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Scutellarin may alleviate cognitive deficits in a mouse model of
hypoxia by promoting proliferation and neuronal differentiation of
neural stem cells
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ABSTRACT

Objective(s): Scutellarin, a flavonoid extracted from the medicinal herb Erigeron breviscapus Hand-
Mazz, protects neurons from damage and inhibits glial activation. Here we examined whether
scutellarin may also protect neurons from hypoxia-induced damage.

Materials and Methods: Mice were exposed to hypoxia for 7 days and then administered scutellarin
(50 mg/kg/d) or vehicle for 30 days Cognitive impairment in the two groups was assessed using the
Morris water maze test, cell proliferation in the hippocampus was compared using 5-bromo-2-
deoxyuridine (BrdU) immunohistochemistry, and hippocampal levels of nestin and neuronal class III
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B-tubulin (Tuj-1) were measured using Western blotting. These results were validated in vitro by
treating cultured neural stem cells (NSCs) with scutellarin (30 pM).

Results: Treating mice with scutellarin shortened escape times and increased the number of platform
crossings, it increased the number of BrdU-positive proliferating cells in the hippocampus, and it up-
regulated expression of nestin and Tuj-1. Treating NSC cultures with scutellarin increased the number
of proliferating cells and the proportion of cells differentiating into neurons instead of astrocytes. The
increase in NSC proliferation was associated with phosphorylation of extracellular signal-regulated
kinase (ERK) 1/2, while neuronal differentiation was associated with altered expression of
differentiation-related genes.

Conclusion: Scutellarin may alleviate cognitive impairment in a mouse model of hypoxia by promo-

ting proliferation and neuronal differentiation of NSCs.

W Please cite this article as:

Wang WW, Han JH, Wang L, Bao TH. Scutellarin may alleviate cognitive deficits in a mouse model of hypoxia by promoting proliferation
and neuronal differentiation of neural stem cells. Iran ] Basic Med Sci 2017; 20:272-279; 10.22038/1JBMS.2017.8355

Originally thought to occur only during embryonic
development, neurogenesis in the mammalian central
nervous system (CNS) continues throughout adulthood
(1). During neurogenesis, neural stem cells (NSCs)
differentiate into functionally integrated neurons (2). It
may be possible to treat diseases involving cognitive
defects by stimulating NSC proliferation and neuronal
differentiation. For example, transplanting NSCs into
the hippocampus restores cognitive deficits in a rat
model of Alzheimer's disease (3, 4). Injection of NSCs
into humans, however, raises significant ethical issues.
Therefore researchers are exploring ways to promote
the proliferation and neuronal differentiation of
endogenous NSCs (5).

Scutellarin, a flavonoid in the medicinal herb Erigeron
breviscapus Hand-Mazz (Figure 1A), has shown significant
neuroprotective effects in animal models of Alzheimer’s
disease, Parkinson’s disease and stroke (6-8). Scutellarin
also attenuates neuronal damage induced by a variety of
insults including hypoxia (9-11). How scutellarin exerts
these effects is unclear. The flavonoid crosses the blood-
brain barrier and distributes widely in the brain, where it
reduces vascular resistance and renders the blood-brain
barrier more permeable (12). Another study showed that
scutellarin protects NSCs in a mouse model of multiple
sclerosis, alleviating behavioral deficits (13). The flavonoid
may protect astrocytes against hypoxia/reoxygenation-
induced injury by stimulating neurotrophin synthesis
and release (14). These findings led us to wonder
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whether scutellarin might also protect NSCs against
hypoxia-induced injury.

In the current study, we examined the potential
neuroprotective effects of scutellarin in a mouse model
of hypoxia and in NSC cultures. We provide evidence
that scutellarin may reduce hypoxia-related learning
and memory impairment in mice by enhancing the
proliferation and neuronal differentiation of NSCs.

