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Abstract: We, in this study, studied whether or not antioxidant activities of Baicalin could reduce the incidence of 
neural tube defects (NTDs) in the presence of hyperglycemia. Using early chick embryos, we demonstrated that 
Baicalin at 6 μM dramatically reduced NTDs rate and impaired neurogenesis in E4.5-day and HH10 chick embryo 
neural tubes induced by high glucose (HG). Likewise, immunofluorescent staining showed that Baicalin mitigated the 
HG-induced regression of Pax7 expression in neural tubes of both HH10 and E4.5-day chick embryos. Additionally, 
PHIS3 immunofluorescent staining in neural tubes of both HH10 and E4.5-day chick embryos manifested that cell 
proliferation inhibited by HG was significantly reversed by the administration of Baicalin, and similar result could 
also be observed in neurosphere assay in vitro. c-Caspase3 or γH2AX immunofluorescent staining and quantitative 
PCR showed that Baicalin administration alleviated HG-induced cell apoptosis and DNA damage. Bioinformatics 
results indicated that retinoic acid (RA) was likely to be the signaling pathway that Baicalin targeted on, and this 
was confirmed by whole-mount RALDH2 in situ hybridization and quantitative PCR of HH10 chick embryos in the 
absence/presence of Baicalin. In addition, blocking RA with an inhibitor abolished Baicalin’s protective role in HG-
induced NTDs, suppression of neurogenesis and cell proliferation, and induction of apoptosis, which further verified 
the centrality of RA in the process of Baicalin confronting HG-induced abnormal neurodevelopment. 
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Introduction

The neural tube is the rudiment of the central 
nervous system, which can be spatially divided 
into cranial and trunk regions. The cranial 
region gives rise to the brain, whereas the trunk 
region develops into the spinal cord in adult-
hood. During neurulation, neural tube forma-
tion refers to a dynamic process, which under-
goes the elevation and bend of neural plate 
into a fluid-filled tube in dorsal midline eventu-
ally. These processes rely on pattern determin-
ing genes to be accurately expressed in dorsal 
and ventral regions of neural tubes [1]. Normal 

neurulation is governed by a variety of cellular 
events, such as cell proliferation, apoptosis, 
cytoskeleton establishment and cell viability, 
etc. [2], which are precisely regulated and con-
trolled by a variety of signaling molecules, such 
as FGF, Wnt, Hh and TGF-beta [3]. Neural tube 
defects (NTDs) are defined as improperly devel-
oped neural tubes characterized by the open 
neural tubes in the brain or spinal cord at birth. 
Pathologic causes of NTDs could be multifacto-
rial, with involvement of both genetic and envi-
ronmental factors [4, 5]. In fact, NTDs still 
remain as one of the commonest categories of 
congenital birth defects worldwide even after 
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the discovery of preventive effects of folic acid 
[6]. 

Nervous system as one of the earliest two 
developed systems during embryogenesis, is 
extremely sensitive to the changes of external 
environment, such as maternal hyperglycemia 
derived from type II diabetes of pregnant 
women or gestational diabetes mellitus (GDM). 
GDM presents with high maternal blood glu-
cose levels at the early stage of pregnancy, due 
to glucose intolerance. Of note, it has been 
reported that the incidence of congenital disor-
ders is 2-5 times higher in diabetic pregnancy 
than that in non-diabetic pregnancy [7]. Our 
previous studies clearly indicated that high glu-
cose (HG) levels increased the risk of avian 
embryonic malformation through a variety of 
biological mechanisms [8-10]. In addition, Liu 
et al. demonstrated that diabetes could lead to 
apoptosis of neural progenitor cells that in turn 
induced NTDs in embryos [11]. However, effec-
tive drugs are yet to be developed to prevent 
defective embryonic development under the 
condition of maternal diabetes mellitus.

Baicalin is a flavone glycoside (the glucuronide 
of baicalein), which is generated from the com-
bination of both glucuronic acid and baicalein. 
Baicalein is a type of flavone existing in the 
roots of Scutellaria lateriflora and Scutellaria 
baicalensis, while the roots of Scutellaria 
baicalensis have been employed to calm fetus-
es in pregnant women in Chinese medicine [12, 
13]. Baicalin is actually predominantly used as 
an herbal supplement in Asian countries due to 
its broad scope of health benefits, such as anti-
neuroinflammation [14], anti-cancer [15], anti-
anxiety [16], and increase of lung capability 
[17] and fertility [18]. In terms of biological 
mechanism, Baicalin is essentially considered 
to suppress the formation of oxidative stress 
[19]. Qi et al. reported that Baicalin could main-
tain normal development of mouse embryos 
through inhibiting cell apoptosis and HSP70 
expression, and activating DNA methylation 
[20]. Our previous study indicated that Baicalin 
administration attenuated HG-induced malfor-
mation of cardiovascular system [21]. However, 
whether or not Baicalin could prevent or rescue 
the neural tube malformation under HG at an 
early developmental stage still remains elusive. 
Thus, the present study focuses on the benefi-
cial or protective effects of Baicalin and its  
corresponding mechanism on confronting HG- 

induced damage to early neural development, 
using early chick embryo as an experimental 
model that have been proven effective in our 
previous studies [9, 22]. 

Materials and methods

Avian embryos and treatment 

Fertilized chick eggs were obtained from the 
Avian Farm of the South China Agriculture 
University. The eggs were incubated until the 
chick embryos reached the desired develop-
mental HH stage [23] in a humidified incubator 
(Yiheng Instrument, Shanghai, China) at 38°C 
and 70% humidity. For the later stage chick 
embryos, 1.5-day pre-incubated chick embryos 
were exposed to either different concentra-
tions of Baicalin (Santa Cruz Biotechnology, 
Dallas, TX, USA) or same amount (approximate-
ly 200 µL) of 0.9% sterile saline through careful 
injection into windowed eggs in vivo (Figure 
1A). For early gastrula embryos, HH0 [23] chick 
embryos were prepared and incubated with 
saline, 6 μM Baicalin, 1 μM retinoic acid (Sigma-
Aldrich, R2625) [24], 10 μM AGN (Sigma-
Aldrich, SML2034) [25] or/and 50 mM glucose 
(Sigma, USA), using early chick culture (EC cul-
ture) (Figure 2A) [8-10, 26]. 

