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Abstract

Objective: Oxidative stress likely contributes to the pathogenesis of prediabetes. The oxidative

balance score is an emerging metric for quantifying exposure to dietary and lifestyle oxidative

stress. This study aimed to investigate the association between oxidative balance score and the

prevalence of prediabetes, impaired fasting glucose, and impaired glucose tolerance based on data

from the National Health and Nutrition Examination Survey 1999–2018.

Methods: In this cross-sectional study, the oxidative balance score was derived from 16 dietary

and 4 lifestyle components, as outlined in previous research. Prediabetes, impaired fasting glu-

cose, and impaired glucose tolerance were diagnosed based on the American Diabetes

Association criteria. Multivariate logistic regression models were employed to analyze these

associations.

Results: In total, 22,960 participants with a mean age of 44.7 years were included in this study.

In fully adjusted models, dietary oxidative balance score, lifestyle oxidative balance score, and
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overall oxidative balance score were all inversely associated with the prevalence of prediabetes

among the general US adult population (odds ratios and 95% confidence intervals of 0.956 (0.949,

0.963), 0.914 (0.891, 0.937), and 0.957 (0.950, 0.964), respectively; all p<0.0001). Compared

with quartile 1, dietary oxidative balance score, lifestyle oxidative balance score, and overall

oxidative balance score at quartile 4 were all associated with a significantly lower prevalence

of prediabetes (odds ratios and 95% confidence intervals 0.515 (0.449, 0.591), 0.834 (0.740,

0.940), and 0.505 (0.440, 0.579), respectively; all p for trend <0.0001). Similar results were

observed for impaired fasting glucose and impaired glucose tolerance. Restricted cubic spline

analysis showed that most of the associations were nonlinear and that significant negative corre-

lations were observed only after a certain threshold. Stratified and sensitivity analyses confirmed

the robustness of the findings.

Conclusions: Adherence to an antioxidant-rich diet and healthy lifestyle may aid in the preven-

tion of prediabetes, impaired fasting glucose, and impaired glucose tolerance among the general

US adult population. Further cohort studies are needed to validate these findings.
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Introduction

Prediabetes is an intermediate stage
between normoglycemia and diabetes melli-
tus (DM), characterized by impaired fasting
glucose (IFG) and impaired glucose toler-
ance (IGT).1 In 2021, the global prevalence
rates of IFG and IGT in individuals aged
20–79 years were estimated at 5.8% and
9.1%, with projections indicating increases
to 6.5% and 10.0% by 2045, respectively.2

Over one-third of US adults have prediabe-
tes, with notable disparities based on race/
ethnicity, age, and education level.3,4

Increasing evidence indicates that prediabe-
tes is a distinct clinicopathologic entity
associated with a broad spectrum of organ
and tissue damage, and it is currently rec-
ognized in the International Classification
of Diseases system, Tenth Revision
(R73).5 Prediabetes is a major risk factor
for the development of diabetes, with 5%–
10% of individuals exhibiting progression
from prediabetes to diabetes annually, and

it is linked to the early onset of diabetic

complications.6 Furthermore, prediabetes

is associated with elevated risks of cardio-

vascular events and all-cause mortality.7

Early intervention through dietary and life-

style modifications may help prevent predi-

abetes, thereby reducing disease burden and

the risk of progression to diabetes.8

Prediabetes is associated with inflamma-

tion and increased burden of oxidative

stress.9,10 Hyperglycemia may induce

chronic low-grade inflammation and elevat-

ed production of reactive oxygen species

(ROS). In turn, heightened oxidative stress

promotes insulin resistance and dysregu-

lated insulin secretion.11 A real-world

study demonstrated that certain oxidative

stress and inflammatory markers were pos-

itively correlated with glucose intolerance in

individuals with prediabetes, whereas

reduced levels of glutathione, an antioxi-

dant, were negatively correlated with

glucose intolerance.12 Moreover, several
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conditions linked to prediabetes, such as
type 2 DM,13 obesity, metabolic syndrome,14

and fatty liver disease,15 are characterized by
chronic inflammation. Antioxidant-rich
diets ameliorate inflammatory burden.16

Some observational clinical studies have sug-
gested that dietary antioxidant capacity is
inversely associated with prediabetes inci-
dence, although conflicting findings have
been reported.17–19 Furthermore, greater
adherence to antioxidant-rich lifestyles,
such as regular physical activity, has been
associated with a reduced prevalence of pre-
diabetes, whereas potential prooxidants,
including elevated body mass index (BMI)
and smoking, are associated with significant-
ly heightened prediabetes risk.20–22 Hence, it
is necessary to determine the association
between oxidative stress and the prevalence
of prediabetes. However, dietary or lifestyle
components individually may not accurately
reflect an individual’s integrated prooxidant
and antioxidant balance and thus may
explain the inconsistent findings.

