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Abstract

The dietary flavanol (—)-epicatechin protects against nitration and oxidation reactions of the inflammatory mediator perox-
ynitrite in hydrophilic and hydrophobic environments. Bioavailability and cellular uptake of (—)-epicatechin are not yet fully
characterized. Here, the octanol/buffer partition coefficient of (—)-epicatechin is observed to be 1.5, indicating that the flavanol is
soluble in aqueous as well as lipophilic cellular phases, thus capable of permeating the cell membrane. In line with this, the ability of
murine aortic endothelial cells (MAECs) to remove (—)-epicatechin from cell culture media is demonstrated. Epicatechin accu-
mulates in cells, likely due to epicatechin binding to cellular proteins. Even after repeated washing, (—)-epicatechin accumulated by
MAEC affords protection of the cells against peroxynitrite-induced nitration of protein tyrosyl residues and against oxidation of

intracellular dichlorodihydrofluorescein.
© 2003 Elsevier Science (USA). All rights reserved.

The flavanol (—)-epicatechin has been shown to effi-
ciently protect biomolecules against oxidation and ni-
tration by peroxynitrite, with protection against tyrosine
nitration being much more efficient than against oxida-
tion [1-3]. Peroxynitrite is formed in the diffusion-con-
trolled reaction (k= 0.5-1.9 x 10'°°M~'s7!) between
superoxide and nitrogen monoxide during inflammatory
processes (for reviews, see [4,5]), and its excessive gen-
eration not only triggers the activation of various cel-
lular stress-responsive signaling pathways (for review,
see [6]) but may also result in cell death. Peroxynitrite is
capable of crossing lipid bilayers [7-9] and oxidizes and
nitrates various hydrophilic and hydrophobic molecules
[10], which (—)-epicatechin has been shown to inhibit:
nitration and dimerization of tyrosine or of the tyrosine
analogue N--BOC 1-tyrosine tert-butyl ester by per-
oxynitrite in hydrophilic and hydrophobic environments
were efficiently prevented by the flavanol [11].

The bioavailability of (—)-epicatechin after con-
sumption of dietary sources containing the monomer or
its oligomers and the metabolic fate of the polyphenol
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are currently the subject of investigation [12-16]. The
fact that (—)-epicatechin is found in plasma after con-
sumption of flavonoid-rich food and beverages, e.g.,
chocolate, red wine, or green tea (for reviews, see
[17,18]) and that the flavonoid and its metabolites may
appear in plasma in concentrations up to >60 uM after a
single intragastric dose of 100 mg epicatechin per kilo-
gram body weight in rat studies [15] prompted us to
investigate its distribution between hydrophilic and hy-
drophobic phases and to study the cellular uptake of
(—)-epicatechin in murine aortic endothelial cells
(MAECs). We here demonstrate that (—)-epicatechin is
indeed accumulated by MAEC, resulting in significant
protection of the cells against peroxynitrite-induced
damage.

Materials and methods

Reagents. All chemicals were purchased from Sigma (Deisenhofen,
Germany) or Merck (Darmstadt, Germany) unless stated otherwise.
a-Glucosyl-rutin was a gift from Dr. Franz Stdb, Beiersdorf AG,
Hamburg, Germany. Cell culture materials were from Greiner (Fric-
kenhausen, Germany).

Stock solutions of (—)-epicatechin (30-100mM) were prepared in
methanol and stored at —80°C in the dark. Working solutions were
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prepared in PBS (137mM NacCl, 2.7mM KCI, 1.5mM KH,PO,, and
8 mM Na,HPO,, pH 7.4) or serum-free cell culture media. Methanol
was used instead of epicatechin in the respective control experiments.

Peroxynitrite was synthesized from sodium nitrite and H,O, using
a quenched-flow reactor [19], and residual H,O, was eliminated by
passage of the peroxynitrite solution over MnO, powder. The peroxy-
nitrite concentration was determined spectrophotometrically at 302 nm
(e =1670M~'cm™'). All peroxynitrite dilutions were in 0.1% (W/v)
KOH.

