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Parkinson’s disease (PD) is a progressive neurodegenerative disease of both the central and peripheral / enteric
nervous systems. Oxidative stress and neuroinflammation are associated with the pathogenesis of PD, suggest-
ing that anti-oxidative and anti-inflammatory compounds could be neuroprotective agents for PD. Eucommia
ulmoides (EU) is a traditional herbal medicine which exerts neuroprotective effects by anti-inflammatory and
anti-oxidative properties. Our previous study showed that treatment with chlorogenic acid, a component of EU,
protected against neurodegeneration in the central and enteric nervous systems in a PD model. In this study,
we examined the effects of EU extract (EUE) administration on dopaminergic neurodegeneration, glial
response and a-synuclein expression in the substantia nigra pars compacta (SNpc), and intestinal enteric neu-
rodegeneration in low-dose rotenone-induced PD model mice. Daily oral administration of EUE ameliorated
dopaminergic neurodegeneration and a-synuclein accumulation in the SNpc. EUE treatment inhibited rote-
none-induced decreases in the number of total astrocytes and in those expressing the antioxidant molecule
metallothionein. EUE also prevented rotenone-induced microglial activation. Furthermore, EUE treatment
exerted protective effects against intestinal neuronal loss in the PD model. These results suggest that EU exerts
neuroprotective effects in the central and enteric nervous systems of rotenone-induced parkinsonism mice, in
part by glial modification.
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P arkinson’s disease (PD) is characterized by motor
symptoms based on dopaminergic neuronal death
in the substantia nigra pars compacta (SNpc). PD
patients also exhibit non-motor symptoms, such as
olfactory impairment, orthostatic hypotension and
constipation, which precede motor symptoms by
10~20 years [1,2]. In Braak's staging theory, it is
hypothesized that Lewy body, a hallmark of PD pathol-
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ogy, composed by a-synuclein (a-Syn), emerges in the
olfactory bulb and the dorsal motor nucleus of the
vagus nerve and propagates to the SNpc and the cortex
along with progression of PD [3]. Lewy body-like
inclusions are also observed in the enteric plexus of PD
patients [4,5]. As well as intracerebral inoculation,
intestinal inoculation of a-Syn induced dopaminergic
neurodegeneration in the SNpc and motor impairment,
but this gut-to-brain transmission of a-Syn is prevented
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by vagotomy [6]. Therefore, PD pathology accompa-
nied with Lewy bodies can originate in the enteric ner-
vous system (ENS) and then ascend to the central ner-
vous system (CNS) in a prion-like fashion [7-12].

Unlike familial PDs caused by genetic mutations,
both genetic factors and environmental factors like pes-
ticide and metal exposure are involved in the pathogen-
esis of sporadic PD. Exposure to the pesticide rotenone,
which is a mitochondria complex I inhibitor, is known
as an epidemiological risk factor for PD; indeed, rote-
none is utilized to produce PD model animals [13,14].
We recently reported that chronic exposure to low-dose
rotenone reproduced neurodegeneration of both the
nigrostriatal dopaminergic neurons and the peripheral
enteric neurons to induce motor impairment and bowel
dysfunction, respectively [15].

Oxidative stress and inflammatory reactions play
pathological roles in the dopaminergic neurodegenera-
tion of PD. Various studies have shown that dysfunc-
tion of astrocytes is also involved in the pathogenesis of
PD [16,17] and that astrocytes protect neurons by pro-
duction and/or secretion of neurotrophic factors and
anti-oxidative molecules, such as glutathione and
metallothionein (MT) [18-20]. MT is a cysteine-rich
metal-binding protein that regulates homeostasis of
metals such as zinc and has strong anti-oxidative effects
through its 20 cysteine residues [21]. The two abundant
isoforms, MT-1 and MT-2, expressed ubiquitously in
most organs, are released from astrocytes, and their
depletion has been shown to aggravate rotenone-
induced neurodegeneration in both the CNS and ENS
[22,23]. Our recent study showed that oral adminis-
trations of chlorogenic acid and caffeic acid of coffee
components exerted neuroprotective effects on low-
dose rotenone-induced dopaminergic neuronal loss in
the SNpc and on the neurodegeneration of the myenteric
plexus by up-regulating MT-1,2 in striatal astrocytes
and enteric glial cells [24].

