Rom J Morphol Embryol 2013, 54(4):993-1004

RJME

Romanian Journal of
Morphology & Embryology

http://www.rjme.ro/

ORIGINAL PAPER

Valproic acid substantially downregulated genes
folr1, IGF2R, RGS2, COL6A3, EDNRB, KLF6,
and pax-3, N-acetylcysteine alleviated most

of the induced gene alterations in chicken
embryo model

CHIU-LAN HSIEHY#, KUAN-CHOU CHEN*®#, CHI-YANG DINGY,
WAN-JANE TsAIY, J1A-FONG WU, CHIUNG-CHI PENG™

YGraduate Institute of Biotechnology,
Changhua University of Education, Changhua, Taiwan
2Department of Urology,

School of Medicine, College of Medicine,
Taipei Medical University, Taipei, Taiwan
Y Department of Urology,

Shuang Ho Hospital,

Taipei Medical University, Zhonghe, Taipej, Taiwan
Y Graduate Institute of Clinical Medicine,
College of Medicine,

Taipei Medical University, Taipei, Taiwan

*The two authors contributed equally to the manuscript.

Abstract

Valproic acid induced teratogenicity at genetic and somatic levels, the action mechanism is still unclear. We hypothesized that folate
receptor gene (folr1) and others may be interacting to elicit neural tube defect (NTD), while N-acetylcysteine (NAC) may be beneficial for
protection. In chicken embryo model, the experiment was conducted in two parts. The first part was carried out to test the optimum dose of
VPA. The second part was conducted to test the protective effect of NAC at doses 10 and 20 mM. VPA induced dysvascularization,
incomplete somite enclosure, histone deacetylase (HDAC) inhibition, folate deficiency, homocysteine accumulation, SOD inhibition,
glutathione depletion, elevated MDA and hydrogen peroxide. NAC alleviated most of these adverse effects. The microarray analysis
revealed 17 genes downregulated and four upregulated. The relevancy covered translation (23%), signal transduction (23%), transcription
(16%), cell adhesion (16%), neural cell migration (8%), transport (7%), and organismal development (7%). The genes insulin-like growth
factor 2 receptor gene (IGF2R), regulator of G-protein signaling 4 gene (RGS4), alpha 3 (VI) collagen gene (COL6A3), endothelin receptor
type b gene (EDNRB), and Krippel-like factor 6 gene (KLF6) substantially downregulated in reality were directly intermodulating and
associated with NTD. VPA downregulated folr1 gene in a dose responsive manner without affecting pax-3 gene, which was ascribed to the
metahypoxic state. Conclusively, VPA affects 21 genes: 17 downregulated and four upregulated. VPA dose responsively downregulates
gene folr1 without affecting pax-3 gene. These adverse effects can be partially alleviated by N-acetylcysteine.

Keywords: valproic acid teratogenicity, N-acetylcysteine, folate receptor gene folr1, pax-3 gene, neural tube defect (NTD),
histone deacetylase inhibitor.

=& Introduction

The teratogenic potential of valproic acid (VPA) has
been well established in both experimental models and
human clinical studies [1]. Before organogenesis, the
avascular embryo is physiologically hypoxic (2-5% O,).
Dysvascularization with increased glucose metabolic rate
in developing embryos could exacerbate the hypoxic
state [1, 2]. Excessive hypoxia in turn may contribute to
oxidative stress [2]. VPA elicits teratogenicity by (i)
promoting folic acid deficiency [1] and acting as a
disrupter of methylene tetrahydrofolate reductase
(MTHFR) [3]; (i) inducing oxidative stress [4]; (iif)
leading to the ®- and B-oxidation [5]; (iv) inhibiting

histone deacetylase (HDAC) [1]; (v) counteracting
angiogenesis [6]; and (vi) damaging DNA [7]. The
teratogenicity of VPA mostly is found in genetic and
somatic levels [7]. Folate deficiency elicits hyper-
homocysteinemia, which has been considered a mediator
of the teratogenic potential of VPA [1, 6, 8], including
neural tubular defect (NTD) and spina bifida aperta [9].
Supplementation with maternal folate greatly decreased
the risk [10]. However, the role of folate playing in NTD
risk is not well defined [11]. A diversity of nutrients and
nutraceutics have been tried to prevent or antagonize
VPA-related teratogenicity [1]. However, the protective
efficiency was very limited. NTDs develop during
the gestation are due to combination of genetic and

ISSN (print) 1220-0522

ISSN (on-line) 2066—8279



994

Chiu-Lan Hsieh et al.

environmental causes (multifactorial). In physiological
state of hyperglycemia (>250 mg/dL) plus hypoxia
(12% 0O,), pax-3 gene expression decreased five folds,
and as consequence the incidence of NTD increased
eight folds [2]. Nonetheless, the genetic causes induced
by VPA are largely unknown [12] previously, using
the chicken embryo model (CEM) we showed folate
greatly improved many defects caused by VPA [1]. We
hypothesize that VPA might alter the expression of
some relevantly related genes including folate receptor
(folrl) and pax-3 in the earlier embryonic stage. To verify
this, we conducted the experiments using the CEM. In
addition, microarray GeneGO analysis and qPCR were
applied to investigate the related genes. VPA induced
strong oxidative stress [4] and homocysteine accumulation
[1]. While N-acetylcysteine (NAC) was able to supply
extra cysteine source and simultaneously afford promising
antioxidative activity [13]. For alleviation, NAC was
commenced to suppress the adverse effects of VPA.

