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INTRODUCTION

Metabolic syndrome (MetS) is a cluster of medical conditions 
that include abdominal obesity, insulin resistance, hypertension, 
and hyperlipidemia [1]. It is associated with an increased risk of 
mortality and morbidity, such as cardiovascular disease (CVD) 
and diabetes [2]. The prevalence of MetS fluctuates based on the 
definitions used, but it is estimated to affect 10% to 40% of the 
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global population, equating to over 1 billion people worldwide 
[2,3]. Therefore, identifying modifiable risk factors for MetS could 
aid in reducing the global burden of the disease.

Oxidative stress may play a pathogenic role in the development 
and progression of MetS and its associated abnormalities [4]. An-
tioxidants can potentially counteract this oxidative damage by scav-
enging reactive free radicals in the body [5,6]. Extensive research 
has been conducted on the relationships of antioxidants or anti-
oxidant-rich foods with various health outcomes [7]. However, these 
studies have been focused on individual antioxidants or specific 
foods, resulting in inconsistent findings. This inconsistency may 
stem in part from the varying types and amounts of antioxidants 
found in different foods, which can affect their overall antioxidant 
capacities [5,6]. To address these challenges, the concept of dietary 
total antioxidant capacity (dTAC) was introduced. This index rep-
resents the summed antioxidant capacity (AC) of all consumed 
foods [8]. Since its introduction, dTAC has been studied in relation 
to several health outcomes, including risk factors for CVD [9]. In 
Korea, research has also explored its cross-sectional association 
with dyslipidemia [10] and prospective association with diabetes 
[11]. However, limited evidence is available regarding the relation-
ship between dTAC and MetS, with most studies being cross-sec-
tional and primarily conducted in Western countries [9,12]. In 
addition to dTAC, the association between the antioxidants (5 an-
tioxidant classes and 7 flavonoid subclasses) used to calculate 
dTAC [8] and MetS remains unclear [12]. A recent review sug-
gested that, based on animal studies, the antioxidant quercetin 
may have beneficial effects on insulin resistance, inflammation, 
and blood pressure (BP) in obese individuals [13]. Our previous 
study on flavonoids and the risk of incident hypertension also re-
vealed significant interactions of anthocyanins and proanthocya-
nidins with hypertension risk based on obesity status [14]. How-
ever, it remains unclear whether the associations of dTAC and an-
tioxidant intake with MetS risk vary depending on obesity status.

Therefore, in this study, we aimed to assess the relationships of 
both dTAC and antioxidant intake (encompassing 5 classes: reti-
nol, vitamin C, vitamin E, carotenoids, and flavonoids, as well as 
7 flavonoid subclasses: flavonols, flavones, flavanones, flavan-3-ols, 
anthocyanins, isoflavones, and proanthocyanidins) with the risk 
of MetS among adults aged 40 years or older in a prospective co-
hort. Additionally, we attempted to identify any obesity-specific 
associations. 

MATERIALS AND METHODS 

Study design and population
The Korean Genome and Epidemiology Study_Cardiovascular 

Disease Association Study (KoGES_CAVAS) is a comprehensive 
investigation of cardiovascular health risk factors among Koreans, 
combining 3 distinct cohorts [15]. These cohorts include the Multi-
Rural Communities Cohort (MRCohort), the Atherosclerosis 
Risk of Rural Areas in the Korean General Population (ARIRANG) 
cohort, and the Kangwha cohort. These cohorts have been included 

in the KoGES since 2005. Each cohort consists of community res-
idents aged 40 years and older, recruited through multistage clus-
ter sampling from 6 counties: Yangpyeong, Namwon, and Goryeo-
ng for the MRCohort; Wonju and Pyeongchang for ARIRANG; 
and Kangwha. Between 2005 and 2011, 19,546 participants with 
neither CVD nor cancer were enrolled in a baseline survey. Fol-
low-up was conducted every 2-4 years from 2007 to 2017, with 
78.2% of participants having more than 1 revisit. 

