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Abstract
Background  Cardiovascular disease risk is significantly driven by dyslipidemia, making it a crucial target for clinical 
management; however, the translation of low-density lipoprotein cholesterol (LDL-C)-related genetic susceptibility 
into clinical events is complex. Although regular physical activity improves cardiometabolic health, its effects on 
LDL-C concentrations are often modest. The present study investigated whether habitual exercise modifies the 
clinical expression of established LDL-C-associated genetic variants and their association with both cardiovascular and 
cerebrovascular outcomes among individuals with dyslipidemia.

Methods  Data from 20,748 adults with dyslipidemia from the Korea Genome and Epidemiology Study (KoGES) 
were analyzed. Twelve LDL-C-associated single-nucleotide polymorphisms (SNPs), which were validated across 
independent Korean cohorts, were utilised to assess genetic risk. Associations with LDL-C levels and clinical outcomes 
(specifically including overall cardiovascular and cerebrovascular disease, coronary artery disease, and ischemic stroke) 
were evaluated by using multivariable regression and propensity score matching to minimise self-selection bias. 
Gene-exercise interactions were assessed by using multiplicative interaction terms.

Results  All of the selected SNPs demonstrated robust, directionally consistent associations with LDL-C levels 
regardless of exercise status. Exercise was associated with improved high-density lipoprotein cholesterol and 
triglyceride levels but did not substantially alter LDL-C concentrations. Notably, significant gene-exercise interactions 
for ischemic stroke were identified at the DHODH/HP (interaction odds ratio [OR] = 0.65, P = 0.029) and HPR (interaction 
OR = 0.65, P = 0.026) loci. These interaction signals remained directionally consistent in the propensity score-matched 
cohort, thus suggesting that exercise could attenuate genetic stroke risk through nonlipid pathways. Although these 
findings did not persist after stringent Bonferroni correction, they provide exploratory evidence of locus-specific 
interplay.

Conclusions  Although the genetic architecture of LDL-C appears to be stable across physical activity strata, habitual 
exercise may modify the clinical manifestations of LDL-related genetic susceptibility, particularly regarding ischemic 
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Introduction
Cardiovascular disease (CVD) continues to rank as 
the foremost contributor to mortality worldwide, per-
sistently imposing a substantial public health burden 
despite advances in preventive and therapeutic strate-
gies [1]. Acting as a principal preventable determinant 
in the development and advancement of atherosclerotic 
plaques, dyslipidemia typically manifests through a com-
bination of hypertriglyceridemia, raised low-density 
lipoprotein cholesterol (LDL-C), and diminished high-
density lipoprotein cholesterol (HDL-C) [2, 3]. Across 
diverse cohorts, including both Western and Asian 
demographics, dyslipidemia exhibits a robust correla-
tion with the onset of coronary artery disease (CAD) and 
ischaemic stroke (IS), highlighting a critical imperative 
for targeted risk mitigation in these vulnerable individu-
als [4].

Regular physical activity is a cornerstone of nonphar-
macological management for dyslipidemia and CVD 
prevention. Extensive epidemiological and interven-
tional evidence has demonstrated that exercise improves 
cardiometabolic health by enhancing insulin sensitivity 
and reducing systemic inflammation [5, 6]. With respect 
to lipid metabolism, although exercise consistently 
improves HDL-C and triglyceride levels, its effects on 
LDL-C concentrations are often relatively modest and 
heterogeneous. Meta-analyses have demonstrated that 
reductions in LDL-C attributable to exercise alone are 
generally small and highly variable, particularly among 
older adults and individuals with established metabolic 
abnormalities [7–9]. Importantly, the cardiovascular 
benefits of physical activity cannot be fully explained by 
quantitative changes in circulating LDL-C levels alone. 
Even in the absence of a substantial reduction in LDL-C 
levels, regular exercise has been associated with lower 
risks of cardiovascular morbidity and mortality through 
pleiotropic mechanisms. These effects include improved 
endothelial function, reduced oxidative stress, modula-
tion of inflammatory pathways, and beneficial effects 
on thrombosis and autonomic regulation [6]. These 
observations suggest that physical activity may modify 
cardiovascular risk through biological pathways that 
extend beyond or act downstream of circulating lipid 
concentrations.

Interindividual variability in lipid profiles and cardio-
vascular outcomes is significantly affected by genetic 
susceptibility. Comprehensive genome-wide associa-
tion studies (GWASs) have uncovered a multitude of 
single-nucleotide polymorphisms (SNPs) associated with 
LDL-C levels, thus implicating genes that are involved 
in hepatic cholesterol synthesis, lipoprotein transport, 
and LDL receptor-mediated clearance, including LDLR, 
PCSK9, HMGCR, APOE, and ABO [10, 11]. Collectively, 
these variants account for a substantial proportion of the 
lifelong variation in LDL-C levels and have been linked 
to cardiovascular risk across diverse populations [12]. In 
addition to their main effects, genetic variants may inter-
act with lifestyle factors to influence cardiometabolic 
outcomes through gene-environment interactions [13, 
14]. However, most prior studies have focused on inter-
actions involving intermediate metabolic traits (such as 
lipid concentrations) rather than clinically meaningful 
cardiovascular outcomes. Moreover, few studies have 
investigated whether physical activity affects the asso-
ciation between LDL-C-related genetic variants and car-
diovascular disease risk in individuals with dyslipidemia. 
This knowledge gap is particularly relevant in dyslipid-
emic populations, where circulating LDL-C levels may 
be pharmacologically or physiologically buffered (e.g., 
by lipid-lowering therapy and compensatory metabolic 
regulation), thereby attenuating observable differences in 
LDL-C levels between lifestyle strata [9, 15].

