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Background: Currently, the joint and independent effects of intake of multiple dietary vitamins (including vitamin A, B1, B2, B6, B12, C, D, E, and K) on the prevalence of cardiovascular disease (CVD) in the chronic kidney disease (CKD) population are unclear, so this study was conducted to investigate mainly this point.

Methods: We collected National Health and Nutrition Examination Survey (NHANES) data from 2011 to 2016. We performed weighted multivariate logistic regression models to analyze the association of single dietary vitamins intake with CVD. Additionally, we examined the co-exposure of nine dietary vitamins, defined as their concurrent intake, and evaluated the potential additive or interactive effects of co-exposure of nine dietary vitamins on CVD risk in CKD patients using Bayesian kernel machine regression (BKMR) and weighted quantile sum (WQS) regression.

Results: Finally, 2,203 CKD participants (weighted n = 27,120,429) were included, and 622 had CVD, with a CVD prevalence of 28.2%. In the fully adjusted model, by comparing the third tertile with the first tertile, the adjusted OR [T3 vs. T1] for the effect of vitamin B6 on CVD prevalence was 0.67 (95% CI, 0.51–0.89, p-value = 0.01), while that of vitamin E was 0.61 (95% CI, 0.42–0.87, p-value = 0.01). In the WQS model, the intake of nine dietary vitamins was negatively correlated with CVD prevalence (OR: 0.81, 95% CI: 0.70–0.93, p-value = 0.004). In the BKMR model, when the concentration was between the 25th and 75th percentiles, there was an overall negative correlation between the total intake of nine dietary vitamins and CVD prevalence.

Conclusion: High intakes of vitamin B6 and vitamin E were associated with low CVD risk in CKD patients, respectively. Additionally, nine dietary vitamins (vitamins A, B1, B2, B6, B12, C, D, E, and K) co-exposure were inversely correlated with the CVD prevalence in the CKD populations.
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Introduction

Cardiovascular disease (CVD) remains a predominant cause of morbidity and mortality worldwide (1, 2), with a notably higher prevalence among individuals with chronic kidney disease (CKD) (3, 4). Preventing the onset of CVD is therefore of paramount importance within the CKD population. The heightened risk of CVD among patients with CKD stems from a convergence of traditional risk factors, including hypertension and dyslipidemia, alongside non-traditional factors such as chronic inflammation, oxidative stress, and mineral metabolism disturbances (3, 5–7). This increased vulnerability underscores the necessity of systematically examining modifiable factors that may influence cardiovascular outcomes within this cohort. Among these modifiable determinants, dietary vitamin intake has emerged as a focal point due to its potential role in mitigating CVD risk (8, 9).

Vitamins are integral to numerous physiological processes, including antioxidant defense, endothelial function, and lipid metabolism, all of which are critically involved in the pathogenesis of CVD (10–12). Despite these mechanistic advantages, evidence regarding the efficacy of vitamins in reducing CVD risk remains equivocal. Some studies have demonstrated associations between specific vitamins, such as vitamins D, E, and C, and a reduction in cardiovascular risk and mortality within the general population (13–15). Conversely, a study by Desai et al. reported a lack of cardiovascular benefit from vitamin supplementation in the general U.S. population. Furthermore, Fortmann et al. identified no significant impact of folic acid, vitamin C, vitamin A, vitamin D, and/or calcium supplementation on CVD, cancer, or mortality outcomes (16, 17). These inconsistent findings indicate a need for further investigation into the relationship between vitamin intake and disease risk, particularly among populations that may derive specific benefits from vitamin supplementation.

Given the altered metabolism and nutritional challenges inherent to patients with CKD, elucidating the impact of multiple dietary vitamin intakes on CVD prevalence within this population is crucial. Evidence from several studies indicates potential cardiovascular benefits associated with vitamin intake among patients with CKD (8, 18). For instance, Li et al. identified an inverse association between dietary vitamin E intake and CKD prevalence among US adults (OR: 0.86, 95% CI: 0.74–1.00) (19). Similarly, Cheung et al. reported that adequate vitamin K intake may correlate with a reduced risk of CVD mortality in patients with CKD (20). Despite the potential benefit of individual vitamins, real-world clinical settings often involve simultaneous exposure to multiple vitamins. However, the association between multivitamin co-exposure and CVD prevalence in patients with CKD remains inadequately characterized.

