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Background: This study examined the association between oxidative balance score (OBS), a composite measure of oxidative/antioxidative factors, and mortality, while investigating insulin resistance (IR) indices as potential mediators using a nationally representative cohort.

Methods: A cohort of 11,849 U. S. adults from NHANES (2007–2018) was analyzed. OBS integrated 16 dietary and 4 lifestyle components. Mortality risks (all-cause, cardiovascular, cancer) were assessed via weighted Cox models. Mediation analysis evaluated the indirect effects of five IR indices (TyG index, TG/HDL-C, HOMA-IR, eGDR, VAI) on OBS-mortality associations, with statistical validation of mediation effects. Analyses were stratified by age (<65 vs. ≥65 years) and adjusted for sociodemographic, behavioral, and clinical covariates.

Results: Higher OBS reduced risks of all-cause (HR = 0.652, 95% CI: 0.525–0.81) and cardiovascular mortality (HR = 0.605, 95% CI: 0.408–0.898), but not cancer mortality. Innovatively, eGDR mediated 17% of OBS’s protective effect on all-cause mortality in adults <65 years, while TyG index and HOMA-IR showed weaker mediation. No IR mediation occurred in older adults (≥65 years).

Conclusion: Higher OBS levels were inversely associated with all-cause and cardiovascular mortality, partially mediated by insulin resistance pathways. These findings highlight OBS as a potential prognostic indicator for mortality risk.
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1 Introduction

Insulin resistance (IR), characterized by a reduced response to insulin in target tissues despite elevated insulin levels, plays a pivotal role in the development of several chronic conditions, including metabolic syndrome, atherosclerosis, and type 2 diabetes (1). The global prevalence of IR is rising at an alarming rate, driven by factors such as obesity, sedentary lifestyles, and unhealthy dietary habits (2). According to projections by the International Diabetes Federation (IDF), the number of individuals affected by diabetes is expected to reach 643 million by 2030 and 783 million by 2045 (3). Consequently, identifying effective interventions, particularly lifestyle modifications aimed at improving insulin sensitivity, is essential for enhancing global public health and reducing long-term healthcare expenditures.

Oxidative stress, defined as an imbalance between reactive oxygen species production and antioxidant defenses, contributes to cellular damage and the pathogenesis of chronic diseases (4), which is closely linked to IR and plays a key role in the progression of complications and poorer prognoses (5). Chronic, low-grade oxidative stress has been identified as a key factor in the development of IR and its associated microvascular complications (6). The oxidative balance score (OBS), a comprehensive measure of oxidative and antioxidant status derived from 16 nutrients and 4 lifestyle factors, has been shown to be inversely associated with the risk of diabetes and mortality in patients (7–9). Furthermore, oxidative stress can impair the expression and localization of GLUT-4, subsequently reducing insulin sensitivity in insulin-dependent cells such as adipocytes and myocytes (10). Therefore, individuals with higher OBS may experience declined IR, potentially alleviating mortality risk. However, the euglycemic hyperinsulinemic clamp technique is the gold standard for measuring insulin resistance. However, this approach’s high cost and invasive nature make it impractical for implementation in large clinical settings (11). And the predictive value of various IR indices based on commonly available lab tests and anthropometric measures varies in terms of prognosis. To our knowledge, there is no prior study to assess the effect of OBS on specific IR indicators including triglyceride-glucose (TyG) index, triglyceride/high-density lipoprotein cholesterol (TG/HDL-C), homeostatic model assessment of insulin resistance (HOMA-IR), estimated glucose disposal rate (eGDR), and visceral adiposity index (VAI). Moreover, the underlying mediation effects of these IR indicators on the association between OBS and mortality risk remain unexplored.

Therefore, this study aimed to investigate the associations of OBS with all-cause, cardiovascular, and cancer mortality, and further examine the potential mediating role of different IR indices in these relationships.



