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Healthy lifestyle reduces cardiovascular risk
in women with genetic predisposition to
hypertensive disorders of pregnancy

Sang‑Hyuk Jung 1,10, Haemin Kim 2,3,10, Young Mi Jung2,4,
Manu Shivakumar 1, Brenda Xiao1, Jaeyoung Kim 5, Beomjin Jang5,
Jae-Seung Yun6, Hong-Hee Won 5, Chan-Wook Park2, Joong Shin Park2,
Jong Kwan Jun2, Dokyoon Kim 1,7,11 & Seung Mi Lee 2,8,9,11

The genetic risk for hypertensive disorders of pregnancy is linked with the
development of atherosclerotic cardiovascular disease. However, the effects
of lifestyle and metabolic syndrome on atherosclerotic cardiovascular disease
have not been evaluated. Here, we assess the long-term association between
these factors and atherosclerotic cardiovascular disease in women with
genetic risk for hypertensive disorders of pregnancy. We evaluate the genetic
risk for hypertensive disorders of pregnancy using a genome-wide polygenic
risk score derived from a large-scale GWAS. The incidence of atherosclerotic
cardiovascular disease is evaluated according to genetic risk, lifestyle, and
metabolic syndrome. Individuals with a very high genetic risk for hypertensive
disorders of pregnancy have a 53.0% higher chance of developing athero-
sclerotic cardiovascular disease than those with a low genetic risk. However,
the risk of developing atherosclerotic cardiovascular disease is reduced by up
to64.6% through themaintenanceof an idealmetabolic syndrome status and a
healthy lifestyle in the high genetic risk group (top 20%), and by up to 65.4% in
the low genetic risk group (bottom 20%). These findings emphasize that
maintaining ahealthy lifestyle inwomen is equally effective at reducing the risk
of atherosclerotic cardiovascular disease independent of genetic risk for
hypertensive disorders of pregnancy.

Hypertensive disorders of pregnancy (HDP) is a serious complica-
tion that poses significant health risks for both mothers and
newborns1–5. HDP affects not only immediate maternal complica-
tions but also long-term maternal health risks later in life6. Notably,
there has been a consistent correlation between HDP and the ele-
vated risk of developing atherosclerotic cardiovascular disease
(ASCVD) beyond the pregnancy period. A systematic review of
cohort studies revealed that women who have experienced HDP are
at a higher risk of developing hypertension, ischemic heart disease,
stroke, and overall mortality than those who have not7. Further-
more, meta-analyses and large prospective cohort studies have

shown that these women have a doubled risk of developing cardi-
ovascular disease (CVD)8–11. In addition, the Nurses’ Health Study II,
with an average follow-up of more than 50 years, reported that
chronic hypertension, hypercholesterolemia, type 2 diabetes, and
changes in body mass index (BMI) mediated the association
between HDP and CVD12. Consequently, the 2011 American Heart
Association (AHA) guidelines recommend HDP as a crucial sex-
specific risk factor for ASCVD13,14. However, the exact mechanisms
linking HDP to ASVCD remain unclear. Shared risk factors, such as
high blood pressure (BP), diabetes, and obesity, are speculated to
contribute to this association15.
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A recent meta-analysis of genome-wide association studies
(GWAS) has identified genetic variants associated with HDP16,17. Stu-
dies are underway to develop a polygenic risk score (PRS) for HDP
based on these genetic variants to predict the risk of HDP18. Notably,
genetic predisposition has been revealed as a potential contributor
to the development of ASCVD post-HDP18. Individuals with a genetic
predisposition to HDP are more likely to develop ASCVD, regardless
of whether they have physically manifested HDP. These findings
suggest that identifying high-risk individuals based on their genetic
factors may lead to different treatment strategies to lower their risk
of ASCVD.

Although genetic factors may play an important role, modifiable
risk factors such as lifestyle or metabolic health have gained attention
regarding preventivemodalities to reduce cardiovascular (CV) risk19–21.
Previous studies have indicated that clinical factors such as metabolic
syndrome (MetS) and lifestyle factors are effective in risk reduction in
the middle-aged population22,23. However, it remains unclear whether
these factors are equally beneficial for general and high-risk popula-
tions. In addition, the evaluation of the association between genetic
risk and modifiable factors can be an important issue, because
understanding the relationship between these factors could guide
clinicians to more effective preventive measures.

Given that HDP is a significant female-specific risk factor, we
investigatedwhethermodifiable clinical factors canbeused todevelop
effective prevention strategies in high-risk women, especially those
with a high genetic predisposition for HDP18,24–26. In spite of the
established impact of HDP on CV outcomes, there is a paucity of
information regarding how modifiable factors can reduce the genetic
risk of HDP in terms of long-term CV outcomes.

Overall, this study aimed to investigate the long-term relationship
between HDP, genetic risk, MetS, and lifestyle factors and ASCVD
development.

Results
Population characteristics
A total of 164,500 parous women of European descent from the UK
Biobank (UKBB)were included after excluding thosewith no history of
live birth or a lack of information concerning parity. The mean age of
participants was 57.2 years (standard deviation [SD], 7.7 years). Table 1
compares the baseline clinical features and prevalent diseases in the
study population according to genetic risk for HDP. Supplementary
Table 1 shows the baseline characteristics of the study population
based on the presence or absence of HDP. Women with higher genetic
risk for HDP had higher BMI, current smoking, and BP and were more
likely to use medications (aspirin, antihypertensive medication, and
cholesterol medication) than those with lower genetic risk for HDP.

