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Abstract

We attempted to evaluate the association between late chronotype and incidental metabolic syndrome
differently by sex and menopausal status. Late chronotype was defined as habitual bedtime after
midnight while polygenic risk score (PRS) was constructed to assess genetic susceptibility of MetS. By
analyzed 35,156 adults (11,885 men and 23,271 women) from the Taiwan Biobank who were free of
MetS at baseline and followed for a mean of 4.5 years, we had identified the prevalence of self-reported
late chronotype was comparable between men and women. Despite younger age, men with a late
chronotype had a higher incidence of MetS than those with an early chronotype (20.6% vs. 18.2%, P =
0.031). A smaller but significant increase was observed in women (15.8% vs. 15.2%, P=0.011), with a
more pronounced association in postmenopausal women (22.4% vs. 20.4%, P < 0.001). Late chronotype
and MetS PRS independently increased MetS risk in both sexes. After adjustment for lifestyle factors,
late chronotype was associated with higher MetS risk across all PRS tertiles in men, whereas in women
the association was evident only in the highest PRS tertile. We conclude that late chronotype is
associated with an increased risk of incident MetS, with associations differing according to sex and
menopausal status.

Introduction

Metabolic syndrome (MetS) is a highly prevalent cardiometabolic condition associated with substantial
morbidity and mortality "2. Although its underlying pathophysiology and modifiable risk factors have

been extensively investigated 3~°, emerging evidence has highlighted sleep as an important and
potentially modifiable determinant of metabolic health. Multiple aspects of sleep, including short sleep
duration, poor sleep quality, fragmented or irregular sleep patterns, and obstructive sleep apnea, have
been consistently associated with adverse metabolic outcomes. These sleep-related disturbances may
contribute to metabolic dysfunction through complex neuroendocrine and metabolic pathways,

underscoring the relevance of sleep timing and regulation in MetS development &7.

Beyond sleep duration and quality, the timing of sleep—reflecting underlying circadian regulation—has
emerged as an important determinant of metabolic health. Chronotype represents an individual’s
intrinsic preference for sleep—wake timing and captures interindividual differences in circadian phase.
Individuals with a late chronotype (i.e. evening preference), characterized by late sleep timing (sleeping
past midnight), are more likely to experience circadian misalignment when social and occupational
schedules require early awakening, leading to disrupted hormonal rhythms, altered glucose metabolism,
and adverse cardiometabolic profiles. Accumulating evidence has linked late chronotype to obesity,
diabetes and cardiovascular disease, suggesting that circadian timing may play a distinct role in the
development of metabolic syndrome beyond traditional sleep characteristics 88710,

Recent evidence suggests that genetic susceptibility contributes to the development of MetS 1. A recent
Mendelian randomization study further provided genetic evidence supporting a causal relationshup
between late chronotype and MetS, with broadly consistent findings in both the Taiwan Biobank and the
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UK Biobank '2. Importantly, circadian regulation and metabolic homeostasis differ by sex and across the
reproductive lifespan. Women experience substantial hormonal fluctuations during the menopausal
transition, which are accompanied by changes in sleep timing, circadian alignment, and cardiometabolic
risk 1314, Sex differences in circadian biology and responses to circadian misalignment have been
increasingly recognized and may contribute to differential metabolic vulnerability. '>'¢. For example,
women exposed to circadian disruption through shift work exhibit a higher risk of type 2 diabetes
mellitus than men 7. Moreover, individual genetic susceptibility to MetS may further modify the
metabolic consequences of circadian misalignment, yet the extent to which genetic risk interacts with
chronotype in a sex-specific manner is largely unknown. To address these gaps, we investigated the
associations of late chronotype and a polygenic risk score for MetS with incident MetS in a large
prospective cohort, with a particular focus on sex- and menopause-specific effects.