We excluded participants with the following conditions at base-
line: (1) those who already had prevalent MetS (n = 7,709) or 
lacked MetS identification information at baseline (n= 56); (2) 
those who left ≥ 10 items unanswered on the food frequency ques-
tionnaire (FFQ) or had an implausible energy intake (≤ 619 or 
≥ 4,032 kcal/day in men and ≤ 509 or ≥ 3,918 kcal/day in wom-
en, representing cut-offs of the ≤ 0.5th or ≥ 99.5th percentiles of 
total energy intake) (n= 202); and (3) those with missing data for 
important covariates (n= 200), such as education level (n= 31), 
smoking status (n= 25), regular exercise (n= 123), drinking status 
(n= 17), and/or body mass index (BMI, kg/m2) (n= 12). The final 
analysis included 11,379 participants, with 4,422 men and 6,957 
women.

Ascertainment of metabolic syndrome
Five components of MetS were measured as follows. Waist cir-

cumference (WC) was determined at the midpoint between the 
bottom of the rib margin and the iliac crest. BP measurements 
were taken was measured twice from the right arm using a stand-
ard mercury sphygmomanometer in the MRCohort (Baumanom-
eter; WA Baum Co., Inc., Copiague, NY, USA) and the ARIRIANG 
cohort (Baumanometer and CK-101, Spirit Medical Co., New 
Taipei City, Taiwan) and an automatic sphygmomanometer in the 
Kangwha cohort (Dinamap 1846 SX/P; Critikon, Tampa, FL, USA). 
These measurements were taken after the participants had been 
seated for at least 5 minutes to ensure stable readings. If a differ-
ence of more than 5 mmHg was observed between 2 consecutive 
systolic blood pressure (SBP) or diastolic blood pressure (DBP) 
readings, additional measurements were taken, and the average 
values were used for analysis. However, in the ARIRIANG cohort, 
more than half of the initial BP measurements were taken only 
once (56.2%) prior to joining KoGES_CAVAS, so these single 
readings were used. Blood samples were collected after a minimum 
of 8 hours of fasting. The serum concentrations of high-density li-
poprotein cholesterol (HDL-C), triglycerides (TG), and fasting 
blood glucose (FBG) were then quantified using an ADVIA 1650 
automated analyzer (Siemens, New York, NY, USA). 

MetS was defined according to the National Cholesterol Educa-
tion Program Adult Treatment Panel III (NCEP ATP III) criteria 
[16], but with a modified definition of abdominal obesity as per 
the Korean Society for the Study of Obesity [17]. To be categorized 
as having MetS, individuals had to meet at least 3 of the following 
5 criteria at baseline: (1) a WC ≥ 90 cm for men and ≥ 85 cm for 
women; (2) elevated BP, specifically SBP ≥ 130 mmHg and/or DBP 
≥ 85 mmHg, or the use of antihypertensive medication; (3) an el-



Kong JS et al. : Dietary antioxidants and MetS incidence risk

www.e-epih.org    |  3

evated FBG level of ≥ 100 mg/dL or the use of medication for dia-
betes mellitus; (4) an elevated TG level, defined as ≥ 150 mg/dL; 
and (5) a reduced HDL-C level, defined as < 40 mg/dL for men 
and < 50 mg/dL for women. 

Incident cases of MetS were identified using the same criteria 
as the baseline definition, namely the presence of at least 3 of the 
5 risk factors at each follow-up visit. The earliest diagnosis of MetS 
was considered the incident event. 

Dietary assessment: total antioxidant capacity and 
nutrients

Food intake was assessed by highly trained interviewers using a 
validated FFQ comprising 106 food items. The validity of this FFQ 
was confirmed by de-attenuated correlation coefficients, which 
ranged from 0.23 for vitamin A (RE) to 0.64 for carbohydrates, 
with a median value of 0.39. The coefficients were 0.31 for beta-
carotene and 0.34 for vitamin C [18]. Participants were asked to 
recall the frequency of consumption and average portion size of 
each food item they consumed over the past year. To aid compre-
hension and ensure study reliability, photographs of typical por-
tion sizes were provided. The response options for each item in-
cluded 9 frequency categories, from “never or rarely” to “3 times 
per day,” and 3 portion sizes. Daily nutrient intake was calculated 
using weighted frequencies per day and portion sizes per unit for 
each food item, based on the nutrient database found in the sev-
enth edition of the Korean Food Composition Table [19].

