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Maternal diabetes induces neural tube defects by suppressing neurogenesis in the developing neuroepithelium.
Our recent study further revealed that high glucose inhibited embryonic stem cell differentiation into neural
lineage cells. However, the mechanism whereby high glucose suppresses neural differentiation is unclear. To
investigate whether high glucose-induced oxidative stress and endoplasmic reticulum (ER) stress lead to the
inhibition of neural differentiation, the effect of high glucose on neural stem cell (the C17.2 cell line) differ-
entiation was examined. Neural stem cells were cultured in normal glucose (5 mM) or high glucose (25 mM)
differentiation medium for 3, 5, and 7 days. High glucose suppressed neural stem cell differentiation by
significantly decreasing the expression of the neuron marker Tuj1 and the glial cell marker GFAP and the
numbers of Tuj1+ and GFAP+ cells. The antioxidant enzyme superoxide dismutase mimetic Tempol reversed
high glucose-decreased Tuj1 and GFAP expression and restored the numbers of neurons and glial cells dif-
ferentiated from neural stem cells. Hydrogen peroxide treatment imitated the inhibitory effect of high glucose
on neural stem cell differentiation. Both high glucose and hydrogen peroxide triggered ER stress, whereas
Tempol blocked high glucose-induced ER stress. The ER stress inhibitor, 4-phenylbutyrate, abolished the
inhibition of high glucose or hydrogen peroxide on neural stem cell differentiation. Thus, oxidative stress and
its resultant ER stress mediate the inhibitory effect of high glucose on neural stem cell differentiation.
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Introduction

H igh glucose of pregestational maternal diabetes
mellitus affects embryonic development by inducing

structural birth defects, including neural tube defects (NTDs)
and congenital heart defects [1–4]. Studies have demon-
strated that either delayed or advanced neurogenesis (neuron
differentiation) from the neural stem cells-contained neu-
roepithelium results in NTDs [5,6]. Maternal diabetes delays
neurogenesis in the developing neuroepithelium leading to
NTD formation [7]. Our recent study using an in vitro model
further demonstrated that high glucose suppressed embryonic
stem cell differentiation into neural lineage cells [8]. However,
the mechanism underlying high glucose-suppressed neural
lineage differentiation from stem cells is still unknown.

During murine neurulation from embryonic day 8.0 (E8.0)
to E10.0, the first neuron is differentiated from neural stem
cells in the developing neuroepithelium [7]. High glucose
specifically affects the ontogeny of neuron during neurulation
[7,9]. Thus, the in vitro process of neural stem cell differen-
tiation into neural lineage would closely reflect the in vivo

condition. The multipotent C17.2 neural stem cells are new-
born mouse cerebellar progenitor cells [10]. When C17.2 cells
are transferred into the mouse cerebellum, they are integrated
into the cerebellum and differentiated into neurons or glial
cells in a manner appropriate to their site of engraftment [10].
Further evidence supports the notion that the C17.2 stem cell
line is a suitable model in studying the effect of high glucose
on neural differentiation. High glucose mimics maternal dia-
betes in vivo in inducing oxidative stress and endoplasmic
reticulum (ER) stress in C17.2 cells [11]. High glucose of
maternal diabetes induces an intracellular redox imbalance
involving the overproduction of reactive oxygen species
(ROS) and a low antioxidant enzyme capacity [8,12,13].
Oxidative stress mediates the detrimental effects of high glu-
cose on the developing embryo and cultured cells [4,8,14–17].
However, the contribution of oxidative stress to high glucose-
suppressed neural differentiation has not yet been evaluated.

The primary function of ER is to correctly fold the newly
synthesized proteins into proper three-dimensional structures.
Under cellular stress conditions, ER function is perturbed, and
unfolded proteins are accumulated leading to the activation of
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unfolded protein responses (UPRs) and ER stress [18]. Our
previous studies have revealed that the major UPR pathways,
the inositol-requiring enzyme 1a (IRE1a) pathway and the
protein kinase RNA–like ER kinase (PERK), are activated, and
ER stress is manifested in the neuroepithelium of embryos ex-
posed to maternal diabetes and high glucose-treated neural stem
cells [11,16,17]. Further studies have determined the causal
relationship between oxidative stress and ER stress in mediating
the adverse effect of high glucose [19]. Thus, ER stress may
play an important role in high glucose’s inhibition on neural
stem cell differentiation.

