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Abstract: Epidemiological studies have shown that coffee consumption decreases the risk of
Parkinson’s disease (PD). Caffeic acid (CA) and chlorogenic acid (CGA) are coffee components
that have antioxidative properties. Rotenone, a mitochondrial complex I inhibitor, has been used
to develop parkinsonian models, because the toxin induces PD-like pathology. Here, we examined
the neuroprotective effects of CA and CGA against the rotenone-induced degeneration of central
dopaminergic and peripheral enteric neurons. Male C57BL/6J mice were chronically administered
rotenone (2.5 mg/kg/day), subcutaneously for four weeks. The animals were orally administered
CA or CGA daily for 1 week before rotenone exposure and during the four weeks of rotenone
treatment. Administrations of CA or CGA prevented rotenone-induced neurodegeneration of both
nigral dopaminergic and intestinal enteric neurons. CA and CGA upregulated the antioxidative
molecules, metallothionein (MT)-1,2, in striatal astrocytes of rotenone-injected mice. Primary cultured
mesencephalic or enteric cells were pretreated with CA or CGA for 24 h, and then further co-treated
with a low dose of rotenone (1–5 nM) for 48 h. The neuroprotective effects and MT upregulation
induced by CA and CGA in vivo were reproduced in cultured cells. Our data indicated that intake of
coffee components, CA and CGA, enhanced the antioxidative properties of glial cells and prevents
rotenone-induced neurodegeneration in both the brain and myenteric plexus.

Keywords: caffeic acid; chlorogenic acid; rotenone; Parkinson’s disease; neuroprotection;
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1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease with motor symptoms,
such as tremor, akinesia/bradykinesia, rigidity, and postural instability, due to a loss of nigrostriatal
dopaminergic neurons, and non-motor symptoms, such as orthostatic hypotension and constipation,
caused by peripheral neurodegeneration. Gastrointestinal dysfunction is a particularly prominent
non-motor symptom of PD. Several studies have reported that constipation appears approximately 10
to 20 years prior to the presentation of motor symptoms [1–3]. Recently, a large-scale prospective study
demonstrated that lower bowel movement frequencies predicted the future PD crisis [4]. Braak et al.
reported that PD pathology, Lewy bodies and Lewy neuritis, within the central nervous system (CNS),
appeared first in the dorsal motor nucleus of vagus, and then extended upward through the brain stem
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to reach the substantia nigra, eventually leading to motor dysfunction [5]. In addition, several reports
have demonstrated that PD pathology is also detected within the enteric nervous system (ENS) [6–8].
Therefore, it has been hypothesized that PD pathology spreads from the ENS to the CNS via the vagal
nerve [9].

The cause of sporadic PD remains unknown, but both genetic and environmental factors are
thought to contribute to PD pathogenesis. Epidemiological studies suggest that pesticide exposure,
particularly rotenone and paraquat, increases the risk of PD [10]. Rotenone, a mitochondrial complex I
inhibitor, is used to develop animal models of PD, because the toxin induces dopaminergic neuronal
loss and PD motor symptoms [11,12]. Studies have demonstrated neurotoxic effects of rotenone
in vitro and in vivo [11,13,14]. In addition, rotenone has been shown to reproduce PD pathology in
both the CNS and ENS [15–17].

Epidemiological studies indicate that coffee consumption reduces the risk of PD to 40–50% [18,19].
Caffeic acid (CA) and chlorogenic acid (CGA), an ester formed between CA and quinic acid,
are components of coffee. Various studies have reported that CA and CGA possess antioxidative
properties, anti-inflammatory activity, and inhibitory effects on mitochondrial damage. Moreover,
these coffee components exert neuroprotective effects against dopaminergic neurotoxicity [20–26].
However, it is still unknown whether coffee intake provides neuroprotective effects against enteric
neuronal damage. The present study explored whether daily oral administrations of CA or CGA could
prevent degeneration of central dopaminergic and peripheral enteric neurons in rotenone-treated
mice. We established a novel rotenone-treated mouse model that exhibited neurodegeneration in both
the CNS and ENS after chronic exposure to a low dose of rotenone (2.5 mg/kg/day) for four weeks.
In addition, we examined the expression of the antioxidative molecules metallothionein (MT)-1,2,
which are expressed mainly in astrocytes and secreted to the extracellular space, in rotenone-treated
mice. Furthermore, we examined the neuroprotective effects of CA and CGA against rotenone-induced
neurotoxicity in primary cultured cells from the mesencephalon and intestine.

2. Materials and Methods

2.1. Animals

All experimental procedures were performed in accordance with the Guideline for Animal
Experiments of Okayama University Advanced Science Research Center, and were approved by
the Animal Care and Use Committee of Okayama University Advanced Science Research Center.
Male C57BL/6J mice at seven weeks of age and pregnant Sprague-Dawley (SD) rats at gestation day
13 were purchased from Charles River Japan Inc. (Yokohama, Japan). C57BL/6J mice and pregnant SD
rats were housed with a 12-h light/dark cycle at a constant temperature (23 ◦C) and given ad libitum
access to food.

2.2. Rotenone-Injected Mice and Treatment with CA or CGA

In our previous studies, we reported that chronic injection with rotenone (50 mg/kg/day) induced
neurodegeneration in the substantia nigra pars compacta (SNpc) and intestinal myenteric plexus in
mice [27]. In the current study, to examine the effects of CA and CGA on neurodegeneration in
low-dose rotenone-treated mice, male C57BL/6J mice (nine weeks old; approximately 25 g) were
subcutaneously injected with rotenone (2.5 mg/kg/day, Sigma-Aldrich, St. Louis, MO, USA) for four
weeks using an osmotic mini pump (Alzet, #2004; Durect Corporation, Cupertino, CA, USA). The Alzet
osmotic pump was filled with rotenone (10.4 mg/mL) dissolved in the vehicle solution, consisting of
equal volumes of dimethylsulphoxide (DMSO) and polyethylenglycol (PEG). Mice were anesthetized
by isoflurane inhalation. Rotenone-filled pumps were implanted under the skin on the backs of mice.
Control mice received the vehicle solution.

Mice were orally administered CA (30 mg/kg/day) or CGA (50 mg/kg/day) dissolved in 5%
methylcellulose daily for one week before rotenone exposure, and then 5 days/week during the
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four weeks of rotenone treatment (Figure 1A). The dosages of CA and CGA were determined based
on previous reports [22,24,25]. One day after the rotenone treatment period, mice were perfused
transcardially with a 4% paraformaldehyde (PFA) fixative for immunohistochemical analysis.Cells 2019, 8, x FOR PEER REVIEW 6 of 18 

 

 
Figure 1. Administrations of CA or CGA prevented degeneration of dopaminergic neurons in the 
SNpc of rotenone-treated mice. (A) Schematic illustration of the experimental protocol. Male C57BL/6J 
mice were injected subcutaneously with rotenone (2.5 mg/kg/day) for four weeks using an osmotic 
mini pump. Mice were orally administered CA (30 mg/kg/day) or CGA (50 mg/kg/day), dissolved in 
5% methylcellulose, daily for one week before rotenone exposure, and then 5 days/week during the 
four weeks of rotenone treatment. (B) Representative photomicrographs of immunohistochemistry 
for TH in the SNpc of rotenone-treated mice after treatment with CA or CGA. Scale bar = 200 µm. (C) 
Changes in the number of TH-positive nigral neurons after administration of CA or CGA. Each value 
is the mean ± SEM (n = 6–7). ** p < 0.01 vs. the vehicle-treated control group, # p < 0.05, ## p < 0.01 
between the two indicated groups. 

3.2. Administrations of CA or CGA Increased MT-1,2 Expression in Astrocytes in the Striatum of Rotenone-
Treated Mice 

To examine the effects of CA and CGA treatment on antioxidative molecules in astrocytes of 
rotenone-treated mice, we performed double immunostaining of the astrocyte marker S100β and MT-
1,2 in striatal brain slices. We used an anti-S100β, but not an anti-GFAP, antibody to visualize 
astrocytes in the striatum. Since the anti-GFAP antibody detected mainly fibrous activated astrocytes, 
it was difficult to assess MT-1,2 expression in all types of astrocytes, including protoplasmic 
astrocytes. Therefore, we chose an anti-S100β antibody to detect striatal astrocytes. A nonsignificant 
trend toward decreased numbers of S100β-positive astrocytes were seen after rotenone treatment. 
Administration of CA or CGA significantly increased the number of MT-positive astrocytes in the 
striatum of mice (Figure 2A,B). The MT-positive/S100β-positive cell ratio was significantly increased 
by either CA or CGA treatment (Figure 2C). 

