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Indirubins are natural occurring alkaloids extracted from indigo dye-containing plants.

Indirubins could inhibit various kinases, and might be used to treat chronic myelocytic

leukemia, cancer and neurodegenerative disorders. 7-bromoindirubin-3-oxime (7Bio), an

indirubin derivative derived from indirubin-3-oxime, possesses inhibitory effects against

cyclin-dependent kinase-5 (CDK5) and glycogen synthase kinase-3β (GSK3β), two

pharmacological targets of Alzheimer’s disease (AD). In this study, we have discovered

that 2.3–23.3 µg/kg 7Bio effectively prevented β-amyloid (Aβ) oligomer-induced

impairments of spatial cognition and recognition without affecting bodyweight and

motor functions in mice. Moreover, 7Bio potently inhibited Aβ oligomer-induced

expression of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α). Furthermore,

7Bio significantly prevented the decreased expression of synapsin-1 and PSD-95,

biomarkers of pre-synaptic and post-synaptic proteins in Aβ oligomer-treated mice.

The mean optical density (OD) with hyper-phosphorylated tau (pTau), glial fibrillary

acidic protein (GFAP) and CD45 positive staining in the hippocampus of 7Bio-treated

mice were significantly decreased compared to those of Aβ oligomer-treated mice. In

addition, Western blotting analysis showed that 7Bio attenuated Aβ oligomer-decreased

expression of pSer9-GSK3β. Those results suggested that 7Bio could potently inhibit Aβ

oligomer-induced neuroinflammation, synaptic impairments, tau hyper-phosphorylation,

and activation of astrocytes and microglia, which may contribute to the neuroprotective

effects of 7Bio. Based on these findings, we expected that 7Bio might be developed as

a novel anti-AD lead compound.
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INTRODUCTION

Indirubins are indoline alkaloids which were extracted from
indigo dye-containing natural plants (Gaboriaud-Kolar et al.,
2015; Fang et al., 2017). Moreover, indirubins could be
detected in human urine, suggesting that these compounds
could be produced by human body (Fang et al., 2017).
Previous studies have shown that indirubins could inhibit
various kinases, including cyclin-dependent kinases (CDKs)
and glycogen synthase kinase-3β (GSK3β) in particular, via
competitively occupying their ATP binding sites (Ribas et al.,
2006; Begum et al., 2015). Therefore, indirubins could be used
to treat various diseases related to the abnormity of kinases, such
as cancer and chronic myelocytic leukemia. However, the poor
bioavailability of indirubins drives the development and synthesis
of new indirubin derivatives with improved druggability and
anti-cancer activity (Eisenbrand et al., 2004; Kurita et al., 2016).

7-bromoindirubin-3-oxime (7Bio), a novel indirubin
derivative with a bromine molecule in the aromatic ring of
indirubin-3-oxime, was one of the most potent indirubin
derivatives to induce the death of cancer cells (Ribas et al., 2006).
7Bio at 25µM could lead to apoptosis in many tumor cell lines,
such as SH-SY5Y cells, Jurkat cells, and MDA-MB-231 cells
(Nicolaou et al., 2012). 7Bio also possesses inhibitory effects
against many kinases. It was revealed that 7Bio inhibits the
activities of CDK1, CDK5, and GSK3β with IC50s at 22, 33 and
32µM, respectively (Ribas et al., 2006).

CDKs and GSK3β are also targets for many neurodegenerative
disorders, such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD). Many neurotoxins, including 1-methyl-4-
phenylpyridinium ion and β-amyloid (Aβ), could enhance the
activities of CDK5 and GSK3β, inducing neuroinflammation,
neuronal loss, astrogliosis and activation of microglia, eventually
leading to the impairments of cognition and motor functions
(Mushtaq et al., 2016). Many studies have demonstrated that
indirubins could produce neuroprotective effects both in vitro
and in vivo (Zhang et al., 2009; Hu et al., 2015). Indirubin-3-
oxime and indirubin could prevent 6-hydroxydopamine, H2O2,
Aβ and potassium deprivation-induced neuronal apoptosis in
vitro (Hu et al., 2015; Yu et al., 2017b). Moreover, indirubin-
3-oxime protected against behavioral abnormities induced by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in rodents (Wang
et al., 2007; Ding et al., 2010). Furthermore, indirubin-3-oxime
rescued spatial memory deficits in transgenic APP/PS1 mice
(Ribas et al., 2006; Ding et al., 2010). However, the detailed
molecular mechanisms underlying the neuroprotective effects of
indirubin derivatives are largely unknown.

In this study, we have evaluated the effects of 7Bio on cognitive
impairments in Aβ oligomer-treated mice. We found that 2.3–
23.3 µg/kg 7Bio effectively prevented Aβ oligomer-induced
impairments of spatial cognition and recognition without

Abbreviations: Aβ, β-amyloid; AD, Alzheimer’s disease; CDKs, cyclin-

dependent kinases; CDK5, cyclin-dependent kinase-5; GFAP, glial fibrillary

acidic protein; HFIP, hexafluoroisopropanol; ICR, Institute of Cancer Research;

IHC, immunohistochemical; IL-6, interleukin-6; NOR, novel object recognition;

OD, optical density; PD, Parkinson’s disease; TNF-α, tumor necrosis factor-α;

7Bio, 7-bromoindirubin-3-oxime.

affecting bodyweight and motor functions. Moreover, 7Bio
potently inhibited Aβ oligomer-induced neuroinflammation,
synaptic damage, tau hyper-phosphorylation, astrogliosis and
activation of microglia, possibly via inhibiting GSK3β, which
might concurrently contribute to the neuroprotective effects of
7Bio.

MATERIALS AND METHODS

Chemicals and Reagents
7-Bromoindirubin-3′-oxime, indirubin-3-oxime, indirubin-
3-(2,3-dihydroxypropyl) oximether, indirubin-3- monoxime-
5-sulphonic acid, 5-iodo-indirubin-3-monoxime, indirubin
derivative E804 were was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Synthetic Aβ1–42 peptide
was obtained from GL Biochem (Shanghai, China).

SH-SY5Y Cells Culture
SH-SY5Y cells were maintained in high glucose modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and penicillin (100U/ml)/streptomycin (100µg/ml) at 37◦Cwith
5% CO2. The medium was refreshed every two days. Before
experiments, SH-SY5Y cells were seeded in DMEM with 1% fetal
bovine serum for 24 h.

Cell Viability Measurements
Cell viability was measured by 3(4,5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide (MTT) assay. Briefly, 10 µl MTT
(5 mg/ml) was added to each well in 96-well plates. Then, plates
were incubated at 37◦C for 4 h, and 100 µl solvate (0.01N HCl in
10% SDS) was added. After 16–20 h, the absorbance of samples
was measured at a wavelength of 570 nm with 655 nm as a
reference wavelength.

Dot Blotting Analysis
The nitrocellulose membrane was divided into equal grids.
Subsequently, a 2µL sample was spotted onto the membrane and
then air-dried. The membrane was blocked in a TBST (50mM
Tris, 150mM NaCl, and 0.1% Tween-20) solution containing
10% milk overnight and then incubated with anti-oligomer
antibody A11 (Thermo Fisher Scientific, Waltham, MA, USA,
1:1,000) or anti-Aβ1-17 antibody 6E10 (Sigma, 1:1,000) for 1 h
with gentle shaking. After three washes with TBST, themembrane
was incubated with secondary antibodies for 1 h and developed
with an enhanced chemiluminescence plus kit.