This study aims to investigate the independent protective effects of nine dietary vitamins (A, B1, B2, B6, B12, C, D, E, and K) on CVD within CKD populations and to assess the dose–response relationship between multivitamin co-exposure and CVD risk. By examining the combined effects of multivitamin intake, this research endeavors to generate a comprehensive understanding of the role dietary vitamins may play in cardiovascular outcomes among this high-risk group. The findings are expected to inform dietary guidelines and therapeutic interventions aimed at reducing CVD risk in CKD populations, thereby improving their prognosis and quality of life.



Methods and materials


Study design and population

This study employed a cross-sectional design, utilizing data from the National Health and Nutrition Examination Survey (NHANES), a nationally representative survey conducted by the Centers for Disease Control and Prevention (CDC). NHANES systematically collects data on various health and nutritional parameters through structured interviews, physical examinations, and laboratory assessments.

Figure 1 illustrates the participant selection process. Of the 29,902 individuals aged > 20 years from NHANES 2011–2016 (where complete dietary vitamin intake data were available for the three cycles from 2011 to 2016), 25,918 participants were excluded due to the absence of CKD diagnosis. Among the remaining 3,984 CKD participants, exclusions were made for 1,105 individuals with incomplete CVD history and 287 with missing dietary vitamin intake data. An additional 389 participants were excluded due to missing covariate information (including poverty-income ratio, educational level, body mass index, smoking status, drinking status, and diabetes). Consequently, 2,203 participants were finally included in the analysis, comprising 622 individuals with CVD and 1,581 without, yielding a CVD prevalence of 28.2%. Based on KDIGO 2021 guidelines, CKD diagnosis was based on an estimated glomerular filtration rate (eGFR) of < 60 mL/min/1.73 m2 or the presence of albuminuria (urinary albumin-to-creatinine ratio, UACR ≥ 30 mg/g) for a period of 3 months or longer (21).
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FIGURE 1
 The flow chart. CKD, chronic kidney disease; CVD, cardiovascular disease.


The NHANES protocol received approval from the National Center for Health Statistics (NCHS) Research Ethics Review Board, with informed consent obtained from all participants, thereby negating the need for additional ethical approval for this study.



Dietary vitamin intake and cardiovascular disease assessment

Dietary vitamin intake was measured through 24-h dietary recall interviews, as part of the NHANES data collection. Following previous methodology (22), the study quantified the intake of specific vitamins, including A, B1, B2, B6, B12, C, D, E, and K. Total vitamin intake was calculated as the sum of self-reported vitamin supplement consumption and dietary intake (23). For analytical purposes, each vitamin intake level was categorized into three tertiles: Tertile 1 (T1), Tertile 2 (T2), and Tertile 3 (T3).

The prevalence of CVD, encompassing angina, coronary heart disease (CHD), congestive heart failure (CHF), heart attack, and stroke, was determined based on self-reported medical history. Participants were considered positive for CVD if they responded affirmatively to the question: “Has a doctor or other health professional ever told you that you had angina, CHD, CHF, heart attack, or stroke?” (24).



Covariates

Data on the covariates were derived from the NHANES questionnaire, laboratory results, and physical examination records, encompassing age (≤ 65 years/> 65 years), sex (male/female), ethnicity (White/Mexican/Black/Other), marital status (married/other), education level (less than high school graduate/high school graduate or GED/some college or above), poverty-income ratio (< 1.0/≥ 1.0), body mass index (≤ 30 kg/m2/> 30 kg/m2), smoking status (never/former/current), drinking status (never/former/current), diabetes (No/Yes), hyperlipidemia (No/Yes), and hypertension (No/Yes). Comprehensive data are available at https://www.cdc.gov/nchs/nhanes/.

