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Abstract

The antiepileptic drug, valproic acid (VPA), also used for treating psychiatric disorders, is hampered by its toxicity. Its asso-
ciated adverse effects include hepatotoxicity, nephrotoxicity, central nervous system (CNS) depression, respiratory failure,
acute pancreatitis, thrombocytopenia, hyperammonaemia, bone marrow suppression, and teratogenicity. Currently, no anti-
dotes exist for treating VPA toxicity and therapeutic management is majorly supportive while modifying drug disposition.
The lack of effective treatment has prompted evaluating plant-derived products to manage this challenge since studies show
their protective potential against drug-induced toxicities. This review investigates purported mechanisms and the protective
capacity of plants products against VPA-induced toxicity. The compiled studies revealed that VPA causes hepatotoxicity,
nephrotoxicity, ocular toxicity, teratogenicity and reproductive toxicity among others. Further findings highlighted the oxido-
inflammatory and apoptotic pathway as crucial mechanisms of VPA-induced organ toxicities. Extracts of Apium graveolens
L., Bacopa monniera, Green tea, Kaempferia parviflora, Korean red ginseng, Ocimum sanctum, Oryza sativa, Withania
somnifera and plant-derived compounds, including diammonium glycyrrhizinate, sulforaphane, vitamin U, B6, E, diallyl
trisulfide, curcumin, a-tocopherol, quercetin, piperine, resveratrol, hesperitin, thymoquinone, caffeic acid and asiatic acid
exhibited protection against VPA-induced toxicities. From these observations, it is suggested that further studies should target
evaluating more plant products as well as identifying and isolating specific compounds from such, and others demonstrating
protective effect against toxicities induced by VPA.
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PARP Poly (ADP-ribose) polymerase
Bcl-2 B-cell lymphoma protein 21

ATP Adenosine triphosphate

mtDNA Mitochondrial DNA

MEK Mitogen-activated protein kinase
ERK Extracellular regulated kinase
MPT Mitochondrial permeability transition
LH Luteinizing hormone

FSH Follicle stimulating hormone
MDA Malondialdehyde

GST Glutathione-S-transferase

GPX Glutathione peroxidase

GR Glutathione reductase

MPP Mitochondrial permeability transition pore
ALT Alanine amino transaminases

AST Aspartate amino transaminases

ALP Alkaline phosphatase

LDH Lactate dehydrogenase

DTA Diallyl trisulfide

TJ-960 Shosaiko-to-go-keishikashakuyaku-to
H,0, Hydrogen peroxide

HO-1 Heme oxygenase 1

Introduction

Valproic acid (VPA, valproate, Fig. 1); a drug used
originally in clinical practice as an antiepileptic drug,
is also being used for the treatment of bipolar disorder,
migraine, schizoaffective disorders, neuropathic pain and
social phobias (Mangewala et al. 2013). The most under-
stood mechanism of action of VPA is the enhancement
of y-aminobutyric acid (GABA) synthesis, inhibition of
GABA metabolism as well as interruption of GABA reup-
take into nerve endings (Manoguerra et al. 2008; Monti
et al. 2009). Despite the fact that VPA is generally tol-
erated by most patients, cases of adverse reactions fol-
lowing chronic usage have been reported, these include
hepatotoxicity, hyperammonaemic encephalopathy, bone
marrow suppression, haemorrhagic pancreatitis and tera-
togenicity (Lheureux et al. 2005; Brotzmann et al. 2020).
VPA poisoning from intentional or accidental ingestions
is on the increase because it is now being used in the
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Fig. 1 Structure of Valproic acid
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treatment of psychiatric disorders. Although such poison-
ings usually lead to mild central nervous system (CNS)
depression; severe toxicity leading to fatal cases have been
recorded (Lheureux et al. 2005; Manoguerra et al. 2008).
The increasing rate of VPA-induced adverse effect might
be attributed to the lack of a definite antidote or effective
and generalised common treatment to ameliorate the toxic
effects of the drug since limited improvements have been
observed following known medical treatments, including
L-carnitine, activated charcoal, haemodialysis or haemofil-
tration and the use of antioxidants (Lheureux et al. 2005).

The major effects of VPA poisoning include hepatotox-
icity, renal failure, CNS depression, respiratory failure,
acute pancreatitis, leucopenia, drowsiness and thrombo-
cytopenia (Meek et al. 2004). Strategies in the manage-
ment of VPA poisoning is mainly supportive, involving the
modification of the disposition of the drug by either ham-
pering its absorption or increasing its elimination, using
procedures, such as administration of oral absorbents
(activated charcoal), induced haemodialysis and haemop-
erfusion (Meek et al. 2004; Lheureux et al. 2005). To pre-
vent the increased rate of VPA-induced foetal disorders,
reduced dose is often recommended in addition to tak-
ing folic acid (Morceau et al. 2010), while VPA-induced
decreases in fertility can be prevented, to a large extent, by
administration of folic acid, 5-formyltetrahydrofolate, and
S-adenosylmethionine (Ubeda-Martin et al. 1998).

Since the most understood mechanism via which VPA
induces its toxic effects is oxidative stress and activation
of inflammatory responses, antioxidants and antiinflam-
matories have been investigated as potential therapeutic
options. More so, in the past few decades, there has been
a renewed interest in plant products, based on the fact
that some products have been developed into new drugs,
and even huge chances of many more new drugs being
developed. Plant products have been used in the manage-
ment and treatment of a number of diseases, including
diabetes, cancer and malaria, because of their presumed
efficacies and relative safety compared to synthetic mol-
ecules. However, there is little or no consolidated infor-
mation on the efficacy of plant products in the prevention
and amelioration of VPA-induced toxicities. This review,
therefore, investigates the protective capacity of plants
products against VPA-induced toxicity. Identification,
characterisation and isolation of specific compounds with
ameliorative effect against VPA-induced toxicity from the
plants may help resolve the drawback associated with the
usage of this important drug. Scientific databases includ-
ing Google Scholar, Mendeley, PubMed and ScienceDirect
were searched for relevant information on plant products
having protective activity against valproic acid-induced
toxicities. The keywords used included valproic acid,
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valproate, valproic acid-induced, valproate-induced, plants
extract and extract.

Phytotherapeutic preparations

Phytotherapeutic preparations are extracts obtained from
plants; they are obtained by various extraction methods and
they have varied bioactive components (Sharma et al. 2017).
It has been observed that skepticism still exists about the
reliance on phytotherapeutic approach in the management
and treatment of diseases. This is because phytotherapeutic
approach is sometimes seen to have more academic value
rather than real-time or real-life clinical application, con-
sidering the unharmonized and mis-standardized practices
prevailing in medicine systems relying on phytotherapeu-
tic approach. Thus, there are always serious unanswered
questions with phytotherapeutic approach due to insuffi-
cient knowledge of their mode of action, possible adverse
reactions, contraindications, and interactions with existing
conventional pharmaceuticals and functional foods (Ekor
2014). However, the use of phytotherapeutic agents or
herbal medicinal products is as old as man, and it is even
on the increase over the past few decades with about 80%
of people worldwide depending on them for some part
of primary healthcare (Bodeker et al. 2005; Ekor 2014),
including developed countries such as the UK and the rest
of Europe, as well as Australia and North America (Calapai
2008; Braun et al. 2010; Anquez-Traxler 2011; Ekor 2014).
Studies have also shown that about 25 percent of medicines
have originated from plant products, thus medicinal plants
represent unlimited, interesting, and attractive sources of
new bioactive compounds to identify and investigate for
therapeutic purposes (Varoni et al. 2015; Luiz and Piazza
2019). This review is thus intended to compile information
on plant products that have been shown to exhibit protective
potentials against VPA-induced toxicities, as discussed in
the following sections.