To calculate dTAC, we constructed a database for antioxidants 
and total antioxidant capacity (TAC), incorporating 5 classes of 
antioxidants (retinol, vitamin C, vitamin E, carotenoids, and fla-
vonoids) and 7 subclasses of flavonoids (flavonols, flavones, fla-
vanones, flavan-3-ols, anthocyanins, isoflavones, and proanthocy-
anidins). We utilized food composition tables and databases pro-
vided by the government and authorized institutions. For vitamins 
and carotenoids, our primary source was the Food and Nutrient 
Database of the Korea Ministry of Food and Drug Safety [20], fol-
lowed by the United States Department of Agriculture (USDA) 
Standard Reference (SR28, release 28) [21] and the Japanese 
Standard Tables of Food Composition (seventh revised edition) 
[22]. For flavonoids, we referenced 3 separate USDA databases—
release 3.3 for flavonoids [23], release 2.1 for isoflavones [24], and 
release 2.1 for proanthocyanidins [25]—followed by the Phenol-
Explorer 3.6 database [26]. 

In total, 42 antioxidants were used: retinol, vitamin C, 4 forms of 
vitamin E (α-tocopherol, β-tocopherol, γ-tocopherol, and δ-tocopherol), 
5 carotenoids (α-carotene, β-carotene, lycopene, β-cryptoxanthin, 
and lutein+zeaxanthin), and 31 flavonoids. Among the 31 flavo-
noids, 7 subclasses were included: 4 flavonols (quercetin, kaemp-
ferol, myricetin, and isorhamnetin), 2 flavones (luteolin and api-
genin), 3 flavanones (hesperetin, naringenin, and eriodictyol),  
10 flavan-3-ols (catechin, epicatechin, epigallocatechin, epicate-
chin 3-gallate, epigallocatechin 3-gallate, theaflavin, thearubigin, 
theaflavin 3-gallate, theaflavin 3´-gallate, and theaflavin 3,3´-di-
gallate), 6 anthocyanins (cyanidin, delphinidin, malvidin, pelar-

gonidin, peonidin, and petunidin), 4 isoflavones (daidzein, gen-
istein, glycitein, and biochanin), and 2 proanthocyanidins (dimers 
and trimers). The antioxidant database covers approximately 60.9% 
of flavonoids, 92.2% of carotenoids, and over 99% of retinol, vita-
min C, and vitamin E. The individual TAC of each food item (meas-
ured in mg vitamin C equivalent [VCE]/100 g) was calculated as 
the sum of the product of antioxidant content and antioxidant ca-
pacity of the individual antioxidants [8,27]. 

The dietary TAC and antioxidant intake for each participant 
were calculated using the TAC database, following the same method 
used to calculate nutrient intake. To better reflect long-term die-
tary consumption and reduce measurement errors [28], we calcu-
lated the cumulative averages of dTAC and antioxidant intake. 
This was achieved by averaging the intakes at baseline and during 
subsequent repeated examinations until each participant reached 
their endpoint or was censored. A maximum of 3 FFQs per per-
son (average, 1.84), conducted at baseline and during follow-up 
visits, were utilized to calculate dTAC and antioxidants intake. All 
analyses employed the cumulative average of dTAC (mg VCE/day) 
and antioxidant intake (mg/day).