Methods
Study population

This was a prospective cohort study. The Taiwan Biobank (TWB) stands as a crucial asset for advancing
health and genetic research in Taiwan '8. The TWB, which gathered comprehensive health data,
encompassing genetic information, lifestyle factors, physical exams, as well as blood and urine test
results, was launched in 2008 to promote medical research and enhance health policies. A total of
189,131 participants residing in Taiwan were obtained from the TWB database. Among them, 46,561
subjects completed the follow-up assessment. To reduce the impact of serious illness, 82 participants
were excluded due to abnormal weight loss. In addition, 11,216 subjects with MetS at baseline and 107
subjects lack of MetS or sleep related data were also excluded. As a result, 35,156 participants with 4.5
years follow-up were included in the current analyses—11,885 were men and 23,271 were women (12,441
before menopause; 10,830 after menopause). The flowchart for selection of subjects is presented in
Fig. 1. The study protocol was approved by the Institutional Review Board of National Health Research
Institutes (NHRI) and by the TWB Ethics and Governance Council (EGC). The study was conducted in
accordance with the Declaration of Helsinki.

Assessment of exposures

Sleep behaviors, including usual bedtime and sleep duration, were assessed for both weekdays and
holidays using self-reported questionnaires. Sleep-related information was collected only at follow-up
examination. Usual bedtime was determined by responses to the questions, “What time do you usually
go to bed on weekdays?” and “What time do you usually go to bed on holidays?”. Late chronotype was
defined as a habitual bedtime after midnight based on habitual sleep timing, consistent with our
previous study '2. Because habitual wake time was unavailable in the TWB, this definition was used as a
pragmatic indicator of late chronotype. Sleep duration on weekdays and holidays was assessed by
asking, “How many hours of sleep did you get on average during weekdays in the past month?” and “How
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many hours of sleep did you get on average during holidays in the past month?”, respectively. Overall
sleep duration was derived from weekday and holiday sleep duration. Sex was self-reported, and
menopausal status was determined based on self-reported questionnaire data. Covariates included
sociodemographic characteristics (age, sex, education, and employment) and lifestyle factors (current
smoking, alcohol consumption, and exercise) '&1°.

Assessment of outcomes

MetS was determined using the modified National Cholesterol Education Program Adult Treatment Panel
[11 (NCEP ATP Ill) criteria, consistent with our previous TWB study, and was defined as the presence of at
least three of the following five criteria '>2%21: 1) waist circumference (WC) =90 cm in men or =80 cm in
women; 2) systolic blood pressure (SBP) = 130 mmHg, diastolic blood pressure (DBP) = 85 mmHg or
self-reported hypertension; 3) HDL-cholesterol < 40 mg/dl in men or < 50 mg/dl in women or self-
reported hyperlipidemia; 4) triglyceride (TG) level = 150 mg/dI or self-reported hyperlipidemia; 5) fasting
blood glucose (FBG) = 100 mg/dl or self-reported type 2 diabetes.

Polygenic risk score (PRS)

The genotyping process and imputation procedures for the TWB were performed in accordance with the
methods detailed in previous publications ?2. The PRS of MetS were computed based on the results of
genome-wide association analysis of imputed data for MetS while adjusting for age, sex, and the first 10
ancestry principal components. SNPs were clumped according to linkage disequilibrium (LD) with an r?
threshold 0.1 within a 250 kb region. At p-value thresholds of 0.001, 0.005, 10”4, 5*10™ 4 5*107°, 510~ 6,
seven PRSs were calculated. The best-fit PRS which accounts for the greatest variance of phenotype
using McFadden's pseudo R? was chosen (Supplementary Table 1). The above analyses were conducted
using PLINK v1.90 23,

Statistical analyses

Baseline characteristics were age-standardized and compared between participants with early and late
chronotypes, stratified by sex and menopausal status. Incident MetS was defined as the presence of
metabolic syndrome at the follow-up examination among participants who were free of MetS at
baseline. Age-standardized baseline characteristics and cumulative incidence of MetS were estimated.
Differences between chronotype groups were assessed using Kruskal-Wallis tests. Cox proportional
hazards regression models with age as the underlying time scale were used to examine the associations
of late chronotype with incident MetS, with analyses stratified by sex and menopausal status.
Participants entered the risk set at their age at baseline examination and exited at their age at the follow-
up examination. Hazard ratios (HRs) and 95% confidence intervals (Cls) were estimated to evaluate the
independent and joint associations of late chronotype and the MetS PRS with incident MetS. Effect
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modification by genetic risk was assessed using PRS tertiles. To minimize reverse causation,
participants with MetS at baseline and those without follow-up data were excluded from the longitudinal
analyses. Covariates were selected a priori based on biological plausibility and previously established
associations with sleep behaviors and MetS. Multivariable models were adjusted for education, current
smoking, alcohol consumption, exercise, and sex or menopausal status, as appropriate. Additional
sensitivity analyses further adjusted for sleep duration and the number of MetS components present at
baseline. Missing data were handled using complete-case analysis. All statistical tests were two-sided,
and P < 0.05 was considered statistically significant. All analyses were performed using SAS version 9.4
(SAS Institute Inc., Cary, NC).