Proposed mechanisms of VPA-induced toxicity

The metabolism of VPA takes place primarily in the liver
via cytochrome P450, fatty acid and B-oxidation. Thereaf-
ter, it is conjugated to yield active and inactive metabolites
some of which are highly reactive and toxic, such as 2,
4-diene-VPA which can form glutathione conjugate alter-
ing glutathione homeostasis and other metabolites which are
capable of binding to embryonic or fetal nucleic acids lead-
ing to disruption of normal growth and development, hypo-
glycin as well as pantoic acid, which inhibits B-oxidation
strongly associated with hepatotoxicity (Silva et al. 2008;
Chen et al. 2014; Akhondian et al. 2015; Nazmy et al. 2016)
Although the mechanism of VPA-induced organ toxicity is
still not entirely clear, evidences from studies using different

experimental models have suggested that oxidative stress
and induction of inflammatory cytokines (Tong et al. 2005a,
b; Kiang et al. 2011; Jin et al. 2014) are key factors, with
resultant organ injury. Up-regulation or expression of pro-
inflammatory cytokines as well as apoptotic biomarkers
have also been associated with increased oxidative stress in
such organs exposed to VPA (Fig. 2). Most often, the con-
sequence of these happenings especially when sustained for
a reasonable duration is damage to DNA.

In the prognosis of VPA-induced teratogenesis, damage
accumulated within foetuses due to excess reactive oxygen
species (ROS) most frequently results in the failure of the
neural tube to completely close during organogenesis (spina
bifida) and may lead to reduced post-natal cognitive function
(Tung and Winn 2011). The increase in malondialdehyde
(MDA) levels and corresponding decreases in reduced glu-
tathione (GSH) levels and intracellular antioxidants super-
oxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX) in cerebellum, astrocytes and other type
of brain cells have also been reported in the neurotoxcity
of VPA as a mechanism underlying its teratogenic effects
(Hamzawy et al. 2018). Consequently this increase in ROS
favours the formation of DNA double strand breaks and
impairs its repair (Servadio et al. 2018). There is also evi-
dence showing a link between elevated levels of ROS and
the transcription factor nuclear factor E2-related factor 2
(Nrf2) which subsequently induces expression of antioxidant
response elements (ARE)-containing genes. VPA has been
shown to induce gene transcription in an ARE-dependent
manner for these same genes (Kawai and Arinze 2006;
Hamzawy et al. 2018).

An oxido-inflammatory mechanism is also reported in
VPA modelled autism with severe changes in serum inflam-
matory cytokines: tumor necrosis-alpha (TNF-«), inter-
luekin-1 beta (IL-1f), interleukin-6 (IL-6) and elevations in
apoptosis in differentiating hyppocampal neurons and astro-
cytes. This corroborates well documented evidences that
autistic individuals are more vulnerable to neuroinflamma-
tion accompanied with altered inflammatory response. This
may be due to over activation of the monocytic (increased
IL-1RA) and Th-1-like (increased IFN-gamma) in the
inflammatory response system (Wang et al. 2011; Hamzawy
et al. 2018). Increased nuclear factor-kappa B (NF-kB) and
p53 levels as well as expression of its target genes, hyper-
acetylation of p53, and markers of the intrinsic apoptotic
pathway in neurulation and midorganogenesis murine limbs
has also been observed with VPA-induced embryotoxicity
(Dawson et al. 2006; France-Héléne and Barbara 2015). Dur-
ing VPA-induced hepatic toxicity, the mitochondrial oxidant
stress depletes GSH whilst increasing levels of ROS and
inhibiting the antioxidant function of SOD in murine hepatic
microsomal systems (Santos et al. 2008; Komulainen et al.
2015; Li et al. 2015). This alteration in antioxidant defence
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Fig.2 Schematic representation of the oxido-inflammatory and apop-
totic pathway of VPA-induced organ toxicity. VPA: valproic acid;
MDA: malondialdehyde; H,0,: hydrogen peroxide; XO: xanthine
oxidase; GSH: reduced glutathione; SOD: superoxide dismutase;
CAT: catalase; GST: glutathione-S-transferase; GPX: glutathione

is likely associated with VPA-induced mitochondrial DNA
damage and subsequent apoptosis (Li et al. 2015). The redox
sensitive transcription factor NF-«xB is also reportedly cru-
cial to the ROS-mediated apoptosis associated with VPA
hepatotoxicity. The relationship between an oxido-inflam-
matory induced apoptotic pathway exhibited by VPA could
be as a result of its suppression of Nrf2 with subsequent
depletion of antioxidant defenses. This enhances NF-xB
levels which increases expression of inflammatory markers
cyclooxygenase-2 (COX-2), TNF-a, IL-1p and IL-6 initi-
ating inflammation and triggering apoptosis with evidence
of increased levels of BCL-2 associated X protein (Bax),
caspase 3 and decreased Bcl-2 (Jin et al. 2014). In another
study the accumulation of p53 protein expression which trig-
gered apoptosis was shown by positively stained terminal
deoxynucleotidyl transferase-mediated nick end-labeling
(TUNEL) hepatic cells (Ahmed et al. 2016).

Several studies have observed oxidative stress in germ
cell toxicity of VPA as evidenced in the increase of ROS
such as MDA with decrease in total antioxidant potential,
GSH and SOD in testes and epididymis (Glanzner et al.
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2016; Ourique et al. 2016). One of such reports sperm DNA
damage associated with oxidative stress in sodium valproate
treated Swiss mice (Khan et al. 2011). Induction of inflam-
mation and apoptosis has also been linked to VPA-induced
oxidative testicular toxicity as VPA was found to increase
oxidative stress parameters and the expressions of phospho-
nuclear factor kappa B (pNf-kB) and caspase 3 (Savran et al.
2020).

VPA has also been shown to elicit damage to the kid-
neys and ocular lens via generation of ROS, reduction in
the level GSH and non-protein thiol, reduction in activities
of the triad of glutathione antioxidants GST, GR and GPX,
activities of SOD and catalase and an increase in lipid per-
oxidation product; MDA and protein carbonyl (Tunali 2014;
Chaudhary and Ganjoo 2015; Gad 2018). In lens epithelial
cells, VPA induced overexpression of Kelch-like ECH-
associated protein 1 (Keapl) which decreased Nrf2 levels,
thereby abolishing the Nrf2 dependent antioxidant protec-
tion. This might be responsible for lenticular protein oxida-
tion and cataract formation (Palsamy et al. 2014). The asso-
ciation of inflammation and apoptosis with VPA-induced
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oxidative stress in kidneys was also observed with increased
TNF-a, IFN-y, NF-xB/p65, iNOS and caspase-3 expressions
(Gad 2018).

Thus far in this review, the redox sensitive transcription
factors NF-kB, Nrf2 and p53 have been implicated in VPA-
induced organ toxicities. In the oxido-inflammatory path-
way that involves NF-kB activation, NF-xB functions as a
link between oxidative stress and inflammation. This fac-
tor transduces oxidative stimuli to the nucleus to modulate
the expression of target genes including those involved in
inflammatory responses e.g. iNOS, COX-2, TNF-a, IL-1p
and IL-6 (Liu et al. 2017). A simultaneous occurrence of
oxidative stress and apoptosis is also possible as seen in
the toxicity studies of VPA, with NF-kB appearing to be
involved in the execution of apoptosis through an inflam-
matory response with changes in the levels/expression of
pro-apoptotic markers Bax, Bcl-2, caspase 9 and 3 (Jin et al.
2014; Gad 2018; Savran et al. 2020).

The role of Nrf2-ARE pathway is also associated with
oxidative stress. However, repression of Nrf2 in VPA-
induced toxicity in the face of oxidative stress may be asso-
ciated with changes in DNA methylation patterns, increas-
ing Keapl expression and Nrf2 suppression (Palsamy et al.
2014; Wolters et al. 2017). This leads to decrease in intracel-
lular antioxidants as well as those of the ARE (HO-1, GSTs,
etc.). Oxidative stress can also activate p53 in response to
DNA damage leading to either its repair or apoptosis if DNA
repair mechanism falters (Ashley B. Williams and Schu-
macher 2016).

