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1 | INTRODUCTION

Hypertension represents a significant global public health challenge
with increasing prevalence.! Previous surveys have reported that 85.7

million adults in the United States suffer from hypertension.2 Hyper-
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Abstract

Although in vitro experiments have demonstrated the potential of flavonoid com-
pounds in regulating blood pressure, there is still a lack of evidence from large
population studies. We conducted a cross-sectional study using the National Health
and Nutrition Examination Survey to investigate the relationship between flavonoid
intake levels (natural log transformation) and hypertension events. A total of 15
752 participants aged over 20 years were included, and a weighted multivariable
logistic regression analysis was performed to explore the relationship between total
flavonoids, five sub types intake, and hypertension events. Smooth curve fitting was
used to explore potential nonlinear relationships. Higher total flavonoids intake was
associated with a lower risk of hypertension than the lowest group. The adjusted
odds ratios (95% Cls) were 0.79 (0.70-0.88) for total flavonoids intake. Elevated total
flavonoids intake levels were significantly and linearly associated with a lower risk of
hypertension. For each unit increase in the total flavonoids intake level, the adjusted
ORs for risk of hypertension decrease by 5% (OR 0.95; 95% Cl, 0.92-0.98). In addition,
in restricted cubic spline regression, we found that flavan-3-ols, anthocyanidins, and
flavonols intake were linearly and negatively related to prevalence of hypertension.
Flavones intake showed nonlinear associations with prevalence of hypertension with
inflection points of -1.90. Within a certain range, a negative correlation exists between
flavonoids intake and hypertension events. This finding provides insights into dietary
modifications in the prevention of hypertension.
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tension, caused by vascular sclerosis and endothelial dysfunction,
burdens cardiovascular and cerebrovascular systems heavily, leading
to severe cardiovascular and cerebrovascular diseases.®* Hyperten-
sion is influenced by both genetic and environmental factors,® and

controlling diet and lifestyle can reduce its incidence.
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FIGURE 1 Flowchart for the research.

Flavonoid compounds are present in fruits and vegetables and
belong to a class of polyphenolic compounds.® They may regulate
vascular function through eNOS, provide antioxidant function, and
alleviate endothelial dysfunction.” Some in vitro experiments also
support the antihypertensive activity of flavonoid compounds.® Con-
sumption of a healthy plant-based diet may also reduce the incidence
of hypertension. Although flavonoid intake has the potential to con-
trol hypertension, observational studies have reported inconsistent
associations between flavonoid intake and hypertension.8? It could
be attributed to population heterogeneity, inadequate intake, and
interactions between flavonoid intake and intestinal flora. Therefore,
we investigated the relationship between flavonoid intake and hyper-
tension risk in American adults. This study aims to provide insights for
the prevention of hypertension.

2 | MATERIALS AND METHODS

2.1 | Data source and study population

The National Health and Nutrition Examination Study (NHANES)
is a thorough study that uses a nationally representative sample

to assess the American population’s physical health and nutri-

tional consumption. We used NHANES data from 2007-2008,
2009-2010, and 2017-2018, which contained information on the
consumption of flavonoids, in our investigation. Participants who
were under 20 years of age (n = 12 218), pregnant (n = 171), with-
out hypertension or missing flavonoid intake data (n = 1799) were
excluded. Finally, in the analysis, there were 15 752 individuals
(Figure 1).

2.2 | Dietary intakes

Two 24-h-long interviews on eating habits were conducted as
part of the NHANES, during which participants provided informa-
tion about the amount of food and beverages they had consumed
the day before. Based on the Food and Nutrient Database for
Dietary Studies (FNDDS), individual nutrients and flavonoid intake
were calculated. If persons finished both food recall interviews,
the mean intake of nutrients was calculated. We obtained data
on the intake of 29 individual flavonoids by six types (Table S1).
Data sources and calculation can be found in the 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.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/
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2.3 | Definition of hypertension

After 5 min of rest, trained physicians took the patient’s blood pres-
sure three times at 30 s apart (and occasionally four times) using a
consistent methodology. An individual was classified as suffering from
hypertension if they fulfilled any or all of the following descriptions:
1) average systolic blood pressure (SBP) >140 mmHg, 2) average
diastolic blood pressure (DBP) > 90 mmHg, 3) currently taking anti-
hypertensive medication, and 4) self-reported of hypertension by

questionnaire.

