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In vitro metabolism of anthocyanins
by human gut microflora

Summary Background Only a
small part of the dietary antho-
cyanins are absorbed. Thus large
amounts of the ingested com-
pounds are likely to enter the
colon. In vitro and in vivo studies
have shown that colonic bacteria
transform various flavonoids to
smaller phenolic acids. However,
there is very little information on
bacterial transformations of antho-
cyanins. Aim of the study was to ex-
plore if anthocyanin glycosides
were deglycosylated, whether the
resulting aglycones were degraded
further to smaller phenolic com-
pounds by colonic bacteria, and to
characterise metabolites. Methods
Isolated cyanidin-3-glucoside and
-rutinoside were fermented in vitro
using human faecal microbiota as
an inoculum. Metabolites were
analysed and characterised by
HPLC-DAS and LC-MS. They were
identified by comparing their char-
acteristics with those of available
standards, and semi-quantified us-
ing the amount of substrate

analysed from samples at initial
timepoint. Results Cyanidin-3-glu-
coside and cyanidin aglycone could
be identified as intermediary
metabolites of cyanidin-3-ruti-
noside. At early timepoints (before
2 h), the formation of protocate-
chuic acid as a major metabolite
for both cyanidin glycosides and
detection of lower molecular
weight metabolites show that an-
thocyanins were converted by gut
microflora. Furthermore, reconju-
gation of the aglycone with other
groups, non-typical for dietary an-
thocyanins, was evident at the later
(after 2h) timepoints. Conclusions
Bacterial metabolism of antho-
cyanins involves the cleavage of
glycosidic linkages and breakdown
of the anthocyanidin heterocycle.
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uv ultraviolet
Introduction

Plant flavonoids are common dietary compounds hav-
ing potential health effects as antioxidants [1].
Flavonoids have also been shown to induce apoptosis or
to be anticarcinogenic [2,3]. On the other hand, they can
act as antimutagens/promutagens and antioxidants/
pro-oxidants, which is largely dependent upon levels
consumed as well as on physiological conditions. Expo-
sure to very high (non-dietary) levels of flavonoids may
potentially lead to formation of reactive oxygen species,
and ultimately DNA damage [4]. Thus intake and
bioavailability are important in estimating beneficial ef-
fects of flavonoids on human health.

Anthocyanins are flavonoids which produce blue,
purple red and intermediate colours in plants. They are
present as glycosides with an anthocyanidin C6-C3-C6
skeleton (Fig. 1), whose structure is dependent on pH. In
aqueous media, anthocyanins appear as flavylium
cation (red) at acidic pH [0-2], and as a colourless
pseudobase with a small amount of colourless or slightly
yellow chalcone structures (Fig.2) between pH values
2-6 [5]. pH is thus one of the key factors affecting an-
thocyanin structure.

Availability of anthocyanins may vary according to
the source and may also be influenced by the matrix of
the source [6]. In order to evaluate the health potential

Ri R,
Pelargonidin H H
Cyanidin OH H
Peonidin OCH3 H
Delphinidin OH OH
Petunidin 0CH; OH
Malvidin OCH; OCH;

Fig.1 Structures of the main anthocyanidins in food

of anthocyanins, their bioavailability including absorp-
tion, metabolism, distribution in the tissues and excre-
tion must be established. Several studies have demon-
strated that intact anthocyanins are very poorly
absorbed and are excreted only to a small extent in urine
[6-8]. Anthocyanins also undergo metabolism, since
part of the absorbed anthocyanins have been found as
methylated, sulphated or glucuronidated forms [9, 10].
Flavonoid metabolites are delivered again to the GI tract
via enterohepatic circulation and after reaching the
colon are subjected to bacterial metabolism by colon
flora. Little is still known about the biological effects of
the metabolites [11]. Bacterial transformations affect
the mutagenicity of the ingested compounds, since for
example bacterial metabolites of quercetin have been
demonstrated to be less mutagenic than the original
flavonoid [12]. Thus bacterial metabolites in the colon
may have a different biological role than that demon-
strated for the parent compound.

Colon bacteria have a number of deconjugating en-
zyme activities, e.g. B,D-glucuronidases, (3,D-glucosi-
dases and o,L-rhamnosidases, which release aglycones
of flavonoids from their glycosides and glucuronides
[13-17]. However, the appearance of aglycones is only
transient, since a rapid ring fission occurs, producing a
number of small phenolic acids: hydroxyphenylacetic
acids are formed from myricetin and quercetin [16-19];
hydroxyphenyl propionic acids from catechins, e. g. pro-
cyanidins [20], and phenylpropionic acid, cinnamic acid
and benzoic acids from chlorogenic acid [21]. Pathways
for quercetin (flavonol), (+)-catechin (flavanol) and hes-
peretin (flavanone) metabolism have been proposed by
Hollman and Katan [22] including bacterial and tissue
metabolites found in urine or bile. Bacterial metabolism
of several flavonoid groups has been well demonstrated
both by in vivo and in vitro data, but scientific evidence
for bacterial metabolites of anthocyanins is scarce.

