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Metabolism of quercetin and rutin by the pig caecal
microflora prepared by freeze-preservation

Katrin Keppler, Eva-Maria Hein and Hans-Ulrich Humpf

Institut f�r Lebensmittelchemie, Westf�lische Wilhelms-Universit�t M�nster, M�nster, Germany

Several studies confirm a protection of cardiovascular diseases and certain forms of cancer by dietary
flavonoid intake. The bioavailability of flavonoids is influenced by the metabolism of the microflora
in the intestine. Using a new in vitro model system the deglycosylation of the flavonol rutin and the
degradation of its aglycone quercetin were investigated by using fresh pig caecal inocula in compari-
son to inocula prepared before by freeze-preservation between 6 wk and 5 months. The incubation
experiments led to the same pattern of phenolic degradation products in comparable amounts in both
preparations using HPLC-DAD and GC-flame ionization detection (GC-FID) or GC-MS detection
within 24–48 h of incubation. With the preservation of the microbial vitality and the metabolic effi-
ciency by freeze-preparation over several months the experimental design of microbial metabolism
studies will be independent in time and locality.
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1 Introduction

With the observation of the low cardiovascular mortality
rate in Mediterranean populations, known as French Para-
dox [1, 2] there has been an increasing interest in phenolic
phytochemicals such as phenolic acids and flavonoids due
to their strong antioxidative and radical scavenging proper-
ties [3, 4] which are related to their anticarcinogenic [5],
antiatherosclerotic [6, 7] and antiinflammatoric [8, 9]
effects in different model systems. Epidemiologic studies
confirm a protection against cardiovascular diseases and
certain forms of cancer by dietary flavonoid intake [10].
However, physiological effects of these polyphenols depend
on both their respective intake and their bioavailability.
Dietary intake of polyphenols shows a high variability due
to individual food preferences [11]. However, the total poly-
phenol intake has been estimated at up to 1 g/day in people
who eat several servings of fruits and vegetables per day
[12]. The bioavailability is influenced by the chemical
structure of the compounds themselves, the food matrix,
digestive factors such as pH and enzymes, intestinal absorp-

tion followed by conjugation reactions in the intestinal and
hepatic tissues and at last by the rate of biliary and urinary
excretion of these metabolites [13, 14]. Polyphenols that are
not absorbed in the upper small intestine or secreted as con-
jugates via the bile without enterohepatic recirculation
reach the terminal ileum and caecum. There, the microbial
metabolism plays an important role in the bioavailability of
phenolic phytochemicals. After the oral ingestion of flavo-
noids, degradation products such as aglycones and phenolic
acids are identified in colonic contents, urine and plasma,
confirming that the microflora has an enormous hydrolytic
potential and even ring scission properties [15–17]. Thus,
the metabolism by the gut microflora has a major effect on
tissue exposure to the origin polyphenols. Furthermore,
plasma concentrations and urinary excretion of microbial
metabolites can be higher than those of the orally ingested
compounds [18, 19]. Polyhydroxy derivatives of aromatic
acids have been studied with comparable results for their
antioxidant activity and free radical scavenging capacity [3,
20, 21].

The caecum as the connection between the small and large
intestine contains more than 400 bacterial species, most of
them as strict anaerobes [22, 23]. The constant flow of
ileostomy effluent and the partial reflux from the ascendic
colon into the caecum [24] offer environmental conditions
which generate the high species variety. Fermentation stud-
ies with single bacteria species [25, 26] or a mixed culture
model [27] represent only a small section of this complex
microbial metabolism. Furthermore, incubations with
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human faecal samples [28–30] do not represent the micro-
flora in the middle intestine due to a more anaerobic atmo-
sphere and a lower luminal pH in the proximal than in the
distal colon, which affect the growth of bacteria in the intes-
tine markedly [31–33]. Recently, we presented a metabolic
study of anthocyanins [34] based on a new in vitro model
system [35, 36] for which the gut microflora is directly iso-
lated from the caecum of freshly slaughtered pigs produced
by biodynamic agriculture. The pig resembles the human in
more ways than any other nonprimate mammalian species
because of the similarities in digestive anatomy, physiology
and nutrition [37–39]. The incubation experiments with the
naturally composed microflora could be performed easily
under strict anaerobic conditions on a microscale, so that in
the meantime, this model system has been adopted by
another research group [40].

One disadvantage of this model system is the fact that the
microflora isolated from freshly slaughtered pigs is only
useful for one set of experiments. In order to overcome this
problem we extended this model system in the present study
by freeze-preservation of the caecal inocula. For freezing
we placed an aliquot of the fresh caecal content with an O2-
free headspace into a deep-freeze cabinet (–808C). Gly-
cerol with a final concentration of 20% w/w was added to
the inocula as a cryoprotectant. We investigated the micro-
bial metabolism of the flavonol quercetin 1 and its 3-b-D-
O-rutinoside 2 (rutin), both with fresh inocula and inocula
prepared by freeze-preservation. The hydrolysis of the b-
glycosidic bond of rutin 2 and the decay of the aglycone
quercetin 1 were measured during the incubation time. The
resulting degradation products of quercetin 1 phlorogluci-
nol (PHG) 3 and 3,4-dihydroxyphenylacetic acid (DOPAC)
4 were identified and quantified. Vitality and metabolic
efficiency of the microflora were also studied by the micro-
bial marker enzyme a-D-galactosidase in both preparations.

