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The effect of ad libitum oral-administration of
(—)catechin solution on ischemia-reperfusion-induced
cell death of hippocampal CA1l in the gerbil was
histologically examined. When (-)catechin solution
instead of drinking water was orally administered ad
libitum for 2 weeks, dose-dependent protection against
neuronal death following by transient ischemia and
reperfusion was observed. To evaluate the involvement
of reduction of reactive-oxygen-species (ROIs) by the
antioxidant activity of (—)catechin in this protection,
the superoxide scavenging activity of the brain in
catechin-treated gerbils was measured by ESR and
spin-trapping using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPQ). The superoxide scavenging activities of the
brains obtained from catechin-treated gerbils were
significantly higher than those of catechin-untreated
animals. From these results, it was suggested that
orally administered (—)catechin was absorbed, passed
through the blood-brain barrier and that delayed
neuronal death of hippocampal CA1 after ischemia-
reperfusion was prevented due to its antioxidant
activities. ,
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INTRODUCTION

Flavonoid-related compounds contained in bev-
erages, vegetables and fruits, etc,, have been
reported to have beneficial effects in various
pathological conditions, including cancer,”
hypertension'? and allergy® It is believed
that these protective effects of flavonoids are
due to their antioxidant properties. In fact, it was
demonstrated that (—)epicatechin, (-)epica-
techin gallate and quercetin serve as powerful
antioxidants against lipid peroxidation when
phospholipid bilayers are exposed to aqueous
oxygen free radicals in vitro."® In the central
nervous system (CNS), Yoneda et al."”) showed
that oral administration of a flavonoid-rich tea
extract prevents iron-salt-induced lipid peroxide
accumulation in the rat brain. Recently, we
reported that the oral administration of rooibos
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tea (Aspalathus linealis) containing flavonoid
derivatives suppresses age-related accumulation
of neurotoxic lipid peroxides in rat brain.”* These
results suggested that flavonoids could pass
through the blood-brain barrier and penetrate
into the brain, and then protect against cell
damage induced by oxidative stress.

Delayed neuronal death in hippocampal CAl
of the brain is known to be induced by transient
ischemia and reperfusion,[g] and the induction of
this cell death is associated with generation of
reactive-oxygen-species (ROls) just after ische-
mia.’%™! [t was demonstrated that the ROIs are
abruptly produced by ischemia-activated hypo-
xanthine-xanthine oxidase (Hxn-XOD).!' The
ROIs from the respiratory chains in mitochondria
are also known to be produced by NMDA
receptors following ischemia reperfusion.™ In
this experiment, to evaluate the protective effect
of flavonoids on CNS injury involving in ROIs,
we examined whether the oral administration
of (—)catechin inhibited this delayed neuronal
death in gerbils. The superoxide scavenging
activity of the brain of the catechin-treated
gerbil was also examined by ESR and spin-
trapping using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO).

MATERIALS AND METHODS

Mongolian gerbils (Meriones unguiculatus) weigh-
ing 65-90 g were used. They were group-housed
in a facility in accordance with the Guide for the
Care and Use of Laboratory Animals of Iwate
University with water and food ad libitum on a
12:12h light:dark cycle. (~)Catechin (Camellia
sinensis from green tea, Mitsui Norin Co. Japan)
was dissolved in sterile water and administration
was performed by oral ad libitum uptake of this
(—)catechin solution instead of drinking water
from 2 weeks prior to ischemia until 1 week
after ischemia. Four groups, (1) sham operation
without ischemia-reperfusion (control); (2)
ischemia-reperfusion without administration of

(—)catechin; (3) ischemia-reperfusion with oral
administration of 0.1 mg/ml of (—)catechin; and
(4) ischemia-reperfusion with oral administra-
tion of 1.0mg/ml of (—)catechin, were used
for the experiment. The uptake of groups receiv-
ing 0.lmg/ml and 1.0mg/ml (—)catechin
were roughly estimated as 5mg/kg/day and
50mg/kg/day by consumption (about 4.0ml/
day/gerbil) of (—)catechin solution per day,
respectively.

Surgery to induce transient focal brain ische-
mia and histological examination were per-
formed under pentbarbital anesthesia (50 mg/
kg, i.p.). Briefly, bilateral common carotid arteries
were occluded with an aneurysm clip for 5min
under anesthesia, and then the skin lesion was
sutured. After the gerbils recovered from an-
esthesia, the animals were allowed free access to
water and food as in the normal condition. Seven
days later, the animals were sacrificed by decap-
itation. The brains were removed and coronal
sections 12 ym in thickness including the hippo-
campal region about 1.5mm caudal to bregma
were made with a cryostat microtome (Blight,
UK) at —20°C and stained with cresyl violet. The
cell damage in the CA1l region induced by
ischemia-reperfusion was evaluated by counting
neurons per 1 mm linear length of the stratum
pyramidale of the CA1 region under a micro-
scope (BH-2, Olympus, Tokyo, Japan).

