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Background: Diabetes mellitus (DM) is a prominent health concern worldwide,
leading to the high incidence of disability and mortality and bringing in heavy
healthcare and social burden. Plant-based diets are reported associated with a
reduction of DM risk. Plant-based diets are rich in flavonoids, which possess
properties such as scavenging free radicals and exerting both anti-inflammatory
and antioxidant effects.

Purpose: However, whether dietary flavonoids are associated with the
prevalence of DM remains controversial. The potential reasons for
contradictory epidemiological outcomes on the association between dietary
flavonoids and DM prevalence have not been determined.

Methods: To address these limitations, we employed data from 22,481
participants in the National Health and Nutrition Examination Survey to explore
the association between the intake of flavonoids and DM prevalence by weighted
Logistic regression and weighted restricted cubic splines.

Results: We found that the prevalence of DM was inversely associated with the
intake of total flavonoids in the second quartile [Odds Ratio (OR) 0.78 95%
confidence interval (Cl) (0.63, 0.97), p = 0.028], in the third quartile [0.76 (0.60,
0.97), p = 0.031], and in the fourth quartile [0.80 (0.65, 0.97), p = 0.027].
However, the p for trend was not significant [0.94 (0.88, 1.01), p = 0.096].
Moreover, the association between DM prevalence and the intake of total
flavonoids was significantly influenced by race (p for interaction = 0.006). In
Mexican Americans, there was a significant positive association between DM
prevalence and total flavonoid intake within the third quartile [1.04 (1.02, 1.07),
p = 0.003]. Total flavan-3-ol and subtotal catechin intake exhibited a non-linear
U-shaped association with DM prevalence (p for non-linearity < 0.0001 and p for
non-linearity < 0.0001, respectively). Compared to the first quartile of
corresponding intakes, consumption within the third quartile of subtotal
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catechins [0.70 (0.55, 0.89), p = 0.005] and total flavan-3-ols [0.65 (0.50, 0.84),
p = 0.002] was associated with a lower prevalence of DM.

Conclusion: Taken together, our study may provide preliminary research
evidence for personalized improvement of dietary habits to reduce the
prevalence of diabetes.
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1 Introduction

Diabetes mellitus (DM) is a prevailing global health challenge
associated with early death and disability, bringing in heavy health
care and social burden (1). DM is a group of hyperglycemia
disorders, including type 1 diabetes (T1D), type 2 diabetes (T2D),
and gestational diabetes (2). T1D is considered to be an
autoimmune disease, whereas T2D is mainly caused by defective
insulin production and insulin resistance. The global prevalence of
T2D is estimated to surge to reach 592 million by 2035 (3). In
addition to the declining labor productivity caused by T2D, it is
reported that more than 2 million deaths every year are associated
with the neurological and vascular complications of T2D (4).
Moreover, the amount of direct medical expenditure caused by
T2D has increased from US$232 billion in 2007 to US$966 billion in
2021 (5). Therefore, the primary prevention of T2D has priority,
which can improve the well-being of individuals and mitigate the
social and economic burdens (6).

The risk factors of T2D include nonmodifiable factors, such as
age and genetic variation, and modifiable factors, such as dietary
patterns and increased physical activity (PA) (6). Among the
changeable lifestyles, high-quality plant-based diets are reported
to be associated with a lower risk of T2D (7-9). High-quality plant-
based diets, namely fruits, vegetables, nuts, beans, and whole grains,
rich in cellulose, flavonoids, and unsaturated fatty acids,
demonstrate beneficial effects on T2D by improving insulin
sensitivity, systemic inflammation, and weight maintenance (9).

Flavonoids, featured by a C6-C3-C6 structural backbone, are
metabolites from plants. Flavonoids are found in fruits, vegetables,
and other plant-based beverages and foods, have been proposed as
anti-diabetic mediators (10). Flavonoids can be classified into six
primary subclasses based on their chemical structure, which include
anthocyanidins, flavan-3-ols, flavanones, flavones, flavonols, and
isoflavones. Besides the antioxidant properties, dietary flavonoids
can inhibit adipogenesis, improve insulin secretion and action, and
alleviate inflammation, which may suggest protective effects during
the development of DM (11, 12). However, the results from
epidemiologic studies on the association between dietary
flavonoids and the prevalence of DM are to date controversial.
Some studies did not show the inverse association between DM risk
and intake of flavonoids (13-16). Certain analyses revealed that
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flavonoid intake was associated with a lower risk of DM (17, 18).
Furthermore, potential mechanisms that lead to inconsistent results
remain to be elucidated.

Therefore, using all publicly available data from the USDA Food
Code Flavonoid Values Database (the Flavonoid Database for short,
2007-2010 and 2017-2018), as well as flavonoid intake data from the
Dietary Facts in America (WWEIA), National Health and Nutrition
Examination Survey (NHANES), we explored the relationship
between dietary flavonoid intake and the prevalence of diabetes
(19). The impact of dietary flavonoid intake on the prevalence of
diabetes was examined utilizing weighted logistic regression models
and weighted restricted cubic spline (RCS) models. Stratified
analyses were performed to identify subgroup effects, explore
interaction effects and control for confounding factors. Moreover,
the sensitivity analysis was conducted by excluding participants
with impaired fasting glycaemia (IFG) and impaired glucose
tolerance (IGT) from the population without DM using weighted
Logistic regression models. Our findings will provide new insights
into dietary flavonoid intakes in the prevention and management of
DM in ethnically diverse populations.

2 Materials and methods
2.1 Study population

The NHANES is a comprehensive and nationally representative
cross-sectional study that has been periodically conducted since the
1960s with the objective of evaluating the health and nutrition
status of children and adults in the United States. The sampled
population is recruited using a complex and multistage stratified
sampling design, ensuring the national representativeness of study
population (20). The NHANES was conducted in accordance with
the Declaration of Helsinki, and approved by the Institutional
Review Board (or Ethics Committee) of the institutional review
board of the National Center for Health Statistics, CDC (protocol
#2005-06, #2011-17, #2018-01).

We acquired epidemiological data for 29,940 individuals aged
18 years or older who participated in the continuous NHANES
cycles spanning from 2007 to 2010 and 2017 to 2018. Then,
participants without information on the DM status (n = 1,450)
and without complete records of dietary flavonoid intake
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assessments (n = 6,009) were excluded. A total of 22,481
participants were included in this study (Figure 1).

2.2 Assessment of flavonoid intakes

The values of dietary flavonoid intake were accessed from the
flavonoid database, which was briefly described in our previous paper
(21). Intakes of total flavonoids and primary subclasses of flavonoids
were determined as the mean of each flavonoid's two-day intake
based on the dietary recall. Consequently, we utilized the weight
‘wtdr2d' in weighted analysis for participants who completed dietary
recall on two days. The primary flavonoid subclasses are as follows: 1)
total anthocyanidins (cyanidin, delphinidin, malvidin, pelargonidin,
peonidin, and petunidin); 2) subtotal catechins ( (-)-epicatechin
(-),-epicatechin 3-gallate (-),-epigallocatechin (-),-epigallocatechin
3-gallate, (+)-catechin, and (+)-gallocatechin); 3) total flavan-3-ol
(subtotal catechins, theaflavin, theaflavin-3,3’-digallate, theaflavin-3’-
gallate, theaflavin-3-gallate, and thearubigins); 4) total flavanones
(eriodictyol, hesperetin, and naringenin); 5) total flavones (apigenin
and luteolin); 6) total flavonols (isohamnetin, kaempferol, myricetin,
and quercetin); 7) total isoflavones (diadzein, genistein,
and glycitein).

2.3 Assessment of DM

The diagnostic criteria for DM include a physician's diagnosis of
diabetes, glycohemoglobin HbAlc levels > 6.5%, fasting glucose
levels 2 7.0 mmol/l, random blood glucose levels = 11.1 mmol/l,
two-hour blood glucose levels in the oral glucose tolerance test
(OGTT2) 2 11.1 mmol/l, and utilization of antidiabetic agents or
insulin therapy. The diagnostic criteria for IFG include a physician's
diagnosis of IFG and fasting glucose ranging from 5.6 to 7.0 mmol/L
The diagnostic criteria for IGT include a physician's diagnosis of

IGT and OGTT?2 ranging from 7.8 to 11.0 mmol/l.

2.4 Assessment of covariates

The assessment of covariates was as previously described (21).
In short, we obtained demographic and health-related data,
including age, sex, ethnic background, educational attainment,

Sociodemographic data from NHANSE 2007-
2010 and 2017-2018
(n =29940)
Records removed:
Missing diagnosis of DM (n = 1450)
Participants with or without DM from NHANSE
2007-2010 and 2017-2018

(n = 28490)
l—.

Participants with or without DM with complete
records of flavonoid intake from NHANSE
2007-2010 and 2017-2018

(n =22481)

Records removed:
Missing value of flavonoid intake (n = 6009)

FIGURE 1
Flowchart of this study.
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marital condition, poverty income ratio (PIR), smoking habits,
alcohol consumption, total duration, and total metabolic
equivalent (MET) of physical activity (PA) per week, by
administering questionnaires during the initial interview.
Educational attainment was classified into three groups: less than
9 years, 9 to 12 years, and greater than 12 years. Marital condition
was categorized as either partnered or unpartnered. BMI (body
mass index) was computed by dividing weight in kilograms by the
square of height in meters. Smoking habits were stratified into three
groups: 1) never smoked, defined as consuming less than 100
cigarettes throughout one's lifetime; 2) former smoker,
characterized by smoking more than 100 cigarettes throughout
one's lifetime; and 3) current smoker, defined as having smoked
more than 100 cigarettes throughout one's lifetime and currently
smoking either some days or every day. Consumption of alcohol
was classified as in (22). The healthy eating index (HEI) for the 2015
Edition was computed by summing the dietary intake over a period
of two days (23). The dietary inflammatory index (DII) was
computed as follows (24).

