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Abstract
Background  Associations between metabolic status and metabolic changes with the risk of cardiovascular 
outcomes have been reported. However, the role of genetic susceptibility underlying these associations remains 
unexplored. We aimed to examine how metabolic status, metabolic transitions, and genetic susceptibility collectively 
impact cardiovascular outcomes and all-cause mortality across diverse body mass index (BMI) categories.

Methods  In our analysis of the UK Biobank, we included a total of 481,576 participants (mean age: 56.55; male: 
45.9%) at baseline. Metabolically healthy (MH) status was defined by the presence of < 3 abnormal components (waist 
circumstance, blood pressure, blood glucose, triglycerides, and high-density lipoprotein cholesterol). Normal weight, 
overweight, and obesity were defined as 18.5 ≤ BMI < 25 kg/m2, 25 ≤ BMI < 30 kg/m2, and BMI ≥ 30 kg/m2, respectively. 
Genetic predisposition was estimated using the polygenic risk score (PRS). Cox regressions were performed to 
evaluate the associations of metabolic status, metabolic transitions, and PRS with cardiovascular outcomes and all-
cause mortality across BMI categories.

Results  During a median follow-up of 14.38 years, 31,883 (7.3%) all-cause deaths, 8133 (1.8%) cardiovascular disease 
(CVD) deaths, and 67,260 (14.8%) CVD cases were documented. Among those with a high PRS, individuals classified 
as metabolically healthy overweight had the lowest risk of all-cause mortality (hazard ratios [HR] 0.70; 95% confidence 
interval [CI] 0.65, 0.76) and CVD mortality (HR 0.57; 95% CI 0.50, 0.64) compared to those who were metabolically 
unhealthy obesity, with the beneficial associations appearing to be greater in the moderate and low PRS groups. 
Individuals who were metabolically healthy normal weight had the lowest risk of CVD morbidity (HR 0.54; 95% CI 0.51, 
0.57). Furthermore, the inverse associations of metabolic status and PRS with cardiovascular outcomes and all-cause 
mortality across BMI categories were more pronounced among individuals younger than 65 years (Pinteraction < 0.05). 
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Introduction
Cardiovascular disease (CVD) remain the primary cause 
of disease burden worldwide, accounting for 18.6 million 
deaths in 2019 [1]. Metabolic syndrome (MetS), a combi-
nation of obesity, hypertension, hyperglycemia, and dys-
lipidemia, is a well-established risk contributor for CVD 
[2]. A subset of individuals who are overweight or obesity 
may not manifest metabolic disorders and can be cat-
egorized as metabolically healthy overweight (MHOW) 
or metabolically healthy obesity (MHO) [3, 4]. Previous 
studies have confirmed that individuals with the MHO 
phenotype have a greater CVD risk than those with meta-
bolically healthy normal weight (MHN) phenotype [5, 6]. 
Given the dynamic nature of metabolic status, research 
has shown that the metabolic status changes over time 
across all body mass index (BMI) categories and is asso-
ciated with cardiovascular risk [6, 7]. However, the role 
of genetic predisposition on the risk of CVD morbidity 

and mortality was not considered in the aforementioned 
observations.

In light of the growing availability of genetic research, 
accumulating evidence highlights the contribution of 
genetics to the variation in cardiovascular events [8–10]. 
Genetic predisposition is commonly assessed through 
the use of polygenic risk scores (PRSs), providing the 
potential to identify individuals with increased genetic 
susceptibility to adverse clinical outcomes [11, 12]. While 
genetic predisposition is commonly perceived as deter-
ministic, considerable evidence suggests that normal 
levels of metabolic factors can attenuate the deleterious 
effects caused by a high genetic risk [13, 14]. This empha-
sizes the importance of investigating the combined 
effects of metabolic status and PRS on CVD risk across 
different BMI categories. Furthermore, it remains unclear 
how the combined effects of metabolic transitions and 
PRS influence cardiovascular outcomes and all-cause 
mortality across BMI groups.

Additionally, the combined protective effects of metabolic transitions and PRS on these outcomes among BMI 
categories were observed.

Conclusions  MH status and a low PRS are associated with a lower risk of adverse cardiovascular outcomes and 
all-cause mortality across all BMI categories. This protective effect is particularly pronounced in individuals younger 
than 65 years. Further research is required to confirm these findings in diverse populations and to investigate the 
underlying mechanisms involved.

Graphical abstract 

Keywords  Cardiovascular disease, All-cause mortality, Metabolic health, Metabolic change, Metabolic syndrome, 
Polygenic risk scores
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Therefore, in the present study, we aimed to investigate 
(a) the associations of metabolic status, BMI status, and 
BMI-metabolic status with cardiovascular outcomes and 
all-cause mortality stratified by different levels of genetic 
predisposition, (b) the interaction and joint associations 
of metabolic status and genetic predisposition with car-
diovascular outcomes and all-cause mortality across 
diverse BMI categories, and (c) the combined effects of 
metabolic transitions and genetic predisposition on these 
outcomes according to BMI groups.

Methods
Study population
The individual-level data collected from participants 
enrolled in the UK Biobank (Application Number: 65711) 
were utilized in this study. The detailed study design 
and population of the UK Biobank have been previously 
described [15, 16]. Briefly, the UK Biobank is an ongoing 
prospective cohort that incorporated data between 2006 
and 2010 from 22 assessment centers across the United 
Kingdom; the participants were aged between 40 and 69 
at recruitment. Demographics, healthy lifestyle informa-
tion, and other potentially health-related information 
were obtained through touch screen questionnaires, 

face-to-face interviews, physical examinations, and bio-
logical samples.

In the present study, among the 502,356 partici-
pants, we excluded individuals who withdrew from 
study (n = 85), had missing quality-controlled genotyp-
ing data (n = 16,231), had missing information on meta-
bolic related factors and BMI data, or were underweight 
(BMI < 18.5  kg/m2) (n = 66,833). Furthermore, partici-
pants with a prior history of cardiovascular events or can-
cer were excluded. Finally, 479,461 participants with at 
least one outcome (cardiovascular outcomes or all-cause 
mortality) were included. To examine whether transi-
tions in metabolic status, BMI status, and BMI-metabolic 
status (time window for the transition: from baseline in 
2006–2010 to the second survey in 2012–2013) altered 
the aforementioned outcomes, 18,058 participants were 
enrolled in the subsequent analysis (Fig. 1).

