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Alzheimer’s disease (AD) is the most common form of dementia characterized by progressive loss of cognitive functions due to
neuronal death mainly in the hippocampal and cortical brain. Sulforaphene (SF) is one of the main isothiocyanates isolated
from a Chinese herb Raphani Semen. In this study, we aimed to investigate the neuroprotective effects of SF using in vitro and
in vivo models of AD. Streptozotocin (STZ) was intracranially injected into the rats; then, SF (25 and 50mg/kg) was given orally
once a day for 6 consecutive weeks. After drug treatment, the cognitive functions were assessed using the Morris Water Maze
Test (MWMT). After the MWMT, the rats were euthanized and brain tissues were collected. In the in vitro test, BV-2 microglia
were pretreated with SF (1 and 2μM) for 1 h and then stimulated with lipopolysaccharide (LPS) for another 23 h. Both
molecular and histological methods were used to unravel the action mechanisms and elucidate the signaling pathway. The
MWMT results showed that SF treatment significantly improved the STZ-induced cognitive deficits in rats. SF treatment
markedly suppressed the production of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) but increased the release of
IL-10 in the STZ-treated rats. In addition, SF significantly inhibited the phosphorylation of tau protein at Thr205, Ser396, and
Ser404 sites, while enhancing the ratios of p-Akt (Ser473)/Akt and p-GSK-3β (Ser9)/GSK-3β in the hippocampus of the STZ-
treated rats. On the other hand, SF (1 and 2 μM) treatment also markedly attenuated the cytotoxicity induced by LPS in BV-2
cells. In addition, SF treatment obviously suppressed the releases of nitric oxide (NO), TNF-α, and IL-6 in the LPS-stimulated
BV-2 cells. Moreover, SF treatment significantly mitigated the nuclear translocation of p-NF-κB p65 and the ratio of p-GSK-3β
(Ser9)/GSK-3β in LPS-stimulated BV-2 cells. Taken together, SF possessed neuroprotective effects against the STZ-induced
cognitive deficits in rats and LPS-induced neuroinflammation in BV-2 cells via modulation of the PI3K/Akt/GSK-3β pathway
and inhibition of the NF-κB activation, suggesting that SF is a promising neuroprotective agent worthy of further development
into AD treatment.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by dysfunction of synapses and loss of
neurons in the cerebral cortex and hippocampus of the brain.
Clinically, AD usually causes cognitive deficits and memory

loss. Despite the complex pathogenesis of AD, the two major
neuropathological hallmarks of AD brain are the formation
of extracellular senile plaques from beta amyloids (Aβ) and
intracellular neurofibrillary tangles (NFTs) composed of
hyperphosphorylated tau [1]. Increasing evidence indicates
that neuroinflammation is intimately involved in the AD
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pathogenesis such as amyloid deposition, neuronal damage,
tangle formation, and neuronal death. Neuroinflammation
occurs at a very early stage of AD, even before the formation
of Aβ plaques and tangles. Under inflammatory condition,
microglial cells are activated, and the production of proin-
flammatory cytokines such as interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), IL-1, and interferon-γ (IFN-γ) is
enhanced. Activated microglia and neuroinflammation could
cause oxidative stress and neuronal damage, leading to amy-
loid plaque and tangle formation in the brain of AD patients
[2]. Thus, the identification of therapeutic agents that can
regulate neuroinflammation would be a plausible way in
AD prevention and treatment.

A growing body of evidence suggests that intracerebro-
ventricular (i.c.v.) injections of streptozotocin (STZ) in a rat
are a feasible and workable model that can break down the
insulin pathway and cause chronic inflammation and lead
to the progressive deficits in learning, memory, and other
cognitive behaviors [3, 4]. This animal model also features
neuroinflammation, the accumulation of tangles and amy-
loid plaques, and oxidative stress [5–7]. Therefore, i.c.v.
STZ administration has been extensively used as a rodent
experimental model for studies of sporadic AD [8].

Isothiocyanates (ITCs) are phytochemicals derived from
cruciferous (Brassicaceae) plants characterized by the pres-
ence of an isothiocyanate (-N=C=S) moiety in the chemical
structure [9]. ITCs have been reported to possess a variety
of pharmacological activities such as antioxidant, anti-
inflammatory, anticarcinogenic actions, and neuroprotective
effects. Sulforaphane (SFN), an ITC enriched in broccoli, has
been reported to exert anti-AD effects in several animal
models of AD [10–14]. SFN has been considered to be a
promising anti-AD agent. Sulforaphene (SF) (chemical struc-
tures of SF and SFN are shown in Figure 1) is one of the main
isothiocyanates isolated from Raphani Semen (Lai-Fu-Zi in
Chinese) [15]. The chemical structures of SF and SFN are
very similar. SF is distinguished from SFN by having a double
bond between the third and fourth carbon. Studies have
reported that the content of SF in Raphani Semen is 7mg/g
which is much higher than SFN (77.19-89.19μg/g) [16].
Moreover, the extraction process of SF from Raphani Semen
is much easier than that of SFN [17]. Therefore, we hypoth-
esized that SF may have potential anti-AD effects in experi-
mental models of AD. In this study, i.c.v. injection of STZ
into the rats and the lipopolysaccharide- (LPS-) stimulated
BV-2 microglial cells were used as in vivo and in vitromodels
of AD to investigate the anti-AD effects of SF. The Morris
Water Maze Test (MWMT) was employed to assess the func-
tions of spatial learning andmemory. Moreover, the effects of
SF on neuroinflammation, hyperphosphorylation of tau pro-
tein, and the PI3K/Akt/GSK-3β pathway were determined to
illustrate the neuroprotective action mechanism of SF.

