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1. Introduction

ABSTRACT

The teratogenicity of antiepilepsy drug valproic acid (VPA) mostly is found in genetic and somatic levels,
causing teratogenesis involving neurotubular defects (NTDs), anencephaly, lumbosacral meningomyelo-
cele, and leg dysfunction due to spina bifida aperta. A diversity of nutraceutics have been tried to alleviate
the risk of VPA-teratogenicity. The effect was varying. In order to promote the preventive prescription,
to find out its action mechanism can be rather crucial. We used chicken embryo model to try the effect
of folic acid (FA), ascorbic acid (AA), and N-acetyl cysteine (NAC). VPA at 30 mM showed the higher
malformation rate (66.7%) with the least mortality (22.2%). Pathological findings indicated that the cer-
vical muscle was more susceptible to VPA injury than the ankle muscle. VPA downregulated levels of
superoxide dismutase (SOD), glutathione (GSH), histone deacetylase (HDAC) and folate, and upregulated
H,0, and homocysteine. FA, AA, and NAC significantly upregulated SOD, but only AA alone activated
GSH. AA and NAC downregulated H,0,, while FA was totally ineffective. All three nutraceutics compara-
bly rescued HDAC with simultaneously suppressed homocysteine accumulation and folate re-elevation,
although less effectively by NAC. Based on these data, we conclude VPA possesses “Multiple Point Action
Mechanism”. In addition to affecting the cited transcription and translation levels, we hypothesize that
VPA competitively antagonize the glutamic acid to couple with pteroic acid in biosynthesis of dihydro-
folic acid (DHFA). H, 0, directly destroyed the NADPH reducing system at dihydrofolate reductase (DHFR)
and methylene tetrahydrofolate reductase (MTHFR) levels, while completely restored by AA, an implica-
tion in preservation of intact apoenzymes. In addition, the GSH-GSSG system is sandwiched between the
reducing systems NADPH/NADP and DHA-AA, its net balance is highly dependent on in situ in vivo Redox
state, hence folic acid transformation is varying. To rescue the VPA-induced teratogenicity, simultaneous
multiple prescriptions are suggested.

© 2011 Elsevier Ireland Ltd. All rights reserved.

(Mominoki et al.,2006). The cited mechanism of VPA to elicit terato-
genicity involve (i) promoting folic acid deficiency (Johannessen,

Comparing to the mouse model (Faiella et al., 2000), the chicken
egg and developing embryo are useful models for the study of ter-
atogenicity (Whitsel et al., 2002; Rosenquist et al., 2010; Lie et al.,
2010) and embryotoxic potency (Jelinek and Peterka, 1985). The
teratogenicity of VPA mostly is found in genetic and somatic levels
(Whitsel etal.,2002; Eikel et al.,2006), mostly involving neurotubu-
lar defects (NTDs), anencephaly, lumbosacral meningomyelocele
(Lindhout et al., 1992; Koch et al., 1996), and spina bifida aperta
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2000; Chango, 2009) and acting as a disrupter of methylene tetrahy-
drofolate reductase (MTHFR) (Karabiber et al., 2003; Roy et al.,
2008); (ii) inducing oxidative stress (Tabatabaei and Abbott, 1999);
(iii) leading to the w- and B-oxidation (Lheureux et al., 2005); (iv)
inhibiting histone deacetylase (Menegola et al., 2006; Hrzenjak
et al.,, 2006); (v) antiangiogenesis (Rosenberg, 2007); and (vi) DNA
damages (Schulpis et al., 2006). In addition, reduced folate lev-
els may result in hyperhomocysteinemia. Homocysteine has been
considered a mediator of the teratogenic potential of VPA (Verrotti
et al., 2000; Karabiber et al., 2003). Reduced folate can compromise
DNA (Fig. S1, van Gelder et al., 2010). Mild MTHFR deficiency and
reduced maternal erythrocyte folate concentration is a particularly
strong risk factor for NTD (Amorim et al., 2007).
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Therapeutically, a diversity of nutrients and nutraceutics have
been tried to prevent or antagonize VPA-induced teratogenicity.
Folic acid supplementation in females significantly reduced VPA-
induced NTDs in their offspring (Padmanabhan et al., 2006; Dawson
et al.,, 2006). The alternate treatments involved methionine (Ehlers
etal., 1995), folinic acid, vitamin Bg plus vitamin By, (Elmarzaretal.,
1992), folic acid with tocopherol (Aluclu et al., 2009), and betaine
supplement for the MTHFR-deficient (Kelly et al., 2005). Although
supplement with folinic acid and vitamins Bg + By, had effectively
reduced VPA malformations (Elmarzar et al., 1992), the sciatic nerve
degeneration in fetal rats caused by VPA was only partially res-
cued by folic acid or tocopherol, or the combination of these two
vitamins (Aluclu et al., 2009). Apparently, these protections were
not complete, and obviously some other mechanisms have been
embedded behind that need further investigation. This present
paper intends to march forward more detail into these unknown
action mechanisms, which may provide more reliable evidences
in extending the prescription for the VPA therapy and protective
strategies.