2.4 | Covariate definitions

-The study incorporated potential factors that may confuse. Socioeco-
nomic considerations included age, sex (male, female), race/ethnicity
(non-Hispanic whites, non-Hispanic blacks, and others), education level
(below high school, high school, above high school), smoking sta-
tus (never smoker, former smoker, current smoker), drinking status
(nondrinker, low-to-moderate drinker, heavy drinker), family income
poverty ratio (< 1.0, 1-3, > 3), leisure-time physical activity (inac-
tive, insufficiently active, active), energy intake (continuous), BMI
(continuous), and health-related illnesses, including diabetes (yes, no,
borderline), cardiovascular disease (yes, no), and cancer (yes, no). Lab-
oratory tests included glycohemoglobin (continuous) and estimated
glomerular filtration rate (eGFR) (continuous). Less than 100 cigarettes
must have been smoked in a lifetime to qualify as a nonsmoker. For-
mer smokers have never smoked again after smoking more than 100
cigarettes, whereas current smokers continuously smoke. In terms of
drinking status, men with < 2 drinks/day and women < 1 drink/day
were defined as low to moderate drinkers, while men with > 2
drinks/day and women with > 1 drink/day were defined as heavy
drinkers. Diet modification in the Renal Disease formula was used to
compute the estimated eGFR.1 According to inactive, inadequately
active, and active categories, leisure-time physical activity was calcu-
lated using moderate and vigorous-intensity physical activity.!? We
have conducted all research following the NHANES guidelines, and
publicly available details are available at https://www.cdc.gov/nchs/

nhanes/.

2.5 | Statistical analysis

The complex survey design factors, including sample weights, strati-
fication, and clustering, were considered in the NHANES analysis to
allow nationally representative estimates.!21% We used “WTDRD1,
SDMVPSU, SDMVSTRA” to conduct the weighted analyses using
the R package “survey.'® Baseline characteristics were analyzed by
a weighted linear regression model for continuous variables and a
weighted Chi-square test for categorical variables. Mean (CI%) was
used for continuous variables and percentage (C1%) for categorical

variables. CI% was derived from adjusted Wald tests for differences
in weighted categories.!* Although isoflavones are included in total
flavonoids, they were not analyzed separately as the intake in the
United States is too low and is not expected to produce biologi-
cal effects.’>1¢ |n addition, considering the skewed flavonoids intake
distribution, the data were transformed into natural logarithms and
expressed in quartiles. Two models of weighted multivariate logistic
regression analyses were used to examine the relationship between
the consumption of total flavonoids, five sub types and the risk of
hypertension. Model 1 included race/ethnicity as non-Hispanic white,
non-Hispanic black, or other, age as a continuous variable, sex as male
or female, and gender. If the covariate changed the resulting esti-
mate by more than 10% or had a regression coefficient p < .1, it
was considered a potential confounder in Model 2. To prevent mul-
ticollinearity, variables with a variance inflation factor (VIF) greater
than five were excluded from the models. Model 2 included further
adjustments for education level (less than high school, high school or
college, or more), alcohol consumption status (none, light, or heavy),
smoking status (never, former, or current), poverty-to-income ratio (<
1,1-3,0r > 3), energy intake (continuous), and further adjustments for
leisure-time physical activity (inactive, insufficiently active, or active),
eGFR (continuous), BMI (continuous), glycated hemoglobin (contin-
uous), diabetes (yes, no, or borderline), cardiovascular disease (yes,
no), and cancer (yes, no). Additionally, restricted cubic splines were
used with three knots (10th, 50th, and 90th percentiles) to examine
dose-response associations. We then calculated OR for flavonoids and
outcomes by running a log-likelihood ratio test for the non-linearity of
the smooth curve fit, contrasting the segmented regression model to
the single-linear (non-segmented) model while accounting for relevant
confounders.

