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Quercetin and its microbial degradation product
3,4-dihydroxyphenylacetic acid generate hydrogen
peroxide modulating their stability under in vitro conditions

SUSANNE SKRBEK - CORINNA E. RUFER - DORIS MARKO - MELANIE ESSELEN

Summary

In contrast to the microbial degradation of quercetin (QUE), little is known about its degradation under cell culture
conditions and the contribution of potential degradation products to the observed cellular effects of QUE. In a cell cul-
ture medium, the concentration of QUE was found to decrease rapidly in a time-dependent manner. The presence of
catalase substantially affected the stability of QUE but not of the microbial degradation product, 3,4-dihydroxyphenyl-
acetic acid (HPA). Within human colon carcinoma cells (HT29), formation of a QUE glucuronide, the only metabolite,
was observed with a maximum at 3 h, whereas no free QUE was detected under the chosen experimental conditions.
From the putative degradation products, only the microbial QUE-metabolite HPA, which was not generated under
cell culture conditions, exhibited substantial growth-inhibitory properties in HT29 cells. Both QUE and HPA led to
the formation of hydrogen peroxide in the cell culture medium. The presence of catalase or ascorbic acid was found
to diminish the growth-inhibitory effect of HPA in cell culture, but also under these conditions, still substantial growth
inhibition was observed. However, HPA and phloroglucinol lacked the effectiveness of QUE against the epidermal
growth factor receptor and cAMP-hydrolysing phosphodiesterases, indicating a different pattern of cellular activities.

Keywords
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Quercetin (QUE) glycosides represent the
most abundant flavonoids in western-style diet
[1-3]. The aglycone QUE has been associated with
a multitude of biological activities in vitro includ-
ing antioxidative [4-6] and antiproliferative [7, §]
effects. Several studies have shown that QUE in-
hibits the growth of human cancer cells [9-11], in-
duces apoptosis in vitro [12-15] and affects cellu-
lar signalling elements involved in carcinogenesis,
e.g. the epidermal growth factor receptor (EGFR)
and its subsequent mitogen activated protein ki-
nase (MAPK) cascade [11, 12, 15-17], phosphati-
dylinositol 3-kinase [9, 18, 19] or the Wnt-pathway
[20-22].

However, QUE has also been reported to rep-
resent asubstrate for microbial degradation by

human intestinal bacteria [23-30]. This degrada-
tion of QUE comprises an initial reduction of the
double bond in 2,3-position, generating taxifolin as
an intermediate. Subsequently, 3,4-dihydroxyphe-
nylacetic acid (HPA) and phloroglucinol (PHG)
are formed, probably by oxidative decarboxylation
(Fig. 1) [23-25].

Whereas the cellular effects of quercetin are
subject of numerous studies, little is known so far
about the biological relevance of the microbial
degradation products and whether degradation
products might at least contribute to the observed
biological effects of QUE. Also the formation of
H20O2 under cell culture conditions, resulting from
the reaction of polyphenols with yet unknown cul-
ture media constituents, is discussed to generate
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Fig. 1. Postulated microbial degradation pathway
of quercetin (QUE) [23-25].

PHG - phloroglucinol, HPA - 3,4-dihydroxyphenylacetic
acid.

in vitro artefacts with respect to the cellular effec-
tiveness of the respective polyphenols [31-37]. We
previously reported that QUE potently inhibits
the protein tyrosine kinase activity of the EGFR
and elements of the subsequent MAPK cascade
like the extra-cellular regulated kinases and the
transcription factor E twenty-six like kinase [11,
12]. The MAPK cascade is connected with several
other signalling pathways in a complex network
pattern. One important regulative factor is the de-
activating phosphorylation of the serine-threonine
kinase Raf-1 by protein kinase A, a key enzyme in
the cAMP-pathway [38-40]. A central element in
the regulation of cAMP homeostasis represents
the superfamily of cAMP-hydrolysing phosphodi-
esterases (PDE). Several flavonoids, including
QUE, have been reported to target PDE activity
[41-43].