The oxidative balance score (OBS) is a
validated composite tool that quantifies
both antioxidant and prooxidant expo-
sures. It is derived from 16 dietary and
4 lifestyle components, comprising 5 pro-
oxidative and 15 antioxidative compo-
nents.23 The OBS fully accounts for the
antioxidative and pro-oxidative properties
of food and behavior; the scores assigned
to antioxidative components reflect their
beneficial protective effects, whereas pro-
oxidative components are inversely scored
to indicate their potential to enhance oxida-
tive stress risk. A higher OBS indicates
enhanced antioxidant potential in the
body. Compared with the separate assess-
ment of exogenous antioxidants or prooxi-
dants, OBS dynamically reflects an
individual’s oxidative stress exposure by
integrating the synergistic or antagonistic
interactions between dietary and behavioral
factors.24 A substantial body of epidemio-
logical evidence indicates that OBS is

strongly linked to the onset and progression
of various diseases, including multiple can-
cers, depression, and chronic kidney dis-
ease.25–27 However, the relationship
between OBS and the prevalence of predia-
betes, IFG, and IGT in the general popula-
tion remains underexplored. Investigating
this relationship could help elucidate the
public health significance of adherence to
an antioxidant-rich diet and lifestyle, as
assessed by OBS, in preventing prediabetes,
offering new insights into reducing the dis-
ease burden.

This study aimed to examine the associ-
ation between OBS and the prevalence of
prediabetes, IFG, and IGT in the general
US adult population using nationally repre-
sentative data from the National Health
and Nutrition Examination Survey
(NHANES), a large serial cross-sectional
survey. We also investigated potential non-
linear or dose–response associations and
the presence of inequalities across different
subgroups.

Methods

Study design and population

NHANES is a major epidemiological pro-
gram conducted by the National Center for
Health Statistics (NCHS) that collects data
through a series of questionnaires and phys-
ical examinations. It has been conducted in
continuous biennial cycles since 1999 to
assess the health and nutritional status of
noninstitutionalized US citizens. NHANES
employs a complex, multistage probability
sampling cluster design to draw a sample
of approximately 5000 participants per year
from across the country, producing nation-
ally representative estimates by applying
appropriate weighting. Thus, NHANES is
a national, multiethnic, serial population-
based cross-sectional survey. All NHANES
study protocols were approved by the
NCHS Ethics Review Board, and all
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participants provided written informed con-
sent. Detailed NHANES study designs and
data are publicly available at www.cdc.gov/
nchs/nhanes/. The NHANES database is
publicly accessible and contains de-
identified patient data; therefore, this study
was granted an exemption for ethical
approval by the Ethics Committee of the
Central Hospital Affiliated to Shenyang
Medical College. The reporting of this
study conforms to the Strengthening the
Reporting of Observational Studies in
Epidemiology (STROBE) guidelines.28

In this cross-sectional study, we initially
identified 45,848 nondiabetic adults from
the NHANES 1999–2018 dataset.
Participants were then excluded based on
the following criteria: (a) 1547 pregnant
women; (b) 1693 individuals with missing
prediabetes diagnosis data; (c) 17,555 indi-
viduals with missing OBS data; and (d)
2093 individuals with missing covariates.
After applying these exclusion criteria, a

total of 22,960 participants were included

in the final analysis (Figure 1). This study

was conducted in accordance with the eth-

ical principles of the Helsinki Declaration

of 1975, as revised in 2013.

OBS assessment

The OBS was developed through multiple

observational studies as a comprehensive

measure to capture the net oxidative

impact of various prooxidant and antioxi-

dant exposures.29,30 The OBS is composed

of 16 dietary and 4 lifestyle components

that together provide a comprehensive mea-

sure of an individual’s oxidative balance.