Histology and photography

The treated embryos were further incubated 
and harvested at the desired times from the 
incubation at 38°C based on the experimental 
requirements. All of the embryos were photo-
graphed using a stereomicroscope (Olympus 
MVX10, Japan) before being fixed with 4% para-
formaldehyde for morphological analysis and 
gene expression determination. For the histo-
logical analysis, the E4.5-day embryos were de- 
hydrated, embedded in paraffin wax and seri-
ally sectioned at 5 µm using a microtome (Leica 
RM2126RT, Germany). The sections were de-
waxed in xylene, rehydrated and stained with 
either hematoxylin and eosin dye or immuno-
fluorescent staining, and photographed using a 
fluorescent microscope (Olympus IX50) with 
the NIS-Elements F3.2 software package.

Immunofluorescent staining

Chick embryos were harvested after a given 
time incubation and fixed in 4% PFA overnight 
at 4°C. Immunofluorescent staining was per-
formed on either whole-mount embryos or tran- 
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Figure 1. The assessment of cranial neural tube development of chick embryos exposed to HG in the absence/presence of Baicalin. (A) The sketch illustrating the 
timing that glucose or/and Baicalin was applied to developing chick embryos through air chamber of fertilized eggs in vivo, and the treated-embryos were harvested 
(see material and method section for details). (B) The representative bright-field images of 12-day chick embryos’ head from control, 6 μM Baicalin, 50 mM HG, 50 
mM HG + 6 μM Baicalin group respectively. (C, D) Bar charts showing the comparisons of the mortality (C) and malformation (D) of 12-day chick embryos among 
control, Baicalin, HG, HG + Baicalin groups. (E-H) The representative bright-field images of E4.5-day chick embryos’ cranial bones from control (E), Baicalin (F), HG 
(G), HG + Baicalin (H) group respectively. (E1-H1) The high magnification images from cephalic regions of chick embryos indicated by dotted squares in (E-H) respec-
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tively. (E2-4, F2-4, G2-4, H2-4) The Tuj1 immunofluorescent, DAPI and merge images on the transverse sections at the level indicated by dotted lines in (E-H) from 
control (E2-4), Baicalin (F2-4), HG (G2-4), HG + Baicalin (H2-4) group respectively. (I, J) Bar charts showing the comparisons of the NTDs frequency (I) and relative 
Tuj1 expression at mRNA level (J) revealed by quantative PCR in E4.5-day chick embryos among control, Baicalin, HG, HG + Baicalin groups. For (B-D), n=25 in each 
group, for (E-I), n=20 in each group, for (J), n>3 in each group, relative to GAPDH mRNA level, **P<0.01, ***P<0.001. Data were presented as mean ± SE. Statisti-
cal significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. Scale bars =1 mm in (B); 1 mm in (E-H); 500 µm in (E1-H1); 100 µm in 
(E2-4, F2-4, G2-4, H2-4).
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sverse sections using the following antibodies: 
Tuj1 (1:200, Neuromics, USA), Pax7 (1:200, 
DSHB, USA), phospho-histone3 (PHIS3; 1:200, 
Santa Cruz, USA) PCNA (1:400, DSHB, USA), 
cleaved-caspase3 (c-Caspase3; 1:200, Cell Si- 
gnaling Technology, USA), γH2AX (1:200, DSHB, 
USA). Briefly, the fixed embryos or transverse 
sections were then incubated with these pri-
mary antibodies at 4°C overnight on a shaker. 
Following by extensive washing, the embryos 
were incubated with an anti-rabbit IgG conju-
gated to Alexa Fluor 488 or Alexa Fluor 555 
overnight at 4°C on a rocker. All the samples 
were later counterstained with DAPI (1:1000, 
Invitrogen, USA) at room temperature for 1 
hour. 

In situ hybridization

Whole-mount in situ hybridization of chick 
embryos was performed according to a stan-
dard in situ hybridization protocol [27]. 
Digoxigenin-labeled probes were synthesized 
against RALDH2 [21], RARβ [21] and SHH [10]. 
The stained whole-mount chick embryos were 
photographed by a stereomicroscope (Olympus 
MVX10, Tokyo, Japan) and then prepared for 
cryosectioning on a cryostat microtome with 
16 μm thickness (Leica CM1900).

RNA isolation and quantitative PCR

Total RNA was isolated from chick embryos 
using a Trizol kit (Invitrogen, USA) according to 
the manufacturer’s instructions. First-strand 
cDNA was synthesized to a final volume of 20 μl 
using iScriptTM cDNA Synthesis Kit (BIO-RAD, 
USA). Following reverse transcription, PCR 
amplification of the cDNA was performed as 
described previously [28, 29]. SYBR® Green 
qPCR assays were then performed using a 
PrimeScriptTM RT reagent kit (Takara, Japan). 
All specific primers used are described in 
Supplementary Table 1. Reverse transcription 

and amplification reactions were performed in 
Bio-Rad S1000TM (Bio-Rad, USA) and ABI 
7000 thermal cyclers, respectively. The house-
keeping gene GAPDH was run in parallel to con-
firm that equal amounts of RNA were used in 
each reaction. The expression of the genes was 
normalized to GAPDH, and the expression level 
of target genes was done based on the 2-ΔΔCt 
method. At least three replicates were done for 
each sample. 

Enzyme-linked immunosorbent assay (ELISA)

RA (Jiangsu Meibiao Biological Technology Co. 
Ltd., Jiangsu, China) or homocysteine (Cloud-
Clone Corp, Houston, USA) levels were detect-
ed in chick embryos using ELISA kits according 
to the manufacturer’s instructions. The levels 
of RA or homocysteine were calculated based 
on their standard curves created by different 
concentrations against absorbance, respec- 
tively.