Hyperlipidaemia was identified when any of the subsequent
criteria were met: triglycerides 2 150 mg/dL, low-density
lipoprotein 2 130 mg/dL, high-density lipoprotein < 140 ng/dL,
or utilization of antihyperlipidemic agents. A history of stroke or
heart attack was considered indicative of cardiovascular disease.
Chronic obstructive pulmonary disease (COPD) was defined as
meeting any of the subsequent criteria: a forced expiratory volume
at first second/forced vital capacity (FEV1/FVC) value < 0.7 after
bronchodilator administration, a physician's diagnosis of
emphysema, or utilization of COPD medications such as selective
phosphodiesterase-4 inhibitors, mast cell stabilizers, leukotriene
modifiers, and inhaled corticosteroids. Asthma was diagnosed
upon fulfilment of any of the following criteria: a history of
asthma diagnosis, occurrence of an asthma attack, or use of
selective phosphodiesterase-4 inhibitors, mast cell stabilizers,
leukotriene modifiers, and inhaled corticosteroids. A previous
stroke is considered to be a history of stroke. Previous diagnosis
of any type of cancer recognized as cancer history. The average
blood pressure was computed as described by (25), and
hypertension was diagnosed if any of the following conditions
were met: systolic pressure = 140 mmHg or diastolic pressure =
90 mmHg on three separate occasions.

2.5 Statistical analysis

All statistical analyses were performed using R software (version
4.1.3). Based on the complex sampling design of NHANES, the
SDMVPSU and SDMVSTRA procedures were employed to derive
nationally representative estimates. The packages "NHANESR" and
"survey" in R were utilized for data cleaning and statistical analyses.
The "mice" package in R was utilized to impute missing covariate
values. In the analysis of baseline information, continuous variables
were presented as weighted mean + standard deviation using one-
way ANOVA to compare differences between groups; categorical
variables were expressed as frequencies and percentages and
compared using the Chi-Squared test. Then, four weighted
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logistic regression models were employed to examine the
relationship between flavonoid consumption and the prevalence
of DM. Crude model was unadjusted. Model 1 was adjusted by age,
race, BMI, and daily energy intake (kcal). Model 2 was adjusted by
age, race, BMI, and daily energy intake (kcal), total time of PA,
smoking status, alcohol consumption, total score of HEI 2015
Edition, hypertension history, and hyperlipidemia history. Model
3 was adjusted by age, sex, race, BMI, and daily energy intake (kcal),
total time of PA, smoking status, alcohol consumption, total score
of HEI 2015 Edition, hypertension history, and hyperlipidemia
history. To investigate possible nonlinear associations, we utilized
weighted RCS implemented in the "rms" package. As subgroup
weighted Logistic analyses, effects of flavonoid intake on prevalence
of DM were stratified by age, sex, race, BMI, daily energy intake,
total time of PA, smoking habits, alcohol intake, and history of
hypertension or hyperlipidaemia. RCS analysis was employed to
examine the correlation between flavonoid intake and DM
occurrence across different races. Weighted Logistic regression
was performed to compute odds ratio (OR) and corresponding
95% confidence intervals (CIs). A significance level of p < 0.05 was
adopted as the threshold for statistical significance. In the weighted
logistic regression models, a CI that did not include the value of 1
was deemed to indicate statistical significance.

3 Results
3.1 Characteristics of participants

A total of 22,481 adult subjects (aged 18 years or over) in the
NHANSE (2007-2010 and 2017-2018) were included in this study,
which was representative of the 30,467,458 US non-hospitalized
population. Baseline characteristics for participants are presented
according to the status of DM in Table 1. A total of 2764 cases of
DM were observed in our study. The mean age of participants was
34.94 years among those without DM, and 59.04 years among those
with DM (Table 1, p < 0.0001). The participants with DM have a
lower proportion with more than 12 years of education (50.56%)
and more frequency with partners (63.12%), compared to the
participants without DM. Although with more heavy
consumption of alcohol (23.22%), higher daily energy intake
(4064.44 kcal), and lower total score of HEI (52.06), participants
without DM exhibited a health-conscious lifestyle pattern with
lower BMI (26.11 kg/m?), more physical activity (1290.11 min/
week and 5216.20 MET/week), higher frequency of never-smoking
(57.85%), compared to the participants with DM (Table 1). No
significant differences were observed in terms of sex, DII, and PIR
between healthy participants and participants with DM (Table 1).
Furthermore, individuals diagnosed with DM exhibited a
heightened occurrence of hyperlipidemia (87.48%), CVD
(25.97%), asthma and/or COPD (21.32%), stroke (9.25%), cancer
(17.56%), and hypertension (69.79%), compared to those without
DM (Table 1). Furthermore, a lower intake of daidzein, genistein,
glycitein, hesperetin, and total isoflavones was observed in the
participants with DM (Table 1). However, it was observed that a
higher intake of luteolin, isorhamnetin, myricetin, quercetin, total
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flavan 3-ols, total flavones, total flavonols, and total flavonoids in
the participants with DM (Table 1).

Furthermore, comparisons were made among races in regards to
the characteristics of the study population (Supplementary Table S1).
Compared to other racial groups, Mexican American had a lower
mean age (p < 0.0001, Supplementary Table S1). Among the different
racial groups, Mexican American had the lowest proportion of
individuals with more than 12 years of education (p < 0.0001), the
highest proportion with heavy alcohol consumption (p < 0.0001), the
highest total MET of PA (p < 0.0001), lowest PIR (p < 0.0001), lowest
prevalence of DM (p = 0.03), and the lowest intake of total flavonoids
(p < 0.0001) (Supplementary Table S1). Additionally, a summary of
the study population's characteristics based on quartiles of flavonoid
intake can be found in Supplementary Table S2. Flavonoid intake
varied across racial groups, with a higher proportion of Non-
Hispanic White individuals having higher intake levels (p < 0.0001,
Supplementary Table S2).

3.2 Associations between flavonoid intake
and prevalence of DM

To further assess the potential association between flavonoid
intake and risk of DM, the association was fully adjusted by age,
sex, race, BMI, and daily energy intake, total time of PA, smoking
status, alcohol consumption, total score of HEI 2015 Edition,
hypertension history, and hyperlipidemia history in weighted
Logistic regression. As more than 50% of the survey population
reported no isoflavone intake, we categorized isoflavone
consumption into two groups using median intake. The
remaining flavonoid subclasses were classified into quartiles
according to their intake levels. After full adjustment in
Table 2, an inverse relationship was observed between total
flavonoid intake and prevalence of DM within the second
quartile [0.78 (0.63, 0.97), p = 0.028], in the third quartile
[0.76 (0.60, 0.97), p = 0.031], and in the fourth quartile [0.80
(0.65, 0.97), p = 0.027], compared to that in the first quartile.
However, the p for trend was not significant [0.94 (0.88, 1.01),
p = 0.096]. Moreover, the prevalence of DM had an inverse
relationship with the intake of total flavan 3-ols in the third
quartile [0.65 [0.50, 0.84], p = 0.002], compared to that in the
first quartile. Similarly, the prevalence of DM was negatively
linked to the intake of subtotal catechins in third quartile [0.70
(0.55, 0.89), p = 0.005], compared to that in the first quartile
(Table 2). These results may suggest a nonlinear association
between the prevalence of DM and intake of total flavan 3-ols as
well as subtotal catechins (Table 2).

As observed in Table 2, there might be non-linear associations
between the intake of total flavan 3-ols as well as subtotal catechins,
therefore, we employed RCS to explore the nonlinear associations
(Figure 2 and Figure 1 There were significantly non-linear
association between the prevalence of DM and the intake of total
flavonoids, total flavan 3-ols, and subtotal catechins (p = 0.031, p <
0.0001, and p = 0.0001, respectively, Figures 2A) by RCS. Among
the results above, the associations between the prevalence of DM
and the intake of total flavan 3-ols and subtotal catechins
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TABLE 1 Characteristics of participants in the cohorts according to DM status.