The hypothesis of the present study is that regular 
exercise modifies the translation of LDL-related genetic 
susceptibility into clinical vascular events through LDL-
C-independent pathways rather than by substantially 
reducing LDL-C levels alone. Compared with previously 
published literature that has predominantly focused on 
intermediate lipid trait modifications, the novel aspect 
of this study involves the direct evaluation of how physi-
cal activity alters the clinical expression of established 
LDL-C-associated genetic variants in relation to concrete 
cardio-cerebrovascular endpoints among a high-risk 
dyslipidemic population. Accordingly, an investigation 
was conducted to determine whether habitual exercise 
modifies cardiovascular and cerebrovascular outcomes 
by using data from the Korea Genome and Epidemiol-
ogy Study (KoGES). Specifically, this study focused on 12 
LDL-associated SNPs that were selected a priori based 

stroke. These findings suggest that regular exercise reduces cerebrovascular risk even in the presence of inherited 
lipid-related risk. By highlighting the active buffering effect of lifestyle modifications against genetic vulnerability, 
these results provide actionable evidence for precision prevention strategies, thereby fundamentally supporting 
broader public health initiatives to reduce the burden of noncommunicable diseases and foster long-term health and 
well-being.

Keywords  Dyslipidemias, Genetic predisposition to disease, Exercise, Ischemic stroke, Gene-environment interaction, 
Precision medicine



Page 3 of 11Park et al. Lipids in Health and Disease          (2026) 25:149 

on robust prior GWAS evidence (and subsequently rep-
licated in independent Korean cohorts) to test gene-
environment interactions. The clarification of these 
mechanisms may support the development of individual-
ised cardiovascular prevention strategies.

Materials and methods
Study population
This study derived its sample from the KoGES, a com-
prehensive genome-based prospective epidemiological 
cohort. The South Korean government—specifically the 
Ministry of Health and Welfare, the Korea Disease Con-
trol and Prevention Agency, and the National Institute of 
Health—finances this extensive initiative. Fundamentally, 
KoGES aims to elucidate how genetic profiles and envi-
ronmental exposures interact to drive prevalent complex 
diseases within the Korean demographic. To establish its 
baseline, the KoGES recruited men and women aged 40 
and older, drawing participants from both general com-
munity populations and the national health screening 
program. The dataset encompasses detailed information 
on anthropometric measurements, blood biochemical 
profiles, lifestyle factors, and self-reported medical and 
medication histories. Genome-wide SNP genotype data 
were available for 72,299 participants (PMID: 27085081).

Participants in the present study were included from 
multiple KoGES subcohorts, including the KoGES-
HEXA (Health Examinees) cohort, in which participants 
were recruited between 2004 and 2013 from 39 hospitals 
in metropolitan and major cities across Korea through 
the national health examination program. In addition, 
the KoGES_Ansan and Ansung cohorts (which are com-
munity-based prospective cohorts established in 2001–
2002) enrolled residents of urban (Ansan) and rural 
(Ansung) areas and conducted biennial follow-up exami-
nations. The study population also included participants 
from the KoGES-CAVAS (Cardiovascular Disease Asso-
ciation Study) cohort, in which adults residing in rural 
regions were recruited to investigate risk factors for car-
diovascular and metabolic diseases (PMID: 27085081).

In prior analyses, the reproducibility of LDL choles-
terol-associated genetic markers was evaluated across all 
three subcohorts (KoGES-HEXA, Ansan/Ansung, and 
CAVAS), and only markers that were consistently vali-
dated across cohorts were selected for the present study. 
For the primary analysis examining the impact of physi-
cal activity on cardiocerebrovascular outcomes among 
individuals with dyslipidemia, 58,701 participants from 
the KoGES-HEXA cohort were included.

Among these participants, those with missing covari-
ate data (n = 471) and those with a history of cancer 
(n = 2,202) were excluded. From the remaining popula-
tion, individuals meeting the criteria for dyslipidemia 
were identified, thus yielding 20,770 participants. After 

further exclusion of participants with missing physical 
activity data, a total of 20,748 participants with dyslipid-
emia were included in the final analytical cohort.

To evaluate the associations between LDL-related 
SNPs, physical activity status, and cardio-cerebrovascular 
outcomes, analyses were separately conducted for cardio-
cerebrovascular disease, coronary artery disease, and 
ischemic stroke. After excluding outcome-specific miss-
ing data, 20,744 participants were included in the CCB 
analysis, 20,754 participants were included in the CAD 
analysis, and 20,747 participants were included in the IS 
analysis. Participants in each outcome-specific cohort 
were further stratified according to physical activity sta-
tus for the subgroup analyses.

A schematic overview of the participant selection pro-
cess and overall study design is presented in Figs. 1 and 2.

All of the study procedures were conducted in accor-
dance with the ethical principles of the Declaration 
of Helsinki (1975). Written informed consent was 
obtained from all of the participants prior to enroll-
ment. The study protocol was approved by the Institu-
tional Review Board of TheragenEtex (approval number: 
700062–20190819-GP-006–02).