Primary culture of neural stem cells 

The methods of neural stem cell isolation and 
incubation were performed as previously de- 
scribed [30]. In brief, the hippocampi were 
removed from the brain of postnatal day 1 mice 
and transferred to a 35-mm plate containing 
PBS with 2% D-glucose on ice. The re-suspend-
ed hippocampi in NSC medium were triturated 
with a fire-polished glass pipet (Brainbits, IL, 
USA). The supernatant containing single cells 
were plated into a fresh tube, centrifuged, and 
re-suspended in NSC medium, and seeded at a 
density of 2 × 106 cells per 10 ml. The cells 
were cultured in a humidified incubator with 5% 
CO2 at 37°C in T-25 cm flask with NSC medium, 
which contains DMEM/F-12 (Gibco, China) sup-
plemented with 2% B27 (Gibco, USA), 20 ng/ml 
of rmEGF (Gibco, CA, USA), 20 ng/ml of rmbFGF 
(Gibco, USA) and exposed to HG (50 mM) and/
or Baicalin (6 μM) with PBS acting as a control. 

Figure 2. The assessment of Tuj1-labelled neural differentiation of gastrula chick embryos in the absence/pres-
ence of HG and Baicalin. (A) The sketches illustrating the gastrula chick embryo incubation with EC culture. (B-I) The 
representative images of Tuj1 immunofluorescent HH10 chick embryos from control (B, C), 6 μM Baicalin (D, E), 50 
mM HG (F, G), 50 mM HG + 6 μM Baicalin (H, I) group respectively. Of them, the images were divided into cranial 
and trunk regions. (B1-I1, B2-I2) The transverse sections at the levels indicated by dotted lines in (B-H) respectively 
(B1-I1), and counterstained with DAPI (B2-I2). (B3-I3) The high magnification images from the sites indicated by 
dotted squares in (B2-I2) respectively. (J) Bar chart showing the quantative PCR data about the Tuj1 expression at 
mRNA level in HH10 chick embryos among control, Baicalin, HG, HG + Baicalin groups. For (B-I), n=6 in each group, 
for (J), n>3 in each group, relative to GAPDH mRNA level, **P<0.01, ***P<0.001. Data were presented as mean ± 
SE. Statistical significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. Scale bars 
=300 µm in (B-I); 100 µm in (B1-I1, B2-I2); 50 µm in (B3-I3).
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After a 7-day incubation, the neurospheres 
were photographed using inverted microscope 
(Nikon Eclipse Ti-U, Tokyo, Japan) that was 
linked to the NIS Elements F3.2 software.

Bioinformatics analysis

GO (Gene Ontology) enrichment analysis and 
KEGG (Kyoto Encyclopedia of Genes and Geno- 
mes) pathway enrichment analysis were per-
formed using the DAVID (Database for Anno- 
tation, Visualization, and Integrated Discovery) 
tools [31].

Data analysis

The various markers’ positive cell rates and 
relative mRNA expressions in the different 
experimental samples were analyzed using the 
Image Pro-Plus 5.0 software [32]. Statistical 
analysis was performed using a SPSS 13.0  
statistical package program for Windows. The 
data were presented as mean ± SE. Statistical 
significance was assessed by one-way ANOVA 
and Turkey’s multiple comparisons test. P<0.05 
was considered to be statistically significant. 

Results

Baicalin administration efficiently reverses HG-
induced malformation of early nervous system 
in chick embryos 

First, to determine the optimal concentration of 
Baicalin, we evaluated the development of gas-
trula chick embryos exposed to 50 mM HG with 
different concentrations of Baicalin (Supple- 
mentary Figure 1). The combinational applica-
tion of HG and Baicalin administration at early 
stage of chick embryos in vivo showed that 6 
μM Baicalin most significantly inhibited the per-
centage of HG-induced NTDs as shown with 
white arrows (Supplementary Figure 1A, 1B). 
Additionally, 6 μM Baicalin administration miti-
gated the suppressive effects of HG on embryo 
development (Supplementary Figure 1C-E). 
Next, we exposed the chick embryo to HG or/
and Baicalin and harvested them on day 12 
and day 4.5 (Figure 1A). Baicalin itself did not 
affect embryo development, but it reduced the 
incidence of HG-induced mortality and malfor-
mation (indicated by arrow, Figure 1B) of E12-
day chick embryo including cranial NTDs (Mo- 
rtality rates: 0% in control and Baicalin, 16% in 
HG, 4% in HG + Baicalin; malformation rates: 
0% in control and Baicalin, 20% in HG, 4% in HG 

+ Baicalin. Figure 1C, 1D). In particular, the inci-
dence of NTDs of E4.5-chick embryos increased 
in the presence of HG, but decreased when 
Baicalin was jointly applied (Mortality rates:  
0% in control and Baicalin, 15% in HG, 5% in HG 
+ Baicalin; NTDs rates: 0% in control and 
Baicalin, 30% in HG, 5% in HG + Baicalin. Figure 
1E-I, 1E1-H1). The expression level of Tuj1 (neu-
ronal differentiation marker) was significantly 
reduced in HG-treated embryos at the corre-
sponding trunk level (indicated by dotted lines) 
as illustrated by immunofluorescent staining. 
Interestingly, the suppressive effect on Tuj1 by 
HG was mostly reversed by Baicalin (Figure 
1E2-H2, 1E3-H3, 1E4-H4). In addition, quanti-
tative PCR data also showed that HG-inhibited 
Tuj1 expression was significantly alleviated by 
addition of 6 μM Baicalin (Figure 1J). 

