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Berry Fruits for Cancer Prevention: Current Status
and Future Prospects
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Overwhelming evidence suggests that edible small and soft-fleshed berry fruits may have beneficial
effects against several types of human cancers. The anticancer potential of berries has been related,
at least in part, to a multitude of bioactive phytochemicals that these colorful fruits contain, including
polyphenols (flavonoids, proanthocyanidins, ellagitannins, gallotannins, phenolic acids), stilbenoids,
lignans, and triterpenoids. Studies show that the anticancer effects of berry bioactives are partially
mediated through their abilities to counteract, reduce, and also repair damage resulting from oxidative
stress and inflammation. In addition, berry bioactives also regulate carcinogen and xenobiotic
metabolizing enzymes, various transcription and growth factors, inflammatory cytokines, and
subcellular signaling pathways of cancer cell proliferation, apoptosis, and tumor angiogenesis. Berry
phytochemicals may also potentially sensitize tumor cells to chemotherapeutic agents by inhibiting
pathways that lead to treatment resistance, and berry fruit consumption may provide protection from
therapy-associated toxicities. Although a wide variety of berry fruits are consumed worldwide, this
paper focuses on those commonly consumed in North America, namely, blackberries, black
raspberries, blueberries, cranberries, red raspberries, and strawberries. In addition, a large body of
studies on singly purified berry bioactives is available, but this paper focuses on studies of “whole
berries” per se, that is, as berry extracts and purified fractions, juices, and freeze-dried powders.
Potential mechanisms of anticancer action and bioavailability of berry phenolics, as well as gaps in
knowledge and recommendations for future berry research, are also briefly discussed.
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INTRODUCTION

Among small soft-fleshed colorful fruits, berries make up the
largest proportion that is consumed in our diet. Berry fruits are
popularly consumed not only in fresh and frozen forms but also
as processed and derived products including canned fruits,
yogurts, beverages, and jams and jellies. In addition, there has
been a growing trend in the intake of berry extracts as
ingredients in functional foods and dietary supplements, which
may or may not be combined with other colorful fruits,
vegetables, and herbal extracts.
Berry fruits commonly consumed in North America include
blackberries (Rubus spp.), black raspberries (Rubus occidentalis),
blueberries (Vaccinium corymbosum), cranberries (Vaccinium
macrocarpon), red raspberries (Rubus idaeus) and strawberries
(Fragaria × ananassa). Other “niche-cultivated” berries and
forest/wild berries, for example, bilberries, black currant,
lingonberry, and cloudberry, are also popularly consumed in
other regions of the world. In addition, there is a growing trend
in the consumption of exotic “berry-type” fruits and their
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products, including the pomegranate (Punica granatum), goji
berries (Lycium barbarum; also known as the wolfberry), fruits
of Garcinia mangostana, the Brazilian açaí berry (Euterpe
oleraceae), and the Chilean maqui berry (Aristotelia chilensis).
Although the types of berry fruits consumed worldwide are
many, this paper focuses on the aforementioned berries that are
commonly consumed in North America.
A large and growing body of studies has convincingly
established the anticancer potential of singly purified constituents
found in berry fruits (1, 2). These phytochemicals include
phenolics such as anthocyanins (pigments that impart the
attractive colors to berry fruits and colorful vegetables), quercetin (a ubiquitous flavonol also found in onions, apple skins,
etc.), proanthocyanidins (flavanol polymers common to green
tea, grape skin and seeds, blueberries, cranberries, dark chocolate, etc.), hydrolyzable tannins (particularly ellagitannins, found
in strawberries, black raspberries, red raspberries, blackberries,
muscadine grapes, some nuts, oak-aged beverages, etc.), and
other flavonoid-related molecules. However, this paper focuses
on studies of “whole-berries”, as their freeze-dried powders,
berry extracts and/or their purified fractions, beverages, and
single and combined berry formulations. Although the majority
of published studies are with in vitro cell culture models, there
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is a growing body of published studies in animals and, recently,
a few human studies have appeared in the peer-reviewed
literature.
Reviews on the anticancer potential of berry fruits are
available (1–8), but many of these focused on specific berry
fruits, for example, cranberries and blueberries (4, 5), freezedried black raspberries (6, 7), and a berry formulation (8).
Because of the rapidly growing body of studies in this field,
this paper provides an update since the published literature
reviews (see refs 1 and 3). Potential mechanisms of anticancer
action of berry bioactives, bioavailability, and metabolism of
berry phenolics, as well as gaps in knowledge and recommendations for future berry research in the area of cancer prevention
and therapy, are also briefly discussed herein.
BERRY PHYTOCHEMICALS

Some of the known chemopreventive agents present in berries
include vitamins A, C, and E and folic acid; calcium and
selenium; β-carotene, R-carotene, and lutein; phytosterols such
as β-sitosterol and stigmasterol; triterpene esters; and phenolic
molecules such as anthocyanins, flavonols, flavanols, proanthocyanidins, ellagitannins, and phenolic acids. Berries contain
high levels of a diverse range of phytochemicals, most of which
are phenolic molecules.
The chemistry of berry phenolics directly influences their
bioavailability, metabolism, and biological effects in vivo (9, 10).
The structural diversity of berry phenolics is observed in several
ways including (a) their degree of oxidation and substitution
patterns of hydroxylation, (b) their abilities to exist as stereoisomers, (c) glycosylation by sugar moieties and other substituents, and (d) conjugation to form polymeric molecules, such
as tannins and other derived molecules (11). The major structural
classes of berry phenolics are flavonoids (anthocyanins, flavonols and flavanols), condensed tannins (proanthocyanidins),
hydrolyzable tannins (ellagitannins and gallotannins), stilbenoids, phenolic acids (hydroxybenzoic and hydroxycinnamic
acids), and lignans (1).
IN VITRO ANTICANCER STUDIES

