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Abstract

Family history of hypertension may reflect genetic and lifestyle factors. Genetic risk can be assessed using polygenic risk
score (PRS); however, whether PRS can stratify hypertension risk when combined with family history and lifestyle
information is unclear. This prospective cohort study included 9,001 hypertension-free individuals aged >20 years from the
Tohoku Medical Megabank Community-Based Cohort Study. Participants were scored on lifestyle factors, including body
mass index, urinary sodium-to-potassium ratio, physical activity, alcohol consumption, and smoking at recruitment. During
the mean follow-up of 4.3 years, 2822 (31.4%) cases of hypertension occurred. High genetic risk and poor lifestyle were
associated with increased hypertension risk. Compared with participants with low genetic risk, ideal lifestyle, and no family
history, high genetic risk significantly increased hypertension risk, even among those with ideal lifestyle and no family
history (relative risk [RR] 1.28 [95% confidence interval [CI] 1.11-1.46]). Participants with low PRS, ideal lifestyle, but
with family history had increased hypertension risk (RR 1.32 [95%CI 1.11-1.57]). Poor lifestyle increased hypertension risk
across most genetic risk groups, regardless of family history. Integrating PRS into models with family history and lifestyle
risk significantly improved predictive accuracy (area under the curve: 0.671 for family history and lifestyle risk and 0.674 for
PRS integrated; P for difference <0.05). Integrating PRS with lifestyle and family history enhances the stratification of
individuals at high risk for hypertension.
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Introduction

A list of authors and their affiliations appears at the end of the paper.

- - - . - Hypertension is a leading cause of death and morbidity
Supplementary information The online version contains worldwide. According to the World Health Organization, 1.3
supplementary material available at https://doi.org/10.1038/s41440- . . . . ) N K
025-02314-9. billion individuals live with hypertension, which contributes
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A healthy lifestyle is essential for preventing hypertension regardless of genetic risk and family history.
Genetic and family history contribute independently to hypertension development.

Point of view

e Clinical relevance
Integrating PRS with lifestyle and family history
may improve individualized risk stratification and
early preventive interventions for hypertension in
clinical settings.
o Future direction
Multi-omics approaches may help clarify the
mechanisms linking genetic risk and hypertension
and identify novel intervention targets.
o Consideration for the Asian population
PRS enables more refined stratification of
hypertension risk in Asian populations, comple-
menting rather than replacing the value of family
history in clinical assessment.

to over 10 million deaths annually [1]. Additionally, only
54% of adults with hypertension are diagnosed, 42% receive
treatment, and 21% achieve hypertension control, under-
scoring its status as a critical public health challenge [1].
Hypertension arises from genetic and lifestyle factors [2].
Epidemiological studies have identified several lifestyle risk
factors, including alcohol consumption, physical inactivity,
obesity, smoking, and imbalanced sodium and potassium

intake [3—6]. Furthermore, large-scale genome-wide asso-
ciation studies (GWASs) have identified over 900 genomic
regions associated with hypertension [7-10]. Based on these
findings, polygenic risk scores (PRS) have been developed
from single nucleotide polymorphisms (SNPs) identified in
GWASs. PRS has shown potential in predicting hyperten-
sion incidence [2, 11-13] and is expected to advance per-
sonalized prevention and treatment through disease-onset
prediction and risk stratification.

Several prospective cohort studies have examined the com-
bined effects of genetic susceptibility and adherence to a healthy
lifestyle on hypertension incidence [2, 11, 14]. These studies
showed that high genetic risk is associated with elevated blood
pressure (BP) and hypertension, independent of lifestyle, while
poor lifestyle is linked to elevated BP and hypertension,
regardless of genetic risk [2, 11, 14]. However, only three stu-
dies in East Asia have explored this relationship: one pro-
spective cohort study in China [14] and two cross-sectional
studies in Japan [15, 16]. Given that allele frequencies and
hypertension risk factor distributions differ by ancestry [17, 18],
examining the combined effects of genetics and lifestyle on
hypertension in specific populations remains essential.