2 Materials and methods

2.1 Chemicals

Quercetin dihydrate 1 and quercetin 3–O-a-L-rhamnopyra-
nosyl-(1fi6)-b-D-glucopyranoside trihydrate 2 (rutin) were
purchased from Extrasynthese (Genay, France); 3 (PHG), 4
(DOPAC), p-nitrophenyl a-D-galactopyranoside (PNP a-
gal) and p-nitrophenol (PNP) were provided by Sigma-
Aldrich (Taufkirchen, Germany) and 3,5-dimethoxy-4-
hydroxybenzoic acid IS (syringic acid) was purchased from
Roth (Karlsruhe, Germany). General names and abbrevia-
tions are used in the manuscript because it is more practical.
Solvents for HPLC as well as all other chemicals were pur-
chased from Merck (Darmstadt, Germany) or Sigma-
Aldrich of in gradient or reagent grade quality. Water was
purified with a Milli-Q Gradient A10 (Millipore, Schwal-
bach, Germany) system.

2.2 Preparation of fresh inoculum

Animals (female German Landrace, Angler Sattel6Pie-
train; age, 8–12 months; weight, 90–120 kg) were obtained
from a commercial herd produced by biodynamic agricul-
ture (Gut Wewel, Senden, Germany). The basal diet con-
tained a mixture of rye, spelt, linseed, lentil, corn, millet
and rice meal enhanced with clover silage. The caeca were
isolated and prepared from freshly slaughtered pigs as
described previously [34]. 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 1218C for 15 min
at 1.1 bar (AMB240 autoclave, Astell, Kent, UK). The inac-
tivated caecal suspensions were used as control for chemi-
cal degradation and matrix effects. Each incubation experi-
ment was performed with three different caeca in duplicate.

2.3 Preparation of inoculum for freeze-
preservation

As described for the fresh caeca, each isolated inoculum was
suspended in the same volume (w/w) of supplemented PBS
(pH 6.4) [34]. For freeze-preservation glycerol was added as
a cryoprotectant with a final concentration of 20% w/w in
the inoculum preparation. The inocula were incubated for
15 min at room temperature and then stored in a deep-freeze
cabinet at –808C between 6 wk and 6 months. For the incu-
bation experiments the frozen inocula were thawed quickly
in a water bath at 378C. The samples were centrifuged imme-
diately at 5.0006g for 20 min (48C) to remove the freezing
buffer. The pellets were suspended in fresh supplemented
PBS without glycerol and filtered through a material net as
described for the fresh inocula. After 15 min of re-equilibra-
tion at 378C the filtrates were used for the incubation experi-
ments. Deglycosylation of PNP a-gal was performed with
three caeca frozen for 3 months and one selected caecum fro-
zen for 2, 4 and 5 months. The same caecum was used for the
degradation of quercetin 1. For the metabolism of rutin 2,
three caeca with different duration of freezing (6 wk to
6 months) were used. Each incubation experiment was per-
formed in duplicate.

2.4 Incubation experiments

Stock solutions of the analytes (each 10 mM) were pre-
pared: quercetin 1 and rutin 2 were dissolved in methanol;
PHG 3 and DOPAC 4 were dissolved in methanol/water
(7:3 v/v); PNP a-gal was dissolved in methanol/water (1:1
v/v). The preparation of the incubation experiments was
carried out in the glove bag maintaining anaerobiosis. From
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the stock solutions 0.1 mL was added to 0.9 mL of nonster-
ilized or sterilized inoculum filtrate in a 2 mL plastic vial.
Aliquots of the nonsterilized inoculum filtrate with solvent
of the referring stock solution were prepared as matrix
blank samples. The vital and matrix blank samples were
prepared from the fresh or the formerly frozen inocula fil-
trates. The maximum methanol concentration in the incuba-
tion experiments reached 10% v/v, which did not have any
negative effect on the bacterial vitality (data not shown).
For each incubation time a separate vial was used. The
sealed vials were placed in an incubator (378C) for 20 min,
1, 4, 8, 24 and 48 h. The microbial metabolism was stopped
by placing the vessels in a deep-freeze cabinet at –808C.

2.5 Sample preparation and analysis

2.5.1 a-D-Galactosidase activity

The frozen samples (prepared as described in Section 2.4)
were thawed quickly in a water bath at 378C. The samples
were centrifuged immediately at 15.0006g for 20 min
(48C). Aliquots of the supernatants were diluted with 0.5 M
KOH (1:20) in a 96-well microplate. The absorbance of
each well was measured with a microplate reader (FLUOs-
tar OPTIMA, BMG LabTechnologies, Jena, Germany) at
405 nm, calculating the released PNP using a standard cali-
bration curve in the range of 0.1–15 lg/mL. Because of the
matrix background absorption, active inoculum without
substrate was applied as blank.