In the present study, we investigated the effect of high
glucose on neural stem cell differentiation and evaluated the
contribution of oxidative stress and ER stress to this process.
Our study revealed that high glucose suppressed neural stem
cell differentiation into neurons and glial cells through ox-
idative stress and oxidative stress-induced ER stress.

Materials and Methods

Cell lines and culture medium

The C17.2 cell line from the European Collection of Cell
Culture is mouse-derived multipotent neural stem cells
isolated from the cerebellum and immortalized by the avian
myelocytomatosis viral-related myc oncogene transfection
[10]. C17.2 cells were maintained in DMEM supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin. All cells were cultured at 37�C in
a humidified atmosphere of 5% CO2.

Neural stem cell differentiation

Neural differentiation of C17.2 cells was described previ-
ously [19]. Briefly, 1 day after seeding, cells were changed to the
differentiation medium (DMEM: F12 medium; Thermo Sci-
entific) supplemented with N2 supplement (Thermo Scientific)
with nerve growth factors (10 ng/mL; Cell signaling) and brain-
derived neurotrophic factors (10 ng/mL; Cell signaling). The
differentiation medium was changed every 3 days. C17.2 cells
were treated with normal glucose (5 mM glucose) or high glu-
cose (25 mM glucose). Cells were harvested at different dif-
ferentiation days for specific analyses. To mimic high glucose-
induced oxidative stress, H2O2 (Sigma) was added into the
culture medium at final concentration of 5 and 10mM. Tempol
(4-Hydroxy-TEMPO) is a synthetic compound that mimics the
antioxidant capability of superoxide dismutase (SOD) enzyme
to reduce oxidative stress. Tempol (100mM) was added into
the cells to inhibit high glucose-induced oxidative stress. 4-
phenylbutyric acid (4-PBA), which is currently used to treat
human urea cycle disorders, is a chemical chaperone that pre-
vents misfolded protein aggregation and alleviates ER stress. In
present study, 4-PBA (2 mM) was used to treat cells.

RNA extraction and real-time quantitative PCR

Total RNA was isolated from cells using the TRIzol re-
agent (Ambion) and reverse transcribed using the QuantiTect
Reverse Trancription Kit (Qiagen). Real-time quantitative
PCR (RT-qPCR) for GFAP, Tuj1, and b-actin was performed
using the Maxima SYBR Green/ROX qPCR Master Mix
assay (Thermo Scientific). RT-qPCR and subsequent calcu-
lations were conducted on the StepOnePlus� Real-Time
PCR System (Applied Biosystem). Primer sequences used in

RT-qPCR were as follows: Tuj1 F, GAATGACCTGGTGTCC
GAGT, Tuj1 R, CAGAGCCAAGTGGACTCACA, GFAP F,
CACGAACGAGTCCCTAGAGC, GFAP R, TCACATCA
CCACGTCCTTGT, b-actin F, GTGACGTTGACATCCGT
AAAGA, b-actin R, GCCGGACTCATCGTACTCC.

Western blotting analysis

Equal amount of proteins from different experimental groups
was separated by sodium dodecyl sulfate polyacrylamide
(SDS-PAGE) gel electrophoresis and transferred onto the
Immobilon-P membranes (Millipore). Membranes were incu-
bated in 5% nonfat milk for 45 min at room temperature and
then incubated for 18 h at 4�C with the following primary an-
tibodies in 5% nonfat milk: the Tuj1 antibody and the GFAP
antibody. Membranes were then exposed to the goat anti-rabbit
or anti-mouse secondary antibodies. To confirm that equivalent
amounts of protein were loaded among samples, membranes
were stripped and probed with the mouse antibody against
b-actin. Signals were detected using the SuperSignal West
Femto Maximum Sensitivity Substrate Kit (Thermo Scientific).
All experiments were repeated three times using independently
prepared cell lysates. The following antibodies were used in the
western blot: Tuj1 (1:1,000) and b-actin (1:5,000) from Abcam
and GFAP, BiP, CHOP, p-PERK, PERK, p-IRE1a, IRE1a
from the Cell Signaling Technology at dilution of 1:1,000.