= Materials and Methods
Chemicals

Valproic acid (VPA), N-acetyl-L-cysteine (NAC),
agarose, homocysteine, folic acid, fluorobenzofurazan-
4-sulfonic acid ammonium salt (SBD-F), fast green dye
were provided by Sigma Aldrich Co. (St. Louis, MO, USA).
dNTP, and poly-A primer, random primer were purchased
from Biobasic (Canada). GenTaqg DNA Polymerase, M-
MuLV Reverse Transcriptase, SOXTAE and Total RNA
Miniprep Purification Kit were supplied by Jane-Mike
Biotech Co. (Taichung, Taiwan). Light Cycler SYBR I master
was a product of Roche Pharmaceutics (Switzerland).
Chicken genome array involving RGS4 oligonucleotide,
EDNRB oligonucleotide, COL6A3 oligonucleotide, NAPDH
oligonucleotide, KLF6 oligonucleotide, /GF2R oligo-
nucleotide, FOLRI oligonucleotide, and PAX-3 oligo-
nucleotide was provided by Affymetrix Co. (USA).

Source of fertilized eggs and processing

This experimental protocol was approved by the
National Changhua University of Education Ethic
Committee of Experimental Animals (Changhua, Taiwan).
Day-1 fertilized Leghorn eggs were supplied by Qing-
Dang Chicken Farm (Taichung, Taiwan). The experiment
was conducted in two parts. The first part was carried
out to test the optimum dose of VPA. The second part
was conducted to test the protective effect of NAC at
two level doses, 10 mM and 20 mM [1]. In the first part,
48 day-1 fertilized eggs were divided into four groups,
each 12 eggs: PBS control, VPA 10 mM, 20 mM, and
30 mM (translated to 2.89, 5.77, and 8.66 mg/kg; or 20,
40, and 60 puM final tissue concentrations). The fertilized
eggs were placed in an incubator (Haw-Yang Agricultural
Farm, Taichung, Taiwan) and incubated at 370C, RH
55-65% for further 1.5 days. The day-2.5 fertilized eggs
were moved to a laminar flow chamber. A hole having
size 2x2 mm on the egg shell was aseptically drilled
through with a hole-driller. The embryos were gently
moved as close as to the hole opening by carefully
turning around in between the observer’s eyes and a
direct strong light source. An amount of 100 uL. VPA
was injected with a tip injector to sites as near as

possible to the yolks. The openings were aseptically
sealed with a 3M tape. The incubation was continued.
On day 21, the chicks were examined for their normal,
still birth, and malformation rates. The second part of
experiment was carried out with 72 fertilized eggs. These
eggs were grouped into PBS (negative) control, VPA
30 mM, NAC 10 mM (NAC 10 mM, 100 pL/egg, to give
a final concentration of 3.3 pg/kg), NAC 20 mM (NAC
20 mM, 100 pl/egg, to give a final concentration of
6.6 pg/kg), VPA (30 mM) + NAC (10 mM), and VPA
(30 mM) + NAC (20 mM), each 12 eggs. Similar
procedures were conducted as mentioned in the above.
On day-2.5, the test solutions (each 100 pL) were applied.
The openings were aseptically sealed with a 3M tape. The
incubation was continued. The sampling points were set
at HH stage 22 (day-3.5 embryo).

Determination of vascularization and vessel
density

The HH stage 22 (day-3.5)-embryos were carefully
removed off their chorioallantoic membranes, blood vessel,
yolk and egg white. The embryo was successively rinsed
with several times with PBS and deionized water (dw).
The embryos were transferred onto a glass plate, 1 mL
of fast green dye was added. After one minute, the photos
of the vascularization status and embryos were taken
with an anatomical real image microscope (Type Castor
B1-90A, Luminescence/UV Image system). The extent
of vascularization were taken and analyzed with Image-
Pro Plus 6.0 software. The other intact embryos were
stored at -80°C for further use.

Blood and tissue sample collection

The HH stage 46 (day-1)-chicks were bled from heart
to collect the blood sample. After blood collection was
finished, the chicks were euthanized immediately with
CO,. The cervical muscles were collected, rinsed with
PBS and dewatered with tissues. After the picture of
excised cervical muscles were taken to examine the
pathological changes of outer appearance, the organs were
separately dipped into 10% buffered neutral formalin at
a ratio 1:30 for 48 hours to proceed paraffin-embedding
preparation.

Histopathological examination

The somites of embryos were collected, carefully
rinsed with PBS, dried on fine tissues, and dipped into
10% buffered neutral formalin at a volume ratio 1:30
for 48 hours to proceed paraffin embedding preparation.
The paraffin-embedded slides were subjected to HE
staining, and the slides were observed with Castor BI-90A
Microscope (Luminescence/UV Image system).

HPLC analysis for serum folic acid level

Serum folic acid level was determined according to
the method previously described [1]. Hitachi HPLC
equipped with RP-18 GP 250-4.6 (5 mm) column,
L-2100/2130 pump, and L2485 fluorescence detector
(Hitachi High Tech, Tokyo, Japan) was used. Briefly,
60 pL of serum sample was mixed with 180 pL of
solution A, and the remaining procedure was conducted
as previously cited [1]. The fluorescence intensity of the
final solution was read with an ELISA Fluorescence
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Reader at A.,=250 nm and A.,=350 nm. Same volume
(20 pL) of authentic folic acid solution was similarly
treated to establish the calibration curve within
concentration range 6.25 to 200 uM.

