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Abstract

Background: Parkinson disease (PD) is a neurodegenerative disorder that has been associated with many factors,
including oxidative stress, inflammation, and iron accumulation. The antioxidant, anti-inflammatory, and iron-chelating
properties of epigallocatechin gallate (EGCG), a major polyphenol in green tea, may offer protection against PD.
Objective: We sought to determine the neurorescue effects of EGCG and the role of iron in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced PD.

Methods: We evaluated the neurorescue effect of EGCG (25 mg/kg, 7 d, oral administration) against MPTP-induced
(20 mg/kg, 3 d, intraperitoneal injection) neurodegeneration in C57 male black mice. Thirty mice weighing ~25 g were
divided into 3 groups: control, MPTP, and MPTP + EGCG. The neurorescue effect of EGCG was assessed with the use of
motor behavior tests, neurotransmitter analysis, oxidative stress indicators, and iron-related protein expression.
Results: Compared with the control group, MPTP treatment shortened the mice’s latency to fall from the rotarod by 16%
(P < 0.05), decreased the striatal dopamine concentration by 58% (P < 0.001) and dihydroxyphenylacetic acid by 35%
(P < 0.05), and increased serum protein carbonyls by 71% (P = 0.07). However, EGCG rescued MPTP-induced
neurotoxicity by increasing the rotational latency by 17% (P < 0.05) to a value similar to the control group. Striatal
dopamine concentrations were 40% higher in the MPTP + EGCG group than in the MPTP group (P < 0.05), but the values
were significantly lower than in the control group. Compared with the MPTP and control groups, mice in the MPTP +
EGCG group had higher substantia nigra ferroportin expression (44% and 35%, respectively) (P < 0.05) but not hepcidin
and divalent metal transporter 1 expression.

Conclusion: Overall, our study demonstrated that EGCG regulated the iron-export protein ferroportin in substantia nigra,
reduced oxidative stress, and exerted a neurorescue effect against MPTP-induced functional and neurochemical deficits

in mice. J Nutr2017;147:1926-31.
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Introduction
The role of oxidative stress in initiating or promoting neuro-

degeneration is demonstrated by postmortem brain analyses that
have shown increased levels of lipid peroxidation, carbonyl
modifications of proteins, and DNA and RNA oxidation (4).
Neuroinflammation is also considered a major component in PD
pathogenesis because the activation of microglia and accumu-
lation of cytokines are found in both postmortem PD brains and
most experimental models of PD (5). Iron accumulation is
thought to be involved in PD pathogenesis because free iron can
enhance oxidative stress by generating highly toxic hydroxyl
radicals through the Fenton reaction. Iron accumulation can
also induce neuroinflammation by stimulating microglial acti-
vation and enhancing the release of proinflammatory cytokines
(6, 7). MRI has substantiated abnormal iron accumulation in the

Parkinson disease (PD) is a chronic neurodegenerative disorder
characterized primarily by the progressive degeneration of dopa-
minergic neurons in the substantia nigra (SN), resulting in irre-
versible motor dysfunction such as resting tremor, bradykinesia,
and postural instability (1). The exact causes and mechanisms of
pathogenesis of PD remain unknown; however, the involvement of
oxidative stress, chronic inflammation, and iron accumulation has
been the focus of attention over the past 10 years (2, 3).
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SN of PD patients as well as in postmortem brains, and this
accumulation is considered to be an invariable pathologic
feature of PD (8-10). It has been suggested that iron accumulation
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in the brain may be caused by several factors, including a disturbed
blood-brain barrier, occupational exposure, or misregulation of
iron-related proteins (11, 12). The hepcidin-ferroportin axis is a
key regulator for cellular iron metabolism. Hepcidin is a peptide
secreted primarily by the liver that regulates cellular iron efflux by
binding to the iron exporter ferroportin on the cell surface and
inducing its internalization and degradation (13). It has been
suggested that the hepcidin-ferroportin axis is widely expressed in
the brain and may play an important role in brain iron homeostasis
(14, 15).