Partition coefficients. Octanol/buffer partition coefficients P were
determined after vigorous mixing of flavonoid solutions (500 uM) in
PBS with the same volume of n-octanol and maintaining the mixture in
the dark at room temperature for 20 h to ensure that partition equi-
librium was reached. Flavonoid concentrations in the aqueous phase
were determined by HPLC and partition coefficients were calculated
from the respective flavonoid (F) concentrations in the aqueous and
octanol phases, respectively, according to P = [Floctanot/[Flourer (With
[F]Octanol = [F]buﬁér after incubation without octanol — [F]but'lér after incubation with octanol)-
All flavonoids tested were soluble up to 500 uM in both phases, except
for a-glucosyl-rutin, the solubility limit of which in octanol was
100 uM.

Dialysis experiments. Epicatechin solutions in PBS (2mL) were
dialysed against 20 mL PBS containing varying concentrations of BSA
(0.5-50mg/mL) under constant shaking in the dark at room temper-
ature for 20 h. The used dialysis tubes (Spectra/Por, Spectrum Labo-
ratories, Rancho Dominguez, CA, USA) had a molecular weight cutoff
of 12-14kDa.

Cell culture. Primary murine aortic endothelial cells (MAECs)
were a gift from Prof. V. Kolb-Bachofen, Diisseldorf, and were grown
in RPMI-1640 medium containing fetal calf serum [FCS, Greiner;
20% (v/v)] and endothelial cell growth factor (ECGF, Boehringer,
Mannheim; 1.8 ug/mL) and kept in a humidified atmosphere con-
taining 5% (v/v) CO,. Having grown to near confluence, cells were
kept in RPMI-1640 medium containing 20% FCS without ECGF for
at least 20h before treatment. In experiments with epicatechin
preincubation, cells were washed with PBS once and epicatechin was
added to the serum-free medium for 60 min, followed by washing the
cells with PBS at least twice. If desired, PSG buffer (100 mM potas-
sium phosphate, 10 mM NaCl, and SmM glucose, pH 7.4) was then
added to the cells and peroxynitrite was added as a bolus from a 100-
fold concentrated working solution in 0.1% (w/v) KOH. Predecom-
posed peroxynitrite in PSG was added in the respective control
experiments. Following a Smin incubation in PSG, cells were either
lysed directly or after incubation in fresh culture medium for a desired
time by the addition of SDS-PAGE sample buffer (250 mM Tris/HCI,
2% (wlv) SDS, 10% (v/v) glycerol, 20mM DTT, and 0.01% (w/v)
bromophenol blue), followed by brief sonication. For the preparation
of cell lysate used for the measurement of epicatechin content, con-
fluent MAECs were harvested in PBS using a cell scraper. Cells were
lysed by sonication and freeze-thawing. Lysates were stored at
—80 °C. Protein concentrations were estimated spectrophotometrically
according to [20].

HPLC analysis. Analysis of flavonoid-containing samples was done
using a C18 reversed phase column (Merck, Darmstadt) with a mobile
phase of 15% acetonitrile and 85% of 10mM H;PO,/H,PO; buffer
(pH 2.4) for a-glucosyl-rutin, catechin, epigallocatechin-3-O-gallate,
epicatechin, rutin, and taxifolin or of 20% acetonitrile and 80% of
10mM H;PO,/H,PO; buffer (pH 2.4) for morin. Elution profiles were
monitored at 280 nm, quantitation was done by integrating the elution
peak. Before analysis of flavonoid contents in cell extracts or culture
supernatants, samples were centrifuged at 4000g for 5min at room
temperature to remove cellular debris.

Dot blot. For dot blotting, lysates in SDS-PAGE sample buffer
were applied onto a nitrocellulose membrane (Schleicher & Schuell,
Dassel, Germany). After drying, the membrane was blocked using 5%
(w/v) non-fat dried milk (Bio-Rad, Hercules, CA, USA) in TBST
(20mM Tris, 137mM NaCl, and 0.1% (v/v) Tween 20, pH 7.4).

Immunodetection of tyrosine nitration was performed with a mono-
clonal anti-3-nitrotyrosine antibody (Upstate Biotech, Charlottesville,
VA, USA) and a peroxidase-coupled anti-mouse secondary antibody
(Amersham, Buckinghamshire, UK), followed by chemiluminescent
detection [21].