HPLC analysis for serum homocysteine (s-Hcy)
level

Hitachi HPLC L-2100/2130 type (Hitachi High Tech,
Tokyo, Japan) equipped with L-2100/2130 pump and
L2485 fluorescence detector was used to determine
serum homocysteine level as previously described [1].

Briefly, to the serum sample (60 plL) and equal
volume of authentic homocysteine solution (60 puM),
39 uL Dulbecco’s phosphate buffered saline and 10 pL
TECP were added and the mixture was left to react at
ambient temperature for 30 minutes. The following
protocols were carried out similarly as descried [1]. The
fluorescence was read at A.,=385 nm and A.,=515 nm.
A calibration curve was established using authentic
homocysteine solution at concentrations 3.75, 7.5, 15.0,
30.0, and 60.0 uM similarly treated by the same procedure
as mentioned.

Assay for tissue histone deacetylase (HDAC)
level

The activity of tissue histone deacetylase was
determined as previously described [1]. In brief, to
embryonic tissue (100 mg) 0.5 mL cold lysis buffer
(pH 7.5, containing 10 mM Tris-HCI, 10 mM sodium
chloride, 15 mM magnesium chloride, 250 mM sucrose,
0.5% Triton-X100, and 0.1 mM EGTA) was added and
homogenized. The following procedures wee similarly
conducted [1]. The fluorescence intensity of the final
solution was read with an ELISA Fluorescence Reader
at A=340-360 nm and A.,=440-460 nm. The calibration
curve was also similarly established using the deacetylated
histone standard (2.1 mM) at 10-fold dilution, from
which the amount of HDAC was calculated.

Quantitative Polymerase Chain Reaction (qPCR)
RNA extraction

Following the instructions given by TriReagent kit, the
frozen (-80°C) embryonic tissue (100 mg) was precisely
measured and 1 mL of TriReagent (Sigma, Poole, England)
was added. The mixture was homogenized with a hand
portable homogenizer (No. 985370, Ekso Biotech Co.,
Taichung, Taiwan) for 10 minutes and left to stand for
five minutes to facilitate the separation of nucleoprotein.

To the mixture, 0.2 mL of chloroform was added and
agitated vigorously for 15 seconds. The mixture was left
to stand at ambient temperature for 2-3 minutes and
then centrifuged at 12 000xg at 4°C for 15 minutes. The
mixture at this point would appear in three layers: the
phenol chloroform layer (at the bottom), the middle layer,
and the upper layer (colorless aqueous layer). The upper
layer containing RNA (0.6 mL) was removed out by
a micropipette and transferred to a centrifuge tube

Table 1 — The primers used for PCR

containing 1.0 mL of TriReagent. To the mixture,
isopropanol (0.25 mL) and PS & PG Removal Solution
(0.25 mL) were added, mixed well and left to stand for
10 minutes at the ambient temperature. The mixture was
centrifuged at 12 000xg at 4°C, for 10 minutes, and the
supernatant was removed. To each mL of TriReagent 1 mL
of ethanol (75%) was used to rinse the RNA pellets. The
same rinsing procedure was repeated for once again.
Each time the RNA pellets were subject to vortex and
centrifuged at 12 000xg at 4°C for 5 minutes. The ethanol
rinsing solution was removed. The RNA pellets were
air-dried for 5-10 minutes. The dried RNA pellets were
redissolved with water previously treated with diethyl-
pyrocarbonate (DEPC, 25 uL). The optical density (OD)
was measured with the Nano-Drop 1000 Spectrophoto-
meter (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The value of OD ratio Aygy/Asgo (=1.7~2.1) was used to
evaluate the extraction efficiency. The product RNA
was refrigerated at -80°C for further use (sample RNA).

The Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

The RNA content of the sample RNA was measured
with the Nano-Drop 1000 Spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). All RNAs
were synchronized to the same concentration and the
RT-PCR was conducted to prepare the cDNA. Briefly,
the reaction system contained RNA 4.5 pL, Oligo dT
primer 4.5 pL, random primer 1 pL, and DEPC water
1 uL to make a total of 11 puL. The mixture was heated at
70°C in a dry bath for 5 minutes and then immediately
cooled on ice for 3 minutes. To the ice-cooled mixture,
MMLYV buffer (10x) 2 uL, ANTP (10 mM) 1 pL, MMLV
reverse transcriptase 1 pL, and DEPC water 5 pL. were
added to make a total of 20 pL. PCR was conducted
according to the specified condition for each specific
gene as given by the manufacture. The OD of the mixture
was measured and the OD ratio A,g/Ass0 Was calculated.
The range within 1.7-2.1 was preferred. The preparation
was frozen at -20°C for use.

