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A B S T R A C T

Background: Although increasing evidence suggests that polyphenol helps regulate blood pressure (BP), evidence from large-scale and long-term
population-based studies is still lacking.
Objectives: This study aimed to investigate the association between dietary polyphenol and hypertension risk in the China Health and Nutrition Survey
(N ¼ 11,056).
Methods: Food intake was assessed using 3-d, 24-h dietary recalls and household weighing method; polyphenol intake was calculated by multiplying
consumption of each food and its polyphenol content. Hypertension was defined as BP � 140/90 mmHg, physicians’ diagnosis, or taking anti-
hypertension medications. HR and 95% CI were estimated using mixed-effects Cox models.
Results: During 91,561 person-years of follow-up, a total of 3866 participants developed hypertension (35%). The lowest multivariable-adjusted HR
(95% CI) of hypertension risk occurred in the third quartile intake, which was 0.63 (0.57, 0.70) for total polyphenol, 0.61 (0.55, 0.68) for flavonoid, 0.62
(0.56, 0.69) for phenolic acid, 0.46 (0.42, 0.51) for lignan, and 0.58 (0.52, 0.64) for stilbene, compared with the lowest quartile. The polyphenol-
hypertension associations were nonlinear (all Pnonlinearity < 0.001), and different patterns were observed. U-shaped relations with hypertension were
observed for total polyphenol, flavonoid, and phenolic acid, whereas L-shaped associations were observed for lignan and stilbene. Moreover, higher fiber
intake strengthened the polyphenol-hypertension association, especially for lignan (P-interaction ¼ 0.002) and stilbene (P-interaction ¼ 0.004).
Polyphenol-containing food, particularly vegetables and fruits rich in lignan and stilbene, were significantly associated with lower hypertension risk.
Conclusions: This study demonstrated an inverse and nonlinear association between dietary polyphenol, especially lignan and stilbene, and hypertension
risk. The findings provide implications for hypertension prevention.
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Introduction

Hypertension is a major health threat for humans, increasing risk of
CVDs and mortality and affecting 1.39 billion adults globally [1,2].
Dietary modification is considered a promising strategy to prevent hy-
pertension [3]. Several dietary patterns, such as DASH, Mediterranean,
Abbreviations: 24-HDR, 24-h dietary recall; BP, blood pressure; CFCT, China Food C
pressure; SBP, systolic blood pressure.
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and Nordic diets, have been reported to help regulate hypertension [4].
The underlying mechanism explaining the hypotensive effect of these
dietary patterns remains unclear, but almost all hypotensive dietary
patterns emphasize the consumption of plant-based food.

Studies have suggested that phytochemicals might account for the
hypotensive effect of plant-based food, among which polyphenol was
omposition Table; CHNS, China Health and Nutrition Survey; DBP, diastolic blood
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suggested to be the most potent [5]. Evidence from animal and in vitro
studies supporting the blood pressure (BP)–lowering effect of poly-
phenol has accumulated [6]. However, evidence from population-based
studies is mixed. Although some cross-sectional studies demonstrated
an inverse association between the intake of phenolic acid, lignan, and
stilbene and hypertension incidence [7–9], some reported nonsignifi-
cant results [10–12]. Prospective studies on this topic are very limited
and have inconsistent findings as well. One prospective study including
2725 Polish older individuals revealed that total polyphenol, flavonoid,
and phenolic acid at different intake amounts reduced hypertension risk
to varying extents in female participants [13]. In another prospective
study of 1265 adults from Tehran, researchers found no difference in
hypertension risk in relation to total and all polyphenol class intakes
[14]. These findings suggest that different polyphenol classes at
different intake amounts might have different effects on hypertension.
Thus, it is essential to characterize the continuous relationship between
different classes of polyphenol and hypertension and explore possibly
nonlinear relationships to provide more general information.

Therefore, the purpose of this study is to examine the longitudinal
relationship between different classes of dietary polyphenol and their
source food with hypertension risk in the China Health and Nutrition
Survey (CHNS), an 18-y Nationwide Cohort Study. The findings of
this study will help clarify the relationship between polyphenol intake
and hypertension risk and provide implications for hypertension
prevention.

