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Abstract
Objectives

This study examined the nonlinear associations between social jetlag (SJL), depressive symptoms, and
suicidal ideation. It also tested whether inflammatory markers and depressive symptoms mediated
these associations. Stratified analyses by age and sex were performed.

Methods

Data came from 5,838 adults in the 2017-2020 National Health and Nutrition Examination Survey.
Restricted cubic splines were used to model nonlinear relationships. Mediation analyses assessed the
roles of an inflammatory burden index (CRP and neutrophil-to-lymphocyte ratio) and depressive
symptoms. All analyses were stratified by age group and sex.

Results

A near U-shaped association emerged. Zero SJL corresponded to the highest depressive symptom
scores. Mild-to-moderate SJL (> 0 to < 2 hours) was linked to lower scores, whereas severe SJL was
linked to elevated scores. This pattern was strongest in young adults (20-39 years). Among women,
moderate SJL was associated with a 65% reduction in the odds of suicidal ideation, compared with no
SJL. Mediation analyses showed that depressive symptoms accounted for 25.2% of the SJL—suicidal
ideation association. The inflammatory burden index did not mediate this association.

Conclusions

Mild-to-moderate SJL may have certain beneficial associations with mental health outcomes in specific
subgroups. The overall SUL-mental health relationship is nonlinear. The mediating pathway operates
primarily through depressive symptoms, not systemic inflammation.

What was known

Social jetlag is associated with depressive symptoms, a well-established risk factor for suicidal ideation.
However, the mediating role of depressive symptoms in the relationship between social jetlag and
suicidal ideation remains unclear.

What this study adds

Using nationally representative data, this study identifies a non-linear association between social jetlag
and suicidal ideation, which is mediated by depressive symptoms. Furthermore, the findings reveal
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significant heterogeneity across age and sex groups, offering novel, subgroup-specific evidence to
inform targeted sleep interventions and suicide prevention strategies.

1. Introduction

Social jetlag (SJL) refers to the misalignment between an individual’s internal biological clock (driven by
endogenous circadian rhythms) and socially imposed sleep-wake schedules (e.g., work or school
timetables). It is commonly quantified as the absolute difference in sleep midpoint between free days
and workdays. In today's non-stop society, SJL is extremely common, with a substantial proportion of
individuals experiencing significant social jetlag. For instance, among Japanese adolescents, nearly half
(49.6%) reported SJL = 1 hour and 17.1% reported SJL = 2 hours [1]; in a sample of Chinese college
students, over 20% experienced SJL = 1 hour [2]; and among Icelandic adolescents, 71% exhibited
moderate-to-severe SJL [3]. Extensive epidemiological research has linked SJL to a range of adverse
health outcomes, including metabolic dysfunction, cardiovascular disease, and obesity [4,5]. Notably,
growing attention has been directed toward the relationship between SJL and mental health outcomes,
particularly depressive symptoms.

Accumulating evidence indicates a stable, albeit modest, positive association between SJL and
depressive symptoms across diverse populations. A recent systematic review and meta-analysis of
observational studies among young people (aged 10—24 years) found a statistically significant but
modest positive correlation between SJL and depressive symptoms, with high SJL (= 2 hours)
associated with 44% higher odds of depressive symptoms [6]. Large-scale population-based studies
have further corroborated these findings: in the Korean working population, individuals with SJL > 2
hours had an 86% higher odds of depressive symptoms compared to those with minimal SJL [7]; among
Chinese adolescents, SJL = 2 hours was associated with a 51% increased risk of depression [8]; and
among Japanese non-shift workers, SJL >2hours was linked to a 114% increased likelihood of
depressive symptoms [9] Moreover, a study of Chinese college students revealed a non-linear (J-shaped
or U-shaped) relationship between SJL and depressive symptoms, where SJL exceeding 1.2 hours
markedly increased depression risk, whereas lower levels of SJL were not significantly associated with
depression [10]. These findings suggest that the adverse effects of SJL may be dose-dependent, with
mild degrees of SJL perhaps not uniformly harmful.

