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Highlights 

• Sitting time positively associated with depression among U.S. adults. 

• Oxidative stress partially mediates sitting time–depression association. 

• Inflammatory biomarkers significantly mediate sedentary effects on 

depression. 

• Insulin resistance acts as a biological pathway linking sitting time to depression. 

• Findings highlight biomarker-based targets for sedentary behavior 

interventions. 

 

Abstract 

Objective 

This study aimed to investigate the mediating roles of biomarkers of oxidative stress, 

inflammation, and insulin resistance in the association between sitting time and 

depression, and to determine the threshold value of sitting time linked to elevated 

depression rate. 



Methods 

Nationally representative data from the United States were analyzed, including 22,410 

adults. Sitting time was self-reported using a Global Physical Activity Questionnaire 

(GPAQ) based interview item. Depression was assessed with the Patient Health 

Questionnaire-9 (PHQ-9), with a score of ≥10 indicating depression. Mediators 

included biomarkers of oxidative stress (GGT, UA, HDL, UHR), inflammation (NLR, MLR, 

NMLR, HRR, RAR, SIRI, SII), and insulin resistance (TYG, TYG_BMI, TYG_WHTR, 

HOMA_IR, METS_IR). Associations and mediation effects were examined using logistic 

regression, linear regression, restricted cubic spline (RCS) analyzes, and Bayesian 

mediation models, adjusted for demographic and comorbidity confounders. 

Results 

Sitting time ≥ 8 h per day was significantly associated with increased rate of depression 

(OR = 1.39, 95% CI: 1.17–1.66). RCS analysis revealed a nonlinear J-shaped relationship 

between sitting time and depression (P for nonlinear =0.010), with the curve nadir 

located around 3.3 h (P = 0.004). Insulin resistance biomarkers showed the strongest 

mediation effects, with TYG_WHTR accounting for the largest proportion (11.45%), 

followed by METS_IR (9.25%), TYG_BMI (9.17%), and HOMA_IR (1.53%). Among 

inflammatory markers, RAR (5.03%) had the highest mediating effect, followed by SIRI 

(2.36%), NLR (1.26%), NMLR (1.22%), and SII (1.08%). For oxidative stress, HDL and 

UHR mediated 3.45% and 2.22% of the sitting time–depression association, 

respectively. 

Conclusion 

Sitting time is associated with depression rate partly mediated by biomarkers of 

oxidative stress, inflammation, and, most notably, insulin resistance. These findings 

suggest that reducing sitting time is associated with a lower depression risk, and this 

association may be accompanied by improvements in related biological pathways such 

as insulin resistance. 
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1. Background 

Sedentary behavior has become a prominent feature of modern lifestyles, and its high 

prevalence is closely linked to increased risks for various chronic diseases. 

Epidemiological evidence indicates that prolonged sitting time is an independent risk 

factor for numerous adverse health outcomes, including cardiovascular diseases, 

metabolic syndrome, type 2 diabetes mellitus (T2DM), and certain cancers (Pinto et 

al., 2023; Wu et al., 2022; Zheng et al., 2018; Hermelink et al., 2022). In recent years, 

there has been growing attention to the impact of sedentary behavior on mental 

health, particularly regarding depressive symptoms and depression. Multiple large-

scale population-based studies have demonstrated a significant positive association 

between self-reported daily sedentary time and both elevated depressive symptom 

scores and increased risk of depression (Wang et al., 2019; Guo et al., 2024). 

Although the association between sedentary behavior and depression has been 

preliminarily established, its underlying biological mechanisms remain incompletely 

understood. Elucidating the pathophysiological pathways linking these phenomena is 

critical for advancing disease understanding, identifying high-risk populations, and 

formulating precise intervention strategies (Chen et al., 2025). Currently, oxidative 

stress, chronic low-grade inflammation, and insulin resistance are considered key 

pathophysiological links that connect unhealthy lifestyles with a wide range of chronic 

conditions, including mental disorders (Jomova et al., 2023; Leuti et al., 2020; Mattson 

et al., 2017). Previous studies have proposed the following explanations for these 

factors: 

1) Oxidative Stress: Prolonged sedentary time can lead to reduced energy expenditure, 
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impaired mitochondrial function, and weakened antioxidant defenses, thereby 

intensifying the production and accumulation of reactive oxygen species (ROS) and 

causing oxidative stress (Apel and Hirt, 2004). Excessive oxidative stress may damage 

neurons, disrupt neurotransmitter metabolism and signaling, and contribute to 

neuroinflammatory processes, all of which have been implicated in the pathogenesis 

of depression (Zheng et al., 2025; Jindal et al., 2013). 

2) Inflammatory Markers: Sedentary behavior has been shown to promote the release 

of pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-

alpha (TNF-α), and C-reactive protein (CRP), resulting in a state of chronic low-grade 

systemic inflammation (Liu et al., 2021; Illán-Gómez et al., 2012). These inflammatory 

mediators can cross the blood-brain barrier and directly affect the central nervous 

system, interfering with neuroplasticity, monoamine neurotransmitter function, and 

the hypothalamic-pituitary-adrenal (HPA) axis (Dudesek et al., 2014; Chrousos, 1995). 

Such processes are recognized as important biological underpinnings for the 

development and progression of depression. 

3) Insulin Resistance: Extended periods of sedentary behavior markedly reduce 

skeletal muscle glucose uptake and utilization, serving as a major contributor to 

systemic insulin resistance (Garthwaite et al., 2023). Notably, insulin signaling 

pathways also exist in the central nervous system, insulin resistance may impact brain 

energy metabolism and, through mechanisms involving neurotransmitter dysfunction, 

augmented neuroinflammation, and increased oxidative stress, be associated with a 

heightened risk of depression (Duarte, 2023; Masenga et al., 2023). Increasing 

evidence suggests that insulin resistance may represent a potential pathophysiological 

feature of mood disorders, particularly depression (Fernandes et al., 2022; Wang et al., 

2023). 

Collectively, these findings suggest that oxidative stress, inflammatory markers, and 

insulin resistance may play key mediating roles in the relationship between sedentary 

behavior and increased depression risk. However, there remains a paucity of studies 
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that simultaneously examine the combined mediating effects of these three critical 

biological markers in the sitting time–depression association, especially within 

nationally representative large-scale populations. Furthermore, identifying the 

optimal “sitting time” cutoff associated with significant health risks is crucial for the 

development of public health guidelines and the design of individualized behavioral 

interventions. Considerable heterogeneity exists in the definitions and thresholds of 

sedentary behavior across existing studies (Wu et al., 2023), highlighting the urgent 

need for investigation and validation of meaningful cutoff values for sedentary time 

using large samples and hard endpoints. 

