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Regulation of BDNF transcription by Nrf2 and MeCP2
ameliorates MPTP-induced neurotoxicity
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Mounting evidence suggests the key role of brain-derived neurotrophic factor (BDNF) in the dopaminergic neurotoxicity of
Parkinson’s disease (PD). Activation of NF-E2-related factor-2 (Nrf2) and inhibition of methyl CpG-binding protein 2 (MeCP2) can
regulate BDNF upregulation. However, the regulation of BDNF by Nrf2 and MeCP2 in the PD pathogenesis has not been reported.
Here, we revealed that Nrf2/MeCP2 coordinately regulated BDNF transcription, reversing the decreased levels of BDNF expression in
1-methyl-4-phenylpyridinium (MPP+)-treated SH-SY5Y cells and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice.
Repeated administration of sulforaphane (SFN, an Nrf2 activator) attenuated dopaminergic neurotoxicity in MPTP-treated mice
through activation of BDNF and suppression of MeCP2 expression. Furthermore, intracerebroventricular injection of MeCP2-HDO, a
DNA/RNA heteroduplex oligonucleotide (HDO) silencing MeCP2 expression, ameliorated dopaminergic neurotoxicity in MPTP-
treated mice via activation of Nrf2 and BDNF expression. Moreover, we found decreased levels of Nrf2 and BDNF, and increased
levels of MeCP2 protein expression in the striatum of patients with dementia with Lewy bodies (DLB). Interesting, there were
correlations between BDNF and Nrf2 (or MeCP2) expression in the striatum from DLB patients. Therefore, it is likely that the
activation of BDNF transcription by activation of Nrf2 and/or suppression of MeCP2 could be a new therapeutic approach for PD.
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INTRODUCTION
Parkinson’s disease (PD) is a progressive neurodegenerative disorder
that affects movement. The pathogenesis of PD is described by the
selective degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNc) of the brain [1]. Although both the
genetic and environmental factors play a role in the etiology of PD
[2], the precise molecular mechanisms underlying the etiology of PD
remain poorly understood. Brain-derived neurotrophic factor (BDNF),
a member of the neurotrophin family [3–5], and its receptor TrkB are
highly expressed in the neocortex, hippocampus, striatum, and
brainstem [3–6]. Interestingly, it is reported that BDNF co-localizes
with dopaminergic neurons in the SNc, and that BDNF could
promote dopaminergic neuronal survival [7, 8]. Clinical studies
showed that BDNF levels are decreased in PD patients, suggesting
that reduced levels of BDNF may be involved in the pathogenesis of
PD [3, 9, 10]. Induction of BDNF in either the striatum or the
midbrain by transplanting of modified fibroblasts protected against
6-hydroxydopamine (6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)-induced nigrostriatal degeneration [11]. In
addition, BDNF could ameliorate the rotational behavioral deficit
and increases the turnover of dopamine in the striatum by
regulating dopaminergic neurotransmission [12]. Adeno-associated
virus (AAV)-mediated BDNF overexpression attenuated 6-OHDA-

induced striatal medium spiny neuronal lesions [13]. Collectively, it is
likely that BDNF plays important roles in the survival of
dopaminergic neurons and dopaminergic neurotoxicity in the SNc
which are implicated in the pathogenesis of PD.
Sulforaphane (SFN: 1-isothiocyanato-4-methylsulfinylbutane),

an organosulfur compound, is identified as a potent activator of
the transcription factor NF-E2-related factor-2 (Nrf2) that regulates
antioxidant and anti-inflammatory responses [14–17]. Mounting
evidence shows that SFN could exert potent beneficial effects in
various animal models such as depression and schizophrenia
[14, 18–22]. It is suggested that the beneficial effects of SFN could
be due to potent neuroprotective effects via upregulation of BDNF
expression [15, 19, 21, 22]. Methyl CpG-binding protein 2 (MeCP2)
is a transcription repressor, which blocks BDNF transcription
[23, 24]. Recently, it is reported that activation of Nrf2 by SFN
increases BDNF expression and decreases MeCP2 expression,
resulting in antidepressant-like actions in rodents [25]. Moreover,
several findings show the connection of Nrf2 with PD. First, Nrf2
activity declines with age. Second, the transcriptional activity of
Nrf2 can be restored pharmacologically in old animals. Third, in
nigral dopaminergic neurons, Nrf2 is located at the cytosol,
whereas in age-matched patients with PD, Nrf2 is found at the
nucleus, suggesting an attempt to reduce oxidative stress through
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Nrf2-dependent transcription of antioxidant enzymes [26]. In
addition, it is shown that patients with mutations in the MeCP2
exhibit motor deficits similar to PD patients [27, 28]. These
evidence suggest that both Nrf2 and MeCP2 might be involved in
the pathogenesis of PD. However, the role of Nrf2 and MeCP2 in
regulating of BDNF transcription in the pathogenesis of PD has not
been reported. Therefore, it is interesting to investigate the role of
BDNF transcription in PD models by Nrf2 and MeCP2 regulation.
This study was undertaken to investigate whether activation of

BDNF by Nrf2 and MeCP2 can affect dopaminergic neurotoxicity
using in vitro and in vivo models of PD. First, we examined
whether activation of Nrf2 by SFN could ameliorate 1-methyl-4-
phenylpyridinium (MPP+)-induced neurotoxicity in SH-SY5Y cells
through activation of BDNF and inhibition of MeCP2. Second, we
examined the role of Nrf2, BDNF and MeCP2 in the dopaminergic
neurotoxicity of SNc after repeated MPTP administration. Third,
using the DNA/RNA heteroduplex oligonucleotide (HDO), a newly
developed technology for gene silencing [29, 30], we examined
the role of MeCP2 in the regulation of BDNF expression and MPTP-
induced neurotoxicity. Finally, we measured the expression of
Nrf2, BDNF, and MeCP2 in the striatum from dementia with Lewy
bodies (DLB) patients.

RESULTS
Effects of SFN on BDNF transcription in vitro
Based on Nrf2-binding characteristics [31, 32], we reported the
Bdnf exon I promoter as two potential Nrf2 consensus binding
motifs [25]. The real-time PCR assay indicated that SFN
upregulated Bdnf exon I mRNA expression, which was abolished
by Nrf2 knocking down (Fig. 1A, B). To further determine the role
of SFN on Nrf2-induced BDNF transcription, we used siRNA-Nrf2
and mutated the potential consensus binding motifs of Nrf2 in the
Bdnf exon I promoter, followed by luciferase reporter assay. SFN
prominently activated the Bdnf exon I promoter, which could be
reversed by siRNA-Nrf2 or the mutation in the Bdnf exon I
promoter (Fig. 1C, D). The western blots analysis showed that SFN
significantly increased the levels of Nrf2 and BDNF proteins, and
decreased MeCP2 protein in SH-SY5Y cells (Fig. 1E). These data
demonstrate that SFN directly activates BDNF transcription
through Nrf2 binding with the Bdnf exon I promoter, resulting in
an increased expression of BDNF protein.