Beyond depressive symptoms, emerging evidence suggests that SJL may also be linked to suicidal
ideation and related behaviors. A large cross-sectional study of Chinese adolescents (n =39,731)
identified SJL as a significant mediator in the association between problematic internet use and suicidal
ideation, with the mediation effect being slightly larger in females than in males [11]. A prospective study
of UK adults further demonstrated that evening chronotype, a condition closely related to SJL, was
associated with increased future suicide intent, an effect mediated by feelings of defeat and entrapment
[12]. Additionally, research among college students found that absolute SJL (the discrepancy between
weekday and weekend sleep schedules) was uniquely linked to recent non-suicidal self-injury, suggesting
that sleep timing inconsistency may be a more relevant risk factor than insomnia itself [13]. However,
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nationally representative data on the direct association between SJL and suicidal ideation remain
scarce. Most existing research has focused on adolescents or college students, with only one small
longitudinal sample of UK adults (n = 187) covering a broader age range, yet lacking representative
coverage of the full adult age spectrum [12]. Moreover, the potential moderating roles of age and sex in
this relationship have not been adequately investigated, although sex differences in the mediating
pathway have been noted in adolescent samples [11].

Although depressive symptoms are widely recognized as a proximal risk factor for suicidal ideation, few
studies have explicitly tested whether they mediate the pathway between SJL and suicidal ideation. A
study conducted in Mexico demonstrated that depressive symptoms mediated the relationship between
circadian preference (morningness/eveningness) and suicidal ideation [14]; however, this mediational
pathway has not yet been examined using SJL as the exposure in a nationally representative sample of
adults. Meanwhile, circadian disruption is known to activate inflammatory responses [15], and existing
research has shown that inflammatory markers, sleep disturbances, and depression are pairwise
correlated. Specifically, elevated levels of systemic inflammatory markers, such as C-reactive protein
(CRP) and the neutrophil-to-lymphocyte ratio (NLR), have been found to partially mediate the association
between sleep disturbances and depression, albeit with a modest effect size [16]. Nevertheless, whether
an inflammatory burden index constructed from these biomarkers mediates the pathway from SJL to
suicidal ideation remains untested. Therefore, elucidating whether SJL influences suicidal ideation
through depressive symptoms or systemic inflammation is critical for understanding the role of
circadian misalignment in the chain of suicide risk.

To address these gaps, the present study will use nationally representative adult data from the National
Health and Nutrition Examination Survey (NHANES) 2017-2020. Our objectives are threefold: (1) to
characterize the shape (linear vs. non-linear) of the associations between SJL and both depressive
symptoms and suicidal ideation; (2) to test the mediating role of depressive symptoms in the
SJL-suicidal ideation relationship; and (3) to examine whether an inflammatory burden index serves as a
biological mediator of this pathway, while also evaluating age and sex heterogeneity across all
associations. The findings will provide empirical evidence for how circadian misalignment affects
mental health and offer clues for population-level prevention and intervention strategies.

2. Methods

All procedures of NHANES were approved by the National Center for Health Statistics Research Ethics
Committee, and written informed consent was given by each participant before participation. It was
carried in compliance with the principles of the Declaration of Helsinki.

2.1 Study Design and Data Source

This study analyzed data from the 2017-2020 pre-pandemic cycle of the NHANES, a nationally

representative survey of the United States. All NHANES data are publicly available and can be freely

accessed at:https://wwwn.cdc.gov/nchs/nhanes/. From 15,560 initial participants, we excluded 6,328
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individuals younger than 20 years, 87 pregnant women, and 3,307 individuals with missing data on SJL,
depressive symptoms, suicidal ideation, or inflammatory biomarkers, resulting in a final analytic sample
of 5,838 participants (Figure 1).

2.2 Variables
2.2.1 Social Jetlag (SJL)

SJL was calculated as the absolute difference in mid-sleep time between free days and workdays: SJL =
Imid-sleep on free days - mid-sleep on workdays|, expressed in hours. Mid-sleep time was calculated as:
bedtime + (wake time - bedtime) / 2. For participants whose wake time crossed midnight (i.e., wake
time < bedtime), 12 hours was added to the wake time to ensure valid calculation [17,18]. Based on
existing literature [7,19] and the distribution of study participants, participants were categorized into four
groups: No SJL (= 0 h), mild SJL (¥0 to §1 h), moderate SJL (=1 to B2 h), and severe SJL (=2 h).

