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Dietary flavonoids: effects on endothelial
function and blood pressure
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Abstract: Several population studies have found an inverse association between flavonoid intake and risk of
cardiovascular disease. These studies have resulted in the hypothesis that dietary flavonoids protect against
cardiovascular disease. Many in vitro studies, studies using animal models and human intervention trials have
been carried out to investigate how flavonoids might provide protection. Emerging and largely consistent evidence
suggests that flavonoids can improve endothelial function and may reduce blood pressure. In vitro studies show
that a variety of flavonoids cause vasorelaxation of isolated arteries from rats. In human intervention trials,
flavonoids derived from tea and cocoa or dark chocolate – both rich sources of catechins – have been found to
improve endothelial function acutely and with regular ingestion. The evidence for benefits of flavonoids from
other dietary sources is less clear. Improvements in endothelial function could contribute to lower blood pressure.
Population studies have associated higher intake of tea and chocolate with lower blood pressure. Short-term
intervention studies in humans have shown blood pressure lowering with cocoa or dark chocolate, but short-term
regular ingestion of tea has not been found to lower blood pressure. The long-term effects of regular ingestion of
a flavonoid-enriched diet on endothelial function and blood pressure have yet to be assessed. In addition, there is
evidence that flavonoid metabolism is an important factor influencing the biological activity and effects of dietary
flavonoids, but further studies are needed to investigate this area.
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INTRODUCTION
Over the past two decades there has been considerable
research interest in the potential health benefits of
flavonoids. Results of population studies suggest that
dietary flavonoids provide modest protection against
cardiovascular disease.1,2 There is also a growing
body of evidence from controlled trials that dietary
flavonoids can improve endothelial function and
reduce blood pressure in humans,3 and inhibit the
development of atherosclerosis in animal models.4

These effects may be at least partly responsible for
any reduction in the risk of cardiovascular disease.

DEFINITIONS AND DIETARY SOURCES
Many thousands of polyphenolic compounds are
produced as secondary plant metabolites. Within the
plant they have a diverse range of functions. When
ingested by humans they may provide health benefits.
Flavonoids are a major class of polyphenols. They
have a C6 –C3 –C6 structure consisting of two aromatic
rings that are linked together by a three-carbon unit
to form an oxygenated heterocycle. The A ring is
characteristically of the phloroglucinol or resorcinol
hydroxylation pattern and the B ring usually 4-, 3,4-

or 3,4,5-hydroxylated (Fig. 1). The six major classes
of flavonoids include flavonols, flavones, flavanols,
flavanones, anthocyanins and isoflavones (Table 1).
The structures of four of the flavonoids which have
been of considerable research interest are presented
in Fig. 1. A great deal of the available data on health
effects of flavonoids relates primarily to foods and
beverages rich in flavonols, flavanols or isoflavones.

CARDIOVASCULAR DISEASE IN POPULATION
STUDIES
The relationship between flavonoid intake and risk
of cardiovascular disease has been investigated in
a number of epidemiological studies.2,3 There have
now been 12 prospective studies on flavonoid intake
and coronary heart disease and five prospective
studies on flavonoid intake and stroke.2 Seven studies
suggest a protective effect on coronary events and
or death: six for flavonols and/or flavones and one
for flavanols. Two studies suggest a protective effect
of flavonols and flavones against stroke. Huxley and
Neil5 performed a meta-analysis of seven prospective
studies of flavonoids in relation to coronary heart
disease. The highest tertile of flavonoid intake was
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Table 1. Flavonoid classes, representative flavonoids and food and beverages sources

Class Representative flavonoids Main food and beverage sources

Flavonols Quercetin; kaempferol; myricetin Tea; apples; onions
Flavones Apigenin; luteolin Herbs; vegetables
Flavanols Catechins; procyanidins Tea; red wine; red grapes; grape seeds; cocoa
Flavanones Hesperidin; naringenin Citrus fruits
Anthocyanins Cyanidin Berries
Isoflavones Genistein; daidzein Soy protein-containing foods
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Figure 1. Structures of four flavonoids that have been of
considerable research interest.

associated with a 20% reduction in the risk of fatal
coronary heart disease in comparison the lowest tertile
of intake. The lack of benefit observed in some studies
could be explained by either a uniformly very low or
high flavonoid intake within these populations.6

Cross-sectional and prospective population studies
have also investigated the relationship of polyphenol-
rich foods and beverages with cardiovascular disease.
Results of more than ten prospective studies suggest
that three cups of tea per day (rich in catechins)
can reduce coronary heart disease risk by about
10%.7 Data from cross-sectional studies would also
suggest a similar protective effect of tea.7 A recent
cross-sectional study from the Zutphen Elderly
Study suggests that cocoa (rich in catechins and
procyanidins) intake is inversely associated with
blood pressure and all-cause mortality.8 The available
data from population studies on red wine (rich
in procyanidins) consumption are more difficult
to interpret because of the confounding effect
of alcohol. There is some suggestion that light-
to-moderate consumption of red wine may have

greater cardiovascular benefits than similar alcohol
intake from beer.9 This may be related to the
high flavonoid content of wine but could also be
due to other confounding lifestyle factors such as
diet, socioeconomic status or pattern of alcohol
consumption.10 Isoflavone intake can be linked closely
to the intake of foods containing soy protein. To date,
one prospective study has investigated the link between
soy protein intake and coronary heart disease events
and found a protective relationship.11