In the replication set, we included 2001 parous women from the
Penn Medicine Biobank (PMBB) cohort, comprising 982 of European
descent and 1019 of African American descent (Supplementary Table 2).
The mean age of participants was 32.7 years (SD, 6.9 years). The study
flowcharts are shown in Supplementary Figs. 1 and 2.

Association of the PRS with HDP and validation in the
PMBB cohort
Among all the participants in the present study, 2427 (1.5%) had a
history of HDP. Using publicly available large-scale GWAS data, we
calculated the PRS for HDP and found a strong association with pre-
valent HDP in the UKBB (odds ratio [OR] 1.23 per 1 SD increase; 95%
confidence interval (CI), 1.18–1.28; P < 2.20E-16). Supplementary Table
3 presents the OR for the association of HDP with the PRS-risk groups.
In the fully adjusted model, individuals with very high PRS had a 2.24-
fold higher risk of developingHDP (95%CI, 1.61–3.12;P = 1.65E-06) than
the low-PRS group.

We then replicated the PRS for HDP analysis in a cohort from the
PMBB. We observed a significant association between the PRS and

prevalent HDP across different ancestries in the overall PMBB cohort
(OR 1.17 per 1 SD increase; 95% CI, 1.06–1.30; P =0.002). Individuals in
the high-PRS group demonstrated an increased risk of HDP compared
to those in the low-PRS group (P for trend = 8.92E-04). In subpopula-
tion analysis within the PMBB, the PRS for HDP consistently emerged
as a significant predictor of prevalentHDP risk across bothpopulations
(Supplementary Table 4).

Association of HDP-PRS with incident ASCVD and its subtypes
Among the study participants, 7598 (4.6%) were diagnosed with
incident ASCVD during the follow-up period (4.09 occurrences per
1000 women years). Utilizing a multivariable Cox regression model,
we established a significant association between the HDP-PRS and
incident ASCVD in the UKBB (hazard ratio [HR] 1.09 per 1 SD
increase; 95% CI, 1.07–1.12; P = 3.01E-14) (Table 2). In the fully adjus-
ted model, this association remained significant—individuals with
very high PRS had a 1.47-fold increased risk of ASCVD compared to
those in the low-PRS group (95% CI, 1.18–1.83; P = 5.82E-04). To sta-
tistically assess the performance change when incorporating HDP-
PRS into conventional risk factors, we conducted analyses using the
C-index and net reclassification index (NRI). As a result, in all four
additive models presented in Table 2, the addition of PRS informa-
tion significantly increased the continuous NRI by 7.82% to 11.05%
(Supplementary Table 5).

In addition, a significant association was observed between HDP-
PRS and various ASCVD subtypes. The adjusted HRs per 1 SD increase
were 1.10 (95% CI, 1.08–1.13; P = 1.07E-15) for coronary artery disease,
1.16 (95% CI, 1.10–1.22; P = 5.57E-09) for myocardial infarction, 1.09
(95% CI, 1.03–1.16; P =0.002) for peripheral artery disease, 1.04 (95%
CI, 1.01–1.09; P =0.040) for ischemic stroke, and 1.02 (95% CI,
0.92–1.13; P = 0.669) for aortic aneurysms (Supplementary Table 6 and
Supplementary Fig. 3).

Association of lifestyle and MetS status with incident ASCVD
In the fully adjusted analysis, both lifestyle and MetS status were
associated with an increased risk of developing ASCVD. Specifically, an
unfavorable lifestyle was associated with a high risk of incident ASCVD
(HR, 1.71; 95%CI, 1.59–1.84; P < 2.20E-16) when compared to a favorable
lifestyle (Supplementary Table 7). PoorMetS statuswas associatedwith
a higher risk of incident ASCVD (HR, 1.40; 95% CI, 1.30–1.50; P < 2.20E-
16) than was an ideal MetS status (Supplementary Tables 8 and 9).

Joint associations of HDP-PRS, lifestyle, and MetS status with
incident ASCVD
To explore the effects of lifestyle and MetS status on incident ASCVD
risk according to genetic risk, we stratified lifestyle andMetS factorsby
the PRS category. We observed a joint association between increasing
PRS for HDP, MetS components, and unfavorable lifestyle, and an
increased risk of developing incident ASCVD. Individuals with low PRS
(< 20%) who had favorable lifestyles had the lowest risk for incident
ASCVD (HR, 0.36; 95% CI, 0.32–0.41; P < 2.20E-16) (Fig. 1a), followed by
those with low PRS who had ideal MetS status (HR, 0.46; 95% CI,
0.40–0.54; P < 2.20E-16) (Fig. 1b). In both analyses, the P for trends was
significant, but no significant interactions were observed. As each
component ofMetS includes numerous risk factors, we also compared
the risk of incident ASCVD between high and low genetic risk groups
according to deciles of each component of MetS (Supplementary
Fig. 4). Individuals with low PRS had a lower risk for incident ASCVD
than those with high PRS in every decile of each component of MetS.
The HDP-PRS was significantly associated with incident ASCVD across
all MetS subgroups and consistently across lifestyle groups, though
marginally significant in the unfavorable lifestyle group (P =0.079)
(Supplementary Tables 10 and 11).

