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Anthocyans from fruits and vegetables — Does bright colour
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Abstract

Consumption of fruits and berries has been associated with decreased risk of developing cancer. The most abundant flavonoid
constituents of fruits and berries are anthocyans (i.e. anthocyanins, glycosides, and their aglycons, anthocyanidins) that cause
intense colouration. In this review, we describe epidemiological evidence hinting at the cancer preventive activity of anthocyan-con-
taining foods in humans, results of chemoprevention studies in rodent models with anthocyans or anthocyan-containing fruit/veg-
etable extracts, and pharmacological properties of anthocyans. Anthocyanidins have been shown to inhibit malignant cell survival
and confound many oncogenic signalling events in the 10~°~10~* M concentration range. Studies of the pharmacokinetics of antho-
cyanins after their consumption as single agents, anthocyanin mixtures or berry extracts suggest that anthocyanins reach levels of
107821077 M in human blood. It is unclear whether such concentrations are sufficient to explain anticarcinogenic effects, and
whether anthocyanins exert chemopreventive efficacy themselves, or if they need to undergo hydrolysis to their aglyconic counter-
parts. The currently available literature provides tantalising hints of the potential usefulness of anthocyans or anthocyan mixtures as
cancer chemopreventive interventions. Nevertheless further studies are necessary to help adjudge the propitiousness of their clinical
development.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Some media reports on health issues imply that a diet
rich in colourful fruits and vegetables is the nutritional
panacea in a society plagued by problems such as
obesity, atherosclerosis and cancer. There is increasing
interest in the role of nutrition and specific dietary
constituents in the causation and prevention of cancer
[1]. Prominent among dietary constituents, that are the
focus of such interest, are the flavonoids. Considerable
pre-clinical evidence suggests that some flavonoids can
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delay, or abrogate, carcinogenesis in rodents. Examples
include the isoflavone genistein occurring in soya, the
flavonol quercetin from onions and the flavone apigenin
from leafy vegetables. Anthocyans are flavanols, which
occur ubiquitously in the plant kingdom and confer
bright red or blue colouration on berries and other fruits
and vegetables. What renders anthocyans especially
interesting vis-a-vis other flavonoids is that they occur
in the diet at relatively high concentrations. The daily in-
take of anthocyans in the US diet has been suggested to
be 180-215mg/day [2], whilst in contrast, the daily
intake of most other dietary flavonoids, including geni-
stein, quercetin and apigenin, is estimated to be only
20-25 mg/day. The term ‘anthocyan” encompasses
“anthocyanin” for the glycoside and “anthocyanidin”
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Cyanidin R,=OH, R,=H
Delphinidin R,=OH, R,=OH

Petunidin R,=0OCH; R,=OH
Peonidin R, =OCH; R,=H
Malvidin R,=0CH; R,=OCH;
Pelargonidin R,=H R,=H

Fig. 1. Structures of anthocyanidins.

for the aglycon. The anthocyanidins found in higher
plants are cyanidin, delphinidin, malvidin, pelargonidin,
peonidin and petunidin (for structures, see Fig. 1), with
a distribution in nature of 50%, 12%, 12%, 12%, 7% and
7%, respectively, and they occur almost exclusively as
anthocyanins [3]. The aim of this review is to summarise
the evidence suggesting that anthocyans possess cancer
chemopreventive properties, and to discuss whether they
are worthy of further investigation leading to their clin-
ical development.

2. Epidemiological evidence

What is the evidence to support the notion that col-
oured fruits and vegetables, i.e. foods containing high
levels of anthocyans, possess cancer delaying or preven-
tive properties? Whilst robust epidemiological data is
not abundant, there are reports hinting at their potential
anti-carcinogenicity. In a cohort of elderly individuals,
who consumed large amounts of strawberries, the odds
ratio for developing cancer at any site was 0.3, com-
pared to subjects who refrained from high berry con-
sumption [4]. Consumption of coloured fruits and
vegetables has also been associated with a reduced risk
of human breast cancer [5] and colorectal polyp recur-
rence [6]. Anthocyan-containing foodstuffs have been
linked with a decreased risk of coronary heart disease.
They have been shown to possess beneficial effects in
several parts of the organism [7], including the central
nervous system and the eye, and have been suspected
to account, at least in part, for the “French paradox”,
i.e. the decreased risk of cardiovascular disease despite
a high-fat diet in individuals living in France.

3. Chemical properties

The most common sugar components of anthocya-
nins are glucose, galactose and arabinose, which are
usually conjugated to the anthocyanidin molecule via
the C3 hydroxyl group in ring C. Some anthocyanins
comprise multiple sugar moieties involving hydroxyl
functionalities of the aglycon molecule other than that
at C-3. Anthocyans are extremely water-soluble and
occur in different pH-dependent conformations with
varying colours or colour intensities (Fig. 2). At pH < 3,
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Fig. 2. pH-dependent conformational rearrangement of the anthocyan
molecule, shown here for anthocyanins bearing a sugar (“GI”’) on C3.
Which conformer predominates depends upon pH. At neutral pH
anthocyans occur as chalcones with an open C ring (i). Under mildly
acidic conditions the ring is closed to form a carbinol pseudo base (ii).
In strong acid (pH 2), ring C acquires aromaticity involving a flavylium
cation, which imparts intense colour on the molecule (iii). In alkali,
oxidation of ring A generates a quinoid structure with elimination of
the positive charge, this species is also coloured (iv). The ring-opened
chalcone can be reformed at neutral pH.

the middle ring (ring C) of the predominant anthocyan
conformer harbours a flavylium cation which confers
intense colour onto the molecule. Although the stability
of the flavylium cation, as judged by UV-Vis spectropho-
tometry, is compromised by increasing pH [8,9], the impli-
cations of the different conformational manifestations of
anthocyans for pharmacological activity are unclear.

