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ABSTRACT
Background: Dietary flavonoids have beneficial effects on blood
pressure in intervention settings, but there is limited information on
habitual intake and risk of hypertension in population-based studies.
Objective: We examined the association between habitual flavo-
noid intake and incident hypertension in a prospective study in
men and women.
Design: A total of 87,242 women from the Nurses’ Health Study
(NHS) II, 46,672 women from the NHS I, and 23,043 men from the
Health Professionals Follow-Up Study (HPFS) participated in the
study. Total flavonoid and subclass intakes were calculated from
semiquantitative food-frequency questionnaires collected every 4 y
by using an updated and extended US Department of Agriculture
database.
Results: During 14 y of follow-up, 29,018 cases of hypertension in
women and 5629 cases of hypertension in men were reported. In
pooled multivariate-adjusted analyses, participants in the highest
quintile of anthocyanin intake (predominantly from blueberries
and strawberries) had an 8% reduction in risk of hypertension [rel-
ative risk (RR): 0.92; 95% CI: 0.86, 0.98; P , 0.03] compared with
that for participants in the lowest quintile of anthocyanin intake; the
risk reduction was 12% (RR: 0.88; 95% CI: 0.84, 0.93; P , 0.001)
in participants �60 y of age and 0.96 (0.91, 1.02) in participants
.60 y of age (P for age interaction = 0.02). Although intakes of
other subclasses were not associated with hypertension, pooled
analyses for individual compounds suggested a 5% (95% CI:
0.91, 0.99; P = 0.005) reduction in risk for the highest compared
with the lowest quintiles of intake of the flavone apigenin. In par-
ticipants �60 y of age, a 6% (95% CI: 0.88, 0.97; P = 0.002)
reduction in risk was observed for the flavan-3-ol catechin when
the highest and the lowest quintiles were compared.
Conclusions: Anthocyanins and some flavone and flavan-3-ol com-
pounds may contribute to the prevention of hypertension. These
vasodilatory properties may result from specific structural simi-
larities (including the B-ring hydroxylation and methyoxylation
pattern). Am J Clin Nutr 2011;93:338–47.

INTRODUCTION

Current guidelines for the prevention and treatment of hy-
pertension focus on the additional benefit of lifestyle mod-
ifications to drug therapy (1) with increasing focus on the public
health importance of Dietary Approaches to Stop Hypertension
(DASH) diet, which emphasizes the importance of an increased
consumption of fruit, vegetables, and low-fat dairy products (2–
4). Further research on the components of plant foods that may

play a role in reducing hypertension would potentially result in
more targeted public health recommendations to allow con-
sumers to make more informed choices.

Dietary flavonoids are a diverse range of bioactive poly-
phenolic compounds that naturally occur in plant-based foods
and are present in significant amounts in many commonly
consumed fruit, vegetables, grains, herbs, and drinks (including
tea, wine, and juices) (5). Their structural complexity has led to
their subclassification as flavonols, flavones, flavanones, flavan-
3-ols and their oligomeric and polymeric forms (ie, procyanidins),
isoflavones, and anthocyanins and other polymeric flavonoids.
The differences in the chemical structures of these subclasses
alter both their biological efficacy and bioavailability (6, 7). Ex-
perimental evidence suggests that some subclasses exert bene-
ficial effects on blood pressure by increasing endothelial-derived
nitric oxide (NO) via the modulation of endothelial nitric oxide
synthase (eNOS) activity and expression, changes in eNOS
substrate availability, or the prevention of radical-induced
NO conversion caused by enzymes such as NADPH oxidase
(8–11).

Results from a recent meta-analysis of randomized controlled
trials on flavonoids and flavonoid-rich foods provided evidence
that some subclasses of flavonoids are associated with a signifi-
cant reduction in blood pressure (12). For example, short-term
interventions (ie, a duration of 1–18 wk) with cocoa flavan-3-ols
significantly reduced systolic blood pressure (SBP) by a mean of
5.9 mm Hg and diastolic blood pressure by a mean of 3.3 mm Hg
(12). However, for a number of flavonoid subclasses, including
anthocyanins, there are too few published studies to systemati-
cally examine their potential effects on blood pressure, whereas
for other flavonoid subclasses, the amounts of flavonoids ad-
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ministered in the interventions were beyond the range typically
consumed in the diet (12). To our knowledge, there have been no
population-based studies that examined the relative effect of
a habitual or usual intake of different subclasses of flavonoids on
incident hypertension.

Therefore, we examined the association between the habitual
intakes of each of the flavonoid subclasses and risk of incident
hypertension in 3 prospective studies in middle-aged and older
US women and men.

SUBJECTS AND METHODS

Study populations

In 1976 the Nurses’ Health Study (NHS I) enrolled 121,700
female nurses aged 30–55 y who returned a mailed question-
naire regarding lifestyle and medical histories (13). In 1986 the
Health Professionals Follow-Up Study (HPFS) enrolled 51,529
men aged 40–75 y, and in 1991, a younger cohort of 116,430
women aged 25–42 y were enrolled in the NHS II by using
similar questionnaires (14, 15). Participants of these 3 cohorts
received follow-up questionnaires biennially to record newly
diagnosed illnesses and to update lifestyle factors, and every 4 y,
participants received semiquantitative food-frequency ques-
tionnaires (FFQs) (16, 17). Participants who self-reported hy-
pertension, cancer, stroke, or ischemic heart disease before
baseline (returns of the 1990 questionnaire for the NHS I and
HPFS and the 1991 questionnaire for the NHS II), used anti-
hypertensive medication, were missing dietary data at baseline,
or had implausible values for total caloric intake (,500 or
.3500 cal for women and ,800 or .4200 cal for men) were
excluded. Given the prevalence of hypertension in middle age,
we also conducted analyses in participants stratified by age
(�60 and .60 y). The institutional review board at Brigham
and Women’s Hospital reviewed and approved this study, and
participants provided implied consent by returning their
questionnaires.