2.2.2 Depressive Symptoms and Suicidal Ideation

Depressive symptoms were assessed using the Patient Health Questionnaire-8 (PHQ-8), which
comprises the first eight items of the PHQ-9, excluding the suicidal ideation item [20]. The PHQ-8
assesses symptom frequency over the past two weeks using a standardized 0-24 scoring system, with
higher scores indicating greater depressive symptom severity. Suicidal ideation was assessed using the
ninth item of the PHQ-9: "Over the last 2 weeks, how often have you been bothered by thoughts that you
would be better off dead or of hurting yourself in some way?" Responses were dichotomized into
presence (several days, more than half the days, or nearly every day) versus absence (not at all). The
PHQ-8 was as valuable as the PHQ-9 in detecting cases of major depression [21].

Inflammatory Biomarkers

The inflammatory burden index (IBI) is a straightforward and reproducible composite marker of
inflammation that provides a more comprehensive evaluation of systemic inflammatory load and
immune imbalance than individual biomarkers [22]. It is calculated as the product of the NLR and CRP:
IBI = CRP (mg/dL) x NLR, where NLR is defined as the absolute neutrophil count divided by the absolute
lymphocyte count. Neutrophil and lymphocyte counts were obtained from an automated complete blood
count, and CRP levels were measured using a high-sensitivity assay. To normalize their distributions
before analysis, both IBI and CRP were natural log-transformed.

2.3 Covariates

Demographic information collected included age, gender, race, education level, and poverty-to-income
ratio (PIR). Lifestyle factors included smoking status and physical activity. Medical conditions included
hypertension, diabetes, coronary heart disease, stroke, chronic obstructive pulmonary disease, and
cancer. Body mass index (BMI) was calculated using the standard formula of weight in kilograms divided
by height in meters squared.
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The study categorized race into five groups: Non-Hispanic White, Non-Hispanic Black, Mexican
American, Other Hispanic, and other races. Educational level was stratified into five levels: <9th grade, 9—
11th grade, High school graduate, Some college, and College graduate or above. Smoking status was
classified into three categories based on lifetime consumption: never smoker (<100 lifetime cigarettes),
former smoker (=100 lifetime cigarettes but not currently smoking), and current smoker. Comorbidity
burden was assessed as a count variable (range: 0—6) summing the presence of six physician-
diagnosed chronic conditions: coronary heart disease, stroke, chronic obstructive pulmonary disease,
cancer, hypertension, and diabetes.

2.4 Statistical Analysis

All analyses accounted for the complex multistage survey design of NHANES using appropriate weights
(WTMECPRP), stratum (SDMVSTRA), and primary sampling unit (SDMVPSU) variables. Weighted means
and proportions were calculated to describe sample characteristics. The shape of the association
between continuous SJL and both PHQ-8 and suicidal ideation was examined using restricted cubic
splines with three knots (0, 0.5, and 3 hours). Weighted linear regression and weighted logistic
regression were used to estimate associations between SJL categories and PHQ-8 and suicidal ideation,
respectively, with No SJL as the primary reference group. All models were adjusted for age, sex,
race/ethnicity, BMI, smoking status, and comorbidity count.

Mediation analyses tested two parallel pathways linking SJL to suicidal ideation: an inflammatory
pathway (SJL — IBI — suicidal ideation) and a psychopathological pathway (SJL — PHQ-8 — suicidal
ideation). Bootstrap resampling (1,000 iterations) was used to estimate 95% Cls for the
psychopathological pathway, given the non-linear exposure-mediator relationship identified in RCS
analysis. Sensitivity analyses substituted CRP for IBI, tested an additional pathway (SJL — IBI — PHQ-8),
and used mild SJL (0 to K1 h) as the alternative reference group. Stratified analyses by age group (20-
39, 40-59, =60 years) and sex were conducted. Two-sided p < 0.05 was considered statistically
significant, and p = 0.05-0.10 was interpreted as suggestive evidence.