With an understanding of the oxido-inflammatory
pathway of VPA toxicity, plants/plant products with dual
potentials of antioxidant, anti-inflammatory and possibly
apoptotic activity could be a choice in the phytotherapeutic
management of VPA-induced organ toxicities.

Some effects of VPA-induced toxicity

Some of the toxic effects of VPA include teratogenicity,
hepatotoxicity, reproductive toxicity and nephrotoxicity
which are now discussed in detail.

Teratogenicity

The teratogenic effect of VPA is thought to occur during
early organogenesis, at a period highly susceptible to inter-
ference with neural tube closure by its metabolite (Brotz-
mann et al. 2020). Major anomalies reported include cardiac
abnormalities, neural tube defects (NTDs) commonly mani-
festing as spina bifida, cleft lip/palate, skeletal/limb malfor-
mation, reduced cognitive function, behavioural problems,
decreased verbal intelligence with communication problem
of the autism spectrum disorder (ASD) (Lloyd 2013).

Several hypotheses suggest the molecular mechanisms
of the teratogenic effect of VPA may include drug accu-
mulation within the foetus, increased fetal oxidative stress
particularly in the brain, folate antagonism and histone dea-
cetylase (HDAC) inhibition. HDAC inhibition and formation
of reactive oxygen species (ROS) are particularly influential
in the first trimester of pregnancy when DNA dysregulation
has the largest impact on foetal organ development (Lloyd
2013).

In the majority of cases, VPA accumulates in the circu-
lation of the embryo, reaching a higher concentration than
in the maternal blood; this may be responsible for causing
toxicity and increased risk (approximately three-fold) of
teratogenicity (Vajda 2012).

On another hand, as a result of an immature defence sys-
tem of the foetus at the first trimester of pregnancy, ROS
generated by VPA bioactivation interferes with the electron
transport chain in the production of energy causing limited
detoxification and increasing ROS interactions with biomol-
ecules like DNA (Tung and Winn 2011; Lloyd 2013). VPA
has been shown to induce DNA double strand breaks (DSBs)
and increase homologous recombination as the differential
expression of several genes involved in DSB repair (Rad51,
Brcal, and Brca?) is altered following exposure to VPA in
post-implantation mouse embryos (Lamparter and Winn
2014). This may contribute to increased apoptosis evidenced
by increased expression of p53 target genes, cleaved cas-
pase 9, caspase 3 and cleaved-poly (ADP-ribose) polymerase
(PARP) (France-Héléne and Barbara 2015).

VPA has also been proven to exacerbate folate deficiency
by inhibiting key enzymes within the folate metabolism
pathway during embryogenesis resulting in teratogenicity
(Lloyd 2013). Associated detrimental effects include inter-
ference with epigenetic control of gene expression, hyperho-
mocysteinemia, induction of oxidative stress and disruption
of critical proteins (Lloyd 2013). Folate deficiency has been
associated with impaired homocysteine metabolism with
resultant activation of nuclear factor-kappa B (NF-kB) and
induction of apoptosis mediated by oxidative stress (Lloyd
2013).

VPA inhibition of HDACsS is thought to occur through
direct binding of VPA (or its active metabolites) to the active
site of the enzyme, preventing the hydrolytic removal of
acetyl groups from DNA. The open, uncondensed chromatin
is then exposed to numerous transcription factors that can
induce the transcription of potentially damaging genes, such
as B-cell lymphoma protein 2 (Bcl-2) and Hoxal (Ornoy
2009), increasing the regulation of apoptosis and reducing
morphogenesis (obligatory for organ differentiation) and cell
proliferation, respectively.
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Hepatotoxicity

The proposed mechanism of VPA-induced hepatotoxicity
supports the generation of reactive intermediates that causes
mitochondrial dysfunction by inhibiting f-oxidation result-
ing in stearosis. VPA-induced mitochondrial dysfunction is
reportedly associated with decrease in oxygen consumption
and adenosine triphosphate (ATP) levels, reduced expres-
sion of DNA polymerase gamma, which plays a major role
in mitochondrial DNA (mtDNA) replication and repair (Li
et al. 2015), diminished hepatic mitochondrial membrane
potential (Komulainen et al. 2015), respiratory control ratio
and increased mitochondrial swelling with altered calcium
flux (Natarajan et al. 2006).

It is reported that in VPA-induced intracellular fat
accumulation (stearosis), VPA-triggered over-regula-
tion of cluster of differentiation 36 (CD36), an important
fatty acid transporter, and diacylglycerol acyltransferase
2 (DGAT?2) in liver cells. This remarkably enhanced the
efficiency of fatty acid uptake mediated by CD36, while
increased DGAT?2 expression as a result of the inhibition of
mitogen-activated protein kinase (MEK)—extracellular reg-
ulated kinase (ERK) pathway enhanced triglyceride synthe-
sis (Bai et al. 2017). Further investigation on VPA-induced
mechanisms of steatosis suggests changing patterns of meth-
ylation in nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA) which plays a role in mitochondrial dysfunction
and steatosis development. Mitochondrial dysfunction leads
to spontaneous bursts of ROS generation which is likely due
to VPA mediated opening of the mitochondrial permeability
transition (MPT) pore, mitochondrial cytochrome c release
and caspase 9 activation, which triggers mitochondria medi-
ated apoptosis (Li et al. 2015; Zhang et al. 2016).

Reprotoxicity

Valproate (VPA) has been claimed to induce endocrine
disorders in both sexes in humans. In female rats, VPA is
reported to affect steroidogenesis in ovarian follicular cells;
inhibiting the conversion of testosterone to estradiol (Sve-
berg et al. 2002). This is corroborated by other studies that
record a reduction in estradiol levels leading to significantly
increased testosterone/estradiol ratio. Luteinizing hormone
(LH), follicle stimulating hormone (FSH) and progesterone
levels have also been reported as reduced in females (Has-
san et al. 2019). In males, reduced androgen receptor levels
in testis and epididymis have been reported (Iamsaard et al.
2017) with increases in FSH and LH concentrations too
(Sveberg et al. 2002).

In women, VPA medication is associated with hyperan-
drogenism, polycystic ovary/polycystic ovarian syndrome,
menstrual disorders and ovulatory failure. Men on VPA ther-
apy show abnormalities in androgens blood levels, sperm
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motility and erectile dysfunctions (Verrott et al. 2016).
These observations of alterations in reproductive hormone
levels indicate that the drug exerts its effect primarily at the
gonadal level.

Oxidative stress has also been shown to be involved in
VPA-induced reproductive toxicity with consequent apop-
tosis in both small and medium-sized follicles and testes as
well as damage to sperm DNA (Taubgll et al. 2009; Khan
et al. 2011). Involvement of the redox sensitive transcription
factor NF-xB which mediates inflammation has also been
reported (Savran et al. 2020).

Nephrotoxicity

Experimental and clinical studies have shown that VPA
induces oxidative stress, mitochondrial deficits, carnitine
deficiency and inflammation and fibrosis in renal tissue in
mice and in vitro studies (Hamed 2017). Increased levels of
malondialdehyde (MDA), a measure of lipid peroxidation;
protein carbonyl and xanthine oxidase activity, markers of
oxidative stress; reduction of glutathione concentration and
non-protein thiol level, antioxidant markers; and altered
activities of glutathione-S-transferase (GST), GPX and glu-
tathione reductase (GR), glutathione metabolizing enzymes
activity markers, were reported in kidney tissue of mice fed
with sodium valproate (Gezginci-oktayoglu et al. 2016) and
in vitro studies (Chaudhary and Ganjoo 2015). Mitochon-
drial deficits with impairment of mitochondrial succinate
dehydrogenase activity (SDA), mitochondrial permeabil-
ity transition pore (MPP), glutathione, ATP and increased
mitochondrial reactive oxygen species and lipid peroxidation
are also suggested mechanisms of kidney injury induced by
VPA (Heidari et al. 2018).