In addition, we evaluated whether a favorable lifestyle reduced
the risk of ASCVD in women according to their history of HDP. In
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women with a history of HDP, a combination of low genetic risk
(bottom20%) and favorable lifestyle reduced the risk of ASCVDby 88%
compared to those with high genetic risk (top 20%) and unfavorable
lifestyle (Supplementary Figs. 5 and 6). Similarly, in women without a
history of HDP, a combination of low genetic risk (bottom 20%) and a
favorable lifestyle reduced the risk of ASCVD by 63% compared to
those with high genetic risk (top 20%) and an unfavorable lifestyle.

We evaluated whether a favorable lifestyle reduced the risk of
ASCVD in women based on their BP or glucose status at enrollment. As
a result, a combination of low genetic risk (bottom 20%) and a favor-
able lifestyle reduced the risk of ASCVD compared to those with high
genetic risk (top 20%) and anunfavorable lifestyle, both inwomenwith
normal and high glucose levels, and both in women with normal and
high BPs (Fig. 2).

Table 1 | Baseline characteristics of participants according to hypertensive disorders of pregnancy genetic risk groups in
women from the UK Biobank

Low genetic
risk ( < 20%)

Intermediate genetic
risk (20–80%)

High genetic
risk (80–99%)

Very high genetic
risk ( > 99%)

P-valuea

No. of participants (n = 32,900) (n = 98,700) (n = 31,255) (n = 1645) –

Age, mean (SD), y 57.3 ± 7.7 57.2 ± 7.7 57.2 ± 7.7 57.3 ± 7.6 .213

Number of live births, mean (SD) 2.2 ± 0.9 2.2 ± 0.9 2.2 ± 0.9 2.2 ± 0.9 .766

Body mass index, mean (SD), kg/m2 26.8 ± 4.9 27.1 ± 5.0 27.4 ± 5.2 27.6 ± 5.3 < 2.20E-16

Obesity, No. (%) – – – – < 2.20E-16

BMI < 30 kg/m2 25,806 (78.6%) 75,506 (76.7%) 23,247 (74.6%) 1204 (73.4%) –

BMI ≥ 30 kg/m2 7012 (21.4%) 22,903 (23.3%) 7917 (25.4%) 436 (26.6%) –

Systolic blood pressure, mean
(SD), mmHg

134.0 ± 19.1 136.2 ± 19.2 138.2 ± 19.3 140.7 ± 19.5 < 2.20E-16

Diastolic blood pressure, mean
(SD), mmHg

79.5 ± 9.8 80.7 ± 9.9 81.8 ± 9.9 83.0 ± 10.1 < 2.20E-16

Current smoker, No. (%) 2699 (8.2%) 8323 (8.4%) 2707 (8.7%) 146 (8.9%) < 2.20E-16

Use of aspirin, No. (%) 2967 (9.0%) 10,005 (10.1%) 3543 (11.3%) 200 (12.2%) < 2.20E-16

Use of antihypertensive medication,
No. (%)

4845 (14.7%) 18,667 (18.9%) 7380 (23.6%) 469 (28.5%) < 2.20E-16

Use of cholesterol medication,
No. (%)

4185 (12.7%) 13,821 (14.0%) 5017 (16.1%) 299 (18.2%) < 2.20E-16

aP-value indicates the significance of the difference between the hypertensive disorders of pregnancy genetic risk groups. P-values were derived from the one-way ANOVA for continuous variables
and the chi-squared test for categorical variables. All P-values were derived from two-sided tests. HDP hypertensive disorders of pregnancy, SD standard deviation, BMI body mass index.

Table 2 | The hazard ratio for incident atherosclerotic cardiovascular disease associated with genetic risk for hypertensive
disorders of pregnancy in women from the UK Biobank

HR per SD
increase (95% CI)

Low genetic
risk ( < 20%)

Intermediate genetic
risk (20–80%)

High genetic
risk (80–99%)

Very high genetic
risk ( > 99%)

Total no. of participants – 32,900 98,700 31,255 1645

No. of incident ASCVD cases – 1318 4617 1560 103

Incidence rate per 1000
person-years (95% CI)

– 3.52 (3.33–3.72) 4.15 (4.03–4.27) 4.46 (4.24–4.69) 5.66 (4.62–6.87)

Model 1

HR (95% CI) 1.09 (1.07–1.12) 1 (reference) 1.16 (1.09–1.24) 1.23 (1.14–1.32) 1.53 (1.25–1.87)

P-value 3.01E-14 – 1.31E-06 3.59E-08 3.15E-05

Model 2

HR (95% CI) 1.08 (1.06–1.11) 1 (reference) 1.19 (1.11–1.28) 1.21 (1.11–1.30) 1.58 (1.27–1.97)

P-value 4.12E-10 – 1.41E-06 7.18E-06 4.30E-05

Model 3

HR (95% CI) 1.08 (1.05-1.11) 1 (reference) 1.18 (1.10–1.27) 1.20 (1.10–1.30) 1.58 (1.27–1.96)

P-value 2.47E-09 – 2.21E-06 2.34E-05 4.68E-05

Model 4

HR (95% CI) 1.06 (1.04–1.09) 1 (reference) 1.16 (1.08–1.25) 1.15 (1.05–1.25) 1.47 (1.18–1.83)