Assessment of covariates
The interviewers and examiners of the 3 cohorts received train-

ing from trainers at the quality control center. To overcome the 
limitations inherent in a multicenter study, data collection strictly 
adhered to standard protocols for questionnaire surveys and ex-
aminations. Trained interviewers used a structured questionnaire 
to gather data on demographic characteristics such as age and ed-
ucation, as well as established risk factors for MetS, including reg-
ular exercise, smoking status, and current alcohol consumption. 
Daily alcohol consumption (in g/day) was calculated by multiply-
ing the average frequency of consumption for 6 types of alcoholic 
beverages (soju, takju, beer, refined rice wine, wine, and whisky; 
in times/day) by the quantity consumed per occasion. This calcu-
lation considered the alcohol content (%) of each beverage and 
the specific gravity of alcohol (0.79). Height measurements were 
taken to the nearest 0.1 cm using a stadiometer, while weight was 
measured to the nearest 0.1 kg on a metric scale. These measure-
ments were taken with participants dressed in light clothing and 
without shoes. BMI was then calculated as the ratio of weight (in 
kg) to the square of height (in m2). Participants were categorized 
into 2 groups based on obesity status: those with BMI < 23 kg/m2 
and those with BMI ≥ 23 kg/m2.

Statistical analysis
All analyses were conducted separately for men and women. 

The unadjusted baseline characteristics of the study population 
are presented as mean± standard deviation for quantitative varia-
bles and as numbers and percentages for categorical variables. 
Age-adjusted characteristics are presented as mean± standard er-
ror for quantitative variables and as percentages for categorical 
variables. We employed the general linear model to determine 
age-adjusted differences in baseline characteristics based on the 
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quartiles (Q) of the cumulative averages of dTAC and antioxidants, 
using the lowest quartile (Q1) as the reference category. Tukey 
post-hoc tests were used to identify group differences at a signifi-
cance level of p < 0.05. We used a modified Poisson regression 
model to estimate the incidence rate ratios (IRRs) and 95% confi-
dence intervals (CIs) with a robust error estimator [29]. Three mod-
els were presented to adjust for potential confounders: (1) a model 
adjusted for age (in years); (2) multivariable model 1, which was 
additionally adjusted for potential confounders of MetS [30] such 
as higher education level (≥ 12 years of schooling, yes or no), reg-
ular exercise (≥3 times/wk and ≥30 min/session, yes or no), smok-
ing status (current/past/never-smokers for men and current/non-
smokers for women), current drinking status (yes or no), BMI 
(kg/m2), and total energy intake (kcal/day); and (3) multivariable 
model 2, which incorporated dietary factors previously reported 
to be associated with MetS [31], including the glycemic index (GI) 
and intake of calcium (mg/day), fiber (g/day), magnesium (mg/day), 
and sodium (mg/day) into multivariable model 1. A linear trend 
was obtained by treating the median value of each category of 
dTAC and antioxidant intake as a continuous value. We also ex-
amined the non-linear relationship of dTAC and individual anti-
oxidant intake with the risk of MetS. Tests for non-linearity incor-
porated the Wald test to compare the deviance of the linear trend 
model to the deviance of the categorical model [32]. Restricted 
cubic spline analyses with 3 knots (at the 25th, 50th, and 75th per-
centiles) were conducted to explore possible non-linear associa-
tions. The models were adjusted for the same potential confound-
ers as those in the final Poisson regression model. The results of 
these analyses are presented in Supplementary Materials 1 and 2. 
The association of each exposure variable with the MetS risk was 
analyzed by obesity status group. The potential interaction was 
assessed by adding the cross-product term of the exposure cate-
gories and gender or BMI group.

The final models confirmed the absence of multicollinearity in 
the variance inflation factor (VIF< 10), ensuring no multicolline-
arity among the independent variables [33]. We performed several 
sensitivity analyses to assess the robustness of our findings. First, 
we censored participants with a reported diagnosis of CVD or 
cancer (494 participants) between visits. This was done to mini-
mize the potential influence of their treatments on MetS. Second, 
we conducted a sensitivity analysis that excluded any antioxidant 
supplement users of any antioxidant used when calculating the 
TAC (8.93%). Third, after selecting the major food sources that 
contributed 10% or more to the intake (%) or variation (r2) of 
dTAC and each antioxidant, we investigated the association of 
dTAC and antioxidants (classes and flavonoid subclasses) from 
those food sources with the risk of MetS incidence.