Against this backdrop, the present study aims to leverage data from the National 

Health and Nutrition Examination Survey (NHANES), a large and nationally 

representative database enriched with comprehensive biomarker and questionnaire 

data. The primary objective is to systematically evaluate the mediating roles of 

oxidative stress markers, inflammatory factors, and insulin resistance indices in the 

association between self-reported sitting time and depression, and to elucidate the 

potential biological pathways through which sedentary behavior may impact 

depression risk. A secondary objective is to employ statistical methods to identify and 

determine the optimal cutoff value of sitting time associated with significantly 

increased depression rate, thereby providing more targeted scientific evidence for 

future public health recommendations aimed at reducing sedentary behavior and 

preventing depression. The findings of this study are expected to advance our 

understanding of the biological mechanisms underlying the detrimental impact of 

sedentary behavior on mental health and to inform the identification of intervention 

targets, individual risk assessment, and development of precision strategies for 

depression prevention. 

 

2. Materials and methods 

2.1. Participants 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#bb0210


The participants in this study were drawn from the U.S. NHANES. NHANES is a 

nationally representative cross-sectional survey conducted by the National Center for 

Health Statistics (NCHS), part of the Centers for Disease Control and Prevention (CDC). 

Initiated in the 1960s, NHANES has operated as a continuous program since 1999. Each 

year, a stratified, multistage probability sampling design is used to select 

approximately 5000 participants from the U.S. civilian, non-institutionalized 

population, with each individual representing a specific segment of the national 

population through sampling weights. The survey combines in-home interviews to 

collect demographic, socioeconomic, dietary, and health behavior data, with physical 

examinations and laboratory measurements (blood, urine, etc.) conducted at Mobile 

Examination Centers (MECs) to comprehensively assess health and nutritional status 

(Mo et al., 2023). NHANES data are released in two-year cycles and are freely 

accessible, serving as a key resource for epidemiological research and public health 

policy development. The survey adheres to the Declaration of Helsinki, and its 

protocols, including secondary data analyzes, are approved by the CDC Institutional 

Review Board (IRB). Written informed consent is obtained from all participants. 

For this analysis, the data were based on a previously collated and standardized 

NHANES 1988–2018 dataset, initially including 101,316 participants. This dataset 

harmonizes variables across cycles and is designed to support high-throughput 

exposome-health research. Using this standardized dataset helps ensure consistency 

in variable definitions when merging data across cycles and provides a reliable 

foundation for handling survey weights (Nguyen et al., 2023). For the purposes of this 

analysis, we excluded participants with missing data on depression, sitting time, or 

demographic variables. The final analytic sample consisted of 22,410 participants. 

Details of the participant exclusion process are depicted in Supplementary Fig. S1. 

2.2. Assessment of depression 

Depression was the outcome variable in this study and was assessed by trained 

interviewers using the Patient Health Questionnaire-9 (PHQ-9) during face-to-face or 
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computer-assisted interviews at the MECs. The PHQ-9 comprises nine items which 

correspond to the core diagnostic criteria for major depressive disorder: loss of 

interest, depressed mood, sleep disturbance, fatigue, changes in appetite, feelings of 

guilt or worthlessness, concentration difficulties, psychomotor retardation or agitation, 

and suicidal ideation. Respondents rated the frequency of each symptom over the past 

two weeks on a 4-point Likert scale: 0 (not at all), 1 (several days), 2 (more than half 

the days), and 3 (nearly every day). The total PHQ-9 score ranges from 0 to 27, with 

higher scores indicative of more severe depressive symptoms (Levis et al., 2019). 

Severity was classified as follows: 0–4, none or minimal; 5–9, mild; 10–14, moderate; 

15–19, moderately severe; and 20–27, severe depression. In this study, a PHQ-9 score 

of ≥10 was used to define clinically significant depression (Costantini et al., 2021; Levis 

et al., 2020). 

2.3. Assessment of sitting time 

Sitting time was the primary exposure variable and was similarly assessed by trained 

interviewers at the MECs during face-to-face or computer-assisted interviews. The 

Global Physical Activity Questionnaire (GPAQ) was utilized to capture physical activity 

behaviors in various domains and sedentary time. Sitting time was ascertained using a 

single item: “The following question is about sitting at school, at home, getting to and 

from places, or with friends, including time spent sitting at a desk, traveling in a car or 

bus, reading, playing cards, watching television, or using a computer. Do not include 

time spent sleeping. How much time do you usually spend sitting on a typical day?” 

Responses were recorded in minutes per day (Yang et al., 2019). The self-reported 

sitting time data were derived from the harmonized NHANES 1988–2018 dataset 

(Nguyen et al., 2023), which ensures consistency in the question wording and units 

(minutes per day) across survey cycles, including the alignment of comparable items 

from earlier cycles (1999–2006). 

2.4. Assessment of biomarkers of oxidative stress, inflammation, and insulin 

resistance 
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Biomarkers related to oxidative stress, inflammation, and insulin resistance were 

examined as potential mediators in this study. The primary laboratory and physical 

examination variables included gamma-glutamyl transferase (GGT), uric acid (UA), 

high-density lipoprotein (HDL), neutrophil count, monocyte count, lymphocyte count, 

mean cell volume, red cell distribution width, albumin, platelet count, triglycerides 

(TG), fasting blood glucose (FBG), height, weight, body mass index 

(BMI = weight/height2), waist circumference (WC), fasting insulin, glycemia, and high-

density lipoprotein cholesterol (HDL-C). These laboratory measures and physical 

examinations were obtained through rigorous protocols by trained personnel at the 

MECs, with detailed procedures available on the NHANES website. 

The composite biomarkers evaluated were as follows: 1) Oxidative Stress: GGT, UA, 

HDL, uric acid to HDL ratio (UHR) (Liu et al., 2025a). 2) Inflammatory Markers: 

neutrophil-to-lymphocyte ratio (NLR), monocyte-to-lymphocyte ratio (MLR), 

neutrophil-to-monocyte-to-lymphocyte ratio (NMLR), hemoglobin-to-red blood cell 

distribution width ratio (HRR), red cell distribution width-to-albumin ratio (RAR), 

systemic inflammation response index (SIRI), systemic immune-inflammation index (SII) 

(Liu et al., 2025b; You et al., 2023). 3) Insulin Resistance: triglyceride-glucose index 

(TYG), TYG adjusted for BMI (TYG_BMI), TYG adjusted for waist-to-height ratio 

(TYG_WHTR), homeostatic model assessment for insulin resistance (HOMA-IR), 

metabolic score for insulin resistance (METS-IR) (Zhang et al., 2025; Peng et al., 2024). 

Detailed computation methods for these composite indices are provided in 

Supplementary Table S1. 

