.98), respectively. However, no evidence of an interaction between 
maternal smoking and breastfeeding was observed. Across all levels of genetic risk, including high genetic risk, mater-
nal smoking and nonbreastfeeding had higher hypertension hazards than nonmaternal smoking and breastfeeding, 
respectively. The adjusted HRs (95% CIs) of hypertension were 1.80 (1.73, 1.87) in those who had high genetic predis-
position plus maternal smoking and 1.67 (1.60–1.74) in those with nonbreastfeeding and high genetic risk. There were 
significant additive interactions between maternal smoking or breastfeeding and genetic factors on the incidence of 
hypertension.
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Background
Adverse intrauterine exposure may result in permanent 
developmental inhibition of the structure and function 
of the cardiovascular system and increase susceptibility 
to various cardiovascular metabolic diseases later in life 
[1, 2]. Recent studies have linked gestational exposure to 
maternal smoking to cardiovascular risk in offspring [3–8]. 
Maternal smoking during pregnancy is an established risk 
factor for the intrauterine environment and might influ-
ence postnatal blood pressure levels [7–9]. The observed 
link could be attributed to exposure to smoking-related 
substances, including toxins such as nicotine and car-
bon monoxide, which may induce vasoconstriction and 
affect foetal blood vessel development [10, 11]. However, 
most studies of cardiovascular outcomes in the offspring 
of smokers have been conducted on children and adoles-
cents, and little is known about the long-term effects.

In addition, data on the early-life determinants of cardi-
ovascular risk suggest that breastfeeding has a protective 
effect on cardiovascular health [12, 13]. Breastfeeding 
has been shown to reduce diastolic blood pressure and 
lipid levels in children [9, 14–18]. The beneficial effects 
of breastfeeding on blood pressure levels are suspected 
to be due to growth factors and hormones, inflammatory 
factors, oligosaccharides [19], and long-chain polyunsat-
urated fatty acids [20], which are not included in formula 
and may influence blood pressure. However, research on 
the association of maternal smoking and breastfeeding 
on blood pressure tends to focus only on their respective 
effects. The interaction of maternal smoking and breast-
feeding on hypertension risk is still unknown.

Genome-wide association studies (GWAS) and mixed 
mapping studies in populations of European ancestry 
have identified more than 200 genetic loci [21, 22]. Poly-
genic risk scores have been used to obtain individual 
levels of overall genetic susceptibility to hypertension 
[23, 24]. A 1 standard deviation (SD) increase in systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) 
polygenic risk scores (PRSs) resulted in 54% and 58% 
greater risks of early-onset hypertension, respectively 
[23]. In recent years, emerging evidence has revealed 
that genetic susceptibility might interact with early 
life factors on cardio-metabolic outcomes, including 

hypertension [25, 26]. However, whether exposure to 
maternal smoking or nonbreastfeeding may modify 
the impact of genetic predisposition on hypertension 
remains unknown.

Based on a cohort of ~500,000 persons from the 
UK Biobank, we extracted information on breastfeeding 
and maternal smoking during pregnancy and examined 
their interaction on offspring adult hypertension using 
Cox proportional risk models. Considering the impor-
tance of genetic factors [21], stratified analyses were car-
ried out to explore the association of breastfeeding or 
maternal smoking during pregnancy with hypertension 
under different genetic risks.

Methods
Study design and population
The UK Biobank is a large, population-based, multicen-
tre prospective cohort study that has collected a series of 
data on lifestyles, physical measures, biological samples, 
and health data [27, 28]. The original intention of the study 
was to provide resources to investigate the genetic and 
environmental determinants of complex chronic diseases 
in middle-aged and elderly people, which has been previ-
ously described in detail [27, 28]. In summary, ~0.5 mil-
lion UK residents aged 40–69 years who registered with 
the UK National Health Service and lived < 25 miles from 
1 of 22 research assessment centres across the UK were 
enrolled from 2006 to 2010. The baseline summary charac-
teristics of the cohort can be viewed in the data showcase 
on UK Biobank’s website (www.​ukbio​bank.​ac.​uk). The UK 
Biobank study was approved by the research ethics com-
mittee of the UK Biobank, and all participants provided 
informed consent forms.