Baicalin alleviates HG-induced neural mal-
formation at early neurulation stage partly 
through dorsal-ventral pattering

HG has been shown to play negative effects on 
early embryo development [33]. To investigate 
at which stage Baicalin plays confrontational 
role in rescuing HG-induced suppression in ne- 
urogenesis, we implemented the similar men-
tioned-above experiments at gastrula chick 
embryos using EC culture (Figure 2A). First, we 
observed that Tuj1 expression in both cranial 
and trunk levels (indicated by arrows) of HH10 
chick embryos was suppressed by HG, but dra-
matically recovered after the administration of 
Baicalin (Figure 2B-I, 2B1-I1, 2B2-I2, 2B3-I3). 
Meanwhile, quantitative PCR analysis revealed 
that Tuj1 expression at mRNA level was also 
significantly reversed by Baicalin compared 
with the HG group (Figure 2J). Second, we 
determined Pax7 expression in the same HH10 
and E4.5-day chick embryos since Pax7 is regu-
lated by BMP4 pathway and is expressed in 
dorsal neural tube [1]. The results manifested 
that Baicalin administration effectively reversed 
the reduction of Pax7 expression at mRNA level 
from HH10 and E4.5-day chick embryos treat-
ed with HG (Percentage of Pax7 positive cells in 
HH10: 33.40 ± 1.20% in control, 34.46 ± 
1.31% in Baicalin, 18.20 ± 1.39% in HG, 30.78 
± 0.71% in HG + Baicalin; percentage of Pax7 
positive cells in E4.5-Day: 36.92 ± 1.15% in 
control, 35.78 ± 1.87% in Baicalin, 19.06 ± 
0.76% in HG, 32.84 ± 0.91% in HG + Baicalin. 
Figure 3A-K), implying that the HG-induced 
NTDs could be considerably relieved by admin-
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Figure 3. The assessment of Pax7-labelled neural tube development during embryonic neurulation in the absence/presence of HG and Baicalin. (A-H) The repre-
sentative Pax7 immunofluorescent staining of HH10 chick embryos from control (A, E), 6 μM Baicalin (B, F), 50 mM HG (C, G), 50 mM HG + 6 μM Baicalin (D, H) 
group respectively. Of them, the images were divided into cranial (A-D) and trunk (E-H) regions. (A1-H1, A2-H2) The transverse sections at the levels indicated by 
dotted lines in (A-H) respectively (A1-H1), and counterstained with DAPI (A2-H2). (J) Pax7 immunofluorescent staining was performed on the transverse sections of 
E4.5-day chick embryonic neural tubes from control, Baicalin, HG, HG + Baicalin groups. Note: the high magnification images were shown in the lower right corner 
accordingly. (I1, I2, K1, K2) Bar charts showing the comparisons of the Pax7 positive cell percentages in the total DAPI-labelled cells of neural tubes (I1, K1) and 
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istration of Baicalin (Figure 3L). In contrast, the 
rescue effects of Baicalin on SHH expression 
was not statistically significant in the ventral 
side of neural tube (Supplementary Figure 2).

Re-balance between cell proliferation and 
apoptosis contributes to the protective role of 
Baicalin

To understand the cellular mechanisms under-
lying the protective effect of Baicalin, we deter-
mined the expression levels of PHIS3 and PCNA 
(cell proliferation) and c-Caspase3 (apoptosis) 
in the neural tubes of HH10 and E4.5-chick 
embryos under HG in the absence/presence of 
Baicalin. Immunofluorescent staining of PHIS3 
(Figure 4A) and PCNA (Figure 4B) showed that 
HG inhibited the expressions of PHIS3 and 
PCNA in neural tubes of HH10 and E4.5-day 
chick embryos, but the inhibitory effects were 
significantly reversed by addition of Baicalin 
(Number of PHIS3 positive cells: 14.60 ± 0.60 
in control, 13.60 ± 0.51 in Baicalin, 8.20 ± 
0.86 in HG, 12.60 ± 0.51 in HG + Baicalin; per-
centage of PCNA positive cells: 58.62 ± 1.15% 
in control, 56.58 ± 0.57% in Baicalin, 47.23 ± 
0.73% in HG, 54.68 ± 0.67% in HG + Baicalin. 
Figure 4C, 4D). On the contrary, both the immu-
nofluorescent staining and quantitative PCR 
data showed that HG significantly increased 
the expression of γH2AX (marker for DNA dam-
age) and c-Caspase3 (apoptosis) in neural 
tubes of HH10 chick embryos; however, both 
HG-induced DNA damage and apoptosis drop- 
ped back to normal in the presence of Baicalin 
(Number of c-Caspase3 positive cells: 1.75 ± 
0.25 in control, 1.5 ± 0.29 in Baicalin, 4.75 ± 
0.48 in HG, 2.00 ± 0.41 in HG + Baicalin; num-
ber of γH2AX positive cells: 6.40 ± 0.51 in con-
trol, 7.60 ± 0.51 in Baicalin, 14.80 ± 0.73 in 
HG, 9.20 ± 0.86 in HG + Baicalin. Figure 5A-F). 
Moreover, the expression level of P53 and con-
centration of homocysteine were also increased 
in the presence of HG, whereas a partial recov-
ery was observed after Baicalin treatment 
(Concentration of homocysteine: 8.65 ± 0.01 
μg/ml in control, 9.36 ± 0.20 μg/ml in Baicalin, 
19.23 ± 0.23 μg/ml in HG, 13.87 ± 0.12 μg/ml 

in HG + Baicalin. Figure 5G, 5H). All of these 
results imply that Baicalin promotes prolifera-
tion and alleviates HG-induced cell apoptosis in 
early developing embryo. As a first step to 
investigate the direct role of Baicalin in neural 
progenitor cell function, we isolated primary 
neural precursors from neonatal mice. Using 
neurosphere in vitro culture, freshly isolated 
neural precursors were exposed to HG in the 
presence or absence of Baicalin. In striking 
consistency with the in vivo data, we observed 
that Baicalin administration rescued the sup-
pressive effects of HG on neurosphere forma-
tion (% NS-forming cells: 100.00 ± 4.64 in con-
trol, 99.56 ± 2.44 in Baicalin, 78.11 ± 0.88 in 
HG, 94.96 ± 1.46 in HG + Baicalin; diameter of 
NS: 237.40 ± 11.01 μm in control, 226.80 ± 
2.30 μm in Baicalin, 185.50 ± 2.08 μm in HG, 
237.40 ± 7.78 μm in HG + Baicalin; number of 
NS: 23.40 ± 0.51 in control, 22.00 ± 0.84 in 
Baicalin, 9.80 ± 0.86 in HG, 20.40 ± 1.03 in HG 
+ Baicalin. Figure 4E-H), indicating that the res-
toration of balance between proliferation and 
apoptosis in neural precursors contributes to 
the protective effect of Baicalin during early 
embryo development under HG. 