That berry phenolics exhibit potent antioxidative properties
is widely accepted, but their biological properties extend beyond
antioxidation (reviewed in ref 2). In fact, berry phenolics also
exhibit anti-inflammatory properties, are able to induce carcinogen detoxification (phase-II) enzymes, and modulate subcellular signaling pathways of cancer cell proliferation, apoptosis, and tumor angiogenesis (reviewed in ref 1). These as well
as other potential mechanisms of action of berry bioactives on
carcinogenesis are briefly discussed below.
Recent studies have shown that berry extracts and their singly
purified phenolic constituents inhibit cell proliferation, modulate
cell cycle arrest, and induce apoptosis (programmed cell death)
in cancer cells with little or no cytotoxic effects in normal cells.
For example, our laboratory recently showed that blackberry,
black raspberry, blueberry, cranberry, red raspberry, and strawberry extracts inhibit the growth of human oral, breast, colon,
and prostate cancer cell lines in a dose-dependent manner (12).
Furthermore, the berry extracts stimulated apoptosis of a human
colon cancer cell line, HT-29, which expresses the cyclooxygenase-2 enzyme (COX-2). It is noteworthy that several
cherry and berry extracts have been shown to inhibit COX-2
enzyme activity in vitro (13).
Strawberry, raspberry, both highbush and lowbush blueberries, blackberry, and cranberry juices were evaluated for
antiproliferative and anti-inflammatory activities and also abili-
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ties to induce apoptosis and cell cycle arrest against a panel of
human stomach, prostate, intestine, and breast cancer cell lines
(14). Strongest inhibition of cell growth was observed for the
raspberry, lowbush blueberry and cranberry juices. The authors
reported that the inhibition of proliferation by the berry juices
was independent of caspase-dependent apoptosis but appeared
to involve cell-cycle arrest, as evidenced by down-regulation
of the expression of cyclin kinases, cdk 4, cdk 6, cyclin D1
and cyclin D3. Some of the berry juices also significantly
inhibited the tumor necrosis factor-induced activation of the
COX-2 enzyme expression and activation of the transcription
factor, nuclear factor kappa B (NFκB). The authors concluded
that different berry fruits might act through different mechanisms
in their cancer preventive ability (14).
A red raspberry extract, obtained after a digestion procedure
that mimicked the physiochemical conditions of the upper
gastrointestinal tract, was shown to decrease the population of
human HT29 colon cancer cells in the G1 phase of the cell
cycle (15). In addition, the raspberry extract imparted significant
protective effects against DNA damage induced by hydrogen
peroxide in the colon cancer cells. Finally, the authors reported
that the raspberry extract significantly inhibited the invasion of
HT115 colon cancer cells in a matrigel invasion assay (15).
A study recently investigated whether the regulations of
apoptosis and the phase-II enzymes glutathione-S-transferase
(GST) and quinone reductase (QR) are potential mechanisms
through which blueberry may prevent cancer (16). The authors
showed that anthocyanin-enriched fractions purified from the
blueberries induced apoptosis of human HT29 colon cancer cells
using both DNA fragmentation and caspase-3 activity methods.
However, at the test concentrations, the blueberry anthocyanins
decreased rather than induced QR and GST activities (16).
The differential effects of proanthocyanidin-enriched fractions
obtained from blueberries on androgen sensitive (LNCaP) and
androgen insensitive (DU145) human prostate cancer cell lines
have been reported (17). The authors found that the blueberry
proanthocyanidins had a greater effect on the androgendependent growth of prostate cancer cells (17).
Several berry extracts, including strawberry and raspberry,
were recently evaluated for their effects on cell viability and
expression of markers of cell proliferation and apoptosis in
human HT29 colon cancer cells (18). The authors concluded
that the berry extracts inhibited cancer cell proliferation mainly
via the p21WAF1 (a member of the cyclin kinase inhibitors)
pathway. The pro-apoptosis marker, Bax, was found to be
increased in cells treated with the berry extracts in the apoptosis
experiments. In addition, the authors reported that in addition
to anthocyanins, other phenolic compounds, such as ellagitannins, and nonphenolic compounds, might also contribute greatly
toward the antiproliferative activity of berries (18).
Isolated cell lines from human oral squamous cell carcinoma
tumors were recently used to investigate the effects of a freezedried black raspberry ethanol extract on cellular growth (19).
The authors showed that the black raspberry extract suppressed
cell proliferation without perturbing viability, inhibited translation of the complete angiogenic cytokine vascular endothelial
growth factor, suppressed nitric oxide synthase activity, and
induced both apoptosis and terminal differentiation (19).
Three cultivars of blueberries (‘Briteblue’, ‘Tifblue’, and
‘Powderblue’) were extracted and assessed for antiproliferative
and pro-apoptotic effects on liver HepG2 cancer cells (20). The
greatest inhibitory effects were observed for the blueberry
anthocyanin fractions (ranging from 70 to 150 µg/mL concentrations) with 50% inhibition of cancer cell population growth.
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Induction of apoptosis was assessed by DNA fragmentation,
and the blueberry anthocyanin fraction showed a 2-4-fold
increase in apoptosis compared to control (20).
Cranberry extracts were shown to significantly inhibit the
growth of human breast cancer MCF7 cells, which was
attributed to the ability of the extracts to initiate apoptosis and
induce G1 phase arrest in the cell cycle (21). The same group
of workers isolated and identified 20 pure compounds from
cranberries, including ursolic acid, quercetin, and 3,5,7,3′,4′pentahydroxyflavonol-3-O-β-D-glucopyranoside and showed that
these compounds have potent antiproliferative activities against
liver HepG2 and breast MCF7 cancer cell growth (22).
The antiproliferative effects of organically versus conventionally cultivated strawberries on human colon and breast tumor
cells have been reported (23). The organically grown strawberries showed higher antiproliferative activity than the conventionally grown fruits, which was accounted for by the higher content
of secondary metabolites with anticarcinogenic properties in
those fruits (23).
Berry-derived products such as their seed flours have also
been evaluated for anticancer properties. Black raspberry, red
raspberry, blueberry, and cranberry seed flours were shown to
inhibit the proliferation of human HT29 colon cancer cell line
(24). The authors suggested that the berry fruit seed flours might
have potential for the development of value-added products for
cancer prevention and optimal health. In a separate study, the
same group of researchers also showed that strawberries treated
with essential oils, such as thymol, menthol, or eugenol,
exhibited stronger inhibition of human HT29 colon cancer cell
growth than those from untreated fruit (25).
Apart from the potential mechanisms of anticancer action
described above, berry fruits have also been shown to inhibit
the activities of enzymes, which play a significant role in cancer
metastasis, such as matrix metalloproteinases (MMPs) (1). A
recent study investigated the ability of flavonoid-enriched
fractions from lowbush blueberry to down-regulate MMP
activity in DU145 human prostate cancer cells (26). Differential
down-regulation of MMPs was observed in cells exposed to
both anthocyanin-and proanthocyanidin-enriched blueberry fractions. The possible involvement of protein kinase-C and
mitogen-activated protein kinase pathways in the flavonoidmediated decreases in MMP activity was observed. The authors
concluded that the down-regulation of MMP activities by the
blueberry flavonoids might occur through multiple mechanisms
(26).
The potential of negating drug resistance in cancer cells has
important clinical implications, and berry fruits have immense
potential in this area. Recently, cranberry proanthocyanidin
fractions have been reported to show cytotoxicity toward
platinum-resistant human ovarian cancer cell lines, neuroblastoma, and prostate cancer cell lines (27). The cranberry fractions
sensitized human ovarian SKOV3 cancer cells to the platinum
drug, paraplatin, and the authors concluded that this suggested
a significant synergistic effect between cranberry proanthocyanidins and the chemotherapy drug (27).
Berry fruits also show potential in the inhibition of absorption
of environmental carcinogens. Mahadevan et al. evaluated the
potential of red raspberry extracts to inhibit the absorption of
environmental carcinogens such as polycyclic aromatic hydrocarbons (PAHs) using a Calu-3 cell monolayer model (28). The
authors reported that the phytochemicals present in red raspberries inhibited PAH absorption across the Calu-3 cell monolayers
and are likely to influence the exposure of lung epithelial cells
to PAH-induced DNA damage (28).
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IN VIVO ANTICANCER STUDIES