2. Materials and Methods

2.1. Chemicals and Reagents. Sulforaphene (SF, purity ≥ 95%)
was obtained from Chengdu Biopurify Pharmaceutical Co.
Ltd. (Chengdu, Sichuan, China), and its identity was con-
firmed by comparing its 1H NMR and 13C NMR spectra with

those published in the literature [17]. Donepezil hydrochlo-
ride, lipopolysaccharide, LY294002, and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
STZ was purchased from Santa Cruz Biotechnology (Dallas,
USA). All other reagents and chemicals used in this study
were of analytical grade.

2.2. Animals. Adult male SD rats (weighing 220 ± 10 g) were
obtained from the Laboratory Animal Services Centre, The
Chinese University of Hong Kong. The animals were main-
tained on a 12 h light/dark cycle under thermo-regulated
(22 ± 2°C) and humidity-controlled (50 ± 10%) condition
and provided standard diet and water ad libitum. The exper-
imental procedures of the project were approved by the Ani-
mal Experimentation Ethics Committee of The Chinese
University of Hong Kong (Ref. No. 18/264/MIS).

2.3. STZ Injection and Drug Treatment. Rats were anesthe-
tized with ketamine (75mg/kg) and xylazine (10mg/kg)
and then fixed placed on a stereotaxic apparatus (Stoelting,
Wood Dale, IL, USA). The scalp of the rat was incised to
locate the bregma. Small burr holes (1mm in diameter) were
drilled, and 5μL STZ (3mg/kg) was injected into both sides
of the lateral ventricle with a microsyringe fitted with a 26-
gauge needle at a rate of 0.5μL/min with the following coor-
dinates: 0.8mm posterior to the bregma, ±1.4mm lateral to
the sagittal line, and 4.0mm ventral to the surface of the skull,
according to the brain atlas of Paxinos and Watson [18]. The
needle was withdrawn after remaining for 5min in the injec-
tion position. The incision was closed with wound clips, and
the animal was allowed to recover under a heat lamp.
Control-operated rats have received the same surgical proce-
dures except with injection of the same volume of the vehicle
(0.9% normal saline). The STZ injection was conducted twice
on day 1 and day 3, respectively, for each rat.

Twenty-four hours after the second STZ injection, the
rats were randomly and equally divided into five groups
(n = 8 per group) as follows: (1) control group, (2) STZ vehi-
cle control group, (3) STZ+SF (25mg/kg) group, (4) STZ+SF
(50mg/kg) group, and (5) STZ+donepezil (5mg/kg) group.
Both SF and donepezil were dissolved in ddH2O and given
gavage with 10mL/kg every day for 6 consecutive weeks. Rats
in the control group and the STZ+vehicle control group were
orally given an equal volume of ddH2O for 6 weeks. The
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Figure 1: The chemical structures of sulforaphane (SFN) and
sulforaphene (SF) (explains briefly the chemical class of these
compounds).
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MWMT was performed once a day for 4 days starting at day
40. During the MWMT, drug treatment was ongoing until
the probe test, which was undertaken at day 45. Figure 2
shows the experimental design and schedule. The treatment
schedule and doses of SF were selected based on the results
of our pilot study (data not shown).

2.4. MWMT. TheMWMTwas employed to test spatial learn-
ing and memory. Briefly, water was filled in a circular pool
(150 cm diameter, 30 cm high) at 25°C. Four poles along the
perimeter of the pool conceptually divided the maze into four
equal quadrants. A hidden platform (10 cm in diameter,
26 cm in height) was placed 0.5 cm below the surface of the
water and placed at the midpoint of one quadrant. The pool
was located in a test room equipped with various prominent
visual cues (e.g., pictures and lamps). Spatial training to find
the hidden platform in the water maze was conducted for 4
consecutive days. On the first day of the spatial training, each
rat was allowed to swim for a maximum of 60 sec three times,
and then, each rat was assisted to the platform and allowed to
rest for 30 sec each time. On the following days, each rat was
trained three times per day; the rat was allowed to swim for a
maximum of 60 sec each time. Rats that failed to find the
platform within 60 sec were gently led to the platform, and
the escape latency (finding the hidden platform) was
recorded as 60 sec. The probe test was performed without
the hidden platform on the 5th day. Each rat was placed in
the water and allowed to freely swim for 60 sec. The swim-
ming routine, the swimming speed, and the time spent in
the target quadrant were recorded and analyzed by using
video tracking software SuperMaze V2.0 (Xinruan, Shanghai,
China). Twenty-four hours after the MWMT, rats were sacri-
ficed under deep anesthesia. The brains were rapidly har-
vested, and the hippocampus tissues were dissected. Each
hippocampus was washed with cold sterile physiological
saline and stored at -80°C until use.

2.5. Cell Culture and Treatment. The murine microglial BV-2
cell line was cultured in Roswell Park Memorial Institute
1640 Medium (RPMI 1640, Gibco, UT, USA) containing
10% fetal bovine serum (FBS, Gibco, CA, Brazil) and 1%
penicillin-streptomycin (PS) at 37°C under an atmosphere
of 5% CO2. BV-2 cells were seeded at a density of 5 × 103
cells/well on a 96-well plate at 37°C overnight, unless other-
wise specified. The cells were at first stabilized at 37°C for
24 h and subsequently incubated with different concentra-
tions of SF (final concentrations: 0.5-32μM) for 1 h. LPS at
a final concentration of 1μg/mL was then added to the cul-
ture for an additional 23 h. In the inhibitor test, LY294002
(5μM) was added 1h prior to SF (2μM) treatment; then,
cells were incubated for an additional 23 h.

