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ABSTRACT
Valproic Acid Leads to an Increase in ROS Generation by Inhibiting the
Deacetylation of Mitochondrial SOD2
Stephen Marc Lucas
Department of Physiology and Developmental Biology, BYU
Master of Science
Valproic Acid Promotes Acetylation of Superoxide Dismutase-2 During Neurogenesis.
Valproic acid (VPA) is a known developmental toxicant associated with a high prevalence of
neural tube defects (NTD). The mechanism of VPA-induced NTD is unclear, but oxidative stress
may be implicated. To understand how embryotoxic oxidative stress may occur, we measured
superoxide dismutase (SOD) activity following VPA treatment in the embryonic pluripotent P19
mouse carcinoma cell line. In undifferentiated P19 cultures treated with VPA (5 mM),
dichlorofluorescein fluorescence increased 15% compared to untreated controls over 20 min,
indicating a modest, yet statistically significant increase in ROS generation. Undifferentiated P19
cells were treated with VPA for 6 h, after which total SOD and mitochondrial SOD (SOD2)
activities were measured. VPA treatment decreased total SOD activity by approximately 20%
but SOD2 activity was undetectable; but this was not a consequence of changes to SOD (SOD1
or SOD2) protein concentrations. Interestingly, glutathione redox state increased from -262 mV
to -245 mV after a 6 h treatment with VPA, indicating significant oxidation of the cellular redox
environment. Measurement of mitochondrial superoxide levels showed an increase following
VPA treatments. While it is unlikely that VPA works directly as an oxidant, these data suggest
that VPA may promote oxidative stress through an alternative means, such as via the inhibition
of SOD activity and thus, allow for an increase in ROS. Importantly, VPA is a known
deacetylase inhibitor, and SOD2 function is regulated by acetylation. As such, we evaluated the
acetylation state of SOD2 to determine potential disruption via acetylation. Treated
undifferentiated P19 cells showed a significant increase in SOD2 acetylation. However, in fully
differentiated P19-derived neurons, cells showed no such SOD2 acetylation. Additionally,
pretreatment with dithiole-3-thione (D3T), a Nrf2 activator of the antioxidant response,
attenuated VPA-induced mitochondrial ROS production and SOD2 acetylation and improved
SOD2 activity, suggesting Nrf2 as a potential means to reduce VPA-mediated oxidative stress.
To evaluate the effects in the embryo proper, gestational day 8 mouse embryos were treated with
VPA in culture for 6 h. Similar to P19 cells, VPA-treated neurulating embryos showed
significant SOD2 acetylation and a concomitant decrease in total SOD activity. These data
support a similar consequence of VPA-induced oxidative stress in embryos as is demonstrated in
our cellular model. Since no SOD2 acetylation is observed in differentiated neurons and VPAinduced SOD2 acetylation occurs more prevalently in undifferentiated/differentiating cells, these
data purport means by which VPA preferentially induces oxidative stress in developing systems.
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INTRODUCTION
Epilepsy consists of a spectrum of chronic brain disorders and is most known for the
presentation of seizures. Epilepsy affects more than 3.4 million people in the US and 50 million
people globally, making it one of the most prevalent neurological disorders (Zack, 2017; Hirtz,
2007). Epileptic seizures pose an especially great risk to pregnant mothers and their unborn
children. Seizures during pregnancy can result in premature labor, miscarriage, and low fetal
heart rate (Schachter, 2015). While epilepsy can cause fetal death (Minkoff, 1985), it may also
induce sudden unexpected death in the mother (Sperling 2001). Unfortunately, seizures are
largely unpredictable and the mechanism by which they occur is not fully understood.
Discontinuance of antiepileptic medication during pregnancy has been shown to lead to a 15 30% increase in seizure frequency (Battino, 2013). Conversely, the most effective and widely
prescribed antiepileptic drug, sodium valproate (VPA), boasts 75% effectiveness in preventing
all maternal epileptic seizures for the duration of pregnancy (Battino, 2013).
Valproic acid is a short chain fatty acid that was first synthesized in 1882 for use as an
organic solvent in laboratory research. Its anticonvulsant properties were discovered in 1962
(Löscher, 1999). However, the mechanism by which VPA prevents seizures remains unknown.
Since its introduction to the pharmaceutical market in 1967, VPA has risen in popularity
primarily for its antiepileptic properties, but more recently, it has been prescribed as a migraine
prophylactic, and for treatment of bipolar disorder and schizophrenia (Chateauvieux, 2010). In
2017, almost 6 million prescriptions for VPA were written in the US alone (Kane, 2018).
Unfortunately, when taken during the first trimester of pregnancy, VPA causes congenital
malformations such as neural tube defects and increases the likelihood of other
neurodevelopmental disorders such as attention deficit/hyperactivity disorder and autism(Nau,
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1991; Ardinger, 1988; Christensen, 2013; Christensen, 2019).Neural tube defects (NTDs) occur
when the embryonic brain, spinal cord, or their associated protective structures fail to develop
correctly during neurulation (Figure 1), which occurs 17 – 30 days post fertilization (Copp,
2015). Neural tube defects are the second most common type of birth defect worldwide, affecting
300,000 newborns annually worldwide (Zaganjor, 2016). Neural tube defects are often fatal, and
in surviving individuals, frequently present with serious physical and neurobehavioral disabilities
(Salih, 2014). Spina bifida, the most common NTD, is the failed closure of the caudal
neuropore, resulting in the partial exposure of the spinal cord on the lower back (Copp, 2015).
This defect often leads to mobility problems, orthopedic impairments, and accumulation of fluid
in the brain, among other complications (Copp, 2015; Norkett, 2016).

