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Background: Sleep disturbances are increasingly recognized as modifiable risk factors for metabolic and cardiovascular diseases.
However, the relationship between sleep duration patterns and Cardiometabolic-Kidney-Metabolic (CKM) syndrome remains under-
explored, particularly regarding the mediating role of mental health factors. This study investigates the longitudinal association
between sleep duration and CKM risk, examining whether depressive symptoms mediate this relationship.

Methods: We analyzed data from 6462 participants (aged >45 years) from the China Health and Retirement Longitudinal Study. Sleep
duration was self-reported and categorized as short (<7 hours), optimal (7-9 hours), or long (>9 hours), with 2-year sleep trajectories
also defined. CKM syndrome was classified per American Heart Association guidelines, and depressive symptoms were assessed via
the 10-item Center for Epidemiologic Studies Depression Scale. Associations were examined using multivariable logistic regression,
restricted cubic splines, and causal mediation analysis.

Results: Baseline short sleep duration was independently associated with increased CKM risk (adjusted OR = 1.148; 95% CI:
1.014-1.299). Persistently abnormal sleep over two years further elevated this risk (OR = 1.259; 95% CI: 1.077-1.471). We observed
a significant non-linear dose-response relationship between sleep duration and CKM risk (P = 0.031). Causal mediation analysis
showed that depressive symptoms partially mediated this association (ACME = —0.002; P < 0.001). Subgroup analyses revealed
stronger associations among women, individuals with lower education, and urban residents.

Conclusion: Both short and persistently abnormal sleep independently increase CKM syndrome risk, with depressive symptoms
acting as a key mediator. These findings highlight the importance of integrated interventions targeting sleep optimization and mental
health management, particularly for high-risk demographic subgroups. Sleep assessment should be incorporated into CKM risk
stratification and prevention strategies.
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Introduction
Cardiometabolic-Kidney Metabolic Syndrome (CKM) is a systemic disorder characterized by complex interactions
among the metabolic, renal, and cardiovascular systems, leading to multi-organ dysfunction and a significantly increased
risk of adverse cardiovascular events. This syndrome places a substantial economic burden on both individuals and
society.' Therefore, early identification and intervention of CKM-related risk factors are essential for its prevention.
Sleep, as a fundamental physiological process, plays a crucial role in both physical and mental health through its
duration and quality.> Research has shown that sleep deprivation can lead to endothelial dysfunction, disrupt glucose
metabolism, and impair appetite regulation, thus accelerating cognitive decline.*® Abnormal sleep duration is closely
associated with an increased risk of obesity, cardiovascular disease, and all-cause mor‘[ality.L10 However, most studies
have relied on sleep duration measured at a single time point to investigate its association with disease, neglecting the

dynamic changes in sleep behavior and potentially underestimating or distorting the true impact of sleep on health."'
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Moreover, the potential effects of sleep on metabolic health may be mediated indirectly through psychopathological
mechanisms. Depressive symptoms and sleep disturbances exhibit a bidirectional relationship. On one hand, insufficient
sleep may exacerbate depressive moods by overactivating the hypothalamic—pituitary—adrenal (HPA) axis and triggering
neuroinflammatory responses; on the other hand, the negative cognitive bias and circadian rhythm disruption associated
with depressive symptoms may further impair sleep quality.'>'* Additionally, depressive symptoms can directly increase
the risk of metabolic syndrome and cardiovascular—renal damage by promoting unhealthy behaviors, such as prolonged
sedentary behavior and high-fat diets, and by activating chronic low-grade inflammation.'*

Collectively, these findings suggest that sleep patterns may be closely linked to the development of CKM, with
depression potentially acting as a key mediator in the sleep—~CKM relationship. However, research in this area remains
limited. Therefore, this study uses data from the China Health and Retirement Longitudinal Study (CHARLS) to: (1)
examine the association between sleep duration (and its trajectory) and CKM syndrome; and (2) apply a causal mediation
analysis framework to explore whether depressive symptoms mediate the relationship between sleep and CKM. The
ultimate goal of this research is to identify potential targets for multidimensional interventions in CKM and to assess
whether the synergistic effects of improving sleep quality and managing depressive symptoms can reduce the risk
of CKM.