Methods

Study population
The CHNS is an ongoing, large-scale, household-based cohort

launched in 1989 and follows up with participants every 2–4 y. Using
multistage random-cluster sampling, the CHNS includes participants
from 12 out of 31 provinces/autonomous cities in China [15]. The
CHNS was approved by the Institutional Review Committees of the
University of North Carolina at Chapel Hill, the National Institute for
FIGURE 1. The study population (A) and follow-up timeline (B) in the CHNS s
the population in that follow-up duration in the timeline figure. CHNS, China H

265
Nutrition and Health, and the Chinese Center for Disease Control and
Prevention. Details of the CHNS have been described elsewhere
[15–17].

The current study used 7 rounds of the CHNS data from 1997 to
2015. A total of 27,887 participants with dietary data between
1997–2011 were included. Participants were excluded if they 1) were
aged <18 y (N ¼ 5500); 2) had incomplete 3-d dietary data (N ¼
1553); 3) reported implausible energy intake (<800 or >4200 kcal/
d for men and <600 or >3500 kcal/d for women) (N ¼ 330); 4) had
missing hypertension information (N ¼ 982); 5) had hypertension at
baseline (N¼ 4531); 6) had no follow-up record (N ¼ 3935). Finally, a
total of 11,056 participants were included in the study (Figure 1A). The
follow-up timeline of included participants is shown in Figure 1B.
Assessment of dietary polyphenol and nutrient intake
In each survey, diet was assessed using individual 3-d, 24-h dietary

recalls (24-HDRs) and household food inventory [15]. Beverage intake
was assessed using a self-reported consumption frequency question-
naire [18].

A composition database for assessing polyphenol intake was
derived from the polyphenol content in the China Food Composition
Table (CFCT), Phenol-Explorer [19], and the US Department of
Agriculture Database [20]. To combine different databases, polyphenol
content was converted into aglycone content using molecular weights
[21]. The database included 5 major polyphenol classes—flavonoid,
phenolic acid, lignan, stilbene, and other polyphenol. Polyphenol
intake was calculated by multiplying the consumption of each food by
its polyphenol content. Then, effects of cooking on polyphenol content
were considered by applying retention factors [22]. Polyphenol intake
was adjusted for total energy intake using the residual method.

Nutrient intake was calculated using updated versions of the CFCT
for each round and included total energy, fiber, sodium, potassium,
calcium, magnesium, vitamin C, vitamin E, SFA, PUFA, and MUFA.
Cumulative mean intake of polyphenol and nutrients was calculated
from all available rounds from baseline to the last round before
tudy (N ¼ 11,056). The height of the colored bar represents the percentage of
ealth and Nutrition Survey.
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hypertension diagnosis, death, or end of follow-up to represent par-
ticipants’ long-term diet.

BP assessment and hypertension diagnosis
BP was measured with calibrated mercury sphygmomanometers

using the same standard procedures in each wave. After a 5-min rest,
the BP of each participant was measured from the right arm in the
sitting position by certified health workers or nurses. Three measure-
ments of BP were taken and averaged to derive the BP in each wave
[23].

Hypertension was diagnosed if any of the following criteria were
met: 1) an average of 3 systolic BP (SBP) measurements�140 mmHg;
2) an average of 3 diastolic BP (DBP) measurements �90 mmHg; 3)
the participant reported a physician diagnosis of hypertension; or 4) the
participant was currently taking antihypertensive medication.

Covariates
To control for potential confounding between polyphenol intake

and hypertension risk, we included the following covariates in the
analysis—age; sex (male or female); district (rural or urban); region
(north or south); education (never, �9 y, >9 y, or unknown); income
(quartile); physical activity (very light, light, moderate, heavy, very
heavy, no working ability, or unknown); smoking (nonsmoker, former
smoker, current smoker, or unknown); current drinking status (no, yes,
or unknown); BMI (in kg/m2; <18.5, 18.5–24, 24–28, �28, or un-
known); abdominal obesity (no, yes, or unknown); baseline SBP;
diabetes (yes, no, or unknown); stroke (yes, no, or unknown); MI (yes,
no, or unknown); and dietary intakes of total energy, sodium, potas-
sium, fiber, and PUFA (all in quartiles).

