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ABSTRACT
Background:  The relationship between dietary total antioxidant capacity (DTAC) and death risk 
among CKD populations remains unclear.
Methods:  Based on vitamin C equivalent antioxidant capacity (VCEAC) and the component 
dietary antioxidant index (CDAI) indices, we analyzed two cohorts to investigate the association 
of DTAC with all-cause and CVD mortality in CKD patients using data from National Health and 
Nutrition Examination Survey (2007–2018). VCEAC (n = 6330) and CDAI (n = 6300) cohorts with 
mortality follow-up data available through 2018 were included. Cox models with restricted cubic 
splines was used to model the nonlinear association between VCEAC/CDAI and outcomes in CKD 
patients.
Results:  Our results showed L-shaped associations of DTAC with all-cause mortality among 
individuals with CKD stages 1–2 in both cohorts. Compared to the lowest quartile, higher dietary 
total antioxidant intake was associated with lower all-cause mortality risks among CKD stages 
1–2 after adjustment for covariates, with HRs (95%CI) of 1.00, 0.91 (0.71,1.17), 0.69 (0.53,0.90), 
and 0.70 (0.54,0.91) in VCEAC, and similar respective estimate trends in CDAI. After sensitivity 
and subgroup analyses, there were no benefits for patients with stage 3–5 CKD or albuminuria. 
Mediation analysis revealed that the proportions mediated in both cohorts were less consistent.
Conclusions:  Moderate dietary total antioxidants intake has potential benefits for early-stage 
CKD patients. However, further evidence is needed to confirm whether patients with worsening 
CKD can benefit in the long term.

Introduction

Chronic kidney disease (CKD) is a major public health prob-
lem worldwide, with an estimated projection to be the fifth 
leading cause of death globally by 2040 [1]. Immediate 
efforts are therefore warranted to control the disease with 
interventions that target modifiable risk factors, including 
diet. Patients with CKD may be at risk for multiple nutritional 
and metabolic abnormalities involving protein-energy mal-
nutrition and micronutrient deficiencies, protein-energy wast-
ing, and electrolyte disturbances in all stages [2].

Oxidative stress plays a pivotal role in the pathogenesis 
of renal disorders, including acute kidney injury and CKD [3]. 
An overabundance of reactive oxygen species disrupts redox 
homeostasis, leading to inflammation, apoptosis, and mito-
chondrial dysfunction with potentially devastating conse-
quences for renal function [4]. Kidney cells possess an 
intrinsic defense mechanism to mitigate the deleterious 
effects of oxidative stress. A key component of this system 
is Nuclear factor erythroid 2-related factor 2 (NRF2), which 
serves a critical role in safeguarding cells from oxidative 
damage [5]. This may reduce the harmful effects of oxidative 
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stress on the kidneys, potentially slowing or even reversing 
damage [6,7]. Notably, bioactive compounds such as 
(-)-Epicatechin, epigallocatechin-3-gallate, and selenium can 
boost NRF2-related antioxidant pathway [8–10]. Certain 
dietary patterns have also been found to enhance these 
defenses, making them an important consideration for indi-
viduals seeking to improve their kidney health [11].

Considering the whole diet, dietary total antioxidant 
capacity (DTAC) considers the cumulative effect of antioxi-
dants as a commonly used parameter for assessing antioxi-
dant capacity from the diet [12]. The component dietary 
antioxidant index (CDAI) and vitamin C equivalent antioxidant 
capacity (VCEAC) are two indices to calculate the quantitative 
value of DTAC for dietary intake [13–15]. Evidence from 
cohort studies reported that healthy dietary patterns or ade-
quate intake of micronutrients might lower the risk of CKD 
[16–18]. DTAC may be involved in predicting the prognosis 
of CKD, but this field needs more robust evidence.

This study explored the complex relations between DTAC 
and all-cause or CVD mortality using data from the National 
Health and Nutrition Examination Survey (NHANES) 
(2007–2018).

