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Abstract
Background: Accumulating evidence suggested that sulforaphane (SFN) showed prevention effects in
stressed mice by activating the NF-E2-related factor-2 (Nrf2). However, the mechanism remains poorly
understood. The present study aimed to investigate whether the prevention effects of SFN in stressed
mice by activating brain-derived neurotrophic factor (BDNF) transcription on the microglial and revising
abnormal dendritic spine morphology.

Methods: In vitro study, we performed the Luciferase assay, Chromatin immunoprecipitation assay,
Immuno�uorescence, and Western blot to investigate whether SFN could activate Nrf2, resulting in BDNF
transcription on the BV2 cell. In vivo study, we employed the Social defeat stress mice model, Behavior
test, Western blots, Immuno�uorescence, and Enzyme-linked immunosorbent assay to further explore
whether the prevention effects of SFN in stressed mice by activating BDNF transcription on the microglial
and revising abnormal dendritic spine morphology.

Results: First, we found that SFN could activate Nrf2, resulting in Nrf2 binding to the BDNF exon I
promoter, leading to BDNF protein expression on the BV2 cell. Second, SFN attenuated the decreased
levels of Nrf2, and increased levels of MeCP2 expression, revising abnormal BDNF expression in the
stressed mice. Third, we further found that the SFN could attenuate the decreased levels of Nrf2 and
increased levels of MeCP2 expression on the microglial and revising microglial dysfunction in the
stressed mice. Fourth, SFN could attenuate the increased levels of pro-in�ammatory cytokine and the
decreased levels of anti-in�ammatory cytokine release in the stressed mice. Finally, SFN showed
prevention effects and revised abnormal dendritic spine morphology in the stressed mice.

Conclusions: Therefore, the prophylactic effects of SFN in the stressed mice by activating BDNF
transcription on the microglial and revising abnormal dendritic spine morphology. 

Background
Sulforaphane (SFN: 1-isothiocyanato-4-methylsul�nylbutane) is an organosulfur compound, which is
found in cruciferous vegetables, such as broccoli Brussels sprouts, and cabbage. Recently studies found
SFN showed antioxidant and anti-in�ammatory effects [1, 2]. The mechanism for the antioxidant and
anti-in�ammatory effects of SFN is thought to be mediated by activating the NF-E2-related factor-2 (Nrf2)
results in Phase II detoxi�cation enzymes and antioxidant proteins transcription [3–7]. Our previous study
found that intraperitoneally (IP) injection of SFN showed protection effects in lipopolysaccharide (LPS)
and chronic social defeat stress (CSDS) models of depression by activating Nrf2 signaling and brain-
derived neurotrophic factor (BDNF) and tropomyosin-receptor-kinase B (TrkB) signaling [2, 8]. Moreover,
Dietary intake of glucoraphanin (a precursor for SFN) also showed prevention effects in the CSDS mice
model by activating BDNF/TrkB signaling [8]. Taken together, these results suggested that SFN may have
the function of prevention effects in depression animal models by activating Nrf2 and BDNF/TrkB
signaling.
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A gradually increasing number of studies supported that the signaling of BDNF and TrkB are involved in
the pathogenesis of depression and the therapeutic mechanisms of antidepressants [9–17]. Decreasing
BDNF levels in the medial prefrontal cortex (mPFC) and hippocampus cause depression-like phenotypes
[18–21], whereas the enhanced BDNF expression in the mPFC and hippocampus contribute to the
resilience to inescapable electric stress and social defeat stress [22, 23]. Nrf2 is a key transcription factor
that regulates antioxidant and anti-in�ammatory responses. Recently study found that Nrf2 also plays a
role in the pathogenesis of depression by affecting BDNF/TrkB signaling [2, 8, 24]. Therefore, it is very
interesting to detail study the crosstalk of Nrf2 and BDNF/TrkB signaling in depression. Because Nrf2 is a
key transcription factor for Phase II detoxi�cation enzymes and antioxidant proteins. Therefore, we
hypothesized that Nrf2 may function as a transcriptional activator for BDNF. The depression-like
phenotypes caused by chronic stress associated with suppressed BDNF transcription, which enrolled the
decreased Nrf2 and enhanced methyl-CpG binding protein-2 (MeCP2) (BDNF transcriptional repressor)
[25] expression on the microglial. The prevention effects of SFN in stressed mice by activating Nrf2,
resulting in BDNF transcription on the microglial.