The aim of this study was to study the bacterial me-
tabolism of anthocyanins isolated from edible fruits and
berries. The occurrence of deglycosylation and further
metabolism of anthocyanins by faecal flora in vitro is
demonstrated together with a time course of metabolite
formation.

Materials and methods
Phenolic compounds

Rutin (quercetin-3-O-rhamnoglucoside) was purchased
from Extrasynthese (Genay, France). Protocatechuic
acid, vanillic acid, 4-hydroxybenzoic acid, 2,4,6-trihy-
droxybenzoic acid, 2,4,6-trihydroxybenzaldehyde, 4-hy-
droxyphenylacetic acid, and 3,4-dihydroxyphenylacetic
acid were from Aldrich (Steinheim, Germany). Cyani-
din-3-glucoside (Cy3g) and cyanidin-3-rutinoside
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Fig.2 Anthocyanidin
aqueous media
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(Cyrut) were obtained from the skins of red plum
(Prunus domestica L.). Malvidin-3-glucoside, delphini-
din-3-glucoside, petunidin-3-glucoside and peonidin-3-
glucoside were isolated from the skins of red grapes
(Vitis vinifera L.).

Anthocyanin isolation

In order to isolate anthocyanins from plant material, it
was submitted to repeated extractions with methanol
containing 0.1 % HCI until no relevant red colour, indi-
cating the presence of anthocyanins as flavylium
cations, remained in the residue. Methanol phases were
mixed and centrifuged (2500 rpm at 4 °C for 10 min),
the supernatant was collected, a volume of water was
added and the methanol evaporated in vacuo; the aque-
ous extract was washed with n-hexane and then placed
on a column filled with a mixed stationary phase of Sil-
icagel 60 and Polyclar AT [80:20] activated by boiling in
HCI; the more polar substances were flushed with water
and then the anthocyanins eluted with acidified
methanol (0.1 % HCI). The methanol was evaporated in
vacuo after addition of water and the concentrated
aqueous extract obtained was subjected to semiprepar-
ative HPLC for further purification of anthocyanins as
described by de Pascual-Teresa etal. [23]. Chromato-
graphic solvents were removed in vacuo and the com-
pounds transferred to water and freeze-dried. The pu-
rity and identity of the anthocyanins isolated were
checked by HPLC using diode array spectroscopy

Pseudobase

OH

Chalcone

(HPLC-DAS) and mass spectrometry detection (LC-
MS).

Fermentation protocol

Fermentations of anthocyanins and rutin were per-
formed according to the method described by Aura etal.
[17].Faecal slurry was prepared under strictly anaerobic
conditions with the use of faeces from four healthy
donors, who usually ingested a normal diet, presented
no digestive diseases and had not received antibiotics
for at least three months. Freshly passed faeces were im-
mediately taken in an anaerobic chamber. Equal
amounts of faecal samples were pooled, homogenised
and diluted to 1% (w/v) or to 5% (w/v) with carbonate-
phosphate buffer (0.11 M carbonate - 0.02 M phosphate;
pH 5.5) and filtered through 1 mm sieve. Part of the
slurry was autoclaved (121°C for 20min) to produce
heat-inactivated flora. The phenolic compound was
added to empty head-space bottles in methanol, which
was spontaneously evaporated. Bottles were inoculated
either with active or inactive human faecal slurry and in-
cubated at 37 °C with magnetic stirring (250 rpm) for 0,
10, 20, 30, 60, 90, and 120 min in order to study the de-
glycosylation of cyanidin-3-glucoside, cyanidin-3-ruti-
noside and rutin using a 1% faecal suspension, and for
0,2,4,6,8 or 24h in order to study the further metabo-
lism of cyanidin-3-rutinoside. Also, cyanidin-, delphini-
din-, malvidin-, petunidin- and peonidin-3-glucosides
were incubated with an active faecal suspension (5%,
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w/v) for 0, 6 and 24 h. The initial concentration of the
phenolic compound was in all assays 100 pM. Faecal
blanks without added substrate were incubated simulta-
neously. Time courses of compound disappearance and
metabolite formation were followed. Samples were
freeze-dried and stored at -30 °C prior to the analyses.
All the assays were carried out in triplicate.