Preparation of Aβ1−42 Oligomer
Soluble Aβ1−42 oligomer was obtained as previously
described (Xiang et al., 2017). Briefly, Aβ1−42 was added in
hexafluoroisopropanol (HFIP, Sigma, St. Louis, MO, USA)
to become Aβ1−42 monomers. Aβ1−42 monomers were spin-
vacuumed in 10% HFIP solution. Then, HFIP was evaporated
to obtain Aβ1−42 solution. Aβ1−42 solution was incubated for
2 days at 25◦C under stirring, and centrifuged at 14,000 g for
15min at 4◦C. The supernatant contains mainly soluble Aβ1−42

oligomer. The supernatant was collected and quantified by BCA
assay (Thermo Fisher Scientific, Waltham, MA, USA).
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Drug Treatment for Animal Study
Use and care of mice followed the guidelines of Ningbo
University Animal Research Advisory Committee. Male Institute
of Cancer Research (ICR) mice weighing around 30 g (8 weeks
age) were provided by Zhejiang Academy of medical Sciences
(Hangzhou, Zhejiang, China). Animals were kept with a 12-h
light/dark cycle (humidity: 50± 10%) at 22± 2◦C, and standard
food and water were provided.

7Bio were dissolved in MilliQ water. Mice were randomly
assigned into five groups with ten animals in each group
as follows: control, Aβ1−42 oligomer, Aβ1−42 oligomer
plus low (2.3 µg/kg), medium (7.0 µg/kg) and high (23.3
µg/kg) concentrations of 7Bio. Mice were anesthetized by
intraperitoneal (i.p.) administration of sodium pentobarbital
(50 mg/kg) before placed in a stereotaxic apparatus (RWD life
science, Shenzhen, China). Cannulae (30-gauge, 6mm; RWD
life science) were implanted into bilateral ventricle regions
using the following coordinate: AP −0.4mm from bregma; ML
±1.0mm from the midline; and DV −2.0mm from pia mater.
The cannulae were anchored to the skull with dental cement.
The mice were allowed to recover for 6 days. On day 7, Aβ1−42

oligomer were administrated into bilateral ventricle regions for
3days, 7Bio with Aβ1−42 oligomer or saline were administrated
into bilateral ventricle regions for 5 days. Microinfusions (1
µl/side) of drugs were injected for over 5min. The cannulas
were left in place for another 5min to minimize backflow. For
mice in the control group, cannulas were implanted to inject the
vehicle in the ventricle regions. Many studies have shown that
injection of Aβ oligomer in the ventricle regions of ICR mice
could produce cognitive impairments (Kim et al., 2016; Xiang
et al., 2017).

Open Field Test
To analyze the exploratory behavior and locomotor activity,
animals were placed in the left rear quadrant of an open field
(50 × 50 × 39 cm) with white plywood walls and a brown
floor divided into four equal squares of equal dimensions (25
× 25 cm) (Wu et al., 2017). The animals were placed one by
one at the center of the box and allowed to explore it for 5min.
Hand-operated counters and stopwatches were used to score the
number of line crossing with four paws and the number of rearing
(number of times the animals stood on its hind legs), which
were used as indicators of exploratory behavior and locomotor
activity, respectively. The drug status of the subjects was blindly
monitored by an independent investigator. To avoid perturbation
of the animals due to urine and feces, the open field was cleaned
with 10% ethanol solution and dry cloth between two tests.

Novel Object Recognition (NOR) Tests
The NOR tests were conducted in an open-field arena (30× 30×
30 cm) constructed with polyvinyl chloride, plywood and acrylic
as previously described (Wu et al., 2017). The task included
training and retention over two consecutive days. On day 1 of
training session, the animals explored two identical objects (black
plastic cubes, 5 × 5 × 5 cm) for 5min. On day 2 of recognition
session, one of the objects was replaced by a gray plastic square
pyramid with a new shape and color (5 × 5 × 7 cm), and the

animals were again acclimated to the area for 5min. The field
was decontaminated with 10% ethanol solution and dry cloth
between the tests. The animals explored the test area by sniffing
or touching the objects with their nose and/or forepaws at a
distance of less than 2 cm. Sitting or turning around the objects
was not considered as exploratory behavior. The exploratory
behavior was manually evaluated using a video camera by an
observer blinded to the test conditions. Total exploration time
referred to the amount of time devoted to location of the two
objects. The cognitive function was measured using a recognition
index, which was the exploration time involving either of the two
objects (training session) or the novel object (retention session)
compared with the total exploration time.

Morris Water Maze Tests
Spatial memory was tested by the Morris water maze tests
as previously described (Huang et al., 2016). The water maze
consisted of a circular pool (110 cm in diameter) filled with water
at 23 ± 2◦C and a platform. The platform was always positioned
in themiddle of the northwest quadrant except for on the last day.
Swimming was recorded by a video camera linked to a computer-
based image system. Learning was evaluated in four consecutive
days. Each mouse was trained to locate the platform during
four trials daily. The time required to enter the hidden platform
was measured. On the last day, a probe trial was conducted by
removing the platform and training the mice to swim for 90 s to
locate it. Swimming time in the four quadrants of the pool was
calculated. Preference for a previous quadrant occupied by the
platform indicated spatial memory.

Brain Tissue Collection
One day after the Morris water maze tests, animals were deeply
anesthetized and transcardially perfused with ice-cold saline.
Brains were dissected quickly. Proteins in the hippocampus and
the cortex were extracted and stored at −80◦C before use for
measurements of enzyme linked immunosorbent assay (ELISA,
3 mice per group) andWestern blotting assay (4 mice per group).
Brain tissues (3 mice per group) were stored at−80◦C before use
for immunohistochemical (IHC) staining.

ELISA Assay
The concentrations of interleukin-6 (IL-6) and tumor necrosis
factor-α (TNF-α) in the hippocampal and cortical regions of
mice were determined from freshly prepared brain tissues. Brain
samples were homogenized in 0.1M PBS. After sonication, brain
extracts were centrifuged to 2,000 g for 15min at 4◦C. The
concentrations of IL-6 and TNF-α were quantified by ELISA kits
(Excell bio, Shanghai, China) according to the manufacturer’s
protocol. The absorbance of the plates was read by a microplate
reader.

Western Blotting Assay
Western blotting assay was conducted as described previously
(Yu et al., 2017a). Briefly, brain tissue from hippocampal
region was extracted at for 1min using a lysis buffer, and
centrifuged at 16,000 g for 10min. The protein levels in the
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supernatant were estimated by Bradford assay, followed by SDS-
PAGE of tissue samples (40 µg), and transfer to polyvinylidene
fluoride membrane. The membranes were blocked with 5
% non-fat milk in TBST for 2 h, and incubated overnight
at with primary antibodies against total tau (Santa Cruz),
pSer9-GSK3β, GSK3β, synapsin-1, PSD-95 and β-actin (Cell
Signaling Technology, Beverly, MA, USA). After washing
the samples three times with TBST, the membranes were
incubated with a secondary antibody. Blots were developed
using enhanced chemiluminescence as instructed by the
manufacturer (Amersham Bioscience, Aylesbury, UK). All data
were representative of three independent experiments. Data
were expressed as ratios of optical density (OD) compared with
controls for statistical analyses.

IHC Staining
IHC staining was performed according to a previously reported
protocol with minor modifications (Yu et al., 2017a). Briefly,
after the behavioral tests, brains were dissected and incubated
with 4% paraformaldehyde for 1 day. The brain specimens
were dehydrated, embedded in paraffin and cut into 4-µm-
thick sections. The hippocampal sections were dewaxed and
rehydrated. Treatment with 3% H2O2 for 10min was carried
out to inhibit the cellular peroxidase activity. The sections were
incubated with primary antibodies against pSer396-Tau (pTau,
Abcam, Eugene, OR, USA) and glial fibrillary acidic protein
(GFAP, Abcam) at 4◦C overnight. The specimens were rinsed
and incubated with secondary antibodies at 37◦C for 30min. The
sections were labeled with DAB and colorimetrically analyzed.
Image Pro 6.0 (Media Cybernetics Inc., MD, USA) was used to
analyze mean optical density (OD) of areas. Briefly, the digital
images were used for developing semi-automated analysis. A
color de-convolution technique was first used. The positive area
and OD were determined by measuring three randomly selected
microscopic fields for each slide. The IHC index was defined
as mean OD = positive area × OD/total area (Gu et al., 2011;
Chatterjee et al., 2013).

