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Metabolism of anthocyanins and their phenolic
degradation products by the intestinal microflora
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Abstract—Anthocyanins are suggested to be responsible for protective effects against cardiovascular diseases and certain forms of
cancer. Although previous studies have implicated that intact anthocyanidin glycosides were decreased extensively by interactions in
the gastrointestinal tract, only few data are available concerning the metabolism by the intestinal microflora. Using a new in vitro
model, we have investigated the microbial deglycosylation and degradation of six anthocyanins exhibiting three different aglycones
with mono- or di-b-DD-glycosidic bonds using high-performance liquid chromatography-diode array (HPLC-DAD) and gas chro-
matography–mass spectrometry (GC–MS) detection. We have found that all anthocyandin glycosides were hydrolysed by the micro-
flora within 20 min and 2 h of incubation depending on the sugar moiety. Due to the high instability of the liberated aglycones at
neutral pH, primary phenolic degradation products were already detected after 20 min of incubation. Further metabolism of the
phenolic acids was accompanied by demethylation. Because of their higher chemical and microbial stability, phenolic acids and/
or other, not yet identified, anthocyanin metabolites might be mainly responsible for the observed antioxidant activities and other
physiological effects in vivo.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Anthocyanins are part of the widespread flavonoids
and are responsible for the red and blue pigmentation
of many vegetables and fruits. Naturally occurring
anthocyanins are polyhydroxy or polymethoxy deriva-
tives of 2-phenyl-benzopyrylium often with b-3-O-
glycosidic or b-3,5-O-diglycosidic bonds.1,2 The free
aglycones, called anthocyanidins, are rarely found in
dietary plant materials. The average intake of anthocy-
anins has been estimated at up to 180–215 mg/day,
which is higher than that for other flavonoids such as
flavonols.3–5 Within the last two decades there has been
an increasing interest in phenolic phytochemicals due
to their protection against cardiovascular diseases and
certain forms of cancer.6,7 Like other polyphenols,
anthocyanins are potent antioxidants.8–12 This function
is related to their antiatherosclerotic,13,14 anticarcino-
genic15,16 and anti-inflammatory17 properties.
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The bioavailability of the intact phenolic phytochemi-
cals is a fundamental factor for their physiological func-
tions. Recent studies reported a very low absorption and
urinary excretion of the intact anthocyanidin glycosides
between 0.016% and 0.11% of the dosage in humans and
different animal models.18–21 Also, the recovery of
anthocyanins in faeces is very low. These results indicate
an extensive biotransformation of the anthocyanins
after oral ingestion and absorption. Methyl derivatives
of the anthocyanins were found in plasma or different
tissue samples at very low concentrations;22–24 gluc-
uronic acid conjugates were detected only in a few stud-
ies.25,26 Sulfate conjugates and the corresponding
aglycones were not established in all studies, which is
in contrast to most flavonoids.7,27 Therefore, besides
the degradation at neutral pH in the small and large
intestines or the metabolism by the gut microflora other
factors must contribute to the low bioavailability of
anthocyanins. Recent studies have focused on the
metabolism of flavonoids by intestinal microorganisms
using single bacteria species, mixed culture models or
human faecal samples.4,6,7 The identification and quan-
tification of the degradation products such as aglycones
and phenolic acids have confirmed that the microflora
has an enormous hydrolytic potential and even ring scis-
sion properties. This suggests that the bacterial cleavage

mailto:humpf@uni-muenster.de


5196 K. Keppler, H.-U. Humpf / Bioorg. Med. Chem. 13 (2005) 5195–5205
of glycosidic bonds also occurs in anthocyanins. After
hydrolysis of the protective 3-glycosidic linkage, the re-
leased aglycons are stable under acidic but unstable un-
der physiological conditions at neutral pH. The formed
a-diketone is very reactive and decomposes easily to
phenolic acids and aldehydes1,28 (Fig. 1). Phenolic acids
have been studied with comparable results for their anti-
oxidant activity and free radical scavenging capac-
ity.8,13,29–31 Even inhibitory effects on carcinogenesis
have been shown in different model systems.32 3,4-
Dihydroxybenzoic acid (protocatechuic acid PA, 10)
has been detected in plasma, tissue and the jejunum after
oral ingestion of cyanidin 3-glucoside in concentrations
higher than that of the anthocyanin itself.22 These re-
sults show that the spontaneous degradation of anthocy-
anidins after bacterial deglycosylation is one limiting
factor in the bioavailability of anthocyanins. Besides
these data, there are only a few experimental studies incu-
bating anthocyanins with the human gut microflora.33,34

However, most in vitro incubation experiments are not
comparable to in vivo conditions. For example, incuba-
tion experiments with single bacterial species35,36 or a
mixed culture model37 represent only a small section
of the complex gut microflora with its more than
400 bacterial species.38 Furthermore, incubation with
human faecal samples33,34,39 is critical due to the strict
anaerobiosis in the intestine. For a better reproducibility
of the in vivo conditions, we have developed a new in vi-
tro model system40,41 according to Sarlikiotis et al.42