In the current study. First, we found that SFN could activate Nrf2, resulting in Nrf2 binding to the BDNF
exon I promoter, leading to BDNF protein expression on the BV2 cell (microglial). Second, SFN attenuated
the decreased Nrf2 and increased MeCP2 protein expression, revising abnormal BDNF protein expression
in the stressed mice. Third, we further found that the SFN could attenuate the decreased levels of Nrf2
and increased levels of MeCP2 expression on the microglial and revising microglial dysfunction in
stressed mice. Fourth, SFN could attenuate the increased levels of pro-in�ammatory cytokine and the
decreased levels of anti-in�ammatory cytokine release in stressed mice. Finally, SFN showed prevention
effects in stressed mice and revised abnormal dendritic spine morphology. Therefore, the prophylactic
effects of SFN in stressed mice by activating BDNF transcription on the microglial and revising abnormal
dendritic spine morphology.

Methods
Mice, cell lines, antibody information, and drug treatment

Male adult C57BL/6 mice (8 weeks old, 20–25 g each, Guangdong Experimental Animal Center), CD1
mice (14 weeks old, 40–45 g each, Guangdong Experimental Animal Center), and male adult Thy1-Yellow
�uorescent protein (YFP) mice were used in experiments. 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. HEK293 or BV2 cells were cultured in high-glucose Dulbecco's Modi�ed Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (Excell Bio.) and penicillin (100 units/mL)–
streptomycin (100 μg/mL) (all from Hyclone). Cells were incubated at 37 °C in a humidi�ed incubator
containing 5% CO2. The following antibodies were used for experiments Nrf2 (ab137550), MeCP2
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(ab2828), BDNF (ab108319), CD11b (Invitrogen 13-0112-82), iNOS (Invitrogen PA3-030A) and CD206
(MYBIOSOURCE MBS215669). The beta-actin antibody was purchased from EarthOx.

Lipopolysaccharide (LPS, 1 μg/ml for BV2 cell; L-4130, serotype 0111:B4, Sigma-Aldrich). SFN (10 mg/kg;
MedChemExpress, Shanghai, China) was dissolved in distilled water containing 10% corn oil. SFN
(10 mg/kg) was administered intraperitoneally (i.p.) to mice before the social defeat stress 30 min for 10
days. The dose of LPS and SFN was selected as previously reported [8, 26].

Chronic social defeat stress (CSDS)

For the CSDS depression model, the C57BL/6 mice were defeated by differently CD1 mice for 10 min total
of 10 days. After the social defeat session, the CD1 mouse and C57BL/6 mice or Thy1-YFP mice were
housed in the half cage that separated by using a perforated Plexiglas divider, which can allow visual,
olfactory, and auditory contact in the 24 hours. The C57BL/6 mice or Thy1-YFP mice have raised
separately after �nish the last session of social defeat. The social interaction test was performed to test
the mice that were susceptible and unsusceptible.

For the social interaction test, an open box (42 × 42 cm) was used, which has an interaction zone
including a mesh-plastic target box (10 × 4.5 cm) and two opposing corner zones. The two parts were
used for this test (no social target and social target). For the no social target, the test mouse was placed
into an open �eld arena for 2.5 min with no social target (no CD1 mouse) in the mesh-plastic target box.
After no social target test, the mouse was placed into the open �eld arena again in the second 2.5 min
with a social target (a novel CD1 mouse) in the mesh-plastic target box. The residence time in the
interaction zone was counted by using the stopwatch, the time of ratio for social target, and no social
target was calculated. About 70% of mice were susceptible after social defeat stress.

Sucrose preference test

The mice were habituated to a 1% sucrose solution for 48 h before the test day. And then the mice were
deprived of water and food for 4 h, followed by a preference test with water and 1% sucrose for 1 h. The
bottles containing water and sucrose were weighed before and at the end of this period and the sucrose
preference (%) was determined.

Luciferase assay

HEK293 cells were transfected with BDNF exon I, II and IV luciferase reporter together in 6-wells plates,
pRL-TK Renilla luciferase plasmid (Promega), and different kinds of drugs, plasmids, or siRNA., the cells
were collected and subjected to the dual-luciferase reporter assay kit (Promega) according to the manual
after following transfection for 24 h.

