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Brazilian Green Propolis Protects against Retinal Damage
In Vitro and In Vivo
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Propolis, a honeybee product, has gained popularity as a food and alternative medicine. Its constituents
have been shown to exert pharmacological (anticancer, antimicrobial and anti-inflammatory) effects.
We investigated whether Brazilian green propolis exerts neuroprotective effects in the retina in vitro
and/or in vivo. In vitro, retinal damage was induced by 24 h hydrogen peroxide (H,O,) exposure, and
cell viability was measured by Hoechst 33342 and YO-PRO-1 staining or by a resazurin—reduction assay.
Propolis inhibited the neurotoxicity and apoptosis induced in cultured retinal ganglion cells (RGC-5, a
rat ganglion cell line transformed using E1A virus) by 24 h H,O, exposure. Propolis also inhibited the
neurotoxicity induced in RGC-5 cultures by staurosporine. Regarding the possible underlying mechan-
ism, in pig retina homogenates propolis protected against oxidative stress (lipid peroxidation), as also
did trolox (water-soluble vitamin E). In mice in vivo, propolis (100 mg kg '; intraperitoneally admin-
istered four times) reduced the retinal damage (decrease in retinal ganglion cells and in thickness of
inner plexiform layer) induced by intravitreal in vivo N-methyl-D-aspartate injection. These findings
indicate that Brazilian green propolis has neuroprotective effects against retinal damage both in vitro
and in vivo, and that a propolis-induced inhibition of oxidative stress may be partly responsible for these

neuroprotective effects.
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Introduction

Retinal ganglion cell (RGC) death is a common feature of
many ophthalmic disorders such as glaucoma, optic neuro-
pathies and various retinovascular diseases (diabetic retino-
pathy and retinal vein occlusions). RGC death may occur via
a variety of mechanisms involving, for example, oxidative
stress (1), excitatory amino acids (2), nitric oxide (3) and
apoptosis (4). Although therapies already exist for treating
glaucoma, and clinical trials of treatments for diabetic retino-
pathy are in progress, treatments sufficiently efficacious to
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halt or even reverse the effect of ocular diseases are urgently
needed. Hence, RGC death and/or optic nerve loss represent
excellent neuroprotective targets for drug discovery (5).
Propolis, a resinous substance made from the sprouts and
bark of various plants by honeybees, is a traditional medicine
with a long history in Eastern Europe and Brazil. It is currently
used as a health food and in the treatment of various ailments
in Japan, Brazil, USA and Europe (6,7). It has been reported
to have a wide range of biological activities such as antibac-
terial (8,9), anti-inflammatory (10), antioxidative (11,12)
and/or tumoricidal (13,14) activities. Baccharis dracunculifo-
lia DC (Asteraceae), a plant native to Brazil, is the most
important botanical source of Southeastern Brazilian propolis,
which is known as green propolis because of its color (15-19).
In recent years, many studies have been made of green propolis
because of its characteristic chemical composition and
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biological activities (20,21). Recently, we reported that Brazil-
ian green propolis has neuroprotective effects both against in
vitro neurotoxicity in cell cultures and against in vivo ischemic
neuronal damage in mice (22). However, to our knowledge, no
examination of the effects of Brazilian green propolis has been
carried out using RGC cultures or in vivo models of retinal
damage.

The purpose of the present study was to examine the effects
of Brazilian green propolis on retinal damage both in vitro and
in vivo. To that end, we studied its effects on hydrogen perox-
ide (H,O,)- and staurosporin-induced neurotoxicity in RGC-5
cultures and on in vivo N-methyl-D-aspartate (NMDA)-
induced retinal damage in mice. In addition, we examined
the effects on lipid peroxidation in the homogenates of
pig retina.

Methods

Materials

Drugs and sources were as follows: Dulbecco’s modified
Eagle’s medium (DMEM), resazurin and trolox (a derivative
of o-tocopherol, water-soluble Vitamin E) were purchased
from Sigma—Aldrich (St Louis, MO, USA). Staurosporine
was from Trevingen (Gaithersburg, MD, USA). Isoflurane
was from Nissan Kagaku (Tokyo, Japan), whereas fetal bovine
serum (FBS) from Valeant (Costa Mesa, CA, USA). H,O, was
from Wako (Osaka, Japan). Brazilian green propolis (Brazil,
Minas Gerais state) was extracted either with 95% ethanol at
room temperature (PE) or with water at 50°C (PW) to yield
the extract used. The plant of origin of Brazilian green propolis
is B. dracunculifolia (16). The main constituents of the
propolis PE and PW extracts are shown in Table 1. The water
extract was used in both the in vitro and in vivo studies,
whereas the ethanol extract was used only in the in vitro study.
Hoechst 33342 and YO-PRO-1 were from Molecular Probes
(Eugene, OR, USA).