Outcome assessment

At baseline and at each biennial questionnaire, participants
reported if they had been professionally diagnosed with high
blood pressure in the previous 2 y. The self-reported year of
diagnosis was used to estimate an approximate date of diagnosis.
Self-reported hypertension was shown to be highly reliable in all
3 cohorts (18–20). During 14 y of follow-up, 5636 men and
29,018 women reported incident hypertension.

Assessment of flavonoid intakes

Dietary intake data were collected from participants in 1990 in
the NHS I and HPFS and in 1991 in the NHS II and every 4 y
thereafter. FFQs administered before 1990 contained fewer
questions on specific flavonoid-rich fruit and vegetables (for
example, onions were absent from questionnaires before 1990). A
database for the assessment of intakes of different flavonoid
subclasses was constructed. We used the updated and expanded
US Department of Agriculture (USDA) flavonoid content of
foods and the proanthocyanidin databases (21, 22) as our primary
sources. For foods in the FFQ where there were no values

available in the USDA database, we searched a European da-
tabase (EuroFIR eBASIS; http://www.eurofir.org) and other
sources to ensure all available high-quality data on flavonoid
values could be included in the database. However, although
these other sources served as a validation to the USDA database,
the addition of the EuroFIR data and the published literature did
not contribute to .5–10% of the overall data used in the cal-
culation of intakes for this analysis. Values for the individual
flavonoid compounds were assigned to each of the foods listed
in the FFQ, and if values for specific foods were not available,
we imputed from similar foods if appropriate. For recipes, we
assigned values for the specific flavonoids for each ingredient in
the mixed dishes (please contact the authors for further in-
formation on amounts of flavonoids in individual foods or
composite foods).

Intakes of individual compounds were calculated as the sum of
the consumption frequency of each foodmultiplied by the content
of the specific flavonoid for the specified portion size. We derived
intakes of the 6 main subclasses commonly consumed in the US
diet, specifically flavanones (eriodictyol, hesperetin, and nar-
ingenin), anthocyanins (cyanidin, delphinidin, malvidin, pelar-
gonidin, petunidin, and peonidin), flavan-3-ols (catechins and
epicatachins), flavonoid polymers (including proanthocyanidins,
theaflavins, and thearubigins), flavonols (quercetin, kaempferol,
myricetin, and isohamnetin), and flavones (luteolin and apige-
nin). Total flavonoid intakes were derived by the addition of
component subclasses (flavanones, anthocyanins, flavan-3-ols,
polymers, flavonols, and flavones).

Cumulative intakes (energy adjusted) were calculated for
a given questionnaire cycle by averaging the intakes for the FFQs
from 1990 and categorized into cohort-specific quintiles for
analyses. Because of the wide variability in flavonoid intakes,
cumulative intakes were chosen to more accurately represent
usual intakes. The relative effect of the major food sources of
flavonoids was also examined. The validity and reproducibility of
the FFQs were previously reported; eg, correlations between
several major dietary sources of flavonoids including apples, tea,
and wine measured by diet-records and FFQs were 0.70, 0.77,
and 0.83, respectively (23, 24).

Statistical methods

Participants contributed the person time of follow-up from the
date of return of the baseline questionnaire to the earliest of the
date of hypertension diagnosis, death, or end of follow-up (June
2004 for the NHS I, June 2005 for the NHS II, and January 2004
for the HPFS). In age-stratified analyses, participants were
censored at the earliest of the date of diagnosis, death, end of
follow-up, or upon reaching age 61 y. Cox proportional hazards
analyses were used to assess the multivate relative risk (RR)
adjusted for other risk factors for hypertension. Potential con-
founders included body mass index [BMI (in kg/m2) ,23, 23 to
,25, 25 to ,30, or �30], physical activity (metabolic equiv-
alents/wk in quintiles), alcohol consumption (0, 0.1–4.9, 5–14.9,
15–29.9, or.30 g alcohol/d), energy intake (kcal/d in quintiles),
use of multivitamin supplements (yes or no), use of aspirin (yes
or no), postmenopausal hormone use (never, past, or current),
parental history of hypertension (yes or no), parental history of
myocardial infarction before 60 y of age (yes or no), and intakes
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of sodium, magnesium, potassium, fiber, whole grains, folate, and
caffeine (quintiles). Wald’s test was used to determine whether
there was heterogeneity across studies for each RR, and pooled
RRs were calculated by weighting the study-specific log RR by
the inverse of its variance by using a random-effects model (25).
All analyses were conducted with SAS software (version 9; SAS
Institute Inc, Cary, NC). All P values were 2 sided.

RESULTS

Baseline characteristics of each cohort overall and at extreme
quintiles of total flavonoid intake are presented in Table 1. In the
NHS II, the mean age of participants was 36 y (range: 26–42 y),
and the mean BMI of participants was 24.3. During 822,839
person-years of follow-up in NHS II, 11,402 participants re-
ported incident hypertension (13.9 cases/1000 person-years).
With increasing intake of flavonoids, we observed a higher
physical activity, lower intakes of sodium, and higher intakes of
magnesium, potassium, fiber, and folate.

During 511,082 person-years of follow-up in the NHS I,
17,616 participants reported incident hypertension (34.5 cases/
1000 person-years). At baseline, the mean age of participants was
55 y (range: 43–71 y), and the mean BMI of participants was
24.8. During 212,763 y of follow-up in the HPFS, 5629 men
reported incident hypertension (26.5 cases/1000 person-years).
At baseline, the mean age of participants was 56 y (range: 36–80 y),
and the meant BMI of participants was 25.2. The distribution of
covariates across quintiles of total flavonoids in the NHS I and
HPFS were similar to those observed in the NHS II (Table 1).