Figure 1: Neural Tube Defects. A) Example of normal neural tube closure resulting in healthy cranial development.
B) Failure of the cranial neuropore to close properly results in exencephaly.
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Birth defects can be caused by environmental factors (physical or chemical influences) or
genetic factors, but the source of more than 70% of birth defects remains unknown (Harris,
2012). The mechanism by which VPA induces NTDs is also unknown. Presently, when women
who take VPA for epilepsy find out they are pregnant, they are faced with a difficult choice:
continue taking VPA and risk congenital malformations, or stop VPA treatment and risk
harmful, even fatal, seizures. A greater understanding of the origins of these neural tube defects
would not only elucidate how NTDs occur; it could lead to the potential development of
preventative measures to reduce the incidence of NTDs. The study of biological reductionoxidation (redox) reactions has recently generated promising new theories on teratogenesis
(Hansen, 2013).
Reduction-oxidation (redox) reactions are essential for life; when redox states are
chronically imbalanced, disease and death can result. Redox reactions consist of what are known
as two equivalents: an electron donor and an electron acceptor. When these reactions occur, the
donor becomes oxidized while the acceptor becomes reduced. The overall cellular balance of
redox equivalents is known as the cell’s redox potential (Eh). Changes in the Eh are a result of
alterations of redox equivalents -- favoring either a more oxidized or reduced cellular
environment. These are known as redox shifts. The amino acid cysteine has a thiol (-SH) side
chain that is particularly susceptible to the cellular redox environment (Segal, 1976). The
reversibility of thiols reactions makes them a great medium for cell signaling (Klomsiri, 2011).
Because thiols are affected by cellular redox environment, sudden changes in the redox
environment can disrupt signaling. Glutathione (GSH) and its oxidized equivalent, glutathione
disulfide (GSSG), are a small non-protein thiol couple and are the most abundant redox couple
within the cell (Schafer, 2001). Because GSH is so ubiquitous, concentrations of GSH and GSSG
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are often used to determine the overall redox environment of the cell via the Nernst equation
(Schafer, 2001).
𝐸

264𝑚𝑉

30.6 log

𝐺𝑆𝐻
𝐺𝑆𝑆𝐺

𝑚𝑉

Equation 1: The Nernst equation at 37C and pH of 7.4

The thiol groups found on the amino acid cysteine are particularly susceptible to redox
shifts. In a reduced environment, cysteine sulfurs retain their hydrogens (Figure 2). However, in
a more oxidized environment, cysteine sulfurs lose their hydrogens and become reactive to what
is around them (Klomsiri, 2011).The reversibility of thiol bonds allows proteins to change shape
depending on the redox environment of the cell (Klomsiri, 2011). Biological systems can use the
redox environment as an on/off switch for cell signaling (Klomsiri, 2011). Oxidative stress
occurs when oxidative shifts disrupt discrete cell signaling (Jones, 2006). Each redox couple is
individually regulated by redox states (Nkabyo, 2002). As a result, it is currently impossible to
measure the overall redox potential of all redox couples within a cell. However, because
GSH/GSSG are the most prevalent redox couple in mammalian cells, the GSH/GSSG Eh can be
used to extrapolate the overall redox environment within the cell (Jones, 2000).
Reactive oxygen species (ROS) are molecules formed from the partial reduction of
oxygen, which are generally created endogenously -- in the electron transport change during
oxidative phosphorylation-- but can also form from a variety of exogenous
chemical/environmental insults (Xiong, 2011). Excessive ROS generation can perpetuate an
oxidative shift (Harris, 2012), leading to a disruption of cell signaling (Jones, 2006). Redox shifts
(and resultant oxidative stress) are involved in aging, pulmonary diseases, diabetes, and cancer
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(Jones, 2006). The understanding of the role redox shifts play in these morbidities is incomplete,
but it is known that redox shifts affect the fundamental macromolecules of cells: DNA, lipids and
proteins (Dizdarulago, 2002; Marnett, 1999; Stadtman, 1992).
Valproic acid promotes the formation of ROS in embryos (Tung, 2011), and if
fundamental macromolecules are disrupted during embryogenesis could have disastrous effects.
When redox shifts disrupt natural embryonic developmental processes, birth defects can result
(Hansen, 2013). Proper embryonic development is a highly structured process that requires
precise timing and a balance of important cellular processes such as differentiation, apoptosis,
and proliferation. The redox environment acts as an on/off switch between proliferation,