Statistical analysis
Person-years were calculated from the time of the baseline survey to

the date of hypertension diagnosis, death, or end of follow-up,
whichever came first. Mixed-effects Cox proportional hazards
models with a random intercept for household (to account for the
similar dietary habits in clustering of family) were used to estimate HR
and 95% CI of hypertension risk according to polyphenol intake
quartile, adjusting for the abovementioned covariates. The proportional
hazards assumption was checked using the Schoenfeld residuals
method with no evidence of deviation. The linear trend was tested by
assigning a median value to each quartile of the polyphenol intake. We
constructed restricted cubic spline mixed-effects Cox regression
models with 4 knots (the fifth, 35th, 65th, and 95th percentiles) to
explore the potential nonlinear relationship between polyphenol intake
and hypertension risk.

In food-based analyses, HRs were estimated using the mixed-
effects Cox model, adjusting for the abovementioned nondietary fac-
tors and intake of energy, salts, red meat, and other polyphenol-derived
food groups. Spearman’s correlation analysis was conducted to
examine the correlations among total and polyphenol class, fiber, po-
tassium, calcium, magnesium, vitamin C, and vitamin E.

Analyses were further stratified by sex, age, BMI, physical activity,
smoking status, and drinking status. P values for interaction were
calculated using likelihood ratio tests comparing models with and
without interaction between stratified variables and polyphenol intake.
To evaluate the potential interaction between fiber and polyphenol
intake on hypertension risk, we first dichotomized the polyphenol
intake into 2 halves at the median cutoff and then calculated HRs
comparing the second and first half of polyphenol intake by a median of
fiber intake.
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We conducted several sensitivity analyses to test the robustness of
the primary findings. First, calcium, magnesium, vitamin C, vitamin E,
SFA, and MUFA intake were further adjusted to examine if the asso-
ciations were independent of other dietary confounders. Second, 5
classes of polyphenols were mutually adjusted in one model to examine
whether the effect of polyphenol classes was independent of each other.
Third, pregnant women, participants with other chronic diseases (dia-
betes, MI, and stroke) at baseline or during follow-up, and participants
who developed hypertension in the first 2 y of follow-up were
excluded. Fourth, the analyses were restricted to the participants
without missing covariates, and multiple imputations of missing
covariates by chained equation was performed. Fifth, the analyses were
restricted to participants participating in all waves of the CHNS survey.
Sixth, participants with or without family members having CVDs/hy-
pertension was further adjusted, and subgroup analysis by this variable
was performed. Seventh, a restricted cubic spline with 5 knots (the fifth,
27.5th, 50th, 72.5th, and 95th percentiles) was constructed to test the
robustness of the relationship. All analyses were performed using R
(version 4.2.2) and SPSS 25. A 2-tailed P < 0.05 was considered
statistically significant.
Results

Characteristics
The mean (SD) age of the 11,056 participants free of hypertension

at baseline was 41.5 (14.1) y. Most participants were female (54.2%).
The median follow-up time was 7 y (range: 2–18 y). The median total
polyphenol intake was 214.5 (111.1–473.3) mg/d (Supplemental
Table 1). Flavonoid and phenolic acid were the major contributors to
total polyphenol intake, accounting for 65% and 30% of the total
consumption, respectively. Lignan provided 4% of the total intake.
About 1% was from stilbene and other polyphenol (Figure 2A, Sup-
plemental Table 1). Tea was the top dietary contributor to flavonoid and
phenolic acid (72% and 42%, respectively). Leguminous vegetables/
sprouts, plant oils, stem/leafy/flowering vegetables, and kernel fruits
were predominant food contributors to lignan. Melon/solanaceous
vegetables, root vegetables, and leguminous vegetables/sprouts were
the main sources of stilbene (Figure 2B). Intake of all dietary nutrients,
excepted for sodium intake, increased across polyphenol quartiles.
Participants with higher polyphenol intake were slightly older; more
likely to be male, urban residents, smokers, and drinkers; and had
higher education and income (Supplemental Table 2).
Polyphenol intake and incident hypertension
During the 91,561 person-y of follow-up, 3866 out of 11,056 par-

ticipants (35%) developed hypertension. The lowest multivariable-
adjusted HR (95% CI) of hypertension risk occurred in the third
quartile intake, which was 0.63 (0.57, 0.70) for total polyphenol, 0.61
(0.55, 0.68) for flavonoid, 0.62 (0.56, 0.69) for phenolic acid, 0.46
(0.42, 0.51) for lignan, and 0.58 (0.52, 0.64) for stilbene, compared
with the lowest quartile (Table 1).