P-value 1.83E-06 – 2.87E-05 1.31E-03 5.82E-04

The hazard ratios were estimated using Cox proportional hazards models. P-values were determined using a two-sided Wald test.
Model 1 was adjusted by HDP of history, age, body mass index, smoking status, genotype array, and genetic PCs 1 to 10.
Model 2: Model 1 +medical condition (systolic blood pressure, diastolic blood pressure, Total cholesterol, HDL cholesterol, LDL cholesterol, Triglycerides, Creatinine, eGFR, Fasting blood glucose,
and HbA1c).
Model 3: Model 2 + prevalent metabolic disease (hypertension, diabetes mellitus, and dyslipidemia).
Model 4: Model 3 +medication (aspirin, antihypertensive, and cholesterol medications).
ASCVD atherosclerotic cardiovascular disease, HDP hypertensive disorders of pregnancy, HR hazard ratio, CI confidence interval, SD standard deviation, PC principal component.
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Impact of HDP-PRS, lifestyle, and MetS on incident ASCVD
Participants with the highest expected risk having high (top 20%)
PRS for HDP, unfavorable lifestyles, and poor metabolic health
(MetS ≥ 4) exhibited substantially increased risk of developing
ASCVD—3.60 times higher than that of participants having the
lowest expected risk (P for trend < 2.20E-16) (Supplementary
Table 12).

Overall,maintaining a favorable lifestylewas associatedwith a 58%
reduction in the risk of incident ASCVD (Supplementary Table 7).
Subgroup analyses indicated that this risk reduction was consistent
across different genetic risk groups. Specifically, a combination of
metabolic health and favorable lifestyle reduced the subsequent risk of
ASCVD by 64.6% (HR, 0.354; 95%CI, 0.288–0.434; P < 2.20E-16) among
those in the high-genetic risk category (top 20%) and by 65.4% (HR,
0.346; 95% CI, 0.269–0.445; P < 2.20E-16) among those in the
low genetic risk group (bottom 20%) (Fig. 3 and Supplementary Fig. 7).
Notably, in participants within the highest 20th percentile of the
genetic risk for HDP who also had four or more components of MetS,
adherence to a favorable lifestyle significantly lowered the ASCVD risk
by 40% (Fig. 3). The analysis results for each ASCVD subtype are shown
in Supplementary Figs. 8–10.

Replication analysis for incident hypertension in the
PMBB cohort
We investigated the association between incident hypertension and
HDP-PRS in a replication analysis conducted within the PMBB cohort.
Due to the less average age of parous women in the PMBB cohort
(mean age 32.7 years, SD 6.9 years) than that in the UKBB cohort (57.2
years, SD, 7.7 years), it was challenging to gather a sufficient number of
ASCVD cases for replication. Therefore, our analysis focused on inci-
dent hypertension rather than on ASCVD.

In the PMBB replication cohort, 476 (23.8%) were diagnosed with
incident hypertension during the follow-up period (33.12 occurrences
per 1000 women years of follow-up). Using a multivariable Cox
regression model and after adjusting for age at first live birth, history
of HDP, and the first ten PCs of ancestry, we observed a significant
association between the HDP-PRS and incident hypertension (HR 1.12
per 1 SD increase; 95% CI, 1.01–1.23; P =0.028) (Supplementary
Table 13).

Furthermore, we replicated the analysis to assess the impact of
maintaining a favorable lifestyle on incident hypertension, regardless
of the HDP genetic risk. Our findings showed that adherence to a
favorable lifestyle significantly reduced the risk of incident

Fig. 1 | Incidence rate and adjusted hazard ratio for atherosclerotic cardio-
vascular disease by genetic risk, lifestyle, and metabolic syndrome in women.
a Risk of incident atherosclerotic cardiovascular disease (ASCVD) according to
genetic risk and lifestyle. b Risk of incident ASCVD according to genetic risk and
metabolic syndrome. For (a, b), the polygenic risk score for hypertensive disorders
of pregnancy (HDP) has been derived from the FinnGen Consortium. The high
genetic risk group was defined as individuals in the top 20% of the polygenic risk
score distribution, while the low genetic risk group was defined as those in the
bottom 20%. No. Events indicate the number of ASCVD incidents that occurred in
the UK Biobank. Boxes represent the adjusted hazard ratio, with horizontal lines

around the boxes indicating 95% confidence intervals. The hazard ratios were
estimatedusingCoxproportional hazardsmodels, adjusted forhistoryofHDP, age,
genotype array, and first ten principal components of ancestry. P-values were
determined using a Wald test. P-values for interaction were derived from the
multiplicative interaction analysis between genetic risk and each group (lifestyle or
metabolic syndrome). All P-values were derived from two-sided tests. Exact sta-
tistical values are provided as a Source Data file. HDP hypertensive disorders of
pregnancy, ASCVD atherosclerotic cardiovascular disease, HR hazard ratio, CI
confidence interval, MetS metabolic syndrome.
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hypertension (P for trend = 1.06E-09) across all the genetic risk groups,
but no significant interactions were observed (Fig. 4 and Supplemen-
tary Fig. 11). Specifically, a favorable lifestyle led to a reduction in the
risk of hypertension among those with high genetic risk (top 20%) (P
for trend = 7.60E-04) and low genetic risk (bottom 20%) (P for
trend = 1.03E-05) (Supplementary Fig. 12).

In subpopulation analysis within the PMBB, the impact of main-
taining a favorable lifestyle consistently emerged as a significant factor
in reducing the risk of incident hypertension across both groups
(Supplementary Figs. 11 and 12).