Immunostaining

Cells were seeded on four-well chamber slides (Thermo
Scientific) at a density of 3 · 105/well. After differentiation,
cells were fixed with 4% paraformaldehyde (PFA) for 10 min
at room temperature, washed twice with PBS, blocked with
10% normal donkey serum (Sigma-Aldrich) for 1 h and in-
cubated with primary antibodies at 4�C overnight, and fol-
lowed by Alexa Fluor 594-conjugated donkey anti-rabbit
IgG ( Jackson ImmunoResearch Laboratories) for 1 h at
room temperature. Cell nuclei were counterstained by 4¢,6-
diamidino-2-phenylindole (DAPI; Life Technologies). The
number of positively stained cells was quantified by the
ImageJ software (NIH, Rockville, MD).

Flow cytometry analysis

One million cells per experimental group were harvested and
processed by the Fixation/Permeabilization Kit (BD biosci-
ence). Then, cells were incubated with APC mouse anti-GFAP
(BD bioscience) and anti-Tuj1 (Cell signaling) at room tem-
perature for 20 minutes in dark and followed by the incubation
with the secondary Alexa Fluor 488 donkey anti-mouse IgG
antibody (Jackson ImmunoResearch Laboratories). Cells were
washed twice using the staining wash buffer (BD bioscience).
APC and FITC Mouse IgG1, K isotype control (BD bioscience)
were used to exclude false positive events during fluorescence-
activated cell sorting analysis. Samples were analyzed within
1 h. All experiments were performed three times.

TUNEL assay

The TUNEL assay was performed using the ApopTag
Fluorescein Direct In Situ Apoptosis Detection Kit (Millipore)
as previously described [2,7,9,16,17,20]. Briefly, C17.2 cells
cultured in differentiation medium containing NG or HG for
7 days were fixed with 4% PFA in PBS and incubated with
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TUNEL reaction agents. After TUNEL staining, cells were
counterstained with DAPI. TUNEL-positive cells from five
random microscopic fields (*200 cells) were counted. The
percentage of TUNEL-positive cells versus DAPI labeled total
cells was calculated.

Cell counting and measurement of neurite
outgrowth

Cells were counted from the randomly chosen micro-
scopic fields across the culture areas. Tuj1- or GFAP-
immunostained and DAPI-counterstained cells were counted

in at least five random areas of each culture wells. The ratios of
Tuj1+/DAPI cells or GFAP+/DAPI cells were calculated. The
group differences were analyzed, and P < 0.05 was considered
significant. The data are presented as the mean – standard error
(SE) from three independent experiments.

Cells on the polylysine-coated 4-chamber slides were fixed
with PFA and immunostained with the Tuj1 antibody, as
described above. The Tuj1+ cells were photographed using
the Nikon N1 microscope. The length of primary neurite was
defined as the distance from the soma to the tip of the longest
branch, and the measurement of neurite length was performed
using the ImageJ software (NIH-http//rsb.Info.nih.gov/ij/).

FIG. 1. High glucose inhibits
neural stem cell differentia-
tion. C17.2 cells were treated
by NG (5 mM) or HG (25 mM)
in neural differentiation me-
dium for 3, 5, and 7 days.
Protein levels of Tuj1 (A) and
GFAP (B) determined by im-
munoblotting. The quantifica-
tion of the data was shown in
the bar graph. mRNA level of
Tuj1 (C) and GFAP (D) de-
termined by RT-qPCR. Im-
munostaining of Tuj1 (E) or
GFAP (F) in cells treated by
normal glucose or high glucose
and quantification for numbers
of Tuj1 or GFAP positive cells.
C17.2 cells cultured in differ-
entiation medium for 7 days
and dual-labeled with TUNEL
and Tuj1 (G). Bars = 100mm
for (E, F); 50mm for (G). Ex-
periments were repeated three
times (n = 3). Values are the
mean – SE from three separate
experiments. *Indicates sig-
nificant differences (P < 0.05)
compared to the normal glu-
cose (5 mM) group. HG, high
glucose; NG, normal glucose;
RT-qPCR, real-time quantita-
tive PCR. Color images avail-
able online at www.liebertpub
.com/scd
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Statistics