4. Cancer chemopreventive properties in animals

There are, to our knowledge, eight reports in which
the ability of anthocyans or anthocyan-containing mix-
tures to interfere with carcinogenesis in animals has been
described. In a comparative investigation in the Apc™™
mouse, animals received either a mixture of anthocya-
nins at 800 mg/l or pure cyanidin at 200 mg/l with the
drinking water or tart cherries added to the diet
(200 g/kg diet). These amounts correspond to doses of
approximately 2.4 and 0.6 mg anthocyans/animal/day
or 600mg of tart cherries/animal/day, respectively
based on average daily intake of diet and water. In the
mice that received these interventions, the number of
caecal adenomas was reduced compared with animals
on control diet or those that received the non-steroidal
anti-inflammatory drug sulindac [10]. Numbers of intes-
tinal adenomas were not significantly influenced by
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anthocyans. Apc™™ mice carry an APC gene mutation
and develop adenomas in the small intestinal tract, and
they are considered to reflect in many respects human
familial adenomatous polyposis coli (FAP) [11]. A recent
study conducted in our laboratory suggests a moderate,
but significant reduction in small intestinal adenoma
number in Apc™™ mice that received either an anthocya-
nin-containing blueberry extract or pure cyanidin-3-glu-
coside at 0.1% (w/w) in their diet. This concentration
translates into a dose of approximately 3.0 mg anthocy-
anin/mouse/day (Cooke et al., unpublished).

In a xenograft model in which Balb/C mice were
inoculated intraperitoneally with syngeneic Meth/A
lymphoma cells, animals receiving a diet of anthocya-
nin-containing red glutinous rice showed evidence of
antitumour efficacy in terms of increased survival time
compared to animals on normal rice or control diet [12].

Commercially available anthocyanin-rich extracts of
chokeberry, bilberry or grape were compared in terms
of their effects on azoxymethane-induced colonic aber-
rant crypt foci in rats [13]. In animals that received these
extracts at 4 g/kg diet (translating into a dose of approx-
imately 35 mg/animal/day) one week before the carcino-
gen, the number of aberrant crypt foci was significantly
reduced compared to control rats. Aberrant crypt foci
reduction was accompanied by inhibition of cyclooxy-
genase-2 gene expression in malignant tissue.

Female rats, in which mammary tumour formation
had been induced by exposure to 7,12-dimethyl-
benz(a)anthracene, received Concord grape juice con-
taining 15 different anthocyanins (constituting ~12%
of grape juice phenols) in the drinking water at doses
of approximately 10, 15 or 20 mg anthocyanins/rat/
day [14]. In the animals which consumed juice, the inci-
dence, multiplicity and final weight of mammary tu-
mours were reduced compared to rats on drinking
water omitting grape juice [14]. This study was designed
with suitable control animals such as to eliminate any
potential preventive effect of sugars or organic acids
contained in the juice, so that the observed efficacy
was probably mediated by the grape anthocyanins.

Dyes derived from purple sweet potato, red cabbage
and purple corn, which are rich in anthocyanins, have
also been shown to inhibit chemical-induced carcinogen-
esis in a rat model [15,16]. Colonic adenomas and ade-
nocarcinomas were induced by treatment with 1,2-
dimethyl hydrazine (DMH), and tumour incidence was
increased by supplementing the diet with the heterocy-
clic amine carcinogen 2-amino-l-methyl-6-phenylimi-
dazo[4,5-b]pyridine (PhIP). Rats ingested purple sweet
potato, purple corn or red cabbage colourings at doses
of approximately 490, 233 or 620 mg anthocyanins/
rat/day, respectively, together with PhIP (0.02%) in the
diet. In the dye-treated rats, incidence and multiplicity
of adenomas and adenocarcinomas were significantly
decreased compared to control rats. Furthermore, dyes

from purple corn or red cabbage also inhibited PhIP-in-
duced aberrant crypt formation in rats that did not re-
ceive DMH.

Consumption of lyophilized black raspberries by rats
at approximately 0.38, 0.75 or 1.5 g/animal/day
decreased the multiplicity of azoxymethane-induced
aberrant crypt foci by 21-36% and that of adenocarci-
nomas by 28-80% [17]. This protective effect was paral-
leled by a significant reduction in urinary levels of
8-hydroxy-2’-deoxyguanosine, a marker of oxidative
DNA damage.

Anthocyans have also been shown to prevent skin
cancer in rodents [18]. Skin carcinogenesis was initiated
in female CD-1 mice by 7,12-dimethylbenz(a)anthracene
and promoted by 12-O-tetradecanoyl-phorbol-13-ace-
tate (TPA). Topical application of anthocyanin-contain-
ing pomegranate extract elicited a delay in onset and
decrease in incidence and burden of skin tumours [18].
Tumour attenuation was accompanied by inhibition of
phorbol ester-induced biochemical events including
phosphorylation of ERK1/2, p38 and JNK1/2, activa-
tion of NFkB and IKK and degradation of IkB.

5. Pharmacological effects in vitro

Studies, in which effects of anthocyans on cell growth
or on cellular events germane to tumour promotion or
progression have been investigated, are summarised in
Tables 1 and 2. In terms of inhibition of neoplastic cell
survival, anthocyanidins have shown greater potency
than their glycosylated counterparts. Anthocyanidins
compromised cell survival when present in the 10—
10~* M concentration range, whilst anthocyanins were
hardly growth-inhibitory at concentrations below
107* M. Anthocyanidins have been shown to inhibit
the growth of embryonic fibroblasts and of cancer cells
derived from malignant human tissues (see Table 1)
from a variety of origins including lung, breast, uterus,
vulva and colon [3,19-23]. Among anthocyanidins, del-
phinidin possessed the highest growth-inhibitory activ-
ity. This finding hints at a structural determinant in
anti-proliferative activity suggesting dependence of po-
tency on the presence of hydroxyl groups on ring B of
the anthocyanidin molecule. Inconsistent with this infer-
ence is the finding that in some cell types the potency of
malvidin was equivalent to, or greater than, that of del-
phinidin [20-23].