Although these studies do not establish a causative
link, the overall evidence from population studies does
suggest that a higher flavonoid intake may provide
modest protection against cardiovascular disease.2,3

ANIMAL MODELS OF ATHEROSCLEROSIS
The effects of flavonoid-rich foods or extracts on the
development of atherosclerosis have been studied in
the apoE deficient mouse and in hamsters. These
studies are consistent in demonstrating favourable
effects. In the apoE deficient mouse, which devel-
ops human-like atherosclerotic plaques, inhibition
of lesion development has been demonstrated with
tea,12 red wine-derived polyphenols4,13–15 and isolated
quercetin or catechin.13 Oral supplementation with
a pure phenolic acid derivative from honey, caffeic
acid phenethyl ester, also attenuates atherosclerosis
in the apoE deficient mouse.16 Similar inhibition has
been found with tea17 and red-grape extracts18 in the
cholesterol-fed hamster. Some studies have suggested
a dissociation of the anti-atherosclerosis activity with
oxidative damage.4,15 This suggests that the bioactiv-
ity of the polyphenols may not be due to antioxidant
activity in vivo.

FLAVONOIDS AND CARDIOVASCULAR DISEASE
RISK FACTORS
Intervention studies in humans have explored the
effects of flavonoids and flavonoid-rich foods on a
range of cardiovascular disease-related endpoints.19

These have included processes involved in the
pathogenesis of vascular disease such as oxidative
damage and inflammation, cardiovascular disease risk
factors such as blood lipids, homocysteine, blood
pressure and body weight, and markers of vascular
disease such as arterial compliance and endothelial
function. For many of these endpoints, the results are
mixed and a consistent picture has yet to emerge.
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There has been considerable research interest in
flavonoids as antioxidants. Flavonoids possess potent
antioxidant activity in vitro. However, despite many
investigations, there remains limited evidence to
suggest that flavonoids can actually inhibit oxidative
damage in vivo.4,20–22 Manach et al.23 in a review
of the most recent human intervention trials with
antioxidant/oxidant endpoints highlight the large
discrepancies in this area. In addition, studies showing
inhibition of atherosclerosis in animal models point to
mechanisms other than antioxidant effects.4,15,18

Results of in vitro studies, studies in animal models
and population studies suggest that flavonoids could
reduce blood cholesterol concentrations. However,
many human intervention studies have found little
or no change in blood lipid and lipoproteins with
increased flavonoid intake.23,24 Overall, the available
data suggest that flavonoids may have a small beneficial
effect on blood cholesterol concentrations in individ-
uals with elevated blood cholesterol concentrations.

For a variety of other cardiovascular disease-
related endpoints, the data are limited to only a
few investigations. Additional studies are needed
to confirm suggested benefits of flavonoids on
platelet function,25 inflammation,26 body fatness27

and homocysteine.28

FLAVONOIDS AND ENDOTHELIAL FUNCTION
In vitro studies
Isolated vessels from animals can be used to assess
the effects of potentially vasoactive substances in vitro.
The effects of individual flavonoids on the relaxation
of isolated arteries from rats have been investigated in
many studies. The relaxation responses of flavonols,
flavones, flavanols, flavanones, anthocyanins and
isoflavones have all been assessed in this model.
These studies show that flavonoids can cause
vasorelaxation at physiological concentrations. The
relaxation observed is largely endothelium-dependent
and nitric oxide (NO)-dependent, although other
mechanisms also appear to be involved.29–34

Human intervention trials
Consistent benefits of flavonoids from some dietary
sources (catechin-rich foods and beverages) have
been observed on endothelial function. In humans,
one of the main methods to investigate endothelial
function has been to use ultrasonography focusing on
conduit vessels, such as the brachial artery.35 This is
a non-invasive technique that measures vasodilation
of the artery in response to shear stress induced by
increased blood flow. This is known as flow-mediated
dilatation and is largely NO-dependent.36 The validity
of this technique is supported by observations showing
that abnormalities in the peripheral circulation are
associated with a range of cardiovascular risk factors,37

with abnormal vasotonic responses in the coronary
circulation38 and with increased risk of coronary
events.39

The effect of dietary flavonoids on endothelial
function in humans has been an area of major
interest in recent years.3,23 Accumulating data suggest
that flavonoids can improve endothelial function.40–53