Assessment of maternal smoking and breastfeeding
Information on “maternal smoking around birth (Field ID 
1787)” and “breasted as a baby (Field ID 1677)” was col-
lected based on the ACE touchscreen question. Participants 
were asked, “Did your mother smoke regularly around the 
time when you were born?” or “Were you breastfed when 
you were a baby?” The answer options were “yes”, “no” and 
“don’t know”. The relevant information can be found in the 
“Early life factors” (Field ID 100033) category of the UK 

Conclusions:  Maternal smoking and nonbreastfeeding were associated with a higher risk of hypertension in adult-
hood and may attenuate the risk of hypertension related to genetic factors. These results suggested that adherence to 
nonmaternal smoking and breastfeeding was associated with a lower risk of hypertension among participants with all 
gradients of genetic risk.

Keywords:  Maternal smoking, Breastfeeding, Polygenic risk score, Adult-onset hypertension, Prospective cohort 
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Biobank’s website (https://​bioba​nk.​ndph.​ox.​ac.​uk/​showc​
ase/​label.​cgi?​id=​100033).

Definition of the polygenic risk score
The detailed procedures for genotyping, imputation 
and quality control in the UK Biobank project have 
been described previously [29]. Based on the largest 
available hypertension genome-wide association study 
(GWAS) [21], we constructed a PRS with 797 single 
nucleotide polymorphisms (SNPs) (imputation quality 
score with INFO ≥ 0.3 and heterogeneity Cochran’s Q 
statistic19 filtered at P ≥ 1 × 10−4). All SNPs included 
in the current study were available in the UK Biobank 
imputed dataset. The related information is presented 
in Additional file 1: Table S1.

A weighted method was applied to calculate the hyper-
tension PRS. According to the number of risk alleles, each 
SNP was redefined as 0, 1, or 2. The PRS values were cal-
culated using the formula: PRS = β1 × SNP1 + β2×SNP2 + 
… +βk × SNPk + … + βn×SNPn, where n is the total num-
ber of SNPs and βk is the value of the natural logarithm of 
the odds ratio for hypertension associated with SNPk. The 
effect size estimates of βk were obtained from a previous 
study [21]. The participants were divided into three levels 
of low (lowest tertile), intermediate (middle tertile), and 
high (highest tertile) genetic risk of hypertension based on 
the PRS distributions among noncases, which was shown 
to be effective [30, 31].

Ascertainment of outcomes
Hypertension existing at baseline was defined using self-
reported information and data from hospital episode 
statistics with the date of event preceding the date of 
attendance at the assessment centre. Hypertension was 
confirmed by hospital admissions with International 
Classification of Diseases, 9th and 10th Revision codes of 
401. X, I10, 20002, 6150, and 6177 [32]. Follow-up times 
for individuals were calculated as the number of days 
from the assessment date until the hypertension incident 
or censorship date according to the origin of the hospital 
date. Diagnoses and dates for hospital admissions were 
determined through record linkage to the Health Epi-
sode Statistics in England, Scotland and Wales.

Definition of covariates
Additional information was collected by self-reporting or 
historical diagnoses from national hospital registers. We 
included age; sex (male/female); UK Biobank assessment 
centre; maternal smoking around birth (yes/no); breastfed 
as a baby (yes/no); Townsend Deprivation Index (TDI); 
body mass index (BMI, normal/overweight/obesity); 

physical activity (metabolic equivalent task, MET-min/
week); smoking status (never/previous/current); alcohol 
consumption (never/previous/current); diabetes at base-
line (yes/no); and cardiovascular disease at baseline (yes/
no).

Based on items obtained from the short International 
Physical Activity Questionnaire (IPAQ), the number of 
metabolic equivalent task (MET) minutes was adopted to 
assess physical activity. Smoking and alcohol consump-
tion status were grouped as never, previous or current. 
In addition, BMIs were generated from height and weight 
data, which were measured by trained nurses during 
the baseline assessments. BMIs were classified as nor-
mal (< 25 kg/m2), overweight (25–29.9 kg/m2), or obese 
(≥ 30 kg/m2) according to the World Health Organiza-
tion (WHO) criteria. Systolic blood pressure (SBP) and 
diastolic blood pressure (DBP) were measured by trained 
nurses at baseline using standard procedures. All of the 
above procedures were conducted by skilled profession-
als, and the mean values of two automated or manual 
measurements were used.