Anthocyanin-containing extracts of grapes, bilberries
or chokeberries at 25-75 pg/ml inhibited the growth of
human malignant HT29 colon cancer cells, but not that
of non-malignant colon-derived NCM460 cells [24].

Anthocyans can interfere with biochemical activities
germane to promotion or progression of malignancies,
such as those mediated by cyclooxygenase (COX)
enzymes, tyrosine kinases and phosphodiesterases
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Table 1
Summary of growth inhibitory effects of anthocyans and anthocyanin-rich extracts
Agent Cell line Effect Reference
Anthocyanidin
Delphinidin CaCo-2 Growth inhibition (20%), 200 uM [23]
HeLa S3 1Cs0 200 pM [23]
Human embryonic fibroblasts Growth inhibition (10%), 200 pM [23]
LXFL529L 1Cs0 33 uM [19]
A431 1Cso 18 uM [19]
HT29 1Cs0 35 uM [32]
MCEF-7 Growth inhibition (66%), 662 uM [3]
HL60 Growth inhibition (88%), 100 uM [21]
TApoptosis, 200 uM [21]
HCT116 Growth inhibition (64%), 100 uM [21]
Cyanidin U937* 1Csp 210 uM [22]
HT29 1Cso 63 pM [10]
1Cso 57 uM [32]
HCT-116 1Cs0 85 pM [10]
Growth inhibition (82%), 200 pM [21]
LXFL529L 1Cso 73 uM [19]
A431 1Cso 42 uM [19]
MCF-7 Growth inhibition (47%), 699 uM [3]
HL60 Growth inhibition (85%), 200 uM [21]
TApoptosis, 200 pM [21]
Malvidin U937* 1Cso 121 pM [22]
LXFL529L 1Cso >100 uM [19]
A431 1Cso 61 pM [19]
HT29 1Cso 35 uM [32]
HCT-116 1Cs0 218 uM [3]
SF-268 1Csp 433 uM [3]
AGS 1Cso 258 uM [3]
NCI H460 1Csp 267 uM [3]
MCEF-7 1Cso 97 uM [3]
HL60 Growth inhibition (97%), 200 uM [21]
TApoptosis, 200 uM [21]
HCT116 Growth inhibition (22%), 200 uM [21]
Peonidin HT29 1Cs9 90 uM [32]
HL60 Growth inhibition (80%), 400 uM [21]
Pelargonidin HT29 1Cs50 > 100 pM [32]
HCT-116 Growth inhibition (63%), 645 uM [3]
SF-268 Growth inhibition (34%), 645 uM [3]
AGS Growth inhibition (64%), 645 UM [3]
NCI H460 Growth inhibition (62%), 645 pM 3]
MCEF-7 Growth inhibition (63%), 645 uM [3]
Petunidin MCF-7 Growth inhibition (53%), 633 uM (3]
Anthocyanin
Delphinidin-3-galactoside HL60 Growth inhibition (~80%), 431 uM [21]
Delphinidin-3-glucoside HCT116 Growth inhibition (~85%), 863 uM [21]
HT29 Growth inhibition (87%), 431 uM [39]
MCF-7 Growth inhibition (82%), 431 uM [39]
HL60 Growth inhibition (~75%), 216 uM [21]
HCT116 Growth inhibition (~80%), 431 uM [21]
Cyanidin-3-galactoside LXFL529L 1Cso > 100 pM [19]
A431 1Cs0 > 100 uM [19]
Cyanidin-3-glucoside HT29 Growth inhibition (88%), 446 uM [39]
MCF-7 Growth inhibition (85%), 446 uM [39]
Jurkat 1Csp 391 uM [36]
HL60 Growth inhibition (37%), 446 uM [36]
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Table 1 (continued)

Agent Cell line Effect Reference
Malvidin-3-glucoside LXFL529L 1C50 > 100 pM [19]
A431 1Cso > 100 pM [19]
HT29 Growth inhibition (90%), 407 uM [39]
MCEF-7 Growth inhibition (84%), 407 uM [39]
Anthocyanin-rich extract
Chokeberry extract NCM 460 I1Csg 25 ug/mlb [24]
HT29 ICsp 10 pg/mI° [24]
Growth inhibition (37%), 5 mg/ml [39]
Growth inhibition (69%), 10 mg/ml [13]
Grape extract MCEF-7 Growth inhibition (19%), 5 mg/ml [39]
HT29 ICsp 25 pg/ml® [24]
NCM 460 ICs 75 pg/ml° [24]
RBA ICsp ~14 pg/ml [14]
Cherry extracts HT29 1Cs0 360 pg/ml [10]
HCT116 ICso 130 pg/ml [10]
Bilberry extract NCM 460 ICsp 25 pg/ml [24]
HT29 ICsp 25 pg/ml® [24]
Growth inhibition (69%), 5 mg/ml [13]
MCF-7 Growth inhibition (25%), 5 mg/ml [39]
HL60 Growth inhibition (84%), 4 mg/ml [21]
HCT116 Growth inhibition (97%), 4 mg/ml [21]
Black currant MCEF-7 Growth inhibition (45%), 5 mg/ml [39]
Cranberry anthocyanins CAL27 Growth inhibition (~20%)° [44]
KB Growth inhibition (~20%)° [44]
HCT116 Growth inhibition (~15%)° [44]
SW620 Growth inhibition (~15%)° [44]
RWPE-1 Growth inhibition (~55%)° [44]
RWPE-2 Growth inhibition (~60%)° [44]
22Rv1 Growth inhibition (~70%)° [44]

HT29, HCT116, SW620 and CaCo-2, human colon carcinoma cells; NCM460, normal colon cell; LXFL529L and NCI H460, human lung carcinoma
cells; A431, human vulva carcinoma cell; HeLa S3, human uterine carcinoma cell; U937, human monocytic leukaemia cell; RBA, rat mammary
adenocarcinoma cell; MCF-7, a human mammary cancer cell; KB and CAL27, human oral cancer cells; RWPE-1 (normal), RWPE-2 (k-ras
transfected) and 22Rv1, human prostate cancer cells; SF-268, human glioblastoma cell; AGS, human stomach carcinoma cell; HL60, human

promyelocytic leukaemia cell.

