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Abstract

Fruit and vegetable consumption is associated at the population level with a protective effect against colorectal cancer.
Phenolic compounds, especially abundant in berries, are of interest due to their putative anticancer activity. After
consumption, however, phenolic compounds are subject to digestive conditions within the gastrointestinal tract that alter
their structures and potentially their function. However, the majority of phenolic compounds are not efficiently absorbed in
the small intestine and a substantial portion pass into the colon. We characterized berry extracts (raspberries, strawberries,
blackcurrants) produced by in vitro-simulated upper intestinal tract digestion and subsequent fecal fermentation. These
extracts and selected individual colonic metabolites were then evaluated for their putative anticancer activities using in vitro
models of colorectal cancer, representing the key stages of initiation, promotion and invasion. Over a physiologically-
relevant dose range (0-50 pg/ml gallic acid equivalents), the digested and fermented extracts demonstrated significant
anti-genotoxic, anti-mutagenic and anti-invasive activity on colonocytes. This work indicates that phenolic compounds from
berries undergo considerable structural modifications during their passage through the gastrointestinal tract but their
breakdown products and metabolites retain biological activity and can modulate cellular processes associated with colon
cancer.
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Introduction not absorbed in the small intestine but those with a glucose moiety
may be subject to deconjugation, catalysed by membrane-bound
lactase phlorizin hydrolase in the intestinal epithelium and/or
soluble [-glucosidases, producing aglycones which are more
lipophilic and therefore absorbed by passive diffusion [10,11].
However, the majority of phenolic compounds are not efficiently
absorbed in the small intestine [4] and a substantial portion pass
into the colon [12]. Once in the large intestine, these components
are subject to degradation by the colonic microflora forming
catabolites including simple phenolic and aromatic acids [10,13].
Therefore, it is reasonable to infer that the colonic epithelium is in
direct contact with both the parent phenolic compounds and their
degradation products [14].

Generally, studies on putative anticancer activity have used
vitro colonocyte cell models with extracts rich in phenolic
compounds or purified components from berries and have not
considered the effects of their i vivo metabolites. The initial aim of
this study was to produce and characterize extracts derived from
raspberries (Rubus idaeus L.) strawberries (Fragariax ananassa ) and
blackcurrants (Ribes nigrum L.) that were more representative of the

The etiology of colorectal cancer, the fourth most common
cause of cancer related mortality globally, has strong associations
with diet [1,2]. Given the inverse correlation of fruit and vegetable
consumption with colorectal cancer incidence it is unsurprising
that bioactive phytochemicals within these foods are of interest
with regard to their anticancer properties [2,3]. Phenolic
compounds are abundant in soft fruit such as berries, and include
anthocyanins, flavonols, flavan-3-ols, ellagitannins, proanthocya-
nidins, hydroxycinnamates and phenolic acids [4]. These isolated
phytochemicals or whole berry extracts have been reported to
exert putative anticancer effects in colonocytes both i vitro and in
vivo [3,5,6]. For example, commercial bilberry extracts decreased
proliferation of HT29 adenocarcinoma cells i vitro [7], in tumor
cells in 344 rats treated with azoxymethane [8] and in tumor cells
from biopsies in colorectal cancer patients [9].

Berry phenolic compounds typically occur as glycosides with,
for example, anthocyanins comprising a diversity of conjugates
including glucosides, galactosides, rutinosides, xylorutinosides and
sambubiosides. Such conjugated glycosides are, for the main part,
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components to which the colonic epithelium is exposed m vivo.
This involved a combination of i vitro digestion and subsequent
fecal fermentation of berry extracts to mimic the physiological
changes encountered during passage through the gastrointestinal
tract. The resultant extracts were then evaluated for biological
activity using z vitro models representing key stages in colorectal
cancer, namely, initiation, promotion and invasion.

Materials and Methods

Reagents

DMEM and fetal bovine serum (FBS) were obtained from
Gibco Life Technologies Ltd (Paisley, Scotland, UK). All other
chemicals were purchased from Sigma-Aldrich Company Ltd
(Dorset, England, UK) unless otherwise specified.

Berry extracts

Raspberries (Rubus idaeus L. cv. Glen Ample) and strawberries
(Fragariax ananassa cv. Elsanta) were obtained from local farmers,
around Dundee, UK, while blackcurrants (Ribes nigrum L. cultivar
8982-6) were acquired from Bradenham Hall, Norfolk, UK. No
specific permits were required for the described field studies as
these berries were part of a larger crop grown by a farmer under
contract to the James Hutton Institute and therefore not a field
study, no permissions were required. The location was not
protected in any way and no endangered or protected species
were involved. Phenolic-rich extracts of the berries were obtained
using the method of McDougall et al. [15]. In vitro digestion of the
berries was modified from the method by Gil-Izquierdo et al. [16]
as described previously [15]. Briefly, extract was obtained from the
different berry species by homogenising berries with an equal
volume of solvent (2% (v/v) glacial acetic acid in acetonitrile) in a
Waring blender (full power, 3x15s), the homogenate filtered
through muslin, and the filtrate subjected to rotary evaporation to
remove the solvent. This extract then underwent an in wvitro
procedure that simulates the digestive process. Two sequential
steps were performed; an initial pepsin/HCI step to simulate
gastric conditions, and bile salts/pancreatin digestion to simulate
conditions of the small intestine. This ‘colon-available’ extract
underwent solid phase extraction to remove phenolics from bile
salts present in the samples. Total anthocyanins were measured
using a pH differential technique. The extract was then diluted in
distilled water to a concentration of 500 pg gallic acid equivalents
(GAE) as measured using the Folin-Ciocalteau method and dried
in a speed-vac. Berry extract was stored at —20°C until use.

