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Summary Background Antho-
cyanins, which are found in high
concentrations in fruit and veg-
etable, may play a beneficial role in
retarding or reversing the course of
chronic degenerative diseases.
However, little is known about the
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Stability and biotransformation of various
dietary anthocyanins in vitro

biotransformation and the metabo-
lism of anthocyanins so far. Aim of
the study The aim of the study was
to investigate possible transforma-
tion pathways of anthocyanins by
human faecal microflora and by rat
liver microsomes as a source of
cytochrome P450 enzymes as well
as of glucuronyltransferases.
Methods Pure anthocyanins, an
aqueous extract of red radish as
well as the assumed degradation
products were incubated with
human faecal suspension. The
incubation mixtures were purified
by solid-phase extraction and
analysed by HPLC/DAD/MS and
GC/MS. Quantification was done by
the external standard method.
Furthermore the biotransforma-
tion of anthocyanins by incubation
with rat liver microsomes in the
presence of the cofactor NADPH
(as a model for the phase I oxida-
tion) and in the presence of acti-
vated glucuronic acid (as a model
for the phase II glucuronidation)
was investigated. Results Glycosy-
lated and acylated anthocyanins
were rapidly degraded by the in-

testinal microflora after anaerobic
incubation with a human faecal
suspension. The major stable prod-
ucts of anthocyanin degradation
are the corresponding phenolic
acids derived from the B-ring of
the anthocyanin skeleton. Antho-
cyanins were not metabolised by
cytochrome P450 enzymes, neither
hydroxylated nor demethylated.
However they were glucuronidated
by rat liver microsomes to several
products. Conclusions The gut
microflora seem to play an impor-
tant role in the biotransformation
of anthocyanins. A rapid degrada-
tion could be one major reason for
the poor bioavailability of antho-
cyanins in pharmacokinetic
studies described so far in the
literature. The formation of pheno-
lic acids as the major stable degra-
dation products gives an important
hint to the fate of anthocyanins in
vivo.

Key words anthocyanins -
biotransformation - human gut
microflora - degradation - stability
- phenolic acids

Abbreviations é}ljl ES ecl;r;(l)isdpilr:erlc pressure ionisation
Cy3 glu cyanidin-3-glucoside
aAl Pelargonidin-3-sophorosid-5-glucoside DAD diode array detection
acylated with ferulic DP degradation product
aA2 Pelargonidin-3-sophorosid-5-glucoside DP2 Pg-glu/soph
acylated with ferulic and malonic acid DP3 Pg-soph
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Dp delphinidin
ESI electrospray ionisation
HFM human faecal microflora
HPLC high performance liquid chromatography
MS mass spectrometry
Mv3glu  malvidin-3-glucoside
Mv malvidin
Pn3glu peonidin-3-glucoside
Pg pelargonidin
Pg-glu/sophpelargonidin-3-sophorosid-5-glucoside
Pn peonidin
Pt petunidin
UDPGA  uridindiphosphate glucuronic acid
Introduction

Anthocyanins belong to a large group of secondary
plant metabolites collectively known as flavonoids. They
are widely distributed in fruit and vegetable but are also
found in flowers and other plant materials and are re-
sponsible for the red, blue and purple colours. From the
chemical point of view, anthocyanins are glycosides of 2-
phenylbenzopyrylium (flavylium) salts derivatives,
which differ in the number of hydroxy and/or methoxy
groups as well as in the nature and number of the at-
tached sugar moieties. The most common naturally oc-
curring anthocyanins are the 3-O-glucosides and the
3,5-0-diglucosides of malvidin (Mv), cyanidin (Cy),
pelargonidin (Pg), delphinidin (Dp), petunidin (Pt) and
peonidin (Pn). The chemical structure of the most im-
portant anthocyanins and their aglycones, which are
termed anthocyanidins, are shown in Fig. 1.

Studies on the biological activity demonstrated that
anthocyanins and anthocyanidins are powerful antioxi-
dants in various test systems [1-4]. Furthermore, anti-
inflammatory actions, as well as antimicrobial and anti-
tumor activities have been described [5-7]. Because of
these multiple biological properties, anthocyanins - like
many other flavonoids - may contribute to the preven-
tion of diseases related to oxidative stress, such as coro-
nary heart diseases and cancer.