Data Analysis and Statistics
Data were expressed as means ± SD. Statistical significance was
determined by one-way ANOVA and Tukey’s test for post hoc
multiple comparison, with the exception of mean escape latency,
which was analyzed using two-way repeated-measures ANOVA
followed by LSD post hoc test. A p < 0.05 was considered as
statistically significant.

RESULTS

7Bio Is One of the Most Potent Indirubin
Derivatives to Inhibit Aβ Oligomer-Induced
Neuronal Death
Previously, we have evaluated the neuroprotective effects of
many indirubin derivatives, and found that 7Bio is one of the
most potent chemical to inhibit Aβ oligomer-induced neuronal
death in SH-SY5Y cells (Figure 1A). To explore whether 7Bio
reverses or prevents neurotoxicity induced by Aβ1−42 oligomer,
we evaluated cell viability by theMTT assay. The time-dependent

neuroprotective profile of 7Bio against neurotoxicity caused
by Aβ1−42 oligomer was determined. Pre-treatment, but not
co-treatment of 7Bio decreased Aβ1−42 oligomer-induced cell
death, suggesting that 7Bio prevented, but did not rescue Aβ1−42

oligomer-induced cell death in SH-SY5Y cells (Figure 1B).
To further examine if 7Bio could alter toxic Aβ oligomer

formation, we used dot blotting assay in vitro. In a control
test, Aβ1−42 peptide formed Aβ1−42 oligomer after 2 days
of incubation under stirring. However, co-incubation of 7Bio
largely reduced the amounts of Aβ1−42 oligomer compared to
the control condition, suggesting that 7Bio might inhibit toxic
Aβ oligomer formation (Figure 1C).

7Bio Does Not Significantly Change Body
Weight and Locomotor Activity of Mice
The whole process of animal experiments is shown in Figure 2.
Briefly, operation was performed to implant cannulae into
bilateral ventricle regions of mice. The mice were allowed to
recover for 6 days. On day 6 post-operation, Aβ1−42 oligomer
was administrated into bilateral ventricle regions for 3 days,
various concentrations of 7Bio with Aβ1−42 oligomer, or saline
were administrated into bilateral ventricle regions for 5 days. The
body weight of mice was evaluated every day during experiments.
The effects of 7Bio and Aβ1−42 oligomer on motor function
were examined by the open field test on day 11 post-operation.
The effects of 7Bio on Aβ oligomer-induced impairments of
cognition was tested by the NOR test and the Morris water maze
test, on days 12–13 and days 14–18 post-operation, respectively.
At day 19 post-operation, mice were sacrificed for biochemical
study.

Two-way repeated-measures ANOVA of bodyweight revealed
that there are significant changes for time effect [two-way
ANOVA F(9, 450) = 13.472, p < 0.01] and treatment effect [two-
way ANOVA F(4, 450) = 6.511, p < 0.01], but not for treatment×
time interaction [F(36, 450) = 0.198, p > 0.05; Figure 3]. Further
analysis suggested that the bodyweight of mice among various
groups were not significantly changed during the experiments
(Figure 3).

To examine whether surgery, Aβ1−42 oligomer or 7Bio affect
motor function of animals, locomotor activity was first evaluated
by the open field test at day 11 post-surgery. As shown in
Figure 4, treatments did not significantly changed the number
of rearings or line crossing in the open field test, suggesting that
surgery, Aβ1−42 oligomer and 7Bio did not affect motor function
of mice in our study [for rearing, one way ANOVA, F(4, 55) =
0.427, p > 0.05, Figure 4A; for line crossing, F(4, 55) = 0.897, p >

0.05, Figure 4B].

7Bio Significantly Attenuates Aβ

Oligomer-Induced Impairment of
Recognition in Mice
The NOR test was used to examine the recognition potential
of mice. On day 12 post-surgery, the training session of the
NOR test, the recognition index was not significantly changed
[one-way ANOVA, F(5, 54) = 0.222, p > 0.05, Figure 5A]. On
day 13 post-surgery, the recognition session of the NOR test,
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FIGURE 1 | 7Bio is one of the most potent chemical to inhibit Aβ oligomer-induced neuronal death in SH-SY5Y cells. (A) SH-SY5Y cells were treated with

indirubin-3-oxime (I3O), indirubin-3-(2,3-dihydroxypropyl)oximether (I3DO), indirubin-3-monoxime-5-sulphonic acid (I3OS), 5-iodo-indirubin-3-monoxime (II3O),

indirubin derivative E804 (E804), or 7Bio at various concentrations as indicated. After 2 h, 1.5µM Aβ oligomers were added. The MTT assay was used to measure cell

viability at 24 h after the addition of Aβ oligomers. (B) 7Bio prevents but does not rescue Aβ oligomer-induced neurotoxicity in SH-SY5Y cells. SH-SY5Y cells were

exposed to 1.5µM Aβ oligomer with 2 h pre-treatment (2 h) or co-treatment (0 h) of 10µM 7Bio. The MTT assay was applied at 24 h after adding Aβ oligomer. Data,

expressed as percentage of the control, were the mean ± SEM of three separate experiments; ##p < 0.01 vs. the control group, *p < 0.05 and **p < 0.01 vs. Aβ

oligomer group (ANOVA and Tukey’s test). (C) 7Bio reduces Aβ oligomer formation. Aβ peptide was co-incubated with 7Bio at the indicated doses for 2 days. Solution

was centrifuged, and the supernatants were examined via dot blotting analysis with A11, an anti-oligomer antibody, and 6E10, an anti-Aβ antibody, respectively.

FIGURE 2 | Experimental design and schedule of animal tests.
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the recognition index was significantly altered among various
groups [one-way ANOVA, F(5, 54) = 4.339, p < 0.01, Figure 5B].
Furthermore, the recognition index in the Aβ1−42 oligomer
group was significantly lower than that in the control group [one-
way ANOVA, Tukey’s test, p < 0.05, Figure 5B]; the recognition
index in 7.0 µg/kg 7Bio+ Aβ1−42 oligomer and 23.3 µg/kg 7Bio
+ Aβ1−42 oligomer groups were significantly higher than that
in the Aβ1−42 oligomer group (one-way ANOVA, Tukey’s test,
p < 0.05, Figure 5B). These results suggested that 7Bio could
prevent Aβ1−42 oligomer-induced impairments of recognition in
mice.

7Bio Significantly Attenuates Aβ

Oligomer-Induced Impairment of Spatial
Learning and Memory in Mice
The spatial learning and memory was further evaluated by
Morris water maze test. At day 14–17 post-surgery, the training
session of Morris water maze test, two-way repeated-measures
ANOVA revealed significant changes in time effect [two-way
ANOVA, F(3, 180) = 17.95, p < 0.01, Figure 6A] and treatment
effect [two-way ANOVA, F(4, 180) = 5.03, p < 0.01, Figure 6A],
but not in treatment × time interaction [F(12, 180) = 0.413,

FIGURE 3 | Treatments do not significantly alter the body weight of mice

during the experiments. Data are expressed as the mean ± SD (n = 10).

p > 0.05; Figure 6A]. Further analysis indicated that on the
last day of the training session, mice in the Aβ1−42 oligomer
group spend a significantly longer time to find the platform when
compared with mice in the control group (p < 0.05, Figure 6A).
Moreover, mice in 23.3 µg/kg 7Bio + Aβ1−42 oligomer group
spend a significantly shorter time to reach the platform when
compared with mice in the Aβ1−42 oligomer group (p < 0.05,
Figure 6A). These results suggested that 7Bio could attenuate
Aβ1−42 oligomer-induced impairments of spatial learning in
animals.

