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Abstract Ketogenic diet (KD) is a high-fat, low-protein and
low-carbohydrate diet. It is reported that KD can provide the
neuroprotection for the neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease (PD) and amyotro-
phic lateral sclerosis. The main clinical symptom of PD is
motor dysfunction derived from the loss of dopaminergic
neurons in the substantia nigra (SN) and dopamine content in
the striatum subsequently. It is well known that treatments
with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
in mice produce motor dysfunction, biochemical, and
neurochemical changes remarkably similar to idiopathic PD
patients. In this study, we investigated the neuroprotective and
anti-inflammatory effects of KD in MPTP-treated mice. The
data showed that pretreatment with KD alleviated the motor
dysfunction induced by MPTP. The decrease of Nissl-staining
and tyrosine hydroxylase (TH)-positive neurons induced by
MPTP was inhibited in the SN. The change of dopamine was
very similar to dopaminergic neurons in the SN. KD inhibited
the activation of microglia induced by MPTP in the SN. The
levels of proinflammatory cytokines (interleukin-1 beta,
interleukin-6, and tumor necrosis factor-alpha) in the SN
were also decreased and induced by MPTP. So, we concluded
that KD was neuroprotective and anti-inflammatory against
MPTP-neurotoxicity.
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Introduction

Parkinson’s disease (PD) is the second most common and
chronic age-related neurodegenerative disease after Alz-
heimer’s disease (AD). It is characterized by the selective
progressive loss of dopaminergic neurons in the substantia
nigra (SN) and their projection fibers in the striatum subse-
quently (Hirsch et al. 1988; Hornykiewicz and Kish 1987).
The clinical progressive motor dysfunction in PD including
resting tremor, bradykinesia, rigidity, slowness of movement,
and postural instability results from degeneration of dopami-
nergic neurons in the SN (Ghosh et al. 2007). According to
epidemiology, the average age of PD onset is 55 years old and
the disease affects over 1% of the population over the age of
60 (Dauer and Przedborski 2003; de Lau and Breteler 2006;
Godoy et al. 2008). The replacement therapy of L-DOPA and
its derivatives only alleviates the clinical symptoms of PD and
do not halt the progressive neurodegeneration of dopaminer-
gic neurons (Yokoyama et al. 2008).

Although the etiology and mechanism of neurodegener-
ation in the SN with PD is not still clear, considerable
studies indicate that activated microglia mediating the
neuroinflammation in the SN of PD plays an important
role to the pathogenesis and progression of PD in recent
years (Hirsch et al. 1998). Microglia are the main immune
cells in the brain and are rich in the SN of human midbrain
(Gehrmann et al. 1995). They provide immune protection
against infection under normal physiologic conditions. In
many neurodegenerative diseases, microglial activation is
observed in PD, AD, multiple sclerosis, and the AIDS
dementia complex (Kim et al. 2000). Postmortem shows
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that activated microglia are found in the SN of PD, and
positron emission tomography images of the human brain
also show the existence of microglia activation in the brain
of the PD patients (McGeer et al. 1988; Gerhard et al.
2006). It is reported that activated microglia are closely
related to dying or damaged dopaminergic neurons.
Activated microglia overproduce large amounts of proin-
flammatory cytokines including interleukin-1 beta (IL-1§3),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-
) (Liu and Hong 2003). Those are primary mediators of
the inflammatory response leading to dopaminergic neuro-
degeneration. The therapies of anti-inflammation are dem-
onstrated to slow down the neurodegeneration of
dopaminergic neurons and alleviate the motor dysfunction
in many PD models of rodents (Kim et al. 2004).