So far, most of the research on the biological activi-
ties of anthocyanins with regard to their potential health
effects has been performed in vitro. For that reason, re-
search in the last few years focused on the bioavailabil-
ity and biotransformation of anthocyanins, which could
be major determinants of the biological activity of these
compounds in vivo. Until now, the bioavailability of an-
thocyanins was mostly investigated in humans after the
consumption of anthocyanin-rich food like blackcur-
rant juice [8],red grape juice and red wine [9], elderber-
ries and blueberries [10] as well as strawberries [11].
One consistent result of these studies is that the systemic
bioavailability of anthocyanins is very poor. Only
0.02-1.80% of the ingested anthocyanin doses were ex-

R! R? abbr. of the 3-glucoside
cyanidin OH H Cy3glu
malvidin OCH; | OCH; Mv3glu

pelargonidin H H Pg3glu
peonidin OCH; H Pn3glu

Fig.1 Chemical structures of common anthocyanidins

creted unchanged or as phase II metabolites in the urine
of the volunteers. For example, Felgines etal. [11] re-
cently found that Pg-3-glucoside, which was ingested by
volunteers with a meal containing 200 g of strawberries,
was metabolized to three monoglucuronides, one sulfo-
conjugate and the aglycone Pg itself. The total urinary
excretion of all detected anthocyanin metabolites was
1.8 % of Pg-3-glucoside ingested.

However, the question what happened to more than
98% of the anthocyanins in the human body is still
unanswered. In the present study, we investigated the
biotransformation of anthocyanins by using two in vitro
models. Firstly, we determined the metabolism of an-
thocyanins in the gut by incubation of pure antho-
cyanins with suspensions of human faecal microflora
under anaerobic conditions. Secondly, we incubated
pure anthocyanins with rat liver microsomes to evaluate
the phase I metabolism by cytochrome P450 enzymes
and the phase IT metabolism by glucuronyltransferases.
The analysis of the incubation extracts was carried out
by HPLC/DAD and HPLC/ESI-MS techniques.

Material and methods
Chemicals

Cyanidin-3-glucoside (Cy3glu), malvidin-3-glucoside
(Mv3glu), peonidin-3-glucoside (Pn3glu), peonidin
(Pn), pelargonidin (Pg) and delphinidin (Dp) were pur-
chased from Polyphenols AS (Sandnes, Norway), cyani-
din-3,5-diglucoside (cyanin), malvidin-3,5-diglucoside
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(malvin), cyanidin (Cy) and malvidin (Mv) as well as
vanillic, syringic, ferulic and caffeic acid were obtained
from Roth (Karlsruhe, Germany), protocatechuic and
coumaric acid, uridindiphosphate glucuronic acid
(UDPGA) and NADP* were from Fluka (Buchs, Switzer-
land). All other chemicals were purchased from Merck
(Darmstadt, Germany). To prepare the red radish ex-
tract,the pared surface material of red radish (Raphanus
satius L.) was extracted with 1% trifluoroacetic acid in
methanol. The extract was then filtered and concen-
trated under reduced pressure.

Stability studies

Different anthocyanidins (Cy, Mv, Pg, Pn, Dp) and vari-
ous anthocyanins (Cy3glu, Mv3glu, cyanin, malvin)
were dissolved in a 0.05 M potassium phosphate buffer
(pH 7.4) as well as in a cell culture medium (Dulbeccos’s
modified Eagle’s medium, DMEM, without any supple-
ments) at 37 °C. The final concentration of the test com-
pounds was about 160 pM. After defined periods of time
(0,0.5,1,2,3,and 5 h) an aliquot was taken from the in-
cubation mixture. The aliquot was mixed with 10 % (v/v)
phosphoric acid (85%) to prevent further degradation.
The reaction mixture was analysed with HPLC/DAD and
HPLC/ESI-MS.

Preparation of human faecal suspension

The human faecal suspension was prepared as described
[12]. In brief, fresh faecal samples (approx. 2.5 g), ob-
tained from two healthy male volunteers, who had not
taken any antibiotics for at least the previous six
months, were homogenised with 25 mL potassium phos-
phate buffer (100 mM, pH 7.3, degassed with ultrasonic
and flushed with N, to eliminate O,) and filtered
through gauze to remove insoluble particles. The filtrate
was diluted up to 50 mL with the same bulffer, aliquoted
and stored at —-80°C until further use.

Incubation with human faecal microflora (HFM)
and sample clean-up

The substrate (different anthocyanins, different pheno-
lic acids and red radish extract) was dissolved in a to-
tal volume of 2 mL of phosphate buffer (100 mM, pH
7.3) containing 300 pL of a reducing medium (240 mg
Na,S - 7H,0 in 40 mL H,0 with 1700 uL 1N NaOH) and
10pL of a solution of different trace elements (3.3 g
Caclz' 2H20, 2.5 g Mnclz' 4H20, 0.25 g COClz' 6H20, 2 g
FeCl;- 6H,0 in 250 mL bidestilled water). This solution
was incubated with 3 mL of faecal suspension in an
anaerobic chamber at 37°C. The anaerobic conditions