In the present study, we investigated the sta-
bility of QUE and its microbial degradation
product HPA under cell culture conditions and the
potential role of H>O2 formation for the growth
inhibitory efficiency and its potential degradation
products. Furthermore, we addressed the question
whether degradation products contribute to the
growth inhibitory properties of QUE on human
colon carcinoma cells (HT29) and we studied their
impact on cell signalling targets such as the EGFR
and cAMP-hydrolysing PDE compared to QUE.
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MATERIALS AND METHODS

Chemicals

Phloroglucinol was purchased from Extrasyn-
thése (Genay, France). Quercetin (QUE), 3,4-di-
hydroxyphenylacetic acid (HPA) and catalase were
obtained from Sigma (Taufkirchen, Germany). For
all assays, the compound solutions were freshly
prepared prior to the start of the experiment,
without the use of stored stock solutions. All com-
pounds and mixtures were dissolved in dimethyl
sulphoxide (DMSO) with a final concentration of
a maximum of 1% in the respective test systems.

Cell culture

The human colon carcinoma cell line HT29
was purchased from the German Collection of Mi-
croorganism and Cell Culture in Braunschweig,
Germany. HT29 cells were cultivated in Dulbec-
co’s modified Eagle’s medium (DMEM) (with
4500 mg'1't glucose, without sodium pyruvate),
supplemented with 10% fetal calf serum and 1%
penicillin + streptomycin. DMEM and the supple-
ments were obtained from Invitrogen Life Tech-
nologies (Karlsruhe, Germany).

Stability and cellular uptake in HT29 cells
of quercetin and 3,4-dihydroxyphenylacetic acid

Cellular uptake

QUE and HPA were dissolved in DMSO to
yield 2.5 mM stock solutions. HT29 cells were
seeded onto 6-well culture plates at a density of
100000 cells per well. In 72 h after cell plating,
cell culture medium was completely removed and
cells were treated with DMSO (0.1%, v/v), QUE
or HPA at concentrations of 25 uM (stock solu-
tions in DMSO, final DMSO concentration 0.1%
(v/v)) as well as in the absence or presence of
catalase (100 U-ml1). After different incubation
periods (0, 0.5, 1, 3, 24, 72 h), supernatants of cell
culture media were removed and collected for fur-
ther analysis. Cells were washed three-times with
phosphate buffered saline (PBS) containing 0.1%
bovine serum albumin to remove QUE and HPA,
respectively, sticking to the cell surface. Attached
cells were lysed with 500 ul distilled water, and
wells were washed with 500 ul distilled water.

Sample clean-up
To the cell culture media, 10% (v/v) HCI (10 M)
was added. The samples were subjected directly to
HPLC-diode array detector (DAD)-MS analysis.
The cell lysates were homogenized for 15 min
in abath sonicator after one cycle of freezing
and thawing. After centrifugation, an aliquot of
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the supernatant was acidified using sodium acetate
buffer (0.15 M; pH 5). For extraction, methanol
was added and the samples were sonicated for
15 min. The organic extracts were evaporated to
dryness under a stream of nitrogen gas and recon-
stituted with 25% methanol for HPLC-DAD-MS
analysis. Protein concentration in the cell lysates
was analysed using the DC protein assay according
to the method of Lowry (Bio-Rad, Munich, Ger-
many) with BSA as standard.

HPLC analysis

Samples were analysed by HPLC-DAD using
a Prontosil C18 (250 mm x 4.6 mm i. d.; particle
size 3 um) reversed-phase column (Bischoff Ana-
lysentechnik, Leonberg, Germany). The solvent
system consisted of 0.1% formic acid in water as
solvent A and acetonitrile as solvent B. The fol-
lowing linear gradient was used: from 85% to
70% A in 50 min, from 70% to 50% A in 10 min,
and from 50% to 43.3% Ain 20 min. The flow
rate was 0.8 ml'min-! and the eluent was record-
ed at 370 nm for QUE and 280 nm for HPA. Ob-
served peaks were scanned between 200 nm and
600 nm. Quantification of the formed QUE-gluc-
uronide (QUE-gluc) was done on the basis of the
peak area in the HPLC chromatogram at 370 nm
assuming similar € values of the aglycone and its
conjugate. The UV-vis absorption spectra showed
that this was areasonable assumption since the
effects of conjugation on the UV-vis spectra were
of minor importance.