The dietary components include fiber, car-

otene, riboflavin, niacin, vitamin B6, total

folate, vitamin B12, vitamin C, vitamin E,

calcium, magnesium, zinc, copper, seleni-

um, total fat, and iron, while the lifestyle

components encompass physical activity,

BMI, alcohol intake, and serum cotinine.31

Figure 1. Flowchart of study population selection from NHANES 1999–2018. NHANES: National Health
and Nutrition Examination Survey.
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Among these 20 components, 5 compo-
nents, namely, dietary total fat, dietary
iron, BMI, alcohol, and serum cotinine,
are classified as prooxidants, whereas the
remaining components are considered anti-
oxidants. Consequently, a higher OBS
indicates a predominance of antioxidant
exposure, reflecting enhanced antioxidant
capacity in the individual’s diet and
lifestyle.

Dietary OBS components were assessed
based on a combination of two 24-h dietary
recall intakes and the United States
Department of Agriculture Food and
Nutrient Database for Dietary Studies.32

Physical activity was assessed according to
metabolic equivalents (MET), with total
MET for each participant being the sum
of the self-reported time spent in each phys-
ical activity (min/week) on the Physical
Activity Questionnaire multiplied by the
MET score for each activity.33 The BMI
was calculated by dividing the body
weight (kg) by the square of body height
(m), as determined by skilled staff at the
mobile examination centers. Serum cotinine
level was considered as a proxy for active
and passive smoking exposure. Alcohol
intake (g/day (d)) was self-reported from
dietary interviews.

The OBS for each participant was calcu-
lated based on established protocols
detailed in previous studies, incorporating
dietary and lifestyle components validated
for oxidative stress assessment.29 All other
factors, excluding alcohol intake, were
stratified into tertiles by sex, with antioxi-
dants scored from 0 to 2 (low to high
intake) and prooxidants scored inversely
(high to low intake).29,34 Alcohol intake
was evaluated using established criteria: (a)
heavy drinkers (�30 g/d for men, �15 g/d
for women) received 0 points; (b) moderate
drinkers (0–30 g/d for men, 0–15 g/d for
women) received 1 point; and (c) non-
drinkers received 2 points.35 Specific assess-
ment schemes are presented in Table S1.36,37

The overall OBS was computed by summing

the scores of both antioxidant and prooxi-

dant components, resulting in a total score

ranging from 0 to 40, with higher scores indi-

cating greater antioxidant dominance.

Definition of prediabetes

Prediabetes was assessed in accordance with

a self-reported history of prediabetes or the

defining criteria of the American Diabetes

Association (ADA) and the absence of

diabetes.38 Self-reported prediabetes was

obtained from the Diabetes Questionnaire.

In laboratory tests, the presence of predia-

betes was indicated by IFG (fasting blood

glucose level: 5.6–6.9mmol/L), IGT (2-h

oral glucose tolerance test blood glucose

level: 7.8–11.0mmol/L), or glycated hemo-

globin HbA1c level of 5.7%–6.4%, accord-

ing to the ADA criteria.39

Covariates

Covariates of interest included age, sex (male/

female), race/ethnicity (Mexican American/

non-Hispanic Black/non-Hispanic White/

Other Hispanic/Other race), education level

(lower than high school diploma/high

school diploma /higher than high school

diploma), household income-to-poverty

ratio (PIR), marital status (non-single/

single), dietary energy intake (kcal/d), hyper-

tension (no/yes), and cardiovascular disease

(CVD; no/yes). Information on demographic

variables was obtained from self-reports in

the NHANES demographic file. PIR was

defined as the ratio of family income, as

determined by the Consumer Price Index,

to the federally recognized poverty level.40

Daily energy intake was obtained via the

Total Nutrient Intake file from the

NHANES dietary recall questionnaire.

Hypertension was assessed according to

self-reported history, blood pressure level

of �140/90mmHg, or intake of antihyper-

tensive medications.41 CVD history was

Guo et al. 5



obtained based on self-reported question-
naires and included coronary heart disease,
congestive heart failure, angina, stroke, and
heart attack.