2.6. Cell Viability Assay. The cytotoxicity of SF was measured
by a quantitative colorimetric assay with the conventional
MTT method. Briefly, BV-2 cells were seeded at a density
of 5 × 103 cells/well on a 96-well plate at 37°C overnight;
then, the cells were treated with various concentrations of
SF (0-32μM) for 24h. After drug treatments, 20μL/well of
MTT solution (final concentration of 1mg/mL) was added,

and cells were incubated at 37°C for 4 h. The supernatants
were then aspirated off, and formazan crystals were dissolved
with 150μL of DMSO. The optical density of each well was
determined at 570 nm using a FLUOstar OPTIMA micro-
plate reader (BMG Labtech, Offenburg, Germany). Cell via-
bility was expressed as a percentage of the nontreated
control.

2.7. Nitric Oxide (NO) Assay. The nitrite concentration in the
culture medium was measured as an indicator of NO produc-
tion according to the Griess reaction method [19]. Briefly,
BV-2 cells were seeded onto a 24-well culture plate at a den-
sity of 2 × 104 cells/well. The cell culture supernatants were
collected after drug treatment. One hundred μL of each
supernatant was mixed with the same volume of Griess
reagent (50μL 1% sulfanilamide in 5% phosphoric acid and
50μL 0.1% N-1-naphthylethylenediamine dihydrochloride
in water). After incubation for 10min at room temperature
in the dark, the absorbance was measured at 540nm using
a microplate reader. Nitrite concentration was calculated
using the standard curve of NaNO2.

2.8. Measurement of Cytokines. The levels of IL-6 (Cat. No.
RK00008), TNF-α (Cat. No. RK00027), and IL-1β (Cat. No.
RK00006) in the culture medium of BV-2 cell were measured
by ELISA kits (ABclonal) according to the manufacturer’s
protocols. The concentration of each sample was calculated
according to the standards provided in the kits. The levels
of TNF-α and IL-10 were expressed as pg/mL.

Hippocampus samples were weighed and homogenized
in a tenfold volume of lysis buffer. The homogenates were
then centrifuged at 10,000 g for 30min at 4°C, and the super-
natants were used to determine the levels of TNF-α and IL-
10. The total protein content was measured by using the
BCA test. The level of IL-6 (Cat. No. ab234570) in the serum
of rats and the levels of TNF-α (Cat. No. ab100785) and IL-10
(Cat. No. ab100765) in the hippocampus of rats were mea-
sured using ELISA kits (Abcam, Cambridge, UK) as per the
manufacturer’s instructions. The concentration of each sam-
ple was calculated according to the standards provided in the
kits. The level of IL-6 was expressed as pg/mL, and the levels
of TNF-α and IL-10 were expressed as pg/mg of protein.

2.9. Immunofluorescence Assay. BV-2 cells were immuno-
stained to detect NF-κB p65 location. In brief, the cells were
plated on glass coverslips. After drug treatment, BV-2 cells
were fixed in 4% paraformaldehyde, permeabilized with 1%
Triton X-100, and blocked with 1% bovine serum albumin
(BSA) in PBS. Next, the cells were incubated with primary
antibodies against NF-κB p65 (Cat. No. 6956S, Cell Signaling
Technology) and p-NF-κB p65 (Cat. No. 3033S, Cell Signal-
ing Technology) overnight at 4°C. The cells were washed with
PBS and incubated with fluorescence-conjugated secondary
antibodies Alexa Fluor™ 647 Goat anti-mouse IgG (H+L)
secondary antibody (Cat. No. A21235, Invitrogen) or Alexa
Fluor 488 Donkey anti-Rabbit IgG (H+L) secondary anti-
body (Cat. No. R37118, Invitrogen) for 1 h at room tempera-
ture. The cells were mounted with ProLong™ Diamond
Antifade Mountant with DAPI (Invitrogen).
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The brains of the rats were removed and fixed by 4%
paraformaldehyde. By using a frozen microtome, the brains
were cut into 8μm sections. The sections were blocked in
5% BSA at room temperature for 20min. Sections were incu-
bated with anti-GFAP polyclonal antibody (Cat. No.
HPA056030, Sigma) and anti-Iba-1 antibody (Cat. No. 019-
19741, Wako) at 4°C overnight. Then, the sections were then
incubated with fluorescence-conjugated secondary antibody
Alexa Fluor 488 Donkey anti-Rabbit IgG (H+L) secondary
antibody at room temperature for 1 h. Finally, the sections
were mounted with ProLong™ Diamond Antifade Mountant
with DAPI. Images were captured by using a Zeiss Axio
Scope A1 microscope. The results were quantified by using
ImageJ.