Table 1. Main constituents of propolis extracts made using ethanol (PE)
or water (PW)

Main constituents PE PW
Chlorogenic acid 3.6 0.76
p-Coumaric acid 3.7 2.5
4,5-Di-O-caffeoylquinic acid 0.78 0.24
3,5-Di-O-caffeoylquinic acid 4.9 2.7
3,4-Di-O-caffeoylquinic acid 6.1 3.5
Drupanin 0.12 1.8
Isosakuranetin - 0.54
Artepillin C 0.59 14.0
Baccharin 0.03 6.8

Values (content %) are expressed as mean of triplicate analyses for each
sample. PE, propolis extracted with ethanol; PW, propolis extracted
with water; —, not detected. Data in this table are derived from our previous
report (38).

Retinal Ganglion Cell Line (RGC-5) Culture

Cultures of RGC-5 were maintained in DMEM containing
10% FBS, 100 U ml™! penicillin (Meiji Seika Kaisha Ltd,
Tokyo, Japan) and 100 pug ml~' streptomycin (Meiji Seika
Kaisha Ltd) in a humidified atmosphere of 95% air and 5%
CO, at 37°C. The RGC-5 cells were passaged by trypsinization
every 3—4 days, as in our previous report (23). To examine the
effect of propolis on the cell death induced by either 0.3 mM
H,0, or 200 nM staurosporine, low density of RGCs
(2 x 10° cells per well) were seeded in serum-free DMEM
medium with propolis. After pretreatment with both propolis
extracts, PE and PW, for 1 h, H,O, or staurosporine was added
to RGC-5 cultures for 24 h.

Cell Viability—Hoechst 33342 and YO-PRO-1 Staining

The first method for assessing cell viability was a single-cell
digital imaging-based method employing fluorescent staining
of nuclei. Cell death was assessed on the basis of employing
combination staining with fluorescent dyes [namely, Hoechst
33342 and YO-PRO-1 (Molecular Probes)], observations
being made using an inverted epifluorescence microscope
(Olympus). YO-PRO-1 (Aex 491 nm, Aem >509 nm) is a
membrane-impermeant dye and is generally excluded from
viable cells, whereas early-stage apoptotic and necrotic cells
are YO-PRO-1-positive. At the end of the culture period,
Hoechst 33342 and YO-PRO-1 dyes were added to the culture
medium (at 8 and 0.1 uM, respectively) for 30 min. Images
were collected using a digital camera (COOLPIX 4500). In a
blind manner, a total of at least 400 cells per condition were
counted using image-processing software (Image-J ver.
1.33f; National Institutes of Health, USA). Cell mortality was
quantified by determining the percentage of cells that were
YO-PRO-1-positive (Hoechst 33342-positive cells being taken
as the total number of cells present, since Hoechst 33342 stains
both live and dead cells).

Cell Viability—Resazurin-reduction Assay

The second method for assessing cell viability entailed H,O,-
induced cell viability being quantified by assessing the
fluorescence-intensity increase associated with the cellular
reduction of resazurin to resorufin. All experiments were per-
formed in DMEM medium at 37°C. Cell viability was assessed
by culturing cells in 10% resazurin solution for 3 h at 37°C and
then examining the fluorescence at 560/590 nm. This fluores-
cence was expressed as a percentage of that in control cells
(which were in serum-free DMEM), after subtraction of back-
ground fluorescence.