Effects of SFN on MPP+-induced alterations in the expression
of Nrf2, MeCP2, and BDNF in SH-SY5Y cells
It is reported that MPP+ is the active neurotoxic compound, and that
it selectively taken up into dopaminergic neurons to kill the
dopaminergic neurons [33]. Following treatment with MPP+, the
expressions of Nrf2 and BDNF were significantly decreased in SH-
SY5Y cells, whereas the expressions of MeCP2 were significantly
increased by MPP+ treatment (Fig. 2A). Furthermore, SFN signifi-
cantly ameliorated the downregulation of Nrf2 and BDNF, and the
upregulation of MeCP2 in SH-SY5Y cells by MPP+ treatment (Fig. 2A).
Since both Nrf2 and MeCP2 function in the nucleus as a

transcription regulator, cellular localization of the two proteins
were examined by immunofluorescence staining. Data showed
that MPP+ notably decreased Nrf2 expression in the nucleus,
which could be reversed by SFN treatment (Fig. 2B). Moreover,
treatment of MPP+ caused the nuclear localization of MeCP2,
which could be reversed by SFN (Fig. 2C). The results suggest that
SFN reverses MPP+-induced alterations in the expression of Nrf2,
MeCP2, and BDNF in SH-SY5Y cells.

Effects of SFN on dopaminergic neurotoxicity associated with
Nrf2/MeCP2-induced BDNF transcription in MPTP-treated
mice
We examined whether SFN attenuates abnormal behavior and
dopaminergic neurotoxicity in MPTP-treated mice (Fig. 3A). The

behavioral study showed that MPTP (30mg/kg/day for 5 days)
significantly reduced the duration time for the mice on the rotarod
test compared to those of the vehicle group, which could be
reversed by SFN (10mg/kg/day for 10 days) (Fig. 3B). SFN did not
alter the duration time for the rotarod test in control mice (Fig. 3B).
Next, we performed the immunofluorescent staining for tyrosine
hydroxylase (TH), CD11b (for microglia) [34], and glial fibrillary
acidic protein (GFAP for astrocyte) [35]. Immunofluorescent
staining showed that MPTP significantly decreased TH-
immunoreactivity and increased CD11b- and GFAP-
immunoreactivity in the SNc, which could be reversed by SFN
(Fig. 3C–E). In addition, we measured the protein levels of Nrf2,
MeCP2, and BDNF in the SNc of MPTP-treated mice. We found the
decreased expression of Nrf2 and BDNF, and increased expression
of MeCP2 in the SNc of MPTP-treated mice compared to control
mice (Fig. 3F). Furthermore, SFN significantly attenuated the
alterations of these proteins in the SNc of MPTP-treated mice
(Fig. 3F).
To confirm whether SFN can activate BDNF transcription in the

SNc of MPTP-treated mice, we performed ChIP-PCR. We found that
Nrf2 partially dissociated from Bdnf exon I promoter and that
MeCP2 was more tightly associated with Bdnf exon IV promoter in
the SNc of MPTP-treated mice (Fig. 3G). In addition, these changes
were reversed by SFN (Fig. 3G). These results suggest that SFN can
attenuate dopaminergic neurotoxicity and neuroinflammation in
the SNc of MPTP-treated mice through activation of Nrf2 and
BDNF and inhibition of MeCP2.

Increased BDNF transcription via silencing MeCP2 expression
by MeCP2-HDO
The aforementioned data suggest that silenced MeCP2 expression
may ameliorate dopaminergic neurotoxicity in the SNc of MPTP-
treated mice. To address this hypothesis, we knocked down
MeCP2 expression with a newly designed MeCP2-HDO which has
been demonstrated as a potent silencing technique with high
efficacy in the brain [29, 30]. As shown in Fig. 4A, a DNA and RNA
heteroduplex oligonucleotide was designed to target MeCP2. In
SH-SY5Y cell, MeCP2-HDO significantly decreased MeCP2 and
increased Nrf2 and BDNF expressions, in a dose-dependent
manner (Fig. 4B). In vivo, MeCP2-HDO downregulated MeCP2
and upregulated Nrf2 and BDNF expressions in wild-type mice by
ICV injection on day 1 and day 5 (Fig. 4C). Since MeCP2 functions
as a transcription repressor of BDNF via motif ahead of Bdnf exon
IV [23, 24], the effects of MeCP2-HDO for BDNF transcription were
examined by luciferase reporter assay. MeCP2-HDO activated
BDNF exon IV promoter, in a dose-dependent manner (Fig. 4D, E).
Furthermore, the levels of Bdnf exon IV mRNA were significantly
upregulated by MeCP2-HDO (Fig. 4F). Collectively, these data
suggest that downregulation of MeCP2 could promote Nrf2
expression and BDNF expression. To confirm this hypothesis, we
examined the BDNF exon I promoter activity by luciferase reporter
assay after administration of MeCP2-HDO. MeCP2-HDO signifi-
cantly activated BDNF exon I promoter at low and high doses (Fig.
4G, H). Furthermore, the levels of Bdnf exon I mRNA were
upregulated by MeCP2-HDO (Fig. 4I). These results suggest that
MeCP2-HDO effectively silences MeCP2 in both in vitro and
in vivo, leading to BDNF transcription.

Effects of MeCP2-HDO on dopaminergic neurotoxicity in
MPTP-treated mice
We examined the effects of MeCP2-HDO on MPTP-induced
dopaminergic neurotoxicity in the mouse brain (Fig. 5A). As
shown in Fig. 5B, CY5-tagged MeCP2-HDO was distributed widely
in the mouse brain. In the rotarod test, MPTP significantly reduced
the duration time for the mice on the rotarod test compared to
those of the vehicle group, which were reversed by ICV injection
of MeCP2-HDO (200 nM on day 1 and day 5) (Fig. 5C).
Immunofluorescent staining demonstrated that MeCP2-HDO
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significantly ameliorated the reduced TH-immunoreactivity in the
SNc (Fig. 5D), and the increased CD11b- and GFAP-
immunoreactivity in SNc of MPTP-treated mice (Fig. 5E, F).
Western blot analysis showed that MeCP2-HDO ameliorated
abnormal expression of Nrf2, MeCP2, and BDNF in the SNc of
MPTP-treated mice (Fig. 5G).
To further confirm whether MeCP2-HDO can activate BDNF

transcription in SNc of MPTP-treated mice, we performed ChIP-
PCR. Nrf2 partially dissociated from Bdnf exon I promoter and

MeCP2 was more tightly associated with Bdnf exon IV promoter in
SNc of MPTP-treated mice (Fig. 5H). Furthermore, these changes
by MPTP treatment were significantly reversed by MeCP2-HDO
(Fig. 5H).