For identification of the formed metabolite,
samples were analysed by HPLC-MS analysis.
HPLC-MS analysis was performed on a HP 1100
series instrument (Agilent Technologies, Wald-
bronn, Germany) equipped with an autoinjector,
binary HPLC pump, column heater, UV detec-
tor and HP Chem Station (Agilent Technologies)
for data collection and handling. The HPLC was
interfaced to an HP series 1100 mass selective
detector (Agilent Technologies) equipped with
an atmospheric pressure ionization-electrospray
chamber. Conditions in the negative mode were
as follows: capillary voltage 3.5 kV; fragmentor
voltage 90 V; nebulizing pressure 60 psi; drying
gas temperature 350 °C; drying gas flow 11 I'min-1.
Data were collected using the scan mode. Spectra
were scanned over a mass range of m/z 100-700 at
1.08 s per cycle. HPLC conditions were identical
to those used for HPLC-DAD analysis.

Sulforhodamine B (SRB) assay

Effects on cell growth were determined ac-
cording to the method of SKEHAN et al. with slight
modifications [44]. Briefly, 4500 HT29 cells were

seeded per well into 24-well plates and allowed to
grow for 48 h before treatment. Thereafter, cells
were incubated with the respective drug in the
absence or presence of catalase (100 U-ml!) or
ascorbic acid (250 uM) for 72 h in serum contain-
ing medium. Incubation was stopped by addition
of trichloroacetic acid (50% solution). The fixed
cells were stained with a 0.4% solution of sulfor-
hodamine B. The dye was eluted with Tris-buffer
(10 mM, pH 10.0) and quantified photometrically
at 570 nm. Cell growth inhibition was determined
as percent survival, determined by the number of
treated over control cells x 100 (% T/C).

Hydrogen peroxide formation

Briefly, 40000 HT29 cells were seeded per well
into 24-well plates and allowed to grow for 48 h
before treatment. The incubation conditions were
adjusted to the SRB-assay (see above). The for-
mation of hydrogen peroxide was measured after
several periods (15 min, 45 min, 24 h and 72 h)
using the Amplex Red hydrogen peroxide assay
kit (Sigma) following the manufacturer’s proto-
col. Final hydrogen peroxide concentrations of 0,
0.5, 0.75, 1, 2 and 3 uM were used for a standard
curve.

Tyrosine kinase assay

EGFR was isolated from the human vulva
carcinoma cell line A431 and purified by affinity
chromatography using wheat germ lectin agarose
(Pharmacia Biotech, Uppsala, Sweden) according
to [11]. Effects of the test compounds on the pro-
tein tyrosine kinase activity of EGFR were deter-
mined by enzyme-linked immunosorbent assay as
described previously [11, 42].

Inhibition of phosphodiesterase activity

A number of 1.5 x 106 HT29 cells were spread
in Petri dishes (d = 9 cm) and cultured for 48 h.
Before harvesting, medium was removed and cells
were washed with 3 ml of PBS. Harvesting and
lysate preparation were performed at 4 °C. Cells
were scraped in buffer A (50 mM Tris-HCI, pH
7.4, 10 mM MgClp, 0.1 mM EDTA, 1 mM EGTA,
5 mM benzamidine hydrochloride, 0.5 uM trypsin
inhibitor from soya, 0.5mM PMSE 0.5 mM
B-mercaptoethanol, 1 uM pepstatin, 1 uM leupep-
tin) and homogenized with 40 strokes in a Whea-
ton homogenizer (tight pestle). The 100000 g su-
pernatant (50 min, 4 °C) was directly subjected to
the PDE assay. PDE activity was determined ac-
cording to a modified method of Poech [45] as re-
ported previously [42].
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RESULTS