RA signaling mediates the protective role of 
Baicalin 

Using the DAVID tools, GO enrichment analysis 
and KEGG pathway enrichment analysis indi-
cated that the genes in this study were indirect-
ly involved in cell cycles, apoptosis, neural dif-
ferentiation and cell fate commitment during 
neural tube development, and all the targeted 
genes could be regulated by RA signaling 
(Figure 6A). ELISA assays indicated that the 
content of RA in HH10 chick embryos decreased 
in the presence of HG, and reversed by Baicalin 
administration (Concentration of RA: 2.73 ± 
0.08 ng/ml in control, 2.58 ± 0.09 ng/ml in 
Baicalin, 1.60 ± 0.08 ng/ml in HG, 1.97 ± 0.05 
ng/ml in HG + Baicalin. Figure 6B). Furthermore, 
both quantitative PCR and in situ hybridization 
data showed that the expression of RALDH2 
(retinal dehydrogenase 2), a gene encoding cru-
cial enzyme for generating RA, was inhibited by 

relative Pax7 expression at mRNA level (I2, K2) revealed by quantitative PCR in HH10 (I1, I2) or E4.5-day (K1, K2) 
chick embryos among control, Baicalin, HG, HG + Baicalin groups. (L) The sketches illustrating the normal neural 
tube and NTDs. For (A-H, J, I1, K1), n=5 in each group, for (I2, K2), n>3 in each group, relative to GAPDH mRNA level, 
*P<0.05, **P<0.01, ***P<0.001. Data were presented as mean ± SE. Statistical significances were assessed by 
one-way ANOVA and Turkey’s multiple comparisons test. Scale bars =300 µm in (A-H); 100 µm in (A1-H1), 50 µm in 
(A2-H2); 100 µm in (J).
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Figure 4. The assessment of neural progenitor cell proliferation in the absence/presence of HG and Baicalin. (A, B) PHIS3 (A) or PCNA (B) immunofluorescent stain-
ing was performed on the transverse sections of HH10 (A) or E4.5-day (B) chick embryonic neural tubes from control, 6 μM Baicalin, 50 mM HG, 50 mM HG + 6 
μM Baicalin group respectively, and counterstained with DAPI. The high magnification images are in the lower right corner accordingly. (C, D) Bar charts showing 
the comparisons of the PHIS3 (C) or PCNA (D) positive cell percentages in the total DAPI-labelled cells of neural tubes among control, Baicalin, HG, HG + Baicalin 
groups. (E) The representative bright-field images of in vitro neurospheres (NS) incubated with PBS (control), Baicalin, HG, HG + Baicalin. (F-H) Bar charts showing 
the comparisons of the neurosphere-forming cell percentages (F), neurosphere diameters (µm) (G), and neurosphere numbers (H) among control, Baicalin, HG, HG + 
Baicalin groups. For (A-D, F-H), n=5 in each group, **P<0.01, ***P<0.001. Data were presented as mean ± SE. Statistical significances were assessed by one-way 
ANOVA and Turkey’s multiple comparisons test. Scale bars =100 µm in (A, B); 100 µm in (E). 
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HG and significantly rescued by Baicalin admin-
istration (Figure 6C, 6E-H). In contrast, no sig-
nificant change was observed with a few cyto-
chrome P450 family 26 subfamily (the genes 
involved in metabolic inactivation of RA) except 
for CYP3A4 (Figure 6D, 6I1-I3). Meanwhile, we 
also detected the expressions of RARα and 
RARβ (ligand-inducible transcriptional regula-
tors) at mRNA level. The results showed that 
the mRNA expression of RARα instead of RARβ 
was consistent with the one of RA signaling 
(Supplementary Figure 3).

Then, we detected whether or not the HG- 
induced neural tube malformation could be res-
cued by RA. We exposed the chick embryos to 
HG or/and RA, and found that RA could rescue 
the mortality, NTDs and neurogenesis induced 
by HG (NTDs rates: 0% in control, 36% in HG, 
12% in HG + RA, 8% in HG + Baicalin, 32% in 
HG + Baicalin + AGN; mortality rates: 0% in con-
trol, 32% in HG, 8% in HG + RA, 4% in HG + 
Baicalin, 40% in HG + Baicalin + AGN. Figure 
7E) as indicated by the immunofluorescent 
staining of Pax7 and Tuj1 (Percentage of PAX7 
positive cells: 22.80 ± 1.00% in control, 14.22 
± 1.25% in HG, 20.20 ± 0.86% in HG + RA, 
20.60 ± 0.68% in HG + Baicalin, 12.12 ± 0.71% 
in HG + Baicalin + AGN. Figure 7A, 7B, 7F). In 
addition, RA significantly increased PHIS3 and 
decreased c-Caspase3 positive cells in chick 
embryos exposed to HG (Number of PHIS3 pos-
itive cells: 11.80 ± 0.80 in control, 5.80 ± 0.86 
in HG, 11.00 ± 0.63 in HG + RA, 11.40 ± 0.60 
in HG + Baicalin, 7.00 ± 0.71 in HG + Baicalin + 
AGN; number of c-Caspase3 positive cells: 
2.33 ± 0.42 in control, 5.16 ± 0.48 in HG, 2.50 
± 0.22 in HG + RA, 2.67 ± 0.33 in HG + Baicalin, 
5.50 ± 0.43 in HG + Baicalin + AGN. Figure 7C, 
7D, 7G, 7H). In order to further verify the 
involvement of RA signaling in the protective 