Figure 1. Administrations of CA or CGA prevented degeneration of dopaminergic neurons in the SNpc
of rotenone-treated mice. (A) Schematic illustration of the experimental protocol. Male C57BL/6J mice
were injected subcutaneously with rotenone (2.5 mg/kg/day) for four weeks using an osmotic mini
pump. Mice were orally administered CA (30 mg/kg/day) or CGA (50 mg/kg/day), dissolved in 5%
methylcellulose, daily for one week before rotenone exposure, and then 5 days/week during the four
weeks of rotenone treatment. (B) Representative photomicrographs of immunohistochemistry for TH
in the SNpc of rotenone-treated mice after treatment with CA or CGA. Scale bar = 200 µm. (C) Changes
in the number of TH-positive nigral neurons after administration of CA or CGA. Each value is the
mean ± SEM (n = 6–7). ** p < 0.01 vs. the vehicle-treated control group, # p < 0.05, ## p < 0.01 between
the two indicated groups.

2.3. Cell Culture of Mesencephalic Neurons and Astrocytes

Primary cultured mesencephalic neurons and astrocytes were prepared from the mesencephalon
of SD rat embryos at 15 days of gestation [28]. Neuronal and astrocyte co-cultures were constructed
by directly seeding astrocytes onto neuronal cell cultures. To prepare enriched neuronal cultures,
the mesencephalon was dissected, cut into small pieces with scissors, and then incubated for 15 min in
0.125% trypsin-EDTA at 37 ◦C. After centrifugation (1500× g, 3 min), the resulting cell pellet was treated
with a 0.004% DNase I solution, containing 0.003% trypsin inhibitor, for 7 min at 37 ◦C. Following
centrifugation (1500× g, 3 min), the cell pellet was gently resuspended in a small volume of Dulbecco’s
modified Eagle’s medium (DMEM) with 4.5 g/L D-glucose (Invitrogen, San Diego, CA, USA), 10%
fetal bovine serum (FBS), 4 mM L-glutamine, and 60 mg/L kanamycin sulfate (growth medium;
DMEM–FBS). Resuspended cells were plated in the same medium at a density of 2 × 105 cells/cm2

in four-chamber culture slides coated with poly-D-lysine (Falcon, Corning, NY, USA). Within 24 h
of the initial plating, the medium was replaced with fresh DMEM-FBS medium supplemented with
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2 µM cytosine-β-D-arabinofuranoside (Ara-C) to inhibit glial cell replication. Cells were incubated
in this medium for three days. To obtain mesencephalic astrocytes, small pieces of mesencephalon
were treated with 0.125% trypsin followed by 0.004% DNase I, as described above. Cells were
plated at a density of 2 × 105 cells/cm2 in poly-D-lysine-coated 6-well plates (Falcon) in DMEM-FBS
medium. After incubation for seven days, cells were subcultured, and then seeded, at a density
of 4 × 104 cells/cm2, directly onto mesencephalic neuronal cell layers that had been cultured in
four-chamber culture slides for 4 days. The co-cultures were incubated for a further two days before
beginning any treatment. To prepare astrocyte cultures, cells were subcultured as described above,
plated in DMEM-FBS medium at a density of 2 × 104 cells/cm2 in poly-D-lysine-coated four-chamber
culture slides, and then incubated for one week. All cultures were maintained at 37 ◦C in a 5%/95%
CO2/air mixture.

2.4. Cell Culture of Enteric Neurons and Glial Cells

Enteric neuronal and glial co-cultures were prepared from the intestine of SD rat embryos
at 15 days of gestation [29]. Intestines were dissected and kept on ice in Hank’s buffered salt
solution (HBSS, Sigma-Aldrich) supplemented with 50 µg/mL streptomycin and 50 U/mL penicillin
(Invitrogen). After washing with fresh HBSS, intestines were cut into small pieces with scissors in
DMEM/F12 (1:1) medium (Invitrogen) with 50 µg/mL streptomycin, 50 U/mL penicillin (DMEM/F12
medium), and 10% FBS, and then centrifuged (1500× g, 3 min). The resulting cell pellet was treated with
0.125% trypsin (Invitrogen) for 15 min at 37 ◦C. After centrifugation (1500× g, 10 min), the resulting cells
were treated with 0.01% (v/v) DNase I (Sigma-Aldrich) for 10 min at 37 ◦C. After centrifugation (100× g,
10 min), the cell pellet was gently re-suspended in a small volume of DMEM/F12 medium containing
10% FBS, and then plated in the same medium at a density of 5 × 104 cells/cm2 in four-chamber
culture slides previously coated for 6 h with a solution of 0.5% (v/v) gelatin (Sigma-Aldrich). Within
24 h of the initial plating, the medium was replaced with fresh DMEM/F12 medium without FBS but
containing 1% N-2 and 1% G-5 supplements (Invitrogen). Half of the medium was replaced every two
days, and cell cultures were maintained for 13 days at 37 ◦C in a 5%/95% CO2/air mixture.

2.5. Cell Treatments

Fresh solution of rotenone in DMSO were prepared before each experiment and then diluted to
their final concentrations in the appropriate growth medium (final concentration of DMSO: 0.005%
v/v). To examine the effects of CA and CGA on rotenone-induced dopaminergic neurotoxicity,
mesencephalic neuronal and astrocyte co-cultures were treated with CA (10 or 25 µM) or CGA (25 µM)
in 0.2% DMSO in growth medium for 24 h. The concentrations of CA and CGA were determined
based on previous reports [30–32]. After incubation for 24 h, the medium containing CA or CGA was
discarded, and then cells were treated with CA (10 or 25 µM) or CGA (25 µM) and rotenone (1, 2.5,
or 5 nM) for 48 h. To examine the effects of CA and CGA on MT-1,2 expression in mesencephalic
astrocytes, astrocyte cultures were treated with CA (10 or 25 µM) or CGA (25 µM) for 24 h in advance,
and then treated with CA (10 or 25 µM) or CGA (25 µM), with or without rotenone (1, 2.5, or 5 nM) for
a further 48 h.

To determine the effects of CA and CGA on rotenone-induced enteric neuronal loss and glial
MT-1,2 expression, enteric neuronal and glial co-cultures were treated with CA (10 or 25 µM) or CGA
(25 µM) in DMEM/F12 medium containing 0.2% DMSO and 1% N-2 and 1% G-5 supplements for 24 h,
followed by treatment with CA (10 or 25 µM) or CGA (25 µM) and rotenone (1, 2.5, or 5 nM) for 48 h.

2.6. Immunohistochemistry

To prepare slices of the brain and intestine, mice were perfused with ice-cold saline followed by
4% PFA under deep pentobarbital anesthesia (70 mg/kg, i.p.). The perfused brains and intestines were
removed immediately and post-fixed for 24 h or 2 h in 4% PFA, respectively. Following cryoprotection
in 15% sucrose in phosphate buffer (PB) for 48 h, the brains and intestines were snap-frozen with