The variability in total flavonoid intakes within and across the
3 cohorts ranged from a mean of 358–413 mg flavonoids/d
(interquartile range (IQR):145–429 mg flavonoids/d) (Table 1).
Quantitatively, polymers contributed the highest intake in each
cohort, whereas intakes from flavones were negligible. Mean
amounts of flavan-3-ols ranged from 50.1 to 61.7 mg flavan-3-ols/d
(IQR: 12.0–72.0 mg flavan-3-ols/d) across cohorts, whereas
mean anthocyanin intakes ranged from 12.5 to 15.2 mg antho-
cyanin/d (IQR: 4.6–19.3 mg anthocyanin/d). Tea was the main

TABLE 1

Age-adjusted baseline characteristics of total flavonoid intakes (means and interquartile ranges) in women and men in the Nurses’ Health Study (NHS) I, the

NHS II, and the Health Professionals Follow-Up Study (HPFS)1

NHS II (1991) NHS I (1990) HPFS (1990)

Total Q1 Q5 Total Q1 Q5 Total Q1 Q5

All participants

n 87,242 17,408 17,299 46,672 9578 9278 23,043 4690 4448

No. of cases 11,402 — — 17,616 5629 — —

Incidence rate (per 100,000 person-years) 13.9 — — 34.5 26.5 — —

Age �60 y

n 87,242 — — 33,041 — — 15,434 — —

No. of cases 11,402 — — 6423 — — 2289 — —

Incidence rate (per 100,000 person-years) 13.9 — — 27.5 — — 20.8 — —

Age (y)2 36 (25–42) 36 36 55 (30–55) 55 55 56 (40–75) 55 56

Smoking (%)

Past 22.1 22.0 20.6 38.1 35.5 36.5 39.8 41.3 39.9

Current 12.1 17.8 11.6 17.3 28.3 14.3 7.6 13.9 6.0

Family history of hypertension (%) 51.8 51.7 52.4 45.3 44.1 45.9 28.6 27.1 20.9

Postmenopausal hormone use (%)

Never — — — 17.7 19.6 17.9 — — —

Past — — — 16.8 15.4 16.8 — — —

Current — — — 10.6 10.8 10.8 — — —

BMI (kg/m2) 24.3 6 4.33 24.7 24.4 24.8 6 5.0 25.1 24.7 25.2 6 3.0 25.5 25.2

Physical activity (METs/wk) 21.0 6 22.3 17.1 21.0 16.2 6 27.3 13.6 15.7 39.2 6 42.2 34.6 39.0

Caffeine intake (mg/d)4 237 (61–370) 245 268 279 (82–391) 314 280 227 (44–318) 269 234

Total flavonoids (mg/d)4 413 (160–460) 103 1122 358 (145–409) 93 944 376 (176–429) 115 933

Flavonols (mg/d)4 18.4 (9.9–23) 9.0 36.2 17.9 (9.7–22.4) 9.4 34.1 18.9 (11.2–23.0) 10.7 33.6

Flavones (mg/d)4 1.5 (1.2–2.0) 0.9 1.7 1.7 (0.9–2.3) 1.0 1.9 2.2 (1.1–2.9) 1.2 2.6

Flavonones (mg/d)4 33.4 (11.0–44.7) 16.1 38.7 37.3 (12.1–53.0) 18.7 43.3 52.2 (18.9–72.1) 24.5 65.0

Flavan-3-ols (mg/d)4 61.7 (13.7–72.0) 9.5 196 55.0 (12.0–64.3) 8.6 175.9 50.1 (15.0–56.6) 11.8 150

Anthocyanins (mg/d)4 14.0 (5.4–17.8) 6.7 18.0 12.5 (4.6–15.9) 5.7 16.2 15.2 (5.8–19.3) 6.8 21.9

Polymers (mg/d)4 283 (92–310) 60 831 233 (66–147) 49 673 238 (99–292) 60 660

Sodium (mg/d)4 2153 (1921–2373) 2211 2159 1840 (1627–2028) 1895 1838 2092 (1838–2316) 2180 2052

Magnesium (mg/d)4 316 (266–354) 292 323 302 (252–338) 281 307 376 (318–420) 350 389

Potassium (mg/d)4 2934 (2578–3262) 2667 3087 2853 (2515–3159) 2610 2966 3350 (2939–3710) 3026 3558

Fiber (g/d)4 18.1 (12.8–22.0) 16.0 17.1 19.3 (13.9–23.2) 16.7 18.6 21.4 (15.2–25.8) 17.9 21.4

Whole grains (g/d)4 20.1 (8.6–27.4) 18.0 17.8 20.8 (7.9–29.4) 17.8 19.4 26.2 (11.2–36.4) 22.5 25.0

Folate (lg/d)4 480 (279–612) 414 502 426 (267–555) 366 457 500 (316–637) 426 541

1 Q, quintile; METs, metabolic equivalent tasks.
2 Values are means; ranges in parentheses.
3 Mean 6 SD (all such values).
4 Values are means; interquartile ranges in parentheses.
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contributor to the total flavonoid intake, with apples, orange juice,
and strawberries as other significant contributors. Flavan-3-ols
were predominantly consumed from tea, whereas blueberries and
strawberries were the main sources of anthocyanins, and citrus
fruit was the main contributor to flavanone and flavone intakes
(Figure 1). We focused on the top 3 contributors to each sub-
class because all other foods contributed ,4% of intakes.