Antibodies and reagents

Scutellarin (98.6% pure) was purchased from
Shanghai Yuanye Bio-Technology (cat. no. YY90017;
Shanghai, China). Antibody against mouse nestin was
from Covance (cat. no. PRB-315C; New Jersey, USA).
Antibodies against glial fibrillary acidic protein (GFAP;
cat. no. MAB360) or BrdU (cat. no. MAB3510) were
from Millipore (Massachusetts, USA). Antibodies
against total ERK1/2 (cat. no. #4695) or phospho-
ERK1/2 (cat. no. #4370) as well as the compound
U0126 (cat. no #9903) were from Cell Signaling
Technology (Massachusetts, USA). Phosphatase inhibi-
tor cocktail tablets (cat. no. PhosSTOP) was from Roche
Diagnostics (Baden-Wuerttemberg, Germany). Anti-
bodies against Tuj-1 (cat. no. T2200) or Ki67 (cat. no.
AMAB90870), Trizol reagent (cat. no. T9424), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, cat. no. M2128) and RIPA buffer (cat. no. R0278)
were from Sigma Aldrich (Missouri, USA). The following
secondary antibodies were purchased from Invitrogen
(CA, USA): Alexa Flour 488-conjugated donkey anti-
mouse IgG (cat. no. A21202), Alexa Flour 488-
conjugated donkey anti-rabbit IgG (cat. no. A21206),
Alexa Flour 594-conjugated donkey anti-mouse IgG
(cat. no. A21203), and Alexa Flour 594-conjugated
donkey anti-rabbit IgG (cat. no. A21207). DMEM/F-12
(cat. no. 11320-033) and Accutase (cat. no. A11105-01)
were from Gibco (California, USA). Matrigel (cat. no.
354277) was from BD Biosciences (New Jersey, USA).
RevertAid First Strand cDNA Synthesis Kit (cat. no.
K1621) was from Invitrogen (California, USA). SYBR®
Select Master Mix (cat. no. 4472919) was from Applied
Biosystems (California, USA).

Animals and scutellarin treatment

Animal procedures were approved by the
Institutional Animal Care and Use Committee of
Kunming Medical University in accordance with the
guidelines of the National Institutes of Health (NIH
Publication No. 80-23, revised 1996). Adult male
C57BL/6 mice (8 weeks old) were obtained from the
Peking Weitonglihua Laboratory Animal Center
(Beijing, China) and exposed to hypoxia for 2 hr per
day for 7 consecutive days in a chamber filled with
95% nitrogen and 5% oxygen (15). Then animals
were divided into two groups that were injected
intraperitoneally with either scutellarin dissolved in
0.9% saline (50 mg/kg/d) or in 0.9% saline vehicle
for 30 consecutive days (n=10 animals per group).
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The dosage and treatment duration were based on
previous findings (16).

Morris water maze test

At 24 hr after the last injection, cognitive function
was assessed using a Morris water maze test essentially
as described (15, 17), with few modifications. In
addition, 10 healthy mice not exposed to hypoxia were
analyzed as a positive control. A black cylindrical pool
with a diameter of 120 cm was filled with water at 25+1
°C and divided into four equal quadrants. A platform
with a diameter of 4.5 cm was placed in a fixed position
in one quadrant of the pool, at a depth of 1 cm below
the surface. Mice were subjected to four consecutive
trials with a gap of 15 min per day for 5 consecutive
days. In each trial, mice were placed into one of the
four quadrants of the pool, facing the wall. The
mouse was placed into a different quadrant in each
trial. Mice were given 60 sec to find the platform,
then they were allowed to rest on the platform for 20
sec; if a mouse failed to locate the platform within 60
sec, then it was guided to the platform and allowed
to remain there for 20 sec. On day 6, each mouse was
placed in one of the four quadrants (randomly
selected) but with the platform removed, and the
number of times that the animal crossed over the last
location of the platform was measured over 60 sec.

BrdU labeling in vivo and anti-BrdU staining of
hippocampal sections

Immediately after the water maze testing, five
mice previously treated with scutellarin and
subjected to hypoxia, five mice treated with vehicle
and subjected to hypoxia, and five untreated mice
not subjected to hypoxia were injected intraperito-
neally with BrdU dissolved in 0.9% saline (50 mg/
kg) every 2 hr for a total of four injections. At 24 hr
after the last injection, mice were sacrificed. The BrdU
dosing schedule was based on previous findings (18).
Hippocampal brain tissue sections (16 um) from
bregma -0.94 mm to -3.98 mm were prepared and
stained using anti-BrdU antibody as described (13).
First, sections were incubated overnight at 4 °C with
mouse monoclonal anti-BrdU antibody (1:500), follow-
ed by incubation for 1 hr with Alexa Fluor-conjugated
anti-mouse IgG (1:1000). Then sections were counter-
stained with 4,6-diamidino-2-phenylindole. Slides were
analyzed under the fluorescence microscope (Leica
DFC420C, Germany) using Image ] (NIH, Maryland,
USA). The numbers of BrdU-positive cells in the
hippocampus were counted; for each animal, 10-11
sections (0.24 mm apart from each other) were
analyzed; the counting area is depicted in Figure 1E.
Average cell counts per slide were determined (18).