Growth inhibition is expressed as the percentage decrease in cell number compared to cells unexposed to anthocyans.

# Aglycon formed by alcoholic acid hydrolysis of pigmented rice.
® ICs, estimated after 72 h exposure to extracts.

¢ Concentrations equivalent to content of anthocyanins in 200 pg/ml total cranberry extract.

(Table 2). All three systems play key roles in tumouri-
genesis [25-27]. Several reports suggest that anthocyani-
dins, anthocyanins and certain berry extracts can inhibit
COX activity [28-30]. For example, 40 M anthocyani-
dins inhibited the activities of purified COX enzyme
preparations in a cell-free system, with cyanidin, the
most potent cogener, able to decrease COX-1 and -2
activities by 52% and 74%, respectively [30]. Delphinidin
and bilberry extract inhibited lipopolysaccharide-in-
duced expression of COX-2 mRNA and protein in
mouse macrophage RAW264 cells [31]. The ability of
delphinidin to downregulate COX-2 expression may
have been, at least in part, the consequence of its sup-
pression of lipopolysaccharide- or phorbol ester-induced
degradation of IxB and activation of IKK and NF«B
[18,31].

Delphinidin, cyanidin and malvidin inhibited the
activity of epidermal growth factor receptor (EGFR)
tyrosine kinase obtained from A431 cells with 1Cs, val-
ues of 18, 42 and 61 uM, respectively [19]. In another
study, the abilities of anthocyanidins to inhibit EGFR
tyrosine kinase decreased in the order delphini-
din = cyanidin > pelargonidin > peonidin > malvidin [32],
suggesting that potency might be positively correlated
with the presence of hydroxyl functions in positions 3’
and 5’ of ring B of the anthocyanidin molecule, and in-
versely with the presence of methoxy groups in these
positions. Similarly, anthocyanidins bearing hydroxyl
moieties in ring B were better inhibitors of the activity
of activator protein 1 (AP1), a transcription factor with
an integral role in carcinogenesis [33], and of ERK
and JNK phosphorylation than their methyoxylated
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Table 2
Summary of mechanisms of anthocyans potentially contributing to chemopreventive efficacy
Agent Cell line/fraction Effect Reference
Anthocyanidin
Delphinidin JB6 LTPA-induced AP-1 activation [34]
JINK/ERK phosphorylation [34]
A431 LEGFR tyrosine kinase activity [19]
JEIk-1 activation [19]
HT29 JEGFR tyrosine kinase activity [32]
TPDE4 inhibition [32]
CaCo-2 G,/M phase arrest [23]
TApoptosis [23]
HeLa S3 G,/M phase arrest [23]
TApoptosis [23]
Human embryonic fibroblasts TApoptosis [23]
S-Phase arrest [23]
HL60 TApoptosis [20]
Caspase 3 activation [20]
TINK phosphorylation [20]
RAW264 LLPS-induced IkB degradation [31]
JLPS-induced NFkB activation [31]
LLPS-induced Cox 2 expression [31]
Rat seminal vesicle LCox-1 activity [30]
Insect cell lysate L Cox-2 activity [30]
Cyanidin JB6 J{TPA-induced AP-1 activation [34]
HL60 TApoptosis [20]
Normal human fibroblasts G1 phase arrest [23]
A431 LEGFR tyrosine kinase activity [19]
JElk-1 activation [19]
HT29 LEGFR tyrosine kinase activity [32]
TPDE4 inhibition [32]
uU937® Arrest of Go/M Phase [22]
Apoptosis [22]
Rat seminal vesicle LCox-1 activity [29]
Rat seminal vesicle L Cox-1 activity [30]
Insect cell lysate LCox-1 activity [29]
Insect cell lysate LCox-1 activity [30]
Rat liver microsomes Antioxidant [46]
Liposomes Antioxidant [46]
Rabbit erythrocyte membranes Antioxidant [46]
Malvidin U937* Arrest of G»/M phase [22]
TApoptosis [22]
A431 LEIk-1 activation [19]
JB6 Weak inhibition of AP-1 activity [34]
HT29 LEGFR tyrosine kinase activity [32]
PDE4 inhibition [32]
Rat seminal vesicle LCox-1 activity [30]
Insect cell lysate L Cox-2 activity [30]
Petunidin JB6 JLTPA-induced AP-1 activation [34]
HL60 TApoptosis [20]
Peonidin HT29 LEGFR tyrosine kinase activity [32]
TPDE4 inhibition [32]
Rat seminal vesicle LCox-1 activity [30]
Insect cell lysate L Cox-2 activity [30]
Pelargonidin JB6 Weak inhibition of AP-1 activity [34]
HT29 LEGFR tyrosine kinase activity [32]
PDE4 inhibition [32]
Rat seminal vesicle LCox-1 activity [30]
Insect cell lysate L Cox-2 activity [30]
Anthocyanin

Cyanidin-3-glucoside

Lymphocytes
Jurkat cells

TApoptosis
TApoptosis
Tp53

Thax levels

W W
N W

——
W W
N
[l S R
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Table 2 (continued)