For the past several decades, several animal models of PD
have been developed to study the pathophysiology and to assess
the potential of neuroprotective therapies. 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) is a widely used neurotoxin
that crosses the blood-brain barrier, converts to its metabolite
1-methyl-4-phenylpyridinium (MPP"), and induces neurodegen-
eration by inhibiting mitochondrial complex I activity and gener-
ating reactive oxygen species (16). Studies have also demonstrated
nigral iron accumulation in MPTP-induced animal models that
may be associated with the altered expression of iron-related
proteins, such as the increased expression of iron importer di-
valent metal transporter 1 (DMT1), or the decreased expression
of the iron exporter ferroportin (17-19). Moreover, the effec-
tiveness of feeding an iron-deficient diet or pharmacologic iron
chelation therapy to prevent MPTP-induced neurotoxicity
further supports iron participation in MPTP-induced neuro-
degeneration (20, 21).

Green tea has been widely consumed in Asian countries, and
an inverse relation between tea consumption and the incidence
of dementia, PD, or Alzheimer disease has been reported (22—
24). Epigallocatechin gallate (EGCG), the most abundant green
tea polyphenol, has free-radical scavenging, iron-chelating, and
anti-inflammatory properties (25). Several studies have demon-
strated the neuroprotective effects of EGCG against MPP*- or
MPTP-induced neurodegeneration in both cell culture and
animal models of PD (26-28). One study showed that EGCG
suppressed MPP*-induced oxidative stress in PC12 cells via
the sirtuin 1/PPARYy coactivator la signaling pathway and in-
creased antioxidant enzymes (26). Another study showed that
EGCG at a low concentration (1 mg/kg) provided important
protection against MPTP-induced neuronal loss through the
inhibition of microglial activation (27). However, the neuro-
rescue potential of EGCG to restore neuronal damage in post-
MPTP-induced Parkinsonism has not been well studied. One
study suggested that oral EGCG administration resulted in a
substantial recovery of tyrosine hydroxylase—positive neurons in
post-MPTP treatment (22), but studies on the neuroprotective
effects of EGCG through iron-related proteins are limited. We
sought herein to determine the neurorescue effects of EGCG in
MPTP-induced PD and to examine the involvement of iron-
related proteins in the protective effect.

Methods

Chemicals. MPTP, EGCG, and mouse B-actin antibody were purchased
from Sigma-Aldrich. Perchloric acid and sodium metabisulfite were
purchased from Fisher Scientific. The rabbit polyclonal antibodies for
ferroportin, DMT1 with and without the iron response element, and
hepcidin were purchased from Abcam. Alexa Fluor 680 conjugated anti-
mouse IgG was purchased from Invitrogen. IRdye 800 conjugated anti-
rabbit IgG and Western blot blocking buffer were purchased from
Rockland. The commercial assay kit for protein carbonyl was purchased
from Cayman Chemical Company.

Animals and treatment. Male C57 black mice weighing ~25 g were
purchased from Charles River and housed individually in a temperature-
and humidity-controlled room with a 12-h light-dark cycle. Food and
water were provided ad libitum. All mice were given Teklad traditional
rodent diets (Teklad S-2335 #7004 mouse breeder sterilizable diet
containing 172 g protein/kg, 114 g fat/kg, 452 g carbohydrate/kg, and
27 g crude fiber/kg) purchased from Envigo. Mice were divided into
3 groups: control (7 = 10), MPTP (n = 10), and MPTP + EGCG (1 = 10).
The mice in the last 2 groups were given 20 mg MPTP/kg intraperito-
neally for the first 3 d to induce neurodegeneration. On day 4, the
MPTP + EGCG mice were given 25 mg EGCG/kg orally for an
additional 7 d; those in the control and MPTP groups were given distilled
water by gavage. Mice in the control group were given an equal volume
of PBS. We did not include an EGCG-only group because a previous
study (Q Xu, AG Kanthasamy, MB Reddy, unpublished results, 2007)
showed that the EGCG-only treatment did not significantly affect the
striatal dopamine concentration compared with the control. All animals
were killed by decapitation 3 d after the last dose of EGCG. The ex-
perimental protocol was approved by the Iowa State University Institu-
tional Animal Care and Use Committee.

Accelerated rotarod test. Motor coordination and balance alterations
were measured with the use of the accelerating rotarod test as described
previously (29). The mice were assessed 5 times at an accelerating speed
of 4-60 X g for 3 min. The length of time each mouse was able to stay on
the rotating rod was recorded with computer software (AccuRotor
version 6.2; Omnitech Electronics Inc.) and averaged for the analysis.
The trials during which the mice jumped off the rod were excluded.

Protein carbonyl assay. Blood samples from mice were collected by
cardiac puncture, and serum was used to assess protein carbonyls
following the instructions provided in the commercial kit as described
previously (30).