Statistical analyses

We weighted all analyses in this study
according to the NHANES analytic guide-
lines to account for the NHANES complex
study design.42 All data are publicly acces-
sible in the official NHANES website. We
first sorted, cleaned, and combined the data
in cycles. Then, data analysis was performed
using R (version 4.2.3; R Foundation for
Statistical Computing, Vienna, Austria)
and Free Statistics software (version 2.1;
Beijing Fengrui Kelin Medical Technology
Co., Ltd., Beijing, China), with a two-sided
p-value <0.05 indicating statistical signifi-
cance. In baseline analyses, data were
presented as mean� standard error (contin-
uous variables) or number (percentage) (cat-
egorical variables), and differences across
groups for continuous and categorical vari-
ables were detected using weighted t-tests
and chi-square tests, respectively. Multiple
multivariate logistic regression models were
developed to explore the associations of
overall OBS, dietary OBS, and lifestyle
OBS with the prevalence of prediabetes,
IFG, and IGT among the general US adult
population. Crude models were not adjusted
for any covariates; model 1 was adjusted for
age, sex, and race/ethnicity; and model 2 was
similar to model 1 and was additionally
adjusted for education level, PIR, marital
status, dietary energy intake, hypertension,
and CVD. Fully adjusted restricted cubic
spline (RCS) models were used to detect
potential nonlinear correlations and select
the appropriate number of knots (n¼ 4)
for smooth curve fitting. Stratified analyses
were performed to explore whether these
associations remained stable across sub-
groups (age, sex, race/ethnicity, education,
PIR, marital status, dietary energy intake,

hypertension, and CVD) and detect potential
effect modifiers using interaction analyses. In
sensitivity analyses, we excluded self-reported
prediabetes and explored whether there exists
an association between OBS and the preva-
lence of undiagnosed prediabetes.

Results

Baseline characteristics

A total of 22,960 participants were included
in this study with a mean age of 44.7 years
and a mean OBS of 21.109. The prevalence
of prediabetes was approximately 36%.
Compared with the control population,
individuals with prediabetes were older
and more likely to be male, non-Hispanic
Black, and non-single, with an education
level lower than high school diploma, and
have hypertension and CVD. Notably,
patients with prediabetes had significantly
lower overall OBS, dietary OBS, and life-
style OBS (all p< 0.0001) (Table 1).

Association of OBS with the prevalence of
prediabetes, IFG, and IGT

Dietary OBS, lifestyle OBS, and overall
OBS were all negatively associated with
the prevalence of prediabetes among the
general US adult population in both crude
and partially adjusted models. After adjust-
ing for all confounders, dietary OBS, life-
style OBS, and overall OBS remained
inversely associated with the prevalence of
prediabetes (dietary OBS: odds ratio (OR)
and 95% confidence interval (CI)¼ 0.956
(0.949, 0.963), p< 0.0001; lifestyle OBS:
0.914 (0.891, 0.937), p< 0.0001; and overall
OBS: 0.957 (0.950, 0.964), p< 0.0001).
Compared with quartile 1 (Q1), dietary
OBS at Q2, Q3, and Q4 were all associated
with a significantly lower prevalence of pre-
diabetes (OR¼ 0.844, 0.775, and 0.515,
respectively; p for trend <0.0001).
Compared with Q1, lifestyle OBS at Q4
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was associated with a significantly lower
prevalence of prediabetes (OR¼ 0.834,
p¼ 0.0036; p for trend <0.0001).
Similarly, compared with Q1, overall OBS
at Q2, Q3, and Q4 were all associated with a
significantly lower prevalence of prediabe-
tes (OR¼ 0.779, 0.764, and 0.505, respec-
tively; p for trend <0.0001) (Table 2).

In model 2, dietary OBS, lifestyle OBS,
and overall OBS were all inversely

associated with the prevalence of IFG in
the general population (dietary OBS: OR
and 95% CI¼ 0.936 (0.922, 0.952),
p< 0.0001; lifestyle OBS: 0.797 (0.759,
0.836), p< 0.0001; overall OBS: 0.931
(0.917, 0.946), p< 0.0001). Higher dietary
OBS, lifestyle OBS, and overall OBS were
all associated with a significantly lower
prevalence of IFG (all p for trend
<0.0001) (Table 3). Similarly, dietary

Table 1. Baseline analysis according to prediabetes status, based on data collected from NHANES
1999–2018.