The ketogenic diet (KD) is a high-fat, low-protein, low-
carbohydrate diet. It has long been widely and successfully
used to medically treat intractable refractory epilepsy of
children in clinical use for over 80 years since the 1920s
(Freeman et al. 2007). The blood levels of the ketone bodies
(KB: D-f3-hydroxybutyrate, acetoacetate, and acetone) are
overproduced significantly by the liver and treated with KD,
and the uptake of KB by brain is enhanced on KD or during
fasting measured by positron emission tomography (Veech et
al. 2001; Bentourkia et al. 2009). KB can cross through the
blood—brain barrier (Pierre and Pellerin 2005). In the absence
of glucose, the main fuel for the human brain, KB act as an
alternative fuel for brain (Owen et al. 1967). In recent
studies, KD not only treat epilepsy but also show neuro-

the CA1 region of the hippocampus, the cerebellum, and the
thalamic reticular nucleus and protect from neuronal loss in
the striatum, neocortex, and the hippocampus induced by
transient cerebral ischemia (Marie et al. 1990; Tai et al. 2008).
D-B-hydroxybutyrate prevents the death of hippocampal
neurons exposed to Af3;_4,, protects cultured mesencephalic
dopaminergic neurons from the toxic effects of 1-methyl-4-
phenylpyridinium (MPP", an inhibitor of nicotinamide ade-
nine dinucleotide (NADH) dehydrogenase that increases
oxygen radical formation), and reduces brain injury in rodents
subjected to glycolysis inhibition and focal or generalized
ischemia (Kashiwaya et al. 2000). In a rotenone model of PD,
in vitro D-P-hydroxybutyrate protects dopaminergic SH-
SY5Y cells from rotenone-neurotoxicity (Imamura et al.
2006). Infusion with D-B3-hydroxybutyrate prevents the loss
of dopaminergic neurons in the SN of mice (Tieu et al. 2003).
Clinically, KD alleviates the symptoms of PD patients
(Vanitallie et al. 2005). Yet the neuroprotective mechanism
of KD is not entirely clear.

In this study, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP)-treated mice of PD model were used to
investigate the neuroprotection of KD. We found that KD
alleviated the motor dysfunction, inhibited the loss of Nissl-
staining and TH-positve neurons in the SN, decreased the
activation of microglia, and down-regulated the levels of
proinflammatory cytokines (IL-13, IL-6, and TNF-«x)
compared to MPTP-treated mice fed by standard diet (SD).
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Animals
Male C57BL/6 J mice, 8 weeks of age and weighing

24-30 g, were used in our present work. All the mice
were housed in a constant temperature-controlled room
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(23+1°C) under a 12:12 light:dark cycle and fed by SD
and water ad libitum for 1 week after shipment in order
to acclimate to the housing facility. The experiments
were carried out strictly in accordance to the Guidelines
for Animal Experiments.
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Diets Regime and MPTP Lesion

KD or SD was used in our experiments according to Xu et al.
(2006; Ziegler et al. 2002). After shipment for 1 week, all the
mice were divided randomly into four groups: KD+MPTP,
SD+MPTP, KD+saline, and SD+saline. Following 1 week,
SD+saline and SD+MPTP groups continued with SD, and
KD and KD+MPTP groups were treated by KD. One week
after KD, SD+MPTP and KD+MPTP groups were given
four injections of MPTP-HCI (i.p., 20 mg-kg /injection, the
total dose per mouse being 80 mg/kg, Sigma) at 2-h intervals,
and KD+saline and SD+saline groups were given four
injections of the same volume saline at 2-h intervals. After
MPTP injection, four groups received their diets, respectively,
for 2 days or 1 week continually for the following researches.

Rota-rod

Quantitative measurements of motor coordination in mice
were measured by an accelerating rota-rod. When the mice
were treated with KD, all the groups were pretrained at the
acceleration of 4-40 rpm on rod for the following 1 week. The
length of time was recorded before the MPTP injections. After
MPTP injection for 1 week, the measurement of rota-rod was
measured again, and the length of time was recorded.