Assessment of metabolic health status and BMI categories 
and their transitions
According to the National Cholesterol Education 
Program-Adult Treatment Panel III (NCEP-ATP III) 
criteria [17], MetS was defined as the presence of 3 
or more following abnormal components: (1) waist 

Fig. 1  Flow diagram: Selection of participants. Note MH status was defined as < 3 abnormal components; WC, waist circumstance; HDL-C, high density 
lipoprotein-cholesterol; TG, triglycerides; BMI, body mass index; MH, metabolically healthy; MHN, metabolically healthy normal weight; MHOW, metaboli-
cally healthy overweight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight; 
MUO, metabolically unhealthy obesity; AF, atrial fibrillation; HF, heart failure; MI, myocardial infarction; CAD, coronary disease; CVD, cardiovascular disease
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circumference > 102  cm in men and > 88  cm in women; 
(2) systolic blood pressure (SBP) ≥ 130 mmHg or diastolic 
blood pressure (DBP) ≥ 85  mmHg or antihypertensive 
agents; (3) serum glucose ≥ 6.1  mmol/L or antidiabetic 
agents; (4) serum triglyceride (TG) ≥ 1.7 mmol/L or anti-
hyperlipemic agents; (5) high-density lipoprotein cho-
lesterol (HDL-C) < 1.0 mmol/L in men and < 1.3 mmol/L 
in women or antihyperlipemic agents. Hence, meta-
bolically healthy (MH) status was defined as < 3 abnor-
mal components and metabolically unhealthy (MU) 
status was defined as ≥ 3 abnormal components 
[18]. BMI categories were classified into three cat-
egories based on WHO guideline [19]: normal weight 
(18.5 ≤ BMI < 25  kg/m2), overweight (25 ≤ BMI < 30  kg/
m2), and obesity (BMI ≥ 30 kg/m2). According to the com-
bination of metabolic status and BMI categories, we clas-
sified participants into 6 groups: MHN, MHOW, MHO, 
metabolically unhealthy normal weight (MUN), metabol-
ically unhealthy overweight (MUOW), and metabolically 
unhealthy obesity (MUO).

Furthermore, transitions in metabolic status (MH 
throughout, MH to MU, and MU throughout), BMI 
status (normal weight throughout, normal weight to 
overweight, overweight throughout, overweight to obe-
sity, and obesity throughout), and BMI-metabolic sta-
tus (MHN throughout, MHN to metabolically healthy 
overweight or obesity [MHOO], MHOO throughout, 
MHOO to metabolically unhealthy overweight or obesity 
[MUOO], and MUOO throughout) were characterized 
from baseline to the second survey.

Definition of genetic predisposition
To evaluate genetic predisposition, PRSs for CVD, coro-
nary disease (CAD), myocardial infarction (MI), stroke, 
heart failure (HF), and atrial fibrillation (AF) were con-
structed for each participant. In brief, the PRSs of CVD, 
CAD, and AF were extracted from ‘Standard PRS (Cate-
gory 301)’ provided by the UK Biobank PRS Release. Fur-
thermore, 31 single SNPs related to MI, 32 SNPs related 
to stroke, and 12 SNPs related to HF were employed to 
determine the PRSs for MI, stroke, and HF, respectively, 
as reported in published genome-wide association stud-
ies (Tables S1–S3) [8–10]. To mitigate the impact of SNP 
deletions, we utilized the following formula to calculate 
the PRSs for each individual [20]:

	
PRSj =

∑

j

Si × Gij

Mj
� (1)

In this formula, ‘S’ presents the effect value (beta/odds 
ratio), ‘G’ symbolizes the allele dose (with each SNP 
being recoded as 0, 1, or 2, according to the number of 
risk alleles), and ‘M’ presents the total number of SNPs. 
The subscript ‘i’ denotes the sequence number of the 

SNP, whereas the subscript ‘j’ pertains to the sequence 
number of the individual. Additionally, we categorized 
individuals into three distinct groups in line with their 
PRSs: low (quintile 1), intermediate (quintiles 2–4), and 
high (quintile 5), as detailed previously.

Follow-up and outcome ascertainment
Participants without CVD or cancer were followed 
up from the date of baseline examination until the first 
occurrence of current study outcomes, loss to follow-up, 
or the censoring date (October 12, 2023, defined as the 
end date of disease and mortality data collection), which-
ever came first.

The primary outcomes included all-cause mortality, 
nonfatal CVD morbidity, and nonfatal CVD mortality. 
Nonfatal CVD consists of nonfatal CAD (I20–I25), MI 
(I21–I23, I24.1, and I25.2), stroke (I60-I64), HF (I11.0, 
I13.0, I13.2, I50.X), and AF (I48), which were identified 
according to International Classification of Diseases, 
Tenth Revision (ICD-10) codes. The records on the 
incidence of CVD, CAD, MI, stroke, HF, and AF were 
obtained by linking with the primary care system, hos-
pital inpatient records, and the death registry. Mortality 
information was determined by matching with the death 
registries of the National Health Service Information 
Centre [15].

Assessment of covariates
A series of covariates in the present study were obtained 
through touch-screen questionnaires or face-to-face 
interviews, including age, sex, race (white, mixed, Asian 
or Asian British, black or black British, Chinese, and 
other), Townsend Deprivation Index (with higher values 
representing lower socioeconomic status), annual house-
hold income (£; < 18,000, 18,000–30,999, 31,000–51,999, 
52,000–100,000, > 100,000), educational attainment, 
sleep duration, healthy diet (yes or no), physical activity 
(low, middle, or high), smoking status (never, previous, 
or current), and alcohol intake frequency (never, special 
occasion only, one to three times a month, once or twice 
a week, three or four times a week, and daily or almost 
daily). Levels of educational attainment were classified 
into 6 levels: (1) no qualifications, (2) Certificate of Sec-
ondary Education or Ordinary Levels/General Certificate 
of Secondary Education or equivalent, (3) Advanced Lev-
els/Advanced Subsidiary Levels or equivalent, (4) other 
professional qualification, (5) National Vocational Quali-
fication or Higher National Certificate or equivalent, and 
(6) college or university degree [21]. A healthy diet was 
based on eating at least 5 portions of a variety of fruits 
and vegetables every day, following the NHS guidelines 
[22]. The self-reported physical activity level was assessed 
using the well-validated International Physical Activity 
Questionnaire-Short Form [23]. We addressed missing 
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covariates by employing a missing indicator category for 
categorical variables and substituting mean values for 
continuous variables.

Statistical analysis
The participants’ baseline characteristics, encompass-
ing sociodemographic characteristics, socioeconomic 
status factors, and metabolic risk factors, are presented 
as mean ± standard deviation (SD) for continuous vari-
ables and as percentages for categorical variables. The 
chi-square (χ2) test was used for comparing categorical 
variables, while analysis of variance or Student’s t test 
was performed for continuous variables. Cox propor-
tional hazard models, with duration of follow-up as the 
time scale, were utilized to evaluate the associations of 
exposures (metabolic status, BMI status, BMI-metabolic 
status, and their transitions) and PRS with cardiovascular 
outcomes and all-cause mortality across BMI categories. 
The proportional hazard assumption was examined using 
Schoenfeld residuals. Two Cox proportional hazard mod-
els were fitted. Model 1 was adjusted for age, sex, race, 
Townsend Deprivation Index, annual household income, 
educational attainment, 22 assessment centers, and the 
first 5 principal components of ancestry. Model 2 was 
further adjusted for family history of diabetes, family his-
tory of high blood pressure, and lifestyle factors includ-
ing sleep duration, healthy diet, physical activity, smoking 
status, and alcohol intake frequency, based on Model 1. 
Furthermore, the subgroup analysis of females was addi-
tionally adjusted for pregnancy history and menopausal 
status.