Variable Participants without DM Participants with DM
Cases (n) 19717 2764
Sociodemographic, lifestyle, and health-related variables
Age (years) 34.94 (0.31) 59.04 (0.56) < 0.0001
Sex 0.39
Female 10112 (52.09%) 1368 (50.40%)
Male 9605 (47.91%) 1396 (49.60%)
Race 0.03
Non-Hispanic Black 4081 (11.78%) 690 (14.42%)
Mexican American 3810 (10.47%) 481 (9.30%)
Other races 1701 (7.60%) 207 (7.36%)
Non-Hispanic White 10125 (70.14%) 1386 (68.92%)
Education < 0.0001
<9 years 1606 (4.33%) 452 (9.88%)
9-12 years 7792 (35.97%) 1132 (39.56%)
>12 years 10319 (59.70%) 1180 (50.56%)
Marital status < 0.0001
Without partner 10590 (47.68%) 1150 (36.88%)
With partner 9127 (52.32%) 1614 (63.12%)
Smoking status < 0.0001
Former 2581 (22.61%) 936 (35.70%)
Never 6421 (57.85%) 1333 (48.70%)
Now 2354 (19.54%) 433 (15.60%)
Alcohol usage < 0.0001
Former 1272 (9.84%) 565 (19.49%)
Heavy 2223 (23.22%) 289 (13.01%)
Mild 3592 (38.25%) 796 (38.40%)
Moderate 1726 (18.59%) 266 (14.65%)
Never 1317 (10.10%) 398 (14.45%)
BMI (kg/m?) 26.11 (0.09) 33.28 (0.28) < 0.0001
Total score of HEI 2015 52.06 (0.32) 54.31 (0.48) < 0.0001
DII 1.67 (0.04) 1.70 (0.06) 0.69
Total time of PA (mins/week) 1290.11 (27.20) 1018.46 (52.39) < 0.0001
Total MET of PA (/week) 5216.20 (140.38) 3504.16 (214.12) < 0.0001
Daily energy intake (kcal) 4064.44 (21.56) 3759.70 (59.83) < 0.0001
PIR 2.88 (0.04) 2.90 (0.06) 0.85
Hyperlipidemia < 0.0001
No 7413 (42.17%) 381 (12.52%)
Yes 9199 (57.83%) 2375 (87.48%)
CVD < 0.0001
(Continued)

Frontiers in Endocrinology 05 frontiersin.org


https://doi.org/10.3389/fendo.2023.1250410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

TABLE 1 Continued

10.3389/fendo.2023.1250410

Variable Participants without DM Participants with DM
Cases (n) 19717 2764

No 10208 (93.99%) 1988 (74.03%)

Yes 952 (6.01%) 708 (25.97%)
COPD and asthma < 0.0001

COPD and asthma 231 (1.82%) 121 (4.18%)

Asthma 1345 (11.76%) 336 (12.95%)

COPD 357 (2.86%) 127 (4.19%)

No 9463 (83.56%) 2116 (78.68%)
Stroke < 0.0001

No 10783 (97.66%) 2427 (90.75%)

Yes 365 (2.34%) 261 (9.25%)
Cancer < 0.0001

No 10115 (91.42%) 2267 (82.44%)

Yes 1037 (8.58%) 425 (17.56%)
Hypertension < 0.0001

No 15519 (77.36%) 777 (30.21%)

Yes 4198 (22.64%) 1987 (69.79%)
Dietary intake of flavonoids (mg/day)
Daidzein 0.71 (0.04) 0.51 (0.09) 0.03
Genistein 1.00 (0.06) 0.69 (0.13) 0.02
Glycitein 0.14 (0.01) 0.10 (0.02) 0.02
Cyanidin 2.42 (0.15) 2.68 (0.30) 0.41
Petunidin 1.04 (0.08) 1.16 (0.14) 0.4
Delphinidin 1.49 (0.12) 1.56 (0.16) 0.67
Malvidin 445 (0.26) 432 (0.42) 0.73
Pelargonidin 1.72 (0.15) 1.32 (0.16) 0.08
Peonidin 1.77 (0.14) 1.89 (0.31) 0.73
Catechin 6.96 (0.15) 7.50 (0.52) 0.31
Epigallocatechin 12.94 (0.55) 18.65 (3.18) 0.08
Epicatechin 9.53 (0.20) 9.83 (0.86) 0.73
Epicatechin-3-gallate 8.35 (0.37) 11.93 (1.96) 0.07
Epigallocatechin-3-gallate 22.00 (0.99) 33.91 (7.49) 0.11
Theaflavin 1.26 (0.07) 1.52 (0.14) 0.08
Thearubigins 72.41 (3.79) 87.82 (7.42) 0.06
Eriodictyol 0.16 (0.01) 0.14 (0.02) 0.26
Hesperetin 9.04 (0.26) 7.75 (0.49) 0.01
Naringenin 3.16 (0.13) 3.44 (0.38) 0.44
Apigenin 0.19 (0.02) 0.21 (0.02) 0.47
Luteolin 0.61 (0.02) 0.71 (0.03) 0.01

(Continued)
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TABLE 1 Continued

Variable Participants without DM Participants with DM

Cases (n) 19717 2764

Isorhamnetin 0.71 (0.02) 0.79 (0.02) 0.01
Kaempferol 3.82 (0.09) 4.21 (0.19) 0.06
Myricetin 1.25 (0.03) 1.55 (0.12) 0.02
Quercetin 9.84 (0.18) 11.02 (0.37) 0.01
Theaflavin-3,3’-digallate 1.39 (0.08) 1.67 (0.15) 0.09
Theaflavin-3’-gallate 1.18 (0.07) 1.42 (0.13) 0.09
Theaflavin 3-gallate 1.00 (0.06) 1.20 (0.11) 0.08
Gallocatechin 1.34 (0.06) 1.73 (0.19) 0.05
Subtotal Catechins 61.12 (2.22) 83.55 (14.09) 0.12
Total Isoflavones 1.85 (0.12) 1.29 (0.24) 0.02
Tota Anthocyanidins 12.89 (0.61) 12.93 (1.13) 0.97
Total Flavan 3-ols 138.36 (5.97) 177.19 (17.04) 0.03
Total Flavanones 12.36 (0.37) 11.32 (0.82) 0.18
Total Flavones 0.80 (0.03) 0.92 (0.04) 0.01
Total Flavonols 15.62 (0.30) 17.57 (0.66) 0.01
Total Sum of all 29 flavonoids 181.88 (6.39) 221.22 (17.73) 0.04

PIR, poverty income ratio; BMI, body mass index; DII, dietary inflammatory index; HEI, healthy eating index. Continuous normal variables were presented as weighted mean + standard
deviation and compared using One-way ANOVA. Categorical variables were presented as frequencies and percentages and compared using Chi-Squared test.

TABLE 2 ORs (95% Cls) of DM prevalence according to flavonoid intake in the NHANSE (2007-2010 and 2017-2018).

Flavonoid intake Q2 Q3 Q4 (O]
(95%Cl)

OR (95% OR (95% OR (95% p
(@) (@) (@) Value

Total Sum of all 29 flavonoids <20.645 20.645-49.735 49.735- >140.145

(mg/day) 140.145

Crude Model Ref 0.80 (0.67, 0.018 0.92 (0.76, 0.392 1.07 (0.89, 0.461 1.04 (0.98, 0.198
0.96) 1.12) 1.27) 1.11)

Model 1 Ref 0.79 (0.63, 0.038 0.76 (0.60, 0.021 0.76 (0.62, 0.008 0.92 (0.86, 0.018
0.99) 0.96) 0.92) 0.99)

Model 2 Ref 0.77 (0.62, 0.017 0.74 (0.58, 0.017 0.76 (0.62, 0.009 0.93 (0.87, 0.039
0.95) 0.94) 0.93) 1.00)

Model 3 Ref 0.78 (0.63, 0.028 0.76 (0.60, 0.031 0.80 (0.65, 0.027 0.94 (0.88, 0.096
0.97) 0.97) 0.97) 1.01)

Total Flavan 3-ols (mg/day) <4.605 4.605-13.245 13.245-59.525 >59.525

Crude Model Ref 0.77 (0.62, 0.023 0.64 (0.50, <0.001 1.04 (0.84, 0.729 1.01 (0.94, 0.764
0.96) 0.81) 1.27) 1.08)

Model 1 Ref 0.80 (0.62, 0.068 0.64 (0.50, 0.001 0.80 (0.63, 0.057 0.93 (0.86, 0.059
1.02) 0.83) 1.01) 1.00)

Model 2 Ref 0.78 (0.61, 0.052 0.64 (0.49, 0.001 0.80 (0.63, 0.071 0.94 (0.87, 0.102
1.00) 0.83) 1.02) 1.01)

Model 3 Ref 0.79 (0.61, 0.058 0.65 (0.50, 0.002 0.84 (0.66, 0.146 0.95 (0.88, 0.212
1.01) 0.84) 1.07) 1.03)

(Continued)

Frontiers in Endocrinology 07 frontiersin.org


https://doi.org/10.3389/fendo.2023.1250410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

TABLE 2 Continued

Flavonoid intake

Q2

OR (95%
(@)

p
Value

10.3389/fendo.2023.1250410

OR
(95%Cl)

Subtotal Catechins (mg/day) <4.505 4.505-12.745 12.745-37.725 >37.725

Crude Model Ref 0.81 (0.66, 0.048 0.68 (0.55, <0.001 0.99 (0.81, 0.913 0.99 (0.93, 0.812
1.00) 0.83) 1.20) 1.06)

Model 1 Ref 0.82 (0.64, 0.113 0.70 (0.55, 0.003 0.80 (0.64, 0.058 0.93 (0.86, 0.058
1.05) 0.88) 1.01) 1.00)

Model 2 Ref 0.81 (0.63, 0.082 0.69 (0.54, 0.004 0.80 (0.63, 0.061 0.94 (0.87, 0.082
1.03) 0.88) 1.01) 1.01)

Model 3 Ref 0.82 (0.64, 0.094 0.70 (0.55, 0.005 0.83 (0.66, 0.116 0.95 (0.88, 0.156
1.04) 0.89) 1.05) 1.02)

Total Isoflavones (mg/day) <0.010 0.010-0.065

Crude Model Ref 0.98 (0.86, 0.812
1.13)

Model 1 Ref 0.99 (0.86, 0.883
1.14)

Model 2 Ref 1.00 (0.85, 0.989
1.17)

Model 3 Ref 1.01 (0.86, 0.872
1.19)

Total Anthocyanidins (mg/day) <0.125 | 0.125-1.910 1.910-9.340 >9.340

Crude Model Ref 0.89 (0.72, 0.254 1.08 (0.86, 0.509 0.93 (0.74, 0.539 1.00 (0.92, 0.904
1.09) 1.35) 1.17) 1.07)