2. Materials and methods
2.1. Chemicals

N-acetyl-L-cysteine, bovine serum albumin (BSA), sodium dodecyl sulfate
(SDS), Bromophenol Blue, Coomassie Brilliant Blue R (CBR), N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED), Tween-20, and potassium ferricyanide were purchased
from Sigma Co. (St. Louis, MO, USA). Sodium carbonate and acetonitrile (ACN) were
supplied by JT-Baker & Co. (Windale, NY, USA). Other undefined products were all
manufactured by Wako Pure Chemicals (Tokyo, Japan). All reagents and solution
used were prepared following the manufacturer’s instruction.

2.2. Source of fertilized eggs and processing

Sixty day-1 fertilized Leghorn eggs supplied by Qing-Dang Chicken Farm
(Taichung, Taiwan) were divided into 5 groups, 12 fertilized eggs in each. The fer-
tilized eggs were placed in the incubator (Haw-Yang Agricultural Farm, Taichung,
Taiwan) and incubated at 37°C, RH 50-60% for 1.5 days. The fertilized eggs were
moved to a laminar flow chamber. A hole having size 2 mm x 2 mm on the egg shell
was aseptically drilled through with a pin-driller. The embryos were moved as close
as to the hole opening by carefully turning around in between the observer’s eyes and
adirect strong light source, and injected with a tip injector an amount of 100 wL VPA
(30mM) alone or with folic acid, ascorbic acid, and N-acetyl cysteine, 10 mM each
in PBS, respectively. PBS was used as the negative control. The openings were asep-
tically sealed with a 3 M tape. The incubation was continued. The sampling points
were set at day 5.5 (HH stage-28) (Supplement Fig. S2) and day 21 (Hamburger and
Hamilton, 1951).

2.3. Sample embryo and treatment

The embryo at day 5.5 was carefully removed off their chorioallantoic mem-
branes, blood vessel, yolk and egg white. The embryo was successively rinsed with
several times of PBS and deionized water (dw). The weight of embryo was taken and
the embryo was stored at —80 °C for further use.

2.4. Status of vascularization and vessel density

The day 5.5 fertilized eggs were broken and the embryos were transferred onto
a Petri dish. The photos were taken and analyzed with Image-Pro Plus 6.0 software.

2.5. Collection of organs

After hatched out, the chicks were euthanized with CO,. The brains, hearts, liv-
ers, cervical muscle, hind leg, claws with toes, ankle joint, spinal cord, and sciatic
nerve were collected, rinsed with PBS, dewatered with tissues and weighed. After
the picture of excised organs was 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 h to proceed paraffin embedding preparation.

2.6. Histopathological examination

The paraffin-embedded slides were subjected to HE staining, and the slides were
observed with Castor BI-90A Microscope.

2.7. HPLC analysis for serum folic acid

The nonboiled treatment method of Rodriguez-Bernaldo de Quirds et al. (2004)
with slight modification was used for HPLC determination of folic acid. The solutions
required for this assay included solutions A, B, C, D, and E. These solutions were pre-
pared prior to HPLC analysis: Solution A was prepared by mixing equal volume of
20 mM Tris buffer (pH 7.0), 20 M 4-aminoacetophenone, and 5 uM tetrabutylam-
monium hydroxide. Solution B merely was a PBS solution (0.5%) used to dilute the
serum. Solution C merely was a 20 mM Tris buffer (pH 7.0) solution. Solution D was
a 20mM Tris buffer (pH 7.0) containing 30% methanol. Solution E was a 50 mM
phosphate buffer (pH 3.0) containing 50% methanol.

HPLC Hitachi equipped with L-2130 HTA Pump and L-2485 Fluorescence Detec-
tor was a product of Hitachi High Tech (Tokyo, Japan). A separation column Sep-Pak
C18 was used for purification of folic acid from serum sample. Before separation,
the column was first activated by treating successively with methanol (2 mL), ddw
(2 m),and solution C(3 mL). The blood or serum was centrifuged at 12,000 x gat4°C,
the supernatant serum, separated from the precipitate and diluted with solution B
at 1:1 and 1:2 ratio, and stored at —21 °C for further use (Serum sample of folic acid,
SSFA). To proceed separation, SSFA, each 60 L, was thoroughly mixed with 180 wL
of solution A and then transferred onto the separation column that had been pre-
viously activated. After the separation column was flushed with 1 mL of solution C
plus 0.25 mL of solution D, solution E (1 mL) was added to conduct the elution. The
eluent was filtered through a 0.45 wm micropore filter and the filtrate was stored
at 4°C before HPLC analysis (EFA). To conduct HPLC analysis, a 20 pL aliquot of EFA
was injected into the injection port of HPLC held at 30°C. A mobile phase 0.05M
KH,PO4 (pH 7.0) containing 13.5% acrylonitrile (ACN) was operated at a flow rate
1.0 mL/min for elution. The whole course was held at 30°C. The fluorescence of the
eluent excited at Aex =250 nm was read at Aey, =350 nm with an ELISA Fluorescence
Reader. Similarly, a serial diluted authentic folic acid solutions were prepared by
diluting the authentic folic acid solution (10 mM) with appropriate amount of solu-
tion B (pH 7.2) to make 6.25-200 M, and the fluorospectrometric determination
was conducted to establish the calibration curve.