Here, the gut microflora is directly isolated from the
caecum of freshly slaughtered pigs and incubation
experiments were performed under strict anaerobic
Figure 1. Degradation of an anthocyanidin (pH > 4) into an a-
diketone and monomeric phenolic compounds (modified according to

Jurd1).
conditions on a microscale. The pig is an excellent model
for human metabolism studies because of the similarities
in physiology and nutrition.43 The animals used in our
model were produced by biodynamic agriculture (eco-
farming) excluding the influence of drugs, especially
antibiotics. In the meantime, this model system has been
adopted by other research groups.44

In the present study, we investigated the microbial
metabolism and chemical stability of six anthocyanins
1–6 based on the aglycones cyanidin 7, malvidin 8 and
peonidin 9 (Fig. 3). Glucose or rutinose was linked
3-mono- or 3,5-di-b-DD-O-glycosidic to the aglycones.
The hydrolysis of the b-glycosidic bonds and the decay
of the aglycones were measured during the incubation.
The resulting degradation products were identified and
quantified. Additionally, the microbial and chemical
fate of the phenolic degradation products were investi-
gated to determine their physiological importance.
Vitality and metabolic efficiency of the microflora was
investigated by microbial marker enzymes such as
a-DD-galactosidase and b-DD-glucosidase.
2. Results and discussion

2.1. Activity of a-D-galactosidase and b-D-glucosidase

To control the vitality and metabolic efficiency of the
microorganisms from each caecum, we investigated
the activity of a-DD-galactosidase. The a-DD-galactosidase
is an exoglycosidase, which is exhibited by the intesti-
nal microflora and not by the pig or human digestive
system. Therefore, this microbial marker enzyme is
an excellent tool to assay the activity of the intestinal
microflora. Due to the b-DD-glycosidic linkage of all
the investigated anthocyanins, we also measured the
b-DD-glucosidase activity of each inoculum as control.
Not only the gut microflora, but also intestinal cells
express some b-glucosidases such as the cytosolic
b-glucosidase (CBG)45 or lactase-phlorizin hydrolase
(LPH).46 LPH occurs on the outside of the brush-bor-
der membrane and can hydrolyse flavonoids before
absorption.47 Due to the localization of the CBG and
LPH, the measured b-DD-glucosidase activity in the
inoculum was attributed to the intestinal microflora.

a-DD-Galactosidase and b-DD-glucosidase activities were
assayed using p-nitrophenyl a-DD-galactopyranoside
(PNP a-gal) or p-nitrophenyl b-DD-glucopyranoside
(PNP b-glc) as substrates. Microbial enzymes hydrolyse
the substrates into the corresponding sugar and p-nitro-
phenol (PNP), which is measured photometrically. The
highest amounts of PNP, which has been released from
PNP a-gal, were measured after 40 min of incubation
(Fig. 2a). For b-DD-glucosidase, the highest activity was
reached after 20 min of incubation (Fig. 2b). After
reaching the maximum, the amount of p-nitrophenol de-
creased due to the further degradation by the intestinal
microflora. For this reason, the theoretically maximum
value (1 mM) of p-nitrophenol was not traceable. The
degradation of p-nitrophenol is also a marker for the
vitality and metabolic efficiency of the microflora.



Figure 2. Time-dependent release of p-nitrophenol (PNP) (h), (n)

after incubation of: (a) PNP a-DD-galactopyranoside (1 mM) and (b)

PNP b-DD-glucopyranoside (1 mM) with the pig inoculum filtrate. Non-

sterilized inoculum filtrate without substrate was measured as blank

for matrix background absorption. PNP a-DD-galactopyranoside
(1 mM) (j) and PNP b-glucopyranoside (1 mM) (m) were incubated

additionally in sterilized inoculum filtrate for chemical degradation

and as control for sterilization. Absorption was measured at 405 nm

with a microplate reader (n = 3, mean ± SD).
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2.2. Microbial metabolism and chemical stability of
anthocyanins 1–6 and anthocyanidins 7–9

For the incubation experiments, anthocyans 1–9 (Fig. 3)
were incubated at 100 lM for 24 h (for details see Sec-
tion 4.3). Samples were analyzed by HPLC-DAD from
20 min to 24 h. Anthocyanins 1–6, liberated anthocyani-
dins 7–9 and phenolic degradation products 10–13 were
identified by a comparison of HPLC retention times and
UV–vis spectra with those of authentic reference com-
pounds. Anthocyanins 1–6 and anthocyanidins 7–9 were
quantified, using HPLC-DAD detection. Aliquots of the
gut microflora inoculum filtrates were measured addi-
tionally by GC–MS to confirm and quantify phenolic
degradation products using 3,4-dihydroxyphenylacetic
acid as internal standard. Non-sterilized inoculum
aliquots without substrate were also analyzed by
HPLC-DAD and GC–MS as matrix blank.