Analysis of striatal dopamine and its metabolite. Concentrations of
striatal dopamine and its metabolites were determined from striatal
extracts containing 0.1 M perchloric acid, 0.05% Na, EDTA, and
0.1% sodium metabisulfite with the use of HPLC with electrochemical
detection as described previously (31). Dopamine and DOPAC were
separated isocratically on a C-18 reversed-phase column (100 X
4.6 mm) (Agilent Technologies) at a flow rate of 0.6 mL/min with the
use of a Dionex Ultimate 3000 HPLC system (pump ISO-3100SD;
Thermo Scientific) equipped with a refrigerated autosampler (model
WPS-3000TSL) and electrochemical detection system. (CoulArray
model 5600A coupled with microdialysis cell 5014B and a guard cell
model 5020). The integration and data analysis were performed with
the use of CoulArray version 3.10 software (ESA Inc.). Dopamine and
DOPAC concentrations were presented as nanograms per milligram
wet tissue.

Western blot analysis. SN tissue was lysed with a modified radioim-
munoprecipitation assay buffer, and the lysates were loaded and
separated on 12% SDS-PAGE gels or 16% Tricine SDS-PAGE gels as
described previously (32). After separation, the proteins were trans-
ferred onto a nitrocellulose or polyvinylidene difluoride membrane, and
nonspecific binding sites were blocked with Western blot blocking buffer
for 1 h. The membranes with transferred proteins were probed with
primary antibodies directed against DMT1 = iron response element
rabbit polyclonal (1:1000), hepcidin rabbit polyclonal (1:500), or
ferroportin rabbit polyclonal (1:1000) followed by incubation with
infrared dye 800 anti-rabbit secondary antibody (1:5000) and then
visualized on an Odyssey infrared imaging system (LI-COR) and
quantified with Image] with the use of B-actin as an internal
control.

Statistics. Data were analyzed with the use of Prism version 5.0
(GraphPad Software). Values for each treatment group were presented as
relative to the control group (without treatment). Differences between
the treatments were compared with the use of ANOVA with Tukey’s
multiple comparison test and considered significant at P = 0.05. The
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differences (final - initial weight) in weight gain were compared between
treatment groupswith the use of ANOVA with Tukey’s multiple com-
parison test.

Results

Weight gain. Weight gain over 12 d did not differ between the
control (mean = SD: 1.5 * 0.37 g), MPTP (2.5 = 0.34 g), and
MPTP + EGCG groups (1.9 £ 0.31 g).

EGCG reversed MPTP-induced reduction of rotarod activity.
The protection of EGCG against MPTP-induced behavioral
deficits, as evaluated by the accelerated rotarod test, is shown in
Figure 1A. The MPTP-treated mice showed an impaired ability
to remain on the rod, exhibiting a 16% reduction in the mean
time spent on the rotarod (P < 0.05) compared with the control
group. However, rotarod activity of the MPTP + EGCG mice
was similar to those in the control group and significantly im-
proved (P < 0.05) compared with those in the impaired MPTP
treatment group.

EGCG protected against MPTP-induced oxidative stress.
EGCG treatment reduced MPTP-induced oxidative stress mea-
sured as protein carbonyls in serum (Figure 1B). Although not
significant (P = 0.07), the serum protein carbonyl concentrations
in the MPTP-treated mice was 71% higher than that in the
control group. However, when data were normalized to the
control group (100%), the difference was significant (P < 0.05;
data not shown). There was no significant difference between
MPTP + EGCG and control groups either using absolute or
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FIGURE 1 Effects of EGCG on MPTP-induced motor deficits in an

accelerated rotarod test (A) and on oxidative stress assessed as serum
protein carbonyl concentration (B) in a mouse model of Parkinson
disease. Values are means = SEMs [n = 10 (A) or 7-8 (B)]. Labeled
means without a common letter differ, P < 0.05. EGCG, epigalloca-
techin gallate; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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normalized values, indicating EGCG might partially reduce
MPTP-induced oxidative stress.

EGCG preserved MPTP-induced striatal dopamine reduc-
tion. Striatal dopamine and DOPAC concentrations were
58% (P < 0.001) and 35% (P < 0.05) lower, respectively, in
MPTP-treated mice than in the control mice. The mean
striatal dopamine concentration was significantly higher
(P < 0.05) for mice in the EGCG + MPTP group than in the
MPTP group but still significantly lower than the control group,
suggesting only partial protection from ECGG in restoring
dopamine concentrations (Figure 2A). The mean DOPAC con-
centration in the MPTP + EGCG group was intermediate to the
other 2 groups and not significantly different from either group
(Figure 2B).