Cells 2019, 8, 221 5 of 18

powdered dry ice and 20-µm-thick coronal or transverse sections were cut on a cryostat. Brain slices
were collected at levels containing the mid-striatum (+0.6 to +1.0 mm from the bregma) and the SNpc
(−2.8 to −3.0 mm from bregma). For immunostaining of tyrosine hydroxylase (TH) in the SNpc, brain
slices were treated with 0.5% H2O2 for 30 min at room temperature (RT), blocked with 1% normal goat
serum for 30 min, and incubated for 18 h at 4 ◦C with a rabbit anti-TH antibody (1:1000; Millipore,
Temecula, CA, USA) diluted in 10 mM phosphate-buffered saline (PBS) containing 0.2% Triton X-100
(0.2% PBST). After washing in 0.2% PBST (3 × 10 min), slices were reacted with biotinylated goat
anti-rabbit IgG secondary antibody for 2 h at RT. After washing, the sections were incubated with
an avidin-biotin peroxidase complex for 1 h at RT. TH-immunopositive signals were visualized by
DAB, nickel, and H2O2. To examine effects of CA and CGA treatment on astrocytic MT-1,2 expression
in rotenone-injected mice, the striatal sections were incubated in 1% normal goat serum for 30 min
at RT, and then reacted with mouse anti-MT-1,2 (1:100; Dako Cytomation, Glostrup, Denmark) or
rabbit anti-S100β (1:5000; Dako Cytomation) antibodies for 18 h at 4 ◦C. After washing, slices were
reacted with Alexa Fluor 594-conjugated goat anti-mouse IgG or Alexa Fluor 488-conjugated goat
anti-rabbit IgG secondary antibodies (1:1000; Invitrogen) for 2 h at RT. To visualize the myenteric
plexus or enteric glial cells in the intestine, intestinal sections were incubated in 1% normal goat serum
for 30 min at RT, and then reacted with rabbit anti-β-tubulin III (1:100; GeneTex, Inc., Irvine, CA,
USA) or rabbit anti-GFAP (1:10,000; Novus Biologicals, Centennial, CO, USA) antibody, respectively,
for 18 h at 4 ◦C. After washing, slices were reacted with Alexa Fluor 488-conjugated goat anti-rabbit
IgG secondary antibody (1:1000; Invitrogen) for 2 h at RT. The striatal and intestinal slices were then
counterstained with Hoechst 33342 nuclear stain (10 µg/mL) for 2 min. Cells cultured on chamber
slides were fixed with 4% PFA for 30 min at RT, blocked with 2.5% normal goat serum for 20 min,
and then reacted for 18 h at 4 ◦C with the following primary antibodies diluted in 0.1% PBST: rabbit
anti-TH (1:1000; Millipore); mouse anti-MT-1,2 (1:100; DAKO Cytomation); rabbit anti-GFAP (1:2000;
Dako Cytomation); or mouse anti-β-tubulin III (1:10,000; Sigma-Aldrich). After washing in 10 mM
PBS, pH 7.4 (3 × 10 min), cells were reacted with Alexa Fluor 488-conjugated goat anti-rabbit IgG or
Alexa Fluor 594-conjugated goat anti-mouse IgG secondary antibodies (1:500; Invitrogen) for 1.5 h
at RT. Finally, cells were counterstained with Hoechst 33342 nuclear stain (10 µg/mL) for 2 min and
washed prior to mounting with Fluoromounting medium (Dako Cytomation).

All slides were analyzed under a fluorescence microscope (BX50-FLA or BX53; Olympus Tokyo,
Japan) and cellSens imaging software (Olympus), using a mercury lamp (USHIO INC., Tokyo, Japan)
through 360–370 nm, 470–495 nm, or 530–550 nm band-pass filters to excite Hoechst 33342, Alexa Fluor
488, or Alexa Fluor 594, respectively. Light emission from Hoechst 33342, Alexa Fluor 488, or Alexa
Fluor 594 was collected through a 420 nm long-pass filter, a 510–550 nm band-pass filter, or a 590 nm
long-pass filter, respectively. Localization of β-tubulin III- and GFAP signals was confirmed by confocal
laser-scanning microscopy (LSM 780; 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 at a magnification
of 400× and recorded using the Windows-based LSM program (ZEN lite 2012 64bit version, Zeiss).
Adobe Photoshop CS4 software (v11.0) was used for digital amplification of the images.

2.7. Quantification Procedures

The number of TH-immunopositive neurons in the SNpc was counted manually under a
microscope at 100× magnification. The boundary between the SNpc and ventral tegmental area
was defined by a line extending dorsally from the most medial boundary of the cerebral peduncle.
The numbers of MT-1,2- and S100β-immunopositive cells in the dorsal striatum of rotenone-treated
mice were counted manually using a microscope at a magnification of 400×. The number of MT- or
S100β-positive cells and the ratio of MT-positive cells to S100β-positive cells were evaluated in each
section. The immunoreactivity of β-tubulin III or GFAP in the myenteric plexus of the intestine was
analyzed under 400× magnification and quantified using cellSens imaging software (v1.16, Olympus).
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The integrated density of each signal was calculated as follows: integrated density = (signal density in
the myenteric plexus-background density) × area of positive signal in the plexus.

TH-immunopositive cells in mesencephalic neuronal and astrocyte co-cultures were counted
under a microscope in all areas of each chamber slide. Cell viability data are presented as a percentage
of the control. The number of MT-1,2-immunopositive cells in mesencephalic astrocyte cultures was
counted in 8–10 randomly chosen fields in a chamber under 200× magnification, and expressed as the
percentage of MT-1,2-immunopositive astrocytes among the total cell population. The signal intensity
of β-tubulin III and MT-1,2 in enteric neuronal and glial co-cultures was analyzed in 3–6 randomly
chosen fields in a chamber under 200× magnification and quantified using cellSens imaging software.

2.8. Statistical Analyses

All statistical analyses were performed using KaleidaGraph v4.0 software. Data are presented
as means ± SEM. Comparisons between multiple groups were performed using a one-way ANOVA
followed by a post hoc Fisher’s least significant difference test. A p-value < 0.05 was considered
statistically significant.

3. Results

3.1. Administrations of CA or CGA Prevented Dopaminergic Neurodegeneration in Rotenone-Treated Mice

Chronic subcutaneous treatment with a low dose of rotenone (2.5 mg/kg/day) significantly
decreased the number of TH-positive dopaminergic neurons in the SNpc. Repeated oral administration
of CA (30 mg/kg) or CGA (50 mg/kg) ameliorated the reduction of nigral TH-positive cells in
rotenone-treated mice (Figure 1B,C).

3.2. Administrations of CA or CGA Increased MT-1,2 Expression in Astrocytes in the Striatum of
Rotenone-Treated Mice

To examine the effects of CA and CGA treatment on antioxidative molecules in astrocytes of
rotenone-treated mice, we performed double immunostaining of the astrocyte marker S100β and
MT-1,2 in striatal brain slices. We used an anti-S100β, but not an anti-GFAP, antibody to visualize
astrocytes in the striatum. Since the anti-GFAP antibody detected mainly fibrous activated astrocytes,
it was difficult to assess MT-1,2 expression in all types of astrocytes, including protoplasmic astrocytes.
Therefore, we chose an anti-S100β antibody to detect striatal astrocytes. A nonsignificant trend toward
decreased numbers of S100β-positive astrocytes were seen after rotenone treatment. Administration
of CA or CGA significantly increased the number of MT-positive astrocytes in the striatum of mice
(Figure 2A,B). The MT-positive/S100β-positive cell ratio was significantly increased by either CA or
CGA treatment (Figure 2C).
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mg/kg/day) or CGA (50 mg/kg/day). Green: S100β-positive astrocytes. Red: MT-1,2-positive cells. 
Blue: nuclear staining with Hoechst 33342. Solid arrowheads: MT-1,2-positive astrocytes. Scale bar = 
50 µm. (B,C) Quantitation of MT-1,2 and S100β expression in the striatum of rotenone-treated mice 
after treatment with CA or CGA. (B) Number of immunopositive cells, (C) proportion of MT-1,2-
positive cells/S100β-positive cells. Data are means ± SEM (n = 6–7). # p < 0.05, ## p < 0.01 vs. the rotenone-
treated group. 
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Rotenone-Treated Mice 

To examine the neuroprotective effects of CA and CGA on the myenteric plexus in the small 
intestine of rotenone-treated mice, we performed immunostaining of the neuronal marker, β-tubulin 
III. To confirm the distribution of the myenteric plexus in the intestine, nuclear staining was 
performed using Hoechst 33342. Apparent β-tubulin III-positive signals were detected in the 
intestinal myenteric plexus of mice (Figure 3A). Chronic subcutaneous treatment with low-dose 
rotenone for four weeks significantly decreased the area of β-tubulin III-positive myenteric plexus 
(Figure 3A, B and C) and β-tubulin III immunoreactivity (Figure 3A,B,D) in the intestine. Repeated 
administration of CA or CGA significantly prevented this reduction in β-tubulin III-positive signals 
in the myenteric plexus of rotenone-treated mice (Figure 3B–D). 

Figure 2. Effects of CA or CGA administrations on astrocytic MT-1,2 expression in the striatum
of rotenone-treated mice. (A) Representative photomicrographs of MT-1,2 and S100β double
immunostaining in the striatum of rotenone (2.5 mg/kg/day)-treated mice after treatment with CA
(30 mg/kg/day) or CGA (50 mg/kg/day). Green: S100β-positive astrocytes. Red: MT-1,2-positive cells.
Blue: nuclear staining with Hoechst 33342. Solid arrowheads: MT-1,2-positive astrocytes. Scale bar
= 50 µm. (B,C) Quantitation of MT-1,2 and S100β expression in the striatum of rotenone-treated
mice after treatment with CA or CGA. (B) Number of immunopositive cells, (C) proportion of
MT-1,2-positive cells/S100β-positive cells. Data are means ± SEM (n = 6–7). # p < 0.05, ## p < 0.01 vs.
the rotenone-treated group.