All statistical analyses were performed using SAS version 9.4 
(SAS Institute Inc., Cary, NC, USA) and R version 4.0.0 (R Foun-
dation for Statistical Computing, Vienna, Austria). A p-value of 
less than 0.05 was considered to indicate statistical significance.

Ethics statement 
The study was conducted in accordance with the principles of 

the Declaration of Helsinki, and the study protocol was approved 
by the Institutional Review Board of Hanyang University (HYU-
2020-04-003-1). All participants provided written informed con-
sent before participating in the study. 

 

RESULTS

A total of 2,416 de novo cases (930 men and 1,486 women) were 
recorded over 58,750 person-years (23,132 for men and 35,618 for 
women). The median follow-up period was 5.16 years (interquar-
tile range, 1.97 to 7.86). The mean ages of the men and women 
were 59.7 years and 56.3 years, respectively (Supplemental Material 
3). The cumulative average values of dTAC were 269 mg VCE/day 
for men and 316 mg VCE/day for women. Flavonoids made up 
82% of the total dTAC, followed by vitamin C at 16.6%, carote-
noids at 0.92%, and then vitamin E and retinol. Table 1 presents 
the age-adjusted characteristics of the study participants by dTAC 
quartile. Participants in the highest quartile (Q4) for dTAC tend-
ed to be relatively highly educated, never-smokers, and regular 
exercisers; additionally, they had a higher BMI and intake of total 
energy, calcium, fiber, magnesium, and sodium, along with a low-
er GI. Similar trends were also observed in Q4 of the antioxidant 
classes and flavonoid subclasses (data not shown).

Tables 2 and 3 present the associations of dTAC, the 5 antioxi-
dant classes, and the 7 flavonoid subclasses with MetS incidence. 
After adjusting for covariates, including dietary factors, dietary 
TAC demonstrated an L-shaped association with the risk of MetS 
in men, although no significant association was observed in Q4. 
However, no significant association was found between dTAC and 
MetS in women. The intake levels of the following antioxidant 
classes were inversely associated with MetS incidence in both men 
and women, presented with IRR and 95% CI values for Q4 versus 
Q1: retinol (men: IRR, 0.65; 95% CI, 0.49 to 0.85; women: IRR, 
0.72, 95% CI, 0.57 to 0.91), vitamin C (men: IRR, 0.56; 95% CI, 
0.42 to 0.75; women: IRR, 0.69; 95% CI, 0.55 to 0.88), vitamin E 
(men: IRR, 0.76; 95% CI, 0.57 to 1.00; women: IRR, 0.75; 95% CI, 
0.60 to 0.94), and carotenoids (men: IRR, 0.58; 95% CI, 0.46 to 
0.74; women: IRR, 0.74; 95% CI, 0.60 to 0.91). Among the 5 anti-
oxidant classes, total flavonoid intake was not significantly associ-
ated with the risk of MetS in women, unlike in men (IRR, 0.69; 
95% CI, 0.54 to 0.88). However, an inverse trend was observed for 
the 7 subclasses of flavonoids, with the exception of flavones in 
men and flavan-3-ols in women (Table 3). Significant non-linear 
associations, possibly U-shaped or L-shaped, were found for all 
significant inverse associations (Supplemental Materials 1 and 2), 
although some significant linear relationships with the risk of MetS 
were also observed (plinearity < 0.001 for carotenoids in men, plinearity 

< 0.001 for anthocyanin in men, plinearity < 0.001 for proanthocyan-
idins in men, and plinearity < 0.001 for flavonols in women based 
on the Bonferroni criteria of multiplicity [p< 0.05/26= 0.002]). 
For all associations between intake of antioxidants and MetS risk, 
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no significant differences were observed between genders (all  
pinter ≥ 0.05; data not shown).