The cortex and leaves of Eucommia ulmoides (EU) are
consumed as tea or herbal medicine in China and
Japan, and contain many beneficial components of
polyphenols and iridoids, such as chlorogenic acid and
aucubin [25]. EU has anti-rheumatic effects and neuro-
protective effects associated with its anti-oxidative and
anti-inflammatory properties [26-28]. Chlorogenic
acid, which was shown to protect against low-dose
rotenone-induced neurodegeneration in the SN and the
myenteric plexus [24], is a component of EU. In this
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study, we examined the neuroprotective effect of
Eucommia ulmoides extracts (EUE) against neurode-
generation and glial responses in the CNS and ENS of
rotenone-treated PD model mice.

Materials and Methods

Animals and materials.  All experimental proce-
dures were conducted in accordance with the Policy on
the Care and Use of Laboratory Animals, Okayama
University, and were approved by the Animal Care and
Use Committee, Okayama University (approved refer-
ence number: OKU-2019102). Male C57BL/6] mice at
7 weeks of age were purchased from Charles River
Japan, Inc. (Yokohama, Japan). Mice were housed
with a 12-h light/dark cycle at constant temperature
(23°C) and given ad libitum access to food.

Extract from leaves of EU prepared as previously
reported [29,30] was deposited at R&D Center,
Kobayashi Pharmaceutical Co., Ltd. (Osaka, Japan).
Powdered EUE contained geniposidic acid 58.98 mg/g,
asperuloside 12.97 mg/g and chlorogenic acid 40.30
mg/g.

Rotenone-treated PD model mice and administra-
tion of EUE.  Eight-week-old C57BL/6] mice under-
went pre-assessment one week prior to the experiment.
At 9 weeks of age, an osmotic mini pump (Alzet,
#2004, DURECT Corporation, Cupertino, CA, USA)
containing vehicle (mixture of equal volumes of
dimethylsulfoxide and polyethyleneglycol) or rotenone
(10.4 mg/ml, Sigma-Aldrich, St. Louis, MO, USA)
dissolved in the vehicle was implanted under the skin on
the back of each mouse, which had been anesthetized
by isoflurane inhalation. Using implanted osmotic mini
pump, mice were subcutaneously injected with rote-
none (2.5 mg/kg/day) or vehicle for 4 weeks. Daily oral
administration of EUE (600 mg/kg/day) dissolved in
water was started at 1 week prior to the implantation of
rotenone-filled pumps, and then continued 5 days/
week during the rotenone treatment (Fig. 1A). The EUE
concentration was decided based on a previous report
[27].

Body weight measurement and behavioral assess-
ment.  Body weight was measured, and behavioral
assessment was performed at 1 week before implanta-
tion of the pump (pre; 8 weeks old), on the day of
implantation (0; at 9 weeks old), and at 1 day and 1, 2,
3 or 4 weeks after implantation of the vehicle- or rote-
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EUE administration and rotenone-treated PD model mice. A, Schematic illustration of the administration schedule. An osmotic

mini pump filled with rotenone or vehicle was implanted under the back skin of male C57BL/6J mice and was used for subcutaneous infu-
sion of rotenone (2.5 mg/kg/day) or vehicle for 4 weeks (Vehicle-Water group: n=4, Vehicle-EUE group: n=>5, Rotenone-Water
group: n=4, Rotenone-EUE group: n=6). EUE (600 mg/kg/day) or vehicle was orally administered to mice 5 days/week for 5 weeks
from 1 week prior to the implantation of osmotic pump. An open field test was performed 1 week before rotenone implantation (pre) and at
1day, and 1, 2, 3 and 4 weeks after the implantation of the rotenone-filled osmotic pump; B & C, Effects of EUE administration on body
weight changes (B) and locomotor activity assessed by the open field test (C) in rotenone-treated PD model mice. Each value represents
the mean = SEM (n=4-6). Changes after implantation of rotenone pumps are indicated by the following symbols: *p<0.05; *p<0.01 vs.