Stability of test compounds in cell culture medium

To study the stability of quercetin (QUE) and
3,4-dihydroxyphenylacetic acid (HPA) under se-
rum-containing medium, HT29 cells were incu-
bated with 25 uM of the test compounds (final
concentration of the solvent DMSO 0.1%). In the
absence of catalase, the concentration of QUE in
the cell culture medium decreased rapidly, with
a loss of nearly 50% in the first 30 min (Fig. 2A).
After 3 h of incubation, only (20 % 4) % of the ap-
plied QUE concentration was still detectable. In
the presence of catalase, the stability of QUE was
significantly higher within the first 3 h of incuba-
tion. After 3 h, (66 = 7) % of the originally applied
QUE concentration was found in the cell culture
medium. However, after 24 h of incubation QUE
was not longer detectable irrespective of the pres-
ence or absence of catalase (Fig. 2A).

We previously reported that the degradation
products of anthocyanidins, the benzoic acids, ac-
cumulate in the medium after incubation with the
parental compounds under in vitro conditions [46].
However, the incubation of HT29 cells with QUE
did not result in the accumulation of the respective
phenolic acids, indicating that the formation of
HPA and PHG only occurs under microbial deg-
radation previously described by [23-25]. But after
1h, aso far unknown metabolite was clearly de-
tectable by HPLC-DAD analysis, which exhibited
an absorbance maximum at A = 370 nm and was
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Fig. 2A. Degradation of quercetin (QUE) and 3,4-dihy-
droxyphenylacetic acid (HPA) in HT29 cells cultured in
a medium containing 10% FCS.

Values are expressed as relative peak area of the original

applied QUE concentration (in %) (mean + SD of at least four
independent experiments).
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not present directly after the addition of QUE to
the cell culture medium of HT29 cells (Fig. 3).
This metabolite was analysed by HPLC-MS in the
negative mode and was identified as QUE glucuro-
nide (QUE-gluc) due to the loss of the glucuronic
acid moiety of 176 atomic mass units. However,
it was not possible to identify the position of the
glucuronidation with the single quadrupol HPLC-
MS-system used in this study. In the cell culture
medium, only minor amounts of QUE-gluc were
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Fig. 2B. Degradation of QUE and the formation of
the respective extracellular QUE-glucuronide in the
presence or absence of catalase (CAT, 100 U-ml-) in
the cell culture medium.

Values are expressed as relative peak area based on the
original amount of QUE applied to the cell culture medium
(in%) (mean + SD of at least two independent experi-
ments).
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Fig. 2C. Time-dependent accumulation of QUE glu-
curonide by the incubation of HT29 cells with QUE.

Values are expressed as the ratio of amount taken up per mg
protein of cells [pmol/mg protein] (mean + SD of at least two
independent experiments).
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Fig. 3. Representative HPLC chromatograms of the
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found after 1, 3, 24 and 72 h of incubation time ir-
respective of the absence or presence of catalase
compared to the mother substance QUE. Maxi-
mum amounts were detected after 24 h (Fig. 2B).

The amount of HPA applied to the cell culture
medium of HT29 cells decreased in a time-de-
pendent manner in accordance to the results for
QUE. However, HPA was found to be more sta-
ble than QUE, showing a reduction of (25 + 5) %
within 3 h of incubation (Fig. 2A). In contrast to
QUIE, the presence of catalase did not significantly
enhance the stability of HPA. After 24 h of incuba-
tion, the concentration of HPA was diminished to
(25 = 10) % without catalase and to (29 = 4) %
with catalase, respectively. After 72 h, only minor
amounts were still detectable in the medium ir-
respective of the presence or absence of catalase
(Fig. 2A). No metabolites were detected in the cell
culture medium (data not shown).

Uptake of test compounds in HT29 cells

Besides the cell culture medium, we analysed
the remaining cell lysates for the uptake of QUE
and HPA in the cells and for the ability of HT29
cells to form metabolites. Whereas no QUE and its
degradation products, HPA or PHG, were detect-
ed in HT29 cells exposed to QUE, the HPLC pro-
file of the incubated cells revealed the presence of
QUE-gluc. With and without catalase, the highest
amounts of QUE-gluc, (590 = 227) pmol'mg-!
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Fig. 4. Inhibition of tumour cell growth determined in the sulforhodamine B assay.