effects of Baicalin, we carried out the similar 
experiments as mentioned-above when RA sig-
naling was blocked with AGN (an potent RA 
receptor antagonist) (Figure 7). The assess-
ment of embryonic neurulation using immuno-
fluorescent staining of Pax7 and Tuj1 showed 
that blockage of RA signaling completely abol-
ished Baicalin’s protective effects on HG-in- 
duced morality, NTDs and defect in neurogen-
esis (Figure 7A, 7B, 7E, 7F). Besides, the sup-
pression of retinoid acid signaling also abrogat-
ed the increase of proliferation and decrease of 
apoptosis by Baicalin treatment under HG con-
dition (Figure 7C, 7D, 7H). Altogether, these 
results indicate the indispensable role of RA 
signaling underlying Baicalin’s protective effe- 
cts during neural tube formation (Figure 7I). 

Discussion

The vast majority of the experiments in the 
present study were implemented using chick 
embryos as the embryo model. The advantage 
of this model is that chick embryos can grow 
outside of uterus, so that there is a huge advan-
tage for using chick embryos to precisely 
observe the effect of external factors or com-
pounds on early embryo development. This is 
because the embryos can be easily manipulat-
ed, especially the gastrula chick embryos could 
be incubated in EC culture, and later chick 
embryos could be manipulated with the help of 
windowed fertilized eggs. In other word, the 
chick embryo model allows direct observation 
of the embryo development at any stage in 
either EC culture or narrow windowed eggshell 
following the experimental manipulations [34].

In the traditional medicines of many East Asian 
countries, the roots of Scutellaria baicalensis 
Georgi have been extensively utilized to reduce 

Figure 5. The assessment of DNA damage and apoptosis in neural progenitor cells of neural tubes in the absence/
presence of HG and Baicalin. (A, B) c-Caspase3 (A) or γH2AX (B) immunofluorescent staining was performed and/
or counterstained with DAPI on the transverse sections of HH10 chick embryonic neural tubes from control, 6 μM 
Baicalin, 50 mM HG, 50 mM HG + 6 μM Baicalin group respectively. The high magnification images are from the 
sites indicated by dotted squares accordingly. (C, D) Bar charts showing the comparisons of the c-Caspase3 (C) 
or γH2AX (D) positive cell percentages in the total DAPI-labelled cells of neural tubes among control, Baicalin, HG, 
HG + Baicalin groups. (E-H) Bar charts showing the mRNA expression (quantative PCR) of c-Caspase3 (E), γH2AX 
(F), P53 (G), and the concentration of Homocysteine (Hcy) (H) in HH10 chick embryo neural tubes among control, 
Baicalin, HG, HG + Baicalin groups (The concentration of homocysteine were determined by Elisa). (I) The sketches 
illustrating the possible pathway of DNA damage-induced cell apoptosis under HG through Homocysteine and Ba-
icalin could suppressed it. For (A, B, D), n=5 in each group, for (C), n=4 in each group, for (H), n=3 in each group, for 
(E-G), n>3 in each group, relative to GAPDH mRNA level, *P<0.05, **P<0.01, ***P<0.001. Data were presented 
as mean ± SE. Statistical significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. 
Scale bars =100 µm in (A, B).
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Figure 6. The assessment of RA signaling molecule expressions in gastrula chick embryos in the absence/presence of HG and Baicalin. (A) The results from the GO 
enrichment analysis and KEGG pathway enrichment analysis showed that the genes in our study were mainly related to cell cycle, apoptosis, neural differentiation 
and cell fate commitment and can be regulated by RA. (B-D, I1-I3) Bar charts showing the concentration of RA (determined using Elisa) (B), and the mRNA expres-
sion (quantitative PCR) of RALDH2 (C), CYPIB1 (D), CYP26A1 (I1), CYP26C1 (I2), CYP3A4 (I3) in HH10 chick embryo neural tubes from control, 6 μM Baicalin, 50 mM 
HG, 50 mM HG + 6 μM Baicalin group respectively. (E-H) The representative images of whole-mount in situ hybridization for RALDH2 at HH10 chick embryos from 
control (E), Baicalin (F), HG (G), HG + Baicalin (H) groups. (E1-H1) The transverse sections from the level indicated by dotted lines in (E-H) respectively. For (B, E-H), 
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inflammation [35]. As a glycoside is present  
in Scutellaria baicalensis Georgi, Baicalin is 
metabolized to baicalein, with the action of 
intestinal β-glucuronidase in the intestine [36]. 
Once Baicalin and baicalein are absorbed in 
the intestine, they could be detected in blood 
[37]. Furthermore, accumulating evidences 
indicate that both Baicalin and baicalein exhibit 
comprehensive biological and pharmacological 
functions, such as anti-inflammation, anti-can-
cer and anti-pruritic effects [38-40], which 
inspired us of potentially applying Baicalin to 
prevent or reverse the embryo malformation 
induced by HG [21]. It should be noted that 
Baicalin could go through placental barrier and 
potentially impair embryos when it exists in 
maternal blood. Indeed, Song et al. reported 
that Baicalin could pass through placental bar-
riers of rats in different gestational stages, indi-
cating that the potential embryotoxicity of 
Baicalin should be provided with appropriate 
consideration when applied during pregnancy 
[41]. That is, if the potential embryotoxicity of 
Baicalin could be avoided, the applied Baicalin 
in pregnant women could be exposed to devel-
oping embryos. In regard to this issue, we esta- 
blished Baicalin (6 μM) alone group in every 
experiment conducted in this study and found 
that Baicalin itself did not have negative effects 
on embryo development (Supplementary Figure 
1). On the contrary, Baicalin dramatically allevi-
ated the HG-induced defects in differentiation 
of neural precursor cells at early neurulation 
and neurologic anomalies at relatively late 
stage of development (Figures 1, 2). This find-
ing is of significance, as the incidence of NTDs 
is up to 0.5-2/1000 around the world [5]. Of 
note, NTDs are mainly considered to be derived 
from the aberrant development and closure of 
the neural tube [4]. 