Discussion
In this study, we aimed to assess the long-term association between
HDP genetic risk, MetS, and lifestyle factors and ASCVD development
in women with genetic risk for HDP. We observed a significant asso-
ciation between HDP-PRS and an increased risk of developing ASCVD
in the UKBB cohort. Adherence to a favorable lifestyle or an ideal MetS
status significantly reduced the risk of ASCVD, even in women with
high genetic risk for HDP. Replication analysis of the PMBB cohort
showed that a high PRS was associated with an increased likelihood of

Fig. 2 | Incidence rate and adjusted hazard ratio for atherosclerotic cardio-
vascular disease according to genetic risk, lifestyle, and stratified blood pres-
sure or glucose groups in women. a Risk of incident atherosclerotic
cardiovascular disease (ASCVD) of parous women with normal blood pressure.
b Risk of incident ASCVD of parous women with elevated blood pressure. c Risk of
incident ASCVD of parous women with normal glucose levels. d Risk of incident
ASCVD of parous women with high glucose levels. The normal blood pressure
group was defined as systolic blood pressure (sBP) of < 120mmHg and diastolic
blood pressure (dBP) of < 80mmHg, while the elevated blood pressure group was
defined as an sBP ≥ 120mmHg or a dBP ≥ 80mmHg. The normal glucose level was
< 100mg/dL (5.6mmol/L) and the high glucose level was defined as ≥ 100mg/dL
(5.6mmol/L). For (a–d), the polygenic risk score for hypertensive disorders of
pregnancy (HDP) has been derived from the FinnGenConsortium. The high genetic
risk group was defined as individuals in the top 20% of the polygenic risk score

distribution, while the low genetic risk group was defined as those in the bottom
20%. No. Events indicate the number of ASCVD incidents that occurred in the UK
Biobank. In the bar charts, bars represent ASCVD incidence rates per 1000women-
year, with vertical lines indicating 95% confidence intervals (CIs). In the forest plots,
boxes represent the adjusted hazard ratio, with horizontal lines around the boxes
indicating 95% CIs. The hazard ratios were estimated using Cox proportional
hazards models, adjusted for history of HDP, age, genotype array, and first ten
principal components of ancestry. P-values were determined using a Wald test.
P-values for interaction were derived from the multiplicative interaction analysis
between genetic risk and lifestyle groups. All P-values were derived from two-sided
tests. Exact statistical values are provided as a Source Data file. HDP hypertensive
disorders of pregnancy, PRS polygenic risk score, ASCVD atherosclerotic cardio-
vascular disease, HR hazard ratio, CI confidence interval, sBP systolic blood pres-
sure, dBP diastolic blood pressure.
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developing hypertension. This risk was exacerbated by a poor lifestyle
but mitigated by a favorable lifestyle.

In middle-aged women, several factors, such as early meno-
pause, hysterectomy, and adverse pregnancy outcomes have been
recognized as specific risk factors for adverse CV outcomes27,28.
With advancements in genetic research, women with a history of
preeclampsia can be further stratified to high risk for ASCVD18.
Individuals with high HDP-PRS scores were found to be more likely
to develop ASCVD, a risk that remained significant even after
adjustment for HDP. This highlights the importance of considering
genetic factors when stratifying women for adverse CV health after
delivery.

Indeed, there can be several underlying mechanisms behind the
relationship between high PRS for HDP and later ASCVD. First, indivi-
duals with a genetic predisposition to HDP (high HDP-PRS) are more
likely to develop ASCVD, regardless of whether they experiencedHDP.
Second, HDP itself may result in maternal endothelial damage,
increasing vulnerability to later ASCVD. Third, shared risk factors such
as high BP, diabetes, and obesity may contribute to this association. In

a previous study, we reported that both HDP itself and genetic risk for
HDP increase the risk of ASCVD18.

In the current study, we additionally showed that a healthy life-
style can attenuate this risk. Our findings indicate that modifiable
factors, such as MetS and lifestyle, play a crucial role in reducing the
risk of ASCVD, particularly in women with high genetic risk for HDP.
This study showed that the risk of developing ASCVD in women with
highgenetic risk couldbe reducedby40%with a favorable lifestyle and
ideal MetS status. In contrast, the risk of ASCVD development in
women with low genetic risk was increased by approximately 3-fold in
those following an unfavorable lifestyle and having poor metabolic
health.

The findings of the current study are consistent with those of
previous studies, suggesting several effective preventive measures
against ASCVD8–11. Several studies have highlighted the critical role of
lifestyle modification interventions, including diet, exercise, and
smoking cessation, in preventing the onset and progression of ASCVD
in high-risk populations such as thosewithmorbid obesity orMetS29,30.
The findings of the current study highlight the importance of

Fig. 3 | Joint association of genetic risk, lifestyle, and metabolic syndrome for
incident atherosclerotic cardiovascular disease risk in women from the UK
Biobank. The polygenic risk score for hypertensive disorders of pregnancy (HDP)
has been derived from the FinnGen Consortium. The high genetic risk group was
defined as individuals in the top 20% of the polygenic risk score distribution, while
the low genetic risk group was defined as those in the bottom 20%. No. Events
indicate the number of ASCVD incidents that occurred in theUKBiobank. In the bar
charts, bars represent ASCVD incidence rates per 1000 women-year, with vertical
lines indicating 95% confidence intervals (CIs) (top panel). In the forest plots, boxes
represent the adjusted hazard ratio, with horizontal lines around the boxes

indicating 95% CIs (bottom panel). The hazard ratios were estimated using Cox
proportional hazardsmodels, adjusted for history ofHDP, age, genotype array, and
first ten principal components of ancestry. P-values were determined using a Wald
test. P-values for interaction were derived from the multiplicative interaction ana-
lysis between genetic risk and lifestyle groups. All P-values were derived from two-
sided tests. Exact statistical values are provided as a Source Data file. HDP hyper-
tensive disorders of pregnancy, PRS polygenic risk score, ASCVD atherosclerotic
cardiovascular disease, HR hazard ratio, CI confidence interval, MetS metabolic
syndrome.
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comprehensive approaches that address both genetic predisposition
and modifiable risk factors to effectively reduce the risk of develop-
ing ASCVD.