Family history of hypertension is frequently used in clinical
settings as a proxy for genetic risk. Family history of hyper-
tension is associated with hypertension risk, regardless of other
factors [19-21]. However, whether integrating PRS with life-
style information can further stratify hypertension risk, beyond
family history, remains unclear.
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Therefore, this study aimed to examine the associations
of a combined PRS and healthy lifestyle with hypertension
in a large prospective cohort from the Tohoku Medical
Megabank Community-Based Cohort (TMM CommCo-
hort) Study [22]. Additionally, we assessed whether PRS
could predict new-onset hypertension beyond lifestyle fac-
tors and family history of hypertension.

Methods
TMM CommCohort study participants

This prospective cohort study included individuals aged >20
years living in Miyagi Prefecture, northeastern Japan, included
in the TMM CommCohort study. Study details have been
previously described [22, 23]. Briefly, the TMM CommCohort
study (from May 2013 to March 2016) recruited >50,000 par-
ticipants through three approaches: a type 1 survey (n = 40,433)
conducted at municipal health check-up sites, a type 1 additional
survey (n=770), performed on different dates from the type
1 survey; and a type 2 survey (n= 13,855), conducted at
assessment centers. Participants provided lifestyle and health-
related information via blood and urine samples and a mailed
self-reported questionnaire. All participants (n = 54,952) pro-
vided written informed consent.

Baseline Participants were invited to a follow-up assess-
ment between June 2017 and March 2021. This survey col-
lected detailed information similar to the baseline survey
[24]. The Institutional Review Board of the Tohoku Medical
Megabank Organization approved this study (approval
number: 2022-4-047; approval date: June 30, 2022).

The analysis included participants from Type 1 surveys,
as type 2 participants were previously used to construct the
PRS [15]. Exclusion criteria were: (1) participants who
withdrew by November 16, 2021 (n = 770); (2) history of
cardiovascular disease (n = 1806); (3) hypertension diag-
nosis at baseline (n=13,849); (4) participants lacking
genetic data genotyped via the Affymetrix Axiom Japonica
Array (n =4374); (5) urinary sodium-to-potassium (Na/K)
ratio values of infinity (n = 53); (6) genetic principal com-
ponent values exceeding six standard deviations from the
mean (n=30); and (7) lack of follow-up BP data
(n=10,550). After these exclusions, a total of 9001 out of
19,581 eligible participants with follow-up blood pressure
data were included in the final analysis (follow-up rate:
approximately 46%).

Healthy lifestyle factors and family history
A healthy lifestyle score was constructed based on five
well-established hypertension risk factors: body mass index

(BMI), alcohol consumption, smoking, physical activity,

SPRINGER NATURE

and Na/K ratio [3-6]. Detailed definitions are provided in
the Supplementary Methods. Overall lifestyle was categor-
ized as ideal (24 ideal lifestyle factors), poor (<1 poor
lifestyle factors), or intermediate (2-3 ideal lifestyle fac-
tors). Family history of hypertension was defined based on
self-reported hypertension in biological parents or siblings.

BP measurement and ascertainment of
hypertension

At baseline, BP was measured during municipal health
checkups. Per Ministry of Health, Labor and Welfare
guidelines, BP was measured on the right upper arm after
urination, following at least 5min of seated rest, and
avoiding activities that could affect BP, including exercise,
diet, or smoking. Two measurements were taken, with the
average used for analysis; a single measurement was
accepted if site conditions required it [3, 25].

At follow-up, a trained nurse measured BP twice on the
right upper arm using a digital automatic BP monitor
(HEM-9000AI; Omron Healthcare Co., Ltd., Kyoto, Japan)
at the community support center. Measurements were taken
after >2 min of seated rest, and the mean value of the two
readings was used for analysis. Hypertension was defined as
BP > 140/90 mmHg during the follow-up survey or self-
reported antihypertensive treatment.

PRS derived from BioBank Japan (BBJ)

Details on genotyping and quality control in this study are
provided in the Supplementary Method. The PRS was cal-
culated using summary statistics from a previous GWAS for
systolic BP (SBP) in the BBJ, publicly available through the
National Bioscience Database Center [26]. Study partici-
pants were independent of BBJ. To exclude non-autosomal
sex effects, SNPs on the X and Y chromosomes were
removed. PLINK 1.9 was used to calculate the PRS via the
clumping and thresholding method. Based on a previous
study [15], clumping was conducted to capture the appro-
priate level of causal signals using the following para-
meters: --clump-pl 1 --clump-r2 0.1 —clump-kb 250. The
PRS constructed with P <0.001 was selected as it provided
the best model fit for an independent Japanese population.