These studies can be broadly categorised based on
the dietary source of flavonoids used into tea, cocoa
and dark chocolate, red wine and related sources,
and soy isoflavones.19 In controlled intervention trials
chronic40,41 and acute41–43 ingestion of tea has been
shown to improve endothelial function. Similarly,
improved endothelial function has been demonstrated
in several studies with flavonoid-rich cocoa or dark
chocolate.44–48 The results of Schroeter et al.48 suggest
that epicatechin in cocoa is primarily responsible
for the vascular effects. Oral administration of pure
(−)-epicatechin showed similar acute vascular effects
as flavanol-rich cocoa. These effects were likely due
to augmentation of NO synthesis by flavanols. Tea
also contains epicatechin, but at lower concentrations,
and contains high concentrations of other catechins
with a similar structure.54 The data on red wine
and related sources is mixed. A controlled trial with
very small numbers by Cuevas et al.49 did suggest
benefit of red wine, whereas other controlled trials
have shown no effect.55–58 Several uncontrolled trials
using de-alcoholised red wine or purple grape juice
have shown a significant improvement in endothelial
function.50–52 Many randomised controlled trials have
now investigated the effect of isolated isoflavones59–63

or soy protein containing isoflavones53,64–66 on
endothelial function in the brachial artery. The results
of these studies suggest that isoflavones do not
significantly improve endothelial function. However,
studies with endothelial or vascular function outcomes
other than flow-mediated dilatation are suggestive
of benefits,67–69 indicating that different mechanisms
could be involved.

FLAVONOIDS AND BLOOD PRESSURE
Effects of flavonoids to improve endothelial function
may be at least partially responsible for any reduction
in risk of cardiovascular disease. Acute and sustained
improvement in endothelial function could contribute
to lower blood pressure. Dietary flavonoids can reduce
blood pressure in the spontaneously hypertensive rat.70

Studies of the effects on blood pressure of short-term
regular ingestion of flavonoids in humans provide
mixed results.47,57,58,71–73 Three short-term studies
have shown blood pressure lowering with flavonoid-
rich cocoa or dark chocolate.47,72,73 In contrast, short-
term regular ingestion of tea for up to 4 weeks appears
not to significantly alter blood pressure.40,71 Studies
showing that soy protein containing isoflavones can
reduce blood pressure74,75 are likely to be confounded
by an effect of protein per se to reduce blood pressure.76

Isolated isoflavones appear to have little or no effect
on blood pressure, at least in the short term.77

Investigations of the possible longer-term effects
of regular ingestion of flavonoids on blood pres-
sure are limited to cross-sectional studies assessing
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tea intake78–81 and chocolate intake.8 Inverse rela-
tionships of tea intake78,79 and a marker of tea
flavonoid exposure79 with blood pressure, and of
tea intake with prevalence of hypertension80,81 have
been reported. Recent cross-sectional data from the
Zutphen Elderly Study suggest an inverse association
between cocoa intake and blood pressure and cardio-
vascular mortality.8 Relationships of red wine intake
with blood pressure are influenced by the more potent
effect of alcohol to raise blood pressure.58

FLAVONOID METABOLISM: BIOLOGICAL
ACTIVITY AND EFFECTS
Absorbed flavonoids are often rapidly metabolised.
This may be relevant to biological activity and effects of
dietary flavonoids. An important pathway of flavonoid
metabolism following absorption is O-methylation by
catechol-O-methyltransferase (COMT).82 It appears
that much of the absorbed flavonoids are methy-
lated, but the degree of flavonoid metabolism may
vary between individuals. Flavonoids can act as accep-
tors of methyl groups, becoming O-methylated via the
action of COMT during metabolism of methionine
to homocysteine. Therefore, dietary polyphenols have
the potential to raise total plasma homocysteine con-
centrations (tHcy).28 In addition, the O-methylation of
flavonoids reduces endothelial exposure to unaltered
compounds and may alter vasodilator activity. There-
fore, differences in flavonoid metabolism have the
potential to influence biological activities and effects.
The activity of COMT can vary as much as three-fold
between individuals,83 which could contribute to the
variability in observed flavonoid methylation.84 The
COMT activity is related to genetic variation in the
COMT gene. There are two main genotypes: low
activity COMT and high activity COMT.83 This is
likely to be a major factor, but not the only factor
influencing flavonoid methylation.