Model 1 Ref 0.85 (0.66, 0.199 0.96 (0.75, 0.748 0.77 (0.61, 0.029 0.93 (0.86, 0.075
1.09) 1.24) 0.97) 1.01)

Model 2 Ref 0.84 (0.65, 0.146 0.96 (0.74, 0.719 0.77 (0.60, 0.046 0.94 (0.86, 0.124
1.07) 1.23) 1.00) 1.02)

Model 3 Ref 0.86 (0.67, 0.238 0.99 (0.77, 0.95 0.82 (0.64, 0.109 0.95 (0.88, 0.251
1.11) 1.28) 1.05) 1.04)

Total Flavanones (mg/day) < 0.020 0.020-0.660 0.660-17.730 >17.730

Crude Model Ref 1.25 (1.04, 0.018 0.92 (0.75, 0.424 1.04 (0.86, 0.687 0.98 (0.92, 0.446
1.51) 1.13) 1.26) 1.04)

Model 1 Ref 1.07 (0.88, 0.47 0.88 (0.69, 0.264 0.84 (0.68, 0.117 0.93 (0.86, 0.036
1.31) 1.11) 1.05) 0.99)

Model 2 Ref 1.08 (0.88, 0.45 0.90 (0.69, 0.402 0.85 (0.66, 0.189 0.93 (0.86, 0.093
1.32) 1.17) 1.09) 1.01)

Model 3 Ref 1.09 (0.89, 0.371 0.94 (0.73, 0.622 0.86 (0.68, 0.223 0.94 (0.87, 0.123
1.34) 1.21) 1.10) 1.02)

Total Flavones (mg/day) <0.110 0.110-0.345 0.345-0.845 >0.845

Crude Model Ref 1.31 (1.10, 0.003 1.28 (1.04, 0.023 1.56 (1.29, <0.001 1.14 (1.07, <0.001
1.56) 1.59) 1.88) 1.21)

Model 1 Ref 0.99 (0.82, 0.93 0.93 (0.73, 0.566 0.99 (0.84, 0.942 1.00 (0.94, 0.882
1.20) 1.19) 1.18) 1.06)

Model 2 Ref 0.99 (0.81, 0.903 0.95 (0.74, 0.71 1.02 (0.83, 0.816 1.01 (0.94, 0.833
1.21) 1.23) 1.27) 1.08)

Model 3 Ref 1.02 (0.83, 0.851 1.00 (0.77, 0.982 1.06 (0.86, 0.575 1.02 (0.95, 0.629
1.25) 1.30) 1.30) 1.09)

(Continued)
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TABLE 2 Continued

10.3389/fendo.2023.1250410

Flavonoid intake (o)) Q3 OR
(95%Cl)

OR (95% OR(95% p
(@) (@)] Value

Total Flavonols <4735 | 4.735-9.245 9.245-17.330 >17.330

Crude Model Ref 1.35 (1.14, 0.001 1.57 (1.33, <0.001 1.48 (1.24, <0.001 1.12 (1.06, <0.001
1.60) 1.86) 1.77) 1.19)

Model 1 Ref 1.13 (0.87, 0.352 1.02 (0.83, 0.851 0.88 (0.72, 0.234 0.94 (0.88, 0.049
1.46) 1.25) 1.09) 1.00)

Model 2 Ref 1.15 (0.87, 0.32 1.06 (0.85, 0.572 0.90 (0.71, 0.379 0.94 (0.88, 0.095
1.51) 1.33) 1.14) 1.01)

Model 3 Ref 1.16 (0.89, 0.266 1.09 (0.87, 0.457 0.92 (0.73, 0.478 0.95 (0.88, 0.132
1.53) 1.36) 1.17) 1.02)

Crude model: unadjusted; Model 1: adjusted by age, race, BMI, and daily energy intake (kcal); Model 2: adjusted by age, race, BMI, and daily energy intake (kcal), total time of PA, smoking status,
alcohol consumption, total score of HEI 2015 Edition, hypertension history, and hyperlipidemia history; Model 3: adjusted by age, sex, race, BMI, and daily energy intake (kcal), total time of PA,
smoking status, alcohol consumption, total score of HEI 2015 Edition, hypertension history, and hyperlipidemia history. BMI, body mass index; HEI, healthy eating index; PA, physical activity.

demonstrated a U-shaped association. However, the associations
between other flavonoid subclasses and the prevalence of DM did
not reach a significance (Supplementary Figure la-1e).

3.3 Stratified analysis of the correlation
between flavonoid intake and
DM prevalence

To identify subgroup effects and explore interaction effects on
the correlation between flavonoid intake and prevalence of DM,
stratified analysis was conducted based on age, sex, race, BMI, daily
energy intake, total time of PA, smoking habits, alcohol intake, and
history of hypertension or hyperlipidemia and each stratification
was fully adjusted by weighted Logistic regression (Table 3).

Based on the findings presented in Table 3, race exhibited a
significant influence on the association between DM prevalence and
total flavonoid intake (p for interaction = 0.006). In non-Hispanic
whites, an inverse correlation was observed between DM prevalence
and flavonoid intake within the fourth quartile [0.97 (0.95, 0.99), p =
0.012] (Table 3). Conversely, in Mexican Americans, a positive

2.0 non-linear-p-value = 0.0312

o
3

odds ratio
>
odds ratio

correlation was found between DM prevalence and flavonoid intake
within the third quartile [1.04 (1.02, 1.07), p = 0.003] (Table 3).
Moreover, the effect of flavonoid intake on the DM prevalence does
not depend on the level of age, sex, BMI, daily energy intake, total
time of PA, smoking habits, consumption of alcohol, hypertension
history, and hyperlipidemia history (Table 3).

Age, sex, race, BMI, daily energy intake, total time of PA,
smoking habits, consumption of alcohol, hypertension history,
and hyperlipidemia history did not modify the impact of flavan-
3-ols on the risk of DM (Supplementary Table S3). In individuals
aged 50 years or older, a lower prevalence of DM was observed in
those who consumed moderate to high levels of total flavan-3-ol
(Supplementary Table S3). Specifically, consumption within the
second quartile was associated with an OR of 0.95 (95% CI: 0.91,
0.99; p = 0.017), the third quartile with an OR of 0.94 (95% CI: 0.90,
0.98; p = 0.004), and the fourth quartile with an OR of 0.96 (95% CI:
0.92, 1.00; p = 0.035) (Supplementary Table S3). Males who
consumed moderate to high amounts of flavan-3-ols
demonstrated a lower occurrence of DM compared to those in
the first quartile (Supplementary Table S3). Consumption within
the third and fourth quartiles was associated with an OR of 0.97

non-linear-p-value < 0.0001 175 ' non-linear-p-value = 0.0001

odds ratio

1 2 3
Total Sum of all 29 flavonoids (log10) mg

FIGURE 2

The association of flavonoid intake with prevalence of DM by restricted cubic splines. Y axis stands for the Odds ratio of DM, and X axis stands for
the log10 transformed intake of total flavonoids (A), total flavan 3-ols (B), and subtotal catechins (C). Models by restricted cubic splines were
adjusted for age, sex, race, BMI, daily energy intake, total time of PA, smoking status, alcohol consumption, total score of HEI, hypertension history

and hyperlipidaemia history.
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TABLE 3 Stratified association between DM prevalence and total flavonoid intake in the NHANSE (2007-2010 and 2017-2018).

Q1 Q2 (20.645- Q3 (49.735- Q4 o oy e
. (<20.645) 49.735) 140.145) (>=140.145) i
Variables aiel
N =5624 N =5618 N = 5619 N = 5620
OR (95%Cl) p value OR (95%Cl) p value OR (95%Cl) ealue
Age (Years) 0.532
1.00 (0.98,
<50 0.99 (0.98, 1.01) 0.261 1.01 (0.99, 1.02) 0.373 L01) 0.594
0.95 (0.91,
>=50 0.96 (0.92, 1.00) 0.051 0.93 (0.89, 0.98) 0.007 0.99) 0.012
Sex 0.702
0.99 (0.97,
Female 0.99 (0.97, 1.01) 0.424 1.00 (0.98, 1.02) 0.87 L01) 0.345
Male 0.99 (0.96, 1.01) 0.313 0.97 (0.95, 1.00) 0.083 g.zg)(0.94, 0.004
Race 0.006
0.97 (0.95,
Non-Hispanic White 0.99 (0.96, 1.01) 0.325 0.99 (0.96, 1.01) 0.245 o 99)( 0.012
. . 0.97 (0.94,
Non-Hispanic Black 1.00 (0.96, 1.03) 0.774 0.97 (0.94, 1.00) 0.078 1.01) 0.125
1.04 (1.00,
Mexican American 1.02 (0.99, 1.05) 0.223 1.04 (1.02, 1.07) 0.003 1 09)( 0.061
0.95 (0.89,
Other Race 0.96 (0.91, 1.02) 0.147 0.96 (0.91, 1.03) 0.244 1 02)( 0.152
BMI (kg/m?) 0.247
0.96 (0.93,
<253 0.97 (0.93, 1.01) 0.105 0.99 (0.96, 1.04) 0.777 0 99)( 0.013
0.97 (0.95,
>=25.3 0.98 (0.95, 1.01) 0.117 0.98 (0.95, 1.01) 0.212 1 30)( % 0.031
Daily energy intake
0.159
(keal)
0.98 (0.96,
<3584 0.99 (0.97, 1.02) 0.476 0.99 (0.97, 1.02) 0.554 L01) 0.13
0.97 (0.94,
>=3584 0.98 (0.96, 1.01) 0.155 0.98 (0.95, 1.00) 0.034 0 99)( 0.005
T . .
otal time of PA (mins/ 0313
week)
0.96 (0.93,
<600 0.98 (0.95, 1.00) 0.089 0.98 (0.95, 1.01) 0.133 0.98) 0.001
1.00 (0.98,
>=600 1.00 (0.98, 1.02) 0.988 1.00 (0.97, 1.02) 0.726 1.02) 0.829
Smoking status 0.326
0.97 (0.95,
Never 1.00 (0.98, 1.02) 0.737 0.99 (0.96, 1.01) 0.274 1.00) 0.042
1.01 (0.96,
Former 0.99 (0.94, 1.04) 0.769 0.98 (0.94, 1.02) 0.392 1 06)( 0.789
Current 0.97 (0.93, 1.01) 0.105 0.99 (0.96, 1.04) 0.777 g'z;(o‘%’ 0.013
Alcohol Consumption 0.352
(Continued)
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TABLE 3 Continued