Animal Studies. The possible effects of berries (blueberries,
blackberries, and cranberry juice) and other high-antioxidant
fruits (pomegranate, watermelon, mangoes, and plum) on
azoxymethane (AOM)-induced aberrant crypt foci (ACF) in
Fisher 344 male rats were recently investigated (29). After 17
weeks, the rats fed fruits and fruit juices showed significant (p
< 0.05) reductions in the formation of AOM-induced ACF
compared to untreated animals. In addition, GST activity in the
liver of the rats fed fruits and fruit juices was significantly (p
< 0.05) higher compared to control. The authors concluded that
among the fruits and fruit juices tested, blueberry and pomegranate juices contributed to significant (p < 0.05) reductions
in the formation of AOM-induced ACF (29).
A rodent model of human esophageal squamous cell carcinoma was used to evaluate the chemopreventive effects of
freeze-dried black raspberry powder (BRB) for this disease and
to determine potential mechanisms of action (30). The authors
showed that dietary BRB inhibited N-nitrosomethylbenzylamine
(NMBA)-induced tumor development in the rat esophagus by
inhibiting the formation of DNA adducts and reducing the
proliferation rate of preneoplastic cells. On a molecular level,
the BRB down-regulated the expression of c-Jun, COX-2, and
inducible nitric oxide synthase (iNOS). The authors also
analyzed the effect of BRB on angiogenesis, a process critical
to tumor growth and metastasis that involves the formation of
new blood vessels. Vascular endothelial growth factor (VEGF)
is an important angiogenic activator, and BRB significantly
suppressed VEGF expression from a (2.38 ( 0.34)-fold increase
in animals treated with NMBA alone to a (1.08 ( 0.22)-fold
increase in animals treated with NMBA plus BRB (p < 0.005).
In addition, the microvessel density of the esophagus was
decreased from 53.7 ( 5.6 vessels/cm in animals treated with
NMBA alone to 22.6 ( 2.6 vessels/cm in animals treated with
NMBA plus BRB (p < 0.0001). This study also showed that
the down-regulation of VEGF was correlated with suppression
of COX-2 and iNOS. The authors concluded that because high
vascularity is a risk factor for metastasis and tumor recurrence,
BRB might have cancer therapeutic effects in human esophageal
cancer (30).
It is noteworthy that in an earlier study, the same group of
workers had treated F344 rats with NMBA, three times per week
for 5 weeks (31). Beginning 1 week later, the animals were fed
a diet containing 5% BRB for the duration of the bioassay (25
weeks) and were sacrificed at weeks 9, 15, and 25. The
expression and enzymic activities of COX-2 and iNOS, as well
as the expression of c-Jun in the esophagi, were evaluated to
investigate the potential mechanism(s) by which BRBs modulate
tumorigenesis. At week 25, BRB inhibited tumor multiplicity,
from 3.78 ( 0.41 tumors per rat in NMBA-treated animals to
2.23 ( 0.21 tumors per rat in animals treated with NMBA plus
BRB (p < 0.005). BRB reduced mRNA and protein expression
levels of COX-2, iNOS, and c-Jun as well as the level of
prostaglandin E2 in preneoplastic lesions of the esophagus at
week 25. The BRB inhibited mRNA expression of iNOS and
c-Jun, but not COX-2, in papillomatous lesions of the esophagus.
Prostaglandin E2 and total nitrite levels were also decreased by
BRB in papillomas. The authors concluded that this suggested
a novel tumor suppressive role of BRB through the inhibition
of COX-2, iNOS, and c-Jun (31).
The mechanistic basis of the cancer anti-initiating effects of
BRB by studying NMBA metabolism in esophageal explant
cultures, and in liver microsomes taken from rats fed a control
diet versus a control diet containing BRB (at 5 or 10%,
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concentrations), were investigated (32). At both test concentrations, dietary BRB inhibited NMBA metabolism in explants (26
and 20%) and in microsomes (22 and 28%). The authors
identified individual components of BRBs, ellagic acid, and the
anthocyanins, cyanidin-3-glucoside and cyanidin-3-rutinoside,
as active constituents. NMBA metabolism in explants was
inhibited maximally by cyanidin-3-rutinoside (47%) followed
by ellagic acid (33%), cyanidin-3-glucoside (23%), and then
the BRB extract (11%). Similarly, in liver microsomes, the
inhibition was maximal with cyanidin-3-rutinoside (47%),
followed by ellagic acid (33%) and cyanidin-3-glucoside (32%).
Finally, dietary BRB was shown to induce glutathione-Stransferase activity in the liver (32).
Human Studies. Increased fruit and vegetable consumption
has been associated with the decreased risk of a number of
cancers of epithelial origin, including esophageal cancer. As
discussed above, dietary administration of lyophilized BRB has
been shown to significantly inhibit chemically induced oral,
esophageal, and colon carcinogenesis in animal models.
A 6 month chemopreventive pilot study conducted by
administering 32 or 45 g (female and male, respectively) of
BRB to patients with Barrett’s esophagus (BE), a premalignant
esophageal condition in which the normal stratified squamous
epithelium changes to a metaplastic columnar-lined epithelium,
has been reported (33). BE’s importance lies in the fact that it
confers a 30-40-fold increased risk for the development of
esophageal adenocarcinoma, a rapidly increasing and extremely
deadly malignancy. At the time of the publication, interim
findings from 10 patients with BE supported the finding that
daily consumption of BRB promoted reductions in the urinary
excretion of two markers of oxidative stress, 8-epi-prostaglandin
F2R and, to a lesser more variable extent, 8-hydroxy-2′deoxyguanosine (33).
It is noteworthy that this group of researchers has also
investigated the formulation and characterization of a novel gel
formulation for local delivery of the BRB chemopreventive
compounds to human oral mucosal tissues (34). Anthocyanins
contained in mucoadhesive berry gel formulations were readily
absorbed into human oral mucosa tissue as evidenced by
detectable blood levels within 5 min after gel application. There
was a trend for greater penetration of berry anthocyanins into
tissue explants for berry gels with a final pH of 6.5 versus 3.5.
The results from this study showed that the berry anthocyanin
stability was dependent upon gel pH and storage temperature
and also demonstrated that the gel composition was well suited
for absorption and penetration into the target oral mucosal tissue
site (34).
A recent study evaluated the effects of cranberry juice
consumption on antioxidant status and biomarkers relating to
heart disease and cancer in healthy human volunteers (35).
Twenty healthy female volunteers aged 18–40 years consumed
750 mL/day of either cranberry juice or a placebo drink (with
artificial flavor and color but containing no phenolics or vitamin
C) for 2 weeks, and fasted blood and urine samples were
obtained over 4 weeks. Vitamin C, total phenolic, anthocyanin,
and catechin concentrations and antioxidant potential (by the
FRAP assay) were significantly higher in the volunteers who
drank the cranberry juice compared with those levels in the
volunteers who drank the placebo. Cyanidin and peonidin
glycosides comprised the major anthocyanin metabolites [peonidin galactoside (29.2%) > cyanidin arabinoside (26.1%) >
cyanidin galactoside (21.7%) > peonidin arabinoside (17.5%)
> peonidin glucoside (4.1%) > cyanidin glucoside (1.4%)].
Plasma vitamin C increased significantly (p < 0.01) in
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volunteers consuming cranberry juice. No anthocyanins (plasma)
or catechins (plasma or urine) were detectable, and plasma total
phenolics, triglycerides, and both high-density and low-density
lipoproteins levels were unchanged. The antioxidant potentials
of the plasma, glutathione peroxidase, catalase, and superoxide
dismutase activities and malondialdehyde were similar for both
groups of subjects. Supplementation with cranberry juice did
not affect 8-oxo-deoxyguanosine in urine or endogenous or
H2O2-induced DNA damage in lymphocytes. The authors
concluded that cranberry juice consumption did not alter blood
or cellular antioxidant status or several biomarkers of lipid status.
Similarly, the cranberry juice had no effect on basal or induced
oxidative DNA damage (35).
DIETARY INTAKE OF BERRY PHYTOCHEMICALS