In vitro fermentation

The w vitro digested (IVD) berry extracts were subjected to
vitro fermentation with human fecal samples to produce a sample
representative of what may be present in the colon [17] Basal
medium was prepared to sustain the fecal inoculum (in 500 mL of
water: peptone water [2 g], yeast extract [2 g], NaCl [0.1 g],
KyHPO, [0.04 g], KH,PO, [0.04 g], MgSO,.7H,O [0.01 g],
CaCl,.6H50 [0.01 g], NaHCOs3 [2 g], Tween 89 [2 mL], hemin
[0.05 g], vitamin K (10 ul), L-cysteine HCI [0.5 g]). A further
1500 mL of water was added with stirring. Once all components
had dissolved completely the medium was dispensed in 135 mL
aliquots into glass bottles and autoclaved.

The fermentation vessels were maintained at 37°C, sterile
medium added and nitrogen gas was pumped through the vessels
to maintain anaerobic conditions. The pH was maintained at
~6.6 using the inserted pH electrodes and addition of acid and
base solutions (0.5 M HC1/0.5 M NaOH respectively).
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IVD berry extract (10 mL) was added to the basal medium in
separate fermentation vessels and a control vessel constructed
without berry extract. Fecal samples were collected with the prior
approval of the ethics committee of the University of Reading.
This experiment was carried out using fecal samples from three
different volunteers. After obtaining verbal informed consent, a
standard questionnaire to collect information regarding the health
status, drugs use, clinical anamnesis, and lifestyle was administrat-
ed before the donor was asked to provide a fecal sample. The
University of Reading ethics committee exempted this study from
review because no donors were involved in any intervention and
waived the need for written consent due to the fact the samples
received were not collected by means of intervention. Fresh fecal
samples were provided by 3 apparently healthy individuals (2
males, 1 female, and age range 2437 years, who had not taken
antibiotics within the previous 3 months). Within 2 hours of
collection, the samples were combined and 10% (w/v) fecal slurry
prepared using sterile PBS. Fecal slurry, 15 mL, was added to each
of the fermentation vessels and allowed to mix thoroughly with the
medium for 5 min and the pH adjusted accordingly. At time
T=0h, 6 mL of fecal slurry/basal medium was removed from
each vessel, ultracentrifuged for 2x10 min at 10,000 g and the
supernatant (termed fermented berry extract) filtered through
0.22 um filters before being aliquoted into Eppendorf tubes.
Sampling was repeated at T =24 hours and all aliquots stored at

—80°C.

Liquid chromatography-mass spectroscopy

Berry extracts corresponding to 40 pg of gallic acid equivalents
(GAE) were analyzed on a LCQ-DECA system comprised of
Surveyor autosampler, pump, a photodiode array detector and a
Thermo-Finnigan ion trap mass spectrometer as outlined by
Cloates e al. [18]. Phenolic components were identified on the
basis of a combination of co-chromatography with reference
compounds, retention times, and absorbance and mass spectra
(Table S1). Classes of polyphenols were quantified against relevant
standards: hydroxycinnamates as 5-O-caffeoylquinic acid equiva-
lents; flavonols as quercetin-3-O-glucoside equivalents, anthocya-
nins as cyanidin-3-O-glucoside equivalents; ellagitannins and
ellagic acids as ellagic acid equivalents and others as catechin
equivalents. Parent compounds in the berry IVD extracts were
analysed by LC-MS as described by Borges et al. [19] and phenolic
acids in fermentates by GC-MS according to procedures of Roowi

et al. [20].

Berry extracts and individual phenolics

Bermudez-Soto et al. [21] estimated that consumption of
approximately 640 mg of phenolic compounds would result in
colonic concentrations in the region of 160 mg/l. The dose range
in this study equated maximally to 50 mg/l and as such is
physiologically relevant. For experimentation, the IVD extracts
were reconstituted in growth medium to a concentration of
500 pg/mL GAE, and subsequently diluted to produce the dose
range of 50, 25, 12.5, 6.25, and 3.125 ug/ml. GAE. During
experimentation cells were pre-incubated with each concentration
of berry extract for 24 hours at 37°C, 5% COg, 95% humidity.
Fermented berry extracts were diluted 1/10 v/v with PBS prior to
testing. Individual phenolic acids were used at a similar
concentrations to those phenolic acids detected in the fermented
berry extracts by LC-MS analysis (Table 1), a common range was
selected for comparison purposes namely, 1 and 5 or 5 and 10 pg/
mL depending on the concentration of the individual phenolic
acid in the fermented extract. Twenty four hours was selected as
the exposure time for all u vitro studies as it is generally considered
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to reflect the average colonic transit time, after pre-incubation
with treatments the cells were washed and harvested with trypsin
prior to use in the various assays.

Tissue culture

Given that the colonic epithelium maybe in direct contact with
both parent phenolic compounds and their degradation products
[14] the bioactivity of berry extracts was assessed using colonocyte
cell-based assays that represent early and late stage events in
carcinogenesis, namely initiation [22,23] and invasion [24,25].
Cell lines were used as models for colorectal cancer, namely HT29
human colorectal adenocarcinoma cell line for anti-genotoxicity/
genotoxicity, mutagenicity studies and HT115 a human colon
carcinoma cell line for matrigel invasion studies. The HT29,
HT115 and MRC5 human lung fibroblast-like cells were obtained
from the European Collection of Cell Cultures, Salisbury, UK and
were cultured as described by Coates ¢t al. [18]. HT29 (G17 neo)
cells were a gift from Professor Bill Kauffman, University of North
Carolina, USA and were maintained in DMEM supplemented
with 10% FBS.