Materials and methods

Study population

The NHANES used a complex, multistage, probability sam-
pling design to monitor trends in the health and nutritional 
status of the US population. It is conducted by the Centers 
for Disease Control and Prevention (CDC). The following 
criteria were considered in selecting patients in cohorts [1]: 
aged >18 years who completed at least 1 dietary antioxidant 
recall [2]; estimated glomerular filtration rate (eGFR) <90 mL/
min/1.73 m2 using the CKD-EPI equations or urinary albumin 
>200 mg/L; and complete mortality follow-up status record. 
We separately included 6401 participants for the VCEAC 
cohort and 6379 for the CDAI cohort at the baseline survey 
from continuous NHANES (2007–2018) datasets. 
Simultaneously, we excluded participants who met any of 
the exclusion criteria [1]: pregnant or lactating women and 
[2] TAC values more than five standard deviations from the 
mean. Finally, a total of 6330 adult candidates remained in 
our cohort for VCEAC analysis and a total of 6300 partici-
pants remained in the CDAI analysis cohort (Figure 1).

Figure 1.  Flowchart for the selection of the study population, NHANES (2007–2018). A total of 6401 participants for VCEAC cohort and 6379 for CDAI 
cohort were separately eligible for criteria. After the exclusion of those pregnant or lactating women, and those with TAC values more than five standard 
deviations from the mean, 6330 participants with CKD were included in the final VECAC cohort analysis and 6300 participants with CKD were included 
in the final CDAI cohort analysis.



Renal Failure 3

Dietary information

Dietary information from NHANES was obtained through two 
24-h recall interviews and a food-frequency questionnaire 
(FFQ) [19]. The United States Department of Agriculture 
(USDA) food composition databases and Nutrient Database 
for Dietary Studies (FNDDS) have been provided a unique 
research tool to evaluate dietary antioxidants and micronu-
trient intake values [20]. In the present study, antioxidant 
nutrients include 29 flavonoids, 5 types of carotenoids, vita-
min A, vitamin C, vitamin E, and minerals (magnesium, sele-
nium, and zinc) as determined by the daily consumption of 
each selected food item and supplement. In addition, the 
protein intake, energy intake, carbohydrate intake, dietary 
fiber intake, and total fat intake were included in this study.

Calculation of the CDAI and evaluation of dietary total 
antioxidant capacity

The dietary total antioxidant capacity was determined by 
the vitamin C equivalent antioxidant capacity (VCEAC) and 
the component dietary antioxidant index (CDAI).

For VCEAC calculation, the antioxidant capacity of vitamin 
C, 29 types of flavonoids, 5 types of carotenoids, vitamin A, 
and vitamin E was analyzed by the 2,2′-azino-bis(3-e
thylbenzthiazoline) 6-sulphonic acid (ABTS) method as pre-
viously described [13–15]. Then, a standard curve linearly 
fitted the association between the antioxidant capacity of 
vitamin C and the optical density value. The VCEAC of other 
antioxidant dietary intakes was determined by the standard 
vitamin C curve and then summed. The value of VCEAC rep-
resents that the antioxidant capacity of the 100 mg assigned 
diet equals the quality of vitamin C. Because the antioxidant 
capacity of minerals (magnesium, selenium, and zinc) cannot 
be tested by the ABTS method, we excluded them when 
calculating VCEAC.

For CDAI calculation, the intake of selected antioxidants 
(including 29 types of flavonoids, 5 types of carotenoids, 
vitamin A, vitamin C, vitamin E, and 3 types of minerals as 
above) was normalized by the zero-mean method [(daily 
intake of antioxidant - mean intake of antioxidant)/standard 
deviation]. Then the total information of all antioxidant cat-
egories was summed as previously described [13,21].

The values of VCEAC and CDAI were adjusted for energy 
via the residual method. More detailed methods can be 
found in the Supplementary Methods.

Assessment of other covariates

Potential confounding factors of the relationship between 
DTAC and CKD progression were considered covariates. 
Included covariates were as follows: age, ethnicity, body mass 
index (BMI), sex, education, income, smoking, alcohol, energy 
intake, protein, total dietary fat, carbohydrate, dietary fiber, 
total fat, and disease histories of diabetes mellitus, hyper-
tension, cancer, cardiovascular disease. The estimated glo-
merular filtration rate (eGFR) was calculated by the Chronic 

Kidney Disease Epidemiology Collaboration (CKD-EPI) equa-
tion and urine albumin creatinine ratio [22]. In addition, 
physical activity was converted into the total metabolic 
equivalent of task (MET) based on the Global Physical Activity 
Questionnaire (GPAQ) [23,24].