2.10. Western Blotting. Protein was extracted from the hippo-
campus of the rats or BV-2 cells by using RIPA buffer with an
inhibitor of phosphorylase and protease. After extraction, the
total protein content was measured using the BCA test. Pro-
tein samples were separated by SDS-PAGE and transferred to
Polyvinylidene Fluoride (PVDF) membranes. Then, the
membranes were blocked using nonfatty milk powder. The
membranes were probed with the following primary anti-
bodies: monoclonal rabbit anti-β-actin (Cat. No. 4967S), rab-
bit anti-GSK-3β (Cat. No. 9315S), rabbit anti-p-GSK-3β
(Ser9) (Cat. No. 9336S), rabbit anti-p-Akt (S473) (Cat. No.
9271S), rabbit anti-Akt (Cat. No. 9272S), rabbit anti-PI3K
p110α (Cat. No. 4249S, Cell Signaling), mouse anti-tau 46
(Cat. No. sc-32274), rabbit anti-p-tau (Thr205) (Cat. No.
sc-101817) (Santa Cruz), rabbit anti-p-tau (Ser396) (Cat.
No. ab109390), and rabbit anti-p-tau (Ser404) (Cat. No.
ab92676) (Abcam), then incubated with a species-matched
horseradish peroxidase-conjugated secondary antibody. The
blots were visualized with ECL western blotting detection
reagents (Invitrogen) and observed with Azure™ Biosystems
c300. The optical density of immunoreactive bands was
quantified using ImageJ.

2.11. Statistical Analysis. All values were represented as
mean ± SEM. Data analyses were performed using the soft-
ware of GraphPad Prism software (version 8, GraphPad Soft-
ware, Inc., CA, USA). For the MWMT, escape latency in the
hidden platform trial was analyzed with two-way ANOVA of
repeated measures, with training days and drug treatments as
variables. The other data were analyzed using one-way

ANOVA followed by Dunnett’s test to detect intergroup dif-
ferences. A difference was considered significant at p < 0:05.

3. Results

3.1. Effects of SF on the Cognitive Impairments Induced by
STZ in Rats. As shown in Figure 3(a), the performance of
all groups of the rats was improved through training, as indi-
cated by the shortened escape latency to the platform over
consecutive days. A significant difference was found in the
mean latency between training days (F ð3, 140Þ = 261:9, p <
0:01) and between treatments (F ð4, 140Þ = 3:456, p < 0:05),
but no interaction was observed between training day and
treatment (F ð12, 140Þ = 1:679, p > 0:05). However, the
STZ-treated rats took a longer time to find the platform
throughout the training period compared to the control rats
(day 2, F ð4, 35Þ = 1:515, p > 0:05; day 3, F ð4, 35Þ = 2:033, p
> 0:05; day 4, F ð4, 35Þ = 6:622, p < 0:01), suggesting that
i.c.v. injection of STZ was able to cause cognitive impairment
in rats.

In the probe test, time spent in the target quadrant in the
STZ group was markedly decreased (F ð4, 35Þ = 5:690, p <
0:01), as compared with the control group (Figure 3(b)).
Administration of SF (25 and 50mg/kg) significantly
increased the time spent in the target quadrant (p < 0:05
and p < 0:01, respectively) in the STZ-treated rats, as com-
pared to the STZ-treated control group. Donepezil (5mg/kg)
treatment also enhanced the time spent in the target quad-
rant (p < 0:01) by the STZ-treated rats, as compared to the
STZ-treated control group. There was no significant differ-
ence in the swimming speeds of the rats from different
groups (F ð4, 35Þ = 2:137, p = 0:10) (Figure 3(c)). These data
indicated that SF was able to significantly improve the learn-
ing and memory impairment induced by STZ.

3.2. Effects of SF on the STZ-Induced Neuroinflammation in
Rats. As shown in Figures 4(a) and 4(b), the levels of TNF-
α in the hippocampus and IL-6 in the serum were markedly
increased (F ð4, 25Þ = 15:04, p < 0:01 and F ð4, 25Þ = 7:119,
p < 0:01, respectively) in the STZ-treated rats. However, SF
(25 and 50mg/kg) treatment significantly reduced the release
of TNF-α in the hippocampus (p > 0:05 and p < 0:01, respec-
tively) and IL-6 in the serum (p < 0:01 for both) of the STZ-
treated rats. On the other hand, the production of anti-
inflammatory cytokine IL-10 was significantly upregulated
(F ð4, 25Þ = 10:71, p < 0:01) in the hippocampus of the

Drug treatment (SF,
donepezil)

Day 45Day 40Day 4Day 3Day 1 Day 46

SacrificedMorris water mazeSTZ injection
2nd time

i.c.v injection
of STZ

Figure 2: Experimental design and treatment schedule.
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STZ-treated rats, as compared with the control group. SF (25
and 50mg/kg) treatment also significantly accentuated the
level of IL-10 in the hippocampus of the STZ-treated rats,
as compared with the control group, but no significant effects
on the IL-10 production, as compared with the STZ-treated
control group (Figure 4(c)).

3.3. Effects of SF on the Astrocytes and Microglia in the
Hippocampus and Cerebral Cortex of the STZ-Treated Rats.

As shown in Figure 5, a significant increase of the Iba-1-
positive microglia density was observed in the hippocampus
(F ð4, 15Þ = 5:434, p < 0:01) of the STZ-treated rats, when
compared with the control group. SF treatment (50mg/kg)
significantly decreased the microglia density (p < 0:01) in
the hippocampus of the STZ-treated rats, when compared
with the STZ-treated control group (Figure 5(b)). Moreover,
Figure 6 revealed that the GFAP-positive astrocyte density
was markedly elevated (F ð4, 15Þ = 17:57, p < 0:01) in the

Control
STZ
STZ+SF (50 mg/kg)
STZ+SF (25 mg/kg)
STZ+donepezil (5 mg/kg)

Day 4

##

Day 3
Experimental day
Day 2Day 1

0

20

40
Es

ca
pe

 la
te

nc
y 

to
pl

at
fo

rm
 (s

ec
) 60

80

⁎

(a)

⁎ #
##

C
on

tro
l

ST
Z

ST
Z+

SF
 (2

5 
m

g/
kg

)