2.5.2 HPLC-DAD quantification of 1–4

The frozen samples were thawed quickly in a water bath at
378C. For inactivation and extraction 1.1 mL methanol was
added immediately. After shaking, the samples were centri-
fuged at 15.0006g for 20 min (48C). Supernatants were fil-
tered (GHP Ascrodisc 0.2 lm, Pall Life Sciences, Ann
Arbor, USA), and aliquots of the filtrate were injected
(4.2 lL for quercetin 1 and rutin 2, 42 lL for PHG 3 and
DOPAC 4) into the HPLC. The compounds were separated
on an analytical Eurospher 100 column (25064.6 mm id,
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 ACN as sol-
vent A and 2% v/v acetic acid as solvent B for quercetin 1
and rutin 2: 0 min, 22% A; 3 min, 22% A; 8 min, 80% A;
15 min, 22% A; 20 min, 22% A. The binary gradient was
modified for PHG 3 and DOPAC 4 as following: 0 min, 1%
A; 3 min, 1% A; 20 min, 35% A; 25 min, 90% A; 28 min,
90 A; 33 min, 1% A; 35 min, 1% A. The flow rate was
1 mL/min. For injection a Jasco autosampler AS-2057 Plus
was used. A Jasco DAD MP-2010 Plus was applied over the
wavelength range of 220–600 nm for peak detection. Data
acquisition was carried out with the software Borwin-PDA
1.5 (Jasco). Compounds were identified by comparison of

the UV spectra and the retention times tr (quercetin 1,
tr = 8.3 min; rutin 2, tr = 5.8 min; PHG 3, tr = 6.9 min;
DOPAC 4, tr = 13.6 min) with authentic references. Con-
centrations were calculated using calibration curves ran-
ging from 0.005 to 0.12 mM for quercetin 1 and rutin 2 and
0.1–1.0 mM for PHG 3 and DOPAC 4. The following wave-
lengths were monitored for quantitative analysis: 360 nm
for 1 and 2, 265 nm for 3 and 275 nm for 4.

2.5.3 GC-FID quantification of 3 and 4

Aliquots of the HPLC filtrates were supplemented with sy-
ringic acid (final concentration: 0.25 mM) as internal stan-
dard and dried under a stream of nitrogen. The residues
were derivatized with N,O-bis(trimethylsilyl)acetamide
(BSA) for 30 min at 558C. The same volume of trichlorotri-
fluoroethane (TCTFE) was added to the BSA derivatization
mixture. After centrifugation (15.0006g, 10 min) the
supernatants were injected into the GC-FID system. Data
were acquired on an HP6890 series gas chromatograph
coupled with an FID (Hewlett Packard/Agilent, B�blingen,
Germany). Data acquisition was carried out with the Chem-
station software (Agilent). Chromatographic separation
was performed on a 30 m60.32 mm id fused silica,
0.25 lm crosslinked 5% methylphenyl silicone coating
Hewlett Packard Scientific HP-5 column (Agilent) using
1.3 mL/min hydrogen as carrier gas. For injection, a Hew-
lett Packard autosampler HP7683 was used. The injector
temperature was set at 3308C, the injection volume was
1 lL splitless. The column temperature was held initially at
1008C for 1 min, then programmed at 48C/min to 1708C,
then with 158C/min to 3208C, which was held isothermally
for 10 min. The detector was heated at 3408C. Air
(450 mL/min) and hydrogen (40 mL/min) made up the FID
flame using nitrogen as makeup gas. Signals were identified
by comparison of the retention times tr (PHG 3,
tr = 16.93 min; DOPAC 4, tr = 21.18 min; syringic acid IS,
tr = 22.10 min) with silylated authentic reference com-
pounds. Concentrations were calculated using calibration
curves ranging from 0.0625 to 0.75 mM for 3 and 4.

2.5.4 GC-MS identification of 3 and 4

Aliquots of the silylated GC-FID solutions were diluted with
toluene 1:5 v/v and injected into the GC-MS system. Elec-
tron impact (EI) GC-MS data were acquired on an HP6890
series gas chromatograph and HP5973 mass spectrometer
(Agilent). Data acquisition was carried out with the Chem-
station software (Agilent). Chromatographic separation was
performed in a 60 m60.25 mm id fused silica, 0.25 lm
crosslinked 5% methylphenyl silicone coating Chrompack
CP-Sil 8 CB column (Agilent) using 1 mL/min helium as
carrier gas. For injection, an autosampler COMBI PAL
(CTC Analytics, Zwingen, Schweiz) was used. The injector
temperature was set at 2808C, and the injection volume was
1 lL (split 9.3:1). The column temperature was held initially
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at 1008C for 1 min, then programmed at 48C/min to 2608C,
then with 158C/min to 3208C, which was held isothermally
for 10 min. The transfer line was heated at 3208C. The mass
spectrometer was operated in the electron impact mode (EI,
70 eV electron energy) with a source temperature of 2308C
and the quadrupol heated at 1508C. 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 tr (syringic acid IS,
tr = 31.9 min; PHG 3, tr = 25.0 min; DOPAC 4, tr =
30.09 min; quercetin 1, tr = 51.3 min) and mass spectral data
with silylated authentic reference compounds and a mass
spectra library (NIST, Gaithersburg, USA).