Variables Total (n¼ 22,960) Normal (n¼ 14,700) Prediabetes (n¼ 8260) p-value

Age, year 44.712� 0.219 41.555� 0.233 51.584� 0.285 <0.0001

PIR 3.201� 0.030 3.215� 0.033 3.170� 0.038 0.195

Energy intake, kcal/day 2200.275� 7.706 2209.706� 9.744 2179.747� 13.032 0.072

Dietary OBS 16.838� 0.095 17.235� 0.106 15.973� 0.125 <0.0001

Lifestyle OBS 4.271� 0.022 4.321� 0.026 4.164� 0.025 <0.0001

Overall OBS 21.109� 0.108 21.556� 0.120 20.137� 0.135 <0.0001

Sex <0.0001

Male 11,826 (50.489) 7212 (48.073) 4614 (55.747)

Female 11,134 (49.511) 7488 (51.927) 3646 (44.253)

Race/ethnicity <0.0001

Mexican American 3416 (6.674) 2183 (6.511) 1233 (7.028)

Non-hispanic Black 4180 (8.772) 2405 (7.902) 1775 (10.666)

Non-Hispanic White 11,774 (74.122) 7942 (75.680) 3832 (70.733)

Other Hispanic 1623 (4.656) 990 (4.701) 633 (4.557)

Other race 1967 (5.776) 1180 (5.206) 787 (7.016)

Marital status <0.0001

Non-single 14,310 (66.149) 8978 (64.831) 5332 (69.016)

Single 8650 (33.851) 5722 (35.169) 2928 (30.984)

Education <0.0001

Lower than high

school diploma

1622 (3.324) 868 (2.782) 754 (4.503)

High school diploma 5982 (22.741) 3807 (22.486) 2175 (23.296)

Higher than high

school diploma

15,356 (73.935) 10,025 (74.732) 5331 (72.200)

Hypertension <0.0001

No 15,281 (70.231) 10,878 (76.444) 4403 (56.708)

Yes 7679 (29.769) 3822 (23.556) 3857 (43.292)

CVD <0.0001

No 21,386 (94.596) 14,008 (96.413) 7378 (90.641)

Yes 1574 (5.404) 692 (3.587) 882 (9.359)

Data are presented as mean� standard error (continuous variables) or number (percentage) (categorical variables).

Differences across groups for continuous and categorical variables were detected using weighted t-tests and chi-square

tests, respectively.

NHANES: National Health and Nutrition Examination Survey; PIR: family income-to-poverty ratio; OBS: oxidative balance

score; CVD: cardiovascular disease.
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OBS, lifestyle OBS, and overall OBS were
all negatively associated with the prevalence
of IGT among the general US adult popu-
lation (OR¼ 0.978, 0.844, and 0.973,
respectively). Compared with Q1, dietary
OBS, lifestyle OBS, and overall OBS at Q4
were all associated with a significantly lower
prevalence of IGT (OR¼ 0.753, 0.643, and
0.630; p for trend¼ 0.0032, <0.0001, and
0.0002, respectively) (Table 4).

RCS analysis

RCS analysis showed that dietary OBS, life-
style OBS, and overall OBS were all nonli-
nearly associated with the prevalence of
prediabetes (all p for nonlinearity <0.0001)
(Figure 2(a) to (c)). Similarly, dietary OBS
was nonlinearly associated with the preva-
lence of IFG (p for nonlinearity¼ 0.0001;
Figure 2(d)), whereas lifestyle OBS was lin-
early associated with the prevalence of IFG
(p¼ 0.0622) (Figure 2(e)). Overall OBS was
also nonlinearly associated with IFG preva-
lence (p for nonlinearity< 0.0001; Figure
2(f)). A similar pattern was observed for
IGT. Dietary OBS was nonlinearly associat-
ed with the prevalence of IGT (p for non-
linearity¼ 0.0040; Figure 2(g)), lifestyle OBS
was linearly associated with the prevalence
of IGT (p for nonlinearity¼ 0.0944; Figure 2
(h)), and overall OBS showed a nonlinear
association (p for nonlinearity¼ 0.0012;
Figure 2(i)).

Stability analysis of the association
between OBS and metabolic
abnormalities

Interaction analyses demonstrated no sig-
nificant effect modifiers in any of the asso-
ciations of OBS with the prevalence of
prediabetes, IFG, and IGT (all p for inter-
action>0.05), suggesting that these associ-
ations remained stable across subgroups
(age, sex, race/ethnicity, PIR, education,
marital status, hypertension, CVD, and

dietary energy intake) (Figures 3–5). These
findings confirmed the stability and robust-
ness of the findings.