Western blotting of hippocampal sections
Immediately after the water maze testing, the

remaining five mice previously treated with scutellarin

and subjected to hypoxia, five mice treated with vehicle
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and subjected to hypoxia, and five untreated mice not
subjected to hypoxia were sacrificed, and hippocampal
brain tissue was processed as described (19) for
Western blotting. Briefly, tissue was homogenized in
RIPA buffer containing phosphatase inhibitor cocktail
and centrifuged at 12,000 g for 10 min. The supernatant
was collected and total protein concentration was
determined using a BCA assay (CWO0014S, CWBIO,
Beijing, China). The supernatant was denatured by
boiling, fractionated on 8% SDS-PAGE, transferred to
polyvinylidene fluoride membranes, blocked with 5%
bovine serum albumin, and incubated overnight with a
rabbit monoclonal antibody against nestin (1:800),
rabbit monoclonal antibody against Tuj-1 (1:1000), or
mouse monoclonal antibody against B-actin (1:1000).
Membranes were then incubated with a secondary
antibody labeled with horseradish peroxidase (1:2000),
and visualized using standard chemiluminescence. Band
intensity was measured using Image ], and normalized to
the intensity for B-actin.

NSC culture

Cultures of NSCs from the forebrain of embryonic
mice (E14) were prepared as described (20, 21).
Briefly, forebrain samples were digested with 0.05%
trypsin-EDTA for 10 min at 37 °C, and cells were
plated onto 12-well plates in Dulbecco's Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
containing the following: 1% non-essential amino
acid solution (NEAA), 2 mM GlutaMAX, 0.1 mM 2-
mercaptoethanol, 2 mM PenStrep, 4 mM B27, 20
ng/ml epidermal growth factor (EGF) and 20 ng/ml
basic fibroblast growth factor (bFGF). The culture
medium (200 pl) was replaced each day. Typically at
7 days after plating, primary spheres were treated
with 400 pl Accutase (22) for 5 min at 37 °C. Cells
were replated into 12-well plates at a density of 2.0 x
105 cells/well and passaged every 48 hr. Cells that
had been passaged more than 5 times were cultured
in DMEM/F12 containing the following: 1% NEAA, 2
mM GlutaMAX, 0.1 mM 2-mercaptoethanol, 4 mM
B27, 20 ng/ml EGF, 10 ng/ml bFGF, 50% Neuronal
Base and 1% BSA. These cells were used in all
further experiments. Their identity as NSCs was
confirmed based on positive staining for the
intermediate filament protein nestin (23).

Effects of scutellarin on NSC proliferation in vitro
NSCs in 96-well plates were exposed to
scutellarin (1, 5, 10, 30, 50, or 100 uM) or DMSO
vehicle for 48 hr, then processed in the MTT assay.
Optical density values (reflecting numbers of viable
cells) were normalized to that in the DMSO group.
Suspension cultures in 12-well plates (2.0 x 105
cells/well) were exposed to scutellarin (30 pM) or
DMSO vehicle for 48 hr, cells were photographed and
counted using a hemocytometer. Relative growth
was calculated as the number of cells counted,
divided by the initial number. Adherent cultures in

12-well plates (2.0 x 105 cells/well) were exposed to
scutellarin (30 uM) or DMSO vehicle for 48 hr, fixed
and stained as described (24) with an antibody
against Ki67 to label cells progressing through the
cell cycle, followed by an antibody against nestin to
confirm NSC identity. Briefly, cells were fixed with
4% paraformaldehyde, incubated overnight with
mouse monoclonal antibody against Ki67 (1:1000)
as well as a rabbit polyclonal antibody against nestin
(1:1000), followed by an Alexa Fluor-conjugated
secondary antibody (1:1000). In parallel, adherent
cultures were exposed to scutellarin or DMSO vehicle
for 44 hr, then BrdU solution (10 mg/ml) was added
to each well, and cultures were incubated a further 4
hr in the dark. Cells were fixed and stained as
describ-ed above but with a mouse primary
monoclonal antibody against BrdU (1:500) to label
DNA-synthesi-zing cells, followed by the anti-nestin
antibody. Stained cells were counted under a
fluorescence microscope (DFC420C, Leica, Wetzlar,
Germany) using Image ] (NIH, Maryland, USA).