2.5. Confounding variables 

Potential confounding variables were included in the analyzes. Sociodemographic 

covariates included age, gender (male/female), race (Mexican American, Other 

Hispanic, Non-Hispanic White, Non-Hispanic Black, Other Race), education level 

(below high school, high school graduate, college or above), poverty income ratio (PIR), 

smoking (yes/no), alcohol (yes/no), and physical activity level (low/high). Additionally, 
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medical comorbidities potentially related to both sedentary behavior and depression 

were adjusted for, including hypertension, diabetes, and stroke (Warburton et al., 

2006; Katzmarzyk et al., 2022), each classified as yes/no. 

2.6. Statistical analysis 

All statistical analyzes in this study were performed using R software version 4.2. We 

followed the guidelines of the NCHS to account for the complex sampling design of 

NHANES. To combine data across the ten survey cycles from 1999 to 2018, a 20-year 

integrated sample weight was created. In all subsequent analyzes, the survey design 

was explicitly specified using the “svydesign()” function from the survey package, 

incorporating the stratum, primary sampling unit, and the integrated weight to ensure 

accurate estimation of standard errors. 

First, participants were categorized into four groups based on daily sitting time (4 h, 4–

6 h, 6–8 h, ≥8 h). Group comparisons were conducted using survey-weighted analysis 

of variance (ANOVA) for continuous variables and survey-weighted chi-square tests for 

categorical variables to describe the sample characteristics, presenting the distribution 

differences in demographics, lifestyle, and health outcomes across different sitting 

level groups. 

Subsequently, we built a series of survey-weighted regression models. All models 

employed a three-level adjustment strategy to control for covariates sequentially: 

Model 1 was an unadjusted crude model; Model 2 adjusted for demographic, 

socioeconomic, and lifestyle factors, including age, sex, race, education level, PIR, 

smoking status, alcohol consumption, and physical activity level; Model 3 further 

adjusted for clinical comorbidities potentially related to both sedentary behavior and 

depression, including hypertension, diabetes, and stroke. Results from the fully 

adjusted Model 3 were considered primary. The statistical significance level was set at 

α = 0.05. 

To explore potential non-linear associations between sitting time and depression, we 

used the “rms” package. Within the survey-weighted logistic regression framework, 
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sitting time was flexibly modeled using restricted cubic splines (RCS) via the “rcs()” 

function. The number of knots was automatically selected based on the Akaike 

Information Criterion. The significance of the non-linear association was assessed by 

testing the P-value for the overall and nonlinear term, with results presented as a 

curve. Further threshold analysis was conducted using the “segmented” package. 

Based on the indication of a non-linear relationship from the spline analysis, this 

algorithm iteratively searches for the optimal inflection point that maximizes model fit 

and estimates the linear slopes on either side of the point. 

Finally, to evaluate the mediating roles of biomarkers, we employed Bayesian 

mediation analysis based on the counterfactual framework, implemented through the 

“brms” package, which provides an interface for Bayesian generalized linear models 

via Stan. For each biomarker tested, two models were established: the first was a 

mediator model with the continuous biomarker as the dependent variable and sitting 

time as the independent variable; the second was an outcome model with depression 

status (binary) as the dependent variable, simultaneously including sitting time and 

the biomarker as independent variables. Both models were adjusted for all covariates 

specified in Model 3, and the results were presented in a schematic diagram. The 

mediation models were fitted using default weakly informative prior distributions. 

Parameter estimation was performed via Markov Chain Monte Carlo MCMC sampling, 

running 4 independent chains with 4000 iterations each (including 2000 warm-up 

iterations). Convergence was ensured by monitoring the R-hat statistic (all <1.01) and 

trace plots. From the posterior distributions, we calculated the average direct effect 

(ADE), average causal mediation effect (ACME), total effect (TE), and the proportion 

mediated (PE, %; indirect effect/total effect) (Cao et al., 2025). It should be noted that 

this study aimed to exploratively evaluate the independent mediating pathways of 

multiple biomarkers. Therefore, all biomarkers were entered individually into the 

mediation model framework for separate estimation and interpretation, rather than 

being competitively compared within a single model. Biomarker values were entered 

into regression models in their original scale without transformation. 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#bb0020


As standard Bayesian mediation R packages cannot directly incorporate complex 

survey design variables, we forced the adjustment of the full set of demographic 

covariates closely related to the sampling design into the mediation models. 

Furthermore, all foundational “sitting time-biomarker-depression” associations 

included in the mediation analysis had been validated in the preceding survey-

weighted regressions that strictly accounted for the complex design, aiming to 

minimize potential estimation bias. All survey-weighted linear and logistic regression 

models were checked for multicollinearity by calculating the variance inflation factor 

(VIF), confirming that all VIFs were below 5. For the Bayesian models, besides 

convergence diagnostics, posterior predictive checks were performed to verify the 

overall goodness-of-fit of the models to the data. 

 

3. Results 

3.1. Sociodemographic characteristics of participants 

A total of 22,410 participants were included in the final analysis, with a mean age of 

47.19 ± 0.27 years. Of these, 11,055 (48.80%) were male and 11,355 (51.20%) were 

female. Participants were categorized into four groups based on daily sitting time: “<4” 

hours (n = 5984), “4 to <6” hours (n = 5261), “6 to <8” hours (n = 3560), and “≥8” hours 

(n = 7605). Comparisons of potential confounders and outcome variables across these 

four groups revealed significant differences in race, education level, PIR, smoking, 

alcohol, physical activity, hypertension, diabetes, and stroke (all P < 0.05). There was 

no statistically significant difference in gender distribution across the groups (P > 0.05). 

Notably, the rate of depression differed significantly across the groups (P = 0.003). 

Importantly, all potential confounders with statistically significant group differences 

were confirmed to have no strong correlation with sitting time (r < 0.7). Even if certain 

variables show no significant differences between groups, they were still included as 

covariates in the models to control for potential confounding. (see Table 1). 
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3.2. Associations between sitting time and depression 

To further elucidate the complex association between sitting time and depression, we 

conducted progressive logistic regression analyzes, RCS modeling, and cutoff value 

analysis. The fully adjusted logistic regression model (Model 3) indicated that, when 

sitting time was treated as a continuous variable, there was a significant association 

with depression (OR per hour [95% CI]: 1.05 [1.03–1.07], P < 0.001). When categorized, 

with “<4” hours/day as the reference group, sitting “4 to <6” or “6 to <8” hours/day 

was not significantly associated with depression (P = 0.641, 0.915, respectively). 

However, sitting “≥8” hours/day was significantly associated with increased depression 

rate (OR [95% CI]: 1.39 [1.17–1.66], P < 0.001), with a significant interaction between 

models observed (P for interaction <0.001). This significant interaction suggests that 

the strength of the association was meaningfully modified by the sets of covariates 

adjusted for in the models, with the association becoming stronger and more precise 

after full adjustment. (see Table 2). 
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Model 1: Crude. 

Model 2: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity. 