Likewise, except for the variables, the adjustment technique was
the same as in Model 2. Analyses were divided into groups according to
the following factors: sex, age (< 60 years or > 60 years), race/ethnicity
(non-Hispanic white, non-Hispanic black, or others), cancer (yes, no),
cardiovascular disease (yes, no), BMI (< 30.00 or > 30.00), glycohe-
moglobin (< 6.5% or >6.5%), and calorie consumption (continuous)
to explore interactions, and finally, employed multiple estimates and
chained equation techniques based on five replications in the R Ml
process to account for the missing data to prevent a deterioration
in the effectiveness and bias of the statistical analyses owing to the
direct exclusion of missing values. Weighted multivariate logistic
regression analysis was performed on the five newly created data sets,
and the outcomes were merged. We performed sensitivity analyses
to assess the influence of multiple Imputation on the results. The
link between total flavonoids intake after transformed into natural
logarithms and the risk of hypertension was first investigated using
data before multiple imputations (n = 12 628). Finally, we also used
generalized linear regression to analyze the association among HbA1lc,
FBG, triglycerides, cholesterol, LDL-C, HDL-C, hs-CRP, and total
flavonoids intake. R 4.2.1 (http://www.R-project.org) were used for all
analyses. A two-sided p value of less than .05 was deemed statistically

significant.
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3 | RESULTS

3.1 | Characteristics of participants

There were 15 752 participants in all, and 7408 of them had hyperten-
sion, making up 47% of the population. The weighted study population
with hypertension exhibited a higher prevalence among the elderly
population, males, non-Hispanic Whites, and non-Hispanic Blacks, as
well as individuals with lower educational attainment and moderate
family income. Moreover, this patient cohort had a notable inclination
towards lower energy intake and reduced physical activity levels. And
diabetes, cancer, and heart disease are more frequently present along-
side them. Additionally, they displayed higher BMI, glycohemoglobin
and lower eGFR levels (Table 1).

3.2 | Association between total flavonoids, five sub
types, and hypertension

After natural log transformation for total flavonoids and five sub types,
total flavonoids, flavan-3-ols, and anthocyanidins were negatively
associated with prevalence of hypertension. In Model 2, we found
that compared to the lowest quartile, quartile 4 of total flavonoids
intake (OR = 0.78, 95% Cl: 0.70-0.88), flavan-3-ols intake (OR = 0.83,
95% Cl: 0.74-0.93), anthocyanidins intake (OR = 0.83, 95% Cl: 0.71-
0.97) showed significant negative associations with the prevalence of
hypertension (Tables 2 and 3).

3.3 | Restricted cubic spline analysis of the
association between total flavonoids, five subtypes
intake, and prevalence of hypertension

The dose-response relationship between total flavonoids, five sub-
types intake (natural log transformation), and the adjusted odds ratio
for hypertension was depicted using restricted cubic splines. A lin-
earity association between total flavonoids intake and hypertension
was observed (Figure 2). Additionally, a combination of logistic pro-
portional odds models with a two-segmented logistic proportional
odds model was not find the non-linear relationship between total
flavonoids intake levels and the hypertension mentioned above rates
(p for log-likelihood ratio > .05). For each unit increase in the total
flavonoids intake (natural log transformation), the adjusted ORs for
risk of hypertension decrease by 5% (OR 0.95; 95% Cl, 0.92-0.98)
(Table 4). At the same time, restricted cubic splines showed the flavan-
3-ols, anthocyanidins, and flavonols intake were linearly and negatively
associated with prevalence of hypertension (flavan-3-ols intake: p for
nonlinearity = .909, Figure 3A; anthocyanidins intake: p for nonlin-
earity = .371, Figure 3B; flavonols intake: p for nonlinearity = .053,
Figure 3E). In addition, flavones intake (p for nonlinearity = .023) was
nonlinearly and negatively correlated with prevalence of hypertension
with inflection points of —1.90 (Figure 3C and Table 5).

3.4 | Stratified analysis and sensitivity analysis
Results between total flavonoids intake (natural log transformation)
and the risk of hypertension were consistent after stratification of
studies by sex (male), age (< 60), race/ethnicity (non-Hispanic white),
cardiovascular disease (no), cancer (no), BMI (< 30.00 or > 30.00), gly-
cohemoglobin (< 6.5%), and energy intake (low and high) (Figure 4).
In sensitivity analyses, the characteristics of raw data and data after
multiple imputations were similar except family income-poverty ratio
and drinking status (Table S2). Similar results were observed when we
excluded participants with missing covariate data to investigate the
association among the take of total flavonoids (natural log transforma-
tion) and the risk of hypertension (Table S3). Finally, a cross-sectional
investigation indicated that total flavonoids (natural log transforma-
tion) intake increment was related to a lower hs-CRP level in the
population without hypertension (adjusted-g = —0.18; 95% Cl: —0.31
to —0.04), but not associated with other metabolic risk factors, includ-
ing HbA1c, fasting blood glucose, triglycerides, cholesterol, LDL-C, and
HDL-C (Table S4).