Decreased expressions of Nrf2, BDNF, and increased
expression of MeCP2 in the striatum from DLB patients
To confirm whether expression of Nrf2, MeCP2, and BDNF in the
striatum are altered in patients of PD, we used postmortem brain
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samples from patients with DLB, since the postmortem
pathological changes of DLB patients are similar to PD patients
[36]. We measured the protein expression of Nrf2, BDNF, and
MeCP2 in the striatum from DLB patients (n= 10) and age-
matched control subjects (n= 10). Protein levels of Nrf2 and
BDNF in the striatum from DLB patients were significantly lower
than those of the controls, whereas protein levels of MeCP2 in
the striatum from DLB patients were significantly higher than

those of controls (Fig. 6A, B). Interestingly, there was a positive
correlation between BDNF levels and Nrf2 levels in DLB patients
(Fig. 6C). Furthermore, there was a negative correlation between
BDNF levels and MeCP2 levels in DLB patients (Fig. 6C).
Collectively, it is likely that both decreased Nrf2 and increased
MeCP2 expressions are associated with decreased BDNF expres-
sion, suggesting that abnormalities of these signaling might play
a role in the pathogenesis of PD.
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DISCUSSION
The major findings of the present study are as follows. First, SFN
could activate BDNF transcription through Nrf2 binding with the
Bdnf exon I promotor. Furthermore, SFN could ameliorate the
downregulation of Nrf2 and BDNF, and upregulation of MeCP2 in
MPP+-treated SH-SY5Y cells. Second, SFN attenuated behavioral
abnormality and dopaminergic neurotoxicity in the SNc of MPTP-
treated mice. Furthermore, SFN attenuated the decreased expres-
sion of Nrf2 and BDNF, and the increased expression of MeCP2 in
the SNc of MPTP-treated mice. Third, MeCP2-HDO decreased
MeCP2 expression, as well as increased Nrf2 and BDNF expression
in SH-SY5Y cells. Furthermore, ICV injection of MeCP2-HDO
improved behavioral abnormality and dopaminergic neurotoxicity
in the SNc of MPTP-treated mice. In addition, MeCP2-HDO
improved abnormal expressions of Nrf2, MeCP2 and BDNF in
the SNc of MPTP-treated mice. Finally, the protein expression of
Nrf2 and BDNF was lower in the striatum of DLB patients than that
of controls, whereas the protein expression of MeCP2 was higher
in the striatum of DLB patients than that of controls. Interestingly,
there were correlations between BDNF and Nrf2 (or MeCP2) in the
striatum from the DLB. Therefore, it is likely that the activation of
BDNF transcription by activation of Nrf2 and/or suppression of
MeCP2 could be a new therapeutic approach for PD.
As aforementioned, BDNF and its receptor TrkB are known to

co-localize with dopaminergic neurons in the SNc, and BDNF
promotes dopaminergic neuronal survival [3, 37]. It is reported
that overexpression of BDNF could attenuate 6-OHDA or MPTP-
induced nigrostriatal degeneration and rotational behavior defect
[11, 12]. Interestingly, 7,8-dihydroxyflavone, a potent TrkB agonist,
demonstrated to protect against MPTP-induced dopaminergic
neurotoxicity in rodents and monkeys [38, 39]. It is also reported
that (R)-ketamine attenuated MPTP-induced dopaminergic neuro-
toxicity in the mouse striatum through activation of the TrkB
signaling pathway [40]. In this study, we found that activation of
BDNF transcription through activation of Nrf2 by SFN contributes
to its protective effects for MPTP-induced neurotoxicity. Collec-
tively, it seems that activation of the BDNF-TrkB signaling pathway
in the brain could produce protective effects for dopaminergic
neurotoxicity in the brain of PD.
As a potent Nrf2 activator, SFN is well known to promote phase

II detoxification enzymes and antioxidant protein transcription
[17, 32, 41–43]. SFN glucosinolate, a precursor of SFN, is found in
cruciferous vegetables such as broccoli, brussels sprouts, and
cabbage [15, 21, 22], and it converts to SFN through the catalytic
actions of plant myrosinase or beta-thioglucosidases in the gut
microflora [44]. In this study, we found that SFN could ameliorate
abnormal behavior and dopaminergic neurotoxicity in MPTP-
treated mice through activation of BDNF. A previous study
showed that SFN protected against MPTP-induced neurotoxicity

in the wild-type mice, but not Nrf2 KO mice, suggesting the role of
Nrf2 in the protective effects of SFN [45]. A recent study showed
that dietary intake of SFN glucosinolate could prevent MPTP-
induced dopaminergic neurotoxicity in the mouse striatum [46].
Collectively, dietary intake of cruciferous vegetables including SFN
glucosinolate might have a prophylactic effect for PD. A
randomized, placebo-controlled study using vegetables including
SFN glucosinolate in early phase patients with PD or prodromal
phase subjects of PD is of great interest.
In this study, we found increased expression of MeCP2 in the

MPP+-treated SH-SY5Y cells and in the SNc of MPTP-treated mice,
suggesting a role of MeCP2 in PD pathogenesis. A study using
MeCP2-HDO showed that dopaminergic neurotoxicity in the SNc
of MPTP-treated mice could be ameliorated by upregulation of
BDNF expression. Furthermore, we found higher expression of
MeCP2 in the striatum from DLB patients compared to controls. It
is shown that patients with mutations in the MeCP2 exhibit motor
deficits similar to PD patients, suggesting that MeCP2 may be
involved in the pathogenesis of PD [27, 28]. Given the transcrip-
tional regulation of BDNF by MeCP2 [25, 47–49], it is possible that
MeCP2 would be a new therapeutic target for PD and its related
neurodegenerative disorders such as DLB. It seems that small
compounds such as AG490 would be potential therapeutic drugs
for PD since AG490 can reactivate MeCP2 [50].
A recent study shows that Nrf2 can bind to BDNF exon I

promoter, resulting in BDNF transcription [25, 51]. Furthermore,
MeCP2 is a transcription repressor, which blocks BDNF transcrip-
tion [23, 24]. Therefore, Nrf2 and MeCP2 might bidirectionally
regulates BDNF transcription. In this study, we found that
activation of Nrf2 by SFN is associated with Bdnf exon I promoter
and that MeCP2 is more dissociated with Bdnf exon IV promoter in
the SNc of MPTP-treated mice. These findings suggest a possibility
that increased Nrf2 or decreased MeCP2 expression may
contribute to BDNF transcription, which plays a role in the
treatment of PD.
In conclusion, this study suggests that SFN could protect against

MPTP-induced dopaminergic neurotoxicity in the SNc by activa-
tion of BDNF as well as by inhibition of MeCP2. Therefore, it is
likely that MeCP2 could be a new therapeutic target for
neurodegenerative disorders such as PD.