Data are presented as mean – standard error (SE). Each set
of experiments was repeated independently at least three
times. Statistical differences were evaluated by one-way
ANOVA for Figures 1 and 4 using the Sigma Stat 3.5 software
or by two-way ANOVA for Figures 2, 3, and 5–7 using SPSS
software. For one-way ANOVA, a Tukey test was used to
estimate the significance of the data, with P < 0.05 indicative of
statistical significance. In the control group (5 mM glucose
group), we calculated the ratio of the Tuj1 or GFAP expression
levels versus beta-actin levels (the internal control). The mean
value and standard deviation were computed from the three
values of the ratios generated in three independent repeated
experiments. In the experimental groups, the mean value and
standard deviation from three repeated experiments were cal-
culated with the same way as described for the control
group. After that, the values in all groups were normalized to
the control (the 5 mM glucose group); therefore, the value in
the control group was set to 1 with the error bars.

Results

High glucose inhibits neural stem cell differentiation

C17.2 cell can differentiate into either neuron or glial
cells. Under normal glucose conditions, the expression of
the neural marker Tuj1 and the glial cell marker GFAP was
robustly detected at day 3 and day 7 (Fig. 1A, B) of dif-
ferentiation. The comparison of Tuj1 or GFAP protein levels
in cells cultured in normal glucose (NG) medium and high
glucose (HG) medium indicated that high glucose signifi-
cantly inhibited both Tuj1 and GFAP expression (Fig. 1A,
B). Consistently, mRNA levels of Tuj1 and GFAP gradually
increased during the course of neural differentiation under
normal glucose conditions, whereas high glucose signifi-
cantly inhibited Tuj1 and GFAP mRNA expression (Fig. 1C,
D). Furthermore, high glucose decreased the numbers of
Tuj1 positive neurons and GFAP positive glial cells
(Fig. 1E, F). Collectively, high glucose suppresses the dif-
ferentiation of neural stem cells into neurons and glial cells.

FIG. 2. Oxidative stress me-
diates the inhibitory effect of
high glucose on neural differ-
entiation. An antioxidant re-
verses high glucose-inhibited
neural differentiation. C17.2
cells were differentiated at NG
(5 mM) or HG (25 mM), with
or without Tempol (100mM)
for 5 and 7 days. Tempol stock
solution (100 mM) was pre-
pared by dissolving in water.
During cell differentiation,
Tempol was added to the dif-
ferentiating C17.2 cells at a
final concentration of 100mM.
Same volume of vehicle was
added into the controls. Protein
levels of Tuj1 (A) and GFAP
(B) determined by immu-
noblotting. The quantification
of the data was shown in the
bar graph. Immunostaining of
Tuj1 (C) or GFAP (D) in the
NG, NG plus Tempol, HG,
HG plus Tempol groups and
quantification for numbers of
Tuj1 or GFAP positive cells.
Bars = 100mm. All experi-
ments were repeated three
times (n = 3). Values are the
mean – SE from three separate
experiments. *Indicates sig-
nificant differences (P < 0.05)
compared to the normal glu-
cose (5 mM) group. Color
images available online at
www.liebertpub.com/scd
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C17.2 cells cultured in NG or HG differentiation medium
for 7 days were dual-labeled with TUNEL and Tuj1 im-
munostaining, which showed that HG triggered cell apo-
ptosis and that apoptosis occurred in the nondifferentiated
cells, and no apoptosis was observed in differentiated Tuj1+

cells (Fig. 1G), suggesting that neural progenitor cells are
more sensitive to HG-induced oxidative stress. Because
Tuj1+ and GFAP+ cells were counted as percentages against
total cell numbers at time of measurement, it appears that
apoptosis in nondifferentiated cells does not contribute to
the impaired neural lineage differentiation.