4 | DISCUSSION

In this cross-sectional research, we demonstrated that higher total
flavonoids were significantly and linearly associated with a lower
prevalence of hypertension. Significant inverse relationships between
flavan-3-ols, anthocyanidins, flavonols intake, and prevalence of hyper-
tension were also revealed in the restricted cubic splines. In addition,
the inverse relationships between flavones intake and hypertension
were nonlinear. These findings may influence clinical practice and help
individuals decrease the prevalence of hypertension.

The relationship between flavonoid intake and hypertension may
vary among different populations. A cohort study of young Australian
women demonstrated a L-shaped relationship between flavonoid
intake and hypertension.?” Similarly, an 18-year cohort study in
China demonstrated the same results.'® Although our study is cross-
sectional, it suggests a linear negative correlation. Prospective studies
of middle-aged and older Americans suggest that intake of antho-
cyanins, flavones, and flavonoid-3-ol compounds may help prevent
hypertension and that the benefits were greatest in participants
younger than 60 years,'? which is consistent with our study. Although
in vitro experiments have shown that flavonoid compounds can pro-
tect the cardiovascular system and lower blood pressure through

various mechanisms,2°

our stratified analysis revealed that total
flavonoids intake does not reduce the risk of hypertension in indi-
viduals with other diseases or those over 60. This result may be
caused by an imbalance between damage and benefit, with cumulative
damage over decades possibly outweighing the ability of flavonoids
to affect endothelial function and blood pressure in older adults
beneficially.1? The potential explanation is that the detrimental effects
of other diseases on the cardiovascular system outweigh the bene-

fits of flavonoids, and the influence of flavonoids on hypertension is
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TABLE 1 Baseline characteristics of people, weighted.

Characteristics

Patients, no.

Age, years

Sex (%)
Male
Female

Race/ethnicity (%)
Non-Hispanic White
Non-Hispanic Black
Others

Education level (%)
Below high school
High school
Above high school

Smoking status (%)
Never smoker
Former smoker
Current smoker

Drinking status (%)
Nondrinker
Low-to-moderate drinker
Heavy drinker

Family income-poverty ratio (%)
<10
1-3
>3

Leisure-time physical activity (%)
Inactive
Insufficiently active
Active
Energy intake (kcal)
<1500 kcal/day
>1500 kcal/day
Cardiovascular disease (%)
Cancer (%)

Diabetes (%)
Yes
No
Borderline
BMI kg/m?
eGFR (mg/min/1.73 m2)
Glycohemoglobin (%)
Total flavonoids intake (mg/day)

For continuous variables: weighted mean (95% Cl), and for categorical variables: weighted percentage (95% Cl).

Total

15752
47.63(47.04,48.23)

48.84(47.97,49.70)
51.16 (50.30,52.03)

67.41(63.60,71.00)
11.25(9.61,13.13)
21.34(18.39,24.61)

14.77 (13.44,16.22)
23.89(21.90,25.99)
61.34(58.59,64.02)

55.23(53.38,57.08)
24.91(23.78,26.07)
19.86(18.53,21.25)

19.89(18.66,21.17)
70.33(69.20,71.44)
9.78 (8.89,10.76)

13.65(12.47,14.93)
35.98(33.83,38.18)
50.37 (47.88,52.86)

47.32(45.10,49.55)
17.66 (16.63,18.74)
35.02(33.07,37.01)

1988.00 (1474.00,2668.00)

(

26.27 (25.14,27.43)

73.73(72.57,74.86)
8.76 (8.03,9.56)

10.14 (9.38,10.96)

9.66(8.94,10.42)
88.34(87.61,89.03)

2.00(1.76,2.28)
29.08(28.84,29.31)
94.23(93.30,95.16)

5.64(5.62,5.66)

235.67(220.19,251.16)

Non-hypertension

8344
41.14(40.51,41.76)

47.44(46.28,48.61)
52.56(51.39,53.72)

66.09 (62.37,69.63)
9.53(8.16,11.09)
24.38(21.18,27.88)

14.77 (13.44,16.22)
23.89(21.90,25.99)
61.34(58.59,64.02)

58.09 (55.59,60.56)
20.27(18.79,21.83)
21.64(19.76,23.64)

16.53(15.24,17.91)
73.74(72.44,75.00)
9.73(8.74,10.82)