Outcome

Outcome measures were all‐cause and cardiovascular mortal-
ity through linkage to the National Death Index database 
matching death certificate records. The public-use Linked 
Mortality File is provided by the National Center for Health 
Statistics (NCHS), and mortality follow-up data are available 
through 2018 [25]. CVD mortality was defined by the recorded 
underlying cause of death on the death certificates (ICD-10 
codes I00–I09, I11, I13, and I20–I51) or cerebrovascular disease 
(ICD-10 codes I60–I69). Overall, 1339 deaths (including 422 
CVD-related records) were recorded in our cohort.

Descriptive statistics

The baseline characteristics of the participants were described 
by quartiles of the VCEAC and CDAI. Continuous variables 
are reported as the means and standard deviations (SD) and 
were compared using one-way ANOVA. Categorical variables 
are denoted as numbers (percentages), and statistical com-
parisons were made with the chi-squared test. A two-sided 
p value <.05 was considered statistically significant.

Cox and restricted cubic spline regression

Cox regression models were used to evaluate the association 
of VCEAC/CDAI with all-cause and CVD mortality. The hazard 
ratios and 95% CIs were determined in each quartile using 
the lowest quartile as a reference. Model 1 was adjusted for 
demographic variables (age, sex, ethnicity, income, and edu-
cation level). Model 2 was further adjusted for dietary infor-
mation and lifestyle (potassium, protein intake, carbohydrate 
intake, dietary fiber intake, total fat intake, alcohol intake, 
smoking, and MET-PA, and total energy intake was adjusted 
via the residual method). Model 3 was further adjusted for 
health conditions (diabetes, hypertension, CVD and cancer, 
urine albumin, eGFR, BMI).

Restricted cubic spline regression was used to model the 
nonlinear association between VCEAC/CDAI and outcomes in 
CKD patients. The first quartile of VCEAC/CDAI was set as a 
reference as it yields a hazard ratio equal to zero. The first and 
last knots were placed at the 0.01 and 0.99 quantiles of dietary 
total antioxidant intake. The nonlinearity of the association was 
performed using the methods described by Frank Harrell [26].

Subgroup and sensitivity analysis

To confirm the stability of our findings, we also performed 
a subgroup analysis stratified by sex, age, BMI, diabetes, 
cancer, and CVD, urinary albumin, and CKD stage. The 
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interaction between subgroups was conducted using B 
Schneider’s regression models [27]. We also conducted sen-
sitivity analyses and excluded the following participants: 
those whose cause of death was trauma, those who died 
after less than two years of follow-up, those who died of 
malignant neoplasms, and those with mild CKD (1–2 stage).

Mediation effect analysis

To quantify the mediating effect of each antioxidant, we 
performed an analysis to investigate the mediating effect of 
each antioxidant included in the index on the association 
between DTAC and outcome. We first examined the linear 
relationship between the intake of each antioxidant intake 
and the VCEAC/CDAI. Then, the time-dependent outcome 
and all variables were fitted using the survival regression 
model. Further details of the average causal mediation effect 
(ACME) and total effect are provided in Kosuke Imai’s meth-
ods [28]. The 95% CI was calculated using the bootstrap 
method with 2000 replications.

Statistical tools

Cox regression analyses were performed using the survival 
R package and R version 3.6.1. A Cox proportional hazards 
regression model with restricted cubic splines (RCS) was 
conducted using the RCS R package. We used the R package 
‘Publish’ for the subgroup analysis and the R package ‘med-
ication’ for the medicated effect analysis.