Analytical cohort
Among the 502,507 individuals with available data for the 
current study, participants were excluded for the following 
reasons: (1) prevalent hypertension cases (defined by the 
date of a hypertension event preceding the date of enrol-
ment or self-reported history of hypertension at baseline); 
(2) missing relevant exposure data such as maternal smok-
ing or breastfeeding; or (3) missing genotyping data. Finally, 
there were 437,185 participants with complete hyperten-
sion follow-up data after excluding prevalent hyperten-
sion. Then, we included 399,531 and 356,079 participants 
to investigate the association between maternal smoking 
and breastfeeding with adult hypertension, respectively, 
after excluding participants with missing related exposure 
data. After excluding those who are missing all of expo-
sure data, 318,425 participants involved in the analysis of 
the association of interaction between maternal smok-
ing and breastfeeding with hypertension. Moreover, we 
further investigated the interaction of maternal smoking 
or breastfeeding and genetic factors (PRS) on hyperten-
sion when limiting participants to individuals with white 
British ancestry with genetic information available (n 
= 289,397,  after further excluding participants who are 
missing genotyping data). A detailed flow diagram for the 
included participants is shown in Fig. 1. To rule out poten-
tial selection bias, we obtained descriptive statistics on the 
baseline information for those individuals with baseline 
hypertension or with missing covariates and did not find 
any obvious differences compared to the original partici-
pants (Additional file 1: Table S2).

https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100033
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100033
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Statistical analysis
Descriptive statistics were obtained for exposures, out-
comes, and covariates in the whole analytical cohort. 
The definition of survival time for each participant was 
the duration from the date of enrolment or self-reporting 
to the date of the hypertension event. Cox proportional 
hazard models were used to explore the associations 
between different exposures and adult-onset hyperten-
sion, and the results are shown as hazard ratios (HRs) and 
95% confidence intervals (CIs). The proportional hazards 
assumption was examined using Schoenfeld residuals. 
The data generally met the conditions of the proportional 
hazards assumption for performing subsequent regres-
sion analyses (P > 0.05) (Additional file 1: Fig. S1).

To clearly illustrate the relationships among maternal 
smoking, breastfeeding, genetic variation and adult-onset 
hypertension, we constructed the following models: 
model 1: crudely adjusted for age and sex; model 2: model 
1 further adjusted for race, TDI, alcohol consumption, 
smoking status, BMI, physical activity, and diabetes at 
baseline (yes/no); and model 3: model 1 further adjusted 
for TDI, alcohol consumption, smoking status, BMI, 
physical activity, and diabetes at baseline (yes/no). The 
main analysis was performed based on model 2, and we 

used model 3 instead when considering genetic factors. 
Due to possible confounding factors, we performed sub-
group analyses by age (< 60 and ≥ 60 years, defined as 
elderly individuals by the WHO [33]), sex (male/female), 
BMI (normal/overweight/obesity), and smoking status 
(never/previous/current) using a Cox proportional haz-
ards model adjusted for age, sex, race, TDI, alcohol con-
sumption, smoking status, BMI, physical activity, and 
diabetes at baseline (the stratified factor in each stratum 
was excluded). Then, we conducted a heterogeneity anal-
ysis to assess whether the effect modifications between 
subgroups were statistically significant.

The interaction of specific exposures on hypertension 
was evaluated based on model 2 by (1) taking the mater-
nal smoking status as a subgroup to assess the associa-
tion of breastfeeding with hypertension; (2) taking the 
maternal smoking status as a subgroup to assess the 
association of own smoking status with hypertension; 
(3) taking the maternal smoking status as a subgroup to 
assess the difference in sex status on hypertension; and 
(4) taking participants who were not exposed to mater-
nal smoking but were breastfed as a reference to assess 
the HR of increased risk factors on hypertension.

Sensitivity analyses were conducted to examine 
the robustness of the results based on model 3 by (1) 

Fig. 1  Flow diagram for inclusion of participants. CAD, coronary artery disease; PRS, polygenic risk score; GWAS, genome-wide association study; 
and SNPs, single nucleotide polymorphisms
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limiting nonsmokers to avoid confounding effects 
caused by self-smoking; (2) limiting participants with 
follow-up times equal to or greater than 2 years to cap-
ture more hypertension events; and (3) limiting par-
ticipants without prevalent CVD to avoid the possible 
confounding bias generated by CVD.