3 Results and discussion

3.1 Assay of the a-D-galactosidase activity

The enzyme a-D-galactosidase is an exoglycosidase, which
is exhibited by the intestinal microflora and not by the pig

or human digestive system [41, 42]. Therefore, it is an
excellent tool to assay the enzymatic activity of the intest-
inal microflora. We studied the activity of the microbial
marker enzyme a-D-galactosidase to control the vitality and
metabolic efficiency of the microorganisms from fresh cae-
cal inocula and inocula after freeze-preservation.

The assay was performed using PNP a-gal as substrate. The
bacterial a-D-galactosidase hydrolysed the substrate into
the corresponding sugar and PNP which is measured photo-
metrically. Figure 1a shows the release of PNP after incuba-
tion of PNP a-gal with representive fresh inocula and
freeze-preserved inocula for 3 months. PNP was measured
after 20 min of incubation with 0.68 € 0.05 mM (ncaeca = 3,
mean € SD) in the fresh inocula. From this data point the
amount of PNP decreased due to its further metabolism by
the microflora. For this reason the theoretical maximum
value (1 mM) of PNP could not be traced. A more special
enzymatic composition is necessary for aromatic ring scis-
sion. Therefore, the degradation of PNP was also a marker
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Figure 1. Time-dependent release of PNP after incubation of PNP a-gal (1 mM) with (a) fresh inocula (f) and inocula prepared by
freeze-preservation for 3 months at –808C (F) (ncaeca = 3, mean€ SD) and (b) fresh inocula (f), (ncaeca = 3, mean € SD) and one
selected inoculum prepared by freeze-preservation for 2 (*), 4 (F) and 5 (H) months at –808C (n = 2, mean € SD). Nonsterilized
inoculum filtrate without substrate was measured as blank for matrix background absorption. Absorption was measured at 405 nm
with a microplate reader.
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for the vitality and metabolic efficiency of the microflora.
The freeze-preserved inocula gave a similar graph with
even a higher value of PNP (0.79 € 0.12 mM; ncaeca = 3,
mean € SD) after 20 min of incubation suggesting that the
a-D-galactosidase activity is higher compared to the fresh
inocula. However, this is also an indication that in the case
of the freeze-preserved inocula less bacteria were able to
further metabolize PNP, immediately leading to a higher
concentration of PNP. Loss of bacteria by removal of the
freezing buffer is the main explanation for the lower ring
cleavage properties at the starting point. The degradation
curve of PNP followed the one with the fresh inocula and
after 4 h of incubation there were no differences between
the two inocula preparations.

Furthermore, we assayed the enzymatic activity in one
selected freeze-preserved inoculum between 2 and
5 months in comparison to the fresh inocula described
before (Fig. 1b). By regarding only one caecum we wanted
to confirm the preservation of the vitality and microbial
efficiency without host-dependent deviations. As seen
before, higher amounts of PNP were obtained at the maxi-
mum after 20 min of incubation (0.85 € 0.05, 0.97 € 0.03,
0.87 € 0.06 mM after 2, 4 and 5 months of freeze-preserva-
tion, respectively; n = 2, mean € SD) followed by a rapid
degradation of PNP. Remarkably, PNP decreased in the
inocula frozen for the longest time more rapidly than in the
other preparations. So, the metabolism of PNP a-gal
seemed to be independent for a period of 5 months of
freeze-preservation.

3.2 Metabolism of flavonols 1 and 2

Quercetin 1 and rutin 2 were selected for the incubation
experiments because they occur in many beverages and ser-

vings of fruits and vegetables: red wine, tea infusions,
onions, apples and others [11, 43]. For the degradation
experiments quercetin 1 and rutin 2 were incubated at 1 mM
for 48 and 24 h, respectively, with the nonsterilized fresh or
freeze-preserved inocula. The chemical stability under phy-
siological conditions in the intestine (378C, reductive
milieu, pH 6.4) was determined by the incubation of 1 and 2
with the sterilized inoculum filtrate. Samples were analysed
by HPLC-DAD from 1 to 24 h (48 h for 1). Flavonols 1 and
2 and phenolic degradation products PHG 3 and DOPAC 4
were identified by comparison of HPLC retention times and
UV/VIS spectra with authentic reference compounds.
HPLC-DAD detection was used for the quantification of 1
and 2; PHG 3 and DOPAC 4 were quantified using HPLC-
DAD or GC-FID with syringic acid IS as internal standard.
Aliquots of the GC-FID sample preparations were measured
additionally by GC-MS to confirm the identity of 3 and 4.
Nonsterilized inoculum aliquots without substrate were also
analysed by HPLC-DAD, GC-FID and GC-MS as matrix
blank (for details see Section 2.5).