14.14 (12.88,15.50)
34.52(32.17,36.95)
51.34(48.44,54.24)

41.18(39.09,43.29)
17.90(16.61,19.26)
40.92 (38.85,43.03)

23.75(22.48,25.07)

76.25(74.93,77.52)
3.28(2.78,3.86)
6.71(5.92,7.61)

(
(
(
2027.00(1526.00,2710.00)
(
(
(
(

3.73(3.23,4.30)
94.93(94.20,95.58)
1.34(1.04,1.73)
27.71(27.46,27.96)
100.66 (99.64,101.68)
5.45(5.43,5.47)
(

233.78(217.20,250.36)

Hypertension

7408
57.02(56.45,57.60)

50.85(49.54,52.17)
49.15 (47.83,50.46)

69.31(65.10,73.22)
13.75(11.51,16.35)
16.94(14.18,20.11)

18.54(16.93,20.26)
27.50(25.91,29.16)
53.96(51.57,56.33)

51.10(49.39,52.82)
31.61(30.31,32.95)
17.28(15.95,18.71)

24.64(22.88,26.49)
65.50(63.81,67.15)
9.86(8.67,11.19)

12.94(11.47,14.56)
38.11(35.47,40.82)
48.95(46.24,51.67)

56.20(53.47,58.90)
17.32(15.98,18.75)
26.48(24.27,28.81)

1921.00 (1409.00,2608.00)

29.90(28.31,31.55)
70.10(68.45,71.69)
16.69(15.31,18.16)
15.11(14.00,16.28)

18.23(16.87,19.68)
78.80(77.53,80.02)
2.97(2.49,3.53)
31.06(30.76,31.35)
84.88(84.01,85.76)
5.91(5.87,5.94)

238.42(218.48,258.35)

WILEY -7

<.001
<.001

<.001

<.001

<.001

<.001

.008

<.001

<.001

<.001

<.001
<.001

<.001
<.001
<.001

.631
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TABLE 2 Odds ratios (95% Cls) for hypertension according to quartiles of total flavonoid intake (natural log transformation), weighted.
Non-adjusted model Model 1 Model 2

Exposure OR (95%Cl) p OR (95%Cl) p OR (95%ClI) p
Total flavonoid intake (natural log transformation)
Q1 Reference Reference Reference
Q2 0.95(0.83,1.18) 47 0.93(0.63,1.37) .02 0.98(0.84,1.15) .83
Q3 0.91(0.79,1.04) .20 0.71(0.61,0.82) <.01 0.87(0.75,1.02) A1
Q4 0.87(0.78,0.96) 01 0.65(0.58,0.72) <.01 0.78(0.70,0.88) <01
P for trend <0.01 <0.01 <0.01

Model 1: Adjusted for age (continuous), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, or others).
Model 2: Adjusted for age (continuous), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, or others), drinking status (none, mild,
or heavy), smoking status (never, former, or current), education level (below high school, high school, or college or above), poverty income ratio (< 1, 1-3,
or > 3), energy intake (continuous), physical activity in leisure time (inactive, insufficiently active, or active), eGFR (continuous), BMI (continuous), glycated
hemoglobin (continuous), diabetes (yes, no, or borderline), cardiovascular disease (yes, no), and cancer (yes, no).

TABLE 3 Multiple logistic regression associations of five sub types of flavonoid intake (natural log transformation) with hypertension in adults,

weighted.
Quartiles of flavonoids (natural log transformation)