Statistical analysis

Missing data were imputed using random forest imputation
via missForest R packages. Data are presented as means
(SD) or median (interquartile range) for continuous vari-
ables and number (percentage) for categorical variables.
First, participants were classified based on their PRS tertile
to analyze the potential association between PRS and
hypertension. Poisson regression with robust variance
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correction was used to estimate relative risk (RR) and 95%
confidence intervals (CI) for hypertension incidence. The
same model was used to analyze associations between
hypertension and lifestyle factors or family history of
hypertension. Second, we examined the association between
the combination of family history and lifestyle factors and
hypertension incidence, using individuals with no family
history and an ideal lifestyle as the reference group. Third,
joint exposure risk ratios for genetic and lifestyle factors were
evaluated, with the reference group being those in the lowest
PRS tertile and ideal lifestyle. Fourth, the combined effects of
family history, PRS tertiles, and lifestyle risks were examined
using 18 categories. Poisson regression with robust variance
correction was employed to estimate RR and 95%Cl, with the
reference group being those in the lowest PRS tertile, ideal
lifestyle, and without family history of hypertension. Models
were adjusted for age at inclusion, sex, education level, and
the first 10 genetic principal components to account for
population structure.

To compare the predictive performance of hypertension
incidence, the area under the receiver operating curve
(AUROC) and 95% CI were calculated using logistic regression
analysis. The AUROC was compared using the Delong test.

As sensitivity analyses, first we analyzed covariance and
estimated the adjusted least-square means of SBP for 9
categories by genetic and lifestyle risk, and 18 categories by
genetic and lifestyle risk, and family history of hypertension.
Second, we performed analyses stratified by age (median age,
60.0 years) were performed, as younger participants may have
reported the absence of hypertension in their family, indi-
cating no family history. Third, to confirm the robustness of
our findings, we performed sensitivity analyses using
additional P-value thresholds: 5x 108, 0.01, 0.05, 0.1, 0.2,
0.3, 0.4, and 0.5. Finally, we conducted stratified analysis
by sex.

Inverse probability weighting was applied in all analyses
to mitigate selection bias from including only participants
who completed both the baseline and follow-up survey.
Statistical significance was set at P<0.05 (two-sided).
Analyses were performed using R version 4.1.2 (R Foun-
dation for Statistical Computing, Vienna, Austria).

Results
Characteristics of participants

A total of 9001 participants were included in the analysis.
During the mean 4.3 years follow-up, 2822 (31.4%) cases
were identified. Participants had a mean (SD) age of 57.9
(11.8) years, systolic BP of 117.8 (12.6) mmHg, diastolic
BP of 71.4 (8.8) mmHg, BMI of 22.5 (3.2) kg/m?, and a
urinary sodium-to-potassium (Na/K) ratio of 4.0 (1.0). The

proportion (%) of participants were women, obese, current
drinkers, current smokers, physically inactive, and had high
Na/K ratio (>4.0) were 6318 (70.2%), 1650 (18.3%), 4,501
(50.0%), 1060 (11.8%), 3797 (42.2%), and 4343 (48.3%),
respectively (Table 1). Women tended to have healthier
lifestyles than men. Higher PRS groups included a greater
proportion of participants with family history of hyperten-
sion. Supplementary Table 1 shows the participants’ char-
acteristics according to family history, genetic risk, and
lifestyle risk.

Participants who completed the follow-up survey were
older, had a higher proportion of women, non-obesity,
never-smokers, and engaged in regular physical activity
than those who were not followed up (Supplementary
Table 2).

Association of lifestyle with hypertension incidence

Poor lifestyle was associated with higher hypertension risk.
Compared with the ideal lifestyle group, the multivariable-
adjusted RRs (95%ClIs) for hypertension risk were 1.08
(1.01-1.16) and 1.33 (1.19-1.48) for the intermediate and
poor lifestyle groups, respectively.