3. Results
3.1 Characteristics of the participants

The study included 5,838 participants, representing approximately 169.4 million U.S. adults after sample
weighting, of whom 3.7% (n = 218) reported suicidal ideation. Table 1 presents the baseline
characteristics comparing participants with and without suicidal ideation. Significant differences were
observed across several characteristics. Depressive symptoms (PHQ-8 score) were markedly higher in
the suicidal ideation group compared to the non-suicidal group (mean 12.3 vs. 2.9, p<0.001). Smoking
status also differed significantly (p < 0.001), with a higher proportion of current smokers among those
with suicidal ideation (29.8% vs. 16.4%) and a lower proportion of never smokers (42.7% vs. 57.9%).
Participants with suicidal ideation had a greater comorbidity burden (mean 1.2 vs. 0.9, p<0.001).
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Race/ethnicity distribution showed significant variation (p = 0.017), with a higher representation of “other
Hispanic” individuals in the suicidal ideation group (16.5%) and lower proportions of non-Hispanic Black
and non-Hispanic White participants. SJL distribution also differed significantly between groups (p =
0.039); notably, the proportion of participants with No SJL was higher in the suicidal ideation group than
in the non-suicidal group (47.7% vs. 38.8%). No statistically significant differences were found between
the two groups for age (p =0.279), sex (p = 0.434), body mass index (BMI; p = 0.057), or log-transformed
inflammatory burden index (log-IBI; p = 0.129), although BMI was numerically higher in the suicidal
ideation group (31.1 vs. 30.0).
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Characteristics of Study Participants by Suicidal Ideation Status

Table 1

Characteristic

Age (years)

Sex

Male

Female
Race/Ethnicity
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other

BMI (kg/m?)
Smoking Status
Never

Former

Current
Comorbidity Count
Social Jetlag

No (=0)

Mild (>0to <1 h)
Moderate (1to <2 h)
Severe (=2 h)
PHQ-8 Score
Log-IBI

Suicidal Ideation

Overall
N = 5,838
52.8 (17.3)

2,870 (49.2%)
2,968 (50.8%)

712 (12.2%)
595 (10.2%)
2,258 (38.7%)
1,347 (23.1%)
926 (15.9%)
30.1 (7.3)

3,346 (57.3%)
1,506 (25.8%)
984 (16.9%)
0.9 (1.0)

2,284 (39.1%)
1,428 (24.5%)
1,298 (22.2%)
828 (14.2%)
3.3 (4.4)

1.4 (1.3)

No
N=5,620"
52.9 (17.3)

2,769 (49.3%)
2,851 (50.7%)

682 (12.1%)
559 (9.9%)
2,180 (38.8%)
1,307 (23.3%)
892 (15.9%)
30.0 (7.3)

3,253 (57.9%)
1,446 (25.7%)
919 (16.4%)
0.9 (1.0)

2,180 (38.8%)
1,386 (24.7%)
1,258 (22.4%)
796 (14.2%)
2.9 (3.9)
1.3(1.3)

2Welch Two Sample t-test; Pearson's Chi-squared test

Yes
N=218"
51.6 (17.6)

101 (46.3%)
117 (53.7%)

30 (13.8%)
36 (16.5%)
78 (35.8%)
40 (18.3%)
34 (15.6%)
31.1(8.1)

93 (42.7%)
60 (27.5%)
65 (29.8%)
1.2(1.3)

104 (47.7%)
42 (19.3%)
40 (18.3%)
32 (14.7%)
12.3 (7.4)
1.5 (1.3)

p-value?

0.279
0.434

0.017

0.057
<0.001

<0.001
0.039

<0.001
0.129
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Characteristic Suicidal Ideation
Overall No Yes p-value?
N = 5,838 N =5,620' N =218

"Mean (SD); n (%). Log-IBI: log-transformed Inflammatory Burden Index.