In pooled analyses, a high anthocyanin intake was associated
with an 8% decreased risk of hypertension (quintile 5 compared
with quintile1, RR: 0.92; 95% CI: 0.86, 0.98; P for trend, 0.03)
(Table 2). The magnitude of the association was greater in
participants �60 y of age (quintile 5 compared with quintile,
RR: 0.88; 95% CI: 0.84, 0.93; P for trend , 0.001; P for age
interaction = 0.02) (Table 3, Figure 2). The inverse association
was observed in the NHS I and NHS II but not in the HPFS, and
the linear inverse association was only observed in the younger
women (NHS II; Figure 2). The point estimates for the dose
response were modestly different across cohorts, but the 95%
CIs for NHS I and NHS II were compatible with similar dose-
response inverse associations.

Although there was no evidence that other subclasses were
significantly associated with a reduction in incident hypertension,
some individual flavonoid compounds from subclasses with
specific structural characteristics (such as a B-ring hydroxylation
and methyoxylation pattern) (Table 4) were associated with
lower rates of hypertension. In the flavone subclass, there was
a 5% reduction in rates of hypertension in participants in the
highest compared with lowest quintiles of apigenin intake (95%
CI: 1%, 9%; P = 0.005). In the flavan-3-ol subclass, in analyses
restricted to participants �60 y of age, lower rates of hyper-
tension were observed in participants in the highest quintiles of
catechin (7%; 95% CI: 3%, 12%; P = 0.002) and epicatechin
(5%; 95% CI: 0%, 9%; P = 0.05) intakes than in participants in
the lowest quintiles of catechin and epicatechin intakes (Table
4). In all participants, there was evidence of an effect modifi-
cation of the epicatechin and hypertension association (P for sex
interaction = 0.03); in women, the RR was 0.95 (95% CI: 0.92,
0.99; P = 0.015). No other effect modification by sex was ob-

served for other subclasses (data not shown). Among individual
anthocyanins, cyanidin, malvidin, and pelargonidin were asso-
ciated with reduced rates of hypertension, and results were
generally stronger in participants �60 y of age (P for age in-
teraction , 0.05 for cyanidin, ,0.01 for malvidin, and ,0.001
for peonidin and petunidin) (Table 4).

The 2 main sources of anthocyanins across cohorts were
blueberries and strawberries. In pooled analyses of the�60-y-old
group, the consumption of more than one serving of blueberries
per week compared with no blueberry intake was associated
with a 10% reduction in hypertension (RR: 0.90; 95% CI: 0.81,
0.98; P = 0.02). The consumption of more than one serving of
strawberries per week was not significantly associated with
a reduction in hypertension (RR: 0.97; 95% CI: 0.94, 1.00; P =
0.34). The results were not materially different when we restricted
analyses to nonsmokers or nondrinkers (data not shown).

DISCUSSION

In this large prospective study, we observed that a higher total
anthocyanin intake was significantly associated with a reduced
risk of incident hypertension even after controlling for a large
number of covariates including family history, physical activity,
BMI, and dietary factors previously associated with blood
pressure; the magnitude of the reduction was greatest in the�60-
y-old participants. Although the total intake of other subclasses
was not associated with a significant reduction in hypertension,
higher intakes of individual compounds were suggestive of
a benefit in the �60-y-old participants. Interestingly all of these
flavonoids (ie, the anthocyanins, flavan-3-ols, and flavones) have
implicated vascular mechanisms of action on the basis of their
structural characteristics (8, 11).

From a structural perspective, catechol flavonoids (such as
cyanidin and catechin and epicatechin) may be more bioactive
than other forms because they can become methylated via the
action of catechol-O-methyl transferase through the course of
metabolism (or naturally as in the case of the anthocyanin
peonidin), which potentially enhances their bioactivity (12).

FIGURE 1.Major contributors to dietary intake by subclass of flavonoid in the Nurses’ Health Study (NHS 1), the Nurses’ Health Study 2 (NHS 2), and the
Health Professionals Follow-Up Study (HPFS).
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TABLE 2

Incident hypertension and cumulative average intakes of flavonoids (total and subclasses in quintiles) in participants in the Nurses’ Health Study (NHS) I, the

NHS II, and the Health Professionals Follow-Up Study (HPFS)1

Flavonoid Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P for trend

Flavonols

NHS II

No. of cases 2282 2214 2253 2313 2340 —

Person-years 160,275 167,691 168,830 166,985 159,058 —

Relative risk (95% CI) 1.0 (ref) 0.97 (0.91, 1.03) 0.97 (0.92, 1.04) 0.98 (0.92, 1.05) 1.00 (0.94, 1.07) 0.58

NHS I

No. of cases 3560 3714 3623 3514 3205 —

Person-years 103,645 105,671 103,580 101,502 96,684 —

Relative risk (95% CI) 1.0 (ref) 1.02 (0.97, 1.07) 1.01 (0.96, 1.06) 1.00 (0.95, 1.05) 0.96 (0.91, 1.01) 0.02

HPFS

No. of cases 1087 1170 1134 1141 1104 —

Person-years 42,553 44,709 43,682 42,792 39,026 —

Relative risk (95% CI) 1.0 (ref) 1.02 (0.94, 1.12) 1.01 (0.93, 1.11) 1.01 (0.92, 1.11) 1.07 (0.97, 1.18) 0.17

Pooled relative risk (95% CI) 1.0 (ref) 1.00 (0.97, 1.04) 1.00 (0.96, 1.03) 1.00 (0.96, 1.03) 1.00 (0.95, 1.01) 0.99

Flavones

NHS II

No. of cases 2360 2396 2228 2301 2117 —

Person-years 155,081 165,536 166,431 169,171 166,619 —

Relative risk (95% CI) 1.0 (ref) 0.98 (0.93, 1.04) 0.93 (0.87, 0.98) 0.97 (0.91, 1.04) 0.95 (0.88, 1.01) 0.17

NHS I

No. of cases 3625 3830 3606 3394 3161 —

Person-years 104,945 108,204 103,930 100,494 93,509 —

Relative risk (95% CI) 1.0 (ref) 1.00 (0.96, 1.05) 0.98 (0.93, 1.02) 0.95 (0.90, 1.00) 0.97 (0.92, 1.02) 0.09