Association of the PRS with hypertension incidence

Higher PRS was associated with higher hypertension risk.
The multivariate RRs (95%Cls) for low (reference), inter-
mediate, and high were 1.00, 1.08 (0.99-1.17), and 1.27
(1.18-1.36), respectively.

Associations of family history and lifestyle risk
combination with Hypertension Incidence

When family history and lifestyle categories were com-
bined, poor lifestyle was associated with higher hyperten-
sion risk. Family history was associated with a higher
hypertension risk among most lifestyle categories (Supple-
mentary Table 3).

Associations of genetic and lifestyle risk
combination with Hypertension Incidence

When genetic risk and lifestyle categories were combined,
higher genetic risk was associated with higher hypertension
risk. Poor lifestyle was associated with a higher hyperten-
sion risk among most genetic risk groups (Table 2). Com-
pared with participants with low genetic risk and an ideal
lifestyle, those with high genetic risk and an ideal lifestyle
had a significantly higher hypertension risk (RR 1.16 [95%
CI, 1.02-1.31). Participants with high genetic risk and poor
lifestyles had the highest hypertension risk (RR 1.65 [95%
CIL, 1.41-1.93)).
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Table 2 Association between

. . . . Genetic risk  Lifestyle score Hypertension/number of % RR, 95% CI
genetic and lifestyle risk with articipants
hypertension incidence P P
Low Ideal (<1 poor factors) 367/1252 (29.3) Ref
Intermediate (2-3 poor 455/1533 (29.7) 1.01 (0.90-1.14)
factors)
Poor (24 poor factors) 69/216 (31.9) 1.10 (0.89-1.36)
Intermediate Ideal ( <1 poor factors) 303/1066 (28.4) 1.01 (0.89-1.15)
Intermediate (2—-3 poor 500/1649 (30.3) 1.10 (0.98-1.23)
factors)
Poor (24 poor factors) 105/285 (36.8) 1.32 (1.10-1.57)
High Ideal (<1 poor factors) 310/979 (31.7) 1.16 (1.02-1.31)
Intermediate (2-3 poor 575/1711 (33.6) 1.28 (1.14-1.42)
factors)
Poor (24 poor factors) 138/310 (44.5) 1.65 (1.41-1.93)

Bold shows are statistically significant
The model is adjusted for age, sex, and the first ten principal components

Hypertension is defined as systolic/diastolic blood pressure of 140/90 mmHg or higher measured at a
community-support center and/or self-reported treatment for hypertension

Lifestyle is categorized as ideal (having at least three ideal lifestyle factors), poor (having 0-1 ideal lifestyle
factors), intermediate (having 2-3 ideal lifestyle factors)

Lifestyle includes the following factors: obesity, defined as BMI 2 25.0 kg/m? based on the Western Pacific
Region of World Health Organization criteria in Japanese individuals, high Na/K ratio, defined as 24.0,
insufficient regular physical activity, defined as not meeting the American Heart Association recommenda-
tions of at least 150 min of moderate activity per week or 75 min of vigorous activity per week, smoking,
defined as ex-smoker or current smoker, drinking, defined as ex-drinker or current drinker

Genetic risk is classified based on the tertile of polygenic risk score

CI confidence interval, RR relative risk

Associations of family history of hypertension,
genetic and lifestyle risk with Hypertension
Incidence

Initially, we examined the association between family his-
tory of hypertension and hypertension. Participants with
family history of hypertension had significantly higher
hypertension risk than those without (RR, 1.23 [95%CI,
1.16-1.31] in the multivariable-adjusted model.
Subsequently, we evaluated the combined associations of
family history, genetic risk, and lifestyle risk with hyper-
tension (Table 3). Family history was significantly asso-
ciated with hypertension risk, even among those with low
genetic risk and an ideal lifestyle (RR, 1.32 [95%CI,
1.11-1.57]). Among participants with an ideal lifestyle and
no family history of hypertension, a high genetic risk was
significantly associated with hypertension risk (RR, 1.19
[95%CI, 1.01-1.40]). Participants with high genetic risk,
poor lifestyle, and family history of hypertension had the
highest hypertension risk (RR, 1.99 [95%CI, 1.58-2.50]).
The AUROC values (95%CI) for family history, PRS,
and lifestyle were 0.668 (0.656-0.679), 0.668
(0.657-0.679), and 0.666 (0.654-0.677), respectively
(Table 4). The AUROC for integrated family history and
lifestyle information was 0.671 (0.659-0.685). Integrating

PRS to the model that included lifestyle and family history
significantly improved the AUROC to 0.674 (0.663-0.685)
compared to the model including lifestyle and family his-
tory (P for difference = 0.04).