Lipid Peroxidation in the Porcine Retina Homogenate

Porcine retina homogenate was prepared as previously
described (24). Briefly, retinal tissues were homogenized in a
glass-Teflon homogenizer in two volumes of 50 mM ice-cold
Tris—HCI buffer (pH 7.4) and then stored at —80°C. The stock
retinal homogenate was then diluted 10-fold with the same



buffer, and 180 ul portions of the diluted homogenate
were added to 10 pl of the test compound, 5yl of ferrous
sulfate (Wako) at 10 mM (final concentration: 0.25 mM) and
adenosine diphosphate (ADP, Sigma—Aldrich) at 160 mM
(final concentration: 4 mM), and incubated at 37°C for 30 min.
One of the end products of peroxidation, malondialdehyde
(MDA), was assessed as an indicator of lipid peroxidation
using Lipid Peroxidation Assay Kit (437634, Calbiochem,
USA) in accordance with a manufacturer’s protocol. Briefly,
the reaction was stopped by adding 650 pl of N-methyl-2-
phenylindole in acetonitrile solution (Reagent 1) and 150 ul
of 12 N HCI and diluted to total volume of 1 ml with dilution
buffer. The mixtures were heated for 60 min at 45°C. The
absorbance was then measured at 586 nm. At the same time,
MDA standard was prepared and assessed to determine the
concentration of MDA in each sample. The results were
represented as a percentage of vehicle-treated control.

NMDA-induced Retinal Damage

Male adult ddY mice weighing 3643 g (Japan SLC,
Hamamatsu, Japan) were kept under lighting conditions
involving 12 h light: 12 h dark. Anesthesia was induced with
3.0% isoflurane and maintained with 1.5% isoflurane in
70% N,O and 30% O, via an animal general anesthesia
machine (Soft Lander; Sin-ei Industry Co. Ltd, Saitama,
Japan). The body temperature was maintained at between
37.0 and 37.5°C with the aid of a heating pad and heating
lamp. Retinal damage was induced by the injection (2 ul per
eye) of NMDA (Sigma—Aldrich) dissolved at 20 mM in
0.01 M phosphate-buffered saline. This was injected into the
vitreous body of the left eye under the above anesthesia. One
drop of levofloxacin ophthalmic solution (Santen Pharmaceut-
icals Co. Ltd, Osaka, Japan) was applied topically to the
treated eye immediately after the intravitreal injection. Seven
days after the NMDA injection, eyeballs were enucleated for
histological analysis.

Propolis at 100 mg kg~ ' (0.1 ml/10 g) or saline was
intraperitoneally administered at 48 h, 24 h and 60 min before
and at 6 h after the NMDA injection. The drug was dissolved in
saline, fresh solution being made daily.

Histological Analysis of Mouse Retina

In mice under anesthesia produced by an intraperitoneal injec-
tion of sodium pentobarbital (80 mg kg '), each eye was enuc-
leated and kept immersed for at least 24 h at 4°C in a fixative
solution containing 4% paraformaldehyde. Six paraffin-
embedded sections (thickness, 5 um) cut through the optic
disc of each eye were prepared in a standard manner and
stained with hematoxylin and eosin. Retinal damage was
evaluated as described previously (25), three sections from
each eye being used for the morphometric analysis. Light-
microscope images were photographed, and (i) the cell counts
in the ganglion cell layer (GCL) at a distance between 375 and
625 um from the optic disc, and (ii) the thickness of the inner
plexiform layer (IPL) were measured on the photographs in a
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masked fashion by a single observer (Y.I.). Data from three
sections (selected randomly from the six sections) were aver-
aged for each eye, and used to evaluate the cell count in the
GCL and the thickness of the IPL.

Statistical Analysis

Data are presented as means + SEM. Statistical comparisons
were made using a one-way ANOVA followed by a Student’s
t-test or Dunnett’s test [using STAT VIEW version 5.0 (SAS
Institute Inc., Cary, NC, USA)]. P < 0.05 was considered to
indicate statistical significance.

Results

Propolis Inhibited H,O,-induced Apoptosis and
Necrosis in RGC-5 Culture

Typical photographs of Hoechst 33342 and YO-PRO-1 stain-
ing are shown in Fig. 1A—-H. Hoechst 33342 stains all cells
(live and dead cells), whereas YO-PRO-1 stains early-
stage apoptotic and necrotic cells. Both types of propolis
(extracted with ethanol or water, Fig. 1G and H, respectively)
decreased (versus vehicle-treatment) the number of cells that
showed YO-PRO-1 staining following treatment with H,O,.