Tissue Preparation

After the second measurement of rota-rod and MPTP
injection for 2 days, the mice were sacrificed and trans-
cardially perfused with 4% paraformaldehyde in phosphate
buffered saline (PBS) (pH 7.4). Brains were dissected and
kept in 4% paraformaldehyde. After 2 days, they were
taken into 30% sucrose in PBS at 4°C. The tissue was sunk
and cut at 30 um thickness through the midbrain.

Nissl-staining of SN

One section was selected from every sixth sections in the
SN using 1 week after MPTP injection, and five sections
were selected from each sample and stained with cresyl
violet. Then, all the sections were mounted on the slides,
dried out, and dehydrated to cover slip.

TH Immunohistochemistry of SN

One section was selected from every sixth sections in the SN
using 1 week after MPTP injection and five sections were
selected from each sample. Then all the sections were washed
with PBS. Following treatment with 3% hydrogen peroxide
for 5 min, the sections were washed with PBS and blocked by
blocking buffer (0.4% Triton X-100 in PBS, 20 ml; 0.04%
normal goat serum, 800 pL; bovine serum albumin, 0.2 g).

The sections were incubated by polyclonal anti-TH antibody
(1:2000, Santa Cruz, USA) at 4°C overnight. The sections were
rinsed and incubated with secondary antibody at 37°C for 1 h.
After washing with PBS, the sections were incubated by avidin-
biotin complex (ABC) (Vector Laboratories, USA) for 1 h and
developed in diaminobenzidine. Finally, all the sections were
mounted on the slides and were covered with cover slips.

Cell Counting of SN

The number of the neurons was counted by Zeiss Axioplan
2 microscope using the optical fractionator method in Nissl-
staining, and the dopaminergic neurons were counted using
the same way in TH staining of SN (West et al. 1991).

Measurement of Dopamine in the Striatum

After the measurement of rota-rod, the mice were killed and
the striatum was taken out and kept in -80°C refrigerator. The
levels of dopamine in the striatum were measured using high-
performance liquid chromatography (HPLC). Data were
expressed as nanogram per gram wet weight of tissue.

Ionized Calcium-Binding Adaptor Molecule 1 (IBA-1)
Immunohistochemistry of SN

One section was selected from every sixth sections in the
SN using 2 days after MPTP injection, and five sections
were selected from each group. IBA-1 (1:2000, Wako,
Japan) immunohistochemistry was carried in the SN using
the same method as TH immunohistochemistry. The
activated microglial cells were analyzed like the TH
immunohistochemistry as above.

Enzyme-Linked Immunosorbent Assay for the Levels
of Proinflammatory Cytokines

The levels of proinflammatory cytokines (IL-1(3, IL-6, and
TNF-«) was detected in the SN by enzyme-linked immuno-
sorbent assay (ELISA) kits according to the protocols (R & D
Systems). After MPTP injection for 2 days, all the mice were
taken out to get the SN and were kept at -80°C. When the
measurements were carried, all the tissues were homogenized
on ice and centrifuged. The supernatant was collected and the
total protein concentration was measured by Bradford protein
assays in all samples. Then, the mice IL-1(3, mice TNF-«, and
mice IL-6 were measured by the corresponding kits. The
results were presented as percent of control.

Statistical Analysis

All the data were expressed as mean = SEM and statistical
significance was analyzed by one-way analysis of variance.

Mo,
< Humana Press



148

J Mol Neurosci (2010) 42:145-153

P<0.05 was considered significant. Each group consisted
of 5-6 mice.

Results

KD Improved the Movements against the Motor Deficits
Induced by MPTP in C57BL/6J Mice

To explore the effect of KD on the motor function in the
mice model of PD, the rota-rod test was used, and the
results were shown as Fig. 1. When KD was carried out, all
the groups were pretrained on the rota-rod every 2 days for
1 week, and the time on the rod before the MPTP injection
was measured. After MPTP injection, four groups received
their diets, respectively, for 1 week continually. Then all the
mice were tested on the rod and the time were recorded. The
length of time on rod was no difference between SD+saline
and KD+saline groups without MPTP injections (P> 0.05).
However, the length of time on rod in SD+MPTP group was
decreased more significantly than SD+saline group (P<
0.05). The length of time on rod in KD+MPTP group was
longer than SD+MPTP group significantly (P<0.05). The
data showed that KD improved the movements against the
motor deficits induced by MPTP in C57BL/6J mice.