We analysed the effect of metabolic status, BMI status, 
and BMI-metabolic status on all-cause mortality, CVD 
morbidity, and CVD mortality stratified by different lev-
els of PRS. To investigate the joint association between 
exposures (metabolic status, BMI status, BMI-metabolic 
status, and their transitions) and PRS, we established the 
following new product terms: six categories for metabolic 
status and PRS (2 × 3), nine categories for BMI status and 
PRS (3 × 3), eighteen categories for BMI-metabolic status 
and PRS (6 × 3), nine categories for transitions in meta-
bolic status and PRS (3 × 3), fifteen categories for transi-
tions in BMI status and PRS (5 × 3), and fifteen categories 
for transitions in BMI-metabolic status and PRS (5 × 3). 
Hazard ratios (HRs) and their 95% confidence intervals 
(CIs) for each outcome across these groups were calcu-
lated. Likelihood ratio tests were used to evaluate the 
significance of the multiplicative interaction term by 
comparing models with and without this term.

Several subgroup analyses were conducted to exam-
ine the stability and possible variations of the primary 
results, stratified by age (< 65, ≥ 65  years), sex (male, 
female), and ethnicity (White, non-White), with cor-
responding tests for interaction. Furthermore, we 

performed several sensitivity analyses: using different 
definitions of MH status (< 2 or < 1 abnormal compo-
nents); excluding individuals whose CVD cases or deaths 
occurred in the first 2 years of follow-up; and analysing 
the interplay between genetic risk and lifestyle factors. In 
addition, we conducted Wald tests comparing the coef-
ficients of baseline exposures to address the survival bias 
introduced by including only participants who survived 
until the second survey, with a detailed description pro-
vided in the Supplementary Method. R software 4.1.1 (R 
Development Core Team, Vienna, Austria) was used for 
the analyses, and a two-tailed P value less than 0.05 was 
considered to indicate statistically significant.

Results
Baseline characteristics of participants according to 
metabolic status and BMI-metabolic status
As shown in Table 1, of the 481,576 participants (mean 
age 56.55 years, 45.9% male, 94.3% White), 422,236 par-
ticipants were in metabolic status (MH: 70.2%; MU: 
29.8%) and 419,207 participants in BMI-metabolic status 
(MHN, 30.0%; MHOW: 31.0%; MHO: 9.1%; MUN: 2.6%; 
MUOW: 11.9%; MUO: 15.4%). Baseline characteristics 
showed that participants with MH or MHN status tended 
to be younger, female, more educated, more physically 
active, smoke less, and have higher income (P < 0.001). A 
lower BMI, WC, SBP, DBP, TG, and serum glucose, along 
with a higher HDL-C, were also observed in participants 
with MH or MHN status (P < 0.001).

Combined effects of metabolic status, BMI status, and 
PRSs on the risk of cardiovascular outcomes and all-cause 
mortality
During a median follow-up of 14.38  years (interquartile 
range, 1.76), all-cause mortality occurred in 31,883 of 
438,850 participants (7.3%), CVD mortality in 8133 of 
455,548 (1.8%), and CVD morbidity in 67,260 of 455,548 
(14.8%) (Table  2). In high PRS group, participants with 
MH status had a lower risk of all-cause mortality and 
all cardiovascular outcomes than those with MU status 
(Tables 2 and S4). Compared with those had a MU sta-
tus and a high PRS, participants with a MH status and a 
low PRS had the lowest risk of the aforementioned out-
comes (Fig.  2 and Table S5). Furthermore, significant 
interactions of metabolic status with PRSs on CVD mor-
tality, CAD morbidity, and AF morbidity were identified 
(Pinteractions < 0.05) (Fig. 2, Tables S4 and S5). In addition, 
compared to those with an obesity status and a high 
PRS, individuals with a normal weight status and a low 
PRS had the lowest risk of cardiovascular morbidity; 
individuals with an overweight status and a low PRS had 
the lowest risk of mortality from all-cause, CVD, and HF 
(Table S6). After excluding one or two abnormal compo-
nents from current definition of MH status (< 3 abnormal 
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Outcomes Exposures No Case (%) High PRS Moderate PRS Low PRS P for inter-
actiona

All-cause 
mortality

Metabolic status 384,860 28,347 (7.4)
 MU 105,422 11,616 (11.0) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.180
 MH 279,438 16,731 (6.0) 0.81 (0.77, 0.86)* 0.77 (0.75, 0.80)* 0.78 (0.74, 0.83)*
 P for trend < 0.001 < 0.001 < 0.001
BMI status 438,850 31,883 (7.3)
 Obesity 103,689 9573 (9.2) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.025
 Overweight 187,721 13,439 (7.2) 0.80 (0.75, 0.84)* 0.78 (0.75, 0.80)* 0.78 (0.74, 0.83)*
 Normal weight 147,440 8871 (6.0) 0.83 (0.78, 0.89)* 0.79 (0.76, 0.82)* 0.87 (0.81, 0.93)*
 Per 1-point increase 0.91 (0.88, 0.94)* 0.89 (0.87, 0.90)* 0.93 (0.90, 0.97)* 0.010
 P for trend < 0.001 < 0.001 < 0.001
BMI-metabolic status 382,162 27,916 (7.3)
 MUO 54,974 5945 (10.8) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.042
 MUOW 41,532 4504 (10.8) 0.83 (0.77, 0.91)* 0.85 (0.81, 0.90)* 0.89 (0.81, 0.98)*
 MUN 8599 1082 (12.6) 0.86 (0.74, 0.99)* 0.92 (0.85, 1.00) 1.08 (0.93, 1.26)
 MHO 35,596 2474 (7.0) 0.82 (0.74, 0.91)* 0.84 (0.79, 0.89)* 0.85 (0.76, 0.95)*
 MHOW 122,250 7300 (6.0) 0.70 (0.65, 0.76)* 0.68 (0.65, 0.71)* 0.69 (0.63, 0.75)*
 MHN 119,211 6611 (5.5) 0.76 (0.70, 0.82)* 0.71 (0.68, 0.74)* 0.80 (0.73, 0.87)*
 Per 1-point increase 0.944 (0.930, 0.957)* 0.929 (0.922, 0.937)* 0.943 (0.929, 0.957)* 0.024
 P for trend < 0.001 < 0.001 < 0.001