Proper development of neural tube stringently 
relies on integration of several important cellu-
lar processes, such as cell proliferation, apop-
tosis, and differentiation [42]. If developmental 
process of neural tube is disturbed by any 
intrinsic genetic variation or externally detri-
mental chemical, biological factors, NTDs could 
occur in neonates. In this study, we found that 
HG impaired neuronal differentiation as dem-

onstrated by suppressed Tuj1 expression dur-
ing early embryo development, which was 
potentially associated with increased incidence 
of NTDs (Figures 1, 2). Furthermore, we obse- 
rved that Baicalin administration alleviated the 
impaired neuronal differentiation induced by 
HG at neurulation stage, indicating that earlier 
application of Baicalin might result in enhanced 
treatment effect of confronting HG-interfered 
neural differentiation and even reducing the 
incidence of HG-induced risk for NTDs. Previous 
embryological experiments identified that the 
expressions of dorsal-ventral genes that are 
mediated by 4 signaling molecules, namely 
fibroblast growth factors (FGFs), retinoic acid 
(RA), sonic hedgehog (SHH) and bone morpho-
genetic proteins (BMPs) regulates neural differ-
entiation and neural tube closure [30]. In this 
study, we found that Baicalin administration 
effectively rescued HG-suppressed cell num-
bers on the dorsal surface of neural tube 
(Figure 3). However, SHH, the gene expressed 
on ventral surface of neural tube, is only par-
tially rescued by Baicalin (Supplementary Fig- 
ure 2), indicating that Baicalin protects embry-
onic neurogenesis was only partially through 
affecting the gene expression pattern in dorso-
ventral neural tube. 

It is well established that both apoptotic cell 
death and homocysteine production would be 
dramatically increased by hyperglycemia [43-
45]. Homocysteine could induce DNA damage 
and P53 activation in neuron [46]. Thus, we 
investigated whether or not cell survival was a 
key link for Baicalin against poor neurogenesis 
induced by HG. Our results revealed that the 
inhibited-cell proliferation and enhanced-cell 
apoptosis induced by hyperglycemic condition 
was dramatically reversed by Baicalin adminis-
tration (Figures 4, 5). Meanwhile, the fact that 
Baicalin administration could abolish HG-in- 
duced high γH2AX expression indicates that 
Baicalin might target on HG-induced excessive 
homocysteine production and cell apoptosis 
derived from DNA damage, which in turn con-
tribute to abnormal neurogenesis (Figure 5). 

It has been reported that RA plays an important 
role in inducing motor neuron specification 

n=5 in each group, for (C, D, I1-I3), n>3 in each group, relative to GAPDH mRNA level, ns, refers to no significances, 
*P<0.05, **P<0.01, ***P<0.001. Data were presented as mean ± SE. Statistical significances were assessed by 
one-way ANOVA and Turkey’s multiple comparisons test. Scale bars =300 µm in (E-H); 100 µm in (E1-H1).
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Figure 7. The assessment of NTDs characterized by neural tube development and neural differentiation following blockage of RA signaling with AGN (potent antago-
nist of RA receptors) in the absence/presence of HG and Baicalin. (A-D) The representative Pax7, Tuj1, PHIS3 and c-Caspase3 immunofluorescent staining of HH10 
chick embryos from control, 50 mM HG, 50 mM HG + 10-6 M RA, 50 mM HG + 6 μM Baicalin, 50 mM HG + 6 μM Baicalin + 10-5 M AGN group respectively. The high 
magnification images are from the sites indicated by dotted squares accordingly. (E-H) Bar charts showing the comparisons of embryo NTDs incidences (E), the 
Pax7 positive cell percentages in the total DAPI-labelled cells of neural tubes (F), the PHIS3 positive cell percentages in the total DAPI-labelled cells of neural tubes 
(G) and the C-caspase3 positive cell (H) in HH10 chick embryo neural tubes from control, HG, HG + RA, HG + Baicalin, HG + Baicalin + AGN group respectively. (I) 
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[47]. Wilson et al. also have verified the impor-
tance of RA signaling for primary neurulation in 
avian embryos since the lack of RA leads to 
neurological malformations including reducted 
cell proliferation and inefficient neuronal differ-
entiation [48], suggesting that RA is an indis-
pensable part in vertebrate neural tube mor-
phogenesis. In this study, bioinformatics analy-
sis suggested the alteration of RA signaling 
could be a decisive factor in the process of  
HG exposure-induced abnormal neurogenesis 
(Figure 6A). The fact that Baicalin administra-
tion altered the RA concentration confirmed the 
cognition obtained by bioinformatics analysis 
(Figure 6B). This might be explained that 
Baicalin alters the activity of RA generating 
enzyme through regulating the expression of 
RALDH2 (rather than CYP1B1), which has been 
identified as a major RA generating enzyme in 
early embryo [49, 50]. We also detected the 
enzymes that regulate RA clearance, such as 
CYP26A1, CYP26C1 and CYP3A4 [51]. Results 
suggested that RA clearance was not as impor-
tant as RA generation during the progress wh- 
en Baicalin rescued HG-induced neural tube 
defects. More importantly, it is well known that 
RA signaling is mediated through the action of 

retinoic acid receptors (RARs), such as RARα 
and RARβ, which are the members of the nucle-
ar receptor superfamily and function as ligand-
dependent transcription factors [52, 53]. Com- 
binational knockout of RARα and RARβ leads to 
developmental defects and other congenital 
malformations [54]. In this study, the HG expo-
sure inhibited the expressions of RARα and 
RARβ at mRNA level. However, the fact, which 
the expression of RARα instead of RARβ was 
significantly rescued by Baicalin administra-
tion, suggested that RA signaling play a vital 
role on the protective effect of Baicalin via 
RARα. At last, we revealed HG-induced neural 
tube malformation could be rescued by RA acti-
vation, which serves as an active participator in 
regulating neuronal differentiation and the sur-
vival of neural precursor cells. This also could 
explain why the blockage of RA-mediated sig-
naling could abolish the rescue effects of 
Baicalin on HG-induced abnormal neurulation 
(Figure 7). 