KD Protected Dopaminergic Neurons against MPTP-
induced Degeneration

As shown in Figs. 2 and 3, we used the cell count numbers
of Nissl-staining and TH immunohistochemistry to explore
the neuroprotective effects of KD. After 1 week of MPTP
injection, the number of the dopaminergic neurons of SN in
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Figure 1 The effects of KD on dysfunction in MPTP-treated mice by
rota-rod. MPTP decreased the length of the time on the rod in mice
treated with SD. The length of time on rod in KD+MPTP group was
longer than SD+MPTP group significantly. A: SD+saline; B: KD+
MPTP; C: SD+MPTP; D: KD+MPTP. *P<0.05
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SD+MPTP group was decreased markedly compared to
SD+saline group (P<0.05). There was no difference
between SD+saline and KD+saline groups without MPTP
injections (P> 0.05). Pretreatment with KD significantly
decreased the loss of dopaminergic neurons induced by
MPTP (P<0.05). The data showed that KD protected the
dopaminergic neurons against MPTP-neurotoxicity.

KD Inhibited the Decrease of Dopamine in the Striatum
Induced by MPTP Treatment

There was no difference of the level of dopamine in the
striatum between SD+saline and KD+saline groups with-
out MPTP injections (P>0.05), as shown Fig. 4. After
MPTP injection for 1 week, the level of dopamine in the
striatum was decreased significantly in SD+MPTP group
compared to the SD+saline group (P<0.05). KD prevented
a significant decrease of dopamine content in the striatum
after MPTP treatment. The level of dopamine in the
striatum was preserved significantly in the KD+MPTP
group compared to SD+MPTP group (P<0.05). The
results revealed that KD inhibited the decrease of dopamine
in the striatum induced by MPTP treatment.

KD Decreased the Activation of the Microglial Cells
Induced by MPTP in the SN of C57BL/6J Mice

Figure 5 shows the morphological changes of activated
microglia in the SN showed by IBA-1 immunohistochemistry.
Previous studies reported that MPTP induced the activation of
microglia. In the present study, microglial cells in the SN were
observed to activate significantly in SD+MPTP group
compared to the SD+saline group after 2 days of MPTP
injection. No difference was observed between SD+saline
and KD+saline groups. However, the activated microglial
cells were decreased more significantly in KD+MPTP group
than SD+MPTP group (data were not shown). Therefore, KD
decreased the activation of the microglial cells induced by
MPTP in the SN of C57BL/6J mice.

KD Inhibited the Increase of Proinflammatory Cytokines
(IL-1p3, IL-6, and TNF-&) Induced by MPTP in the SN
of C57BL/6J Mice

As shown in Fig. 6, MPTP induced the increase of the
proinflammatory cytokines (IL-1f3, IL-6, and TNF-x) more
significantly in SD+MPTP group than in KD+MPTP
group (P<0.05). There was no difference between KD+
saline and SD+saline groups (P>0.05). The levels of
proinflammatory cytokines (IL-1[3, IL-6, and TNF-«) in the
SN induced by MPTP decreased more significantly in KD+
MPTP group than SD+MPTP group. The data showed that
KD inhibited the increase of proinflammatory cytokines
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Figure 2 The effects of KD on
the neurons of SN in MPTP-
treated mice by Nissl-staining.
The number of the neurons of
SN in SD+MPTP group was
decreased markedly compared
to SD+saline group. Pretreat-
ment with KD significantly
decreased the loss of neurons
induced by MPTP. 4: SD+
saline; B: KD+MPTP; C:
SD+MPTP; D: KD+MPTP.
*P<0.05
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(IL-1p3, IL-6, and TNF-«) in the SN induced by MPTP in
the SN of C57BL/6J mice.