Results

Study Population and Baseline Characteristics

The study design and participant flow are outlined in Fig. 1. The final analysis included 35,156
participants, comprising 11,885 men and 23,271 women. Based on chronotype classification, 28.7% of
men and 28.4% of women were identified as having a late chronotype. The age-standardized baseline
characteristics of the participants, stratified by sex and chronotype, are presented in Table 1. Significant
differences between chronotypes were observed in both sexes. Late-chronotype participants were
substantially younger than early-chronotype participants across both sexes. Consequently, the
proportion of participants aged 20—-39 was markedly higher in late-chronotype group for both men
(40.1% vs. 17.2%) and women (33.3% vs. 17.6%). Menin the late-chronotype group had slightly higher
BMI and WC. A similar trend was observed in women. The late-chronotype group in both sexes reported
higher education levels and employment rate. Participants with late chronotype reported shorter sleep
duration on weekdays but longer sleep duration on holidays compared with those with non-late
chronotype. As a result, average sleep duration across the week was modestly lower among individuals
with late chronotype. Furthermore, late chronotype was associated with a higher prevalence of current
drinking, current smoking, and a lower prevalence of regular exercise habits (= 1.5 h/week) in both sexes.
We also found that men with a late chronotype showed a higher incidence of high WC, high TG and low
HDL, but a lower incidence of elevated BP and high FBG. In women, a late chronotype was associated
with a lower incidence of elevated BP and high FBG.
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Table 1
Age standardized baseline characteristics of Late versus Early Chronotypes by sex.

Characteristics

Number of participants (%) 2

Age (years) @ **t+t

20-39

40-54

55-64

265

Follow-up duration (years) @ *tt
BMI (kg/m?) **+

WC (cm) **+t

Education (%) *t+

Middle school or less
High school

College or higher
Employment (%) *tt
Current drinking (%) *t+
Current smoking (%) **+t

Exercise habits (= 1.5 h/week, %)
**tt

Sleep duration (hours) **tt

Sleep duration on weekdays
(hours) **t+

Sleep duration on holidays
(hours) **t

Incident high WC (men =90 cm,
women = 80 cm, %) **

Incident elevated BP (SBP =130
mmHg, DBP = 85 mmHg, self-
reported HTN, %) **t+

Men

Early
chronotype

8476 (71.3)
52.0+10.7

17.2
34.8
35.6
12.4
45+13

24.5%+3.1

85.8%8.5

10.2
26.6
63.2
69.4
10.8
17.4
50.2

6.8%1.0
6.8%1.0

7.0%1.2
29.5

48.4

Late
chronotype

3409 (28.7)
44.3+10.4

40.1
40.3
15.9

3.7
46%+1.3

24.7+3.2

86.5%8.6

3.6

22.0
74.4
83.1
13.0
31.2
31.5

6.6%1.1
6.3%1.1

7115
34.6

39.0
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Women

Early
chronotype

16672 (71.6)

50.6+10.0

17.6
42.3
33.3

6.8
44+13

23134

79.818.9

17.2
35.5
47.3
57.1
1.4

1.5

46.2

6.8%1.1
6.7+1.1

7.0%1.3

47.0

28.2

Late
chronotype

6599 (28.4)
45.3+9.6

33.3
46.9
17.6

2.2
45%+1.3

23.4%+3.8

80.2%+9.7

6.7
33.3
60.0
67.8
2.4
4.9
28.3

6.6%1.1
6.3%1.1

7.2%1.6
48.5

21.4




Characteristics Men Women
Early Late Early Late
chronotype chronotype chronotype chronotype
Incident high FBG (FBG = 100 249 21.7 13.9 13.6
mg/dl, self-reported diabetes,
%) **+
Incident high TG (= 150 mg/dlI, 24.3 31.0 16.4 16.5
self-reported hyperlipidemia, %)
*%
Incident low HDL-C (men < 40 18.4 21.2 23.3 24.2