2Welch Two Sample t-test; Pearson's Chi-squared test

2.2 Non-linear Association between Social Jetlag and
Mental Health Outcomes

Restricted cubic spline analysis revealed a significant non-linear association between continuous SJL
and depressive symptoms (Wald F = 4.22, p = 0.039; Fig. 2A). The fitted curve exhibited an approximately
U-shaped relationship: the highest PHQ-8 scores were observed in the No SJL (=0h). Predicted PHQ-8
scores decreased with mild to moderate SJL (>0 to < 2 h), followed by a slight increase at severe SJL (=2
h). A similar declining non-linear trend was observed for suicidal ideation, although it did not reach
conventional statistical significance. Specifically, the predicted log-odds of suicidal ideation were highest
in the No SJL (10h), then gradually decreased as SJL increased from mild to moderate (>0 to < 2 hours),
and subsequently entered a plateau phase when severe SJL (=2 h) (Wald F=3.19, p=0.075; Fig. 2B). In
contrast, no linear or non-linear association was found between SJL and the inflammatory burden index
(Wald F=0.70,p=0.512).

3.3 Primary Analysis: SJL Categories and Mental Health
Outcomes

Table 2 presents the associations between SJL categories and both depressive symptoms and suicidal
ideation, using No SJL as the reference group. After adjusting for age, sex, race, BMI, smoking status,
and comorbidity count, participants with mild SJL (> 0 to <1 h) exhibited significantly lower PHQ-8
scores (aB = -0.60,95% CI: -1.20 to - 0.04, p = 0.037), as did those with moderate SJL (ap = -0.86, 95%
Cl: -1.54to - 0.19, p=0.017). The association for severe SJL was not statistically significant (a =
-0.52,95% Cl: -1.14 10 0.10, p = 0.091). Regarding suicidal ideation, compared with the No SJL group,
participants with moderate SJL had 56% lower odds of reporting suicidal ideation (aOR = 0.44, 95% ClI:
0.25t0 0.77, p =0.008). Mild SJL was associated with a suggestive 43% reduction in the odds of suicidal
ideation (aOR =0.57,95% Cl: 0.32 to 1.04, p = 0.066). The odds of suicidal ideation in the severe SJL
group did not differ significantly from those in the No SJL group (aOR=0.71,95% CI: 0.39t0 1.30, p =
0.254). Furthermore, in a sensitivity analysis using mild SJL (0-1 h) as the reference group, No SJL was
associated with a trend toward increased odds of suicidal ideation (aOR =1.74,95% CIl: 0.96-3.16, p =
0.066), while moderate and severe SJL did not differ significantly from mild SJL (Table S1).
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Table 2
Association between Social Jetlag Categories and Mental Health Outcomes (Reference: No SJL)

Characteristic = PHQ-8 Suicidal Ideation

(Depressive Symptoms)

AdjustedB  95% CI p-value Adjusted OR 95% CI p-value
Social Jetlag
No (SJL=0) — — - - — —
Mild -0.60 -1.2,-0.04  0.037 0.57 0.32,1.04 0.066
(>0to<1h)
Moderate -0.86 -1.5,-0.19  0.017 0.44 0.25,0.77 0.008
(1to<2h)
Severe (= 2h) -0.52 -1.1,0.10  0.091 0.71 0.39,1.30 0.254
Abbreviations: Cl = Confidence Interval, OR = Odds Ratio
Adjusted for age, sex, race/ethnicity, BMI, smoking status, and comorbidity count.

3.4 Mediation Analysis

All analyses were adjusted for age, sex, race/ethnicity, BMI, smoking status, and comorbidity count. In
the overall analysis, depressive symptoms (PHQ-8) showed a significant mediating effect, accounting for
25.2% of the total effect. In contrast, the IBI did not mediate the association (indirect effect =0.000, 95%
Cl: -0.003 to 0.003). Sensitivity analysis substituting CRP for IBI yielded consistently null findings
(indirect effect = 0.000, 95% Cl: -0.002 to 0.002). An additional pathway testing whether IBI mediated the
SJL-depression association was also non-significant (indirect effect = 0.000, 95% CI: -0.003 to 0.003);
detailed path coefficients are presented in Table S2. As shown in Fig. 3, the mediation analysis further
revealed that the indirect effect of SJL on suicidal ideation through depressive symptoms was
significant (axb = - 0.035; bootstrap 95% CI: -0.067, - 0.005), with a proportion mediated of 25.2%. This
indirect pathway operated despite a non-significant direct effect (¢' = -0.079, p =0.226) and a
non-significant total effect (c = - 0.141, p = 0.089). The a-path (SJL — depressive symptoms) was
negative and borderline non-significant (a=-0.115, p = 0.095), whereas the b-path (depressive
symptoms — suicidal ideation) was strongly positive (b = 0.308, p < 0.001).