Methods

Study Population
This study used three-wave follow-up data (2011, 2013, and 2015) from CHARLS. CHARLS is a nationally representa-
tive cohort study designed to systematically evaluate dynamic changes in health and socioeconomic status among
middle-aged and older adults in China. The original CHARLS study was approved by the Ethics Review Board of
Peking University (IRB00001052-11015), and all participants provided written informed consent prior to their involve-
ment. The protocol for the present secondary analysis was reviewed and approved by the Ethics Committee of Beijing
Anzhen Hospital, Capital Medical University (Approval No. 2025142x). This study was conducted in accordance with
the ethical principles outlined in the Declaration of Helsinki. During data collection, researchers received standardized
training and administered questionnaires through face-to-face interviews to ensure data quality.”

The participant selection process is illustrated in Figure 1. Participants were included if they met the following
criteria: (1) were aged 45 years or older at baseline; and (2) completed all three follow-up waves with complete data for

[ The China Longiudinal Study of Health and Retirement baseline survey ]

19,124 participants were excluded:

|(1) Participants with age less than 45 years (n = 8,655);

(2) Participants with missing sleep time information (n = 4,589);

(3) Participants with missing CKM classification information (n = 5,880).

Y
[ 6,462 participants eventually entered the study ]

Figure | Inclusion and exclusion criteria flowchart of this study.
Abbreviation: CKM, Cardiometabolic-Kidney-Metabolic.
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the key variables of sleep duration and CKM staging. After applying these criteria, a final sample of 6462 participants
was included in the analysis.

Measurements

Measurement of Sleep Duration and Sleep Trend

Sleep duration data were obtained from the CHARLS questionnaire item: “During the past month, how many hours of
actual sleep did you get per night on average?” Based on international consensus, participants were classified into three
groups: optimal sleep (7-9 hours/day), short sleep (<7 hours/day), and long sleep (>9 hours/day).'®'® Four longitudinal
trajectories were further defined by integrating baseline (2011) and follow-up (2013) data: (1) stable optimal sleep
(7-9 hours at both time points), (2) persistent abnormal sleep (<7 or >9 hours at both time points), (3) sleep deterioration
(optimal — abnormal), and (4) sleep improvement (abnormal — optimal).

Definition of CKM Syndrome Stage

We defined CKM syndrome stages based on the American Heart Association classification and related studies.>'’
Participants were categorized into two groups: early CKM (Stages 0, 1, 2, and 3) and advanced CKM (Stage 4). The
staging process incorporated an elevated 10-year cardiovascular disease risk, predicted by the Framingham risk score, as
a risk equivalent for subclinical cardiovascular disease.”’ The estimated glomerular filtration rate was calculated using
the Chronic Kidney Disease (CKD) Epidemiology Collaboration equation, and CKD staging followed the Kidney
Disease: Improving Global Outcomes guidelines.?'** The detailed classification criteria for CKM syndrome are provided
in Supplementary Table 1.

Measurement of Depressive Symptoms

In CHARLS, depressive symptoms were assessed using the 10-item Center for Epidemiologic Studies Depression Scale
(CESD-10).>* The CESD-10 consists of 10 items, which are categorized into positively and negatively oriented
questions. Each item has four response options: “rarely or none of the time” (0 points), “some of the time” (1 point),
“occasionally” (2 points), and “most or all of the time” (3 points). For negatively oriented items (eg, “I felt depressed”),
higher scores reflect greater symptom severity, while positively oriented items (eg, “I felt hopeful”) are reverse-scored (3
points for “rarely or none of the time” to 0 points for “most or all of the time”). Total scores range from 0 to 30, with
higher scores indicating greater depressive risk and severity. This scale has been widely used and has demonstrated good
reliability and validity for assessing depressive symptoms in the general adult population in China.**

Data Collection

Data were collected through standardized questionnaires, physical examinations, and laboratory tests. We obtained
information on demographic characteristics (age, sex, education level, marital status, residence), anthropometric mea-
sures, and lifestyle factors including smoking and drinking history. Physical activity was quantified as Metabolic
Equivalent of Task (MET) hours, and functional status was evaluated using the Activities of Daily Living (ADL)
scale. Laboratory parameters measured from blood samples included triglycerides, low-density lipoprotein, and fasting
glucose, among others.