In the sensitivity analyses, the inverse associations remained 
robust even after censoring CVD and cancers that developed dur-
ing the follow-up period (494 participants) (Supplemental Materi-
al 4) and excluding supplement users of any antioxidants used to 
calculate dTAC (Supplemental Material 5). Dietary TAC and each 
antioxidant from most major food sources continued to show in-
verse associations with the risk of MetS incidence in both men and 
women. The exceptions were isoflavones from fermented soy 
products, which exhibited a null association, and vitamin C and 
flavones from Baechu-kimchi, which showed a positive associa-
tion, but only in Q4 (Supplemental Material 6).

Figure 1 presents the associations of dTAC, antioxidant classes, 
and flavonoid subclasses with the risk of MetS, stratified by BMI 
group (overweight/obese vs. underweight/normal weight). The 
inverse associations persisted in participants who were overweight 
or obese compared to those of normal weight. However, a signifi-
cant interaction was observed only for proanthocyanidins in wom-
en (pinter = 0.025), and this did not meet the significance threshold 
based on the Bonferroni criteria.

 

DISCUSSION

We observed a weak association between the average dTAC and 
MetS in men, but no association in women. However, we found 

that the average intake of antioxidants, apart from total flavonoids 
in women, was inversely associated with the risk of MetS. Among 
the 7 subclasses of flavonoids, most were inversely associated with 
the risk of MetS in both men and women (Q4 vs. Q1), except for 
flavones in men and flavan-3-ols in women. These trends were 
characterized by non-linear, L-shaped relationships. We did not 
observe any gender-based interactions, and the beneficial associa-
tions for MetS were primarily seen in men and women who were 
relatively obese.

In this study, the average dTAC was 279.5 mg VCE/day; this is 
lower than the 384.7 mg VCE/day value reported for Korean adults 
aged 19 years and older, based on 24-hour recall data from the 
Korean National Health and Nutrition Examination Survey (KN-
HANES) [34]. However, relative to the dTAC values in the United 
States population (217.6 mg VCE/day for supplement non-users 
and 268.4 mg VCE/day for antioxidant supplement users) [35], 
the dTAC values observed in our study were high. The discrepan-
cy in dTAC values, with the present finding being lower than the 
KNHANES but higher than the United States population meas-
urement, could be attributed to several factors: (1) the use of dif-
ferent dietary assessment methods (FFQ in the present study ver-
sus 24-hour recall in the KNHANES), (2) the age group consid-
ered (≥ 40 years in the present study vs. ≥ 19 years in the KN-
HANES), and (3) variations in dietary pattern (a high intake of 
plant-based foods rich in flavonoids, including vegetables and leg-
umes, in this study relative to the United States population) [36].

Figure 1. Incidence rate ratios (IRRs) of metabolic syndrome for low (quartile 1) versus high (quartile 4) intake levels by BMI group (A) men, 
and (B) women. dTAC, dietary total antioxidant capacity; BMI, body mass index. 1The p-interaction was tested by adding the cross-product 
term of the exposure categories and BMI group. The multivariable model was adjusted for age (years), higher education level (≥12 years), 
regular exercise (≥3 times/wk for ≥30 min/session), smoking status (current/past/never-smokers for men and current/non-smokers for 
women), drinking status (yes or no), BMI (kg/m2), total energy intake, glycemic index, calcium (mg/day), fiber (g/day), magnesium (mg/day), 
and sodium (mg/day) in men and women.
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In the present study, the major food sources of dTAC and each 
antioxidant were as follows. Green tea (dTAC and total flavonoids), 
milk (retinol), and tomato/tomato juice (carotenoids) explained 
more than 50% of the variation in dietary intake. For the 7 flavo-
noids, orange/orange juice (flavanones), green tea (flavan-3-ols), 
grapes/grape juice (anthocyanins), and apples/apple juice (proan-
thocyanidins) contributed to over 50% of the variation in dietary 
intake (Supplemental Material 6). Depending on dietary patterns 
and food availability, the type and amount of antioxidants contrib-
uting to dTAC may vary across regions and countries [36]. How-
ever, the primary food sources of dTAC and antioxidants were 
sufficiently similar across studies, with fruits, vegetables, legumes, 
and beverages such as tea, wine, and juice being the main con-
tributors [36]. 