Figure 2: Thiol Reactions Commonly Used in Cell Redox Signaling. Included are examples of thiol-based
post-translational protein modifications brought on by changes in cellular redox environment. In the presence
of H2O2, thiols can reversibly form sulfenic acids which alters protein function. Also, during an oxidizing
shift, thiols can form reversible disulfide bridges with neighboring thiols. GSH/GSSG are a small thiol
redox-sensitive couple that can reversibly conjugate with protein thiols, changing protein function. When
there is an excess in oxidants, these protein modifications become less reversible (sulfinic acid) and
eventually become irreversible (sulfonic acid), each of which alter protein function and cell signaling.
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differentiation, and apoptosis. Redox shifts during this critical time can have profound effects on
developmental signaling, and – as a result – can disrupt normal embryogenesis. Because redox
signals have profound effects on differentiation and development, the cell’s redox state must be
tightly regulated. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a transcription factor and
master regulator of antioxidant response (Itoh, 1997)
The ability for Nrf2 to enter the nucleus depends on the cellular redox state: under normal
conditions, Nrf2 is bound to Kelch-like ECH-associated protein 1 (Keap1) (Figure 3A); under
oxidizing conditions, Keap1 cysteine residues become oxidized, releasing Nrf2 so it can be
translocated to the nucleus where it can upregulate essential antioxidant gene expression (Figure
3B) (Itoh, 1999; Zhang, 2003). The genes upregulated by Nrf2 are involved in antioxidant
synthesis (GSH, thioredoxin) (Rangasamy, 2004; Kim, 2001), antioxidant recycling and
maintenance (glutathione s-transferase, thioredoxin reductase) (Harvey, 2009; Rundlof, 2001),
metal-chelation (ferritin) (Yoshiaki, 2000), and ultimately increase the production of endogenous
antioxidants such as GSH and NADPH (Moinova, 1998).
This antioxidant pathway can be used as a pharmacological target. Mild oxidants found
naturally in food or in synthetic chemicals can modify Keap1 and increase nuclear
concentrations of Nrf2 without causing prolong periods of oxidative stress. Induction of the Nrf2
antioxidant response element (ARE) has been shown to be effective at attenuating the negative
effects of oxidative diseases such as cardiovascular disease, COPD, asthma, cystic fibrosis, and
diabetes (Dodson, 2019). The inactivation or lack of activation of the Nrf2-ARE results in a
diminished cellular ability to fight oxidative stress and restore redox homeostasis (Jong-Min,
2003).
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Much research has been done on VPA’s effect on Nrf2 in liver cells (Yu, 2013).
Interestingly, unlike other inducers of oxidative stress, VPA does not appear to trigger the Nrf2
pathway, rather it lowers cytosolic and nuclear levels of Nrf2 and increases Keap1 in liver cells,
suggesting the suppression of Nrf2-mediated antioxidant responses (Jin, 2014). The same liver
cells treated with Nrf2 inducers showed increased resistance to VPA hepatotoxicity (Jin, 2014).
Whether VPA treatment fails to induce or lower the protective Nrf2-ARE in embryos has not yet

Figure 3: Nrf2-Keap1 Antioxidant Response. A) Under normal conditions, Keap1 binds to Nrf2
which results in Nrf2 degradation B) Under oxidizing conditions, Keap1 cysteine residues are
modified which releases Nrf2 to the nucleus. Nrf2 then binds to the ARE and upregulates the
synthesis of endogenous antioxidants and essential genes for the maintenance of the cellular redox
state.
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been studied. If Nrf2 is not fully functional in embryos with VPA treatment, it is possible that
Nrf2 induction could rescue the cell from the effects of the VPA-induced oxidative stress.
Mitochondria are the primary source of cellular ROS (Zorov, 2014). Mitochondria are
responsible for generating energy for the cell by facilitating the production of ATP through
oxidative phosphorylation and beta oxidation (breaking down fatty acids). The process of
passing electrons through the electron transport chain (ETC) is not completely efficient; as the
ETC passes electrons from one complex to another, electrons can leak out of the ETC and bind
to free O2 which generates superoxide anion radicals (O2-•), a potent ROS (Murphy, 2009)
(Figure 4). Superoxide, as a radical, then begins to react with many of the macromolecules of the
cell. Under normal conditions, O2-• are dismutated into H2O2 via the enzyme superoxide
dismutase (SOD) (Figure 4). If the cellular redox state is altered by the sudden surge of
mitochondrial ROS, then cell signaling can be disrupted – resulting in cellular oxidative stress.
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Mammalian cells contain three forms of SOD: cytosolic Cu/Zn-SOD (SOD1),
mitochondrial Mn-SOD (SOD2), and extracellular Cu/Zn-SOD (SOD3). Disruptions in the
expression or activity of these SODs have devastating effects on redox signaling and
homeostatic regulation of cells (Fukai, 2011). SOD1 knockout (KO) mice are indistinguishable
from wild-type (WT) newborn mice, but they develop premature age-related diseases such as
declined mitochondrial function (Jang, 2010), increased oxidative damage (Muller, 2006), and
age-related