Biological effects
We have previously investigated the potential impor-
tance of flavonoid methylation in intervention
trials.28,85 In individuals drinking five cups per day
of black tea for 4 weeks, we assessed the relationship
between degree of O-methylation of the tea-derived
polyphenols and the change in tHcy. Overall, regular
ingestion of black tea did not alter tHcy. How-
ever, the degree to which individuals O-methylated
tea-derived flavonoids was positively associated with
change in tHcy.28 These results suggest that individ-
ual differences in O-methylation may influence the
ultimate effects of black tea on tHcy. More recently
we have investigated whether changes in endothe-
lial function following chronic and acute ingestion of
tea were related to the O-methylation of tea-derived
flavonoids.85 During chronic ingestion of tea, the
degree to which individuals O-methylated tea-derived
flavonoids was negatively associated with change in
flow-mediated dilatation responses. Those individuals

who methylated fewer of the flavonoids had more of
an improvement in endothelial function. There were
similar findings during acute tea consumption. That
is, any improvement in flow-mediated dilatation fol-
lowing ingestion of tea may be enhanced in individuals
who O-methylate fewer of the absorbed flavonoids.85

Thus, differences in flavonoid metabolism could be
related to the level of benefit of dietary flavonoids
on the risk of cardiovascular disease, but additional
studies are needed to investigate this hypothesis.

In vitro activities of flavonoid metabolites
The available data on the effects of O-methylation
of flavonoids on in vitro activities are limited.86–88

Most data from the many hundreds of in vitro studies
are based on the use of flavonoids present in foods,
and not as they exist in the circulation. This may
limit the validity of the studies in extrapolating
the data to human physiology.89 We have shown
that O-methylation of a phenolic compound can
significantly reduce its antioxidant activity.86 Koga
and Meydani87 found that catechin metabolites were
more effective than catechin in inhibiting monocyte
adhesion to endothelial cells. Spencer et al.88 found
that the protection against cell death induced by
hydrogen peroxide elicited by 3′-O-methyl epicatechin
is not significantly different from that of epicatechin.
Further studies are clearly needed to investigate in vitro
activities of flavonoids as they occur in the circulation.

CONCLUSIONS AND FUTURE RESEARCH
Population and intervention studies indicate that
a higher intake of flavonoids protects against car-
diovascular disease. Accumulating evidence suggests
that flavonoid-rich foods and beverages can improve
endothelial function and may reduce blood pressure.
This may at least partly explain any benefit on car-
diovascular disease risk. However, several questions
have yet to be adequately addressed. The effects
on endothelial function, blood pressure and other
cardiovascular disease risk factors of long-term regu-
lar ingestion of a high flavonoid diet have not been
assessed in a controlled trial. Long-term studies are
important to confirm the benefits suggested by results
of acute and short-term intervention studies, and for
the translation of findings into appropriate public
health advice. It is also uncertain whether changes
in blood pressure follow improvements in endothelial
function, and the extent to which any changes in blood
pressure are due to acute vasoactive effects. Another
unanswered question relates to whether or not a range
of flavonoids of similar structure elicit the same vas-
cular effects. The recent studies with cocoa suggest
that epicatechin is primarily responsible for the effects
of cocoa/dark chocolate to improve endothelial func-
tion. It remains uncertain whether a range of catechins
as well as other classes of flavonoids have the same
activity. These investigations will help to establish if
cardiovascular benefits are likely to be limited to a
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small number or a wider range of foods and beverages.
Finally, results of recent trials with tea suggest that
flavonoid metabolism could be an important determi-
nant of biological effects. The importance of flavonoid
O-methylation requires further investigation.

REFERENCES
1 Fisher NDL and Hollenberg NK, Flavonoids for cardiovascular

health: the science behind the sweetness. J Hypertens
23:1453–1459 (2005).

2 Arts ICW and Hollman PCH, Polyphenols and disease risk in
epidemiologic studies. Am J Clin Nutr 81:317S–325S (2005).

3 Vita JA, Polyphenols and cardiovascular disease: effects
on endothelial and platelet function. Am J Clin Nutr
81:292S–297S (2005).

4 Waddington E, Puddey IB and Croft KD, Red wine polyphe-
nolic compounds inhibit atherosclerosis in apolipoprotein
E-deficient mice independent of effects on lipid peroxidation.
Am J Clin Nutr 79:54–61 (2004).

5 Huxley RR and Neil HA, The relation between dietary flavonol
intake and coronary heart disease mortality: a meta-analysis
of prospective cohort studies. Eur J Clin Nutr 57:904–908
(2003).

6 Vita JA, Tea consumption and cardiovascular disease: effects on
endothelial function. J Nutr 133:3293S–3297S (2003).

7 Peters U, Poole C and Arab L, Does tea affect cardiovascular
disease? A meta-analysis. Am J Epidemiol 154:495–503
(2001).

8 Buijsse B, Feskens EJM and Kok FJ, Cocoa intake, blood
pressure and cardiovascular mortality. Arch Intern Med
166:411–417 (2006).

9 Klatsky AL, Friedman GD, Armstrong MA and Kipp H, Wine,
liquor, beer, and mortality. Am J Epidemiol 158:585–595
(2003).

10 Szmitko PE and Verma S, Red wine and your heart. Circulation
111:e10–e11 (2005).

11 Zhang X, Shu XO, Gao YT, Yang G, Li Q, Li H, et al, Soy food
consumption is associated with lower risk of coronary heart
disease in Chinese women. J Nutr 133:2874–2878 (2003).