Flavonoid intake Q1 Q2 Q3 Q4
Flavan-3-ols
Non-adjusted model Reference 0.88(0.78,0.99) 0.81(0.70,0.95) 0.91(0.82,1.01)
Model 1 Reference 0.81(0.70,0.94) 0.69(0.58,0.81) 0.73(0.65,0.83)
Model 2 Reference 0.92(0.80, 1.05) 0.82(0.69,0.96) 0.83(0.74,0.93)
Anthocyanidins
Non-adjusted model Reference 1.06 (0.88,1.27) 0.96(0.85,1.10) 0.93(0.83, 1.05)
Model 1 Reference 0.96(0.77,1.20) 0.83(0.71,0.96) 0.71(0.61,0.82)
Model 2 Reference 0.98(0.79, 1.22) 0.88(0.75, 1.04) 0.83(0.71,0.97)
Flavones
Non-adjusted model Reference 0.94(0.85,1.03) 0.91(0.82,0.99) 0.86(0.78,0.94)
Model 1 Reference 0.83(0.75,0.93) 0.83(0.75,0.93) 0.80(0.72,0.90)
Model 2 Reference 0.88(0.78,0.99) 0.91(0.81,1.02) 0.90(0.80, 1.01)
Flavanones
Non-adjusted model Reference 0.95(0.84, 1.06) 1.03(0.92,1.16) 1.08 (0.96, 1.20)
Model 1 Reference 0.88(0.77, 1.00) 0.87(0.76,0.99) 0.85(0.74,0.97)
Model 2 Reference 0.91(0.79, 1.05) 1.02(0.88,1.17) 0.96(0.84,1.11)
Flavonols
Non-adjusted model Reference 0.87(0.80,0.95) 0.80(0.73,0.88) 0.80(0.73,0.88)
Model 1 Reference 0.86(0.77,0.96) 0.81(0.73,0.90) 0.83(0.75,0.92)
Model 2 Reference 0.92(0.83,1.03) 0.91(0.81,1.01) 0.92(0.82,1.03)

Model 1: Adjusted for age (continuous), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, or others).
Model 2: Adjusted for age (continuous), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, or others), drinking status (none, mild,
or heavy), smoking status (never, former, or current), education level (below high school, high school, or college or above), poverty income ratio (< 1, 1-3,
or > 3), energy intake (continuous), physical activity in leisure time (inactive, insufficiently active, or active), eGFR (continuous), BMI (continuous), glycated
hemoglobin (continuous), diabetes (yes,no, or borderline), cardiovascular disease (yes, no), and cancer (yes, no).

more apparent in healthy individuals. Additionally, these data high-
light the importance of dietary intervention strategies for lowering
blood pressure before middle age. A cross-sectional study in the Ira-
nian population also demonstrated a lower prevalence of hypertension

p for trend

21
<.01
.01

A1
<.01
<.01

<.01
<.01
.13

.09
.02
1.00

<.01
<.01
.16

with increased flavonoid intake.2! As is well known, blueberries, orange

juice, and some fruits contain large amounts of anthocyanins, which can

be easily incorporated into the diet.?? Several large prospective stud-

ies have also demonstrated the strong negative correlation between
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FIGURE 2 Restricted cubic spline analyses of the association of flavonoid intake (natural log transformation) with hypertension. Heavy central
lines represent the estimated adjusted hazard ratios. The 95% confidence interval is represented by the red band. The adjustment strategy is the

same as the Model 2.

TABLE 4 Nonlinearity addressing of total flavonoid intake (natural
log transformation) and risk of hypertension.

Risk of hypertension

OR, 95%Cl,p
0.95(0.92-0.98) <.01

Outcome:

Fitting model by standard linear
regression

Fitting model by two-piecewise linear regression

Inflection point 2.92
0.98(0.92-1.05) .54
0.92(0.88-0.97) <.01

< Inflection point
> Inflection point

p for the log-likelihood ratio test .25

The adjustment strategy is the same as the Model 2.

higher intake of flavonols, anthocyanins, and flavan-3-ols on blood
pressure.’?23 |n addition, previous studies of people who regularly
consumed flavonoid-rich diets, most of whom were women, showed
higher benefits. One study attributed this result to natural differ-
ences in hormonal protection,” but we believe exposure to risk factors
also plays a key role. Our stratified analyses, after adjusting for con-
founding factors such as smoking and alcohol consumption, showed
that negative correlation were not stronger in women than in men.
Moreover, the heterogeneity of foods and beverages in different coun-
tries, due to differences in the food composition tables and dietary
assessment methods used, also contributed to possible differences in
the results of different studies. Since we used a complete flavonoid

database, we estimated flavonoid intake more accurately than in pre-

vious flavonoid studies.2* However, due to differences in geography,
species, agriculture, and lifestyle habits of people in different regions,
the flavonoid content of foods varies greatly, even in similar pop-
ulations, and the lack of biomarker labeling of metabolic processes
may be a large source of heterogeneity.?> In addition, misclassifica-
tion of flavonoid intake is inevitable, and important foods that have
previously contained flavonoids may have been missed.}” Nonethe-
less, several interventional studies of flavonoid intake have found that
the use of cocoa flavan-3-ol for a certain period resulted in an aver-
age reduction of 3—6 units in systolic and diastolic blood pressure2®
and that the intake of specific flavonoids is associated with vascular
mechanisms of action, such as improvement of vascular endothelial
function, vasodilatation, and antagonism of calcium ion signaling.?”
These provides evidence for the relationship between flavonoid intake
and hypertension.