Supplementary Table 3 shows the adjusted least-square
means of SBP, showing that both PRS and lifestyle risk
correlated with SBP, with higher SBP observed in partici-
pants with a family history of hypertension. When stratified
by age, similar association patterns were observed, although
these were more apparent in participants below the median
age group (<60 years) and appeared attenuated in those
above the median age group (Supplementary Tables 4-5).
We performed analyses using additional P-value thresholds,
but the results were substantially unchanged (Supplemen-
tary Tables 6-13). The association tended to similar both
men and women (Supplemental Tables 14—15).

Discussion

This study showed that in a general sample of approxi-
mately 9000 Japanese adults, participants with a higher PRS
had a higher hypertension risk, irrespective of lifestyle or
family history. Similarly, a poor lifestyle was consistently
associated with increased hypertension risk across all PRS

SPRINGER NATURE
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Tab|e~3 Assqc1atlon l?etwec?n Family Genetic risk  Lifestyle score Hypertension/number of % RR, 95% CI
genetic and lifestyle risk with hi .
Lo istory participants
hypertension incidence
No Low Ideal (<1 poor factors) 235/849 (27.7) Ref
Intermediate (2-3 poor 319/1034 (30.9) 1.08 (0.94-1.24)
factors)
Poor (24 poor factors) 52/155 (33.5) 1.17 (0.91-1.49)
Intermediate Ideal (<1 poor factors) 199/728 (27.3) 1.05 (0.89-1.23)
Intermediate (2-3 poor 312/1104 (28.3) 1.08 (0.94-1.24)
factors)
Poor (24 poor factors) 71/188 (37.8) 1.41 (1.14-1.75)
High Ideal (<1 poor factors) 179/585 (30.6) 1.19 (1.01-1.40)
Intermediate (2-3 poor 351/1091 (32.2) 1.28 (1.11-1.46)
factors)
Poor (24 poor factors) 90/199 (45.2) 1.69 (1.40-2.05)
Yes Low Ideal (<1 poor factors) 132/403 (32.8) 1.32 (1.11-1.57)

Intermediate (2-3 poor 136/499 (27.3) 1.13 (0.95-1.36)

factors)

Poor (24 poor factors) 17/61 (27.9) 1.21 (0.80-1.82)
Intermediate Ideal (<1 poor factors) 104/338 (30.8) 1.25 (1.03-1.51)

Intermediate (2-3 poor 188/545 (34.5) 1.51 (1.29-1.76)

factors)

Poor (24 poor factors) 34/97 (35.1) 141 (1.05-1.88)
High Ideal (<1 poor factors) 131/394 (33.2) 1.38 (1.16-1.65)

Intermediate (2-3 poor 224/620 (36.1) 1.63 (1.41-1.89)

factors)

Poor (24 poor factors) 48/111 (43.2) 1.99 (1.58-2.50)

The model is adjusted for age, sex, and the first ten principal components

Hypertension is defined as systolic/diastolic blood pressure of 140/90 mmHg or higher measured at a
community-support center and/or self-reported treatment for hypertension

Lifestyle is categorized as ideal (having at least three ideal lifestyle factors), poor (having 0-1 ideal lifestyle
factors), intermediate (having 2-3 ideal lifestyle factors)

Lifestyle score includes the following factors: obesity, defined as BMI >25.0 kg/m2 based on the Western
Pacific Region of World Health Organization criteria in Japanese individuals, high Na/K ratio, defined as
24.0, insufficient regular physical activity, defined as not meeting the American Heart Association
recommendations of at least 150 min of moderate activity per week or 75 min of vigorous activity per week,
smoking, defined as ex-smoker or current smoker, drinking, defined as ex-drinker or current drinker

Genetic risk is classified based on the tertile of polygenic risk score

CI confidence interval, RR relative risk

levels and family history categories. Notably, family history
of hypertension was linked to a significantly higher hyper-
tension risk, even among participants with low PRS and an
ideal lifestyle. Incorporating PRS into models that included
family history and lifestyle improved the predictive ability
for hypertension incidence.