To examine the possible involvement of ERK1/2
in scutellarin-induced effects on NSC proliferation,
NSCs were co-cultured with ERK1/2 inhibitor U0126
(3 uM) and scutellarin for 48 hr. Proliferation was
examined using immunostaining against BrdU and
nestin as described above.

Effects of scutellarin on neuronal differentiation of
NSCs in vitro

NSCs were seeded into Matrigel-coated 24-well
plates (5.0 x 10% cells/well) and cultured for 3 days in
differentiation medium: DMEM/F12 supplemented
with 50% Neuronal Base, 0.5% fetal bovine serum
(FBS), 2 mM GlutaMAX, and 4 mM B27. Cells were
treated with scutellarin (30 uM) or DMSO vehicle for 48
hr, then their differentiation into neuronal and
astrocyte lineages was examined by staining cells as
described above with rabbit polyclonal antibody
against neuronal class Il B-tubulin (Tuj-1, 1:1000) to
label neuronal lineages, or with mouse monoclonal
antibody against glial fibrillary acidic protein (GFAP,
1:1000) to label astrocyte lineages.

In another set of experiments, real-time quantitative
PCR (RT-qPCR) was used to analyze expression
of nestin and the differentiation-related, basic helix-
loop-helix (bHLH) transcription factors neurogenin 1
(Ngn1) and enhancer of split 1 (Hes1) in NSCs treated
with scutellarin (30 uM) or DMSO vehicle for 48 hr.
Total RNA was extracted using Trizol, and used to
prepare cDNA with the Revert Aid First Strand
cDNA Synthesis Kit. Levels of target mRNAs were
quantified using primers designed with NetPrimer
(www.premierbiosoft.com/netprimer) (25) or taken
from the literature (15), SYBR® Select Master Mix and
40 cycles of amplification in an ABI 7300 thermocycler.
The following primers were used: nestin forward, 5’-
GCTTCGGCAGCACATATACTAAAAT-3"; nestin reverse,
5-TTGGCTCCACCCTTCAAGTG-3"; Ngn1 forward, 5'-GA-
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CCTGCATCTCTGATCTCGAC-3"; Ngn1 reverse, 5'-ATTC-
GATGCCCCGGAGAGG-3"; Hes1 forward, 5-AGAGGCG-
AAGGGCAAGAATAAAT-3'; Hes1 reverse, 5’-CCGGGAGC-
TATCTTTCTTAAGTG-3"; GAPDH forward, 5'-GCTTCGG-
CAGCACATATACTAAAAT-3'; GAPDH reverse: 5'-TTGG-
CTCCACCCTTCAAGTG-3'". The 2-24CT method of relative
quantification was applied, with levels of GAPDH mRNA
serving as an internal control.

In a third set of experiments, Western blotting was
used to examine levels of nestin, Tuj-1, total ERK1/2
and phospho-ERK1/2 in NSCs treated for 48 hr with
DMSO, scutellarin (30 uM), or the combination of
scutellarin and U0126. Cultures were processed and
blotted as described above for total hippocampal
lysates. The primary antibody against total ERK1/2 was
rabbit polyclonal (1:1000); the antibody against
phospho-ERK1/2 was rabbit monoclonal (1:2000).

Statistical analysis

Data were expressed as the mean+SD and
compared between groups using Student's t test or
ANOVA, followed by the LSD test for pairwise
comparisons. The threshold of statistical significance
was defined as P<0.05. Each condition was measured
in triplicate (or more) in each experiment.

Scutellarin alleviates cognitive deficits in mice
exposed to hypoxia

As expected, hypoxia exposure resulted in
significant cognitive deficits, which were detectable
using the Morris water maze test. Hypoxia significantly
prolonged the time needed to escape onto the platform
(escape latency) on day 4 (43.80+3.27 vs 28.80+3.03
sec; P<0.01) and day 5 (37.60+2.41 vs 19.67+2.28 sec;
P<0.01; Figure 1C). It also significantly reduced the
number of times within a pre-specific period that the
animals crossed over the area where the platform had
been (1.40+0.54 vs 4.60+1.14; P<0.01; Figure 1D).