Oxidation of dichlorodihydrofiuorescein. Cells were incubated with
100uM of 2',7-dichlorodihydrofluorescein diacetate (Sigma) in
RPMI-1640 medium in the presence of varying (—)-epicatechin con-
centrations for 1h in 24-well plates (Greiner, Frickenhausen, Ger-
many). After washing twice with PBS, cells were exposed to
peroxynitrite. 2',7'-Dichlorofluorescein fluorescence (excitation at
485nm and emission at 535nm) was measured in a Victor 1420 Mul-
tilabel Counter (Wallac, Freiburg, Germany) [22].

Calculation of (—)-epicatechin concentration in cellular water. (—)-
Epicatechin content in cell lysate was determined via HPLC as de-
scribed above and cellular water was estimated based on the protein
content of cell lysate (2.37 uL cellular water/mg protein for rat car-
diomyocytes) according to [23].

Statistics. ANOVA followed by Dunn’s test was used for deter-
mination of statistical significance of differences between treatment
groups. A P value less than 0.05 was selected before the study as the
level of significance.

Results and discussion

Partition coefficient of (—)-epicatechin and comparison
with other flavonoids

The octanol/buffer partition coefficient of (—)-epi-
catechin was shown to be 1.45, demonstrating its am-
phiphilic properties and qualifying the flavonoid to
passively enter cells. It was further examined whether
similar P-values can be obtained with flavonoids of
structures similar to epicatechin (Table 1).

The fact that P-values for catechin, epicatechin, mo-
rin, and taxifolin are in the same range implies that
neither the addition of a C-ring carbonyl (as in taxifolin
and morin) nor a C2-C3 double bond (morin) signifi-
cantly affects partition behaviour. Rather, the addition
of hydrophilic moieties, such as gallic acid or glycosyl
residues, should impair solubility in lipid phases, which
is indeed reflected by the partition coefficients (Table 1),
c.g., P(epigallocatechin gallate) < P(epicatechin)-

Table 1

Octanol/buffer partition coefficients P of selected flavonoids: 500 pM
flavonoid in PBS was incubated with an equal volume of n-octanol for
20 h at room temperature in the dark

Family Compound P
Flavanols (—)-Epicatechin 1.454+0.07
(+)-Catechin 2.92+0.35
Epigallocatechin-3-O-gallate 0.86+0.03
Flavonols Morin 2.53+0.09
Rutin 0.25+0.02
a-Glucosyl-rutin 0.04 +0.00
Flavanone Taxifolin 2.02+0.02

“Means + SD (n = 4); P=[flavonoid],canol/[flavonoid]puser.
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Interestingly, there is a significant difference between
P-values of (—)-epicatechin and its diastereomer, (+)-
catechin, that appears to be brought about by the mere
change in stereochemistry at C3. A possible explanation
is the changed interaction between the 3-OH group and
the B-ring, resulting in changed hydrophobicity.

Cellular uptake of (—)-epicatechin

In order to investigate consequences of the amphi-
philic properties of (—)-epicatechin, the interaction be-
tween cultured cells and the flavonoid dissolved in cell
culture media was analysed. The concentration of (-)-
epicatechin in cell culture medium (no cells) did not
change significantly during 180min (Fig. 1, open
squares), while in the presence of cells there was a
significant decrease in the (—)-epicatechin concentration
already after 30min of incubation (Fig. 1, solid
squares). In parallel, a significant increase of the (-)-
epicatechin cellular content was detectable, highest at
10 and 30 min of exposure. It is known that epicatechin
is metabolized efficiently, which is a possible explana-
tion for the decrease in cellular (—)-epicatechin content
at later time points (for review on flavonoid metabo-
lites, see [17]). In Fig. 1, cellular content of epicatechin
is expressed per mg protein and, in addition, per liter of
cellular water.