Clinical measurements and disease definitions
Anthropometric measurements were performed by well-
trained medical staff according to standardized proto-
cols. Following a minimum 8-h fasting period, qualified 
medical personnel collected venous blood samples. Body 
mass index (BMI) was calculated by dividing a partici-
pant's weight in kilograms by the square of their height 
in meters (kg/m2). To assess waist circumference (WC), 
measurements were taken precisely at the midpoint 
between the iliac crest and the inferior margin of the low-
est rib. Finally, LDL-C concentrations were estimated 
via the Friedewald formula: TCHL − HDL-C − (TG/5). 
Lifestyle information was obtained through interviewer-
administered questionnaires. The baseline survey 
stratified alcohol intake as never, previous, or current 
consumption. Furthermore, individuals in the current 
category reported specific details about their drinking 
patterns over the trailing year. Smoking status was classi-
fied as never, former, or current smoker. Physical activity 
status was assessed by using a self-reported question-
naire, and participants were classified into an exercise 
or non-exercise group based on regular physical activity. 
For statistical analyses, exercise status was treated as a 
binary variable (exercise = 1, non-exercise = 0). To ensure 
measurement stability, assessors took no fewer than two 
seated measurements for both systolic (SBP) and diastolic 
blood pressure (DBP), applying the calculated means to 
the statistical models. A diagnosis of dyslipidemia for this 
study was established based on a self-reported history of 
the condition, or the presence of elevated lipid markers 
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(TCHL ≥ 240  mg/dL, LDL-C ≥ 160  mg/dL, TG ≥ 200  mg/
dL) and reduced HDL-C (under 40  mg/dL in men or 
under 50 mg/dL in women). CCB was defined based on 
self-reported medical history. Participants who reported 
a history of myocardial infarction or stroke were defined 
as cases, whereas those who reported no history of myo-
cardial infarction or stroke were defined as controls. 
CAD was defined as follows: cases included participants 
with a self-reported history of myocardial infarction, and 
controls involved participants without such a history. IS 
was defined as follows: cases included participants with a 
self-reported history of stroke, and controls involved par-
ticipants without a self-reported history of stroke.

Genotyping
The dataset includes integration of administrative health 
records with a broad spectrum of environmental expo-
sures and phenotypic traits. Furthermore, it incorporates 
genome-wide genetic profiles alongside various biospeci-
mens, such as urine, serum, plasma, and DNA. Following 
standardized protocols, clinical personnel drew periph-
eral blood specimens and safely deposited them at the 
National Biobank of Korea for long-term archiving and 
future research applications. To conduct the genetic anal-
ysis, we isolated genomic DNA from the peripheral blood 
specimens and performed genotyping via the Korea Bio-
bank Array (KoreanChip), the detailed design and con-
tent of which have been previously described.

Quality control procedures were applied to ensure the 
reliability of the genotyping data. To ensure data qual-
ity, we filtered out SNPs that demonstrated a minor allele 
frequency (MAF) < 1%, a genotype missing rate > 1%, or a 
call rate < 97%. Additionally, we removed variants show-
ing significant deviation from Hardy–Weinberg equilib-
rium (p < 1 × 10⁻⁶) (PMID: 30,718,733).

Preliminary investigation for SNP selection and replication
To identify robust and reproducible genetic variants 
associated with LDL cholesterol levels, a two-step SNP 
selection strategy was employed. First, SNPs that have 
been previously reported to be associated with LDL-C 
were identified through a comprehensive literature 
review of GWAS. For each candidate SNP, prior evidence 
regarding effect direction and magnitude was evaluated 
to establish biological plausibility.

Second, genome-wide association analyses were con-
ducted in the KoGES-HEXA cohort, which included 
approximately 7.9 million SNPs. Linear regression mod-
els were applied to assess associations between SNPs and 
LDL-C levels, adjusting for age, sex, and the first two 
principal components to account for demographic fac-
tors and population stratification. A genome-wide signifi-
cance threshold of P < 5 × 10⁻⁸ was applied. SNPs meeting 
this criterion and those that were previously reported in 
external GWASs were selected as candidate LDL-C-asso-
ciated variants.

Dyslipidemia patients

Disease Non-Exercise groupExercise groupTotal

CaseControlCaseControlCaseControl

475

(5.0%)

9011

(95.0%)

563

(5.0%)

10,695

(95.0%)

1038

(5.0%)

19,706

(95.0%)

CCB

(n=20,744)

358

(3.8%)

9129

(96.2%)

410

(3.6%)

10,848

(96.4%)

768

(3.7%)

19,977

(96.3%)

CAD

(n=20,745)

129

(1.4%)

9360

(98.6%)

165

(1.5%)

11,093

(98.5%)

294

(1.4%)

20,453

(98.6%)

IS

(n=20,747)

KoGES HEXA

n = 58,701

n = 56,028

n = 20,770

• Excluded participants with missing covariate data (n=471) and

those with a history of cancer (n=2202)

• Included participants with dyslipidemia

Population Selection Definition of Diseases

Dyslipidemia (DL) patients

HDL < 40mg/dL, (female) HDL < 50mg/dL

-reported dyslipidemia history

Cardio-cerebrovascular disease (CCB)

Case

- participants with a self-reported history of myocardial infarction or stroke

Control

- participants with no self-reported history of myocardial infarction and

stroke

Coronary artery disease (CAD)

Case

- participants with a self-reported history of myocardial infarction

Control

- participants without a self-reported history of myocardial infarction

Ischemic stroke (IS)