3.2.1 Metabolism of quercetin 1

Figure 2 shows the decreasing amounts of quercetin 1 and
increasing amounts of the phenolic degradation products
PHG 3 and DOPAC 4 using the fresh inocula filtrates. Quer-
cetin 1 was metabolized slowly retaining 0.075 € 0.057 mM
(ncaeca = 3; mean € SD) after 48 h of incubation. PHG 3 and
DOPAC 4 were detectable as ring scission products primar-
ily after 4 h of incubation. They increased in close resem-
blance until 48 h with 0.311 € 0.150 mM for 3 and
0.364 € 0.210 mM for 4, confirming the results of Braune et
al. [44] that PHG 3 and DOPAC 4 are the main microbial
metabolites of quercetin (Fig. 3). Although Braune et al.
used Eubacterium ramulus as a single species for their incu-
bation experiments, the complex caecal microflora used in
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Figure 2. Time–concentration degradation-profiles of quercetin 1 (measured by HPLC-DAD at 360 nm) and release of phenolic
degradation products 3 (*) and 4 (H) (measured by HPLC-DAD at 265 nm for 3 and 275 nm for 4 or GC-FID) after incubation of 1
with fresh inoculum (F). Sterilized inoculum filtrates (f) were used for measuring the chemical stability of 1 (ncaeca = 3, mean € SD).
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our experiments led surprisingly not to another pattern of
key degradation metabolites. Therefore, we suggest that E.
ramulus is a common inhabitant of the pig gastrointestinal
tract as found in human [45], or cleavage of quercetin to
PHG 3 and DOPAC 4 is a common way in microbial meta-
bolism as the degradation pathway of other intestinal bacter-
ial species such as Eubacterium oxidoreducens and Clostri-
dium orbiscindens confirms [46, 47]. 3,4-Dihydroxyto-
luene, 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid,
3-(3-hydroxyphenyl)-propionic acid and 3-hydroxyphenyl-
acetic acid were not detectable by GC-MS in our incubation
experiments as described by other authors using pig caecum
contents [41] or human faecal samples [48–50]. We assume
that the dissimilar pattern of degradation products could be
ascribed to the variety of bacterial composition in the differ-
ent research materials. Figure 4 shows the GC-MS chroma-
tograms of a quercetin sample incubated with fresh inocu-
lum and an inoculum blank within 24 h of incubation. How-
ever, the measured amounts of PHG 3 and DOPAC 4 could
not explain the starting concentration of quercetin 1
(1 mM). In further incubation experiments we showed that
the phenolic degradation products 3 and 4 were degraded by
the microbial metabolism in a moderate way (data not
shown) as we described previously for the phenolic acids
from the decay of anthocyans [34]. The chemical stability of
quercetin 1 in the sterilized inoculum filtrate is also shown
in Fig. 2 (f). Amounts decreased slowly throughout the
incubation time with a recovery of 0.735 € 0.135 mM at
48 h. PHG 3, DOPAC 4 or other phenolic degradation prod-
ucts could not be detected by GC-MS suggesting that quer-

cetin was reduced by matrix effects such as irreversible pro-
tein-binding and redox reactions.

In continuation to the a-galactosidase assay (see Section
3.1; Fig. 1b), we incubated quercetin 1 with the microflora
prepared from the selected caecum which was preserved by
freezing between 2 and 5 months excluding host-dependent
deviations. Figure 5 shows the degradation of quercetin 1
by the freeze-preserved inocula in comparison to the repre-
sentive fresh caeca presented above. Due to the loss of bac-
teria after removing the freezing buffer, amounts of querce-
tin 1 decreased more slowly at the starting point in the
inocula prepared by freeze-preservation. During the incuba-
tion time, bacteria were able to propagate and the metabolic
efficiency increased continuously, very similar to the fresh
inocula. However, regarding the results of quercetin 1, clea-
vage of the complex aromatic ring system was not as inde-
pendent from the duration of freeze-preservation as pre-
sented by the degradation of PNP before. After 48 h of
incubation only 0.019 € 0.011 mM (n = 2; mean € SD) and
0.030 € 0.004 mM quercetin 1 was traceable in the inocula
preparation preserved for 2 and 4 months at –808C, respec-
tively, but preserving the inoculum for 5 months by freezing
a loss in the metabolic efficiency was visible. Still,
0.257 € 0.005 mM of quercetin was detectable after 48 h of
incubation.

The degradation products PHG 3 and DOPAC 4 could be
measured in all preparations throughout the incubation
time. Interestingly, the amounts of 4 were half of those for 3
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Figure 3. Proposed pathway of the degradation of quercetin 1 to PHG 3 and DOPAC 4 by E. ramulus modified according to Braune
et al. [42].
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after 48 h of incubation, suggesting that the acid was a pre-
ferred energy source for the bacteria prepared before by
freeze-preservation (data not shown). In conclusion, quer-
cetin 1 was metabolized similarly by fresh inocula and
inocula prepared by freeze-preservation at –808C between
2 and 4 months within 48 h of incubation.