2 Methods


2.1 Data source and study population

This cohort study utilized data from the National Health and Nutrition Examination Survey (NHANES), conducted by the National Center for Health Statistics (NCHS) under the Centers for Disease Control and Prevention (CDC). The analysis included participants from continuous NHANES cycles (2007–2018). Exclusion criteria were: (1) age <20 years; (2) missing mortality follow-up data; (3) incomplete blood sample collection or fasting time <8 h; and (4) invalid dietary survey data. The stepwise exclusion process is summarized in Figure 1. Ethical approval was granted by the NCHS Institutional Review Board, and all participants provided informed consent.
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FIGURE 1
 Enrollment flowchart. From the original 59,842 participants, 25,072 were excluded for age <20 years, 115 for missing survival data, 14,951 for incomplete blood samples or fasting time <8 h, and 7,855 for invalid dietary/OBS data, resulting in a final analytical cohort of 11,849 adults.




2.2 Oxidative balance score assessment

The Oxidative Balance Score (OBS) was used to assess oxidative stress, combining 16 dietary nutrients and 4 lifestyle factors (12). Of these, 15 antioxidants and 5 pro-oxidants were included in the dietary components. Nutrient intake was estimated from two 24-h dietary recall interviews. Lifestyle factors—physical activity (PA), body mass index (BMI), alcohol consumption, and smoking—were also considered, with smoking intensity assessed through cotinine levels, a biomarker for nicotine exposure. The full scoring methodology is provided in Supplementary Table S1 (12).



2.3 Insulin resistance indices assessment

The formulas for calculating diverse insulin resistance indices were as follows:

1. TyG index = Ln[fasting triglyceride (mg/dL) × fasting glucose (mg/dL)/2] (13);

2. TG/HDL-C = fasting triglyceride (mg/dL) / fasting high-density lipoprotein cholesterol (HDL-C; mg/dL) (14);

3. HOMA-IR = (fasting glucose [mmol/L] × fasting insulin [μU/mL]) / 22.5 (15);

4. eGDR = 21.158 – (0.09 × waist circumference [cm]) – (3.407 × hypertension [yes 1 or no 0]) – (0.551 × glycated hemoglobin A1c [HbA1c] [%]) (16);

5. VAI = male: (waist circumference [cm]/[39.68 + 1.88 × BMI]) × (fasting triglyceride [mmol/L]/1.03) × (1.31/fasting HDL-C [mmol/L]); female: (waist circumference [cm]/[36.58 + 1.89 × BMI]) × (fasting triglyceride [mmol/L]/0.81) × (1.52/fasting HDL-C [mmol/L]) (17).



2.4 Assessment of all-cause, cardiovascular, and cancer mortality

This study focused on all-cause, cardiovascular, and cancer mortality as primary outcomes (18, 19). Mortality data were obtained from the NHANES public-use linked mortality file, updated through December 31, 2019, and the National Death Index (NDI) using a probability matching algorithm. Causes of death were classified using the International Statistical Classification of Diseases, 10th Revision (ICD-10). Cardiovascular mortality was specifically identified by the NCHS as deaths due to heart disease, and cancer mortality was identified as deaths due to malignant neoplasms.



2.5 Covariates assessment

Several covariates were included in this analysis: sex, age (<65, ≥65), race/ethnicity (Non-Hispanic White, Non-Hispanic Black, other races), education level (high school or below, above high school), marital status (never married, married/living with partner, other), household income-to-poverty ratio (PIR: ≤1, 1 to ≤3.5, >3.5), household size (1 to 2, ≥3), sedentary duration (<5, 5 to <8, ≥8 h/day), sleep duration (<7, 7 to <8, ≥8 h/day), depression (PHQ-9: <10, ≥10), smoking status (never, former or current), and alcohol consumption (never, former or current).