Additionally, we tested gene–environmental inter-
actions by setting variable cross-product terms of 
the environmental exposures (maternal smoking and 
breastfeeding) with the hypertension PRS in model 3. 
The additive interaction term was constructed from 
two indices: the relative excess risk due to the interac-
tion (RERI) and the attributable proportion (AP) [34]. 
The 95% CIs of the RERI and AP were determined by 
drawing 5000 bootstrap samples from the tested data-
set [35], and when the CIs of the RERI and AP included 
0, there was no interaction.

All missing covariates were included in the imputation 
equation. The missing category variables were imputed 
with multiple imputations based on latent class (MILC), 

and the missing continuous variables (e.g., TDI and 
physical activity) were imputed with multivariate impu-
tation by chained equation (MICE) by using predictive 
mean matching [36, 37]. All analyses were performed 
using STATA software (Version 15.1) and R software 
(Version 4.1.1), and two-sided P values < 0.05 were con-
sidered statistically significant.

Results
Baseline characteristics of participants
The baseline characteristics of the final analytical cohort 
are presented in Table 1. The mean age at enrolment was 
56.0 (SD, 8.1) years old; 44.4% were male; and 94.2% were 
individuals with white British ancestry. The mean TDI 
score, BMI, and MET at baseline were − 1.4, 27.2 kg/m2, 
and 2531.7 min/week, respectively. In brief, participants 
who suffered from hypertension were more likely to be 
obese and engaged in less physical activity. Additionally, 
participants with hypertension had a higher prevalence 
of CVD and diabetes. Hypertensive patients had higher 

Table 1  Descriptive characteristics of participants in the UK Biobank study by hypertension

Data are presented as the mean ± standard deviation (SD), numbers and percentages

Abbreviations: TDI Townsend Deprivation index, BMI body mass index, MET Metabolic Equivalent Task

*P values were obtained by t-tests or chi-square tests

Characteristic Incident hypertension

No (n = 369,037) Yes (n = 68,148) P*

Age (years, mean ± SD) 55.2 ± 8.1 60.1 ± 6.9 < 0.001

Sex, male (n, %) 158,626 (43.0) 35,676 (52.4) < 0.001

Race, White (n, %) 348,077 (94.3) 63,621 (93.4) < 0.001

TDI (mean ± SD) − 1.4 ± 3.0 − 1.1 ± 3.2 < 0.001

BMI (kg/m2, mean ± SD) 26.8 ± 4.5 29.2 ± 5.1 < 0.001

BMI (kg/m2, n, %) < 0.001

  Normal (< 25 kg/m2) 138,021 (37.4) 13,258 (19.5)

  Overweight (25 to 29.9 kg/m2) 156,150 (42.3) 29,324 (43.0)

  Obesity (≥ 30 kg/m2) 73,212 (19.8) 25,103 (36.8)

  Missing value 1,654 (0.5) 463 (0.7)

Physical activity (MET, Min/week, mean ± SD) 2680.2 ± 2706.5 2591.1 ± 2733.2 < 0.001

Smoke status (n, %) < 0.001

  Never 33,020 (48.4) 210,703 (57.1)

  Previous 27,366 (40.2) 119,044 (32.3)

  Current 7,418 (10.9) 38,123 (10.3)

  Missing value 344 (0.5) 1,167 (0.3)

Alcohol drinker status (n, %) < 0.001

  Never 15,300 (4.1) 3,646 (5.3)

  Previous 11,646 (3.2) 2,921 (4.3)

  Current 341,733 (92.6) 61,464 (90.2)

  Missing value 358 (0.1) 117 (0.2)

Diabetes baseline (n, %) 10,258 (2.8) 7,483 (11.0) < 0.001

Maternal smoking around birth (n, %) 97,156 (28.8) 19,130 (30.8) < 0.001

Breasted as a baby (n, %) 40,031 (76.3) 216,424 (71.3) < 0.001
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maternal smoking rates and genetic risks but lower 
breastfeeding rates.

