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1  | INTRODUC TION

Parkinson's disease (PD) is a common and progressive neurodegen‐
erative disease that affects predominately dopamine‐producing 

neurons in the striatum.1,2 Although the precise mechanisms under‐
lying PD pathology are unknown, environmental factors play a role 
in the pathology of PD. Importantly, diet is an excellent first step 
for reducing the risk for PD.3,4 For example, a high intake of fresh 
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Abstract
Aims: Parkinson's disease (PD) is a chronic and progressive neurodegenerative dis‐
order. Although diet may influence the development of PD, the precise mechanisms 
underlying relationship between diet and PD pathology are unknown. Here, we 
examined whether dietary intake of glucoraphanin (GF), the precursor of a natural 
antioxidant sulforaphane in cruciferous vegetables, can affect the reduction of dopa‐
mine transporter (DAT) in the mouse striatum after repeated administration of MPTP 
(1‐methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine).
Methods: Normal food pellet or 0.1% GF food pellet was given into male mice for 
28  days from 8‐week‐old. Subsequently, saline (5  mL/kg  ×  3, 2‐hour interval) or 
MPTP (10 mg/kg × 3, 2‐hour interval) was injected into mice. Immunohistochemistry 
of DAT in the striatum was performed 7 days after MPTP injection.
Results: Repeated injections of MPTP significantly decreased the density of DAT‐im‐
munoreactivity in the mouse striatum. In contrast, dietary intake of 0.1% GF food 
pellet significantly protected against MPTP‐induced reduction of DAT‐immunoreac‐
tivity in the striatum.
Conclusion: This study suggests that dietary intake of GF food pellet could prevent 
MPTP‐induced dopaminergic neurotoxicity in the striatum of adult mice. Therefore, 
dietary intake of GF‐rich cruciferous vegetables may have beneficial effects on pre‐
vention for development of PD.
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vegetables, fruits, nuts and seeds, fish, olive oil, coconut oil, fresh 
herbs, and spices is associated with a reduced risk of PD develop‐
ment and slower disease progression.5,6

Accumulating evidence suggests that the transcription fac‐
tor Kelch‐like erythroid cell‐derived protein with CNC homology 
(ECH)‐associated protein 1 (Keap1)‐Nuclear factor (erythroid‐
derived 2)‐like 2 (Nrf2) system plays a key role in inflammation 
which is involved in a number of neurological and psychiatric dis‐
orders.7‒11 Multiple lines of evidence suggest a key role of Nrf2 in 
the pathology of PD.12‒14 Jazwa et al15 reported that sulforaphane 
(SFN), a potent Nrf2 activator, protects against dopaminergic neu‐
rotoxicity in mice after administration of MPTP (1‐methyl‐4‐phe‐
nyl‐1,2,3,6‐tetrahydropyridine). Furthermore, SFN did not protect 
MPTP‐induced neurotoxicity in Nrf2 knock‐out (KO) mice.15 
Furthermore, Zhou et al16 reported that SFN protected against ro‐
tenone‐induced neurotoxicity model of PD. Collectively, it is likely 
that SFN can exert neuroprotective effects in animal models of PD 
through Nrf2 activation.

Glucoraphanin (GF), which found in cruciferous vegetables, 
such as broccoli sprout, is a glucosinolate precursor of SFN.17 
Previously, we reported that dietary intake of 0.1% GF food pellet 
could prevent the onset of psychiatric disorders such as depres‐
sion and psychosis in rodents,18‒21 suggesting that dietary intake 
of GF has prophylactic effects for development of psychiatric 
disorders.9

This study was undertaken to investigate whether dietary in‐
take of 0.1% GF food pellet could prevent MPTP‐induced dopa‐
minergic neurotoxicity in the mouse striatum since MPTP‐induced 
dopaminergic neurotoxicity is widely used as animal model of PD.22

2  | METHODS AND MATERIAL S

2.1 | Animals

Eight weeks old of male adult C57BL/6 mice (body weight 20‐25 g, 
Japan SLC, Inc) were used in experiments. Animals were housed in 
23°C  ±  1°C room temperature, 55%  ±  5% humidity, and 12‐hour 
light/dark cycles (lights on between 07:00‐19:00) with libitum food 
and water. All experiments were done according to the Guide for 

Animal Experimentation of Chiba University. The experimental pro‐
tocol was approved by the Chiba University Institutional Animal 
Care and Use Committee.