CVD 
morbidity

Metabolic status 399,359 59,229 (14.8)
 MU 110,151 25,123 (22.8) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.246
 MH 289,208 34,106 (11.8) 0.69 (0.67, 0.72)* 0.67 (0.66, 0.69) 0.70 (0.67, 0.73)
 P for trend < 0.001 < 0.001 < 0.001
BMI status 455,548 67,260 (14.8)
 Obesity 107,938 21,785 (20.2) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) < 0.001
 Overweight 194,735 29,452 (15.1) 0.75 (0.73, 0.78)* 0.70 (0.69, 0.72)* 0.67 (0.64, 0.70)*
 Normal weight 152,875 16,023 (10.5) 0.62 (0.59, 0.64)* 0.58 (0.57, 0.60)* 0.59 (0.56, 0.62)*
 Per 1-point increase 0.78 (0.77, 0.80)* 0.76 (0.75, 0.77)* 0.76 (0.75, 0.78)* 0.077
 P for trend < 0.001 < 0.001 < 0.001
BMI-metabolic status 396,531 58,817 (14.8)
 MUO 57,333 13,331 (23.3) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.035
 MUOW 43,477 9705 (22.3) 0.82 (0.78, 0.86)* 0.80 (0.77, 0.83)* 0.76 (0.71, 0.82)*
 MUN 9007 1986 (22.0) 0.77 (0.70, 0.84)* 0.71 (0.67, 0.76)* 0.75 (0.67, 0.85)*
 MHO 36,873 5759 (15.6) 0.80 (0.75, 0.85)* 0.82 (0.79, 0.85)* 0.87 (0.81, 0.94)*
 MHOW 126,370 16,121 (12.8) 0.64 (0.61, 0.67)* 0.60 (0.58, 0.62)* 0.60 (0.57, 0.64)*
 MHN 123,471 11,915 (9.7) 0.54 (0.51, 0.57)* 0.52 (0.50, 0.54)* 0.54 (0.51, 0.58)*
 Per 1-point increase 0.894 (0.887, 0.902)* 0.886 (0.881, 0.891)* 0.893 (0.884, 0.903)* 0.168
 P for trend < 0.001 < 0.001 < 0.001

Table 2  Associations of metabolic status, BMI status, and BMI-metabolic status with the risk of cardiovascular outcomes and all-cause 
mortality stratified by the levels of PRS
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components), the associations of metabolic status (MH 
status: < 1 and < 2 abnormal components) and PRS with 
all-cause mortality and all cardiovascular outcomes were 
not materially altered, but with increased magnitudes 
(Tables S7 and S8). The cumulative incidence of all-cause 
death, CVD events, and CVD death for participants with 
MU status was higher than those with MH status among 
all PRS groups (P < 0.05) (Fig. 3).

Combined effects of transitions in metabolic status, BMI 
status, and PRSs on the risk of cardiovascular outcomes 
and all-cause mortality
In the second survey (2012–2013), we recorded the met-
abolic transitions of 13,216 participants and BMI transi-
tions of 19,922 participants. Among participants with 
MH status at baseline, 85.0% maintained their original 
status, while 15.0% converted to MU status (Table S9). 
For participants with normal weight, 84.7% maintained 
their original status, while 15.2% converted to overweight 
(Table S10). The median follow-up period for outcomes 
beginning with the second survey was 10.65 years (inter-
quartile range: 0.48 years).

Compared with those had a consistently MU status 
and a high PRS, participants with a consistently MH sta-
tus and a low PRS experienced the lowest risk of CVD 

morbidity (Model 2: HR 0.34; 95% CI 0.26, 0.44), CVD 
mortality (Model 2: HR 0.25; 95% CI 0.11, 0.58) (Fig. 2), 
and the risk of partial specific cardiovascular out-
comes, including the morbidity of CAD, MI, stroke, and 
AF (Table S11). Moreover, the significant interactions 
between metabolic transitions and PRSs on HF mortal-
ity and AF mortality were identified (Model 2: Pinteraction < 
0.05) (Table S11). For the transitions in BMI status, com-
pared with those with an obesity throughout status and a 
high PRS, individuals with a normal weight throughout 
status and a low PRS had the lowest risk of CVD morbid-
ity (Table S12).

As depicted in Fig.  3, in the high and moderate PRS 
groups, the cumulative incidence of all-cause death, CVD 
events, and CVD death was highest among participants 
with stable MU status (P < 0.05).

Combined effects of BMI-metabolic status and PRSs on risk 
of cardiovascular outcomes and all-cause mortality
The joint associations of BMI-metabolic status and PRSs 
with each outcome were illustrated in Fig.  4 and Table 
S13. Compared to MUO status and high PRSs, partici-
pants with a MHN status and a low PRS exhibited the 
lowest risk of CVD morbidity (Model 2: HR 0.33; 95% 
CI 0.31, 0.35) and specific cardiovascular outcomes, 

Outcomes Exposures No Case (%) High PRS Moderate PRS Low PRS P for inter-
actiona

CVD 
mortality

Metabolic status 399,359 7220 (1.8)
 MU 110,151 3580 (3.3) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.012
 MH 289,208 3640 (1.3) 0.71 (0.64, 0.78)* 0.61 (0.57, 0.65)* 0.61 (0.54, 0.68)*
 P for trend < 0.001 < 0.001 < 0.001
BMI status 455,548 8133 (1.8)
 Obesity 107,938 2836 (2.6) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 0.352
 Overweight 194,735 3368 (1.7) 0.67 (0.60, 0.73)* 0.68 (0.63, 0.72)* 0.63 (0.55, 0.72)*
 Normal weight 152,875 1929 (1.3) 0.68 (0.61, 0.77)* 0.63 (0.58, 0.68)* 0.65 (0.56, 0.76)*
 Per 1-point increase 0.81 (0.76, 0.86)* 0.78 (0.75, 0.81)* 0.80 (0.74, 0.86)* 0.527
 P for trend < 0.001 < 0.001 < 0.001
BMI-metabolic status 396,531 7122 (1.8) 0.123
 MUO 57,333 1901 (3.3) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
 MUOW 43,477 1322 (3.0) 0.70 (0.61, 0.81)* 0.78 (0.71, 0.85)* 0.76 (0.63, 0.92)*
 MUN 9007 337 (3.7) 0.79 (0.63, 0.99)* 0.86 (0.74, 1.00) 0.94 (0.70, 1.27)
 MHO 36,873 591 (1.6) 0.71 (0.59, 0.85)* 0.68 (0.60, 0.77)* 0.73 (0.58, 0.92)*
 MHOW 126,370 1643 (1.3) 0.57 (0.50, 0.64)* 0.52 (0.47, 0.56)* 0.49 (0.41, 0.58)*
 MHN 123,471 1328 (1.1) 0.60 (0.52, 0.69)* 0.50 (0.46, 0.55)* 0.54 (0.45, 0.64)*
 Per 1-point increase 0.90 (0.88, 0.93)* 0.87 (0.85, 0.88)* 0.87 (0.85, 0.90)* 0.015
 P for trend < 0.001 < 0.001 < 0.001

BMI, body mass index; MH status was defined as < 3 abnormal components; MH, metabolically healthy; MU, metabolically unhealthy; MHN, metabolically healthy 
normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically 
unhealthy overweight; MUO, metabolically unhealthy obesity; PRS, polygenic risk score; the PRSs presented are specifically used based on corresponding outcomes; 
each model was adjusted for age, sex, race, Townsend Deprivation Index, annual household income, education attainment, 22 assessment centers, the first 5 
principal components of ancestry, family history of diabetes, family history of high blood pressure, and lifestyle factors including sleep duration, healthy diet, 
physical activity, smoking status, and alcohol intake frequency
aLikelihood tests were applied to test the significance of the interaction term by comparing the model with and without the interaction term

*P < 0.05

Table 2  (continued) 
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including morbidity from CAD, MI, stroke, and HF, as 
well as mortality from MI and AF. Individuals with a 
MHOW status and a low PRS experienced the lowest risk 
of mortality from all-cause (Model 2: HR 0.59; 95% CI 
0.55, 0.64), CVD (Model 2: HR 0.28; 95% CI 0.24, 0.33), 
CAD, and HF.