Model 3: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity, hypertension, diabetes, and stroke. 

P for interaction tests whether the association between sitting time (categorical) and 

depression differs across models with increasing levels of covariate adjustment. 

 

RCS analysis revealed a nonlinear J-shaped relationship between sitting time (as a 

continuous variable) and depression after adjustment for all confounders, with the 

lowest depression risk observed at approximately 3.3 h of daily sitting time. The longer 

the sitting time, the higher the odds ratio for depression. The overall association and 

nonlinearity were statistically significant (P for overall <0.001; P for nonlinear =0.010; 

see Fig. 1). 
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Fig. 1. RCS curve of association between sitting time and depression. 

 

Threshold analysis indicated that the inflection point occurs at 3.315 h. For sitting 

time < 3.315 h, its association with depression was not statistically significant 

(P = 0.094). For sitting time ≥ 3.315 h, there was a significant positive linear association 

with depression rate (β [95% CI]: 1.06 [1.04–1.08], P < 0.001; P for likelihood 

test = 0.004; see Table 3). 

 

Table 3. Threshold effect of the association between sitting time and depression. 
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3.3. Associations between sitting time and biomarkers of oxidative stress, 

inflammation, and insulin resistance 

Linear regression analyzes were performed to examine associations between sitting 

time and potential mediator biomarkers. For oxidative stress predictors, sitting time 

was significantly associated with UA (β [95% CI]: 0.02 [0.01–0.02], P < 0.001), HDL (β 

[95% CI]: −0.24 [−0.32 to −0.16], P < 0.001), and UHR (β [95% CI]: 0.01 [0.01–0.01], 

P < 0.001), but not with GGT (P = 0.452). Among inflammation predictors, sitting time 

was significantly associated with SIRI, HRR, NLR, NMLR, RAR, and SII (all P < 0.01), with 

corresponding β (95% CI): SIRI 0.01 (0.01–0.02), HRR –0.01 (−0.99 to −0.01), NLR 0.01 

(0.01–0.02), NMLR 0.01 (0.01–0.02), RAR 0.01 (0.01–0.01), and SII 2.42 (0.78–4.06). 

No significant association was found with MLR (P = 0.062). For insulin resistance 

predictors, sitting time showed significant associations with TYG_BMI (β [95% CI]: 1.78 

[1.19–2.36], P < 0.001), TYG_WHTR (0.03 [0.02–0.03], P < 0.001), HOMA_IR (0.08 

[0.04–0.12], P < 0.001), and METS_IR (0.34 [0.24–0.45], P < 0.001), but not with TYG 

(P = 0.091). All results reflect full adjustment in Model 3 (see Table 4). 

 

Model 1: Crude. 

Model 2: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity. 

Model 3: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity, hypertension, diabetes, and stroke. 
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CI: Confidence Interval, GGT: Gamma-Glutamyl Transferase, UA: Uric Acid, HDL: High-

Density Lipoprotein, UHR: Uric Acid to High-Density Lipoprotein Ratio, NLR: 

Neutrophil-to-Lymphocyte Ratio, MLR: Monocyte-to-Lymphocyte Ratio, NMLR: 

Neutrophil-to-Monocyte-to-Lymphocyte Ratio, HRR: Heart Rate Recovery, RAR: Red 

Cell Distribution Width-to-Albumin Ratio, SIRI: Systemic Inflammation Response Index, 

SII: Systemic Immune-Inflammation Index, TYG: Triglyceride-Glucose Index, TYG_BMI: 

Triglyceride-Glucose Index Adjusted for Body Mass Index, TYG_WHTR: Triglyceride-

Glucose Index Adjusted for Waist-To-Height Ratio, HOMA_IR: Homeostasis Model 

Assessment for Insulin Resistance, METS_IR: Metabolic Score for Insulin Resistance. 

 

3.4. Associations between biomarkers and depression 

Logistic regression analyzes were conducted to assess the associations between 

potential mediator biomarkers and depression. For oxidative stress predictors, 

significant associations with depression were observed for GGT (OR [95% CI]: 1.01 

[1.01–1.01], P < 0.01), HDL (0.99 [0.99–0.99], P < 0.01), and UHR (4.75 [1.64–13.75], 

P < 0.01). UA was not significantly associated with depression (P = 0.917). Among 

inflammatory predictors, NLR, NMLR, RAR, SIRI, and SII were all significantly associated 

with depression (NLR OR: 1.05 [1.01–1.09], NMLR OR: 1.05 [1.01–1.09], RAR OR: 1.27 

[1.14–1.42], SIRI OR: 1.08 [1.02–1.15], SII OR: 1.01 [1.01–1.01]; all P < 0.05), while MLR 

and HRR were not (P = 0.701 and 0.087, respectively). All five insulin resistance indices 

were significantly associated with depression: TYG_BMI (OR: 1.30 [1.14–1.49]), 

TYG_WHTR (1.01 [1.01–1.01]), HOMA_IR (1.23 [1.13–1.33]), METS_IR (1.01 [1.01–

1.02]), and TYG (1.01 [1.01–1.02]) (all P < 0.01; see Table 5). 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#t0025


 

Model 1: Crude. 

Model 2: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity. 

Model 3: Adjusted for covariates: age, gender, race, education level, smoking, drinking, 

PIR, physical activity, hypertension, diabetes, and stroke. 

OR: Odds Ratio, CI: Confidence Interval, GGT: Gamma-Glutamyl Transferase, UA: Uric 

Acid, HDL: High-Density Lipoprotein, UHR: Uric Acid to High-Density Lipoprotein Ratio, 

NLR: Neutrophil-to-Lymphocyte Ratio, MLR: Monocyte-to-Lymphocyte Ratio, NMLR: 

Neutrophil-to-Monocyte-to-Lymphocyte Ratio, HRR: Heart Rate Recovery, RAR: Red 

Cell Distribution Width-to-Albumin Ratio, SIRI: Systemic Inflammation Response Index, 

SII: Systemic Immune-Inflammation Index, TYG: Triglyceride-Glucose Index, TYG_BMI: 

Triglyceride-Glucose Index Adjusted for Body Mass Index, TYG_WHTR: Triglyceride-

Glucose Index Adjusted for Waist-To-Height Ratio, HOMA_IR: Homeostasis Model 

Assessment for Insulin Resistance, METS_IR: Metabolic Score for Insulin Resistance. 

These results are based on Model 3. RCS analyses of the associations between all 16 

potential mediator biomarkers and depression are presented in Fig. 2. 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#f0010


 

Fig. 2. RCS curves of association between oxidative stress, inflammation, and insulin 

resistance biomarkers with depression. 

 

3.5. Mediation effects of oxidative stress, inflammation, and insulin resistance 

biomarkers in the association between sitting time and depression 

Based on prior findings, we included mediator variables with confirmed associations 

in a Bayesian mediation analysis using logistic regression (Model 3). Among oxidative 

stress predictors, HDL accounted for 3.45% and UHR for 2.22% of the mediation effect. 