2.2.1. Microbial metabolism of anthocyanins 1–6. To
study the microbial metabolism of anthocyanins, cyani-
din 3-b-O-glucoside (C3G) 1, malvidin 3-b-O-glucoside
(M3G) 2, cyanidin 3,5-b-O-diglucoside (C35G) 3, malvi-
din 3,5-b-O-diglucoside (M35G) 4, cyanidin 3-b-O-ruti-
noside (C3R) 5 and peonidin 3-b-O-glucoside (P3G) 6
were incubated with the non-sterilized inoculum filtrate
of the pig caecum. We asked the question whether the
aglycones and/or the kind of sugar moiety have an influ-
ence on hydrolysis. Figures 4a–f show the decreasing
amounts of anthocyanins 1–6 and increasing amounts
of the degradation products 10–13 in the deglycosyla-
tion experiments using the gut microflora. All anthocy-
anins were hydrolysed by the microflora within 20 min
and 2 h of incubation. During this time, the released
aglycones cyanidin 7, malvidin 8 and peonidin 9 were
measured using HPLC-DAD in very small amounts
<10 lM (data not shown) eluting at 18.5, 20.0, and
19.5 min, respectively. After 20 min of incubation,
C3G 1 and M3G 2 were almost completely hydrolysed
by the microflora. In the case of P3G 6, the rate of
hydrolysis differed from the behaviour of other mono-
glucosidic anthocyanins 1, 2, although the same inocu-
lum filtrates were applied. As expected, the microflora
converted (C35G) 3 and (M35G) 4 not as fast as the
monoglucosidic derivatives 1 and 2. Figure 5 shows
HPLC-chromatograms of the M35G 4 deglycosylation.
A monoglucosidic anthocyanin metabolite of both 3
and 4 was detectable after 20 min of incubation. Reten-
tion times were 15.0 min for the monoglucosidic cyani-
din metabolite and 16.6 min for the monoglucosidic
malvidin metabolite. The peak signals were very low
(hydrolysis of 3 and 4 led to 4.0 ± 0.9 and
5.2 ± 1.9 lM, respectively) and decreased after 40 min
due to further metabolism. Unfortunately, we were not
able to distinguish between the 5-b-glucosidic or the 3-
b-glucosidic derivative of cyanidin or malvidin. C3R 5
was metabolized very slowly, as considerable amounts
of intact anthocyanin were still detectable after 2 h of
incubation. The decreased rate of the hydrolysis indi-
cated a steric hindrance of the b-glucosidase because
of the complex sugar moiety rutinose. Although an a-
LL-rhamnosidase activity of the intestinal microflora has
been reported,48 C3G 1 was not released under the ap-
plied experimental conditions. By comparing the hydro-
lysis of the monoglucosidic 1, 2 or the diglucosidic 3, 4
cyanidin and malvidin derivatives a very close resem-
blance was found. Besides the results of P3G 6, the agly-
cones apparently had almost no influence on the
hydrolysis of the glycosides. In contrast, a different
sugar moiety, as shown with the rutinose in 5, did
influence the rate of the hydrolysis considerably.

Because of the high instability of the released antho-
cyanidins 7–9 at neutral pH, primary phenolic degrada-
tion products 10–13 were already detectable by HPLC-
DAD after 20 min in all incubation experiments of the
anthocyanins 1–6. Figure 6 shows HPLC-chromato-
grams of the M35G 4 degradation. Due to the identical
A-ring of the applied anthocyanins, phloroglucinol alde-
hyde (PHA) 13 (retention time, tR = 12.6 min) was
formed in all incubation experiments. Thus, in agree-
ment with Piffaut et al.49 and Seeram et al.50 we con-
firmed that the A-ring led to a benzoic derivative and
the loss of a carbon after anthocyanidin degradation
and not to a phenylacetic derivative as reported by
Jurd.1 The decay of 7 additionally led to protocatechuic
acid (PA) 10 (tR = 6.0 min); 8 degraded into syringic
acid (SA) 11 (tR = 13.5 min), and vanillic acid (VA) 12
(tR = 11.5 min) was detected as the characteristic degra-
dation product of 9. The concentrations of phenolic deg-
radation products 10–13 were calculated using GC–MS



Figure 3. Structures of the anthocyanins used in this study: cyanidin 3-b-DD-O-glucoside (C3G) 1, malvidin 3-b-DD-O-glucoside (M3G) 2, cyanidin 3,5-

b-DD-O-diglucoside (C3G) 3, malvidin 3,5-b-DD-O-diglucoside (M35G) 4, cyanidin 3-b-DD-O-rutinoside (C3R) 5 and peonidin 3-b-DD-O-glucoside (P3G)

6. Structures of the anthocyanidins: cyanidin 7, malvidin 8 and peonidin 9.
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detection in the selected ion monitoring mode (for de-
tails see Section 4.4.3). Structures of the phenolic degra-
dation products 10–13 are depicted in Figure 7. The
number and kind of glycosidic bonds linked to the agly-
cone had no influence on the concentrations (see Fig. 4)
of the formed primary phenolic degradation products
10–13. In contrast, the timepoint, where maximum
amounts were reached, depended on the rate of the
anthocyanin hydrolysis. Therefore, the phenolic degra-
dation products of the fast hydrolysed monoglucosidic
anthocyanins 1, 2 and 6 increased compared to the
diglucosidic anthocyanins 3, 4 and the cyanidin 3-ruti-
noside 5. However, concentrations of phenolic com-
pounds decreased continuously after reaching the
maximum. This observation indicated further chemical
or microbial degradation of the phenolic degradation
products. We detected phloroglucinol acid 14 as the oxi-
dation product of phloroglucinol aldehyde 13 in small
amounts (not quantified) using GC–MS detection.