3.2.2 Metabolism of rutin 2

Whereas certain flavonoid monoglucosides can be rapidly
deglycosylated by cell-free extracts of the human small

intestine, rutin 2 is not a substrate for human b-glucosidases
[51]. The sugar moiety is an important determinant for the
flavonoid absorption as the pharmacokinetic data of rutin 2
bioavailability in human volunteers have confirmed [52].
The aglycone quercetin 1 is absorbed from the caecum and
colon after deglycosylation of rutin 2 by the microflora.

Figure 6 shows HPLC chromatograms of the rutin 2 degly-
cosylation within 24 h using the fresh inoculum filtrate.
The decreasing amounts of rutin 2 and the increasing
amounts of its aglycone quercetin 1 are demonstrated in
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Figure 4. Representative GC-MS chromatograms (monitored as total ion chromatogram (TIC)) after incubation of (a) inoculum
blank and (b) quercetin 1 (1 mM) with fresh inoculum filtrate for 24 h. PHG 3 and DOPAC 4 could be detected as degradation pro-
ducts of quercetin 1 only in (b); internal standard IS: syringic acid. Unlabelled peaks are inoculum constituents; peaks a and b with
more intensity in (b) were identified as glucose a and palmitin acid b with mass spectra library NIST (all samples were silylated as
described in Section 2. 5. 3).

Figure 5. Time–concentration degradation-profiles of quercetin 1 (measured by HPLC-DAD at 360 nm) after incubation with fresh
inoculum (ncaeca = 3, mean € SD) or one selected inoculum prepared by freeze-preservation for 2, 4 or 5 months at –808C (n = 2,
mean € SD).
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Fig. 7. We also measured the phenolic degradation products
PHG 3 and DOPAC 4 resulting from the ring scission of
quercetin 1. After 24 h of incubation, rutin 2 was comple-
tely deglycosylated leading to considerable concentrations
of quercetin 1 (0.400 € 0.228 mM; ncaeca = 3, mean € SD),
PHG 3 (0.162 € 0.079 mM) and DOPAC 4 (0.155 €
0.102 mM). As we described previously, flavonoids linked
to a rhamnoglucoside moiety are hydrolysed more slowly
than mono or diglucosidic derivatives [34] independent of
the released aglycone [53]. The decreased rate of rutin
deglycosylation indicates a steric hindrance of the b-gluco-
sidase because of the complex sugar moiety rhamnogluco-
side. As already mentioned for the chemical stability of
quercetin 1, the applied concentration of rutin 2 (1 mM)
was reduced by matrix effects with detectable amounts of
0.756 € 0.037 and 0.619 € 0.081 mM after 1 and 24 h of
incubation in the sterilized inocula filtrates, respectively.
Quercetin 1, PHG 3 and DOPAC 4 were not detected when
sterilized inocula were used.

We studied the deglycosylation of rutin 2 by the microflora
prepared from different caeca and preserved by freezing
between 6 wk and 6 months. As the cleavage of the sugar
moiety is the first but not the critical step in the microbial
flavonoid metabolism, we wanted to include host-depen-
dent deviations. This experimental design was chosen to
prove the caecal model system as a reproducing tool in the
deglycosylation of polyphenols independent of the host and
its caecum preparation by freezing. Figure 8 shows the
degradation of rutin 2 by the freeze-preserved inocula in
comparison to the representive fresh caeca presented above.
Deglycosylation of rutin 2 in the freeze-preserved caeca
followed the degradation rate of the fresh inocula within
their SD. After 24 h of incubation rutin 2 was hydrolysed
completely in all preparations leading to the same metabo-
lite patterns 1, 3 and 4 with comparable amounts (data not
shown) as described above. The fresh inocula resembled
host-dependent deviations as well as the freeze-preserved
inocula in addition to a different duration of freezing.
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Figure 6. HPLC chromatograms of rutin 2 (1 mM) deglycosylation after (a) incubation with sterilized inoculum for 1 h; (b) incubation
with fresh inoculum for 1 h; (c) incubation with fresh inoculum for 8 h; (d) incubation with fresh inoculum for 24 h and release of
quercetin 1 (HPLC chromatograms were monitored at 360 nm).
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4 Concluding remarks