We also found that the comprehensive approach of genetic risk,
lifestyle choices, and MetS status better predicted the risk of devel-
oping ASCVD. Individuals with very high HDP-PRS, who also exhibited
unfavorable lifestyle habits or poorMetS status, had the highest risk of
developing ASCVD. Nevertheless, even individuals with a low genetic
risk for HDP also benefit from a healthy lifestyle, which substantially
reduces this risk. The risk of developing ASCVD was reduced by up to
64.6% through the maintenance of an ideal MetS status and a healthy
lifestyle in the high genetic risk group (top 20%), which was similar to
the65.4% reduction effect in lowgenetic risk group (bottom20%). This
underscores the importance of active lifestyle modifications both in
high and low genetic risk groups in public health initiatives and indi-
vidual efforts.

In the current study, we stratified patients according to the
genetic risk for HDP, based on our previous work18. In our previous
work, we generated PRS for HDP summary statistics from FinnGen
from a study population of 4677 cases and 71,711 controls and showed
that the PRS for HDP increased the risk of both HDP and subsequent
ASCVD. In the current study, we generated new version of PRS forHDP
using summary statistics from the recent FinnGen Consortium (Data
Freeze R8v4) (13,071 cases and 177,808 controls) and also confirmed

that the PRS for HDP increased the risk of both HDP and subsequent
ASCVD. We believe that the effectiveness of PRS for HDP should be
further validated in other ethnic study populations by other
researchers.

Unfortunately, this study did not consider specific types of HDP,
as distinguishing between gestational hypertension, preeclampsia, or
eclampsiawasnot possible in the self-report system in theUKBB. In the
study by Nurkkala et al., the polygenic risk for BP in preeclampsia
showed a differential effect on the development of gestational
hypertension and preeclampsia, which in turn may be differently
associated with ASCVD risk31. We believe that further studies on the
association between gestational hypertension, preeclampsia, and
subsequent ASCVD risk will enhance our understanding of ASCVD
pathophysiology and preventive strategies.

In addition, we evaluatedwhether a healthy lifestyle and favorable
MetS status can modify the risk of ASCVD in individuals with high
genetic risk for HDP. However, other PRS, such as those for BP or
ASCVD, may be also used in predicting ASCVD risk. In the previous
study, systolic BP-PRSwas associatedwith a higher risk of incidentCVD
(adjustedHR, 1.07 [95% CI, 1.04–1.10])32. In our current study, HDP-PRS
was similarly associated with incident ASCVD, with an adjusted HR of
1.09. In the fully adjusted model, this association remained significant
—individualswith veryhighPRShada 1.47-fold increased risk ofASCVD
compared to those in the low-PRS group (95% CI, 1.18–1.83; P = 5.83E-

Fig. 4 | Incidence rate and adjusted hazard ratio for hypertension associated
with lifestyle in women from the Penn Medicine Biobank. The polygenic risk
score for hypertensive disorders of pregnancy (HDP) has been derived from the
FinnGen Consortium. Lifestyle was defined by combining smoking status and
obesity (body mass index ≥ 30kg/m2), with each variable coded as 0/1 based on
presence or absence, and summed to categorize individuals into three groups: 0
(Favorable), 1 (Intermediate), and 2 (Unfavorable). No. Events indicate the number
of incidents of hypertension that occurred in the PennMedicine Biobank. In the bar
charts, bars represent hypertension incidence rates per 1000 women-year, with
vertical lines indicating 95% confidence intervals (CIs) (top panel). In the forest

plots, boxes represent the adjusted hazard ratio, with horizontal lines around the
boxes indicating 95% CIs (bottom panel). The hazard ratios were estimated using
Cox proportional hazards models, adjusted for history of HDP, age, ethnicity, and
first ten principal components of ancestry. P-values were determined using a Wald
test. The P-value for the trend was calculated using the Cochran-Armitage trend
test. All P-values were derived from two-sided tests. Exact statistical values are
provided as a SourceDatafile. BMI bodymass index,HDPhypertensive disorders of
pregnancy, PRS polygenic risk score, HTN hypertension, HR hazard ratio, CI con-
fidence interval.
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04). The association between HDP-PRS and future ASCVD might be
influenced by genetic factors by BP traits. However, previous studies
reported thatwomenwith ahistory ofHDPweremore likely todevelop
ASCVD, and this risk is independent of future hypertension after
pregnancy. In our study, we further demonstrated that the genetic
predisposition to HDP (HDP-PRS) is significantly associated with
ASCVD later in life, and this association remained significant even after
adjusting for both hypertension and HDP itself. The next step involves
adopting multiple PRS, as this has become a recent topic of interest in
PRS research.

This study has some limitations. First, we evaluated the risk of
ASCVD in the UKBB and PMBB cohorts, which are representative of
only European and African-American populations. In addition, we
focused on incident hypertension rather than on ASCVD in the PMBB
cohort due to the relatively shorter follow-up period after delivery and
the small number of cases with incident ASCVD. Because of these
limitations, we could not assess the risk of ASCVD in the PMBB cohort.
In addition, the relatively small sample size of the PMBB cohort is
another limitation in interpreting the results. Therefore, more similar
research is needed in Asian populations and other ethnicities.