An antioxidant blocks the inhibitory effect of high
glucose on neural stem cell differentiation

Our previous studies have demonstrated that maternal
diabetes in vivo and high glucose in vitro trigger a sustained
generation of ROS, leading to intracellular oxidative stress
that contributes to the adverse effects of high glucose on

neural development [3,4,9,14,21,22]. To explore whether
high glucose-induced oxidative stress mediates the inhibi-
tory effect of high glucose on neural differentiation, C17.2
cells were treated with the SOD mimetic Tempol. Tempol
did not affect Tuj1 and GFAP expression under normal
glucose conditions (Fig. 2A, B). However, Tempol treat-
ment partially restored high glucose-suppressed Tuj1 and
GFAP protein levels (Fig. 2A, B). Moreover, the numbers of
Tuj1 positive neurons and GFAP positive glial cells were
restored to the levels of those in the normal glucose con-
ditions when Tempol was added into the high glucose group
(Fig. 2C, D). Thus, these findings indicate that high glucose
inhibits neural differentiation through oxidative stress.

To further analyze the effect of Tempol on neural stem cell
differentiation, flow cytometry analysis was used to determine
the number of differentiated cells after treatment with high
glucose and Tempol. As expected, the frequencies of both Tuj1
positive and GFAP positive cells were decreased by high
glucose (Fig. 3A–C). Tempol treatment reversed the reduction

FIG. 3. FACS analysis indicates Tempol blockage on high glucose-induced neural cell differentiation. Tuj1 frequency (A)
and GFAP frequency (B) in the NG, NG plus Tempol, HG, and HG plus Tempol groups were analyzed with FACS. (C)
Quantification of Tuj1 frequency and GFAP frequency for each group. The data are presented as mean – SE from three
independent experiments. *Indicates significant differences (P < 0.05) compared to the control group (NG+Tempol). FACS,
fluorescence-activated cell sorting. Color images available online at www.liebertpub.com/scd
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of both Tuj1 positive and GFAP positive cell numbers under
high glucose conditions (Fig. 3A–C). Together, these data
suggested that high glucose mediates suppression of neural
differentiation through oxidative stress.

Hydrogen peroxide inhibits neural stem cell
differentiation

To test whether ROS inhibits neural differentiation, C17.2
cells were treated with H2O2. Although H2O2 at a low concen-
tration (5mM) did not affect Tuj1 and GFAP expression (Fig. 4A,

B), 10mM H2O2 treatment significantly decreased the protein
levels of Tuj1 and GFAP in Day 7 of differentiation (Fig. 4A, B).

Immunostaining revealed that the Tuj1-positive cell num-
ber in the H2O2 group was significantly lower than that in
control group (Fig. 4C, D). In addition, the neurite length in
the H2O2 group was significantly shorter than that in the
control group (Fig. 4E). Flow cytometry analysis further
revealed that both Tuj1+ and GFAP+ cell numbers were
significantly reduced after H2O2 treatment (Fig. 4F, G).
Thus, H2O2 mimics the inhibitory effect of high glucose on
neural stem cell differentiation.

FIG. 4. H2O2 inhibits neural differentiation. H2O2 was added into differentiating C17.2 cells for 5 or 7 days. Protein levels of
Tuj1 (A) and GFAP (B) determined by immunoblotting. The quantification of the data was shown in the bar graph below. (C)
Immunostaining of Tuj1 in the NG and NG plus H2O2 groups. Bars = 100mm. (D) Quantification of Tuj1 positive cell number.
(E) Quantification of the neurite length of neurons. Flow cytometry analysis on Tuj1+ and GFAP+ cells (F, G). Experiments
were repeated three times (n = 3). Values are the mean – SE from three separate experiments. *Indicates significant differences
(P < 0.05) compared to the normal glucose (5 mM) groups. Color images available online at www.liebertpub.com/scd
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Oxidative stress-induced ER stress suppresses
neural stem cell differentiation

Increased ROS in embryos exposed to maternal diabetes
causes an accumulation of misfolded proteins in the ER
lumen leading to ER stress [3,4]. To investigate whether ER
stress affects the process of neural differentiation, several
ER stress markers were evaluated. High glucose signifi-
cantly increased the ER stress markers, CHOP and BiP
(Fig. 5A). Tempol inhibited high glucose-induced CHOP
and BiP expression (Fig. 5A). H2O2 mimicked high glucose
in inducing CHOP and BiP expression and activated the two
UPR pathways by inducing phosphorylation of IRE1a and
PERK (Fig. 5B).