Metabolism by the gut microflora is one important factor
for the bioavailability of phenolic phytochemicals. We have
developed an in vitro model system for which the micro-
flora is directly isolated from the caecum of freshly slaugh-
tered pigs. The preservation of the naturally composed
microflora under strict anaerobic conditions gave a better
reproducibility of the in vivo conditions than the incubation
with single bacterial species, mixed cultures or faecal sam-
ples used elsewhere. In this study we extended the model
system by freeze-preservation of the caecal inocula over
several months for economic and experimental design rea-
sons: the research laboratory will be independent of the
slaughterhouse in time and locality and the inocula with an
equally composed microflora will be available over several
months so that a multitude of compounds and replicate
samples could be incubated with an equally composed
microflora. We proved the vitality and the metabolic effi-
ciency of the freeze-preserved microflora by the bacterial
marker enzyme a-galactosidase and the degradation of
quercetin 1 and its glycoside rutin 2. The deglycosylation of
PNP a-gal and rutin 2 was not affected adversely by the

freeze-preservation (2–6 months at –808C) in comparison
to the fresh inocula. Neither the duration of freezing nor
host-dependent deviations as in the case of rutin influenced
the results in both preparations at the end point of the incu-
bation. However, regarding the results of quercetin 1, the
cleavage of the complex aromatic ring system was not inde-
pendent of the duration of freeze-preservation. For one cae-
cum, the metabolic efficiency of the ring scission dimin-
ished slightly within 5 months of freezing. However, the
incubation of quercetin 1 with the freeze-preserved inocula
led to the same pattern of degradation products PHG 3 and
DOPAC 4 as with the fresh inocula.

In conclusion, quercetin 1 and rutin 2 were metabolized
very similarly by fresh inocula and inocula prepared by
freeze-preservation for at least 4–5 months at –808C. The
incubation experiments led to the same pattern of phenolic
degradation products in comparable amounts. We con-
firmed that vitality and metabolic efficiency were pre-
served in the freeze-preserved inocula similar to the fresh
inocula. Therefore, freeze-preservation is an helpful tool in
studying the metabolism of polyphenols in detail over sev-
eral months under equalized conditions.
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Figure 7. Time–concentration degrada-
tion-profiles of rutin 2 and release of
quercetin 1 (+) (measured by HPLC-
DAD at 360 nm), and phenolic degrada-
tion products 3 (*) and 4 (H) (measured
by HPLC-DAD at 265 nm for 3 and
275 nm for 4 or GC-FID) after incubation
of 2 with fresh inoculum (F). Sterilized
inoculum filtrates (f) were used for mea-
suring the chemical stability of 2
(ncaeca = 3, mean € SD).

Figure 8. Time–concentration degradation-
profiles of rutin 2 (measured by HPLC-DAD
at 360 nm) after incubation with fresh inocu-
lum (ncaeca = 3, mean € SD) or inocula pre-
pared by freeze-preservation for 6 wk, 3 or
6 months at –808C (n = 2, mean € SD).



Mol. Nutr. Food Res. 2006, 50, 686 –695 Metabolism of quercetin and rutin by the pig caecal microflora

We thank B. Kurzen (Senden, Germany) for supplying us the
caeca.

5 References

[1] Gaetano, G., Castelnuovo, A., Donati, M. B., Iacoviello, L.,
Pathophysiol. Haemost. Thromb. 2003/2004, 33, 466–471.

[2] Rasmussen, S. E., Frederiksen, H., Struntze, K. K., Poulsen,
L., Mol. Nutr. Food Res. 2005, 49, 159–174.

[3] Rice-Evans, C. A., Miller, N. J., Paganga, G., Free Rad. Biol.
Med. 1996, 20, 933–956.

[4] Butkovic, V., Klasnic, L., Bors, W., J. Agric. Food Chem.
2004, 52, 2816 –2820.

[5] Kuo, S.-M., Crit. Rev. Oncogenesis. 1997, 8, 47–69.

[6] Ghiselli, A., Nardini, M., Baldi, A., Scaccini, C., J. Agric.
Food Chem. 1998, 46, 361–367.

[7] Wang, H. X., Ng, T. B., Life Sciences. 1999, 25, 2663–2677.

[8] Wang, H., Nair, M. G., Strasburg, G. M., Chang, Y.-C. et al.,
J. Nat. Prod. 1999, 62, 294–296.

[9] Odontuya, G., Hoult, J. R. S., Houghton, P. J., Phytother. Res.
2005, 19, 782–786.

[10] Arts, I., Hollman, P., Am. J. Clin. Nutr. 2005, 81, 317S–325S.

[11] Manach, C., Scalbert, A., Morand, C., R�m�sy, C., Jim�nez,
L., Am. J. Clin. Nutr. 2004, 79, 727 –747.

[12] K�hnau, J., World Rev. Nutr. Diet. 1976, 24, 117–191.

[13] Cermak, R., Landgraf, S., Wolffram, S., J. Nutr. 2003, 133,
2802–2807.

[14] Manach, C., Williamson, G., Morand, C., Scalbert, A.,
R�m�sy, C., Am. J. Clin. Nutr. 2005, 81, 230S–242S.

[15] Scalbert, A., Williamson, G., J. Nutr. 2000, 130, 2073S –
2085S.

[16] Rice-Evans, C. A., Curr. Med. Chem. 2001, 8, 797 –807.

[17] Hollman, P. C. H., J. Sci. Food Agric. 2001, 81, 842–852.

[18] Rechner, A. R., Kuhnle, G., Bremner, P., Hubbard, G. P. et al.,
Free Radic. Biol. Med. 2002, 33, 220–235.

[19] Gonthier, M.-P., Cheynier, V., Donovan, J. L., Manach, C. et
al., J. Nutr. 2003, 133, 461–467.