2.2.2. Chemical stability of anthocyanins 1–6. The chem-
ical stability of anthocyanins 1–6 under physiological
conditions in the intestine (37 �C, reductive milieu, pH
6.4) was determined by incubation of the compounds
with the sterilized inoculum filtrate. Figures 4a–f (j)
show the time–concentration degradation profiles of
anthocyanins 1–6 incubated in the sterilized inoculum.
The monoglucosidic cyanidin and malvidin, and the
anthocyanidin 7–9 metabolites (see Section 2.2.1) were
not detected by HPLC-DAD in these control samples
with sterilized inoculum. These results are in agreement
with other studies51,52 showing that a non-enzymatic
deglycosylation of flavonoids under physiological condi-
tions, even at acid pH of the stomach, does not occur.
On the other hand, anthocyanins 1–6, especially the
monoglucosidic derivatives, were not stable in the steril-
ized control samples. Phenolic degradation products
such as protocatechuic acid 10, syringic acid 11 and
vanillic acid 12 were measured after 24 h in small
amounts <5 lM (data not shown) using GC–MS detec-
tion. Phloroglucinol aldehyde 13 or any other phenolic
aldehyde was not detected. We assume that under the
experimental conditions in the sterilized control sam-
ples, ring fission and the formation of phenolic acids
10–12 even occur to the anthocyanins. The decay of
cyanidin glycosides under similar conditions has been
reported.50 Besides this minor degradation pathway,
anthocyanins will form chalcone and coumarin glyco-
sides or other transformation products.1,28

2.2.3. Chemical stability of anthocyanidins 7–9. To distin-
guish between metabolic or chemical degradation, we
also incubated the free anthocyanidins 7–9 in the supple-
mented PBS (pH 6.4) at 37 �C to exclude the matrix



Figure 4. Time–concentration degradation profiles of anthocyanins (1–6) (measured by HPLC-DAD at 515 nm) and release of phenolic degradation

products (measured by GC–MS with SIM using 3,4-dihydroxyphenylacetic acid as internal standard after incubation with pig inoculum filtrates (h)

for metabolism experiments or sterilized pig inoculum filtrates (j) for measuring the chemical stability. (a) Formation of PA 10 (*) and PHA 13 (m)

from C3G 1 (h); C3G 1 (j) in sterilized filtrate; (b) formation of SA 11 (*) and PHA 13 (m) from M3G 2 (h); M3G 2 (j) in sterilized filtrate; (c)

formation of PA 10 (*) and PHA 13 (m) from C35G 3 (h); C35G 3 (j) in sterilized filtrate; (d) formation of SA 11 (*) and PHA 13 (m) fromM35G 4

(h); M35G 4 (j) in sterilized filtrate; (e) formation of PA 10 (*) and PHA 13 (m) from C3R 5 (h); C3R 5 (j) in sterilized filtrate; (f) formation of VA

12 (*) and PHA 13 (m) from P3G 6 (h); P3G 6 (j) in sterilized filtrate (n = 3, mean ± SD).
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effects of the inoculum. The recoveries of cyanidin 7,
peonidin 9 and malvidin 8 were 53.3 ± 3.2, 27.9 ± 4.4,
and 0.0 lM (n = 3, mean ± SD), respectively, after 1 h
of incubation. Chemical breakdown seemed to increase
with the number of methoxyl substituents in the B-ring
(8 > 9 > 7). Incubation of anthocyanidins 7–9 in PBS
and incubation of anthocyanins 1–6 in non-sterilized
inoculum (see Section 2.2.1) led to the same pattern of
primary phenolic degradation products 10–14. The
amounts of PA 10 (28.6 ± 5.2 lM), VA 11
(31.2 ± 6.4 lM), SA 12 (53.1 ± 4.9 lM) and PHA 13
(23,6 ± 3.7, 32.7 ± 7.1 and 44.68 ± 5.2 lM for cyanidin,
peonidin and malvidin, respectively) reflected the decay
of the aglycones. The concentrations of PHA 13 in these
matrix-free incubation experiments were in accordance
with the concentrations of the referring phenolic acids
10–12. This is in contrast to the anthocyanin incubation
experiments where the aldehyde concentration was
much lower. Because of the high rate of the chemical
degradation, it cannot be distinguished whether the ring
fission of the anthocyanidins was caused primarily by
the microbial cleavage or by chemical decay. Likely,
both pathways are responsible for the poor recoveries
of anthocyanidins.