Case

- participants with a self-reported history of stroke

Control

- participants without a self-reported history of stroke

• Excluded participants with missing physical activity data

n = 20,748

Fig. 1  Flowchart of participant selection and phenotype definitions. From 58,701 KoGES HEXA participants, individuals with missing covariates (smoking, 
drinking, exercise, and BMI parameters; n = 471) and those with a history of cancer or no response (n = 2,202) were excluded, leaving 56,028 participants. 
Dyslipidemia (DL) cases were identified (n = 20,788), and 18 cases with missing blood pressure data were excluded, leaving 20,770 DL participants for 
analysis. Right panels summarise operational definitions: DL criteria (TCHL ≥ 200 mg/dL, HDL < 40 mg/dL or < 50 mg/dL, TG ≥ 150 mg/dL, LDL ≥ 130 mg/
dL, or prior DL), CVD outcomes (CCb: myocardial infarction or stroke; CAD: myocardial infarction; IS: stroke), and covariates (sex, age, BMI, smoking, drink-
ing, PC1, and PC2). The table at the bottom shows overall case/control counts and categorisation according to exercise status (Exercise O vs. Exercise X)
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Replication analyses were subsequently performed in 
independent KoGES subcohorts (including the Ansan, 
Ansung, and Nongchon cohorts) using the same ana-
lytical framework. SNPs demonstrating statistically sig-
nificant associations with LDL-C and consistent effect 
directions across these cohorts were considered to be 
successfully replicated and retained for downstream 
analyses. Detailed information on prior GWAS reports 
and replication results is provided in the supplementary 
SNP table.

Construction of the genetic risk score (GRS)
A genetic risk score (GRS) was constructed by using 12 
LDL cholesterol-associated SNPs that were identified 
in prior genome-wide association studies of the KoGES 
HEXA cohort. For each SNP, the reported effect size (β 
coefficient) from the external KoGES HEXA GWAS was 
used as the weight. The GRS was calculated as a weighted 
sum of risk alleles according to the following formula:

	
GRS =

12∑
i=1

βi × risk allele counti

where the risk allele count was coded as 0, 1, or 2 under 
an additive genetic model. This approach ensured that 
SNP selection and weighting were based on independent 
prior evidence, thereby minimising overfitting and avoid-
ing circular inference.

Propensity score matching
To minimize potential confounding arising from baseline 
disparities between the exercise and non-exercise groups, 
propensity score matching (PSM) was performed. Pro-
pensity scores were estimated through a logistic regres-
sion model, incorporating age, sex, BMI, smoking history, 
and drinking history as covariates. The matching process 
utilized a one-to-one nearest-neighbor approach without 
replacement, with the caliper width set at 0.2 standard 
deviations of the logit of the propensity score. Standard-
ized mean differences (SMDs) served as the metric for 
assessment; specifically, an absolute SMD < 0.1 signified 
that the covariates had reached an acceptable balance 
between groups.

Statistical analysis
Power analysis to justify the sample size was conducted 
by using Quanto (version 1.2.4). Estimation of the 
required sample size relied on an additive genetic model 

Step 1. Preliminary Study for Selecting The Confirmed SNPs for Lipid Traits

Step 3. Gene and Exercise Interaction Study for Cardiovascular diseases

Step 4. Final Selection of Interaction SNPs based on the interaction p-value < 0.05

Reported SNPs in Other Studies
Replicated SNPs in Other Three Korean Cohorts

(Ansung, Ansan, Nongchon)
AND

HEXA

Cohort

Lipid Traits

GWASs

Total cholesterols

HDL cholesterols

LDL cholesterols

Triglycerides

Step 2. Select Final Candidate SNPs for Interaction Study

Exercise

(yes, no)

Interaction Analysis

for CVDs (CAD,

CCD, IS)

With the

selected

SNPsHEXA

Cohort

Select

Dyslipidemia

Patients

Fig. 2  Analysis pipeline for SNP selection and gene-exercise interaction testing. Step 1: Preliminary identification of lipid-trait SNPs (total cholesterol, HDL-
C, LDL-C, and triglycerides) in the HEXA cohort. Step 2: Final sentinel selection based on previously reported SNPs and replication in three Korean cohorts 
(Ansan, Ansung, and Nongchon). Step 3: Interaction testing among dyslipidemia patients in HEXA utilising regular exercise (yes/no) for the outcomes 
of CAD, CCb, and IS. Step 4: Final interaction SNPs defined at a two-sided P < 0.05. CAD, coronary artery disease; CCb, cardio-cerebrovascular disease; IS, 
ischemic stroke
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incorporating a two-sided significance level of 0.05, an 
interaction odds ratio of 1.2, and a minor allele frequency 
of 0.02. This calculation accounted for a cardiovascu-
lar disease incidence of approximately 2% among those 
with dyslipidemia, a figure aligned with the Dyslipid-
emia Fact Sheet in Korea 2024 by the Korean Society of 
Lipid and Atherosclerosis. This analysis was conducted 
to assess the feasibility of detecting gene-exercise inter-
action effects in patients with dyslipidemia. To evaluate 
the associations between genetic risk and cardiovascu-
lar outcomes, multivariable logistic regression analyses 
were performed for CCB, CAD, and IS. The primary 
predictors included the GRS, exercise status, and their 
interaction term (GRS × exercise). Statistical adjustment 
for age, sex, BMI, and histories of smoking and drinking 
was applied across all models. To evaluate the predic-
tive efficacy of the GRS-based models, the analysis uti-
lized receiver operating characteristic (ROC) curves. The 
predicted probabilities were obtained through fivefold 
stratified cross-validation, and the area under the ROC 
curve (AUC) was calculated to quantify model discrimi-
nation. The optimal probability threshold for classifica-
tion was determined by using the Youden index, which 
was defined as the point that maximises the sum of sen-
sitivity and specificity minus one. ROC curves were gen-
erated by using the roc_curve function from the sklearn.
metrics package. For analyses at the individual SNP level, 
12 LDL-related SNPs were examined. Linear regression 
models examined the potential associations between 
individual SNPs and LDL cholesterol levels. These assess-
ments incorporated stratification by exercise status and 
accounted for several covariates, including age, sex, BMI, 
and status of smoking and alcohol, alongside the first two 
principal components (PC1 and PC2). Logistic regres-
sion analyses were used to examine associations between 
SNPs and cardiovascular outcomes (CCB, CAD, and IS). 
To mitigate potential bias from population stratification, 
the study utilized principal component analysis (PCA) 
on the genome-wide genotype data. Accordingly, the 
first two principal components (PC1 and PC2) served as 
essential covariates within the regression frameworks to 
ensure genomic stability. Genotype × exercise interaction 
terms were included to test for multiplicative interaction 
effects. All of the SNP-level analyses were performed by 
using PLINK v1.9.