Figure 4: The Electron Transport Chain Produces ROS Via Complexes I and III. The mitochondria are essential for
providing cellular energy, but the electron transport chain is not completely efficient. Electrons escape from
complexes I and III and bind with O2 to form superoxide radical anions (O2-•). Mitochondrial O2-• are converted to
H2O2 by SOD2 to prevent oxidative stress or prolonged oxidative shifts. H2O2 can then be used in cell signaling,
contribute to oxidative stress, or further reduced into H2O.
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muscular atrophy (Muller, 2006). SOD2 KO mice do not survive more than 20 days postnatally
(Oh, 2012), which shows the importance of regulating mitochondrial ROS during development.
VPA-induced elevation of mitochondrial ROS levels may be caused by VPA induced
inhibition of a deacetylase which governs SOD2 expression, and/or the inhibition of
deacetylation of SOD2 itself, which would disrupt SOD activity. However, VPA’s effect on
SOD expression and activity has not been studied within the context of embryonic development.
If the mechanism of VPA-induced ROS generation can be better understood, it would provide
substantial progress toward understanding VPA-induced neural tube defects. The present study
addresses the role of VPA in altering mitochondrial SOD activity.
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MATERIALS AND METHODS
Cell Culture
P19 cells were purchased from American Type Culture Collection (ATCC). Cells were
cultured in growth media, Dulbecco’s Modified Eagle Medium (Genesee Scientific)
supplemented with 10% fetal bovine serum (Thermo Scientific), 100 U/ml penicillin (Genesse
Scientific), and 100 μg/ml streptomycin (Genesse Scientific). Cells were grown in a 37°C humid
incubator with 5% CO2, and split per manufacturer’s instructions.
P19 Neuronal Differentiation
P19 cells were differentiated following the Leszczyński, 2019 protocol. In short, P19
cells were maintained in growth media until 15 cm plate reach 80% confluency. Once desired
confluency was reached, cells were placed in differentiating media (DMEM with 5% fetal bovine
serum, 1% pen/strep, and 1 μM retinoic acid). Cells were counted and plated on untreated 10 cm
bacteria plates at approximately 1x106cells/plate. In a deviation from the Leszczyński protocol,
plated cells were incubated, in conditions stated above, while rotating at 40 rpm to get more
uniformed aggregates (Sargent, 2009). Aggregates formed over 96 h, and after 96 h, cells were
counted and plated approximately 500,000 cells/9.5cm2 in growth media for 36 h. After 36 h
cells were treated as desired.
Measurement of ROS
P19 cells were cultured in a 96-well plate to measure 2’,7’-dichlorofluorescein (DCF)
fluorescence. Cells were preloaded with 5 μM of the non-fluorescent, diacetate form of DCF
(DCF-DA) (Sigma-Aldrich) for 20 min. Upon reacting with low molecular weight
hydroperoxides, a modified form of DCF-DA is oxidized to the highly fluorescent DCF.
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Following 20 min of DCF-DA preloading, cells were washed once with phosphate-buffered
saline (Genesee Scientific) and then treated with VPA. Fluorescence was determined
immediately after addition of VPA at 20 and 40 minutes on a Cytofluor Series 4000 plate reader
(Applied Biosystems) with excitation at 485 nm and emission at 530 nm.
Western Blotting
Samples were collected in RIPA lysis buffer (EMD Millipore) with protease inhibitors
(Roche Diagnostics) and then sonicated and centrifuged at 10,000 g for 5 minutes at 4°C. The
protein concentration in supernatants was determined using BCA Protein Assay Kit
(ThermoScientific). Samples (20μg) were mixed with Laemmli sample buffer and heated at 95°C
for 10 minutes. Equal amounts of protein were separated by 12% SDS-polyacrylamide gel
electrophoresis and then transferred onto nitrocellulose membranes. The membranes were
blocked with 1:1 blocking buffer (LiCor) and PBS for 90 min at room temperature and then
probed with rabbit acetylated K68 SOD2 (Abcam) and mouse beta-actin (Cell Signaling
Technology) primary antibodies diluted 1:5000 in PBS with 0.1% Tween 20 (PBST) at 4°C
overnight. The following day, membranes were washed in PBST then probed with fluorescent
secondary antibodies diluted 1:10,000 in PBST raised in 800 nm (Goat anti-mouse) 700 nm
(Donkey anti-rabbit) (Cell Signaling Technology) at room temperature for 90 minutes.
Membranes were washed and then imaged using an Odyssey CLx scanner (LiCor) and quantified
by expression of the desired protein relative to the actin loading control and the LiCor detection
and quantification software.
GSH Redox Potential Analysis
GSH and GSSG were measured using high-performance liquid chromatography (HPLC)
following the Jones protocol (Jones, 2000). In brief, samples were collected in 5% perchloric
12

acid which also contains an internal standard, gamma-glutamyl glutamate. The acidity of the
collection buffer causes the proteins to precipitate out into solution, which was then centrifuged,
and supernatant collected. Iodoacetic acid is added to the supernatant which alkylates GSH. The
pH is adjusted to 9.0 with KOH/tetraborate and samples are incubated at room temperature for
20 min. After 20 min, samples are derivatized for 16 h with dansyl chloride, a fluorescent probe.
Each sample was run through HPLC and compared to the internal standard. GSH Eh, was
calculated by inputting the found GSH and GSSG concentrations to the Nernst equation.
P19 Superoxide Dismutase Activity Assay
P19 cells were cultured in 6-well plates until 80% confluency. Once desired confluency
was reached, 50% of wells were treated with D3T (20 μM) for 12 h. After 12 h, media was
replaced in all wells. Two hours after the media was change, 50% of the untreated cells were
treated with VPA (5 mM), and 50% of the D3T-treated cells were also treated with VPA (5 mM)
for 6 h. Superoxide dismutase activity was measured using an SOD activity assay (Cayman
Chemical, item number: 706002). In short, P19 cells were collected in 200 μl of 20 mM HEPES
buffer, pH 7.2, containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose, sonicated and
centrifuged at 1,500 x g for 5 min at 4°C. The supernatant was then collected and stored at -80°C
until assay was ready to be run. In preparation for the assay, samples were diluted 1:16 to be in
the range of measurable activity. For the detection of only SOD2, cells were treated with sodium
cyanide (Sigma-Aldrich), 3 mM, just prior to running the assay to inhibit SOD1 activity.
Absorbance was measured on a Cytofluor Series 4000 plate reader (Applied Biosystems) at 450
nm. All samples were normalized to protein content by BCA.
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Embryonic Superoxide Dismutase Activity Assay
Mouse embryos were collected in 200 μl of 50 mM Tris HCL pH 7.4, sonicated and
stored on ice. Epinephrine SOD activity assay was conducted according to Sun and Zigman
protocol (Sun, 1978). In brief, in standard conditions epinephrine auto oxidizes to adrenochrome.
An essential component of the oxidation of epinephrine is superoxide. The more SOD that is
present, the less adrenochrome will be produced. A serial dilution of known SOD concentrations
was used to create a standard curve to compare to sample measurements. Absorbance was
measured over 10 min at 480 nm. All samples were normalized to protein content by BCA.
Mitochondrial Superoxide Measurements
P19 cells were plated to 96-well plates. When cells reached 80% confluency, 50% of
wells were treated with D3T (20 μM) for 12 h. After 12 h, media was replaced in all wells. Two
hours after the media was change, 50% of the untreated cells were treated with VPA (5 mM),
and 50% of the D3T-treated cells were also treated with VPA (5 mM) for 6 h. After treatment,
media was removed from treated samples and samples were washed with warm PBS. 5 μM
MitoSOX™ Red stain (Thermo-Fisher) was prepared according to manufacturer’s instruction
and applied to cover cells in each well. Cells were then incubated for 10 min at 37°C away from
light. Samples were then immediately read using ImageJ software with the microscope, and color
intensity was used to determine superoxide production.
Animal Husbandry
CD-1 mice were time mated primigravida and purchased from Charles River (Raleigh,
NC). Upon arrival at Brigham Young University, mice were housed and cared for in a controlled
environment (12 h light/dark cycle, 22°C ±1°C, 60%-70% humidity). Mice were fed ad libitum,
on a high fat chow diet.
14