Unfortunately, data on the dietary intake of berry bioactives
in humans are limited. This is partially due to the difficulties in
estimation of berry phytochemicals (namely, phenolics including
proanthocyanidins, and hydrolyzable tannins) in foods due to
their wide structural diversity and ill-defined structures and the
unavailability of commercial standards. As a result, only partial
data for certain berry phenolics, such as flavonols, have been
published on the basis of direct food analysis or bibliographic
compilations (10). In the United States, federal agencies such
as the U.S. Department of Agriculture (USDA) have established
databases in which the flavonoid contents of selected foods,
compiled from various bibliographic sources, are available.
Studies have shown a high variability in phenolic intake based
on variations in individual food preferences. A high daily intake
of fruits and vegetables is estimated to provide up to 1 g of
phenolics (36). However, among berry phenolics, research has
targeted individual data for specific classes of compounds. For
example, consumption of flavonols has been estimated at 20–25
mg/day in different regions of the world such as the United
States, Denmark, and The Netherlands (37–39). However, in
Italy, flavonol consumption can reach an average amount of 35
mg/day (40). In countries such as Finland, where high amounts
of berry fruits are consumed, anthocyanin intake may exceed
200 mg/day (41).
The dietary burden of specific classes of berry bioactives such
as anthocyanins (42), ellagitannins (43), proanthocyanidins (44),
sterols (45), hydroxybenzoic acid derivatives (46), chlorogenic
acid and other cinnamates (47), lignans and stilbenes (48), and
flavonols, flavones, and flavanols (49) has been reviewed.
BIOAVAILABILITY OF BERRY BIOACTIVES