Chromatin immunoprecipitation (ChIP) assay
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The cells were subjected to the ChIP assay protocol in the manual of the SimpleChIP® Enzymatic
Chromatin IP Kit (Cell signaling), after transfection or treatment with certain plasmids or drugs. In the
Chip assay, 7.5 μg of Nrf2 antibody (Abcam) was added to the homogenate for the sample. In the PCR
analysis, the BDNF exon I speci�c primers were used for the ampli�cation of the promoter region. The
primer sequences were: forward 5’ GGCTTCTGTGTGCGTGAATTTGC 3’; reverse 5’
AAAGTGGGTGGGAGTCCACGAG’. The PCR sample was resolved on a 2% agarose gel and sequenced
after 35 cycles of PCR (denature at 95°C for 30 s, anneal at 58°C for 30 s, and extend for 30 s at 72°C).

Immuno�uorescence staining

The mice were anesthetized with sodium pentobarbital and perfused transcardially with 10 ml of isotonic
saline, followed by 40 ml of ice-cold 4% paraformaldehyde in 0.1-M phosphate buffer (pH 7.4). The brain
samples were collected after perfused and post�xed overnight at 4°C. The 50-μm thick serial coronal
sections of brain tissue were cut in ice-cold, 0.01-M phosphate-buffered saline (pH 7.5), using a vibrating
blade microtome (VT1000S, Leica Microsystems AG, Wetzlar, Germany). For the staining, the cells or mice
brain sections were incubated with 3% hydrogen peroxide at room temperature for 10 minutes after the
following �xing by 4% paraformaldehyde-�xed. And then the sections were blocked by a blocking solution
for 1h and incubated with primary antibodies overnight. The next day, the Alexa Fluor 488 or 568
conjugated isotype-speci�c secondary antibody was incubated for 1 h at room temperature. Images were
then collected with an Olympus confocal microscope. The �uorescence intensity was quanti�ed using
Fiji/Image J.

Enzyme-linked immunosorbent assay

The blood samples were obtained via a cardiac puncture on 13 days after CSDS. The serum samples
were obtained from blood by using centrifuging at 2000 g for 20 min.

blood was centrifuged at 2000×g for 20 min to generate serum samples. The serum samples were diluted
10-fold with ELISA (enzyme-linked immunosorbent assay) diluent solution. The serum levels of tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10) and interleukin-4
(IL-4) were measured using a Ready-SET-Go ELISA kit (eBioscience) according to the manufacturer’s
instructions.

Western blotting assay

The cell and mice brain sample was lysed in RIPA buffer (20 mM pH 7.5 Tris-HCl, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
Na3VO4, 1 μg/ml leupeptin, 1 mM phenylmethylsulfonyl �uoride) on ice for 30 min. Cell lysates or brain
lysates were then centrifuged at 13,000×g for 30 min at 4 °C. The supernatant was collected, and protein
concentration was determined using a Coomassie Brilliant Blue protein assay kit (Bio-Rad). The same
amount of the supernatant was boiled in SDS loading buffer. After SDS-PAGE, the samples were
transferred to a polyvinylidenedi�uoride (PVDF) membrane. The membranes were blocked in 2% BSA for
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1h at room temperature and then incubated with the primary antibody (The concentration is selected with
the manufacturer’s instructions) at 4 °C overnight. The next day, the blots were incubated with an anti-
mouse (1:5000) or anti-rabbit (1:5000) secondary antibody. Images were captured with a Tanon-5200CE
imaging system (Tanon, Shanghai, China), and immunoreactive bands were quanti�ed.

Dendritic spine analysis

After the social interaction test, the Thy1-YFP mice were deeply anesthetized with sodium pentobarbital
and perfused transcardially with 10 ml of isotonic saline, followed by 40 ml of ice-cold 4%
paraformaldehyde in 0.1-M phosphate buffer (pH 7.4). Brains were removed from the skulls and post�xed
overnight at 4°C. For dendritic spine analysis, 50-μm thick serial coronal sections of brain tissue were cut
in ice-cold, 0.01-M phosphate-buffered saline (pH 7.5), using a vibrating blade microtome (VT1000S,
Leica Microsystems AG, Wetzlar, Germany). The sections were mounted on gelatinized slides, dehydrated,
cleared, and coverslipped under Permount® (Fisher Scienti�c, Fair Lawn, NJ, USA). Next, sections were
imaged, and dendritic spine density was quanti�ed in 10 μm of each dendritic in a blinded manner.