Discussion

In the present study, MPTP induced the deficits of motor
function, degeneration of dopaminergic neurons in the SN,
depletion of dopamine in the striatum, activation of micro-
glial cells in the SN, and increase of the proinflammatory
cytokines (IL-1p, IL-6, and TNF-«) in the SN. However,
pretreatment with KD on MPTP-treated mice alleviated
motor dysfunction, increased the number of dopaminergic
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B KD+Saline
B SD+MPTP
B KD+MPTP

C D
Nissl-staining cells of SN

neurons, restored the level of dopamine in the striatum,
inhibited the activation of microglial cells in the SN, and
decreased the levels of the proinflammatory cytokines (IL-
13, IL-6, and TNF-) in the SN. The data showed that KD
had the neuroprotection on MPTP-treated mice through the
inhibition of neuroinflammation.

KD first described by Wilder has been successfully used
to treat intractable childhood epilepsy since the early 1920s,
and more and more studies reported that KD has a
neuroprotective function on the neurodegeneration induced
by hypoxia, epilepsy, ischemia, glutamate excitotoxicity,
traumatic brain injury (TBI), PD, amyotrophic lateral
sclerosis, and AD (Tai et al. 2008; Hartman et al. 2007;
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Figure 3 The effects of KD on
dopaminergic neurons of SN in
MPTP-treated mice by TH im-
munohistochemistry. The num-
ber of the dopaminergic neurons
of SN in SD+MPTP group was
decreased markedly compared
to SD+saline group. Pretreat-
ment with KD significantly
decreased the loss of the dopa-
minergic neurons induced by
MPTP. A: SD+saline; B:
KD+MPTP; C: SD+MPTP;

D: KD+MPTP. *P<0.05
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Puchowicz et al. 2008; Appelberg et al. 2009a; Hu et al.
2009; Maalouf et al. 2007; Zhao et al. 2006; Van der
Auwera et al. 2005).

As described by Vanitallie et al. (2005), PD patients
were treated by KD for 28 days and Unified Parkinson’s
Disease Rating Scale scores improved significantly. In
vitro, the major component (D-B-hydroxybutyrate) of KB
had the neuroprotective effect against rotenone toxicity on
SH-SYS5Y dopaminergic neuroblastoma and MN9D cells
(Imamura et al. 2006; Kweon et al. 2004). Tieu et al. (2003)
found that D-B-hydroxybutyrate had therapeutical function
on MPTP-treated mice of PD model. KD alleviated the
motor dysfunction in the models of the neurological
diseases. Exposure to KD in rats’ locomotor activity was
increased significantly, and KD had improved the behav-
ioral function after TBI (Appelberg et al. 2009b). MPTP is
a neurotoxin that produces an irreversible and severe
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Parkinsonian syndrome such as tremor, rigidity, slowness
of movement, postural instability, and freezing in both
humans and experimental animals (monkeys and mice)
(Watanabe et al. 2008; Tillerson et al. 2002). Therefore, it is
widely used as models of PD (Tanji et al. 1999). MPTP
induced the decrease of the time on rota-rod in previous
(Tieu et al. 2003) and our present studies. The important
component of KB, D-f3-hydroxybutyrate continual infusion,
inhibited the decrease of the time on rod in MPTP-treated
mice (Tieu et al. 2003). KD improved the motor function
against MPTP-treated mice.