Propolis extracted with ethanol (PE) inhibited H,O,-induced
apoptosis in RGC-5 culture, the effect being significant at a
concentration of 3 ug ml~' (Fig. 1I). At 1 pg ml~", propolis
extracted with water (PW) inhibited the H,O,-induced apop-
tosis and necrosis as effectively as propolis extracted with
ethanol (PE) did at 3 ug ml~" (Fig. 11).

Propolis Inhibited H,O,- or Staurosporine-induced Cell
Damage in RGC-5 Culture

In a resazurin assay for the evaluation of cell viability, cell
death was observed at 24 h after treatment with H,O,
(0.3 mm) or staurosporine (200 nM). Propolis extracted with
ethanol (PE) was used at 0.3-3 pug ml~', and it inhibited
H,05-induced cell death in a concentration-related manner,
as evidenced by its effect on the increase in fluorescence
intensity (Ex560/Em590 nm) associated with the reduction of
resazurin to resorufin, the effect of propolis PE being signific-
ant at 3 ug ml~"' (Fig. 2A). Similarly, propolis extracted with
water (PW) significantly inhibited cell death at 1 pg ml~". In
the case of staurosporine-induced cell death, propolis extracted
with ethanol (PE) significantly inhibited cell death at 3 pg ml ™~
(Fig. 2B). Although we tested the effect of propolis (PE and
PW) alone on cell viability without any treatment such as
H,0,; and staurosporine using resazurin-reduction test, there
was little effect on the fluorescence intensity.

Propolis Reduced Lipid Peroxidation in Pig Retina
Homogenate

In the lipid peroxidation study, the MDA level in the supernat-
ant increased after 30 min incubation at 37°C, and propolis
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Figure 1. Representative fluorescence microscopy of Hoechst 33342 (blue) and YO-PRO-1 (green) staining at 24 h after H,O,. RGC-5 were immersed in serum-
free DMEM and then propolis PE (extract with ethanol) or propolis PW (extract with water) was added to the cultures. Cells, which were maintained in this con-
dition for 24 h, were grouped as described below. (A) Non-treated cells showed normal nuclear morphology and (E) were negative for YO-PRO-1 (early-stage
apoptotic and necrotic cells are YO-PRO-1-positive). (B) H,O, (0.3 mM)-induced neurotoxicity, with cells showing condensation and fragmentation of their nuc-
lei, including YO-PRO-1-positively stained cells (F). (C) Pretreatment with 3 pg ml~' PEor 1 ug ml~! PW at 1 h before H,O5 (0.3 mM)-treatment reduced both
nuclear condensation (C and D, respectively) and YO-PRO-1-positive staining (G and H, respectively). A and E: control; B and F: vehicle-treatment plus H,O,; C,
G: propolis PE at 3 ug ml~" plus H,O5; D and H: propolis PW at 1 g ml™" plus H,O,; A-D: Hoechst 33342 staining; E-H: YO-PRP-1 staining; I: the number of
cells exhibiting YO-PRO-1 fluorescence was counted, and positive cells were expressed as the percentage of YO-PRO-1-positive to Hoechst 33342-positive cells.
Viable cells are Hoechst 33342-positive and YO-PRO-1-negative, whereas dead cells are Hoechst 33342-positive and YO-PRO-1-positive. Non-treated cells
showed normal nuclear morphology and were negative for YO-PRO-1. H,O,-treated cells showed shrinkage and condensation of their nuclei, including YO-
PRO-1-positive cells. Treatment with propolis (PE or PW) reduced both nuclei shrinkage and YO-PRO-1-positive staining. Each column represents the mean-
+ SEM, n = 8. *P < 0.05, **P < 0.01 versus H,O,-treatment alone.

extracted with ethanol (PE) and trolox each inhibited the lipid
peroxidation in a concentration-dependent manner, the effects
of propolis PE and trolox being significant at concentrations of
2 pg ml~" or more and 20 UM or more, respectively (Table 2).
The ICs( values (95% confidence limits) for propolis extracted
with ethanol (PE) and trolox were 13.4 (8.9-20.8) ug ml " and
26.1 (13.0-57.1) uM, respectively.