Diabetes was diagnosed based on one of the following criteria: (1) self-reported diabetes; (2) glycohemoglobin (HbA1c) ≥ 6.5%; (3) fasting glucose (mmol/l) ≥ 7.0; (4) random blood glucose (mmol/l) ≥ 11.1; (5) 2-hour OGTT blood glucose (mmol/l) ≥ 11.1; (6) use of diabetes medication or insulin. Hypertension was diagnosed when any of the following conditions were met: (1) self-reported hypertension; (2) use of antihypertensive medication; (3) systolic blood pressure ≥ 140 mmHg; (4) diastolic blood pressure ≥ 90 mmHg. Hyperlipidemia was diagnosed when one of the following criteria was fulfilled: (1) self-reported hyperlipidemia; (2) use of anti-hyperlipidemic drugs; (3) triglycerides ≥ 150 mg/dL; (4) total cholesterol ≥ 200 mg/dL; (5) high-density lipoprotein cholesterol (HDL-C) < 50 mg/dL in females and < 40 mg/dL in males; (6) low-density lipoprotein cholesterol (LDL-C) ≥ 130 mg/dL.



Statistical analysis

The statistical analysis accounted for the multistage, stratified sampling, and weighting design of the NHANES database, ensuring the calculation of nationally representative estimates (24). Continuous variables were presented as mean ± standard deviation (SD) or median (interquartile range, IQR), while categorical variables were reported as percentages.

Weighted logistic regression models assessed the associations between single dietary vitamin intake (both continuous and categorical variables: T1, T2, and T3) and the prevalence of CVD among the CKD population. Adjusted odds ratios (ORs) with 95% confidence intervals (CIs) were provided. Additionally, weighted restricted cubic spline (RCS) plots (3 knots) were constructed to illustrate the dose–response relationship between single dietary vitamin intake and CVD prevalence. The p-value for nonlinearity was calculated to evaluate the potential linear relationship between single dietary vitamin intake and CVD prevalence.

Furthermore, Bayesian Kernel Machine Regression (BKMR) and Weighted Quantile Sum (WQS) regression were used to assess the potential additive or interactive effects of nine dietary vitamin intakes on CVD prevalence among CKD participants. In the BKMR analysis (model parameters: (1) kernel function: Gaussian; (2) a priori distribution for weight calculation: Normal prior), Pearson correlation coefficients were first computed to assess correlations among the nine vitamins. The vitamins were subsequently grouped based on the correlation matrix. The Group Posterior Inclusion Probability (GroupPIP) and Conditional Posterior Inclusion Probability (CondPIP) were then calculated to quantify the probability of each group and individual vitamin being included in the model, reflecting their respective contributions to the overall effect. The global false discovery rate (FDR) was computed to assess the reliability of the associations between co-exposures of nine dietary vitamins and CVD. For WQS regression, the combined effects of nine dietary vitamin intakes on CVD prevalence were evaluated by constructing an index representing the weighted sum of exposure quantiles. Each vitamin intake was ranked by quantiles, and a weighted sum was created, with the weights representing each vitamin’s contribution to overall CVD risk. The WQS index was included as a predictor in a logistic regression model to examine its association with CVD prevalence in CKD populations. The estimated weights further represented the relative importance of each vitamin to the overall effect. To mitigate selection bias from excluding substantial missing data and to ensure result stability, multiple imputation of missing covariate values was performed. The association of co-exposure to the nine dietary vitamins with CVD prevalence was then reassessed using WQS regression and BKMR.

Statistical analysis was conducted using R 4.3.3 and STATA 15 software. All tests were two-tailed, with a p-value < 0.05 considered statistically significant.




Results


Baseline characteristics of the present study

This study enrolled 2,203 CKD participants aged > 20 years, with a mean (SD) age of 62.05 (16.34) years and 47.30% male. As presented in Table 1, participants with CVD were more likely to be older (> 65 years: 69.29% vs. 42.31%, p-value < 0.001), male (53.86% vs. 44.72%, p-value < 0.001), and white (53.38% vs. 43.33%, p-value < 0.001), compared to those without CVD. They also had a lower marriage rate (45.02% vs. 50.66%, p-value = 0.02), a lower proportion of individuals with some college education or higher (40.35% vs. 51.74%, p-value < 0.001), higher smoking rates (current smokers: 19.94% vs. 16.51%, p-value < 0.001), higher rates of former drinking (37.94% vs. 22.83%, p-value < 0.001), and a higher prevalence of diabetes (54.66% vs. 35.67%, p-value < 0.001), hyperlipidemia (90.51% vs. 77.99%, p-value < 0.001), and hypertension (86.98% vs. 65.72%, p-value < 0.001). Additionally, CKD participants with CVD exhibited lower daily vitamin intake levels for vitamins B1, B6, B12, E, and K (p-value < 0.05). Only 45.53% of participants met the recommended daily intake (RDI) for vitamin B6, 65.14% for vitamin B12, 8.40% for vitamin E, and 38.40% for vitamin K. These adequacy rates were significantly lower in the CVD group (all p-value < 0.05) (Supplementary Table S1).