Statistical analysis

The data are shown as the mean ± standard error of the mean (S.E.M.). The data were analyzed using
PASW Statistics 20 (formerly SPSS statistics; SPSS). All data were analyzed using a one-way analysis of
variance (ANOVA), followed by the post hoc Fisher LSD test. P values < 0.05 were considered statistically
signi�cant.

Results

SFN activates BDNF transcription, resulting in BDNF protein
expression on the BV2 cell
Previously study found that SFN could increase BDNF protein expression in mice brain [2, 8]. In the
current study, we aim to explore whether SFN could promote BDNF expression by affecting of Bdnf
transcription on the microglial. First, we analyzed the DNA sequences of the promoter regions in mouse
Bdnf exon I, II, and IV promoter by using luciferase assay. The luciferase assay found that SFN could
activate the Bdnf exon I promoter. The activation of Bdnf exon I induced by SFN could be blocked by
siRNA-Nrf2, suggesting SFN could activate Nrf2 results BDNF transcription (Fig. 1A). To further con�rm
whether SFN by activating Nrf2 results in BDNF transcription, we carried out a ChIP assay with BV2 cells
treated with SFN by using an Nrf2-speci�c antibody or control IgG. PCR analysis with genomic DNA
immunoprecipitated using the Nrf2 antibody demonstrated that SFN promoted Nrf2 interaction with the
Bdnf exon I promoter more than the control IgG (Fig. 1B). Immuno�uorescence staining revealed that LPS
treatment caused the redistribution of Nrf2 and MeCP2 for the nucleus in BV2 cells. We found that more
MeCP2 within the nucleus and the more diffused nuclear staining pattern of Nrf2 in vehicle-treated cells
became more punctate upon LPS treatment, and this phenomenon could revise by SFN treatment
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(Fig. 1C). Western blot results showed that LPS signi�cantly decreased Nrf2 and BDNF protein
expression, and increased the Mecp2 protein expression. SFN signi�cantly attenuated the reduction of
Nrf2 and BDNF protein expression after LPS administration and increased levels of MeCP2 protein
expression in the BV2 cell (Fig. 1D-G). These results suggest that Nrf2 is a transcriptional activator for
BDNF, and SFN by activating Nrf2 promoted BDNF expression by binding with Bdnf exon I promoter on
the BV2 cell.

SFN attenuates the decreased levels of Nrf2 and increased levels of MeCP2 expression, revising
abnormal BDNF expression in the stressed mice

By using western blot, we found that social defeat stress signi�cantly decreased the Nrf2 and BDNF
protein expression, and increased the MeCP2 protein expression in the mPFC and hippocampus of
stressed mice (Fig. 2A and B). SFN signi�cantly attenuated the reduction of the Nrf2 and BDNF protein
expression, and increased levels of MeCP2 protein expression in the mPFC and hippocampus of stressed
mice (Fig. 2A and B).

Besides, we performed immuno�uorescence to stain Nrf2 and MeCP2 in the selected brain regions. Stress
signi�cantly decreased the Nrf2 �uorescence intensity, whereas stress signi�cantly increased the MeCP2
�uorescence intensity in the mPFC and dentate gyrus (DG) of the hippocampus. SFN signi�cantly
attenuated the reduction of Nrf2 �uorescence intensity and increased MeCP2 �uorescence intensity in the
mPFC and DG of the hippocampus in the stressed mice (Fig. 2C-H).

SFN revises Nrf2 and MeCP2 abnormal expression on the microglia of stressed mice

Base on microglial dominated the CNS injury and repair. Therefore, we try to explore whether SFN could
revise Nrf2 and MeCP2 abnormal expression on the microglia of stressed mice. Using the
immuno�uorescence staining for CD11b (microglia marker) and Nrf2 or MeCP2. The
immuno�uorescence staining results found that CD11b and Nrf2 or MeCP2 showed a common
localization (Fig. 3A and B). Moreover, we found stress signi�cantly increased CD11b and MeCP2
immunoreactivity, whereas stress signi�cantly decreased the Nrf2 immunoreactivity in the mPFC and
hippocampus (Fig. 3A and B). In contrast, SFN signi�cantly attenuated the increase of CD11b and the
MeCP2 immunoreactivity, whereas SFN signi�cantly attenuated the reduction of Nrf2 immunoreactivity in
stressed mice (Fig. 3A and B). The results suggested that SFN may activate BDNF transcription on the
microglia.