mg/dl, women < 50 mg/dI, self-
reported hyperlipidemia, %) *

Abbreviations: BMI, body mass index; WC, waist circumference; BP, blood pressure; SBP and DBP,
systolic and diastolic blood pressure, respectively; HTN, hypertension; FBG, fasting blood glucose;
TG, triglycerides; HDL-C high lipoprotein cholesterol.

Kruskal-Wallis test was conducted to detect the differences between early chronotype and late
chronotype.

Values are presented as either percentage or mean * standard deviation, and are standardized to the
age distribution of the study population.

Significantly associated with chronotype: *p < 0.05, **p < 0.001 for men; tp < 0.05, t+Tp < 0.001 for
women.

@ Value is not age standardized.

Baseline Characteristics by Menopausal Status in Women

To investigate the influence of hormonal status, women were further stratified by menopausal status
(Supplementary Table 2). In the premenopausal group, 36.3% were late chronotypes, whereas in the
postmenopausal group, this proportion was significantly lower at 19.2%. Consistent with the overall
population, late chronotypes were younger in both the premenopausal and postmenopausal groups. Late
chronotypes in both subgroups also reported higher education levels, higher rates of current smoking
and drinking, and lower rates of regular exercise.

Regarding sleep patterns, a late chronotype was associated with shorter sleep duration on weekdays
and overall in both premenopausal and postmenopausal women. Interestingly, on holidays, late
chronotypes reported longer sleep duration in the premenopausal group (7.5 1.6 vs. 7.3 + 1.3 h) but not
in the postmenopausal group. Premenopausal women with a late chronotype had a lower rate of
elevated BP, while postmenopausal women with a late chronotype had a higher chance of high WC, high
FBG, and high TG.

Association of Chronotype with Incident MetS
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The age-standardized incidence of MetS was higher in individuals with a late chronotype compared to
those with an early chronotype (Fig. 2). This association was observed in both men and women (upper
panel). When stratified by menopausal status in women (lower panel), the increased incidence of MetS
in the late-chronotype group was apparent in both premenopausal and postmenopausal women, with the
effect appearing more pronounced in the postmenopausal group.

Association of Late Chronotype with Incident MetS by
Menopausal Status

To quantify the risk of incident MetS associated with late chronotype, Cox regression models were used,
with results presented in Table 2. Overall, in women, a late chronotype was associated with a 16%
increased risk of developing MetS (HR:1.16, 95% CI 1.07-1.26). When stratifying by menopausal status,
the association was more prominent and significant in postmenopausal women, who had a 20%
increased risk (HR:1.20, 95% CI 1.08—1.34) while in premenopausal women, the trend suggested an 11%
increased risk, but this did not reach statistical significance (HR:1.11, 95% CI 0.99-1.25). Analyses
based on weekday and holiday chronotypes yielded similar results. Late chronotype on weekdays was
significantly associated with incident MetS in both premenopausal and postmenopausal women. Late
chronotype on holidays was significantly associated with risk only in postmenopausal women (HR 1.19,
95% CI 1.06—-1.32). The primary findings remained largely unchanged after additional adjustment for
sleep duration and the number of baseline metabolic syndrome components (Supplementary Table 3).

Table 2
Hazard ratios of late chronotype on incident MetS before and after menopause.
Characteristics Women Before After menopause p-value
menopause a
Late chronotype 1.16 (1.07, 1.11 (0.99, 1.25) 1.20(1.08,1.34) 0.27
1.26) *k *%

Late chronotype on 1.18 (1.08, 1.13 (1.004, 1.20(1.08,1.34) 0.43
weekdays 1.28) ** 1.28) * *

Late chronotype on 1.14 (1.05, 1.09 (0.96, 1.22) 1.19(1.06,1.32) 0.22
holidays 1.24) * *

Abbreviations: MetS, metabolic syndrome; SD, standard deviation.