pre-implantation of pump; *p<0.05 vs. Rotenone-Water group.

none-filled pump (Fig.1A). Evaluations were per-
formed between 12:00 and 16:00. Mice were habituated
to the testing room for 1.5h before the evaluation.
Spontaneous locomotion was measured by open field
testing under low lighting conditions. The total migra-
tion length for 3 min (10~190 sec after setting) in the
test area (50 x 50 x 35 cm) was recorded. All data were
analyzed by a video tracking system (LimeLight,
Neuroscience Inc., Tokyo, Japan).
Immunohistochemistry.  On the day following
the last treatment of rotenone and EUE, mice were
transcardially perfused with ice-cold saline followed by
4% paraformaldehyde (PFA) under deep pentobarbital

anesthesia. Brains and intestines were removed and
post-fixed with 4% PFA for 24 h or 2 h, respectively,
and soaked with 15% sucrose for cryoprotection. The
brains and intestines were frozen with powdered dry ice
and cut on a cryostat to make 20-um-thick brain and
14-um-thick intestinal sections. Brain coronal sections
containing the mid-striatum (+0.6 to +1.0 mm from the
bregma) and midbrain including the SNpc (-2.8 to
—3.0 mm from the bregma) were collected.
Immunostaining of tyrosine hydroxylase (TH) was
performed using slices at the level containing the SNpc.
Brain slices were treated with 0.5% H,O, for 30 min and
then 1% normal goat serum for 30 min at room tem-



376 Imafuku et al.

perature (RT). The slices were incubated with a rabbit
anti-TH polyclonal antibody (diluted 1:1,000;
Millipore, Temecula, CA, USA) diluted in 10-mM
phosphate-buffered saline (PBS) containing 0.2% Triton
X-100 (0.2% PBST) for 18 h at 4°C. After washing in
0.2% PBST (5x5 min), slices were incubated with
biotinylated goat anti-rabbit IgG secondary antibody
(1:1,000; Vector Laboratories, Inc., Burlingame, CA,
USA) for 2 h at RT. After washing, slices were incu-
bated with an avidin-biotin peroxidase complex
(1:2,000) for 1 h at RT. TH-immunopositive signals
were visualized by 3,3’-diaminobenzidine tetrahydro-
chloride, nickel ammonium sulfate and H,O,.

Double-immunostaining of a-Syn and TH was per-
formed using nigral sections. The sections were pre-
treated with 70% formic acid for 10 min at RT, and then
incubated with 1% normal goat serum for 30 min at RT.
Slices were reacted with a rabbit anti-a-Syn monoclonal
antibody (1:1,000; Cell Signaling Technology, Inc.,
Danvers, MA, USA) and a mouse anti-TH monoclonal
antibody (1:1,000; Millipore) for 18 h at 4°C. After
washing in PBS, slices were incubated with Alexa Fluor
488-conjugated goat anti-rabbit IgG and Alexa Fluor
594-conjugated goat anti-mouse IgG secondary anti-
bodies (1:1,000; Invitrogen, San Diego, CA, USA) for
2 h at RT. The slices were counterstained with Hoechst
33342 nuclear stain (10 ug/ml) for 2 min.