In the spline regression models, the nonlinearity test was significant
for all polyphenol classes (Pnonlinearity < 0.001) (Figure 3). Slightly
U-shaped associations were observed between total polyphenol,
flavonoid, and phenolic acid with hypertension risk; the lowest risk
exited at ~300, 170, and 85 mg/d, respectively (Figure 3A–C). Lignan
and stilbene showed stronger L-shaped relations with hypertension,
and risk reduction plateaued at 10 and 0.6 mg/d, respectively
(Figure 3D, E).



FIGURE 2. Constituents of polyphenol intake and major food source (N ¼ 11,056).

TABLE 1
Associations between polyphenol intake and hypertension risk (N ¼ 11,056)1

Types of polyphenol Quartile P-trend2

Q1 (N ¼ 2764) Q2 (N ¼ 2764) Q3 (N ¼ 2764) Q4 (N ¼ 2764)

Total polyphenol
Intake (mg/d)3 79 [10–113] 155 [113–215] 305 [215–456] 728 [456–7556]
Number of cases/person-y 1085/20,942 907/24,448 886/24,169 988/22,002
Model 14 1.00 0.66 (0.60, 0.73) 0.62 (0.57, 0.69) 0.68 (0.61, 0.75) <0.001
Model 25 1.00 0.64 (0.58, 0.71) 0.63 (0.57, 0.70) 0.69 (0.62, 0.76) <0.001

Flavonoid
Intake (mg/d)3 34 [3–50] 75 [50–117] 186 [117–304] 509 [304–5708]
Number of cases/person-y 1105/20,638 921/24,430 831/24,213 1009/22,280
Model 14 1.00 0.66 (0.60, 0.73) 0.56 (0.51, 0.62) 0.66 (0.60, 0.73) <0.001
Model 25 1.00 0.70 (0.63, 0.77) 0.61 (0.55, 0.68) 0.69 (0.63, 0.77) <0.001

Phenolic acid
Intake (mg/d)3 30 [4–39] 51 [39–69] 94 [69–132] 198 [132–1832]
Number of cases/person-y 1042/20,838 914/23,992 903/24,762 1007/21,969
Model 14 1.00 0.70 (0.64, 0.78) 0.64 (0.58, 0.70) 0.74 (0.67, 0.81) 0.021
Model 25 1.00 0.65 (0.58, 0.72) 0.62 (0.56, 0.69) 0.71 (0.64, 0.78) 0.073

Lignan
Intake (mg/d)3 1 [0–2.5] 4.5 [2.5–7.2] 10.9 [7.2–17.1] 28 [17.1–1278.3]
Number of cases/person-y 1279/19,752 927/24,905 835/25,059 825/21,845
Model 14 1.00 0.51 (0.46, 0.56) 0.46 (0.41, 0.50) 0.54 (0.49, 0.59) <0.001
Model 25 1.00 0.54 (0.49, 0.60) 0.46 (0.42, 0.51) 0.48 (0.43, 0.54) <0.001

Stilbene
Intake (mg/d)3 0.16 [0–0.28] 0.39 [0.28–0.53] 0.69 [0.53–0.91] 1.38 [0.91–45.75]
Number of cases/person-y 1175/19,670 939/24,287 847/24,773 905/22,831
Model 14 1.00 0.62 (0.56, 0.68) 0.51 (0.46, 0.57) 0.59 (0.54, 0.66) <0.001
Model 25 1.00 0.66 (0.59, 0.72) 0.58 (0.52, 0.64) 0.68 (0.61, 0.76) <0.001

Other polyphenol
Intake (mg/d)3 0.47 [0–1.04] 1.67 [1.04–2.37] 3.14 [2.37–4.03] 5.27 [4.03–409.84]
Number of cases/person-y 1044/22,504 901/23,724 954/23,544 967/21,789
Model 14 1.00 0.84 (0.76, 0.92) 0.87 (0.79, 0.96) 0.96 (0.87, 1.06) 0.381
Model 25 1.00 0.80 (0.72, 0.88) 0.81 (0.73, 0.89) 0.85 (0.76, 0.95) 0.085