In this study, we observed an L-shaped association between 
dTAC and the risk of MetS in men, although this was not signifi-
cant for Q4. Moreover, as previously reported, no such association 
was present in women (pinter ≥ 0.05) [12]. However, as recent cross-
sectional studies [37,38] and a prospective cohort study (the Teh-
ran Lipid and Glucose Study) [39] have reported inverse associa-
tions of dTAC with MetS and its components, we conducted ad-
ditional analyses on food sources to explore the potential for a 
weak or no association of dTAC in this study. First, we considered 
green tea, a primary food source of dTAC for both men and wom-
en. We found a significant L-shaped association for both genders. 
Second, we examined Baechu-kimchi consumption, as the vita-
min C and flavones in this food showed positive associations with 
the risk of MetS in this study. When we adjusted for Baechu-kim-
chi consumption, a significant association was found even in Q4 
of dTAC in men. After stratifying the Baechu-kimchi consump-
tion by the median value, an inverse association was observed only 
in women with low Baechu-kimchi consumption (data not shown, 
pinter = 0.049). Notably, Baechu-kimchi is a major contributor of di-
etary salt in Korea, and the present study included a high propor-
tion (70.8%) of postmenopausal women, who are known to be 
more sensitive to salt than premenopausal women [40]. Thus, it is 
possible that the protective effects of dTAC were insufficient to 
counteract the adverse effects of salt on cardiometabolic risks, 
particularly BP. Additionally, China and Poland, where studies 
have reported an inverse association between dTAC and MetS, 
exhibit lower salt intakes compared to Korea [41]. This suggests 
that the weak or absent association between dTAC and MetS in 
the present study may be partially due to the relatively high salt 
intake, which can lead to salt-dependent oxidative stress by elimi-
nating the local nitric oxide activity and increasing microvascular 
levels of reactive oxygen species [42]. 

We observed an inverse association between total flavonoid 
consumption and MetS risk in men but not in women, with no 
significant gender-based specificity. Total flavonoids were the larg-
est contributor to dTAC in the present study (mg VCE/d, 82.2% 
in men and 81.6% in women) and in representative Koreans from 
the KNHANES [34]. Total flavonoids were also found to be in-
versely associated with MetS risk in urban Polish cross-sectional 

[37] and Chinese prospective [43] studies. This association was 
observed for total flavonoids and flavanols (a combination of fla-
van-3-ol monomers and flavanol-derived compounds) in the Pol-
ish cross-sectional study [37] and for total flavonoid intake in the 
Chinese prospective study [43]. On the contrary, a cross-sectional 
Korean study showed no association of flavonoids with the preva-
lence risk of MetS [38]. Nevertheless, we found that intake of green 
tea, apples/apple juice, and grapes/grape juice, which were the 
major sources of flavonoids in this study, was inversely associated 
with the MetS risk, even in women (Supplemental Material 6). 
Like the association observed for dTAC in the stratification analy-
sis of Baechu-kimchi consumption, total flavonoid intake was sig-
nificantly and inversely associated with the MetS risk only in 
women with low Baechu-kimchi consumption (data not shown). 
Based on these findings, it is likely that flavonoids have a benefi-
cial effect on reducing the risk of MetS. 

Among flavonoid subclasses, flavones in men and flavan-3-ols 
in women were not significantly associated with MetS in Q4 in 
the present study. As we mentioned above, a major food source of 
flavones (Baechu-kimchi) was the only major source of antioxi-
dants to exhibit a positive association with MetS. As for flavan-
3-ols, green tea, a major food source, appeared to have an inverse 
association with MetS; however, we could not explain why MetS 
was not associated with flavan-3-ol intake in women. That said, 
the inverse associations of 4 antioxidant vitamins (e.g., vitamin C, 
vitamin E, and carotenoids) with MetS risk were consistent with 
previous observational studies [44-46]. This could be explained 
by the direct effect of oxidative stress in the pathogenesis of MetS 
[4] and by the beneficial effect of antioxidant treatment on MetS 
components. 