[20] Natella, F., Nardini, M., Di Felice, M., Scaccini, C., J. Agric.
Food Chem. 1999, 47, 1453–1459.

[21] Kawabata, J., Okamoto, Y., Kodama, A., Makimoto, T.,
Kasai, T., J. Agric. Food Chem. 2002, 50, 5468 –5471.

[22] Finegold, S. M., Sutter, V. L., Mathisen, G. E., in: Hentges, D.
J. (Ed.), Normal Indigenous Intestinal Flora, Human Intest-
inal Microflora in Health and Disease, Academic Press, Lon-
don 1983, pp. 3–31.

[23] Moore, W. E., Holdeman, L. V., Appl. Microbiol. 1974, 27,
961–979.

[24] Kidder, D. E., Manners, M. J. (Eds.), Digestion in the Pig,
Kingston Press, Bath 1978.

[25] Miyake, Y., Yamamoto, K., Osawa, T., J. Agric. Food Chem.
1997, 45, 3738 –3742.

[26] Braune, A., Engst, W., Blaut, M., J. Agric. Food Chem. 2005,
53, 1782–1790.

[27] Winter, J., Moore, L. H., Dowell, V. R., Bokkenheuser, V. D.,
Appl. Environ. Microbiol. 1989, 55, 1203–1208.

[28] Aura, A.-M., Martin-Lopez, P., O’Leary, K. A., Williamson,
G. et al., Eur. J. Nutr. 2005, 44, 133–142.

[29] Steer, T. E., Johnson, I. T., Gee, J. M., Gibson, G. R., Br. J.
Nutr. 2003, 90, 635–642.

[30] Simons, A. L., Renouf, M., Hendrich, S., Murphy, P., J. Agric.
Food Chem. 2005, 53, 4258 –4263.

[31] Evans, D. F., Pye, G., Bramley, R., Clark, A. G. et al., Gut
1988, 29, 1035 –1041.

[32] Marteau, P., Pochart, P., Dor�, J., B�ra-Maillet, C. et al., Appl.
Environ. Microbiol. 2001, 67, 4939–4942.

[33] Thomas, L. A., Veysey, M. J., French, G., Hylemon, P. B. et
al., Gut 2001, 49, 835 –842.

[34] Keppler, K., Humpf, H.-U., Bioorg. Med. Chem. 2005, 13,
5195–5205.

[35] Seefelder, W., PhD Dissertation, University of W�rzburg,
2002.

[36] Keppler, K., Humpf, H.-U., Lebensmittelchemie 2004, 58,
60–61.

[37] Pond, W. G., Houpt, K. A. (Eds.), The Biology of the Pig, Cor-
nell University Press, New York 1978.

[38] Miller, E. R., Ullrey, D. E., Ann. Rev. Nutr. 1987, 7, 361–382.

[39] Almond, G. W., Vet. Clin. North Am. 1996, 12, 707–716.

[40] Labib, S., Erb, A., Kraus, M., Wickert, T., Richling, E., Mol.
Nutr. Food Res. 2004, 48, 326–332.

[41] Kuriyama, S., Mendel, L. B., J. Biol. Chem. 1917, 31, 125 –
147.

[42] Brody, T. (Ed.), Nutritional Biochemistry, Academic Press,
San Diego 1994.

[43] Herrmann, K., J. Fd. Technol. 1976, 11, 433–448.

[44] Braune, A., G�tschow, M., Engst, W., Blaut, M., Appl.
Environ. Microbiol. 2001, 67, 5558–5567.

[45] Schneider, H., Schwiertz, A., Collins, M. D., Blaut, M., Arch.
Microbiol. 1999, 171, 81–91.

[46] Krumholz, L. R., Bryant, M. P., Arch. Microbiol. 1986, 144,
8–14.

[47] Schoefer, L., Mohan, R., Schwiertz, A., Braune, A., Blaut,
M., Appl. Environ. Microbiol. 2003, 69, 5849–5854.

[48] Kim, D.-H., Jung, E.-A., Sohng, I.-S., Han, J.-A. et al., Arch.
Pharm. Res. 1998, 21, 17–23.

[49] Aura, A.-M., O’Leary, K. A., Williamson, G., Ojala, M. et
al., Agric. Food Chem. 2002, 50, 1725–1730.

[50] Rechner, A. R., Smith, M. A., Kuhnle, G., Gibson, G. R. et
al., Free Radic. Biol. Med. 2004, 36, 212–225.

[51] Day, A. J., DuPont, S., Ridley, S., Rhodes, M. et al., FEBS
Lett. 1998, 436, 71–75.

[52] Hollman, P. C. H., Bijsman, M. N. C. P., van Gameren, Y.,
Cnossen, E. P. J. et al., Free Rad. Res. 1999, 31, 569–573.

[53] Keppler, K., Humpf, H.-U., Proceedings on the Euro. Food
Chem. XIII, Hamburg, Germany 2005, Vol. 1, pp. 31–34.

695

i 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