12 Miura Y, Chiba T, Tomita I, Koizumi H, Miura S, Umegaki K,
et al, Tea catechins prevent the development of atherosclerosis
in apoprotein E-deficient mice. J Nutr 131:27–32 (2001).

13 Hayek T, Fuhrman B, Vaya J, Rosenblat M, Belinky P, Cole-
man R, et al, Reduced progression of atherosclerosis in
apolipoprotein E-deficient mice following consumption of red
wine, or its polyphenols quercetin or catechin, is associated
with reduced susceptibility of LDL to oxidation and aggrega-
tion. Arterioscler Thromb Vasc Biol 17:2744–2752 (1997).

14 Vinson JA, Teufel K and Wu N, Red wine, dealcoholized red
wine, and especially grape juice, inhibit atherosclerosis in a
hamster model. Atherosclerosis 156:67–72 (2001).

15 Stocker R and O’Halloran RA, Dealcoholized red wine
decreases atherosclerosis in apolipoprotein E gene-deficient
mice independently of inhibition of lipid peroxidation in the
artery wall. Am J Clin Nutr 79:123–130 (2004).

16 Hishikawa K, Nakaki T and Fujita T, Oral flavonoid sup-
plementation attenuates atherosclerosis development in
apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol
25:442–446 (2005).

17 Vinson JA, Teufel K and Wu N, Green and black teas
inhibit atherosclerosis by lipid, antioxidant, and fibrinolytic
mechanisms. J Agric Food Chem 52:3661–3665 (2004).

18 Auger C, Gerain P, Laurent-Bichon F, Portet K, Bornet A,
Caporiccio B, et al, Phenolics from commercialized grape
extracts prevent early atherosclerotic lesions in hamsters by
mechanisms other than antioxidant effect. J Agric Food Chem
52:5297–5302 (2004).

19 Williamson G and Manach C, Bioavailability and bioefficacy of
polyphenols in humans. II. Review of 93 intervention studies.
Am J Clin Nutr 81:243S–255S (2005).

20 Hodgson JM, Croft KD, Mori TA, Burke V, Beilin LJ and
Puddey IB, Regular ingestion of tea does not inhibit lipid
peroxidation in vivo. J Nutr 132:55–58 (2002).

21 Hodgson JM, Puddey IB, Croft KD, Mori TA, Rivera J and
Beilin LJ, Isoflavonoids do not inhibit in vivo lipid peroxida-
tion in subjects with high-normal blood pressure. Atheroscle-
rosis 145:167–172 (1999).

22 Halliwell B, Rafter J and Jenner A, Health promotion by
flavonoids, tocopherols, tocotrienols, and other phenols:
direct or indirect effects? Antioxidant or not? Am J Clin
Nutr 81:268S–276S (2005).

23 Manach C, Mazur A and Scalbert A, Polyphenols and preven-
tion of cardiovascular diseases. Curr Opin Lipidol 16:77–84
(2005).

24 Hodgson JM. Tea and cardiovascular disease: a review. Proc
Nutr Soc Austr 24:241–249 (2000).

25 Hodgson JM, Puddey IB, Mori TA, Burke V, Baker R and
Beilin LJ, Effects of regular ingestion of black tea on
haemostasis and cell adhesion molecules in humans. Eur J
Clin Nutr 55:881–886 (2001).

26 Sies H, Schewe T, Heiss C and Kelm M, Cocoa polyphenols
and inflammatory mediators. Am J Clin Nutr 81:304S–312S
(2005).

27 Nagao T, Komine Y, Soga S, Meguro S, Hase T, Tanaka Y,
et al, Ingestion of a tea rich in catechins leads to a reduction
in body fat and malondialdehyde-modified LDL in men. Am
J Clin Nutr 81:122–129 (2005).

28 Hodgson JM, Burke V, Beilin LJ, Croft KD and Puddey IB,
Can black tea influence plasma total homocysteine concen-
trations? Am J Clin Nutr 77:907–911 (2003).

29 Fitzpatrick DF, Hirshfield SL and Coffey RG, Endothelium-
dependent vasorelaxing activity of wine and other grape
products. Am J Physiol 265:H774–H778 (1993).

30 Fitzpatrick DF, Hirshfield SL, Ricci T, Jantzen P and Cof-
fey RG, Endothelium-dependent vasorelaxation caused by
various plant extracts. J Cardiovas Pharmacol 26:90–95
(1995).

31 Chen CK and Paceasciak CR, Vasorelaxing activity of resver-
atrol and quercetin in isolated rat aorta. General Pharmacol
27:363–366 (1996).

32 Chin-Dusting JP, Fisher LJ, Lewis TV, Piekarska A, Nestel PJ
and Husband A, The vascular activity of some isoflavone
metabolites: implications for a cardioprotective role. Br J
Pharmacol 133:595–605 (2001).