Furthermore, increase in TNF-a, IL-1f, interferon gamma
(IFN-y), inducible nitric oxide synthase (iNOS) expressions,
NF-kB/p65, monocyte chemoattractant protein-1 levels, and
adenosine deaminase activity, indicating inflammation and
increase in transforming growth factor-f3, collagen-1 levels,
and arginase activity in the renal tissue indicating fibrosis,
were observed in the renal tissue of animals injected with
VPA (Gezginci-oktayoglu et al. 2016; Gad 2018). VPA also
activated notch signaling cascade and increased caspase-3
expression (Gad 2018). In another study VPA induced
marked chromosomal aberrations, alterations in mitotic
index; evident of its genotoxic potential and histopathologi-
cal changes in kidney tissue (Sanaa et al. 2014). Fanconi
syndrome is also reported with VPA therapy especially in
children with epilepsy and it is due to dysfunction of the
proximal renal tubules caused by VPA.
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Plants products with potential

for ameliorating VPA-induced organ
toxicities: molecular and cellular protective
mechanisms of action

Evidences from several studies have shown that the thera-
peutic effects of plant products on VPA-induced toxic effects
are mainly mediated by properties related to antioxidant,
antiinflammatory, antiapoptotic, antifibrotic and modulation
of detoxifying enzymes. In this section, the key molecular
mechanisms associated with these effects are highlighted.

Hepatotoxicity
Diammonium glycyrrhizinate

Diammonium glycyrrhizinate (DG) is a popular compound
isolated from liquorice root, and has been shown to have
antioxidant and antiinflammatory properties (Yang et al.
2017; Wang et al. 2020). Simultaneous treatment of ani-
mals with VPA (100 mg/kg, oral) and DG (60 mg/kg, oral)
protected the liver against inflammation and oxidative stress
(Jin et al. 2014). DG treatment was observed to attenuate
VPA-induced liver dysfunction, hepatic structural damage,
decrease in antioxidant enzymes and depletion of reduced
glutathione (GSH). DG prevented VPA-induced reduction
of cytosolic Nrf2 and suppression of nuclear translocation
of Nrf2 and, in turn, up-regulated phase II and antioxidant
enzymes system. A similar result on the effects of VPA
and DG on the expression of Nrf2 was also obtained in
an in vitro model using HepG2 cells where VPA-induced
increase in the nuclear levels of NF-kB and inflammatory
cytokines including IL-1p, IL-6 and TNFa were inhibited by
DG. These results show that the effectiveness of DG in the
treatment of VPA-induced liver toxicity may be attributed
to its inhibition of oxidative stress as well as activation of
Nrf2-dependent antioxidant pathways, inhibition of NF-xB
expression and pro-inflammatory cytokines (IL-1p, IL-6,
TNFa.) (Tong et al. 2005a).

Sulforaphane

Sulforaphane is a thiol compound found abundantly in cru-
ciferous plants, with many reported therapeutic properties.
Co-treatment of animals with VPA (700 mg/kg, i.p) and
sulforaphane (0.5 mg/kg, orally) protected the liver against
VPA-induced oxidative stress and inflammation (Nazmy
et al. 2016). Sulforaphane was observed to significantly
boost liver functions biomarkers including reduction of
VPA-elevated serum alanine amino transaminases (ALT),
aspartate amino transaminases (AST), alkaline phosphatase

(ALP), restoration of serum albumin and hepatic architec-
ture. It was observed that sulforaphane attenuated oxida-
tive stress induced by VPA, as evidenced by lower level
of MDA and increased levels of GSH and HO-1 content.
The attenuative effect of sulforaphane on inflammation
was also observed in the lower level of TNF-a contents in
sulforaphane-treated animals when compared with VPA
group. The results from this study indicate the effectiveness
of sulforaphane in the treatment of VPA poisoning mainly
by modulating oxidative stress and inflammatory responses
(Nazmy et al. 2016).

Vitamin U

Vitamin U (S-methyl methionine sulphonium chloride), a
compound present in plants such as tomatoes, spinach, corn,
celery and garlic, has been reported to have protective effect
against VPA-induced toxicity (Watanabe et al. 2000). The
administration of vitamin U (50 mg/kg/day, gavage) along
with VPA (500 mg/kg/day, i.p) for 15 days was shown to
protect against VPA-induced liver injury as substantiated
by the significant decreases in liver ALT, AST, ALP, mye-
loperoxidase, lactate dehydrogenase (LDH), sorbitol dehy-
drogenase, xanthine oxidase and glutamate dehydrogenase
activities and MDA level as well as increased level of GSH
compared to VPA-treated group (Bilgin et al. 2012).

Garlic

Gallic has been a long-time dietary spice in many cultures,
with its extracts used in many traditional medicinal pre-
scriptions. The protective ability of diallyl trisulfide (DTS),
the main component of garlic oil, was investigated in rats
co-treated with VPA [(DTS; 80 mg/kg, orally), (VPA;
500 mg/kg, orally)] for 2 weeks (Shaaban and El-agamy
2017). Results showed that DTS counteracted VPA-induced
hepatic damage, as evidenced by reduction in VPA-induced
elevated serum AST, ALT, ALP, and preservation of liver
histopathology. The antioxidative ameliorative and protec-
tive ability of DTS against VP-induced oxidative stress was
evidenced by reduction in the level of VPA-induced increase
in MDA and significant increase in VPA-induced reduc-
tion of total antioxidant content, level of GSH and activity
of SOD. This study also revealed significant activation of
NF-xB, increased expression of COX-2, overproduction of
proinflammatory cytokines, including TNF-a, IL-1p, IL-6,
increased levels of Bax and caspase-3, but decreased level of
Bcl2 following VPA administration; administration of DTS
however counteracted all of these molecular events, showing
that this phytochemical may offer protection against VPA-
induced hepatic damage via antioxidant, antiinflammatory,
and antiapoptotic activities (Shaaban and El-agamy 2017).
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Curcumin

Curcumin, the major curcuminoid from turmeric, has been
credited with several important pharmacological properties,
such as antiinflammatory, antioxidant, antimutagenic, and
antitumour activities. In rats treated simultaneously with
VPA (250 mg/kg i.p 3 times daily) and curcumin (200 mg/
kg/day, orally once daily) for one week, curcumin amelio-
rated VPA-induced liver injury as evidenced by significant
decreases in activities of serum AST and ALT compared
to rats treated with VPA, curcumin also abolished VPA-
induced steatosis, necrosis and inflammation in hepatic tis-
sue histology (Said and El-Agamy 2010). Curcumin’s pro-
tective effect against VPA-induced hepatic damage could be
linked to its through anti-inflammatory and possibly antioxi-
dant potential in hepatic tissue (Said and El-Agamy 2010).

Nephrotoxicity
Alpha-tocopherol

Alpha-tocopherol has been shown to ameliorate VPA-
induced renal injury in an in vitro experimental model. Rat
hepatocyte cultures co-treated with VPA (500 pg/ml) and
varying doses of a-tocopherol (1.0 to 4.0 uM) was protected
from injury by a-tocopherol as revealed by reduction of
LDH release into the culture media; indicating that VPA
toxicity can be prevented by simultaneous administration
of a-tocopherol, a potent free-radical scavenger (Buchi et al.
1984).