Among those with a high PRS, participants with a 
MHOW status had the lowest risk of mortality from all-
cause (HR 0.70; 95% CI 0.65, 0.76), CVD (HR 0.57; 95% 
CI 0.50, 0.64), HF, and AF; participants with a MHN sta-
tus had the lowest risk of CVD morbidity (HR 0.54; 95% 
CI 0.51, 0.57), CAD morbidity, CAD mortality, MI mor-
bidity, MI mortality, HF morbidity, and AF morbidity 
(Tables 2 and S4).

The inverse associations of BMI-metabolic status with 
CVD mortality (HRs [95% CI] in ascending PRS lev-
els: 0.87 [0.85, 0.90], and 0.87 [0.85, 0.88], 0.90 [0.88, 
0.93], respectively), CAD morbidity, and AF morbidity 
appeared to be greater among individuals with mod-
erate and low PRS levels (Tables  2 and S4). The signifi-
cant interactions of BMI-metabolic status with PRSs on 
the all-cause mortality, CVD morbidity, CVD mortal-
ity, CAD morbidity, and AF morbidity were identified 
(Pinteractions < 0.05) (Fig.  4, Tables  2, S4, and S13). Addi-
tionally, the combined effects of BMI-metabolic sta-
tus (MH status: < 1 and < 2 abnormal components) and 
PRS on all-cause mortality and risk of all cardiovascular 

outcomes showed no substantial modification (Tables 
S14 and S15).

In terms of the cumulative incidence of all-cause death, 
participants with MUO, MUOW, and MUN phenotypes 
exhibited higher rates than those with MHO, MHOW, 
and MHN phenotypes across all PRS groups (P < 0.05). 
Similar trends were observed in the cumulative incidence 
of CVD events and CVD death (Fig. 3).

Combined effects of transitions in BMI-metabolic status 
and PRS on the risk of cardiovascular outcomes and all-
cause mortality
Furthermore, information regarding the transitions of 
BMI-metabolic status was examined for 13,093 partici-
pants during the follow-up period (2012–2013). At the 
second survey, the majority of individuals with MHN 
status (80.4%) maintained their original status. For par-
ticipants with MHOO status, 68.2% did not undergo 
conversion, while 21.4% transitioned to MUOO in the 
resurvey. The proportions of participants with MUN 
status transitioning to MHN, MHOO, and MUOO were 
28.9%, 6.6%, and 17.6%, respectively. Among partici-
pants with MUOO status at baseline, the proportions 
who transitioned to MHN, MHOO, and MUN were 2.4%, 
22.7%, and 2.4%, respectively (Table S16).

As presented in Fig. 4 and Table S17, compared to those 
with a stable MUO status and a high PRS, participants 

Fig. 2  Combined effects of metabolic status, metabolic transitions, and PRSs on the risk of cardiovascular outcomes and all-cause mortality. Note MH 
status was defined as < 3 abnormal components; MH, metabolically healthy; MU, metabolically unhealthy; PRS, polygenic risk score; the PRSs presented 
are specifically used based on corresponding outcomes; Model 1: adjusted for age, sex, race, Townsend Deprivation Index, annual household income, 
educational attainment, 22 assessment centers, and the first 5 principal components of ancestry; Model 2: further adjusted for family history of diabetes, 
family history of high blood pressure, and lifestyle factors including sleep duration, healthy diet, physical activity, smoking status, and alcohol intake fre-
quency based on Model 1; alikelihood tests were applied to test the significance of the interaction term by comparing the model with and without the 
interaction term; *P < 0.05
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Fig. 3  The cumulative incidence of all-cause death, CVD events, and CVD death according to metabolically related status (metabolic status, BMI-met-
abolic status, and their transitions) and PRSs. Note MH was defined as < 3 abnormal components; PRS, polygenic risk score; BMI, body mass index; 
CVD, cardiovascular disease; MH, metabolically healthy; MU, metabolically unhealthy; MHN, metabolically healthy normal weight; MHOW, metabolically 
healthy overweight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight; 
MUO, metabolically unhealthy obesity
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with a stable MHN status and a low PRS manifested the 
lowest risk of CVD morbidity (Model 2: HR 0.26; 95% CI 
0.18, 0.38) and specific cardiovascular outcomes, includ-
ing CAD morbidity, MI morbidity, and AF morbidity. 
Participants with stable MHOO status and low PRS had 
the lowest risk of CVD mortality (Model 2: HR 0.19; 95% 
CI 0.05, 0.65) and stroke mortality. Furthermore, partici-
pants with stable MUOO status had the highest cumula-
tive incidence of all-cause deaths, CVD events, and CVD 
deaths among all PRS groups (P < 0.05, Fig. 3).

Sensitivity analysis
As shown in Tables S18–S20, excluding CVD cases or 
deaths that occurred within the first two years of follow-
up did not materially alter the results for all-cause mortal-
ity, CVD morbidity, and CVD mortality. Due to a limited 
number of events, individuals of non-White ethnicity 

were not included in the subgroup analyses. Nonetheless, 
the main findings for the White ethnic group remained 
largely unchanged. Furthermore, the beneficial asso-
ciations of metabolic status, BMI status, BMI-metabolic 
status, and PRSs with all-cause mortality, CVD morbid-
ity, and CVD mortality appeared to be greater among 
younger individuals (< 65  years, Pinteraction < 0.001) 
(Table  3). In terms of sex-stratified analysis, significant 
differences were observed in the impact of metabolic sta-
tus and PRSs on all-cause mortality and CVD morbidity 
(Pinteraction < 0.001) (Tables S18 and S19). The Wald test 
results suggested that the potential survival bias intro-
duced by including only participants who survived to 
the second survey does not significantly influence our 
primary conclusions (Table S21). In addition, we found 
a significant interaction between lifestyle factors and 
genetic risk for CAD and stroke (Table S22). Given that 

Fig. 4  Combined effects of BMI-metabolic status, transitions in BMI-metabolic status, and PRSs on the risk of cardiovascular outcomes and all-cause 
mortality. Note Metabolically healthy status was defined as < 3 abnormal components; BMI, body mass index; MHN, metabolically healthy normal weight; 
MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically 
unhealthy overweight; MUO, metabolically unhealthy obesity; PRS, polygenic risk score; the PRSs presented are specifically used based on corresponding 
outcomes; Model 1: adjusted for age, sex, race, Townsend Deprivation Index, annual household income, education attainment, 22 assessment centers, 
and the first 5 principal components of ancestry; Model 2: further adjusted for family history of diabetes, family history of high blood pressure, and lifestyle 
factors including sleep duration, healthy diet, physical activity, smoking status, and alcohol intake frequency based on Model 1; alikelihood tests were 
applied to test the significance of interaction term by comparing the model with and without the interaction term; *P < 0.05
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Subgroup Exposures No Case (%) High PRS Moderate PRS Low PRS P for interaction a