PCR for genes folate receptor (folr1) and pax-3

The PCR was conducted to analyze the expression
of pax-3 and folrl genes in day 3.5- and day 5.5-chicken
embryos. Briefly, the Gene Marker PCR Kits (Roche
LightCycler® 2.0 Instrument, Taichung, Taiwan) were used
for this analysis. The kits contained cDNA (500 ng/uL)
3 uL, GeneTaq polymerase 1 uL, GeneTaq buffer 2.5 pL,
Forward Primer (5 uM) 0.75 puL, Reverse Primer (5 uM)
0.75 uL, ddH,0 15.5 pL, and ANTP 1.5 pL, to make a total
of 25 pL. The temperature was programmed as: pre-
denaturation at 94°C for three minutes; denaturation at
94°C for 30 seconds; annealing at 58°C for 30 seconds for
folrl gene or at 63°C for 30 seconds for pax-3 gene;
extension at 72°C for 45 seconds; final extension at 72°C
for three minutes, and finally for cool-down at 20°C for
two minutes. The primers used were highlighted in Table 1.

Gene Forward Reverse
Folr1 TGCTGCACGGCCAACAC TGGTTCCAGTTGAAGTTGTACAGGTA
Pax-3 GCATCCGGCCCTGTGTCATCTC GCTCCTGCCTGCTTCCTCCATCT
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The DNA agarose electrophoresis

Agarose was dissolved in 5XTAE buffer to attain a
concentration of 0.8 to 1.5%. The agarose in 5XTAE buffer
was heated by microwave until completely transparent
without any contaminants appearing in sights. To the
solution 3 pL of the internal dying agent safe view DNA
stain/100 mL were added. The solution was left to cool
down at ambient temperature. After 10 minutes, the
solution was poured into the casing pan, and the gas
bubbles were driven off during the operation. The agarose
was allowed to solidify at the ambient temperature,
avoiding the direct sunlight. The finished agarose was
placed into the electrophoresis chamber in which
SXTAE buffer was filled up to serve the electrophoresis
buffer. A total amount of DNA (100 ng), mixed with 6x
loading dye, was injected onto the agarose concave, the
electrophoresis (DNA Horizontal Electrophoresis Chamber,
MJ-105s, Gene Valley, Taichung, Taiwan) was started by
applying 100 V potential for 20 minutes. By contrasting
with the authentic DNA ladder pattern, the photos of the
pattern were taken by the Luminescence/UV Image system
and the quantification was subsequently performed.

Microarray analysis
Treatment of fertilized eggs

Similar to the above-mentioned, the day 1 fertilized
eggs were incubated in incubator held at 37+1.0°C, RH
50~60% for 1.5 days (HH stage 10). Using similar protocol,
VPA (30 mM, 100 pL/egg, final concentration 60 uM)
and NAC (10 mM, 100 pL/egg) were applied as indicated.
The eggs were further incubated until HH stage 22 (day
3.5) and sacrificed for examination.

RNA purification

The procedure for RNA purification was conducted
according to the instructions issued by the Total RNA
Miniprep Purification Kit (Gene Marker, Taichung Taiwan).
The RNA obtained was amplified with PCR (Thermo
electron Px2 Thermal Cycle, Gene Valley, Taichung,
Taiwan) to 500 ng, the cRNA obtained was fluorescence-
labeled with the Affymetrix GeneChip 3’TVT Express Kit.

Microarray hybridization

The hybridization solution and Affymetrix oligo-
nucleotide microarrays were left to react at 45°C for
10 minutes at 65 rpm. The pre-hybridization solution was
removed, and 200 pL of hybridization solution containing
0.05 pg/uL fragmented cRNA was added. The mixture was
left to react at 45°C for 16 hours at a revolution speed of
65 rpm. The Affymetrix GeneChip® Scanner 3000 was used
to scan the chips. For each sample, repeated microarray
hybridization was carried out six times.

Normalization and filtering

After the image files (Cel) were developed by the
Affymetrix gene chips operation software (GCOS), the
dChip software invariant set was used to normalize the
data [14]. All the chips use to participate the analytical
work were examined and the strength of the median chip
was selected to act as the baseline strength. In addition,
the others were normalized against this median data. The
variance among the groups detected by the completely

compensating probe (PM) was used as the basis to simulate
the normalized curve. Moreover, from the normalized data
revealed by the chip the fold change, the difference, and
the r-test p-value among the groups were calculated.
Herein we were interested only in the significance with
(i) a fold change >3.0 (or <-3.0); (if) a difference >100;
and (#i7) a p-value <0.05.

Real-time PCR

The real time PCR was conducted by following the
manufacturer’s instructions given in the Real-Time PCR/
SYBR Green flow chart using the LightCycler® RNA
Master SYBR Green I Kits (Roche, Taipei, Taiwan).

The entire process was repeated for 50 cycles. To
calculate the data, the fluorescent signals detected during
the annealing step were measured. The Ct values were
calculated. In parallel, the Ct values were estimated by the
relative quantification method, which were substituted into
the equation 2 to estimate the difference of expression
in the target gene between the treated and the control
groups. For each sample, qPCR was repeated for six times.

Statistical analysis

The data obtained were analyzed with the Statistical
Analysis System 9.0 (SAS 9.0) and expressed in mean & SD.
The variance between groups was analyzed using ANOVA
Test. A level of p<0.05 was set as the confidence level.

= Results

VPA (30 mM, 100 pL/egg) was optimum for
inducing the malformation rate. NAC was only
partially effective in rescuing the malformation
rates

VPA induced malformation in a dose responsive
manner. The malformation rate was 17+8%, 20+8% and
294+13%, respectively at 10, 20 and 30 mM (each 100 pL/
egg) (Table 2), consistent with our previous report [1],
among which 30 mM (each 100 pl/egg) was optimum
for induction of the malformation in CEM.