Evidences showed that KD and its components D-[3-
hydroxybutyrate or acetoacetate were neuroprotective for
neurodegeneration. Acetoacetate protects hippocampal neu-
rons against glycolysis inhibition in vivo and in vitro
(Massieu et al. 2003). Treatment with D-[3-hydroxybutyrate
alleviated brain damage and improve neuronal function in
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Figure 4 The effects of KD on the level of the dopamine in the
striatum in MPTP-treated mice by HPLC. MPTP decreased the level
of dopamine in the striatum significantly in SD+MPTP group
compared to the SD+saline group. The level of dopamine in the
striatum was preserved significantly in the KD+MPTP group
compared to SD+MPTP group. A4: SD+saline; B: KD+MPTP; C:
SD+MPTP; D: KD+MPTP. *P<0.05

models of brain hypoxia, anoxia, and ischemia (Suzuki et
al. 2001). p-3-hydroxybutyrate was neuroprotective against
the neurodegeneration induced by ischemia of brain during
some surgeries such as cardiopulmonary bypass (Smith et al.
2005). Our previous study shows that KD protects dopami-
nergic neurons against 6-hydroxydopamine (6-OHDA)
neurotoxicity in a rat model of PD (Cheng et al. 2009).
D-B-hydroxybutyrate reduced glutamate-induced neuronal
damage, protected mesencephalic neuronal cultures from

Figure 5 The effects of KD on
activated microglia in MPTP-
treated mice by IBA-1 immuno-
histochemistry (only observing
and no data analyzing). The
microglial cells in the SN were
observed to activate significant-
ly in SD+MPTP group com-
pared to the SD+saline group
after 2 days of MPTP injection.
However, the activated micro-
glial cells were decreased more
significantly in KD+MPTP
group than SD+MPTP group
(data were not shown). 4:
SD+saline; B: KD+MPTP;

C: SD+MPTP; D: KD+MPTP

MPP +toxicity, hippocampal neurons in culture from AR _4,,
and decreased the neurodegeneration of SN induced by
MPTP (Tieu et al. 2003; Maalouf et al. 2007). Our work
showed that KD protected the dopaminergic neurons from
MPTP-neurotoxicity. The decrease of dopamine content
was restored by KD (Tieu et al. 2003), and we also found
that KD inhibition of the depletion of dopamine content in
the striatum were induced by MPTP.

It was indicated that the neuroinflammation that partic-
ipated in the mechanisms of PD and microglial cells of SN
were activated (Hirsch et al. 2005). Proinflammatory
cytokines (IL-1p3, IL-6, and TNF-x) were partially released
from activated microglia (Nagatsu et al. 2000). In MPTP-
treated mouse, model of PD microglia in the SN were
activated and proinflammatory cytokines led to damage
dopaminergic neurons (Whitton 2007). Therefore, the
inhibition of microglia could rescue the dopaminergic
neurons from MPTP-neurotoxicity (Kurkowska-Jastrzebska
et al. 1999). For example, anti-inflammatory drugs such as
ibuprofen, aspirin, and exogenous corticosterone have
potential therapeutic effects on PD model (Aubin et al.
1998; Casper et al. 2000; Barnum et al. 2008). In our
present study, KD inhibited the activation of microglial
cells partly induced by MPTP and decreased the levels of
proinflammatory cytokines (IL-1[3, IL-6, and TNF-«) in the
SN.

Taken together, KD had the therapeutical function on
experimental model of PD. It could alleviate the motor
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Figure 6 The effects of KD on the proinflammatory cytokines
releasing in the SN in MPTP-treated mice by ELISA. MPTP induced
the increase of the proinflammatory cytokines (IL-1f3, IL-6, and TNF-
o) more significantly in SD+MPTP group than in KD+MPTP group.
The levels of proinflammatory cytokines (IL-1f3, IL-6, and TNF-«)
releasing in the SN induced by MPTP decreased more significantly in
KD+MPTP group than SD+MPTP group. A: SD+saline; B: KD+
MPTP; C: SD+MPTP; D: KD+MPTP. *P<0.05

dysfunction, protect the dopaminergic neurons, increase the
level of dopamine (DA), and inhibit the activation of
microglial cells and production of proinflammatory cytokines.
Therefore, KD was an alternative method to slow down the
progressive neurodegeneration of dopaminergic neurons in
the SN for the treatment of PD in the future.
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