The bioavailability and metabolism of phenolics, the predominant phytochemicals present in berry fruits, have been
reviewed (1, 9, 10, 50–53) and therefore will not be discussed
in detail in this paper. It is noteworthy that the bioavailability
of phenolics, the predominant phytochemicals present in berry
fruits, is widely accepted by the scientific community to be poor
on the basis of their relatively “low” levels detected in
circulation. However, these compounds are extensively metabolized in the body’s tissues and by the colonic microflora.
When the gut microflora is involved, the efficiency of absorption
is often reduced because the flora also degrades the aglycons
that it releases and produces various simple phenolic and
aromatic acids in the process. During the course of absorption,
phenolics are conjugated (usually methylated, sulfated, and
glucuronidated) in the small intestine and later in the liver, a
metabolic detoxification process that facilitates biliary and
urinary elimination. Many of these metabolites are still largely
unknown and not accounted for, and knowledge on their tissue
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disposition is scarce. In addition, there are also large variations
in polyphenol bioavailability observed among individuals due
to nutrigenetic and nutrigenomic effects. Therefore, it is critical
that these aforementioned factors be taken into consideration
for a complete evaluation of the impact of the bioavailability
and metabolism of berry phenolics on cancer prevention.
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(7)

(8)

SUMMARY AND FUTURE PERSPECTIVES

An overwhelming and rapidly growing body of studies
suggests that berry fruits may have immense potential for cancer
prevention and therapy, but there are still important gaps in our
knowledge [see the introduction to this group of papers (54)].
Although our understanding of some of the potential mechanisms of the action of berry phytochemicals in cancer prevention
has increased over the past decade, research efforts should
continue to focus on the elucidation of mechanisms of action
at the cellular and molecular levels. In addition, as research into
the potential health benefits of berries continues in a postgenomic era, it will bring ever-increasing demands to observe and
characterize variations within biological systems. Research focus
on nutrigenomics (effects of nutrients on the genome, proteome,
and metabolome) and nutrigenetics (effects of genetic variation
on the interaction between diet and disease) will be essential.
Because extrapolations cannot be made between in vitro and in
vivo systems, further studies should be designed to investigate
the cancer-preventive potential of berry fruits in animal models
and human subjects. In addition, although our knowledge on
the bioavailability, metabolism, and tissue disposition of berry
bioactives, gained from cell culture and animal studies, has
increased over the past decade, future studies in humans are
also needed. Whether the chemopreventive potential of berry
bioactives is increased by complex interactions of multiple
substances within the natural food matrix of berry fruits, and/
or in combination with phytochemicals from other foods, should
be investigated. In addition, studies probing potential “herb-drug”
interactions of berries and pharmaceutical drugs should be
investigated in carefully planned and controlled human clinical
studies. Finally, interdisciplinary research is highly recommended so that basic and preclinical studies can lead to
translational research (from laboratory to bedside).
In conclusion, it is strongly recommended that this area of
research for berry fruits continue to be explored, as this will
lay the foundation for the development of diet-based strategies
for the prevention and therapy of several types of human
cancers.
LITERATURE CITED
(1) Seeram, N. P. Berries. In Nutritional Oncology, 2nd ed.; Heber,
D., Blackburn, G., Go, V. L. W., Milner, J., Eds.; Academic Press:
London, U.K., 2006; Chapter 37, pp 615-625.
(2) Seeram, N. P.; Heber, D. Impact of berry phytochemicals on
human health: Effects beyond antioxidation. In Lipid Oxidation
and Antioxidants: Chemistry, Methodologies and Health Effects;
ACS Symposium Series 956; Ho, C. T., Shahidi, F. S., Eds.;
Oxford University Press: New York, 2006; Chapter 21.