Association of maternal smoking and breastfeeding 
with hypertension
A total of 68,148 cases of hypertension were identi-
fied during a median follow-up of 8.7 years, and the 
associations between maternal smoking or breastfeed-
ing and incident hypertension are shown in Table 2. In 
the full model adjustment, participants with maternal 
smoking had a higher risk of hypertension (adjusted 
HR = 1.11, 95% CI, 1.09–1.13, P < 0.001). Participants 
who were breastfed presented a lower risk of hyperten-
sion (adjusted HR = 0.96, 95% CI, 0.94–0.98, P = 8.46 
×10−4). However, after stratification by maternal smok-
ing, the association between breastfeeding and hyper-
tension was not significant (adjusted HR = 0.97, 95% 
CI, 0.93–1.01, P = 0.124 and adjusted HR = 0.97, 95% 
CI, 0.94–1.00, P = 0.084, respectively) (Additional file 1: 
Table S3). Subgroup analyses showed that only age sig-
nificantly modified the association of maternal smoking 
or breastfeeding with hypertension risk (P for interac-
tion < 0.05, Additional file 1: Table S4). However, as pre-
sented in Additional file  1: Table  S5, we observed that 
male participants with maternal smoking exposure had 
a higher risk of hypertension than female participants 
without maternal smoking (adjusted HR =1.42, 95% CI, 
1.38–1.46, P < 2 × 10−16). It is well known that cigarette 
smoking in adulthood exerts a hypertensive effect. We 
found that participants exposed to both maternal and 
personal smoking were associated with a higher risk of 
hypertension (adjusted HR =1.43, 95% CI, 1.37–1.51, 
P < 2 × 10−16) than participants without maternal and 
personal smoking histories (Additional file 1: Table S6). 
After stratification by sex, both males and females with 

maternal smoking during pregnancy and their own 
smoking history showed a higher risk of hypertension 
(Additional file 1: Table S7, all P < 0.05).

Figure 2 shows the joint association of maternal smok-
ing and breastfeeding on hypertension. We found that 
participants with maternal smoking and no breastfeed-
ing were associated with a higher risk of hypertension 
than those who were not exposed to maternal smoking 
but received breastfeeding (adjusted HR =1.14, 95% CI, 
1.10–1.19, P = 2.44 × 10−12). However, no evidence of an 
interaction between maternal smoking and breastfeeding 
was observed (P for interaction = 0.256).

Joint associations of maternal smoking, breastfeeding 
and genetic risk with hypertension
As reported in a previous study [23], in the analy-
sis of genetic categories and hypertension risk, we 
confirmed that a higher PRS (genetic risk) was sig-
nificantly associated with an increased risk of hyper-
tension (all P < 2 × 10−16), and a per unit increase in 
PRS was significantly associated with a 7% increased 
risk of hypertension (adjusted HR = 1.07, 95% CI, 
1.07–1.07, P < 2 × 10−16) (Additional file 1: Table S8).

Table 3 shows the joint associations of maternal smok-
ing, breastfeeding and genetic risk with hypertension. 
For participants who had low genetic risk combined 
with nonmaternal smoking, the adjusted HRs (95% CIs) 
of hypertension were 1.40 (1.34, 1.46) and 1.80 (1.763, 
1.87) in those who had intermediate and high genetic 
predisposition plus maternal smoking, respectively. In 
addition, compared to those with low genetic risk and 
breastfeeding, participants with low genetic risk and 
nonbreastfeeding were not associated with the risk of 
hypertension, but nonbreastfeeding was associated with 
higher hypertension risks compared with breastfeeding 

Table 2  Adjusted hazard ratio and 95% confidence intervals of hypertension by different environmental exposures.  Case/Control 
means participants who had hypertension /had no hypertension

Model 1, age (continuous), sex (male, female)

Model 2, adjusted for age (continuous), sex (male, female), race (White/Mixed/Asian or Asian British/Black or Black British), UK Biobank assessment centre, Townsend 
Deprivation index (continuous), alcohol consumption (never, previous, current, missing), smoking status (never, previous, current, missing), body mass index (< 25 kg/
m2, 25 to 29.9 kg/m2, ≥ 30 kg/m2, missing), physical activity (continuous), and diabetes at baseline (yes/no)