Statistical Analysis

Continuous variables were presented as the mean + standard deviation (for normally distributed data) or median
(interquartile range, IQR), while categorical variables were expressed as frequency (percentage). Group differences
were assessed using analysis of variance, the Kruskal-Wallis test, or the chi-square test, as appropriate. There were no
missing data for the primary independent variable (sleep duration) or the dependent variable (CKM syndrome). Missing
values for covariates were handled using multiple imputation. The association between sleep duration and CKM
syndrome was analyzed using multivariable logistic regression models. Model 1 was an unadjusted model. Model 2
was adjusted for age, sex, education, marital status, residence, smoking history, alcohol consumption, MET, and ADL.
Results were reported as odds ratios (OR) with 95% confidence intervals (CI). To explore the mediating role of
depressive symptoms (measured by CESD scores), a causal mediation analysis was conducted. This analysis involved
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three models: (1) a total effect model to examine the overall impact of sleep duration on CKM syndrome; (2) a mediation
model to analyze the association between sleep duration and CESD scores; and (3) a direct effect model to re-evaluate
the sleep-CKM syndrome relationship after adjusting for CESD scores. The indirect effect was estimated using bootstrap
resampling with 5000 iterations to calculate the 95% CI. Restricted cubic splines (RCS) with three knots were used to
flexibly model and visualize the potential non-linear dose-response relationship between sleep duration and the incidence
of CKM syndrome. Furthermore, subgroup and interaction analyses were conducted to explore potential effect modifica-
tion by demographic characteristics, health behaviors, and anthropometric measures, with results visualized using forest
plots. Two sensitivity analyses were performed to test the robustness of our findings: (1) excluding participants with
CKD at baseline, and (2) excluding individuals reporting extreme sleep durations (<4 or >12 hours per night).All
statistical analyses were performed using R version 4.4.2. A two-tailed P < 0.05 was considered statistically significant.

Results

Baseline Characteristics

A total of 6462 participants were included in the final analysis and categorized based on their nocturnal sleep duration.
Detailed baseline characteristics are presented in Table 1. Significant differences (P < 0.05) across sleep duration groups
were observed for age, education level, marital status, residence, Body mass index, Waist circumference, DBP, ADL
score, and depressive symptoms (CESD score).

Relationship Between Sleep Duration, Trends, and CKM Syndrome

As shown in the fully adjusted models in Table 2, baseline sleep duration remained a significant predictor of incident
CKM syndrome. When analyzed continuously, each additional hour of sleep was associated with a 4.0% reduction in
CKM risk (OR = 0.960, 95% CI: 0.930-0.992, P = 0.013). When analyzed categorically, participants with short sleep
duration (<7 hours) at baseline had a 14.8% higher risk of developing CKM syndrome compared to those with optimal
sleep (OR = 1.148, 95% CI: 1.014-1.299, P = 0.030). In contrast, long sleep duration at baseline was not significantly
associated with CKM risk in the adjusted model.

We then examined the effect of 2-year sleep trajectories. The “Stable Abnormal” sleep group showed a significantly
elevated risk of CKM syndrome compared to the “Stable Optimal” group in both the unadjusted model (OR = 1.453,
95% CI: 1.249-1.690, P < 0.001) and the fully adjusted model (OR = 1.259, 95% CI: 1.077-1.471, P = 0.004). Other
sleep trajectories, such as improving or worsening sleep, were not significantly associated with CKM risk in the adjusted
models.

The RCS regression model revealed a significant overall association between sleep duration and CKM risk (Wald test
P =0.006). The test for non-linearity was also significant (non-linearity test P = 0.031), indicating a J-shaped relationship
between sleep duration and the risk of CKM (Figure 2). The dose-response curve suggests that the risk is lowest at longer
sleep durations, becoming statistically significant for sleep durations exceeding approximately 7.5 hours.

Causal mediation analysis was performed to investigate whether depressive symptoms (CESD score) mediate the
association between sleep duration and CKM syndrome (Table 3). The analysis revealed a significant indirect pathway.
Specifically, each one-hour increase in sleep duration was associated with a decrease in depressive symptom scores (Path
a: p =-0.226, P < 0.001), and higher depressive symptom scores were, in turn, associated with increased odds of CKM
syndrome (Path b: OR = 1.035, P < 0.001). The bootstrap test confirmed a significant indirect effect, indicating that
depressive symptoms partially mediate the relationship between sleep and CKM risk (Average Causal Mediation Effect
[ACME] = —0.0015; P < 0.001). After accounting for this mediation, the direct effect of sleep duration on CKM was no
longer statistically significant (Average Direct Effect [ADE] = —0.0057; P = 0.060).