were realised with anaerocult A (Merck, Darmstadt,
Germany) and controlled with anaerotest stripes
(Merck, Darmstadt, Germany). After defined periods of
time (0, 0.5, 1, 2, 3, 4, 24 and 48 h) an aliquot of 0.5 mL
was taken from the incubation mixture. The fermenta-
tion was stopped by adding 50 pL phosphoric acid
(85%). Negative control incubations were performed
with autoclaved faecal suspension (121°C, 30 min) and
treated in the same way. To check our incubation con-
ditions we used the soy isoflavone daidzein as a posi-
tive control. Daidzein was transformed under the de-
scribed conditions to dihydrodaidzein and equol. The
samples were centrifuged at 4000 g for 5 min and the
supernatants were applied to an Oasis HLB-cartridge
(1ml, 30 mg; Waters, Milford, USA) preconditioned with
2 mL methanol and 2 mL of an aqueous hydrochloric
acid solution (0.01 %, v/v). The column was then washed
with 1 mL aqueous hydrochloric acid solution (0.01 %,
v/v) and the anthocyanins as well as the assumed degra-
dation products were eluted with 2 mL of hydrochloric
acid in methanol (0.01 %, v/v). The solid phase extrac-
tion step had a recovery rate of more than 86 % for the
anthocyanins and more than 91 % for the used pheno-
lic acids. The eluate was dried under nitrogen. The dry
residue was dissolved in 125 uL aqueous trifluoroacetic
acid (1 %, v/v), vortex-mixed and analysed by injecting
50 uL into the HPLC system.

Incubation with rat liver microsomes and NADPH

The microsomes were prepared from rat livers as de-
scribed [13]. Standard incubation mixtures contained
2mg microsomal protein, anthocyanidin-3-glycosides
(Cy3glu, Mv3glu, Pn3glu) at a final concentration of
50 uM or anthocyanin aglycones (Pg, Cy and Pn at a fi-
nal concentration of 1 mM) and a NADPH-generating
system (3 mM MgCl,, 1 mM NADP*, 8 mM D,L-isoci-
trate and 0.5 U isocitrate dehydrogenase) in a final vol-
ume of 2 mL 0.05 M potassium phosphate buffer pH 7.4.
After 2 min of preincubation at 37°C in a shaking wa-
ter bath, the reaction was started by adding the
NADPH-generating system and stopped after 30 min by
adding 100 uL H;PO, (85 %). Due to their instability, the
anthocyanin aglycones were added together with the
NADPH-generating system after preincubation. After
centrifugation (5 min at 7000 g), the samples were im-
mediately analysed by HPLC. Negative controls were
carried out by omitting the NADPH-generating system
or by using heat-inactivated microsomes. As a positive
control we used the known reaction of ethoxy-
coumarin to umbelliferone.
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Microsomal glucuronidation of anthocyanins
and anthocyanidins

Cy as a representative for anthocyanidins (at a final con-
centration of 1 mM), Cy3 glu as an anthocyanidin-3-gly-
coside (at a final concentration of 100 uM) and antho-
cyanidin-3,5-diglydosides (malvin, cyanin at a final
concentration of 100 pM) were each incubated with rat
liver microsomes in a final volume of 100 ul of 100 mM
sodium phosphate buffer, pH 7.4, containing 100 mM
MgCl,, 5 mg/mL microsomal protein and 1 mM UDPGA
at 37 °C for 30 min. The reaction was stopped by adding
20 uL TCA solution (20 % in water), followed by neutral-
isation with 25 pL 1M NaOH. After centrifugation (5 min
at 7000 g), the samples were immediately analysed by
HPLC/DAD and HPLC/MS. Negative controls were car-
ried out by omitting UDPGA or by using heat-inacti-
vated microsomes.

HPLC analysis

HPLC analysis was performed on a Shimadzu system
equipped with a photodiode array detector. Separation
was carried out on a Nova-Pak C18 (250 x4.6 mm; 4 pm)
reversed-phase column (Waters, Milford, USA) using
aqueous trifluoroacetic acid (1%) as mobile phase A
and acetonitrile as mobile phase B with the following
linear gradient: From 0 min to 15 min 100% A, chang-
ing then in 10 minutes to 11 % B, then in 7 minutes to
14% B followed by holding there for 8 minutes, chang-
ing in 10 minutes to 20% B, and in further 10 minutes
to 50% B and finally in 10 min to 100 % B. The flow rate
was 0.8 mL/min and the eluent was recorded with a
diode array detector at 520nm for the anthocyanins
and 260nm for the degradation products. Detected
peaks were scanned between 200 and 600nm. The
concentrations of Cy3glu, Mv3glu, Pn3glu, malvin,
cyanin, syringic acid, protocatechuic acid and vanillic
acid were calculated from calibration curves with stan-
dard solutions. Components were identified according
to retention time, UV/visible spectra and spiking with
standards.