Whole Embryo Culture and Mouse Experimentation
CD-1 mice were time mated, with the day of finding a plug regarded as GD 0. Mice were
treated with D3T (i.p. 5 mg/kg, LKT Labs) on GD 7.5. A dosage volume of 10 μl/g body weight
was used as vehicle. On GD 8, mice were euthanized by exposure to CO2. Uteri were dissected
and conceptuses separated from their decidual mass. Care was taken to maintain the integrity of
the ectoplacental cone and visceral yolk sac. Each embryo was placed in bottles with media
consisting of 75% (vol/vol) heat-inactivated rat serum and 25% Tyrode’s salt solution. Cultured
embryos were placed in a rotating drum under constant gassing conditions of 5% O2/5%
CO2/95% N2 (vol/vol/vol) and maintained at 37°C for 6 h. Embryos were treated with VPA
(600 μM , Sigma-Aldrich) after 2 h in culture. After 8 h of culture, embryos were collected in
RIPA lysis buffer (Sigma-Aldrich) with 1:100 protease inhibitors (Roche Diagnostics) for
western blot analysis, or embryos were collected in 50mM Tris HCl for SOD activity assay
previously described. All protocols were approved and in accordance with the Brigham Young
University Institutional Animal Care and Use Committee protocols.
Statistical Analysis
Data was analyzed in R and subjected to Tukey pair-wise analyses and one-way
ANOVAs.
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RESULTS
P19 Cells Treated With Retinoic Acid Promoted Neuronal Differentiation
The P19 cell model provides utility in that the cells still retain some of their stemlike
qualities, including those that are involved in neurogenesis. In order to verify differentiation in
P19 cells, a stem cell marker, Octamer-binding transcription factor 4 (Oct-4), which is found in
undifferentiated embryonic stem cells (Niwa, 2000), and beta-3 tubulin, a marker in neuronal
cells (Sullivan, 1986) were measured via immunoblotting blot. Immunoblot analyses confirmed
expression of Oct-4 and the absence of beta 3 tubulin in undifferentiated cells (Figure 5A).
Conversely, in differentiated cells, the expression of beta three tubulin was observed, and Oct-4
was lost. Microscopic examination showed the cellular morphology consistent with the
formation of axons in differentiated neurons (Figure 5B).

Figure 5: P19 Cells Differentiated into Neuronal Cells. A) P19 cells exposed to retinoic acid exhibit observable
morphological differences, where differentiated cells demonstrate a neuronal phenotype. B) Immunoblotting
analyses demonstrated that undifferentiated P19 cells express Oct-4, indicating marker of stemness in cells, whereas
differentiated P19 cells express Beta 3 tubulin, indicating P19differntiation into neuronal cells.
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VPA Treatment Causes a Rise in ROS in Undifferentiated P19 Cells
After 20 min of treatment with DCFDA, undifferentiated P19 cells showed a 440%
increase in DCF fluorescence. Differentiated P19 cells showed a 230% increase in DCF
fluorescence (Figure 6A). These results show that differentiated cells are more resistant to VPAinduced ROS.
VPA Induced ROS Leads to an Oxidizing Shift in Undifferentiated P19 Cells
In undifferentiated cells, VPA treatment showed a rapid oxidative redox shift, where at
30 min post treatment, a +30mV shift was observed (Figure 6D). Significant differences in
intracellular redox environment were observed until 12 h post treatment. By 12 h post treatment,
redox potentials recovered to control levels. Differentiated P19 cells did not exhibit significant
changes in GSH Eh with VPA treatment (Figure 6D).
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Figure 6: VPA Treatment Increases ROS in P19 Cells and an Oxidative Shift in Undifferentiated P19 Cells. A)
VPA treatment caused an increase in ROS production in both undifferentiated and differentiated cells, but ROS
production was significantly higher in undifferentiated cells than differentiated cells. B) VPA treatment showed a
decrease in cellular GSH concentration in undifferentiated cells, while differentiated cells showed an increase in
GSH concentration. C) VPA treatment increased GSSG concentrations in both undifferentiated and differentiated
cells. D) VPA treatment showed a significant oxidizing shift in GSH Eh in undifferentiated cells, but differentiated
cells showed no significant change in GSH Eh. (*=p < 0 .05 in undifferentiated cells, # = p < 0 .05 in differentiated
cells)
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VPA Treatment Increases Superoxide Levels in Undifferentiated P19 Cells
To see if mitochondrial disfunction resulted in ROS production, P19 cells were stained
with MitoSOX™ Red. Undifferentiated P19 cells treated with VPA showed a 30% increase in
MitoSOX intensity when compared to control (Figure 7). Undifferentiated P19 cells treated with
D3T+VPA showed no significant change in MitoSOX intensity when compared to control,
which is indictive that Nrf2 induction protects against VPA-induced mitochondrial ROS.
Differentiated P19 cells showed no significant increase in MitoSOX intensity in any treatment
group, suggesting that differentiated cells are better able to respond to VPA-induced
mitochondrial ROS.