MATERIALS AND METHODS
Mice and cell lines
Male adult C57BL/6 mice (8 weeks old, 20–25 g each, Guangdong
Experimental Animal Center, China) were used in experiments. Age-
matched animals were randomly allocated to experimental groups. The
sample sizes were based on previous experience with the experimental
design [1, 3, 33]. Since several batched of mice were tested independently
and pooled together for final analyses. Therefore, the group sizes are not

Fig. 3 Effects of SFN on rotarod behavior and dopaminergic neurotoxicity in the SNc of MPTP-treated mice. A The schedule of treatments
of MPTP and SFN. B The rotarod test showed that SFN attenuated MPTP-induced decreased of the rotarod time. Data are shown as mean ±
SEM (n= 8 or 10). *P < 0.05, **P < 0.01 (two-way ANOVA: MPTP: F1,31= 5.392, P= 0.028; SFN: F1,31= 5.732, P= 0.024; interaction: F1,31= 5.150,
P= 0.031). C The immunofluorescence staining for TH in the SNc of mice treated with SFN or/and MPTP and quantification analysis of the TH
staining in the SNc. Scale bar= 50 μm. Data are shown as mean ± SEM (n= 4). *P < 0.05, **P < 0.01 (two-way ANOVA: MPTP: F1,15= 5.125, P=
0.043; SFN: F1,15= 9.606, P= 0.009; interaction: F1,15= 6.235, P= 0.028). D The immunofluorescence staining for CD11b in the SNc of mice
treated with SFN or/and MPTP and quantification analysis of the CD11b staining in the SNc. Data are shown as mean ± SEM (n= 4). *P < 0.05,
**P < 0.01 (two-way ANOVA: MPTP: F1,15= 14.652, P= 0.002; SFN: F1,15= 16.345, P= 0.002; interaction: F1,15= 16.549, P= 0.002). Scale bar=
50 μm. E The immunofluorescence staining for GFAP in the SNc of mice treated with SFN or/and MPTP and quantification analysis of the GFAP
staining in the SNc. Scale bar= 50 μm. Data are shown as mean ± SEM (n= 4). *P < 0.05, **P < 0.01 (two-way ANOVA: MPTP: F1,15= 21.504, P=
0.001; SFN: F1,15= 16.644, P= 0.002; interaction: F1,15= 10.459, P= 0.007). F The effects of SFN on the expression of Nrf2, MeCP2, and BDNF in
the SNc of mice treated with SFN or/and MPTP. Data are shown as mean ± SEM (n= 6). **P < 0.01 (two-way ANOVA: Nrf2, MPTP: F1,23= 8.578,
P= 0.008; SFN: F1,23= 8.951, P= 0.007; interaction: F1,23= 5.320, P= 0.032; MeCP2, MPTP: F1,23= 5.342, P= 0.032; SFN: F1,23= 8.166, P= 0.010;
interaction: F1,23= 4.903, P= 0.039; BDNF, MPTP: F1,23= 8.610, P= 0.008; SFN: F1,23= 4.591, P= 0.045; interaction: F1,23= 8.548, P= 0.008).
G The ChIP-PCR analysis in SFN or/and MPTP-treated mice. The binding affinity of SFN for Nrf2 and Bdnf I promoter and MeCP2 for Bdnf IV
promoter in SNc of MPTP-treated mice. Data are shown as mean ± SEM (n= 4).　*P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA: Nrf2:
F2,14= 7.706, P= 0.007, MeCP2: F2,14= 18.17, P < 0.01).
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Fig. 4 Effects of MeCP2-HDO on BDNF production through activation of BDNF transcription. A Schematic illustration of the construction of
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cells were treated with various concentrations of MeCP2-HDO 24 h, and the cells sample was collected and analyzed by western blotting
assay. Data are shown as mean ± SEM (n= 3). *P < 0.05, **P < 0.01 (one-way ANOVA: Nrf2: F2,8= 37.650, P < 0.001, MeCP2: F2,8= 5.351, P=
0.046, BDNF: F2,8= 15.121, P= 0.005). CMeCP2-HDO silenced MeCP2 and promoted Nrf2 and BDNF expression in vivo. Mice were treated with
MeCP2-HDO on day 1 and day 5. The levels of BDNF and MeCP2 in the SNc were examined by western blotting assay. Data are shown as
mean ± SEM (n= 3). *P < 0.05 (Student t test: T=−2.782, P= 0.049 for Nrf2, T= 4.505, P= 0.011 for MeCP2, and T=−2.860, P= 0.046 for
BDNF). D The schematic diagram of BDNF transcription by MeCP2-HDO. E Effects of MeCP2-HDO on the activation of Bdnf exon IV promoter by
using luciferase reporter assay. Data are shown as mean ± SEM (n= 4). ***P < 0.001 (one-way ANOVA: F2,14= 115.359, P < 0.001). F MeCP2-HDO
increased Bdnf exon IV mRNA expression. Data are shown as mean ± SEM (n= 6). ***P < 0.001 (Student t test: T=−10.743, P < 0.001). G The
schematic diagram of BDNF transcription via Nrf2 by MeCP2-HDO. H Effects of MeCP2-HDO on the activation of Bdnf exon I promoter by using
luciferase reporter assay. Data are shown as mean ± SEM (n= 4). ***P < 0.001 (one-way ANOVA: F2,14= 279.849, P < 0.001). I MeCP2-HDO
increased Bdnf exon I mRNA expressions. Data are shown as mean ± SEM (n= 4 or 5). *P < 0.05 (Student t test: T=−2.494, P= 0.041).
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exactly the same. The criteria were not pre-established. The animals were
housed under controlled temperature and kept on a 12-h light/dark cycle
(lights on between 07:00 and 19:00), with ad libitum access to food and
water. The protocol was approved by the Jinan University Institutional
Animal Care and Use Committee. All experiments were carried out

following the Guide for Animal Experimentation of Jinan University. SH-
SY5Y human neuroblastoma cell line was cultured in DMEM/F-12
(BasaIMedia) supplemented with 10% fetal bovine serum (Excell Bio.)
and penicillin (100 units/mL)–streptomycin (100 μg/mL) (Hyclone).
HEK293T cells were maintained in DMEM supplemented with FBS and
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penicillin–streptomycin as described above. Cells were cultured at 37 °C in
a humidified incubator containing 5% CO2. All the cell lines were tested for
mycoplasma contamination.