Previous studies conducted in the UK and China showed
that genetic risk is associated with a higher risk of hyper-
tension, while a healthy lifestyle is linked to a reduced risk
[2, 11, 14]. The current study confirmed these associations
in a Japanese population. Given that most genetic research
has been conducted in individuals of European ancestry,
and that PRSs tend to have lower predictive performance in
underrepresented populations—such as East Asian, African,
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and Hispanic/Latino populations [27], these findings may
contribute to the decreased genomic medical disparity
between ancestry.

A family history of hypertension is often used as a sur-
rogate for genetic risk. The Framingham Heart Study found
that parental early-onset hypertension (age <55 years) was
associated with hypertension incidence in offspring [19].
Similarly, other studies have shown that family history of
hypertension is linked to elevated BP [20, 21]. With
advancements in genomic science, PRSs now enable the
direct assessment of genetic risk, providing a more precise
alternative to family history as a surrogate indicator. Pre-
vious studies showed that higher genetic risk was associated
with hypertension incidence independently of traditional
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Table 4 Area under the receiver operating characteristic curve for
family history, genetic, and lifestyle risk to predict hypertension
incidence

Area under the receiver operating
characteristic curve (95% CI)

Hypertension

0.663 (0.651-0.674)
0.666 (0.654-0.677)
0.668 (0.657-0.679)
0.668 (0.656-0.679)
0.670 (0.661-0.684)

Model 1?

Model 1 + lifestyle score risks
Model 1+ PRS

Model 1 + family history

Model 1 + PRS + lifestyle
score

Model 1 + family history +
PRS

Model 1 + family history +
lifestyle score

Model 1 + family history +
lifestyle score + PRS

0.673 (0.661-0.684)

0.671 (0.659-0.685)

0.674 (0.663-0.685)

The area under the receiver operating characteristics curve is
calculated using the multivariable logistic regression model

Hypertension is defined as systolic/diastolic blood pressure 140/
90 mmHg or higher measured at a community-support center and/or
self-reported treatment for hypertension

Lifestyle score includes the following factors: obesity, defined as
BMI 225.0kg/m? based on the Western Pacific Region of World
Health Organization criteria in Japanese individuals, high Na/K ratio,
defined as 24.0, insufficient regular physical activity, defined as not
meeting the American Heart Association recommendations of at least
150 min of moderate activity per week or 75 min of vigorous activity
per week, smoking, defined as ex-smoker or current smoker, drinking,
defined as ex-drinker or current drinker

Genetic risk is classified based on the tertile of polygenic risk score
CI confidence interval, PRS polygenic risk score

*Model 1 includes age, sex, education status, and the first 10 principal
components as predictor variables

risk factors, excluding family history [2, 11-13]. However,
whether PRS and family history independently contribute to
hypertension risk remains unclear. The current study
showed that even among participants with low genetic risk
and an ideal lifestyle, family history of hypertension was
associated with a higher hypertension risk. Furthermore, a
higher genetic risk was associated with a higher hyperten-
sion risk, even among participants with an ideal lifestyle
and no family history of hypertension. Family history may
reflect not only inherited genetic factors but also shared
environmental exposures, epigenetic modifications, and
gene—environment interactions [28]. It is also possible that
the apparent independence between PRS and family history
arises in part from limitations in current measures. PRS
accounts for only a portion of the total heritability of
hypertension, and our assessment of lifestyle factors was
relatively broad (e.g., current smoking and ex-smoking vs.
non-smoking), potentially missing more nuanced environ-
mental influences. However, family history may thus serve

as a surrogate for complex and unmeasured genetic and
environmental factors that are not fully captured by current
PRS or lifestyle measurements. These findings underscore
the importance of careful BP monitoring in individuals with
family history of hypertension and/or high genetic risk. As
effective prevention strategies for these populations remain
unclear, further studies are required to elucidate underlying
mechanisms and identify potential intervention targets.