Agent Cell line/fraction Effect Reference
HL-60 TApoptosis [36]
le-myc [36]
Ibcl-2 [36]
Rat liver microsomes Antioxidation [46]
Liposomes Antioxidation [46]
Rabbit erythrocyte membranes Antioxidation [46]
Bovine artery endothelial cells TeNOS activity [57]
TAkt phosphorylation [57]
Anthocyan-rich extract
Cherry extract Rat seminal vesicle L Cox-1 activity [29]
Insect cell lysate LCox-2 activity [29]
Raspberry extract Rat seminal vesicle LCox-1 activity [29]
Insect cell lysate L Cox-2 activity [29]
Grape colour extract RBA IDNA synthesis [14]
G, phase arrest [14]
Bilberry extract RAW264 JLPS-induced COX-2 expression [31]
HL60 TApoptosis [21]
HCTI116 TApoptosis [21]
Plasma Antioxidation [40]
Black currant juice Plasma Antioxidation [37]

JB6, mouse skin epidermal cell; U937, human monocytic leukaemia cell; A431, human vulva carcinoma cell; Jurkat, human T-lymphoblastoid cell;
HL-60, human promyelocytic leukaemia cell; RBA, rat mammary adenocarcinoma cell; HT-29 and CaCo-2, human colon adenocarcinoma cells;
HeLa S3, human uterine carcinoma cell; and Raw264, mouse macrophage cell.

Abbreviations. TPA, tetradecanoylphorbol acetate; EGFR, epidermal growth factor receptor; PDE, phosphodiesterases; LPS, lipopolysaccharide;

COX-2, cyclooxygenase-2 and eNOS, endothelial nitric oxide synthase.

& Aglycon formed by alcoholic acid hydrolysis of pigmented rice.

counterparts [34]. In contrast, inhibition by anthocyani-
dins of phosphodiesterase activity in HT29 cells dis-
played the inverse molecular structure—activity
relationship, as borne out by the decreasing rank order
of inhibitory potency of malvidin > peonidin > pelarg-
onidin = cyanidin > delphinidin [32]. This observation
suggests that phosphodiesterase-inhibitory potency is
positively correlated with number of methoxy moieties
and inversely with number of hydroxyl groups in posi-
tions 3’ and 5’ in ring B. For comparison, the rank order
of potency of anthocyanidins with respect to growth-
inhibitory properties in HT-29 cells was delphinidin
~malvidin > cyanidin > peonidin > pelargonidin, with
ICs values of 35, 35, 57, 90 and 213 uM, respectively
[32].

In terms of their effect on cell-cycle regulation,
anthocyanidins have been shown to interrupt the cell
cycle at G; or G,/M, which might contribute to
induction of apoptosis and antiproliferation
[14,20,22,35,36]. In terms of structure—activity relation-
ship, hydroxyl groups in ring B conferred higher pro-
apoptotic activity measured in human leukaemia cells
onto the anthocyanidin molecule than methoxyl
groups [20].

Last but no means least, berry extracts demon-
strated potent antioxidant activity that correlated with

anthocyanin content [37-39]. Anthocyans have been
shown to be powerful antioxidants and may interfere
with carcinogenicity by engaging this property
[37,40-42]. Using the “ferric reducing ability of plas-
ma” (FRAP) method to reflect antioxidant activity,
the 3-glucosides of delphinidin, petunidin and malvi-
din were found to be 2-2.5 times more potent antiox-
idants than ascorbic acid [43]. Similarly, in the “trolox
equivalent antioxidant capacity” (TEAC) or ‘“oxygen
radical absorbing capacity” (ORAC) tests, the antiox-
idant capacity of anthocyans was 3-6-fold that of the
standard antioxidant trolox. The structure—antioxidant
activity pattern emerging from these and other studies
[42,44,45] suggests that potent antioxidant activity is
associated with the presence of hydroxyl groups in
the anthocyan B-ring. The antioxidant capacities of
cyanidin and cyanidin-3-O-glucoside were similar to
that of a-tocopherol in assay systems employing lino-
leic acid, liposomes, rabbit erythrocyte membranes or
rat liver microsomes [46]. Antioxidant capacity has
also been demonstrated in vivo in vitamin E-depleted
rats [47]. In such rats that received a diet supple-
mented with an anthocyanin-rich extract, plasma anti-
oxidant capacity was superior and hepatic 8-hydroxy-
2'-deoxyguanosine levels were inferior compared to
those in rats on diet without anthocyanins [47].



1938 D. Cooke et al. | European Journal of Cancer 41 (2005) 19311940

6. Pre-clinical and clinical pharmacology

The evidence summarised above intimates that anth-
ocyanidins are more potent as confounders of certain
activities regulating neoplastic promotion/progression
than their glycosidic counterparts. Therefore, a crucial
question concerning the pharmacokinetic properties of
anthocyanins is whether they undergo metabolic de-gly-
cosylation in the mammalian organism. It has been sug-
gested that gut villi can catalyse anthocyanin hydrolysis
to generate the aglycon [48-52], but until very recently
convincing evidence for this hypothesis has been lack-
ing. Two recent studies in rats support the notion that
hydrolysis might occur in vivo. In one study, animals re-
ceived cyanidin-3-glucoside either as an oral bolus or
intravenously. Only rats that received the oral dose
showed evidence of cyanidin-3-glucuronide in the plas-
ma [52]. The presence of the glucuronide implies the
intermediate formation of the aglycon, albeit possibly
only fleetingly. The absence of the cyanidin-3-glucuro-
nide from the plasma after intravenous dosing suggests
that formation of the aglycon is a consequence of
metabolism either by the gut microflora or the intestinal
mucosa. In another recent report, cyanidin was unam-
biguously identified by HPLC-mass spectrometric anal-
ysis in the plasma and jejenum of rats which had
received blackberry extract containing predominantly
cyanidin-3-glucoside [53]. Metabolic conjugates of
anthocyanins other than the 3-glucuronide has also been
reported, including O-methylated species [48-50,52,53].
Glucuronides have also been found in rats that received
delphinidin-3-glucoside [54] and in pigs on a marion-
berry diet [51].