Biological activity assays

Cytotoxicity assay. Cytotoxicity of the berry extracts on
HT?29 cells treated for 24 hours was determined using the M'T'T
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
colorimetric assay to assess cell viability in accordance with the
method described by Coates ef al. [18]. The experiment was
repeated independently three times for each treatment and the
mean results expressed as % cell survival normalized to biological
control.

Genotoxicity assay (Comet assay). The effect of the IVD
berry extracts and fermented berry extract on colonocyte DNA
damage was determined using the Comet assay according to the
method described previously [18]. HT29 cells were pre-incubated
with the various berry extracts for 24 h. The anti-genotoxic
potential of the extract was assessed by treating pre-incubated
HT?29 cells with hydrogen peroxide (75 pM HyOy). To determine
any genotoxic effects of the berry extract, pre-incubated cells were
treated with PBS instead of HyO,. Each experiment was
performed independently 3 times and presented as mean % tail
DNA normalised to control.

Matrigel invasion and migration assays. Invasion of
tumour cells through the basement membrane is an important
step in the metastasis process. Invasion itself involves multiple
stages including degradation of the extracellular matrix, adhesion
to and migration through the basement membrane. The invasion
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Table 1. Quantities of phenolic acids in fermented berry extracts.

Compound Control Raspberry Strawberry Blackcurrant
Benzoic acid 24+05 23*04 23*0.0 1.7%0.1
4-Hydroxybenzoic acid nd. 0.260.01* 0.52+0.07* 0.250%
3,4-Dihydroxybenzoic acid nd. nd. n.d. 0.49+0.0%
Tyrosol 0.15*0.0 0.32+0.0* 0.32+0.07* 0.17£0.0
Phenylacetic acid 164 34+4* 2114 74%0.1
4'-Hydroxyphenylacetic acid 1.5+0.2 3.7+0.5% 3.0+0.3* 53+0.3*%
3-(Phenyl)propionic acid 1.0+0.3 2.1+0.3 3.6+£0.2*% 20.71*
3-(4’-Hydroxyphenyl)propionic acid nd. nd. n.d. 1.7+0.2%
?Data expressed as mean values in pg/mL =+ standard deviation. (*) indicates values significantly higher than Control figures at p<<0.05; n.d, not detected.
doi:10.1371/journal.pone.0049740.t001

assay was conducted as described previously [18]. Briefly, HT'115
cells were incubated with medium containing the various extracts
tested for 24 h prior to experimentation and then seeded on to
Matrigel™ (ECM matrix) coated Boyden chambers (or to an
uncoated Boyden chambers when the migration assay was
conducted) and allowed to invade for 24 h in response to
chemo-attractant factor secreted by MRC 5 cells grown in the
basolateral compartment of the boyden chamber. Growth
medium was removed from the insert and cells were fixed in
70% v/v ethanol for 30 min prior to staining with haematoxylin.
The number of invasive (on basolateral membrane surface) and
non-invasive (on apical membrane surface) cells were counted in 5
random fields of view at x 20 magnification using the Kromascan
Meteor 2 software (Kinetic Imaging Ltd, Liverpool, UK), and the
percentage invasion calculated. Each experiment was repeated
independently 3 times for each treatment and expressed as %
invasion normalised to control.

Mutation frequency assay. This assay used HT29 (G17
neo) cells, which are HT29 cells (ATCC Cell Biology Collection,
USA) transfected with a construct of 17 G-bases inside the coding
sequence for the neo gene, which codes for resistance to the
antibiotic neomycin. This insertion deactivates the gene and the
cells become susceptible to neomycin, which can be reversed if a
frameshift mutation occurs. The antibiotic geneticin (G418
sulfate), an analogue of neomycin, prevents cells that lack
resistance from replicating, and thus from forming colonies. Fecal
water, the aqueous phase of the fecal stream, has been shown to
cause a 2-3 fold increase in frameshift mutations in HT29 cells
(unpublished data). In this assay, fecal water is used as a biological
control to induce a frameshift mutation, reverting cells to G418
resistance. The acridine mutagen ICR 191 induces frameshift
mutations specifically at guanine bases and was used in this assay
as a positive control [26]. The protective effect of berry extracts
against fecal water-induced mutations was assessed. Fecal water
was prepared as described by Boyd et al. [27] from a single male
donor (age 32 years) after written informed consent had been
obtained and prior to provision of the stool sample, with the
approval of the University of Ulster ethical committee.