2.8. HPLC analysis for serum homocysteine (s-Hcy)

Hitachi HPLC (Hitachi High Tech, Tokyo, Japan) equipped with an L-2130 HTA
Pump and an L-2485 Fluorescence Detector was used for assay of homocysteine
(Hcy) according to Frick et al. (2003). Briefly, to the serum sample (60 L) and equal
volume of authentic homocysteine solution (60 wM) 39 WL Dulbecco’s phosphate
buffered saline and 10 WL TECP were added. The mixture was left to react at ambient
temperature for 30 min. To the reaction mixture 90 L trichloroacetic acid solution
(100 g/L) containing 1 mM EDTA was added and mixed well. The mixture was cen-
trifuged at 4000 x g at 4°C for 10 min. To 50 L aliquot of the supernatant 125 pL
of borate buffer (0.125 mM containing EDTA 4 mM), 10 wL NaOH (1.55M) and 50 p.L
SBD-F were added and left to react for 1h at 60°C avoiding direct sunlight. The
reaction mixture was filtered through 0.45 wM micropore and an aliquot 20 L of
the filtrate was subjected to HPLC analysis. The mobile phase used was the 0.1 M
buffered potassium dihydrogen phosphate buffer (pH. 2.7) containing 5% methanol.
The flow rate was operated at 1.0 mL/min. The fluorescence detector was used to
capture the wavelength of emission at 515 nm when excited by wavelength 385 nm.
A calibration curve was established using authentic homocysteine solution at con-
centrations 3.75, 7.5, 15, 30, and 60 .M with similarly treated and conducted by the
same procedure mentioned in the above.

2.9. Assay for histone deacetylase (HDAC) in tissue

The activity of tissue histone deacetylase was determined according to Kwon
et al. (2002). In brief, to tissue (100 mg) 0.5 mL cold lysis buffer (pH 7.5, containing
10mM Tris-HCl, 10 mM NacCl, 15mM MgCl,, 250 mM sucrose, 0.5% Triton-X100,
and 0.1 mM EGTA) was added, homogenized. After agitated for 10s the mixture
was left to stand at 4°C for 15min. To 1.6 mL of the mixture cold sucrose cush-
ion (containing 30% sucrose, 10 mM of Tris—HCI, pH 7.5, 10mM NacCl, and 3 mM
MgCl,) was added, mixed well and centrifuged at 1300 x g at 4°C for 10 min. The
supernatant was discarded. To the residue, 400 wL 10 mM Tris-HCl buffer (pH 7.5,
containing 10 mM NacCl) was added. The pellets were dispersed and the mixture
was centrifuged at 1300 x g at 4°C for 10 min. The supernatant was discarded. To
the residue 150 L Extraction Buffer (pH 7.5, containing 50 mM HEPES, 420 mM
Nacl, 0.5 mM EDTA, 0.1 mM EGTA, and10% glycerol) was added. The mixture was
agitated to resuspend the pellets. After subjected to ultrasonication for 1 min, the
mixture was centrifuged at. 10,000 x g at 4°C for 10 min. The supernatant was sep-
arated and stored at —80°C for further use. For determination, four supernatant
samples, each 10 pL, were transferred into a 96-well plate. To two of the four sam-
ples, 160 p.L assay buffer was added, respectively (to serve as sample group A). And
to the other two samples, 150 pL assay buffer and 10 pL Trichostatin A solution was
added, respectively (to serve as sample group B). To each of the four samples 10 L
HDAC substrate solution was added, respectively. After agitated at 37 °C for 30 min,
40 nL developer agent was added and left to react at ambient temperature for
15 min. The fluorescence intensity of the final solution was read with an ELISA Flu-
orescence Reader at emission wavelength 440-465 nm after exited at wavelength
340-360 nm. To establish the calibration curve, the deacetylated histone standard
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(2.1 mM) was first diluted to 10-fold dilution, which was then diluted to 10, 21,
42, 84, and 168 wM, respectively. To 10 L of each authentic solution, 160 L assay
buffer and 10 wL HDAC substrate solution were added. After the mixtures were agi-
tated at 37 °C for 30 min, 40 wL developer agent was added and the reaction was
allowed to proceed for 15 min. The fluorescence intensity of the final solution was
read with an ELISA Fluorescence Reader at emission wavelength 440-465 nm after
exited at wavelength 340-360 nm. The amount of HDAC was calculated from the
calibration curve according to the following equation:

CSF-intercept at Y-axis

Cpa (LM) = slope

where CSF=Fg — Fa; Cpa (M) is the concentration of deacetylated compound (M);
Fg is the fluorescence intensity obtained from sample group B; Fy is the fluorescence
intensity obtained from sample group A.

The original HDAC activity was calculated from:

HDAC activity (nmol/min/mL) = mM/30 min x fold dilution

2.10. Assay for superoxide dismutase (SOD) in tissue

Mattiazzi et al. (2002) was followed to determine the tissue superoxide dis-
mutase activity. Briefly, to embryonic tissue (100mg) 20 mM cold HEPES buffer
(containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose) was added, homog-
enized, and centrifuged at 14,000 x gat4 °C for 5 min. To 10 p.L of supernatant radical
detector (200 wL) was added and mixed well with gentle touching on the tube sur-
rounding with fingers. To the mixture, 20 pL of diluted xanthine oxidase solution
was added, after gentle shaking, the mixture was left to stand for 20 min. The optical
density was read at 450 nm with an ELISA reader.