Abbreviations: SD standard deviation, HR hazard ratio, and CI confidence interval

Category of 
exposure

No. of cases/controls Follow-up time (years, 
mean ± SD)

Model 1 Model 2

HR (95% CI) P-value HR (95% CI) P-value

Maternal smoking

  No 43,010/240,235 8.5 ± 1.7 Ref Ref

  Yes 19,130/97,156 8.5 ± 1.7 1.17 (1.14, 1.20) < 0.001 1.11 (1.09, 1.13) < 0.001

Breastfeeding

  No 12,420/87,204 8.3 ± 2.0 Ref Ref

  Yes 40,031/216,424 8.1 ± 2.2 0.97 (0.94, 1.00) 0.088 0.96 (0.94, 0.98) 8.46E−04
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at intermediate genetic risk (adjusted HR = 1.37, 95% CI, 
1.31–1.43, P < 0.001) as well as high genetic risk (adjusted 
HR = 1.67, 95% CI, 1.60–1.74, P < 0.001). The sensitiv-
ity analyses also showed that the relationships among 
maternal smoking, breastfeeding, and genetic factors and 
the incidence of hypertension were robust after exclud-
ing participants with cardiovascular disease at baseline 
(Additional file 1: Table S9). Moreover, when restricting 
participants with follow-up times equal to or longer than 
2 years, the results did not change appreciably (Addi-
tional file 1: Table S10). In addition, the results remained 

robust when limiting the analysis to individuals who had 
never smoked (Additional file 1: Table S11).

There was no evidence of multiplicative interactions 
between genetic and maternal smoking or breastfeeding 
for hypertension (Table  3). However, a positive additive 
interaction between genetic risks and maternal smok-
ing or breastfeeding on the incidence of hypertension is 
shown in Table  4. Compared to participants with non-
maternal smoking and low genetic risk, participants with 
maternal smoking and high PRSs had a 16% (RERI = 
0.16, 95% CI, 0.10–0.23) increased risk of hypertension; 
the interaction of genetic variation and breastfeeding 

Fig. 2  The joint association of maternal smoking and breastfeeding with the incidence of hypertension (participants without maternal smoking 
and no breastfeeding as a reference). Case/Control means participants who had hypertension /had no hypertension. Adjusted for age, sex, 
Townsend Deprivation Index (TDI), alcohol consumption, smoking status, BMI, physical activity, and diabetes at baseline

Table 3  The joint association of maternal smoking and breastfeeding on incident hypertension in participants with different genetic 
risk

Adjusted for age (continuous), sex (male, female), UK Biobank assessment centre, Townsend Deprivation index (continuous), alcohol consumption (never, previous, 
current, missing), smoking status (never, previous, current, missing), body mass index (< 25 kg/m2, 25 to 29.9 kg/m2, ≥ 30 kg/m2, missing), physical activity 
(continuous), and diabetes at baseline (yes/no), genotyping batch, and the first 4 genetic principal components

Abbreviations: HR hazard rations, CI confidence interval, PRS polygenic risk score

Hypertension PRS (tertiles) Category of exposure HR (95% CI) P P for interaction

Maternal smoking

Low genetic risk No Ref Ref 0.148

Yes 1.14 (1.09, 1.19) 3.95E−08

Intermediate genetic risk No 1.29 (1.25, 1.33) < 0.001

Yes 1.40 (1.34, 1.46) < 0.001

High genetic risk No 1.66 (1.60, 1.71) < 0.001

Yes 1.80 (1.73, 1.87) < 0.001

Breastfeeding

Low genetic risk Yes Ref Ref 0.378

No 1.04 (0.99, 1.09) 0.165

Intermediate genetic risk Yes 1.25 (1.21, 1.30) < 0.001

No 1.37 (1.31, 1.43) < 0.001

High genetic risk Yes 1.64 (1.59, 1.69) < 0.001

No 1.67 (1.60, 1.74) < 0.001
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accounted for 13% (RERI = 0.13, 95% CI, 0.06–0.20) of 
hypertension in participants with nonbreastfeeding and 
genetic variation.