Caffeic acid

Caffeic acid is a natural phenolic compound found in many
plants, including apple, blueberry, carrot, potato, straw-
berry and tomato (Chao et al. 2010). Caffeic acid (50 mg/
kg, orally), simultaneously administered with VPA (500 mg/
kg, i.p) daily for 2 weeks, attenuated biochemical and molec-
ular alterations of kidney damage as indicated by reduced
levels of urea, creatinine, MDA, TNF-a, IFN-y, NF-kB/p65
and transforming growth factor beta (TGF-f3), suppression
of caspase-3 and inducible nitric oxide synthase expressions,
inhibition of activated Notch signaling cascade, as well as
increased GSH level (Gad 2018). Thus this phytochemical
protects against VPA-induced nephrotoxicity via its antiin-
flammatory, antioxidant and antiapoptotic mechanisms by
increasing GSH level, reducing the levels of MDA, TNF-a,
IFN-y, NF-kB/p65 and TGF- and suppressing the expres-
sion of caspase-3 and iNOS (Gad 2018).
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Quercetin

Quercetin, a member of the flavonoid family is one of the
most studied dietary antioxidant. It is ubiquitously found in
foods and vegetables and has biological activities includ-
ing antiinflammatory, antioxidant, antiallergic, antitumor
and antibacterial activities (Barcelos et al. 2011). Quercetin
has been shown to attenuate VPA-induced nephrotoxicity
in rat kidney tissue preparation (39). The protective effect
of quercetin after VPA-induced kidney injury in rats was
associated with its antioxidative property by reducing MDA
and protein carbonyl levels, increasing the level of GSH,
as well as increasing the activities of GST, GPX and GR
(Chaudhary and Ganjoo 2015).

Vitamin U

Also, pre-treatment with vitamin U 1 h prior to treatment
with VPA prevented renal injury as shown by a significant
reduction in histopathological changes, MDA level and xan-
thine oxidase activity, as well as increases CAT and SOD
activities and the level of GSH (Gezginci-oktayoglu et al.
2016). The protective ability of vitamin U against VPA-
induced renal injury occurs through its inhibition of oxi-
dative stress and its antiinflammatory property, as shown
by a decrease in TNF-a, IL-1f, monocyte chemoattractant
protein-1 level and adenosine deaminase activity (Lamparter
and Winn 2014). Its antifibrotic effect was via its ability to
reduce the levels of TGF-f, collagen-1 levels and arginase
activity (Gezginci-oktayoglu et al. 2016).

Ocular toxicity
Vitamin B6

Various studies have reported that usage of VPA for the
treatment of epilepsy causes the development of cataract;
this is associated with the interference of VPA with the anti-
oxidative protection system of the lens, leading to oxida-
tion of lens protein with consequent formation of cataract
(Palsamy et al. 2014). VPA was shown to induce ER stress
signals, leading to overproduction of reactive oxygen species
and cell death, suppression of Nrf2, CAT, and GR expres-
sions with significant increases in Keapl; overexpression
of Keapl decreases the Nrf2 level, thereby abolishing the
Nrf2 dependent antioxidant protection (Palsamy et al. 2014).
Vitamin B6 treatment (50 mg/kg, oral) for 7 days simultane-
ously with VPA (500 mg/kg, i.p) ameliorated VPA-induced
changes in the levels of GSH, MDA and activities of GST,
GPx, GR, aldose reductase and SOD (Tunali 2014). These
results indicate that vitamin B6 may protect the lens against
VPA-induced damage by decreasing oxidative stress.
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Reprotoxicity
Vitamin E and resveratrol

Many studies have reported the toxicity of VPA on the male
reproductive system, for example, VPA treatment (500 mg/kg/
day, i.p) for 10 days induced histological changes and reduced
androgen receptor levels of testis and epididymis (Iamsaard
et al. 2017). Co-treatment with vitamin E (50 mg/kg) abro-
gated VPA-mediated (400 mg/kg/day, oral) oxidative stress
following 28 days administration. VPA-induced decrease in
sperm motility accompanied with testicular and epididymal
depletion of GSH and a decrease in total reactive antioxidant
potential were abrogated by vitamin E, thus, vitamin E protects
the male reproductive system from the VPA-induced damage
(Glanzner et al. 2016). Also, co-administration of resveratrol
(10 mg/kg/day, i.p) and VPA (400 mg/kg/day, oral) for 28 days
prevented decrease in sperm motility, increase in oxidative
damage to lipids and proteins, depletion of GSH and decrease
in total antioxidant potential in testes and epididymides of
Wistar rats, suggesting that resveratrol might be a valuable
phytochemical for the management of VPA-induced repro-
ductive impairment (Ourique et al. 2016). These studies thus
associate the protective effects of vitamin E and resveratrol on
VPA-induced toxic effect on the male reproductive system in
rats, to their antioxidant properties (43, 44).

Apium graveolens L. (Celery)

In a study that investigated the protective effect of Apium
graveolens L. (celery) against the VPA-induced testis injury
in rats, pre-treatment with AG extract (200 mg/kg/day)
23 days before administration of VPA (500 mg/kg/day) and 7
consecutive days post-VPA administration ameliorated VPA-
induced degeneration of seminiferous tubules and depletion
of germ cells, increased levels of MDA, reduced activity
of SOD (Hamza and Amin 2007). The major compound in
A. graveolens A. graveolens was shown to be apigenin, a
flavonoid, also present in other fruits and vegetables and
has long been shown to possess various bioactivities, includ-
ing antioxidant, antiinflammatory and anticancer activities
(Hamza and Amin 2007; Ju et al. 2015). However, the roles
of other constituents of A. graveolens need to be investigated
in the relation to prevention of VPA-induced toxicity. The
protective property of celery extract was through antioxida-
tive effect shown by its ability to lower the level of MDA
and increase the activity of SOD (Hamza and Amin 2007).

Ellagic acid
In a study evaluating the protective effect of ellagic acid,

a flavonoid component of numerous fruits and vegetables,
on VPA-induced sperm abnormalities in male Wistar rats,

results showed that ellagic acid ameliorated VPA-induced
sperm abnormalities by increasing sperm count and sperm
motility, reducing sperm abnormalities as well as prevented
degeneration and desquamation of germinal cells in the epi-
thelium (Girish et al. 2014).

Teratogenesis and neurotoxicity
Ocimum sanctum

Administration of Ocimum sanctum extract (1000 mg/kg/
day, p.o) for 14 days was shown to ameliorate VPA-induced
(370 mg/kg/day, p.o) memory impairment and oxidative
stress, as evidenced by decreased lipid peroxidation and
higher GSH level in experimental animals (Sarangi et al.
2017). Ocimum sanctum, a commonly used herb in Tradi-
tional Medicine, has been shown to possess anticancer, anti-
spasmodic, antidiabetic, hepatoprotective, cardioprotective
and analgesic properties, with the pharmacological effects
of the plant attributed mainly to eugenol, although the pres-
ence of ursolic acid and oleanolic acid in the extract were
also reported (Prakash and Gupta 2005; Sarangi et al. 2017,
Garabadu and Sharma 2019).

TJ-960

TJ-960 (Shosaiko-to-go-keishikashakuyaku-to) is a tra-
ditional Japanese medicinal preparation of nine medici-
nal herbs, including, Paeoniae radix, Cinna momi cortex,
Bupleuri radix, Zingiberis rhizoma, Glycyrrhizae radix, Gin-
seng radix, Scutellariae radix, Pinelliae tuber and Zizyphi
fructus (Minematsu et al. 1990). Co-treatment of animals
with TJ-960 (<3000 mg/kg/day) and VPA (400 mg/kg)
prevented VPA-induced teratogenic indices, as revealed by
protective effects of TJ-960 against VPA-induced anomalies
in embryonic resorption, fetal body weight, ossification and
skeletal variations (Minematsu et al. 1990).