Results

Participants’ baseline characteristics

A total of 6330 participants were included in the VCEAC 
cohort (mean age 62.69 years, 52.3% male). The cohort was 
stratified into quartiles, with approximately 25% of partici-
pants in each quartile. Similarly, the CDAI cohort comprised 
6300 participants with a mean age of 62.73 years and a male 
proportion of 52.23%, and was also stratified into quartiles 
(Supplementary Table 1 and Table 2). In both VCEAC and 
CDAI cohorts, participants in the highest quartile of DTAC 
had a higher intake of alcohol, total energy, carbohydrates, 
dietary fiber, and total fat (p < .001). They were also more 
likely to have a history of cancer (p < .001). These individuals 
had higher income (p < .001) and were more likely to be white 
or of other ethnicity (p < .001). Compared to those in the 
lowest quartile, they had lower rates of smoking and BMI 
(p < .001) in the VCEAC cohort and also had lower rates of 
smoking, hypertension, diabetes, and cardiovascular disease 
(p < .001) as well as PA_total_MET (p = .003) in the CDAI cohort.

Association between dietary total antioxidant capacity 
and all-cause/CVD mortality

Table 1 shows that higher levels of dietary total antioxidant 
intake in patients with CKD stages 1–2 were associated with 

a trend toward a lower risk of all-cause mortality, but the 
association was likely to be nonlinear. The hazard ratios 
(95%CI) from the first quartile to the highest quartile were 
1.00, 0.91(0.71 to 1.17, p = .463), 0.69 (0.53 to 0.90, p = .005), 
and 0.70 (0.54 to 0.91, p = .009) in the VCEAC cohort. A con-
sistent result was discovered in the CDAI cohort. Hazard 
ratios (95%CI) from the first to the fourth quartile of CDAI 
were 1.00, 0.69 (0.52 to 0.91, p = .008), 0.79 (0.60 to 1.05, 
p = .110), and 0.73 (0.53 to 1.00, p = .053). However, no asso-
ciations were observed for all-cause mortality among partic-
ipants with CKD stages 3–5 and with higher dietary total 
antioxidant intake. In addition, the association of DTAC with 
CVD mortality was not significant in the two cohorts (Table 
2). Restricted cubic splines were used to visualize and exam-
ine the possibility of a nonlinear relation of DTAC with 
all-cause mortality and CVD mortality in the VCEAC and CDAI 
cohorts (Figure 2). The results indicate that there was an 
L-shaped relationship between DTAC and all-cause mortality 
among patients with CKD stages 1–2, but not among those 
with CKD stages 3–5, in two cohorts. Similarly, there were 
nonlinear relationships observed for DTAC and CVD mortality 
among patients with CKD in the VCEAC cohort, but no evi-
dence of nonlinear associations between DTAC and CVD 
mortality in the CDAI cohort.

Subgroup and sensitivity analyses

We performed stratified analyses by the patients’ character-
istics (Figure 3) and found that every 5-unit increase in CDAI 
or 100-unit increase in VCEAC was associated with an 
increased risk of all-cause mortality or CVD mortality. In the 
VCEAC cohort, stratified analysis was not found to be statis-
tically significant for all-cause mortality risk. However, male 
individuals with higher DTAC levels had a lower risk of CVD 
mortality than female (0.95 [95% CI, 0.90–1.00] versus (1.01 
[95% CI, 0.97–1.06]; p for interaction = .013). There was a 
trend toward lower CVD mortality risk (p for interaction=.062) 
in the CKD stages 1–2 group, but the all-cause and CVD 
mortality risks increased incrementally with worsening CKD 
(p for interaction = .096). In the CDAI cohort subgroup anal-
ysis, individuals with a history of cardiovascular disease had 
higher hazard ratios of all-cause mortality than those without 
(1.00 [95% CI, 0.96–1.05] versus (0.97 [95% CI, 0.93–1.01]; p 
for interaction = .012).We also found that individuals with 
urinary albumin had marginally higher all-cause mortality 
than those with no urinary albumin (p = .004), but no signif-
icant differences in CVD mortality risk were found. Our sen-
sitivity analyses (Supplementary Table 3) confirmed our 
results. After excluding participants with mild CKD (1–2 
stage), DTAC was still associated with an increased HR for 
all-cause mortality and CVD mortality.