Table 2 — Dose responsive effect of VPA, NAC, and

the protective effect of NAC in VPA+NAC groups on

the malformation rate in CEM

Malformation

Group Normal [%] Still birth [%)] rate [%]
PBS control 95+8°* 5+2°° 0.0
VPA - - -

10 mM 83+13° 0.0 17+8°

20 mM 61+12° 21+10° 20+8°

30 mM 39+5%F 30+12°4 20+13*4
NAC - - -

10 mM 82+12°° 7+4°P 12+6°C

20 mM 87+11°8 6+4°° 7+3°P
VPA 30 mM - - -
+NAC 10 mM  58+14F 24+7° 18+8°
+NAC20 mM  67+11° 20+5° 13+5°

*Values with different superscripts in lower cases in the same column
indicate significantly different between groups exclusive of the treated
(p<0.05). Values with different superscripts in upper cases in the
same column indicate significantly different when compared to the
treated group (the bottom three lines) (p<0.05).

Unless otherwise stated, this dose was adopted to
perform the subsequent experiments. NAC at 10 and
20 mM (each 100 pl/egg) significantly suppressed in a
dose responsive manner the malformation rate down to
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18+8% and 13+5%, and the still birth rates down to
24+7% and 20£5%, respectively (Table 2).

NAC completely alleviated the dysvasculari-
zation induced by VPA

The vascular density and neural tube was highly affected
PBS control VPA 10 mM

by VPA 30 mM (each 100 pL/egg) (Figure 1, A and C).
In HH stage 22 (day 3.5) CEM, VPA at 10, 20, and 30 mM
suppressed the vascularization area to 6.0, 5.2, and 4.0%

in a dose responsive manner compared to normal value
6.4+2.5% (Figure 1B).

VPA 20 mM

VPA 30 mM

NAC 10 mM NAC 20 mM

VPA 30 mM
+NAC 10 mM

VPA 30 mM
+NAC 20 mM

A)

Vascular density [%]

(B

(VPA) and N-acetylcysteine (NAC). Status of vascularization (A); vascular density (B); and the light micrographs of
Hematoxylin—Eosin stained somite showing incomplete closure of somite induced by VPA (C). Valproic acid (VPA,
30 mM, 100 uL/egg, translated to 60 uM or 8.66 mg/kg). N-acetylcysteine, NAC (10 or 20 mM, each 100 uL/egg,
corresponding to 3.3 and 6.6 ug/kg respectively). The HE stained somites (x200) of the PBS control (left) and VPA
treated (right) (C). Each value in (B) represents mean =SD from triplicates (n=12). Different letters indicate

significantly different (p<0.05).

NAC completely restored the VPA inhibited-
HDAC

Administration of VPA (30 mM, each 100 pL/egg))
suppressed the HDAC level to 0.9+0.2 nmol/min./mg
protein, which was significantly lower than the normal
3.940.2 nmol/min./mg protein. The inhibition reached —
51% (p<0.001) and was effectively restored by NAC at
20 mM (Figure 2).

NAC completely alleviated homocysteine
accumulation but folate deficiency was only
ameliorated at higher doses of NAC

HPLC analysis showed folate and homocysteine

to exhibit retention times 2.63 min. (Figure 3A) and
13.41 min. (Figure 3B), respectively. The control-serum
folate level was 98 uM. VPA induced significant folate
deficiency (-17.4%, 81 uM), which was ameliorated by
NAC at 20 mM to 132 uM (+34.7%) (Figure 3, C and D).

VPA downregulated genes folate receptor folr1
and pax-3

The folate receptor gene (folrl) in HH stage 22 (day
3.5) CEM was downregulated in a dose-responsive manner
by 10, 20 and 30 mM of VPA (each 100 uL/egg). Day 3.5
CEM was more susceptible to VPA showing sensitivity
1.60 folds/uM folic acid. NAC failed to retard such
downregulation (Figure 4A), much less susceptible for day
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5.5 CEM (Figure 4B): the folrl gene was downregulated
in a dose responsive manner to 0.91, 0.84 and 0.61 folds
that of control (Figure 4B). The susceptibility was reduced
to only 0.80 folds/uM folic acid, implicating the higher
susceptibility of the earlier embryonic stage to VPA.
As contrast, pax-3 gene in HH-stage 22 (day 3.5) CEM
seemed to be totally unaffected by VPA therapy and
NAC supplement (Figure 5).

Microarray analysis — GeneGo analysis

Microarray analysis revealed a total of 21 genes were
affected when administered VPA (30 mM, 100 pL/egg),
17 downregulated and four upregulated (Figure 6A,
Table 3). GeneGo analysis showed five genes were closely
intermodulating each other, they were (gene, fold change):
insulin-like growth factor 2 receptor gene (/IGF2R, -3.43),
regulator of G-protein signaling 4 gene (RGS4, -3.97),
alpha 3 (VI) collagen gene (COL6A43, -3.55), endothelin
receptor type b gene (EDNRB, -3.44), and Kriippel-like
factor 6 gene (KLF6, -3.51) (Table 3). We suspected
that these five genes could be closely related to NTD,
hence qPCR was further conducted. Quantitatively, the
two results were rather matching (Figure 6B).
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SD (n=12). Different letters indicate significantly different
(p<0.05).
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Each value represents mean + SD (n=12). Different letters
indicate significantly different (p<0.05).
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8.66 mg/kg) or NAC (10 mM, 100 uL/egg).