2.11. Assay for reduced glutathione (GSH) in tissue

The method of Zhang et al.(2010) was followed with slight modification to deter-
mine the content of reduced form glutathione. Briefly, to chick embryo (100 mg)
400 L PBS was added. The mixture was homogenized and centrifuged at 12,000 x g
at4°Cfor 30 min. The protein content of the supernatant was determined. The super-
natant (100 pL) was transferred into 1.5 mL microcentrifuge tube with aid of 100 wL
EDTA solution containing 5% TCA. The mixture was thoroughly agitated on the ice to
react for 20 min and centrifuged at 12,000 x g at 4°C for 10 min. To the supernatant
(75 pL) imidazole solution (250 mM) 75 L was added and agitated well. The reac-
tion was left to proceed for 5 min. DTNB color reagent (100 L) (1.5 mM in 200 mM
potassium dihydrogen phosphate solution) was added and mixed well. An aliquot
of the reaction system (200 L) was transferred into the 96 well plate and read at
410 nm with ELISA reader. A calibration curve was established using the authentic
glutathione at concentrations 5, 10, 20, 30, 40, and 50 nM conducted with simi-
lar treatment and procedure. The content of reduced glutathione was expressed in
nmol/mg protein.

Table 1
Concentration effect of valproic acid on the prevalence of malformation and mor-
tality rates of chick embryo.

Concentration of VPA (mM) % prevalence

Malformation (%) Mortality (%)
Normal 0.0 0.0
PBS 0.0 0.0
5 111 0.0
10 333 0.0
20 333 0.0
30 66.7 222

2.12. Assay for hydrogen peroxide (HPO) in tissue

The assay method of tissue hydrogen peroxide level was according to Nourooz-
Zadeh et al. (1994). Briefly, to tissue (100 mg) PBS (100 nL) was added. The tissue
was homogenized and centrifuged at 12,000 x g. To the supernatant (25 L) in a 96
well Plate 250 pL color reagent was added and left to react for 30 min at ambient
temperature. The optical density was read at 620 nm with an ELISA reader. Authentic
hydrogen peroxide solution (Merck, Germany) at concentrations 5, 10, 20 30, 40, 50
and 60 M were used to establish the calibration curve by similar treatment and
procedure.

2.13. 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
Duncan’s Multiple Range Test. A level of p <0.05 was set as the confidence level.

3. Results and discussion

3.1. The optimum dosages of VPA, folic acid, vitamin C, and NAC
to conduct teratogenesis experiment

The percent prevalence of malformation and mortality rate
reached 66.7% and 22.2% at VPA 30mM (Table 1). The hatched
1day chick was totally unable to stand up (Fig. 1, right column),
contrasting with the normal (Fig. 1, left column). No mortality was
seen at VPA dose <20 mM (Table 1). Hence the optimum dosage
of VPA was found to be 30 mM. This dosage was further combined
with the target nutraceutics each at 10mM to carry out the

Appearance/Score

Appearance of leg

stand upright

stand flabby

unable to stand
up

slight

slippery
stand

slippery
stand with

difficulty

Appearance of claw

slight
claws

bending at
single toe

bending medium severe torture
with single | torture with both
claw with both | claws

claws

Fig. 1. Valproic acid (30 mM)-induced malformation of hatched chicks and its scoring system. These were all day 1 hatched out chicks.
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Table 2

Effect of different treatment on malformation and mortality rate of hatched chicks.?

Table 3
Malformation scores of embryos treated with different nutraceutics.?

Nutraceutics (mM) % prevalence

Malformation Mortality
PBS 0 + 0%b 10 + 10%a
VPA 61.3 £ 1.3%a 16.3 + 3.8%a
VPA +folic acid 10.0 &+ 10.0%b 0.0 + 0%a

VPA +vitamin C
VPA +NAC

22.5 £ 2.5%b
30.0 £+ 10.0%ab

22.5 + 2.5%a
20.0 + 2.0%a

2 PBS: PBS control, VPA: valproic acid alone, NAC: N-acetyl cysteine.
Dosage of VPA was 30 mM, other nutraceutics 10 mM each.
Values are expressed in mean+SD (n=6).
Different letters indicate significant difference (p <0.05).

protective experiments. VPA alone exhibited a malformation rate
61.3% as well as a mortality rate 16.3%. VPA (30 mM) + folic acid
(10mM) did not induce any mortality. VPA (30 mM) +vitamin C
(10 mM) caused a malformation- and mortality rate 22.5%, respec-
tively. VPA (30 mM)+NAC (10 mM) caused 30.0% malformation-
and 20% mortality rate, respectively (Table 2). To quantify, we
established a scoring system to describe malformation grading
(Fig. 1B). Based on this system, the extent of malformation was
scored and shown in Table 3. As can be seen, the groups VPA,
VPA +folic acid, VPA +vitamin C, and VPA + NAC exhibited terato-
genic scores: 3.1,0.4,3.0,and 2.5 in legs; and 2.1,0.4,1.0,and 1.5 in

A

==}

100

10 4

Vascular density (%)

0 T T T T
PBS VPA VF vC

VNAC

C

Embryo weight/egg weight (%)

Nutraceutics? Leg Claw

PBS 0 0

VPA 3.1+ 1.5a 21+ 14a
VPA +folic acid 0.4 &+ 0.5¢ 0.4 &+ 0.5b
VPA +vitamin C 3.0+ 0.8a 1.0 + 0.8ab
VPA +NAC 2.5 £ 0.5ab 1.50 + 1.1ab

2 PBS: PBS control, VPA: valproic acid alone, NAC: N-acetyl cysteine.
Dosage of VPA was 30 mM, other nutraceutics 10 mM each.
Values are expressed in mean +SD (n=6).
Different letters indicate significant difference (p <0.05).

claws, respectively (Table 3). By this scoring system, the optimum
teratogenic dosage of VPA was re-confirmed to be at 30 mM.

