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Review

Berry phytochemicals, genomic stability and cancer:
Evidence for chemoprotection at several stages in
the carcinogenic process

Susan J. Duthie

Nutrition and Epigenetics Group, Rowett Research Institute, Aberdeen, Scotland, UK

Consumption of a diet high in plant-based foods is associated with a decreased risk of epithelial cell
cancers at several sites. Cytoprotectants in fruits and vegetables include vitamins, minerals and nume-
rous micronutrients. While there is little evidence uniquely linking berry consumption with lower can-
cer risk, berries contain high levels of compounds believed to reduce malignant transformation, inclu-
ding the polyphenol flavonoids and anthocyanins. There is strong and convincing evidence that berry
extracts and berry phytochemicals modulate biomarkers of DNA damage and indicators of malignant
transformation in vitro and in vivo. Data from numerous cell culture and animal models indicate that
berry components such as the anthocyanins are potent anticarcinogenic agents and are protective
against genomic instability at several sites in the carcinogenic pathway. Anticarcinogenic mechanisms
include modulation of carcinogen activation and detoxification, decreased DNA binding of the carci-
nogen, inhibition of oxidative DNA damage, alteration in cell signalling and malignant transformation
and inhibition of cell invasiveness and metastasis. Exactly which berry constituents are cytoprotective
remains uncertain and in the majority of in vitro and in vivo studies the concentration of extract or
phytochemical employed is non-nutritional. Evidence for an anticarcinogenic effect in human studies
is weak.
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1 Introduction

It is widely accepted that consumption of a diet high in
plant-based foods is associated with a decreased risk of can-
cer [1]. Potential cytoprotectants in fruits and vegetables
include vitamins, minerals and numerous phytochemicals.
While there is little unequivocal evidence linking berry
consumption with lower cancer risk, berries contain high
levels of compounds believed to reduce malignant transfor-
mation, including the B vitamins, such as folic acid, essen-
tial minerals such as calcium and selenium and complex
dietary fibre. The genoprotective properties of these dietary
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components have been reviewed in detail elsewhere and
will not be discussed here. However, berries such as cran-
berries, blueberries, strawberries and raspberries also con-
tain significant amounts of non-nutritive phytochemicals
including the polyphenols and are proposed to reduce can-
cer risk [2]. Intake of one group of flavonoids, the anthocya-
nins, has been estimated to exceed 200 mg/day [3]. Antho-
cyanins are particularly prevalent in berries, reaching con-
centrations in excess of 10 g/kg in some cultivars. More-
over, anthocyanins can modify cancer biomarkers in vitro,
decreasing DNA damage in normal human cells [4] and
also inhibiting cancer cell growth in culture [5]. It remains
to be established whether berries themselves possess anti-
carcinogenic properties.

A detailed review of the micronutrients found in edible
berries is provided elsewhere in this journal together with
the current evidence relating berry intake to human cancer
risk. This article will focus on the in vitro and in vivo mech-
anistic evidence for the genoprotective or anticarcinogenic
potential of edible berries that are widely available and
commonly consumed in the human diet.
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2 Experimental evidence for a genoprotective
effect of berries, berry juice and whole
berry extracts

2.1 Invitro

Cancer is a highly complex multistage process beginning
with initiation of a cancer cell via overt DNA damage and
accumulation of mutations, promotion of cell proliferation
and tumour expansion and finally progression to a malig-
nant phenotype with subsequent invasion and metastasis to
other sites in the body. Berry extracts and individual berry
phytochemicals may act to alter genomic stability at a num-
ber of points along this sequence of malignant transforma-
tion, modulating initiation, promotion and progression of
cancer. Several short-term in vitro and in vivo systems have
been employed to determine the antimutagenic and anticar-
cinogenic potential of these fruits and their principal com-
ponents.

Mutagenesis is an essential and early event in the carci-
nogenic process. Accumulation of mutations in genes regu-
lating, for example, cell division, apoptosis and DNA repair
result in the creation of a cell capable of uncontrolled
growth and invasiveness. Phytochemicals in berries can
block mutagenesis by chemical carcinogens and endo-
genous mutagens. Juice and homogenate prepared from
several cultivars of blackberry, suppress 2-amino anthra-
cene (2-AA)-induced mutagenesis in bacteria by 90% in the
Ames test [6]. Similarly, juice from strawberry, blueberry
and raspberry fruits strongly inhibit mutagenesis caused by
the alkylating agent, methylmethanesulfonate (MMS) and
the procarcinogen benzo[a]pyrene (B(a)P) [7]. In this study,
strawberry juice suppressed MMS mutagenesis by 37% and
B(a)P carcinogenesis by 76%. The other berry species were
less effective antimutagens [7]. Efficacy of inhibition
appears highly dependent on the berry species and the vari-
ety [6]. In a recent study, eight blackberry cultivars were
tested for their ability to inhibit mutations induced by UV-C
irradiation in the Ames test. All varieties were cultivated
and harvested under identical conditions, yet two were
found to inhibit mutagenesis strongly, two had no effect on
the levels of mutations and the remaining four extracts had
intermediate effects [8]. The Ames test is a good in vitro
indicator of mutagenic potential in vivo, with a 90% corre-
lation between a positive response in the assay and carcino-
genicity in animal models [6].