Mediation analysis with independent antioxidant 
vitamins/minerals

We conducted a mediation analysis to examine the indirect 
effects of independent antioxidant vitamins/minerals on 
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the associations between DTAC and mortality outcomes. 
The results are presented in Tables 3 and 4. In the VCEAC 
cohort study, we estimated the proportion of the average 
causal mediated effect (ACME) of independent antioxidant 
vitamins/minerals on all-cause mortality. We found that 
vitamin E, flavones, beta-cryptoxanthin and anthocyanidins 

accounted for 32.28%, 25.67%, 21.90% and 8.23% of the 
total effect, respectively. The mediation proportion was 
similar for CVD mortality. In the CDAI cohort study, we 
calculated the total effect and ACME of magnesium and 
vitamin E on all-cause mortality. The total effect was 
3.43(1.02–5.88) for magnesium and 3.23(1.05–5.70) for 

Figure 2.  Restricted cubic spline models for the relationship between dietary total antioxidant capacity with all-cause (top) and CVD (bottom) mortality. 
(A) CKD 1–2 stage, VCEAC and all-cause mortality. (B) CKD 3–5 stage, VCEAC and all-cause mortality (C) CKD 1–2 stage, CDAI and all-cause mortality. 
(D) CKD 3–5 stage, CDAI and all-cause mortality (E) CKD 1–2 stage, VCEAC and CVD mortality. (F) CKD 3–5 stage, VCEAC and CVD mortality. (G) CKD 
1–2 stage, CDAI and CVD mortality. (H) CKD 3–5 stage, CDAI and CVD mortality. Adjusted for age, sex, ethnicity, income, education level, potassium 
intake, protein intake, carbohydrate intake, dietary fiber intake, total fat intake, alcohol intake, total energy intake via the residual method, smoking, 
MET-PA, diabetes, hypertension, CVD and cancer, urine albumin, eGFR, and BMI. The first quartile of VCEAC/CDAI was used as reference as it yields a 
hazard ratio of 0. The first and last knots were placed at the 0.01 quantile and 0.99 quantile of DTAC. Shading indicates the 95% confidence interval.
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vitamin E, while the ACME was 1.93(1.0–3.04) for magne-
sium and 0.80(0.07–1.59) for vitamin E. Magnesium and 
vitamin E mediated the association by 55.94% (p = .008) 
and 24.21% (p = .040), respectively. We did not detect any 
mediation for CVD mortality.

Discussion

In our study of nationally representative US adults with CKD, 
we found that moderate consumption of dietary total anti-
oxidant intakes, indicated by the Vitamin C Equivalent 

Figure 3.  Subgroup analyses of multi-variable adjusted association of VCEAC or CDAI with all-cause (top) and CVD (bottom) mortality in the NHANES 
(2007–2018), stratified by selected patients’ characteristics. (A) VCEAC and CDAI with all-cause mortality. (B) VCEAC and CDAI with CVD mortality. 
Abbreviations: HRs: hazard ratios; CI: confidence intervals; CVD: cardiovascular disease; CDAI: Component Dietary Antioxidant Index; VCEAC: Vitamin C 
Equivalent Antioxidant Capacity. Adjusted for ethnicity, income, and education level, smoking status, potassium intake, protein intake, alcohol intake, 
total dietary fat intake, carbohydrate intake, and total energy intake was adjusted via the residual method, BMI, MET-PA, with exception of stratifying 
factors.



8 Y. LI ET AL.

Antioxidant Capacity (VCEAC) and the Component Dietary 
Antioxidant Index (CDAI), was associated with a lower risk 
for all-cause mortality in individuals with CKD 1–2 stages. 
However, higher dietary total antioxidant intake may increase 
the risk of all-cause mortality in patients with CKD stages 
3–5 or higher albuminuria. On the other hand, there are 
some intrinsic differences between the two methods. The 
VCEAC-based method appeared more predictive of cardio-
vascular (CVD) mortality risk. Our study found that in the 
CDAI cohort, up to 55.94% of the association between 
dietary total antioxidant capacity and mortality was medi-
ated by Magnesium intake. In contrast, the VCEAC cohort 
was more equally balanced in interpreting the role of indi-
vidual antioxidant micronutrients.