1000

Chiu-Lan Hsieh et al.

transport
7%

organismal
development
7%
neural crest
cell
migration
8%

transcription
16%

signal

23%

translation
23%

cell adhesion
©) 16%

Figure 6 (continued) — Genomic analysis. The pie diagram
showing the proportion of biological significance (C). VPA
transduction (30 mM, 100 uL/egg, translated to human = 8.66 mg/kg) or
NAC (10 mM, 100 uL/egg).

Table 3 — Microarray analysis of genes in HH stage 22 (day 3.5) chicken embryos transcriptionally expressed in

respond to VPA treatment”

Representative public ID Symbol Name of gene Fold change
NM_204970.1 IGF2R Insulin-like growth factor 2 receptor -3.43
NM_204118.1 AHR Aryl hydrocarbon receptor -2.27
NM_204385.1 RGS4 Regulator of G-protein signaling 4 -3.97
NM_205534.1 COL6A3 Collagen, type VI, alpha 3 -3.55
NM_205115.1 LIMK2 LIM domain kinase 2 -1.36

NM_001001744.1 IRX4 Iroquois homeobox 4 1.34
AJ720222 ACAP2 ArfGAP with coiled-coil, ankyrin repeat and PH domains 2 -1.42
BU253126 LOC771075 Hypothetical protein LOC771075 -1.8
BU199767 LOC426092 Hypothetical gene supported by CR386914 1.28
BU449947 EDNRB Endothelin receptor type B -1.32

BX932265.1 EDNRB Endothelin receptor type B -3.44
CR353052.1 VPS26B Vacuolar protein sorting 26 homolog B (Schizosaccharomyces pombe) 2.1

AF317286.1 LOC395379  Ephrin-A6 -1.35

AJ720905 KLF6 Kruppel-like factor 6 -3.51

ENSGALT00000 C1orf107 Chromosome 1 open reading frame 107 217

16072.1
AJ720126 RMND5A Requirqd for meiotic nuclear division 5 homolog A (Saccharomyces 132
cerevisiae)

ENSGALT00000008340.1 LOC424460 Hypothetical LOC424460 -1.9

ENSGALTO00000011854.1 RCJMBO04_2/20 LIM domain containing preferred translocation partner in lipoma -5.65

BX273571 CASK Calcium/calmodulin-dependent serine protein kinase (MAGUK family) -1.52
BU480610 TMEM184B  Transmembrane protein 184B -1.29
CD732748 LEMD2 LEM domain containing 2 -2.48

®Valproic acid (VPA) 8.66 mg/kg (= 60 uM; VPA 30 mM, 100 uL/egg) alone was applied to fertilized chicken embryo using the protocol stated
in the text. Microarray analysis revealed a total of 21 genes affected when administered VPA 30 mM: 17 downregulated and four upregulated

(also see Figure 5).

=& Discussion

The VPA-induced malformation was not only
simply due to the homocysteine accumulation
and oxidative stress

VPA induced malformation in a dose responsive
manner. At 30 mM (100 pL/egg), the malformation
reached maximum with the least mortality, hence for
investigation of the teratogenicity of VPA, we adopted
this dose. VPA induced strong oxidative stress [4] and
homocysteine accumulation [1]. As mentioned, NAC
had been shown able to supply extra cysteine source and
simultaneously afford promising antioxidative activity
[13]. Nonetheless, we showed NAC to be only partially
effective in the alleviation of malformation, underlying
the complicate etiology of VPA-induced malformation.

Hyperhomocysteinemia is a major mediator of the
teratogenic potential [1, 6] and an extremely important
risk factor for the neural tubular defect (NTD) [9].
Nonetheless, the prevalence of NTD is independent of the
ambient folate concentration, acting directly on embryonic
development or indirectly through methionine cycle
[1, 15].

Regarding the teratogenicity of VPA, Rosenquist TH
and Finnell RH (2001) suggested three general families
of genes to be considered: the gene folate-receptor; genes
regulating methionine—homocysteine metabolism; and
gene NMDA-receptor [16].

VPA induced metahypoxic state with
subsequent mitochondrial dysfunction

The vascular density was highly reduced by VPA.
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Assume the vascularization density to be positively
proportional to the oxygen transport, the corresponding
decrease in oxygenation rate could have reached -6.3%,
-18.8%, and -37.5%. A decrease of -37.5% in oxygenation
rate implied a metahypoxic state having 13.2% atmospheric
oxygen (Figure 1B), consistent with Rosenberg G (2007)
study [6]. Worth note, accelerated glucose consumption and
metabolism could also increase the demand for oxygen, and
dysvascularization status would have further exacerbated
the hypoxic state [2].

NAC increased the vascular density to 7.9 and 8.4%
at 10 and 20 mM (p<0.05) (Figure 1B), counteracting
VPA and completely alleviating the vascularization
(p<0.05) (Figure 1B), suggesting the fact VPA induced
NTD through dysvascularization and mitochondrial
dysfunction (Figure 1C), consistent with Nanau RM and
Neuman MG (2013) study [15].

NAC effectively rescued HDAC activity to
retard the teratogenicity of VPA

Administration of VPA (30 mM each 100 pL/egg)
severely suppressed the HDAC, yielding a suppression
of -51% (p<0.001) (Figure 2). Literature indicated an
increase of six-fold histone H3 acetylation was
approached when treated with VPA [17, 18]. Phiel CJ
et al. demonstrated VPA (5 mM) downregulated nuclear
HDAC activity by 77% [19], similar results had been
demonstrated by Hsieh CL ez al. (2012) [1].