HPLC/MS analysis

HPLC/MS experiments were carried out on an HP 1100
series HPLC instrument (Agilent Technologies, Wald-
bronn, Germany) equipped with an autosampler, a bi-
nary HPLC pump, a column heater, a diode array detec-
tor, as well as a HP ChemStation for data collection. The
column was a Waters Nova Pak C18 HPLC column, 4 pM,
250/4.6 mm (Waters, Milford, USA). The solvents were
(A) 5% formic acid in water and (B) methanol, with a
gradient of % B: initial, 5 %; 10-15 min, 20 %; 30-35 min,

30 %; 50-55 min, 45 %; 65-68 min, 5 % (run time 68 min).
Flow rate was 0.7 ml/min. The HPLC apparatus was in-
terfaced to an HP series 1100 mass-selective detector
with an atmospheric pressure ionization electrospray
chamber. Conditions for analysis in the positive mode
included a capillary voltage of 2.5 kV, a nebulising pres-
sure of 30 psig, a drying gas temperature of 350°C at a
drying gas flow of 12 I/min. The fragmentor voltage was
varied from 70 to 200 V. Data were collected on an HP
ChemsStation using scan mode over a mass range of m/z
100-1500 at 0.7 s per cycle.

Results

Stability of anthocyanidins and anthocyanin-
glucosides

Anthocyanidins are unstable compounds in neutral me-
dia. To determine their stability in detail, we incubated
the anthocyanidins Mv, Cy, Pg, Dp and Pn at concentra-
tions of 160 pM in phosphate buffer (pH 7.4) at 37 °C and
tracked the degradation by HPLC/DAD/MS analysis.
My, Cy, Pn and Dp had almost completely disappeared
after 60 min and several new peaks were detected. To
give an example the representative chromatograms of
the degradation process of Cy are shown in Fig. 2. Peaks
1,2,3,4 and 5 in Fig. 2B have an anthocyanidin-like ab-
sorption spectrum revealing that the anthocyanidin
skeletal structure still exists. The positive HPLC/API-ES
spectra, which were taken with fragmentor voltages of
100 and of 200 V to detect both the molecular ions and
characteristic fragment ions, are shown in Fig.3. The
peaks 1,3 and 4 exhibited (quasi-) molecular ions at m/z
589, peak 2 and 5 molecular ions at m/z 605 and m/z 587,
respectively. We assume that these peaks were dimerisa-
tion products of two Cy units, because a major pH form
of the anthocyanidins in neutral media is the reactive
quinoid base. Beside these dimers, which were also de-
tected in the case of all other anthocyanidin aglycones,
the corresponding phenolic acid (in case of Cy protocat-
echuic acid in Fig.2C) of each anthocyanidin was de-
tected. The mechanism and the formed degradation
products are shown in Fig. 4. The stability of the antho-
cyanidins is influenced by the B-ring substituents. Addi-
tional hydroxy or methoxy groups decrease the stability
of the aglycone in neutral media. Therefore Pg is the
most stable anthocyanidin. In comparison to the other
aglycones only about 20 % of Pg disappeared duringa 30
min incubation period.

In contrast to the aglycones, the anthocyanin-
monoglucosides and even more the anthocyanin-diglu-
cosides are rather stable under neutral pH conditions.
The reason for the different behaviour is that the sugar
moieties prevent the degradation of the highly unstable
o-diketone intermediates to the phenolic acid and the
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Fig.2 HPLC chromatograms of the degradation process of cyanidin monitored at
520 and 260 nm

aldehyde component. Furthermore it is most likely that
dimerisation of the anthocyanidins is prevented by the
steric demanding sugar moieties. The various pH forms
of the anthocyanidins and anthocyanins are sum-
marised in Fig. 5.

Degradation of anthocyanin-3-glucosides by HFM

After anaerobic incubation of Mv3glu, Pn3glu and
Cy3glu as three representatives for anthocyanin-
monoglucosides, the incubation mixture was purified by
solid phase extraction with Oasis HBL cartridges. This
procedure allows the isolation of the non-degraded an-
thocyanins as well as the isolation of assumed degrada-
tion products like phenolic acids. The incubation of an-
thocyanin-monoglucosides with human faecal flora
resulted in a rapid decrease of the parent compounds
(data not shown). After 2 hours, more than 90 % of all
three anthocyanin-3-glucosides were degraded. In con-
trol incubations with heat-inactivated faecal suspension
only a slight decrease could be observed suggesting that
the microflora is primarily responsible for the degrada-
tion process. During the incubations new metabolites

were formed and identified as the respective corre-
sponding phenolic acids emanating from the B-ring of
the anthocyanidins. In case of Mv3glu and Pn3glu sy-
ringic and vanillic acid were identified as the major
degradation products respectively. In accordance to our
previously described results Cy3glu was degraded to pro-
tocatechuic acid [14]. Therefore the degradation of an-
thocyanin-3-glucosides to the corresponding phenolic
acids seems to be a general pathway for these substances.