We conducted stratified analyses to investigate whether the relationship between sleep duration and CKM syndrome
varied across key demographic subgroups (Figure 3). The magnitude of the association appeared to differ by age and
residence. Specifically, the protective effect of longer sleep was more pronounced in participants younger than 65 years
(OR = 0.94, 95% CI: 0.90-0.98) compared to those aged 65 and older (OR = 0.98, 95% CI: 0.93—1.03). Similarly, the
association was stronger among urban residents (OR = 0.95, 95% CI: 0.91-0.99) than rural residents (OR = 0.97, 95%
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Table | Baseline Characteristics of Participants Stratified by Sleep Duration

Variable Level Normal Sleep Less Sleep More Sleep P-value

Age (mean (SD)) 57.32 (8.31) 59.06 (8.41) 59.27 (9.74) <0.001

Gender, n (%) Female 1532 (52.2) 1768 (54.5) 142 (51.1) 0.149
Male 1405 (47.8) 1479 (45.5) 136 (48.9)

Education, n (%) Less than lower 2608 (88.8) 2918 (89.9) 263 (94.6) 0.008
secondary education
Secondary or above 329 (11.2) 329 (10.1) 15 (5.4)

Marital status, n (%) Married 2685 (91.4) 2863 (88.2) 232 (83.5) <0.001
Non-married 252 (8.6) 384 (11.8) 46 (16.5)

Residence, n (%) Rural 1945 (66.2) 2056 (63.3) 200 (71.9) 0.003
Urban 992 (33.8) 1191 (36.7) 78 (28.1)

Smoking, n (%) No 1785 (60.8) 1998 (61.5) 164 (59.0) 0.636
Yes 1152 (39.2) 1249 (38.5) 114 (41.0)

Drinking, n (%) No 1813 (61.8) 1970 (60.7) 163 (58.6) 0.491
Yes 1123 (38.2) 1274 (39.3) 115 (41.4)

BMI (median [IQR]) 23.42 [21.19, 26.05] 23.14 [20.87, 25.78] 22.65 [20.71, 25.48] 0.001

WC (median [IQR]) 85.00 [78.40, 93.00] 84.20 [78.00, 91.45] 84.20 [78.30, 91.75] 0.010

SBP (mean (SD)) 128.84 (20.72) 128.68 (20.51) 130.23 (23.15) 0.526

DBP (mean (SD)) 75.82 (12.14) 7491 (12.01) 76.26 (14.13) 0.010

TG (median [IQR]) 107.08 [74.34, 157.53] 106.20 [76.11, 154.88] 107.53 [75.22, 157.53] | 0.962

LDL (median [IQR]) 113.66 [93.94, 136.66] 114.05 [91.62, 136.86] 116.75 [91.24, 138.79] | 0.754

MET (mean (SD)) 7731.60 (7711.35) 7097.81 (7241.78) 7893.20 (6808.54) 0.074

ADL (mean (SD)) 0.18 (0.66) 0.34 (0.88) 0.32 (0.86) <0.001

Glucose (mean (SD)) 110.39 (34.62) 109.77 (35.65) 109.05 (33.16) 0.781

CESD (median [IQR]) 3.00 [0.00, 6.00] 4.00 [2.00, 9.00] 4.00 [1.00, 6.00] <0.001

Notes: Data are presented as mean (standard deviation, SD) for normally distributed continuous variables, median [interquartile range, IQR] for non-normally distributed
continuous variables, and n (%) for categorical variables. Comparisons were made using one-way analysis of variance (ANOVA) for normally distributed data, the Kruskal—
Wallis test for non-normally distributed data, and the Chi-square test for categorical data. Statistical significance was defined as a two-tailed P < 0.05. Sleep duration
categories were defined as: Normal sleep (7-9 hours/night), Less sleep (<7 hours/night), and More sleep (>9 hours/night).

Abbreviations: ADL, Activities of Daily Living; BMI, Body Mass Index; CESD, Center for Epidemiologic Studies Depression Scale; DBP, Diastolic Blood Pressure; IQR,
Interquartile Range; LDL, Low-Density Lipoprotein; MET, Metabolic Equivalent of Task; SD, Standard Deviation; SBP, Systolic Blood Pressure; TG, Triglycerides; WC, Waist
Circumference.