2.6 Statistical analysis

This study employed NHANES analytic tutorials with appropriate weights to ensure that the estimates accurately reflect the US civilian noninstitutionalized population. All analyses accounted for sample weights, clustering, and stratification to estimate variance and maintain national representativeness. Missing data were addressed using multiple imputation via the R package “VIM.” Baseline characteristics were categorized according to OBS classification, with categorical variables reported as counts and percentages (%). Comparisons between categorical variables were conducted using the χ2 test. OBS and insulin resistance indices were grouped into two categories using the R package “survminer.” Kaplan–Meier curves were used to depict mortality rates across OBS and insulin resistance groups, with differences assessed by the log-rank test. The associations between OBS, insulin resistance, and mortality were evaluated using weighted univariate and multivariate Cox proportional hazards models, reporting hazard ratios (HRs) with 95% confidence intervals (CIs). Multiple linear regression models explored the relationships between OBS and insulin resistance indices, reporting Multiple linear regression models explored the relationships between OBS and insulin resistance indices, reporting beta coefficients (β) with 95% confidence intervals (CI). Model 1 was unadjusted, while Model 2 controlled for sex, age, and race. The fully adjusted model additionally controlled for education, marital status, PIR, household size, sedentary duration, sleep duration, depression, smoking, and alcohol use. Identical statistical methods were applied in subgroup analyses to explore potential differences across specific groups. Mediation analysis estimated indirect effects using the product of coefficients from (a) linear regression (OBS → insulin resistance indices) and (b) Cox models (insulin resistance → mortality). Bootstrap resampling derived 95% confidence intervals and p-values for mediation effects. Sensitivity analyses were performed by excluding participants who died within the first 24 months of follow-up to mitigate potential reverse causation bias. All statistical analyses were conducted using R (version 4.2.1), with a two-tailed p-value of <0.05 considered statistically significant.




3 Results


3.1 Baseline characteristics

Baseline characteristics stratified by OBS tertiles are shown in Table 1. A total of 11,849 participants were included in this analysis, with a weighted mean age of 47.8 years and 52.8 female. Participants were categorized into three OBS levels: Tertile 1 (<20), Tertile 2 (20 to <27), and Tertile 3 (≥27). Participants with higher OBS levels (Tertile 3) were generally younger, more likely to be Non-Hispanic White, more educated, married, and had a higher PIR (p < 0.001). Additionally, higher OBS levels were associated with a lower prevalence of smoking (p < 0.001). They were also linked to shorter sedentary time (p < 0.05), longer sleep duration (p < 0.001), and lower depression scores (p < 0.001).



TABLE 1 The demographic characteristics of the participants in the present study were stratified by OBS classification.
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3.2 Associations of OBS with mortality

The associations between OBS and various mortality outcomes, including all-cause, cardiovascular, and cancer mortality, are summarized in Table 2. For all-cause mortality, a higher OBS was associated with a significantly reduced risk of death across all models. Participants in the highest OBS tertile (Tertile 3) demonstrated a markedly lower mortality risk (HR: 0.652, 95% CI: 0.525–0.81, p < 0.001) compared to those in the lowest tertile (Tertile 1). These findings were consistent with the Kaplan–Meier survival curves in Supplementary Figure S2A, where participants with higher OBS levels exhibited significantly improved survival rates (p < 0.001).



TABLE 2 The associations of OBS with all-cause mortality and cardiovascular mortality in the US participants.
[image: Table2]

For cardiovascular mortality, a higher OBS was similarly linked to reduced risk in the fully adjusted model (p = 0.014). Participants in Tertile 3 showed a significantly lower risk compared to those in Tertile 1 (HR: 0.605, 95% CI: 0.408–0.898, p = 0.013). This association is further supported by the Kaplan–Meier curves in Supplementary Figure S3A, where higher OBS levels correlated with improved cardiovascular survival rates (p < 0.001). For cancer mortality, no significant association was observed after full adjustment. While the survival curves in Supplementary Figure S4A illustrate the significant improvement between the higher and lower OBS groups (p < 0.001).



3.3 Subgroup analysis of OBS and mortality

Subgroup analyses revealed that the protective associations between OBS and mortality outcomes varied across demographic and lifestyle factors. For all-cause mortality, higher OBS levels were consistently associated with lower risk across most subgroups. The effect was stronger in participants aged <65, males, Non-Hispanic White, and those with higher education or socioeconomic status. Lifestyle factors, such as nonsmoking and shorter sedentary time, also amplified the protective effect of OBS (Supplementary Table S2). Similar patterns were observed for cardiovascular mortality. The protective association was more pronounced in males, Non-Hispanic White, and participants aged ≥65 years. In contrast, the association was weaker and nonsignificant in other racial groups and some lifestyle subgroups, such as those with longer sedentary time (Supplementary Table S3). For cancer mortality, the associations were generally weaker and mostly nonsignificant across subgroups (Supplementary Table S4). While some trends suggested a protective effect of higher OBS in specific subgroups (e.g., Non-Hispanic White and nonsmokers), the results lacked statistical significance in fully adjusted models.