All-cause mortality Metabolic status < 0.001
≥ 65 Years  MU 25,137 5096 (20.3) 1.0 (Reference) 0.97 (0.91, 1.04) 0.87 (0.79, 0.95)*

 MH 42,410 6133 (14.5) 0.85 (0.78, 0.93)* 0.77 (0.72, 0.82)* 0.74 (0.68, 0.80)*
< 65 Years  MU 80,285 6520 (8.1) 1.0 (Reference) 0.99 (0.93, 1.05) 0.97 (0.90, 1.05)

 MH 237,028 10,598 (4.5) 0.67 (0.62, 0.71)* 0.63 (0.60, 0.67)* 0.61 (0.57, 0.66)*
BMI status < 0.001

≥ 65 Years  Obesity 18,000 3627 (20.2) 1.0 (Reference) 0.90 (0.83, 0.98)* 0.79 (0.72, 0.88)*
 Overweight 35,809 5643 (15.8) 0.77 (0.70, 0.84)* 0.73 (0.67, 0.79)* 0.66 (0.60, 0.72)*
 Normal weight 22,999 3404 (14.8) 0.81 (0.73, 0.90)* 0.73 (0.67, 0.80)* 0.75 (0.68, 0.83)*

< 65 Years  Obesity 85,689 5946 (6.9) 1.0 (Reference) 1.01 (0.95, 1.08) 0.96 (0.88, 1.04)
 Overweight 151,912 7796 (5.1) 0.81 (0.75, 0.87)* 0.77 (0.72, 0.82)* 0.71 (0.66, 0.77)*
 Normal weight 124,441 5467 (4.4) 0.79 (0.73, 0.86)* 0.73 (0.68, 0.78)* 0.73 (0.68, 0.79)*
BMI-metabolic status < 0.001

≥ 65 Years  MUO 10,784 2347 (21.8) 1.0 (Reference) 0.94 (0.85, 1.05) 0.81 (0.71, 0.92)
 MUOW 11,507 2175 (18.9) 0.84 (0.73, 0.95)* 0.81 (0.73, 0.90)* 0.74 (0.65, 0.85)*
 MUN 2779 549 (19.8) 0.78 (0.63, 0.97)* 0.87 (0.76, 1.00) 0.85 (0.69, 1.05)
 MHO 5025 865 (17.2) 0.96 (0.81, 1.14) 0.79 (0.70, 0.90)* 0.76 (0.63, 0.90)*
 MHOW 19,777 2754 (13.9) 0.70 (0.61, 0.79)* 0.65 (0.59, 0.72)* 0.61 (0.54, 0.68)*
 MHN 17,230 2396 (13.9) 0.79 (0.69, 0.89)* 0.69 (0.62, 0.76)* 0.71 (0.63, 0.80)*

< 65 Years  MUO 44,190 3598 (8.1) 1.0 (Reference) 1.00 (0.92, 1.08) 0.95 (0.85, 1.06)
 MUOW 30,025 2329 (7.8) 0.94 (0.84, 1.05) 0.94 (0.86, 1.03) 0.92 (0.81, 1.03)
 MUN 5820 533 (9.2) 1.12 (0.93, 1.35) 1.09 (0.96, 1.25) 1.24 (1.00, 1.53)
 MHO 30,571 1609 (5.3) 0.68 (0.60, 0.78)* 0.74 (0.68, 0.81)* 0.70 (0.61, 0.79)*
 MHOW 102,473 4546 (4.4) 0.64 (0.58, 0.71)* 0.60 (0.56, 0.65)* 0.55 (0.50, 0.61)*
 MHN 101,981 4215 (4.1) 0.66 (0.60, 0.73)* 0.60 (0.55, 0.65)* 0.62 (0.56, 0.68)*

CVD morbidity Metabolic status < 0.001
≥ 65 Years  MU 26,878 9332 (34.7) 1.0 (Reference) 0.80 (0.76, 0.84)* 0.65 (0.61, 0.70)*

 MH 45,096 10,805 (24.0) 0.75 (0.70, 0.79)* 0.58 (0.55, 0.61)* 0.48 (0.45, 0.51)*
< 65 Years  MU 83,273 15,791 (19.0) 1.0 (Reference) 0.77 (0.74, 0.80)* 0.60 (0.57, 0.63)*

 MH 244,112 23,301 (9.5) 0.57 (0.55, 0.60)* 0.43 (0.41, 0.44)* 0.35 (0.33, 0.36)*
BMI status < 0.001

≥ 65 Years  Obesity 19,239 6837 (35.5) 1.0 (Reference) 0.80 (0.76, 0.85)* 0.67 (0.62, 0.72)*
 Overweight 38,113 10,577 (27.8) 0.77 (0.72, 0.82)* 0.59 (0.56, 0.63)* 0.47 (0.44, 0.50)*
 Normal weight 24,485 5459 (22.3) 0.65 (0.60, 0.70)* 0.50 (0.47, 0.53)* 0.40 (0.37, 0.44)*

< 65 Years  Obesity 88,699 14,948 (16.9) 1.0 (Reference) 0.79 (0.76, 0.82)* 0.64 (0.61, 0.68)*
 Overweight 156,622 18,875 (12.1) 0.75 (0.72, 0.79)* 0.55 (0.53, 0.57)* 0.41 (0.39, 0.43)*
 Normal weight 128,390 10,564 (8.2) 0.58 (0.55, 0.61)* 0.42 (0.41, 0.44)* 0.35 (0.33, 0.37)*
BMI-metabolic status < 0.001

≥ 65 Years  MUO 11,553 4362 (37.8) 1.0 (Reference) 0.80 (0.74, 0.86)* 0.67 (0.61, 0.73)*
 MUOW 12,297 4043 (32.9) 0.82 (0.75, 0.90)* 0.65 (0.61, 0.70)* 0.52 (0.47, 0.57)*
 MUN 2954 894 (30.3) 0.71 (0.61, 0.82)* 0.59 (0.53, 0.66)* 0.46 (0.39, 0.55)*
 MHO 5329 1660 (31.2) 0.87 (0.77, 0.99)* 0.69 (0.63, 0.75)* 0.60 (0.53, 0.68)*
 MHOW 20,998 5177 (24.7) 0.65 (0.59, 0.71)* 0.51 (0.47, 0.55)* 0.42 (0.38, 0.45)*
 MHN 18,361 3870 (21.1) 0.60 (0.54, 0.65)* 0.46 (0.42, 0.49)* 0.37 (0.33, 0.41)*