HT29 (G17 neo) cells were seeded into 6-well tissue culture
plates at 1.5x10* cells/well and incubated for 24 h at 37°C with
5% COgy and 95% humidity. Growth medium was removed from
all wells, IVD berry extracts and fermented berry extracts added to
the test plates; growth medium was replenished in the control plate
then incubated for 24 h. Medium was removed from all wells and
the following treatments were added. Serum-free growth medium
was used as a negative control, ICR 191 at 1 pg/mL in serum-free

November 2012 | Volume 7 | Issue 11 | e49740



growth medium and fecal water (100 L in 900 pL serum-free
growth medium) were used as positive controls. Fecal water
(100 pL in 900 pL serum-free growth medium) was added to each
well in the test plate, and both plates were incubated for 1 h at
37°C with 5% COg and 95% humidity. Fecal water and controls
were removed and the cells harvested using 0.25% trypsin-EDTA.
Cells were disaggregated by needle aspiration in growth medium
and counted using a Vi-CELL counter (Beckman-Coulter Ltd,
High Wycombe, Buckinghamshire, United Kingdom). Cells were
seeded into Petri dishes (1000 cells/dish) and 8 mL growth
medium was added. Four dishes per treatment were seeded to be
grown with/without G418 in duplicate. Cells were incubated for
24 h and G418 (80 uL. of 100 mg/mL) was added to half the
plates. The medium was refreshed every 3 days (replacing G418
each time). Whereas cells grown without G418 were stained after
7-10 days, cells grown with G418 were grown for up to 3 weeks.
Cells were washed with PBS and fixed in 100% methanol for
5 min, the methanol removed and left to dry. The cells were
stained with Giemsa stain (1:20 in dH,O) for 15 min. The stain
was gently rinsed off and the dishes were left to dry overnight.
Colonies were counted and the mutation frequency was calculated
for each plate using: Colony forming efficiency (CFE), mutation
frequency (MF) and relative mutation frequency (RMF):

CFE = Colonies in absence of G418 /No. cells seeded
MF = (Colonies in presence of G418 /CFE) x No. cells seeded
RMF = MF test compound /MF control compound

Each experiment was performed in duplicate for each treatment
(2x G418+/2x G418—), and repeated three times independently
and the results expressed as mean RMF.

Statistical analysis

The mean of each data set was used for statistical analysis. The
Shapiro-Wilk test was used to test for normality. Analysis of
variance was applied to test for significant differences between
means using ANOVA, Dunnett T and T3 tests. Four-way
comparisons were performed between berry types to test for
significance using Bonferroni. Significance was accepted at
$<<0.05. Analysis was carried out using SPSS (version 17.0 for
Windows).

Results

In vitro digestion of berry extracts

The levels of individual phenolic compounds in the berry
extracts pre- and post-IVD samples were analysed by LC-MS and
the data obtained is summarized in Tables S1, S2, and S3 and
Figure S1. The most abundant components in raspberry extracts
were the ellagitannins, sanguiin H-10 and lambertianin C and the
anthocyanin cyanidin-3-O-sophoroside. The strawberry extracts
contained mainly anthocyanins and ellagitannins with smaller
amounts of hydroxycinnamate derivatives and flavonols, whereas
blackcurrant was dominated by four main anthocyanins which
made up ~70% of the total phenol content.

The recovery of phenolic components after IVD followed
patterns which have been outlined previously [18]. Anthocyanins
were generally less stable and the total anthocyanin content
decreased in all three berry extracts post-IVD. However, there was
no clear relationship between either the structure of the
anthocyanidin aglycone or the glycosyl group and the stability of
the anthocyanin to IVD. The stability of individual components
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also differed between berry extracts (e.g. the recovery of
pelargonidin-3-0-glucoside was 52% in strawberry but 29% in
raspberry) and stability appears to be dependent on the overall
phenolic composition of each extract as suggested previously [15].

Opverall, the pattern of recovery of ellagitannins suggested
breakdown. Ellagitannins in strawberry and raspberry showed
differential stability with larger components (e.g. lambertianin C
and sanguiin H10 in raspberry) being reduced in content whereas
the levels of smaller components (sanguiin H6) were either
increased or maintained. This most likely reflects the well-
documented breakdown of larger ellagitannins in slightly alkaline
conditions through loss of ellagic acid after lactonization of a
hexahydroxydiphenoyl group [28] yielding smaller ellagitannins
[29]. Flavonol components were generally more stable to IVD and
actually increased in relative yield presumably due to reductions in
other components. Hydroxycinnamate derivatives were also more
stable to IVD with e.g. a feruloyl-O-hexoside in strawberry
increasing substantially.

In vitro fermentation of berry extracts

LC-MS analysis established that phenolic compounds present at
the start of the fermentation were absent after a 24 h fecal
incubation while the levels of simpler aromatic components
increased in the fermented extracts (Table 1). The main catabolites
that increased significantly in most of the extracts were
phenylacetic acid, 3-(phenyl)propionic acid, 4-hydroxybenzoic
acid and 4'-hydroxyphenylacetic acid. There were some sugges-
tions of berry-specific products as, for example, 3, 4-dihydrox-
ybenzoic acid was only identified in the fermentates from black
currant.

Cytotoxicity

No cytotoxic activity was observed for any of the IVD berry
extracts (0-50 ng/mL GAE) compared to media control (at
1.6=0.1 AU) (Figure 1A). Further no anti-proliferative effects were
observed as determined by growth curve and cell cycle analysis in
accordance with methods described by McCann ¢t al. [30]. All the
fermented berry extracts were cytotoxic when used neat (recon-
stituted in 1.5 mL of growth medium) but notably were 25-50%
less cytotoxic than the control fermentate (at 1.10.1 AU). A 1:10
dilution was selected for all experiments as it represented the
lowest dilution tested at which berry fermentates and control
fermentate had no significant difference in cytotoxicity (Figure 1B).
The individual phenolics identified in IVD fermentate exerted no
cytotoxicity when tested at physiologically relevant concentrations
compared to the media control (Figure 2C).