A — HT29 cells were incubated for 72 h with quercetin (QUE) in comparison to phloroglucinol (PHG) and 3,4-dihydroxypheny-
lacetic acid (HPA).
B - Impact of catalase (CAT, 100 U-ml-') or ascorbic acid (ASC, 250 uM) on the growth-inhibitory properties of quercetin QUE.
C - Impact of catalase (CAT, 100 U-ml-') or ascorbic acid (ASC, 250 uM) on the growth-inhibitory properties of 3,4-dihydroxy-
phenylacetic acid (HPA).
Growth inhibition was calculated as percent survival of treated cells compared to control cells (treated with the solvent 1%
DMSO) x 100 [T/C %]. The values given are the mean * SD of at least three independent experiments, each performed in
quadruplicate. Significances indicated refer the significance level compared to the respective concentration of HPA without CAT
or ASC (Student’s t-test, * = p < 0.05; ** = p < 0.01).
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protein and (420 % 116) pmol'-mg-! protein respec-
tively, were found after 3 h of incubation, followed
by a decrease after 24 h. QUE-gluc was no longer
detectable after 72 h (Fig. 2C). The incubation of
HT29 cells with the microbial degradation product
HPA did neither result in an uptake of HPA nor
in a metabolite formation up to 72h (data not
shown).

Inhibition of tumour cell growth in vitro
Phloroglucinol (PHG), resulting from the
microbial degradation of QUE, only margin-
ally affected tumour cell growth with a half-maxi-
mal (50%) inhibitory concentration (/Cso) of
(273 = 33) uM, whereas HPA showed a substantial
growth-inhibitory effect (/Cso value of 61 = 7 uM)
within the range of growth inhibition achieved
by incubation with QUE (Fig. 4A). The presence
of catalase or ascorbic acid did not diminish the
growth inhibitory effect of QUE on HT29 cells
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up to 70 uM (Fig. 4B). In contrast, growth inhibi-
tion mediated by HPA was significantly decreased
in the presence of both catalase or ascorbic acid
(Fig. 4C).

Hydrogen peroxide formation

HT?29 cells were incubated with QUE or HPA
for 72 h. The hydrogen peroxide concentration
in the cell culture medium was measured after
15 min, 45 min, 24 h and 72 h. After 15 min in-
cubation with QUE, a concentration-dependent
formation of hydrogen peroxide in the low micro-
molar range was observed (Fig. 5A), which was
slightly enhanced after 45 min (Fig. 5B). However,
after 24 h or 72 h, the hydrogen peroxide concen-
tration in the medium of HT29 cells, incubated
with QUE, was equal to the solvent control (data
not shown). Coincubation with catalase or sodium
ascorbate reduced the hydrogen peroxide concen-
tration in the cell culture medium to the level of
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Fig. 5. Hydrogen peroxide formation in cell culture medium under serum-containing conditions in the presence
and absence of catalase (CAT, 100 U-ml-1) or sodium ascorbate (ASC, 250 uM).

A — incubation of HT29 cells with quercetin (QUE) for 15 min, B — incubation of HT29 cells with QUE for 45 min, C — incubation
of HT29 cells with 3,4-dihydroxyphenylacetic acid (HPA) for 15 min, D — incubation of HT29 cells with HPA for 45 min.
The data presented are the mean + SD of at least two independent experiments, each performed in duplicate.
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the solvent control (Fig. 5A + B). Coincubation
with sodium ascorbate showed an overall increased
level of hydrogen peroxide compared to the effects
of catalase (Fig. SA + B).

HPA generated equal concentrations of hydro-
gen peroxide to the flavonol QUE after 15 min
of incubation (Fig. 5C). In contrast to QUE, the
amount of hydrogen peroxide in the medium was
not enhanced after 45 min of incubation with HPA
(Fig. 5D). The hydrogen peroxide formation was
almost completely suppressed by coincubation
with catalase. With sodium ascorbate, increased
hydrogen peroxide concentrations were deter-
mined, but in the same concentration range as the
respective solvent control (Fig. 5C + D). In HT29
cells incubated with HPA for 24 or 72 h, the ob-
served hydrogen peroxide concentrations were
comparable to the solvent control, independent of
the presence of catalase, similar to the results with
QU (data not shown).