3.3. Administration of CA or CGA Prevented Neurodegeneration in the Intestinal Myenteric Plexus of
Rotenone-Treated Mice

To examine the neuroprotective effects of CA and CGA on the myenteric plexus in the small
intestine of rotenone-treated mice, we performed immunostaining of the neuronal marker, β-tubulin
III. To confirm the distribution of the myenteric plexus in the intestine, nuclear staining was performed
using Hoechst 33342. Apparent β-tubulin III-positive signals were detected in the intestinal myenteric
plexus of mice (Figure 3A). Chronic subcutaneous treatment with low-dose rotenone for four weeks
significantly decreased the area of β-tubulin III-positive myenteric plexus (Figure 3A–C) and β-tubulin
III immunoreactivity (Figure 3A,B,D) in the intestine. Repeated administration of CA or CGA
significantly prevented this reduction in β-tubulin III-positive signals in the myenteric plexus of
rotenone-treated mice (Figure 3B–D).
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Figure 3. Administrations of CA or CGA prevented the degeneration of enteric neurons in the
intestinal myenteric plexus of rotenone-treated mice. (A) Representative photomicrographs of
immunohistochemistry for β-tubulin III in the intestine of mice. Green: β-tubulin III-positive neurons.
Blue: nuclear staining with Hoechst 33342. Scale bar = 50 µm. (B) Representative photomicrographs
of β-tubulin III-positive neurons in the intestine of rotenone-treated mice after treatment with CA
(30 mg/kg/day) or CGA (50 mg/kg/day). Scale bar = 50 µm. (C,D) Quantitation of β-tubulin
III-positive signals in the intestine. (C) Area of β-tubulin III-positive myenteric plexus, (D) integrated
density of β-tubulin III immunoreactivity. Data are means ± SEM (n = 6–7). *** p < 0.001 vs. the
vehicle-treated control group, ### p < 0.001 between the two indicated groups.

3.4. Administration of CA or CGA Had No Effect on Enteric Glial Cells in Rotenone-Treated Mice

To examine the effects of CA and CGA on enteric glial cells in the small intestine of
rotenone-treated mice, we performed immunostaining of the glial marker, GFAP [33]. Chronic
subcutaneous treatment with a low dose of rotenone for four weeks had no effect on the area of
GFAP-positive signal (Figure 4A,B), but significantly decreased GFAP immunoreactivity (Figure 4A,C)
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in the intestine. Repeated administration of CA or CGA did not prevent this reduction in GFAP-positive
signal in the intestine of rotenone-treated mice (Figure 4A–C).
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Figure 4. Effects of CA or CGA administrations on enteric glial cells in the intestines of rotenone-treated
mice. (A) Representative photomicrographs of immunohistochemistry for GFAP in the intestines of
rotenone-treated mice after treatment with CA (30 mg/kg/day) or CGA (50 mg/kg/day). Scale bar =
50 µm. (B,C) Quantitation of GFAP-positive signals in the intestine of mice. (B) Area of GFAP-positive
signal, (C) integrated density of GFAP immunoreactivity. Data are means ± SEM (n = 6–7). * p < 0.05,
*** p < 0.001 vs. the vehicle-treated control group.

3.5. Treatment with CA or CGA Inhibited Rotenone-Induced Dopaminergic Neuronal Loss in Mesencephalic
Neuronal and Astrocyte Co-Cultures

To examine the neuroprotective effects of CA and CGA on rotenone-induced dopaminergic
neurodegeneration in cultured cells, mesencephalic neuronal and astrocyte co-cultures were pretreated
with CA (10 or 25 µM) or CGA (25 µM) for 24 h and co-treated with low-dose rotenone (1–5 nM) for
a further 48 h (Figure 5A). Exposure to a low dose of rotenone significantly decreased the number
of TH-positive dopaminergic neurons. Both CA and CGA treatment significantly and completely
inhibited this reduction in the number of TH-positive cells (Figure 5B,C).
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Figure 5. Neuroprotective effects of CA and CGA against rotenone-induced dopaminergic neurotoxicity
in cultured mesencephalic cells. (A) Schematic illustration of the experimental protocol. Mesencephalic
neuronal and astrocyte co-cultures were pretreated with CA (10 or 25 µM) or CGA (25 µM) for 24 h
and co-treated with rotenone (1–5 nM) for a further 48 h. (B,C) Changes in the number of TH-positive
neurons after treatment with rotenone and CA (B) or CGA (C). Data are means ± SEM (n = 4).
*** p < 0.001 vs. each control group, ## p < 0.01, ### p < 0.001 between the two indicated groups.

3.6. Treatment with CA or CGA Upregulated MT-1,2 in Mesencephalic Astrocytes

To examine the effects of treatment with CA or CGA, with or without rotenone, on MT-1,2
expression in mesencephalic astrocytes, astrocyte cultures were pretreated with CA (10 or 25 µM) or
CGA (25 µM) for 24 h and co-treated with rotenone (1–5 nM) for 48 h. Rotenone had no effect on MT-1,2
expression in astrocytes even at the highest dose (5 nM). Treatment with CA or CGA significantly
increased MT-1,2 expression in astrocytes even after rotenone exposure (Figure 6A–C). Interestingly,
the induction of MT-1,2 by CGA (25 µM) was higher in the rotenone-treated astrocytes than in the
untreated control group (Figure 6C).
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Figure 6. Effects of treatment with CA or CGA followed by rotenone exposure on MT-1,2
expression in mesencephalic astrocyte cultures. Astrocyte cultures were pretreated with CA (10
or 25 µM) or CGA (25 µM) for 24 h and co-treated with rotenone (1–5 nM) for a further 48 h. (A)
Representative photomicrographs of MT-1,2 and GFAP double immunostaining in astrocyte cultures.
Red: MT-1,2-positive signals. Green: GFAP-positive astrocytes. Blue: nuclear staining with Hoechst
33342. Scale bar = 50 µm. (B,C) Quantitation of MT-1,2-positive signals in astrocyte cultures after
treatment with rotenone and CA (B) or CGA (C). Each value is the mean ± SEM (n = 8–13) expressed
as the percentage of the MT-1,2-immunopositive astrocytes in the total cell population. *** p < 0.001 vs.
each control group, # p < 0.05, ### p < 0.001 between the two indicated groups.

3.7. Treatment with CA or CGA Inhibited Rotenone-Induced Enteric Neuronal Loss in Enteric Neuronal and
Glial Co-Cultures

To examine whether low-dose rotenone exposure induced enteric neurotoxicity, and whether CA
or CGA treatment could prevent these effects, we prepared enteric neuronal and glial co-cultures from
the intestines of SD rat embryos. Enteric neuronal and glial co-cultures were pretreated with CA or
CGA for 24 h, and then co-treated with a low dose of rotenone (1–5 nM) for a further 48 h (Figure 7A).
We successfully detected β-tubulin III-positive enteric neuronal cells and GFAP-positive glial cells.
Enteric glial were seen in the nerve plexus (Figure 7B). Exposure to a low dose of rotenone (1–5 nM)
for 48 h significantly decreased β-tubulin III immunoreactivity in cultured enteric cells. Treatment
with CA (10, 25 µM) or CGA (25 µM) significantly ameliorated the reduction in β-tubulin III-positive
signals induced by rotenone exposure (Figure 7C–E). These results indicate that both CA and CGA
provide neuroprotection against rotenone-induced enteric neurotoxicity. Interestingly, CA and CGA
could both protect enteric neurons against higher doses of rotenone exposure (5 nM), but not against
lower doses (1 or 2.5 nM, Figure 7D,E).
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Figure 7. Neuroprotective effects of CA and CGA against rotenone-induced enteric neurotoxicity
in primary cultured intestinal cells. (A) Schematic illustration of the experimental protocol. Enteric
neuronal and glial co-cultures were pretreated with CA (10 or 25 µM) or CGA (25 µ) for 24 h and
co-treated with rotenone (1–5 nM) for further 48 h. (B) Localization of β-tubulin III- and GFAP-positive
signals. Red: β-tubulin III-positive enteric neuronal cells. Green: GFAP-positive enteric glial cells.
Blue: nuclear staining with Hoechst 33342. Scale bar = 50 µm. (C) Representative photomicrographs of
immunohistochemistry for β-tubulin III and GFAP in enteric cell cultures after treatment with rotenone
(5 nM) and CA (25 µM) or CGA (25 µM). Red: β-tubulin III-positive enteric neuronal cells. Green:
GFAP-positive enteric glial cells. Blue: nuclear staining with Hoechst 33342. Scale bar = 100 µm. (D,E)
Quantitation of β-tubulin III-positive signals in enteric cell cultures after treatment with rotenone and
CA (D) or CGA (E). Data are means ± SEM (n = 3–6). ** p < 0.01, *** p < 0.001 vs. each control group;
# p < 0.05, ## p < 0.01, ### p < 0.001 between the two indicated groups.
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3.8. Treatment with CA or CGA Inhibited Rotenone-Induced MT-1,2 Reduction in Enteric Glial Cells