Most antioxidant classes and flavonoid subclasses displayed 
non-linear rather than linear associations, which was observed 
from a relatively low intake level (primarily Q2). Unfortunately, 
we were unable to establish a precise threshold for dietary antioxi-
dant intake to prevent the onset of MetS; this was due to our meth-
od of collecting dietary data, which involved calculating relative 
intake from FFQ. However, the non-linearity was similar to that 
observed in a previous study on the association between antioxi-
dant compounds, including flavonoids, and CVD risk [47]. This 
suggests that the trend may plateau, with no additional benefits 
beyond a certain intake level. Despite this, the dose-response rela-
tionship between dietary antioxidants and diseases, including 
MetS, remains ambiguous [4,7]. Further research is needed to es-
tablish reasonable standards or critical daily antioxidant intake 
doses. Furthermore, our findings indicate that these antioxidants 
are more effective in preventing MetS in overweight or obese in-
dividuals than in those who are underweight or of normal weight. 
Alongside growing evidence supporting the anti-obesity effects of 
antioxidants [48], these results suggest that the associations of 
dTAC, antioxidant classes, and flavonoid subclasses with MetS 
could be modified by baseline obesity status.

Several limitations should be considered when interpreting our 
results. First, our validated food-based FFQ was not specifically 
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designed to assess antioxidants and dTAC, and it omitted a sub-
stantial portion of cooking oil and seasonings. Secondly, no uni-
versally accepted method is available to measure the antioxidant 
capacity of food, so values should be compared and interpreted 
with caution. Third, some measurement errors are unavoidable in 
dietary assessment using FFQ. The precise assessment of dietary 
intake and the large variability in antioxidant intake between dif-
ferent populations or nations present potential challenges in un-
derstanding the various functions of dTAC, antioxidant classes, 
and flavonoid subclasses [36]. Therefore, even though we used 
cumulative average intake to minimize random measurement er-
rors, the accuracy of the antioxidant database must be enhanced. 
Fourth, our findings suggested that the inverse associations of an-
tioxidant classes and flavonoid subclasses with MetS were more 
evident than those with dTAC. This implies that dTAC may not 
reflect the overall antioxidant capacity in the human body, which 
is influenced by a variety of endogenous and exogenous mecha-
nisms [49]. Thus, although we used a validated algorithm to esti-
mate dTAC [8], the algorithm should be refined by considering 
various factors that influence the antioxidant capacity of each food, 
such as cooking methods and added seasonings like salt. Finally, 
our analysis accounted for known confounding variables, such as 
total energy intake, glycemic index, calcium, fiber, magnesium, 
and sodium. However, other unmeasured confounding factors 
may exist. Furthermore, the current study did not include dyslipi-
demia medication in the definition of MetS, which could have led 
to the misclassification of participants taking dyslipidemia medi-
cation but with normal levels of TG or HDL-C. To address this 
limitation, we adjusted for dyslipidemia medications, and our find-
ings remained robust. Despite these limitations, the present study 
exemplified a prospective design using repeated dietary assess-
ment data and analyzed dTAC using a validated algorithm, sub-
class intake, and source foods. 

In conclusion, the findings of this prospective study suggest 
that, with the exception of dTAC (Q4) and flavones (Q4) in men 
and dTAC, total flavonoids, and flavan-3-ol in women, 5 classes 
of antioxidants and 7 subclasses of flavonoids may help reduce 
the risk of developing MetS, especially in obese individuals. 
Moreover, after adjusting for or stratifying by the traditional Ko-
rean food, Baechu-kimchi, we noted a more pronounced inverse 
relationship of dTAC and total flavonoids with the risk of MetS. 
Therefore, future research should employ innovative methods to 
account for the complexity of food to reflect dietary cultures, such 
as cooking methods and the interplay between food and nutrient 
intake. 
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