Figure 7: VPA Treatment Increases Superoxide Production in Undifferentiated Cells. A) Images taken of VPA
treated undifferentiated and differentiated P19 cells stained with MitoSOX™ Red showed an increase in superoxide
production in undifferentiated cells following VPA treatments but no such increase was observed in differentiated
cells. B) MitoSOX™ Red cellular floursecent intensity analysis using ImageJ software showed an increase in
superoxide formation with VPA treatment in undifferentiated P19 cells when compared to control. Undifferentiated
cells treated with VPA+D3T showed no significant difference in superoxide formation when compared to control.
Differentiated P19 cells showed no significant change in superoxide formation regardless of treatment when
compared to control. (* = p < 0 .05)
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VPA Treatment Does not Change Protein Levels of SOD1 or SOD2
Western blot analysis showed no significant change in SOD1 or SOD2 protein
concentrations post 6 h 5mM VPA treatment as compared to untreated control (Figure 8).
SOD2 Activity is Decreased in P19 cells are Treated with VPA
Overall SOD activity was measured for each treatment and compared to control in both
undifferentiated and differentiated P19 cells. Undifferentiated P19 cells treated with 5 mM VPA
showed a 20% decrease in total SOD activity when compared to control (Figure 9A).
Undifferentiated P19 cells treated with 20 μM D3T showed no significant difference when
compared to control. Total SOD activity was rescued in 5 mM VPA treated cells that were pretreated with 20 μM D3T for 12 h. Interestingly differentiated P19 cells were resistant to VPAinduced changes to total SOD activity and were unaffected. Additionally, both D3T only and
D3T+VPA treatments groups showed no significant change in total SOD activity from controls.
To confirm that VPA treatment is disrupting mitochondrial SOD, cyanide was used to
inhibit SOD1 activity. SOD2 only activity was measured, and changes were compared to
control. SOD2 activity was not detectable in undifferentiated cells treated with VPA when
compared to

Figure 8: VPA Treatment Does not Alter SOD Concentration in Undifferentiated Cells. Undifferentiated
P19 cells were treated with VPA for 6 h, and SOD1 and SOD2 concentrations were measured.
Immunoblotting showed no significant changes in SOD1 or SOD2 concentrations in undifferentiated cells.
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control. Undifferentiated P19 cells treated with D3T experienced a 250% increase in SOD2
activity when compared to control. Undifferentiated P19 cells treated with D3T+VPA exhibited
a 350% increase in SOD2 activity When compared to control. Increased SOD2 activity in
D3T+VPA treated undifferentiated cells suggests that Nrf2 induction can prevent VPA-lowered
SOD2 activity. Differentiated P19 cells showed no significant change in SOD2 activity when
comparing any treatment group to control (Figure 9B).

Figure 9: SOD Activity is Decreased with VPA Treatment. A) VPA treatment lowered total SOD activity in
undifferentiated cells, but differentiated cells showed no decrease in SOD activity when normalized to control.
Undifferentiated cells that were pretreated with a Nrf2 inducer, D3T, showed a preservation of SOD activity
following VPA treatment. B) SOD2 activity was isolated with cyanide (CN) treatment of cellular lysates to inhibite
SOD1 activity. VPA treatment lowered SOD2 activity to non-detectable levels in undifferentiated cells, while
differentiated cells had no significant change in SOD2 activity. Pretreatment with D3T significantly raised levels of
SOD2 activity in VPA treated undifferentiated cells. (* = p < 0 .05)
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VPA Treatment Increases the Acetylation of SOD2
Undifferentiated P19 cells exhibit increased acetylated SOD2, but differentiated cells
show no observable acetylated SOD. Western blot analysis showed a significant 30-fold increase
in acetylated K68 in 5mM VPA treated undifferentiated P19 cells. undifferentiated P19 cells
treated with D3T+VPA showed a drastic drop in K68 acetylation when compared to 5mM VPA
treated undifferentiated P19 cells (Figure 10A). Differentiated P19 cells showed no observable
acetylated K68 in any treatment groups (Figure 10A).
Western blot analysis showed that embryos treated with VPA showed a 2-fold increase in
acetylated K68 when compared to untreated control (Figure 11A). Embryos that were treated
with D3T+VPA showed significant decrease in acetylated K68 in embryos to levels like that of
control (Figure 11A).

Figure 10: VPA Treatment Increases SOD2 Acetylation. A) Immunoblotting for K68 acetylation for SOD2 showed
that in undifferentiated cells K68 acetylation was significantly higher following VPA treatment, but in differentiated
cells in acetylated K68 SOD2 was not observed. D3T pretreatment showed a significant decrease in acetylated K68
SOD2 at K68 in undifferentiated cells. B) Graphical representation of acetylated K68 SOD2 for both differentiated
and undifferentiated P19 cells. VPA treatment increases acetylation of SOD2 in mice. (* = p < 0 .05)
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VPA Treatment Lowers SOD Activity in Mice
Superoxide dismutase activity assays showed a 20% decrease in SOD activity with a 600
μM VPA 6 h treatment in mouse embryos when compared to untreated control (Figure 11C).
Embryos treated with 600μM VPA pretreated with D3T, showed no significant difference from
untreated control (Figure 11C).