Although the degradation to the phenolic acid is an
important pathway, it cannot explain the total disap-
pearance of the anthocyanin-3-glucosides during incu-
bation. Calculated on the basis of our in vitro fermenta-
tion studies the amount of the formed phenolic acid
reached up to a maximum of 62% of the parent com-
pound. Thus, reactions other than the shown breakdown
pathway must also play a role in the degradation of an-
thocyanins.

Degradation of anthocyanin-3,5-diglucosides by HFM

In addition, we studied the degradation of the antho-
cyanin-3,5-diglucosides cyanin and malvin. In accord-
ance with our results for the anthocyanin-monogluco-
sides we found a distinct decrease of both diglucosides
after incubation with HFM (Fig.6A). During the incu-
bation time of cyanin a new peak was detected by HPLC
analysis at 520 nm which had the same retention time
and absorption spectra as Cy3glc. This monoglucoside
reached its highest concentration after 30 min and de-
creased to a zero-level after four hours (Fig. 6B). Simul-
taneously we observed a clear increase in the concentra-
tion of protocatechuic acid, the decomposition product
of Cy (Fig.6C). Analogous results were obtained for
malvin. In the first step Mv3glu was formed, which was
further degraded to syringic acid, the corresponding
phenolic acid derived from the B-ring of Mv. In all con-
trol incubations with autoclaved faecal suspension both
diglucosides were very stable. Neither a decrease of the
substrate concentration nor a formation of new prod-
ucts was observed.

Degradation of acylated anthocyanins by HFM

To study the degradation process of acylated antho-
cyanins we used an anthocyanin extract of red radish.
The main anthocyanin compounds in red radish are -
corresponding to own HPLC/MS analysis as well as to
data from the literature [15] - derivatives of pelargoni-
din-3-sophorosid-5-glucoside (Pg-glu/soph), which are
acylated at different alcohol groups of the sugar moi-
eties with p-coumaric acid, ferulic acid, caffeic acid and
malonic acid. As shown for the anthocyanin mono- and
diglucosides the acylated anthocyanins are also de-
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Fig.3 HPLC/API-ES mass spectra of the
degradation products of cyanidin
formed under neutral pH conditions
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graded by HFM. The red radish anthocyanins aAl (Pg-
glu/soph acylated with ferulic acid) and aA2 (Pg-
glu/soph acylated with ferulic and malonic acid) were
degraded to different intermediates with an antho-
cyanin skeleton (Fig. 7). Two main intermediate degra-
dation products (DP) were identified as Pg-glu/soph
(DP2) and Pg-soph (DP3) by retention time and
HPLC/MS analysis; the structure of a further product is
yet unknown (DP1). The end products of the acylated
Pg-anthocyanins are the decomposition product of the
anthocyanidin Pg, which is 4-hydroxybenzoic acid

(Fig.7B and C, detection at 260 nm), as well as the hy-
droxycinnamic acids p-coumaric, ferulic and caffeic
acid (Fig. 7B and C, detection at 320 nm). The proposed
formation pathway of the different metabolites is sum-
marised in Fig. 8.

Degradation of phenolic acids by HFM

Syringic and vanillic acid showed no alteration after in-
cubation with HFM. For protocatechuic acid a slight de-
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crease in the substrate concentration was observed after
a long incubation period of 24 hours (data not shown).
In all cases no metabolites were detected by HPLC/DAD.

Fig.5 pH-dependent structural
changes and degradation of cyanidin
and cyanidin-3-glucoside
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Rat liver microsomes in the presence of NADPH are a
well known in vitro model to investigate the oxidative
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tochrome P450 enzymes. In all incubations with diffe-
rent anthocyanins there was no detectable reaction,
leading to the conclusion that anthocyanins (monoglu-
cosides as well as anthocyanidins) are not substrates for
these enzymes.

Incubation with rat liver microsomes in the presence
of UDPGA

The reaction of Cy as a representative for anthocyanin
aglycones with a system consisting of microsomes and
UDPGA, was used as an in vitro model for the glu-
curonidation reaction, an important phase II metabolis-
ing pathway. We identified two Cy-monoglucuronides by
HPLC/DAD/MS analysis. The absorption and mass
spectra are shown in Fig. 9. Beside these phase II prod-
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ucts, we detected two degradation products (DP) due to
the instability of the aglycones. Interestingly, the antho-
cyanidin monoglucosides are also substrates for UGT-
glucuronyltransferases. In the case of Cy3glu we de-
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Fig.8 Proposed formation pathway for the degradation of the acylated antho-
cyanins of red radish (glu glucose, soph sophorose, fer ferulic acid, mal malonic acid,
caf caffeic acid, cum cumaric acid, aAT pelargonidin-3-sophorosid-5-glucoside acy-
lated with ferulic acid; aA2 pelargonidin-3-sophorosid-5-glucoside acylated with
ferulic and malonic acid)

tected four different glucuronidated products by
HPLC/DAD (Fig.10) which were identified as mixed
monoglucoside-monoglucuronides by =~ HPLC/MS
(Fig.11). In contrast to the aglycones and the monoglu-
cosides, the anthocyanin-diglucosides were no sub-
strates for the glucuronyltransferases. Glucuronidated
products were not found.