For inflammation predictors, mediation proportions were as follows: NLR, 1.26%; 

NMLR, 1.22%; RAR, 5.03%; SIRI, 2.36%; and SII, 1.08%. For insulin resistance predictors, 

TYG_BMI accounted for 9.17%, TYG_WHTR for 11.45%, HOMA_IR for 1.53%, and 

METS_IR for 9.25% of the mediation effect (see Fig. 3). 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#f0015


 

Fig. 3. Mediation effects of oxidative stress, inflammation, and insulin resistance 

biomarkers on the relationship between sitting time and depression. 

 

Detailed results for all 11 mediator variables in the association between sitting time 

and depression, including estimates for ACME, ADE, TE, PE, and p-values, are 

summarized in Supplementary Table S2. 

 

4. Discussion 

Using large-scale data from the U.S. NHANES, this study systematically elucidated the 

biological pathways linking sitting time and depression, yielding three interesting 

findings. First, there is a dose–response relationship: sitting time is associated with 

depression in a J-shaped manner, with a threshold of 3.315 h/day. Compared with 

individuals with sitting time < 4 h, those sitting ≥8 h/day had an increased depression 



rate (OR = 1.39, 95% CI: 1.17–1.66). Second, we identified key mediating pathways: 

insulin resistance (particularly TYG_WHTR, with a mediation proportion of 11.45%), 

the inflammatory marker RAR (5.03%), and the oxidative stress marker UHR (2.22%). 

Third, there were notable differences in the predictive value of biomarkers: the 

mediation effects of insulin resistance markers TYG_WHTR and METS_IR substantially 

exceeded that of the conventional HOMA-IR (only 1.53%). The following sections 

elaborate and interpret these findings in detail. 

4.1. Public health implications of the sitting time threshold for depression 

This study identified 3.315 h/day as a critical threshold for significantly increased 

depression rate, a value lower than most current guideline recommendations of 8–

10 h/day, including WHO guidelines (Bull et al., 2020; Raichlen et al., 2023; Sagelv et 

al., 2023). Although we also confirmed the established finding that ≥8 h/day of sitting 

time substantially increases depression rate, it is important to note that the linear 

increase in depression begins at 3.315 h/day. This discrepancy may be explained by 

several methodological strengths of our study: the use of RCS modeling allowed for 

the detection of non-linear associations, reducing bias introduced by conventional and 

inconsistent categorization schemes, e.g., thresholds at 3, 7, 8, or 10 h in prior studies 

(Guo et al., 2024; Colley et al., 2022); additionally, the nationally representative and 

multi-ethnic NHANES sample enhances the generalizability of our results. Our findings 

provide new evidence regarding the dose-response relationship between sitting time 

and depression. This could inform the ongoing discussion and future refinement of 

public health guidelines on sedentary behavior, also highlight the potential value of 

strategies aimed at breaking up prolonged sitting, such as intermittent activity 

interventions. 

4.2. Central mediating role of insulin resistance 

Our results demonstrate that TYG_WHTR exhibited the strongest mediation effect 

(11.45%), providing a robust indicator for future intervention strategies. Several 

mechanisms may underlie this observation. Disruption of cerebral energy metabolism, 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#bb0015
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as mentioned earlier, may play a role: evidence had shown that prolonged sitting 

reduces skeletal muscle glucose uptake, induces systemic insulin resistance, impairs 

brain insulin signaling, and diminishes hippocampal glucose utilization. Other 

predictors in our model likely contribute to this pathway, particularly through 

enhanced neuroinflammatory cascades. Peripheral insulin resistance has been shown 

to activate microglia, promote the release of pro-inflammatory cytokines (TNF-α, IL-

1β), and inhibit the synthesis of brain-derived neurotrophic factor (BDNF), all of which 

impact emotional regulation via central nervous system pathways (de Baat et al., 

2023; Rozanska et al., 2020). Furthermore, previous research has found a significant 

positive correlation between insulin resistance and inflammatory markers, supporting 

the notion of a synergistic insulin resistance–inflammation axis (Korkmazer and Solak, 

2015). 

4.3. Roles of inflammation and oxidative stress pathways 

RAR, a novel inflammatory marker, had a higher mediation proportion (5.03%) than 

traditional inflammation markers, supporting its potential as a clinically relevant 

biomarker. This may be attributable to RAR's ability to reflect both chronic 

inflammation (increased red cell distribution width) and nutritional status (decreased 

albumin), thereby more sensitively predicting changes in blood–brain barrier 

permeability (Zhu et al., 2025; Liu et al., 2025c). On the other hand, UHR displayed a 

moderate mediation effect (2.22%), lower than that of HDL alone, yet its composite 

nature remains informative. Its significance underscores the possibility that sedentary 

behavior contributes to oxidative damage via at least two mechanisms: reducing 

antioxidant capacity, decreased HDL, and increasing oxidative products (elevated uric 

acid), ultimately leading to neuronal DNA damage (Kuo et al., 2015; Hamurcu et al., 

2010; Zoppini et al., 2006). The joint mediation effect of HDL and uric acid was slightly 

less than that of HDL alone, possibly due to their inter-correlation. 

4.4. Comparison with prior studies and novelty of findings 

Some of our results align with previous studies. The observed OR for the association 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#bb0010
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between sitting time and depression (1.39 [1.17–1.66]) is highly consistent with data 

from the UK Biobank (HR =1.19, n = 71,556) (Yu et al., 2025; Zhu et al., 2024), 

supporting the generalizability of our findings. The strong mediation effect of 

TYG_WHTR corroborates the central role of insulin resistance in central nervous 

system disorders, while the effectiveness of RAR represents a novel finding. 

Compared with existing literature, our study addresses contentious areas and makes 

innovative contributions. Published thresholds for depressive risk due to sedentary 

behavior have varied widely (3–10 h/day), yet our use of RCS modeling allowed us to 

pinpoint 3.315 h/day as an evidence-based intervention target. In terms of biomarker 

selection, the lack of traditional inflammatory markers (e.g., C-reactive protein, CRP) 

in NHANES is noted. Nonetheless, the novel composite indices employed in our study 

(e.g., RAR, SIRI) outperformed conventional markers and offer compelling justification 

for their clinical adoption. 

Our study combines theoretical innovation with practical value. At the theoretical level, 

we establish a multi-pathway mediation model for the association between sitting 

time and depression, identifying insulin resistance as the core pathway and proposing 

TYG_WHTR as a promising biomarker for depression risk screening. These findings 

highlight insulin resistance, indexed by TYG_WHTR, as a potential target for future 

research on depression prevention. Future studies could explore whether 

interventions that reduce sitting time and improve metabolic health yield mental 

health benefits. Our study also supports the consideration of both behavioral (e.g., 

sitting time) and metabolic factors in a comprehensive assessment of depression risk. 