Scutellarin treatment attenuated these cognitive
deficits, significantly shortening escape latency on day 4
(38.78+1.92 vs 43.80+3.27 sec; P<0.05) and day 5
(23.80+3.89 vs 37.60£2.41 sec; P<0.01; Figure 1C). It
also increased the number of times that animals
crossed over the area where the platform had been
(2.80£0.83 vs 1.40+0.54; P<0.05; Figure 1D).

Scutellarin promotes cell proliferation in the
hippocampus of mice exposed to hypoxia

As expected, hypoxia exposure decreased the
number of BrdU-positive cells in the hippocampus
(4.20£1.09 vs 12.60+3.36; P<0.01; Figure 1E-F).
Scutellarin treatment of animals exposed to hypoxia
resulted in a higher number of BrdU-positive cells than in
healthy controls never exposed to hypoxia (17.00+2.74
vs. 12.60£3.36; P<0.05).

Scutellarin increases expression of nestin and Tuj-1
in hippocampus of mice exposed to hypoxia
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Figure 1. Scutellarin alleviates cognitive deficits in mice exposed
to hypoxia, and these effects involve NSC proliferation and
neuronal differentiation

(C) Escape latency assessed over 5 days in the Morris water maze
test (n=10 per group). *P<0.05, **P<0.01 vs hypoxia; ## P<0.01 vs
healthy controls

(D) Number of crossings over the platform on day 6 in the Morris
water maze test (n=10 per group). * P<0.05 vs hypoxia; ## P<0.01
vs healthy controls

(E) Evaluation of cell proliferation in the hippocampus based on
anti-BrdU antibody staining. The counting area is indicated in
gray. Arrows indicate BrdU-labeled cells.

(F) Quantitative analysis of the numbers of BrdU-positive cells in
hippocampus (n=5 per group). ** P<0.01 vs. hypoxia; # P<0.05,
## P<0.01 vs healthy controls

(G) Western blotting of hippocampal lysates with antibodies
against nestin and Tuj-1

(H) Quantitative analysis of Western blots like those in panel G (n=
5 per group). Hypoxia decreased the expression of Nestin and Tuj-
1, and scutarellin attenuated these effects . * P<0.05, ** P<0.01 vs
hypoxia; ## P<0.01 vs healthy controls

Hypoxia reduced levels of nestin protein in the
hippocampus (0.42+0.03 vs 0.50+0.04; P<0.01), and
scutellarin treatment significantly increased this level
(0.73+£0.03 vs 0.42+0.03; P<0.01; Figure 1G-H). Similar
results were observed with Tuj-1 after hypoxia alone
(0.46+0.03 vs 0.86+0.03; P<0.01) and after hypoxia
followed by scutellarin (0.52+0.05 vs 0.46+0.03; P<0.05;
Figure 1G-H).

Scutellarin promotes NSC proliferation in vitro

To assess whether scutellarin has overall positive or
negative effects on NSCs, we exposed NSC cultures to
various concentrations of the flavonoid (1, 5, 10, 30, 50,

275



276

Wang et al

Scutellarin effects on NSCs

- — ®
20 A e e°®
= L
A E C A~ o ® Y q
3! . 8, ° q
8, e*.. @ ) ®
8 v o @’ J
L i @ . ® 9 ® L
« .. ‘o e .94
Vehicle scu
B 60 D 3.0

a2 @
& 8

% neuralspheres
> 100 pm
N @
8 8

Relative growth

> 3

Vehicle Vehicle

Figure 2. Scutellarin promotes NSC viability and growth

(A) NSCs were incubated with scutellarin (SCU) at various
concentrations for 48 hr. NSC viability was assessed using the
MTT assay (n=5 per group). ** P<0.01, * P<0.05 vs vehicle; ##
P<0.01 vs 30 pM SCU

(B) Bright-field images of dissociated neurospheres cultured for
48 hr in passaging medium.