SFN revises Nrf2 and MeCP2 abnormal expression on the M1-type and M2-type microglia of stressed
mice

In the CNS, the microglial activation is heterogeneous, which can be categorized into two opposite types:
M1-type and M2-type. Depended on the phenotypes activation, microglia can produce either cytotoxic or
neuroprotective effects [27]. Here, we further explored whether SFN could revise Nrf2 and MeCP2
abnormal expression on the M1-type and M2-type microglia of stressed mice. By using the
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immuno�uorescence for iNOS (M1-type microglia marker) and Nrf2 or MeCP2, CD206 (M2-type microglia
marker), and Nrf2 or MeCP2. The results found that iNOS and Nrf2 or MeCP2, CD206, and Nrf2 or MeCP2
also showed a common localization (Fig. 4A and B). Stress signi�cantly increased iNOS and MeCP2
immunoreactivity, whereas stress signi�cantly decreased CD206 and Nrf2 immunoreactivity in the mPFC
(Fig. 4A and B). Pretreatment of SFN signi�cantly attenuated the increase of iNOS and MeCP2
immunoreactivity, whereas SFN signi�cantly attenuated the decrease of CD206 and Nrf2
immunoreactivity in the mPFC of stressed mice (Fig. 4A and B). Therefore, SFN may activate BDNF
transcription on the M2-type of microglia.

Anti-in�ammatory effects of SFN in the serum of stressed mice

Our in vivo studies have found that SFN could correct microglia balance dysfunction in stressed mice.
Here, we further explored whether SFN could inhibit pro-in�ammatory cytokine release and promote anti-
in�ammatory cytokine release in stressed mice. The serum levels of pro-in�ammatory cytokine TNF-α, IL-
1β, IL-6, and anti-in�ammatory cytokine IL-10 and IL-4 in mice were measured by using ELSA. We found
that serum levels of TNF-α, IL-1β, and IL-6 in stressed mice were signi�cantly higher than those of vehicle-
treated mice (Fig. 5A-C). Pretreatment of SFN signi�cantly attenuated the increased serum levels of TNF-
α, IL-1β, and IL-6 in stressed mice (Fig. 5A-C). In contrast, the serum levels of IL-10 and IL-4 in stressed
mice were signi�cantly lower than those of vehicle-treated mice (Fig. 5D and E). Pretreatment of SFN
signi�cantly attenuated the decreased serum levels of IL-10 and IL-4 in stressed mice (Fig. 5D and E). The
results suggested that the anti-in�ammatory effects of SFN in stressed mice.

The prevention effects of SFN in stressed mice and the dendritic spine density in the mPFC and
hippocampus

The previous research has found that SFN may activate BDNF transcription on the microglia. Here, we try
to explore whether SFN activated BDNF transcription on microglia to produce prevention effects and
revises abnormal dendritic spine morphology in stressed mice. By employing the CSDS mice model, we
found that pretreatment with SFN showed prevention effects in CSDS mice model (Fig. 6A-C). In the
social interaction test (no target), the social interaction time has no signi�cant changes in all groups
(Fig. 6B). In the social interaction test (target), SFN signi�cantly attenuated the decreased social
avoidance time in stressed mice (Fig. 6B). In the sucrose preference test, SFN signi�cantly attenuated the
decreased sucrose preference of stressed mice (Fig. 6C). Therefore, SFN showed prevention effects in the
stressed mice.

BDNF is a crucial neurotropic factor mediating neural plasticity, and our in vitro and in vivo study found
that SFN could promote BDNF transcription by affecting Bdnf transcriptional translation. Here, we
hypothesized that the prevention effects of SFN in stressed mice by promoting BDNF transcription to
revise abnormal dendritic spine morphology in the mPFC and hippocampus of stressed mice. To con�rm
this, we employed Thy1-YFP mice, which are spine model mice [28]. After 10 days of social defeat stress,
we found that the dendritic spine density signi�cantly decreased in the mPFC and DG of the
hippocampus (Fig. 6D and E), pretreatment of SFN signi�cantly attenuated the reduction of the dendritic
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spine density in the mPFC and DG of the hippocampus (Fig. 6D and E). These data suggested the role of
SFN regulated BDNF expression contributed to repair synaptic plasticity impairment in the mPFC and
hippocampus of stressed mice.