4.5. Limitations and future directions 

Several limitations of this study should be acknowledged. First, the cross-sectional 

design precludes causal inference, and reverse causality or bidirectional relationships 

between depression, sedentary behavior, and the biomarkers cannot be ruled out. The 

mediation analysis within this framework is also limited in verifying the assumption of 

sequential ignorability. Second, exposure and covariate measurements have inherent 

https://www.sciencedirect.com/science/article/pii/S0165032726001771#bb0225
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constraints. Sitting time was self-reported and may be subject to recall bias, and 

several important potential confounders (e.g., sleep quality, chronic pain, medication 

use, social support) were not designed for adjustment, which may lead to residual 

confounding. Third, regarding analytical methods, the proportion mediated was 

calculated based on ORs, which are non-collapsible; thus, this metric should be 

interpreted as an exploratory comparison of relative pathway importance rather than 

a precise effect estimate. Additionally, multiple comparisons were conducted without 

alpha-level adjustment. Fourth, several biomarkers with skewed distributions were 

analyzed in their original scale without transformation, which may affect the precision 

of some linear regression estimates. 

Future research should address these limitations and build upon our findings. 

Prospective cohort or intervention studies are needed to establish temporal sequence 

and causality. Specifically, longitudinal studies could validate the sitting time threshold 

and incorporate objective measures (e.g., accelerometers) and advanced imaging (e.g., 

to assess central insulin sensitivity) to elucidate mechanisms. Randomized controlled 

trials are warranted to test whether interventions reducing sedentary behavior or 

targeting identified pathways (e.g., insulin resistance) lower depression risk. 

Furthermore, research should expand to diverse populations, such as Asian cohorts, 

to examine the generalizability of these associations. Finally, subsequent studies 

focusing on prediction could select the most promising biomarkers identified here to 

evaluate their added clinical value using standardized effect sizes and model validation 

metrics like decision curve analysis or area under the receiver operating characteristic 

curve (AUC). 

5. Conclusion 

Based on data from a large cohort of U.S. adults across multiple survey cycles of the 

NHANES database, this study demonstrates that prolonged daily sitting time is 

significantly associated with an increased risk of depression. RCS modeling revealed a 

nonlinear J-shaped relationship between sitting time and depression, with an optimal 



threshold identified. Depression rate increased linearly beyond this threshold. 

Mediation analysis identified oxidative stress, inflammatory markers, and insulin 

resistance as key mechanistic pathways. These findings suggest that reducing sitting 

time and implementing targeted interventions on these biological pathways may 

effectively lower the risk of depression. Future intervention studies are needed to 

confirm whether reducing sitting time causally lowers depression risk through these 

pathways. 

 

References A 

pel, K., Hirt, H., 2004. Reactive oxygen species: metabolism, oxidative stress, and signal 

transduction. Annu. Rev. Plant Biol. 55, 373–399. https://doi.org/10.1146/annurev. 

arplant.55.031903.141701. 

de Baat, A., Trinh, B., Ellingsgaard, H., Donath, M.Y., 2023. Physiological role of 

cytokines in the regulation of mammalian metabolism. Trends Immunol. 44 (8), 613–

627. https://doi.org/10.1016/j.it.2023.06.002. 

Aug. Bull, F.C., Al-Ansari, S.S., Biddle, S., Borodulin, K., Buman, M.P., Cardon, G., et al., 

2020. World Health Organization 2020 guidelines on physical activity and sedentary 

behaviour. Br. J. Sports Med. 54 (24), 1451–1462. https://doi.org/10.1136/ bjsports-

2020-102955. 

Dec. Cao, Z., Zhuo, F., Yan, F., Hu, X., Xia, G., Huang, C., et al., 2025. Sleep disturbance 

and hypertension mediated by systemic inflammatory response index in NHANES. Sci. 

Rep. 15 (1), 24255. https://doi.org/10.1038/s41598-025-09529-3. Jul 7. 

Chen, J., Hua, S., Huang, L., Zhang, X., Yao, W., Xue, Z., 2025. Exploring sedentary 

behavior, neutrophil-to-lymphocyte ratio, and depression: mediation analysis in 

NHANES. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 10 (136), 111140. https:// 

doi.org/10.1016/j.pnpbp.2024.111140. Jan. 

Chrousos, G.P., 1995. The hypothalamic-pituitary-adrenal axis and immune-mediated 



inflammation. N. Engl. J. Med. 332 (20), 1351–1362. https://doi.org/10.1056/ 

NEJM199505183322008. May 18. 

Colley, R.C., Lang, J.J., Saunders, T.J., Roberts, K.C., Butler, G.P., Prince, S.A., 2022. How 

sedentary are Canadian adults? It depends on the measure. Health Rep. 33 (10), 14–

27. https://doi.org/10.25318/82-003-x202201000002-eng. Oct 19. 

Costantini, L., Pasquarella, C., Odone, A., Colucci, M.E., Costanza, A., Serafini, G., et al., 

2021. Screening for depression in primary care with patient health questionnaire-9 

(PHQ-9): a systematic review. J. Affect. Disord. 279, 473–483. https://doi.org/ 

10.1016/j.jad.2020.09.131. Jan 15. Duarte, J.M.N., 2023. Loss of brain energy 

metabolism control as a driver for memory impairment upon insulin resistance. 

Biochem. Soc. Trans. 51 (1), 287–301. https:// doi.org/10.1042/BST20220789. Feb 27. 

Dudesek, A., Rimmele, F., Tesar, S., Kolbaske, S., Rommer, P.S., Benecke, R., et al., 2014. 

CLIPPERS: chronic lymphocytic inflammation with pontine perivascular enhancement 

responsive to steroids. Review of an increasingly recognized entity within the spectrum 

of inflammatory central nervous system disorders. Clin. Exp. Immunol. 175 (3), 385–

396. https://doi.org/10.1111/cei.12204. Mar. 

Fernandes, B.S., Salagre, E., Enduru, N., Grande, I., Vieta, E., Zhao, Z., 2022. Insulin 

resistance in depression: a large meta-analysis of metabolic parameters and variation. 

Neurosci. Biobehav. Rev. 139, 104758. 

https://doi.org/10.1016/jneubiorev.2022.104758. Aug. 

Garthwaite, T., Sjoros, ¨ T., Laine, S., Koivum¨ aki, M., Vah¨ ¨ a-Ypya, ¨ H., Eskola, O., et 

al., 2023. Associations of sedentary time, physical activity, and fitness with muscle 

glucose uptake in adults with metabolic syndrome. Scand. J. Med. Sci. Sports 33 (3), 

353–358. https://doi.org/10.1111/sms.14287. Mar. 