TABLE 1 Baseline characteristics of the present study.
[image: Table1]



Association of single dietary vitamin intake with CVD prevalence

Among the 2,203 CKD participants, 622 had CVD, resulting in a CVD prevalence of 28.2%. Table 2 summarizes the associations between nine dietary vitamin intakes and incident CVD events. In the weighted univariate logistic regression model (Model 1), higher intakes of vitamins B6, C, E, and K were inversely associated with CVD prevalence. After adjusting for age, sex, ethnicity, marital status, poverty-income ratio, education level, body mass index, smoking status, drinking status, diabetes, hyperlipidemia, and hypertension (Model 2), high intakes of vitamin B6 and vitamin E were found to be associated with a reduced CVD prevalence. When comparing the third tertile with the first tertile, the adjusted OR [T3 vs. T1] for vitamin B6 on CVD prevalence was 0.67 (95% CI, 0.51–0.89, p-value = 0.01), and for vitamin E, it was 0.61 (95% CI, 0.42–0.87, p-value = 0.01). Similar results were observed after reanalyzing the data following multiple imputation of missing covariate values (Supplementary Table S2). A linear relationship between vitamin B6, vitamin E, and vitamin K intakes and CVD prevalence was confirmed using RCS regression (p-value-values for nonlinearity: p-value = 0.358 for vitamin B6, p-value = 0.398 for vitamin E, p-value = 0.129 for vitamin K) (Figure 2).



TABLE 2 Association of single dietary vitamin intake with CVD prevalence among CKD populations.
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FIGURE 2
 Weighted restricted cubic spline plots for single dietary vitamin intake and CVD prevalence. Age, sex, ethnicity, marital status, poverty-income ratio, education level, body mass index, smoking status, drinking status, diabetes, hyperlipidemia, and hypertension were adjusted. CVD, cardiovascular disease.




Multi-vitamin exposures and incident CVD risk

Initially, the BKMR model was employed to investigate the accumulation and potential interactions of nine dietary vitamins. The model revealed a significant negative association between co-exposure to these vitamins and CVD prevalence (Figure 3). Vitamin B2 was found to be strongly correlated with vitamin A (r = 0.63), vitamin B1 (r = 0.74), vitamin B6 (r = 0.65), vitamin B12 (r = 0.68), and vitamin D (r = 0.60). Additionally, vitamin E and vitamin K exhibited a moderate correlation (r = 0.55) (Supplementary Figure S1). Based on these correlations, the nine dietary vitamins were grouped into three categories: group 1 (vitamins A, B1, B2, B6, B12, and D), group 2 (vitamin C), and group 3 (vitamins E and K). Supplementary Figure S2 illustrates the exposure-response trends for different vitamin combinations. When the intake of other vitamins was held at median levels, a stronger association with CVD prevalence was observed for vitamin E and vitamin K. Furthermore, group 3 (vitamins E and K) showed the largest groupPIP, with condPIP values for vitamin E and vitamin K of 0.358 and 0.642, respectively (Supplementary Table S3). These results suggest that vitamin K contributed most to the BKMR model, followed by vitamin E. The global false discovery rate (FDR) was calculated to be < 0.05, indicating that the associations of all screened variables with CVD were robust at the selected PIP threshold (> 0.9).
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FIGURE 3
 Combined effects of nine dietary vitamins mixtures and CVD prevalence by BKMR analysis. Model was adjusted for age, sex, ethnicity, marital status, poverty-income ratio, education level, body mass index, smoking status, drinking status, diabetes, hyperlipidemia, and hypertension. CVD, cardiovascular disease.