Figure 11: VPA Treatment Shows a Decrease in SOD Activity and Increased SOD2 Acetylation in Mouse Model.
A) VPA treatment showed a decrease in embryonic SOD activity that was rescued with D3T pretreatments when
compared to control. B) VPA treatment showed an increase in acetylated SOD2 K68 from GD 8.5 mouse embryos
but were attenuated with D3T pretreatments. C) Graphical representation of band intensities of acetylated SOD2
K68 in mouse embryos and normalized to protein found in Figure 11B. (* = p < 0 .05)
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DISCUSSION
Valproic acid-induced neural tube defects have been purported to be a result of VPA’s
production of reactive oxygen species (Tung, 2011), but the mechanism by which VPA produces
ROS remains unidentified. This thesis provides an introductory mechanism for VPA-induced
ROS, which may serve as a driver for the disruption in normal neurogenesis.
The direct effects of VPA are not well understood, but Gopaul et. al., in 2000,
demonstrated that VPA undergoes mitochondrial beta oxidation, and the byproducts, specifically
(E)-2,4-diene VPA, conjugate with mitochondrial GSH to form 5-GS-3-ene VPA CoA, depleting
free mitochondrial GSH. While decreased GSH levels do not directly equate to ROS formation,
it may allow for an increase in ROS availability due to lower detoxification through the GSH
couple, where ROS basal tones are altered and other redox-sensitive targets can be affected.
Valproic acid is a short chain fatty acid that does not donate electrons or partially reduce
oxygen, however, VPA is a deacetylase inhibitor (Krämer, Zhu et al. 2003), which means VPA
can alter post-translational modifications of proteins via the promotion of acetylation.
Acetylation of proteins can act as a switch, turning proteins “on” or “off”. If VPA is not directly
contributing ROS, it may be that VPA-induced acetylation of target proteins may indirectly
promote endogenous ROS generation and/or weaken cellular antioxidant defenses which leads to
less ROS being detoxified and more accumulating. The mitochondria are the major source of
endogenous ROS and contain critical antioxidants such as SOD2 and GSH that would be prime
targets for VPA-induced acetylation.
Our studies focused on SOD2 as a major antioxidant within the mitochondria. When
SOD2 activity is knocked out using a nestin-driven promoter to target SOD2 deficiency in
developing neural tissue in mice, neuronal mitochondrial function and structure are negatively
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affected, and while not embryonic lethal, mice do not live past 20 PND (Oh, 2012). In contrast,
when SOD2 activity was overexpressed in diabetic mothers, the diabetic-induced embryonic
neural tube defects were attenuated and embryos were protected from many of the harmful
effects of hyperglycemia-induced oxidative stress (Zhong, Xu et al. 2016). Our studies were the
first to show that VPA treatment increased the acetylation of SOD2, shutting this enzyme “off”,
and resulted in undetectable levels of SOD2 activity. The connection of a VPA-induced
acetylation of SOD2 and decreased SOD2 activity, provides a foundational step to understanding
the mechanism by which VPA establishes oxidative stress that ultimately leads to neural tube
defects.
The data show that VPA prevents the deacetylation of SOD2 and outlines a potential
deacetylase candidate for further potential study. Mitochondrial SOD is heavily reliant on
deacetylase modification for both SOD2 expression, through disruption of transcription factor
signaling (Place, 2005), and SOD2 activity itself, where SOD2 acetylation of K68 reduces SOD2
ROS metabolism (Chen et. al., 2011). The expression of SOD2 is regulated by nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) (Xu, 1999). This is extremely relevant,
as NF-κB activation can be disrupted by deacetylase inhibitors (Place, 2005). Place et. al.
showed that deacetylase inhibitors down-regulated the expression of key subunits in the
proteasome of colon epithelial cells, which stabilized the IκB proteins, keeping NF-κB from
entering the nucleus (Place, 2005). If VPA treatment prevents the expression of SOD2 by
suppressing NF-κB, this could explain the reduction in SOD2 activity. However, our findings
showed that SOD2 protein expression levels were largely unaffected with VPA treatments, but
the data also suggest that dysregulation of SOD2 activities were likely more a result of rapid
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regulatory mechanisms, or switching, such as through a post-translational modification (i.e.
acetylation).
Mitochondrial SOD activity is in part governed by SIRT3, a redox-sensitive deacetylase,
which deacetylates SOD2 K68 (Chen et. al., 2011). The deacetylation of SOD2 K68, and
subsequent re-activation of SOD2, requires SIRT3 (Chen et. al., 2011). What is more, SIRT3 is a
deacetylase that oversees other mitochondrial regulatory functions, including maintaining
complex I and III integrity (Ahn, Kim et al., 2008; Tyagi, 2018). If SIRT3 is disrupted, the
mitochondria could leak more electrons leading to an increase in ROS, but an overproduction of
ROS would be coupled with the loss of SOD2 activity and may exacerbate mitochondrial
function and extramitochondrial redox-sensitive targets and signaling. Our immunoblot analysis
showed that SOD2 expression was unchanged with a short 6 h VPA treatment, but immunoblot
analyses also showed a significant increase in acetylated K68 SOD2 (Ac-SOD2). An increase in
VPA-induced Ac-SOD2 would support and compromise ROS detoxification capacity of
mitochondrial ROS and are likely to affect cellular redox states. Dysregulation of ROS
detoxification and subsequent redox shifts could lead to cellular dysfunction that would disrupt
developmental patterning, causing poor outcomes. Interestingly, VPA-induced increases in AcSOD2 occurred in our cellular model as well as in treatment of mouse embryos in vitro and are
supportive of a potential contribution to dysmorphogenesis during embryogenesis. While it is
unclear, and not directly evaluated here, findings suggest a possible decrease in SIRT3
deacetylase activity as a promising target for VPA-induced toxicity. Clearly, more investigation
is warranted to better understand the connection between VPA-induced pathologies and SIRT3
signaling in the embryo.
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Another key part of this study was to see if Nrf2-induction would mitigate the harmful of
effects of VPA-induced ROS. In other studies, embryonic mouse astrocyte cells treated with tertbutylhydroquinone (tBHQ), a Nrf2 inducer, were protected from H2O2 treatment (Lee et. al.,
2003). Similarly, in a developmental model, mice pretreated with D3T in whole embryo culture
were more resistant to H2O2-induced oxidation of GSH, Trx1 and Trx2 (Harris and Hansen,
2012). Nrf2 activation can upregulate the expression of phase II detoxification and antioxidant
ezymes (Itoh, Chiba et al. 1997), but more specifically, induction of Nrf2 also enhances SIRT3
expression (Oh, Choi et al. 2019). Still, little work has focused on Nrf2-mediated regulation of
SIRT3 activities in developing systems. We found that Nrf2 induction restored SOD2 activity,
lowered SOD2 acetylation, and lowered VPA-induced ROS in undifferentiated P19 cells. While
attenuating ROS was not surprising, deacetylation of SOD2 supports a Nrf2-SIRT3 axis that may
protect the undifferentiated cell from oxidative injury and disruption of redox signaling.
Furthermore, this finding indicates Nrf2-induction as a possible pharmaceutical target to prevent
VPA-induced redox dysregulation and potentially related NTDs in embryos.
Our findings contribute to the principle that developing systems are much more
susceptible to insult than are developed systems as was purported nearly 60 years ago (Wilson,
1959). Fully differentiated or more mature embryos can cope with increased ROS or oxidative
shifts, possibly due to more robust signaling systems. When rat embryos switch to more aerobic
metabolism, SOD activity increases (Choe et. al., 2001), possibly in response to an increased
formation of superoxide originating from the electron transport chain. Neurulation occurs during
a developmental period where embryos become increasingly reliant upon aerobic metabolism but
also depend on somewhat immature mitochondria, allowing for more ROS generation.
Developmental increases in SOD2 activity could serve as a means to protect the embryo from
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excessive ROS generation and oxidative stress. During this same developmental window,
impaired SOD2 activity is particularly harmful and are likely to allow alterations to
developmental programming that is redox-sensitive and lead to dysmorphogenesis. Interestingly,
our data show that differentiated neurons produced less ROS at 5 mM VPA than undifferentiated
cells, and furthermore, in differentiated cells, VPA treatment caused on corresponding oxidizing
shift in GSH Eh like that which was observed in undifferentiated cells (Figure 6). While the
increase in VPA-induced ROS production was statistically significant compared to the untreated
controls, there was no observable shift in differentiated cell redox potentials. These findings
support the hypothesis that VPA treatment is most damaging to developing systems, and
particularly to undifferentiated cells (Figure 12).