Genotoxicity (Comet assay)

When measured by the Comet assay all IVD berry extracts
above 6.25 ng/mL GAE exerted significant dose dependent anti-
genotoxic effects on HyOg—challenged HT29 cells with no
evidence of genotoxicity when compared to the media control.
Opverall, strawberry and blackcurrant IVD extracts reduced DNA
damage more effectively than raspberry (p<<0.01) (Figure 2A).
Raspberry extract at maximal concentration decreased the % tail
DNA from around 50% in HyOy—challenged HT29 cells to about
15%, whereas strawberry and blackcurrant treatment reduced
levels to approximately half that value (7% tail DNA).

All berry fermentates exhibited significant anti-genotoxic
activity (p<<0.001) decreasing % tail DNA to ~30% (Figure 2B)
compared to the control fermentate with no berry extract. The
total phenol levels for the berry fermentates ranged from 12—
16 pg/mL GAE and the observed reduction in taill DNA was
comparable in magnitude to that reported for IVD berry extracts
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Figure 1. The cytotoxic effects of various types of berry extracts on HT29 cells. (A) Effects of IVD berry extract, (B) fermented berry extract
at different dilutions in growth medium, (C) individual polyphenols- tyrosol (T), 3-(3'-hydroxyphenyl)propionic acid (HPA), 4-hydroxybenzoic acid
(HBA), 4'-hydroxyphenylacetic acid (HAA) at 1, 5 or 10 ug/mL concentrations. Data presented is mean of 3 independent experiments + SD. One-way
ANOVA and Dunnett T test, * p<<0.05, significance is compared to media control (0 ug/mL) for A & C and against control fermentate in B. Phenol
levels for 1:10 dilution of fermented extract were raspberry 15.5, strawberry 13.9 and blackcurrant 12.4 ug/mL GAE.

doi:10.1371/journal.pone.0049740.9001

at 12.5 ug GAE/mL. Figure 3C indicates that the individual
phenolic compounds tested had no genotoxicity activity and
decreased HoOy — induced DNA damage by ~30% but only
tyrosol (5 ng/mL) and 4'-hydroxyphenylacetic acid (5 and 10 pg/
mL), reached significance (P>0.05).

Mutation frequency assay

IVD berry extracts and fermented berry extracts did not display
any mutagenic activity. ICR 191 and fecal water challenge both
induced frameshift mutations in HT29 (G17 neo) resulting in an
increase in relative mutation frequency (RMF) of ~80%. Given
the biological relevance of fecal water [31], it was selected in
preference to the chemical mutagen ICR 191 as the challenge
agent for use in the study.

All IVD berry extracts exhibited significant anti-mutagenic
activity (>50% decrease in RMF) at all concentrations tested
compared to fecal water (Figure 3A), but there was no significant
difference between the efficacy of the individual IVD berry
extracts. The berry fermentates also induced significant reductions
in RMF post-fecal water challenge, compared to untreated
fermentate (Figure 3B). A maximum reduction in RMF of 46%
was observed with the fermented raspberry extract (RMF
=0.54%0.10) and, as observed for the IVD extracts, there was no
significant difference in the efficacy of different fermentates.

Matrigel invasion assay and migration assay

Twenty four hour pre-incubation with IVD berry extracts
inhibited invasion of HT115 cells in the matrigel invasion assay
(Figure 4A). A significant dose-dependent anti-invasive effect was
observed for blackcurrant, strawberry and raspberry (3.125-
50 ng/mL GAE, P<<0.05) when compared to the media control.
All invasion data for IVD berry extracts was normalized to the
invasion rate of the relevant media control (raspberry 25.7%,
strawberry 22.1%, blackcurrant 19.3%) and were comparable to
previously reported values [18]. Similarly all berry fermentates
(Figure 4B) exhibited significant (P<<0.01) anti-invasive effects
reducing invasion to 40% of their respective untreated control
(27%). Again there were no significant differences in the
magnitude of effect observed between the berry fermentates.
Furthermore, it is interesting to note that the reduction in the
invasion of HT'115 cells for both the IVD berry extracts and berry
fermentates occurred with no change to the basal level of
migration for the HT115 cells (data not shown) indicating that
the anti-invasive effect was unlikely to be related to cell motility,
but rather adhesion or membrane degradation.

Discussion

Phenolic compounds in the diet undergo extensive modification
by mammalian enzymes and the gut microbiota during their
transit through the human body [32]. The implication of such
metabolism on the bioactivity of berry polyphenols has not been
systematically investigated. Consequently we subjected berry
extracts to i vitro digestive and fermentative processes and used
a physiologically-relevant dose range with a 24 hour exposure to
test bioactivity using i vitro models representing key stages in colon
carcinogenesis. Where significant effects were observed for the
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IVD extracts, the correspondent berry fermentates also exhibited
chemoprotective activity, as did some of the individual phenolic
compounds. Furthermore, digested and fermented extracts of
equivalent phenolic content exerted an effect of similar magnitude
in the bioassays, suggesting that products generated from i vitro
digestion and fermentation of whole berries showed similar
chemoprotective properties.

The three berry extracts used in this study contained distinct
and characteristic phenolic profiles. After IVD, certain compo-
nents were depleted. In general, anthocyanins were depleted
during the IVD process (Table S1, Figure S1) and this i1s in
agreement with previous studies on pomegranate, raspberry,
chokeberry and blackberry juices [15,21,33,34]. The effect of in
vitro digestion on flavonols is less well studied: generally they were
more stable during the digestive process with the recoveries of
flavonols in strawberry and blackberry extracts either increasing or
remaining constant (Table S2). Recoveries of the ellagitannins,
sanguiin H-6, sanguiin H-10, and lambertinian C were similar to
those previously reported [18]. Nevertheless, the recoveries of
phenolic compounds after IVD were dependent on the type and
composition of the individual berry extract and no general model
for phenolic stability after IVD can be proposed. This makes it all
the more relevant that digestion studies are carried out.