EGCG altered iron-related protein expression. To further
study the mechanisms involved in the neurorescue effect of EGCG,
we assessed the expression of iron-related proteins DMT1,
hepcidin, and ferroportin in the SN. SN DMT1 and hepcidin
expression did not differ between the groups (Figure 3A, B), but
ferroportin expression was 44% and 35% greater in the MPTP +
EGCG group than in the MPTP and control groups (P < 0.05),
respectively (Figure 3C).

Discussion

PD is the second most common neurodegenerative disorder,
affecting ~5.2 million people worldwide (33). However, to date,
there is no strategy available for curing PD patients. Traditional

A &
a

6-

- PP
[=2]

8 E 4 b
.g g’ c
&< g

2-

0

Control MPTP MPTP+EGCG
B 1.5-
:l ab
—_

<
o . 1.0
c o b
c g =
©
- =
& =~ 0.5-
n

0.0

Control MPTP MPTP+EGCG

FIGURE 2 Neurorescue effects of EGCG on MPTP-induced changes
in striatal DA (A) and DOPAC (B) concentrations in a mouse model of
Parkinson disease. Values are means = SEMs (n = 10). Labeled
means without a common letter differ, P < 0.05. DA, dopamine;
DOPAC, dihydroxyphenylacetic acid; EGCG, epigallocatechin gal-
late; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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FIGURE 3 Effects of MPTP alone or with EGCG on SN DMT1 (A),
hepcidin (B), and FPN (C) in a mouse model of Parkinson disease.
Values are means = SEMs (n = 6). Labeled means without a common
letter differ, P < 0.05. Representative Western blots are shown above
each panel (n = 3). DMT1, divalent metal transporter 1; EGCG,
epigallocatechin gallate; FPN, ferroportin, MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; SN, substantia nigra.

therapies, such as levodopa, provide only symptomatic relief and
cause substantial motor complications. Moreover, these thera-
pies are not able to reverse or stop the progression of the disease
(34). Based on the involvement of iron accumulation and
oxidative stress in the pathogenesis of PD, compounds with free-
radical scavenging and iron-chelating properties have been
considered promising candidates for treating PD. The iron
chelator desferoxamine is reported to reduce iron accumulation
and oxidative stress and protect against MPTP-induced neuro-
toxicity in mice (35). The metal chelator clioquinol has also been
demonstrated to chelate both ferrous and ferric iron and protect
against the MPTP-induced loss of striatal dopamine in vivo (21).
We have also found previously that the natural iron chelator
phytic acid could protect against both MPP*- and 6-hydroxy-
dopamine (6-OHDA)-induced dopaminergic neuron apoptosis
in normal and excess iron conditions (36, 37). Although these
iron chelators may be effective in providing neuroprotection in
PD, their therapeutic use in PD patients is limited because of
their inability to cross the blood-brain barrier or ability to cause
severe side effects, or both. Deferoxamine has limited ability to
cross the blood-brain barrier because of its hydrophilic nature
and may cause neurotoxicity with high doses (38, 39). The
safety of clioquinol has also been questioned because it may
cause serum vitamin B-12 deficiency (40). Clinical studies with
the use of deferiprone have shown decreased brain iron content
and a slight improvement in motor symptoms, suggesting the
importance of treating PD patients with iron chelation (41, 42).

EGCG is the major green tea polyphenol and has gained
attention in PD because of its free-radical scavenging, iron-
chelating, and anti-inflammatory properties (25). In vitro studies
have shown that EGCG may protect against both MPP*- and
6-OHDA-induced neurotoxicity (26, 43). In agreement, in vivo
studies in mice also have shown that EGCG may prevent striatal
dopamine depletion and the loss of tyrosine hydroxylase—
positive neurons induced by MPTP (28, 44). The natural origin
of EGCG and its ability to cross the blood-brain barrier also
mabkes it an appealing clinical approach for PD treatment (25).
EGCG has been reported to be easily absorbed in the digestive
tract and widely distributed to various organs, including the
brain, with similar concentrations found in the liver, kidney,
lung, heart, spleen, and pancreas (44).