Discussion
In this large, population-based cohort study, we found 
that maternal smoking during pregnancy was positively 
associated with hypertension risk in adulthood, with 
a higher risk observed for those with maternal smok-
ing, and that breastfeeding was associated with a lower 
risk of hypertension in adulthood. However, there was 
no evidence of an interaction between maternal smok-
ing and breastfeeding for hypertension. In addition, the 
association between hypertension and maternal smok-
ing or breastfeeding was modified by individuals’ unique 
genetic susceptibility to hypertension. Hypertension risk 
can be worsened by maternal smoking or nonbreastfeed-
ing in participants with a moderate to high genetic risk 
for hypertension.

In line with our results, most studies have showed that 
higher blood pressure in offspring was associated with 
prenatal smoking [9, 38, 39]. A cohort of Norwegian 
women aged 17–47 [40] and another study of 33,086 
participants in the Nurses’ Mothers’ Cohort [8] found 
that self-reported exposure to tobacco smoke in utero 
was associated with hypertension in adult women. How-
ever, the results do not generalise directly to men. In our 
study, males with maternal smoking showed a higher risk 
of hypertension than females with maternal smoking. In 
addition, active smoking (i.e., exposure to self-smoking in 
adulthood) significantly increased the effect of maternal 
smoking on offspring hypertension. This result is con-
sistent with previous evidence for a potential synergistic 
effect of gestational and adult risk factors on cardiometa-
bolic disease [41–43]. Foetal nicotine exposure leads to 
obesity and weight gain, changes in the composition and 

function of perivascular adipose tissue, and increased 
blood pressure [44, 45], which can be further exacerbated 
by smoke exposure in adulthood. Additionally, poor 
cardiovascular fitness may also result from prolonged 
hypoxia in the foetuses of women who smoked during 
pregnancy [46].

Nonbreastfeeding was also associated with an 
increased risk of hypertension in adulthood in our study. 
Consistent with our study, a previous mother-to-child 
study of 377 couples assessed short-term and long-term 
breastfeeding for offspring blood pressures at age 7 and 
found that long-term breastfeeding was associated with 
significantly lower systolic and diastolic blood pressures 
than short-term breastfeeding [15]. In addition, a meta-
analysis comprising 17 observational studies reported 
that a small reduction in diastolic blood pressure in later 
life was associated with breastfeeding [47], whose results 
are certainly questionable due to the high heterogene-
ity. Notably, breastfeeding at ages older than 10 months 
was found to be a risk factor for hypertension in children 
(17,007 participants aged 6–12 years) [48]. However, 
their study was limited to obese offspring.

We found no evidence of an association between 
hypertension and the interaction of maternal smok-
ing and breastfeeding. This may be related to additional 
exposure to tobacco compounds in breast milk. Smoking 
is an addictive behaviour that is difficult to stop imme-
diately. Mothers who smoke during pregnancy or are 
exposed to second-hand tobacco smoke often smoke or 
are exposed to second-hand tobacco smoke after delivery 
[49]. Therefore, nicotine and other compounds that are 
present in smoking, breastfeeding mothers can be trans-
mitted to the foetus through milk, forming an indirect 
exposure process to the foetus [50]. However, it is clear 
that the combination of smoking and not breastfeed-
ing during pregnancy increased the hypertension risk. 

Table 4  Additive joint interaction for included environmental exposure and genetic categories on hypertension

Adjusted for age (continuous), sex (male, female), UK Biobank assessment centre, Townsend Deprivation index (continuous), alcohol consumption (never, previous, 
current, missing), smoking status (never, previous, current, missing), body mass index (< 25 kg/m2, 25 to 29.9 kg/m2, ≥ 30 kg/m2, missing), physical activity 
(continuous), diabetes at baseline (yes/no), genotyping batch, and the first 4 genetic principal components

Abbreviations: RERI relative excess risk due to interaction, AP attributable proportion due to interaction, CI confidence interval, PRS polygenic risk score
a Defined by polygenic risk score: low (lowest tertiles), intermediate (second tertiles) and high (highest tertiles)
b To estimate RERI and AP, the maternal non-smoking category, breastfeeding category and the lowest genetic risk (low PRS) groups were the reference categories

Category of exposureb Hypertension PRS (tertiles)b

Intermediatea Higha

RERI (95% CI) AP (95% CI) RERI (95% CI) AP (95% CI)

Maternal smoking Yes Ref Ref Ref Ref

No 0.34 (0.28, 0.41) 0.35 (0.29, 0.41) 0.21 (0.13, 0.29) 0.16 (0.11, 0.22)

Breastfeeding Yes Ref Ref Ref Ref

No 0.32 (0.27, 0.38) 0.32 (0.28, 0.37) 0.13 (0.06, 0.20) 0.09 (0.04, 0.14)
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Additional research is warranted to further explore the 
extent to which individuals with maternal smoking would 
benefit from breastfeeding in comparison with those 
with nonmaternal smoking.