Analyses of the anthocyanins and their metabolites

Extraction of the samples was carried out as follows:
10ml of 0.2 % HCI in methanol was added, the samples
were vortex-mixed using a Polytron® PT 10-35 (Kine-
matica GmbH, Switzerland), placed in an ultrasonic
bath (Branson Ultrasonic Corporation, USA) for 10 min
and centrifuged (13000 g, 4 °C, 10 min; Sorvall® RC-5B,
DuPont). Supernatant was collected and extraction of
the residue was repeated four times. The collected
methanol phases were concentrated under vacuum to
approximately 0.5 ml. Volume was adjusted to 1 ml with
acidified water (pH 1.5; HCI) for analysis by HPLC using
photodiode array spectrophotometry (HPLC-DAS) and
mass detection (LC-MS).

HPLC-DAS was performed using a 3 um Spherisorb
ODS2 column (150 X 4.6 mm). The solvents were 4.5%
formicacid (A) and acetonitrile (B), establishing a linear
gradient from 10 to 20 % B over 20 min, 20 to 25% B over
10 min, 25 to 35% B over 10 min and 35% B isocratic
10 min at a flow rate of 1.5 ml/min. Chromatograms were
recorded at 280nm and 520nm. Anthocyanins were
quantified from their chromatographic peak areas
recorded at 520nm by comparison with calibration
curves prepared from the anthocyanin standards previ-
ously isolated and characterised.

LC-MS analyses were performed by using an AQUA®
(Phenomenex, USA) C18, 5um (150 X 4.6 mm) column
at 35°C. The solvents were 0.1 % trifluoracetic acid (A)
and acetonitrile (B), establishing the following gradient:
isocratic 10% B over 5min, from 10 to 15% B over
15 min, isocratic 15% B over 5min, from 15 to 18% B
over 5min, and from 18 to 35% B over 20 min at a flow
rate of 0.5 ml/min. The HPLC system was connected to
the probe of the mass spectrometer via the diode array
detector cell outlet. Both the auxiliary and the sheath gas
were a mixture of nitrogen and helium. The capillary
temperature was 180°C and the capillary voltage 3V.
Spectra were recorded in positive ion mode. The mass
spectrometer was a Finnigan LCQ equipped with an API
source, using an electrospray ionisation (ESI) interface.

Analysis of rutin and quercetin

Samples were extracted with methanol containing
ascorbic acid (1 mmol/L) and apigenin (60 pmol/L) as

an internal standard and analysis of quercetin deriva-
tives was performed by HPLC-DAS according to Aura
etal. [17]. Comparisons of flavonol standards with
metabolites formed in the faecal slurries were based on
retention time and UV spectra.

Assays of (0, L)-rhamnosidase, ([3, D)-glucosidase
and (3, D)-glucuronidase enzyme activities

For the study of the bacterial enzyme activities, the pH
of the suspension of faecal inoculum (1%, w/v) was ad-
justed to 6.0 by addition of ortho-phosphoric acid, the
cells were lysed with lysozyme (Sigma L-6876, 1 g/L at
37°C for 1h) and the reaction was stopped with sodium
azide (2mg/L). Samples were centrifugated (13000 g for
5min) to obtain cell-free extract. Enzyme activities were
measured from the cell-free extract as described by Aura
etal. [17]. Protein concentration was measured accord-
ing to the method of Bradford [24].

Results
Recoveries of the anthocyanins from faecal matrix

In order to study the yield of extraction from faecal ma-
trix, freeze-dried faecal blanks were spiked with mal-
vidin-3-glucoside corresponding to the initial concen-
tration of 100 uM in the incubations. From the initial
dose of malvidin-3-glucoside, 66 % + 8 % (n=6) was re-
covered. Incubations with other anthocyanins (i.e.,
pelargonidin-3-glucoside, delphinidin-3-glucoside and
petunidin-3-glucoside, each n=2) showed an average
recovery of 54 % + 9 %. Recoveries of cyanidin-3-gluco-
side from 1% (w/v) active and inactive faecal matrix
were 75% £ 2% and 64 % * 8 %, respectively, and those
of cyanidin-3-rutinoside from active and inactive faecal
matrix were 83% * 6% and 63% * 3%, respectively.
When using higher (5%; w/v) faecal slurry concentra-
tion, recovery of cyanidin-3-rutinoside was 42% * 3%
and heat-inactivation of the faecal suspension did not
change the recovery (43 % + 15%).

o,L-rhamnosidase and 3,D-glucosidase activities

The activities of the enzymes, o,L-rhamnosidase and
B,D-glucosidase, required for the deglycosylation of
flavonoid glycosides, were measured from active and in-
active 1% faecal suspensions. The analysis was per-
formed using p-nitrophenyl-(a, L)-rhamnopyranoside
and -(B,D)-glucopyranoside as substrates for corre-
sponding enzymes. The specific activities of a,L-rham-
nosidase were 0.23 +0.05 and 0.12 + 0.06 nmol/(min-mg
protein) for active and inactive faecal slurry, respec-
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tively. The specific activities for B,D-glucosidase were
0.63+£0.09 and 0.14 +0.02nmol/(min-mg protein) for
active and inactive faecal slurry, respectively.