Mutagenesis, uncontrolled cell proliferation and resist-
ance to programmed cell death or apoptosis are characteris-
tic features of transformed cells. Berry extracts can modify
these processes in vitro. Blackberry juice and blackberry
extract protect cultured human vascular endothelial cells
against oxidative peroxynitrite-induced DNA strand break-
age [9] and inhibit HT29 colon cancer cell proliferation
[10]. Cranberry extract and cranberry presscake (the mate-
rial remaining after the juice is squeezed from the berries),
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strongly inhibit breast, prostate, skin, brain and liver cancer
cell growth by arresting proliferation in G1 of the cell cycle
and by initiating apoptosis [11-13]. Inhibition of breast
cancer cell growth and apoptosis are dose dependent at con-
centrations ranging from 5 to 50 mg/mL [13]. Bilberry
extracts induce programmed cell death in human leukaemia
cells [14]. Proliferation of the breast cancer line MCF-7 and
the colon cancer cell line HT29 is reduced up to 74% fol-
lowing exposure to extracts of several fruits and berries
including blueberries, blackcurrant, black chokeberries and
raspberries at concentrations ranging from 0.025 to 0.5%
[15]. However, few studies have investigated the ability of
berry extracts to differentially effect DNA damage or inhib-
ition of growth in cancerous versus normal cells derived
from the same tissue, although bilberry and chokeberry
extract (10-75 pg/mL) inhibits HT29 colon cancer cell
growth more strongly than cells derived from normal
human colonic epithelium [16].

Fractions of freeze-dried strawberries and black raspber-
ries, together with ellagic acid were analysed for their abil-
ity to prevent malignant transformation following exposure
to B(@)P in the Syrian Hamster embryo (SHE) cell transfor-
mation model [17]. This in vitro transformation assay
mimics the stages that occur during in vivo carcinogenesis
and is used extensively to determine both the carcinogenic
and chemopreventive potential of chemicals. Ellagic acid,
one of the most abundant phytochemicals found in these
berries, inhibits malignant transformation in vitro and in
vivo. Both ellagic acid (0.3—4.5 pg/mL) and methanol
extracts from both berry types (2-100 pg/mL), dose-
dependently decreased malignant transformation, achiev-
ing greater than 80% inhibition at the highest concentration.
Methanol-derived berry extracts do not contain detectable
quantities of ellagic acid suggesting that other berry phyto-
chemicals must be genoprotective in vitro. Moreover, ella-
gic acid and the berry extracts appear to act at different
points in the carcinogenic pathway [17]. This is elegantly
demonstrated in a recent study where blackberry extract
inhibited proliferation of A549 human lung cancer cells
and decreased neoplastic transformation in normal mouse
epidermal JB6 cells exposed to the phorbol ester 12-O-tet-
radecanoylphorbol-13-acetate (TPA). Inhibition was asso-
ciated with down-regulation of several genes involved in
tumour initiation and promotion [18]. A more detailed
description of how berry components can influence intra-
cellular signalling and cancer progression will be described
later in this review.

2.2 Invivo

Berry extracts protect against carcinogenesis in animal
models. N-nitrosomethylbenzylamine (NMBA)-induced
esophageal tumour incidence, multiplicity and grade of dis-
ease were significantly reduced in rats fed 5 and 15%
freeze-dried black raspberries and strawberries [19, 20].
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Chemoprevention was effective at both initiation and pro-
motion stages of cancer development. However, no protec-
tive effect was observed when extract from blueberries, one
of the most widely consumed berries in the American diet,
was fed to the animals prior to and during exposure to the
same chemical carcinogen. DNA damage (alkylated DNA
adducts) measured in the tumours, tumour incidence, multi-
plicity and size were all unaffected by pre- and cotreatment
with blueberry extract, suggesting that blueberries, despite
having a higher antioxidant activity than strawberries and
several other berry species, lack one or more cytoprotective
phytochemicals present in other berry types that inhibit
chemically-induced cancer in this model [21]. One way in
which blueberries differ from strawberries and black rasp-
berries is that they do not contain equivalent quantities of
ellagic acid, which is able to reduce alkylation damage in
esophageal DNA from NMBA-treated rats [22].