The metabolism of anthocyanins when administered
in the form of berry extracts to humans has received
considerable attention. Serum and urine of healthy vol-
unteers who ingested chokeberry extract containing four
cyanidin-3-glycosides were analysed for parent phyto-
chemicals and metabolic conjugates [50]. The maximal
total concentration of anthocyanins in serum reached
0.59 uM within 2 h of consumption. In urine the peak
concentration of total anthocyans was 18 uM within
5h, and high levels persisted for 24 h. The metabolites
were identified as glucuronide conjugates as well as
methylated and oxidised derivatives of cyanidin-3-galac-
toside and cyanidin-3-glucoside. In a study of adults
who received a mixture of four cyanidin-3-glycosides
in concentrated elderberry juice, the majority of excreted
anthocyanin species consisted of parent compounds.
Maximal urinary excretion was observed after one hour
Within five hours, 0.053% of the administered dose was
excreted, of which 6.2% consisted of glucuronide metab-
olites [55]. The excretion profile in this study suggests
first-order excretion kinetics. The results lead to the sug-
gestion that small doses of anthocyans undergo metab-
olism in the intestinal mucosa, whilst at larger doses

hepatic metabolism gains importance, a difference that
may affect the anthocyan excretion profile.

Other human studies of the bioavailability and phar-
macokinetics of anthocyanins have been conducted in
elderly women. In one study, blueberry and elderberry
extracts were compared [48]. The urinary concentration
of anthocyanins after consumption of blueberries was
much lower than that after ingestion of elderberry ex-
tract and anthocyanins were not detected in the plasma.
In male volunteers, who ingested freeze-dried wild blue-
berry powder, anthocyanin pharmacokinetics was corre-
lated with serum anti-oxidant capacity [56]. A maximum
amount of 13 ng/ml of total anthocyanins was detected
in the serum after 4 h. Results obtained using the ORAC
test, which reflects antioxidant properties, suggest a po-
sitive correlation between postprandial serum anthocya-
nin content and antioxidant status [40], hinting at the
potential usefulness of antioxidant capacity as a phar-
macodynamic marker of anthocyan efficacy. In another
study, volunteers received different beverages rich in
malvidin-3-glucoside [57]. Plasma levels of malvidin-3-
glucoside peaked after 50, 90 or 120 min for ingestion
of red wine, de-alcoholized red wine or red grape juice,
respectively. In women who received elderberry extract,
peak plasma concentrations of cyanidin-3-sambubioside
and cyanidin-3-glucoside were 39 and 43 nM, respec-
tively [58].

7. Conclusion

Anthocyans, especially the anthocyanidins, possess a
variety of pharmacological properties rendering them
interesting as potential cancer chemopreventive agents.
They occur in fruits and vegetables in relatively high
amounts. The pharmacokinetic studies summarised
above suggest that anthocyanins are easily ingested with
their natural diet sources at amounts that can furnish
blood levels in humans in the 107%-10~7 M range. Issues
that remain unresolved are whether such levels are suffi-
cient for exertion of robust anticarcinogenic effects, and
whether anthocyanins exert chemopreventive efficacy
themselves or if they need to undergo hydrolysis to their
aglyconic counterparts. Anthocyanidins have been
shown to inhibit malignant cell survival and oncogenic
signalling with reasonable potency. Whilst the survey
of the currently available literature provides tantalising
hints to the potential usefulness of anthocyans as cancer
chemopreventive interventions, further studies are nec-
essary to help adjudge the propitiousness of their clinical
development. Two types of investigations seem espe-
cially pertinent. Firstly, pharmacological potency differ-
ences between anthocyan derivatives need to be further
defined, in order to allow prioritisation to be made as
to which anthocyanidin(s) and/or anthocyanin(s) may
be especially worthy of development. Secondly, studies
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should focus on the tissue types that might be particu-
larly susceptible to cancer prevention by anthocyans.
Results from such studies together with those presented
above will provide the robust scientific basis to support
the notion that ingestion of five portions of colourful
fruits per day is really good for you, because it may well
prevent cancer.

Conflict of interest statement

None declared.

Acknowledgements

The authors acknowledge support for their studies on

anthocyans by the UK Medical Research Council (pro-
gramme grant to A.J.G.) and thank Sue Spriggs for
checking the accuracy of the references.

References

12.

13.

. Taylor PR, Greenwald P. Nutritional interventions in cancer

prevention. J Clin Oncol 2005, 23, 333-345.

Hertog MG, Hollman PC, Katan MB, et al. Intake of potentially
anticarcinogenic flavonoids and their determinants in adults in
The Netherlands. Nutr Cancer 1993, 20, 21-29.

Zhang Y, Vareed SK, Nair MG. Human tumor cell growth
inhibition by nontoxic anthocyanidins, the pigments in fruits and
vegetables. Life Sci 2005, 76, 1465-1472.

Colditz GA, Branch LG, Lipnick RJ, et al. Increased green and
yellow vegetable intake and lowered cancer deaths in an elderly
population. Am J Clin Nutr 1985, 41, 32-36.

Adlercreutz H. Epidemiology of phytoestrogens. Baillieres Clin
Endocrinol Metab 1998, 12, 605-623.

Almendingen K, Hofstad B, Vatn MH. Dietary habits and growth
and recurrence of colorectal adenomas: results from a three-year
endoscopic follow-up study. Nutr Cancer 2004, 49, 131-138.
Detre Z, Jellinek H, Miskulin M, et al. Studies on vascular
permeability in hypertension: action of anthocyanosides. Clin
Physiol Biochem 1986, 4, 143-149.

Lapidot T, Harel S, Akiri B, et al. pH-dependent forms of red
wine anthocyanins as antioxidants. J Agric Food Chem 1999, 47,
67-70.

Cabrita L, Fossen T, Andersen OM. Colour and stability of the
six common anthocyanidin 3-glucosides in aqueous solutions.
Food Chem 2000, 68, 101-107.