< 65 Years  MUO 45,780 8969 (19.6) 1.0 (Reference) 0.79 (0.75, 0.83)* 0.63 (0.59, 0.67)*
 MUOW 31,180 5662 (18.2) 0.92 (0.86, 0.98)* 0.70 (0.66, 0.73)* 0.51 (0.47, 0.56)*
 MUN 6053 1092 (18.0) 0.98 (0.87, 1.09) 0.66 (0.60, 0.72)* 0.60 (0.51, 0.70)*
 MHO 31,544 4099 (13.0) 0.70 (0.65, 0.75)* 0.57 (0.54, 0.60)* 0.48 (0.44, 0.52)*
 MHOW 105,372 10,944 (10.4) 0.58 (0.55, 0.62)* 0.42 (0.40, 0.44)* 0.33 (0.31, 0.35)*
 MHN 105,110 8045 (7.7) 0.47 (0.44, 0.50)* 0.35 (0.33, 0.37)* 0.29 (0.27, 0.31)*

CVD mortality Metabolic status < 0.001

Table 3  Associations of metabolic status, BMI status, BMI-metabolic status, and PRS with the risk of cardiovascular outcomes and all-
cause mortality stratified by age group
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no substantial difference was found between Model 1 
(unadjusted lifestyle factors) and Model 2 (adjusted life-
style factors), the complex interplay of genetic risk and 
lifestyle factors might not substantially affect our primary 
results.

Discussion
In a prospective cohort study during a median follow-up 
of 14.38 years, we revealed that participants with a MH 
status and a low PRS were associated with a reduced 
risk of all-cause mortality and adverse cardiovascular 
outcomes across all BMI categories. These protective 
associations were more pronounced among younger 
participants (< 65  years). Additionally, compared to 
those with a stable MU status and a high PRS, individu-
als with a stable MH status and a low PRS exhibited the 
lowest risk for these outcomes, which remained consis-
tent across BMI categories. These findings emphasize 
the importance of improving metabolic heath across all 
BMI categories and PRS levels, especially for individuals 
younger than 65 years.

MetS is not a singular disease but rather a constella-
tion of CVD risk factors, including obesity, hypertension, 
hyperglycemia, and dyslipidemia [24]. The association 
between MetS and CVD has been well described in pre-
vious studies, consistently reporting that a higher number 
of metabolic risk factors is associated with an increased 
risk of cardiovascular events [25–28]. Recently, numer-
ous cohort studies published in 2023 reported that the 
associations of ideal cardiovascular health factors (i.e., 
BMI, blood lipids, blood glucose, and blood pressure) 
and low PRS with reduced risk of cardiovascular morbid-
ity and mortality [13, 14]. Corroborating these observa-
tions, our study yielded similar results. However, MetS 
is not a stable state, emphasizing the importance of ana-
lyzing the combined effects of transitions in metabolic 
status and PRSs on clinical outcomes. In a prospective 
cohort study, evidence indicated that improving cardio-
vascular health status plays a role in reducing cardiovas-
cular risk [29]. To our knowledge, this study is the first to 
report that individuals with a consistently MH status and 
a low PRS experienced the lowest risk of cardiovascular 

Subgroup Exposures No Case (%) High PRS Moderate PRS Low PRS P for interaction a

≥ 65 Years  MU 26,878 1677 (6.2) 1.0 (Reference) 0.78 (0.69, 0.87)* 0.56 (0.48, 0.65)*
 MH 45,096 1571 (3.5) 0.78 (0.68, 0.90)* 0.49 (0.43, 0.55)* 0.42 (0.36, 0.49)*

< 65 Years  MU 83,273 1903 (2.3) 1.0 (Reference) 0.77 (0.69, 0.85)* 0.69 (0.60, 0.80)*
 MH 244,112 2069 (0.8) 0.54 (0.48, 0.61)* 0.37 (0.33, 0.41)* 0.28 (0.24, 0.32)*
BMI status 0.376

≥ 65 Years  Obesity 19,239 1208 (6.3) 1.0 (Reference) 0.71 (0.62, 0.82)* 0.54 (0.45, 0.65)*
 Overweight 38,113 1619 (4.2) 0.71 (0.61, 0.82)* 0.50 (0.44, 0.57)* 0.37 (0.31, 0.44)*
 Normal weight 24,485 843 (3.4) 0.69 (0.58, 0.82)* 0.44 (0.38, 0.51)* 0.38 (0.31, 0.47)*

< 65 Years  Obesity 88,699 1628 (1.8) 1.0 (Reference) 0.72 (0.64, 0.80)* 0.60 (0.51, 0.70)*
 Overweight 156,622 1749 (1.1) 0.64 (0.56, 0.73)* 0.47 (0.42, 0.53)* 0.34 (0.29, 0.39)*
 Normal weight 128,390 1086 (0.8) 0.63 (0.55, 0.73)* 0.42 (0.37, 0.47)* 0.34 (0.28, 0.40)*
BMI-metabolic status < 0.001

≥ 65 Years  MUO 11,553 824 (7.1) 1.0 (Reference) 0.80 (0.74, 0.86)* 0.67 (0.61, 0.73)*
 MUOW 12,297 691 (5.6) 0.82 (0.75, 0.90)* 0.65 (0.61, 0.70)* 0.52 (0.47, 0.57)*
 MUN 2954 155 (5.2) 0.71 (0.61, 0.82)* 0.59 (0.53, 0.66)* 0.46 (0.39, 0.55)*
 MHO 5329 242 (4.5) 0.87 (0.77, 0.99)* 0.69 (0.63, 0.75)* 0.60 (0.53, 0.68)*
 MHOW 20,998 716 (3.4) 0.65 (0.59, 0.71)* 0.51 (0.47, 0.55)* 0.42 (0.38, 0.45)*
 MHN 18,361 576 (3.1) 0.60 (0.54, 0.65)* 0.46 (0.42, 0.49)* 0.37 (0.33, 0.41)*

< 65 Years  MUO 45,780 1077 (2.4) 1.0 (Reference) 0.73 (0.64, 0.84)* 0.68 (0.56, 0.82)*
 MUOW 31,180 631 (2.0) 0.76 (0.63, 0.92)* 0.65 (0.56, 0.76)* 0.53 (0.42, 0.68)*
 MUN 6053 182 (3.0) 1.22 (0.92, 1.63) 0.90 (0.72, 1.13) 0.87 (0.59, 1.29)
 MHO 31,544 349 (1.1) 0.58 (0.46, 0.74)* 0.44 (0.37, 0.53)* 0.33 (0.25, 0.45)*
 MHOW 105,372 927 (0.9) 0.49 (0.41, 0.58)* 0.33 (0.29, 0.38)* 0.24 (0.19, 0.29)*
 MHN 105,110 752 (0.7) 0.47 (0.39, 0.57)* 0.31 (0.27, 0.36)* 0.26 (0.21, 0.32)*

BMI, body mass index; MH status was defined as < 3 abnormal components; MH, metabolically healthy; MU, metabolically unhealthy; MHN, metabolically healthy 
normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically 
unhealthy overweight; MUO, metabolically unhealthy obesity; PRS, polygenic risk score; the PRSs presented are specifically used based on corresponding outcomes; 
each model was adjusted for age, sex, race, Townsend Deprivation Index, annual household income, education attainment, 22 assessment centers, the first 5 
principal components of ancestry, family history of diabetes, family history of high blood pressure, and lifestyle factors including sleep duration, healthy diet, 
physical activity, smoking status, and alcohol intake frequency
aLikelihood tests were applied to test the significance of the interaction term by comparing the model with and without the interaction term

*P < 0.05

Table 3  (continued) 
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outcomes, including CVD mortality and morbidity from 
CVD, CAD, MI, stroke, and AF.