The predictive ability for hypertension was similar
between models using family history alone and those using
PRS alone, whereas the model based solely on lifestyle
factors showed the lowest discrimination. A model com-
bining family history and lifestyle—both of which are
readily available in clinical practice—outperformed the
model combining lifestyle and PRS. However, the model
integrating family history, lifestyle, and PRS achieved the
highest predictive performance, although the improvement
was modest. These findings are consistent with previous
reports demonstrating that the effects of family history and
PRS are largely independent across various diseases,
including cancer, diabetes, hypercholesterolemia, coronary
artery disease, gout, glaucoma, and asthma [28-32]. The
integration of PRS and family history has been shown to
improve predictive accuracy, likely because they capture
different but complementary aspects of genetic suscept-
ibility. While PRS provides a direct estimate of inherited
genetic risk, family history may reflect shared environ-
mental  exposures, epigenetic = mechanisms, and
gene—environment interactions [28]. Although the addition
of PRS led to a statistically significant improvement in
AUROC, the overall gain in discrimination was limited.
Given that BP can be measured non-invasively and easily in
routine clinical settings, the clinical need for highly dis-
criminative risk models for hypertension may be inherently
limited. Therefore, the clinical value of PRS may lie not in
enhancing short-term risk prediction, but in enabling early
identification of genetically predisposed individuals and
promoting timely intervention before BP elevation becomes
clinically apparent.

This study showed that an ideal lifestyle lowers the risk of
hypertension, regardless of genetic risk or family history.
This finding supports the idea that healthy behaviors can
mitigate inherited susceptibility. A plausible mechanism is
that genetic variants influence key physiological systems—
such as hormonal regulation and vascular function—in ways
that lifestyle changes cannot fully reverse. However, indivi-
duals with high genetic risk or a family history of hyperten-
sion still faced increased risk, even when maintaining ideal
lifestyles. GWASs have identified BP-related variants in
genes regulating the renin—angiotensin—aldosterone system
(RAAS) and the sympathetic nervous system [7, 33]. These
systems control vascular tone, fluid balance, and hormonal
responses. Genetic disruptions in these pathways may cause

SPRINGER NATURE



2614

M. Takase et al.

lasting physiological changes that lifestyle interventions
alone cannot fully counteract. This could explain why some
individuals remain vulnerable despite favorable behaviors.
Several circulating metabolites, such as branched-chain
amino acids and lipid species, have also been linked to
blood pressure and hypertension risk [34, 35]. Yet the
mechanisms connecting genetic variants to these metabolic
patterns remain unclear. Certain metabolites may act as
intermediates, transmitting genetic influences into physiolo-
gical states that elevate blood pressure, independent of life-
style. Although our study did not examine molecular
mediators directly, future work should aim to identify specific
metabolites that bridge genetic risk and hypertension. Med-
iation analysis using multi-omics data—particularly geno-
mics and metabolomics—could help quantify the role of
these intermediates. Clarifying these pathways may also
reveal targets for therapies that address residual genetic risk
through metabolic intervention [36-38]. Therefore, even
individuals with ideal lifestyles may require continued BP
monitoring, including home measurements, if they carry high
genetic risk or a family history of hypertension.

The associations of family history, genetic risk, and
lifestyle with hypertension incidence showed similar trends
in both men and women. X-linked genes, however, may
also influence blood pressure regulation, and sex-specific
differences in genetic susceptibility cannot be ruled out. A
case—control study in a northeastern Chinese Han popula-
tion identified significant associations between hypertension
and polymorphisms in three X-linked genes: ACE2,
AGTR?2, and apelin [39]. Although these associations were
observed in both sexes, the location of these genes on the X
chromosome suggests that gene dosage or X-inactivation
may contribute to individual susceptibility. Future research
that includes sex chromosome analysis may help clarify the
role of sex-linked genetic variation in hypertension.