Subsequently, WQS regression was used to explore the combined effects of co-exposure to nine dietary vitamins on CVD prevalence, given its effectiveness in describing mixtures. The WQS index for the nine vitamins was negatively associated with CVD prevalence (OR: 0.81, 95% CI: 0.70–0.93, p-value = 0.004) (Table 3). Among the dietary vitamins, vitamin E (38.86%) and vitamin K (32.61%) were identified as the most influential contributors in the WQS models (Supplementary Table S4 and Supplementary Figure S3).



TABLE 3 The joint effect of nine dietary vitamins on CVD prevalence by WQS model.
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Sensitivity analysis

To address potential selection bias arising from the exclusion of substantial missing data and to enhance the stability of the results, multiple imputation was applied to the missing covariate values. The reanalysis confirmed that co-exposure to the nine dietary vitamins remained negatively correlated with CVD prevalence (WQS model: OR: 0.77, 95% CI: 0.67–0.88, p-value < 0.001) (Supplementary Table S5 and Supplementary Figure S4).




Discussion

This study examined the independent and joint associations between nine dietary vitamins and CVD prevalence in CKD populations, revealing that high intakes of vitamins B6 and E were, respectively, associated with lower CVD prevalence. Moreover, BKMR and WQS regression analyses indicated a negative correlation between the co-exposure to these nine dietary vitamins (A, B1, B2, B6, B12, C, D, E, and K) and low CVD prevalence in CKD populations.

The relationship between dietary vitamins and cardiovascular health has been extensively explored, yet findings remain inconsistent. Wang et al. identified dietary vitamins E and C as significant predictors of CVD risk in adults (25), while Flynn et al. concluded that vitamin E does not prevent cardiovascular events in high-risk patients (26). Furthermore, Tang et al. reported an inverse association between vitamin A intake and cardiometabolic multimorbidity risk (HR 0.66, 95% CI 0.54–0.81) (27). Matos et al. found that vitamin A helped reduce oxidative stress, potentially lowering the risk of postoperative complications in cardiac surgery patients (28). In contrast, Huk et al. demonstrated that excessive vitamin A intake promoted heart valve calcification in mice (29). These conflicting results have sparked further investigation into whether vitamin intake can enhance cardiovascular health. In CKD populations, where vitamin intake and metabolism can vary significantly, vitamin deficiencies are common, and supplementation has been shown to reduce atherosclerotic arterial stiffness and lower CVD risk (30–32). The impact of individual vitamins on cardiovascular health in patients with CKD remains critical (32–35). Consistent with earlier studies, the present research analyzed the relationship between the intake of nine dietary vitamins (A, B1, B2, B6, B12, C, D, E, and K) and CVD prevalence in CKD populations. Results indicated that higher intakes of vitamin B6 (OR: 0.67, 95% CI: 0.51–0.89) and vitamin E (OR: 0.61, 95% CI: 0.42–0.87) were associated with a reduced likelihood of CVD prevalence. Furthermore, re-analysis after multiple imputation of missing data revealed a negative dose–response relationship between vitamin K intake and CVD prevalence (OR: 0.71, 95% CI: 0.53–0.95), which aligned with the RCS results for vitamin K presented in Figure 2. The observed difference in the vitamin K-CVD relationship before and after imputation likely stems from the reduced sample size following the exclusion of missing data.

Vitamin B6 and vitamin E were inversely associated with the prevalence of CVD in patients with CKD, likely due to renal metabolism, inflammatory factors, endothelial dysfunction, and oxidative stress. Vitamin B6 (pyridoxine), a cofactor in homocysteine metabolism, plays a crucial role in regulating homocysteine levels, which are elevated in CKD due to impaired renal clearance. Elevated homocysteine promotes endothelial dysfunction and thrombosis (36), while vitamin B6 deficiency exacerbates hyperhomocysteinemia, further increasing CVD risk. Additionally, vitamin B6 modulates immune responses by reducing pro-inflammatory cytokines (e.g., IL-6, TNF-α), which are elevated in CKD and contribute to atherosclerosis (34). Vitamin E (α-tocopherol) counteracts lipid peroxidation and reactive oxygen species (ROS), both of which are elevated in CKD due to uremic toxins (37), likely explaining its protective role in CVD within this cohort. Furthermore, vitamin E enhances nitric oxide bioavailability, improving endothelial function, a key factor in CKD-related CVD (32).