Discussion
In the current study, the activation of Nrf2 by SFN could promote BDNF transcription resulted in BDNF
protein expression on the BV2 cell. SFN revised abnormal BDNF protein expression by attenuating the
decreased levels of Nrf2 and increased levels of MeCP2 expression in the stressed mice. Next, we further
found that SFN could attenuate the decreased levels of Nrf2 and increased levels of MeCP2 expression
on the microglial of stressed mice, and revise microglial dysfunction. Furthermore, SFN attenuated the
increased levels of pro-in�ammatory cytokine release and decreased levels of anti-in�ammatory cytokine
release in stressed mice. At last, SFN showed prevention effects in stress mice and revised abnormal
dendritic spine morphology in the mPFC and hippocampus. Taken together, the prophylactic effects of
SFN in stressed mice by activating BDNF transcription on the microglial and revising abnormal dendritic
spine morphology.

The organosulfur compound SFN is considered as the agonist of Nrf2. Recently a study found SFN
showed antioxidant and anti-in�ammatory effects [3, 4, 29]. The mechanism study revealed that the
antioxidant and anti-in�ammatory effects of SFN are thought to be activation of the Nrf2 to promote
Phase II detoxi�cation enzymes and antioxidant proteins transcription [6, 7]. Recently our study found
SFN also showed antipsychotic effects (such as depression and schizophrenia), the mechanism study
found that the antipsychotic effects of SFN by activating BDNF/TrkB signaling in the mouse brain [2, 30,
31]. However, the precise molecular and cellular mechanisms underlying the antidepressant effects of
SFN remain unclear. In the current study, using the luciferase and ChIP assays, we con�rmed that SFN
promoted Nrf2 binds to the Bdnf exon I promoter. Using immuno�uorescence for BV2 cells, we observed
the SFN-induced redistribution of Nrf2 and MeCP2 for the nucleus. We found that more MeCP2 within the
nucleus and the more diffused nuclear staining pattern of Nrf2 in vehicle-treated cells became more
punctate upon LPS treatment, and this phenomenon can be reversed by SFN. The western blot assay
found that SFN could attenuate the decreased levels of Nrf2, BDNF protein, and increased levels of
MeCP2 protein expression in BV2 cells. These data suggest that SFN could induce Bdnf transcription by
activating Nrf2 and inhibiting MeCP2 expression on the BV2 cell.

Because BDNF is integral to both the pathophysiology of depression and the therapeutic mechanisms of
antidepressants [9–17]. Several studies showed that decreased levels of BDNF, and polymorphisms in the
BDNF gene, are associated with major depression. The low plasma BDNF levels have been linked to
suicidal behavior in major depression [32]. The reduced BDNF levels were detected in the mPFC and
hippocampus of post-mortem brains sample from psychiatric disorder patients [33]. In another study, a
decreased mRNA and protein expression of BDNF and TrkB has been found in the hippocampus from
suicides’ post-mortems samples [34]. In contrast, it is reported that the elevated levels of BDNF have been
detected in the parietal cortex of post-mortem patients with major depressive disorder (MDD) who
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received antidepressant treatment compared with MDD-untreated patients [35]. For our in vivo study, SFN
showed prevention effects in stressed mice by revising the reduced levels of Nrf2, and increased levels of
MeCP2 resulted in BDNF protein expression. These results suggested that SFN has a protected effect by
altering BDNF transcriptional translation abnormalities in stressed mice. Besides, for the dendritic spine
morphology, we found that SFN attenuated the social defeat stress-induced reduction of dendritic spine
density in the mPFC and hippocampus. BDNF protein synthesis is crucial to the structural plasticity of
single dendritic spines [19, 36, 37], suggesting changes in BDNF transcription in the mPFC and
hippocampus with altered dendritic spine density in these regions by the administration of SFN is very
important. Synaptogenesis is a key function in the mechanism of antidepressants [19, 36, 37]. Therefore,
activation of BDNF transcription by the administration of SFN results in alteration of dendritic spine
morphology after social defeat stress, are of interest.