Asiatic acid

Asiatic acid, a naturally occurring triterpenoids from Cen-
tella asiatica, is used in traditional medicine for the manage-
ment of cancer, wound healing and neurodegenerative dis-
eases (Fizur et al. 2018). In relation to VPA-induced toxicity,
administration of asiatic acid (30 mg/kg/day, p.o) 1 week
before VPA (300 mg/kg, twice daily, i.p) and co-adminis-
tration for 14 days post-VPA administration prevented VPA-
induced impairments of spatial working memory and neuro-
genesis (Welbat et al. 2016).
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Resveratrol

The teratogenicity of VPA, involving neurotubular defects
(NTDs), anencephaly, lumbosacral meningomyelocele, and
leg dysfunction due to spina bifida aperta is associated with
its oxidative effects, including downregulation of the lev-
els of SOD, GSH, HDAC and folate, and upregulation of
hydrogen peroxide (H,0,) and homocysteine (Hsieh et al.
2012). Resveratrol treatment (2.0 uM) prevented VPA-
induced (60 pM) teratogenity via antioxidative mecha-
nism, evidenced by suppression of serum homocysteine
and S-adenosylhomocysteine concentrations, downregula-
tion of cervical muscular carnitine, H,0,, MDA, IL-6 and
upregulation of GSH expression (Hsieh et al. 2014); as well
as inhibition of VPA-induced modulation of several genes
associated with hemorrhagic myoliposis in chicken embryos
(Chen et al. 2014).

Oryza sativa

The extract of purple rice (Oryza sativa), has been shown to
exhibit antioxidant and neuroprotective effects. The admin-
istration of purple rice extract [50, 100, and 200 mg/kg
(orally) mixed with Bombyx mori extract (6:1) for 27 days
post-VPA (400 mg/kg/day, s.c)-induced autism-like behav-
iours was shown to partially reduce autism-like behaviours,
reduced Purkinje cell loss and ameliorated oxidative stress
as evidenced by significant decrease in MDA level and
increase activities of catalase and GR (Morakotsriwan et al.
2016). The partial protective effect of purple rice extract on
VPA-induced autism-like behaviours was related to reducing
Purkinje cell loss and antioxidative mechanism (Morakotsri-
wan et al. 2016).

Withania somnifera

In a study that evaluated the ameliorating effect of Withania
somnifera on VPA-induced autism in BALB/c mice, W. som-
nifera (100 and 200 mg/kg, p.o) ameliorated the autistic-like
behaviours and oxidative stress induced by VPA (400 mg/
kg, s.c). This was evidenced by significant improvement in
behavioural alterations, oxidative stress status and restora-
tion of histo-architecture of cerebellum when compared
with VPA group; indicating the anti-anxiety, antioxidant
and neuroprotective properties of this plant against VPA-
induced toxic effect (Veeresh et al. 2016). W. somnifera,
commonly referred to as Indian ginseng, is an important
medicinal herb in the Ayurveda medical system. The active
components responsible for the pharmacological activities
of W. somnifera include alkaloids, such as isopelletierine
and anferine, steroidal lactones, such as withanolides and
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withaferins, and saponins (Ganzera et al. 2003), however,
the role of these constituents in alleviating VPA-induced
autism-like behaviours needs to be investigated.

Piperine

The autism-like behaviours and oxidative stress induced by
VPA (400 mg/kg s.c.) in BALB/c mice were significantly
ameliorated by administration of piperine (20 mg/kg p.o.)
(Pragnya et al. 2014). Piperine improved the behavioural
alterations, lowered oxidative stress markers, and restored
histo-architecture of cerebellum (Pragnya et al. 2014). Piper-
ine, an alkaloid that is present in long pepper (Piper longum)
and black pepper (Piper nigrum), has been used in tradi-
tional medicine for the treatment of seizure disorders.

Green tea (Camellia sinensis)

Daily administration of green tea (Camellia sinensis) extract
(300 mg/kg, p.o) from post natal day 13 to 40 ameliorated
oxidative stress and prevented histological degeneration
of the sagittal sections of the cerebellum induced by VPA
(400 mg/kg, s.c) administration (Banji et al. 2011). The
protective effect of green tea extract against VPA-induced
neuronal toxicity is attributed to its antioxidant action
(Banji et al. 2011). Green tea is known to be an important
source of dietary polyphenols, mainly flavonoids, including,
(—)-epigallocatechin (EGC) and ( —)-epigallocatechin-3-gal-
late (EGCG), flavonols such as kaempferol, myricetin and
quercetin and other compounds like gallic acid, chlorogenic
acid and caffeic acid (Cabrera et al. 2006). Green tea poly-
phenols have been shown to cross the blood brain barrier
(Hong et al. 2000; Levites et al. 2001), possess excellent
antioxidant activity (Yang et al. 2007) and antiinflammatory
action (Meki et al. 2009).

Kaempferia parviflora

Kaempferia parviflora is a herbal plant used in traditional
medicine; with experimental validation of its antidepres-
sant, learning and memory improving properties (Surget
et al. 2008). The protective effect of K. parviflora extract
against VPA-induced impairments in cognition and hip-
pocampal neurogenesis in Sprague Dawley rats have been
reported (Umka et al. 2016). K. parviflora extract (100 mg/
kg, p.o) was administered for 21 days while VPA (300 mg/
kg, i.p) was administered twice daily from days 8 to 21. Co-
treatment of K. parviflora and VPA prevented the impaired
cognition and reduction in proliferating cells caused by
VPA (Umka et al. 2016). The main active component of
K. parviflora are the methoxyflavones (Chen et al. 2018).
The antioxidative and antiinflammatory properties of the
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methoxyflavones have been shown by their inhibitory effect
on the expression of prostaglandin E2, nitric oxide, TNF-a,
COX-2, IL-1B, and IL-6 (Horigome et al. 2017; Chen et al.
2018). However, the effects of the different methoxyflavones
isolated from K. parviflora on VPA-induced toxicity need
to be investigated.

Korean red ginseng

In a study that evaluated the effects of Korean red ginseng
extract on prenatal valproic acid (VPA)-induced model of
autism spectrum disorder, Korean red ginseng extract (20,
50, 100 and 200 mg/ kg/day, p.o) ameliorated VPA-induced
(400 mg/kg, i.p) impairment in social interactions, abnor-
mal locomotor and crooked tail phenotypes in experimen-
tal animals in a dose dependent fashion (Kim et al. 2013).
Korean ginseng, a popular herbal medicine, belongs to the
Araliaceae family and it is known to exhibit numerous phar-
macological activities including antioxidant, antiinflamma-
tory, immunomodulatory, antihyperglycemic, antihyperten-
sive, antidiabetic, and anticancer effects, as well as effects
on central nervous system and the cardiovascular system
(Sathishkumar et al. 2012). The main bioactive components
of ginseng are the ginsenosides, although other active com-
pounds such as polysaccharides, fatty acids, peptides and
poly acetylene alcohols are also present in this plant. The
ginsenosides are triterpene saponins, a group of important
natural known for numerous pharmacological activities
(Karmazyn and Gan 2020).

Bacopa monniera

Bacopa monniera, a well-known plant in Ayurvedic medi-
cine is useful in several neurological disorders. In pregnant
rats challenged with VPA (600 mg/kg, i.p.) and treated with
B. monniera (300 mg/kg/p.o.), B. monniera ameliorated the
VPA-induced autistic behaviour; evidenced by improved
behavioral alterations, and decreased oxidative stress mark-
ers; evidenced by decreased total nitrite levels and increased
GSH and catalase activities, and restored histo-architecture
of cerebellum (Sandhya et al. 2012). B. monniera extract is
known to contain bacosides, a class of compounds belong-
ing to the dammarane-type triterpenoid saponins known for
their various neurological and neuropsychological effect
(Russo and Borrelli 2005; Mathew et al. 2010; Sandhya et al.
2012). The underlying mechanisms of improved behavior by
B. monniera on VPA-induced autistic behaviour was associ-
ated with decreased oxidative and nitrative stress (Sandhya
et al. 2012).