3.4 Associations of insulin resistance indices with OBS and mortality

The associations between OBS and insulin resistance indices are shown in Table 3. Participants in the highest OBS tertile (Tertile 3) exhibited significantly lower levels of insulin resistance, as reflected by reductions in TyG index (β = −0.121, 95% CI: −0.163 to-0.079, p < 0.001), TG/HDL-C ratio (β = −0.304, 95% CI: −0.492 to-0.116, p = 0.002), HOMA-IR (β = −0.836, 95% CI: −1.13 to −0.541, p < 0.001), and VAI (β = −0.113, 95% CI: −0.176 to −0.049, p < 0.001). eGDR was significantly higher in Tertile 3 (β = 0.562, 95% CI: 0.398 to 0.726, p < 0.001). Stratified analyses indicated that these associations were more pronounced in participants aged <65 years, particularly for HOMA-IR (β = −0.914, 95% CI: −1.289 to −0.538, p < 0.001). In participants aged ≥65 years, the associations between OBS and HOMA-IR, TG/HDL-C ratio, and VAI were weaker and not statistically significant (p > 0.05), suggesting that age may modulate the relationship between OBS and insulin resistance indices. Supplementary Tables S5–S7 provide additional analyses using less-adjusted models, which were broadly consistent with the fully adjusted models.



TABLE 3 The associations between OBS and insulin resistance indices.
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Supplementary Figures S1B–F illustrates the cutpoints for the insulin resistance indices used in the stratified analyses. The associations between insulin resistance indices and mortality outcomes are summarized in Table 4. Across the total sample, higher HOMA-IR was significantly associated with an increased risk of all-cause mortality (HR = 1.012, 95% CI: 1.005–1.019, p = 0.001) and cardiovascular mortality (HR = 1.014, 95% CI: 1.001–1.028, p = 0.035). Similarly, a higher TyG index showed a suggestive but nonsignificant trend for increased risk of all-cause mortality (HR = 1.148, 95% CI: 0.994–1.324, p = 0.06) and cardiovascular mortality (HR = 1.177, 95% CI: 0.958–1.43, p = 0.124). In contrast, eGDR was inversely associated with both all-cause mortality (HR = 0.844, 95% CI: 0.728–0.979, p = 0.026) and cardiovascular mortality (HR = 0.844, 95% CI: 0.728–0.979, p = 0.026). Stratified analyses showed that these associations were more pronounced in participants aged <65 years. In this group, higher TyG index was significantly associated with increased risk of all-cause mortality (HR = 1.536, 95% CI: 1.179–2.001, p < 0.001), while higher eGDR was associated with reduced risk (HR = 0.778, 95% CI: 0.584–0.973, p = 0.029). Among participants aged ≥65 years, the associations were generally weaker and not statistically significant (p > 0.05). Less-adjusted models were shown in Supplementary Tables S8–S10.



TABLE 4 The associations of insulin resistance indices with mortality.
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3.5 Mediating role of insulin resistance indices

Mediation analysis revealed the role of insulin resistance indices in the relationship between OBS and mortality outcomes. Figure 2 presents the mediation effects of key insulin resistance indices in the overall population, showing that HOMA-IR and eGDR mediated 2.15 and 12.00% of the total effect of OBS on all-cause mortality, respectively, while only eGDR showed a significant mediating effect (18.43%) on cardiovascular mortality. These effects were further assessed in younger (<65 years; Supplementary Figure S5) and older (≥65 years, Supplementary Figure S6) populations. In the <65 years group, eGDR mediated 16.16% of the total effect on all-cause mortality (indirect effect = −0.057, p < 0.01) and 19.33% on cardiovascular mortality (indirect effect = −0.882, p < 0.05). In contrast, in the ≥65 years group, the mediation effects of eGDR were nonsignificant for both all-cause and cardiovascular mortality, suggesting a more prominent role in younger individuals.