Deglycosylation of anthocyanins and rutin
by gut microflora

The disappearance of the phenolics was followed by
HPLC-DAS. Most of the anthocyanin glycosides disap-
peared within the first hour in the presence of 5% faecal
slurry containing active gut microflora, and only traces
of the different anthocyanins were still detectable at that
first time point. In the assays carried out with 1% faecal
slurry containing active gut microflora, cyanidin-3-ruti-
noside was degraded more slowly than cyanidin-3-glu-
coside (Fig. 3). Small decrease of anthocyanin glycosides
occurred also when samples were incubated with inac-
tive flora (Fig.3). Formation of cyanidin-3-glucoside
was detected as an indication of partial deglycosylation
of cyanidin-3-rutinoside during incubation with active
faecal flora (1%, w/v) in vitro (Fig.4.). Rutin deglycosy-
lation was studied for comparison, because quercetin is
a more stable compound than anthocyanins in aqueous
media. Deglycosylation of rutin and appearance of
quercetin aglycone were linear using a 1% faecal flora
and occurred at the same rate. Deglycosylation of rutin
was not shown in the presence of inactive gut flora

(Fig.5).

Identification of metabolites
HPLC-DAS chromatograms of the samples incubated

with 1% faecal slurry (active flora) were screened for
new peaks that could be attributed to anthocyanin

100

Cyanidin glycoside (uM)
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o

0 - T T T T T * 1
0 20 40 60 80 100 120 140
Time (min)

Fig.3 Degradation of cyanidin-3-rutinoside (—A—; ---AA---) and cyanidin-3-
glucoside (—M—; ---0J---) in vitro in the presence of active and inactive gut flora,
respectively. Initial concentration of anthocyanin glycosides in the faecal slurries
(1 9%, w/v) was 100 uM
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Fig.4 Formation of cyanidin-3-glucoside (—M—) from cyanidin-3-rutinoside in
vitro in the presence of active gut flora (1 %, w/v). Initial concentration of cyanidin-
3-rutinoside was 100 yM
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Fig.5 Deglycosylation of rutin in vitro in the presence of active (—#—) and
inactive (—<O—) faecal slurry and appearance of quercetin (—@—) in the

presence of active flora. Initial concentration of rutin in the faecal slurries (1 % w/v)
was 100 uM

metabolites. The rapid formation of three possible
metabolites (Cy-1, Cy-2 and Cy-3 in Fig.6A) was de-
tected in the chromatograms recorded at 280 nm for
both cyanidin-3-rutinoside (Cyrut) and cyanidin-3-glu-
coside (Cy3g). Another metabolite (Cy-4) was also de-
tected in the chromatograms recorded at 520nm
(Fig. 6B) in the latest time points (120 min). UV-visible
spectra of the observed metabolites are shown in Fig.7.
None of these metabolites or any additional ones were
observed from anthocyanin glycosides incubated with
inactive flora.

LC-MS analysis (a positive molecular ion at m/z 287),
UV-visible spectra (Fig.7) and chromatographic reten-
tion verified that Cy-1 was cyanidin, aglycone. No mass
spectra could be obtained for Cy-2 and Cy-3, owing to
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Fig.6 HLPC chromatograms recorded at (A) 280 nm corresponding to the samples of cyanidin-3-glucoside (Cy3g; I) and cyanidin-3-rutinoside (Cyrut; Il) incubated in the
presence of active gut flora from a 1 % (w/v) faecal slurry collected at 0 min and 90 min and (B) 520 nm corresponding to the samples of cyanidin-3-glucoside (Cy3g) in-
cubated in the presence of active gut flora from a 1 % faecal slurry collected at 0 min and 120 min

the soft ionisation conditions used (typical for antho-
cyanins). Their UV spectra (Fig.7) suggested that they
could be phenolic acids from the anthocyanin break-
down. Comparison of UV spectra and elution charac-
teristics (co-chromatography) with phenolic standards,

allowed positive identification of Cy-2 as protocatechuic
acid (i.e., 3,4-dihydroxybenzoic acid). Similar compari-
son showed that Cy-3 did not correspond to following
putative metabolites: vanillic acid, 4-hydroxybenzoic
acid, 2,4,6-trihydroxybenzoic acid, 2,4,6-trihydroxyben-
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zaldehyde, 4-hydroxyphenylacetic acid and 3,4-dihy-
droxyphenylacetic acid. Cy-2 or Cy-3 were not detected
in the samples incubated with 5% (w/v) faecal slurry in
the presence of cyanidin-3-rutinoside at any of the time
points, nor were such breakdown products found for any
of the other anthocyanins incubated with 5% (w/v) fae-
cal slurry.