3.2. Folic acid, vitamin C, and NAC alleviated embryonic
vascularization at different degree

VPA inhibited angiogenesis. Less vascularization was seen in
VPA group (Fig. 2A). Comparing to the control density (6.6%), VPA
group only showed 3.3% vascularization (Fig. 2B). Folic acid, NAC
and vitamin C restored it to 5.75%, 5.7% and 4.3%, respectively
(Fig. 2B). The most powerful restoring effect of vascularization
implicated the potent angiogenic nature of folic acid. Overtime, the
embryonic development was severely inhibited by VPA. The per-
cent embryo wt./egg wt. (= percent Er,w/Egw, attained only 0.23%,

0.4 1

0.3 1

0.2 1

0.1 4

0.0

PBS VPA VF vC VNAC

Fig. 2. The embryonic angiogenesis affected by VPA and nutraceutics (A), the relative vascularization density in chick embryo (B), and change of the embryo to egg weight
ratio (C). PBS: PBS control, VPA: valproic acid alone, VF: VPA +folic acid, VC: VPA +vitamin C, VNAC: VPA + N-acetyl cysteine. Dosage of VPA was 30 mM, other nutraceutics
10 mM each. Values are expressed in mean + SD (n = 6). Different letters indicate significant difference (p <0.05).
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Fig. 3. Histopathological examination on the cervical muscle of hatched chicks by HE stain. (a and b) PBS, (c and d) VPA alone, (e and f) VPA +folic acid, (g and h) VPA + Vit C

and (i and j) VPA + N-acetyl-L-cysteine (magnification: left, 100x; right, 400x).

w/w) comparing to those of nutraceutics-treated, which were com-

parably retaining at a percent Enw/Egw above 0.47% (Fig. 2C).

3.3. Pathological changes found in cervical muscle and ankle joint
Zenker’s necrosis with inflammatory cell infiltration (patholog-

ical score 4) as well as fibrosis extensive (pathological score 5) was
the major pathological defect frequently found in cervical muscle

(Fig. 3), and similarly, synovitis and necrosis with inflammatory cell
infiltration (pathological sore 3) were the main pathological find-
ings in the ankle joint (Fig. 4) when treated with VPA. VPA +folic
acid or VPA +vitamin C was shown able to rescue some extent of
the cervical muscle defects (Figs. 3 and 4, Table 4). In contrast, no
any ankle joint defects could be found in these treated groups,
implicating the cervical muscle was more susceptible to VPA
toxicity.
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Fig.4. Histopathological examination on the ankle joint muscle of hatched chicks by HE stain. Normal group chick presented normal muscular structure of cervical muscle; the
other group showed Zenker’s necrosis with inflammatory cell infiltration (arrow). (a) PBS control, (b) VPA alone, (c) VPA + folic acid, (d) VPA + vitamin C and (e) VPA + N-acetyl
cysteine. Dosage of VPA was 30 mM, other nutraceutics 10 mM each. Values are expressed in mean +SD (n=6).

3.4. Superoxide dismutase (SOD) was ameliorated by folic acid,
vitamin C, and N-acetyl cysteine

VPA suppressed SOD activity from 0.56 to 0.44U/mg protein.
Folic acid, vitamin C, and NAC not only significantly restored
but also enhanced its activity to 0.76, 0.88, and 0.88 U/mg pro-
tein, respectively (Fig. 5A). N-acetylcysteine increased manganese
superoxide dismutase activity in septic rat diaphragms (Barreiro
et al., 2005). Superoxide anion ("0, ~) induced abnormalities of the
neural suture in rat embryos (Jenkinson et al., 1986). Glutathione
(10 mM) or catalase (50 pg/mL) either partially or completely abol-
ished the effects of xanthine/xanthine oxidase (X/X0), whereas
the addition of SOD (50 wg/mL) or desferrioxamine (1 mM) did
not reduce the number of malformed embryos (Jenkinson et al.,
1986), suggesting hydrogen peroxide and/or hydroxyl radicals to
be responsible for the effects of superoxide anion ("0, ) (Jenkinson
et al., 1986). Apparently, the elevation of SOD (Fig. 5A) would be
effective in reducing the terminal formation of hydrogen peroxide
and hydroxyl radicals and simultaneously ameliorating the toxicity
originated from SOD.

3.5. Glutathione level could not be restored by folic acid

The glutathione level was reduced from 12 to 6nmol/mg-
protein when treated with VPA. Folic acid and NAC failed to resume

Table 4
Pathological changes caused by different nutraceutical treatment.?

Nutraceutics Cervical muscle Ankle joint

Zenker's necrosis Fibrosis, Synovitis, necrosis
with inflammatory  extensivef with inflammatory
cell infiltration® cell infiltration®
PBS -
VPA 5

VPA +folic acid
VPA +vitamin C
VPA +NAC

NN
|

2 PBS: PBS control, VPA: valproic acid alone, NAC: N-acetyl cysteine.
Dosage of VPA was 30 mM, other nutraceutics 10 mM each.
Values are expressed in mean =+ SD (n =6). Different letters indicate significant dif-
ference (p <0.05).
“-": no effect.

b Degree of lesions was graded from 1 to 4 depending on severity: 1=minimal
(<1%); 2=slight (1-25%); 3 =moderate (26-50%); 4=moderate/severe (51-75%);
5=severe/high (76-100%).

its level. As contrast, vitamin C effectively raised the level to
12.8 nmol/mg-protein (Fig. 5B). Comparable but less effective result
was reported by Zhang et al. (2010).