10.3389/fendo.2023.1250410

QT Q2 (20.645- Q3 (49.735- Q4 p for inter-
Variables (<20.645) 49.735) 140.145) (>=140.145) action
N=5624 N =5618 N = 5619 N = 5620
OR (95%Cl) OR (95%Cl) OR (95%Cl) P
value
1.01 (0.96,
Never 1.04 (0.98, 1.10) 0.17 1.01 (0.96, 1.06) 0.762 1.06) 0.66
0.93 (0.88,
Former 0.98 (0.92, 1.05) 0.567 1.01 (0.94, 1.08) 0.86 0.98) 0.009
0.95 (0.91,
Mild 0.96 (0.92, 1.01) 0.129 0.93 (0.89, 0.97) 0.004 0 99)( 0.016
1. .97,
Moderate 0.95 (0.90, 1.00) 0.066 1.02 (0.96, 1.08) 0.561 . 23)(0 7 0.312
0.98 (0.94,
Heavy 0.98 (0.94, 1.02) 0.273 1.00 (0.94, 1.06) 0.917 1 02)( ? 0.344
Total score of HEI (2015
.. 0.556
Edition)
0.97 (0.95,
<51.44 0.98 (0.96, 1.01) 0.214 1.00 (0.97, 1.02) 0.713 0 99)( 0.01
0.99 (0.97,
>=51.44 1.00 (0.97, 1.04) 0.795 1.00 (0.97, 1.03) 0.828 1 02)( 0.722
Hypertension 0.377
No 0.99 (0.98, 1.00) 0.136 1.00 (0.98, 1.01) 0.622 (:.2;(097, 0.262
0.95 (0.90,
Yes 0.97 (0.92, 1.02) 0.172 0.94 (0.89, 1.00) 0.06 0.99) 0.014
Hyperlipidemia 0.661
0.99 (0.97, 0.99 (0.97, 0.99 (0.97,
No 0.02 0.272 0.097
1.00) 1.01) 1.00)
Yes 0.99 (0.96, 0397 0.98 (0.96, 0192 0.97 (0.95, 0.048
1.01) ’ 1.01) : 1.00) ’

BMI, body mass index; HEI, healthy eating index; PA, physical activity.

(95% CI: 0.95, 1.00; p = 0.034) and 0.97 (95% CI: 0.94, 1.00; p =
0.025), respectively (Supplementary Table S3). Individuals with a
BMI of 25.3 or greater exhibited a lower prevalence rate of DM
when consuming moderate to high levels of total flavan-3-ols
[within the third quartile 0.95 (0.92, 0.98), p = 0.001), and the
fourth quartile [0.97 (0.94, 1.00), p = 0.046] (Supplementary
Table S3).

Notably, the effect of subtotal catechin intake on the prevalence
rate of DM was moderated by BMI (p for interaction = 0.047,
Supplementary Table S4). Specifically, in individuals with a BMI
>=25.3, the prevalence of DM was found to be lower in the third
quartile of subtotal catechin intake [0.95 (0.93, 0.98), p = 0.001,
Supplementary Table S4] and the fourth quartile of subtotal
catechin intake [0.97 (0.94, 0.99), p = 0.018, Supplementary Table
S4], compared to that in the first quartile. The prevalence rate of
DM was lower in males who consumed subtotal catechin in the
third quartile (OR = 0.97; 95% CI: 0.95, 1.00; p = 0.034,
Supplementary Table S4) and in the fourth quartile (OR = 0.97;
95% CI: 0.94, 0.99; p = 0.014, Supplementary Table S4), compared
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to those in the first quartile. Intake within the second, third, and
fourth quartiles of subtotal catechin consumption in the population
age 50 or above were associated with lower occurrence rates of DM
[0.96 (0.92, 1.00), p = 0.036; 0.94 (0.90, 0.99), p = 0.012; 0.96 (0.92,
1.00), p = 0.046, respectively], compared to those in the first quartile
(Supplementary Table S4).

Given the interaction between DM prevalence and race, RCS
analysis was employed to examine the correlation between
flavonoid intake and DM occurrence across different races. As
shown in Figure 3, a statistically significant nonlinear correlation
was noted between flavonoid consumption and DM prevalence in
non-Hispanic Blacks (p for non-linearity = 0.014). Although the
non-linear correlation was not found to be significant in the resting
ethnic groups, a rising trend in DM risk with increasing total
flavonoid intake was noted in Mexican Americans, which differed
from the trends observed in other races. (Figure 3). Apart from
Mexican Americans and other racial groups, significant U-shaped
non-linear correlations were identified between flavan-3-ol
consumption and DM prevalence in non-Hispanic Whites and
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T H 3
Total Sum of all 29 flavonoids (log10) mg

FIGURE 3

1 H 3
Total Flavan 3-ols (log10) mg

T ]
Subtotal Catechins (log10) mg

The association of flavonoid intake with prevalence of DM based on race by restricted cubic splines. Y axis stands for the log10 transformed Odds
ratio of DM, and X axis stands for the log10 transformed intake of total flavonoids (A), total flavan 3-ols (B), and subtotal catechins (C). Models by
restricted cubic splines were adjusted for age, sex, race, BMI, daily energy intake, total time of PA, smoking status, alcohol consumption, total score

of HEI, hypertension history and hyperlipidemia history.

non-Hispanic Blacks (p for non-linearity = 0.005 and 0.009,
respectively, Figure 3). Similarly, significant U-shaped non-linear
associations were observed between subtotal catechin intake and
DM prevalence in Non-Hispanic Whites and Non-Hispanic Blacks
(p for non-linearity = 0.004 and 0.035, respectively, Figure 3).

3.4 Sensitivity analysis

To further evaluate and improve the quality, credibility, and
reproducibility of our results, the sensitivity analysis was performed,
after excluding 732 (3.26%) of participants with IFG and 460 (2.05%)
participants with IGT. Based on Supplementary Table S5, the
prevalence of DM demonstrated an inverse correlation with the
intake of total flavonoids in the second quartile [0.78 (0.63, 0.97), p
= 0.025], third quartile [0.76 (0.60, 0.97), p = 0.03], and fourth quartile
[0.80 (0.65, 0.98), p = 0.029] after complete adjustment, in comparison
to the first quartile (Supplementary Table S5). However, there was no
significant p-value for trend detected (p = 0.104) (Supplementary Table
S5). Furthermore, a negative association between the prevalence of DM
and the intake of total flavan 3-ols was found in the third quartile [0.65
(0.50, 0.84), p = 0.002], relative to that in the first quartile
(Supplementary Table S5). Similarly, the prevalence of DM was
negatively correlated with the consumption of subtotal catechins in
the third quartile [0.70 (0.55, 0.89), p = 0.005], compared to that in the
first quartile, as shown in Supplementary Table S5. The sensitivity
analysis results showed that the associations between flavonoid intake
and DM prevalence were minimally influenced by changes in inputs,
which was consistent with Table 2. This suggests that our findings were
robust and reliable.

4 Discussion

In 2021, the International Diabetes Federation (IDF) estimated
that approximately 536.6 million adults between the ages of 20 and
79 have been diagnosed with DM worldwide, resulting in a global
prevalence rate of 10.5% (26). By 2045, the prevalence of DM in
adults is projected to reach 12.2% (26), which may be exacerbated
post-COVID-19 pandemic (27). Diabetes-related mortality has
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been increasing globally, particularly in low- and middle-income
countries (28). The diabetes-specific complications, especially the
chronic complications of DM, impair the life quality and surge the
demand for healthcare services and expenditures. The chronic
complications of DM are divided into macroangiopathy,
comprising stroke, coronary heart disease, and peripheral vascular
disease, and microangiopathy; including end-stage renal disease,
retinopathy, and neuropathy (29), which lead to the high prevalence
of disability and mortality and impose a heavy burden on
individuals and society.

However, prevention, early diagnosis, lifestyle modification, and
disease course management exert a protective effect against the
onset and progression of DM. Diets high in plants, containing
micronutrients, fiber, and flavonoids, are routinely recommended
in DM management (30). In line with our results showing a
negative association between flavonoid intake and the risk of DM,
several epidemiological investigations have documented an inverse
correlation between dietary flavonoid consumption and the risk of
DM. The findings from Eastern Europe indicated that flavonoid
intake was negatively associated with fasting plasma glucose levels
[0.71 (0.54-0.94)] (31) and T2D prevalence [0.44 (0.03-0.63)] (17).
The US-based study demonstrated an inverse correlation between
flavonoid and flavan-3-ol consumption and the occurrence of T2D
in a 24-year follow-up of the NHS cohort (16). The consumption of
total flavonoids was linked to a decreased prevalence of DM [0.67;
(0.48, 0.93), p for trend = 0.02] during a mean follow-up period of
5.51 years in the PREDIMED (Prevencion con Dieta Mediterranea)
trial (18). Similarly, in the Europe population, total flavonoid intake
was inversely related with T2D prevalence [0.90 (0.77-1.04), p for
trend = 0.040, for the highest vs. the lowest quintile] (32).
Furthermore, an increased dietary flavonoid intake was found to
be associated with a reduced risk of diabetic nephropathy (33),
revealing the potential protective role of flavonoids against
diabetic complications.