Cox regression was conducted to estimate the effects of sleep habits on incident MetS.
Data are reported as the hazard ratios (95% Cl).

Adjusted for education, current smoking, current drinking, exercise and/or menopause.

Significantly associated with incident MetS: *p < 0.05, **p < 0.001

a Significance of difference before versus after menopause
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Joint Association of Late Chronotype and Genetic Risk
with Incident MetS

We next explored the combined effect of behavioral and genetic factors on incident MetS (Table 3).
Participants were categorized into low, intermediate, and high genetic risk groups based on their MetS
PRS. A late chronotype was associated with an increased risk of incident MetS across all genetic risk
groups. In the low genetic risk group, late chronotype conferred a 16% increased risk (HR 1.16, 95% Cl
1.03-1.31). This risk was similar in the intermediate group (HR 1.17, 95% Cl 1.05-1.30) and highest in
the high genetic risk group (HR 1.25,95% CI 1.13-1.39).
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Table 3

Joint associations of late chronotype and PRS of MetS with incident MetS

Characteristics

Late chronotype

Late chronotype on
weekdays

Late chronotype on
holidays

Genetic risk
group

Low

Intermediate

High

Low

Intermediate

High

Low

Intermediate

High

a Significance of sex difference

All

1.16 (1.03,
1.31)*

1.17 (1.05,
1.30) *

1.25 (1.13,
1.39) **

1.17 (1.03,
1.32) *

1.19 (1.07,
1.33)

1.29 (1.16,
1.43) **

1.16 (1.03,
1.30) *

1.16 (1.04,
1.30) *

1.23 (1.11,
1.37) **

Data are reported as the hazard ratios (95% Cl).

Men

1.22 (1.003,
1.49) *

1.21 (1.01,
1.44) *

1.31 (1.11,
1.55) *

1.21 (0.99,
1.48)

1.28 (1.07,
1.53) *

1.34 (1.12,
1.58) **

1.24 (1.01,
1.50) *

1.21 (1.01,
1.45) *

1.31 (1.11,
1.55) *

Abbreviations: MetS, metabolic syndrome; PRS: Polygenic Risk Score.

Significantly associated with incident MetS: *p < 0.05, **p < 0.001

Women

1.15 (0.99,
1.33)

1.12 (0.97,
1.29)

1.19 (1.04,
1.35) *

1.16 (0.99,
1.35)

1.12 (0.97,
1.30)

1.21 (1.06,
1.39) *

Cox regression was conducted to estimate the effects of late chronotype on incident MetS.

Adjusted for education, current smoking, current drinking, exercise and/or sex.

value 2

0.06

0.03

0.01

0.13

0.03

0.02

0.04

0.03

0.009

When stratified by sex, the association between late chronotype and incident MetS was significant in
men across all genetic risk strata. In women, the association was only significant in the high genetic risk
group (HR 1.19, 95% CI 1.04-1.35). The p-values for sex difference suggested a potential stronger effect
in men, particularly in the intermediate and high genetic risk groups. Similar patterns were observed
when analyzing late chronotype on weekdays and holidays, with the highest risk consistently seen in
individuals with both a late chronotype and high genetic predisposition. Similar associations were

observed after additional adjustment for sleep duration and the number of baseline metabolic syndrome
components (Supplementary Table 4).
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We further examined the independent and interactive effects of late chronotype and MetS PRS on
incident MetS (Supplementary Table 5). Both late chronotype (HR 1.19,95% ClI 1.12-1.27) and MetS PRS
(HR 1.18,95% CI 1.15-1.22) were significant independent predictors of incident MetS. The effect of late
chronotype appeared stronger in men than in women. Conversely, the effect of MetS PRS was slightly
stronger in women than in men, though this difference was not significant. Importantly, the interaction
term was not significant, suggesting that the effects of chronotype and genetic risk are additive rather
than synergistic.