NAC is an acetylated cysteine residue. An optimal thiol Redox
state has been demonstrated to be of primary importance if
attempting to optimize the protective ability of the cell to oxida-
tive stress (Sen, 2001). Relative to glutathione availability, one of
the most important considerations has been to properly maintain
the availability of cysteine in the blood as that is known to be the
rate-limiting substrate for glutathione resynthesis (Sen, 2001). The
fact that NAC completely failed to resynthesize GSH while vitamin
C successfully resumed the GSH level (Fig. 5B) explains well that
VPA merely had attenuated the coenzyme NADPH/NADP* system
of glutathione reductase (GR) at least at this HH28 embryonic stage,
and the total GSH-GSSG availability was adequately enough evenin
the presence of VPA. Under such a circumstance, the need for reac-
tivation would prevail resynthesis of GSH, resulting in the apparent
ineffectiveness of NAC (Fig. 5B), and in the meanwhile, implicating
both folic acid and NAC not involved in the oxidation-reduction
cycle of GSH.

A diversity of physiological roles have been cited for thioredox
status, which, in addition to the common well known antioxidant
defenses and cell proliferation and apoptosis, otherwise involve
xenobiotic metabolism, protein structure and activity, receptor
modification, signal transduction, immune regulation, and mem-
brane transport (Kerksick and Willoughby, 2005). Thus suppressing
GSH would initiate tremendous biological effects not merely lim-
ited to the Redox world.

3.6. Hydrogen peroxide level was effectively suppressed by either
vitamin C or NAC

Sha and Winn (2010) have shown that VPA exposure leads to
both an increase in reactive oxygen species (ROS) production and
increased frequency of homologous recombination (HR).

Valproate inhibition of histone deacetylase 2 involves ROS pro-
duction, which affects differentiation and decreases proliferation
of endometrial stromal sarcoma cells (Hrzenjak et al., 2006). Level
of hydrogen peroxide raised by VPA from 6 nmol/mg-protein to
7.3 nmol/mg-protein was significantly reduced by vitamin C and
NAC to the same level 5.0 nmol/mg protein (Fig. 5C), implicat-
ing folate does not have any H,0,-scavenging capacity, consistent
with Huang et al. (2002), although folate exhibited antioxidant
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transcription factors and signal transduction by oxidizing thiols
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0 T T T T T result in birth defects and growth retardation, and in severe cases
PBS  VPA VF V€ VNAC in in utero death (Wells et al., 1997; Hansen, 2006). Gilmour et al.
(2003) reported hydrogen peroxide inhibited expression of HDAC2
C 10 down to 46% of the control level. Recently, van Gelder et al. iden-
a tified six teratogenic mechanisms associated with medication use:
s 1 '[ i‘|‘- folate antagonism, neural crest cell disruption, endocrine disrup-
g -~ tion, oxidative stress, vascular disruption and specific receptor- or
= £ ab enzyme-mediated (like HDAC2) teratogenesis. Many medications
E S 6 L b b classified as class X are associated with at least one of these mech-
s = anisms (van Gelder et al., 2010).
z E T
S =
< 4
S E 4 3.7. Homocysteine accumulation was completely restored by folic
= . . . .
= acid, vitamin C, and N-acetyl cysteine
2 -
Significant homocysteine accumulation was found intensely
raised to 21.5 wM (p<0.05) in the VPA treated (Fig. 6). Complete
0 T T T T T restoration was achieved by folic acid and NACto 13.5and 13.0 uM,
PBS VPA VF vC VNAC

Fig. 5. Effect of different nutraceutics on SOD activity (A), glutathione content (B),
and H,0; concentration (C) in HH stage-28 CEM after treated with VPA. PBS: PBS
control, VPA: valproic acid alone, VF: VPA +folic acid, VC: VPA +vitamin C, VNAC:
VPA + N-acetyl cysteine. Dosage of VPA was 30 mM, other nutraceutics 10 mM each.
Values are expressed in mean =+ SD (n=3). Different letters indicate significant dif-
ference (p<0.05).

behavior toward superoxide anions, hydroxyl radicals and perox-
ynitrite (Huang et al., 2002).

Endogenous ROS serve as a second messenger in signal trans-
duction (Hansen, 2006) and are thought to be important in ion
transport, immunological host defense, transcription and apopto-
sis of unwanted cells (Dennery, 2007). However, ROS also can be
harmful by binding covalently or irreversibly to cellular macro-
molecules. Oxidative stress, an imbalance between ROS generation
and antioxidant defense mechanisms of a cell or tissue, causes
irreversible oxidation of DNA, proteins and lipids, leading to inacti-
vation of many enzymes and cell death (Dennery, 2007). In addition