CI: 0.92-1.02). The association was comparable between males and females. However, despite these observed differ-
ences in point estimates, formal tests for interaction did not reach statistical significance for any of the subgroups (all
P for interaction > 0.05).

To confirm the robustness of our primary findings, we conducted two sensitivity analyses. First, we repeated the
analysis after excluding participants who had chronic kidney disease (CKD) at baseline. Second, we re-analyzed the data
after excluding individuals who reported extreme sleep durations (<4 hours or >12 hours per night). As detailed in
Supplementary Table 2 and Supplementary Table 3, the association between sleep duration and the risk of incident CKM

syndrome remained consistent and significant in both scenarios, supporting the stability of our results.

Discussion

In this longitudinal study based on the CHARLS cohort, we identified several key findings. First, baseline short sleep
duration (<7 hours) emerged as an independent risk factor for incident CKM syndrome, with a 14.8% increased risk.
Second, persistent abnormal sleep patterns over a 2-year period were associated with elevated CKM risk even after full
adjustment, highlighting the importance of sustained sleep quality. Third, our causal mediation analysis revealed that
depressive symptoms partially explained the sleep-CKM relationship, suggesting an important psychobiological pathway.
Finally, the protective association of adequate sleep was particularly evident among women, individuals with lower

education, and urban residents.
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Table 2 Association of Baseline Sleep Duration and 2-Year Sleep Trajectories with
Incident CKM Syndrome

Model | P Model 2 P

Sleep Duration 0.926 (0.898, 0.956) | <0.001 | 0.960 (0.930, 0.992) | 0.013
Sleep Category

Optimal Sleep Ref Ref

Short Sleep 1.287 (1.141, 1.451) | <0.001 | 1.148 (1.014, 1.299) | 0.030

Long Sleep 0.919 (0.673, 1.257) | 0.598 0.851 (0.618, 1.172) | 0.324
Sleep Trajectories

Stable_norm Ref Ref

Abnormal—Normal | 0.988 (0.811, 1.203) | 0.901 0.899 (0.735, 1.100) | 0.301

Normal—Abnormal | 1.096 (0.915, 1.312) | 0.320 1.049 (0.873, 1.262) | 0.608

Stable_Abnorm 1.453 (1.249, 1.690) | <0.001 | 1.259 (1.077, 1.471) | 0.004

Notes: Data are presented as odds ratios (OR) with 95% confidence intervals (Cl). Model | represents
unadjusted estimates. Model 2 is adjusted for age, sex, education level, marital status, residence, smoking,
drinking, MET, and ADL. “Ref” denotes the reference group. Statistical significance is defined as P < 0.05.
Sleep Trajectories are defined as follows: “Abnormal — Optimal” indicates improvement, “Optimal —
Abnormal” indicates deterioration, and “Stable Abnormal” reflects persistent abnormal sleep patterns (<7 or
>9 hours).

Abbreviations: ADL, Activities of Daily Living; CKM, Cardio-Kidney-Metabolic; MET, Metabolic Equivalent
of Task.

The contrast between our baseline and trajectory findings provides important clinical insights. While a single baseline

measure of short sleep showed independent predictive value, the persistence of abnormal sleep patterns over time
emerged as an even more robust risk factor (OR = 1.259, 95% CI: 1.077—-1.471). The sustained elevation in risk observed

Estimation
------------------- Reference Line
Poverall = 0.006
Pnon_linear =0.031
1.0 = - ~ ST S T e T T TP
o
o
uw
o,
o
O
25 5.0 7.5 10.0 12.5

Sleep Duration(hours)

Figure 2 Dose-response relationship between sleep duration and the risk of CKM Syndrome.