Discussion

Incubations of anthocyanin aglycones in buffer solution
and common cell culture media show that these sub-
stances are highly unstable under neutral pH condi-
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Fig.9 Absorption spectra and mass
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tions. On the one hand they degrade via the o.-diketone
intermediate with the formation of a phenolic acid and
an aldehyde. On the other hand, they could dimerise via
the quinoid anhydrobase, especially at higher concen-
trations (Fig. 5). The different molecular weights of the
detected Cy dimers (Fig. 3) indicate that their structures

30 32 34 36 38 40
Minutes

may consist of two different Cy monomer units
(flavylium cation, hemiketal quinoid base and a-dike-
tone), which possess different molecular weights (see
Fig.5).

The chemical instability of anthocyanidins must
therefore be taken into consideration when the biologi-
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Fig.11 Absorption spectra and mass Cy-3-glucoside
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cal properties of these aglycones are investigated in cell
culture systems and in in vitro studies, because it can be
assumed that the degradation and/or reaction products
also contribute to the observed biological effects.In con-
trast to the anthocyanidins the anthocyanin mono- and
diglucosides and even more so the acylated antho-
cyanins are rather stable over a wide pH range.
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Our incubation studies with HFM show that intesti-
nal bacteria were able to degrade mono- and diglucosy-
lated and even acylated anthocyanins with very complex
structures. A major pathway of this degradation process
is the formation of the phenolic acid descending from
the B-ring of the anthocyanin skeleton. We conclude that
the first step of the bacterial biotransformation is the
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cleavage of the sugar moiety leading to the formation of
the anthocyanin aglycon. The aglycon could be further
metabolised by the bacteria or degraded by a chemical
reaction without the action of bacteria via the quinoid
anhydrobase to the phenolic acid as pointed out before.
However, this pathway cannot explain the whole fate of
the anthocyanin, which disappeared during the incuba-
tion with HFM. In our opinion another conceivable
pathway is the reaction of the quinoid anhydrobase with
reactive groups in macromolecules like free thiol and
amino groups of proteins. This type of reaction has of-
ten been described for various quinone structures.

In contrast to anthocyanins, phenolic acids are rather
stable against further metabolism by human gut mi-
croflora. We have not observed any degradation in the
case of syringic and vanillic acid and only a slight degra-
dation of protocatechuic acid. Our findings are in line
with results in the literature where phenolic acids were
incubated with single bacterial strains. Hsu et al. [16] for
example found a degradation of protocatechuic acid
during incubation with Clostridium thermoaceticum
while syringic acid was not affected. In this experiment
the decarboxylation and dehydroxylation products of
protocatechuic acid, catechol and phenol, were identi-
fied as metabolites.

It is conceivable that the observed in vitro reactions
are also important for the in vivo situation and could
help to understand and explain the poor bioavailability
of anthocyanins observed in human intervention stud-
ies. We assume that anthocyanins (mono-, diglucosides
as well as acylated anthocyanins) were degraded by en-
zymes of the gut bacteria in the colon releasing the agly-
cones. The pH of the intestine lies between 6 and 7, the
pH in the colon can reach 8.0. Therefore the aglycone
does not exist as a flavylium cation in the gut but un-
dergoes a pH dependent structural change to the unsta-
ble quinoid base and to the chalcone. Via the formation
of these two intermediates the same reactions as in vitro
could occur,i. e. the degradation to the phenolic acid and
the aldehyde as well as the reaction of the quinoid inter-
mediate with thiol and amino groups of macromole-
cules. Thus it can be expected that the identified
metabolites and degradation products can also be
formed in vivo after ingestion of anthocyanins.

A further possible reaction in competition with the
intestinal and/or chemical degradation at neutral pH in
the gut is the phase II glucuronidation, which could take
place in the gut or - after absorption of the aglycone or
the intact glucoside - in the liver. Since the bioavailabil-
ity of anthocyanins is poor, only a small amount of the
compound will reach the liver. Therefore we assume that
the phase II glucuronidation mainly takes place in the
intestinal wall.