(3) Duthie, S. J. Berry phytochemicals, genomic stability and cancer:
evidence for chemoprotection at several stages in the carcinogenic
process. Mol. Nutr. Food Res. 2007, 51, 665–674.
(4) Neto, C. C. Cranberry and its phytochemicals: a review of in vitro
anticancer studies. J. Nutr. 2007, 137, 186S–193S.
(5) Neto, C. C. Cranberry and blueberry: evidence for protective
effects against cancer and vascular diseases. Mol. Nutr. Food Res.
2007, 51, 652–664.
(6) Stoner, G. D.; Chen, T.; Kresty, L. A.; Aziz, R. M.; Reinemann,
T.; Nines, R. Protection against esophageal cancer in rodents with

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

lyophilized berries: potential mechanisms. Nutr. Cancer 2006, 54,
33–46.
Stoner, G. D.; Wang, L. S.; Zikri, N.; Chen, T.; Hecht, S. S.;
Huang, C.; Sardo, C.; Lechner, J. F. Cancer prevention with
freeze-dried berries and berry components. Semin. Cancer Biol.
2007, in press.
Zafra-Stone, S.; Yasmin, T,; Bagchi, M.; Chatterjee, A.; Vinson,
J. A.; Bagchi, D. Berry anthocyanins as novel antioxidants in
human health and disease prevention. Mol. Nutr. Food Res. 2007,
51, 675–683.
Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jimenez, L.
Polyphenols: food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727–747.
Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Rémésy,
C. Bioavailability and bioefficacy of polyphenols in humans. I.
Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81,
230S–242S.
Seeram, N. P. Bioactive polyphenols from foods and dietary
supplements: challenges and opportunities. In Herbs: Challenges
in Chemistry and Biology; ACS Symposium Series 925 (Herbs);
Ho, C. T.;, Wang, M., Sang, S., Eds.; Oxford University Press:
New York, 2006; Chapter 3, pp 25-38.
Seeram, N. P.; Adams, L. S.; Zhang, Y.; Sand, D.; Heber, D.
Blackberry, black raspberry, blueberry, cranberry, red raspberry
and strawberry extracts inhibit growth and stimulate apoptosis of
human cancer cells in vitro. J. Agric. Food Chem. 2006, 54, 9329–
9339.
Seeram, N. P.; Momin, R. A.; Bourquin, L. D.; Nair, M. G.
Cyclooxygenase inhibitory and antioxidant cyanidin glycosides
from cherries and berries. Phytomedicine 2001, 8, 362–369.
Boivin, D.; Blanchette, M.; Barrette, S.; Moghrabi, A.; Beliveau,
R. Inhibition of cancer cell proliferation and suppression of TNFinduced activation of NFkappaB by edible berry juice. Anticancer
Res. 2007, 27, 937–948.
Coates, E. M.; Popa, G.; Gill, C. I.; McCann, M. J.; McDougall,
G. J.; Stewart, D.; Rowland, I. Colon-available raspberry polyphenols exhibit anti-cancer effects on in vitro models of colon cancer.
J. Carcinog. 2007, 6, 4.
Srivastava, A.; Akoh, C. C.; Fischer, J.; Krewer, G. Effect of
anthocyanin fractions from selected cultivars of GA-grown
blueberries on apoptosis and phase II enzymes. J. Agric. Food
Chem. 2007, 55, 3180–3185.
Schmidt, B. M.; Erdman, J. W.; Lila, M. A. Differential effects
of blueberry proanthocyanidins on androgen sensitive and insensitive human prostate cancer cell lines. Cancer Lett. 2006, 231,
240–246.
Wu, Q. K.; Koponen, J. M.; Mykkänen, H. M.; Törrönen, A. R.
Berry phenolic extracts modulate the expression of p21(WAF1)
and Bax but not Bcl-2 in HT-29 colon cancer cells. J. Agric. Food
Chem. 2007, 55, 1156–1163.
Rodrigo, K. A.; Rawal, Y.; Renner, R. J.; Schwartz, S. J.; Tian,
Q.; Larsen, P. E.; Mallery, S. R. Suppression of the tumorigenic
phenotype in human oral squamous cell carcinoma cells by an
ethanol extract derived from freeze-dried black raspberries. Nutr.
Cancer 2006, 54, 58–68.
Yi, W.; Akoh, C. C.; Fischer, J.; Krewer, G. Effects of phenolic
compounds in blueberries and muscadine grapes on HepG2 cell
viability and apoptosis. Food Res. Int. 2006, 39, 628–638.
Sun, J.; Liu, R. H. Cranberry phytochemical extracts induce cell
cycle arrest and apoptosis in human MCF-7 breast cancer cells.
Cancer Lett. 2006, 241, 124–134.
He, X.; Liu, R. H. Cranberry phytochemicals: isolation, structure
elucidation, and their antiproliferative and antioxidant activities.
J. Agric. Food Chem. 2006, 54, 7069–7074.
Olsson, M. E.; Andersson, C. S.; Oredsson, S.; Berglund, R. H.;
Gustavsson, K. E. Antioxidant levels and inhibition of cancer cell
proliferation in vitro by extracts from organically and conventionally cultivated strawberries. J. Agric. Food Chem. 2006, 54, 1248–
1255.