This study had several strengths. To our knowledge, this
is the first study to quantitatively evaluate the combined
impact of family history of hypertension, polygenic risk,
and lifestyle on the incidence of hypertension in a general
population. Its prospective design minimizes concerns
about retrospective reporting bias and reverse causality.
Furthermore, this is the first study to explore the joint
impact of genetic and lifestyle risks on hypertension inci-
dence in Japan.

However, our study had some limitations. First, we
analyzed participants who completed both the baseline and
follow-up surveys, which may have introduced selection
bias. To address this, we applied inverse probability
weighting. Second, our study population included only
Japanese participants. Given well-documented differences
in linkage disequilibrium, allele frequency, and hyperten-
sion risk factors across ancestries [17, 18], our findings may
not be generalizable to other populations. Third, the PRS in
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this study included only 1786 SNPs, which cannot fully
explain hypertension heritability. Rare variants were also
excluded. Therefore, our PRS may not fully capture indi-
vidual genetic risk, which might explain why family history
could not be entirely accounted for. Future GWASs, exome
sequencing, and whole-genome sequencing may identify
additional hypertension-associated variants, allowing for a
more precise genetic risk assessment. Further studies are
necessary to determine the usefulness of genetic informa-
tion in conjunction with family history information. Fourth,
we defined hypertension based on office BP. Home BP is
superior to office measurement as a predictor of cardio-
vascular disease. We previously examined the association
between PRS and prevalence of hypertension, but it might
be useful to examine the association with the new onset of
home hypertension [40, 41]. Fifth, family history of
hypertension may be misclassified, particularly among
younger participants. Younger individuals may not be
aware of their parents’ hypertension status if their parents
have not yet been diagnosed or have not disclosed their
condition. This could lead to underreporting of family his-
tory and attenuation of the observed association. Therefore,
caution is needed when interpreting the strength of the
association between family history and incident hyperten-
sion, especially in younger populations. Finally, participants
who undergo health check-ups may have higher health
consciousness than those who do not [42], which could
have introduced volunteer bias in our study. However, this
potential bias is likely to have been evenly distributed
across participants, and we therefore consider that the
internal validity of the study is preserved. In addition, in
some subgroups—such as participants with low genetic
risk, no family history, and an ideal lifestyle—the expected
risk gradient was not clearly observed, despite a relatively
high incidence of hypertension. This may reflect mis-
classification bias in lifestyle and family history variables,
both of which were assessed using broad categories.
Moreover, the PRS used in this study explains only part of
the heritability. These measurement limitations may have
attenuated true associations in certain subgroups.

Perspective of Asia

This study demonstrates that both polygenic risk scores and
family history are independently associated with the risk of
developing hypertension in an Asian population. Given that
genetic architecture and lifestyle patterns differ substantially
between Asian and Western populations [17, 18], our
findings highlight the importance of evaluating both genetic
and familial risk alongside lifestyle factors to enable
meaningful risk stratification and personalized prevention
strategies in Asia.
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Conclusion

Our study quantitatively estimated the associations of family
history of hypertension, genetic, and lifestyle risks with
hypertension incidence in the general Japanese population.
The findings showed that poor lifestyle was associated with
higher hypertension risk regardless of genetics and family
history of hypertension. This finding supports the notion that
a healthy lifestyle is essential for preventing hypertension.
Family history of hypertension was associated with elevated
risk, even among individuals with a low PRS and ideal
lifestyle. Similarly, a higher PRS was linked to increased risk,
even among those without a family history and with a healthy
lifestyle. These findings suggest that genetic and familial risk
factors contribute independently to hypertension develop-
ment. Integrating PRS with lifestyle and family history
information improved the predictive ability for hypertension
incidence, but modestly. From a clinical perspective, indivi-
duals identified as having both high genetic risk and a family
history of hypertension should be encouraged to monitor
their blood pressure regularly, regardless of their lifestyle. In
such individuals, early preventive measures—such as life-
style counseling, health education, and more frequent mon-
itoring—may help delay or prevent the onset of hypertension.
Importantly, incorporating PRS into clinical or public health
settings may help identify individuals at high risk who might
otherwise be overlooked by traditional assessment methods,
thereby serving as a complementary tool for developing
personalized prevention strategies.
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