Adhering to a healthy dietary pattern includes more 
whole grains, fruits, vegetables, and healthy fats; more fiber, 
vitamins C and E, and carotenoids; less saturated fat, salt, 
and processed food; and a lower acid load may help prevent 

CKD and proteinuria [29]. In our study, dietary factors that 
may help prevent CKD include total antioxidants in the diet, 
including vitamins, 29 types of flavonoids, and trace minerals. 
Micronutrients play a significant role in antioxidant status, 
and CKD patients have been found to have significantly lower 
intake of antioxidant-rich foods [30]. Several studies have 
suggested that individuals with low levels of selenium have 
impaired renal function, and deficiency of this trace element 
may contribute to increased oxidative stress and inflamma-
tion [31–33]. Previous clinical trials mainly focused on the 
hemodialysis therapy cohort using antioxidants to demon-
strate that the beneficial effects in patients with CKD have 
been disappointing [34,35], individuals with CKD exhibit 
diminished antioxidant defenses due to dietary restrictions 
on high-potassium fruits and vegetables, decreased levels of 
vitamins C and E, loss of selenium during dialysis, and 
reduced glutathione (GSH) scavenging capacity. Normally, 
endogenous or dietary antioxidants safeguard cells against 

Table 3.  Mediation analysis of VCEAC with mortality of CKD.

All-cause mortality CVD mortality

Total effects
(95%CI)

ACME
(95%CI)

Mediation
proportion 

(%) p Value
Total effects

(95%CI)
ACME

(95%CI)

Mediation
proportion 

(%)
p

Value

Vitamin A 0.12(0.03–0.22) −0.02(−0.07–0.03) – .43 0.12(0.03–0.22) −0.02(−0.08–0.03) – .408
Vitamin C 0.12(0.03–0.21) 0.01(−0.02–0.03) – .67 0.12(0.02–0.21) 0.01(−0.02–0.03) – .676
Vitamin E 0.12(0.02–0.22) 0.04(0.01–0.07) 32.28 .01 0.12(0.03–0.21) 0.04(0.01–0.07) 32.47 .012
Beta-carotene 0.12(0.02–0.21) −0.02(−0.19–0.14) – .84 0.12(0.02–0.21) −0.02(−0.18–0.15) – .802
Alpha-carotene 0.11(0.02–0.20) −0.08(−0.19–0.04) – .20 0.11(0.02–0.21) −0.07(−0.18–0.04) – .208
Beta-cryptoxanthin 0.12(0.03–0.22) 0.03(0.00–0.06) 21.90 .03 0.13(0.03–0.23) 0.03(0.00–0.06) 22.01 .020
Lycopene 0.12(0.03–0.21) 0.01(−0.02–0.04) – .61 0.11(0.03–0.21) 0.01(−0.02–0.04) – .536
Lutein_zeaxanthin 0.12(0.03–0.22) −0.01(−0.06–0.04) – .71 0.12(0.03–0.22) −0.01(−0.06–0.04) – .732
Carotenoids 0.12(0.03–0.22) 0.01(−0.02–0.03) – .59 0.12(0.03–0.21) 0.01(−0.02–0.03) – .556
Isoflavones 0.12(0.03–0.21) 0.00(0.00–0.00) – .74 0.12(0.03–0.21) 0.00(0.00–0.00) – .770
Anthocyanidins 0.12(0.03–0.22) 0.01(0.00–0.02) 8.23 .03 0.13(0.03–0.22) 0.01(0.00–0.02) 8.21 .026
Flavan-3-ols 0.12(0.03–0.21) 0.00(−0.02–0.03) – .79 0.12(0.02–0.21) 0.00(−0.02–0.02) – .844
Flavanones 0.12(0.03–0.21) 0.00(−0.01–0.00) – .66 0.12(0.03–0.21) 0.00(−0.01–0.00) – .660
Flavones 0.12(0.03–0.22) 0.03(0.00–0.07) 25.67 .04 0.12(0.03–0.22) 0.03(0.01–0.07) 27.12 .046
Flavonols 0.12(0.03–0.21) 0.02(−0.01–0.05) – .23 0.12(0.03–0.22) 0.02(−0.01–0.05) – .228

ACME: average causal mediation effects.

Table 4.  Mediation analysis of CDAI with mortality of CKD.