Interaction analyses were conducted for the 12 LDL-
associated SNPs that were selected a priori based on 
prior GWAS evidence. To control for multiple testing, 
Bonferroni correction was applied as a confirmatory 
threshold (α = 0.05/12). In addition, nominal P values 
(< 0.05) were examined within an exploratory framework 
to identify potential interaction signals, given the limited 
statistical power for interaction testing (particularly for 
low-frequency variants). Stratified analyses by exercise 

status were performed to facilitate interpretation of inter-
action effects and to examine the direction and consis-
tency of the SNP associations within each stratum. These 
analyses were descriptive; therefore, they were evaluated 
by using nominal P values. Given the hypothesis-driven 
nature of this targeted SNP analysis, nominal P values are 
presented for interpretability, with Bonferroni-corrected 
results being additionally provided as a sensitivity analy-
sis to control for the familywise error rate.

Results
Study population and baseline characteristics
A total of 20,748 participants with dyslipidemia from the 
KoGES-HEXA cohort were included in the final analy-
sis (Fig.  1). Among them, 11,258 participants (54.3%) 
reported engaging in regular exercise, whereas 9,490 par-
ticipants (45.7%) were classified as non-exercisers.

At baseline, participants in the exercise group were 
slightly older than those in the non-exercise group 
(55.7 ± 7.4 vs. 54.9 ± 7.9  years, P < 0.001), and a lower 
proportion of participants in the exercise group were 
women (55.9% vs. 61.3%, P < 0.001). Body mass index 
and waist circumference were modestly but significantly 
lower among exercisers (BMI: 24.6 ± 2.7 vs. 24.7 ± 2.9 kg/
m2; waist circumference: 83.0 ± 8.5 vs. 83.7 ± 8.8 cm; both 
P < 0.001). With respect to biochemical traits, exercis-
ers exhibited lower triglyceride levels (171.6 ± 109.0 vs. 
182.1 ± 119.8  mg/dL, P < 0.001) and higher HDL choles-
terol levels (49.0 ± 14.1 vs. 47.7 ± 13.4  mg/dL, P < 0.001), 
whereas LDL cholesterol levels did not significantly differ 
between the two groups (128.3 ± 41.6 vs. 129.2 ± 41.9 mg/
dL, P = 0.142). The prevalence of cardio-cerebrovascular 
disease, coronary artery disease, and ischemic stroke was 
comparable between exercisers and non-exercisers (all 
P > 0.05) (Table 1).

Baseline characteristics after propensity score matching
The propensity score matching process, which accounted 
for sex, age, body mass index, smoking status, and drink-
ing status, yielded 9,104 matched pairs of exercisers 
and non-exercisers were generated. Most of the base-
line characteristics were well balanced between the two 
groups, including age (55.1 ± 7.3 vs. 55.2 ± 7.8  years, 
P = 0.475), body mass index (24.7 ± 2.8 vs. 24.7 ± 2.9  kg/
m2, P = 0.804), and systolic and diastolic blood pres-
sure (both P > 0.1). Lipid profiles were also largely com-
parable after matching, except for the observation that 
HDL cholesterol levels remained higher in the exercise 
group (49.4 ± 14.0 vs. 47.8 ± 13.4  mg/dL, P < 0.001) and 
that triglyceride levels remained lower among exercis-
ers (171.0 ± 109.1 vs. 181.5 ± 119.4 mg/dL, P < 0.001). The 
prevalence of CCB, CAD, and IS did not significantly dif-
fer between groups in the matched cohort (all P > 0.1), 
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thus supporting a reasonable covariate balance for the 
subsequent interaction analyses (Table S1).

Selection and replication of LDL cholesterol-associated 
SNPs
A total of 12 LDL cholesterol-associated SNPs were 
selected based on prior GWAS evidence and genome-
wide association analyses conducted in the KoGES-
HEXA cohort (Fig.  2). All of the selected variants 
exceeded the genome-wide significance threshold 
(P < 5 × 10⁻⁸) in the HEXA cohort and demonstrated 
directionally consistent associations with LDL choles-
terol levels. Replication analyses across independent 
Korean cohorts (including Ansan, Ansung, and Non-
gchon cohorts) confirmed statistically significant asso-
ciations for all of the selected SNPs with consistent effect 
estimates across cohorts. These variants were mapped 
to biologically relevant loci, including PCSK9, CELSR2, 
HMGCR, LDLR, APOE, TOMM40, DHODH/HP, HPR, 
and ABO, thereby supporting their robustness and suit-
ability for downstream gene-exercise interaction analyses 
(Table S2).