3.5 Stratified Analyses

Figure 4 present the associations between SJL categories and both depressive symptoms and suicidal
ideation stratified by age-sex group.

Age-stratified analyses. For depressive symptoms, the protective association between non-No SJL and
PHQ-8 was most pronounced in young adults aged 20—-39 years. In this age group, moderate SJL was
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significantly associated with lower PHQ-8 scores (Adjusted B = -1.19,95% Cl: -2.18 to - 0.18, p = 0.024),
while mild (Adjusted B = -1.17, p =0.054) and severe SJL (Adjusted B = -0.94, p = 0.057) approached
significance. In middle-aged adults (40-59 years), mild and moderate SJL showed suggestive protective
associations (Adjusted B = -0.70, p = 0.073 and Adjusted B = -0.82, p = 0.073, respectively), whereas
severe SJL was not significant (p = 0.249). Among older adults (= 60 years), the protective effect was
largely attenuated and severe SJL even showed a non-significant positive association (Adjusted B =
+0.49, p = 0.285), indicating a clear age-dependent gradient (Fig. 4A). For suicidal ideation, the age-
stratified pattern was broadly consistent, although statistical power was limited by the smaller number
of events (Fig. 4B). Notably, moderate SJL was significantly associated with lower odds of suicidal
ideation among older adults (aOR =0.37,95% CI: 0.15 to 0.87, p = 0.026), and mild SJL approached
significance in young adults (aOR = 0.40, p = 0.058). Detailed stratified results, including all effect
estimates and confidence intervals, are provided in Table S3 in the supplementary material.

Sex-stratified analyses. For depressive symptoms, males exhibited a dose-response pattern: the
protective association strengthened progressively from mild (Adjusted B = -0.61, p = 0.070) to moderate
(Adjusted B = -0.76, p = 0.042) to severe SJL (Adjusted B = -0.85, p = 0.034). In contrast, females
showed a threshold effect: moderate SJL was significantly protective (Adjusted B = -0.95, p = 0.022), but
the protective effect disappeared entirely for severe SJL (Adjusted B = -0.12, p =0.741) (Fig. 4C). This
sex-specific pattern was even more pronounced for suicidal ideation (Fig. 4D). Moderate SJL was
significantly protective only in females, with a 65% reduction in the odds of suicidal ideation (aOR = 0.35,
95% Cl: 0.20 to 0.59, p < 0.001), representing the single strongest protective signal across all subgroup
analyses. No significant associations were observed in males for suicidal ideation. Detailed stratified
results, including all effect estimates and confidence intervals, are provided in Table S4 in the
supplementary material.

4. Discussion

This study, based on large-sample data from the 2017-2020 NHANES, systematically examined, for the
first time in a nationally representative sample of U.S. adults, the nonlinear associations between SJL
and both depressive symptoms and suicidal ideation, and further tested the mediating roles of
depressive symptoms and inflammatory burden in these associations. Three main findings emerged.
First, SUL showed a significant nonlinear association with depressive symptoms, with mild to moderate
SJL (> 0 to < 2 hours) paradoxically related to lower levels of depressive symptoms and suicidal ideation.
Second, this 'protective’ association exhibited marked age and sex heterogeneity, with the effect being
most pronounced in young adults, and moderate SJL showing a particularly strong protective effect
against suicidal ideation in women. Third, depressive symptoms significantly mediated the association
between SJL and suicidal ideation, with a proportion mediated of 25.2%, whereas the inflammatory
burden index constructed based on CRP and NLR was not confirmed as a significant mediating pathway.
Collectively, these findings reveal a nuanced, non-linear relationship between SJL and mental health,
characterized by a paradoxical protective association of Mild and Moderate SJL that is particularly
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pronounced in young adults and women, and identify depressive symptoms, rather than systemic
inflammation, as the key mediator linking SJL to suicidal ideation.