. Kang SY, Seeram NP, Nair MG, et al. Tart cherry anthocyanins

inhibit tumor development in Apc (Min) mice and reduce
proliferation of human colon cancer cells. Cancer Lett 2003,
194, 13-19.

. Su LK, Kinzler KW, Vogelstein B, et al. Multiple intestinal

neoplasia caused by a mutation in the murine homolog of the
APC gene. Science 1992, 256, 668-670.

Koide T, Kamei H, Hashimoto Y, et al. Antitumor effect of
hydrolyzed anthocyanin from grape rinds and red rice. Cancer
Biother Radiopharm 1996, 11, 273-277.

Magnuson BA, Lala G, Kwon YJ, et al. Anthocyanin-rich
extracts inhibit growth of human colon cancer cells and azoxyme-
thane-induced colon aberrant crypts in rats: implications for colon

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

1939

cancer chemoprevention. Cancer Epidemiol Biomark Prev 2003,
12, 1323S-13248S.

Singletary KW, Stansbury MJ, Giusti M, et al. Inhibition of rat
mammary tumorigenesis by concord grape juice constituents. J
Agric Food Chem 2003, 51, 7280-7286.

Hagiwara A, Miyashita K, Nakanishi T, et al. Pronounced
inhibition by a natural anthocyanin, purple corn color, of 2-
amino-1-methyl-6-phenylimidazo4,5-bpyridine (PhIP)-associated
colorectal carcinogenesis in male F344 rats pretreated with 1,2-
dimethylhydrazine. Cancer Lett 2001, 171, 17-25.

Hagiwara A, Yoshino H, Ichihara T, ez al. Prevention by natural
food anthocyanins, purple sweet potato color and red cabbage
color, of 2-amino-1-methyl-6-phenylimidazo4,5-bpyridine (PhIP)-
associated colorectal carcinogenesis in rats initiated with 1,2-
dimethylhydrazine. J Toxicol Sci 2002, 27, 57-68.

Harris GK, Gupta A, Nines RG, et al. Effects of lyophilized
black raspberries on azoxymethane-induced colon cancer and 8-
hydroxy-2'-deoxyguanosine levels in the Fischer 344 rat. Nutr
Cancer 2001, 40, 125-133.

Afaq F, Saleem M, Krueger CG, et al. Anthocyanin-and hydro-
lyzable tannin-rich pomegranate fruit extract modulates MAPK
and NF-kappaB pathways and inhibits skin tumorigenesis in CD-
1 mice. Int J Cancer 2005, 113, 423-433.

Meiers S, Kemeny M, Weyand U, ef al. The anthocyanidins
cyanidin and delphinidin are potent inhibitors of the epidermal
growth-factor receptor. J Agric Food Chem 2001, 49, 958-
962.

Hou DX, Ose T, Lin S, ef al. Anthocyanidins induce apoptosis in
human promyelocytic leukemia cells: structure—activity relation-
ship and mechanisms involved. Int J Oncol 2003, 23, 705-
712.

Katsube N, Iwashita K, Tsushida T, et «l. Induction of apoptosis
in cancer cells by Bilberry (Vaccinium myrtillus) and the antho-
cyanins. J Agric Food Chem 2003, 51, 68-75.

Hyun JW, Chung HS. Cyanidin and malvidin from Oryza sativa
cv. Heugjinjubyeo mediate cytotoxicity against human monocytic
leukemia cells by arrest of G(2)/M phase and induction of
apoptosis. J Agric Food Chem 2004, 52, 2213-2217.

Lazze MC, Savio M, Pizzala R, et al. Anthocyanins induce cell
cycle perturbations and apoptosis in different human cell lines.
Carcinogenesis 2004, 25, 1427-1433.

Zhao C, Giusti MM, Malik M, et al. Effects of commercial
anthocyanin-rich extracts on colonic cancer and non-tumori-
genic colonic cell growth. J Agric Food Chem 2004, 52,
6122-6128.

Mestre JR, Chan G, Zhang F, et al. Inhibition of cyclooxygenase-
2 expression. An approach to preventing head and neck cancer.
Ann N Y Acad Sci 1999, 889, 62-71.

Cross M, Dexter TM. Growth factors in development, transfor-
mation, and tumorigenesis. Cel/ 1991, 64, 271-280.

Marko D, Pahlke G, Merz KH, et al. Cyclic 3’,5'-nucleotide
phosphodiesterases: potential targets for anticancer therapy.
Chem Res Toxicol 2000, 13, 944-948.

Wang H, Nair MG, Strasburg GM, er al. Antioxidant and
antiinflammatory activities of anthocyanins and their aglycon,
cyanidin, from tart cherries. J Nat Prod 1999, 62, 294-296.
Seeram NP, Momin RA, Nair MG, et al. Cyclooxygenase
inhibitory and antioxidant cyanidin glycosides in cherries and
berries. Phytomedicine 2001, 8, 362-369.

Seeram NP, Zhang Y, Nair MG. Inhibition of proliferation of
human cancer cells and cyclooxygenase enzymes by anthocyani-
dins and catechins. Nutr Cancer 2003, 46, 101-106.

Hou DX, Fujii M, Terahara N, et al. Molecular mechanisms
behind the chemopreventive effects of anthocyanidins. J Biomed
Biotechnol 2004, 5, 321-325.

Marko D, Puppel N, Tjaden Z, et al. The substitution pattern of
anthocyanidins affects different cellular signaling cascades



1940

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

regulating cell proliferation. Mol Nutr Food Res 2004, 48,
318-325.

Hsu TC, Young MR, Cmarik J, et al. Activator protein 1 (AP-1)-
and nuclear factor kappaB (NF-kappaB)-dependent transcrip-
tional events in carcinogenesis. Free Radic Biol Med 2000, 28,
1338-1348.