We examined the effects of CA and CGA treatment on MT-1,2 expression in rotenone-treated
enteric glial cells by double immunostaining of GFAP and MT-1,2. MT-positive signals were localized
to cultured GFAP-positive enteric glial cells (Figure 8A). In contrast to the results from cultured
mesencephalic cells, rotenone exposure significantly decreased MT-1,2 expression in enteric glial cells
and both CA (10 or 25 µM) and CGA (25 µM) inhibited the rotenone-induced downregulation of MT
(Figure 8B,C). Remarkably, these inhibitory effects of CA or CGA were only observed in enteric cells
treated with highest dose of rotenone (5 nM) and not in those treated with lower doses (1 or 2.5 nM,
Figure 8B,C). This was in agreement with the finding that these coffee components have protective
effects against rotenone-induced enteric neurotoxicity (Figure 7D,E).
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photomicrographs of immunohistochemistry for MT-1,2 and GFAP in enteric cell cultures after 
treatment with rotenone (5 nM) and CA (25 µM) or CGA (25 µM). Red: MT-1,2-positive signals. Green: 
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4. Discussion 

Figure 8. Treatment with CA or CGA inhibits rotenone-induced MT downregulation in the enteric glial
cells. Enteric neuronal and glial co-cultures were pretreated with CA (10 or 25 µM) or CGA (25 µM) for
24 h and co-treated with rotenone (1–5 nM) for a further 48 h. (A) Representative photomicrographs
of immunohistochemistry for MT-1,2 and GFAP in enteric cell cultures after treatment with rotenone
(5 nM) and CA (25 µM) or CGA (25 µM). Red: MT-1,2-positive signals. Green: GFAP-positive enteric
glial cells. Blue: nuclear staining with Hoechst 33342. Scale bar = 100 µm. (B,C) Quantitation of
MT-1,2-positive signals in the enteric cell cultures after treatment with rotenone and CA (B) or CGA (C).
Data are means ± SEM (n = 3–8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. each control group; # p < 0.05,
### p < 0.001 between the two indicated groups.

4. Discussion

The present study demonstrated that CA and CGA upregulated MT-1,2 in astrocytes and exerted
neuroprotective effects against rotenone-induced dopaminergic neurodegeneration in mesencephalic
neuronal and astrocyte co-cultures. In the enteric neuronal and glial co-cultures, rotenone treatment



Cells 2019, 8, 221 14 of 18

reduced MT-1,2 expression in glial cells and produced enteric neuronal loss, which were prevented by
CA or CGA treatment. Furthermore, oral administration of CA or CGA exerted neuroprotective effects
against neurodegeneration in the nigral dopaminergic neurons and the enteric neurons in the intestinal
myenteric plexus of rotenone-treated mice. In this study, we used a novel mouse model produced
by 4-week administration of a low dose of rotenone (2.5 mg/kg/day), which corresponds to the
environmental exposure levels of rotenone via pesticides. Chronic subcutaneous injection of rotenone
induced neurodegeneration in both the CNS and ENS. Interestingly, rotenone-induced neurotoxicity
was more severe in the intestinal myenteric plexus than in the SNpc. Considering the epidemiological
data showing an inverse association of daily coffee consumption with PD risk [18,19], we examined
the neuroprotective effects of CA and CGA against rotenone neurotoxicity. Animals were treated with
these coffee components by daily oral administration for 1 week before rotenone exposure, and then
5 days/week during the four weeks of rotenone treatment. The dosages of CA (30 mg/kg/day) and
CGA (50 mg/kg/day) were determined based on previous reports [22,24,25]. It has been reported that
one cup of coffee contains 70–350 mg of CA [34] and approximately 250 mg of CGA [35]. In addition,
it is known that the daily intake of CA in coffee drinkers is 0.1–1 g [36]. Therefore, the dosages of CA
and CGA in the present experiments seem high, since it would be necessary to drink 5–10 cups of
coffee per day to achieve their neuroprotective effects in humans.

Treatment with CA or CGA significantly prevented rotenone-induced neurodegeneration of nigral
dopaminergic neurons and intestinal enteric neurons. Previous studies have reported that CA and CGA
provide dopaminergic neuroprotection in various models of PD [20–26]. In those reports, CA and CGA
showed antioxidative properties [23,24], anti-inflammatory activity [21,24–26], and inhibitory effects of
mitochondrial damage [20]. Various reports have demonstrated that CA and CGA activate the nuclear
factor erythroid-2-related factor 2 (Nrf2) antioxidant pathway [37–42]. In this study, we showed that
CA or CGA treatment upregulated the antioxidative molecules, MT-1,2, in mesencephalic astrocyte
cultures and striatal astrocytes of rotenone-treated mice. MT is a low-molecular weight, cysteine-rich
(30% of the protein), inducible protein that binds to metals, such as zinc, copper, and cadmium, and
contributes to metal homeostasis and detoxification [43]. In addition, MT directly scavenges free
radicals [44,45]. The mammalian MT family comprises four isoforms: MT-1, MT-2, MT-3, and MT-4.
The two major isoforms, MT-1 and -2, are often considered physiologically equivalent, because they
are expressed in most organs and show coordinated induction in response to various stimulants such
as metals, hormones, cytokines, inflammation, and oxidative stress [43,46,47]. We previously reported
that MT-1,2 were upregulated specifically in striatal astrocytes by activation of the Nrf2 pathway in
response to oxidative stress and they protected nigral dopaminergic neurons [48]. In addition, we have
recently discovered that MT-1,2-knockdown in astrocytes aggravates rotenone-induced dopaminergic
neurotoxicity. Therefore, in the present study, we focused on MT-1,2 expression in astrocytes as
neuroprotective molecules after CA or CGA treatment. Our findings suggest that both CA and CGA
could prevent dopaminergic neurodegeneration induced by the upregulation of astrocytic antioxidants
in parkinsonian mice. Although the mechanism of MT upregulation by CA and CGA is still unknown,
CA- and CGA-induced Nrf2 activation may be involved.

Constipation is the most prominent non-motor symptom in PD, and it might precede motor
symptoms by 10–20 years [1–3]. Accumulating evidence indicates that the ENS is involved in the
pathological progression of PD towards the CNS [15,49]. Therefore, it is desirable to find approaches
that can inhibit enteric neurodegeneration. As mentioned above, various reports demonstrated
the neuroprotective action of CA and CGA against dopaminergic neurodegeneration in vitro and
in vivo [20–26]. However, few experiments have been performed to explore the neuroprotective
effects of these coffee components against enteric neuronal damage. Here, we demonstrated
that rotenone treatment induced enteric neuronal degeneration in mice, and that treatment with
CA or CGA prevented neuronal loss in the myenteric plexus in these mice. In addition, we
explored MT-1,2 expression in cultured enteric cells after treatment with rotenone and coffee
components. GFAP-positive enteric glial cells accumulated in the nerve plexus, and MT-1,2 were
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expressed specifically in enteric glial cells. Furthermore, CA or CGA prevented the rotenone-induced
downregulation of MT in cultured cells. These findings suggest that CA and CGA could protect
enteric neurons against rotenone toxicity by targeting the antioxidative properties of enteric glial
cells. Moreover, we examined MT-1,2 expression in enteric glial cells in rotenone-treated mice, but
did not detect obvious MT signals in the intestine. Thus, it is still unclear whether MT is involved in
the neuroprotective effects of CA and CGA against rotenone-induced enteric neurotoxicity in vivo.
This will require further investigation.