Berry Health Benefits Symposium
(24) Parry, J.; Su, L.; Moore, J.; Cheng, Z.; Luther, M.; Rao, J. N.;
Wang, J.-Y.; Yu, L. L. Chemical compositions, antioxidant
capacities, and antiproliferative activities of selected fruit seed
flours. J. Agric. Food Chem. 2006, 54, 3773–3778.
(25) Wang, C. Y.; Wang, S. Y.; Yin, J.-J.; Parry, J.; Yu, L. L.
Enhancing antioxidant, antiproliferation, and free radical scavenging activities in strawberries with essential oils. J. Agric. Food
Chem. 2007, 55, 6527–6532.
(26) Matchett, M. D.; MacKinnon, S. L.; Sweeney, M. I.; GottschallPass, K. T.; Hurta, R. A. Inhibition of matrix metalloproteinase
activity in DU145 human prostate cancer cells by flavonoids from
lowbush blueberry (Vaccinium angustifolium): possible roles for
protein kinase C and mitogen-activated protein-kinase-mediated
events. J. Nutr. Biochem. 2006, 2, 117–125.
(27) Singh, A. P.; Singh, R. K.; Kalkunte, S. S.; Nussbaum, R.; Kim,
K.; Jin, H.; Torres, M. S.; Brard, L.; Vorsa, N. Cranberry
proanthocyanidins sensitize ovarian cancer cells to platinum drug,
AGFD-140; Presented at the 234th ACS National Meeting,
Boston, MA, Aug 19–23, 2007.
(28) Mahadevan, B.; Mata, J. E.; Albershardt, D. J.; Stevens, J. F.;
Pereira, C. B.; Rodriguez-Proteau, R.; Baird, W. M. The effects
of red raspberry extract on PAH transport across Calu-3 cell
monolayer, an in vitro cell model. Int. J. Cancer PreV. 2005, 2,
129–141.
(29) Boateng, J.; Verghese, M.; Shackelford, L.; Walker, L. T.;
Khatiwada, J.; Ogutu, S.; Williams, D. S.; Jones, J.; Guyton, M.;
Asiamah, D.; Henderson, F.; Grant, L.; DeBruce, M.; Johnson,
A.; Washington, S.; Chawan, C. B. Selected fruits reduce
azoxymethane (AOM)-induced aberrant crypt foci (ACF) in Fisher
344 male rats. Food Chem. Toxicol. 2007, 45, 725–32.
(30) Chen, T.; Rose, M. E.; Hwang, H.; Nines, R. G.; Stoner, G. D.
Black raspberries inhibit N nitrosomethylbenzylamine (NMBA)induced angiogenesis in rat esophagus parallel to the suppression
of COX-2 and iNOS. Carcinogenesis 2006, 27, 2301–7.
(31) Chen, T.; Hwang, H.; Rose, M. E.; Nines, R. G.; Stoner, G. D.
Chemopreventive properties of black raspberries in N-nitrosomethylbenzylamine-induced rat esophageal tumorigenesis: downregulation of cyclooxygenase-2, inducible nitric oxide synthase,
and c-Jun. Cancer Res. 2006, 66, 2853–9.
(32) Reen, R. K.; Nines, R.; Stoner, G. D. Modulation of N nitrosomethylbenzylamine metabolism by black raspberries in the
esophagus and liver of Fischer 344 rats. Nutr. Cancer 2006, 54,
47–57.
(33) Kresty, L. A.; Frankel, W. L.; Hammond, C. D.; Baird, M. E.;
Mele, J. M.; Stoner, G. D.; Fromkes, John J. Transitioning from
preclinical to clinical chemopreventive assessments of lyophilized
black raspberries: Interim results show berries modulate markers
of oxidative stress in Barrett’s esophagus patients. Nutr. Cancer
2006, 54, 148–56.
(34) Mallery, S. R.; Stoner, G. D.; Larsen, P. E.; Fields, H. W.; Rodrigo,
K. A.; Schwartz, S. J.; Tian, Q.; Dai, J.; Mumper, R. J.
Formulation and in-vitro and in-vivo evaluation of a mucoadhesive
gel containing freeze dried black raspberries: Implications for oral
cancer chemoprevention. Pharm. Res. 2007, 24, 728–737.
(35) Duthie, S. J.; Jenkinson, A. McE.; Crozier, A.; Mullen, W.; Pirie,
L.; Kyle, J.; Yap; L.; Sheer, C. P.; Duthie, G. G. The effects of
cranberry juice consumption on antioxidant status and biomarkers
relating to heart disease and cancer in healthy human volunteers.
Eur. J. Nutr. 2006, 45, 113–122.
(36) Kuhnau, J. The flavonoids. A class of semi-essential food
components: their role in human nutrition. World ReV. Nutr. Diet
1976, 24, 117–191.