However, themeasured amounts of phenolic degradation
products 10–13 could not explain the starting concentra-
tion of anthocyanins 1–6 applied in the deglycosylation
experiments with the gut microflora (see Section 2.2.1).
Anthocyanidins 7–9 incubated in PBS without inoculum
(see Section 2.2.2) did not lead to the expected concentra-
tions of phenolic acids 10–12 and phloroglucinol alde-
hyde 13. We assume that an unknown, but more stable,
anthocyanidin intermediate, such as a polymerized chal-



Figure 5. HPLC-chromatograms of M35G 4 (100 lM) after: (a) incubation with sterilized pig inoculum filtrate for 20 min; (b) incubation with non-

sterilized pig inoculum filtrate for 20 min; (c) incubation with non-sterilized pig inoculum filtrate for 40 min; (d) non-sterilized pig inoculum filtrate

without 4 was measured as blank after 20 min of incubation. The free aglycone malvidin 8 and a monoglucosidic malvidin metabolite were only

found in chromatograms (b and c) (HPLC-chromatograms were monitored at 515 nm).
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cone,1 is formed or phenolic compounds are limited due
to the chemical decay or further microbial metabolism
in the case of the active inoculum.

2.3. Microbial metabolism and chemical stability of
phenolic degradation products 10–13

As shown above, protocatechuic acid (PA) 10, syringic
acid (SA) 11, vanillic acid (VA) 12 and phloroglucinol
aldehyde (PHA) 13 were released as primary degrada-
tion products of anthocyanidins 7–9 (see Section 2.2.3)
and anthocyanins 1–6 after deglycosylation (see Section
2.2.1). However, as results of the microbial metabolism
of anthocyanins 1–6 show (see Section 2.2.1), the con-
centrations of the formed phenolic compounds were
not stable and decreased throughout the incubation
time. Especially phloroglucinol aldehyde 13 did not
reach the expected concentrations. Because of their
strong antioxidative and free radical scavenging proper-
ties, we investigated their chemical and microbial stabil-
ity. For this, phenolic acids 10–12 and the phenolic
aldehyde 13 were incubated at 100 lM with sterilized
(Section 2.3.1) and non-sterilized (Section 2.3.2) inocu-
lum filtrate for 24 h. Samples were analyzed by HPLC-
DAD from 20 min to 24 h to follow the decrease of
10–13. Aliquots of the non-sterilized inoculum filtrates
and the sterilized inoculum filtrates were additionally
analyzed by GC–MS to identify further metabolites or
chemical degradation products. Non-sterilized inoculum
aliquots without substrate were also analyzed by HPLC-
DAD and GC–MS as matrix blank.

2.3.1. Chemical stability of phenolic degradation products
10–13. The chemical stability of phenolic degradation
products 10–13 under physiological conditions in the
intestine (37 �C, reductive milieu, pH 6.4) was deter-
mined by incubation of the compounds in the sterilized
inoculum filtrate. As can be seen from Figures 8a–c,
phenolic acids 10–12 were quite stable in the sterilized
control samples. In contrast, phloroglucinol aldehyde
13 (Fig. 8d) was degraded extensively, as only very small
amounts were detectable after 24 h. Because of the high
reactivity of aldehydes, this observation is not surpris-
ing. Condensation with free NH2-groups of amino acids
or proteins and formation of imine are the possible
pathways of aldehyde degradation.

2.3.2. Microbial metabolism of phenolic degradation
products 10–13. To study the microbial metabolism,
phenolic degradation products 10–13 were incubated
with the non-sterilized inoculum filtrate of the pig
caecum. As Figure 8d shows, PHA 13 was degraded



Figure 6. HPLC-chromatograms of M35G 4 (100 lM) after: (a) incubation with sterilized pig inoculum filtrate for 20 min; (b) incubation with non-

sterilized pig inoculum filtrate for 40 min; (c) incubation with non-sterilized pig inoculum filtrate for 1 h; (d) non-sterilized pig inoculum filtrate

without 4 was measured as blank after 20 min of incubation. Phenolic degradation products 11 (syringic acid) and 13 (phloroglucinol aldehyde) were

detectable in chromatograms (b and c). (HPLC-chromatograms were monitored at 291 nm.)

Figure 7. Structures of the phenolic degradation products of antho-

cyanidins (for details see text): protocatechuic acid (PA) 10, syringic

acid (SA) 11, vanillic acid (VA) 12, phloroglucinol aldehyde (PHA) 13,

phloroglucinol acid 14 and gallic acid (GA) 15.
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by the intestinal microflora very similar in comparison
to the sterilized control samples (see Section 2.3.1).
Therefore, it was not possible to distinguish between
chemical or microbial transformation of the aldehyde.
Despite the reductive conditions, we detected phloroglu-
cinol acid 14 as the oxidation product of 13 in very low
amounts (data not shown) only in the non-sterilized
inoculum filtrate. The microflora converted the phenolic
acids PA 10, SA 11 and VA 12 slowly in very close
resemblance (Figs. 8a–c). After 24 h of incubation,
12.15 ± 1.72, 9.34 ± 8.48, and 7.67 ± 4.05 lM (n = 3,
mean ± SD) were still measured for 10, 11 and 12,
respectively. This indicates that phenolic acids were uti-
lized as a source of energy by the intestinal microflora.