Lyophilised black raspberries can also inhibit carcinogen-
esis in a rodent model of oral cavity cancer, in a rat model of
chemically induced colon cancer and in a strain of mice
genetically susceptible to colon adenoma formation. Black
raspberry extract is chemopreventive against tumorigenesis
in the cheek pouches of male Syrian Golden Hamsters
exposed to 7,12-dimethylbenz[a]anthracene (DMBA).
Treatment with black raspberry extract (5% of diet) 2 wk
prior to and 10 wk after treatment with DMBA reduced DNA
adduct formation and tumour number [23]. Freeze-dried
black raspberry extract inhibited azoxymethane (AZM)-
induced aberrant crypt foci (ACF), a tentative biomarker of
dysplasia and malignant transformation, by 21-36%, adeno-
carcinoma formation by 80% at the top concentration and
colon tumour multiplicity by 42—71% when fed to rats at
dietary concentrations of 2.5-10% post-initiation [24] indi-
cating that berry extracts are effective at inhibiting both dys-
plasia and malignant progression. Oxidative DNA damage,
such as that seen when 8-oxo-deoxyguanosine (O*oxo-dG) is
formed in DNA, is highly mutagenic and has been implicated
in cancer development [25]. O%ox0-dG levels were decreased
more than 80% in the urine from animals treated with the
highest dose of extract [24]. Similarly, anthocyanin extracts
from chokeberry, bilberry and grape (fed at 35 mg/day)
inhibited ACF in rats treated with AZM [26]. In the same
model, extracts from bilberry and chokeberry dose-depend-
ently reduced ACF formation, colonic epithelial cell prolif-
eration rate and faecal bile acid concentration [27]. Bilberry
anthocyanins, commercially available as “Mirtoselect”,
dose-dependently reduced adenoma formation in Apc™®
mice fed the anthocyanin-rich mixture at 0.03, 0.1 or 0.3% in
the diet for 12 wk. Moreover, anthocyanins were detectable
in the intestinal mucosa of these animals [28].

2.3 Human intervention studies

Many phytochemicals with antioxidant properties are bio-
available from berries. Plasma total antioxidant capacity is
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elevated for up to 4 h after consumption of strawberry fruit
(240 g) and blueberry extract (100 g) in elderly women and
middle-aged men [29, 30]. The potent cytoprotective flavo-
nol quercetin is also bioavailable from berries. Compared
with control subjects, plasma quercetin was elevated 32—
51% in healthy Finnish men consuming 100 g of blackcur-
rants, lingonberries and bilberries daily for 8 wk [31]. How-
ever, the relative bioavailability of anthocyanins compared
with other dietary berry polyphenols appears to be poor.
Anthocyanins have been detected at very low concentra-
tions in blood and urine from subjects fed elderberry juice
but only when consumed at pharmacological doses (500—
1500 mg/day) [32—34]. The bioavailability of berry compo-
nents, including antioxidant flavonols and anthocyanins
will be covered elsewhere in this edition.

While there is good evidence that berries or berry phyto-
chemicals can influence genomic stability in vitro and in
rodent models, their ability to modify markers of DNA
damage and carcinogenesis in humans is highly conten-
tious.

Strawberry consumption (300 g) reduces endogenous
formation of the carcinogen NDMA by 70% in healthy
young volunteers fed nitrate (400 mg/day) together with an
amine-rich diet [35]. Consumption of Aronia, blueberry
and boysenberry juice for 5 wk significantly decreased oxi-
dative DNA damage in blood cells isolated from human vol-
unteers [36]. Consumption of wolfberries, a medicinal
berry consumed in China that contains significant levels of
ellagic acid in addition to being high in carotenoids and
vitamin C, reduced DNA strand breakage in buccal cell
scrapings from a small group of subjects compared with
controls [37]. However, as with the rodent experiments, it is
impossible in this type of study using whole food, to ascer-
tain which are the most bioeffective phytochemicals. In
direct contrast, supplementation of a group of twenty
healthy subjects with blackcurrant juice (containing
600 mg/L anthocyanin and 210 mg/L vitamin C) for 3 wk
caused a small but significant increase in oxidative DNA
purine base damage [38]. No change in genomic stability
was seen in subjects consuming a drink containing equiva-
lent concentrations of anthocyanin but without vitamin C,
suggesting that the detrimental effect seen in this study may
have been due to a pro-oxidant effect of ascorbic acid [38].
However, anthocyanins were not protective in this study.
Similarly, no significant decrease in oxidative DNA dam-
age was found in female subjects consuming a polyphenol-
rich blueberry and apple juice for 4 wk, despite a signifi-
cant increase in plasma antioxidant capacity [39]. Cran-
berry juice, consumed at nutritionally relevant levels, has
little effect on DNA stability in healthy volunteers [40].
Healthy female subjects (aged between 18 and 40 years)
were randomly allocated to receive either 750 mL/day of
cranberry juice (n = 11) or a placebo drink (n = 9) for 2 wk.
The cranberry juice employed in this study contained high
levels of vitamin C, total phenols, catechins and anthocya-
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Anthocyanin human intervention trial: cranberry juice