In the present study, we used mesencephalic neuronal and astrocyte co-cultures to examine
whether CA and CGA could exert neuroprotective effects against rotenone-induced dopaminergic
neurotoxicity. In preliminary experiments, we observed that low-dose rotenone (1–5 nM) did not reduce
the number of dopaminergic neurons in the mesencephalic neuronal and striatal co-culture. Therefore,
the effects of CA and CGA on MT-1,2 expression were examined in mesencephalic astrocyte cultures,
but not striatal astrocyte cultures. In the present study, both CA and CGA significantly increased
MT-1,2 expression in mesencephalic astrocyte cultures. Interestingly, treatment with CGA induced MT
expression especially in rotenone-exposed astrocytes. In addition, although treatment with CA (10 µM)
or CGA (25 µM) reduced MT expression in enteric glial cells, these coffee components prevented the
downregulation of MT when used in combination with rotenone (5 nM). The details of the mechanisms
of rotenone-induced MT upregulation in CGA-treated mesencephalic astrocytes and CA/CGA-treated
enteric glial cells are unknown. We propose that CA or CGA pretreatment may enhance the reactivity
of glial cells to produce antioxidative molecules in response to rotenone exposure.

5. Conclusions

Our results demonstrated that coffee components upregulated antioxidative molecules in
glial cells and prevented neurodegeneration in the SNpc and the intestinal myenteric plexus in
rotenone-treated mice. These results support the epidemiological data that coffee consumption reduces
the risk of PD. Our findings indicate that it may be possible to use a food-based promising therapeutic
strategy of neuroprotection to improve the motor and non-motor symptoms of PD.

Author Contributions: Conceptualization: I.M., and M.A.; data curation: I.M.; formal analysis: I.M., N.I., and
K.W.; funding acquisition: I.M. and M.A.; investigation: I.M., N.I., K.W., R.K., and Y.K.; project administration:
I.M. and M.A.; supervision: M.A.; Writing—Original Draft: I.M. and M.A.; Writing—Review and Editing: I.M.,
N.I., K.W., R.K., Y.K., and M.A.

Funding: This research was funded by the grant from All Japan Coffee Association (to M.A.), and by JSPS
KAKENHI Grant for Scientific Research (C) (JP25461279, JP16K09673 to I.M.).

Acknowledgments: The authors would like to thank Shinki Murakami for his assistance in animal experiments.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1. Fasano, A.; Visanji, N.P.; Liu, L.W.; Lang, A.E.; Pfeiffer, R.F. Gastrointestinal dysfunction in Parkinson’s
disease. Lancet Neurol. 2015, 14, 625–639. [CrossRef]

2. Pfeiffer, R.F. Gastrointestinal Dysfunction in Parkinson’s Disease. Curr. Treat. Options Neurol. 2018, 20, 54.
[CrossRef] [PubMed]

3. Ueki, A.; Otsuka, M. Life style risks of Parkinson’s disease: Association between decreased water intake and
constipation. J. Neurol. 2004, 251 (Suppl. 7), vII18–vII23. [CrossRef] [PubMed]

4. Abbott, R.D.; Petrovitch, H.; White, L.R.; Masaki, K.H.; Tanner, C.M.; Curb, J.D.; Grandinetti, A.;
Blanchette, P.L.; Popper, J.S.; Ross, G.W. Frequency of bowel movements and the future risk of Parkinson’s
disease. Neurology 2001, 57, 456–462. [CrossRef] [PubMed]

5. Braak, H.; Del Tredici, K.; Rub, U.; de Vos, R.A.; Jansen Steur, E.N.; Braak, E. Staging of brain pathology
related to sporadic Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef]

http://dx.doi.org/10.1016/S1474-4422(15)00007-1
http://dx.doi.org/10.1007/s11940-018-0539-9
http://www.ncbi.nlm.nih.gov/pubmed/30361783
http://dx.doi.org/10.1007/s00415-004-1706-3
http://www.ncbi.nlm.nih.gov/pubmed/15505750
http://dx.doi.org/10.1212/WNL.57.3.456
http://www.ncbi.nlm.nih.gov/pubmed/11502913
http://dx.doi.org/10.1016/S0197-4580(02)00065-9


Cells 2019, 8, 221 16 of 18

6. Lebouvier, T.; Chaumette, T.; Damier, P.; Coron, E.; Touchefeu, Y.; Vrignaud, S.; Naveilhan, P.; Galmiche, J.P.;
Bruley des Varannes, S.; Derkinderen, P.; et al. Pathological lesions in colonic biopsies during Parkinson’s
disease. Gut 2008, 57, 1741–1743. [CrossRef] [PubMed]

7. Lebouvier, T.; Neunlist, M.; Bruley des Varannes, S.; Coron, E.; Drouard, A.; N’Guyen, J.M.; Chaumette, T.;
Tasselli, M.; Paillusson, S.; Flamand, M.; et al. Colonic biopsies to assess the neuropathology of Parkinson’s
disease and its relationship with symptoms. PLoS ONE 2010, 5, e12728. [CrossRef] [PubMed]

8. Shannon, K.M.; Keshavarzian, A.; Mutlu, E.; Dodiya, H.B.; Daian, D.; Jaglin, J.A.; Kordower, J.H.
Alpha-synuclein in colonic submucosa in early untreated Parkinson’s disease. Mov. Disord. 2012, 27,
709–715. [CrossRef] [PubMed]

9. Perez-Pardo, P.; Kliest, T.; Dodiya, H.B.; Broersen, L.M.; Garssen, J.; Keshavarzian, A.; Kraneveld, A.D. The
gut-brain axis in Parkinson’s disease: Possibilities for food-based therapies. Eur. J. Pharmacol. 2017, 817,
86–95. [CrossRef] [PubMed]

10. Dhillon, A.S.; Tarbutton, G.L.; Levin, J.L.; Plotkin, G.M.; Lowry, L.K.; Nalbone, J.T.; Shepherd, S.
Pesticide/environmental exposures and Parkinson’s disease in East Texas. J. Agromed. 2008, 13, 37–48.
[CrossRef] [PubMed]

11. Betarbet, R.; Sherer, T.B.; MacKenzie, G.; Garcia-Osuna, M.; Panov, A.V.; Greenamyre, J.T. Chronic systemic
pesticide exposure reproduces features of Parkinson’s disease. Nat. Neurosci. 2000, 3, 1301–1306. [CrossRef]
[PubMed]

12. Schmidt, W.J.; Alam, M. Controversies on new animal models of Parkinson’s disease pro and con:
The rotenone model of Parkinson’s disease (PD). J. Neural Transm. Suppl. 2006, 70, 273–276.

13. Johnson, M.E.; Bobrovskaya, L. An update on the rotenone models of Parkinson’s disease: Their ability to
reproduce the features of clinical disease and model gene-environment interactions. Neurotoxicology 2015, 46,
101–116. [CrossRef] [PubMed]

14. Sherer, T.B.; Kim, J.H.; Betarbet, R.; Greenamyre, J.T. Subcutaneous rotenone exposure causes highly selective
dopaminergic degeneration and alpha-synuclein aggregation. Exp. Neurol. 2003, 179, 9–16. [CrossRef]
[PubMed]

15. Klingelhoefer, L.; Reichmann, H. Pathogenesis of Parkinson disease—The gut-brain axis and environmental
factors. Nat. Rev. Neurol. 2015, 11, 625–636. [CrossRef] [PubMed]

16. Murakami, S.; Miyazaki, I.; Miyoshi, K.; Asanuma, M. Long-Term Systemic Exposure to Rotenone Induces
Central and Peripheral Pathology of Parkinson’s Disease in Mice. Neurochem. Res. 2015, 40, 1165–1178.
[CrossRef] [PubMed]

17. Pellegrini, C.; Antonioli, L.; Colucci, R.; Ballabeni, V.; Barocelli, E.; Bernardini, N.; Blandizzi, C.; Fornai, M.
Gastric motor dysfunctions in Parkinson’s disease: Current pre-clinical evidence. Parkinsonism Relat. Disord.
2015, 21, 1407–1414. [CrossRef] [PubMed]

18. Ascherio, A.; Zhang, S.M.; Hernan, M.A.; Kawachi, I.; Colditz, G.A.; Speizer, F.E.; Willett, W.C. Prospective
study of caffeine consumption and risk of Parkinson’s disease in men and women. Ann. Neurol. 2001, 50,
56–63. [CrossRef] [PubMed]