The decrease of SA 11 and VA 12 was accompanied by
the formation of two further metabolites: 11 was
O-demethylated to gallic acid (GA) 15, and 12 was con-
verted to protocatechuic acid 10 by demethylation (for
structures see Fig. 7). Because of this additional meta-
bolic pathway, the degradation of SA 11 and VA 12
was a little faster than the metabolism of PA 10. The
O-demethylated metabolites GA 15 and PA 10 were
only detectable from 2 h up to 4 h of incubation due
to the further metabolism by the bacterial microflora.
Because of the very small concentrations, these inter-
mediates were not quantified. Figure 9 shows a GC–
MS-chromatogram of the degradation of VA 12. How-
ever, the O-demethylation products were not detected in
the matrix blank without substrate and in the sterilized
control samples of all incubation experiments. There-
fore, this is a clear indication that demethylation is
caused by the gut microorganisms.

The microbial pathway of O-demethylation is contrary
to the enzymatic activity of intestinal and hepatic
tissues, which exhibited catechol-O-methyltransferase.27



Figure 8. Time–concentration degradation profiles of phenolic compounds 10–13 (measured by HPLC-DAD at 265 nm for 10, 275 nm for 11 and

291 nm for 12 and 13) after incubation with pig inoculum filtrates for metabolism experiments or sterilized pig inoculum filtrates for measuring the

chemical stability. (a) Degradation of PA 10 (n); PA 10 (m) in sterilized filtrate; (b) degradation of SA 11 (h); 11 (j) in sterilized filtrate;

(c) degradation of VA 12 (s); VA 12 (d) in sterilized filtrate; (d) degradation of PHA 13 (*); PHA 13 (–) in sterilized filtrate (n = 3, mean ± SD).

Figure 9. Representative GC–MS chromatogram (monitored as total ion chromatogram, TIC) of vanillic acid VA 12 (100 lM) after incubation with

pig inoculum filtrate for 4 h. Protochatechuic acid (PA) 10 could be detected as demethylation product of VA 12; internal standard IS,

3,4-dihydroxyphenylacetic acid. Unlabelled peaks are caecum constituents.
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O-Methylation plays a crucial role in the transformation
of polyphenols and other drugs after absorption. How-
ever, O-demethylation influences the antioxidative prop-
erties and absorption of phenolic acids in the small
intestine. Antioxidant activity depends on the number
and position of free hydroxyl groups in the molecule, be-
cause the monophenolic ring is not such an effective
hydrogen donor. As reported by Rice-Evans et al.,8 gal-
lic acid (GA) 15—the O-demethylation product of syrin-
gic acid (SA) 11—reveals a threefold higher antioxidant
capacity towards SA 11; in comparison to the intact
anthocyanidin, malvidin 8, the antioxidant properties
have even increased by one unit. GA 15 exhibits anticar-
cinogenic activity.53,54 In contrast, the decay of peonidin
9 into vanillic acid 12 and the further metabolism to
protocatechuic acid 10 decreased the antioxidant
capacity.

Altogether, phenolic acids as degradation products of
anthocyanins still possess antioxidant activities in a
modified way. Because of their high-chemical stability
and only moderate metabolism by the intestinal micro-
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flora, they can act as local as well as systemic antioxi-
dants. Common dietary phenolic acids are transported
via the paracellular pathway and via the monocarbox-
ylic acid transporter (MCT) into intestinal Caco-2 cell
monolayers depending on their polarity and hydroxyl-
ation pattern.55–58
3. Conclusion

Antioxidant activities of anthocyanins in vitro are not
transferable to health effects observed in vivo. To under-
stand their impact on human health, it is necessary to
know their bioavailability. Metabolism by the intestinal
microflora is one important factor controlling the bio-
availability. To investigate the questions of deglycosyla-
tion, ring scission and other bacterial degradation
pathways of anthocyanins, we have applied a new in vi-
tro model system, which has been developed by our
group.40,41 Here, the naturally composed gut microflora
is directly isolated from the caecum of freshly slaugh-
tered pigs excluding any aerobic atmosphere. Our results
clearly show that anthocyanidin glycosides are hydroly-
sed extensively by the intestinal microflora depending on
the sugar moiety. After cleavage of the protective 3-gly-
cosidic linkage, the released aglycones are very unstable
under physiological conditions in the intestine at neutral
pH and degraded spontaneously into phenolic acids 10–
12 and aldehydes 13. As our data confirm previous stud-
ies, it is rather unlikely that intact anthocyanins 1–6 and
especially anthocyanidins 7–9 are able to act as local or
systemic antioxidants or anticarcinogens due to their
complicated fate, which is influenced by deglycosylation
and degradation into monomeric phenolic molecules
10–13, dependent on both pH and microbial metabo-
lism. Recent studies reported that anthocyanidin gluco-
sides are efficiently absorbed from the stomach through
a bilitranslocase-mediated mechanism and appeared
rapidly in the plasma.59,60 The gastric absorption might
improve the possibility of anthocyanins to act as sys-
temic drugs but the main antioxidative properties would
be preserved by the more stable phenolic degradation
products. We have shown that the released phenolic
acids 10–12 were decreased by the intestinal microflora
in a moderate way. Metabolism of the methoxyl deriva-
tives as syringic acid 11 and vanillic acid 12 was accom-
panied by O-demethylation. The cleavage of methyl
groups and liberation of free hydroxyl groups modulate
the antioxidant properties of these phenolic compounds.
Because of their higher chemical and microbial stability,
phenolic acids and/or other not yet identified anthocya-
nin metabolites might be mainly responsible for the
observed antioxidant activities and other physiological
effects in vivo and not the anthocyanins themselves.
4. Experimental