Superoxide scavenging activity of the brain
was assessed by ESR and spin-trapping techni-
ques using DMPO as a spin-trapping reagent.!'!
In this experiment, O, was produced by the
hypoxanthine-xanthine oxidase system in the
presence of DMPO and brain homogenate, and
O, that could not be scavenged by brain-
associated antioxidants was trapped by DMPO.
The amount of DMPO-OOH produced by the
reaction of DMPO with O; was measured by ESR
spectroscopy. Forebrains were obtained from
gerbils treated with 1.0mg/ml of (—)catechin
solution instead of drinking water for 2 weeks
as well for the histological experiment. Seven
volumes of ice-cold PBS were added to brain
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tissue (wet volume) and the brain was homo-
genized under ice-cold conditions using polytron
homogenizer (Ultra-Turrax T25, Ika-Labortech-
nik, Co. Germany). The homogenate of the brain
was diluted to 10-fold with PBS. DMPO was
purified twice by activated charcoal and the
concentration of DMPO was adjusted by absor-
bance at 234nm (e=7700M™'-cm™).1% The
reaction mixture was prepared by mixing 100 pl
of 1.0mM hypoxanthine, 50 pl of 0.5M DMPO
and 10 pl of diluted brain homogenate. After 10 pl
of XOD (0.2 unit/ml) was added to the reaction
solution to start O, production, the sample was
immediately transferred to a flat cell (0.2 x
10 x 40mm), fitted in the cavity of the ESR
spectrometer (TE-200, JEOL Co. Japan). After
incubation for 2min at room temperature, the
ESR spectrum was measured. The conditions for

recording the ESR spectrum were as follows:
time constant, 0.03s; scan time, 5.0mT/min;
receiver gain, 5 x 10% microwave power, 20 mW;
temperature, 23°C.

All statistical analyses were carried out using
the Mann-Whitney U-test.

RESULTS AND DISCUSSION

Figure 1 presents photographs of coronal sec-
tions containing the hippocampal CA1 region
obtained 7 days after the occlusion of bilateral
carotid arteries for 5min from various treatment
groups and sham-operation (control). In the
ischemia-reperfusion experiment without ad-
ministration of (—)catechin, the pyramidal cells
of the CA1 region in the saline treatment group

1mm

FIGURE 1 Photographs of coronal sections of the hippocampal CA1 region 7 days after 5min ischemia of the forebrain in
gerbils. (A) sham-operation (control); (B) ischemia-reperfusion only; (C) ischemia-reperfusion with ad libitum oral adminis-
tration of 0.1 mg/ml of (—)catechin; (D) ischemia-reperfusion with ad libitum oral administration of 1.0 mg/ml of (—)catechin.
Each section was stained with cresyl violet. Magnification: x10. Bar: 1 mm.
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completely disappeared after ischemia-reper-
fusion as shown in Figure 1B (16.98 +4.24% in
Table ). In the groups with ad libitum oral
administration of 0.1 mg/ml and 1.0mg/ml of
(—)catechin solution for 2 weeks prior to ische-
mia, 45.56 +12.26% and 96.19 3= 14.74% of cells in
CA1 region, respectively, survived as shown in
Table 1. Thus, it was clearly demonstrated that
the ischemia-reperfusion-induced cell death of
the CA1 region was dose-dependently inhibited
by oral administration of (—)catechin.

Since it was reported that the superoxide anion
radical (O3) is primarily produced by xanthine
oxidase!'” or mitochondria'™ just after ischemia,
we examined the superoxide scavenging activ-
ities of the brain of the catechin-treated gerbil.
The activity of the antioxidant in the brain was
evaluated by inhibition activity of brain homo-
genate against DMPO-OOH formation induced
by the reaction of DMPO with O; produced
in the hypoxanthine-xanthine oxidase system.
Figure 2A shows the ESR spectrum obtained
after the reaction of DMPO and O; in the
absence of brain homogenate. This signal con-
sisted of two components of 12 lines (An=
140mT, App=113mT and Apy,=0.14mT)
and 4 lines (AN=1.49mT and Aps=149mT),
respectively. These hyperfine coupling con-
stants corresponded to those of DMPO-
OOH and DMPO-OH, which were reported

TABLE 1 Protective effect of (—)catechin on delayed neuro-
nal death of pyramidal cells in hippocampal CA1 of gerbils

Surviving neuronal
cells in ischemia-reperfusion

Sham operation (control) 100
Ischemia-reperfusion 16.98 4- 4.24*
Ischemia-reperfusion 45.56 - 12.26*
with (~)catechin (0.1 mg/ml)

Ischemia-reperfusion 96.19 - 1474

with (—)catechin (1.0 mg/ml)

(N) =4 in each group. Surviving cells in a 1 mm linear length
of the CAI region were counted. Values are expressed as
mean =+ SEM in (%) of control.

*p < 0.05; significant difference from control.

NS; no significant difference from control.