HPFS

No. of cases 1107 1222 1130 1085 1092 —

Person-years 42,932 43,795 43,113 42,509 40,414 —

Relative risk (95% CI) 1.0 (ref) 1.12 (1.03, 1.22) 1.05 (0.96, 1.15) 1.05 (0.96, 1.15) 1.09 (0.98, 1.20) 0.44

Pooled relative risk (95% CI) 1.0 (ref) 1.02 (0.96, 1.09) 0.98 (0.92, 1.04) 0.98 (0.93, 1.03) 0.99 (0.93, 1.06) 0.28

Flavonones

NHS II

No. of cases 2334 2347 2285 2267 2169 —

Person-years 156,829 166,072 166,546 167,819 165,573 —

Relative risk (95% CI) 1.0 (ref) 0.97 (0.92, 1.03) 0.96 (0.91, 1.02) 0.98 (0.92, 1.04) 0.98 (0.92, 1.05) 0.92

NHS I

No. of cases 3497 3892 3679 3424 3124 —

Person-years 103,246 108,915 104,344 101,934 92,642 —

Relative risk (95% CI) 1.0 (ref) 1.04 (0.99, 1.09) 1.01 (0.97, 1.06) 0.97 (0.92, 1.02) 0.99 (0.94, 1.05) 0.14

HPFS

No. of cases 1161 1215 1168 1084 1008 —

Person-years 43,591 45,209 43,482 41,617 38,864 —

Relative risk (95% CI) 1.0 (ref) 1.05 (0.96, 1.14) 1.04 (0.92, 1.13) 1.05 (0.95, 1.15) 1.04 (0.94, 1.14) 0.63

Pooled relative risk (95% CI) 1.0 (ref) 1.02 (0.97, 1.07) 1.00 (0.96, 1.04) 0.99 (0.95, 1.02) 0.99 (0.96, 1.03) 0.39

Anthocyanins

NHS II

No. of cases 2379 2344 2301 2276 2102 —

Person-years 150,085 163,823 168,435 170,786 169,711 —

Relative risk (95% CI) 1.0 (ref) 0.94 (0.88, 0.99) 0.93 (0.87, 0.98) 0.91 (0.86, 0.97) 0.87 (0.81, 0.92)* ,0.0001

NHS I

No. of cases 3531 3569 3640 3616 3260 —

Person-years 100,201 102,378 103,767 104,063 100,673 —

Relative risk (95% CI) 1.0 (ref) 0.96 (0.91, 1.00) 0.97 (0.92, 1.02) 0.98 (0.93, 1.03) 0.93 (0.88, 0.98)* 0.02

HPFS

No. of cases 1137 1168 1140 1112 1079 —

Person-years 41,162 42,906 43,290 43,756 41,648 —

Relative risk (95% CI) 1.0 (ref) 0.99 (0.91, 1.08) 0.97 (0.89, 1.06) 0.98 (0.89, 1.07) 0.99 (0.90, 1.09) 0.82

Pooled relative risk (95% CI) 1.0 (ref) 0.96 (0.93, 0.99) 0.96 (0.92, 0.99) 0.95 (0.91, 1.01) 0.92 (0.86, 0.98)* 0.03

Flavan-3-ols

NHS II

No. of cases 2332 2134 2170 2311 2455 —

Person-years 159,269 166,255 170,197 165,959 161,159 —

Relative risk (95% CI) 1.0 (ref) 0.97 (0.91, 1.03) 0.96 (0.90, 1.02) 1.00 (0.94, 1.06) 1.03 (0.97, 1.09) 0.08

(Continued)
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This chemical change results in molecular forms that are
structurally analogous to apocynin, which is an established va-
soactive drug (Figure 3) (26). Structural activity relation studies
conducted on numerous flavonoid species (by using cultured
human vascular endothelial cells) have indicated that mono-O-
methylated flavonoids and those possessing only one 4# hydroxy
(such as apigenin and the anthocyanin pelargonidin) can act as
inhibitors of endothelial NADPH oxidase (8, 11), which is an
enzyme that decreases the bioactivity of NO in the vascular
endothelium and, thus, limits vasodilatory processes associated
with blood-flow regulation (27).

The human diet may contain a significant diversity of fla-
vonoids, and it is likely that the bioactivity relevant to endothelial
function is limited to a few species or metabolic derivatives. Our
prospective data provided evidence to suggest that after habitual
intake, anthocyanins are most strongly inversely associated with
hypertension, with suggestive evidence that specific compounds
from the flavone and flavan-3-ol subclasses may also play a role
in blood pressure reduction. Interestingly, the magnitude of the

inverse association between total anthocyanin intake and hy-
pertension was most pronounced in the �60-y-old participants.
Similar observations have been made in these cohorts with other
exposures, including folate and nonnarcotic analgesic use (28,
29). It is possible that the cumulative damage over many dec-
ades exceeds the capacity for flavonoids to beneficially affect
endothelial function and blood pressure in older individuals.
These data reinforce the importance of dietary intervention
strategies for blood pressure reduction before middle age. Al-
though an inverse association was observed in both the NHS I
and NHS II, the effect was only linear in the younger women
(NHS II; Figure 2), and no effect was observed in men who
were, on average, older than the other cohorts.