Conclusion

In summary (Figure 8), administration of Bai- 
calin in early chicken embryos can partially 

The sketches illustrating the possible RA role on Baicalin confronts HG-induced NTDs. For (E), n=25 in each group, 
for (F-H), n=6 in each group, **P<0.01 and ***P<0.001 vs control; ##P<0.01 and ###P<0.001 vs HG; &&P<0.01 
and &&&P<0.001 vs HG + Baicalin. Data were presented as mean ± SE. Statistical significances were assessed by 
one-way ANOVA and Turkey’s multiple comparisons test. Scale bars =100 µm in (A-D).

Figure 8. Model depicting how Baicalin administration improves HG-induced NTDs and abnormal neurogenesis 
through activation of RA signaling.
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counteract HG-induced abnormal neurodevel-
opment. At the same time, RA signaling works 
as the vital component in the process of how 
Baicalin rescues HG-induced abnormal neuru-
lation, protecting the neurodevelopment of 
neural tube caused by HG-induced damage. By 
affecting the expression of the key genes in the 
dorsoventral side of neural tube, Baicalin exerts 
protective effect on neurogenesis by participat-
ing in the regulations of various cellular events, 
such as cell proliferation, differentiation, apop-
tosis, and DNA repair. Thus, administration of 
Baicalin may effectively reduce embryonic 
NTDs induced by HG, and Baicalin may be a 
potential drug candidate for women with gesta-
tional diabetes. There is no doubt that further 
precise exploration for relevant molecular 
mechanisms about the protective effects of 
Baicalin is still required.
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Supplementary Table 1. Primers sequence for qPCR
Genes Forward (5’-3’) Reverse (3’-5’)
Tuj1(c) ATGAGCATGGCATAGACCCC GGCACGTACTTGTGAGAGGAG
P53(c) TGCTGAACCCCGACAATGAG GTCAGTCCGAGCCTTTTTGC
c-Caspase3(c) TGGTGGAGGTGGAGGAGC TGTCTGTCATCATGGCTCTTG
γH2AX(c) AGGCATCTTCTCTTCGTCGC AGGAACGAGACTTGGCCTTC
RALDH2(c) ATTCCTGCAAGCCTTCTACG TTGCTCCTTCAGTAATGCCG
CYPIB1(c) CCTCATCAGGTATCCAAAAGTGC AAAGCCACGATGTAGGGCAA
CYP26A1(c) ACCGCAAAAAGGTGATCATGC TTCACCTCGGGATACACCAG
CYP3A4(c) GAGCAAGGGAGCAAACAAGAC TCTTGAAGGTCTGGTAGGGC
SHH(c) CCATCACTCCGAGGAATCGC CCCAGCACATAGACACGTTG
RARα(c) TGTCTAGTGAGGGGCACCA TCCGTCCTTTGGTTAAGCGG
RARβ(c) ATTCATGATTCGGGGCTGGG GCGCTCTGCAAAAGTGCTTA
GAPDH(c) TCAAATGGGCAGATGCAGGT AGCTGAGGGAGCTGAGATGA
Notes: “c” genes from chicken.
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Supplementary Figure 1. The assessment of the development of gastrula chick embryos in the absence/presence of HG and Baicalin. (A) The representative 
bright-field gastrula chick embryos incubated for 0, 24, 36 hours in absence/presence of 50 mM HG and different concentrations (0, 3, 6 12 µM) of Baicalin. (B-E) 
Bar charts showing the comparisons of NTDs incidences (%) (B), number of pairs of somites (C), the lengths of chick embryos at 24-hour (D) and 36-hour (E) incu-
bation among the control, HG and different concentrations of Baicalin groups. For (A, B), n=30 in each group, for (C-E), n=10 in each group, *P<0.05, **P<0.01, 
***P<0.001. Data were presented as mean ± SE. Statistical significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. Scale bars 
=500 µm in (A).
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Supplementary Figure 2. The assessment of the expressions of SHH in the absence/presence of HG and Baicalin. 
(A-D) The representative images of whole-mount in situ hybridization for SHH at HH10 chick embryos from control 
(A), Baicalin (B), HG (C), HG + Baicalin (D) groups. (A1-D1, A2-D2) The transverse sections from the levels indicated 
by dotted lines in (A-D) respectively. (E) The bar chart showing the mRNA expressions (quantitative PCR) of SHH in 
HH10 chick embryos among control, Baicalin, HG, HG + Baicalin groups. For (A-D), n=6 in each group, for (E), n>3 in 
each group, relative to GAPDH mRNA level, ns, refers to no significances, **P<0.01. Data were presented as mean 
± SE. Statistical significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. Scale bars 
=300 µm in (A-D); 100 µm in (A1-D1, A2-D2). 

Supplementary Figure 3. The assessment of the expressions of RA receptors in the absence/presence of HG and 
Baicalin. A, B. The bar charts showing the data of quantitative PCR about the expressions of RARα and RARβ at 
mRNA level in HH10 chick embryos among control, Baicalin, HG, HG + Baicalin groups. n>3 in each group, relative 
to GAPDH mRNA level. ns, refers to no significances, **P<0.01. Data were presented as mean ± SE. Statistical 
significances were assessed by one-way ANOVA and Turkey’s multiple comparisons test. 