Notes: The figure displays the dose-response relationship between sleep duration and the risk of CKM, based on a restricted cubic spline regression model. The solid line
represents the estimated ORs, and the shaded area represents the corresponding 95% Cls. The dashed horizontal line indicates the reference line where the OR is 1.0. The

overall association was statistically significant (P=0.006), with significant evidence of a non-linear relationship (P=0.031).
Abbreviations: CKM, Cardio-Kidney-Metabolic; Cl, Confidence Interval; OR, Odds Ratio.
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Table 3 Mediation Analysis Results

Path Analysis Effect Size (OR/B) | 95% CI P
Total effect —0.007 —0.013,0 <0.001
Path a (Sleep—CESD) | —0.226 —0.301, —0.151 | <0.001
Path b (CESD—-CKM) | 1.035 1.025, 1.045 <0.001
ACME —0.002 —0.002, 0 <0.001
Direct effect —0.006 —0.012,0 0.06

Notes: Results are based on causal mediation analysis. The total, direct (ADE), and indirect
(ACME) effects are presented on the risk difference scale. Path a coefficient (B) represents
the change in the CESD score for each one-hour increase in sleep duration. Path b is
presented as an odds ratio (OR) for CKM per one-unit increase in the CESD score. The
negative signs for the total, direct, and indirect effects indicate that longer sleep duration is
associated with a reduced risk of CKM syndrome.

Abbreviations: ACME, Average Causal Mediation Effect; ADE, Average Direct Effect; Cl,
Confidence Interval; CKM, Cardiometabolic-Kidney-Metabolic; CESD, Center for
Epidemiologic Studies Depression Scale; OR, Odds Ratio.

with persistently abnormal sleep patterns underscores the clinical importance of addressing sleep disorders as
a modifiable risk factor for CKM syndrome prevention.*

Exploring the Cascade Relationship “Sleep-Depression-Metabolism” at

Epidemiological Level
Animal experiments indicate that chronic sleep deprivation initiates HPA axis overactivity via hypothalamic CRH
neurons, disrupting cortisol rhythms and triggering insulin resistance. Concurrently, the NF-kB pathway-mediated IL-
6/TNF-a release directly impairs endothelial function.'*?%?” Controlled trials by Irwin et al demonstrate a 30% increase
in IL-6 levels with sleep restricted to 6 hours per day, providing biological support for the observed CKM risk
amplification in this study.'

Our mediation analysis provides compelling evidence for the psychobiological pathway linking sleep disturbance to
metabolic dysfunction.Depression may exacerbate metabolic dysfunction through multiple mechanisms: first, activation
of microglia-driven neuroinflammatory responses that promote insulin resistance, and second, behavioral changes

Subgroups OR (95% Cl) Pvalue P forinteraction
Age 0.193
<60 0.956 (0.911-1.002) 0.063 ——d
260 0.968 (0.927-1.011) 0.148 ——
Gender 0.185
Female 0.941 (0.903-0.982) 0.005 —a—
Male 0.988 (0.940-1.040) 0.652 ——
Education 0.755
Less than lower secondary ~ 0.962 (0.930-0.994) 0.020 ——
Secondary or above 0.954 (0.836-1.088) 0.483
Residence 0.156
Urban 0.929 (0.879-0.983) 0.010 ——
Rural 0.978 (0.941-1.018) 0.275 i
T T T T |
085 09 095 1 1.05
OR (95% Cl)

Figure 3 Subgroup Analysis of Sleep Duration and CKM Risk.

Notes: The forest plot displays the Odds Ratios (ORs) and 95% Confidence Intervals (Cls) for the association between a one-hour increase in sleep duration and the risk of
CKM syndrome, stratified by age, gender, education, and residence. All models were adjusted for age, gender, education, marital status, residence, smoking, drinking, MET,
and ADL, as appropriate. Bolded values represent the P-values for interaction, calculated to assess for effect modification across subgroups.

Abbreviations: ADL, Activities of Daily Living; CKM, Cardiometabolic-Kidney-Metabolic; Cl, Confidence Interval; MET, Metabolic Equivalent of Task; OR, Odds Ratio.
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including reduced physical activity and preference for high-fat diets that further aggravate energy metabolism
imbalance.?* ° These findings suggest that sleep regulation not only directly impacts metabolic homeostasis but may
also cascade through psychopathological mechanisms, offering potential targets for multidimensional CKM
interventions.

Demographic and Socioeconomic Disparities in Sleep-CKM Associations

While our formal tests for interaction did not reach statistical significance—a finding that may be due to limited statistical
power—the subgroup analyses revealed several trends that merit discussion. These observations, though exploratory, can
help generate hypotheses for future research.