Associations between LDL-related SNPs and ldl cholesterol 
levels
Among patients with dyslipidemia, most of the selected 
SNPs demonstrated strong and directionally consis-
tent associations with LDL cholesterol levels in both the 
exercise and non-exercise groups (Table  2). The PCSK9 
variant rs151193009 exhibited the greatest effect size, 
with the T allele being associated with marked LDL 
reductions in both exercisers (β = −22.65 ± 2.58  mg/dL, 
P = 1.71 × 10⁻1⁸) and non-exercisers (β = −15.55 ± 3.09 mg/
dL, P = 4.99 × 10⁻⁷). Similarly, variants in CELSR2, 
HMGCR, LDLR, TOMM40, and APOE exhibited sig-
nificant associations with LDL cholesterol in both exer-
cise strata, thus indicating that the genetic architecture 
of LDL cholesterol was largely preserved regardless of 
exercise status. In contrast, ABO rs532436 was associ-
ated with higher LDL cholesterol levels in both exercisers 
(β = + 3.70 ± 0.61  mg/dL, P = 1.10 × 10⁻⁹) and non-exer-
cisers (β = + 3.16 ± 0.67  mg/dL, P = 2.14 × 10⁻⁶). Notably, 
DHODH/HP rs77303550 and HPR rs217184 demon-
strated statistically significant LDL-lowering associations 
only in the non-exercise group, thereby suggesting pos-
sible heterogeneity according to exercise status.

Table 1  Baseline characteristics of the study population
Variables Dyslipidemia Patients P

Total (n = 20,748) Exercise group (n = 11,258) Non-exercise group (n = 9490)
Female (n, %) 12,110 (58.4) 6293 (55.9) 5817 (61.3) < 0.001

Age (mean ± sd) 55.3 ± 7.6 55.7 ± 7.4 54.9 ± 7.9 < 0.001

Cardio-cerebrovascular disease (n, %) 1038 (5.0) 563 (5.0) 475 (5.0) 1.000

Coronary artery disease (n, %) 768 (3.7) 410 (3.6) 358 (3.8) 0.643

Ischemic stroke (n, %) 294 (1.4) 165 (1.5) 129 (1.4) 0.558

Anthropometric traits

  Body mass index (kg/m2) 24.7 ± 2.8 24.6 ± 2.7 24.7 ± 2.9 < 0.001

  Waist circumference (cm) 83.3 ± 8.7 83.0 ± 8.5 83.7 ± 8.8 < 0.001

  Systolic blood pressure (mmHg) 125 ± 14.8 125.3 ± 14.8 124.7 ± 14.9 0.004

  Diastolic blood pressure (mmHg) 77.3 ± 9.7 77.4 ± 9.7 77.2 ± 9.8 0.074

Biochemical traits

  Fasting plasma glucose (mg/dL) 96.1 ± 28.3 96.1 ± 27.9 96.1 ± 28.7 0.946

  Total cholesterol (mg/dL) 212.2 ± 43.9 211.5 ± 43.9 213.0 ± 44.0 0.011

  HDL cholesterol (mg/dL) 48.4 ± 13.8 49.0 ± 14.1 47.7 ± 13.4 < 0.001

  Triglyceride (mg/dL) 176.4 ± 114.2 171.6 ± 109.0 182.1 ± 119.8 < 0.001

  LDL cholesterol (mg/dL) 128.7 ± 41.7 128.3 ± 41.6 129.2 ± 41.9 0.142

Lifestyle factors

  Smoking status (N, %):

    Never 13,870 (66.9) 7472 (66.4) 6398 (67.4) < 0.001

    Quit 3847 (18.5) 2397 (21.3) 1450 (15.3)

    Current 3031 (14.6) 1389 (12.3) 1642 (17.3)

  Drinking status (N, %):

    Never 10,578 (51.0) 5449 (48.4) 5129 (54.0) < 0.001

    Quit 890 (4.3) 509 (4.5) 381 (4.0)

    Current 9280 (44.7) 5300 (47.1) 3980 (41.9)
Values are presented as the means ± standard deviations for continuous variables and as numbers (percentages) for categorical variables. Dyslipidemia was defined 
based on lipid profiles (TCHL ≥ 240 mg/dL, HDL-C < 40 mg/dL in men or < 50 mg/dL in women, TG ≥ 200 mg/dL, or LDL-C ≥ 160 mg/dL) or a self-reported history of the 
condition. Exercise status was operationalised as a binary variable based on self-reported regular physical activity. P values were calculated by using independent t 
tests for continuous variables and chi-square tests for categorical variables to compare the exercise and non-exercise groups
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Main genetic effects on cardio-cerebrovascular outcomes
Among the 12 LDL-associated variants, most SNPs 
were not significantly associated with CCB, CAD, or IS 
after stratification by exercise status (Table 2). Nonethe-
less, several locus-specific associations were observed. 
For ABO rs532436, the A allele was associated with a 
lower risk of CCB among exercisers (OR = 0.863, 95% CI: 
0.723–0.999, P = 0.048), whereas no corresponding asso-
ciation was observed among non-exercisers. In addition, 
LDLR rs2738464 demonstrated a protective association 
with ischemic stroke in the exercise group (OR = 0.760, 
95% CI: 0.587–0.984, P = 0.037), whereas no significant 
effect was detected in the non-exercise group. Other 
variants, including those in PCSK9, HMGCR, APOE, and 
TOMM40, did not exhibit statistically significant associa-
tions with CCB, CAD, or IS in either exercise stratum.

Gene-exercise interaction effects on cardio-
cerebrovascular risk
Formal interaction analyses revealed nominally signifi-
cant SNP × exercise interactions for ischemic stroke at 
two loci. For DHODH/HP rs77303550, a significant inter-
action was observed for IS risk (interaction OR = 0.645, 
P = 0.0287), thus indicating that regular exercise attenu-
ated the genetic risk associated with the T allele. A 

similar interaction was observed for HPR rs217184, with 
an interaction OR of 0.646 (P = 0.0260) being reported for 
IS. No significant interaction effects were detected for 
CCB or CAD at these loci in the primary analysis.