Hou DX, Kai K, Li JJ, et al. Anthocyanidins inhibit activator
protein 1 activity and cell transformation: structure-activity
relationship and molecular mechanisms. Carcinogenesis 2004, 25,
29-36.

Fimognari C, Berti F, Cantelli-Forti G, et al. Effect of cyanidin 3-
O-beta-glucopyranoside on micronucleus induction in cultured
human lymphocytes by four different mutagens. Environ Mol
Mutagen 2004, 43, 45-52.

Fimognari C, Berti F, Nusse M, et al. Induction of apoptosis in
two human leukemia cell lines as well as differentiation in human
promyelocytic cells by cyanidin-3-O-beta-glucopyranoside. Bio-
chem Pharmacol 2004, 67, 2047-2056.

Nielsen IL, Haren GR, Magnussen EL, er al. Quantification of
anthocyanins in commercial black currant juices by simple high-
performance liquid chromatography. Investigation of their pH
stability and antioxidative potency. J Agric Food Chem 2003, 51,
5861-5866.

Zheng W, Wang SY. Oxygen radical absorbing capacity of
phenolics in blueberries, cranberries, chokeberries, and lingonber-
ries. J Agric Food Chem 2003, 51, 502-509.

Olsson ME, Gustavsson KE, Andersson S, et al. Inhibition of
cancer cell proliferation in vitro by fruit and berry extracts and
correlations with antioxidant levels. J Agric Food Chem 2004, 52,
7264-7271.

Mazza G, Kay CD, Cottrell T, et al. Absorption of anthocyanins
from blueberries and serum antioxidant status in human subjects.
J Agric Food Chem 2002, 50, 7731-77317.

Rice-Evans CA, Miller NJ, Paganga G. Structure-antioxidant
activity relationships of flavonoids and phenolic acids. Free Radic
Biol Med 1996, 20, 933-956., Erratum: Free Radic Biol Med 21,
1996, 417.

Galvano F, La Fauci L, Lazzarino G, et al. Cyanidins: metab-
olism and biological properties. J Nutr Biochem 2004, 15, 2-11.
Garcia-Alonso M, Rimbach G, Rivas-Gonzalo JC, et al.
Antioxidant and cellular activities of anthocyanins and their
corresponding vitisins A -studies in platelets, monocytes, and
human endothelial cells. J Agric Food Chem 2004, 52,
3378-3384.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

D. Cooke et al. | European Journal of Cancer 41 (2005) 19311940

Seeram NP, Adams LS, Hardy ML, er al. Total cranberry extract
versus its phytochemical constituents: antiproliferative and syner-
gistic effects against human tumor cell lines. J Agric Food Chem
2004, 52, 2512-2517.

Noda Y, Kaneyuki T, Mori A, et al. Antioxidant activities of
pomegranate fruit extract and its anthocyanidins: delphinidin,
cyanidin, and pelargonidin. J Agric Food Chem 2002, 50, 166-171.
Tsuda T, Watanabe M, Ohshima K, et al. Antioxidative activity
of the anthocyanin pigments cyanidin-3-O-beta-p-glucoside and
cyanidin. J Agric Food Chem 1994, 42, 2407-2410.
Ramirez-Tortosa C, Andersen OM, Gardner PT, et al. Anthocy-
anin-rich extract decreases indices of lipid peroxidation and DNA
damage in vitamin E-depleted rats. Free Radic Biol Med 2001, 31,
1033-1037.

Wu X, Cao G, Prior RL. Absorption and metabolism of
anthocyanins in elderly women after consumption of elderberry
or blueberry. J Nutr 2002, 132, 1865-1871.

Felgines C, Texier O, Besson C, et al. Blackberry anthocyanins
are slightly bioavailable in rats. J Nutr 2002, 132, 1249-1253.
Kay CD, Mazza G, Holub BJ, ef al. Anthocyanin metabolites in
human urine and serum. Br J Nutr 2004, 91, 933-942.

Wu X, Pittman 3rd HE, Prior RL. Pelargonidin is absorbed and
metabolized differently than cyanidin after marionberry consump-
tion in pigs. J Nutr 2004, 134, 2603-2610.

Ichiyanagi T, Shida Y, Rahman MM, et al. Metabolic pathway of
cyanidin 3-O-beta-p-glucopyranoside in rats. J Agric Food Chem
2005, 53, 145-150.

Talavera S, Felgines C, Texier O, et al. Anthocyanin metabolism
in rats and their distribution to digestive area, kidney and brain. J
Agric Food Chem 2005, 53, 3902-3908.

Ichiyanagi T, Rahman MM, Kashiwada Y, et al. Absorption and
metabolism of delphinidin 3-O-beta-p-glucopyranoside in rats.
Free Radic Biol Med 2004, 36, 930-937.

Bitsch R, Netzel M, Sonntag S, ef al. Urinary excretion of
cyanidin glucosides and glucuronides in healthy humans after
elderberry juice ingestion. J Biomed Biotechnol 2004, 5, 343-345.
Xu JW, Ikeda K, Yamori Y. Cyanidin-3-glucoside regulates
phosphorylation of endothelial nitric oxide synthase. FEBS Lett
2004, 574, 176-180.

Bub A, Watzl B, Heeb D, et al. Malvidin-3-glucoside bioavail-
ability in humans after ingestion of red wine, dealcoholized red
wine and red grape juice. Eur J Nutr 2001, 40, 113-120.

Milbury PE, Cao G, Prior RL, et al. Bioavailability of elderberry
anthocyanins. Mech Ageing Dev 2002, 123, 997-1006.



	Anthocyans from fruits and vegetables  --  Does bright colour signal cancer chemopreventive activity?
	Introduction
	Epidemiological evidence
	Chemical properties
	Cancer chemopreventive properties in animals
	Pharmacological effects in blank vitro
	Pre-clinical and clinical pharmacology
	Conclusion
	Conflict of interest statement
	Acknowledgements
	References