For instance, the association appeared stronger in women, a trend that may be related to sex-specific differences in
sleep architecture, hormonal influences on both sleep and metabolism, and differential stress responses.’’ Women often
experience greater sleep disruption due to reproductive life stages and caregiving responsibilities, potentially making
them more susceptible to the metabolic consequences of sleep disturbance.>* Sleep disturbances during menopause and
hormonal fluctuations throughout the reproductive years may contribute to increased metabolic vulnerability in women.*?
Additionally, women demonstrate different circadian rhythm patterns and sleep-wake regulation compared to men, which
may influence their susceptibility to metabolic disorders when sleep is disrupted.**

Likewise, the effect seemed more pronounced among individuals with lower education, suggesting that socio-
economic factors may modulate the sleep-health relationship.®> Lower socioeconomic status is often associated with
increased exposure to sleep-disrupting environmental factors, limited access to healthcare for sleep disorders, and higher
baseline metabolic risk, potentially amplifying the impact of sleep disturbance on CKM development.*® Additionally,
work-related factors such as shift work, multiple jobs, and job insecurity are more prevalent in lower socioeconomic
groups and contribute to irregular sleep patterns.®’

The urban-rural difference may reflect varying lifestyle patterns, environmental exposures, and healthcare access.
Urban residents may face distinct sleep challenges related to light pollution, noise, and shift work, while also having
better access to healthcare resources for managing sleep disorders and metabolic conditions.*® However, they may also
experience higher stress levels, more sedentary lifestyles, and different dietary patterns that could interact with sleep
patterns to influence CKM risk.** Rural populations, conversely, may have more regular circadian rhythms due to
reduced artificial light exposure but face barriers in accessing specialized sleep medicine services.*’

Taken together, these observations underscore the importance of considering demographic and socioeconomic context
in sleep research. Although our findings are not definitive enough to recommend targeted interventions at this stage, they
provide a strong rationale for future, larger-scale studies.

Methodological Limitations and Future Directions

This study has several methodological limitations. First, reliance on self-reported sleep duration data may introduce recall
bias and social desirability effects; future studies should incorporate objective sleep monitoring using wearable devices or
actigraphy to capture sleep efficiency, fragmentation, and circadian rhythm parameters. Second, the temporal associations
observed may be influenced by unobserved time-dependent confounding factors. Third, despite comprehensive adjust-
ment for major confounders, residual confounding from unmeasured variables is still possible; specifically, our study
could not account for underlying clinical conditions such as Obstructive Sleep Apnea or Restless Legs Syndrome, nor for
other unmeasured factors like detailed sleep hygiene, dietary patterns, or specific genetic polymorphisms.

Our causal mediation analysis, while providing valuable insights into potential pathways, relies on strong assumptions
including correct temporal sequencing and adequate control for confounding. For instance, our analysis could not adjust
for the use of newer cardiometabolic agents (eg, SGLT2 inhibitors or GLP-1 RAs), whose utilization has rapidly
increased since our study period and which profoundly impact CKM outcomes.*' Given these constraints, our mediation
results should be interpreted as highlighting potential pathways rather than establishing definitive causal mechanisms.
Future research using instrumental variable approaches or Mendelian randomization could provide stronger causal
evidence for the sleep-depression-CKM pathway by leveraging genetic variants as natural experiments. The J-shaped
dose-response relationship observed in our restricted cubic spline analysis suggests that both insufficient and excessive
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sleep may be associated with increased CKM risk, though the protective effect appears most pronounced at longer sleep
durations. This non-linear relationship warrants further investigation to identify optimal sleep duration ranges and
understand the mechanisms underlying potential risks associated with long sleep.

Future research directions should include: 1) Integration of multi-omics data (inflammatory biomarkers, cortisol
profiles, epigenetic markers) to systematically validate the “sleep-depression-metabolism” pathway; 2) Cross-cultural
validation using diverse cohorts to examine the generalizability of findings across different populations and healthcare
systems; 3) Randomized controlled trials testing combined sleep optimization and depression management interventions,
with assessment of their effects on CKM biomarkers and long-term cardiovascular outcomes.

Conclusions

This longitudinal study demonstrates that both baseline short sleep duration and persistent abnormal sleep patterns are
independently associated with increased CKM syndrome risk. Depressive symptoms serve as important mediators in this
relationship, with demographic and socioeconomic factors modifying the strength of associations. The findings highlight
the clinical importance of comprehensive sleep assessment and the potential benefits of integrated interventions targeting
both sleep optimization and mental health. These results support the inclusion of sleep evaluation in CKM risk
stratification and prevention strategies, particularly for high-risk demographic subgroups.
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