1 Values are HRs (95% CIs) based on mixed-effects Cox proportional hazards models with a random intercept for household.
2 P-trend was tested by assigning a median value to each quartile of the polyphenol intake.
3 Median [range]. Polyphenol intake was adjusted for total energy intake using the residual method.
4 Model 1, adjusted for age and sex.
5 Model 2, further adjusted for district, region, education, income, physical activity, smoking status, drinking status, BMI, abdominal obesity, baseline systolic

blood pressure, diabetes, MI, stroke, intakes of total energy, sodium, potassium, fiber, and PUFA.
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FIGURE 3. Cubic spline curves for the association between polyphenol intake and hypertension risk (N ¼ 11,056). The associations between intakes of total
polyphenol (A), flavonoid (B), phenolic acid (C), lignan (D), stilbene (E), other polyphenol (F) with hypertension risk. HR (95% CI) based on mixed-effects Cox
proportional hazards models with a random intercept for household, adjusted for age, sex, district, region, education, income, physical activity, smoking status,
drinking status, BMI, abdominal obesity, baseline systolic blood pressure, diabetes, MI, stroke, intakes of total energy, sodium, potassium, fiber, and PUFA.
Polyphenol intake was adjusted for total energy intake using the residual method. Data were truncated at the 99th percentiles of polyphenol intake to limit the
impact of extreme values. Poverall and Pnonlinearity were calculated using the likelihood ratio test.
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Many types of polyphenol-containing food were significantly
associated with a lower risk of hypertension (Figure 4). Using stepwise
regression, lignan- and stilbene-rich food, including leguminous veg-
etables/sprouts, melon/solanaceous vegetables, root vegetables, seeds,
and plant oils, flavonoid- and phenolic acid-rich food, including tea,
corn, tropical fruits, melon fruits, tubers, and vinegar, were selected as
independent factors of hypertension risk. Generally, polyphenol con-
tent did not correlate with other nutrient content within food (Supple-
mental Figure 1).

Stratified analysis of sex, age, BMI, smoking, drinking
status, physical activity, and fiber intake

Consistent results were observed across sex, age, BMI, and drinking
status. The stronger negative polyphenol-hypertension association was
observed among participants with light physical activity (P-interaction
< 0.001) or nonsmokers (P-interaction ¼ 0.048) (Supplemental
Figure 2). The inverse association between total polyphenol intake and
hypertension was more apparent among individuals with higher fiber
intake, but the difference did not reach statistical significance. The
inverse association of lignan and stilbene with hypertension risk was
significantly strengthened by higher fiber intake (P-interaction ¼ 0.002
for lignan, P-interaction ¼ 0.004 for stilbene) (Table 2).

Sensitivity analysis
In the sensitivity analysis of further adjustment for other potential

dietary factors, similar results were observed (Supplemental Table 3).
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When mutually adjusting for the 5 polyphenol classes, no meaningful
difference was found for most classes, except for flavonoid, of which
the inverse association was attenuated (Supplemental Table 3). After
excluding participants who were pregnant, had chronic diseases, or
developed hypertension in the first 2 y of follow-up, the results were
materially unchanged (Supplemental Table 3). After multiple imputa-
tions of missing covariates or restricting participants without missing
covariates, the results remained unchanged. Similar results were found
in participants participating in all waves (Supplemental Table 3).
Further adjustment for participants with or without family members
having CVDs/hypertension did not change the results (Supplemental
Table 3), and the estimates were similar in subgroup analysis (Sup-
plemental Table 4). The general shape, trend, and dose-effect point of
the 5-knots cubic spline was similar to the 4-knots spline (Supple-
mental Figure 3).

Discussion

In this 18-y cohort study of 11,056 participants, the intake of total
polyphenol and 4 main polyphenol classes as well as many polyphenol-
containing foods was associated with lower hypertension risk, with
lignan and stilbene showing the strongest protective effests despite the
lowest consumption. L-shaped associations were documented for lig-
nan and stilbene with hypertension risk whereas U-shaped associations
were observed for total polyphenol and its major class flavonoid and
phenolic acid. Furthermore, potential synergistic interactions were



FIGURE 4. Associations between polyphenol-containing foods and hypertension risk (N ¼ 11,056). For frequently consumed foods, HR was the highest tertile
group compared with the lowest tertile group; for infrequently consumed foods, HR was the high consumption group compared with the nonconsumption group.
HR (95% CI) based on mixed-effects Cox proportional hazards models with a random intercept for household, adjusted for age, sex, district, region, education,
income, physical activity, smoking status, drinking status, BMI, abdominal obesity, baseline systolic blood pressure, diabetes, MI, stroke, dietary intakes of total
energy, salts, red meat, and other polyphenol food groups.