ST
Z+

SF
 (5

0 
m

g/
kg

)

ST
Z+

do
ne

pe
zi

l (
5 

m
g/

kg
)

##

0

10

20

Ti
m

e s
pe

nt
 in

 th
e

ta
rg

et
 q

ua
dr

an
t (

s)

30

(b)

C
on

tro
l

ST
Z

ST
Z+

SF
 (2

5 
m

g/
kg

)

ST
Z+

SF
 (5

0 
m

g/
kg

)

ST
Z+

do
ne

pe
zi

l (
5 

m
g/

kg
)0

200

600

Sw
im

m
in

g 
sp

ee
d

(m
m

/s
)

800

400

(c)

Control STZ STZ+SF (25 mg/kg) STZ+SF (50 mg/kg) STZ+donepezil (5 mg/kg)

(d)

Figure 3: Effects of SF on the cognitive impairment induced by STZ in rats. (a) Escape latency analysis. (b) Time spent in the target quadrant
in the probe test. (c) Swimming speed of different groups in the probe test. (d) Representative swimming routine of different groups in the
probe test. The results are expressed as the mean ± SEM (n = 8). ∗p < 0:05 as compared with the control group; #p < 0:05 and ##p < 0:01 as
compared with the STZ-treated control group.
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hippocampus of the STZ-treated rats, when compared with
the control group. SF treatment (50mg/kg) significantly
decreased the astrocyte density in the hippocampus
(p < 0:05), when compared with the STZ-treated control
group (Figure 6(b)).

3.4. Effects of SF on the Hyperphosphorylation of Tau Protein
in the Hippocampus of the STZ-Treated Rats. Alteration of
tau phosphorylation in the hippocampus of the STZ-
induced rats was investigated in this study. STZ injection sig-
nificantly upregulated the protein expressions of phosphory-
lated tau protein (p-tau) at the Thr205, Ser396, and Ser404
sites in the hippocampus of the rats (Figure 7). The protein
levels of p-tau (Thr205) (F ð4, 10Þ = 11:36, p < 0:01), p-tau
(Ser396) (F ð4, 10Þ = 11:84, p < 0:01), and p-tau (Ser404)
(F ð4, 10Þ = 22:70, p < 0:01) in the hippocampus of the
STZ-treated rats were significantly elevated, when compared

with the control group (Figure 7). SF treatment (50mg/kg)
effectively inhibited the level of p-tau (Thr205) (p < 0:05) in
the hippocampus of the STZ-treated rats, when compared
to the STZ-treated control group. On the other hand, SF
treatment (25 and 50mg/kg) effectively suppressed the level
of p-tau (Ser396) (p < 0:05 for both) in the hippocampus of
the STZ-treated rats, when compared to the STZ-treated con-
trol group. Moreover, SF treatment (50mg/kg) effectively
reduced the level of p-tau (Ser404) (p < 0:01) in the hippo-
campus of the STZ-treated rats, when compared to the
STZ-treated control group. The results amply demonstrated
that SF plays an important role in blocking tau protein
hyperphosphorylation.

3.5. Effects of SF on the PI3K/Akt/GSK-3β (Ser9) Pathway in
the Hippocampus of the STZ-Treated Rats. In this study, the
phosphorylation levels of Akt (S473) and GSK-3β (S9) in
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Figure 4: Effects of SF on the production of proinflammatory cytokines in the STZ-treated rats. (a) Concentration of IL-6 in the serum of the
STZ-treated rats. (b, c) The levels of TNF-α and IL-10 in the hippocampus of the STZ-treated rats. The results are expressed as the mean
± SEM (n = 6). ∗p < 0:05 and ∗∗p < 0:01 as compared with the control group; #p < 0:05 and ##p < 0:01 as compared with the STZ-treated
control group.
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the hippocampus of the rats were evaluated by western blot-
ting. As shown in Figure 8, the ratios of p-Akt (S473)/Akt
(F ð4, 10Þ = 6:192, p < 0:01) and p-GSK-3β (S9)/GSK-3β
(F ð4, 10Þ = 7:666, p < 0:01) were markedly decreased in the
hippocampus of the STZ-treated rats, as compared with the
control group. However, SF treatment (25 and 50mg/kg)

effectively elevated the ratio of p-Akt/Akt (p < 0:01 and p <
0:05, respectively) in the hippocampus of the STZ-treated
rats, when compared to the STZ-treated group
(Figure 8(b)). Moreover, SF treatment (25 and 50mg/kg) sig-
nificantly accentuated the ratio of p-GSK-3β (S9)/GSK-3β
(p < 0:05 and p < 0:01, respectively) in the hippocampus of
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Figure 5: Effects of SF on Iba-1-positive microglia in the hippocampus of the STZ-treated rats. Microglia density was quantified by dividing
the number of microglia by the area of the region of interest (cells/mm2). Data were expressed as mean ± SEM (n = 4). ∗∗p < 0:01 when
compared with the control group; ##p < 0:01 when compared with the STZ-treated control group. The scale bar is 100 μm in all figures.
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Figure 6: Effects of SF on GFAP-positive astrocytes in the hippocampus of the STZ-treated rats. Astrocyte density was quantified by dividing
the number of astrocytes by the area of the region of interest (cells/mm2). Data were expressed as mean ± SEM (n = 4). ∗∗p < 0:01 when
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7Oxidative Medicine and Cellular Longevity



the STZ-treated rats, when compared to the STZ-treated
group (Figure 8(c)). These results indicate that SF may act
as an activator of Akt, but as an inhibitor of the GSK-3β
pathway.