Sensitivity analyses

In sensitivity analyses, the exclusion of self-
reported prediabetes did not significantly
alter the results, demonstrating the stability
of these findings. In model 2, dietary OBS,
lifestyle OBS, and overall OBS were all
inversely associated with the prevalence
of undiagnosed prediabetes (OR¼ 0.955,
0.907, and 0.955, respectively). Higher die-
tary OBS, lifestyle OBS, and overall OBS
were all associated with a significantly
lower prevalence of undiagnosed prediabe-
tes (all p for trend <0.0001) (Table S2).

Discussion

In a large, national, serial population-based
cross-sectional analysis, we found that
overall OBS, dietary OBS, and lifestyle
OBS were all inversely associated with the
prevalence of prediabetes, IFG, and IGT in
the general US adult population. Compared
with the lowest quartile (Q1), the highest
quartiles of overall OBS, dietary OBS, and
lifestyle OBS were associated with a signif-
icantly lower prevalence of prediabetes,
IFG, and IGT. Notably, most of these asso-
ciations were nonlinear, indicating that a
sufficiently high OBS must be maintained
to obtain significant beneficial effects on
prediabetes in the general population.
Stratified and sensitivity analyses confirmed
the robustness of these findings. Overall,
these findings suggest that adherence to an
antioxidant-rich diet and lifestyle patterns
can help reduce the prevalence of prediabe-
tes, IFG, and IGT in the general popula-
tion, highlighting the clinical importance
of oxidative balance in prediabetes
development.

The first OBS regimen was introduced in
2002 and included dietary vitamin C,
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beta-carotene, and iron.43 Subsequent

extensive clinical studies have continually

updated and expanded the components

and assessment of OBS regimens, resulting

in more than 20 different OBS regimens to

date.24 In this study, we utilized the OBS

protocol that has been previously employed

and validated in numerous NHANES-

related studies, which includes 16 dietary

and 4 lifestyle components, to comprehen-

sively assess the oxidative homeostasis of

individuals with high consistency and

reliability.26,32,35 Accumulating clinical evi-

dence has demonstrated that a higher OBS,

which generally indicates a greater intake of

antioxidants, is inversely associated with

the risk of several chronic diseases.24

Therefore, OBS can serve as a comprehen-

sive indicator for assessing an individual’s

overall health. By calculating OBS, physi-

cians can gain insights into an individual’s

dietary and lifestyle habits, thereby offering

personalized health advice and guidance.
Notably, several studies have shown that

OBS is inversely associated with the preva-

lence of various metabolic diseases. A cross-

sectional analysis using NHANES demon-

strated that OBS was negatively associated

with the risk of type 2 DM (T2D) in the

general US adult population (OR¼ 0.96,

95% CI¼ 0.94, 0.99), with sex differences.44

Prospective cohort studies from Korea have

suggested that OBS is negatively associated

with the risk of T2D in middle-aged and

Figure 3. Stratified analysis of the association between OBS and the prevalence of prediabetes among the
general US adult population. OBS: oxidative balance score; PIR: family income-to-poverty ratio; CVD:
cardiovascular disease; OR: odds ratio; CI: confidence interval.
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older populations45,46 and in populations

without nonalcoholic fatty liver disease

(NAFLD).47 Notably, a cross-sectional

analysis from Iran showed that higher

OBS was associated with improved glyce-

mic control (significantly lower HbA1c

and fasting glucose levels) in the T2D pop-

ulation.48 In addition, emerging clinical

studies have suggested that OBS is negative-

ly associated with the prevalence of meta-

bolic syndrome (MetS) in the general

population; however, inconsistent findings

have been reported. Cross-sectional analy-

ses from NHANES suggest that OBS is

negatively associated with the prevalence

of MetS among the general US adult

population.35,49 In addition, OBS was

negatively associated with the severity of

MetS and all-cause mortality in the MetS

population.49 Consistently, cross-sectional

analyses and prospective cohort studies

from Korea have shown that OBS is nega-

tively associated with the prevalence and

incidence of MetS in the general popula-

tion, both in men and women.50 However,

a cross-sectional study from Iran indicated

that compared with the lowest tertile, OBS

at the highest tertile was not associated

with MetS prevalence (OR¼ 0.71, 95%

CI¼ 0.48, 1.03; p ¼ 0.07).51 We hypothe-

sized that these inconsistent findings may

be due to differences in the study popula-

tions, sample size, and OBS components.