4.1. Chemicals

Anthocyans 1–9, 2,4,6-trihydroxybenzoic acid (phloro-
glucinol acid 14) and 2,4,6-trihydroxybenzaldehyde
(phloroglucinol aldehyde 13) were purchased from
Extrasynthese (Genay, France), 3,4,5-trihydroxybenzoic
acid (gallic acid 15), 3,4-dihydroxybenzoic acid (proto-
catechuic acid 10), 3,5-dimethoxy-4-hydroxybenzoic
acid (syringic acid 11) and 4-hydroxy-3-methoxybenzoic
acid (vanillic acid 12) were obtained from Roth
(Karlsruhe, Germany), 3,4-dihydroxyphenylacetic acid,
p-nitrophenyl a-DD-galactopyranoside, p-nitrophenyl
b-DD-glucopyranoside and p-nitrophenol were provided
by Sigma–Aldrich (Taufkirchen, Germany). Because it
is more practical, general names are used in the manu-
script for the phenolic degradation products 10–15. Sol-
vents for HPLC as well as all other chemicals were
purchased from Merck (Darmstadt, Germany) or
Sigma–Aldrich in gradient or reagent grade quality.
Water was purified with a MilliQ Gradient A10 (Milli-
pore, Schwalbach, Germany) system.

4.2. Preparation of inoculum

The caeci were isolated from freshly slaughtered pigs,
immediately ligated and removed in an anaerobic jar con-
taining Anaerocult�A (Merck, Darmstadt, Germany) to
retain the anaerobic atmosphere. In the laboratory, all
experiments with the caeci were performed in a Sekuro-
ka�-Glove Bag (Roth) flushed with CO2, excluding O2

completely. The isolated inoculum of each caecum was
suspended in the same volume (w/w) of 0.15 M PBS
(pH 6.4) containing a trace element solution 0.0125%
(13.2 g/100 ml CaCl2Æ2H2O, 10.0 g/100 ml MnCl2Æ4H2O,
1.0 g/100 ml CoCl2Æ6 H2O and 8.0 g/100 ml FeCl3Æ6H2O)
and a Na2S-solution 11.11% (575.9 mg/100 ml of
0.037 M NaOH) according to Seefelder.40 All buffers,
solutions and vessels were flushed with a mixture of N2

and CO2 (5:1; v/v) before use. To remove larger particles,
the inoculum suspensions were filtered through a coarse
material net. The filtrates were used for the incubation
experiments. An aliquot of the filtrates was inactivated
by sterilization at 121 �C for 15 min at 1.1 bar
(AMB240 autoclave, Astell, Kent, UK). The inactivated
faecal suspensions were used as control for chemical deg-
radation and matrix effects. Each incubation experiment
was performed with three different caeci.

4.3. Incubation experiments

The preparation of the incubation experiments was per-
formed in the glove bag maintaining anaerobiosis. Stock
solutions of the analytes were prepared: anthocyanidins
7–9 (1 mM) were dissolved in methanol containing 1%
HCl (concn 37%); anthocyanins 1–6 (1 mM), phloroglu-
cinol aldehyde 13 (1 mM), phenolic acids 10–12 (1 mM),
p-nitrophenyl a-DD-galactoside (10 mM) and p-nitro-
phenyl b-DD-glucoside (10 mM) were dissolved in metha-
nol/water (1:1; v/v) containing 1% HCl (concn 37%). For
the incubation experiments, 0.1 ml of the stock solution
was added to 0.9 ml vital or sterilized inoculum filtrate
in a 2 ml plastic vial. For each incubation time, a sepa-
rate vial was used. Aliquots of the non-sterilized inocu-
lum filtrate with solvent of the referring stock solution
were prepared as matrix blank samples. The maximum
methanol concentration in the incubation experiments
reached 5% (v/v), which did not have any negative effect
on the bacterial vitality. For the chemical degradation of
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anthocyanidins 7–9, 0.1 ml of the stock solutions was
incubated with 0.9 ml supplemented PBS (pH 6.4). The
sealed vials were placed in an incubator (37 �C) for 20,
40 min, 1, 2, 4 and 24 h. The microbial metabolism
was stopped by placing the vessels in a freezer at
�80 �C.

4.4. Sample preparation and analysis

4.4.1. a-DD-Galactosidase and b-DD-glucosidase activities.
The frozen samples were thawed quickly in a water bath
at 37 �C. The samples were centrifuged immediately at
15,000g for 20 min (4 �C). Aliquots of the supernatants
were diluted with 0.5 M KOH (1:20) in a 96-well micro-
plate. The absorbance of each well was measured with a
microplate reader (FLUOstar Optima, BMG LabTech-
nologies, Jena, Germany) at 405 nm, calculating the re-
leased p-nitrophenol (PNP) using a standard calibration
curve in the range of 0.1–15 lg/ml. Because of the
matrix background absorption, active inoculum without
substrate was applied as blank.