J. Agric. Food Chem., Vol. 56, No. 3, 2008

635

(37) Hertog, M. G. L.; Hollman, P. C. H.; Katan, M. B.; Kromhout,
D. Intake of potentially anticarcinogenic flavonoids and their
determinants in adults in the Netherlands. Nutr. Cancer 1993, 20,
21–29.
(38) Justesen, U.; Knuthsen, P.; Leth, T. Determination of plant
polyphenols in Danish foodstuffs by HPLC-UV and LC-MS
detection. Cancer Lett. 1997, 114, 165–167.
(39) Sampson, L.; Rimm, E.; Hollman, P. C.; de Vries, J. H.; Katan,
M. B. Flavonol and flavone intakes in US health professionals.
J. Am. Diet. Assoc. 2002, 102, 1414–20.
(40) Pietta, P.; Simonetti, P.; Roggi, C. Dietary flavonoids and oxidative
stress. In Natural Antioxidants and Food Quality in Atherosclerosis and Cancer PreVention; Kumpulainen, J. T., Salonen, J. T.,
Eds; Royal Society of Chemistry: London, U.K., 1996; pp 249–
255.
(41) Heinonen, M. Anthocyanins as dietary antioxidants. In Third
International Conference on Natural Antioxidants and Anticarcinogens in Food, Health, And Disease. Voutilainen, S., Salonen,
J. T., Eds.; Kuopion Yliopisto, Helsinki, Finland, 2001; Vol. 25.
(42) Clifford, M. N. Anthocyanins - nature, occurrence and dietary
burden. J. Sci. Food Agric. 2000, 80, 1063–1072.
(43) Clifford, M. N.; Scalbert, A. Ellagitannins - nature, occurrence
and dietary burden. J. Sci. Food Agric. 2000, 80, 1118–1125.
(44) Santos-Buelga, C.; Scalbert, A. Proanthocyanidins and tanninlike compounds - nature, occurrence, dietary intake and effects
on nutrition and health. J. Sci. Food Agric. 2000, 80, 1094–1117.
(45) Piironen, V.; Lindsay, D. G.; Miettinen, T. A.; Toivo, J.; Lampi,
A.-M. Plant sterols: biosynthesis, biological function and their
importance to human nutrition. J. Sci. Food Agric. 2000, 80, 939–
966.
(46) Tomás-Barberán, F. A.; Clifford, M. N. Dietary hydroxybenzoic
acid derivatives-nature, occurrence and dietary burden. J. Sci. Food
Agric. 2000, 80, 1024–1032.
(47) Clifford, M. N. Chlorogenic acids and other cinnamates-nature,
occurrence, dietary burden, absorption and metabolism. J. Sci.
Food Agric. 2000, 80, 1033–1043.
(48) Cassidy, A.; Hanley, B.; Lamuela-Raventos, R. M. Isoflavones,
lignans and stilbenes-origins, metabolism and potential importance
to human health. J. Sci. Food Agric. 2000, 80, 1044–1062.
(49) Hollman, P. C. H.; Arts, I. C. W. Flavonols, flavones and flavanolsnature, occurrence and dietary burden. J. Sci. Food Agric. 2000,
80, 1081–1093.
(50) Rechner, A. R.; Kuhnle, G.; Bremner, P.; Hubbard, G. P.; Moore,
K. P.; Rice-Evans, C. A. The metabolic fate of dietary polyphenols
in humans. Free Radical Biol. Med. 2002, 33, 220–235.
(51) Walle, T. Absorption and metabolism of flavonoids. Free Radical
Biol. Med. 2004, 36, 829–37.
(52) Williamson, G.; Manach, C. Bioavailability and bioefficacy of
polyphenols in humans.II. Review of 93 intervention studies.
Am. J. Clin. Nutr. 2005, 81, 243S–255S.
(53) Scalbert, A.; Williamson, G. Dietary intake and bioavailability
of polyphenols. J. Nutr. 2000, 130, 2073S–2085S.
(54) Seeram, N. P. Berry fruits: compositional elements, biochemical
activities, and the impact of their intake on human health,
performance, and disease. J. Agric. Food Chem. 2008, 56, 627–
629.
Received for review August 20, 2007. Revised manuscript received
September 27, 2007. Accepted November 27, 2007.

JF072504N