In the model used, the Cy aglycone as well as the Cy-
3-monoglucoside were transformed to several glu-
curonidated products. In comparison to other

flavonoids, e. g. isoflavonoids, which have been tested in
our laboratory (results not shown), the rate of glu-
curonidation in the case of the anthocyanins is low, as-
suming that anthocyanidins as well as anthocyanins are
only poor substrates for UDP glucuronosyltransferases.
This may be one reason why intact anthocyanins are
found in the plasma.

After incubation of Cy with rat liver microsomes in
the presence of UDPGA two Cy-monoglucuronides were
identified, whereas in the case of the Cy-3-monogluco-
side four mixed glucoside-glucuronides have been
found. A feasible explanation for this surprising result is
based on the fact that some of the reaction products are
not stable. The formation of four different mixed
monoglucoside-monoglucuronides shows that glu-
curonidation takes place at any free hydroxyl position in
the Cy molecule which are the hydroxyl positions at C5
and C7 of the A-ring and the hydroxyl groups at C3’ and
C4’ of the B-ring. In all cases stable end products were
formed. In contrast to the monoglucoside and its glu-
curonidated products the aglycone itself and in some
cases also the glucuronidated products are unstable un-
der the reaction conditions at neutral pH. If the glu-
curonidation takes place at the hydroxyl group in posi-
tion C3 of the C-ring and the C4’-position of the B-ring,
stable end products are formed whereas the glu-
curonidation at all other positions could not prevent the
degradation process described in Fig.5. The UV spec-
trum of the Cy-monoglucuronide in Fig.9B is nearly
identical with that of the Cy-3-monoglucoside in Fig. 11
assuming that the glucuronide in 9B is the 3-monoglu-
curonide. Thus we assume that the UV spectrum of the
Cy-glucuronide shown in Fig. 9C, which possesses max-
ima at 511nm and 423nm, is the Cy-4’-monoglu-
curonide. This assumption is in accordance with the fact
that the UV spectra of anthocyanidins with a sugar moi-
ety in the 5-position of the A-ring do not have a shoul-
der peak around 420-440 nm [15]. This information is
also important for the interpretation of the UV spectra
of the four mixed monoglucuronide-monoglucosides of
Cy, which are shown in Fig.11. Two of the monoglu-
curonides possess only one maximum whereas the other
two possess one clear maximum plus a marked shoulder
peak around 430 nm. Therefore we assume that Cy-3-
glucoside-monoglucuronide 1 and 3 are glucuronidated
at the A-ring, whereas Cy-3-glucoside-monoglu-
curonide 2 and 4 are B-ring glucuronides.

In contrast, no phase I metabolites could be ob-
served, neither hydroxylated nor demethylated products
indicating that neither anthocyanidins nor antho-
cyanin-monoglucosides were substrates for the cy-
tochrome P450 enzyme family.

Against the background of the poor bioavailability of
the anthocyanins found in vivo and our in vitro findings,
the question is raised whether the anthocyanins them-
selves or their metabolites are responsible for the de-



scribed biological effects. For example, it is described
that protocatechuic acid - the degradation product of
Cy3 glu - shows a strong antioxidative effect [17] and
protects DNA against oxidative damage [18]. Further-
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more, protocatechuic acid shows potent chemopreven-

tive effects on colon and oral carcinogenesis in rats even
at a concentration of 100 ppm [19-22] and inhibits tu-
mourigenesis induced by 7,12-dimethylbenz(a)an-

script.

thracene [23] and 12-O-tetradecanoylphorbol-13-ac-

References

10.

Satué-Gracia MT, Heinonen M, Frankel
EN (1997) Anthocyanins as antioxi-
dants on human low-density lipopro-
tein and lecithin-liposome systems. J
Agric Food Chem 45:3362-3367

Wang H, Coa G, Prior RL (1997) Oxygen
Radical Absorbing Capacity of antho-
cyanins. ] Agric Food Chem 45:304-309
Pool-Zobel BL, Bub A, Schroder N,
Rechkemmer G (1999) Anthocyanins
are potent antioxidants in model sys-
tems but do not reduce endogenous
oxidative DNA damage in human colon
cells. Eur J Nutr 38:227-234

Kédhkonen M, Heinonen M (2003) Anti-
oxidant activity of anthocyanins and
their aglycones. ] Agric Food Chem 51:
628-633

Wang H, Nair MG, Strasburg GM,
Chang YC, Booren AM, Gray JI, DeWitt
DL (1999) Antioxidant and antiinflam-
matory activities of anthocyanins and
their aglycon, cyanidin, from tart cher-
ries. ] Nat Prod 62:294-296

Hou DX (2003) Potential mechanisms
of cancer chemoprevention by antho-
cyanins. Curr Mol Med 3:149-159
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
Netzel M, Strass G, Janssen M, Bitsch I,
Bitsch R (2001) Bioactive anthocyanins
detected in human urine after ingestion
of blackcurrant juice. ] Environ Pathol
Toxicol Oncol 20:89-95

Bub A, Watzl B, Heeb D, Rechkemmer G,
Briviba K (2001) Malvidin-3-glucoside
bioavailability in humans after inges-
tion of red wine, dealcoholized red wine
and red grape juice. Eur ] Nutr 40:
113-120

Wu X, Cao G, Prior RL (2002) Absorp-
tion and metabolism of anthocyanins
in elderly women after consumption
of elderberry or blueberry. ] Nutr 132:
1865-1871

11.