Cy-4 was detected in the incubations carried out ei-
ther with 1% or 5% faecal slurry. Cy-4 showed a positive
molecular ion at m/z 372 and its UV-visible spectrum
(Fig.7) was characterised by the presence of two max-
ima in the visible region at 485 nm and 557 nm. Metabo-
lites with absorption spectra similar to Cy-4 were also
observed for all the anthocyanins studied in the fer-
mentation assays carried out with 5% active faecal
slurry; all these metabolites showed the same differ-
ences (85 mass units) between their molecular masses
and those of the parent aglycones (Table 1).

The time courses of the metabolite formation from
cyanidin-3-glucoside using 1% faecal slurry are shown
in Fig.8A. Cy-1, cyanidin aglycone, appeared only tran-
siently and to a small extent. The major metabolite was
Cy-2 protocatechuic acid. Cy-3, a minor unidentified
metabolite, appeared at 2 h. Cy-4, the other unidentified
conjugate, was formed only at the later time points with
cyanidin-3-glucoside and corresponding rutinoside as

substrates (Figs. 8A and B). The maximum extent of Cy-
4 formation were 0.31+0.08 pM at 2h and 0.21 +£0.03
pM at 4 h time point, for cyanidin-3-glucoside with 1%
faecal slurry and cyanidin-3-rutinoside with 5% faecal
slurry, respectively.

Discussion

Anthocyanins were not recovered completely even from
spiked faecal background samples nor from 0 h samples.
Since an increase in the faecal slurry concentration de-
creased the recovery, it is possible that the loss is due to
irreversible attachment to the faecal matrix. Protein
denaturation and cell disruption might further facilitate
the adsorption of anthocyanins and thus explain the
greater losses of anthocyanins found at the initial time-
point incubated with heat-inactivated flora.

Both the rate of deglycosylation of rutin and the rate
of appearance of quercetin aglycone were linear using a
1% faecal flora. Formation of cyanidin-3-glucoside
from the corresponding rutinoside and the identifica-
tion of Cy-1 as the cyanidin aglycone appearing from
both cyanidin-3-glycoside incubations confirmed the
deglycosylation of anthocyanins by gut flora and the
presence of deconjugating enzymes. Deglycosylation of
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Cyanidin-3-glucoside and 287 372 85 432,485, 557
cyanidin-3-rutinoside
Delphinidin-3-glucoside 303 388 85 430, 486, 558
Petunidin-3-glucoside 317 402 85 434,490, 562
Pelargonidin-3-glucoside 271 356 85 398, 474, 550
Malvidin-3-glucoside 331 416 85 432,494, 566
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Fig.8 Time courses of the formation of the metabolites in the presence of active gut flora. (A) Cyanidin-3-glucoside incubated with 1 % (w/v) faecal slurry. (B) Cyanidin-
3-rutinoside incubated with 5 % (w/v) faecal slurry. Symbols: Cy-1: (—J—) cyanidin aglycone; Cy-2: (—M—) protocatechuic acid; Cy-3: (— A —) Unidentified metabo-

lite; Cy-4: (—O—) Unidentified conjugate

cyanidin-3-rutinoside occurred more slowly than that
of cyanidin-3-glucoside, being in agreement with lower
levels of o, L-rhamnosidase than 3-D-glucosidase in 1%
(w/v) faecal inoculum. This in turn is in agreement with
the earlier observation of Aura etal. [17] using a 5%
(w/v) faecal inoculum. Slurry (1%) was diluted and the
specific activities of o,L-rhamnosidase and B-D-glu-
cosidase activities measured were near the background
caused by the enzyme source or substrate. The small
specific activities measured from the inactive faecal
slurry were at the background level.

Cy-2 was identified as protocatechuic acid. Such a
compound would result from the fragment correspond-
ing to cyanidin ring-B released after breakdown of the
anthocyanidin heterocycle [25]. Various hydroxylated
and non-hydroxylated benzoic, phenylacetic or phenyl-
propionic acid derivatives have also been identified as
microbial metabolites from other flavonoids [17-20, 22,
26, 27]. Thus identification of Cy-2 was in agreement
with earlier findings.

Cy-3 was not identified. Its UV spectrum, and the fact

that it was not ionised in the mild conditions used, indi-
cate that the fragment could be a phenoxy acid or an
aldehyde. However, comparison with standard com-
pounds that could be also expected after the anthocyani-
din breakdown ruled out 2,4,6-trihydroxybenzaldehyde,
4-hydroxybenzoic acid, 2,4,6-trihydroxybenzoic acid, 4-
hydroxyphenylacetic acid and 3,4-dihydroxyphenyl-
acetic acid as structures for Cy-3.