These findings remained directionally consistent in 
the propensity score-matched cohort. In the matched 
analysis, the interaction P values for ischemic stroke were 
0.022 for rs77303550 and 0.0185 for rs217184, thereby 
supporting the robustness of these signals despite attenu-
ation after multiple-testing correction (Table S3). Addi-
tional GRS-based analyses revealed modest associations 
with CCB and IS in the exercise group; however, the 
GRS × exercise interaction itself was not statistically sig-
nificant for any of the three outcomes (Table S4).

In the age-stratified analyses, the nominal interac-
tion signals for ischemic stroke were most apparent 
in participants in their 50  s for both rs77303550 and 
rs217184, whereas no consistent interaction pattern was 
observed across all age groups (Table S5). Sex-stratified 
analyses suggested that several interaction signals were 
more evident in women than in men, particularly for 
DHODH/HP and HPR-related loci, although the over-
all pattern remained exploratory (Table S6). In obesity-
stratified analyses, nominally significant interactions for 
ischemic stroke at rs77303550 and rs217184 were more 

Table 2  Genetic effects of LDL cholesterol-associated variants on LDL levels and their interactions with exercise habits on CCB, IS, 
and CAD risk in patients with dyslipidemia

Plus-minus values represent regression coefficients ± standard errors (SEs) for LDL-cholesterol associations or odds ratios (ORs) with 95% confidence intervals for 
cardio-cerebrovascular outcomes. Analyses were stratified by exercise status (regular exercise vs. no exercise) and adjusted for age, sex, and body mass index. The 
interaction column shows multiplicative interaction terms between genotype and exercise in logistic regression models. P values < 0.05 were considered to be 
statistically significant

CCb Cardio-cerebrovascular disease, CAD Coronary artery disease, IS Ischemic stroke, BP Blood pressure
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pronounced in the obese subgroup, whereas correspond-
ing associations were not consistently observed in the 
non-obese subgroup (Table S7). Additional sensitivity 
analyses adjusting for baseline HDL-C and triglyceride 
levels revealed that the SNP-exercise interactions for 
ischemic stroke remained significant for rs77303550 and 
rs217184, thus suggesting that these associations were 
not solely explained by exercise-associated lipid changes 
(Table S8).

The results of the receiver operating characteristic 
analyses of the GRS-based models are presented in Fig-
ure S1. Overall, these supplementary analyses supported 
the main finding that the exercise-related modification 
of genetic susceptibility was more evident for ischemic 
stroke than for CCB or CAD and appeared to be locus 
specific (rather than being generalised across all LDL-
related variants).

Discussion
The present study provides novel evidence demonstrat-
ing that regular exercise mitigates the downstream cere-
brovascular consequences of inherited lipid-related risk 
(independent of circulating LDL-C levels). By evaluating 
a large population-based cohort of Korean adults with 
dyslipidemia, the current investigation offers a more 
comprehensive view of gene-lifestyle interplay beyond 
intermediate lipid traits. Consistent with prior genome-
wide association studies, all of the selected SNPs exhib-
ited robust and directionally consistent associations with 
LDL-C, thus confirming the reproducibility of established 
lipid-related loci in an East Asian population [10–12].

Despite strong genetic effects on LDL-C, most vari-
ants were not independently associated with cardiovas-
cular or cerebrovascular disease outcomes. This finding 
aligns with prior evidence indicating that the translation 
of lipid-related genetic effects into clinical cardiovascu-
lar events is often modest and context dependent, par-
ticularly in populations with established metabolic risk 
factors or in those individuals receiving lipid-lowering 
therapy [15, 16]. These observations underscore the mul-
tifactorial nature of cardiovascular risk beyond circulat-
ing LDL-C levels alone. Importantly, the hypothesis of 
the present study concerns the modification of the clini-
cal expression of genetic susceptibility (rather than the 
actual alteration of LDL-C concentrations).

Habitual exercise did not substantially modify the 
direct genetic regulation of LDL-C. Effect estimates for 
LDL-associated SNPs were largely comparable between 
exercisers and non-exercisers, thus suggesting that the 
genetic architecture underlying LDL-C is relatively stable 
across physical activity strata. This results is consistent 
with the findings of intervention and observational stud-
ies demonstrating that exercise exerts relatively modest 
and heterogeneous effects on LDL-C levels compared 

with its more pronounced influence on HDL cholesterol 
and triglyceride levels [5, 17–19]. The observation that 
cardiovascular benefits may occur without a substantial 
reduction in LDL-C levels supports the idea that physi-
cal activity can counteract genetic vulnerability through 
LDL-C-independent mechanisms.

Notably, although the main genetic effects on cardio-
vascular outcomes were largely negligible, nominally 
significant gene-exercise interactions for ischemic stroke 
were identified at the DHODH/HP and HPR loci. These 
findings suggest that regular exercise may attenuate 
genetically mediated susceptibility to IS among individu-
als with dyslipidemia, even when LDL-C levels them-
selves are not substantially altered. Importantly, these 
interaction signals remained directionally consistent in 
the propensity score-matched cohort, thereby diminish-
ing concerns about residual confounding due to baseline 
imbalances.