Fluorescence immunohistochemistry of MT-1,2,
glial fibrillary acidic protein (GFAP) or ionized calci-
um-binding adapter molecule 1 (Ibal) was performed
on slices containing the striatum and SNpc. The sec-
tions were incubated with 1% normal goat or donkey
serum for 30 min at RT, and then reacted with a rabbit
anti-MT-1,2 polyclonal antibody (1:1,000; Frontier
Institute, Hokkaido, Japan), a mouse anti-GFAP
monoclonal antibody (1:10,000; Millipore) or a rabbit
anti-Ibal polyclonal antibody (1:500; Wako Pure
Chemical Corporation, Osaka, Japan) for 18 h at 4°C.
After washing, slices were incubated with Alexa Fluor
488-conjugated goat anti-rabbit IgG, Alexa Fluor
594-conjugated goat anti-mouse IgG or Alexa Fluor
488-conjugated donkey anti-rabbit IgG secondary anti-
bodies (1:1,000; Invitrogen) for 2 h at RT, respectively.

To visualize the myenteric and submucosal plexus in
the intestine, intestinal sections were pre-treated with
1% normal goat serum for 30 min at RT, and then
reacted with a rabbit anti-p-tubulin III polyclonal anti-
body (1:1,000; Abcam, Danvers, MA, USA) for 18 h
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at 4°C. After washing in PBS, slices were incubated
with Alexa Fluor 488-conjugated goat anti-rabbit IgG
antibody (1:1,000; Invitrogen) for 2 h at RT. Intestinal
slices were finally counterstained with Hoechst 33342
nuclear stain.

All slides were analyzed under a fluorescence micro-
scope (Olympus BX53, Tokyo, Japan) with cellSens
imaging software (v1.16, Olympus) using a mercury
lamp through 360-370 nm, 470-495 nm or 530-550
nm band-pass filters to excite Hoechst dye, Alexa Fluor
488 or Alexa Fluor 594, respectively. Colocalization of
a-Syn and TH was confirmed by confocal laser-scan-
ning microscopy (LSM780; Zeiss, Oberkochen,
Germany). Light emitted from Hoechst 33342, Alexa
Fluor 488 or Alexa Fluor 594 was collected through a
420-470 nm band-pass filter, a 500-550 nm band-pass
filter, or a 570-640 nm band-pass filter, respectively.
Images were taken and recorded using a ZEN software
imaging system (Zeiss).

Quantification procedures. ~ The numbers of
TH-positive cells and a-Syn-positive dopaminergic
neurons in the SNpc were counted under a microscope
at magnifications of 100 x and 400 x, respectively. The
numbers of MT- and GFAP-positive cells in the dorso-
lateral striatum and SNpc were counted under a micro-
scope at 200 x magnification. The number and size of
Ibal-positive cells in the striatum and SNpc were mea-
sured using NIH ImageJ (1.53c, NIH, Bethesda, MD,
USA). The immunoreactivity of p-tubulin IIT in the
intestine was analyzed under a microscope at 100 x
magnification and quantified using cellSens imaging
software (Olympus). Integrated density was calculated
as follows: integrated density=(signal density in the
myenteric and submucosal plexus —background densi-
ty) x area of positive signal in the plexus.

Statistical analyses.  Data are expressed as means
+SEMs. Repeated measures analysis of variance
(ANOVA) was performed to evaluate time-dependent
changes in body weight and behavioral parameters. To
evaluate the results of immunostaining, one-way
ANOVA was performed followed by a post hoc Tukey
test. P-values <0.05 were considered statistically signif-
icant.

Results

Effects of EUE administration on spontaneous loco-
motion in rotenone-induced PD model mice.



August 2022

Rotenone treatment induced no weight loss at any time
point. EUE administrations inhibited the age-depen-
dent increase in body weight, especially in rotenone-
injected mice (Fig.1B; group: F(3,105)=33.404,
p<0.001; rotenone-water vs rotenone-EUE at 3 weeks
and 4 weeks, p<0.05; time: F(6,105)=18.936,
p<0.001; group xtime: F(18,105)=0.606, p=0.888).
Total distance moved in the open field test was mea-
sured as an index of locomotor activity. The total dis-
tance was significantly decreased in rotenone-injected
mice. EUE administrations showed a tendency to
inhibit this decrease (Fig.1C; group: F(3,70)=28.936,
p<0.001; time: F(4,70)=1.490, p=0.214; groupx
time: F(12,70)=0.404, p=0.957).