Reagents and drug treatment
MPP+ and MPTP were purchased from MedChemExpress (Monmouth
Junction, NJ, USA), which were dissolved in phosphate-buffered saline
(PBS) or physiological saline. SFN (LKT Laboratories, Inc., St Paul, MN, USA)
was dissolved in distilled water containing 10% corn oil. SFN (1 μM) and/or
MPP+ (1 mM) were treated for SH-Y5Y cells. SFN (10mg/kg) and MPTP
(30mg/kg) was administered intraperitoneally (i.p.) to mice. The concen-
tration and dosages of MPP+, SFN, and MPTP were selected as previously
reported [3, 22, 33].

MeCP2-HDO construction
The antisense oligonucleotides (ASO) of MeCP2 and cRNA were designed
and purchased from TsingKe biological technology (Wuhan, China). For the
generation of MeCP2-HDO, equimolar amounts of DNA and cRNA strands
were heated in 0.9% sterile saline at 95 °C for 5 min and slowly cooled to
room temperature. HDO that carried locked nucleic acids (LNA) at each end
flanking the central base of DNA and with or without CY5 label, and carried
2’-O-methyl at each end flanking the central base of cRNA. The sequences
of ASOs and cRNA targeting MeCP2 used in our experiments were listed
below: ASO-MeCP2: G(L)^G(L)^t^t^t^t^t^c^t^c^c^t^t^t^a^t^t^A(L)^T(L)
^C(L) [52]; cRNA: g(M)^a(M)^u(M)^aauaaaggagaaaaa^c(M)^c(M). L stands
for locked nucleic acids. M stands for 2’-O-methyl modifications. ^ stands
for phosphorothioate bond.

Intracerebroventricular (ICV) injection
Mice were anesthetized with isoflurane and fixed to the stereotaxic
apparatus. Drugs were injected into the right lateral ventricle following the
stereotaxic coordinates: 0.8 mm lateral, −2.1 mm ventral, and 0.74mm
from Bregma. For injection two times, a guiding cannula (RWD Life Science,
China) was implanted using the coordinates as described above. The
concentration of MeCP2-HDO was 200 nM. The volume was 2 μl per
injection. Drugs were injected by an injection cannula through a guiding
cannula.

The rotarod test
Mice were first trained to stay on the rod of the rotarod, which was
maintained at a constant speed (5 rpm) for at least 5 min. After training for
three times, mice were tested for a total of three trials with a constant
rotation speed from 0 rpm to a maximum 40 rpm. The trial was started and
sustained for 5 min, then stopped when the mouse fell (activating a switch
that automatically stopped the timer) or when 5min had elapsed. The
residence time on the rotarod was counted using the stopwatch by a
researcher blind to the treatment.

Quantitative real-time PCR assay (qRT-PCR)
Levels of Bdnf exon I promoter and Bdnf exon IV promoter mRNA were
examined by quantitative real-time PCR. For cDNA collection, RNA was
extracted by using an Eastep® Super Kit (Promega) followed by reverse
transcription with GoScriptTM Reverse Transcriptase Mix, Oligo (dT) (Promega).
All real-time PCRs were performed with the ChamQTM SYBR® qPCR Master Mix
Kit (Vazyme) in the 788BR05175 Real-Time PCR System. Forty cycles of PCR

amplification were performed as follows: denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, and extension for 30 s at 72 °C. The primer
sequences were as follows: forward 5’-TGATCATCACTCACGACCACG-3’; reverse
5’ CAGCCTCTCTGAGCCAGTTACG-3’ for Bdnf exon I; forward 5’-GGCTT
CTGTGTGCGTGAATTTGC-3’; reverse 5’-AAAGTGGGTGGGAGTCCACGAG-3’ for
Bdnf exon IV; forward 5’ ATGACATCAAGAAGGTGGTG-3’; reverse 5’-CATAC-
CAGGAAATGAGCTTG-3’ for gapdh. The target genes were analyzed by the
2−ΔΔCt method.

Luciferase reporter assay
HEK293T cells were seeded in 6-wells plates and transfected/treated with
BDNF exon I or BDNF exon IV luciferase reporter plasmid, pRL-TK Renilla
luciferase plasmid (Promega), and SFN. Following treatment, the cells were
collected and subjected to the dual-luciferase reporter assay kit (Promega)
according to the manual.

Chromatin immunoprecipitation (ChIP) assay
Brain samples were subjected to the ChIP assay according to the
manual of the SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling).
In the ChIP assay, 7.5 μg of Nrf2 or p-CREB antibody was added to the
homogenate of the samples, mixed, and incubated overnight at 4 °C.
Washing, elution, and reverse cross-linking to free DNA were performed
according to the manufacturer’s protocol. Bdnf exon I or Bdnf exon IV-
specific primers were used for amplification of the promoter region. The
primer sequences were as follows: forward Bdnf exon I: 5’-TGATCAT-
CACTCACGACCACG-3’; reverse 5’-CAGCCTCTCTGAGCCAGTTACG-3’. for-
ward Bdnf exon IV: 5’-GGCTTCTGTGTGCGTGAATTTGC-3’; reverse 5’-
AAAGTGGGTGGGAGTCCACGAG-3’. The PCR amplicon was separated on
a 2% agarose gel after 35 cycles of PCR (denaturation at 95 °C for 30 s,
annealing at 58 °C for 30 s, and extension at 72 °C for 30 s).

Western blot analysis
Cells and brain homogenates were lysed in RIPA buffer. Postmortem brain
samples (striatum) from patients with DLB (n= 10) and age-matched
controls (n= 10) were collected at Tokyo Metropolitan Geriatric Hospital
and Institute of Gerontology (Tokyo, Japan), as previously reported [36].
Brain samples were selected using the Brain Bank for Aging Research
(BBAR) Lewy bodies rating system [53]. Protein concentration was
determined by the Coomassie Brilliant Blue protein assay kit (Bio-Rad).
Twenty micrograms of total proteins were separated by 10–12% sodium
dodecyl sulfate-polyacrylamide gels and then transferred to polyvinylide-
nedifluoride (PVDF) membrane. The membranes were blocked with 5%
milk at room temperature for 1 h. The primary antibodies were added and
incubated with the membranes at 4 °C for 12 h. Membranes were then
washed three times with TBST and incubated with the corresponding
secondary antibodies for 1 h at room temperature. After an additional
three times of washing in TBST for 10min, targeted protein bands were
detected using the enhanced chemiluminescence method detected by the
Tanon-5200CE imaging system (Tanon, Shanghai, China). The expression
levels of target proteins were normalized to β-actin or GAPDH loading
controls. Antibodies against Nrf2 (ab137550), BDNF (ab108319), and
MeCP2 (ab2828) were purchased from Abcam, BDNF (47808) was
purchased from Cell Signaling Technology (CST), MeCP2 (M6818) was
purchased from Sigma-Aldrich. The β-actin or GAPDH antibody was
purchased from EarthOx. The HRP-conjugated anti-rabbit IgG antibody and
anti-mouse IgG antibody were purchased from BIO-RAD.