(C) The proportion of total neurospheres with diameters >100 pm
was counted. * P<0.05 vs vehicle

(D) Relative growth of NSCs (n=5 per group). * P<0.05 vs vehicle

100 pM) and examined the changes in numbers of
viable cells using the MTT assay. Doses of 10, 30, and 50
UM led to larger numbers of viable cells than those
observed after vehicle treatment, with the 30 uM dose
showing the best results (Figure 2A). Therefore, this
dose was used in subsequent experiments. This was
even higher than the relative proliferation index of 1.97
observed for positive control cultures incubated with
20 ng/ml bFGF instead of scutellarin.

The proportion of neurospheres that had diameters
>100 pm was significantly larger after scutellarin
treatment than after vehicle treatment (47.39+18.68%
vs 29.89+15.33%; P<0.05; Figure 2B-C). In addition,
relative proliferation of NSCs was significantly greater
after scutellarin treatment (2.43+0.78 vs 1.32+0.64;
P<0.05; Figure 2D).

This increased proliferation correlated with an
increased number of cells progressing through the cell
cycle. Scutellarin increased the percentage of nestin-
positive cells that were also positive for BrdU
(60.07£7.41% vs 42.64+7.86%; P<0.01; Figure 3A-B).
Similarly, it increased the percentage of nestin-positive
cells that were also positive for Ki67 (75.32+8.65% vs
62.91+8.21%; P<0.05; Figure 3A-B).

These observed increases in NSC proliferation
correlated with increases in levels of nestin mRNA
measured using RT-qPCR. Scutellarin-treated
cultures showed significantly higher levels of this
mRNA than vehicle-treated cultures (1.43+0.26 vs
1.02+0.25; P<0.05; Figure 3C). Similar results were
obtained at the level of nestin protein, based on
Western blot analysis (Figure 3D-E).
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Figure 3. Scutellarin promotes NSC proliferation

(A) Cultured NSCs were stained with anti-nestin antibody and
then additionally stained with antibody against Ki67 to detect
active growth or antibody against BrdU to detect DNA synthesis
(B) Quantitative analysis of NSC proliferation (n=5 per group)
* P<0.05, ** P<0.01 vs vehicle

(C) RT-qPCR analysis of nestin mRNA levels (n=3 per group)
* P<0.05 vs vehicle

(D) Western blotting of cell lysates with antibody against nestin.
(E) Quantitative analysis of nestin protein levels in lysates (n=3
per group). * P<0.05 vs vehicle

Scutellarin promotes NSC proliferation by
activating the ERK pathway

Treating NSC cultures with scutellarin increased
the ratio of phospho-ERK1/2 to total ERK1/2
(0.71+0.12 vs 0.53%0.05; P<0.05; Figure 4A-B), and
this increase was reversed by including the ERK1/2
inhibitor U0126 (0.54+0.08 vs 0.71+0.12; P<0.05;
Figure 4A-B). Furthermore, including this inhibitor
reduced the percentage of nestin-positive cells that
were also positive for BrdU (46.18+7.29% vs
60.07+7.41%; P<0.05; Figure 4C-D).

Scutellarin promotes neuronal differentiation of NSCs
by altering expression of bHLH transcription factors
Scutellarin increased the percentage of cultured
cells positive for Tuj-1 (14.68+2.73% vs. 10.18+1.63%;
P<0.05; Figure 5A-B) and concomitantly decreased
the percentage of cells positive for GFAP (59.22+6.73%
vs 71.67+4.46%; P<0.01; Figure 5A-B). The increased
percentage of Tuj-1-positive cells correlated with
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Figure 4. The ERK1/2 pathway may be involved in scutellarin-
induced NSC proliferation

(A) NSCs were treated with vehicle, scutellarin (SCU) or the
combination of scutellarin and ERK1/1 inhibitor U0126 (S+U).
Lysates were blotted using antibodies against total ERK1/2
(T-ERK1/2) or phospho-ERK1/2 (P-ERK1/2)

(B) Quantitative analysis of Western blots like that in panel A
(n=3 per group). SCU increased the ratio of P-ERK1/2 to T-
ERK1/2, which U0126 attenuated. *P<0.05 vs vehicle; #P<0.05 vs
scutellarin

(C) NSCs were stained with antibodies against BrdU and nestin.
(D) Quantitative analysis of NSC proliferation (n=3 per group)
** P<(0.01 vs vehicle; # P<0.05 vs SCU

higher levels of Tuj-1 in Western blots (Figure 5C-D).
The observed increase in Tuj-1 expression also
correlated with higher levels of Ngn1 mRNA (0.41+0.06
vs. 0.34+0.02; P < 0.05) and lower levels of Hes1 mRNA
(0.29+0.05 vs. 0.37+0.02; P < 0.01; Figure 5E).