Previous studies have examined the neuroprotective effect of
EGCG (28, 44), but studies in which the neurorescue effects
were evaluated after inducing neurotoxicity as well as those that
evaluated the effect of EGCG on iron-related proteins in the
brain that are perturbed in PD are limited. One study showed
that administering 5 mg EGCG/kg orally for 2 wk after MPTP
treatment (20 mg/kg for 4 d) resulted in a substantial recovery of
the nigral dopaminergic neurons (22). Concordantly, our results
also showed that EGCG posttreatment (25 mg/kg for 7 d)
not only rescued MPTP-induced dopamine depletion but also
improved motor deficits caused by MPTP, as assessed with the
use of the accelerated rotarod test. Striatal dopamine depletion
found in MPTP mice was attenuated by EGCG treatment,
although concentrations were still lower than in the control
group. Because dopamine depletion is the major cause of motor
dysfunction in PD, it was encouraging to see the improvement
with EGCG because of its future potential for use in humans.
The accelerated rotarod test is a behavior test used to measure
animals’ innate motor skills, resembling akinesia and bradyki-
nesia in human Parkinsonism (45). MPTP administration resulted
in decreased rotarod duration, and EGCG posttreatment com-
pletely corrected motor deficits, suggesting its ability to alleviate
PD symptoms. In addition, our results also showed that EGCG
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posttreatment reduced serum protein carbonyls, which were elevated
by MPTP, a finding consistent with our previously published study
that showed that 3 cups of green tea (~720 mL) consumed for
3 mo improved antioxidant enzymes and reduced oxidative damage
to lipids and proteins in PD patients (46). Furthermore, our
unpublished data (Q Xu, AG Kanthasamy, MB Reddy, unpublished
results, 2017) showed that EGCG may prevent neurotoxicity
induced by proinflammatory cytokine TNF-a, suggesting that the
anti-inflammatory activity of EGCG may also be involved in
neuroprotection.

In this study, MPTP treatment did not significantly affect
DMT1, hepcidin, or ferroportin expression in the SN. These
results are inconsistent with a previous study that showed nigral
iron accumulation with increased DMT1 expression and
decreased ferroportin expression in a chronic MPTP-induced
PD model (19). However, our study used a subacute MPTP
model (20 mg/kg for 3 d) rather than a chronic MPTP model
(10 doses of 30 mg/kg for 5 wk), and the treatment in the chronic
model may have accounted for the observed nigral iron ac-
cumulation by altering iron transporters. We found that EGCG
did not affect hepcidin or DMT1 expression but did significantly
affect nigral ferroportin expression, which may be because
ferroportin can be regulated in a hepcidin-independent manner.
Research has shown that ferroportin is regulated by iron-
regulatory protein or iron-responsive elements at the posttrans-
criptional level or degraded at the posttranslational level because
of the absence of ceruloplasmin (47). These proteins are also
associated with oxidative stress or inflammation (48, 49). Based
on the antioxidant and anti-inflammatory properties of EGCG,
we expect EGCG to downregulate ferroportin, alleviating an
excess iron condition via these proteins.

To our knowledge, this is the first in vivo study that has
shown the substantial upregulation of ferroportin after EGCG
treatment. These results do not support our previous study
regarding EGCG’s effect on hepcidin and DMT1, but they are
in agreement with our study that showed protection against
6-OHDA-induced neurotoxicity by alleviating the intracellular
iron concentration and upregulating ferroportin in a cell-culture
model of PD (50). However, different neurotoxins and differ-
ent models (in vivo compared with in vitro) were used in the
2 studies. Because iron accumulation can exacerbate MPTP-
induced dopaminergic neurodegeneration (51), the upregulation
of ferroportin may be an underlying neuroprotective mechanism
of EGCG by reducing nigral iron. Future studies are needed to
measure iron concentrations, especially the labile iron pool, in
SN and confirm that EGCG provides protection by lowering the
nigral iron concentration. The 25-mg EGCG/kg dose used in our
study equates to ~2 mg/kg in humans with the use of the
body-surface area normalization method (52) or 140 mg EGCG
consumed daily by a 70-kg person. Based on a previous study
that showed that a cup of green tea (2.5 g green tea leaves/
200mL water) may contain =90 mg EGCG (53), the habitual
consumption of green tea (3 cups/d) can exceed the targeted
amount of 140 mg (46).

Overall, our study demonstrated that EGCG can not only
restore MPTP-induced functional and neurochemical deficits but
also regulate the iron-export protein ferroportin in the SN and
reduce oxidative stress. Future clinical studies are needed to
confirm the protective effect of EGCG; however, our findings
suggest its potential therapeutic use after the onset of PD.
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