3.6. Effect of SF on the Cytotoxicity and NO Production
Induced by LPS in BV-2 Cells. To explore the potential cyto-
toxicity of SF in BV-2 cells, MTT assay was performed. As
shown in Figure 9(a), after treatment with SF at the doses
ranging from 1 to 8μM for 24 h, there was no significant dif-
ference on the cell viability, as compared with the control
group, indicating that SF was nontoxic to BV-2 cells at up
to 8μM. Nontoxic concentrations (1 and 2μM) of SF were
used in subsequent experiments. To ascertain the protective
effects of SF in the LPS-stimulated BV-2 cells, cells were pre-
treated with SF (1 and 2μM) for 1 h followed by treatment
with LPS (2μg/mL) for further 23h. As demonstrated in
Figure 8(b), LPS (2μg/mL) treatment significantly decreased
the cell viability (F ð3, 20Þ = 60:33, p < 0:01) in BV-2 cells, as
compared with the control group. Pretreatment with SF (1
and 2μM) significantly attenuated the cell death (p < 0:01

for both) induced by LPS in BV-2 cells, as compared to the
control group.

The potential anti-inflammatory property of SF was eval-
uated against the production of NO in the LPS-stimulated
BV-2 cells. Based on the NO detection assay results, LPS
alone markedly augmented the NO production
(F ð3, 20Þ = 12:86, p < 0:01), as compared to the control
group (Figure 9(c)). However, pretreatment with SF (1 and
2μM) significantly reduced the level of NO (p < 0:01 for
both) in the LPS-stimulated BV-2 cells, as compared with
the LPS-treated control group.

3.7. Effects of SF on the Neuroinflammation Induced by LPS in
BV-2 Cells. As shown in Figure 10, IL-6, TNF-α, and IL-1β
levels were markedly increased (F ð3, 20Þ = 25:92, p < 0:01;
F ð3, 20Þ = 24:50, p < 0:01; and F ð3, 20Þ = 14:46, p < 0:01,
respectively) in the culture medium of the LPS-stimulated
BV-2 cells, as compared with the control group. However,
pretreatment with SF (2μM) significantly reduced the levels
of IL-6 (p < 0:05) and TNF-α (p < 0:01) in the LPS-
stimulated BV-2 cells, as compared with the LPS-stimulated
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Figure 7: Effects of SF on the hyperphosphorylation of tau protein in the STZ-treated rats. (a) Representative immunoblot bands for p-tau
(Thr205), p-tau (Ser396), p-tau (Ser404), and β-actin in rat hippocampus. (b–d) Quantitative analysis of immunoblot bands. Protein
expression levels were normalized to β-actin. Data were expressed as mean ± SEM (n = 3). ∗∗p < 0:01 when compared with the control
group; #p < 0:05 and ##p < 0:01 when compared with the STZ group.
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control group. On the other hand, pretreatment with SF (1
and 2μM) significantly reduced the levels of IL-1β (p < 0:01
for both) induced by LPS in BV-2 cells.

3.8. Effects of SF on the Activation of NF-κB Induced by LPS in
BV-2 Cells. The colocation of NF-κB p65 and p-NF-κB p65
with the nucleus in BV-2 microglia was analyzed by immu-
nofluorescence. Studies have reported that under inflamma-
tory condition, NF-κB is activated and transfers into the
nucleus, then induces the productions of proinflammatory
cytokines. As shown in Figure 11, both NF-κB p65 and p-
NF-κB p65 were translocated into the nucleus in the LPS-
stimulated BV-2 cells (p < 0:01 for both). However, pretreat-
ment with SF (1 and 2μM) significantly suppressed the
nuclear translocation of NF-κB p65 and p-NF-κB p65 in
the LPS-stimulated BV-2 cells (p < 0:01 for both).

3.9. Effects of SF on the LPS-Induced Activation of GSK-3β in
BV-2 Cells. As shown in Figure 12, the protein expression of
the ratio of p-GSK-3β (S9)/GSK-3β (F ð3, 12Þ = 9:794, p <

0:01) and PI3K p110α (F ð3, 12Þ = 5:315, p < 0:01) was sig-
nificantly attenuated in the LPS-stimulated BV-2 cells, as
compared with the control group. Pretreatment with SF (1
and 2μM) restored the protein expression of the ratio of p-
GSK-3β (S9)/GSK-3β in the LPS-stimulated BV-2 cells
(p < 0:05 and p < 0:01, respectively). Pretreatment with SF
(2μM) restored the protein expression of PI3K p110α, as
compared with the LPS-stimulated group (p < 0:01). Pre-
treated LY294002 showed significantly reduced levels of p-
GSK-3β (S9) (F ð3, 12Þ = 15:74, p < 0:01). Moreover, the
effect of SF on p-GSK-3β (S9) was blocked by LY294002
(p < 0:01). These results indicate that the effects of SF on
BV-2 cells depend on the PI3K/Akt/GSK-3β pathway.