Interference with potential cellular targets

Furthermore, we investigated the potential
contribution of microbial degradation prod-
ucts of QUE to the cellular effects of the parent
compound. QUE has been reported to act on
multiple cellular targets. As examples, the effect
on the PTK activity of the EGFR and the inhibi-
tory effect on PDE-dependent cAMP-hydrolysis
were investigated. PHG and HPA exhibited only
weak inhibitory effects on the PTK activity of the
EGFR, several orders of magnitude weaker than
the respective flavonol QUE (Fig. 6). Further-
more, QUE was found to effectively inhibit the
cAMP-hydrolysing PDE-activity from cytosolic
preparations of HT29 cells (Fig. 7). In contrast,
the respective degradation products PHG and
HPA were inactive up to 300 uM (Fig. 7).

DISCUSSION

Whereas the microbial degradation of QUE
(Fig. 1) has been intensively studied [23-30], little
is known about the stability of QUE and its micro-
bial degradation product HPA under cell culture
conditions. In accordance with earlier reports [4],
substantial decrease was observed for QUE in the
cell culture medium, whereas HPA was found to
be more stable under these conditions (Fig. 2A).

Under cell culture conditions, the presence of
catalase substantially affected the stability of QUE
(Fig. 2A). These results are in accordance with pre-
vious studies showing that the presence of ascor-
bate enhances the stability of QUE under in vitro
conditions, arguing for a contribution of hydrogen
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Fig. 6. Inhibition of the tyrosine kinase activity of the
EGF-receptor by quercetin (QUE) [11], 3,4-dihydroxy-
phenylacetic acid (HPA) and phloroglucinol (PHG).
The phosphorylation of tyrosine residues of a poly (Glu-Tyr)
peptide was determined by ELISA. The data presented are

the mean = SD of three independent experiments, each
performed in triplicate.
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Fig. 7. Inhibition of cAMP-hydrolysing phosphodieste-
rase (PDE) activity by quercetin (QUE) in comparison
to the microbial degradation products 3,4-dihydroxy-
phenylacetic acid (HPA) and phloroglucinol (PHG).

The data presented are the mean = SD of four independent
experiments, each performed in triplicate.

peroxide to the degradation of QUE [47, 48]. In
contrast to the microbial degradation of QUE,
the formation of HPA and/or PHG was not ob-
served under the chosen in vitro conditions. How-
ever, already after 1 h of incubation, HPLC-DAD
analysis revealed an additional peak at 370 nm
in cell culture medium (Fig. 3) with the character-
istic mass spectrum of a QUE-glucuronide (QUE-
gluc), as determined by HPLC-MS. In HT29 cells,
the formation of QUE-3-gluc (29%), QUE-4’-gluc
(40%) and, to a minor extent, QUE-3’-gluc (7%)
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has been reported previously [49]. QUE-3-gluc
is also a major metabolite in human plasma [50].
However, in this study it was not possible to iden-
tify the position of the glucuronidation with the
single quadrupol HPLC-MS-system used. We were
able to demonstrate that within the first 3 h of in-
cubation the amount of QUE-gluc in the cell cul-
ture medium was in line with the extent of the loss
of QUE (Fig. 2B).

Furthermore, formation of QUE-gluc within
the cells was observed earlier compared to the
extracellular compartment. DE BOER et al. [48]
reported that QUE-gluc was immediately trans-
ported out of the cell, which can explain the de-
layed appearance of QUE-gluc in the cell culture
medium. In the presence of catalase, QUE-gluc
was observed up to 24 h in HT29 cells, whereas
QUE was no longer detectable in the medium
(Fig. 2B and 2C). These results implicate that
catalase affects not only the stability of QUE but
also of QUE-glucuronides. HT29 cells are known
as acell line with substantial uridine-5’-diphos-
phoglucuronosyl-transferase activity [51]. Further-
more, previous studies have demonstrated that
QUE increased the activity of various uridine-5’-
diphosphoglucuronosyl-transferase isoforms in
colon cells in vitro [52] and in vivo [53]. Thus it is
tempting to speculate that the glucuronides might
contribute to the observed multiple biological
effects of QUE. YANG et al. characterized QUE-
gluc as inhibitors of the growth of human lung
cancer cell via cell cycle arrest and the induction
of apoptosis [54], whereas the physiological rele-
vant metabolites QUE-3’-sulfate and QUE-3-gluc
did not influence the proliferation of human vas-
cular smooth muscle cells [55].