At day 18 post-surgery, the probe trial of Morris water maze
test, the time spent in the target quadrant was recorded. The time
spend in the target quadrant was significantly different among
various groups [one-way ANOVA, F(5, 54) = 5.653, p < 0.01,
Figure 6B]. Interestingly, mice in the Aβ1−42 oligomer group
spend significantly shorter time in the target quadrant when
compared with mice in the control group (p < 0.01, Figure 6B).
Mice in 23.3 µg/kg 7Bio + Aβ1−42 oligomer group spend
significantly longer time in the target quadrant when compared
with mice in the Aβ1−42 oligomer group (p < 0.01, Figure 6B).
These results suggested that 7Bio could also prevent Aβ1−42

oligomer-induced impairments of spatial memory in animals.

7Bio Decreases Aβ Oligomer-Induced
Increase of TNF-α and IL-6 Production in
the Brain of Mice
We further evaluated the production of TNF-α and IL-6 by using
ELISA in the hippocampal and cortical region of mice. On day
19 post-surgery, mice were sacrificed and the hippocampus and
the cortex were dissected and extracted. The levels of TNF-α and
IL-6 were significantly higher in the hippocampal region of mice
in the Aβ1−42 oligomer group than those in the control group
(p < 0.01, Figures 7A,B). Moreover, 7Bio at 7.0 and 23.3 µg/kg
significantly decreased the production of TNF-α and IL-6 in the
hippocampal region of mice (p < 0.01, Figures 7A,B). For the
cortical region, the level of IL-6 but not TNF-α were significantly

FIGURE 4 | Treatments do not significantly alter motor function of mice in the open field tests. The number of rearings and line crossings were recorded and

calculated as shown in (A) and (B), respectively. Data are expressed as the mean ± SD (n = 10).
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FIGURE 5 | 7Bio attenuates Aβ oligomer-induced cognitive impairments in mice. (A) In the 1st day of NOR, the recognition index was not significantly altered among

various groups as indicated. (B) In the 2nd day of NOR, 7Bio significantly attenuated the reduction of recognition index induced by Aβ oligomer in mice. Data

represent the mean ± SD (n = 10); #p < 0.05 vs. control group, *p < 0.05 vs. Aβ group (one-way ANOVA and Tukey’s test).

FIGURE 6 | 7Bio attenuates Aβ oligomer-induced impairments of spatial learning and memory in mice. (A) During the 4 days of training session, 7Bio at 23.3 µg/kg

significantly reduced the escape latency of Aβ oligomer-treated mice to find the hidden platform in the Morris water maze test. Lower part: representative tracking

paths of various groups as indicated in the last day of training session. (B) In the probe trial, 7Bio at 23.3 µg/kg significantly attenuated the decreased duration of Aβ

oligomer-treated mice in the target quadrant in the Morris water maze test. Lower part: representative tracking paths of various groups as indicated in the probe trial.

Data represent the mean ± SD (n = 10); #p < 0.05 and ##p < 0.01 vs. the control group; *p < 0.05 and **p < 0.01 vs. the Aβ group (one-way ANOVA and Tukey’s

test).
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FIGURE 7 | 7Bio attenuates Aβ oligomer-induced increase of TNF-α and IL-6 in mice. At day 19 post-surgery, mice were sacrificed. The levels of TNF-α (A for

hippocampus and C for cortex) and IL-6 (B for hippocampus and D for cortex) were evaluated by ELISA assay in the hippocampal and cortical extraction of mice,

respectively. Data represent the mean ± SD (n = 3); ##p < 0.01 vs. control group, **p < 0.01 vs. Aβ group (one-way ANOVA and Tukey’s test).

higher the Aβ1−42 oligomer group than those in the control
group (p < 0.01, Figures 7C,D). Moreover, 7Bio significantly
reduced the production of IL-6 in the cortical region of mice (p
< 0.01, Figure 7D).

7Bio Increases Aβ Oligomer-Induced
Decreased Expression of Synapsin-1 and
PSD-95 in the Hippocampal Region of Mice
Synapsin-1 and PSD-95 are pre- and post- synaptic proteins,
respectively. In this study, we used Western blotting assay to
analyze the expression of these two proteins in the hippocampal
region of mice. The expression of synapsin-1 and PSD-95 were
significantly lower in the hippocampal region of mice in the
Aβ1−42 oligomer group than those in the control group (p< 0.01,
Figure 8). Furthermore, 7Bio at 7.0 and 23.3 µg/kg significantly
increased the expression of synapsin-1 in the hippocampal region
of mice when compared with the Aβ1−42 oligomer group (p
< 0.01, Figure 8). 7Bio at 23.3 µg/kg significantly increased
the expression of PSD-95 when compared with the Aβ1−42

oligomer group (p < 0.05, Figure 8). These results suggested

that 7Bio increases Aβ oligomer-induced decreased expression of
synapsin-1 and PSD-95 in the hippocampal region of mice.

7Bio Attenuates Aβ Oligomer-Induced
Increase Expression of pTau in the
Hippocampal Region of Mice
Hyper-phosphorylation of tau protein is a hallmark of AD.
Therefore, we further used IHC to evaluate the expression of
pTau in the hippocampal and cortical region of mice. Injection
of Aβ1−42 oligomer significantly increased the mean OD of pTau
in the hippocampal and cortical region when compared to the
control group (p < 0.01, Figure 9). Moreover, 7Bio at 7.0 and
23.3 µg/kg significantly prevented the mean OD of pTau in the
hippocampal region when compared with the Aβ1−42 oligomer
group (p < 0.01, Figures 9A,B).

7Bio Attenuates Aβ Oligomer-Induced
Astrogliosis in the Brain of Mice
GFAP is a biomarker of astrogliosis. To investigate whether
7Bio affected Aβ1−42 oligomer-induced astrogliosis, IHC staining
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FIGURE 8 | 7Bio attenuates Aβ oligomer-induced decrease expression of

synapsin-1 and PSD-95 in mice. At day 19 post-surgery, mice were sacrificed.

(A) The expressions of synapsin-1, PSD-95 and β-actin were evaluated by

Western blotting analysis. The quantitative analysis of levels of synapsin-1 and

PSD-95 were shown in (B) and (C), respectively. Data represent the mean ±

SD (n = 4); ##p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. Aβ

group (one-way ANOVA and Tukey’s test).

of GFAP was performed in our study. Injection of Aβ1−42

oligomer significantly increased the mean OD of GFAP in the
hippocampal and cortical region when compared to the control
group (p < 0.01, Figure 10). Moreover, 7Bio at 2.3, 7.0, and
23.3 µg/kg significantly prevented the mean OD of GFAP in the
hippocampal region when compared with the Aβ1−42 oligomer
group (p < 0.05, Figures 10A,B). 7Bio at 7.0 and 23.3 µg/kg
significantly decreased the mean OD of GFAP in the cortical
region when compared with the Aβ1−42 oligomer group (p <

0.01, Figures 10C,D).

7Bio Reduces Aβ Oligomer-Induced
Activation of Microglia in the Brain of Mice
CD45 is a biomarker of microglia in the brain. To investigate
whether 7Bio affected Aβ1−42 oligomer-induced activation of
microglia, IHC staining of CD45 was performed in our study.
Injection of Aβ1−42 oligomer significantly increased the mean
OD of CD45 in the hippocampal and cortical region when
compared to the control group (p < 0.05, Figure 11). Moreover,
7Bio at 7.0 and 23.3 µg/kg significantly prevented the mean
OD of CD45 in the hippocampal region when compared with
the Aβ1−42 oligomer group (p < 0.01, Figures 11A,B). 7Bio at
23.3 µg/kg significantly decreased the mean OD of CD45 in the
cortical region when compared with the Aβ1−42 oligomer group
(p < 0.05, Figures 11C,D).