Propolis Reduced the Retinal Damage Induced by
Intravitreal Injection of NMDA in Mice

Intravitreal injection of NMDA at 40 nmol per eye decreased
both the cell count in the GCL and the thickness of the IPL
in the mouse retina (Table 3, Fig. 3B) versus those of the
non-treated normal retina (Table 3, Fig. 3A). Treatment with

propolis extracted with water (PW, 100 mg kg~ ', intraperiton-
eally administered at 48 h, 24 h and 60 min before and at 6 h
after the NMDA injection) significantly reduced the
magnitude of both of the above effects of NMDA (Table 3,
Fig. 30).

Discussion

In the present study, we examined the in vitro effects of pro-
polis (i) against H,O,- and staurosporine-induced cell damage
in cultures of RGC-5 (an established transformed rat retinal
ganglion cell line), and (ii) against lipid peroxidation in pig ret-
ina homogenates. In addition, we examined the in vivo effect
of propolis on the retinal damage seen after the intravitreal
injection of NMDA in mice. Propolis protected retinal
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Figure 2. Propolis reduced the retinal damage induced by H,O, or staurospor-
ine in RGC-5 culture. RGC-5 were immersed in serum-free DMEM, and then
propolis PE (extract with ethanol) or propolis PW (extract with water) was
added to the cultures. Cells were maintained in this condition for 24 h. Cell
viability was assessed by immersing cells in 10% resazurin solution for 3 h
at 37°C, with fluorescence being recorded at 560/590 nm. H,O, (A) and
staurosporines (B) each induced cell death. Propolis (PE or PW) inhibited
the H,O,-induced cell death (A), whereas propolis PE also inhibited
staurosporine-induced cell death (B). Each column represents the mean +
SEM, n = 6-8. *P < 0.05, **P < 0.01 versus H,O,-r staurosporine-
treatment alone.

ganglion cells (RGC-5) against both H,O,- and staurosporine-
induced in vitro retinal damage (such as apoptosis and
necrosis). Furthermore, intraperitoneally administered pro-
polis partly prevented the in vivo retinal damage induced by
NMDA in mice. Our results, therefore, indicate that propolis
inhibits neuronal damage both in vitro and in vivo.

Clinical and experimental data suggest that in both the retina
(1) and brain (26-28), ischemic neuronal damage is at least
partly induced by the free radical production and/or lipid
peroxidation that occurs either during the ischemia itself or
following reperfusion. Recently, Ferreira et al. (29) observed
that markers of oxidative stress (such as total reactive antioxid-
ant potential and the activities of the antioxidant enzymes
superoxide dismutase, catalase and glutathione peroxidase)
were increased in the aqueous humor of primary open-angle
glaucoma patients, as compared with their levels in cataract
patients (controls). These findings indicate that oxidative
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Table 2. Propolis reduces lipid peroxidation in pig retina homogenate

Treatments TBARS (% of control) 1Cs0 (95% confidence limit)
Control 100.0 = 0.9

PE 0.2 ug ml™" 104.0 + 4.2

PE 2 94.0 + 0.8%* 13.4 (8.9-20.8) pg ml ™"
PE 20 56.9 + 1.0%*

PE 200 1.3 = 1.1%*

Control 100.0 = 2.9

Trolox 0.2 uM 100.1 +£2.3

Trolox 2 98.5+0.2 26.1 (13.0-57.1) uM
Trolox 20 88.4 + 3.9%*

Trolox 200 33.8 + 1.7%*

TBARS, thiobarbituric acid-reactive substance; PE, propolis extracted with
ethanol. Values represent the mean + SEM of four independent experiments.
*#P < 0.01 versus control (vehicle-treated group).

Table 3. Propolis protects against N-methyl-D-aspartate (NMDA)-
induced retinal damage in mice

Treatments n  Retinal ganglion Inner plexiform

cells (cell number mm™") layer (thickness, um)
130.7 + 2.3%:* 36.6 + 1.3%*
53.7+24 22.7+0.7
64.0 £ 2.5%% (13.4%)" 252 = 0.8** (18.0%)"

Normal 10
Glutamate + vehicle 8
Glutamate + PW 7

Propolis (PW, extract with water) at 100 mg kg ' (0.1 ml/10 g) was
intraperitoneally administered at 48 h, 24 h and 60 min before and at 6 h
after the NMDA injection (40 nmol per eye).

# Inhibition % = {1—[Normal — (Glutamate + PW)/Normal — (Glutamate +
Vehicle)]} x 100. Values represent the mean + SEM.

##P < 0.01 versus control (glutamate + vehicle).

stress may play a pivotal role in the pathogenesis of retinal
damage.