Effects of EUE administration on dopaminergic
neurodegeneration and microglial activation in the
basal ganglia of rotenone-treated PD model mice.
Rotenone treatment significantly decreased the number
of TH-positive cells to approx. 65% of the vehicle-water
control group in the SNpc (F(3,43)=7.189, p<0.001),
and EUE administration almost completely prevented
the rotenone-induced reduction of TH-positive cells
(Fig.2A-C, p<0.01).

The number of Ibal-positive cells showed a ten-
dency to increase in the striatum of rotenone-treated
PD mice, but the increase did not reach statistical sig-
nificance (Fig.2D, E; F(3,38)=6.271; vehicle-water vs
rotenone-water, p=0.076). The size of Iba-1-positive
cell bodies was significantly increased in the striatum by
rotenone exposure (Fig. 2F; F(3,38) =20.825, p<0.001),
and the EUE administration prevented microglial acti-
vation (Fig.2F, p<0.01). In the SNpc, similar results
were observed to those in the striatum (Fig.2G-I;
number F(3,37)=3.106, p<0.05; size F(3,37)=5.832,
p<0.005).

Effect of EUE administration on a-synuclein accu-
mulation in dopaminergic neurons in the SNpc of rote-
none-treated PD model mice. To examine a-Syn
accumulation in the nigral dopaminergic neurons, we
performed double immunostaining of TH and a-Syn.
Rotenone treatment increased the a-Syn signals in the
soma of TH-positive neurons in the SNpc (Fig.3A). In
rotenone-treated mice, the number of TH-positive cells
was decreased to approx. 63% of that of the control
(Fig. 3B, left; F(3,29)=5.395, p<0.01), corresponding
with Fig.2, but the number of a-Syn- & TH-double
positive cells was not changed (Fig.3B, middle;
F(3,29)=0.021, p=0.996). To evaluate differences in the
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number of TH-positive cells among groups, the ratio of
the number of a-Syn- & TH-double positive cells to the
number of TH-positive cells was calculated; the ratio
was significantly higher in rotenone-injected mice
(Fig.3B, right; F(3,29)=3.373, p<0.05), suggesting
that a-Syn accumulated in the surviving dopaminergic
neurons. EUE administrations inhibited the rote-
none-induced a-Syn accumulation (Fig.3A,B).

Effects of EUE administration on MT-1,2 expres-
sion in astrocytes in rotenone-treated PD model mice.
To examine whether the EUE treatment up-regulated
the anti-oxidative molecule MT in astrocytes, we per-
formed double immunostaining of MT-1,2 and GFAP
using striatal and nigral sections. Interestingly, rote-
none exposure significantly decreased the number of
GFAP-positive astrocytes in the striatum (Fig.3C,D;
F(3,35)=4.541, p<0.01) and SNpc (Fig.3E,F; F(3,38)
=3.169, p<0.05). Accordingly, the numbers of MT-
and GFAP-positive cells in rotenone-treated PD mice
were decreased in the striatum (Fig.3D, middle;
F(3,35)=6.610, p<0.005) and in the SNpc (Fig.3E
middle; F(3,38)=6.143, p<0.005). EUE administra-
tions showed a tendency to inhibit the rotenone-
induced reduction of GFAP-positive astrocytes (Fig. 3D,
left; F(3,35)=4.541, p=0.549 and 3F left; F(3,38)
=3.169, p=0.222) and significantly prevented the
reduction of MT-expressing astrocytes (Fig.3D, mid-
dle; F(3,35)=6.610, p<0.05 and Fig.3F, middle;
F(3,38)=6.143, p<0.05). The number of GFAP-
positive astrocytes varies depending on the pathological
condition. Therefore, we calculated the ratio of the
number of MT- & GFAP-double positive cells to the
number of GFAP-positive cells. Rotenone treatment
was associated with a significant decrease of this ratio in
both the striatum (F(3,35)=9.572, p<0.01) and SNpc
(F(3,38)=4.861, p<0.05), which was completely pre-
vented by EUE administration (Fig.3D, right, p<0.01
and Fig.3E right, p<0.05).