The relationship between multivitamin co-exposure and CVD prevalence in CKD remains underexplored. This study employed advanced statistical methods, including BKMR and WQS regression, revealing that co-exposure to nine dietary vitamins was negatively associated with low CVD prevalence in CKD populations (OR: 0.81, 95% CI: 0.70–0.93). These methods effectively captured the complex interactions and joint effects of multiple vitamins, enabling an explanation of potential synergistic or antagonistic effects, which could clarify inconsistencies in earlier studies focused on individual vitamins. The biological mechanisms linking vitamins to CVD risk in patients with CKD are multifaceted. For example, vitamin E mitigates oxidative stress (37), vitamin K supplementation may prevent or reverse vascular calcification (38), and vitamin B6 reduces CVD risk by lowering homocysteine levels (36). These findings underscore the importance of considering the combined effects of vitamins rather than isolating their individual contributions.

The National Institutes of Health (NIH) recommends a vitamin B6 RDI of 1.3–1.7 mg/day and a vitamin E RDI of 15 mg/day for healthy adults. While this study did not establish absolute intake thresholds, tertile-based analysis indicates that exceeding the general RDI may offer protection for patients with CKD. The median vitamin B6 intake in the non-CVD group was > 1.64 mg, and the median vitamin E intake was > 6.74 mg, suggesting that the benefit may be lower than the general RDI due to metabolic alterations in CKD. Both WQS and BKMR analyses revealed that a balanced intake of dietary vitamins (A, B1, B2, B6, B12, C, D, E, and K) was associated with a 19% reduction in CVD risk (WQS OR 0.81, 95% CI 0.70–0.93), with vitamin E (38.9% weight) and vitamin K (32.6%) playing a prominent protective role. Although specific RDIs for patients with CKD remain undefined, our findings suggest that vitamin B6 intake > 1.64 mg/day and vitamin E intake > 6.74 mg/day, along with a balanced multivitamin, may reduce CVD risk. Future studies should determine the optimal intake thresholds for this population.

Notably, only 45.53% of participants met the RDI for vitamin B6, 8.40% for vitamin E, and 38.40% for vitamin K, with these adequacy rates significantly lower in the CVD group. In contrast, vitamin B2 showed a higher adequacy rate (78.30% vs. 77.67%), with no significant differences between the CVD and non-CVD groups (p-value > 0.05). This finding aligns with prior reports of micronutrient deficiencies in CKD due to dietary restrictions, altered metabolism, and uremic toxin accumulation (8). Although CKD-specific RDIs have not yet been defined, the protective associations observed for vitamin B6 (> 1.64 mg/day) and vitamin E (> 6.74 mg/day) fell below general population RDIs but exceeded the median intakes in our cohort, indicating that patients with CKD may require individualized intake thresholds.

This study carries significant clinical implications for managing CVD risk in patients with CKD. The findings suggest that incorporating a dietary regimen containing nine essential vitamins may help reduce CVD risk. This approach could inform dietary recommendations for patients with CKD, emphasizing a balanced vitamin intake over high doses of individual vitamins. However, while the results are promising, they should be interpreted with caution. First, the cross-sectional design of NHANES data limits the ability to establish causality. Second, unmeasured confounding factors may have influenced the outcomes, despite efforts to control for known confounders. Additionally, due to sample size limitations, the study could not examine different CKD stages, and further research is needed in this area. Future studies should explore the relationship between the intake of these nine dietary vitamins and CVD prevalence across various CKD stages. Moreover, the analysis did not account for vitamin supplement use or the effects of CKD-MBD on vitamin D/K metabolism. Additionally, the duration of CKD and CVD in the participants was not considered, as data limitations restricted this assessment. Finally, dietary intake was assessed through 24-h dietary recall, which may be subject to recall bias and does not reflect long-term dietary patterns.



Conclusion

In conclusion, moderate increases in dietary vitamin B6 and E intake may reduce CVD risk in CKD populations, with a multivitamin synergy emphasizing the importance of balanced nutrition. Future prospective studies should aim to identify optimal intake thresholds for specific vitamins and evaluate the potential risks of excessive vitamin intake.
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