Figure 12: Differentiated Cells are Better Prepared to Overcome VPA Insult. In developing systems glycolysis is
favored and thus the mitochondria are not yet fully mature. Therefore, developing systems are more susceptible to
electron leakage brought on by VPA exposure. The resultant increase in superoxide production in developing
systems is magnified by VPA-induced lower SOD2 activity. Developed systems favor oxidative phosphorylation
and have fully matured mitochondria that have greater efficiency. In addition to greater efficiency, developed
systems have increased SOD2 activity that could overcome VPA insult.

28

In conclusion, we have laid out an introductory mechanism for VPA-induced ROS
generation in developing systems. We have demonstrated that VPA treatment promotes the
acetylation of SOD2 and correlates to a significantly lower SOD2 activity. We found that the
negative effects of VPA treatment were prevented through prior Nrf2-induction with D3T,
suggesting the Nrf2 pathway may be a target for potential therapies to prevent VPA-induced
dysfunction. A potential target of Nrf2-mediated rescue could be SIRT3, which appears to be a
central component in the regulation of SOD2 activity and ROS detoxification. We have noted
that if VPA is affecting mitochondrial GSH reserves and disabling SOD2 activity, the
mitochondria would be primed to producing more cellular ROS and support shifts in the redoxproteome through post-translational modifications, such as S-glutathionylation or sulfenic acid
formation (Figure 13). The fact that undifferentiated cells appear more susceptible to VPAinduced dysregulation also coincide with windows of sensitivity during embryonic development
where VPA can alter developmental programming and cause dysmorphogenesis (i.e. neural tube
defects). Regulation of redox states and preservation of deacetylase activities through Nrf2
activation suggest that dietary or pharmacological interventions may serve as a means to avoid
developmental risks associated with VPA exposure during pregnancy.
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Figure 13: Proposed Mechanism of VPA Generated ROS by Inhibiting the Deacetylation of SOD2. In untreated
developing cells, SOD2 is deacetylated and active and as such, is able to dismutate O2•- into H2O2 which can then
be used in cell signaling or converted into H2O, which promotes in normal development. In VPA treated developing
cells, SOD2 is acetylated and deactivated, and thus, is unable to properly dismutate O2•- into H2O2. Additionally,
VPA metabolites conjugate GSH and lower mitochondrial GSH, which results in less detoxification of ROS.
Overgeneration of ROS promote changes to developmentally specific redox states and alter cellular signaling that
contribute to dysmorphogenesis, including NTD formation. Nrf2 activation prior to VPA exposure appears to
improve ROS detoxification and prevents subsequent redox shifts to protect the embryo and promote normal
development.
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