However, there are many conflicting findings on the association
between the prevalence of DM and flavonoid intake. The results from
the US showed no association between the prevalence of DM and
flavonoid intake in Song’s study (15), Nettleton’s study in
postmenopausal women (14), and in the NHS II and HPFs cohorts
(16). Apart from the differences in flavonoid intake among countries
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and regions, we suggest that the effects of flavonoids on glucose
metabolism are significantly influenced by race. Through interaction
analysis, we found an interaction between DM prevalence and total
flavonoid intake (p for interaction = 0.006), implying different effects of
flavonoids on DM prevalence in different ethnic subgroups. Further,
the RCS analysis clearly showed that flavonoid intake differed in the
risk of DM in different ethnic subgroups. Especially in the Mexican
Americans, certain flavonoid intake levels were positively associated
with the risk of DM.

The influence of ethnicity may be one of the reasons for the
negative observations in the epidemiological studies from the US.
Our study revealed a distinct association between total flavonoid
intake and DM prevalence in Mexican Americans, which differed
from that observed in the other racial groups. Specifically, among
the Mexican American population, a notable positive association
was observed between the prevalence of DM and total flavonoid
intake within the third quartile. Further, the mechanisms by which
race might impact the association between flavonoid intake and DM
prevalence may involve genetic predisposition, dietary practices,
and lifestyle behaviors. When considering genetic predisposition, it
is worth noting that SLC16A11 has been recognized as a risk factor
for T2D in individuals of Mexican American descent (34). This
variant occurs at a frequency of approximately 50% in Native
American populations and around 10% in populations of East
Asian ancestry, whereas it is uncommon among individuals of
European and African descent (34). Furthermore, genetic variations
related to ethnicity, such as differences in the intestinal microbiota
and phase I and II metabolism, may also impact the bioavailability
of flavonoids (35). Furthermore, the unique dietary and lifestyle
habits observed in Mexican Americans within our study included
the lowest consumption of flavonoid levels and the highest
proportion of heavy alcohol consumption. Thus, additional
research is necessary to explore the potential influence of dietary
flavonoids on diabetes mellitus risk in diverse ethnic populations, as
well as whether genetic variants such as SLC16A11 could influence
the absorption and metabolism of flavonoids and their association
with DM prevalence specifically among Mexican Americans.

Certain dietary flavonoids have been demonstrated to have a
negative correlation with the prevalence of DM, according to
epidemiological research (36-38). The consumption of flavan-3-
ols was marginally associated with a reduced prevalence of T2D
[0.89 (0.80, 1.00), p for trend = 0.06) in the Framingham Offspring
cohort (13). The consumption of each individual flavan-3-ol
monomer was significantly linked to T2D risk in European
populations (32, 39). A clinical trial demonstrated a negative
correlation between fasting glucose concentration and
consumption of flavonoids as well as flavan-3-ols (40). A meta-
analysis demonstrated that an increase of 68 mg/day in flavan-3-ol
consumption was linked to a 6% decrease in the risk of T2D [(0.92,
0.96), p for trend <0.001] (38). In line with previous studies, our
findings indicate that flavan-3-ols, particularly catechins, are the
predominant flavonoids related to a decreased risk of DM. Flavan-
3-ols are enriched in tea, cocoa, fruits, and nuts (41, 42). Possible
mechanisms underlying the ability of flavan-3-ols to lower the risk
of DM involve scavenging of free radicals, inhibition of

Frontiers in Endocrinology

10.3389/fendo.2023.1250410

inflammation, and antioxidant responses involved in glucose
metabolism (30).

Flavan-3-ols have subclasses that include subtotal catechins
(epicatechin, epicatechin 3-gallate, epigallocatechin,
epigallocatechin 3-gallate, catechin, and gallocatechin) and
theaflavins. Relatively few studies on the association between
catechins and DM. In the PREDIMED trial, the intake of
catechins in the middle tertile, not in the highest tertile, was
inversely associated with DM risk (18), which could imply a non-
linear relationship or U-shaped correlation between catechin
consumption and the risk of DM. Consistent with previous
findings, we identified a negative correlation between the
consumption of catechins within the intermediate levels and the
risk of DM. Catechins are reported to reduce insulin resistance,
mitigate endoplasmic reticulum stress and oxidative stress, alleviate
inflammatory response, improve mitochondrial function, and
improve intestinal and microbial function (43).

Our study may provide preliminary findings for the prevention
of DM. Secondary prevention is a method of identifying the illness
by means of targeted screening measures and routine medical
monitoring (44). The American Diabetes Association (ADA)
highlights the significance of screening for diabetes, as diabetes
often lacks recognizable symptoms. In the absence of efficient
screening initiatives, individuals with high risk are less likely to
undertake the essential intervention to prevent or delay the
progression to T2D (45). Tertiary prevention refers to the
measures aimed at individuals who have already experienced
disease or injury, with the goal of mitigating the consequences of
the condition, slowing down disease progression, and enhancing
quality of life (44). The majority of medications designed to delay
the onset of diabetes are associated with considerable expenses,
while a substantial portion remains uncovered by insurance
providers due to the lack of an approved indication by the Food
and Drug Administration (FDA) (45). Lifestyle interventions
demonstrate cost-effectiveness in the prevention of diabetes. The
lifestyle intervention targeting the reduction of caloric intake from
fat and an increase in dietary fiber intake demonstrated a notable
decrease in the occurrence of diabetes (33, 46-48). Our findings
suggested that increasing the intake of flavan-3-ol and catechin
within a certain range may reduce the prevalence of diabetes. Along
with other findings, plant-based diets may play an important role in
diabetes prevention. Therefore, we propose potential public health
policy measures that could be established based on our results.
Enhancing public knowledge and awareness of plant-based diets
through educational and promotional activities, promoting dietary
guidelines and nutritional recommendations. Providing plant-
based diet choices in schools and workplaces. Encouraging the
consumption of plant-based diets and increasing the purchase and
consumption of plant-based foods through price controls and
taxation policies. Establishing a sustainable supply chain for
plant-based diets, promoting agricultural sustainability and
organic farming, and ensuring easy access to and affordability of
plant-based food options. Implementing policies or regulations that
require food manufacturers to label nutritional information such as
the contents of flavonoids on food products.
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In our study, we detected a curvilinear association between the
prevalence of diabetes and total flavonoid intake. More precisely,
the likelihood of developing DM was observed to increase with the
intake of flavan 3-ols and subtotal catechins at specific levels in our
study. This phenomenon could be attributed to certain flavonoids
that exhibit pro-oxidant effects under specific conditions, including
the presence of transition metals such as iron or copper (49). This
process could give rise to the production of reactive oxygen species
(ROS), which can promote oxidative stress and damage various
cellular constituents, such as proteins, lipids, and DNA (50). For
instance, epigallocatechin gallate, which is classified as a catechin
subclass, was reported to provoke H,0O, production and consequent
oxidative damage to cellular DNA when exposed to transition metal
ions (51). Furthermore, flavonoids that feature a phenol B ring, such
as apigenin and naringenin, undergo peroxidase/H,0,-driven
oxidation to generate phenoxyl radicals, which promote co-
oxidation of GSH or NADH, ultimately resulting in the
production of ROS (52, 53). Although flavonoids have beneficial
effects, it is crucial to carefully evaluate the impact of the potential
pro-oxidant activity of flavonoids on health outcomes.

There are several limitations of our study. The observational
study does not allow causal inferences to be made, therefore,
randomized controlled clinical trials should be conducted.
Importantly, future prospective studies with larger sample sizes
and diverse ethnic cohorts are warranted

5 Conclusion

In summary, our study demonstrated that specific
consumptions of flavonoids were inversely correlated with the risk
of DM, with ethnicity exerting a modifying effect on this
relationship. We observed a negative correlation between the risk
of diabetes and moderate intake of flavan-3-ols and catechins only.
Our results may provide valuable information for customized
nutritional interventions in the context of DM management.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by The NHANES
study was conducted in accordance with the Declaration of Helsinki,
and approved by the Institutional Review Board (or Ethics Committee)
of the institutional review board of the National Center for Health
Statistics, CDC (protocol #2005-06, #2011-17, #2018-01). The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Frontiers in Endocrinology

14

10.3389/fendo.2023.1250410

Author contributions

Conceptualization, YJZ and PX. Methodology, YJZ and PX.
Validation, YJZ and SQ. Formal analysis, YJZ and PX. Writing—
original draft preparation, YJZ and SQ. Writing—review and
editing YJZ. visualization, YJZ, YZ, and SQ. Supervision, YJZ and
KG. Project administration, YJZ and PX. Funding acquisition, YJZ
and KG. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by Wuxi Translational Medicine
LCYJ202312). PX was
supported in part by a scholarship from the China Scholarship
Council. KG was supported by the Wuxi Taihu Lake Talent Plan,
Supports for Leading Talents in Medical and Health Profession,

Research Institute (Project number:

Project Plan of Wuxi Institute of Translational Medicine
[LCYJ202210], Scientific Research Project of Wuxi Commission
of Health [M202041], Maternal and Child Health Research Project
of Jiangsu Commission of Health [F202009], and Scientific
Research Project of Jiangsu Maternal and Child Health
Association [FYX202016].