[image: Figure 2]

FIGURE 2
 Analysis of the mediation by insulin resistance indices of the associations of OBS with mortality. Mediation analysis of the associations between OBS and mortality outcomes (all-cause, cardiovascular, and cancer) through insulin resistance indices. Significant mediation effects were highlighted in red for TG/HDL-C and eGDR in all-cause mortality and eGDR in cardiovascular mortality.


HOMA-IR and TyG index also showed modest mediation effects in the <65 years group, mediating 2.68% (indirect effect = −0.571, p < 0.01) and 8.32% (indirect effect = −0.571, p < 0.01) of the total effect on all-cause mortality, respectively. However, their effects on cardiovascular and cancer mortality were nonsignificant (p > 0.05). In the ≥65 years group, neither the HOMA-IR nor the TyG index showed significant mediation effects for any outcomes. Other indices, including TG/HDL-C ratio and VAI, exhibited negligible mediating roles across all outcomes and age groups, with nonsignificant indirect effects.



3.6 Sensitivity analyses

Sensitivity analyses were performed on the population of participants who survived the first 24 months of follow-up, excluding those who died within this period to mitigate potential reverse causation bias. These analyses confirmed the robustness of the mediating effects of insulin resistance indices in the associations between OBS and mortality outcomes. eGDR consistently demonstrated significant mediation, particularly for all-cause and cardiovascular mortality, with proportions mediated reaching 12.99 and 17.03% for all-cause mortality and 15.17 and 14.70% for cardiovascular mortality (Supplementary Figures S7, S8). While, indices such as HOMA-IR, TyG index, TG/HDL-C ratio, and VAI showed negligible or nonsignificant mediation effects for all-cause and cardiovascular mortality, as indicated in Supplementary Figure S9. Moreover, no indices displayed substantial mediation for cancer mortality across all models (Supplementary Figures S7–S9). These findings underscore the stability of eGDR as a key mediator across different models, while other indices contributed minimally or inconsistently to the mediation effects.




4 Discussion

Our study demonstrated a positive correlation of OBS with both all-cause and cardiovascular mortality, findings which persisted even after full model adjustments. In contrast, no significant link was found between OBS and cancer mortality. Analysis of the relationships between IR indicators and mortality showed that, for participants under 65, mediation analysis identified the TyG index, HOMA-IR, and eGDR as important mediators in the association between OBS and all-cause mortality. Additionally, the TyG index and eGDR were implicated in mediating the link between OBS and cardiovascular mortality. Conversely, no significant mediating effect of IR was observed in participants aged 65 and older. These findings imply that IR could be a potential mechanism underlying these relationships, and that OBS monitoring might serve as a practical tool for epidemiological research into adverse health outcomes.

Previous research has highlighted the potential advantages of OBS in enhancing clinical outcomes. For instance, Talavera-Rodriguez et al. reported that higher OBS levels were linked to lower mortality from all causes, cardiovascular events, and cancer (20). In contrast, our findings did not reveal a significant association between OBS and cancer mortality, differing partially from Talavera-Rodriguez’s results. This discrepancy might stem from the different selection of age ranges among the study participants, as the average age of the dynamic cohort of Spanish university graduates in Talavera-Rodriguez’s study was approximately 20 years younger than the subjects in this study. Additionally, some previous studies have explored the relationship between OBS and clinical outcomes in patients with various diseases. Xu et al. found that individuals with diabetes or prediabetes with higher OBS levels had reduced risks of all-cause and cardiovascular mortality (7). Xu et al. also observed that OBS was negatively associated with all-cause mortality in participants with metabolic syndrome (21). Moreover, evidence suggested that OBS was linked to a reduced risk of all-cause mortality in H. pylori uninfected patients but not in those without H. pylori uninfected (22). Our study provides additional evidence supporting the role of OBS in all-cause and cardiovascular mortality risk in general individuals and further indicates that this link could be influenced by many factors such as race, marital status, and PIR. Notably, the effect of OBS on cardiovascular mortality risk was only observed in male participants or those aged at least 65 years in this study.