To further dissect the interplay between chronotype, genetics, and hormonal status, the joint association
analysis was repeated in women stratified by menopausal status (Supplementary Table 6). In
postmenopausal women, there was a consistent, albeit non-significant, trend of increased MetS risk with
late chronotype across all genetic risk groups. For instance, in the high genetic risk group, late
chronotype was associated with a 20% increased risk (HR 1.20, 95% CI 0.99-1.46). In premenopausal
women, the associations were generally null or weak. The only statistically significant finding was in
premenopausal women with high genetic risk, where late chronotype on weekdays was associated with
a 22% increased risk of incident MetS (HR 1.22, 95% Cl 1.004—-1.47). The p-values for the difference
between premenopausal and postmenopausal effects were not significant, suggesting no strong
statistical interaction with menopausal status in this stratified analysis.

Discussion

In this study, individuals with a late chronotype had a higher incidence of MetS than those with an early
chronotype after a mean follow-up of 4.5 years. This association was observed in both sexes but was
markedly attenuated in premenopausal women compared with postmenopausal women and men.
Moreover, late chronotype and the MetS PRS independently contributed to the development of MetS.
When genetic susceptibility was stratified by PRS tertiles, late chronotype was associated with an
increased risk of MetS across all genetic risk strata in men, whereas in women this association was
evident primarily among those with the highest genetic susceptibility.

Late chronotype reflects circadian misalignment that may adversely affect metabolic regulation,

particularly in individuals with greater underlying metabolic vulnerability 8719. Individuals with a late
chronotype often experience persistent misalignment between internal circadian timing and the social

environment, a phenomenon commonly referred to as social jetlag ®?*. Such circadian misalignment has
been associated with increased risks of cardiovascular disease and metabolic disorders, including

obesity and type 2 diabetes >'°. This increased risk may be partly mediated by adverse health behaviors
more prevalent among late chronotypes, such as higher rates of smoking, alcohol consumption, and

unhealthy dietary patterns 2>2°. In addition, disruption of circadian regulation may alter physiological
rhythms, leading to immune dysregulation, chronic low-grade inflammation, impaired insulin action,

disrupted glucose homeostasis, and vascular dysfunction . Supporting these observations, a large
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prospective study from the UK Biobank reported that nearly 10% of cardiovascular events in the cohort
could be attributed to poor sleep patterns ?’.

Previous studies examining sex differences in circadian disruption and metabolic outcomes remain
relatively sparse. However, emerging evidence supports sex-specific vulnerability to circadian
misalignment. A prior study using both dim light melatonin onset and chronotype questionnaires
demonstrated that a later circadian phase was associated with greater adiposity in young men but not in
young women, suggesting a relative metabolic protection in premenopausal women 28. Consistent with
this notion, recent work by Shafer et al. further indicated that circadian disruption may promote adverse
metabolic trajectories in a sex-dependent manner, particularly among individuals with obesity 2°.
Together, these observations align with our findings and support the concept that biological sex modifies
the metabolic consequences of circadian disruption.

Several factors may contribute to the higher incidence of MetS observed among individuals with a late
chronotype. In the present study, late chronotype was associated with a constellation of adverse lifestyle
and metabolic profiles, including higher adiposity, more frequent smoking and alcohol consumption, and
lower levels of regular exercise, despite younger age. In men and postmenopausal women, late
chronotype was also accompanied by a higher prevalence of multiple MetS components, particularly
central obesity and dyslipidemia, which may collectively predispose to MetS development. In contrast,
premenopausal women with a late chronotype exhibited a distinct metabolic profile, characterized by
lower blood pressure and largely comparable levels of other MetS components relative to their early-
chronotype counterparts (Supplementary Table 2). This observation is noteworthy, as late chronotype
has been linked to delayed circadian phase and attenuated nocturnal blood pressure dipping, a pattern
generally associated with adverse cardiovascular risk 3°. The preserved or even lower blood pressure
observed in premenopausal women may therefore reflect sex- and hormone-related buffering effects on
circadian and vascular regulation.

The observed sex-specific modification of the association between late chronotype and metabolic
syndrome suggests that genetic susceptibility may differentially shape vulnerability to circadian
misalignment. In men, the metabolic consequences of late chronotype appear to manifest regardless of
underlying genetic risk, whereas in women, greater genetic susceptibility may be required for late
chronotype to translate into overt metabolic dysfunction. This pattern is consistent with the concept that
biological sex and hormonal milieu influence the buffering capacity of metabolic regulation, potentially
modulating the impact of circadian disruption 3'. Together, these findings underscore the importance of
considering sex-specific and genetic contexts when evaluating the metabolic implications of sleep
timing.