The ER stress inhibitor 4-PBA reduced high glucose-
induced CHOP and BiP expression (Fig. 6A). Tuj1 ex-
pression suppressed by high glucose was restored by 4-PBA
(Fig. 6B). 4-PBA treatment under high glucose conditions
resulted in comparable numbers of Tuj1+ and GFAP+ cells
than those in normal glucose conditions (Fig. 6C, D). Col-
lectively, these data may suggest that oxidative stress-
induced ER stress mediates the inhibitory effect of high
glucose on neural stem cell differentiation.

To determine whether oxidative stress suppresses neural
differentiation through ER stress, the ROS, hydrogen per-
oxide, was used to induce oxidative stress. Hydrogen per-
oxide increased the expression of ER stress markers CHOP
and BiP and suppressed the expression of Tuj1 and GFAP
during differentiation (Fig. 7). The ER stress inhibitor 4-
PBA treatment abrogated hydrogen peroxide-suppressed
Tuj1 and GFAP expression (Fig. 7). Furthermore, the de-
creased numbers of Tuj1+ and GFAP+ cells by hydrogen
peroxide were restored by 4-PBA treatment (Fig. 7C, D).

Discussion

In the present study, we revealed that high glucose sup-
pressed neural stem cell differentiation into neurons and
glial cells. This finding is consistent with previous in vivo
demonstration that maternal diabetes inhibits neural stem
cell differentiation in the developing neuroepithelium during
neurulation leading to the failure of neural tube closure
[9,17,19]. Our data demonstrated that high glucose exerts an
inhibitory effect on neural stem cell differentiation.

Derived from the external germinal layer of a neonatal
mouse cerebellum and immortalized through retroviral trans-
duction with v-myc, C17.2 cells retain the characteristic of
multipotent neural stem cells and can be used to mimic the
developing neuroepithelium [10]. In vivo, C17.2 cells can
differentiate into neuron and astrocytes [19]. Consisting
with the preexisting data, we confirmed that C17.2 cells
could differentiate into neuron or glial cell in the medium
containing 5 mM or 25 mM glucose, which equals to the
normal blood glucose level in nondiabetics and the high
blood glucose level in diabetic patients, respectively. The
present study demonstrated that high glucose inhibits neural
stem cell differentiation into neurons and glial cells through
oxidative stress.

Studies have revealed that maternal diabetes in vivo or
high glucose in vitro induces oxidative stress in neural stem
cells [9,11,14,17,19,21–24]. High glucose increases the
production of ROS and impairs endogenous antioxidant
enzymes, leading to oxidative stress [12]. Increased glucose
flux disrupts mitochondrial function by impairing the mi-
tochondrion integrity and, thus, increases mitochondrial
ROS. It is reasoned that high levels of ROS cause stem cell
dysfunction, whereas low basal levels of ROS may be

FIG. 5. High glucose induces ER
stress through oxidative stress. (A) Pro-
tein levels and quantification data of
BiP and CHOP in the NG (5 mM), NG
with Tempol, HG (25 mM), and HG
with Tempol groups. (B) Protein levels
and quantification data of BiP, CHOP,
p-PERK, PERK, p-IRE1a, and IRE1a in
the NG and NG plus H2O2 groups. Ex-
periments were repeated three times
(n = 3). Values are the mean– SE from
three separate experiments. *Indicates
significant differences (P < 0.05) com-
pared to the normal glucose (5 mM)
groups.
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FIG. 6. Blockage of ER stress by 4-PBA restores neural differentiation suppressed by high glucose. (A) High glucose
increases the levels of ER stress marker BiP and CHOP during C17.2 differentiation. (B) 4-PBA alleviates ER stress and,
subsequently, blocks high glucose-inhibited neural cell differentiation. Immunostaining of Tuj1+ neurons (C) and GFAP+