To the best of our knowledge, this is the first study to explore the impact of OBS on IR indicators using a nationally representative dataset. Previous research has only noted an inverse relationship between OBS and metabolic syndrome, a comprehensive measure encompassing waist circumference, fasting plasma glucose, triglycerides, high-density lipoprotein, and blood pressure (23). In our analysis, we examined the associations between OBS and various IR indicators, including the TyG index, TG/HDL-C, HOMA-IR, eGDR, and VAI. The results demonstrated that higher OBS was linked to improvements in IR status. Notably, the associations for TG/HDL-C, HOMA-IR, and VAI were significant only in participants under 65 years of age. Additionally, we investigated the mediating role of these IR indicators in the relationship between OBS and mortality risk. The mediation analysis provided insights into potential pathways influencing mortality, offering more comprehensive survival guidance for the population. Specifically, our findings indicated that increased OBS could significantly decrease the risks of all-cause and cardiovascular mortality, mediated by TyG index, HOMA-IR, and eGDR. Of these, HOMA-IR showed a relatively minor mediating role in the link between OBS and cardiovascular mortality, which could be influenced by short-term mortality risk. Furthermore, our results emphasized the critical role of age, revealing that the mediating effects of IR indicators on mortality outcomes were significant only in participants younger than 65.

Several potential biological pathways might explain our findings. In the aspect of lifestyle factors, evidence suggested that physical activity could increase the biogenesis of muscle mitochondrial, GLUT4 protein content and glucose uptake and promote the repartition of IMCL, which could further enhance insulin sensitivity (24). Smoking has been shown to promote inflammation by activating inflammatory cytokines like TNF-α and IL-6, which interfere with the normal function of insulin signaling (25). Alcohol consumption induces mitochondrial dysfunction, reducing ATP production, impairing insulin responsiveness, and promoting the accumulation of toxic metabolites that exacerbate insulin resistance (26). Moreover, many dietary oxidants and antioxidants were confirmed to be related to IR. For instance, an oversupply of fatty acid can translocate to the mitochondrial matrix via a flip-flop mechanism, which bypasses both acyl-CoA synthase and carnitine palmitoyl acyl transferase 1 and then results in IR (27). Omega-3 polyunsaturated fatty acids can prevent or reverse the impairments in skeletal muscle mitochondrial function by increasing fatty acid oxidation (28). Additionally, caloric restriction can increase mitochondrial biogenesis and efficiency while reducing mitochondrial production of reactive oxygen species (ROS) (27).

Our study presents several notable strengths. Firstly, it is the first research to investigate the relationship between OBS and IR indicators, as well as to examine the mediating role of these IR indicators in the link between OBS and mortality outcomes. Secondly, by employing sample weights, clustering, and stratification, we ensured accurate variance estimation and national representativeness of the U. S. population, enhancing the applicability of our results. Additionally, sensitivity analyses were performed to confirm the robustness of our primary findings.

Nonetheless, certain limitations should be acknowledged and addressed in future research. Primarily, the data on OBS components, such as daily diet and physical activity, were self-reported, which may have introduced recall bias. Specifically, the 24-h dietary recall methodology—relying on participants’ memory to report food intake—is prone to inaccuracies from recall bias (e.g., underreporting of energy-dense foods and overreporting of socially desirable items) and day-to-day intake variability. These measurement errors could attenuate diet-outcome associations. Moreover, the study assessed OBS and IR indicators only at baseline, without tracking changes over the follow-up period. Lastly, since the NHANES dataset is specific to the US population, further multicenter research is necessary to confirm the external validity of our results, thereby broadening their generalizability and clinical relevance.



5 Conclusion

The present study provided evidence for the relationship between OBS and IR indicators, while also highlighting the significant mediating role of IR indicators in the association between OBS and all-cause and cardiovascular mortality outcomes in participants younger than 65 years. These insights add to the growing evidence supporting the clinical utility of OBS in prognosis prediction and contribute valuable perspectives for the development of intervention strategies in diverse populations.
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