To our knowledge, the current study is the first to evaluate the
importance of lifestyle and MetS in preventing ASCVD in patients with
high genetic risk for HDP using a large-scale prospective cohort. The
findings from theUKBBcan be further demonstrated using an external
independent cohort in the United States. Replication analysis in an
independent cohort further strengthens our findings, demonstrating
that adherence to a favorable lifestyle consistently reduces the risk of
hypertension, regardless of genetic risk. This provides additional evi-
dence that lifestyle modifications have a broad preventive
effect on CVD.

Methods
Ethics approval
This study complies with all relevant ethical regulations for research
involving human participants and was conducted in accordance with
the criteria set by the Declaration of Helsinki. The UKBB study was
approved by the National Research Ethics Committee (June 17, 2011
[RES Reference11 /NW/0382] and was extended on May 10, 2016 [RES
Reference16 /NW/0274]). The collection, storage, and analyses of
biospecimens, genetic data, and data derived from electronic health
records as part of the PMBB study is approved under the University of
Pennsylvania IRB protocol #813913. Participants from the UKBB and
PMBB cohorts provided written informed consent allowing for the use
of their samples anddata formedical researchpurposes. Theuse of de-
identified data from these biobanks for this specific research was
covered under the existing approvals. All data was handled in accor-
dance with relevant data protection and privacy regulations. No
additional ethical approval was required for this specific analysis of
existing approved datasets. This study adhered to the requirements of
the Strengthening the Reporting of Observational Studies in Epide-
miology (STROBE) statement.

Study population
The UKBB is a large prospective observational cohort study that
recruited over 500,000 adults from 22 centers across the United
Kingdombetween 2006 and 2010. Participants aged 40–69 years were
enrolled and have been followed for subsequent health events. The
UKBB collected extensive baseline data, including demographics,
lifestyle factors, and physical measurements, alongside biological
samples for genotyping and biomarker analysis. For the present study,
we included women of European descent who had at least one live
birth and available genetic data. The full protocol of the UKBB study is
publicly available for reference33.

The PMBB study (i.e., a large-scale academic medical biobank)
non-selectively recruited participants from outpatient settings. These

participants provided access to their electronic health record data and
generated genomic and biomarker data34. All International Classifica-
tion of Diseases (ICD)-9 and ICD-10 diagnostic codes, clinical imaging,
and laboratorymeasurements up to July 2020were extracted from the
electronic health records. The workflows underlying this study are
illustrated in Supplementary Figs. 1 and 2.

Hypertensive disorders of pregnancy and comorbidities
In the UKBB study, female participants provided details about their
reproductive history, including parity, during a baseline survey. HDP
was defined as gestational hypertension, preeclampsia, eclampsia, or
superimposed preeclampsia. This identification was based on self-
reports at enrollment or the corresponding ICD codes obtained from
primary care or hospital records (Supplementary Table 14). Similarly,
in the PMBB study, HDP was defined using relevant ICD codes.

To evaluate HDP risk according to the HDP-PRS, age at first
pregnancy and the presence of a disease conferring high risk for HDP
before pregnancy were selected as covariates, consistent with the
clinical guidelines for high-risk factors for HDP35,36. According to these
guidelines, high HDP-risk diseases include hypertension, diabetes
mellitus, and dyslipidemia. The presence of a high-risk HDP disease
before pregnancywas determined by either self-reporting or diagnosis
with relevant ICD codes for eachdisease (Supplementary Table 15) that
occurred before the first live birth.

Cardiovascular outcomes
To analyze incident ASCVD and its association with HDP-PRS, partici-
pants with congenital heart disease were excluded to eliminate the
possible association between congenital heart disease and CV out-
comes (Supplementary Methods contains the relevant diagnosis
codes). Prevalent metabolic comorbidities, including hypertension,
diabetes mellitus, and dyslipidemia, were used as adjusting covariates
and were ascertained either by self-reporting at enrollment or by ICD
codes, as described in Supplementary Methods.

Incident ASCVD was defined as a diagnosis of coronary artery
disease, myocardial infarction, ischemic stroke, peripheral artery dis-
ease, or aortic aneurysm after enrollment of participants without
preexistingCVD. In addition,myocardial infarctionwas algorithmically
defined using the UKBB data. For each new-onset ASCVD considered,
participants with a preexisting disease at enrollment were excluded
from the analysis. For example, participants with preexisting coronary
artery disease at enrollment were excluded from the analysis of new-
onset coronary artery disease, which ensured that recurrent coronary
artery disease was not erroneously counted as new-onset coronary
artery disease.

Variables
During the enrollment process in the UKBB study, participants pro-
vided information about their sociodemographic characteristics,
health/medical history, and lifestyle/environmental factors through a
self-administered touchscreen questionnaire and in-person baseline
interviews.

According to the AHA, four factors primarily define lifestyle
behaviors; these include current smoking status, obesity, physical
activity, and eating habits37,38. Smoking status was classified as current
smoker or non-smoker. Obesity was defined as a BMI ≥ 30kg/m2

according to the World Health Organization international classifica-
tion. With respect to physical activity, participants were classified as
having a healthy lifestyle if they reportedmore than five days per week
of moderate or vigorous activity. Eating habits were defined following
the recommendations on dietary priorities for CV health, which cate-
gorized common dietary components as fruits, vegetables, whole
grains, fish, dairy, refined grains, processed meats, and unprocessed
meats. Eatinghabitswere consideredhealthy if participants adhered to
at least half of the dietary recommendations for CV health, as assessed
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using a food frequency questionnaire39. Collectively, lifestyle beha-
viors were categorized into three groups—unfavorable (0–1 healthy
lifestyle factor)40, intermediate (2 healthy lifestyle factors), and favor-
able ( ≥ 3 healthy lifestyle factors). More detailed descriptions and
definitions of the variables considered in lifestyle behaviors can be
found in Supplementary Methods.