7Bio Prevents Aβ Oligomer-Induced
Decreased Expression of pSer9-GSK3β in
the Hippocampal Region of Mice
To explore whether 7Bio could affect the activity of GSK3β
in vivo, the expression of pSer9-GSK3β in the hippocampal
region was evaluated byWestern blotting assay. 7Bio significantly
increased the expression of pSer9-GSK3β in the hippocampal
region of mice when compared with the Aβ1−42 oligomer group
(p < 0.05, Figure 12), suggesting that 7Bio might inhibit the
activity of GSK3β in Aβ oligomer-treated mice.

7Bio Did Not Significantly Alter Aβ

Oligomer-Induced Decreased Expression
of Tau Protein in the Hippocampal Region
of Mice
To explore whether 7Bio could affect the expression of tau
protein, the Western blotting assay was used. The expression of
tau protein was significantly lower in the hippocampal region
of mice in the Aβ1−42 oligomer group than those in the control
group (p < 0.01, Figure 13). However, 7Bio did not significantly
alter the expression of tau protein in the hippocampal region
of mice when compared with the Aβ1−42 oligomer group
(Figure 13), suggesting that 7Bio might not substantially affect
tau expression in our system.

DISCUSSION

In this study, we have reported, for the first time, that
7Bio effectively attenuated Aβ oligomer-induced cognitive
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FIGURE 9 | 7Bio attenuates Aβ oligomer-induced increased of pTau in the hippocampal region of mice. (A) Representative figures of IHC staining of pTau in the

hippocampal region in various groups as indicated. (B) Quantitative results showed that 7Bio decreased mean OD of pTau in the hippocampal region of mice.

(C) Representative figures of IHC staining of pTau in the cortical region in various groups as indicated. (D) Quantitative results showed that Aβ oligomer-induced

increased mean OD of pTau in the cortical region of mice. Data represent the mean ± SD (n = 3); ##p < 0.01 vs. control group, **p < 0.01 vs. Aβ group (one-way

ANOVA and Tukey’s test). Scale bar: 30µm.

impairments. We have also found that 7Bio significantly
prevented the increase of neuroinflammation, the reduction
of synaptic proteins, the hyper-phosphorylation of tau
protein, and the activation of astrocytes and microglia,
possibly via inhibiting GSK3β in the hippocampal region of
mice.

AD is characterized by the impairments of cognitive functions.
Aβ oligomer is considered as the main neurotoxin of AD
(Viola and Klein, 2015; Selkoe and Hardy, 2016). Previous
studies have shown that the injection of Aβ oligomer into the
brain could induce cognitive impairments in rodents (Pi et al.,
2012; Chang et al., 2015). Therefore, Aβ oligomer injection is
traditionally used to establish animal models of AD. In our
study, Aβ oligomer was administrated into the bilateral ventricle
regions of mice. Three days injection of Aβ oligomer led to
the significant impairments of spatial cognition and recognition
without affecting bodyweight and motor functions, which was
consistence with previous studies (Viola and Klein, 2015; Selkoe
and Hardy, 2016).

Accumulating evidence suggested that the activities of CDK5
and GSK3β are elevated in AD (Leclerc et al., 2001; Tell et al.,
2012). Many CDK5 and GSK3β inhibitors are reported to
produce anti-AD neuroprotective effects (Leclerc et al., 2001;
Tell et al., 2012). Thus, 7Bio, a moderate inhibitor of CDK5

and GSK3β, might also exhibit anti-AD property. Previously,
we have found many indirubin derivatives could prevent
neurotoxins-induced neurotoxicity (Hu et al., 2015). Moreover,
7Bio is the one of the most potent indirubin derivatives to
inhibit Aβ oligomer-induced neuronal death in SH-SY5Y cells.
We also found that 7Bio could prevent but not rescue Aβ

oligomer-induced neuronal death, and inhibit Aβ oligomer
formation in vitro. Therefore, we evaluated the effects of 7Bio
on the prevention of cognitive impairments in our AD animal
model. Our findings that 7Bio at very low concentrations,
potently attenuated Aβ oligomer-induced cognitive impairments,
suggested that 7Bio could enhance cognitive performance.
These results are consistent with previous studies that many
indirubin derivatives, such as indirubin-3-oxime could prevent
cognitive impairments in APP/PS1 transgenic mice and high
fat food-treated mice (Ding et al., 2010; Sharma and Taliyan,
2014).

Besides cognitive impairments, neuroinflammation is also
an important feature of AD. Among various pro-inflammatory
cytokines, TNF-α and IL-6 are main cytokines which contributed
to neuroinflammatory process observed in AD (Morales et al.,
2010). In our study, 7Bio significantly reduced the expression
of pro-inflammatory cytokines TNF-α and IL-6 in Aβ oligomer-
treated mice, suggesting the anti-inflammatory effects of 7Bio in
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FIGURE 10 | 7Bio attenuates Aβ oligomer-induced increased of GFAP in the hippocampal and cortical region of mice. (A) Representative figures of IHC staining of

GFAP in the hippocampal region in various groups as indicated. (B) Quantitative results showed that 7Bio decreased mean OD of GFAP in the hippocampal region of

mice. (C) Representative figures of IHC staining of GFAP in the hippocampal region in various groups as indicated. (D) Quantitative results showed that 7Bio

decreased mean OD of GFAP in the cortical region of mice. Data represent the mean ± SD (n = 3); ##p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. Aβ

group (one-way ANOVA and Tukey’s test). Scale bar: 30µm.

the brain. These results are also consistent with previous studies
that indirubin derivatives could alleviate lipopolysaccharide-
induced peripheral injury via its anti-inflammatory functions
(Lai et al., 2017; Qi et al., 2017). Importantly, our study is one of
the first studies to report that indirubin derivatives could produce
anti-inflammatory effects in the central nervous system. How
could 7Bio produce anti-inflammatory effects? Previous studies
have shown that many indirubin derivatives could directly
regulate inflammation-associated signaling in a protein kinase-
dependent manner. Many kinases, such as NF-κB and STAT3,
are involved in inflammation-associated signaling (Kim and
Park, 2012; Lai et al., 2017). Although not proved in this study,
7Bio might inhibit these kinases to produce anti-inflammatory
effects.

Loss of synapses and synaptic functions in the cortex and
hippocampus is also a prominent feature of AD. Multiple
studies have previously revealed a decline in a wide range of
different synaptic proteins, including synapsin-1 and PSD-95 in
the process of AD (Tu et al., 2014). Synapsin-1, a pre-synaptic

marker, is a phosphoprotein that specifically localized in the
cytoplasm of pre-synaptic neurons (Milovanovic and De Camilli,
2017). PSD-95 is a post-synaptic marker that provided essential
scaffolding for post-synaptic receptors and ion channels (Savioz
et al., 2014). Our findings that 7Bio significantly attenuated
Aβ oligomer-induced decreased expression of synapsin-1 and
PSD-95, suggested that 7Bio might prevent synaptic toxicity
in AD.