Phytochemical content and antioxidant potential of cranberry juice and placebo

Cranberry Juice Placebo
total phenols (mg/IGAE) 1136 + 3.50 8.9+0.14
total anthocyanins (mg/L ) 2.8+0.19 not detectable
catechins (mg/L) 29.1 £ 0.40 not detectable
AFRAP (umM Fell) 14.0 + 0.01 0.06 + 0.01
ESR (radicals reduced/10'®/mI) 9.2+0.07 0.02 + 0.01

Placebo
.—+ @ 750 mL/d
Week 1 | Cranberry juice | 11 subjects
-1 0 +1 +2

T
Baseline

Anthocyanins in cranberry juice:

A. Cyanidin-3-galactoside (26.1%)
B. Cyanidin-3-glucoside  (1.4%)
C. Cyanidin-3-arabinoside (27.1)
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Figure 1. Panel showing the phytochemi-
cal content and antioxidant potential of
cranberry juice and placebo drink, the vol-
unteer sampling protocol and the antho-
cyanin profile of cranberry juice identified
by HPLC-MS-MS with the contribution (as
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nins and displayed significant antioxidant activity, meas-
ured as ferric reducing antioxidant potential (FRAP) and by
electron spin resonance (ESR) in the laboratory (Fig. 1).
Endogenous or background DNA damage was measured in
urine as O%0x0-dG and as DNA strand breaks and oxidised
pyrimidines in lymphocytes isolated from the volunteers. In
addition, the ability of cranberry juice to protect against
induced oxidative DNA damage was measured in lympho-
cytes exposed to hydrogen peroxide. Despite a calculated
daily intake of 850 mg of total phenols, 2.2 mg of anthocya-
nins and 22 mg of catechins, anthocyanins and catechins
were undetectable in the blood or urine of volunteers con-
suming cranberry juice daily for 2 wk. Unsurprisingly,
there was no change in the antioxidant capacity of the
plasma and consumption of cranberry juice had no benefit
on DNA stability. Cellular DNA damage remained
unchanged in both groups and there was no difference in
the excretion rate of OPoxo-dG. Similarly, DNA strand
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percentage) of individual anthocyanins
[40].

breakage induced in response to oxidative stress (H,O,
treatment) was similar in lymphocytes isolated from both
treatment groups indicating that the antioxidant capacity of
the juice conferred no protection against oxidative attack in
vivo (Fig. 2). Lack of efficacy in this study undoubtedly
reflects low bioavailability of these compounds at nutrition-
ally relevant levels.

Despite the lack of evidence for a clear protective effect
of berry extract or juice on genomic stability, clinical stud-
ies investigating the efficacy of berries and berry compo-
nents to inhibit carcinogenesis in people with existing can-
cers or patients at risk of cancer recurrence are underway.
Interim findings from a 6-month pilot study of ten patients
with Barrett's esophagus, a condition associated with a 30—
40-fold increased risk for esophageal adenocarcinoma,
show that gram quantities of lyophilised black raspberries
did not significantly reduce the urinary excretion of
8-0x0dG in the group as a whole [41]. Changes in this bio-
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Anthocyanin human intervention trial: cranberry juice

The effect of cranberry juice on blood biomarkers in human volunteers

Cranberry Juice Placebo
total anthocyanins (plasmalurine) not detectable not detectable
AFRAP (umM Fell) 248+1.5 254 +1.2
ESR (radicals reduced/10'8/ml) 6.73+0.23 7.10+0.17
8-oxodG (ng/mg creatinine) 9.47 £ 0.65 10.18 £ 1.53
Oxidised pyrimidines (AU) 542 +5.8 49.0+5.9
DNA strand breaks (AU) 374148 33.8+4.0

Oxidant induced DNA damage
200 -
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marker in response to supplementation were small and
highly variable between subjects and it is plainly too soon
to draw conclusions from this study.