Although plausible biological mechanisms and data from
short-term interventions studies exist that would predict inverse
associations between flavonoid intake and hypertension, to our
knowledge, this is the first prospective study to report an
association between the habitual intakes of different flavonoid
subclasses and risk of incident hypertension. Two previous cohort

TABLE 2 (Continued )

Flavonoid Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P for trend

NHS I

No. of cases 3406 3533 3562 3597 3518 —

Person-years 98,181 103,210 103,130 102,945 103,615 —

Relative risk (95% CI) 1.0 (ref) 1.00 (0.95, 1.05) 1.01 (0.96, 1.06) 1.01 (0.96, 1.06) 0.98 (0.93, 1.03) 0.31

HPFS

No. of cases 1031 1104 1220 1141 1140 —

Person-years 40,501 43,027 44,372 43,659 41,204 —

Relative risk (95% CI) 1.0 (ref) 1.06 (0.97, 1.16) 1.14 (1.04, 1.24) 1.07 (0.98, 1.18) 1.12 (1.02, 1.22) 0.10

Pooled relative risk (95% CI) 1.0 (ref) 1.00 (0.96, 1.04) 1.03 (0.95, 1.12) 1.01 (0.98, 1.05) 1.03 (0.97, 1.11) 0.40

Polymers

NHS II

No. of cases 2331 2155 2234 2253 2429 —

Person-years 159,191 166,861 168,412 166,666 161,709 —

Relative risk (95% CI) 1.0 (ref) 0.93 (0.88, 0.99) 0.96 (0.91, 1.02) 0.96 (0.91, 1.02) 1.00 (0.94, 1.06) 0.34

NHS I

No. of cases 3456 3576 3551 3469 3564 —

Person-years 97,859 103,301 103,129 102,945 103,848 —

Relative risk (95% CI) 1.0 (ref) 0.98 (0.94, 1.03) 0.98 (0.93, 1.03) 0.96 (0.91, 1.01) 0.97 (0.93, 1.02) 0.56

HPFS

No. of cases 1125 1127 1153 1091 1140 —

Person-years 40,257 44,229 44,312 43,379 40,586 —

Relative risk (95% CI) 1.0 (ref) 0.98 (0.90,1.07) 1.04 (0.95,1.13) 0.99 (0.90,1.08) 1.08 (0.99,1.18) 0.04

Pooled relative risk (95% CI) 1.0 (ref) 0.96 (0.93, 1.00) 0.98 (0.95, 1.02) 0.96 (0.93, 1.00) 1.01 (0.95, 1.06) 0.36

Total flavonoids

NHS II

No. of cases 2330 2192 2253 2216 2411 —

Person-years 159,191 166,861 168,412 166,666 161,709 —

Relative risk (95% CI) 1.0 (ref) 0.95 (0.90, 1.01) 0.99 (0.93, 1.05) 0.96 (0.90, 1.02) 1.01 (0.95, 1.07) 0.41

NHS I

No. of cases 3615 3574 3468 3433 3526 —

Person-years 102,510 103,094 101,273 101,300 102,905 —

Relative risk (95% CI) 1.0 (ref) 0.96 (0.91, 1.00) 0.94 (0.89, 0.98) 0.92 (0.88, 0.97) 0.94 (0.90, 0.99)* 0.40

HPFS

No. of cases 1166 1124 1124 1094 1128 —

Person-years 41,618 44,231 44,329 42,267 40,318 —

Relative risk (95% CI) 1.0 (ref) 0.96 (0.88, 1.05) 0.99 (0.91, 1.08) 0.99 (0.91, 1.09) 1.06 (0.97, 1.16) 0.04

Pooled relative risk (95% CI) 1.0 (ref) 0.96 (0.93, 0.99) 0.97 (0.93, 1.00) 0.95 (0.91, 0.98) 1.00 (0.93, 1.07) 0.46

1 ref, reference. Multivariate model included age and smoking, BMI, physical activity, alcohol consumption, family history of hypertension, aspirin use,

multivitamin use, and intakes of sodium, magnesium, potassium, fiber, whole grain, folate, and caffeine. *Quintile 5 compared with quintile 1, P , 0.001.
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studies have examined the effects of cocoa intake on blood
pressure. In the Zutphen Elderly study of 470 men, cocoa intake
was inversely related to blood pressure after multivariate ad-
justment, with a 3.8 mm Hg lower SBP in the highest tertile of

cocoa intake, but no relation with tea intake was observed (30). In
another study, cocoa intake was not related to new onset hy-
pertension (31). Although we observed no relation between
hypertension and the flavan-3-ol subclass overall, we did observe

FIGURE 2. A–D: Incident hypertension by quintiles (Q) of anthocyanin intake (stratified by age ,60 y). NHS II, Nurses’ Health Study II; NHS I, Nurses’
Health Study; HPFS, Health Professionals Follow-Up Study. P for trend , 0.001.

TABLE 3

Incident hypertension for total flavonoid intakes and flavonoid subclasses (quintiles of cumulative intakes: quintile 5 compared with quintile 1) in the Nurses’

Health Study (NHS) I, the NHS II, and the Health Professionals Follow-Up Study (HPFS) restricted to participants �60 y of age1

NHS I NHS II HPFS Pooled P for age interaction

Flavonols

Age and smoking adjusted 0.88 (0.81, 0.95) 1.01 (0.95, 1.07) 0.94 (0.83, 1.08) 0.96 (0.90, 1.02) 0.26

Multivariate adjusted 0.91 (0.84, 0.99) 1.00 (0.94, 1.07) 0.96 (0.82, 1.11) — —

Flavones

Age and smoking adjusted 0.94 (0.87, 1.02) 0.81 (0.76, 0.86) 0.87 (0.76, 0.99) — —

Multivariate adjusted 1.06 (0.97, 1.16) 0.95 (0.88, 1.01) 1.03 (0.88, 1.21) 1.00 (0.93, 1.09) 0.97

Flavonones

Age and smoking adjusted 0.93 (0.86, 1.01) 0.86 (0.81, 0.92) 0.84 (0.73, 0.94) 1.00 (0.95, 1.05) 0.56