Cy-4 and similar metabolites derived from the other
anthocyanins could not be structurally identified. How-
ever, some structural features could be characterised
from UV-visible and mass spectra data (Table 1). No loss
of a glucose residue (-162 mass units) was observed in
the MS-MS fragmentation of any of the Cy-4-like
metabolites, indicating that they lack the glucose moi-
ety. On the other hand, the shape of the absorption spec-
tra, showing maxima at 470-570 nm, suggested that the
basic flavonoid structure and ring conjugation charac-
teristics of the anthocyanidins were maintained. Also,
the increased absorption at 400-430 nm might indicate
that the C-4 position of anthocyanidin is substituted. All
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the Cy-4-like metabolites derived from each of the an-
thocyanin glycosides tested showed molecular ions,
which were 85 mass units higher than their parent agly-
cones. All these characteristics indicate that their for-
mation might involve anthocyanin deglycosylation and
further conjugation of the aglycone with a still unknown
residue, which may contain nitrogen (or sulphur) based
on their even molecular ions.

Nitrogen containing metabolites were formed from
iridoid glycoside in the presence of ammonium ions by
human faecal B-glucosidase [28]. Ammonia is released
in the colon from undigested proteins and amino acids
by bacterial fermentation [29]. Thus both the enzyme
and its co-substrate were present in the faecal fermenta-
tion in vitro, and nitrogenous metabolites could be pres-
ent in the anthocyanin experiments. In addition, aryl-
sulphotransferases have been detected from human
faecal material, when sulphated metabolites were
formed from phenolic antibiotics [30-32]. Thus it is pos-
sible that the putative reconjugation of the anthocyanin
aglycones may contain a nitrogenous or sulphated
group.

The time courses of the formation of bacterial
metabolites from cyanidin-glycosides were semi-quan-
tified using the substrate concentration at the initial
timepoint. The levels of all metabolites were low com-
pared to the initial dose of the substrate anthocyanin.
Cyanidin aglycone (Cy-1) appeared only transiently, be-
cause it most likely was converted to the other metabo-
lites. The profile of the main metabolite Cy-2, protocat-
echuic acid, also appeared transiently and it was not
present in the incubations carried out with a denser bac-
terial population (5%), just as Cy-3, the unidentified
metabolite. The late appearance of Cy-4 was confirmed
by the experiment with the denser bacterial population
(5%) and longer incubation time. The order of the mag-
nitude of its amount was reproducible in both concen-
trations of the faecal slurry. However, the levels of all
metabolites were very low (less than 5%) considering
the initial amount of substrate added to the incubations
(100 uM).

The low recoveries of the substrate indicate that the
capacity of the faecal matrix to bind flavonoids and their
possible metabolites are high. Anthocyanins could be
converted to as yet undetected metabolites, such as
gases, as shown by Walle et al. [33] for radiolabelled C-
(C [4])-quercetin. The anthocyanins can also be de-
graded before the bacterial conversions take place due to
the instability of flavylium cation in mildly alkaline pH
values [5].

The in vitro fermentation method was modified for
studying the bioconversion of pure flavonoids [17]. In
the in vitro fermentation method faeces was diluted to
5% (w/v), which corresponded to caecal concentration
of faecal material in humans (5-13 %) calculated from

the volumes of faeces and chyme entering caecum [34].
In the present study 1% faecal slurry was diluted to be
non-physiological in order to verify a rapid deglycosyla-
tion of anthocyanins. The initial pH of the medium 5.5
corresponded nicely to the pH 5.43 radiotelemetrically
measured from transverse colon in humans [35]. Ac-
cording to McBurney and Thompson [36] it was recom-
mendable to use several, at least three, donors of faecal
samples to improve the accuracy of in vitro estimates of
colonic fermentation. The number of the donors was
four and the individual variation was not measured in
our study; however, it has been reported for enterolac-
tone production [37] and for equol production [38], pro-
duction of bacterial metabolites in humans from plant
lignans and isoflavonoids, respectively. According to
Sawai etal. [26] the serum concentration of bacterial
metabolites had returned to the baseline values within
20-35h after consumption. Thus the end-point of fer-
mentation was set to 24 h, which was also used as an end-
point in the fermentation experiments with quercetin
derivatives [17] and non-digestible carbohydrates [39].

Conclusions

Cyanidin-3-glucoside and cyanidin aglycone could be
identified as intermediary metabolites of cyanidin-3-
rutinoside. Also, cyanidin-3-glucoside was deglycosy-
lated. The identification of protocatechuic acid as the
major metabolite and formation of two unidentified
metabolites not present in the faecal background, or in
the samples incubated with inactive flora, indicates that
anthocyanins are converted by gut microflora. Further-
more, reconjugation of the aglycone with other groups,
non-typical for dietary anthocyanins, is evident. Bacter-
ial metabolism involves the cleavage of glycosidic link-
ages and breakdown of the anthocyanidin heterocycle.