Microglia holds states of “classical activation,” “alternative activation,” and “acquired deactivation,”
depending on the microenvironment became activation state and received the factor stimulation [27, 38,
39]. The classical activation state of microglia is termed M1-type microglia, which induce iNOS and NF-
κB pathways and produce various pro-in�ammatory cytokines such as TNF-α, IL-1β, and IL-6 [27, 40, 41].
M2-type microglia has an alternative activation state and acquired deactivation state, which are induced
by IL-4/IL-13 and IL-10/TGF-β respectively. M2-type microglia promotes phagocytosis of cell debris and
misfolded proteins, results in ECM reconstruction and tissue repair, and supports neuron survival by
secreting neurotrophic factors [27, 40, 41]. M2-type microglia regulates by various anti-in�ammatory
factors and antagonize the M1 pro-in�ammatory responses that �nally results in immunosuppression
and neuron protection [27, 40, 41]. In our study, we observed that microglia were activated in the mPFC
and hippocampus of stressed mice, the further study found that social defeat stress increased M1-type
microglia activation, and decreased M2-type microglia activation in stressed mice. Pretreatment of SFN
inhibited pro-in�ammatory cytokine release, M1-type microglia activation, and promoted M2-type
microglia activation in stressed mice. These results suggested that SFN acted as a protected effect by
balancing microglia dysfunction. By using immuno�uorescence staining, we found that Nrf2 or MeCP2,
and CD11b (microglia maker) shared a common localization. Besides, Nrf2 or MeCP2, and iNOS (M1-type
microglia maker) or CD206 (M2-type microglia maker) also shared a common localization, social defeat
stress decreased Nrf2 expression and increased MeCP2 expression on the microglia, especially M2-type
microglia. Pretreatment of SFN promoted Nrf2 expression and decreased MeCP2 expression on the
microglia of stressed mice. Because of our in vitro study found that Nrf2 could activate BDNF
transcription resulted in BDNF protein expression on the BV2 cell. Moreover, M2-type microglia
coordinated regulation of various anti-in�ammatory factors and antagonize the M1 pro-in�ammatory
responses, resulting in immunosuppression and neuron protection [27, 40, 41]. Therefore, our �nding
suggested that SFN may promote BDNF transcription on the M2-type microglia, showing prevention
effect in stressed mice. Perhaps a deeper understanding of the interaction between microglia and BDNF
release may facilitate the development of future strategies for depression treatment. However, a detailed
study is needed in the further.
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Conclusions
In conclusion, SFN could promote BDNF transcription by activating Nrf2 and inhibiting MeCP2 expression
on the microglia. The prevention effects of SFN by promoting BDNF transcription resulted in BDNF
protein expression on the microglia of stressed mice. Alterations in the interaction between microglia and
BDNF release may contribute to the protected effects of SFN, and future strategies for depression
treatment.
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Activation of Nrf2 by SFN resulted in BDNF transcription on the BV2 cell A: The luciferase assay for BDNF
I, II, and IV promoter. The HEK293 cell was treated with SFN or Siran-Nrf2 for 24 hours. The luciferase
assay results of pcDNA, BDNF II, and IV promoter were compared with BDNF I promotor (Mean ± SEM, n =
3 per group, one-way ANOVA, ***p < 0.001). B: ChIP-PCR assays for BDNF I promoter. The Nrf2 protein–
DNA crosslinking samples were obtained from the BV2 cells treated with SFN or vehicle via co-
immunoprecipitating with anti-Nrf2 or IgG antibodies. PCR was carried out by using BDNF exon I
promoter primer. C: The immuno�uorescence for Nrf2 and MeCP2. The SFN or LPS was treated for BV2
cells for 24 hours. The immuno�uorescence was performed for Nrf2 and MeCP2. Scar bar 50 μm. D: The
representative image for the Western blot of Nrf2, MeCP2, and BDNF. E: The quantitative result for Nrf2. F:
The quantitative result for MeCP2. G: The quantitative result for BDNF. (Mean ± SEM, n = 3 per group, one-
way ANOVA, *p < 0.05, **p < 0.01 and ***p < 0.01).
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Figure 2

SFN attenuates the decreased levels of Nrf2 and increased levels of MeCP2 expression, revising
abnormal BDNF expression in the stressed mice A and B: The western blot analysis for Nrf2, MeCP2, and
BDNF in mPFC and hippocampus of stress mice (Mean ± SEM, n = 4 per group, one-way ANOVA, *p <
0.05, **p < 0.01). C - E: The immuno�uorescence staining for Nrf2 in mPFC and hippocampus of stressed
mice. F - H: The immuno�uorescence staining for MeCP2 in mPFC and hippocampus. E and H: The
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quanti�cation analysis of Nrf2 and MeCP2 �uorescence intensity in mPFC and hippocampus of stressed
mice. Values represent the mean ± standard error of the mean (SEM; n = 4 per group, one-way ANOVA, *p
< 0.05, **p < 0.01, and ***p < 0.001).