Metabolic health status was identified according to the presence
of the five components of MetS based on criteria from the IDF con-
sensus report41. Metabolic health status was categorized into three
groups—ideal (0–1 MetS factor), intermediate (2–3 MetS factors), and
poor (≥ 4 MetS factors). Detailed descriptions and definitions of the
variables considered in MetS can be found in Supplementary Table 16
and Supplementary Methods.

In the PMBB cohort, smoking status and obesity (BMI≥ 30) were
restrictively used as variables for the replication analysis.

Genotype data quality control and imputation
Genotyping and quality control (QC) procedures and imputation fol-
lowed standard practices and were performed using a cohort geno-
typing platform pair. Further details are provided in Supplementary
Methods.

UK Biobank. UKBB samples (version 3; March 2018) were genotyped
formore than 800,000 SNPs using either the Affymetrix UK BiLEVE
Axiom array or the Affymetrix UKBB Axiom array. After QC and
imputation, 164,500European (White British) female participantswere
found to be eligible for validation genetic analyses.

Penn Medicine Biobank. The PMBB data consisted of 43,623 samples
that were genotyped using a GSA genotyping array. After exclusion,
982 parous women participants with European (non-Hispanic White)
ancestry and 1019 parous women participants with African American
(non-Hispanic Black) ancestry were considered eligible for the repli-
cation analysis.

Polygenic risk score. The HDP-PRS was generated using summary
statistics of a large-scale HDP GWAS (13,071 cases and 177,808 con-
trols) from the FinnGenConsortium (Data Freeze R8v4)42. The PRSwas
calculated using the Bayesian polygenic prediction method PRS-CS43.
Individual PRSs were determined by applying PLINK version 1.90 using
the --score command andwere computed frombeta coefficients as the
weighted sum of the risk alleles44. The details of PRS analysis are
described in Supplementary Methods.

Statistical analysis
Demographic and clinical characteristics are presented as mean ± SD
or number (percentage). Continuous variables were compared using
Student’s t test, one-way ANOVA, or the Mann-Whitney U test, as
appropriate. Categorical variables were compared using the chi-
squared test or Fisher’s exact test, as appropriate.

To evaluate the risk of HDP according to the HDP-PRS, we used a
multivariate logistic regression model to evaluate the association
between HDP-PRS and HDP. We calculated the OR and 95% CI after
adjusting for age at first live birth, BMI, smoking status, first ten PCs of
ancestry, and genotyping array type in the multivariate logistic
regression model.

In the primary analysis, the association between HDP-PRS and
new-onset CV outcomes was examined using the multivariate Cox
regression analysis. Adjustments were made for a history of HDP, age
at first live birth, BMI, smoking status, first ten PCs of ancestry, and
genotype array to calculate the HR and 95% CIs. The ORs and HRs of
the PRSs for HDP were used as quantitative variables reported per SD,
and the categorical variables were defined as follows: low (< 20%),
intermediate (20–80%), high (80–99%), and very high (>99%). Subse-
quently, we conducted joint association analyses to investigate the

interplay between genetic risk, lifestyle, and MetS status. In addition,
we performed sensitivity analyses based on the ASCVD subtypes.

For the replication analysis, the impact of maintaining a favorable
lifestyle across different genetic risk groups was studied using the chi-
square test and Cox regression analysis in an independent PMBB
cohort. Among 2001 parous women in the PMBB cohort, cases with
new-onset ASCVD were few, but conditional Cox regression analysis
was feasible for incident hypertension, considering smoking status and
obesity (BMI ≥ 30) as lifestyle variables.

All statistical tests were two-sided, and statistical significance was
set at P < 0.05. All statistical analyses were conducted using the R
Statistical Software (version 4.1.0; R Foundation for Statistical Com-
puting, Vienna, Austria) and PLINK version 1.9044. The details of sta-
tistical analyses are described in Supplementary Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The UK Biobank data utilized in this study include clinical, genetic,
and biomarker datasets (https://www.ukbiobank.ac.uk/enable-your-
research/about-our-data/). The UK Biobank data are available to
researchers with research inquiries following IRB and UK Biobank
approval (https://www.ukbiobank.ac.uk/enable-your-research/apply-
for-access). This research was conducted using the UK Biobank
Resource under Application Number 68416. The genotype and phe-
notype data utilized in this study from the Penn Medicine Biobank
are available under restricted access for authorized researchers, as
they represent sensitive patient data. Access can be obtained by
applying through the following link: https://pmbb.med.upenn.edu/
investigators.php. The LD reference panels built with 1000 Genomes
Project phase 3 samples are available at https://github.com/
getian107/PRScs. The GWAS used for HDP-PRS construction in this
study is available in part of release 8 of FinnGen (https://r8.finngen.fi/
pheno/O15_HYPTENSPREG). Source data are provided in this paper.

Code availability
The HDP-PRS model developed and described in this study is publicly
available for download from the GitHub repository https://github.
com/dokyoonkimlab/hdp-prs-finngen-r8, and the Zenodo repository
https://doi.org/10.5281/zenodo.14211027.
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