It is not adequate to predict the health effects of an-
thocyanins by their intact structures. According to the
findings presented above it is evident that anthocyanins
can be transformed by bacteria in the colon to smaller
phenolic compounds or conjugates of the aglycone, of
which health implications are poorly characterised.
Both the local effects in the colon and systemic effects in
human body should be studied taking into considera-
tion the changes in the flavonoid structures by bacterial
action in the colon.

Acknowledgements The authors wish to thank project POLY-
BIND (QLK1-1999-0505) for financial contribution of EC and Span-
ish “Comision Interministerial de Ciencia y Tecnologia” (Grant ref.
AL1999-1829-CE) for the complementary financial support. Nicoline
Vermeulen, Siv Matomaa, Annika Majanen and Marita Ikonen are
greatfully acknowledged for skilful technical assistance in the fer-
mentation experiments.



142

References

10.

11.

12.

13.

14.

15.

Kédhkonen MP, Heinonen M (2003) An-
tioxidant activity of anthocyanins and
their aglycons. J Agric Food Chem 51:
628-633

Katsube N, Iwashita K, Tsushida T, Ya-
maki K, Kobori M (2003) Induction of
apoptosis in cancer cells by bilberry
(Vaccinium myrtillus) and the antho-
cyanins. ] Agric Food Chem 51:68-75
Marchand LL (2002) Cancer preventive
effects of flavonoids - a review. Biomed
Pharmacother 56:296-301

Skibola CE, Smith MT (2000) Potential
health effects of excessive flavonoid in-
take. Free Radical Biol Med 29:375-383
Clifford MN (2000) Review Antho-
cyanins - nature, occurrence and di-
etary burden. J Sci Food Agric
80:1063-1072

Nielsen ILE, Dragstedt LO, Ravn-Haren
G, Freese R, Rasmussen SE (2003) Ab-
sorption and excretion of black currant
anthocyanins in humans and watanabe
heritable hyperlipidemic rabbits. J
Agric Food Chem 51:2813-2820
Felgines C, Texier O, Besson C, Fraisse
D,Lamaison JL,Rémésy C (2002) Black-
berry anthocyanins are slightly bio-
available in rats. ] Nutr 132:1249-1253
Lapidot T, Harel S, Granit R, Kanner J
(1998) Bioavailability of red wine an-
thocyanins as detected in human urine.
J Agric Food Chem 46:4297-4302

Wu X, Cao G, Prior RL (2002) Absorp-
tion and metabolism of anthocyanins
in elderly women after consumption of
elderberry. ] Nutr 132:1865-1871
Felgines C, Talavéra S, Gonthier MP,
Texier O, Scalbert A, Lamaison JL,
Rémésy C (2003) Strawberry antho-
cyanins are recovered in urine as glu-
curo- and sulfoconjugates in humans. J
Nutr 133:1296-1301

Scalbert A, Morand C, Manach C,
Rémésy C (2002) Absorption and me-
tabolism of polyphenols in the gut and
impact on health. Biomed Pharma-
cother 56:276-282

Kim DH, Han SB, Bae EA, Han M]
(1996) Intestinal bacterial metabolism
of rutin and its relation to mutagenesis.
Arch Pharm Res 19:41-45

MacDonald IA, Mader JA, Bussard RG
(1983) The role of rutin and quercitrin
in stimulating flavonol glycosidase ac-
tivity by cultured cell-free microbial
preparations of human feces and saliva.
Mutat Res 122:95-102

Bokkenheuser VD, Shackleton CHL,
Winter ] (1987) Hydrolysis of dietary
flavonoid glycosides by strains of in-
testinal Bacteroides from humans.
Biochem ] 248:953-956

Bokkenheuser VD, Winter J (1988) Hy-
drolysis of flavonoids by human intesti-
nal bacteria. Prog Clin Biol Res 280:
143-145

European Journal of Nutrition (2005) Vol. 44, Number 3

© Steinkopff Verlag 2004

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kim DH, Jung EA, Sihng IS, Han JA, Kim
TH, Han M]J (1998) Intestinal bacterial
metabolism of flavonoids and its rela-
tion to some biological activities. Arch
Pharm Res 21:17-23

Aura AM, O’Leary KA, Williamson G,
Ojala M, Bailey M, Puupponen-Pimiid R,
Nuutila AM, Oksman-Caldentey KM,
Poutanen K (2002) Quercetin deriva-
tives are deconjugated and converted to
hydroxyphenylacetic acids but not
methylated by human fecal flora in
vitro. ] Agric Food Chem 50:1725-1730
Griffiths LA, Smith GE (1972) Metabo-
lism of myricetin and related com-
pounds in the rat metabolite formation
in vivo and by the intestinal microflora
in vitro. Biochem J 130:141-151