Fig. 5 Effects of MeCP2-HDO on dopaminergic neurotoxicity in MPTP-treated mice. A Schedule of treatment, behavioral test and collection
of samples. B The schematic diagram of the ICV injection of MeCP2-HDO in the brain. C MeCP2-HDO reversed the decreased time of rotarod
time in MPTP-treated mice. Data are shown as mean ± SEM (n= 10). *P < 0.05; **P < 0.01 (one-way ANOVA: F2,29= 4.452, P= 0.021). D The
immunofluorescence staining for TH in the SNc of the mice treated with MeCP2-HDO or/and MPTP and quantification of the TH staining. Data
are shown as mean ± SEM (n= 4). **P < 0.01 (one-way ANOVA: F2,11= 14.083, P= 0.002). Scale bar= 50 μm. E The immunofluorescence
staining for CD11b in the SNc of the mice treated with MeCP2-HDO or/and MPTP and quantification of the CD11b staining. Data are shown as
mean ± SEM (n= 4). **P < 0.01 (one-way ANOVA: F2,11= 13.573, P= 0.002). Scale bar= 50 μm. F The immunofluorescence staining for GFAP in
the SNc of the mice treated with MeCP2-HDO or/and MPTP and quantification of the GFAP staining. Data are shown as mean ± SEM (n= 4).
**P < 0.01 (one-way ANOVA: F2,11= 12.309, P= 0.003). Scale bar= 50 μm. G Effects of MeCP2-HDO on the levels of Nrf2, MeCP2, and BDNF
expression in the SNc of MPTP-treated mice. Data are shown as mean ± SEM (n= 7 or 8). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA:
Nrf2: F2,23= 11.961, P < 0.001, MeCP2: F2,22= 7.717, P= 0.003, BDNF: F2,23= 3.674, P= 0.043). H The ChIP-PCR analysis in the MeCP2-HDO or/
and MPTP-treated mice. The binding affinity of MeCP2-HDO for Nrf2 and Bdnf I promoter and MeCP2 for Bdnf IV promoter in the SNc of MPTP-
treated mice. Data are shown as mean ± SEM (n= 4). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA: Nrf2: F2,11= 13.680, P= 0.002, MeCP2:
F2,11= 26.494, P < 0.001).
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Immunofluorescence
Cells or mouse brain sections were pre-planted on cover glasses and fixed in
4% PFA for 10min at room temperature. After treatment, the glasses were
washed with PBS three times and blocked with 3% BSA and 0.3% Triton
X-100 for 30min followed by incubation with anti-TH (1:500, GeneTex (GTX)
10372), anti-CD11b (1:500, 2151423, Invitrogen) or anti-GFAP (1:500, Affitify,
DF6040) for 24 h at 4 °C, respectively. After being washed with PBS, the cells
were incubated with Alexa Fluor 488/594anti-mouse/Rabbit secondary
antibody (1:500) for 2 h at room temperature in the dark followed by
staining with DAPI to illustrate the nuclei. Then cells were washed in PBS and
visualized by a fluorescence microscope (Olympus BX53, Japan).

Statistical analysis
All data results were expressed as the mean ± standard error of the mean
(SEM), which were analyzed using PASW Statistics 20 software. Potential
differences between the mean values were evaluated using one-way
analysis of variance (ANOVA), followed by post hoc Fisher’s least significant
difference test or two-way ANOVA; when appropriate, post hoc
comparisons were performed using the unpaired t test. P values <0.05
were considered statistically significant. Student’s t test was used to
compare the differences between two groups, unless otherwise specified.
Asterisks were used to indicate significance: *P < 0.05, **P < 0.01, and ***P
< 0.001. Values >0.05 were considered not significant (ns).
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Fig. 6 The protein levels of Nrf2, BDNF, and MeCP2 in the striatum of DLB patients and the working model for this study. A, B Protein
expression of Nrf2, MeCP2 and BDNF in the striatum from DLB patients (n= 10) and controls (n= 10). Representative immunoblots were
shown from the two groups. Data are shown as mean ± SEM (n= 10). *P < 0.05, **P < 0.01 (Student t test: T=−2.138, P= 0.046 for Nrf2, T=
−3.448, P= 0.003 for MeCP2, and T= 2.361, P= 0.030 for BDNF). C There was a positive correlation between BDNF levels and Nrf2 levels in the
subjects (n= 10). Furthermore, there was a negative correlation between BDNF levels and MeCP2 levels in the subjects (n= 10). D MPP+ and
MPTP inhibit Nrf2 and upregulate MeCP2 expressions, which leads to suppress BDNF transcription and promotes dopaminergic neurotoxicity.
SFN and MeCP2-HDO induce BDNF transcription by activating Bdnf exon I promoter and Bdnf exon IV promoter, resulting in neuroprotective
effects against PD pathogenesis.

Q. Cao et al.

10

Cell Death Discovery           (2022) 8:267 



DATA AVAILABILITY
The datasets used and/or analyzed during this study are available from the
corresponding author on reasonable request.

REFERENCES
1. Kang SS, Zhang Z, Liu X, Manfredsson FP, He L, Iuvone PM, et al. Alpha-Synuclein

binds and sequesters PIKE-L into Lewy bodies, triggering dopaminergic cell death
via AMPK hyperactivation. Proc Natl Acad Sci USA. 2017;114:1183–8.

2. Ascherio A, Schwarzschild MA. The epidemiology of Parkinson’s disease: risk
factors and prevention. Lancet Neurol. 2016;15:1257–72.

3. Kang SS, Zhang Z, Liu X, Manfredsson FP, Benskey MJ, Cao X, et al. TrkB neuro-
trophic activities are blocked by alpha-synuclein, triggering dopaminergic cell
death in Parkinson’s disease. Proc Natl Acad Sci USA. 2017;114:10773–8.

4. Huang EJ, Reichardt LF. Trk receptors: Roles in neuronal signal transduction. Annu
Rev Biochem. 2003;72:609–42.

5. Mizui T, Ishikawa Y, Kumanogoh H, Kojima M. Neurobiological actions by three
distinct subtypes of brain-derived neurotrophic factor: Multi-ligand model of
growth factor signaling. Pharm Res. 2016;105:93–98.

6. Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida RD, et al. ProBDNF induces
neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin. J
Neurosci. 2005;25:5455–63.

7. Seroogy KB, Lundgren KH, Tran TM, Guthrie KM, Isackson PJ, Gall CM. Dopami-
nergic neurons in rat ventral midbrain express brain-derived neurotrophic factor
and neurotrophin-3 mRNAs. J Comp Neurol. 1994;342:321–34.