It is clear that both the digestive and fermentation processes
altered the polyphenol composition relative to the original extract
and thus reinforces the importance of testing physiologically-
relevant polyphenol breakdown products rather than isolated
parent compounds. The phenolic metabolites derived from colonic
fermentation of berry components may accumulate to sufficient
levels to play important roles in the colon but can be reabsorbed
into general circulation and affect other processes [35]. For
example, the urolithins being microbiota-derived catabolites of
ellagitannins and ellagic acid are more effective than the parent
compounds with respect to inhibition of the Wnt signaling
pathway [36] and Nf-kB mediated anti-inflammatory activity
[37]. It is, therefore, of interest to note that both the digested and
fermented berry extracts were effective in protecting against DNA
damage and frame-shift mutations caused by exogenous challenge
agents indicating that activity was retained after bacterial
fermentation. Furthermore, individual pure phenolic compounds
representing bacterial fermentation catabolites, namely tyrosol and
4'-hydroxyphenylacetic acid, exhibited significant anti-genotoxic
activity. Similar to the trends observed for reduction of DNA
damage, all the digested and fermented berry extracts exerted a
significant (P>0.05) anti-mutagenic activity against a relevant
biological challenge (fecal water) [31], again demonstrating the
preservation of bioactivity following digestion and fermentation.
While anti-mutagenic activity has been reported for some
phenolics [38] and fruit/vegetable extracts [39,40] none consid-
ered the effects of digestion or fermentation on bioactivity.

Beyond activity related to the inhibition of the initiation of
carcinogenesis, namely DNA damage and mutation, the berry
phytochemicals also exhibited activity related to metastasis. In the
present study, IVD berry extracts reduced invasiveness in a dose
dependent manner similar to our previously reported data for an
IVD raspberry extract [18]. Again, the berry extracts retained
their activity following fermentation and significantly inhibited
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Figure 2. The anti-genotoxic effects of various types of berry extracts on HT29 cells. (A) Effects of IVD berry extract, (B) berry fermentates
at a 1:10 dilution after 24 hr pre-incubation on DNA damage in HT29 cells challenged with 75 uM H,0, (phenol levels for berry fermentates were
raspberry 15.5, strawberry 13.9, blackcurrant 12.4 ng/mL GAE), (C) individual polyphenols — tyrosol (T), 3-(3’-hydroxyphenyl)propionic acid (HPA), 4-

PLOS ONE | www.plosone.org

November 2012 | Volume 7 | Issue 11 | e49740



Bioactivity of Berry-Derived G.I. Catabolites

hydroxybenzoic acid (HBA), 4'-hydroxyphenylacetic acid (HAA) at 1, 5 or 10 ug/mL concentrations. Data is presented as mean of 3 independent
experiments + SD. One-way ANOVA and Dunnett T test, * p<<0.05, significance is compared to media control (0 ug/mL) for A & C and against control
fermentate in B. Bonferroni 4-way comparison, bars with different letters are significantly different from each other p<0.05.
doi:10.1371/journal.pone.0049740.9g002

invasion of HT'115 cells. Migration of HT'115 cells was unaffected it is currently beyond the scope of this paper, it would no doubt be

by the addition of any of the berry extracts which suggests that the of interest to investigate the impact of digestion and fermentation
berry extracts may act upon surface adhesion or enzymatic on such effects.

degradation rather than on cell on motility. While a few studies In conclusion, it would appear that berry extracts retain their
have shown that fruit extracts including mulberry have decreased biological activity after digestion and fermentation despite
invasion in a range of cell lines including HT29 [41], HCT116 considerable structural modification and this strongly suggests
[42], A549 [43] and MDA-MB-231 [44] they did not consider the that breakdown products and individual colonic metabolites,
role of digestion and fermentation on the bioactivity of the including, tyrosol and 4'~hydroxyphenylacetic acid, can modulate
extracts. Similar consideration should also be given to activity cellular processes associated with colon cancer. One can envisage
related to cell proliferation as various berry extracts exhibit anti- that depending on their position in the colon, epithelial cells are
proliferative activity in a range of colonocyte cell lines [45]. While likely to be exposed to varying concentrations of a mixture of
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doi:10.1371/journal.pone.0049740.g004

phenolic components that have survived digestion in the upper
gastrointestinal tract and their fermentation products and this
study suggests that both sets of phenolic components can
beneficially influence events relevant to the development of colon
cancer.

Supporting Information

Figure S1 LC-MS traces for raspberry and blackcurrant
extracts (A) and IVD extracts (B). For each panel the top
trace represents the scan at 520 nm. The masses for each peak are
given along with the full scale deflection value. Peak labels
correspond with the putative identities in Table S1.

(DOCX)
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Table S1 Total phenol and anthocyanin content of berry
extracts pre-simulated digestion, IVD and post SPE,
n=38.

(DOCX)

Table S2 Putative identities and quantities of (poly)-
phenolic compounds detected in berry extracts before
and after IVD?".

DOCX)

Table S3 Putative identities of peaks detected in pre-
digested berry extracts.