The accumulation of hyper-phosphorylated tau protein and
Aβ plaques are two hallmarks of AD. Aβ oligomer could
trigger the pathological phosphorylation of tau protein both in
vitro and in vivo. The hyper-phosphorylation of tau protein
is essentially carried out by CDK5 and GSK3β (Mazanetz and
Fischer, 2007). Therefore, CDK5 and GSK3β inhibitors are
expected to reduce the hyper-phosphorylation of tau protein,
and regarded as lead compounds for treating AD. In our study,
we found that 7Bio could reduce the expression of hyper-
phosphorylated tau in the hippocampal region of Aβ oligomer-
treated mice. Interestingly, many studies have shown that other
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FIGURE 11 | 7Bio attenuates Aβ oligomer-induced increased of CD45 in the hippocampal and cortical region of mice. (A) Representative figures of IHC staining of

CD45 in the hippocampal region in various groups as indicated. (B) Quantitative results showed that 7Bio decreased mean OD of CD45 in the hippocampal region of

mice. (C) Representative figures of IHC staining of CD45 in the hippocampal region in various groups as indicated. (D) Quantitative results showed that 7Bio

decreased mean OD of CD45 in the cortical region of mice. Data represent the mean ± SD (n = 3); #p < 0.05 and ##p < 0.01 vs. control group, *p < 0.05 and

**p < 0.01 vs. Aβ group (one-way ANOVA and Tukey’s test). Scale bar: 30µm.

indirubin derivatives could inhibit the expression of hyper-
phosphorylated tau in okadaic acid-treated cultured neurons,
and Aβ-treated SH-SY5Y cells (Zhang et al., 2009; Martin et al.,
2011). These results provided a strong support that indirubin
derivatives, as CDK5 and GSK3β inhibitors, might be developed
as anti-AD lead compounds. Interestingly, there is a report
showed that 6Bio, another indirubin derivative at 2.5–10µM
could decrease the expression of tau in the cultured neurons
(Martin et al., 2009). We found that 7Bio did not significantly
alter Aβ oligomer-induced reduction of tau expression in the
hippocampal region of mice. Although 7Bio and 6Bio are very
similar in chemical structure, the concentrations of chemicals
used in two studies are different. Moreover, there are more
influence factors, such as glial cells and blood vessels in mice
than in cultured neurons. Therefore, the discrepant results of tau
protein regulated by indirubin derivatives between two studies
are not quite surprising.

Astrogliosis, an abnormal increase in the number of
astrocytes, and activation of microglia are normally observed

in neurodegenerative disorders. In our study, Aβ oligomer
significantly increased the expression of GFAP and CD45,
biomarkers of astrocytes and microglia, respectively, in the
hippocampus of mice. These results are consistent with other
studies that the activation of astrocytes andmicroglia is presented
in AD animals (Tarantini et al., 2017). Moreover, we found
that astrogliosis and the activation of microglia were decreased
by 7Bio in Aβ oligomer-treated mice. Although the underlying
molecular mechanisms remain unproven, we proposed that 7Bio
might directly inhibit astrogliosis and microglia via inhibiting
CDK5 and GSK3β, which have been reported to regulate the
activation of glial cells. By using Western blotting assay, we
found that 7Bio could prevent Aβ oligomer-induced decrease
of pSer9-GSK3β in mice. GSK3β inhibitors were reported to
protect against Aβ oligomer-induced neuroinflammation and
activation of astrocytes and microglia (Maqbool et al., 2016).
Therefore, we speculated that 7Bio, as a potent GSK3β inhibitor,
might exert its neuroprotective effects via directly acting on
GSK3β.
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FIGURE 12 | 7Bio attenuates Aβ oligomer-induced decrease expression of

pSer9-GSK3β in the hippocampal region of mice. At day 19 post-surgery,

mice were sacrificed. (A) The expressions of pSer9-GSK3β and GSK3β in the

hippocampus were evaluated by Western blotting analysis. The quantitative

analysis of levels of pSer9-GSK3β was shown in (B). Data represent the mean

± SD (n = 4); ##p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. Aβ

group (one-way ANOVA and Tukey’s test).

One limitation for the use of 7Bio in neurological diseases
is the lack documentation for the toxicity, absorption and
pharmacokinetics of this compound. Indirubin-3-oxime,
another indirubin derivative, was reported to be detected in
the brain of rats after systemically administration (Selenica
et al., 2007). However, in that study, very low (17µM)
concentration of indirubin-3-oxime was found after i.p.
injection of 20 mg/kg indirubin-3-oxime in rats (Selenica et al.,
2007). These results also suggested that the bioavailability
of indirubin derivatives is not very high. Therefore, we
chose to inject drugs into bilateral ventricle regions of
the brain in our study. The concentration of 7Bio in the
brain could be high after intra-ventricular injection, and
peripheral side effects of 7Bio could be largely limited. However,
further studies of toxicity and pharmacokinetics by systemic
administration are needed to develop 7Bio as a novel anti-AD
lead compound.

In conclusion, we found, for the first time, that 7Bio
could prevent Aβ oligomer-induced cognitive impairments,
possibly via decreasing neuroinflammation, synaptic damage,
tau hyper-phosphorylation, and the activation of astrocytes
and microglia. Although the toxicity and pharmacokinetics of

FIGURE 13 | 7Bio did not significantly prevent Aβ oligomer-induced decrease

expression of tau protein in the hippocampal region of mice. At day 19

post-surgery, mice were sacrificed. (A) The expressions of tau protein and

β-actin in the hippocampus were evaluated by Western blotting analysis. The

quantitative analysis of levels of tau protein was shown in (B). Data represent

the mean ± SD (n = 4); ##p < 0.01 vs. control group (one-way ANOVA and

Tukey’s test).

7Bio is not clear, our findings suggested that 7Bio might be
developed as a novel anti-AD lead compound after further
study.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: WC. Performed the
experiments: LC, CH, JS, MW, SY, and FZ. Analyzed the data:
QW, YH, CW, and ZZ.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (81673407, U1503223), the Natural Science
Foundation of Zhejiang Province (LY15H310007), Applied
Research Project on Nonprofit Technology of Zhejiang Province
(2016C37110), the Research Grants Council of Hong Kong
(15101014), Ningbo International Science and Technology
Cooperation Project (2014D10019), Ningbo municipal
innovation team of life science and health (2015C110026),
Shenzhen Basic Research Program (JCYJ20160331141459373),

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 November 2017 | Volume 10 | Article 393

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Chen et al. 7Bio Attenuates Cognitive Impairments

the research grants from PolyU (G-YBGQ, G-YZ95), Li Dak
Sum Yip Yio Chin Kenneth Li Marine Biopharmaceutical
Development Fund, and the K. C. Wong Magna Fund in

Ningbo University. We sincerely thank Prof. Wenhua Zhou
and Dr. Tao Tao in Ningbo University to provide professional
suggestions.

REFERENCES

Begum, J., Skamnaki, V. T., Moffatt, C., Bischler, N., Sarrou, J., Skaltsounis, A.

L., et al. (2015). An evaluation of indirubin analogues as phosphorylase kinase

inhibitors. J. Mol. Graph. Model. 61, 231–242. doi: 10.1016/j.jmgm.2015.07.010

Chang, L., Cui, W., Yang, Y., Xu, S. J., Zhou, W. H., Fu, H., et al. (2015).

Protection against beta-amyloid-induced synaptic and memory impairments

via altering beta-amyloid assembly by bis(heptyl)-cognitin. Sci. Rep. 5:10256.

doi: 10.1038/srep10256

Chatterjee, S., Malhotra, R., Varghese, F., Bukhari, A. B., Patil, A., Budrukkar, A.,

et al. (2013). Quantitative immunohistochemical analysis reveals association

between sodium iodide symporter and estrogen receptor expression in breast

cancer. PLoS ONE 8:e54055. doi: 10.1371/journal.pone.0054055

Ding, Y., Qiao, A., and Fan, G. H. (2010). Indirubin-3′-monoxime rescues spatial

memory deficits and attenuates beta-amyloid-associated neuropathology

in a mouse model of Alzheimer’s disease. Neurobiol. Dis. 39, 156–168.

doi: 10.1016/j.nbd.2010.03.022

Eisenbrand, G., Hippe, F., Jakobs, S., and Muehlbeyer, S. (2004). Molecular

mechanisms of indirubin and its derivatives: novel anticancer molecules with

their origin in traditional Chinese phytomedicine. J. Cancer Res. Clin. Oncol.

130, 627–635. doi: 10.1007/s00432-004-0579-2

Fang, F., Zhao, J., Ding, L., Huang, C., He, S., He, S., et al. (2017).