Guo, Y., Li, K., Zhao, Y., Wang, C., Mo, H., Li, Y., 2024. Association between long-term 

sedentary behavior and depressive symptoms in U.S. adults. Sci. Rep. 14 (1), 5247. 

https://doi.org/10.1038/s41598-024-55898-6. Mar 4. 



Hamurcu, Z., Saritas, N., Baskol, G., Akpinar, N., 2010. Effect of wrestling exercise on 

oxidative DNA damage, nitric oxide level and paraoxonase activity in adolescent boys. 

Pediatr. Exerc. Sci. 22 (1), 60–68. https://doi.org/10.1123/pes.22.1.60. Feb. 

Hermelink, R., Leitzmann, M.F., Markozannes, G., Tsilidis, K., Pukrop, T., Berger, F., et 

al., 2022. Sedentary behavior and cancer-an umbrella review and meta-analysis. Eur. J. 

Epidemiol. 37 (5), 447–460. https://doi.org/10.1007/s10654-022-00873-6. May. 

Illan-G ´ omez, ´ F., Gonzalvez-Ortega, ´ M., Orea-Soler, I., Alcaraz-Tafalla, M.S., Aragon- 

´ Alonso, A., Pascual-Díaz, M., et al., 2012. Obesity and inflammation: change in 

adiponectin, C-reactive protein, tumour necrosis factor-alpha and interleukin-6 after 

bariatric surgery. Obes. Surg. 22 (6), 950–955. https://doi.org/10.1007/s11695- 012-

0643-y. Jun. 

Jindal, A., Mahesh, R., Bhatt, S., 2013. Etazolate, a phosphodiesterase 4 inhibitor 

reverses chronic unpredictable mild stress-induced depression-like behavior and brain 

oxidative damage. Pharmacol. Biochem. Behav. 105, 63–70. https://doi.org/ 

10.1016/j.pbb.2013.01.020. Apr. 

Jomova, K., Raptova, R., Alomar, S.Y., Alwasel, S.H., Nepovimova, E., Kuca, K., et al., 

2023. Reactive oxygen species, toxicity, oxidative stress, and antioxidants: chronic 

diseases and aging. Arch. Toxicol. 97 (10), 2499–2574. https://doi.org/10.1007/ 

s00204-023-03562-9. Oct. 

Katzmarzyk, P.T., Friedenreich, C., Shiroma, E.J., Lee, I.M., 2022. Physical inactivity and 

non-communicable disease burden in low-income, middle-income and high-income 

countries. Br. J. Sports Med. 56 (2), 101–106. https://doi.org/10.1136/bjsports2020-

103640. Jan. 

Korkmazer, E., Solak, N., 2015. Correlation between inflammatory markers and insulin 

resistance in pregnancy. J. Obstet. Gynaecol. 35 (2), 142–145. https://doi.org/ 

10.3109/01443615.2014.948408. Feb. 

Kuo, Y.C., Lin, J.C., Bernard, J.R., Liao, Y.H., 2015. Green tea extract supplementation 



does not hamper endurance-training adaptation but improves antioxidant capacity in 

sedentary men. Appl. Physiol. Nutr. Metab. 40 (10), 990–996. https://doi.org/ 

10.1139/apnm-2014-0538. Oct. 

Leuti, A., Fazio, D., Fava, M., Piccoli, A., Oddi, S., Maccarrone, M., 2020. Bioactive lipids, 

inflammation and chronic diseases. Adv. Drug Deliv. Rev. 159, 133–169. https://doi. 

org/10.1016/j.addr.2020.06.028. 

Levis, B., Benedetti, A., Thombs, B.D., DEPRESsion Screening Data (DEPRESSD) 

Collaboration, 2019. Accuracy of Patient Health Questionnaire-9 (PHQ-9) for screening 

to detect major depression: individual participant data meta-analysis. BMJ 365, 11476. 

https://doi.org/10.1136/bmj.l1476. Apr 9. 

Levis, B., Sun, Y., He, C., Wu, Y., Krishnan, A., Bhandari, P.M., et al., 2020. Accuracy of 

the PHQ-2 alone and in combination with the PHQ-9 for screening to detect major 

depression: systematic review and meta-analysis. JAMA 323 (22), 2290–2300. 

https://doi.org/10.1001/jama.2020.6504. Jun 9. Liu, H., Xiang, R., Chen, Z., 2025c. The 

association between red blood cell distribution width-to-albumin ratio and risk of 

depression: a cross-sectional analysis of NHANES. J. Affect. Disord. 15 (379), 250–257. 

https://doi.org/10.1016/j.jad.2025.03.037. Jun. 

Liu, J., Chen, K., Tang, M., Mu, Q., Zhang, S., Li, J., et al., 2025a. Oxidative stress and 

inflammation mediate the adverse effects of cadmium exposure on all-cause and 

cause-specific mortality in patients with diabetes and prediabetes. Cardiovasc. 

Diabetol. 24 (1), 145. https://doi.org/10.1186/s12933-025-02698-5. Mar 29. 

Liu, Y., Hong, F., Lebaka, V.R., Mohammed, A., Ji, L., Zhang, Y., et al., 2021. Calorie 

restriction with exercise intervention improves inflammatory response in overweight 

and obese adults: a systematic review and meta-analysis. Front. Physiol. 12, 754731. 

https://doi.org/10.3389/fphys.2021.754731. Nov 15. 

Liu, Y., Yin, X., Guo, Y., Xu, J., Shao, R., Kong, Y., 2025b. The systemic inflammation 

response index as risks factor for all-cause and cardiovascular mortality among Z. Wan 



et al. Journal of Aϱective Disorders 401 (2026) 121326 10 individuals with respiratory 

sarcopenia. BMC Pulm. Med. 25 (1), 90. https://doi. org/10.1186/s12890-025-03525-

z. Feb 26. 

Masenga, S.K., Kabwe, L.S., Chakulya, M., Kirabo, A., 2023. Mechanisms of oxidative 

stress in metabolic syndrome. Int. J. Mol. Sci. 24 (9), 7898. https://doi.org/10.3390/ 

ijms24097898. Apr 26. Mattson, M.P., Longo, V.D., Harvie, M., 2017. Impact of 

intermittent fasting on health and disease processes. Ageing Res. Rev. 39, 46–58. 

https://doi.org/10.1016/j. arr.2016.10.005. Oct. 

Mo, H., Zhang, J., Huo, C., Zhang, M., Xiao, J., Peng, J., et al., 2023. The association of 

vitamin D deficiency, age and depression in US adults: a cross-sectional analysis. BMC 

Psychiatry 23 (1), 534. https://doi.org/10.1186/s12888-023-04685-0. Jul 24. 