(DOCX)

November 2012 | Volume 7 | Issue 11 | e49740



Author Contributions

Conceived and designed the experiments: IR CG GM DS. Performed the
experiments: EB GP-C RG-B GM. Analyzed the data: EB AC GM CG.
Wrote the paper: EB CG GM IR PA PM AC.

References

1.

21.

22.

23.

Ferlay J, Shin HR, Bray F, Forman D, Mather C, et al. (2010) Estimates of
worldwide burden of cancer in 2008 (GLOBOCAN, 2008). Int J Cancer 127:
2893-28917.

. van Duijnhoven FJB, Bueno-De-Mesquita HB, Ferrari P, Jenab M, Boshuizen

HC, et al. (2009) Fruit, vegetables, and colorectal cancer risk: the European
Prospective Investigation into cancer and nutrition. Am J Clin Nut 89: 1441—

1452.

. Duthie SJ (2007) Berry phytochemicals, genomic stability and cancer:evidence

for chemoprotection at several stages in the carcinogenic process. Mol. Nutr.
Food Res. 51: 665-674.

. Manach C, Scalbert A, Morand C, Remesy C, Jimenez L (2004) Polyphenols:

Food sources and bioavailability. Am J Clin Nutr 79: 727-747.
Seeram NP (2008) Berry fruits for cancer prevention: Current status and future
prospects. J Agric Food Chem 56: 630-635.

. Ramos S (2008) Cancer chemoprevention and chemotherapy: Dietary

polyphenols and signalling pathways. Mol Nutr Food Res 52: 507-526.

. Zhao C, Giusti MM, Malik M, Moyer MP, Magnuson BA (2004) Effects of

commercial anthocyanin-rich extracts on colonic cancer and non-tumorigenic
colonic cell growth. J Agric Food Chem 52: 6122-6128.

. Lala G, Malik M, Zhao C, Kwan Y, He J, et al. (2006) Anthocyanin-rich extracts

inhibit multiple biomarkers of colon cancer in rats. Nutr Cancer 54: 84-93.

. Thomasset S, Berry DP, Cai H, West K, Marczylo TH, et al. (2009) Pilot study

of oral anthocyanins for colorectal cancer chemoprevention. Cancer Prev Res 2:
625-633.

. Aura AM (2008) Microbial metabolism of dietary phenolic compounds in the

colon. Phytochem Rev 7: 407-429.

. Holst B, Williamson G (2008) Nutrients and phytochemicals: from bioavailabil-

ity to bioeflicacy beyond antioxidants. Curr Opin Biotechnol 19: 73-82.

. Gonzilez-Barrio R, Borges G, Mullen W, Crozier A (2010) Bioavailability of

anthocyanins and ellagitannins following consumption of raspberries by healthy
humans and subjects with an ileostomy. J Agric Food Chem, 58: 3933-3939.

. Jenner A M, Rafter J, Halliwell B (2005) Human fecal water content of

phenolics: the extent of colonic exposure to aromatic compounds. Free Radic
Biol Med, 38: 763-772.

. Johnson IT (2004) New approaches to the role of diet in the prevention of

cancers of the alimentary tract. Mutat Res-Fundam Mol Mech Mutagen 551: 9
28.

. McDougall GJ, Dobson P, Smith P, Blake A, Stewart D (2005) Assessing

potential bioavailability of raspberry anthocyanins using an in vitro digestion
system. J Agric Food Chem 53: 5896-5904.

. Gil-Izquierdo A, Zafrilla P, Tomas-Barberan FA (2002) An in vitro method to

simulate phenolic compound release from the food matrix in the gastrointestinal
tract. Eur Food Res Technol 214: 155-159.

. Ramnani P, Chitarrari R, Tuohy K, Grant J, Hotchkiss S, et al. (2012) In vitro

fermentation and prebiotic potential of novel low molecular weight polysaccha-
rides derived from agar and alginate seaweeds. Anaerobe 18: 1-6.

. Coates EM, Popa G, Gill CI, McCann M]J, McDougall GJ, et al. (2007) Colon-

available raspberry polyphenols exhibit anti-cancer effects on in vitro models of
colon cancer. J Carcinog 6: 4.

. Borges G, Degeneve A, Mullen W, Crozier A (2010) Identification of flavonoid

and phenolic antioxidants in black currants, blueberries, raspberries, red
currants, and cranberries. J Agric Food Chem 58: 3901-3909.

. Roowi S, Stalmach A, Mullen W, Lean ME]J, Edwards CA, et al. (2010) Green

tea flavan-3-ols: colonic degradation and urinary excretion of catabolites by
humans. J. Agric Food Chem 58: 1296-1304.

Bermudez-Soto MJ, Tomas-Barberan FA, Garcia-Conesa MT (2007) Stability of
polyphenols in chokeberry (Aronia melanocarpa) subjected to in vitro gastric and
pancreatic digestion. Food Chem 102: 865-874.

Petermann A, Miene C, Schulz-Raffelt G, Palige K, Hoélzer J, et al. (2009)
GSTT2, a phase II gene induced by apple polyphenols, protects colon epithelial
cells against genotoxic damage. Mol Nutr Food Res. 53: 1245-1253.
Reyes-Zurita FJ, Pachon-Pefia G, Lizarraga D, Rufino-Palomares EE, Cascante
M, et al. (2011) The natural triterpene maslinic acid induces apoptosis in HT29
colon cancer cells by a JNK-p53-dependent mechanism. BMC Cancer. 27: 11:
154.