19. Ross, G.W.; Abbott, R.D.; Petrovitch, H.; Morens, D.M.; Grandinetti, A.; Tung, K.H.; Tanner, C.M.;
Masaki, K.H.; Blanchette, P.L.; Curb, J.D.; et al. Association of coffee and caffeine intake with the risk
of Parkinson disease. JAMA 2000, 283, 2674–2679. [CrossRef] [PubMed]

20. Barros Silva, R.; Santos, N.A.; Martins, N.M.; Ferreira, D.A.; Barbosa, F., Jr.; Oliveira Souza, V.C.; Kinoshita, A.;
Baffa, O.; Del-Bel, E.; Santos, A.C. Caffeic acid phenethyl ester protects against the dopaminergic neuronal
loss induced by 6-hydroxydopamine in rats. Neuroscience 2013, 233, 86–94. [CrossRef] [PubMed]

21. Fontanilla, C.V.; Ma, Z.; Wei, X.; Klotsche, J.; Zhao, L.; Wisniowski, P.; Dodel, R.C.; Farlow, M.R.; Oertel, W.H.;
Du, Y. Caffeic acid phenethyl ester prevents 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
neurodegeneration. Neuroscience 2011, 188, 135–141. [CrossRef] [PubMed]

22. Kurauchi, Y.; Hisatsune, A.; Isohama, Y.; Mishima, S.; Katsuki, H. Caffeic acid phenethyl ester protects nigral
dopaminergic neurons via dual mechanisms involving haem oxygenase-1 and brain-derived neurotrophic
factor. Br. J. Pharmacol. 2012, 166, 1151–1168. [CrossRef] [PubMed]

23. Ma, Z.; Wei, X.; Fontanilla, C.; Noelker, C.; Dodel, R.; Hampel, H.; Du, Y. Caffeic acid phenethyl ester
blocks free radical generation and 6-hydroxydopamine-induced neurotoxicity. Life Sci. 2006, 79, 1307–1311.
[CrossRef] [PubMed]

http://dx.doi.org/10.1136/gut.2008.162503
http://www.ncbi.nlm.nih.gov/pubmed/19022934
http://dx.doi.org/10.1371/journal.pone.0012728
http://www.ncbi.nlm.nih.gov/pubmed/20856865
http://dx.doi.org/10.1002/mds.23838
http://www.ncbi.nlm.nih.gov/pubmed/21766334
http://dx.doi.org/10.1016/j.ejphar.2017.05.042
http://www.ncbi.nlm.nih.gov/pubmed/28549787
http://dx.doi.org/10.1080/10599240801986215
http://www.ncbi.nlm.nih.gov/pubmed/19042691
http://dx.doi.org/10.1038/81834
http://www.ncbi.nlm.nih.gov/pubmed/11100151
http://dx.doi.org/10.1016/j.neuro.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25514659
http://dx.doi.org/10.1006/exnr.2002.8072
http://www.ncbi.nlm.nih.gov/pubmed/12504863
http://dx.doi.org/10.1038/nrneurol.2015.197
http://www.ncbi.nlm.nih.gov/pubmed/26503923
http://dx.doi.org/10.1007/s11064-015-1577-2
http://www.ncbi.nlm.nih.gov/pubmed/25894684
http://dx.doi.org/10.1016/j.parkreldis.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26499757
http://dx.doi.org/10.1002/ana.1052
http://www.ncbi.nlm.nih.gov/pubmed/11456310
http://dx.doi.org/10.1001/jama.283.20.2674
http://www.ncbi.nlm.nih.gov/pubmed/10819950
http://dx.doi.org/10.1016/j.neuroscience.2012.12.041
http://www.ncbi.nlm.nih.gov/pubmed/23291456
http://dx.doi.org/10.1016/j.neuroscience.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21571045
http://dx.doi.org/10.1111/j.1476-5381.2012.01833.x
http://www.ncbi.nlm.nih.gov/pubmed/22224485
http://dx.doi.org/10.1016/j.lfs.2006.03.050
http://www.ncbi.nlm.nih.gov/pubmed/16707141


Cells 2019, 8, 221 17 of 18

24. Shen, W.; Qi, R.; Zhang, J.; Wang, Z.; Wang, H.; Hu, C.; Zhao, Y.; Bie, M.; Wang, Y.; Fu, Y.; et al. Chlorogenic
acid inhibits LPS-induced microglial activation and improves survival of dopaminergic neurons. Brain Res.
Bull. 2012, 88, 487–494. [CrossRef] [PubMed]

25. Singh, S.S.; Rai, S.N.; Birla, H.; Zahra, W.; Kumar, G.; Gedda, M.R.; Tiwari, N.; Patnaik, R.; Singh, R.K.;
Singh, S.P. Effect of Chlorogenic Acid Supplementation in MPTP-Intoxicated Mouse. Front. Pharmacol. 2018,
9, 757. [CrossRef] [PubMed]

26. Tsai, S.J.; Chao, C.Y.; Yin, M.C. Preventive and therapeutic effects of caffeic acid against inflammatory injury
in striatum of MPTP-treated mice. Eur. J. Pharmacol. 2011, 670, 441–447. [CrossRef] [PubMed]

27. Murakami, S.; Miyazaki, I.; Sogawa, N.; Miyoshi, K.; Asanuma, M. Neuroprotective effects of metallothionein
against rotenone-induced myenteric neurodegeneration in parkinsonian mice. Neurotox. Res. 2014, 26,
285–298. [CrossRef] [PubMed]

28. Miyazaki, I.; Asanuma, M.; Murakami, S.; Takeshima, M.; Torigoe, N.; Kitamura, Y.; Miyoshi, K. Targeting
5-HT1A receptors in astrocytes to protect dopaminergic neurons in Parkinsonian models. Neurobiol. Dis.
2013, 59, 244–256. [CrossRef] [PubMed]

29. Gomes, P.; Chevalier, J.; Boesmans, W.; Roosen, L.; van den Abbeel, V.; Neunlist, M.; Tack, J.; Vanden
Berghe, P. ATP-dependent paracrine communication between enteric neurons and glia in a primary cell
culture derived from embryonic mice. Neurogastroenterol. Motil. 2009, 21, 870-e62. [CrossRef] [PubMed]

30. Lee, Y.; Shin, D.H.; Kim, J.H.; Hong, S.; Choi, D.; Kim, Y.J.; Kwak, M.K.; Jung, Y. Caffeic acid phenethyl
ester-mediated Nrf2 activation and IkappaB kinase inhibition are involved in NFkappaB inhibitory effect:
Structural analysis for NFkappaB inhibition. Eur. J. Pharmacol. 2010, 643, 21–28. [CrossRef] [PubMed]

31. Moon, M.K.; Lee, Y.J.; Kim, J.S.; Kang, D.G.; Lee, H.S. Effect of caffeic acid on tumor necrosis
factor-alpha-induced vascular inflammation in human umbilical vein endothelial cells. Biol. Pharm. Bull.
2009, 32, 1371–1377. [CrossRef] [PubMed]

32. Teraoka, M.; Nakaso, K.; Kusumoto, C.; Katano, S.; Tajima, N.; Yamashita, A.; Zushi, T.; Ito, S.; Matsura, T.
Cytoprotective effect of chlorogenic acid against alpha-synuclein-related toxicity in catecholaminergic PC12
cells. J. Clin. Biochem. Nutr. 2012, 51, 122–127. [CrossRef] [PubMed]

33. Dodiya, H.B.; Forsyth, C.B.; Voigt, R.M.; Engen, P.A.; Patel, J.; Shaikh, M.; Green, S.J.; Naqib, A.; Roy, A.;
Kordower, J.H.; et al. Chronic stress-induced gut dysfunction exacerbates Parkinson’s disease phenotype
and pathology in a rotenone-induced mouse model of Parkinson’s disease. Neurobiol. Dis. 2018. [CrossRef]
[PubMed]

34. Kim, J.H.; Wang, Q.; Choi, J.M.; Lee, S.; Cho, E.J. Protective role of caffeic acid in an Abeta25-35-induced
Alzheimer’s disease model. Nutr. Res. Pract. 2015, 9, 480–488. [CrossRef] [PubMed]

35. Mubarak, A.; Hodgson, J.M.; Considine, M.J.; Croft, K.D.; Matthews, V.B. Supplementation of a high-fat diet
with chlorogenic acid is associated with insulin resistance and hepatic lipid accumulation in mice. J. Agric.
Food Chem. 2013, 61, 4371–4378. [CrossRef] [PubMed]