Interestingly, recent observational studies

Figure 4. Stratified analysis of the association between OBS and the prevalence of IFG among the general
US adult population. PIR: family income-to-poverty ratio; CVD: cardiovascular disease; OR: odds ratio;
CI: confidence interval.
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have shown a protective effect of OBS on

the hepatic manifestations of MetS and

NAFLD. Cross-sectional analyses from

NHANES showed that overall OBS, die-

tary OBS, and lifestyle OBS were all nega-

tively associated with the prevalence of

NAFLD, but not with the risk of advanced

liver fibrosis.32,52 In addition, a recent

population-based study showed that OBS

is associated with a reduced risk of CVD

prevalence and mortality in the NAFLD

population.53 Consistently, a case–control

study from Iran and a cohort study from

Korea have demonstrated that OBS is neg-

atively associated with the prevalence of

NAFLD in the general population.54,55

Overall, these observational studies suggest

that OBS has beneficial effects on various

metabolic diseases. However, although

OBS has been shown to have clinical rele-

vance in several chronic noncommunicable

diseases, its association with the prevalence

of prediabetes, IFG, and IGT remains

unknown. To the best of our knowledge,

this is the first real-world study exploring

the association of OBS with the prevalence

of prediabetes, IFG, and IGT in the general

population. Our study consistently demon-

strated that higher overall OBS, dietary

OBS, and lifestyle OBS were associated

with a reduced prevalence of prediabetes,

IFG, and IGT among the general US

adult population, suggesting that adherence

to antioxidant-rich diets and lifestyles can

Figure 5. Stratified analysis of the association between OBS and the prevalence of IGT among the general
US adult population. PIR: family income-to-poverty ratio; CVD: cardiovascular disease; OR: odds ratio;
CI: confidence interval.
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help prevent prediabetes, thereby reducing
subsequent cardiovascular and diabetes
risk.

Previous studies have shown a negative
association between dietary antioxidant
capacity and the prevalence of prediabetes
in the general population, although incon-
sistent findings exist. An observational
study from Poland showed that compared
with Q1, dietary total antioxidant capacity
(DTAC, measured as ferric ion-reducing
antioxidant potential (FRAP)) at Q2 and
Q3 was associated with a lower prevalence
of prediabetes (as measured by IFG level)
in the general population, which disap-
peared at Q4.17 Evidence from the
Rotterdam Study suggested that FRAP
was not associated with risk of prediabetes
in the general population and in women,
but a significant association was observed
in men (hazard ratio (HR)¼ 0.84, 95%
CI¼ 0.72, 0.98).18 A case–control study
from Iran demonstrated that compared
with Q1, DTAC at Q4 was associated
with reduced prevalence of prediabetes in
the general population (OR¼ 0.18, 95%
CI¼ 0.07, 0.49).19 Similarly, another case–
control study from Iran showed that higher
DTAC rather than Healthy Eating Index-
2015 was associated with a lower prevalence
of prediabetes in the general population
(highest tertile compared with lowest tertile:
OR¼ 0.09, 95% CI¼ 0.02, 0.53).56

Collectively, these lines of evidence suggest
that dietary antioxidant potential is associ-
ated with reduced prevalence of prediabetes
in the general population. However, evi-
dence on the association of specific individ-
ual or combined dietary antioxidants with
prediabetes remains sparse.

Some lifestyle habits have been shown
to be protective/risk factors for prediabetes.
A meta-analysis suggested that being phys-
ically active helps slow disease progression
in prediabetes (improved IFG, IGT,
HbA1c, maximal oxygen uptake, and

body composition).20 A cross-sectional
analysis from NHANES showed that
higher levels of recreational physical activi-
ty were associated with significantly lower
prevalence of prediabetes (OR¼ 0.78, 95%
CI¼ 0.66, 0.94).57 However, BMI, smok-
ing, and excessive alcohol consumption,
which are recognized as prooxidants, may
increase the risk of prediabetes. BMI is a
major risk factor for prediabetes,4 and a
cohort study showed that cumulative BMI
was positively associated with incident pre-
diabetes (HR¼ 2.093).21 Accumulating epi-
demiologic evidence has suggested that
smoking increases the risk of prediabetes.22

A cross-sectional study from Japan sug-
gested that even light-to-moderate alcohol
consumption can impair insulin secretion
and increase fasting glucose levels in
people with normal BMI.58 Our study pro-
vides further evidence that the predomi-
nance of an antioxidant lifestyle (physical
activity) compared with a prooxidant life-
style is associated with reduced prevalence
of prediabetes, IFG, and IGT in the general
population, providing an association
between individual integrated lifestyle oxi-
dative stress exposure and the prevalence of
prediabetes.