4. Discussion

In recent years, SF has attracted increasing attention due to
its low toxicity; its known antitumor [20–23], antibacterial,
and antiviral properties [24, 25]; its ability in regulating the
skewed gut microbiota; and its protective effect in
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Figure 8: Effects of SF on the regulation of PI3K/Akt/GSK-3β in the STZ-treated rats. (a) Representative immunoblot bands for p-Akt (S473),
Akt, p-GSK-3β (S9), GSK-3β, and β-actin in rat hippocampus. (b, c) Quantitative analysis of immunoblot bands. Protein expression levels
were normalized to β-actin. The data were expressed as mean ± SEM (n = 3). ∗p < 0:05 and ∗∗p < 0:01 when compared with the control
group; #p < 0:05 and ##p < 0:01 when compared with the STZ-treated control group.
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inflammatory bowel disease [26]. However, few studies have
reported the protective effects of SF on the central nervous
system (CNS). In this study, we reported for the first time
that SF ameliorated cognitive deficits induced by STZ in rats
through inhibition of neuroinflammation and tau protein
hyperphosphorylation via regulating the PI3K/Akt/GSK-3β
pathway. This study provides new insights into the potential
of SF as a promising therapeutic candidate for AD treatment.

Neuroinflammation is the innate immune response in
the CNS that involves neurons, astrocytes, and microglia to
protect the CNS against infection and injury [27]. However,
increasing evidence has indicated that neuroinflammation
is central to the common pathology of several acute and
chronic brain diseases, especially AD [28]. Under neuroin-
flammation condition, microglia and astrocytes are activated
and then cause the release of inflammatory cytokines such as
TNF-α, IL-6, and IL-1β, resulting in synapse dysfunction and
neuronal death in AD patients [29, 30]. Studies have demon-
strated a marked augmentation of the levels of TNF-α, IL-6,
and IL-1β in the serum and brains of AD patients and AD
animal models [31–35]. The increase in proinflammatory

levels facilitates the Aβ synthase [36] and tau protein phos-
phorylation [37]. Thus, many anti-inflammation drugs have
been investigated to prevent or treat AD such as nonsteroidal
anti-inflammatory drugs (NSAIDs) and aspirin [38, 39]. In
the present study, SF treatment significantly inhibited the
level of IL-6 in serum and the levels of TNF-α in the hippo-
campus of the STZ-treated rats. Moreover, to elucidate the
molecular mechanisms underlying the antineuroinflamma-
tory effects of SF, we further investigated the inhibitory
effects of SF on the productions of NO, TNF-α, IL-6, and
IL-1β in the LPS-stimulated BV-2 microglial cells. Our
results indicated that SF was able to significantly inhibit the
levels of NO, TNF-α, and IL-6 induced by LPS in BV-2 cells.
These results indicate that the cognitive deficits improving
the effect of SF are, at least partially, related to its anti-
inflammatory property.

Microglia are the CNS resident macrophages widely dis-
tributed in the brain. Reactive astrocytes are characterized by
the increased expression of glial fibrillary acidic protein
(GFAP) [40], while Iba-1 plays as a unique marker for detect-
ing microglial activation [41]. Activated microglia and
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Figure 9: Effects of SF on the cytotoxicity and NO production in the LPS-stimulated BV-2 cells. (a) Cell viability of BV-2 cells treated with SF
(0.5, 1, 2, 4, 8, 16, and 32μM) for 24 h. (b) The cell viability of BV-2 cells pretreated with SF (1 and 2 μM) for 1 h followed by treatment with
LPS (2 μg/mL) for another 23 h. (c) The NO production of BV-2 cells pretreated with SF (1 and 2 μM) for 1 h followed by treatment with LPS
(1 μg/mL) for another 23 h. Cell viability was assessed using the MTT assay. NO production was assessed using Griess reagent. The results are
expressed as the mean ± SEM (n = 6). ∗∗p < 0:01 as compared with the control group; ##p < 0:01 as compared with the LPS-treated control
group.
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astrocyte are known to be associated with Aβ deposition and
NFT accumulation during the progress of AD [42, 43]. Our
immunofluorescence assays showed that SF administration
diminished the activation of microglia (Iba-1) and astrocytes
(GFAP) in the hippocampus of the STZ-induced rats.

NF-κB is a predominant transcription factor responsible
for the regulation of microglia-mediated neuroinflammation
[27]. Generally, NF-κB is located within the cytoplasm and
kept inactive by interaction with its inhibitor. Once activated,
phosphorylated NF-κB dimers are released and translocated
to the nucleus, which induces the production of cytokines,
inducible nitric oxide synthase (iNOS), and NO in microglia
[44–46]. Previous studies have reported that the level of NF-
κB p65 in the brains of AD patients was significantly elevated
[47]. Moreover, the increase of NF-κB activity has been
observed in AD mouse models with neuroapoptosis [48].
Therefore, inhibition of the activation of NF-κB in microglia
could regulate the progression of AD caused by neuroinflam-
mation. Our results also showed that SF treatment was able
to inhibit the nuclear translocation of p-NF-κB p65 induced
by LPS in BV-2 cells. These findings amply indicated that
SF inhibited the activation of the NF-κB pathway to suppress
the neuroinflammation induced by LPS in BV-2 cells.

Tau, the major microtubule-associated protein (MAP) of
normal mature neurons, is essential in the assembly as well as
stabilization of the structural integrity of microtubules [49].
In the AD brain, tau protein is more hyperphosphorylated
than normal neurons, loses its ability to bind to microtubules,
and subsequently polymerizes into paired helical filaments
admixed with straight filaments forming neurofibrillary tan-
gles [50]. A significant increase in the phosphorylation of tau
protein at Thr205, Ser396, and Ser404 is observed in the
brains of AD patients [51]. The induction of tau phosphory-
lation at Ser404 and Ser396 has been reported to relate to oxi-
dative stress which is one of the earliest events in AD [52, 53].
Tau protein phosphorylation at the Thr205 site is sufficient
to induce NFT aggregation without the addition of any exog-
enous aggregation inducer [54]. In our study, SF treatment
significantly downregulated the protein expressions of p-tau
at Thr205, Ser396, and Ser404 sites in the hippocampus of
the STZ-treated rats. Our results indicated that the inhibitory
effect of SF on these specific hyperphosphorylation sites of
tau protein is one of the action mechanisms underlying its
cognitive deficits improving the effect.