TABLE 2
Associations between polyphenol intake and hypertension risk by median of fiber intake (N ¼ 11,056)1

Fiber intake Higher vs. lower median of polyphenol intake2

Total polyphenol Flavonoid Phenolic acid Lignan Stilbene Other polyphenol

Low 0.87 (0.78, 0.97) 0.81 (0.73, 0.90) 0.86 (0.78, 0.96) 0.71 (0.64, 0.80) 0.87 (0.78, 0.97) 0.87 (0.78, 0.98)
High 0.79 (0.71, 0.88) 0.75 (0.68, 0.84) 0.80 (0.72, 0.88) 0.59 (0.53, 0.65) 0.69 (0.62, 0.77) 1.00 (0.90, 1.12)
P-interaction3 0.171 0.385 0.294 0.002 0.004 0.082

1 Values are HRs (95% CIs) based on mixed-effects Cox proportional hazards models with a random intercept for household, adjusted for age, sex, district,
region, education, income, physical activity, smoking status, drinking status, BMI, abdominal obesity, baseline systolic blood pressure, diabetes, MI, stroke,
intakes of total energy, sodium, potassium, and PUFA.
2 Polyphenol intake was adjusted for total energy intake using the residual method.
3 P-interaction were calculated using likelihood ratio tests comparing models with and without interaction between fiber intake and polyphenol intake.
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found between polyphenol and fiber intake, especially for lignan and
stilbene.

Lignan and stilbene, comprising <5% of total polyphenol intake,
showed the strongest associations with hypertension. L-shaped curves
that plateaued at 10 and 0.6 mg/d, respectively, were documented in the
spline. The effective dose of lignan and stilbene is relatively high in
comparison with previous studies [11,13]. Several factors may
contribute to this phenomenon. First, vegetable intake in China ranks
top 5 globally (357 g/capita/d) [24], with per capita legume intake 3
times that of Europe/United States [25]. Melon/cucurbit crops con-
sumption is the largest worldly, and root vegetables, represented by
radish, are the second largest consumed vegetable in China [26,27],
contributing to the high lignan/stilbene intake. Second, most previous
studies assessed 2 to 8 individual lignans using earlier polyphenol
databases. We quantified 27 individual lignans and 5 individual
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stilbenes with expanded databases, which inferred broader
dose-response relationships. Last, we utilized 3-d 24-HDRs and
household weighing methods and included comprehensive
polyphenol-source food, which captured more potential sources of
polyphenol than food frequency questionnaires.

Consistent with the L-shape relationship of lignan and stilbene with
hypertension risk identified in our study, human intervention trials have
shown that the flaxseed lignan complex or resveratrol supplement
significantly decreases BP at high doses [28,29]. In comparison, other
studies examining lower intake levels found no significant risk re-
ductions [11,13]. Interestingly, a study reported that lignan intake at
2.21 mg/d was associated with lower hypertension risk (OR: 0.41; 95%
CI: 0.22, 0.76) compared with that at 0.75 mg/d in 301 Dutch post-
menopausal women [7]. One possible explanation is that lignan and
stilbene are structurally similar to estradiol and may act as a
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phytoestrogen [30], which offers better protection to women experi-
encing a steep decline of estrogen, even at a low level of consumption.

Our study showed a U-shaped relationship of flavonoid and
phenolic acid with hypertension risk, which is consistent with an
Australian cohort showing a U-shaped relationship between quintile
flavonoid intake and hypertension in young women, and the maximal
risk reduction at 169.6 mg/d in middle-aged women was close to our
dose-effect point (170 mg/d) [31]. The U-shaped relationship partly
explained the inconsistent results from previous epidemiological
studies. Cassidy et al. [32] found a significant 6% risk reduction in
hypertension in the third quintile (358 mg/d) during a 14-y follow-up in
the Nurses’ Health Study I. A study of 550 Brazilians, with the highest
flavonoid intake tertile (41.5 mg/d) far lower than the dose-effect point
of our curve, reported nonsignificant hypertension risk reductions [9],
and another study of 2618 adults from Iran, with the lowest intake
group (549 mg/d) at the right segment of our U-curve, also showed a
nonsignificant effect [12].