Multivariate adjusted 1.04 (0.95, 1.14) 0.98 (0.92, 1.05) 1.02 (0.87, 1.19) — —

Flavan-3-ols

Age and smoking adjusted 0.92 (0.86, 1.00) 1.03 (0.97, 1.09) 1.00 (0.88, 1.14) — —

Multivariate adjusted 0.94 (0.81, 1.02) 1.03 (0.97, 1.09) 1.05 (0.92, 1.21) 1.00 (0.94, 1.07) 0.44

Anthocyanins

Age and smoking adjusted 0.79 (0.73, 0.85) 0.76 (0.72, 0.81) 0.79 (0.69, 0.90) — —

Multivariate adjusted 0.89 (0.81, 0.97)*** 0.87 (0.81, 0.92)*** 0.93 (0.80, 1.09) 0.88 (0.84, 0.93)*** 0.02*

Polymers

Age and smoking adjusted 0.92 (0.85, 0.99) 1.02 (0.96, 1.08) 0.96 (0.84, 1.09) — —

Multivariate adjusted 0.95 (0.88, 1.03) 1.00 (0.94, 1.06) 1.05 (0.91, 1.20) 0.99 (0.95, 1.03) 0.48

Total flavonoids

Age and smoking adjusted 0.90 (0.83, 0.97) 1.00 (0.96, 1.08) 0.94 (0.83, 1.07) — —

Multivariate adjusted 0.95 (0.88, 1.03) 1.01 (0.95, 1.07) 1.06 (0.92, 1.22) 1.00 (0.95, 1.05) —

1 All values are relative risks; 95% CIs in parentheses. ***P , 0.001, *P , 0.05.
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risk reductions in the �60-y-old participants for the main con-
stituents of dark cocoa, catechin, and epicatechin (5% and 7%
reduction, respectively) of a magnitude similar to that observed
in a meta-analysis of randomized controlled trials on flavonoids
(12). Significant reductions in blood pressure after interventions
with cocoa flavan-3-ols were observed; interventions of 1–18 wk
of duration resulted in a mean reduction in SBP of 5.9 mm Hg
(95% CI: 29.55, 22.21 mm Hg; n = 5 studies) and in diastolic
blood pressure of 3.3 mm Hg (95% CI: 25.77, 20.83 mm Hg;
n = 4 studies) (12). Numerous intervention studies have shown
that an increased intake of specific flavonoids improves endo-
thelial function in vivo (8, 9, 11, 32–34) with a predominant
focus on cocoa flavan-3-ols and soy isoflavones (12). For many
of the other flavonoid subclasses, including anthocyanins, there
was insufficient evidence to draw conclusions about efficacy.

According to experimental studies, the underlying biological
mechanisms by which flavonoids regulate blood pressure include
the effects of flavonoids on vascular blood flow, vascular re-
activity, and glucose uptake. Growing mechanistic evidence
suggests that endothelial NO regulation rather than a general
antioxidant effect (ie, direct radical scavenging) is a major target
for these compounds, and emerging data suggests that eNOS and
NADPH oxidase activity are crucial sites of action for many
flavonoids (9–11, 34). Data from experimental animal models
and in vitro work support a blood pressure–lowering effect of
a number of flavonoids; specifically, quercetin, delphinidin,
cyanidin-3-glucoside, and epigallopcatechin-3-gallate enhanced
NO output or bioactivity and improved endothelium-dependent
vascular relaxation and lowered blood pressure in spontaneously
hypertensive rats (35–43). These data are supported by human

intervention studies. For example, the ingestion of pure epi-
catechin by healthy men augmented NO bioavailability and
acutely reduced plasma concentrations of endothelin-1, which is
a potent endothelium-derived vasoconstrictor (44). In another
trial, the vascular effects observed after consumption of flavan-3-
ol rich cocoa were linked to epicatechin intake (9). Other pro-
posed mechanisms for the antihypertensive effects of flavan-3-ols
include the ability to lower the activity of arginase-2, which is an
enzyme that competes with NO synthase for L-arginine (33) and
inhibitory activity on angiotension converting enzyme in vitro
(45).

The diversity in structures of flavonoids contributes to dif-
ferences in biological efficacy, and it is likely that the bioactivity
relevant to endothelial function is limited to a few structurally
similar compounds such as the catechol and 4# hydroxy fla-
vonoids as observed in our study. Our data suggested that several
specific classes of flavonoids were associated with blood pres-
sure reduction, specifically anthocyanins, which resulted in
a 12% reduction in hypertension risk in multivariate analyses.
These data are important because anthocyanins are present in
commonly consumed fruit, such as blueberries, cranberries, and
strawberries, which can be readily incorporated into the diet. An
average portion of blueberries, blackcurrants, or blood orange
juice can contain very high amounts of anthocyanins (.500 mg
anthocyanins) (46, 47). Although the mean intakes of antho-
cyanins were somewhat low (12–15 mg anthocyanins/d) in the
current study, considerable amounts were consumed by some
individuals (�1252 mg anthocyanins/d). We also believe that the
amounts of anthocyanins reported in foods and food databases
are still underestimations because of methodologic limitations in

TABLE 4

Individual dietary flavonoids from the flavonol, flavone, flavan-3-ol, and anthocyanin subclasses (with specific structural similarities) and risk of incident

hypertension in the Nurses’ Health Study (NHS) I, the NHS II, and the Health Professionals Follow-Up Study (HPFS)1

Cumulative intakes: Q5 vs Q1
All participants

pooled

Participants �60 y

of age pooled

P for

age interactionNHS I NHS II HPFS

Flavonols

Quercetin 0.93 (0.89, 0.99) 0.96 (0.90,1.01) 1.07 (0.97,1.18) 0.97 (0.91,1.04) 0.95 (0.91,1.00) 0.48

Kaempferol 0.99 (0.94, 1.04) 1.09 (1.03,1.16) 1.03 (0.94,1.13) 1.04 (0.97,1.10) 1.00 (0.88,1.13) 0.45