5-Hydroxycyclopenicillone, a new fibrillization inhibitor from a

sponge-derived fungus trichoderma sp. HPQJ-34. Mar. Drugs 15:E260.

doi: 10.3390/md15080260

Gaboriaud-Kolar, N., Vougogiannopoulou, K., and Skaltsounis, A. L. (2015).

Indirubin derivatives: a patent review (2010-present). Exp. Opin. Ther. Pat. 25,

583–593. doi: 10.1517/13543776.2015.1019865

Gu, K., Zhao, J. D., Ren, Z. G., Ma, N. Y., Lai, S. T., Liu, J., et al. (2011). A

natural process of cirrhosis resolution and deceleration of liver regeneration

after thioacetamide withdrawal in a rat model. Mol. Biol. Rep. 38, 1687–1696.

doi: 10.1007/s11033-010-0281-1

Hu, S., Cui, W., Zhang, Z., Mak, S., Xu, D., Li, G., et al. (2015). Indirubin-3-Oxime

effectively prevents 6OHDA-induced neurotoxicity in PC12 cells via activating

MEF2D through the inhibition of GSK3beta. J. Mol. Neurosci. 57, 561–570.

doi: 10.1007/s12031-015-0638-y

Huang, L., Lin, J. J., Xiang, S. Y., Zhao, K. R., Yu, J., Zheng, J., et al. (2016).

Sunitinib, a clinically used anticancer drug, is a potent AChE inhibitor and

attenuates cognitive impairments in mice. ACS Chem. Neurosci. 7, 1047–1056.

doi: 10.1021/acschemneuro.5b00329

Kim, H. Y., Lee, D. K., Chung, B. R., Kim, H. V., and Kim, Y. (2016).

Intracerebroventricular injection of Amyloid-Beta peptides in normal mice

to acutely induce Alzheimer-like cognitive deficits. J. Vis. Exp. 109:e53308.

doi: 10.3791/53308

Kim, J. K., and Park, G. M. (2012). Indirubin-3-monoxime exhibits anti-

inflammatory properties by down-regulating NF-kappa B and JNK signaling

pathways in lipopolysaccharide-treated RAW264.7 cells. Inflammat. Res. 61,

319–325. doi: 10.1007/s00011-011-0413-7

Kurita, M., Hanada, S., Ichimaru, Y., Saito, H., Tabata, K., Asami, S., et al.

(2016). Indirubin 3′-epoxide induces caspase-independent cell death in

human neuroblastoma. Biol. Pharm. Bull. 39, 993–999. doi: 10.1248/bpb.b15-

00999

Lai, J. L., Liu, Y. H., Liu, C., Qi, M. P., Liu, R. N., Zhou, Q. G., et al.

(2017). Indirubin inhibits LPS-induced inflammation via TLR4 abrogation

mediated by the NF-kB andMAPK signaling pathways. Inflammation 40, 1–12.

doi: 10.1007/s10753-016-0447-7

Leclerc, S., Garnier, M., Hoessel, R., Marko, D., Bibb, J. A., Greengard, P., et al.

(2001). Indirubins inhibit glycogen synthase kinase-3 beta and CDK5/P25,

two protein kinases involved in abnormal tau phosphorylation in Alzheimer’s

disease - A property common to most cycline-dependent kinase inhibitors? J.

Biol. Chem. 276, 251–260. doi: 10.1074/jbc.M002466200

Maqbool, M., Mobashir, M., and Hoda, N. (2016). Pivotal role of glycogen synthase

kinase-3: a therapeutic target for Alzheimer’s disease. Eur. J. Med. Chem. 107,

63–81. doi: 10.1016/j.ejmech.2015.10.018

Martin, L., Magnaudeix, A., Esclaire, F., Yardin, C., and Terro, F. (2009). Inhibition

of glycogen synthase kinase-3 beta downregulates total tau proteins in cultured

neurons and its reversal by the blockade of protein phosphatase-2A. Brain Res.

1252, 66–75. doi: 10.1016/j.brainres.2008.11.057

Martin, L., Magnaudeix, A., Wilson, C. M., Yardin, C., and Terro, F. (2011). The

new indirubin derivative inhibitors of glycogen synthase Kinase-3, 6-BIDECO

and 6-BIMYEO, prevent Tau phosphorylation and apoptosis induced by the

inhibition of protein phosphatase-2A by Okadaic acid in cultured Neurons. J.

Neurosci. Res. 89, 1802–1811. doi: 10.1002/jnr.22723

Mazanetz, M. P., and Fischer, P. M. (2007). Untangling tau hyperphosphorylation

in drug design for neurodegenerative diseases. Nat. Rev. Drug Discov. 6,

464–479. doi: 10.1038/nrd2111

Milovanovic, D., and De Camilli, P. (2017). Synaptic vesicle clusters at synapses: a

distinct liquid phase? Neuron 93, 995–1002. doi: 10.1016/j.neuron.2017.02.013

Morales, I., Farias, G., and Maccioni, R. B. (2010). Neuroimmunomodulation

in the pathogenesis of Alzheimer’s Disease. Neuroimmunomodulation 17,

202–204. doi: 10.1159/000258724

Mushtaq, G., Greig, N. H., Anwar, F., Al-Abbasi, F. A., Zamzami, M. A., Al-

Talhi, H. A., et al. (2016). Neuroprotective mechanisms mediated by CDK5

inhibition. Curr. Pharm. Des. 22, 527–534. doi: 10.2174/1381612822666151124

235028

Nicolaou, K. A., Liapis, V., Evdokiou, A., Constantinou, C., Magiatis, P.,

Skaltsounis, A. L., et al. (2012). Induction of discrete apoptotic pathways

by bromo-substituted indirubin derivatives in invasive breast cancer cells.

Biochem. Biophys. Res. Commun. 425, 76–82. doi: 10.1016/j.bbrc.2012.07.053

Pi, R. B., Mao, X. X., Chao, X. J., Cheng, Z. Y., Liu, M. F., Ye, M., et al. (2012).

Tacrine-6-ferulic acid, a novel multifunctional dimer, inhibits Amyloid-beta-

mediated Alzheimer’s Disease-associated pathogenesis in vitro and in vivo.

PLoS ONE 7:e31921. doi: 10.1371/journal.pone.0031921

Qi, T. J., Li, H. T., and Li, S. (2017). Indirubin improves antioxidant and anti-

inflammatory functions in lipopolysaccharide-challenged mice. Oncotarget 8,

36658–36663. doi: 10.18632/oncotarget.17560

Ribas, J., Bettayeb, K., Ferandin, Y., Knockaert, M., Garrofe-Ochoa, X., Totzke,

F., et al. (2006). 7-bromoindirubin-3 ′-oxime induces caspase-independent cell

death. Oncogene 25, 6304–6318. doi: 10.1038/sj.onc.1209648

Savioz, A., Leuba, G., and Vallet, P. G. (2014). A framework to understand the

variations of PSD-95 expression in brain aging and in Alzheimer’s disease.

Ageing Res. Rev. 18, 86–94. doi: 10.1016/j.arr.2014.09.004

Selenica, M. L., Jensen, H. S., Larsen, A. K., Pedersen, M. L., Helboe, L., Lotharius,

J., et al. (2007). Efficacy of small-molecule glycogen synthase kinase-3 inhibitors

in the postnatal rat model of tau hyperphosphorylation. Br. J. Pharmacol. 152,

959–979. doi: 10.1038/sj.bjp.0707471

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s

disease at 25years. EMBO Mol. Med. 8, 595–608. doi: 10.15252/emmm.201

606210

Sharma, S., and Taliyan, R. (2014). Neuroprotective role of Indirubin-3′-

monoxime, a GSK beta inhibitor in high fat diet induced cognitive

impairment in mice. Biochem. Biophys. Res. Commun. 452, 1009–1015.

doi: 10.1016/j.bbrc.2014.09.034

Tarantini, S., Tran, C. H. T., Gordon, G. R., Ungvari, Z., and Csiszar, A.