A

i
e

FIGURE 2 Superoxide scavenging activity of brain homo-
genate with and without catechin-treatment. (A) ESR spec-
trum obtained from the Hxn-XOD system in the presence
of DMPQO {control). (B) ESR spectrum oblained from the
Hxn-XOD system in the presence of DMPO and brain
homogenate of catechin-untreated gerbils. (C) ESR spec-
trum obtained from the Hxn-XOD system in the presence
of DMPO and brain homogenate of catechin-treated
gerbils. Experimental details are described in Materials and
Methods.
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previously.>®) When the brain homogenate
obtained from catechin-untreated gerbils was
added to this system, the intensity of ESR signals
originating from DMPO-OOH (Figure 2B) was
reduced to about half of the control signal level
without homogenate. This result meant that half
of the generated O, was scavenged by SOD-like
activity contained in brain homogenate. Further-
more, the addition of the brain homogenate
from catechin-treated animals (ad libitum oral
administration of 1.0mg/ml of (—)catechin
solution) to the reaction mixture significantly
reduced the signal intensity of DMPO-OOH
(Figure 2C) in comparison with that from cate-
chin-untreated animals (Figure 2B). A summary
of results obtained from 6 animals in each group
is presented in Table II. The catechin-treatment
decreased signal intensity originating from
DMPO-OOH by about 27%. This meant that
superoxide scavenging activity in the brain was
increased about 27% by oral administration of
(—)catechin. From these results, it was suggested
that the (~)catechin passed through blood-brain
barrier and that the delayed neuronal death was
at least partly prevented by a reduction of O;
generation just after ischemia-reperfusion. As
another explanation of this protective mechan-
ism, it was also thought that endogenous anti-
oxidants such as superoxide dismutase and
glutathion peroxidase were induced by chronic
administration of (—)catechin.

TABLE I Superoxide scavenging activities of forebrain in
catechin-administrated gerbils

Intensity of
DMPO-OOH adduct
Hxn-XOD complete system (control) 100
-+ Brain homogenate of 522+£222*
catechin-untreated gerbils
+ Brain homogenate of 39.5+£2.09%

catechin-treated gerbils

(N)=6 in each group. Data are expressed as mean £ SEM in
(%) of control.

*p < 0.01; significant difference from control.

**p <0.01; significant difference from catechin-untreated
group.

The mechanism of delayed neuronal death has
not been definitely determined. However, in the
early stage after ischemia, it is believed that burst
release of N-methyl-D-aspartic acid (NMDA)
occurs in the hippocampus after transient ische-
mia™ and that the resulting stimulation of
NMDA receptors in CA1 induces Ca** influx,!"®!
activation of Ca?*-dependent protease,!"” phos-
pholipase C,I"® protein kinase C'"®! and Ca®*-
dependent superoxide production by the
mitochondria.’®?” The possibility of the prod-
uction of O; from Hxn-XOD system after ische-
mia was also reported independent of NMDA
receptors.l'”! At 2 days after ischemia, the oligo-
metric laddering of DNA in the hippocampus
as a biochemical marker of apoptosis was ob-
served.?! On the other hand, it was also reported
that several flavonoids, including (—)catechin,
have not only antioxidant activity*® but also
activity of inhibition of protein kinase C.'*
Therefore, in addition to reducing ROIs by the
radical scavenging activity of (—)catechin, the
inhibition of some signal transduction pathway
to lead to cell death such as protein kinase C may
participate in the protection of neuronal cells.

Recently, nitric oxide derived from inducible
nitric oxide synthase (iNOS) was also observed
from 2 to 3 days after injury in rat cerebral
cortex.’?® Furthermore, it was also reported that
iNOS is induced by NFxB as a transcription
factor that is regulated by the intracellular
redox-state’?¥ and antioxidants, i.e., pyrrolidine
dithiocarbamate (PDTC)* and a-phenyl-N-tert-
butylnitrone (PBN),[26] inhibit induction of
iNOS by changing the intracellular redox-state.
Recently, we demonstrated that the existence of
PBN from 2 to 3 days after transient ischemia was
essential for protection against ischemia-reperfu-
sion-induced cell death (unpublished data). From
this information, the prevention of cell death
observed in this experiment may be explained
by inhibition of the induction of iNOS, which
produces neurotoxic nitric oxide.

In summary, our experiments showed that
catechin treatment enhanced the antioxidant
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activity in the brain and protected neuronal cells
against death. We cannot describe the exact
protection mechanism of the flavonoid but,
considering the biological multi-functions of
flavonoid-related compounds, it is inferred that
not only reduction of ROIs but also inhibition of
early and late events in the process of cell death
contribute to protection of neuronal cells. Finally,
from the point of view of development of safe
food products and additives, to prevent oxida-
tive-stress-induced cell injury in the CNS, it is
noteworthy that oral uptake of a flavonoid was
effective against ischemia-induced neuronal cell
damage in vivo.
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