Although in vivo, only up to 20% of the whole
genome is controlled by HDACs, key processes for
development, survival, proliferation, and differentiation
have been strictly linked to HDAC enzyme functioning
[20]. To date, all tested HDACi have shown teratogenic
effects similar to those described for VPA in many
animal models [1, 7].

NAC at 20 mM alone increased the activity of HDAC
to 6.0 nmol/min./mg protein, reaching 1.54-fold that of
the control. Previously, we showed NAC at 10 mM
effectively rescued the VPA induced-downregulation of
HDAC in day 5.5 CEM [1], implicating embryos at
earlier stage to be more susceptible to VPA.

Why external folate could completely rescue
the malformation induced by VPA even when
the folate receptor gene, folr1 was severely
downregulated?

In previous report, we showed externally supplemented
folic acid effectively ameliorated the malformation of
chicken embryos [1]. The question arises “Why the
externally supplemented folate could exert such a full
strength anti-folate-deficiency under circumstance when
folrl was suppressed by -47% by 30 mM VPA (Figure 4B)?”

The reason is that the cells use multiple strategies to
assimilate folate, e.g. (i) the GPI-linked folate receptors
(MFRs) on the cell surface bind folate and deliver it to
an endosomal compartment through receptor-mediated
endocytosis pathways that are not fully understood. MFRs
have high affinities for folic acid (K4 0.1 nM™) and
reduced folate (K4 0.1-10 nM™) [21]; (ii) the reduced
folates can enter the cell through a facilitative carrier
(SLC19A1)-mediated mechanism, which exhibits features
of anion exchangers (RFC) [22]; and (iii) the proton-

coupled folate transporter (PCFT) recently identified as
SLC46A1 [23], which is necessary for normal intestinal
absorption of dietary folate. Consequently, even when
folate deficiency occurred due to simply impaired folate
receptor (FR), its effect would not be easily perceived,
because the other pathways could be adequately working
instead of FR.

Why pax-3 gene was not affected?

Pax-3 gene in HH-stage 22 (day 3.5)-CEM seemed
to be totally unaffected by VPA therapy and NAC
supplement (Figure 5). The reason could be due to the
incomplete hypoxic state in the CEM. Oxidative stress
could inhibit expression of genes, such as pax-3, which
control essential developmental processes and embryopathy
[24]. Alternatively, in physiological state of hyperglycemia
(>250 mg/dL) plus hypoxia (12% O,), pax-3 gene
expression can be decreased up to five folds, and as
consequence the incidence of NTD increased eight folds
[2]. When the atmospheric O, tension was increased to
30%, the maternal diabetes-directed NTD was significantly
suppressed [2].

Pax-3 protein is required during neural tube
development to suppress p53-dependent cell death and
consequent abortion of neural tube closure, but is not
required to control expression of genes that direct neural
tube closure [24].

Literature elsewhere indicated in VPA-exposed
embryos, some domains were spatially abnormal, for
example pax-3 in the neural crest [25]. Suggestively,
even VPA caused dysvascularization (Figure 1), which
might merely have induced a state of metahypoxia.
Hence, pax-3 gene was unaffected (Figure 5).

Microarray analysis supported the linking of
hypoxia, dysvascularization and neural tube
defect, and simultaneously the overall promising
ameliorating effect of NAC

Downregulation of /GF2R could enhance dysvascu-
larization (Figure 1B) associated with hypoxia [24]. As
well known, RGS4 is one of the major modulator of
G-protein signaling, which is associated with a diversity
of in vivo pharmacological action mechanisms of drugs
[26]. RGS genes have been identified to act as novel
regulators of the G-protein-coupled receptor signaling
[27]. Alpha 3 (V1) collagen (COL6A3) gene provides
instructions for making one component of type VI
collagen, a flexible protein that surrounds muscle cells.
Type VI collagen networks play an especially important
role in the extracellular matrix of muscle that is used for
movement (skeletal muscle) (Genetic Home References:
Reviewed October 2010). EDNRB gene provides
instructions for making a protein called endothelin receptor
type B, a G-protein-coupled receptor that activates a
phosphatidylinositol-calcium second messenger system
[28]. The receptor—ligand interacts to regulate several
critical biological processes, including the development
and function of blood vessels (Genetics Home Reference,
Reviewed April 2006), which may also be associated
with dysvascularization. A mutation in the middle of the
EDNRB gene leads to undeveloped embryos and non-
migrating enteric neuron precursors [28]. Kriippel-like
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factor (KLF) kIf6 gene is expressed in developing neuronal
tissues [29, 30], which implied the linking to the neural
tube defect. The kIf6-/- mutation causes embryonic lethal
associated with markedly reduced hematopoiesis and poorly
organized yolk sac vascularization [29]. LOC426827 gene
is highly expressed in brain, bone marrow, small intestine,
muscle, spleen and pancreas [31]. Clorf107 gene plays
a structural role at sites of cell adhesion in maintaining
cell shape and motility. It is involved in signal

transduction from cell adhesion sites to the nucleus [32].
RCJMB04 2120 gene plays a structural role at sites of
cell adhesion in maintaining cell shape and motility [33].
Worth note, RCJMB04 2120 gene, once reduced to
-5.65 folds when treated with VPA (Table 3) was up-
regulated by NAC to -2.92 folds (Table 4). DIABLO
IAP is a protein that negatively regulates apoptosis or
programmed cell death [34], functioning as the second
mitochondria-derived activator of caspases or SMAC.