2.2 | Preparation of 0.1% glucoraphanin (GF) diet

Glucoraphanin food pellets were prepared as previously re‐
ported.18‒21 Food pellets (CE‐2; Japan CLEA, Ltd.) containing 0.1% 
glucoraphanin (GF) were prepared as follows. Broccoli sprout ex‐
tract powder containing SFN precursor GF was industrially pro‐
duced by KAGOME CO., LTD. In brief, broccoli sprout was grown 
from specially selected seeds (Brassica Protection Products LLC.) for 
1 day after the germination. The 1‐day broccoli sprout was plunged 
into boiling water and maintained at 95°C for 30 minutes, and the 
sprout residues were removed by filtration. The boiling water ex‐
tract was mixed with a waxy corn starch dextrin and then spray 
dried to yield the broccoli sprout extract powder containing 135 mg 
(approx. 0.31 mmol) of GF per gram. For preparing the animal diet 
containing 0.1% GF (approx. 2.3 mmol GF per 1‐kg diet), the extract 
powder was mixed with a basal diet CE‐2, and then pelletized at a 
processing facility (Oriental Yeast Co., Ltd.). The GF content in the 
diet was determined by high‐performance liquid chromatography as 
previously described.23,24

2.3 | MPTP‐induced neurotoxicity

The protocol of MPTP‐induced neurotoxicity was used as pre‐
viously reported.25,26 Thirty‐nine male mice (8  weeks old) were 
divided into the following four groups: a normal food  +  saline 
(5 mL/kg × 3, 2‐hour interval) group; a normal food pellet + MPTP 
(10 mg/kg × 3, 2‐hour interval. Tokyo Chemical Industry CO., Ltd.) 
group; a 0.1% GF food pellet + saline group; a 0.1% GF food pel‐
let + MPTP group. 0.1% GF food was given from day 1 to day 28 
(Figure 1A). Normal food was given to all groups from day 29 to 
day 36. MPTP or saline was injected into mice on day 29. Seven 
days (day 36) after administration of MPTP, mice were anesthe‐
tized with 5% isoflurane and sodium pentobarbital (50 mg/kg), and 
perfused transcardially with 10 mL of isotonic saline, followed by 
30 mL of ice‐cold 4% paraformaldehyde in 0.1 M phosphate buffer 

F I G U R E  1  Schedule of dietary intake of 0.1% GF food pellet and MPTP treatment. A, Normal food pellet or 0.1% GF food pellet was 
given to male mice (8‐week‐old) (day 1‐day 28). Subsequently, normal food pellet was given to all mice (day 29‐day 36). Mice received three 
injections of MPTP (10 mg/kg at 9:00, 11:00, 13:00, ip) or saline (5 mL/kg at 9:00, 11:00 and 13:00) (day 29). Mice were perfused 7 days 
after the administration of MPTP (day 36). B, Time course of body weight. There were no statistical changes among the four groups. Each 
value is the mean ± SEM (n = 9‐11 per group). NS, not significant
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(pH 7.4). Brains were removed from the skulls and postfixed over‐
night at 4°C, then brain was used for immunohistochemistry of 
dopamine transporter (DAT).

2.4 | DAT‐immunohistochemistry

Immunohistochemistry of DAT was performed as reported previ‐
ously.25,26 The free‐floating mouse brain sections (bregma 0.86–
1.54 mm) were put in 0.3% H2O2 in 0.05 M Tris‐HCl saline (TBS) 
for 30 minutes and blocked in 0.2% Triton X‐100 TBS (TBST) with 
1.5% normal serum for 1  hour, at room temperature. Samples 
were then incubated for 36 hours at 4°C, with rat anti‐DAT an‐
tibody (1:10  000, Cat. No: MAB 369, Chemicon International 
Inc). The sections were then washed three times in TBS and 
processed according to the avidin‐biotin‐peroxidase method 
(Vectastain Elite ABC, Vector Laboratories, Inc). Sections were 
then reacted with 0.15  mg/mL diaminobenzidine, containing 
0.06% NiCl and 0.01% H2O2 for 5  minutes. Then, the sections 
were mounted on gelatinized slides, dehydrated, cleared, and 
coverslipped under Permount® (Fisher Scientific). Next, sections 
were imaged, and the staining intensity of DAT‐immunoreactivity 
in the anterior regions (0.25 mm2) of the striatum was analyzed 
using a light microscope equipped with a CCD camera (Olympus 
IX70) and the SCION IMAGE software package. Eight sections 
from each mouse were used for the quantitative analyses of 
DAT‐immunoreactivity.

2.5 | Statistical analysis

The animal experiment data were expressed as the mean ± stand‐
ard error of the mean (SEM). The statistical analysis was performed 
using SPSS Statistics 20 (SPSS). Data of body weight were analyzed 
using repeated two‐way analyses of variance (ANOVA). Data of DAT 
were analyzed using two‐way ANOVA, followed post hoc Tukey's 
multiple comparison test. The P values of less than 0.05 were con‐
sidered statistically significant.

3  | RESULTS

Repeated two‐way ANOVA revealed no statistical difference of 
body weight among the four groups [MPTP: F(1,35) = 1.122, P = 0.297, 
0.1% GF: F(1,35) = 2.203, P = 0.147, interaction (MPTP × 0.1% GF), 
F(1,35)  = 0.021, P  = 0.88] (Figure 1B). Repeated dosing with MPTP 
(10 mg/kg × 3, 2‐hour interval) markedly decreased the density of 
DAT‐immunoreactivity in the mouse striatum (Figure 2A‐D). Two‐
way ANOVA revealed statistical differences among the four groups 
[MPTP: F(1,35) = 16.73, P < 0.001, 0.1% GF: F(1,35) = 34.34, P < 0.001, 
interaction (MPTP × 0.1% GF), F(1,35) = 7.234, P = 0.011] (Figure 2E). 
Post hoc test showed that MPTP significantly (P < 0.001) decreased 
the density of DAT‐immunoreactivity in the striatum. Furthermore, 
dietary intake of 0.1% GF significantly (P  <  0.001) prevented the 
MPTP‐induced reduction of DAT‐immunoreactivity in the striatum.