However, so far little is known about cellu-
lar effects of QUE degradation products. In the
present study, we showed that one of the micro-
bial degradation products of QUE, HPA (Fig. 1)
[23-30], substantially affected the growth of hu-
man colon carcinoma cells (Fig. 4A), whereas
PHG arising from the A-ring, only marginally in-
hibited the growth of HT29 cells. HPA was found
to possess effective growth-inhibitory properties,
comparable in its potency to the parent flavonol,
at least in the absence of catalase (Fig. 4A). HPA
was previously described to exhibit growth-inhibi-
tory properties in the human colon carcinoma cell
line HCT116, whereas the growth of the colon cell
line TEC6 was not significantly affected by HPA
up to 400 uM [56]. In the present study, the calcu-
lated sum of the growth-inhibitory effects of PHG
and HPA corresponds to the extent of growth in-
hibition mediated by incubation with QUE alone.
These results suggest that PHG and HPA might
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be responsible for, or at least contribute to, the
growth-inhibitory properties of QUE under mi-
crobial culture conditions. In line with our results,
a limited stability (half-life time 2 h) of QUE in
aqueous McCoy’s 5A medium was described by
VAN DER WOUDE et al. [37]. Furthermore, the au-
thors found an enhanced stability up to 24 h at
the addition of 1 mM ascorbic acid. On the con-
trary, VAN DER WOUDE et al. [37] reported that
QUE acts in a biphasic effect on the proliferation
of HT29 cells in the presence of ascorbic acid. In
lower concentrations (< 40 uM), a significant in-
crease in cell proliferation was observed, whereas
in concentrations > 80 uM, QUE had antiprolif-
erative effects. In our study, no stimulating effect
of QUE on HT?29 cell proliferation in the presence
or absence of catalase or ascorbic was observed
(Fig. 4B), which might be explained by the differ-
ences in the chosen cell culture medium, test sys-
tem or incubation duration.

Furthermore, in the present study we found
that in the presence of catalase or ascorbic acid,
the growth-inhibitory effect of HPA was substan-
tially diminished, whereas QUE remained at least
equipotent (Fig. 4B, 4C). These results indicate
that artefacts by hydrogen peroxide formation,
previously described for several flavonoids [31-37,
46], might be involved in the growth-inhibitory
effect of HPA but not of QUE in the respective
concentration range.

Nevertheless, also in the presence of catalase
or ascorbic acid, HPA was found to represent a po-
tential degradation product of QUE with substan-
tial growth-inhibitory properties. However, under
conditions suppressing hydrogen peroxide forma-
tion, QUE was clearly more effective than HPA.
For clarifying the impact of hydrogen peroxide
formation to the growth-inhibitory properties
of QUE and HPA, we investigated hydrogen
peroxide concentrations in cell culture medium
after several incubation periods with the respective
compounds (Fig. 5). In line with reported data [31,
37] we determined hydrogen peroxide concentra-
tion of about 2 uM already after 15 min of incuba-
tion with the highest tested concentration of QUE
(70 M), which slightly increased up to 3 uM after
45 min. Incubation with HPA led to a concentra-
tion-dependent hydrogen peroxide formation with
a maximum of 2 uM after 45 min. In the presence
of catalase or sodium ascorbate, the accumulation
of hydrogen peroxide was effectively suppressed
to the level of the solvent control (Fig. 5). In com-
parison to other flavonoids or phenolic acids, e. g.
delphinidin [46] or gallic acid [37, 46], QUE and
HPA generate rather low concentrations of hydro-
gen peroxide in the medium of HT29 cells. How-
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ever, as observed in the sulforhodamine B assay,
2 uM of hydrogen peroxide seems to contribute to
the growth-inhibitory properties of HPA. The ex-
tent of hydrogen peroxide formation corresponds
to the levels previously reported for polyphe-
nol rich apple extracts, leading to changes in the
cellular effectiveness [57].