The most intriguing finding of this study is that, compared with no SJL, mild to moderate SJL (>0 to <2
hours) was associated with lower levels of depressive symptoms and a lower risk of suicidal ideation,
and the non-linear relationship between SJL and depressive symptoms was statistically confirmed by
restricted cubic spline analysis. This pattern differs from the assumption that any degree of circadian
misalignment is invariably detrimental; instead, it resembles the U-shaped relationships often reported in
sleep research, that both short and long sleep durations predict higher depression risk [23,24,25]. The
approximately U-shaped relationship pattern between SJL and mental health outcomes in this study
suggests that the complete absence of SJL (i.e., identical sleep timing on workdays and free days) may
not represent the most optimal sleep rhythm pattern; rather, moderate social rhythm variability might
confer adaptive benefits at the physiological or psychological level for individuals.

Several mechanisms may explain why mild to moderate SJL appears protective. A national survey
showed that weekend catch-up sleep was associated with a lower prevalence of depressive symptoms,
particularly among individuals with short weekday sleep [26]. Meanwhile, Mild and Moderate SJL implies
a certain degree of flexibility in sleep-wake rhythm. Existing studies support an association between
sleep-wake schedule flexibility and psychological flexibility [27,28]. A cluster analysis of Japanese young
adults identified sleep-wake rhythm problems as one of four major sleep types, and psychological
inflexibility (particularly the “inflexible type”) had a stronger negative impact on mental health [29]. These
findings suggest that rigid adherence to a sleep-wake schedule may reflect lower psychological
flexibility, thereby exacerbating cognitive arousal and negative emotions. Furthermore, a certain degree
of day-to-day variability in sleep timing is increasingly viewed as a normal, potentially adaptive human
behavior that aids entrainment to fluctuating social demands, rather than an inherent pathology [30]. An
alternative, non-causal explanation is that a “No SJL" state may not directly foster depression but
instead reflect limited social engagement or a monotonous lifestyle, which themselves confer elevated
depression risk.

Notably, although the nonlinear trend for suicidal ideation did not reach conventional statistical
significance (p = 0.075), its dose-response pattern closely mirrored that of depressive symptoms. This
concordance suggests that any protective association of mild SJL with suicidality may largely operate
through reduced depressed mood, rather than through a direct effect. The attenuated significance likely
reflects limited statistical power due to lower endorsement of suicidal ideation in the sample. Similarly, a
study on Mexican adolescents found that the association between circadian preference and suicidal
ideation among morning-shift students was significantly mediated by depressive symptoms and school-
day sleep duration [14]. This also indirectly supports the indirect pathway of depressive symptoms
between SJL and suicide risk.

Our age-stratified analyses revealed a gradient in the association between SJL and depressive
symptoms: a protective effect strongest in young adults aged (20-39 years), attenuated in midlife (40—
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59 years), and absent in older adults (= 60 years). A similar pattern emerged for suicidal ideation, with
moderate SJL retaining a residual protective effect even in the oldest group. This contrasts with prior
studies reporting positive associations between SJL and depression across ages [1,3,31]. For example, a
meta-analysis indicated SJL > 2 h increased depression odds by 1.87-fold in adolescents (Lu et al.,
2026). The discrepancy may reflect that our protective effect was limited to moderate SJL (1 to <2 h),
whereas most literature examines severe SJL (>2 h) and different study populations [1,32]. Additionally,
younger adults may benefit from weekend catch-up sleep, while post-retirement flexibility dilutes any
protective value in older adults [33].