The PI3K/Akt signaling pathway is one of the most
important pathways for neuron survival and plays a pivotal
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Figure 10: Effects of SF on the productions of (a) IL-6, (b) TNF-α, and (c) IL-1β in the LPS-stimulated BV-2 cells. The results are expressed as
the mean ± SEM (n = 6). ∗∗p < 0:01 as compared with the control group; #p < 0:05 and ##p < 0:01 as compared with the LPS-treated control
group.
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role in neuroinflammation [55]. PI3K is a heteromeric pro-
tein consisting of a p110 catalytic subunit and a p85
regulatory subunit. PI3K p110 subunits convert phos-
phatidylinositol (3,4)-bisphosphate (PIP2) into phos-
phatidylinositol (3,4,5)-trisphosphate (PIP3), which in turn
activates the downstream kinases, such as Akt [56]. Gener-
ally, to complete the full activation of Akt, phosphorylation
is needed at the Ser473 site [57, 58]. Glycogen synthase
kinase-3β (GSK-3β), a downstream kinase of the PI3K/Akt
signaling pathway, is a constitutively active protein kinase
with a number of biological functions involving neuroinflam-
mation and aggregation of NFTs [59, 60]. When activated,
GSK-3β promotes microglial migration and inflammatory
activation [61] through inducing the production of proin-
flammatory cytokines via NF-κB [62] and NO [63] in

microglia. Moreover, activated GSK-3β promotes the phos-
phorylation of tau protein at multiple sites [64]. GSK-3β is
rendered inactive when it is phosphorylated at Ser9 by acti-
vated Akt. Previous studies have reported that the levels of
PI3K subunits (both p85 and p110) and phosphorylations
of Akt at the Ser473 site and GSK-3β at the Ser9 site are
decreased in the postmortem AD brain samples [65, 66].
Our results revealed that SF ameliorated the downregulation
of PI3K p110α induced by LPS in BV-2 cells. On the other
hand, SF treatment upregulated the protein expression of
the ratio of p-Akt (Ser473)/Akt in the hippocampus of the
STZ-treated rats. Moreover, SF inhibited the activation of
GSK-3β induced by LPS in BV-2 microglia cells and in the
STZ-treated rats via increasing the protein expression of the
ratio of p-GSK-3β (Ser9)/GSK-3β. In addition, LY294002 is
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Figure 11: Effects of SF on the LPS-induced activation of NF-κB in BV-2 cells. (a) Colocation of NF-κB p65 (green) and p-NF-κB p65 (red)
with the nucleus (DAPI, blue) in BV-2 cells was analyzed by immunofluorescence. The scale bar is 20 μm in all figures. (b, c) Quantitative
analysis of NF-κB p65 and p-NF-κB p65 in the nuclei of BV-2 cells. The results were expressed as the mean ± SEM (n = 6). ∗∗p < 0:01 as
compared with the control group; ##p < 0:01 as compared with the LPS-treated control group.
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a selective PI3K inhibitor, which acts by competitively inhi-
biting the ATP-binding site of PI3K [67]. From our present
results, LY294002 effectively abrogated the effects of SF on
p-GSK-3β (Ser9) expression, which indicated that the

PI3K/Akt signaling pathway was involved in the regulation
of GSK-3β phosphorylation. These results indicated that SF
improved cognitive function and reduced the AD pathology
via modulating the PI3K/Akt/GSK-3β signaling pathway.
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Figure 12: Effects of SF on the LPS-induced activation of GSK-3β and PI3K p110α by LPS in BV-2 cells. BV-2 cells were pretreated with SF (1
and 2 μM) for 1 h followed by treatment with LPS (1 μg/mL) for another 23 h. LY294002 (5 μM) was pretreated for 1 h followed by treatment
with SF (2 μM) for another 23 h. (a) Representative immunoblot bands and quantitative analysis of p-GSK-3β (S9), GSK-3β, and β-actin in
BV-2 cells. (b) Representative immunoblot bands and quantitative analysis of PI3K p110α and β-actin in BV-2 cells. (c) Representative
immunoblot bands and quantitative analysis of p-GSK-3β (S9), GSK-3β, and β-actin in LY294002-treated BV-2 cells. The results were
expressed as the mean ± SEM (n = 4). ∗p < 0:05 and ∗∗p < 0:01 as compared with the vehicle control group; #p < 0:05 and ##p < 0:01 as
compared with the LPS-treated control group; &&p < 0:01 as compared with the SF treatment group; ns p > 0:05 as compared with the
LY294002 group.
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Figure 13 provides a summary on the action mechanisms
underlying the effects of SF on ameliorating the cognitive
impairments induced by STZ in rats.

5. Conclusion

In summary, our results demonstrated that SF, a Raphani
Semen-derived isothiocyanate, was able to ameliorate cogni-
tive impairments induced by STZ in rats partially via inhibit-
ing neuroinflammation and hyperphosphorylation of tau
protein through modulating the PI3K/Akt/GSK-3β pathway.
These findings provide scientific evidence for the potential
application of SF and Raphani Semen for the clinical treat-
ment of AD. Further studies are ongoing in our laboratories
to determine the pharmacokinetics and toxicity profiles of
SF using relevant experimental AD models.
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