3 Evidence for a genoprotective ability of
specific berry constituents

Without a doubt, berries and berry extracts do positively
affect biomarkers of genomic stability and indicators of car-
cinogenesis in vitro and in vivo. However, one major disad-
vantage of studying whole food or food extracts is that it is
impossible to establish with any degree of certainty which
dietary components (e.g. folic acid, flavonols, vitamin C,
anthocyanins, stilbenes, efc.) are the effective cytoprotective
agents. Nevertheless, there is considerable evidence that
individual berry components have chemopreventive or anti-
cancer properties in vitro and in vivo, with ability to function
at several stages along the cancer progression pathway.

Numerous experimental studies indicate that dietary fla-
vonoids, such as quercetin, myricetin and kaempferol pro-
tect against DNA instability. A comprehensive review of
the evidence linking flavonoid exposure with genomic
stability in vitro, in vivo and in human intervention trials
has been provided previously [2]. Fewer studies have inves-
tigated how anthocyanins specifically modulate DNA
stability.
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damage in human volunteers [40].

Anthocyanins, including cyanidin and several glycosides
are antimutagens in both the Ames and sister chromatid
exchange (SCE) genotoxicity tests [42] and effectively
inhibit oxidative DNA damage in rat smooth muscle cells
[43]. Ellagic acid (found in many berry species including
cranberry and black raspberry) inhibits carcinogen activa-
tion and binding to DNA and mutagenesis in the Ames test.
It also protects supercoiled plasmid DNA against oxidative
damage and modulates cell cycle control and programmed
cell death in cancer cells [44]. Anthocyanidins, including
delphinidin, malvidin, peonidin and petunidin inhibit pro-
liferation of cancer cells derived from various tissues
including colon, breast, blood and lung at high micromolar
concentrations (reviewed in 45). Similarly, cyanidin and a
mixture of several of its glycosides dose-dependently
inhibit HCT116 and HT29 colon cancer cell growth, with
an IC50 of 63 and 780uM, respectively [9]. In general,
potency reflects the chemical structure of the polyphenol
with the anthocyanin glycoside less effective than the
parent aglycone [45]. Cyanidin and its glucoside cyanidin-
3-glycoside, reduce oxidant-induced DNA strand breakage
in normal human lymphocytes ex vivo and are as potent
chemoprotectants as the flavonols quercetin and myricetin.
Moreover, the anthocyanins were more effective than sev-
eral other antioxidants including kaempferol, silymarin,
vitamin C, vitamin E and its water-soluble analogue Trolox
(Fig. 3). Cyanidin 3-rutinoside and cyanidin 3-glucoside
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Figure 3. The effect of flavonols, anthocyanins
and antioxidant vitamins on induced oxidative
DNA damage in human lymphocytes. Lympho-
cytes were pretreated for 4 h with phytochemical
(50 uM), washed with PBS and exposed to the
model oxidant hydrogen peroxide (H20,, 200 uM)
for 5 min on ice. DNA strand breaks were meas-
ured by single cell gel electrophoresis. Phyto-
chemical-mediated cytoprotection is shown as
percentage DNA strand breakage compared with
H,O,-treated cells alone. Results are mean =
SEM for n> 4, *p < 0.05.
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suppress cancer cell metastasis by inhibiting the motility,
adhesiveness and invasiveness of the metastatic human
lung cancer cell line A549 [46]. Cultured lung cells pre-
treated with anthocyanin metabolites (0—100 uM) for 24 h
have a reduced capacity to migrate through a matrigel layer.
Both cyanidin 3-glucoside and cyanidin 2-rutinoside inhib-
ited cell invasion by approximately 40% at the highest con-
centration tested [46]. Cyanidin 3-glucoside was also a
potent inhibitor of cell adhesion [46].