(2017). Impaired neurovascular coupling in aging and Alzheimer’s disease:

contribution of astrocyte dysfunction and endothelial impairment to cognitive

decline. Exp. Gerontol. 94, 52–58. doi: 10.1016/j.exger.2016.11.004

Tell, V., Holzer, M., Herrmann, L., Mahmoud, K. A., Schachtele, C., Hilgeroth,

A., et al. (2012). Multitargeted drug development: discovery and profiling

of dihydroxy substituted 1-aza-9-oxafluorenes as lead compounds targeting

Alzheimer disease relevant kinases. Bioorg. Med. Chem. Lett. 22, 6914–6918.

doi: 10.1016/j.bmcl.2012.09.006

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 November 2017 | Volume 10 | Article 393

https://doi.org/10.1016/j.jmgm.2015.07.010
https://doi.org/10.1038/srep10256
https://doi.org/10.1371/journal.pone.0054055
https://doi.org/10.1016/j.nbd.2010.03.022
https://doi.org/10.1007/s00432-004-0579-2
https://doi.org/10.3390/md15080260
https://doi.org/10.1517/13543776.2015.1019865
https://doi.org/10.1007/s11033-010-0281-1
https://doi.org/10.1007/s12031-015-0638-y
https://doi.org/10.1021/acschemneuro.5b00329
https://doi.org/10.3791/53308
https://doi.org/10.1007/s00011-011-0413-7
https://doi.org/10.1248/bpb.b15-00999
https://doi.org/10.1007/s10753-016-0447-7
https://doi.org/10.1074/jbc.M002466200
https://doi.org/10.1016/j.ejmech.2015.10.018
https://doi.org/10.1016/j.brainres.2008.11.057
https://doi.org/10.1002/jnr.22723
https://doi.org/10.1038/nrd2111
https://doi.org/10.1016/j.neuron.2017.02.013
https://doi.org/10.1159/000258724
https://doi.org/10.2174/1381612822666151124235028
https://doi.org/10.1016/j.bbrc.2012.07.053
https://doi.org/10.1371/journal.pone.0031921
https://doi.org/10.18632/oncotarget.17560
https://doi.org/10.1038/sj.onc.1209648
https://doi.org/10.1016/j.arr.2014.09.004
https://doi.org/10.1038/sj.bjp.0707471
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1016/j.bbrc.2014.09.034
https://doi.org/10.1016/j.exger.2016.11.004
https://doi.org/10.1016/j.bmcl.2012.09.006
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Chen et al. 7Bio Attenuates Cognitive Impairments

Tu, S. C., Okamoto, S., Lipton, S. A., and Xu, H. X. (2014). Oligomeric A beta-

induced synaptic dysfunction in Alzheimer’s disease. Mol. Neurodegener. 9:48.

doi: 10.1186/1750-1326-9-48

Viola, K. L., and Klein,W. L. (2015). Amyloid beta oligomers in Alzheimer’s disease

pathogenesis, treatment, and diagnosis. Acta Neuropathol. 129, 183–206.

doi: 10.1007/s00401-015-1386-3

Wang, W., Yang, Y., Ying, C., Li, W., Ruan, H., Zhu, X., et al. (2007).

Inhibition of glycogen synthase kinase-3beta protects dopaminergic

neurons from MPTP toxicity. Neuropharmacology 52, 1678–1684.

doi: 10.1016/j.neuropharm.2007.03.017

Wu, X., Chen, H. X., Huang, C. H., Gu, X. M., Wang, J. L., Xu, D., et al. (2017).

Curcumin attenuates surgery-induced cognitive dysfunction in aged mice.

Metab. Brain Dis. 32, 789–798. doi: 10.1007/s11011-017-9970-y

Xiang, S. Y., Liu, F. F., Lin, J. J., Chen, H. X., Huang, C. H., Chen, L., et al. (2017).

Fucoxanthin inhibits beta-Amyloid assembly and attenuates beta-Amyloid

Oligomer-induced cognitive impairments. J. Agric. Food Chem. 65, 4092–4102.

doi: 10.1021/acs.jafc.7b00805

Yu, J., Lin, J. J., Yu, R., He, S., Wang, Q. W., Zhang, J. R., et al. (2017a).

Fucoxanthin prevents H2O2-induced neuronal apoptosis via concurrently

activating the PI3-K/Akt cascade and inhibiting the ERK pathway. Food Nutr.

Res. 61:1304678. doi: 10.1080/16546628.2017.1304678

Yu, J., Zheng, J. C., Lin, J. J., Jin, L. L., Yu, R., Mak, S., et al.

(2017b). Indirubin-3-Oxime Prevents H2O2-induced neuronal

apoptosis via concurrently inhibiting GSK3 beta and the ERK

pathway. Cell. Mol. Neurobiol. 37, 655–664. doi: 10.1007/s10571-016-

0402-z

Zhang, S., Zhang, Y., Xu, L., Lin, X., Lu, J., Di, Q., et al. (2009). Indirubin-

3′-monoxime inhibits beta-amyloid-induced neurotoxicity in neuroblastoma

SH-SY5Y cells. Neurosci. Lett. 450, 142–146. doi: 10.1016/j.neulet.2008.

11.030

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Chen, Huang, Shentu, Wang, Yan, Zhou, Zhang, Wang, Han,

Wang and Cui. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 November 2017 | Volume 10 | Article 393

https://doi.org/10.1186/1750-1326-9-48
https://doi.org/10.1007/s00401-015-1386-3
https://doi.org/10.1016/j.neuropharm.2007.03.017
https://doi.org/10.1007/s11011-017-9970-y
https://doi.org/10.1021/acs.jafc.7b00805
https://doi.org/10.1080/16546628.2017.1304678
https://doi.org/10.1007/s10571-016-0402-z
https://doi.org/10.1016/j.neulet.2008.11.030
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Indirubin Derivative 7-Bromoindirubin-3-Oxime (7Bio) Attenuates Aβ Oligomer-Induced Cognitive Impairments in Mice
	Introduction
	Materials and Methods
	Chemicals and Reagents
	SH-SY5Y Cells Culture
	Cell Viability Measurements
	Dot Blotting Analysis
	Preparation of Aβ1-42 Oligomer
	Drug Treatment for Animal Study
	Open Field Test
	Novel Object Recognition (NOR) Tests
	Morris Water Maze Tests
	Brain Tissue Collection
	ELISA Assay
	Western Blotting Assay
	IHC Staining
	Data Analysis and Statistics

	Results
	7Bio Is One of the Most Potent Indirubin Derivatives to Inhibit Aβ Oligomer-Induced Neuronal Death
	7Bio Does Not Significantly Change Body Weight and Locomotor Activity of Mice
	7Bio Significantly Attenuates Aβ Oligomer-Induced Impairment of Recognition in Mice
	7Bio Significantly Attenuates Aβ Oligomer-Induced Impairment of Spatial Learning and Memory in Mice
	7Bio Decreases Aβ Oligomer-Induced Increase of TNF-α and IL-6 Production in the Brain of Mice
	7Bio Increases Aβ Oligomer-Induced Decreased Expression of Synapsin-1 and PSD-95 in the Hippocampal Region of Mice
	7Bio Attenuates Aβ Oligomer-Induced Increase Expression of pTau in the Hippocampal Region of Mice
	7Bio Attenuates Aβ Oligomer-Induced Astrogliosis in the Brain of Mice
	7Bio Reduces Aβ Oligomer-Induced Activation of Microglia in the Brain of Mice
	7Bio Prevents Aβ Oligomer-Induced Decreased Expression of pSer9-GSK3β in the Hippocampal Region of Mice
	7Bio Did Not Significantly Alter Aβ Oligomer-Induced Decreased Expression of Tau Protein in the Hippocampal Region of Mice

	Discussion
	Author Contributions
	Acknowledgments
	References