The fact that the estimated epicatechin concentra-
tions in cell lysate transiently exceed that in the sur-
rounding cell culture medium cannot be explained by
uptake into cellular water and lipid fractions alone
and points to a contribution of binding to protein.
Hence, the capability of a model protein to bind
epicatechin was further investigated. Dialysis of
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Fig. 1. Changes in (—)-epicatechin (EC) content of cell culture media
and murine aortic endothelial cells (MAECs) during incubation. Se-
rum-free cell culture medium (RPMI 1640) containing EC (starting
concentration 500 uM) was incubated at 37°C in the presence (solid
squares) or absence (open squares) of confluent MAEC for the given
period of time. EC concentrations in media (squares) and cell lysate
(solid triangles) were analysed by HPLC. Content of EC is given per
mg protein or in mmol/L of cellular water. Data are means=+ SD
(n=3-4). (a) Significantly different from respective control
(t = Omin). (b) Significantly different from EC concentration in cell
culture media incubated without cells at the same time point.

epicatechin solutions against solutions of bovine serum
albumin (BSA) of varying concentrations (0.5-50 mg/
mL; Fig. 2) followed by HPLC analysis of epicatechin
concentrations showed that epicatechin binds to BSA in
a concentration-dependent manner, pointing to protein
binding of epicatechin as major reason for the apparent
accumulation of epicatechin in cellular fractions.

Cells loaded with (—)-epicatechin are protected against
peroxynitrite

As epicatechin is known to efficiently protect
against peroxynitrite-induced oxidation and nitration
of hydrophilic and hydrophobic target molecules when
added to the buffer shortly before peroxynitrite treat-
ment [11] and incubation of MAEC in cell culture
media containing (—)-epicatechin leads to an increased
(—)-epicatechin concentration in the cells (Fig. 1), we
further investigated whether the accumulation of epi-
catechin results in any cytoprotective effect. In order
to test whether the apparent uptake of (—)-epicatechin
by cells results in protection against peroxynitrite, and
whether the loading of cells with (—)-epicatechin prior
to exposure to peroxynitrite renders the cells more
resistant, MAECs were incubated for 60min in the
presence of varying concentrations of (—)-epicatechin
(0.0001-2mM), washed twice with PBS, and subse-
quently exposed to a 500 uM peroxynitrite bolus. The
loading of cells with (—)-epicatechin dose-dependently
afforded protection against peroxynitrite (Fig. 3), the
values for half-maximal inhibition of the peroxynitrite
effect (normalized over peroxynitrite concentration,
ICs¢/[PN]) being 0.01 and 1.7 for protection against
protein tyrosine nitration and 2’,7'-dichlorodihydro-
fluorescein oxidation, respectively. These ICsy-values
closely resemble those determined for protection pro-
vided by (—)-epicatechin when present in the buffer
during exposure to peroxynitrite rather than washed
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Fig. 2. Epicatechin (EC) binding to bovine serum albumin (BSA). EC
in PBS (compartment B) was dialysed against various concentrations
of BSA in PBS (compartment A) as described in Materials and
methods. EC concentrations after dialysis were analysed by HPLC;
data are means & SD of an experiment performed in triplicate.
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Fig. 3. Protection against formation of dichlorofluorescein (DCF; A,
solid circles) and nitration of protein tyrosyl residues (A, open squares;
and B) by cell-associated (—)-epicatechin (EC) after preincubation.
Murine aortic endothelial cells (MAECs), grown to near confluence,
were loaded with EC by incubation with cell culture media containing
varying concentrations of EC for 60 min. After extensive washing, cells
were subsequently exposed to 500 uM peroxynitrite (PN) by bolus
addition. Results are means = SEM (n = 4) (A) or representatives of at
least four independent experiments (B). d.c., peroxynitrite decompo-
sition control.

out after loading of cells as in Fig. 3 (0.02 concerning
protection against protein tyrosine nitration and 1.1
for protection against 2’,7'-dichlorodihydrofluorescein
oxidation [3]).

Conclusions

It is demonstrated here that (—)-epicatechin has am-
phiphilic properties, rendering the flavonoid an efficient
protectant against peroxynitrite-induced nitration and
oxidation in both hydrophilic and hydrophobic envi-
ronments. Due to the amphiphilic nature of (—)-epi-
catechin, it is removed from cell culture media in the
presence of cells which, in turn, are loaded with the
flavonoid. Cellular protein appears to play an important
role in the accumulation of epicatechin. This loading of
cells results in protection against peroxynitrite-induced
nitration and oxidation, implying that under physio-
logical conditions protection by epicatechin, via accu-
mulation in blood cells or endothelial cells, may outlast
the presence of (—)-epicatechin in plasma.
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