but not by vitamin C (15.5 wM, p <0.05) (Fig. 6). Such a discrepancy
may be attributed to different antagonistic mechanism of folic acid,
NAC, and vitamin C. In vivo, folate is converted through two reduc-
tion reactions by dihydrofolate reductase (DHFR) to the naturally
bioactive form tetrahydrofolate (THF), which is converted into 5-
methyltetrahydrofolate (5-MTHF) monoglutamate. 5-MTHF is the
main form of folate in the blood circulation (van der Put and Blom,
2000). Inside the cell, it acts as an essential co-enzyme in many
biochemical reactions by being an acceptor or donor of one-carbon
units in, for example, purine and pyrimidine synthesis and DNA
methylationreactions (Fig. S1, van Gelder et al., 2010). Since rapidly
proliferating tissues require DNA synthesis the most, it is obvious
that folate-dependent reactions are essential for fetal growth and
development and that folate requirements increase during preg-
nancy. In addition, DNA methylation is known to be involved in the
epigenetic control of gene expression during development. Several
drugs disturb the folate metabolism and may have a teratogenic
effect through inhibition of the folate methylation cycle (van Gelder
etal, 2010).
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Obviously, the accumultion of homocysteine was directly
caused by the defect in methionine synthase (Fig. 6), which in
turn will cause brain and nerve damages, increasing the risk of
folate sensitive birth defects, such as neural tube defects, orofa-
cial clefts and limb defects (van Gelder et al., 2010). Alternatively,
the defect may also points to DHFR, but results are inconsistent
(Hermandez-Diaz et al.,, 2001; Meijer et al., 2005). Our results
apparently indicated DHFR was not affected by VPA (Fig. S1).
Although it is unclear whether hyperhomocysteinemia is itself ter-
atogenic or whether it is simply a biomarker for disturbances in
folate or methionine metabolism, mild maternal hyperhomocys-
teinemia has been considered to be a risk factor for NTDs (van der
Put and Blom, 2000).

3.8. Histone deacetylase activity (HDAC) rescued by folic acid and
vitamin C

Histones are covalently modified at the epsilon-amino group of
conserved lysines by a class of enzymes called histone acetyltrans-
ferases (HATs). HATs come in two flavors, cytoplasmic and nuclear.
The cytoplasmic HATs (e.g. Hat1) acetylate histones prior to nuclear
localization and chromatin assembly, whereas the nuclear HATs
acetylate histones in a manner associated with transcription and
other DNA dependent processes. HDAC is a direct target of VPA
(Phiel et al.,, 2001). HDACs deacetylate lysine residues on his-
tone tails and condensate chromatin, resulting in limited access of
transcriptional activators to the DNA (Johnstone, 2002) exerting
a fundamental impact on gene expression and therefore possi-
ble molecular targets of VPA-induced signaling cascades including
neural tube defects (NTDs) (Eikel et al., 2006).

An increase of 6-fold histone H3 acetylation was observed
when treated with VPA (20%) comparing to the untreated con-
trol (3%) (Chen et al., 2007; Huang et al., 2011). Phiel et al. (2001)
demonstrated that VPA (5 mM) downregulated the nuclear HDAC
activity by 77%. Inhibition of HDACs may elicit VPA-induced ter-
atogenicity (Sha and Winn, 2010), resulting in interruption of cell
proliferation, differentiation and apoptosis (Marks et al., 2000;
Yoshiura et al., 2005). We found that VPA significantly downregu-
lated HDACs to 1.15 nmol/min/mg protein comparing to the control
(2.10 nmol/min/mg protein), a downregulation of 45%. Folic acid
and vitamin C restored it to 2.60 nmol/min/mg protein (+24%) and
2.20 nmol/min/mg protein, respectively. Less effect was found for
NAC (1.65 nmol/min/mg protein) (Fig. 7). 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 (Menegola et al.,
2006).To date, all tested HDACi have shown teratogenic effects sim-
ilar to those described for VPA in many animal models (Menegola
et al., 2006).

3.9. Folate concentration was restored by vitamin C, but not by
NAC

In the developing chick embryo, the higher polyglutamates are
the only folate forms present and their content increases progres-
sively during the development of the embryo (Marchetti et al.,
1982).

The decrease of folate level in chick embryo when exposed to
VPA mounted to —44% (from the control 12.5 uM to 7.0 M in VPA
treated chick embryo). Vitamin C (10 mM) effectively restored the
folate level to 14.5 M. NAC (10 mM) was shown to have only
partially restored 80% of the folate level (Fig. 8), implication in
“Multiple Point Action Mechanisms” of VPA in folate biosynthe-
sis, e.g. direct inhibition on the biosynthesis of the frame structure
of folic acid, and the indirect inhibition of reducing coenzyme (like
NADPH/NADP") systems for activation.

3.0 1 a

ab T ab

2.5 1 [ _|_ .

2.0 1

15 1 c

HDAC activity
(nmol/min/mg protein)

1.0 A

0.5 1

0.0 T T T T T
PBS VPA VF vC VNAC

Fig. 7. Effect of different nutraceutics on HDAC activity in HH stage-28 CEM after
treated with VPA. PBS: PBS control, VPA: valproic acid alone, VF: VPA +folic acid, VC:
VPA +vitamin C, VNAC: VPA+N-acetyl cysteine. Dosage of VPA was 30 mM, other
nutraceutics 10 mM each. Values are expressed in mean =+ SD (n = 6). Different letters
indicate significant difference (p <0.05).

Considering the fact that structurally analogous to dihy-
dropteroic acid (DHPA), trimethprim or pterin sulfonamide acts
competitively in DHFA synthesis, we hypothesize VPA, or possi-
bly its relevant metabolites, being analogous to glutamic acid, also
may exhibit potential to antagonize the DHFA synthesis.