All-cause mortality CVD mortality

Total effects
(95%CI)

ACME
(95%CI)

Mediation 
proportion 

(%)
p

Value
Total effects

(95%CI)
ACME

(95%CI)

Mediation 
proportion 

(%) p Value

Vitamin C 3.11(0.69–5.34) 0.12(−0.59–0.80) – 0.710 −0.42(−14.57–12.72) 0.06(−4.04–4.08) – 0.990
Vitamin E 3.23(1.05–5.70) 0.80(0.07–1.59) 24.21 0.040 0.51(−12.13–14.51) 3.91(−0.13–9.49) – 0.952
Selenium 3.18(0.90–5.56) 0.00(−0.04–0.04) – 0.936 −0.01(−13.07–11.80) −0.09(−0.52–0.24) – 0.976
Magnesium 3.43(1.02–5.88) 1.93(1.02–3.04) 55.94 0.008 0.30(−13.20–13.53) 5.87(0.37–13.49) – 0.944
Zinc 3.28(0.93–5.71) −0.14(−0.36–0.05) – 0.140 −0.23(−12.91–11.60) −0.41(−1.70–0.67) – 0.986
Carotenoids 3.37(1.03–5.96) −1.76(−4.82–1.16) – 0.252 −0.48(−13.57–12.11) −3.15(−20.55–12.65) – 0.966
Isoflavones 3.06(0.70–5.42) −0.50(−1.09–−0.01) – 0.044 0.75(−11.62–13.13) −2.27(−4.88–−0.53) – 0.882
Anthocyanidins 3.41(0.87–5.89) 0.96(−0.20–2.15) – 0.092 −0.28(−12.76–12.57) 2.72(−2.40–9.18) – 0.960
Flavan-3-ols 3.32(0.96–5.91) −2.15(−5.12–0.72) – 0.160 −0.58(−14.16–12.06) −1.33(−19.10–14.42) – 0.986
Flavanones 3.16(0.92–5.47) −0.21(−0.62–0.17) – 0.308 −0.09(−13.66–13.36) 0.95(−1.48–3.73) – 0.984
Flavones 3.27(0.95–5.88) 1.05(−0.04–2.29) – 0.080 0.90(−11.95–14.54) 6.87(−0.42–15.81) – 0.842
Flavonols 3.13(0.78–5.42) −0.11(−3.14–2.79) – 0.942 −0.33(−13.87–12.58) −4.64(−21.48–11.32) – 1.000

ACME: average causal mediation effects.
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oxidative stress, inflammation, and damage. However, in CKD 
these defenses are compromised, potentially due to multiple 
factors contributing to the endogenous overproduction of 
ROS in CKD patients, making optimal control of ROS chal-
lenging to achieve. Supplementation with antioxidants and 
implementation of other strategies to enhance defenses 
could aid in decelerating kidney deterioration in CKD and 
reducing disease progression [36]. Bardoxolone methyl is an 
orally potent activator of the Nrf2 pathway against oxidative 
stress and simultaneously attenuates inflammation by inhib-
iting NF-κB [37]. Promising results from clinical trial reported 
that an improvement in eGFR was observed following treat-
ment with bardoxolone methyl in CKD patients with type 2 
diabetes [38,39]. Moreover, natural compounds possessing 
anti-inflammatory and antioxidant attributes have exhibited 
the capacity to decelerate the advancement of kidney disease 
and mitigate its associated complications. This is achieved 
by counterbalancing the detrimental impact of oxidative 
stress and inflammation, which are hallmarks of chronic kid-
ney disease [40,41]. The delicate balance between inadequate 
micronutrient intake and overconsumption is a major concern 
for patients with CKD [2].