36. Hossen, M.A.; Inoue, T.; Shinmei, Y.; Minami, K.; Fujii, Y.; Kamei, C. Caffeic acid inhibits compound
48/80-induced allergic symptoms in mice. Biol. Pharm. Bull. 2006, 29, 64–66. [CrossRef] [PubMed]

37. Bao, L.; Li, J.; Zha, D.; Zhang, L.; Gao, P.; Yao, T.; Wu, X. Chlorogenic acid prevents diabetic nephropathy by
inhibiting oxidative stress and inflammation through modulation of the Nrf2/HO-1 and NF-kB pathways.
Int. Immunopharmacol. 2018, 54, 245–253. [CrossRef] [PubMed]

38. Han, D.; Chen, W.; Gu, X.; Shan, R.; Zou, J.; Liu, G.; Shahid, M.; Gao, J.; Han, B. Cytoprotective
effect of chlorogenic acid against hydrogen peroxide-induced oxidative stress in MC3T3-E1 cells through
PI3K/Akt-mediated Nrf2/HO-1 signaling pathway. Oncotarget 2017, 8, 14680–14692. [CrossRef] [PubMed]

39. Pang, C.; Zheng, Z.; Shi, L.; Sheng, Y.; Wei, H.; Wang, Z.; Ji, L. Caffeic acid prevents acetaminophen-induced
liver injury by activating the Keap1-Nrf2 antioxidative defense system. Free Radic. Biol. Med. 2016, 91,
236–246. [CrossRef] [PubMed]

40. Shi, A.; Shi, H.; Wang, Y.; Liu, X.; Cheng, Y.; Li, H.; Zhao, H.; Wang, S.; Dong, L. Activation of Nrf2 pathway
and inhibition of NLRP3 inflammasome activation contribute to the protective effect of chlorogenic acid on
acute liver injury. Int. Immunopharmacol. 2018, 54, 125–130. [CrossRef] [PubMed]

41. Wei, M.; Zheng, Z.; Shi, L.; Jin, Y.; Ji, L. Natural Polyphenol Chlorogenic Acid Protects Against
Acetaminophen-Induced Hepatotoxicity by Activating ERK/Nrf2 Antioxidative Pathway. Toxicol. Sci.
2018, 162, 99–112. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.brainresbull.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/22580132
http://dx.doi.org/10.3389/fphar.2018.00757
http://www.ncbi.nlm.nih.gov/pubmed/30127737
http://dx.doi.org/10.1016/j.ejphar.2011.09.171
http://www.ncbi.nlm.nih.gov/pubmed/21970803
http://dx.doi.org/10.1007/s12640-014-9480-1
http://www.ncbi.nlm.nih.gov/pubmed/24923464
http://dx.doi.org/10.1016/j.nbd.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23959140
http://dx.doi.org/10.1111/j.1365-2982.2009.01302.x
http://www.ncbi.nlm.nih.gov/pubmed/19368656
http://dx.doi.org/10.1016/j.ejphar.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20599928
http://dx.doi.org/10.1248/bpb.32.1371
http://www.ncbi.nlm.nih.gov/pubmed/19652376
http://dx.doi.org/10.3164/jcbn.D-11-00030
http://www.ncbi.nlm.nih.gov/pubmed/22962530
http://dx.doi.org/10.1016/j.nbd.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30579705
http://dx.doi.org/10.4162/nrp.2015.9.5.480
http://www.ncbi.nlm.nih.gov/pubmed/26425277
http://dx.doi.org/10.1021/jf400920x
http://www.ncbi.nlm.nih.gov/pubmed/23586419
http://dx.doi.org/10.1248/bpb.29.64
http://www.ncbi.nlm.nih.gov/pubmed/16394511
http://dx.doi.org/10.1016/j.intimp.2017.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29161661
http://dx.doi.org/10.18632/oncotarget.14747
http://www.ncbi.nlm.nih.gov/pubmed/28122344
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26721592
http://dx.doi.org/10.1016/j.intimp.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29128856
http://dx.doi.org/10.1093/toxsci/kfx230
http://www.ncbi.nlm.nih.gov/pubmed/29136249


Cells 2019, 8, 221 18 of 18

42. Wu, Y.L.; Chang, J.C.; Lin, W.Y.; Li, C.C.; Hsieh, M.; Chen, H.W.; Wang, T.S.; Wu, W.T.; Liu, C.S.; Liu, K.L.
Caffeic acid and resveratrol ameliorate cellular damage in cell and Drosophila models of spinocerebellar
ataxia type 3 through upregulation of Nrf2 pathway. Free Radic. Biol. Med. 2018, 115, 309–317. [CrossRef]
[PubMed]

43. Aschner, M. Metallothionein (MT) isoforms in the central nervous system (CNS): Regional and cell-specific
distribution and potential functions as an antioxidant. Neurotoxicology 1998, 19, 653–660. [PubMed]

44. Kumari, M.V.; Hiramatsu, M.; Ebadi, M. Free radical scavenging actions of metallothionein isoforms I and II.
Free Radic. Res. 1998, 29, 93–101. [CrossRef] [PubMed]

45. Miyazaki, I.; Asanuma, M.; Hozumi, H.; Miyoshi, K.; Sogawa, N. Protective effects of metallothionein
against dopamine quinone-induced dopaminergic neurotoxicity. FEBS Lett. 2007, 581, 5003–5008. [CrossRef]
[PubMed]

46. Pedersen, M.O.; Jensen, R.; Pedersen, D.S.; Skjolding, A.D.; Hempel, C.; Maretty, L.; Penkowa, M.
Metallothionein-I+II in neuroprotection. Biofactors 2009, 35, 315–325. [CrossRef] [PubMed]

47. Penkowa, M. Metallothioneins are multipurpose neuroprotectants during brain pathology. FEBS J. 2006, 273,
1857–1870. [CrossRef] [PubMed]

48. Miyazaki, I.; Asanuma, M.; Kikkawa, Y.; Takeshima, M.; Murakami, S.; Miyoshi, K.; Sogawa, N.; Kita, T.
Astrocyte-derived metallothionein protects dopaminergic neurons from dopamine quinone toxicity. Glia
2011, 59, 435–451. [CrossRef] [PubMed]

49. Hawkes, C.H.; Del Tredici, K.; Braak, H. A timeline for Parkinson’s disease. Parkinsonism Relat. Disord. 2010,
16, 79–84. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.freeradbiomed.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29247688
http://www.ncbi.nlm.nih.gov/pubmed/9745925
http://dx.doi.org/10.1080/10715769800300111
http://www.ncbi.nlm.nih.gov/pubmed/9790511
http://dx.doi.org/10.1016/j.febslet.2007.09.046
http://www.ncbi.nlm.nih.gov/pubmed/17910954
http://dx.doi.org/10.1002/biof.44
http://www.ncbi.nlm.nih.gov/pubmed/19655389
http://dx.doi.org/10.1111/j.1742-4658.2006.05207.x
http://www.ncbi.nlm.nih.gov/pubmed/16640552
http://dx.doi.org/10.1002/glia.21112
http://www.ncbi.nlm.nih.gov/pubmed/21264950
http://dx.doi.org/10.1016/j.parkreldis.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19846332
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Rotenone-Injected Mice and Treatment with CA or CGA 
	Cell Culture of Mesencephalic Neurons and Astrocytes 
	Cell Culture of Enteric Neurons and Glial Cells 
	Cell Treatments 
	Immunohistochemistry 
	Quantification Procedures 
	Statistical Analyses 

	Results 
	Administrations of CA or CGA Prevented Dopaminergic Neurodegeneration in Rotenone-Treated Mice 
	Administrations of CA or CGA Increased MT-1,2 Expression in Astrocytes in the Striatum of Rotenone-Treated Mice 
	Administration of CA or CGA Prevented Neurodegeneration in the Intestinal Myenteric Plexus of Rotenone-Treated Mice 
	Administration of CA or CGA Had No Effect on Enteric Glial Cells in Rotenone-Treated Mice 
	Treatment with CA or CGA Inhibited Rotenone-Induced Dopaminergic Neuronal Loss in Mesencephalic Neuronal and Astrocyte Co-Cultures 
	Treatment with CA or CGA Upregulated MT-1,2 in Mesencephalic Astrocytes 
	Treatment with CA or CGA Inhibited Rotenone-Induced Enteric Neuronal Loss in Enteric Neuronal and Glial Co-Cultures 
	Treatment with CA or CGA Inhibited Rotenone-Induced MT-1,2 Reduction in Enteric Glial Cells 

	Discussion 
	Conclusions 
	References