Reactive oxygen species (ROS) such as H,0,, superoxide
anion (O3) and hydroxyl radical (*OH) have been implicated
in the regulation of many important cellular events, including
transcription-factor activation (30), gene expression (31) and
cellular proliferation (32). However, excessive production of
ROS gives rise to events that lead to the death of several types
of cells (33). It is known that cells possess antioxidant systems
that serve to control the redox state, a control that is important
for their survival, and H,0, is often used to investigate the
mechanism underlying ROS-induced cell death (34,35). The
concentration of H,O, used in the present study (0.3 mM)
was sufficient to induce cell damage, such as apoptosis and
necrosis, as shown in Figs 1 and 2. In the present study, pro-
polis inhibited both the H,O,- and staurosporine-induced cell
death. Different mechanisms may be involved in cell death
induce by H,0, and staurosporine. However, common path-
ways such as ROS have been reported by Shimizu et al. (36).
Briefly, staurosporine rapidly increased the intracellular level
of ROS, and N-acetyl-cystein (NAC), an antioxidant inhibited
the production of ROS, activation of caspase-3 and cell death.
Taken together, the protective effects of propolis on H,O,- and
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Figure 3. Hematoxylin and eosin staining of retinal sections (thickness, 5 jum) obtained from mice at 7 days after the intravitreal injection of N-methyl-D-aspartate
(NMDA). Representative photographs showing non-treated normal retina (A), NMDA-treated, vehicle-treated retina (B) and NMDA-treated, propolis-treated
retina (C). Propolis (PW; extract with water) at 100 mg kg’l (0.1 ml per 10 g) was intraperitoneally administered at 48 h, 24 h and 60 min before and at 6 h after
the NMDA injection (40 nmol per eye). Treatment with propolis limited the damage to retinal ganglion cells (arrows) and to the IPL (vertical bars) induced by the
NMDA injection. Also see Table 2. Vertical bars show thickness of plexiform layer. Horizontal bar represents 25 pm.

staurosporine-induced cell death may be derived from its
common mechanism.

In total, at least 200 compounds have been identified in dif-
ferent samples of propolis, with more than 100 being present in
any given sample. Propolis has a variety of botanical origins,
and its chemical composition can also be variable. The pro-
polis used in the present study was Brazilian green propolis
(from Minas Gerais state, Brazil), and the plant of origin was
B. dracunculifolia (16). The main constituents are shown in
Table 1. Using Brazilian green propolis, we found that extracts
made by using ethanol (PE) or water (PW) inhibited H,0,-
induced cell damage in RGC-5 cultures, the potency of the
former being not greatly different from that of the latter. Since
both propolis extracts had neuroprotective effects against
in vitro cell damage, common constituents (such as 3,4-di-
O-caffeoylquinic acid, 3,5-di-O-caffeoylquinic acid and/or
p-coumaric acid; see Table 1) may be responsible for the
effects. Further experiments will be needed to identify the
main constituent(s) responsible for the neuroprotective effects
of propolis.

When propolis (extracted with water; PW) was intraperiton-
eally administered at 100 mg kg~ four times in the NMDA-
induced retinal damage experiment, it reduced the overt signs
of retinal damage (such as the decreases in RGC number and
in the thickness of IPL) (Table 2). In our previous report, pro-
polis extracted with ethanol (PE) or water (PW) protected
against oxidative stress (lipid peroxidation in mouse forebrain
homogenates) (22). In the present study, propolis (extracted
with ethanol; PE) was effective against lipid peroxidation in
pig retina homogenates. The effective concentrations of pro-
polis in the present experiments were 2 ug ml~' or more. Pro-
polis has been reported to exhibit powerful scavenging activity
in vitro towards both the superoxide anion radical and the NO
radical (37). Collectively, these findings indicate that the
antioxidant effects of propolis may make an important
contribution to its neuroprotective potential.

In conclusion, in our in vitro experiments propolis exerted
neuroprotective effects in RGC-5 culture, as well as antioxid-
ant effects against lipid peroxidation. Propolis also exerted
neuroprotective effects in vivo (against NMDA-induced retinal
damage in mice). These findings are consistent with the

observed neuroprotective effects of propolis being derived, at
least in part, from its antioxidant properties.
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