NSCs, located predominantly in the hippocampus
and subventricular zone of the adult brain (3, 26), can
be induced to proliferate and differentiate in response
to various physiological and pathophysiological
conditions (27, 28). This may provide a strategy for
regenerating neuronal tissue lost as a result of injury or
neurodegenerative disease (15, 29). Here we provide in
vivo evidence that scutellarin can alleviate hypoxia-
induced cognitive impairment, and we provide
evidence both in vivo and in vitro that these therapeutic
effects involve the ability of the flavonoid to stimulate
the proliferation and neuronal differentiation of NSCs in
the hippocampus.

Hypoxia exposure can induce cognitive deficits by
decreasing neurogenesis in the hippocampus (30-32);
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Figure 5. Scutellarin promotes neuronal differentiation of NSCs
(A) NSCs were treated with SCU in differentiation medium for 3
days, and then stained with Tuj-1 and GFAP

(B) SCU increased the percentage of cells positive for Tuj-1 and
decreased the percentage of cells positive for GFAP (n=3 per
group). * P<0.05, ** P<0.01 vs vehicle

(C) Lysates from differentiated cells were analyzed by Western
blotting with antibody against Tuj-1

(D) Quantitative analysis of blots like those in panel C (n=3 per
group). * P<0.05 vs vehicle

(E) RT-PCR analysis of levels of mRNAs encoding Ngn1 and Hes1
(n = 3 per group). * P< 0.05, ** P<0.01, » P>0.05 vs vehicle

Nucleus Tug-1 4
Nestin™

p-ERK1/24

p-ERK1/24

Figure 6. A mechanistic model for how scutellarin may increase NSC
viability and promote growth and proliferation Scutellarin may induce
phosphorylation of ERK1/2, which then travels to the nucleus to
influence expression of genes related to proliferation and
differentiation, including genes encoding bHLH transcription factors

consistent with this, animals in our study exposed to
hypoxia showed fewer BrdU-positive cells in the
hippocampus than controls. This decrease in
neurogenesis correlated with delayed escape latency
and fewer platform crossings. Scutellarin was able to
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alleviate all these effects. Our findings in this animal
model of hypoxia extend previous work showing that
scutellarin can protect cultured neurons against oxygen
and glucose deprivation (10), as well as alleviate
apoptosis resulting from cerebral hypoxic-ischemic
injury (6).

The MAPK signaling pathway is a critical regulator
of NSCs (33), and up-regulation of ERK1/2 correlates
with NSC proliferation (34, 35). Therefore we asked
whether similar ERK1/2 up-regulation may help
mediate the observed effects of scutellarin on NSC
proliferation. We found that scutellarin increased the
ratio of phospho-ERK1/2 to total ERK1/2 ratio, as well
as the proportion of nestin-positive cells that were also
positive for BrdU. Both effects were blocked by the
ERK1/2 inhibitor U0126, suggesting that ERK1/2
activation contributes to the observed effects of
scutellarin on NSCs (Figure 6).

During neurodevelopment, bHLH transcription
factors help determine whether NSCs differentiate and
if so, whether they differentiate into neurons or
astrocytes (36). Activator-type bHLH factors such as
Ngnl promote neuronal differentiation of NSCs;
repressor-type bHLH factors such as Hesl promote
NSC proliferation (37). Interaction between the two
types of DbHLH transcription factors determines
whether NSCs remain as NSCs or differentiate (38). In
our NSC cultures, scutellarin up-regulated Ngnl and
down-regulated Hes1, consistent with the idea that
scutellarin may induce neuronal differentiation of NSCs
by altering the expression of bHLH transcription factors
(Figure 6).

Here we provide evidence that scutellarin may
attenuate cognitive deficits induced by hypoxia, and
that it may do so by promoting the proliferation and
neuronal differentiation of NSCs. Our preliminary
mechanistic studies suggest at least two molecular
processes that may underlie these effects: activation of
the MAPK signaling pathway and regulation of bHLH
transcription factors.
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