Acknowledgments

We thank Zhang Jing (Shanghai Tongren Hospital) for his work
with the NHANES database. His outstanding work, the nhanesR
Package, and web page made it easier to explore the NHANES database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2023.1250410/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1250410/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1250410/full#supplementary-material
https://doi.org/10.3389/fendo.2023.1250410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

References

1. Bondonno NP, Dalgaard F, Murray K, Davey RJ, Bondonno CP, Cassidy A, et al.
Higher habitual flavonoid intakes are associated with a lower incidence of diabetes. J
Nutr (2021) 151(11):3533-42. doi: 10.1093/jn/nxab269

2. Dong PT, Lin H, Huang KC, Cheng JX. Label-free quantitation of glycated
hemoglobin in single red blood cells by transient absorption microscopy and phasor
analysis. Sci Adv (2019) 5(5):eaav0561. doi: 10.1126/sciadv.aav0561

3. Zhao W, Rasheed A, Tikkanen E, Lee JJ, Butterworth AS, Howson JMM, et al.
Identification of new susceptibility loci for type 2 diabetes and shared etiological
pathways with coronary heart disease. Nat Genet (2017) 49(10):1450-7. doi: 10.1038/
ng.3943

4. Global Burden of Metabolic Risk Factors for Chronic Diseases C Cardiovascular
disease, chronic kidney disease, and diabetes mortality burden of cardiometabolic risk
factors from 1980 to 2010: a comparative risk assessmentLancet Diabetes Endocrinol
(2014) 2(8):634-47 doi: 10.1016/S2213-8587(14)70102-0

5. Magliano DJ, Boyko EJ. IDF Diabetes Atlas 10th edition scientific committee. IDF
DIABETES ATLAS [Internet]. 10th ed. Brussels: International Diabetes Federation
(2021).

6. Tinajero MG, Malik VS. An update on the epidemiology of type 2 diabetes: A
global perspective. Endocrinol Metab Clin North Am (2021) 50(3):337-55. doi: 10.1016/
j.ecl.2021.05.013

7. Guasch-Ferre M, Satija A, Blondin SA, Janiszewski M, Emlen E, O'Connor LE,
et al. Meta-analysis of randomized controlled trials of red meat consumption in
comparison with various comparison diets on cardiovascular risk factors.
Circulation. (2019) 139(15):1828-45. doi: 10.1161/CIRCULATIONAHA.118.035225

8. Neuenschwander M, Ballon A, Weber KS, Norat T, Aune D, Schwingshackl L,
et al. Role of diet in type 2 diabetes incidence: umbrella review of meta-analyses of
prospective observational studies. BMJ (2019) 366:12368. doi: 10.1136/bm;j.12368

9. Qian F, Liu G, Hu FB, Bhupathiraju SN, Sun Q. Association between plant-based
dietary patterns and risk of type 2 diabetes: A systematic review and meta-analysis.
JAMA Intern Med (2019) 179(10):1335-44. doi: 10.1001/jamainternmed.2019.2195

10. Caro-Ordieres T, Marin-Royo G, Opazo-Rios L, Jimenez-Castilla L, Moreno JA,
Gomez-Guerrero C, et al. The coming age of flavonoids in the treatment of diabetic
complications. J Clin Med (2020) 9(2). doi: 10.3390/jcm9020346

11. Testa R, Bonfigli AR, Genovese S, De Nigris V, Ceriello A. The possible role of
flavonoids in the prevention of diabetic complications. Nutrients. (2016) 8(5). doi:
10.3390/nu8050310

12. Vinayagam R, Xu B. Antidiabetic properties of dietary flavonoids: a cellular
mechanism review. Nutr Metab (Lond). (2015) 12:60. doi: 10.1186/s12986-015-0057-7

13. Jacques PF, Cassidy A, Rogers G, Peterson JJ, Meigs JB, Dwyer JT. Higher
dietary flavonol intake is associated with lower incidence of type 2 diabetes. J Nutr
(2013) 143(9):1474-80. doi: 10.3945/jn.113.177212

14. Nettleton JA, Harnack LJ, Scrafford CG, Mink PJ, Barraj LM, Jacobs DR
Jr.Dietary flavonoids and flavonoid-rich foods are not associated with risk of type 2
diabetes in postmenopausal women. J Nutr (2006) 136(12):3039-45 doi: 10.1093/jn/
136.12.3039

15. Song Y, Manson JE, Buring JE, Sesso HD, Liu S. Associations of dietary
flavonoids with risk of type 2 diabetes, and markers of insulin resistance and
systemic inflammation in women: a prospective study and cross-sectional analysis. ]
Am Coll Nutr (2005) 24(5):376-84. doi: 10.1080/07315724.2005.10719488

16. Wedick NM, Pan A, Cassidy A, Rimm EB, Sampson L, Rosner B, et al. Dietary
flavonoid intakes and risk of type 2 diabetes in US men and women. Am J Clin Nutr
(2012) 95(4):925-33. doi: 10.3945/ajcn.111.028894

17. Grosso G, Stepaniak U, Micek A, Kozela M, Stefler D, Bobak M, et al. Dietary
polyphenol intake and risk of type 2 diabetes in the Polish arm of the Health, Alcohol
and Psychosocial factors in Eastern Europe (HAPIEE) study. Br J Nutr (2017) 118
(1):60-8. doi: 10.1017/S0007114517001805

18. investigators Ps. Intake of total polyphenols and some classes of polyphenols is
inversely associated with diabetes in elderly people at high cardiovascular disease risk. /
Nutr (2015) 146(4):767-77. doi: 10.3945/jn.115.223610

19. Flavonoid values for USDA survey foods and beverages Available at: https://www.
ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-
center/food-surveys-research-group/docs/fndds-flavonoid-database/.

20. About the national health and nutrition examination survey . Available at:
https://www.cdc.gov/nchs/nhanes/about_nhanes. Htm.

21. Zhou Y, Gu K, Zhou F. Dietary flavonoid intake and cancer mortality: A
population-based cohort study. Nutrients. (2023) 15(4). doi: 10.3390/nu15040976

22. Rattan P, Penrice DD, Ahn JC, Ferrer A, Patnaik M, Shah VH, et al. Inverse
association of telomere length with liver disease and mortality in the US population.
Hepatol Commun (2022) 6(2):399-410. doi: 10.1002/hep4.1803

23. Krebs-Smith SM, Pannucci TE, Subar AF, Kirkpatrick SI, Lerman JL, Tooze JA,
et al. Update of the healthy eating index: HEI-2015. ] Acad Nutr Diet. (2018) 118
(9):1591-602. doi: 10.1016/j.jand.2018.05.021

Frontiers in Endocrinology

15

10.3389/fendo.2023.1250410

24. Shivappa N, Steck SE, Hurley TG, Hussey JR, Hebert JR. Designing and
developing a literature-derived, population-based dietary inflammatory index. Public
Health Nutr (2014) 17(8):1689-96. doi: 10.1017/S1368980013002115

25. Blood pressure . Available at: https://wwwn.cdc.gov/Nchs/Nhanes/2007-2008/
BPX_E.htm.

26. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al.
IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for
2021 and projections for 2045. Diabetes Res Clin Pract (2022) 183:109119. doi: 10.1016/
j.diabres.2021.109119

27. Sibiya N, Mzimela N, Mbatha B, Ngubane P, Khathi A. The insights on why
diabetes prevalence may increase amid or post COVID-19 pandemic. Curr Diabetes
Rev (2023) 19(4):37-45. doi: 10.2174/1573399818666220411122345

28. Ali MK, Pearson-Stuttard J, Selvin E, Gregg EW. Interpreting global trends in
type 2 diabetes complications and mortality. Diabetologia. (2022) 65(1):3-13. doi:
10.1007/s00125-021-05585-2

29. Harding JL, Pavkov ME, Magliano DJ, Shaw JE, Gregg EW. Global trends in
diabetes complications: a review of current evidence. Diabetologia. (2019) 62(1):3-16.
doi: 10.1007/s00125-018-4711-2

30. Burton-Freeman B, Brzezinski M, Park E, Sandhu A, Xiao D, Edirisinghe I. A
selective role of dietary anthocyanins and flavan-3-ols in reducing the risk of type 2
diabetes mellitus: A review of recent evidence. Nutrients (2019) 11(4). doi: 10.3390/
null040841

31. Grosso G, Stepaniak U, Micek A, Stefler D, Bobak M, Pajak A. Dietary
polyphenols are inversely associated with metabolic syndrome in Polish adults of the
HAPIEE study. Eur ] Nutr (2017) 56(4):1409-20. doi: 10.1007/s00394-016-1187-z

32. Zamora-Ros R, Forouhi NG, Sharp SJ, Gonzalez CA, Buijsse B, Guevara M, et al.
The association between dietary flavonoid and lignan intakes and incident type 2
diabetes in European populations: the EPIC-InterAct study. Diabetes Care (2013) 36
(12):3961-70. doi: 10.2337/dc13-0877

33. LiuF, Nie ], Deng MG, Yang H, Feng Q, Yang Y, et al. Dietary flavonoid intake is
associated with a lower risk of diabetic nephropathy in US adults: data from NHANES
2007-2008, 2009-2010, and 2017-2018. Food Funct (2023) 14(9):4183-90. doi: 10.1039/
D3F000242]