4.4.2. HPLC-DAD analysis (1–9, 10–13). The frozen
samples were thawed quickly in a water bath at 37 �C.
For inactivating and extraction, 1 ml methanol contain-
ing 10% HCOOH was added immediately. After shak-
ing, the samples were centrifuged at 15,000g for
20 min (4 �C). Supernatants were filtered (GHP Ascro-
disc 0, 2 lm, Pall Life Sciences, Ann Arbor, USA) and
aliquots of the filtrate were injected into the HPLC.
The compounds were separated on an analytical Euro-
spher 100 column (250 · 4.6 mm i.d., 5 lm; Knauer,
Berlin, Germany) using a binary gradient delivered by
a Jasco PU-2089 low-pressure gradient HPLC pump
(Jasco, Groß-Umstadt, Germany) with 5% (v/v) formic
acid as solvent A and methanol as solvent B. The follow-
ing gradient was used: 0 min, 15% solvent B; 5 min, 25%
solvent B; 10 min, 30% solvent B; 15 min, 60 % solvent
B; 24 min, 90% solvent B; 27 min, 90% solvent B;
30 min, 15% solvent B; 32 min, 15% solvent B. The flow
rate was 1 ml/min. For injection (40 ll), a Jasco auto-
sampler AS-2057 Plus was used. A Jasco diodearray
detector MP-2010 Plus was applied over the wavelength
range of 220–600 nm for peak detection. Data acquisi-
tion was carried out with the software Borwin-PDA
1.5 (Jasco). Compounds were identified by comparison
of the UV spectra and the retention times with authentic
references. Concentrations were calculated using cali-
bration curves ranging from 1 to 120 lM for anthocyans
1–9 and 5 to 120 lM for phenolic acids 10–12 and
phloroglucinol aldehyde 13. The following wavelengths
were monitored for quantitative analysis: 515 nm for
anthocyans 1–9, 291 nm for phloroglucinol aldehyde
13 and vanillic acid 12, 275 nm for syringic acid 11
and 265 nm for protocatechuic acid 10.

4.4.3. GC–MS analysis (12–17). Aliquots of the HPLC
filtrates were supplemented with 3,4-dihydroxy-phenyl-
acetic acid (end concentration 25 lM) as internal stan-
dard IS and dried under a stream of nitrogen. The
residues were derivatized with N,O-bis(trimethylsilyl)-
acetamide for 20 min at 55 �C. After centrifugation
(15,000g, 10 min), the supernatants were injected into
the GC–MS system. Electron impact (EI) gas chromato-
graphy–mass spectrometry (GC-MS) data were acquired
on a HP6890 series gas chromatograph and HP5973
mass spectrometer (Hewlett–Packard/Agilent, Böblin-
gen, Germany). Data acquisition was carried out with
the Chemstation software (Agilent). Chromatographic
separation was performed on a 60 m · 0.25 mm i.d.
fused silica, 0.25 lm methyl silicone coating J&W Scien-
tific DB-1 column (Agilent) using 1 ml/min helium as
carrier gas. The injector temperature was set at 280 �C,
while the injection volume was 1 ll splitless. The column
temperature was held initially at 160 �C for 1 min, then
programmed at 4 �C/min to 260 �C, then with 15 �C/min
to 320 �C, which was held isothermally for 10 min. The
transfer line was heated at 320 �C. The mass spectrome-
ter was operated in the electron impact mode (EI, 70 eV
electron energy) with a source temperature of 230 �C
and the quadrupole was heated at 150 �C. Mass spectra
were acquired in the full scan mode ranging from m/z 40
to 800 with a scan rate of 2.0 scans/s. The signals were
identified by comparison of the retention times and mass
spectral data with silylated authentic reference com-
pounds and a mass spectra library (NIST, Gaithersburg,
USA). The mass spectrometer was operated in the se-
lected ion monitoring mode detecting ions at m/z 312
(vanillic acid 12, tR 13.4 min), m/z 342 (syringic acid
11, tR 16.6 min), m/z 355 (phloroglucinol aldehyde 13,
tR 17.1 min), m/z 370 (protocatechuic acid 10,
tR 15.2 min) and m/z 384 (3,4-dihydroxyphenylacetic
acid IS, tR 15.3 min). Concentrations were calculated
using calibration curves ranging from 1 to 75 lM for
10–13.
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Bailey, M.; Puuponen-Pimiä, R.; Nuutila, A. M.; Oks-
man-Caldentey, K.-M.; Poutanen, K. J. Agric. Food
Chem. 2002, 50, 1725.

49. Piffaut, B.; Kader, F.; Girardin, M.; Metche, M. Food
Chem. 1994, 50, 115.

50. Seeram, N. P.; Bourquin, L. D.; Nair, M. G. J. Agric.
Food Chem. 2001, 49, 4924.

51. Gee, J. M.; Rhodes, M. J. C.; Johnson, I. T. Free Radical
Biol. Med. 1998, 25, 19.
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