Nitric oxide (NO) plays a significant role in the pathophysiol-
ogy of hypertension. Decreased bioavailability of NO, elevated
levels of reactive oxygen species (ROS), weakened function of
the antioxidant system, and aberrant signaling pathways con-
tribute to the various adverse consequences associated with
hypertension.?® Oxidative stress, the release of pro-inflammatory
factors, endoplasmic reticulum stress, and related signal cascades
have been implicated in developing hypertension and its related
complications.2?3% Endothelin-1 (ET-1), an effective vasoconstrictor
involved in regulating cardiovascular diseases, triggers increased
ROS generation in blood vessels, reduces the bioavailability of
NO, and induces endothelial dysfunction, thereby exacerbating

hypertension.3!
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TABLE 5 Nonlinearity addressing of flavones intake (natural log

transformation) and risk of hypertension.

Risk of hypertension

OR, 95%Cl,p
0.96(0.94-0.99) < .01

Outcome:

Fitting model by standard linear
regression

Fitting model by two-piecewise linear regression

Inflection point -1.9

0.86(0.80-0.93) <.01
1.02(0.97-1.06) .44

< Inflection point
> Inflection point

p for the log-likelihood ratio test <.01

The adjustment strategy is the same as the Model 2.

Flavonoids exert their effects through antioxidant stress, down-
regulation of inflammatory cytokine expression in endothelial cells,
and influence on endothelial function and vascular homeostasis.3?
They produce local factors such as prostacyclins, nitric oxide, and
endothelins within the vessel wall and lumen.3® Animal experi-
ments have shown that they significantly lower blood pressure,
improve aortic vasodilation, and increase NO levels in endothelial
cells by inhibiting cAMP-specific phosphodiesterase and subsequent

s.3435 |n vitro studies have demonstrated that

cascade reaction
flavonoid compounds reduce oxidative damage by scavenging free
radicals.3¢ Additionally, some studies have reported a lower level of
established inflammatory biomarkers, such as C-reactive protein,
associated with a higher intake of flavonoids.3”-38 This is consistent

with our study, which suggests that total flavonoids intakes increment

were associated with lower hs-CRP. Flavonoid compounds possess
antioxidant, anti-inflammatory, and anti-thrombotic activities.3?
They have therapeutic effects on endothelial dysfunction, myocar-
dial ischemia, cardiomyocyte, and vascular damage.*® Although it
remains unclear whether flavonoid compounds in the human body
can enhance the preventive effects against cardiovascular events
through mutual interactions and metabolism of intestinal flora,*! their
wide range of pharmacological actions provides compelling evidence
for dietary adjustments to prevent hypertension and cardiovascular
diseases.*?

Our study has several strengths. To the best of our knowledge, this
is the first large cross-sectional study to investigate the association
between flavonoid intake and hypertension risk in the adult popula-
tion using the NHANES database. Second, we analyzed the relationship
between total flavonoid intake, five subtypes, and hypertension while
adjusting for more confounding variables. Third, we used a larger and
more comprehensive flavonoid database, and compared to previous
flavonoid research, we were able to more accurately estimate flavonoid
intake, ' and explored the relationship between flavonoid intake and
hypertension in different population groups, which provides insights
into the dietary habits of diverse populations and the potential benefits
of flavonoid compounds.

However, it is important to recognize the study’s shortcomings.
First, due to the cross-sectional nature of this study, we cannot estab-
lish causality. Second, the intake of flavonoids was only estimated at
the baseline, which might not be an indicator of intake throughout
follow-up. Third, we did not stratify high blood pressure by severity.
Finally, individuals often adopt healthier lifestyles and dietary habits

after being diagnosed with hypertension, and unknown confounders
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FIGURE 4 Forest plots of stratified analyses of total flavonoid intake (natural log transformation) and the risk of hypertension. With the
exception of the variable itself, the adjustment approach is the same as Model 2.

factors related to different dietary habits among different population
groups may introduce biases.

5 | CONCLUSIONS

This cross-sectional study demonstrates a negative correlation
between the increased intake of total flavonoids within a certain
range and the prevalence of hypertension, particularly among
individuals without comorbidities. Further interventional studies
are needed to clarify the potential effects of flavonoid intake on
hypertension.
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