Hesperetin

Pre-treatment of pregnant Wistar rats with hesperetin, as
well as nano-hesperetin (10 and 20 mg/kg/day, p.o) for
12 days before treatment with VPA (500 mg/kg, i.p) and
18 days afterwards showed the neuroprotection of hespere-
tin against VPA-induced autistic behaviours (Khalaj et al.
2018). This was demonstrated by improved behavioral disor-
der (reduced anxiogenic-like behaviour and improved social
interaction), reduced oxidative stress in the brain (reduced
MDA level and increased SOD activity) and ameliorated
inflammatory indices (decreased level of plasma IL-6 and
TNF-a) (Khalaj et al. 2018). Hesperetin is a flavonoid found
many plant sources, especially citrus fruits, and earlier stud-
ies have confirmed the pharmacological activities of hes-
peretin, via its effect on signaling pathways such as induc-
tion of HO-1 via ERK/Nrf2 signaling pathway, and gene
expression of antioxidant enzymes such as CAT, SOD, and
GPx (Chen et al. 2010; Roohbakhsh et al. 2015; Su et al.
2019). The neuroprotection by hesperetin against VPA-
induced autistic behaviours was potentially mediated via
anti-oxidative and anti-inflammatory mechanisms (Khalaj
et al. 2018).

Effect of phytotherapeutic agents on the pharmacokinetics
of VPA

VPA is obtainable as oral preparations or as an intravenous
formulation, and the therapeutic daily doses range from 1 to
2 gin adults, and from 15 to 60 mg/kg in children (Lheureux
et al. 2005). From all the experimental studies reviewed,
doses of VPA used ranged between 100 and 750 mg/kg body
weight/day. Compared to therapeutic adult doses (1 to 2 g/
kg), the experimental doses (of between 100 and 750 mg/
kg body weight/day) used in most studies reported in this
review seems to be within the range for adult therapeutic
doses, as such the observed toxicities elicited in these stud-
ies could not have been said to be from overdose. VPA is a
simple branched chain carboxylic acid with a pKa 4.8 and a
reported volume of distribution ranging from 0.1 to 0.5 L/
kg (Sztajnkrycer 2002). After therapeutic dosing, VPA is
rapidly absorbed from the gastrointestinal tract, with peak
serum levels occurring 1-4 h after ingestion, and the range
of therapeutic serum concentrations range from 50 mg/mL
to between 100 and 150 mg/mL; with controversial serum
peak occurrence and concentrations in cases of overdose (Ge
etal. 2017). It was observed that most of the studies covered
in this review did not investigate the effects of the various
therapeutic agents on the pharmacokinetics of VPA. To fully
understand the protective effects of these phytotherapeutic
agents for possible translation to real-time clinical applica-
tions, the influences of these agents on the pharmacokinetics
of VPA need to be investigated. From such studies, questions
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Fig.3 Summary of the protec-
tive mechanisms of medicinal
plants against VPA-induced
toxicity
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such as whether or not the plant extracts or compounds
administered in combination with VPA affect chemico-
biological and chemico-chemical interaction aspects of the
drug, like the degree of protein binding exhibited by the drug
could be answered. Also, questions as to whether or not the
plant extracts or compounds administered in combination
with VPA inhibited its primary effects, including treating
epilepsy, bipolar disorder, migraine, schizoaffective disor-
ders, neuropathic pain, etc., besides curbing the negative
effects were not addressed by these studies.

Summary
This review discusses the experimental evidences and the

mechanisms involved in the protective effects of plant-
derived products against VPA-induced toxicities (Fig. 3).
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In recent years, there has been an interest in traditional
medicinal plant products, because they have been scien-
tifically validated to be rich in several bioactive compo-
nents, including those with antioxidant and antiinflamma-
tory properties that can be exploited as pharmaceutical
agents. Plant-derived compounds with protective poten-
tials against VPA-induced toxicity include saponins, iso-
thiocyanate, vitamins, organosulfur compounds, poly-
phenols, triterpenes and alkaloids, through augmentation
of systemic antioxidant defence as well as modulation of
inflammatory responses (Table 1). Although most of these
studies were conducted in animal models, similar effects
are expected in human subjects. It is apparent that only
limited studies have examined the effectiveness of indi-
vidual compounds in the treatment and prevention of VPA-
induced toxicity and the effects of these phytotherapeutic
agents on the pharmacokinetics of VPA. Also, the studies
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Table 1 (continued)

Main bioactive component Experimental model Result References

Name of plant/traditional medicine

NA

(Khalaj et al. 2018)

Improved behaviour: reduced anxio-

Wistar rat VPA: 500 mg/kg, i.p Hes-

Hesperetin

genic-like behaviour and improved
social interaction. Reduced oxida-

tive stress in the brain: reduced
MDA level and increased SOD

peretin and nano-hesperetin (10

and 20 mg/kg/day, p.o) for 12 days

activity. Abated inflammatory

indices: decreased level of plasma

IL-6 and TNF-«

involving extracts do not indicate whether the protective
effects provided by the extracts against VPA-induced tox-
icity are attributable to any particular compound or syner-
gism of the component compounds of such extracts. From
earlier studies and observations, it is however rational to
conclude that additive, synergistic, or potentiating effects
between two or more compounds yields better protection
and ameliorative effects against drug-induced toxicities.
It is however important to point out that there are many
therapeutic approaches to treat epilepsy, and if VPA elic-
its adverse effects in a patient, the approach is to reduce
the dose and/or frequency administration, or administer
another class of anti-epileptic drug. Notwithstanding, this
study showed that plant products can offer modest protec-
tion against VPA-induced toxicities, and further studies
should be targeted towards evaluating the protective effects
of more phytochemicals against VPA-induced toxicity, and
also at identifying and isolating specific compounds from
plant extracts that have been shown to have protective or
ameliorative effects toxicity induced by this drug.

Acknowledgements The authors declare that this study has no funding.

Data availability Data sharing not applicable to this article as no data-
sets were generated or analysed during the current study.

Declarations

Ethical statement This article does not contain any studies involv-
ing animals performed by any of the authors. This article does not
contain any studies involving human participants performed by any
of the authors.

Conflict of interest Kayode Ezekiel Adewole has no conflict of inter-
est. Alfred Francis Attah has no conflict of interest. Sharon Oluchi Os-
awe has no conflict of interest.

References

Ahmed A, El F, Mohamed H (2016) Apium Graveolens and Rosmari-
nus Officinalis protect from liver toxicity induced by sodium
valproate in rats and potentiate its anticonvulsant activity
on pentylenetetrazol-treated rats. Int J Sci Basic Appl Res
30(3):163-180

Akhondian J, Kiani MA, Jafari SA, Beiraghi M, Mirzaei T, Najm
AM, Ahanchian H, Kianifar H (2015) Evaluation of liver
enzymes rising in patients treated with sodium valproate
(VPA). IntJ Ped. 3(32):685-689

Anquez-Traxler C (2011) The legal and regulatory framework of
herbal medicinal products in the European Union: a focus on
the traditional herbal medicines category. Drug Inf J 45:15-23.
https://doi.org/10.1177/009286151104500102

Bai X, Hong W, Cai P, Chen Y, Xu C, Cao D, Yu W, Zhao Z,
Huang M, Jin J (2017) Valproate induced hepatic steatosis by
enhanced fatty acid uptake and triglyceride synthesis. Toxicol
Appl Pharmacol. https://doi.org/10.1016/j.taap.2017.03.022

@ Springer


https://doi.org/10.1177/009286151104500102
https://doi.org/10.1016/j.taap.2017.03.022