5,6,7,8-Tetrahydrofolate:NADP* oxidoreductase (DHFR)
(EC 1.5.1.3) is an enzyme that reduces dihydrofolic acid
(7,8-dihydrofolate, DHFA) to tetrahydrofolic acid (5,6,7,8-
tetrahydrofolate, THF) using NADP*/NADPH reduction/oxidation
system as electron donor within cells (principally in the liver where
itis stored) (van Gelder et al., 2010). In addition, polymorphisms in
genes associated with the folate metabolism, including methylene
tetrahydrofolate reductase (MTHFR) (Botto and Yang, 2000; van
Rooij et al., 2004), methionine synthase reductase (MTSR) (van
der Linden et al., 2006) and methylene tetrahydrofolate dehy-
drogenase (MTHFD) (Parle-McDermott et al., 2006), may lead to
differences in the susceptibility of individuals to folate antagonists
(Fig. S1, van Gelder et al., 2010).

A summary of the teratogenicity-associated markers as a con-
sequence of exposure to VPA and the different counteracting

20 7

e

151
ab b

10 1

Folic acid concentration (pM)
_‘

PBS VPA VF vC VNAC

Fig. 8. Serum folate level in HH stage-28 CEM after treated with VPA. PBS: PBS
control, VPA: valproic acid alone, VF: VPA +folic acid, VC: VPA +vitamin C, VNAC:
VPA + N-acetyl cysteine. Dosage of VPA was 30 mM, other nutraceutics 10 mM each.
Values are expressed in mean + SD (n=6). Different letters indicate significant dif-
ference (p <0.05).
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Fig. 9. “Multiple Point Action Mechanism” of VPA and the alleviating effects exerted by folic acid, vitamin C and N-acetyl cysteine. PolyGu: folate polyglutamic acid, DHPA:
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mechanisms exerted by folic acid, vitamin C, and N-acetyl cysteine
is shown in Fig. 9.

We hypothesize that VPA may affect folate methylation cycle by
“Multiple-Point Action Mechanism” with varying strength. Briefly,
egg white are enriched with folate polyglutamate (Marchetti et al.,
1982), which on hydrolysis releases glutamic acid, in addition
to the release of folic acid, the released glutamic acid may cou-
ple with pteroic acid to produce dihydrofolic acid (Fig. 9). VPA
inhibits the endogenous folic acid biosynthesis acting as a structural
antagonist for glutamic acid. Moreover, VPA tends to suppress the
NADP*/NADPH coenzymes by producing ROS without destroying
the apoenzymes DHFR and MTHFR (Fig. 9), hence these steps still
retain their reversibility available for transforming folates provided
the reducing power is sufficiently retained.

In vivo, the reduced form of GSSG/GSH system can be reac-
tivated by NADPH/NADP* system, and the reduced GSH may in
turn reactivate ascorbic acid/dehydroascorbic acid (AA/DHA) sys-
tem, or the vice versa. In mouse embryo, Zhang et al. (2010)
demonstrated the re-activation of GSH by AA alone was signifi-
cant comparing to the VPA treated (p <0.05), but still lower than
the control. On the contrary, we indicated that AA alone had
highly significantly reassumed level of GSH (12.8 nmol/mg protein)
to exceed the control (12 nmol/mg protein). In curling tail mice,
zinc (20-150 pg/kg), homocysteine (50-400 mg/kg), methionine
(200-160 mg/kg), and thymidine (25-400 mg/kg) had been tried
by Bock and Marsh (1994), none of the medicines tested showed
significant difference in the prevalence rate of NTD (Bock and
Marsh, 1994). Apparently, the therapeutic effects of medicines on

teratogenesis are highly developmental stage- and species-
dependant. The embryotoxic potential of a compound depends on
factors such as dose, critical window of exposure and sensitivity of
the developing morphogenetic system at the time of administration
(Joshi, 2011).

Evidenced by these data, we found that VPA possesses “Mul-
tiple Point Action Mechanism”. In addition to affecting the cited
transcription and translation levels, we hypothesize that VPA com-
petitively antagonize the glutamic acid to couple with pteroic
acid in biosynthesis of dihydrofolic acid (DHFA). H,O, directly
destroyed the NADPH reducing system at dihydrofolate reduc-
tase (DHFR) and methylene tetrahydrofolate reductase (MTHFR)
levels, while completely restored by AA, an implication in preser-
vation of intact apoenzymes. In addition, the GSH-GSSG system
is sandwiched between the reducing systems NADPH/NADP and
DHA-AA, its net balance is highly dependent onin situ in vivo Redox
state, hence folic acid transformation is varying. To rescue the VPA-
induced teratogenicity, simultaneous multiple prescriptions are
suggested.

4. Conclusion

VPA induces teratogenicity by “Multiple Point Action Mecha-
nism”. The nutraceutics mostly cited to be relatively effective in
treatment of VPA teratogenicity all showed only partial alleviation
effect. Suggestively, to simultaneously use multiple prescriptions is
recommended. Recently, we are undertaking the alternative inves-
tigation covering the genomic and proteomic transformations.
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Expectedly, much more detail novel mechanism(s) will be appear-
ing in the very near future, which might be helpful in promoting
the VPA therapeutics.
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