Anthocyanins are bioactive in different in vivo model
systems. Hepatic O%x0-dG was significantly decreased in
vitamin E-deficient rats fed a complex anthocyanin extract
containing glucosides of delphinidin, cyanidin, petunidin,
peonidin and malvidin (1 g/kg diet) for 2 wk [47]. However,
in a study using only cyanidin-3-glycoside at a more nutri-
tionally relevant concentration, no effect was seen on
endogenous DNA strand breakage and oxidative base dam-
age in isolated lymphocytes and O%oxo-dG levels in liver
and colon from vitamin E-deficient rats. Moreover, lym-
phocytes isolated from vitamin E-deficient rats fed cyani-
din-3-glycoside were as susceptible to induced oxidative
stress as rats fed control diet [4]. Several studies report that
anthocyanins inhibit tumour formation in vivo. Mammary
tumour formation, multiplicity and tumour volume is
decreased in DMBA-treated female rats fed 15 different
anthocyanins from grape juice [48], while anthocyanins,
given either as a mixture (estimated as 6.4 mg/day), a single
pure cyanidin solution (estimated as 1.6 mg/day) or as
freeze-dried tart cherries (600 mg/day) inhibit dysplasia in
cancer-susceptible mice (4pc™™). Mice consuming antho-
cyanins, cyanidin or tart cherries had significantly fewer
and smaller caecal adenomas than mice consuming the con-
trol diet. The authors calculate that the comparative human
doses required to modulate tumour formation would be
approximately 2.4 or 0.6 g of anthocyanins or cyanidin,
respectively, which is obviously supraphysiological and
unachievable by normal dietary intervention [9]. Disturb-
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ingly, tart cherry consumption was associated with a signif-
icantly increased tumour volume in the small intestine.
Conversely, cyanidin 3-glucoside decreased the number of
malignant and benign skin tumours in mice treated with
DMBA as an initiator and TPA as promotor [49].

These data suggest that certain polyphenols can modulate
oxidative DNA damage in vivo, but others cannot. Moreover,
in those studies where complex anthocyanin extracts or sin-
gle anthocyanin aglycones or glycosides have been shown to
be affective against oxidative damage, the phytochemicals
have generally been fed at supra-nutritional or pharmacolog-
ical doses. In those few studies where the bioactivity of
anthocyanins has been investigated at nutritionally-relevant
concentrations, evidence of a protective affect is weak.

4 Berry consumption and potential
anticancer mechanisms

High fruit and vegetable consumption is associated with a
decreased risk of certain epithelial cancers. When added to
bacteria or cultured mammalian cells, berry extracts or spe-
cific phytochemicals found in high quantities in berries,
inhibit mutagenesis, DNA damage, cell proliferation and
malignant transformation and metastasis. Similarly, feeding
berry extract inhibits carcinogenesis at various sites, includ-
ing the colon, esophagus, lung and breast in animals. While it
is apparent that berry phytochemicals exert their anticarcino-
genic effects at several points along the cancer progression
pathway, exactly how these phytoprotectants act is unclear.

4.1 Antioxidant effects

Accumulation of oxidative DNA damage over the human
lifespan may be a significant factor in cancer development
[25]. Reactive oxygen species generated endogenously
through aerobic metabolism are potent genotoxins, causing
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mutations, DNA strand breakage and oxidative DNA base
damage in vitro and in vivo. The anticarcinogenic value of a
diet high in fruits and vegetables may be due to the rela-
tively high abundance of antioxidants in these foods, which
act to inhibit oxidative DNA damage through a variety of
mechanisms including free radical scavenging and metal
chelation (reviewed in [2]). Berry extracts and individual
berry components, including the anthocyanins, are strong
antioxidants in vitro and exhibit a broad spectrum of anti-
oxidant activity in chemical and cellular systems [50]. Fla-
vonoids are strong metal chelators and are able to suppress
peroxyl and hydroxyl radical-induced supercoiled DNA
strand scission and generation of reactive oxygen species
from activated human granulocytes [2, 42]. Quercetin, the
anthocyanin cyanidin and its glycoside cyanidin 3-glyco-
side are powerful inhibitors of oxidant-induced DNA dam-
age in normal human colon mucosal cells in vitro [4], while
3-glucopyranosides of delphinidin, cyanidin, petunidin,
peonidin and malvidin ameliorate the effects of vitamin E
depletion on oxidative DNA damage in rat liver [47]. As
described elsewhere in this review, black raspberry extract
significantly inhibits O%x0-dG formation and tumorigene-
sis in animals treated with the carcinogen AZM [24]. The
ability of polyphenols, including anthocyanins, to modulate
free radical generated DNA damage and malignant trans-
formation is reviewed elsewhere [2, 50].