Effects of EUE administration on the enteric plexus
of rotenone-treated PD model mice. = To examine the
protective effects of EUE against rotenone-induced
enteric neurodegeneration, we performed immunos-
taining of the neuronal marker B-tubulin III using
intestinal sections (Fig.4A,B). Rotenone treatment
decreased the [-tubulin III-positive areas of the
myenteric and submucosal plexus (Fig.4A-C;
F(3,58)=4.093, p<0.05) as well as the signal intensity
for B-tubulin III (Fig.4D; F(3,58)=3.660, p<0.05).
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EUE administration significantly prevented the decrease
of area and signal intensity of neurons in the enteric
plexus (Fig.4C and 4D, p<0.05, respectively).

Discussion

In this study, we demonstrated the central and
peripheral neuroprotective effects of EUE on rotenone-
treated PD model mice. EUE administration also pre-
vented rotenone-induced astrocyte dysfunction and
activation of microglia. Furthermore, the treatment

restored motor dysfunction in rotenone-injected PD
mice.

EU is a traditional herbal medicine which contains
112 secondary metabolites; in particular, chlorogenic
acid and catechin are known to scavenge reactive oxy-
gen species (ROS) directly and chelate metals such as Fe
[31]. Previous studies have also reported the neuropro-
tective effects of EUE [26-28,32]. EU inhibited nuclear
translocation of nuclear factor-kB (NF-«kB) and apopto-
sis induced by the neurotoxin 6-hydroxydopamine in
SH-SY5Y neuroblastoma cells [32]. Also in SH-SY5Y
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cells, EU ameliorated the dysfunction of the ubiqui-
tin-proteasome system induced by another dopaminer-
gic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) [27]. EU up-regulated autophagic
factors to prevent dopaminergic neurodegeneration and
motor dysfunction in MPTP-injected zebrafish [26].
Furthermore, EU administration suppressed the p38/
c-Jun N-terminal kinase (JNK)-Fos-like 2 (Fosl2) path-
way in MPTP-induced PD model mice [28]. Using the
same low-dose rotenone-induced PD model mice as in
this study, we previously showed the neuroprotective
effects of treatment with chlorogenic acid, a component
of EU, against dopaminergic neuronal loss in the SNpc
[24]. In the present study, chronic EUE administration
inhibited a-Syn accumulation in the nigral DA neurons
of rotenone-exposed PD mice. The ubiquitin-protea-
some system and autophagy are essential to the degra-
dation of a-Syn [33]. Therefore, EUE may inhibit
a-Syn accumulation by activation of a protein degrada-
tion system.

Astrocytes play an important role in neuroprotec-
tion by secretion of anti-oxidative molecules and
removal of neurotoxic molecules, and astrocyte dys-
function is related to neurodegenerative diseases
[16,34]. Activated astrocytes have been detected in
various PD models [35,36]. In contrast, the number of
GFAP-positive astrocytes was decreased in the brains of
rotenone-treated mice in the present study.
Furthermore, rotenone exposure decreased MT-1,2
expression in astrocytes. These results suggest that EUE
prevented rotenone-induced astrocyte dysfunction and
reduction of MT-1,2 expression. MT expression is reg-
ulated by nuclear factor erythroid 2-related factor 2
(Nrf2), metal regulatory transcription factor 1, gluco-
corticoids, and signal transducers and activators of
transcription [21,37,38]. EU and aucubin, a com-
pound of EUE, promoted nuclear translocation of Nrf2
and up-regulated transcription of downstream anti-
oxidative molecules, such as heme oxygenase-1 and
NAD(P)H quinone oxidoreductase-1 [39-41]. We pre-
viously demonstrated that astrocytes up-regulated
MT-1,2 through nuclear translocation of Nrf2 in
response to oxidative stress [20]. Taken together, these
findings suggest that EUE may induce MT-1,2 expres-
sion in astrocytes by activation of the Nrf2 pathway.