Myricetin 0.99 (0.94, 1.05) 1.05 (0.99,1.12) 1.12 (1.02,1.24) 1.04 (0.98,1.11) 1.00 (0.91,1.11) 0.27

Isorhamnetin 0.96 (0.92, 1.01) 1.01 (0.95,1.07) 1.06 (1.00,1.13) 1.01 (0.95,1.07) 0.98 (0.91,1.05) 0.25

Flavones

Apigenin 0.94 (0.90, 1.00) 0.96 (0.89,1.02) 0.95 (0.86,1.04) 0.95 (0.91,0.99)*** 0.94 (0.87,1.01) 0.67

Luteolin 0.99 (0.93, 1.04) 0.94 (0.88,1.00) 1.05 (0.95,1.16) 0.98 (0.93,1.04) 0.99 (0.91,1.06) 0.74

Flavan-3-ols

Catechin 0.94 (0.90, 0.99) 0.95 (0.89,1.01) 1.03 (0.93,1.12) 0.96 (0.92,1.01) 0.93 (0.88,0.97)** 0.08

Gallocatechins 0.98 (0.93, 1.03) 1.09 (1.02,1.15) 1.05 (0.95,1.15) 1.04 (0.96,1.12) 1.00 (0.89,1.13) 0.58

Epicatechin 0.96 (0.91, 1.01) 0.95 (0.89,1.01) 1.06 (0.97,1.16) 0.98 (0.93,1.04) 0.95 (0.91,1.00)* 0.27

Eigallocatechin 0.99 (0.94, 1.04) 1.06 (1.00,1.13) 1.05 (0.96,1.15) 1.03 (0.98,1.08) 1.01 (0.93,1.10) 0.56

Epicatechin 3 gallate 0.98 (0.93, 1.03) 1.07 (1.01,1.14) 1.09 (0.99,1.19) 1.04 (0.97,1.04) 1.01 (0.90,1.13) 0.65

Epigallocatechin 3 gallate 0.99 (0.94, 1.04) 1.08 (1.01, 1.14) 1.04 (0.95,1.14) 1.03 (0.98,1.04) 1.01 (0.90,1.13) 0.86

Anthocyanins

Cyanidin 0.93 (0.88, 0.98) 0.84 (0.79, 0.90) 0.96 (0.87,1.06) 0.91 (0.84,0.98)* 0.88 (0.82,0.94)*** 0.04*

Delphinidin 0.98 (0.93, 1.04) 0.86 (0.81, 0.92) 1.04 (0.95,1.15) 0.95 (0.86,1.06) 0.94 (0.84,1.05) 0.33

Malvidin 0.97 (0.92, 0.98) 0.88 (0.82, 0.93) 0.95 (0.87,1.05) 0.95 (0.90,1.00)* 0.89 (0.85, 0.94)*** 0.004**

Pelargonidin 0.92 (0.88, 0.97) 0.96 (0.90, 1.02) 1.00 (0.92,1.10) 0.95 (0.91,0.99)* 0.95 (0.91,1.00)* 0.93

Peonidin 0.97 (0.92, 1.02) 0.88 (0.83, 0.93) 0.97 (0.89,1.07) 0.94 (0.87,1.00) 0.89 (0.85,0.93)*** 0.001***

Petunidin 0.98 (0.93, 1.03) 0.87 (0.81, 0.92) 0.96 (0.87,1.05) 0.94 (0.86,1.01) 0.89 (0.85,0.93)*** 0.001***

1 All values are relative risks; 95% CIs in parentheses. Q, quintile. The multivariate model included age and smoking, BMI, physical activity, alcohol

consumption, family history of hypertension, aspirin use, multivitamin use, and intakes of sodium, magnesium, potassium, fiber, whole grain, folate, and

caffeine. ***P , 0.001, **P , 0.01, *P , 0.05.
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analysis methods such as a lack of characterization of antho-
cyanin intermediates or phenolic degradation products in pro-
cessed foods, which may be potentially bioactive anthocyanin
constituents (48, 49).

The limitations of the current study include that the blood
pressures of participants were not directly measured, and the
diagnosis of hypertension was self-reported; however, all par-
ticipants were health professionals, and hypertension reporting
by participants of these cohorts was highly sensitive (19). The
specificity of hypertension reporting may have resulted in the
misclassification of a few truly hypertensive individuals as
control subjects, but such misclassification would tend to di-
minish the magnitude of the association. Therefore, our findings
may be an underestimation of the true association. As with any
observational study design, no causal associations could be made,
and we could not exclude the possibility of residual confounding;
however, we controlled for a range of dietary and lifestyle factors
known to affect hypertension risk (including smoking, BMI,
physical activity, alcohol consumption, family history, aspirin
use, and a number of dietary variables). Furthermore, because we
specifically observed an association with anthocyanins and not
with all flavonoids, the possibility of residual confounding by
a healthy lifestyle may have been reduced. Dietary flavonoid
intakes were based on cumulative intakes and were calculated
from a database developed by using the most recent USDA da-
tabase (21), with significant additional input from other sources.
These data sets allowed us to quantify flavonoid intakes more
robustly than previous flavonoid-based analyses (5). However
there is wide variability in the flavonoid content of foods depending

on geographical origin, growing season, different cultivars, agri-
cultural methods and processing, and a lack of biomarkers to
integrate intakes with the extensive metabolism these compounds
undergo in vivo.

In conclusion, these findings warrant further investigation,
including intervention studies designed to test optimal doses of
anthocyanin rich foods for the prevention of hypertension and to
underpin guidelines for the prevention and treatment of hyper-
tension. These data support the hypothesis that the antihyper-
tensive bioactivity may be relevant to vasodilatory processes
associated with specific flavonoid structural characteristics.
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