33 Karamsetty MR, Klinger JR and Hill NS, Phytoestrogens
restore nitric oxide-mediated relaxation in isolated pulmonary
arteries from chronically hypoxic rats. J Pharmacol Exper
Therap 297:968–974 (2001).

34 Woodman OL and Chan EC, Vascular and anti-oxidant actions
of flavonols and flavones. Clin Exper Pharmacol Physiol
31:786–790 (2004).

35 Playford DA and Watts GF, Special article: non-invasive
measurement of endothelial function. Clin Exper Pharmacol
Physiol 25:640–643 (1998).

36 Doshi SN, Naka KK, Payne N, Jones CJ, Ashton M, Lewis MJ,
et al, Flow-mediated dilatation following wrist and upper arm
occlusion in humans: the contribution of nitric oxide. Clin Sci
101:629–635 (2001).

37 Rubanyi GM. The role of endothelium in cardiovascular
homeostasis and diseases. J Cardiovas Pharmacol 22:S1–S14
(1993).

38 Anderson TJ, Uehata A, Gerhard MD, Meredith IT, Knab S,
Delagrange D, et al, Close relation of endothelial function in
the human coronary and peripheral circulations. J Am Coll
Cardiol 26:1235–1241 (1995).

39 Neunteufl T, Heher S, Katzenschlager R, Wolfl G, Kostner K,
Maurer G, et al, Late prognostic value of flow-mediated
dilation in the brachial artery of patients with chest pain.
Am J Cardiol 86:207–210 (2000).

40 Hodgson JM, Puddey IB, Burke V, Watts GF and Beilin LJ,
Regular ingestion of black tea improves endothelial function
in humans. Clin Sci 102:195–201 (2002).

2496 J Sci Food Agric 86:2492–2498 (2006)
DOI: 10.1002/jsfa



Effects of flavonoids on blood pressure

41 Duffy SJ, Keaney JF Jr, Holbrook M, Gokce N, Swerdloff PL,
Frei B, et al, Short- and long-term black tea consumption
reverses endothelial dysfunction in patients with coronary
artery disease. Circulation 104:151–156 (2001).

42 Hodgson JM, Burke V and Puddey IB, Acute effects of tea on
fasting and postprandial vascular function and blood pressure
in humans. J Hypertens 23:47–54 (2005).

43 Nagaya N, Yamamoto H, Uematsu M, Itoh T, Nakagawa K,
Miyazawa T, et al, Green tea reverses endothelial dysfunction
in healthy smokers. Heart 90:1485–1486 (2004).

44 Heiss C, Dejam A, Kleinbongard P, Schewe T, Sies H and
Kelm M. Vascular effects of cocoa rich in flavan-3-ols. JAMA
290:1030–1031 (2003).

45 Heiss C, Kleinbongard P, Dejam A, Perre S, Schroeter H,
Sies H, et al, Acute consumption of flavanol-rich cocoa and
the reversal of endothelial dysfunction in smokers. J Am Coll
Cardiol 46:1276–1283 (2005).

46 Engler MB, Engler MM, Chen CY, Malloy MJ, Browne A,
Chiu EY, et al, Flavonoid-rich dark chocolate improves
endothelial function and increases plasma epicatechin
concentrations in healthy adults. J Am Coll Nutr 23:197–204
(2004).

47 Grassi D, Necozione S, Lippi C, Croce G, Valeri L, Pasqua-
letti P, et al, Cocoa reduces blood pressure and insulin
resistance and improves endothelium-dependent vasodilation
in hypertensives. Hypertension 46:398–405 (2005).

48 Schroeter H, Heiss C, Balzer J, Kleinbongard P, Keen CL,
Hollenberg NK, et al, (−)-Epicatechin mediates beneficial
effects of flavanol-rich cocoa on vascular function in humans.
Proc Natl Acad Sci USA 103:1024–1029 (2006).

49 Cuevas AM, Guasch V, Castillo O, Irribarra V, Mizon C, San
Martin A, et al, A high-fat diet induces and red wine
counteracts endothelial dysfunction in human volunteers.
Lipids 35:143–148 (2000).

50 Agewall S, Wright S, Doughty RN, Whalley GA, Duxbury M
and Sharpe N, Does a glass of red wine improve endothelial
function? Eur Heart J 21:74–78 (2000).

51 Stein JH, Keevil JG, Wiebe DA, Aeschlimann S and Folts JD,
Purple grape juice improves endothelial function and reduces
the susceptibility of LDL cholesterol to oxidation in patients
with coronary artery disease. Circulation 100:1050–1055
(1999).

52 Chou EJ, Keevil JG, Aeschlimann S, Wiebe DA, Folts JD and
Stein JH, Effect of ingestion of purple grape juice on
endothelial function in patients with coronary heart disease.
Am J Cardiol 88:553–555 (2001).