Microglia contribute to neuroinflammation in the
CNS. Various stimuli activate microglia to be trans-
formed into hypertrophic cell bodies (amoeboid
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microglia) and then to accumulate. Activated microglia
release pro-inflammatory cytokines through activation
of the NF-«xB pathway [34]. Such microglial activation
is involved in dopaminergic degeneration in PD [13]. In
the present experiment, EUE administration inhibited
microglial activation in the brains of PD model mice. It
was reported that EU inhibited the nuclear transloca-
tion of NF-«xB and the expression of pro-inflammatory
cytokines induced by lipopolysaccharide [39]. These
observations suggest that EUE exerts neuroprotective
effects, not only by anti-oxidative properties, but also
an anti-inflammatory effect, i.e., the inhibition of
microglial activation. However, it is hard to identify
the active molecules in EUE that promote the neuro-
protective effects, because EU contains so many com-
ponents.

In this study, we also demonstrated the neuropro-
tective effects of EUE in the intestinal plexus of rote-
none-injected mice. In the intestinal plexus, MT-1,2 is
expressed in GFAP-positive glial cells. Our previous
study demonstrated the neuroprotective effects of MT
expression in enteric glial cells, because the rotenone-
induced myenteric neurodegeneration was aggravated
in MT-1,2-knockout mice [22]. In addition, coffee
components, caffeic acid and chlorogenic acid, pre-
vented the loss of neurons in the myenteric plexus of
rotenone-treated PD models with up-regulating MT
[24]. The induction of MT expression may be one of the
initial molecular events in this myenteric neuroprotec-
tion. As mentioned above, chlorogenic acid, a major
component of EUE, has demonstrated the ability to
up-regulate MT [24]. Taken together with these obser-
vations, the present results suggested that EUE, proba-
bly chlorogenic acid, could exert neuroprotective effects
by MT up-regulation in enteric glial cells.

Animals in this study received EUE (600 mg/kg/
day) by daily oral administration. The dosage of EUE
was higher than the daily drinking dosage (2,000 mg/
day). Oral EU administrations of 150-5,000 mg/kg/day
for 8 days) have been shown to prevent dopaminergic
neurodegeneration in MPTP-injected PD model mice
[26,27]. To confirm the effect of EUE on MT expres-
sion, in a preliminary experiment we administered
EUE (300 and 600 mg/kg/day, p.o.) to mice for 2 weeks
and found that administration of EUE at 600 mg/kg/
day up-regulated MT-1,2 expression in astrocytes (data
not shown). These findings were the basis of the deter-
mination of the EUE dosage of 600 mg/kg/day in the
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present study. Further examination will be required in
order to clarify the neuroprotective effects of a lower
dose of EUE by long-term administration.

As the EUE contained chlorogenic acid at 40.30 mg/g,
the dosage of EUE (600 mg/kg/day) in the present study
is equivalent to 24.18 mg/kg/day of chlorogenic acid.
This is almost half the dose of chlorogenic acid (50 mg/
kg/day for 4 weeks) used in our previous study [24],
which showed similar neuroprotective effects against
central and enteric neurodegeneration using the same
rotenone-treated PD models. These data imply that
either components of EUE other than chlorogenic acid
also exert neuroprotective effects or that a dose of
approx. 25 mg/kg/day of chlorogenic acid is sufficient
for neuroprotection.

In conclusion, as well as neuroprotective effects of
chlorogenic acid, a component of coffee, against neu-
rodegeneration of nigral dopaminergic neurons and
enteric neurons [24], EUE exerted central and periph-
eral neuroprotection and improvement of behavior
dysfunction in rotenone-induced PD model mice, sug-
gesting that EUE could be a neuroprotective supple-
mental agent for PD.
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