Table 4 — Genes transcriptionally expressed in day HH stage 22 (day 3.5) chicken embryos when treated with VPA+NAC*

Representative public ID Gene symbol Gene name Fold change
BU469343 SEPP1 Selenoprotein P, plasma, 1 -1.47
BU206830 DIABLO Diablo homolog (Drosophila) -1.31
BU124530 LOC426827 BTN2A1; DJ3E1.1; BK14H9.1; Butyrophilin BTF1 precursor -22.53

BX934057.1 ZCCHC10 Zinc finger, CCHC domain containing 10 1.42

ENSGALT00000011854.1 RCJUMBO04_2/20 LIM domain containing preferred translocation partner in lipoma -2.92

#Valproic acid (VPA) (VPA 30 mM, 100 uL/egg to achieve 8.66 mg/kg or 60 uM) + N-acetylcysteine (NAC) (10 mM, 100 uL/egg to achieve a
final concentration 3.3 pg/kg) were applied to fertilized chicken embryo using the protocol stated in the text. Microarray analysis revealed
only six genes were affected when treated with NAC: five downregulated and one upregulated, evidencing that NAC had partially rescued, if

not entirely, the teratogenicity of VPA (also see Figure 5).

In addition, the Gene Ontology Biology Process
Analysis revealed the biological significance of these
gene alterations, which involved 23% translation, 23%
signal transduction, 16% transcription, 16% cell adhesion,
8% neural cell migration, 7% transport, and 7% organismal
development (Figure 6C). When treated with NAC
(10 mM) [1], only six genes remained to be significantly
affected: five downregulated and one upregulated (Table 4).
SEPP] (Selenoprotein P) gene normally signals translation
termination and also has been implicated to function as
an antioxidant in the extracellular space [35]. DIABLO
gene encodes an inhibitor of apoptosis protein (IAP)-
binding protein. The encoded mitochondrial protein enters
the cytosol when cells undergo apoptosis, and it moderates
the caspase inhibition of IAPs. DIABLO promotes apoptosis
by activating caspases in the cytochrome c/Apaf-1/caspase-9
pathway. DIABLO acts by opposing the inhibitory activity
of inhibitor of apoptosis proteins (IAP) (Genetics Home
Reference). LOC426827 (BTN2A) gene mRNA is expressed
in most human tissues but protein expression is significantly
lower in leukocytes. Moreover, a particular glycosylated
form of BTN2A4I binds a lectin molecule, DC-SIGN,
found on DCs, confirming the involvement of the BTN
family as co-regulators of the immune system [36].
ZCCHCI0 widely expressed in normal tissues and systems
involving immune, nervous, muscle, internal organ, and
secretory glands (Weismann Institute of Science). These
three genes were only slightly downregulated by VPA+
NAC (Table 4). Interestingly, LOC426827 (BTN24) gene
was severely downregulated -22.53 folds (Table 4). The
highly downregulated LOC426827 (BTN2A4) implicated
the severe defect in immune system when treated with
VPA that was incurable by NAC. On the other hand, the
VPA-upregulated Clorf107 gene (Table 3) was effectively
rescued by NAC (Table 4). Similar phenomenon was
found for RCJMB04_2120 gene (Tables 3 and 4).

A summarized gene expressions relevantly associated
with VPA induced-NTD and the alleviation by NAC are
shown in Figure 7.
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Figure 7 — The genes significantly altered by VPA in
the chicken embryo model. Twenty-one genes were
significantly altered by VPA therapy: 17 downregulated
and four upregulated. Among these, the genes mostly
relevant to neural tube defect are JGF2R, RGS4,
COL6A3, EDNRB, and KLF6. Folate receptor gene
(folr1) was significantly downregulated by VPA (30 mM,
100 uL/egg, translated to 60 uM or 8.66 mg/kg).
However, the externally supplement folic acid in form
of reduced folates still will be available in cytoplasm.
The extra-transport through cell membrane can take
three subsidiary routes: the reduced folate carrier
(RFC, SLC19A1), the GPI-linked membrane folate
receptor (MFR), and the proton-coupled folate
transporter (PCFT, SLC46A1). The cytoplasmic VPA
induced dysvascularization, creating a status of meta-
hypoxic state (-37.5% of oxygen supply, corresponding
to 13.1% of O,), hence the pax-3 gene was unaffected.
Literature indicated that pax-3 gene was downregulated
under hypoxic state (at 12% O; or -43% of oxygen
supply). VPA inhibited the conversion of homocysteine
into methionine, resulting homocysteine accumulation.
VPA also inhibits the methyltetrahydrofolate reductase
(MTHFR), compromising DNA de novo synthesis.
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& Conclusions

VPA affects 21 genes: 17 downregulated and four
upregulated. Among which, /GF2R, RGS4, COLG6A3,
EDNRB, and KLF6 genes are apparently intermodulating
and supposed to be relevantly related to the prevalence of
NTD. In addition, VPA dose responsively downregulates
gene folrl but to a slight extent on pax-3 gene. These
adverse effects can be only partially alleviated by N-
acetylcysteine.
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