. Parr C, Hiscox S, Nakamura T, Matsumoto R, Jiang WG (2000) NK4, a new

HGF/SF variant, is an antagonist to the influence of HGF/SF on the motility
and invasion of colon cancer cells. Int. J. Cancer 85: 563-570.

PLOS ONE | www.plosone.org

10

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Bioactivity of Berry-Derived G.I. Catabolites

. Hashim YZ, Rowland I, McGlynn H, Servili M, Selvaggini R, et al. (2008)

Inhibitory effects of olive oil phenolics on invasion in human colon
adenocarcinoma cells in vitro. Int. J. Cancer 122: 495-500.

Sahasrabudhe SR, Luo X, Humayun MZ (1991) Specificity of base substitutions
induced by the acridine mutagen Icr-191 — mispairing by guanine N7 adducts as
a mutagenic mechanism. Genetics 129: 981-989.

. Boyd LA, McCann MJ, Hashim Y, Bennett RN, Gill CI, et al. (2006) Assessment

of the anti-genotoxic, anti-proliferative, and anti-metastatic potential of crude
watercress extract in human colon cancer cells. Nutr Cancer 55: 232-241.
Macheix JJ, Fleuriet A, Billot J (1990) Fruit Phenolics, CRC: Press, Boca Ratan,
USA.

McDougall GJ, Dobson P, Shapiro F, Smith P, Stewart D, et al. (2007) Assessing
bioavailability of soft fruit polyphenols in vitro. Acta Hort 744: 135-148.
McCann M]J, Gill CI, Linton T, Berrar D, McGlynn H, et al. (2008)
Enterolactone restricts the proliferation of the LNCaP human prostate cancer
cell line in vitro. Mol Nutr Food Res 52: 567-580.

Pearson JR, Gill CI, Rowland IR (2009) Diet, fecal water, and colon cancer-
development of a biomarker. Nutr Rev 67: 509-526.

van Duynhoven J, Vaughan EE, Jacobs DM, Kemperman RA, et al. (2011)
Metabolic fate of polyphenols in the human superorganism. Proc Nat Acad
Sci U S A, 108 (Suppl 1): 4531-4538.

Perez-Vicente A, Gil-Izquierdo A, Garcia-Viguera C (2002) In vitro gastroin-
testinal digestion study of pomegranate juice phenolic compounds, anthocya-
nins, and vitamin C. J Agric Food Chem 50: 2308-2312.

Niclsen ILF, Dragsted LO, Ravn-Haren G, Freese R, Rasmussen SE (2003)
Absorption and excretion of black currant anthocyanins in humans and
Watanabe heritable hyperlipidemic rabbits. J Agric Food Chem 51, 2813-2820.

. Williamson G, Clifford MN (2010) Colonic metabolites of berry polyphenols: the

missing link to biological activity? Br J Nutr 104: S48-66.

Sharma M, Li L, Celver J, Killian C, Kovoor A, et al. (2010) Effects of fruit
cllagitannin extracts, ellagic acid, and their colonic metabolite, urolithin A, on
Wnt signaling. J Agric Food Chem 58: 3965-3969.

Gonzalez-Sarrias A, Larrosa M, Tomas-Barberan FA, Dolara P, Espin JC (2010)
NF-kappa B-dependent anti-inflammatory activity of urolithins, gut microbiota
cllagic acid-derived metabolites, in human colonic fibroblasts. Br J Nutr 104:
503-512.

Makena PS, Chung KT (2007) Effects of various plant polyphenols on bladder
carcinogen benzidine-induced mutagenicity. Food Chem Toxicol 45: 1899—
1909.

Singh BN, Singh BR, Singh RL, Prakash D, Singh DP, et al. (2009)
Polyphenolics from various extracts/fractions of red onion (Allium cepa) peel
with potent antioxidant and antimutagenic activities. Food Chem Toxicol 47:
1161-1167.

Spada PDS, de Souza GGN, Bortolini GV, Henriques JAP, Salvador M (2008)
Antioxidant, mutagenic, and antimutagenic activity of frozen fruits. ] Med Food,
11: 144-151.

Yun JW, Lee WS, Kim MJ, Lu JN, Kang MH, et al. (2010) Characterization of a
profile of the anthocyanins isolated from Vitis coignetiac Pulliat and their anti-
invasive activity on HT-29 human colon cancer cells. Food Chem Toxicol 48:
903-909.

Shin DY, Lu JN, Kim GY, Jung JM, Kang HS, et al. (2011) Anti-invasive
activities of anthocyanins through modulation of tight junctions and suppression
of matrix metalloproteinase activities in HCT-116 human colon carcinoma cells.
Oncol Rep 25: 567-572.

Chen PN, Chu SC, Chiou HL, Kuo WH, Chiang CI, et al. (2006) Mulberry
anthocyanins, cyanidin 3-rutinoside and cyanidin 3-glucoside, exhibited an
inhibitory effect on the migration and invasion of a human lung cancer cell line.
Cancer Lett 235: 248-259.

Adams LS, Phung S, Yee N, Seeram NP, Li L, et al. (2010) Blueberry
phytochemicals inhibit growth and metastatic potential of MDA-MB-231 breast
cancer cells through modulation of the phosphatidylinositol 3-kinase pathway.
Cancer Res 70: 3594-3605.

. Brown EM, Gill CI, McDougall GJ, Stewart D (2012) Mechanisms underlying

the anti-proliferative effects of berry components in in vitro models of colon
cancer. Curr Pharm Biotechnol. 13: 200-209.

November 2012 | Volume 7 | Issue 11 | e49740