53 Cuevas AM, Irribarra VL, Castillo OA, Yanez MD and Ger-
main AM, Isolated soy protein improves endothelial function
in postmenopausal hypercholesterolemic women. Eur J Clin
Nutr 57:889–894 (2003).

54 Harbowy ME and Ballentine DA, Tea chemistry. Crit Rev Plant
Sci 16:415–480 (1997).

55 Djousse L, Ellison RC, McLennan CE, Cupples LA, Lipin-
ska I, Tofler GH, et al, Acute effects of a high-fat meal with
and without red wine on endothelial function in healthy
subjects. Am J Cardiol 84:660–664 (1999).

56 Whelan AP, Sutherland WH, McCormick MP, Yeoman DJ, de
Jong SA and Williams MJ, Effects of white and red wine on
endothelial function in subjects with coronary artery disease.
Intern Med J 34:224–228 (2004).

57 Ward NC, Hodgson JM, Croft KD, Burke V, Beilin LJ and
Puddey IB, The combination of vitamin C and grape seed
polyphenols increases blood pressure: a randomised, double-
blind, placebo controlled trial. J Hypertens 23:427–434
(2005).

58 Zilkens RR, Burke V, Hodgson JM, Barden A, Beilin LJ and
Puddey IB, Both red wine and beer elevate blood pressure in
normotensive men. Hypertension 45:874–879 (2005).

59 Simons LA, von Konigsmark M, Simons J and Celermajer DS,
Phytoestrogens do not influence lipoprotein levels or
endothelial function in healthy, postmenopausal women. Am
J Cardiol 85:1297–1301 (2000).

60 Squadrito F, Altavilla D, Morabito N, Crisafulli A, D’Anna R,
Corrado F, et al, The effect of the phytoestrogen genistein
on plasma nitric oxide concentrations, endothelin-1 levels
and endothelium dependent vasodilation in postmenopausal
women. Atherosclerosis 163:339–347 (2002).

61 Hale G, Paul-Labrador M, Dwyer JH and Merz CN, Isoflavone
supplementation and endothelial function in menopausal
women. Clin Endocrinol 56:693–701 (2002).

62 Squadrito F, Altavilla D, Crisafulli A, Saitta A, Cucinotta D,
Morabito N, et al, Effect of genistein on endothelial function
in postmenopausal women: a randomized, double-blind,
controlled study. Am J Med 114:470–476 (2003).

63 Teede HJ, McGrath BP, DeSilva L, Cehun M, Fassoulakis A
and Nestel PJ, Isoflavones reduce arterial stiffness: a placebo-
controlled study in men and postmenopausal women.
Arterioscler Thromb Vasc Biol 23:1066–1071 (2003).

64 Teede HJ, Dalais FS, Kotsopoulos D, Liang YL, Davis S and
McGrath BP, Dietary soy has both beneficial and potentially
adverse cardiovascular effects: A placebo-controlled study in
men and postmenopausal women. J Clin Endocrinol Metab
86:3053–3060 (2001).

65 Steinberg FM, Guthrie NL, Villablanca AC, Kumar K and
Murray MJ, Soy protein with isoflavones has favorable effects
on endothelial function that are independent of lipid and
antioxidant effects in healthy postmenopausal women. Am J
Clin Nutr 78:123–130 (2003).

66 Kreijkamp-Kaspers S, Kok L, Bots ML, Grobbee DE, Lampe
JW and van der Schouw YT, Randomized controlled trial
of the effects of soy protein containing isoflavones on
vascular function in postmenopausal women. Am J Clin Nutr
81:189–195 (2005).

67 Nestel PJ, Yamashita T, Sasahara T, Pomeroy S, Dart A,
Komesaroff P, et al, Soy isoflavones improve systemic arte-
rial compliance but not plasma lipids in menopausal
and perimenopausal women. Arterioscl Thromb Vasc Biol
17:3392–3398 (1997).

68 Nestel PJ, Pomeroy S, Kay S, Komesaroff P, Behrsing J,
Cameron JD, et al, Isoflavones from red clover improve sys-
temic arterial compliance but not plasma lipids in menopausal
women. J Clin Endocrinol Metab 84:895–898 (1999).

69 Walker HA, Dean TS, Sanders TAB, Jackson G, Ritter JM
and Chowienczyk PJ, The phytoestrogen genistein produces
acute nitric oxide-dependent dilation of human forearm
vasculature with similar potency to 17 beta-estradiol.
Circulation 103:258–262 (2001).

70 Negishi H, Xu JW, Ikeda K, Njelekela M, Nara Y and
Yamori Y, Black and green tea polyphenols attenuate blood
pressure increases in stroke-prone spontaneously hypertensive
rats. J Nutr 134:38–42 (2004).