4.2 Modulation of phase 1 and 2 drug metabolising
enzyme activities and inhibition of DNA
damage

Berry extracts inhibit mutagenesis by metabolically acti-
vated carcinogens in the Ames test, but are not as effective
against carcinogens acting directly on DNA [6]. Several
freeze-dried berry extracts inhibit NMBA-induced esopha-
geal cancer in vivo, with strawberry, black raspberry and
blackberry preparations decreasing esophageal papilloma
numbers by 24-56% relative to control animals. Inhibition
of tumorigenesis was associated with a concomitant
decrease in the level of the DNA adduct, O-6-methylgua-
nine, suggesting that the berry extract was acting to inhibit
formation of the mutagenic agent from the procarcinogen
[51]. Moreover, tumour burden was reduced up to 64%
when berry extract was fed after cancer initiation by
NMBA indicating that berry extracts function as potent
chemoprotectants at a number of sites along the cancer cas-
cade. Berry phytochemicals may exert their anticarcino-
genic effect by modulating the enzyme systems that metab-
olise carcinogens or procarcinogens to genotoxins. Activa-
tion of the procarcinogen may be inhibited or it may be con-
verted to a less reactive compound before it is able to bind
to DNA and initiate mutagenesis and carcinogenesis. The
cytochrome P450 superfamily of enzymes metabolise a
large number of procarcinogens to reactive intermediates
that covalently bind to DNA and induce malignant transfor-
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mation. P450 activity can be induced or inhibited by flavo-
noids. Ellagic acid inhibits mutagenesis and carcinogenesis
by acting on both P450 xenobiotic metabolism and several
phase 2 detoxifying enzymes. Rats fed ellagic acid have sig-
nificantly fewer carcinogen-induced hepatic and esopha-
geal tumours and this reduction in tumour burden is associ-
ated with changes in the activity of several enzymes
involved in carcinogen activation and detoxification. Liver
P450 reductase activity was decreased significantly (25%)
in rats fed ellagic acid for 23 days, while glutathione trans-
ferase (GST), NADPH quinone reductase and UDP glucur-
onyltransferase (UDPGT) activities increased. /n vitro stud-
ies indicate that specific isozymes of rat liver P450s are
inhibited by ellagic acid, with those isozymes inhibited the
most, generally the most important in the bioactivation of
procarcinogens in rats and humans [52]. In addition to alter-
ing activation or binding of the chemical carcinogen with
DNA, black raspberry extract also alters expression of
genes associated with inflammation and carcinogenesis.
COX-2 gene expression and subsequently prostaglandin
production and nitric oxide synthase activity are inhibited
in premalignant rat esophageal cells following feeding with
berry extract [53].

4.3 Inhibition of cell proliferation, malignant
transformation and invasiveness

Some anthocyanins suppress cancer cell growth in vitro by
modifying cell signalling pathways. Benzo[a]pyrene diol-
epoxide (BPDE) treatment of mouse epidermal JB6 CI 41
cells induces activated protein 1 (AP-1) and nuclear factor
kappaB (NFkB). Changes in expression of these proteins,
which function normally to regulate cell proliferation and
cell cycle control, are believed to be involved in human can-
cer development. Pretreatment of JB6 CI 41 mouse cells
with methanol-extracted black raspberry fractions (1—
100 pg/mL) dose-dependently inhibits carcinogen-induced
AP-1 or NFkB protein expression in a luciferase reporter
assay without affecting carcinogen/DNA binding [54].
Inhibition of the AP-1 pathway or NFxB activation was
mediated by a decrease in the phosphorylation of members
of the MAPK protein family and inhibition of IkBa phos-
phorylation and degradation, respectively [54]. Berry
extracts were inhibitory only when given prior to or during
carcinogen exposure. Similarly, methanol-extracted black-
berry extract dramatically inhibited BPDE-induced activa-
tion of AP-1 and NFxB and subsequent expression of vas-
cular endothelial growth factor and COX-2, proteins
believed to have a key role in tumour promotion and pro-
gression. Further studies indicated that the blackberry
extract was altering the cell signalling pathways responsible
for activating AP-1 and NFkB by inhibiting MAPKSs activ-
ity and IxBa phosphorylation [55]. Blackberry and straw-
berry extracts and cyanidin 3-glucoside produced similar
effects in the AP-1 and MAPK pathways in JB6 mouse cell
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treated with UVB or TPA [18, 49, 56]. Whether down-regu-
lation of this gene cascade alters tumorigenesis in vivo
remains to be established.

The process of metastasis, the spread of malignant cancer
cells from their primary location to secondary sites in the
body, is dependent on specific changes within the tumour.
Cancer cells must attain increased motility, surface adhe-
sion properties and increased extracellular protease activity
to facilitate cell movement and invasiveness. Degradation
and rupture of the extracellular matrix by proteases such as
metalloproteinases (MMPs), serine proteinases and cathe-
psins, allow cancer cell migration and metastasis. Two glu-
cosides of the anthocyanidin cyanidin (cyanidin 3-rutino-
side and cyanidin 3-glucoside) reduce the invasive ability
of the highly metastatic human lung cancer cell line A549
by differentially altering transcription of several proteases
involved in carcinogenesis [46]. Expression of matrix met-
alloproteinase-2 (MMP-2) and urokinase-plasminogen acti-
vator (u-PA) was inhibited, while conversely, expression of
tissue inhibitor of matrix metalloprotein-2 (TIMP-2) and
plasminogen activator inhibitor (PAI), endogenous inhibi-
tors of MMP-2 and u-PA, respectively, was increased [46].
Extracts from blueberry down-regulate MMP activity and
increase TIMP-1 and TIMP-2 activity in human prostate
cancer cells in vitro [34].