8. Baydyuk M, Xu B. BDNF signaling and survival of striatal neurons. Front Cell
Neurosci. 2014;8:254.

9. Howells DW, Porritt MJ, Wong JY, Batchelor PE, Kalnins R, Hughes AJ, et al.
Reduced BDNF mRNA expression in the Parkinson’s disease substantia nigra. Exp
Neurol. 2000;166:127–35.

10. Bathina S, Das UN. Brain-derived neurotrophic factor and its clinical implications.
Arch Med Sci. 2015;11:1164–78.

11. Molina-Holgado F, Doherty P, Williams G. Tandem repeat peptide strategy for the
design of neurotrophic factor mimetics. CNS Neurol Disord Drug Targets.
2008;7:110–9.

12. Sun M, Kong LX, Wang XD, Lu XG, Gao QS, Geller AI. Comparison of the capability
of GDNF, BDNF, or both, to protect nigrostriatal neurons in a rat model of Par-
kinson’s disease. Brain Res. 2005;1052:119–29.

13. Klein RL, Lewis MH, Muzyczka N, Meyer EM. Prevention of 6-hydroxydopamine-
induced rotational behavior by BDNF somatic gene transfer. Brain Res.
1999;847:314–20.

14. Zhang JC, Yao W, Dong C, Han M, Shirayama Y, Hashimoto K. Keap1-Nrf2 sig-
naling pathway confers resilience versus susceptibility to inescapable electric
stress. Eur Arch Psychiatry Clin Neurosci. 2018;268:865–70.

15. Zhang JC, Yao W, Dong C, Yang C, Ren Q, Ma M, et al. Prophylactic effects of
sulforaphane on depression-like behavior and dendritic changes in mice after
inflammation. J nutritional Biochem. 2017;39:134–44.

16. Suzuki T, Motohashi H, Yamamoto M. Toward clinical application of the Keap1-
Nrf2 pathway. Trends Pharm Sci. 2013;34:340–6.

17. Suzuki T, Yamamoto M. Molecular basis of the Keap1-Nrf2 system. Free Radic Biol
Med. 2015;88:93–100. Pt B

18. Bouvier E, Brouillard F, Molet J, Claverie D, Cabungcal JH, Cresto N, et al. Nrf2-
dependent persistent oxidative stress results in stress-induced vulnerability to
depression. Mol Psychiatry. 2017;22:1701–13.

19. Hashimoto K. Essential role of Keap1-Nrf2 signaling in mood disorders: overview
and future perspective. Front Pharm. 2018;9:1182.

20. Shirai Y, Fujita Y, Hashimoto K. Effects of the antioxidant sulforaphane on
hyperlocomotion and prepulse inhibition deficits in mice after phencyclidine
administration. Clin Psychopharmacol Neurosci. 2012;10:94–98.

21. Shirai Y, Fujita Y, Hashimoto R, Ohi K, Yamamori H, Yasuda Y, et al. Dietary intake
of sulforaphane-rich broccoli sprout extracts during juvenile and adolescence can
prevent phencyclidine-induced cognitive deficits at adulthood. PLoS ONE.
2015;10:e0127244.

22. Yao W, Zhang JC, Ishima T, Dong C, Yang C, Ren Q, et al. Role of Keap1-Nrf2
signaling in depression and dietary intake of glucoraphanin confers stress resi-
lience in mice. Sci Rep. 2016;6:30659.

23. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, et al. DNA methylation-
related chromatin remodeling in activity-dependent BDNF gene regulation. Sci-
ence. 2003;302:890–3.

24. Bambah-Mukku D, Travaglia A, Chen DY, Pollonini G, Alberini CM. A positive
autoregulatory BDNF feedback loop via C/EBPβ mediates hippocampal memory
consolidation. J Neurosci. 2014;34:12547–59.

25. Yao W, Lin S, Su J, Cao Q, Chen Y, Chen J, et al. Activation of BDNF by tran-
scription factor Nrf2 contributes to antidepressant-like actions in rodents. Transl
Psychiatry. 2021;11:140.

26. Jazwa A, Rojo AI, Innamorato NG, Hesse M, Fernandez-Ruiz J, Cuadrado A.
Pharmacological targeting of the transcription factor Nrf2 at the basal ganglia
provides disease modifying therapy for experimental parkinsonism. Antioxid
Redox Sign. 2011;14:2347–60.

27. Chahrour M, Zoghbi HY. The story of Rett syndrome: from clinic to neurobiology.
Neuron. 2007;56:422–37.

28. Xie T, Zhang J, Yuan X, Yang J, Ding W, Huang X, et al. Is X-linked methyl-CpG
binding protein 2 a new target for the treatment of Parkinson’s disease. Neural
Regen Res. 2013;8:1948–57.

29. Nishina K, Piao W, Yoshida-Tanaka K, Sujino Y, Nishina T, Yamamoto T, et al. DNA/
RNA heteroduplex oligonucleotide for highly efficient gene silencing. Nat Com-
mun. 2015;6:7969.

30. Yoshioka K, Kunieda T, Asami Y, Guo H, Miyata H, Yoshida-Tanaka K, et al. Highly
efficient silencing of microRNA by heteroduplex oligonucleotides. Nucleic Acids
Res. 2019;47:7321–32.

31. Kim J, Lee S, Choi BR, Yang H, Hwang Y, Park JH, et al. Sulforaphane epigenetically
enhances neuronal BDNF expression and TrkB signaling pathways. Mol Nutr Food
Res. 2017;61:1600194.

32. Chorley BN, Campbell MR, Wang X, Karaca M, Sambandan D, Bangura F, et al.
Identification of novel NRF2-regulated genes by ChIP-Seq: influence on retinoid X
receptor alpha. Nucleic Acids Res. 2012;40:7416–29.

33. Kang SS, Ahn EH, Zhang ZT, Liu X, Manfredsson FP, Sandoval IM, et al. alpha-
Synuclein stimulation of monoamine oxidase-B and legumain protease mediates
the pathology of Parkinson’s disease. Embo J. 2018;37:e98878.

34. DePaula-Silva AB, Gorbea C, Doty DJ, Libbey JE, Sanchez JMS, Hanak TJ, et al.
Differential transcriptional profiles identify microglial- and macrophage-specific
gene markers expressed during virus-induced neuroinflammation. J Neuroin-
flammation. 2019;16:152.

35. Brahmachari S, Fung YK, Pahan K. Induction of glial fibrillary acidic protein
expression in astrocytes by nitric oxide. J Neurosci. 2006;26:4930–9.