The biological plausibility of these observations is sup-
ported by established vascular and mitochondrial mecha-
nisms. Exercise improves endothelial function, reduces 
oxidative stress, enhances mitochondrial efficiency, and 
modulates inflammatory pathways, which are processes 
that are particularly relevant to cerebrovascular integrity 
[5, 20–22]. DHODH plays a key role in mitochondrial res-
piration and reactive oxygen species generation, whereas 
HPR is involved in heme metabolism and oxidative bal-
ance within vascular tissues [23, 24]. Thus, it is conceiv-
able that physical activity modulates the downstream 
vascular effects of risk alleles at these loci by optimis-
ing mitochondrial redox balance and vascular oxidative 
stability.

Similar gene-lifestyle interactions have been described 
for other cardiometabolic traits, thus reinforcing the con-
cept that genetic susceptibility is not deterministic but 
may be modified by environmental exposures [25–27]. 
However, most prior studies have focused on intermedi-
ate metabolic traits rather than clinically meaningful car-
diovascular outcomes. By examining cardiovascular and 
cerebrovascular events in individuals with dyslipidemia, 
the present study extends research on gene-environment 
interactions to a more clinically relevant domain.

From a clinical perspective, these findings highlight the 
importance of lifestyle interventions even among individ-
uals with elevated inherited lipid-related risks. Although 
exercise did not substantially alter genetically driven 
LDL-C levels, it may modify the association between spe-
cific genetic variants and IS risk. LDL-C represents only 
one dimension of cardiovascular risk, whereas exercise 
exerts pleiotropic effects on vascular function, insulin 
sensitivity, blood pressure regulation, and thrombosis 
[20, 28, 29]. Therefore, the present findings complement 
current guideline recommendations emphasising regu-
lar physical activity as a cornerstone of cardiovascular 
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prevention, irrespective of baseline lipid levels or genetic 
predisposition [30]. Furthermore, these results directly 
impact patient care by providing actionable evidence 
that lifestyle modifications can buffer genetic vulner-
ability. This scenario supports a shift towards precision 
prevention, in which clinicians can use genetic suscep-
tibility data to motivate high-risk patients to adhere to 
tailored exercise regimens, thereby directly reducing the 
incidence of cerebrovascular events in real-world clinical 
settings.

Strengths and limitations
The primary strength of the current investigation involves 
the utilisation of a large, well-characterised population-
based cohort, augmented by rigorous genetic replication 
across independent subcohorts. Furthermore, the analy-
sis strategically focused on clinically meaningful cardio-
vascular outcomes rather than intermediate lipid traits 
alone. Residual confounding was meticulously minimised 
through propensity score matching, and robust subgroup 
and sensitivity analyses were conducted. Moreover, in the 
secondary analyses, fivefold stratified cross-validation 
was applied to the GRS-based models to reduce overfit-
ting and ascertain model stability.

Several limitations should also be acknowledged. First, 
the statistical power to detect gene-exercise interaction 
effects was limited, particularly for low-frequency vari-
ants and relatively infrequent cardio-cerebrovascular 
events. Although the observed interactions did not per-
sist after a stringent Bonferroni correction, they should 
be interpreted as exploratory, hypothesis-generating 
signals that require independent replication [31]. Sec-
ond, physical activity was assessed by using a binary, 
self-reported measure, which is subject to recall and 
misclassification bias [32]. The absence of dose- and 
intensity-specific information precluded the evalua-
tion of potential dose–response relationships. Third, the 
inherent constraints of a cross-sectional design prevent 
the establishment of definitive causal relationships. The 
possibility of reverse causation remains a significant con-
cern, especially for individuals with a history of IS; such 
patients might have diminished their physical activity 
levels as a direct consequence of their clinical condition 
[33]. Finally, residual confounding due to lipid-lowering 
medication use cannot be ruled out. Because detailed 
information on statin type, dosage, and treatment dura-
tion was unavailable, stratified analyses by medication 
status were not feasible [34]. Future studies incorporating 
quantitative physical activity assessments, larger num-
bers of cardiovascular events, and prospective longitudi-
nal designs will be essential to confirm these findings and 
to more definitively characterise gene-exercise interac-
tions in dyslipidemic populations.

Conclusions
In conclusion, the genetic architecture of LDL-C remains 
stable across physical activity strata, whereas habitual 
exercise may mitigate the risk of ischemic stroke associ-
ated with specific LDL-related genetic loci. Established 
LDL-associated SNPs demonstrated consistent effects on 
LDL-C levels regardless of exercise status, thus reinforc-
ing the robust genetic contribution of these SNPs to lipid 
metabolism. Although nominal evidence of gene-exercise 
interactions was observed for selected variants in relation 
to ischemic stroke, these findings should be interpreted 
as exploratory, given the loss of significance after strin-
gent correction for multiple testing.

Collectively, these findings indicate that regular physi-
cal activity contributes to cerebrovascular protection 
even in the presence of unmodifiable genetic susceptibil-
ity. These results directly impact patient care by provid-
ing actionable evidence that the prescription of regular 
physical activity offers tangible cerebrovascular benefits 
and actively buffers the detrimental effects of inherited 
genetic burdens for patients with lipid abnormalities. 
Rather than viewing genetic susceptibility as an inevitable 
determinant of disease, these findings support an active 
clinical approach in which tailored behavioral interven-
tions form the foundation of precision prevention strat-
egies. By promoting active lifestyles among high-risk 
individuals, this approach fundamentally aligns with 
broader public health objectives to reduce premature 
mortality from non-communicable diseases and foster 
long-term health and well-being. With respect to future 
perspectives, efforts should prioritise the integration of 
polygenic risk profiling into routine clinical workflows, 
thus enabling clinicians to use genetic susceptibility data 
to motivate and individualise intensive lifestyle modifica-
tions, thereby optimising patient management and reduc-
ing the real-world incidence of cerebrovascular events.
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