4.4 Inhibition of angiogenesis

Angiogenesis is the process by which new blood vessels are
formed from pre-existing vessels. Angiogenesis, a normal
physiological process in growth and development and in
wound healing, is also a fundamental step in the transition of
tumours from a benign to a malignant or invasive state.
Tumours induce angiogenesis by secreting growth factors
such as VEGF to induce capillary growth into the tumour
allowing tumour expansion and spread. Cancer cells can dis-
sociate from the main tumour and be carried in the circula-
tion to a site distant from the primary tumour where they
implant and begin formation of a secondary tumour. Several
berry derivatives have potent anti-angiogenesis properties in
vitro. In a series of elegant experiments, berry extracts (wild
blueberry, bilberry, cranberry, elderberry, raspberry seed and
strawberry) were tested for their ability to inhibit angiogene-
sis via altered VEGR expression and invasiveness. Human
HaCaT keratinocytes, which are normally quiescent, retain
the ability to initiate angiogenesis in response to certain stim-
uli. Each of the berry extracts inhibited hydrogen peroxide
and TNF-o induced VEGF expression in these cells. Induci-
ble VEGF expression was related to the flavonoid component
of the berry extracts, independently of their antioxidant
potential [57]. Moreover, berry extracts were able to inhibit
angiogenesis in human dermal microvascular endothelial
cells. Similarly, crude whole black raspberry extract (at a
concentration of 0.1% w/v) was antiangiogenic in a human
placental tissue-based fibrin clot angiogenesis assay [58].
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Fractionation of crude extract revealed a highly potent anti-
angiogenic component that accounted for only 1% of the
fresh weight of the whole berries. This highly active fraction
completely inhibited angiogenic initiation and vessel sprout-
ing. Several active compounds, including gallic acid, were
subsequently identified, although none was as effective indi-
vidually as the whole fraction, indicating that these com-
pounds act synergistically [58].

Berry extracts can also inhibit angiogenesis in animals.
Hemangiomas are abnormally dense collections of dilated
capillaries that can occur in the skin or internal organs and
have been used to model angiogenesis in vivo. Mouse endo-
thelioma cells (EOMA) injected into compatible host ani-
mals proliferate to form blood vessel conduits that fuse
with the systemic circulation, drawing blood into the
hemangioma. EOMA cells pretreated in culture either with
wild blueberry or a proprietary berry mix (OptiBerry) were
unable to form hemangioma tumours as effectively as pla-
cebo-treated cells after injection into host mice. In the wild
blueberry treatment group, less that 50% of the animals
tested positive for the presence of a hemangioma and in
those animals that tested positively, tumour mass was below
50% of that observed in the untreated group. Moreover,
macrophage infiltration was significantly lower in these
animals [59]. Macrophages, recruited to sites of inflamma-
tion or infection, produce growth factors and cytokines that
regulate angiogenesis. Berry extracts may work to inhibit
angiogenesis by inhibiting inducible expression of NFkB
and basal expression of monocyte chemotactic protein 1
(MCP-1) [59].

5 Concluding remarks

Clearly, berry extracts modulate biomarkers of DNA dam-
age and indicators of malignant transformation in vitro and
in vivo. Data from numerous cell culture and animal models
suggest that berry extracts or berry-derived phytochemicals
such as the anthocyanins are potential cancer chemothera-
peutic agents and can be protective against genomic insta-
bility at several sites in the carcinogenic pathway. However,
exactly which berry constituents provoke this cytoprotec-
tive response remains uncertain and in the vast majority of
studies the concentration of extract or phytochemical
employed is substantially greater than could ever be
achieved nutritionally. Moreover, evidence for an anticarci-
nogenic ability of berries in controlled human intervention
studies is weak. While the lack of effect of berry extracts on
DNA stability in human studies may reflect the relatively
short duration of these interventions, alternatively, these
compounds at concentrations appropriate to the human diet
may not be effective genoprotectants in vivo.

Dr. Susan Duthie is funded by The Scottish Executive Envi-
ronment and Rural Affairs Department (SEERAD).
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