Nguyen, V.K., Middleton, L.Y.M., Huang, L., Zhao, N., Verly Jr., E., Kvasnicka, J., et al., 

2023. Harmonized US National Health and Nutrition Examination Survey 1988–2018 

for high throughput exposome-health discovery. medRxiv [Preprint]. 

https://doi.org/10.1101/2023.02.06.23284573. Feb 8:2023.02.06.23284573. 

Peng, H., Xiang, J., Pan, L., Zhao, M., Chen, B., Huang, S., et al., 2024. METS-IR/HOMAIR 

and MAFLD in U.S. adults: dose-response correlation and the effect mediated by 

physical activity. BMC Endocr. Disord. 24 (1), 132. https://doi.org/10.1186/ s12902-

024-01646-w. Aug 1. 

Pinto, A.J., Bergouignan, A., Dempsey, P.C., Roschel, H., Owen, N., Gualano, B., et al., 

2023. Physiology of sedentary behavior. Physiol. Rev. 103 (4), 2561–2622. https:// 

doi.org/10.1152/physrev.00022.2022. Oct 1. 

Raichlen, D.A., Aslan, D.H., Sayre, M.K., Bharadwaj, P.K., Ally, M., Maltagliati, S., et al., 

2023. Sedentary behavior and incident dementia among older adults. JAMA 330 (10), 

934–940. https://doi.org/10.1001/jama.2023.15231. Sep 12. 

Rozanska, O., Uruska, A., Zozulinska-Ziolkiewicz, D., 2020. Brain-derived neurotrophic 

factor and diabetes. Int. J. Mol. Sci. 21 (3), 841. https://doi.org/10.3390/ ijms21030841. 



Jan 28. 

Sagelv, E.H., Hopstock, L.A., Morseth, B., Hansen, B.H., Steene-Johannessen, J., 

Johansson, J., et al., 2023. Device-measured physical activity, sedentary time, and risk 

of all-cause mortality: an individual participant data analysis of four prospective cohort 

studies. Br. J. Sports Med. 57 (22), 1457–1463. https://doi.org/10.1136/ bjsports-

2022-106568. Nov. 

Wang, J., Sun, L., You, J., Peng, H., Yan, H., Wang, J., et al., 2023. Role and mechanism 

of PVN-sympathetic-adipose circuit in depression and insulin resistance induced by 

chronic stress. EMBO Rep. 24 (12), e57176. https://doi.org/10.15252/ 

embr.202357176. Dec 6. 

Wang, X., Li, Y., Fan, H., 2019. The associations between screen time-based sedentary 

behavior and depression: a systematic review and meta-analysis. BMC Public Health 

19 (1), 1524. https://doi.org/10.1186/s12889-019-7904-9. Nov 14. 

Warburton, D.E., Nicol, C.W., Bredin, S.S., 2006. Health benefits of physical activity: the 

evidence. CMAJ 174 (6), 801–809. https://doi.org/10.1503/cmaj.051351. Mar 14. 

Wu, J., Zhang, H., Yang, L., Shao, J., Chen, D., Cui, N., et al., 2022. Sedentary time and 

the risk of metabolic syndrome: a systematic review and dose-response metaanalysis. 

Obes. Rev. 23 (12), e13510. https://doi.org/10.1111/obr.13510. Dec. 

Wu, J., Fu, Y., Chen, D., Zhang, H., Xue, E., Shao, J., et al., 2023. Sedentary behavior 

patterns and the risk of non-communicable diseases and all-cause mortality: a 

systematic review and meta-analysis. Int. J. Nurs. Stud. 146, 104563. https://doi. 

org/10.1016/j.ijnurstu.2023.104563. Oct. 

Yang, L., Cao, C., Kantor, E.D., Nguyen, L.H., Zheng, X., Park, Y., et al., 2019. Trends in 

sedentary behavior among the US population, 2001-2016. JAMA 321 (16), 1587–1597. 

https://doi.org/10.1001/jama.2019.3636. Apr 23. You, Y., Chen, Y., Fang, W., Li, X., 

Wang, R., Liu, J., et al., 2023. 

The association between sedentary behavior, exercise, and sleep disturbance: a 



mediation analysis of inflammatory biomarkers. Front. Immunol. 13, 1080782. 

https://doi.org/10.3389/ fimmu.2022.1080782. Jan 13. 

Yu, K., Yang, Q., Wang, J., Zeng, B., 2025. Accelerometer-derived physical activity, 

sedentary behavior, and the risk of depression and anxiety in middle-aged and older 

adults: a prospective cohort study of 71,556 UK biobank participants. Am. J. Geriatr. 

Psychiatry 33 (5), 512–523. https://doi.org/10.1016/j.jagp.2024.10.015. May. 

Zhang, P., Mo, D., Zeng, W., Dai, H., 2025. Association between triglyceride-glucose 

related indices and all-cause and cardiovascular mortality among the population with 

cardiovascular-kidney-metabolic syndrome stage 0-3: a cohort study. Cardiovasc. 

Diabetol. 24 (1), 92. https://doi.org/10.1186/s12933-025-02642-7. Feb 28. 

Zheng, M.L., Yang, Z.H., He, B., Sun, X., Zhan, Y.T., Shao, A.Q., et al., 2025. GFOD1 

regulates oxidative stress-induced damage in ADHD via NF-κB signaling pathway. Brain 

Res. 1858, 149605. https://doi.org/10.1016/j.brainres.2025.149605. Jul 1. Zheng, Y., 

Ley, S.H., Hu, F.B., 2018. Global aetiology and epidemiology of type 2 diabetes mellitus 

and its complications. Nat. Rev. Endocrinol. 14 (2), 88–98. https:// 

doi.org/10.1038/nrendo.2017.151. Feb. Zhu, J.H., Shen, Z.Z., Liu, B.P., Jia, C.X., 2024. 

Replacement of sedentary behavior with various physical activities and the risk of 

incident depression: a prospective analysis of accelerator-measured and self-reported 

UK Biobank data. Soc. Psychiatry Psychiatr. Epidemiol. 59 (11), 2105–2116. 

https://doi.org/10.1007/s00127-024- 02708-z. Nov. Zhu, X.F., Hu, Y.Q., Long, Z.W., Cao, 

M.Z., 2025. Association between RAR and the prevalence and prognosis of depression: 

a population-based study. J. Affect. Disord. 1 (380), 1–9. 

https://doi.org/10.1016/j.jad.2025.03.100. Jul. Zoppini, G., Targher, G., Zamboni, C., 

Venturi, C., Cacciatori, V., Moghetti, P., et al., 2006. Effects of moderate-intensity 

exercise training on plasma biomarkers of inflammation and endothelial dysfunction 

in older patients with type 2 diabetes. Nutr. Metab. Cardiovasc. Dis. 16 (8), 543–549. 

https://doi.org/10.1016/j. numecd.2005.09.004. Dec. 