With regard to BMI-metabolic status, an accumulating 
body of research aims to investigate its association with 
CVD-related morbidity and mortality [19, 30–33]. One 
cohort study investigating the relationship between BMI-
metabolic status and the incidence of cardiovascular 
events revealed that MHN individuals had a lower risk of 
CVD, CAD, and MI than MUO individuals [19]. Two sys-
tematic review and meta-analyses involving 22 prospec-
tive studies published in 2016 indicated that, compared 
with MHN individuals, MHO individuals had greater risk 
of CVD incidence but not all-cause mortality [30, 31]. 
Subsequently, several meta-analyses including more than 
43 original studies reported that MHO individuals expe-
rienced an elevated risk of cardiovascular events and all-
cause mortality compared with individuals in the MHN 
reference group [32, 33]. In the aforementioned findings, 
the role of genetic stratification has not been considered. 
Our present observations provide evidence that partici-
pants with a MHN status and a low PRS had the lowest 
risk of cardiovascular outcomes, encompassing morbid-
ity from CVD, CAD, MI, stroke, and HF, along with mor-
tality from MI and AF. Further analysis identified that 
those with a MHOW status and a low PRS had the lowest 
risk of all-cause mortality, as well as mortality specifically 
from CVD, CAD, and HF. Recent studies investigating 
the associations of cardiovascular health factors and PRS 
with CVD risk have shown comparable results [13, 14]. 
Additionally, our results indicated a significant interac-
tion between BMI-metabolic status and genetic sus-
ceptibility to CVD. The observed beneficial effects of 
BMI-metabolic status on all-cause mortality and CVD 
mortality were more pronounced among individuals with 
moderate or low PRSs than among those with high PRSs. 
This finding aligns with prior research that revealed a sig-
nificant interaction between Life’s Essential 8 and genetic 
susceptibility to CAD, showing stronger protective asso-
ciations among individuals with a lower genetic risk of 
CAD [14]. These findings suggest that genetic risk data 
for CVD can be utilized to optimize healthcare resource 
allocation and to formulate precise public health strate-
gies and personalized interventions. For example, more 
medical resources can be directed towards the manage-
ment of individuals at high genetic risk for CVD. For 
those with moderate or low genetic risk, the focus should 
be on maintaining and improving metabolic health across 
BMI categories and implementing appropriate preven-
tion measures.

Proof confirmed that MHO is transient, underscoring 
the necessity of investigating how its transitional patterns 
influence the incidence of cardiovascular events and all-
cause mortality [6, 34]. Consistent with our findings, 
the MESA and ATTICA studies reported that the shift 

from MHO to MUO is associated with a heightened risk 
of CVD in comparison to a sustained MHN reference 
group [34, 35]. Additionally, one large prospective cohort 
study with a median follow-up of 24  years, conducted 
among Western female nurses, showed that individu-
als with consistently MU had an increased risk of CVD 
compared to those with a stable MHN across all BMI cat-
egories [6]. However, the associations of the transitions 
in BMI-metabolic phenotypes and a PRS with the risk 
of CVD and all-cause mortality remain unclear. In the 
present findings, we concluded that, compared to those 
with the combined phenotypes of MUO throughout and 
high PRS, individuals with a stable MHN status and a low 
PRS had the lowest risk of morbidity from CVD, CAD, 
MI, and AF. Moreover, individuals with a stable MHOO 
status and a low PRS exhibited the lowest risk of CVD 
mortality and stroke mortality. Maintaining MH is chal-
lenging for individuals who are obese or overweight, 
yet it is essential for preventing CVD-related mortality. 
These findings can assist health policymakers in planning 
evidence-based interventions for CVD by maintaining 
MH across all BMI categories and PRS levels.

Sex differences in CVD and all-cause mortality have 
been extensively documented [36, 37]. It has been 
reported that men exhibited higher all-cause mortality 
(12.4%) compared to women (7.7%) (P = 0.005) [36]. One 
cohort study, with a median follow-up of 16.69 years and 
involving 21 countries, identified that women exhibited 
a significantly lower cardiovascular risk than men, par-
ticularly in the younger population [37]. Remarkably, 
we found that females at a high PRS displayed stronger 
protective associations between metabolic status and 
all-cause mortality. Regarding age, the Women’s Health 
Study reported that the association between most risk 
factors and CAD attenuated as the age at onset increases 
[38]. Similarly, several prior cohort studies have demon-
strated that the inverse associations of ideal cardiovas-
cular health factors with all-cause mortality and CVD 
morbidity were stronger in younger individuals [14, 
39]. Reflecting these findings, our results showed that 
the inverse associations of metabolic status, BMI sta-
tus, BMI-metabolic status, and PRS with cardiovascular 
outcomes and all-cause mortality were more prominent 
among younger individuals, underscoring the impor-
tance of improving metabolic factors earlier in life. This 
evidence highlights the need for recommendations to 
enhance the identification and management of estab-
lished or emerging metabolic risk factors in young indi-
viduals across all BMI categories and PRS levels.

Limitation
There are several limitations that need to be considered. 
First, given the observational nature of this study, estab-
lishing a causal association is not feasible. Second, data 
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on covariates, including physical activity, smoking status, 
sleep duration, and dietary habits, were self-reported, 
which may introduce measurement bias. Third, the lim-
ited sample size in certain categories during the sec-
ond survey could potentially impact the stability of our 
results. Fourth, despite adjusting for known confounders 
and omitting individuals with a history of CVD and can-
cer at baseline, the presence of unmeasured confounding 
variables and the possibility of reverse causality cannot 
be ruled out. Fifth, while our study has identified signifi-
cant associations between metabolic changes and CVD 
outcomes, further exploration of metabolic transitions 
over an extended duration may provide deeper insights. 
Sixth, differences in genetic ancestry among study par-
ticipants can lead to population stratification, potentially 
biasing the associations between PRSs and corresponding 
outcomes [40]. Although we adjusted for principal com-
ponents of ancestry in our analysis, residual confound-
ing may still influence our results. Finally, given that the 
majority of participants in our study, including those for 
whom the PRSs were calculated, were of white British 
ethnicity, extending the generalizability of our findings to 
other racial or ethnic groups remains uncertain.

Conclusion
In summary, our findings indicated that MH status and 
low PRS were linked to a reduced risk of adverse car-
diovascular outcomes and all-cause mortality across all 
BMI categories, with individuals younger than 65  years 
experiencing a greater protective association. These find-
ings provide directions for clinical practice guidelines 
in formulating precise public health strategies and per-
sonalized interventions. Further research is required to 
validate these observations in diverse populations and to 
explore the underlying mechanisms involved.
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