4  | DISCUSSION

In this study, we found that dietary intake of 0.1% GF food pellets 
for 28 days prevented the reduction of DAT‐immunoreactivity in the 
striatum after repeated administration of MPTP in adult mice, sug‐
gesting the potent protective effects of GF for MPTP‐induced neu‐
rotoxicity. SFN increased Nrf2 protein levels in the striatum and led 
to upregulation of phase II antioxidant enzymes heme oxygenase‐1 
(HO‐1) and NAD(P)H quinone oxidoreductase (NQO1).15 In addition, 
SFN protected against MPTP‐induced dopaminergic neurotoxicity 
in the mouse brain, suggesting that SFN can offer a neuroprotec‐
tive effect for PD pathology. SFN is a compound derived from a 
glucosinolate precursor GF found in cruciferous vegetables, such as 
broccoli sprout.17 Therefore, it is likely that GF‐rich vegetables have 
prophylactic effects for the development of PD in adulthood.

We found neuroprotective effects of 0.1% GF supplementation 
for MPTP‐induced neurotoxicity although 0.1% GF food pellet was 
not given for 7 days after MPTP injection (Figure 1A). Previously, we 
reported that dietary intake of 0.1% GF food pellet for 28 days could 

F I G U R E  2   Effects of dietary intake of 0.1% GF on the reduction in the DAT density in the striatum after the repeated administration 
of MPTP. A, Control food pellet + Saline, B, Control food pellet + MPTP, C, 0.1% GF food pellet + Saline, D, 0.1% GF food pellet + MPTP. 
Representative photomicrographs showing the DAT‐immunoreactivity in the striatum of mice (A‐D). The mean value for DAT‐
immunoreactivity staining was determined for each group and was expressed as a percentage of that of control mice (E). Each value is the 
mean ± SEM (n = 9‐11 per group). ***P < 0.001 as compared with the normal food + MPTP group

(A) (B) (E)

(C) (D)
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prevent the onset of cognitive deficits and reduction of parvalbumin 
(PV)‐immunoreactivity in the prefrontal cortex of mouse brain after 
repeated administration of phencyclidine.18 Furthermore, dietary in‐
take of 0.1% GF food pellet for 28 days prevented the onset of de‐
pression‐like phenotypes in mice after chronic social defeat stress19 
or inflammation.20 Moreover, dietary intake of 0.1% GF food pellet 
during juvenile and adolescent stages (P28‐P56) prevented behav‐
ioral abnormalities in adult offspring (<P70) after maternal immune 
activation.21 Collectively, it seems that dietary intake of 0.1% GF food 
pellet for 28 days has long‐lasting beneficial effects despite 0.1% GF 
food pellet was not given at the behavioral evaluation. Interestingly, it 
is known that foods such as fresh vegetables are associated with the 
reduced rate of PD progression.3,6 Therefore, it is likely that dietary 
intake of GF‐rich cruciferous vegetables might play a role in prevent‐
ing the onset of neuropsychiatric disorders in later life. In addition, 
the natural antioxidants (ie, the polyphenol‐rich aqueous walnut ex‐
tract, an extract of Juglandis Semen and pigallocatechin gallate, a major 
polyphenol in green tea) could protect against MPTP‐induced dopa‐
minergic neurotoxicity in mouse striatum.27,28 It seems that the natu‐
ral antioxidants may have beneficial effects in an animal model of PD.

This paper has some limitations. First, we did not measure con‐
centration of SFN in the brain after dietary intake of 0.1% GF food 
pellet. However, it is reported that dietary intake of 0.1% GF increased 
levels of SFN in the mouse brain17 and that SFN prepared from 0.1% 
GF could produce the gene expression of a number of oxidative stress 
genes through Nrf2 activation.29 It is also reported that SFN could 
protect against MPTP‐induced neurotoxicity in the mouse brain. 
Collectively, it is likely that dietary intake of 0.1% GF might have pro‐
phylactic effects in MPTP model of PD. Second, we did not confirm 
specific genes which can contribute to beneficial effects of SFN in this 
model. It is known that SFN can stimulate the gene expression of a 
number of ARE (antioxidant response element)‐regulated genes (ie, 
HO‐1 and NQO1) related with oxidative stress. It is currently unclear 
whether specific antioxidant genes play a role in the beneficial effects 
of 0.1% GF food pellet.

In conclusion, the present data suggest that dietary intake of 
0.1% GF food pellet for 28 days could prevent the onset of MPTP‐
induced reduction of DAT in the striatum of adult mice. Therefore, 
it is likely that dietary intake of GF‐rich cruciferous vegetables 
may prevent neurodegenerative disorders such as PD in later life.
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