glia cells (D) in the NG, NG plus 4-PBA, HG, and HG plus 4-PBA groups. Bars = 100mm. All experiments were repeated
three times (n = 3). Values are the mean – SE from three separate experiments. *Indicates significant differences (P < 0.05)
compared to the normal glucose (5 mM) group. 4-PBA, 4-phenylbutyric acid; ER, endoplasmic reticulum. Color images
available online at www.liebertpub.com/scd
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beneficial for stem cells in maintaining their pluripotency and
differentiation potentials [25]. In mesenchymal stem cells
(MSCs), excess ROS or treatment with exogenous H2O2 im-
pairs their differentiation into osteogenic lineage [26]. In
agreement with the findings in MSC osteogenic differentiation
[26], the present study found that the SOD mimetic, Tempol,
reversed the inhibitory effect of high glucose on neural stem
cell differentiation. H2O2 mimicked high glucose in suppres-
sing neural stem cell differentiation. Chou et al. [27] also
provided evidence in supporting the hypothesis that oxidative
stress suppresses neural differentiation. Chou’s study demon-
strated that arsenite-induced oxidative stress arrested neuronal
differentiation in mouse neuroblastoma N2a cells [27].

ER stress triggers the UPR pathways. Persistent UPR
activation during prolonged ER stress results in cellular
dysfunction, whereas transient UPR activation can resolve
ER stress and restore cellular homeostasis. Kawada et al.
demonstrated that the ER stress inducer tunicamycin causes
aberrant neuronal differentiation from neural stem cells
[28]. Our previous studies have demonstrated that maternal
diabetes in vivo or high glucose in vitro induces prolonged
ER stress and persistent UPR activation in neural stem cells
[11]. The present study reveals that during neural stem cell
differentiation, both high glucose and H2O2 induce ER
stress markers, BiP and CHOP, leading to UPR activation
manifested by increased phosphorylation of IRE1a and

FIG. 7. Blockage of ER stress
by 4-PBA restores neural
differentiation suppressed by
hydrogen peroxide. Protein
levels of BiP, CHOP (A) and
Tuj1 (B) in the control group
(normal glucose, 5 mM), 4-
PBA group, H2O2 group (H2O2,
10mM), and 4-PBA plus H2O2

groups. The quantification of
the data was shown in the
bar graph. Immunostaining of
Tuj1 (C) or GFAP (D) in
C17.2 cell treated with 4-PBA
or H2O2 and quantification
for numbers of Tuj1 or GFAP
positive cells. Bars = 40mm.
All experiments were repeated
three times (n = 3). Values are
the mean – SE from three sep-
arate experiments. *Indicates
significant differences (P <
0.05) compared to the control
(5 mM) group. Color images
available online at www
.liebertpub.com/scd
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PERK. The ER stress inhibitor, 4-PBA, blocks the inhibitory
effect of high glucose and H2O2 on neural stem cell differen-
tiation. These evidences suggest that high glucose- or H2O2-
induced ER stress and UPR are prolonged or excessive and,
thus, exert adverse effects on neural differentiation. Indeed,
ER stress-induced UPR stimulates endodermal differentiation
but suppresses the other two germ layer commitment in ESC-
derived embryoid bodies [29], supporting our findings that
UPR suppresses neural differentiation.

Previous studies have established the causal link between
high glucose-induced oxidative stress and ER stress [11]. The
present study showed that the SOD mimetic Tempol blocked
high glucose-induced ER stress and UPR. In addition, H2O2

triggered ER stress and UPR. This evidence further reinforces
the causal role of oxidative stress in ER stress and UPR
induction under high glucose conditions. The oxidative stress-
ER stress-UPR pathway mediates the inhibitory effect of high
glucose on neural stem cell differentiation.

The findings in the present studies well corroborate with
our previous in vivo studies. Neurons and glial cells are two
major cell types in the central neural system. Previous
studies have shown that delayed [5], advanced [6], and in-
hibited [30] differentiation of neural stem cells in the de-
veloping neuroepithelium leads to NTDs. High glucose of
maternal diabetes in vivo delays the expression of Tuj1
positive neurons in the developing neuroepithelium [7]. In
the present study, we found that in vitro neural stem cell
differentiation into neurons and glial cells was significantly
impaired by high glucose.

In summary, our data indicate that oxidative stress and
ER stress are responsible for high glucose inhibition on
neural stem cell differentiation. High glucose induces severe
ER stress and persistent UPR through oxidative stress. An-
tioxidants and ER stress inhibitors are effective in reversing
impaired neural stem cell differentiation under high glucose
conditions.
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