Our study highlights an L-shaped correlation between 
dietary total antioxidant intake and CKD 1–2 stage all-cause 
mortality risks. Meanwhile, the subgroup and sensitivity 
analysis observed more benefit for CKD stages 1–2. However, 
patients with CKD stages 3–5 or albuminuria did not have 
long-term survival benefits from higher dietary total anti-
oxidant intake and a trend toward an increased risk of 
all-cause mortality, indicating that dietary intake and rec-
ommendations vary depending on the CKD stage. Similarly, 
a Korean study cohort suggested that inadequate micronu-
trient intake among the general population may confer an 
increased risk of CKD stage 3B and over [16]. However, a 
case–control study reported that a correlation between DTAC 
and CKD in patients with type 2 diabetes was not obvious 
[42]. In addition, a RaNCD cohort study showed an inverse 
and strong association between DTAC and renal function 
[43]. These results differ from our findings. Another inter-
esting result from the subgroup analysis in our CDAI cohort 
study indicates that higher dietary total antioxidant intake 
elevated the risk of all-cause mortality for those with pre-
vious cardiovascular events. CKD is an independent risk 
factor for cardiovascular diseases and is entwined through 
hormonal mechanisms [44]. Moreover, intestinal dysbiosis, 
impaired barrier function, and reduced kidney clearance of 
bacterial byproducts may increase cardiovascular risk in CKD 
patients [45]. A similar adverse cardiovascular event was 
observed in a phase III BEACON clinical trial [46], and addi-
tional posthoc analyses suggested that bardoxolone methyl 
promoted acute sodium and volume retention and increased 
blood pressure through the endothelin pathway precipitat-
ing heart failure in an at-risk population [47]. In advanced 
stages of CKD, the accumulation of waste and insufficient 
fiber intake can alter the gut microbiome, leading to dys-
biosis [48]. Dysbiosis can increase levels of toxic compounds 
such as TMAO, indoxyl sulfate, and p-cresyl sulfate, 

contributing to inflammation, oxidative stress, and kidney 
disease progression [49,50]. Elevated TMAO and other uremic 
solutes in CKD patients are also linked to increased cardio-
vascular risk and are being investigated as therapeutic tar-
gets [51]. These metabolites, which are normally cleared by 
the kidneys, can cause tissue damage as kidney function 
declines. By implementing dietary modifications, it may be 
feasible to partially restore a healthy balance in the gut 
microbiome and decrease levels of toxic metabolites in indi-
viduals with advanced CKD [52]. Early intervention through 
dietary total antioxidant intake may potentially delay the 
progression of CKD.

Our study found that the proportion of mediation by 
the mediator (individual antioxidant micronutrients) for the 
association between DTAC and mortality varied consider-
ably in the two cohorts. Moreover, the VCEAC indices are 
likely more relevant to the projections for CVD mortality. 
The nature of the methodology may partly explain the 
heterogeneity in the study results. The VCEAC indices 
exhibit a more equalized proportion distribution in indi-
vidual antioxidant micronutrients, although they did not 
cover the antioxidant capacity of minerals (magnesium, 
selenium, and zinc). The balanced mediation proportion 
indicated that DTAC was contributed by multiple sources 
of antioxidants. The most significant contributor was mag-
nesium intake in the CDAI indices, accounting for 55.94% 
of the total antioxidant intake. Of note is that observational 
studies have shown that lower serum magnesium levels 
are associated with poorer survival in CKD cohorts [53–55]. 
In contrast, the VCEAC cohort was more equally balanced 
in interpreting the role of individual antioxidant micronu-
trients. Thus, DTAC is needed to further rigorous scientific 
evaluation strategies.

The major strength of our study is the use of the two 
most common methods (VCEAC and CDAI) to comprehen-
sively evaluate the complex relations of DTAC with all-cause 
mortality and CVD mortality. The association between DTAC 
and all-cause mortality was consistent in the VCEAC and 
CDAI cohorts from well-established NHANES datasets. In 
addition, we also conducted subgroup and sensitivity anal-
yses and mediation analyses to show the robustness of the 
findings and evaluated individual antioxidant micronutrients. 
Nevertheless, our study also has several limitations. First, 
data regarding dietary total antioxidant intake were assessed 
by questionnaires. Therefore, recall bias may lead to inaccu-
racy. Furthermore, due to some missing ICD-10 codes, under-
estimating cardiovascular death events can increase the 
chance of type II errors. Finally, this study performed post 
hoc and exploratory subgroup analyses without a priori sam-
ple size calculations and should therefore be interpreted 
cautiously.

Conclusions

Our study suggests that moderate dietary total antioxidant 
intake may have beneficial effects on patients with earlier 
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stages of CKD. However, further evidence is needed to deter-
mine the impact on patients with advanced stages of CKD.
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