71 Hodgson JM, Puddey IB, Burke V and Beilin LJ, Effects on
blood pressure of drinking green and black tea. J Hypertens
17:457–463 (1999).

72 Taubert D, Berkels R, Roesen R and Klaus W, Chocolate and
blood pressure in elderly individuals with isolated systolic
hypertension. JAMA 290:1029–1030 (2003).

73 Grassi D, Lippi C, Necozione S, Desideri G and Ferri C, Short-
term administration of dark chocolate is followed by a
significant increase in insulin sensitivity and a decrease in
blood pressure in healthy persons. Am J Clin Nutr 81:611–614
(2005).

74 Burke V, Hodgson JM, Beilin LJ, Giangiulio N, Rogers P and
Puddey IB, Effects of dietary protein and soluble fibre
on ambulatory blood pressure in treated hypertensives: a
randomised controlled trial. Hypertension 38:821–826 (2001).

75 He J, Gu D, Wu X, Chen J, Duan X, Chen J, et al, Effect of
soybean protein on blood pressure: a randomized, controlled
trial. Ann Intern Med 143:1–9 (2005).

76 Hodgson JM, Burke V, Beilin LJ and Puddey IB, Partial
substitution of carbohydrate with protein from lean red meat
lowers blood pressure in hypertensive individuals. Am J Clin
Nutr 83:780–787 (2006).

77 Hodgson JM, Puddey IB, Beilin LJ, Mori TA, Burke V, Croft
KD, et al, Effects of isoflavonoids on blood pressure in

J Sci Food Agric 86:2492–2498 (2006) 2497
DOI: 10.1002/jsfa



J Hodgson and KD Croft

subjects with high-normal ambulatory blood pressure levels: a
randomised controlled trial. Am J Hypertens 12:47–53 (1999).

78 Stensvold I, Tverdal A, Solvoll K and Foss OP, Tea consump-
tion – relationship to cholesterol, blood-pressure, and coro-
nary and total mortality. Prev Med 21:546–553 (1992).

79 Hodgson JM, Devine A, Puddey IB, Chan SY, Beilin LJ and
Prince RL, Tea intake is inversely related to blood pressure in
older women. J Nutr 133:2883–2886 (2003).

80 Hakim IA, Alsaif MA, Alduwaihy M, Al Rubeaan K, Al
Nuaim AR and Al Attas OS, Tea consumption and the preva-
lence of coronary heart disease in Saudi adults: results from a
Saudi national study. Prev Med 36:64–70 (2003).

81 Yang YC, Lu FH, Wu JS, Wu CH and Chang CJ, The
protective effect of habitual tea consumption on hypertension.
Arch Intern Med 164:1534–1540 (2004).

82 Lu H, Meng X and Yang CS, Enzymology of methylation of
tea catechins and inhibition of catechol-O-methyltransferase
by (−)-epigallocatechin gallate. Drug Metab Disp 31:572–579
(2003).

83 Dawling S, Roodi N, Mernaugh RL, Wang X and Parl FF,
Catechol-O-methyltransferase (COMT)-mediated meta-
bolism of catechol estrogens: comparison of wild-type and
variant COMT isoforms. Cancer Res 61:6716–6722 (2001).

84 Lee MJ, Maliakal P, Chen L, Meng X, Bondoc FY, Prabhu S,
et al, Pharmacokinetics of tea catechins after ingestion of green
tea and (−)-epigallocatechin-3-gallate by humans: formation
of different metabolites and individual variability. Cancer
Epidemiol Biomarkers Prev 11:1025–1032 (2002).

85 Hodgson JM, Puddey IB, Burke V and Croft KD, Is reversal
of endothelial dysfunction by tea related to flavonoid
metabolism? Br J Nutr 95:14–17 (2006).

86 Abu-Amsha Caccetta R, Croft KD, Beilin LJ and Puddey IB,
Ingestion of red wine significantly increases plasma phenolic
acid concentrations but does not acutely affect ex vivo
lipoprotein oxidizability. Am J Clin Nutr 71:67–74 (2000).

87 Koga T and Meydani M, Effect of plasma metabolites of (+)-
catechin and quercetin on monocyte adhesion to human aortic
endothelial cells. Am J Clin Nutr 73:941–948 (2001).

88 Spencer JP, Schroeter H, Kuhnle G, Srai SK, Tyrrell RM,
Hahn U, et al, Epicatechin and its in vivo metabolite, 3′-O-
methyl epicatechin, protect human fibroblasts from oxidative-
stress-induced cell death involving caspase-3 activation.
Biochem J 354:493–500 (2001).

89 Kroon PA, Clifford MN, Crozier A, Day AJ, Donovan JL,
Manach C, et al, How should we assess the effects of exposure
to dietary polyphenols in vitro? Am J Clin Nutr 80:15–21
(2004).

2498 J Sci Food Agric 86:2492–2498 (2006)
DOI: 10.1002/jsfa