Winter J,Moore LH, Dowell JR, Bokken-
heuser VD (1989) C-Ring cleavage of
flavonoids by human intestinal bacte-
ria. Appl Environ Microb 55:1203-1208
Déprez S, Brezillon C, Rabot S, Philippe
C, Mila I, Lapierre C, Scalbert A (2000)
Polymeric proanthocyanidins are ca-
tabolized by a human colonic mi-
croflora into low-molecular-weight
phenolic acids. ] Nutr 130:2733-2738
Olthof MR, Hollman PCH, Buijsman
MNCP, Amelsvoort JMMyv, Katan MB
(2003) Chlorogenic acid, quercetin-3-
rutinoside and black tea phenols are ex-
tensively metabolized in humans. ] Nutr
133:1806-1814

Hollman PCH, Katan MB (1998) Ab-
sorption, metabolism and bioavailabil-
ity of flavonoids. In: Rice-Evans C,
Packer L (eds) Flavonoids in health and
disease, Marcel Dekker Inc, New York,
pp 483-522

de Pascual-Teresa S, Santos-Buelga C,
Rivas-Gonzalo JC (2002) LC-MS analy-
sis of anthocyanins from purple corn
cob. ] Sci Food Agric 82:1003-1006
Bradford MM (1976) A rapid and sensi-
tive method for quantitation of micro-
gram quantities of protein utilizing the
principle of protein-dye binding. Anal
Chem 72:248-254

Furtado P, Figueiredo P, Chaves das
Neves H, Pina F (1993) Photochemical
and thermal degradation of antho-
cyanins. ] Photochem Photobiol 75:
113-118

Sawai Y, Kohsaka K, Nishiyama Y, Ando
K (1987) Serum concentrations of ruto-
side metabolites after oral administra-
tion of a rutoside formulation to hu-
mans. Drug Res 37:729-732

Gonthier MP, Cheynier V, Donovan JL,
Manach C, Morand C, Mila I, Lapierre
C, Remesy C, Scalbert A (2003) Micro-
bial aromatic acid metabolites formed
in the gut account for a major fraction
of the polyphenols excreted in urine of
rats fed red wine polyphenols. ] Nutr
133:461-467

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Baghdikian B, Guiraud-Dauriac H, Ol-
livier E, N’Guyen A, Durmenil G, Bal-
ansard G (1999) Formation of nitrogen-
containing metabolites from the main
iridoids of Harpagophytum procum-
bens and H zeyheri by human intestinal
bacteria. Planta Med 65:164-166
Macfarlane S, Macfarlane GT (1995)
Proteolysis and amino acid fermenta-
tion. In: Gibson GR, Macfarlane GT
(eds) Human colonic bacteria: Role in
nutrition, physiology and pathology,
CRC Press, Boca Raton, pp 75-100

Kim DH, Yoon HK, Koizumi M, Kobashi
K (1992) Sulfation of phenolic antibi-
otics by sulfotransferase obtained from
a human intestinal bacterium. Chem
Pharm Bull 40:1056-1057

Kim DH, Konishi L, Kobashi K (1986)
Purification, characterization and reac-
tion mechanism of novel arylsulfo-
transferase obtained from an anaerobic
bacterium of human intestine. Biochem
Biophys Acta 872:33-41

Kim DH, Kobashi K (1986) The role of
intestinal flora in metabolism of phe-
nolic sulfate esters. Biochem Pharmacol
35:3507-3510

Walle T, Walle K, Halushka PV (2001)
Carbon dioxide is the major metabolite
of quercetin in humans. ] Nutr 131:
2648-2652

Guyton AC, Hall JE (1996) Gastroin-
testinal physiology. In: Textbook of
Medical Physiology, 9" Ed., W.B. Saun-
ders Company, Philadelphia, pp
810-811

Gee JM, Wortley GM, Price KR, Johnson
IT (1999) Use of an in vitro model to as-
sess factors influencing the effect of
legume saponins on the intestinal ep-
ithelium. In: Carnovale E (ed) Proceed-
ings of COST 98. Effects of antinutrients
on the nutritional value of legume diets,
Rome 8-10, May 1997 European Com-
munities, Luxembourg, pp 139-144
McBurney MI, Thompson LU (1989) Ef-
fect of human faecal donor on in vitro
fermentation variables. Scand ] Gas-
troenterol 24:359-367

Kilkkinen A, Stumpf K, Pietinen P, Val-
sta LM, Tapanainen H, Adlercreutz H
(2001) Determinants of serum entero-
lactone concentration. Am J Clin Nutr
73:1094-1100

Rowland I, Wiseman H, Sanders T,
Adlercreutz H, Bowey E (1999) Metabo-
lism of oestrogens and phytoestrogens:
role of the gut microflora. Biochem Soc
Trans 27:304-308

Karppinen S, Liukkonen K, Aura AM,
Forssell P, Poutanen K (2000) In vitro
fermentation of polysaccharides of rye,
wheat, and oat brans and inulin by hu-
man faecal bacteria. ] Sci Food Agric
80:1469-1476