With respect to the in vivo situation, it is note-
worthy that not only the mother substance QUE
has growth-inhibitory properties but that also the
microbial degradation of QUE leads to the forma-
tion of compounds with these activities, namely
HPA and, to a minor extent, PHG. It should be
noted that plasma serum levels in humans after
ingestion of QUE-rich foods are 30- to 100-times
lower than the concentrations with growth-inhibi-
tory properties in vitro [58-60]. However, high lo-
cal gastrointestinal QUE concentrations after the
consumption of QUE-rich food or food supple-
ments cannot be excluded [37, 61]. Considering the
intestinal uptake, the growth-inhibitory properties
of QUE and its microbial degradation products in
human colon carcinoma cells might contribute to
the reported potential health effects of QUE [2,
8, 62].

However, irrespective of the maintenance of
growth-inhibitory properties, a change in the cellu-
lar activity profile appears to be implicated, as ex-
emplified for the inhibition of the EGFR and the
cAMP-degrading PDE activity. Whereas QUE ef-
fectively inhibits both enzymes, HPA was found to
only marginally affect the PTK activity of EGFR
(Fig. 6) and to be even inactive versus cAMP-hy-
drolysing PDE (Fig. 7). So far, the mechanism of
action of HPA is not known and its further study
is required. EGFR and its subsequent signalling
cascade are known to play a role in the regulation
of cell proliferation. Several flavonoids of differ-
ent classes have been shown to inhibit the protein
tyrosine kinase activity of EGFR [11, 12, 15-17,
19]. We previously reported that the flavonol QUE
represents a potent inhibitor of this receptor tyro-
sine kinase [11, 12]. Vicinal hydroxy groups at the
B-ring were identified as crucial structural features
for effective EGFR inhibition [11, 38]. In contrast
to the native flavonoid QUE, the reported micro-
bial degradation product HPA was a weak inhibi-
tor and PHG was even inactive. These data show
that, in addition to the substituted phenyl ring, the
respective flavonoid structure plays a crucial role
for effective inhibition of EGFR activity. These re-
sults are in line with previous reports on the loss
of EGFR-inhibitory properties by the formation of
gallic acid as a degradation product of delphinidin,
an effective EGFR inhibitor [46].

CONCLUSION

Our results indicate that the degradation of
QUE is of relevance under microbial culture
conditions, whereas the glucuronidation of QUE
seems to be the prior metabolism under the ap-
plied in vitro conditions. However, particularly
with regard to the in vivo situation, the results
show that QUE itself and not only microbial deg-
radation products induce growth inhibition in
vitro. The microbial degradation products HPA
and PHG are, if at all, weak inhibitors of EGFR
and are inactive towards cAMP-hydrolysing PDE.
Thus, inhibitory effects on these potential target
enzymes, measured by application of the parent
flavonoid, can be attributed to QUE and are not
merely the effect of degradation products. Coincu-
bation experiments with catalase or ascorbic acid
indicate that the formation of hydrogen peroxide
is of relevance for cellular responses in cell culture
experiments. Under in vitro conditions, it has to
be considered that the aglycone QUE but not its
microbial degradation product HPA, is a substrate
for phase II enzymes, leading to the formation of
QUE-gluc, which is secreted into the cell culture
medium. Furthermore, we showed that HPA has
substantial growth-inhibitory properties, which
might be of relevance for biological responses after
QUE consumption in vivo. However, HPA appears
to differ from the parent flavonoid with respect to
its impact on signalling cascades crucial for cell
proliferation, as exemplified for EGFR and PDE4.
The mechanism of action responsible for the inhi-
bition of tumour cell growth by HPA is not known
so far and demands further investigation.
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