Previous cross-sectional studies have suggested that men are more likely than women to exhibit a late

chronotype until approximately 50 years of age 3. In accordance with that finding, the proportion of late
chronotype was quite similar between both sexes among our study participants, whose average age was
50 years (28.7% in men and 28.4% in women). Beyond this, individuals with a late chronotype in both
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sexes exhibited shorter sleep duration, a behavioral pattern that has been linked to adverse metabolic
outcomes. Supporting this notion, prior population-based studies have shown that habitual short sleep
duration is associated with an increased risk of cardiometabolic disorders, including type 2 diabetes °.
Collectively, these findings suggest that late chronotype may confer metabolic risk partly through
concomitant sleep curtailment.

Men and premenopausal women with a late chronotype reported longer sleep duration on holidays but
not on weekdays, suggesting partial compensation for shorter weekday sleep. In contrast, this pattern
was not observed in postmenopausal women with a late chronotype. Prior literature indicates that
women's sleep is significantly impacted by their dual roles in the home and workplace. Such social and
professional demands can disrupt sleep timing and circadian rhythmicity, which are recognized to
adversely affect cardiometabolic function and overall health 3334, In this context, our finding that
premenopausal women with high genetic susceptibility to metabolic syndrome exhibited an increased
risk of incident MetS when late bedtime occurred on weekdays highlights a potential interaction between
behavioral sleep timing, social constraints, and underlying metabolic vulnerability (Supplementary

Table 4).

Several limitations of this study should be acknowledged. First, sleep patterns were assessed using a
single self-reported questionnaire, which may not fully capture habitual sleep behaviors or temporal
variability. Although interviewers were trained and standardized procedures were used, some degree of
misclassification is possible. In addition, because habitual wake time was unavailable in the TWB,
chronotype was defined according to habitual bedtime after midnight, and individuals with intermediate
chronotype characteristics may have been included in the early chronotype group. However, additional
adjustment for sleep duration did not materially alter the findings, supporting the robustness of the
observed associations. Second, approximately 30% of participants in the TWB reported a late
chronotype in both sexes, a proportion higher than that reported in studies using validated chronotype
instruments, such as the Nurses’ Health Study Il 35 in which definite evening chronotype was identified in
11.2% of participants using items from the Morningness—Eveningness Questionnaire. Differences in
study populations, age distributions, and chronotype definitions may partly account for this discrepancy.
Notably, any nondifferential misclassification of chronotype would be expected to bias the observed
associations toward the null, suggesting that the true associations may be underestimated.

Conclusion

This large prospective cohort study from the TWB demonstrates that late chronotype is associated with
an increased risk of incident MetS, with effects modified by sex and genetic susceptibility. Late
chronotype was associated with elevated MetS risk across all polygenic risk score (PRS) strata in men,
whereas in women the association was evident primarily among those with high genetic risk. These
findings highlight the importance of considering sex-specific and genetic factors when evaluating the
cardiometabolic consequences of sleep timing and support the potential value of integrating behavioral
and genomic information in MetS risk stratification.
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A total of 189,131 subjects were obtained

from the Taiwan Biobank Database.

142,570 subjects lack of follow-up data were
v > excluded.
46,561 subjects had follow-up data.
82 subjects were excluded because of abnormal
v > weight loss (more than 20%).
46,479 participants without abnormal
weight loss were kept.
11,216 subjects with metabolic syndrome at
v " baseline were excluded.
35,263 participants without metabolic
syndrome at baseline were kept.
R 107 subjects lack of metabolic syndrome or sleep
related data were excluded.

A 4

35,156 participants (11,885 men, 23,271
women—12,441 before menopause, 10,830
after menopause) with 4.5 years follow-up

were included in the current analyses.

Figure 1

Flowchart of Study Design
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Figure 2

Age standardized incident metabolic syndrome (MetS) by sex (upper panel) and menopausal status
(lower panel) in those with early vs. late chronotype. Kruskal-Wallis test was conducted to detect the
differences between early chronotype and late chronotype
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