For total polyphenol intake level, the dose-effect is much more
complicated because the composition varied in different studies.
Existing evidence supports that the biological activities of polyphenol
do not follow a typically linear dose-response relationship, and a
threshold probably exists [33,34]. Researchers have found that most
polyphenols cannot be well-absorbed in high doses from food [35].
Consistent with our results, a cross-sectional study in adults from
Brazil indicated a U-shaped polyphenol-hypertension relationship in
which the second tertile (360.58 mg/d) achieved the greatest risk
reduction (OR: 0.36; 95% CI: 0.19, 0.69) [9]. Another 4-y follow-up
study in 2725 Polish older individuals showed significantly inverse
polyphenol-hypertension associations in women [13]. These findings
are consistent with our study. However, a cohort of 1265 adults with the
lowest total polyphenol tertile (827 mg/d) at the right side of our
U-shaped curve, reported no significant associations with elevated BP
(SBP/DBP � 130/85 mmHg) during a 6-y follow-up [14]. We guess
that the difference in risk estimates may stem from different polyphenol
composition because phenolic acid was the main contributor to their
total intake whereas flavonoid contributes most in our study. Mean-
while, the difference in the hypertension diagnosis (SBP/DBP �
140/90 mmHg compared with SBP/DBP � 130/85 mmHg) may also
account for the discrepancy.

In addition to the dietary intake amounts, the final biological effects
of polyphenols greatly depend on gut microbial metabolism [30]. For
example, lignans require gut microbiota to convert them into enter-
olignans, which can then be absorbed by the human body and exhibit
stronger estrogenic and antioxidant activity compared with their pre-
cursors [36]. Dietary fiber, another important component in plant food,
functions as a prebiotic and increases gut microbial diversity [37]. An
in vitro study demonstrated that fecal bacteria suspensions incubating
flavanone with fiber significantly increased the abundance of Lacto-
bacillus and Clostridium leptum, which promoted more flavanone
metabolite production [38]. An animal study showed that dogs fed with
more fiber produced more fecal lignan metabolites [39]. For the first
time, we confirmed the synergistic BP-lowering effect of fiber and
polyphenol, specifically lignan and stilbene, in a population-based
study.

The association with hypertension appeared to be class dependent.
The large variety of individual polyphenols, varying structures and
bioactivities, potential interaction with other food components, and
the distinct absorption and metabolism process may influence the
effects of different polyphenol classes [6]. Thus, it makes this study a
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unique contribution to the literature. To our knowledge, this is the first
study investigating the nonlinear relationship between dietary poly-
phenol and different classes with hypertension risk in a nationwide
cohort; this study is also the first population-based study evaluating
the role of fiber-polyphenol interaction in hypertension risk. Our
findings offer new evidence for dietary hypertension prevention,
highlighting the importance of incorporating polyphenol-rich foods,
particularly those rich in lignan and stilbene, into the daily diet. The
protective threshold is achievable in a daily diet—50 g of legumes or
half a pear provides ~10 mg lignan, whereas 50 g of melon vegetables
or 30 g of carrots contains ~0.6 mg stilbene. However, several limi-
tations should be noted. First, polyphenol content in each food varies
based on plant species, growing condition, storage, and processing;
thus, it is hard to assess it accurately. We utilized the average poly-
phenol content of each food, which is commonly applied in large
epidemiologic studies because participants likely consumed various
food from different sources. We used the most recent database in
China combined with 2 of the most comprehensive databases world-
wide to maximize accuracy. Second, dietary measurement error is
inevitable. Detailed intakes of highly diverse polyphenol-containing
food are obtained using 24-HDRs and averaging multiple dietary
assessments during follow-up to reduce random error and best reflect
long-term diet.

In conclusion, evidence from this 18-y nationwide study suggests
that higher polyphenol intake is significantly associated with a lower
hypertension risk. Lignan and stilbene showed the strongest associa-
tions with hypertension, and risk reduction plateaued at 10 and 0.6 mg/
d of intake, respectively. This study provides important evidence for
developing strategies for hypertension prevention.
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