34. Consortium STD, Williams AL, Jacobs SB, Moreno-Macias H, Huerta-Chagoya
A, Churchhouse C, et al. Sequence variants in SLC16A11 are a common risk factor for
type 2 diabetes in Mexico. Nature. (2014) 506(7486):97-101. doi: 10.1038/nature12828

35, Shabbir U, Rubab M, Daliri EB, Chelliah R, Javed A, Oh DH. Curcumin,
quercetin, catechins and metabolic diseases: the role of gut microbiota. Nutrients.
(2021) 13(1). doi: 10.3390/nu13010206

36. Liu YJ, Zhan J, Liu XL, Wang Y, Ji ], He QQ. Dietary flavonoids intake and risk
of type 2 diabetes: a meta-analysis of prospective cohort studies. Clin Nutr (2014) 33
(1):59-63. doi: 10.1016/j.cInu.2013.03.011

37. Guo X, Yang B, Tan J, Jiang J, Li D. Associations of dietary intakes of
anthocyanins and berry fruits with risk of type 2 diabetes mellitus: a systematic
review and meta-analysis of prospective cohort studies. Eur J Clin Nutr (2016) 70
(12):1360-7. doi: 10.1038/ejcn.2016.142

38. Guo XF, Ruan Y, Li ZH, Li D. Flavonoid subclasses and type 2 diabetes mellitus
risk: a meta-analysis of prospective cohort studies. Crit Rev Food Sci Nutr (2019) 59
(17):2850-62. doi: 10.1080/10408398.2018.1476964

39. Zamora-Ros R, Forouhi NG, Sharp SJ, Gonzalez CA, Buijsse B, Guevara M, et al.
Dietary intakes of individual flavanols and flavonols are inversely associated with
incident type 2 diabetes in European populations. ] Nutr (2014) 144(3):335-43. doi:
10.3945/jn.113.184945

40. Hsu CH, Liao YL, Lin SC, Tsai TH, Huang CJ, Chou P. Does supplementation
with green tea extract improve insulin resistance in obese type 2 diabetics? A
randomized, double-blind, and placebo-controlled clinical trial. Altern Med Rev
(2011) 16(2):157-63.

41. de Pascual-Teresa S, Santos-Buelga C, Rivas-Gonzalo JC. Quantitative analysis
of flavan-3-ols in Spanish foodstuffs and beverages. | Agric Food Chem (2000) 48
(11):5331-7. doi: 10.1021/jf000549h

42. Aron PM, Kennedy JA. Flavan-3-ols: nature, occurrence and biological activity.
Mol Nutr Food Res (2008) 52(1):79-104. doi: 10.1002/mnfr.200700137

43. Wen L, Wu D, Tan X, Zhong M, Xing J, Li W, et al. The role of catechins in
regulating diabetes: an update review. Nutrients (2022) 14(21). doi: 10.3390/nu14214681

44. Munteanu GZ, Munteanu ZVI, Roiu G, Daina CM, Moraru R, Moraru L, et al.
Aspects of tertiary prevention in patients with primary open angle glaucoma. J Pers
Med (2021) 11(9). doi: 10.3390/;pm11090830

45. Shubrook JH, Chen W, Lim A. Evidence for the prevention of type 2 diabetes
mellitus. ] Am Osteopath Assoc (2018) 118(11):730-7. doi: 10.7556/ja0a.2018.158

46. Eriksson J, Lindstrom J, Valle T, Aunola S, Hamalainen H, Ilanne-Parikka P,
et al. Prevention of Type II diabetes in subjects with impaired glucose tolerance: the
Diabetes Prevention Study (DPS) in Finland. Study design and 1-year interim report on

frontiersin.org


https://doi.org/10.1093/jn/nxab269
https://doi.org/10.1126/sciadv.aav0561
https://doi.org/10.1038/ng.3943
https://doi.org/10.1038/ng.3943
https://doi.org/10.1016/S2213-8587(14)70102-0
https://doi.org/10.1016/j.ecl.2021.05.013
https://doi.org/10.1016/j.ecl.2021.05.013
https://doi.org/10.1161/CIRCULATIONAHA.118.035225
https://doi.org/10.1136/bmj.l2368
https://doi.org/10.1001/jamainternmed.2019.2195
https://doi.org/10.3390/jcm9020346
https://doi.org/10.3390/nu8050310
https://doi.org/10.1186/s12986-015-0057-7
https://doi.org/10.3945/jn.113.177212
https://doi.org/10.1093/jn/136.12.3039
https://doi.org/10.1093/jn/136.12.3039
https://doi.org/10.1080/07315724.2005.10719488
https://doi.org/10.3945/ajcn.111.028894
https://doi.org/10.1017/S0007114517001805
https://doi.org/10.3945/jn.115.223610
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-flavonoid-database/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-flavonoid-database/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-flavonoid-database/
https://www.cdc.gov/nchs/nhanes/about_nhanes.Htm
https://doi.org/10.3390/nu15040976
https://doi.org/10.1002/hep4.1803
https://doi.org/10.1016/j.jand.2018.05.021
https://doi.org/10.1017/S1368980013002115
https://wwwn.cdc.gov/Nchs/Nhanes/2007-2008/BPX_E.htm
https://wwwn.cdc.gov/Nchs/Nhanes/2007-2008/BPX_E.htm
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.2174/1573399818666220411122345
https://doi.org/10.1007/s00125-021-05585-2
https://doi.org/10.1007/s00125-018-4711-2
https://doi.org/10.3390/nu11040841
https://doi.org/10.3390/nu11040841
https://doi.org/10.1007/s00394-016-1187-z
https://doi.org/10.2337/dc13-0877
https://doi.org/10.1039/D3FO00242J
https://doi.org/10.1039/D3FO00242J
https://doi.org/10.1038/nature12828
https://doi.org/10.3390/nu13010206
https://doi.org/10.1016/j.clnu.2013.03.011
https://doi.org/10.1038/ejcn.2016.142
https://doi.org/10.1080/10408398.2018.1476964
https://doi.org/10.3945/jn.113.184945
https://doi.org/10.1021/jf000549h
https://doi.org/10.1002/mnfr.200700137
https://doi.org/10.3390/nu14214681
https://doi.org/10.3390/jpm11090830
https://doi.org/10.7556/jaoa.2018.158
https://doi.org/10.3389/fendo.2023.1250410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

the feasibility of the lifestyle intervention programme. Diabetologia. (1999) 42(7):793-
801. doi: 10.1007/s001250051229

47. Lindstrom J, Peltonen M, Eriksson ]G, Ilanne-Parikka P, Aunola S, Keinanen-
Kiukaanniemi S, et al. Improved lifestyle and decreased diabetes risk over 13 years:
long-term follow-up of the randomised Finnish Diabetes Prevention Study (DPS).
Diabetologia. (2013) 56(2):284-93. doi: 10.1007/s00125-012-2752-5

48. Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, et al. Effects of diet and exercise
in preventing NIDDM in people with impaired glucose tolerance. The Da Qing IGT and
Diabetes Study. Diabetes Care (1997) 20(4):537-44. doi: 10.2337/diacare.20.4.537

49. Galati G, O'Brien PJ. Potential toxicity of flavonoids and other dietary phenolics:
significance for their chemopreventive and anticancer properties. Free Radic Biol Med
(2004) 37(3):287-303. doi: 10.1016/j.freeradbiomed.2004.04.034

Frontiers in Endocrinology

16

10.3389/fendo.2023.1250410

50. Li Y, Trush MA. Reactive oxygen-dependent DNA damage resulting from the
oxidation of phenolic compounds by a copper-redox cycle mechanism. Cancer Res
(1994) 54(7 Suppl):1895s-8s.

51. Yamanaka N, Oda O, Nagao S. Green tea catechins such as (-)-epicatechin and
(-)-epigallocatechin accelerate Cu2+-induced low density lipoprotein oxidation in
propagation phase. FEBS Lett (1997) 401(2-3):230-4. doi: 10.1016/S0014-5793(96)
01455-X

52. Galati G, Chan T, Wu B, O'Brien PJ. Glutathione-dependent generation of
reactive oxygen species by the peroxidase-catalyzed redox cycling of flavonoids. Chem
Res Toxicol (1999) 12(6):521-5. doi: 10.1021/tx980271b

53. Galati G, Moridani MY, Chan TS, O'Brien PJ. Peroxidative metabolism of apigenin
and naringenin versus luteolin and quercetin: glutathione oxidation and conjugation. Free
Radic Biol Med (2001) 30(4):370-82. doi: 10.1016/S0891-5849(00)00481-0

frontiersin.org


https://doi.org/10.1007/s001250051229
https://doi.org/10.1007/s00125-012-2752-5
https://doi.org/10.2337/diacare.20.4.537
https://doi.org/10.1016/j.freeradbiomed.2004.04.034
https://doi.org/10.1016/S0014-5793(96)01455-X
https://doi.org/10.1016/S0014-5793(96)01455-X
https://doi.org/10.1021/tx980271b
https://doi.org/10.1016/S0891-5849(00)00481-0
https://doi.org/10.3389/fendo.2023.1250410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The associations between dietary flavonoid intake and the prevalence of diabetes mellitus: Data from the National Health and Nutrition Examination Survey 2007-2010 and 2017-2018
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Assessment of flavonoid intakes
	2.3 Assessment of DM
	2.4 Assessment of covariates
	2.5 Statistical analysis

	3 Results
	3.1 Characteristics of participants
	3.2 Associations between flavonoid intake and prevalence of DM
	3.3 Stratified analysis of the correlation between flavonoid intake and DM prevalence
	3.4 Sensitivity analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