Figure 3

SFN revises Nrf2 and MeCP2 abnormal expression on the microglia of stressed mice A: The
representative photomicrographs for the microglial marker (CD11b) and Nrf2 in the mPFC and
hippocampus, scar bar 50 μm. The quanti�cation analysis of activation microglial and Nrf2 �uorescence
intensity. Values represent the mean ± standard error of the mean (SEM; n = 4 per group, one-way ANOVA,
*p < 0.05, **p < 0.01, and ***p < 0.001). B: The representative photomicrographs for the microglial marker
(CD11b) and MeCP2 in the hippocampus, scar bar 50 μm. The quanti�cation analysis of activation
microglial and MeCP2 �uorescence intensity. Values represent the mean ± standard error of the mean
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(SEM; n = 4 per group, one-way ANOVA, *p < 0.05, **p < 0.01, and ***p < 0.001). The white arrows
indicated the nuclear Nrf2 or MeCP2 staining preserved in some microglial.

Figure 4

SFN revises Nrf2 and MeCP2 abnormal expression on the M1/M2-type microglia of stressed mice A: The
representative photomicrographs for M1-type microglial marker (iNOS), Nrf2, and MeCP2 in the mPFC,
scar bar 50 μm. The quanti�cation analysis of Nrf2 and MeCP2 �uorescence intensity. Values represent
the mean ± standard error of the mean (SEM; n = 4 per group, one-way ANOVA, *p < 0.05, **p < 0.01, and
***p < 0.001). The white arrows indicated the nuclear Nrf2 or MeCP2 staining preserved in some M1-type
microglial. B: The representative photomicrographs for M2-type microglial marker (CD206), Nrf2, and
MeCP2 in the mPFC, scar bar 50 μm. The quanti�cation analysis of Nrf2 and MeCP2 �uorescence
intensity. Values represent the mean ± standard error of the mean (SEM; n = 4 per group, one-way ANOVA,
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*p < 0.05, **p < 0.01, and ***p < 0.001). The white arrows indicated the nuclear Nrf2 or MeCP2 staining
preserved in some M2-type microglial.

Figure 5

Anti-in�ammatory effects of SFN in the serum of stressed mice A: Serum levels of TNF-α on day 13.
Values represent the mean ± standard error of the mean (SEM; n = 7 per group, one-way ANOVA, *p < 0.05,
**p < 0.01). B: Serum levels of IL-1β on day 13. Values represent the mean ± standard error of the mean
(SEM; n = 7 per group, one-way ANOVA, *p < 0.05, **p < 0.01). C: Serum levels of T IL-6 on day 13. Values
represent the mean ± standard error of the mean (SEM; n = 7 per group, one-way ANOVA, *p < 0.05, **p <
0.01). D: Serum levels of T IL-10 on day 13. Values represent the mean ± standard error of the mean
(SEM; n = 6 per group, one-way ANOVA, *p < 0.05, **p < 0.01). E: Serum levels of T IL-4 on day 13. Values
represent the mean ± standard error of the mean (SEM; n = 6 per group, one-way ANOVA, *p < 0.05, **p <
0.01).
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Figure 6

The prevention effects of SFN in stressed mice and the dendritic spine density in the mPFC and
hippocampus A: The schedule of behavior tests and treatment. B: The social interaction test for no target
and target time (Mean ± SEM, n = 8 per group, one-way ANOVA, *p < 0.05, **p < 0.01). C: The sucrose
preference test (Mean ± SEM, n = 8 per group, one-way ANOVA, **p < 0.01). D: The representative
photomicrographs for low magni�cation for the mPFC and hippocampus, scar bar 50 μm. E: The
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representative photomicrographs for high magni�cation for the mPFC and hippocampus, scar bar 10 μm.
Values represent the mean ± standard error of the mean (n = 4 per group, one-way ANOVA, **p < 0.01).