Notably, several real-world studies have
shown that OBS is negatively correlated
with serum levels of some oxidative stress
markers, suggesting that OBS indeed mod-
ulates disease risk partly by ameliorating
intrinsic levels of oxidative stress in the
body. A cross-sectional analysis from
Korea showed that OBS was negatively
associated with serum gamma-glutamyl
transferase levels in the general adult pop-
ulation.59 Another secondary analysis of
two case–control studies showed that OBS
was negatively associated with circulating
levels of F2-isoprostanes (a marker of oxi-
dative stress) and C-reactive protein
(a marker of systemic inflammation).60

Thus, considering the potential role of

16 Journal of International Medical Research



oxidative stress and systemic inflammation
in the pathogenesis of prediabetes,11,12 OBS
may exert a protective effect on the preva-
lence of prediabetes in the general popula-
tion through these mechanisms.

Our study revealed a nonlinear threshold
effect between OBS and the prevalence of
prediabetes, where significant risk reduc-
tion occurred only when OBS exceeded a
critical level. This phenomenon may reflect
a biological “tipping point” in the antioxi-
dant–prooxidant equilibrium. At lower
OBS levels, the intake of isolated antioxi-
dants may be insufficient to counteract oxi-
dative damage caused by lifestyle-related
factors (e.g. smoking and obesity), leading
to excessive ROS production, release of
inflammatory cytokines, and impairment
of insulin signaling and b-cell function.61

However, once OBS surpasses the thresh-
old, the synergistic effects of multiple anti-
oxidants and reduced prooxidant exposure
may collectively restore redox homeostasis,
thereby improving insulin sensitivity. This
is consistent with evidence from interven-
tional and observational studies, suggesting
that combinatorial antioxidant interven-
tions, rather than single antioxidants, sig-
nificantly improve glucose tolerance by
suppressing nuclear factor kappa B–mediat-
ed inflammation and ROS-induced b-cell
damage.62–64 Our results emphasize that die-
tary modifications, lifestyle interventions,
and reduction of prooxidant exposure are
essential to achieving the OBS threshold
required for prediabetes prevention.

Our study has several significant
strengths. First, it is a nationally representa-
tive, large-sample, multiethnic population-
based study, offering potential
generalizability and applicability to other
populations. Second, the findings were
derived from rigorous and standardized sta-
tistical analyses, with robustness confirmed
through stratified and sensitivity analyses.
These findings hold significant clinical

relevance, suggesting that adherence to

antioxidant-rich diets and lifestyles may aid

in the prevention of prediabetes, offering

practical and feasible strategies. However,

there are certain limitations to our study.

First, as a cross-sectional study, this research

cannot establish causal relationships and is

subject to residual confounding while also

limiting the ability to assess the long-term

effects of oxidative stress on glucose metab-

olism. Future prospective cohort studies

with repeated OBS measurements are

needed to confirm these findings and evalu-

ate dynamic changes in glucose homeostasis.

Additionally, interventional studies targeting

dietary and lifestyle modifications to

improve oxidative balance could provide

further insights into potential preventive

strategies. Second, self-reported dietary and

lifestyle data in NHANES may have intro-

duced recall bias and measurement errors.

Finally, the OBS components and their

weightings might not fully capture oxidative

stress exposure. Future studies should incor-

porate biomarker-based assessments and

environmental exposure data to enhance

the accuracy of oxidative stress evaluation.

Conclusion

In a national series of cross-sectional stud-

ies, overall OBS, dietary OBS, and lifestyle

OBS were all inversely associated with the

prevalence of prediabetes, IFG, and IGT

among the general US adult population.

Higher overall OBS, dietary OBS, and life-

style OBS were associated with significantly

lower prevalence of prediabetes. Most of

the associations were nonlinear, suggesting

that a sufficiently high OBS must be main-

tained to achieve a beneficial effect. These

findings suggest that adherence to an

antioxidant-rich diet and lifestyle assess-

ment via OBS can help prevent prediabetes,

IFG, and IGT in the general population.
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Future well-defined cohort studies are war-
ranted to validate these findings.
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