36. Ren Q, Ma M, Yang J, Nonaka R, Yamaguchi A, Ishikawa KI, et al. Soluble epoxide
hydrolase plays a key role in the pathogenesis of Parkinson’s disease. Proc Natl
Acad Sci USA. 2018;115:E5815–E5823.

37. Fumagalli F, Racagni G, Riva MA. Shedding light into the role of BDNF in the
pharmacotherapy of Parkinson’s disease. Pharmacogenomics J. 2006;6:95–104.

38. Sconce MD, Churchill MJ, Moore C, Meshul CK. Intervention with 7,8-dihydroxy-
flavone blocks further striatal terminal loss and restores motor deficits in a
progressive mouse model of Parkinson’s disease. Neuroscience. 2015;290:454–71.

39. He J, Xiang Z, Zhu X, Ai Z, Shen J, Huang T, et al. Neuroprotective effects of 7,
8-dihydroxyflavone on midbrain dopaminergic neurons in MPP(+)-treated
monkeys. Sci Rep. 2016;6:34339.

40. Fujita A, Fujita Y, Pu Y, Chang L, Hashimoto K. MPTP-induced dopaminergic neu-
rotoxicity in mouse brain is attenuated after subsequent intranasal administration
of (R)-ketamine: a role of TrkB signaling. Psychopharmacology. 2020;237:83–92.

41. Kobayashi A, Kang MI, Watai Y, Tong KI, Shibata T, Uchida K, et al. Oxidative and
electrophilic stresses activate Nrf2 through inhibition of ubiquitination activity of
Keap1. Mol Cell Biol. 2006;26:221–9.

42. Kobayashi E, Suzuki T, Yamamoto M. Roles nrf2 plays in myeloid cells and related
disorders. Oxid Med Cell Longev. 2013;2013:529219.

43. Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharm Toxicol.
2013;53:401–26.

44. Fahey JW, Kensler TW. The challenges of designing and implementing clinical
trials with broccoli sprouts… and turning evidence into public health action.
Front Nutr. 2021;8:648788.

45. Jazwa A, Rojo AI, Innamorato NG, Hesse M, Fernandez-Ruiz J, Cuadrado A.
Pharmacological targeting of the transcription factor Nrf2 at the basal ganglia
provides disease modifying therapy for experimental parkinsonism. Antioxid
Redox Signal. 2011;14:2347–60.

46. Pu Y, Qu Y, Chang L, Wang SM, Zhang K, Ushida Y, et al. Dietary intake of glucor-
aphanin prevents the reduction of dopamine transporter in the mouse striatum after
repeated administration of MPTP. Neuropsychopharmacol Rep. 2019;39:247–51.

47. Zhou Z, Hong EJ, Cohen S, Zhao WN, Ho HY, Schmidt L, et al. Brain-specific
phosphorylation of MeCP2 regulates activity-dependent Bdnf transcription,
dendritic growth, and spine maturation. Neuron. 2006;52:255–69.

48. Chang QA, Khare G, Dani V, Nelson S, Jaenisch R. The disease progression mutant
mice is affected of Mecp2 by the level of BDNF expression. Neuron. 2006;49:341–8.

49. Im HI, Hollander JA, Bali P, Kenny PJ. MeCP2 controls BDNF expression and
cocaine intake through homeostatic interactions with microRNA-212. Nat Neu-
rosci. 2010;13:1120–U1121.

50. Lee HM, Kuijer MB, Ruiz Blanes N, Clark EP, Aita M, Galiano Arjona L, et al. A small-
molecule screen reveals novel modulators of MeCP2 and X-chromosome inacti-
vation maintenance. J Neurodev Disord. 2020;12:29.

51. Tang R, Cao QQ, Hu SW, He LJ, Du PF, Chen G, et al. Sulforaphane activates anti-
inflammatory microglia, modulating stress resilience associated with BDNF
transcription. Acta Pharm Sin. 2021;43:829–39.

Q. Cao et al.

11

Cell Death Discovery           (2022) 8:267 



52. Sztainberg Y, Chen HM, Swann JW, Hao S, Tang B, Wu Z, et al. Reversal of
phenotypes in MECP2 duplication mice using genetic rescue or antisense oli-
gonucleotides. Nature. 2015;528:123–6.

53. Saito Y, Kawashima A, Ruberu NN, Fujiwara H, Koyama S, Sawabe M, et al.
Accumulation of phosphorylated alpha-synuclein in aging human brain. J Neu-
ropathol Exp Neurol. 2003;62:644–54.

ACKNOWLEDGEMENTS
This work is supported by the National Natural Science Foundation of China
(81973341 to QQ, and 31900825 to SL), the Fundamental Research Funds for the
Central Universities (11620425 to JZ), and grant-in-Aid for Scientific Research (B) of
Japan Society for the Promotion of Science (17H04243 to KH). Dr. Hashimoto received
speaker’s honoraria and research support from Murakami Farm Co, Ltd. (Hiroshima,
Japan).

AUTHOR CONTRIBUTIONS
JZ, SL, and KH conceived of the project, designed the experiments, analyzed the data,
and wrote the manuscript. QC, QZ, XZ, YZ, and YQ performed the experiments and
analyzed the data. QC and QZ made the figures. SM provided postmortem brain
samples from controls and DLB patients. NW and QQ assisted with data analysis and
interpretation and critically read the manuscript. All authors approved the
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-022-01063-9.

Correspondence and requests for materials should be addressed to Kenji Hashimoto,
Song Lin or Ji-chun Zhang.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Q. Cao et al.

12

Cell Death Discovery           (2022) 8:267 

https://doi.org/10.1038/s41420-022-01063-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Regulation of BDNF transcription by Nrf2 and MeCP2 ameliorates MPTP-induced neurotoxicity
	Introduction
	Results
	Effects of SFN on BDNF transcription in�vitro
	Effects of SFN on MPPnobreak&#x0002B;nobreak-nobreakinduced alterations in the expression of Nrf2, MeCP2, and BDNF in SH-SY5Y cells
	Effects of SFN on dopaminergic neurotoxicity associated with Nrf2/MeCP2-induced BDNF transcription in MPTP-treated mice
	Increased BDNF transcription via silencing MeCP2 expression by MeCP2-HDO
	Effects of MeCP2-HDO on dopaminergic neurotoxicity in MPTP-treated mice
	Decreased expressions of Nrf2, BDNF, and increased expression of MeCP2 in the striatum from DLB patients

	Discussion
	Materials and methods
	Mice and cell lines
	Reagents and drug treatment
	MeCP2-HDO construction
	Intracerebroventricular (ICV) injection
	The rotarod test
	Quantitative real-time PCR assay (qRT-PCR)
	Luciferase reporter assay
	Chromatin immunoprecipitation (ChIP) assay
	Western blot analysis
	Immunofluorescence
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