Sex-stratified analyses revealed distinct profiles. In males, SJL showed a linear protective relationship
with depressive symptoms; in females, protection was limited to moderate SJL and lost at severe levels.
Notably, moderate SJL was associated with substantially reduced risk of suicidal ideation in females, the
strongest protective signal across subgroups. This sex-divergent pattern may be explained by inherent
differences in sleep physiology and circadian regulation between males and females. Women have a
shorter circadian period and an earlier melatonin phase [34,35,36], making their circadian system more
sensitive to timing shifts. Moreover, women show lower tolerance to sleep deprivation and faster
accumulation of sleep pressure [37]; therefore, moderate weekend catch-up sleep (i.e., moderate SJL)
may relieve weekday sleep debt and confer emotional benefits, whereas excessive SJL disrupts this
fragile balance and abolishes protection. After puberty, females also have higher rates of insomnia and
depression [38,39] and poorer subjective sleep quality [40], rendering them more susceptible to the
mood effects of SJL. In contrast, men'’s longer circadian period and later sleep preference [41,42],
together with relative resilience to sleep loss [37], may allow a linear protective response even at higher
SJL levels. Notably, the strong protective effect of moderate SJL on suicidal ideation in females
suggests that permitting modest weekend sleep flexibility could have clinical preventive value for this
high-risk group. Future mechanistic studies should examine interactions between sex hormones and
circadian systems to elucidate the neurobiological basis of these sex-specific associations.

In this study, depressive symptoms were established as a key mediator in the association between SJL
and suicidal ideation, accounting for 25.2% of the total effect; although the direct path from SJL to
depressive symptoms was only marginally significant, the bootstrap confidence interval for the indirect
effect did not include zero, confirming the statistical reliability of this mediation. This finding aligns with
prior evidence that depressive symptoms mediate the relationship between chronotype and suicidal
ideation in university students [30,43], and extends this mediational pathway to SJL as an objective
indicator of circadian misalignment. In marked contrast, neither IBl nor CRP emerged as significant
mediators, suggesting that SUL may influence suicidal ideation not through systemic low-grade
inflammation. A more plausible mechanism involves central neuroinflammatory pathways, whereby
circadian disruption leads to hyperactivation of the hypothalamic—pituitary—adrenal axis and microglial
activation; such inflammatory responses can upregulate the kynurenine pathway and reduce serotonin
synthesis, processes that are not necessarily reflected in single peripheral biomarkers [44,45]. Future
research incorporating comprehensive cytokine profiles and neuroimaging measures is warranted to
directly examine the role of neuroinflammation in this relationship.
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Several important limitations should be noted when interpreting the present findings. First, the cross-
sectional design of this study precludes establishing a causal direction between SJL and depressive
symptoms or suicidal ideation. Although we tested the indirect effect of depressive symptoms as a
mediator, the possibility of reverse causality cannot be ruled out. Future longitudinal studies are
essential to clarify the causal direction. Second, SJL was calculated based on participants' subjective
recall of sleep timing on workdays and free days, which may introduce recall bias; future studies
employing objective measures such as actigraphy to assess SJL would provide more reliable result.
Third, IBI relies on peripheral blood markers, which are distal from central nervous system inflammatory
processes. Therefore, the null mediation findings in this study do not fully exclude a potential role of
inflammatory pathways. Future studies should incorporate a broader panel of cytokines and combine
peripheral with central measures for comprehensive assessment.

Conclusion

This study uncovers a nuanced, non-linear relationship between SJL and mental health. We demonstrate
that mild-to-moderate SJL is associated with reduced depressive symptoms and suicidal ideation,
particularly among younger adults and women, suggesting a potential adaptive role for moderate sleep
flexibility in mitigating psychological distress. Crucially, this protective association is mediated primarily
through the alleviation of depressive symptoms rather than systemic inflammatory burden. Future
longitudinal studies using objective measures of circadian alignment are warranted to establish
causality and elucidate the neurobiological mechanisms underlying this association.
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Figure 1

Flowchart of study sample selection.
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Figure 2

Non-linear association between social jetlag and depressive symptoms (A) and suicidal ideation (B) on
restricted cubic spline regression models.
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Mediation analysis of the Association between Social Jetlag and Suicidal Ideation
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Figure 4

The associations between SJL categories and both depressive symptoms and suicidal ideation
stratified by age-sex group.
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(A-D) Stratified associations between social jetlag categories and mental health outcomes. (A) Age-
stratified association with depressive symptoms (PHQ-8). (B) Age-stratified association with suicidal
ideation. (C) Sex-stratified association with depressive symptoms (PHQ-8). (D) Sex-stratified association
with suicidal ideation. Forest plots display adjusted B coefficients with 95% confidence intervals; green
circles indicate p < 0.05, orange circles indicate p < 0.10, and gray circles indicate p = 0.10. Reference
group: No social jetlag.
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