Other findings of this study were that the associations 
of maternal smoking or breastfeeding and hypertension 
could modify the impact of genetic risk. This finding sug-
gests that individuals whose genetic predisposition to 
hypertension is low may have a higher risk of hyperten-
sion merely when their mothers smoke during pregnancy. 
In addition, individuals with low genetic risk may lose 
their inherent protection if maternal smoking is accom-
panied by no breastfeeding. Thus, avoiding exposure to 
maternal smoking and providing adequate breastfeeding 
after delivery may play an important role in the primary 
prevention of cardiovascular-related diseases such as 
hypertension in the population as a whole, especially in 
individuals at high genetic risk.

The main advantages of this study are the large sample 
size and prospectively collected hypertension event data. 
The association of combined exposure to breastfeeding 
and maternal smoking during pregnancy with the risk of 
hypertension was studied. In addition, this study strati-
fied PRSs using a wide range of hypertension-related SNP 
information. The results of the analysis suggest that peo-
ple who were exposed to maternal smoking during preg-
nancy, who were not breastfed or who have high PRSs 
need to be aware of the risk of hypertension. Factors such 
as breastfeeding and smoking during pregnancy may 
serve as predictive models for hypertension.

There are several limitations to this study. First, the 
UK Biobank participants were predominantly white, 
which limits the generalizability of the results to other 
ethnic groups. Second, the data for maternal smoking 
during pregnancy and breastfeeding were self-reported 
retrospectively, which can lead to recall bias. However, 
this might not be a significant problem because (1) pre-
vious studies have confirmed that reports by offspring 
of maternal smoking during pregnancy and breastfeed-
ing are reasonably valid when compared to the mothers’ 
own reports [51, 52]; (2) in this study, the responses to 
maternal smoking status and breastfeeding were highly 
correlated (Cohen κ coefficient > 0.90) in subgroups of 
approximately 20,000 and 10,000 subjects who were 
assessed twice after the first and second follow-up; and 
(3) the proportion of maternal smoking in our study 
(29.1%) was close to the estimated prevalence of smok-
ing during pregnancy in the UK (23.3%) [53]. Third, data 
on the extent or duration of maternal smoking during 
pregnancy, lactation, and second-hand smoke exposure 
are not available in the UK Biobank, which could be an 
area for future research. Fourth, genetic information 
for the original samples could not be obtained, and the 

overlapping populations of UKB could not be excluded 
from the calculations, which may result in a substan-
tial inflation of the association between PRSs and dis-
ease outcomes when exploring the relationship between 
genetic variation and disease outcomes when explor-
ing the relationship between genetic variations and dis-
ease. However, as in previous studies [54, 55], we aimed 
to investigate the modification of maternal smoking or 
breastfeeding on the impact of genetic susceptibility on 
hypertension risk. The hypertension PRSs in our study 
were identified as an instrumental variable and were used 
to reflect an individual’s genetic risk. Finally, the lack of 
information on the frequency and intensity of maternal 
smoking and on the duration of exclusive breastfeeding 
and the availability of complementary foods for infants is 
also a limiting factor. More detailed studies of maternal 
smoking are needed in the future.

Conclusions
In summary, based on a large cohort study, we found that 
participants who were exposed to maternal smoking dur-
ing pregnancy or who were not breastfeeding had higher 
risks of high blood pressure in adulthood. A higher genetic 
risk for hypertension is also associated with a higher risk 
of developing hypertension. Notably, individuals with low 
genetic risk still need to pay attention to the risk of hyper-
tension if they were exposed to maternal smoking during 
pregnancy or nonbreastfeeding. Additional efforts should 
be made to clarify the role of maternal smoking and breast-
feeding in the aetiology of adult-onset hypertension.
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