12.

13.

14.

15.

16.

17.

Felgines C, Talavera S, Gonthier MP,
Texier O, Scalbert A, Lamaison JL,
Remesy C (2003) Strawberry antho-
cyanins are recovered in urine as glu-
curo- and sulfoconjugates in humans. J
Nutr 133:1296-1301

Wang LQ, Meselhy MR, Li Y, Qin GW,
Hattori M (2000) Human intestinal bac-
teria capable of transforming secoiso-
lariciresinol diglucoside to mammalian
lignans, enterodiol and enterolactone.
Chem Pharm Bull (Tokyo) 48:
1606-1610

Lake BG (1987) Preparation and char-
acterization of microsomal fractions
for studies on xenobiotic metabolism.
In: Snell K, Mullock B (eds) Biochemi-
cal Toxicology: A practical approach.
IRL Press, Oxford, UK, pp 183-215
Fleschhut J, Rechkemmer G, Winterhal-
ter P, Kulling S (2003) Bioavailability
and metabolism of anthocyanins, Pro-
ceedings of the 1 International Con-
ference on Polyphenols and Health, No-
vember 18-21:2003, Vichy, France, p 281
Giusti MM, Wrolstad RE (1996) Charac-
terization of red radish anthocyanins. J
Food Science 61:322-326

Hsu T, Daniel SL, Lux MF, Drake HL
(1990) Biotransformation of carboxy-
lated aromatic compounds by the ace-
togen Clostridium thermoaceticum:
Generation of growth-supportive CO,
equivalents under CO,-limited condi-
tions. ] Bact 172:212-217

Ueda J, Saito N, Shimazu Y, Ozawa T
(1996) A comparison of scavenging
abilities of antioxidants against hy-
droxyl radicals. Arch Biochem Biophys
333:377-384

18.

19.

20.

22.

23.

24.

etate [24]. Therefore we conclude that a final and com-
plete evaluation of the biological effects of anthocyanins
will have to take all metabolites and degradation prod-
ucts of these compounds into account.

Acknowledgments This study was supported by the Federal Min-
istry of Consumer Protection, Food, and Agriculture, Germany. We
are indebted to Dr. Henry Delincee for critically reading the manu-

Tseng TH, Wang CJ, Kao ES, Chu HY
(1996) Hibiscus protocatechuic acid
protects against oxidative damage in-
duced by tert-butylhydroperoxide in
rat primary hepatocytes. Chem Biol In-
teract 101:137-148

Tanaka T, Kojima T, Kawamori T,
Yoshimi N, Mori H (1993) Chemopre-
vention of diethylnitrosamine-induced
hepatocarcinogenesis by a simple phe-
nolic acid protocatechuic acid in rats.
Cancer Res 53:2775-2779

Tanaka T, Kojima T, Suzui M, Mori H
(1993) Chemoprevention of colon car-
cinogenesis by the natural product of a
simple phenolic compound protocate-
chuic acid: suppressing effects on tu-
mor development and biomarkers
expression of colon tumorigenesis.
Cancer Res 53:3908-3913

Tanaka T, Kawamori T, Ohnishi M,
Okamoto K, Mori H, Hara A (1994)
Chemoprevention of 4-nitroquinoline
1-oxide-induced oral carcinogenesis by
dietary protocatechuic acid during ini-
tiation and postinitiation phases. Can-
cer Res 54:2359-2365

Tanaka T, Kojima T, Kawamori T, Mori
H (1995) Chemoprevention of digestive
organs carcinogenesis by natural prod-
uct protocatechuic acid. Cancer 75:
1433-1439

Ohnishi M, Yoshimi N, Kawamori T, Ino
N, Hirose Y, Tanaka T, Yamahara J, Miy-
ata H, Mori H (1997) Inhibitory effects
of dietary protocatechuic acid and cos-
tunolide on 7,12-dimethylbenz[a]an-
thracene-induced hamster cheek pouch
carcinogenesis. Jpn J Cancer Res 88:
111-119

Tseng TH, Hsu JD, Lo MH, Chu CY,
Chou FP, Huang CL, Wang CJ (1998)
Inhibitory effect of Hibiscus protocate-
chuic acid on tumor promotion in
mouse skin. Cancer Lett 126:199-207