K. E. Adewole et al.

Banji D, Banji OJF, Abbagoni S, Hayath S, Kambam S, Lakshmi V
(2011) Amelioration of behavioral aberrations and oxidative
markers by green tea extract in valproate induced autism in
animals. Brain Res 1410:141-151. https://doi.org/10.1016/j.
brainres.2011.06.063

Barcelos G, Grotto D, Serpeloni J, Angeli J, Rocha B, de Oliveira
SV, Vicentini J, Emanuelli T, Bastos J, Antunes L et al (2011)
Protective properties of quercetin against DNA damage and
oxidative stress induced by methyl- mercury in rats. Arch Toxi-
col 85(9):1151-1157

Bilgin B, Tunali S, Yanardag R (2012) Effects of vitamin U
(S-methyl methionine sulphonium chloride) on valproic acid
induced liver injury in rats. Food Chem Toxicol 50(10):3562—
3566. https://doi.org/10.1016/.fct.2012.07.056

Bodeker C, Bodeker G, Ong CK, Grundy CK, Burford G, Shein K
(2005) WHO global Atlas of traditional, complementary and
alternative medicine. Geneva, Switzerland

Braun LA, Tiralongo E, Wilkinson JM, Spitzer O, Bailey M, Poole
S (2010) Perceptions, use and attitudes ofpharmacy customers
on complementary medicines and pharmacy practice. BMC
Complement Altern Med 10(38):10-38. https://doi.org/10.
1186/1472-6882-10-38

Brotzmann K, Wolterbeek A, Kroese D, Braunbeck T (2020) Neu-
rotoxic effects in zebrafish embryos by valproic acid and nine
of its analogues: the fish-mouse connection? Arch Toxicol.
https://doi.org/10.1007/s00204-020-02928-7

Buchi KN, Gray P, Rollins DE, Tolman K (1984) Protection against
sodium vaiproate injury in isolated hepatocytes by a-tocoph-
erol and N, N’-diphenyl-p-pbenylenediamine. J Clin Pharmacol
24(4):148-154

Cabrera C, Artacho R, Gimenez R (2006) Beneficial effects of green
tea. J Am Coll Nutr 25(2):79-99

Calapai G (2008) European legislation on herbal medicines: a look
into the future. Drug Saf 31:428-431. https://doi.org/10.2165/
00002018-200831050-00009

Chao C, Mong M, Chan K, Yin M (2010) Anti-glycative and anti-
inflammatory effects of caffeic acid and ellagic acid in kidney
of diabetic mice. Mol Nutr Food Res 54(3):388-395. https://
doi.org/10.1002/mnfr.200900087

Chaudhary S, Ganjoo P (2015) Nephroprotective activities of querce-
tin with potential relevance to oxidative stress induced by val-
proic acid. Protoplasma 252(1):209-217. https://doi.org/10.
1007/s00709-014-0670-8

Chen MC, Ye Y, Ji G, Jw L (2010) Hesperidin upregulates heme
oxygenase-1 to attenuate hydrogen peroxideinduced cell dam-
age in hepatic LO2 cells. J Agric Food Chem 58(6):3330-3335

Chen D, LiH, Li W, Feng S, Deng D (2018) Kaempferia parviflora and
its methoxyflavones: chemistry and biological activities. Evid-
Based Complement Altern Med 2018:1-15. https://doi.org/10.
1155/2018/4057456

Chen Y, Lin P, Hsieh C, Peng C (2014) The proteomic and genomic
teratogenicity elicited by valproic acid is preventable with res-
veratrol and a-tocopherol. PLoS ONE 9(12):e116534. https://
doi.org/10.1371/journal.pone.0116534

Dawson JE, Raymond AM, Winn LM (2006) Folic acid and pantoth-
enic acid protection against valproic acid-induced neural tube
defects in CD-1 mice i. Toxicol Appl Pharmacol 211:124-132.
https://doi.org/10.1016/j.taap.2005.07.008

Ekor M (2014) The growing use of herbal medicines: issues relating
to adverse reactions and challenges in monitoring safety. Front
Pharmacol. 4:1-10. https://doi.org/10.3389/fphar.2013.00177

Fizur M, Meeran N, Goyal SN, Suchal K, Patil CR, Ojha SK (2018)
Pharmacological properties, molecular mechanisms and pharma-
ceutical development of asiatic acid: a Pentacyclic triterpenoid of
therapeutic promise. Front Pharmacol. https://doi.org/10.3389/
fphar.2018.00892

@ Springer

France-H el’ene Paradis and Barbara F. Hales. (2015) Valproic acid
induces the hyperacetylation of P53, expression of P53 target
genes, and markers of the intrinsic apoptotic pathway in midor-
ganogenesis murine limbs. Birth Defects Res (Part B) 104:177—
183. https://doi.org/10.1002/bdrb.21149

Gad AM (2018) Study on the influence of caffeic acid against sodium
valproate-induced nephrotoxicity in rats. J] Biochem Mol Toxicol.
22175:1-8. https://doi.org/10.1002/jbt.22175

Ganzera M, Choudhary MI, Khan IA (2003) Quantitative HPLC analy-
sis of withanolides in Withania somnifera. Fitoterapia 74:68-76

Garabadu D, Sharma M (2019) Eugenol attenuates scopolamine-
induced hippocampal cholinergic, glutamatergic, and mitochon-
drial toxicity in experimental rats. Neurotox Res 35(4):848-859

Ge Y, Xu B, Zhu S, Li C, He Q, Zhu T, Fan R, Gong D (2017) Severe
acute valproic acid intoxication successfully treated with liver
support therapy. Basic Clin Pharmacol Toxicol 121(4):368-370.
https://doi.org/10.1111/bcpt. 12807 (Epub 2017 Jun 27)

Gezginci-oktayoglu S, Turkyilmaz IB, Ercin M (2016) Vitamin U has
a protective effect on valproic acid-induced renal damage due
to its anti-oxidant, anti-inflammatory, and anti-fibrotic prop-
erties. Protoplasma 253(1):127-135. https://doi.org/10.1007/
s00709-015-0796-3

Girish C, Shweta O, Raj V (2014) Ellagic acid modulates sodium val-
proate induced reproductive toxicity in male Wistar rats. Indian
J Physiol Pharmacol 58(4):416-422

Glanzner WG, Hee S, Woehl VM, Baldisserotto B, Pavanato MA
(2016) Protective effect of vitamin E on sperm motility and oxi-
dative stress in valproic acid treated rats. Food Chem Toxicol
95:159-167. https://doi.org/10.1016/j.fct.2016.07.011

Hamed S (2017) The effect of antiepileptic drugs on the kidney func-
tion and structure. Expert Rev Clin Pharmacol 10(9):993-1006.
https://doi.org/10.1080/17512433.2017.1353418

Hamza AA, Amin A (2007) Apium graveolens modulates sodium
valproate-induced reproductive toxicity in rats. J Exp Zool
307A:199-206. https://doi.org/10.1002/jez.a

Hamzawy MA, El-ghandour YB, Abdel-aziem SH, Ali ZH (2018) Lep-
tin and camel milk abate oxidative stress status, genotoxicity
induced in valproic acid rat model of autism. Int J Immunopathol
Pharmacol 32:1-11. https://doi.org/10.1177/2058738418785514

Hassan I, Mohamed A, Hassan R, Gouda E, Adel K (2019) Chronic
valproate treatment in fl uences folliculogenesis and reproductive
hormones with possible ameliorating role for folic acid in adult
albino rats. Acta Histochem 121(7):776-783. https://doi.org/10.
1016/j.acthis.2019.07.003

Heidari R, Jafari F, Khodaei F, Yeganeh BS, Niknahad H (2018) The
mechanism of valproic acid-induced fanconi syndrome involves
mitochondrial dysfunction and oxidative stress in rat kidney.
Nephrol 4:351-361. https://doi.org/10.1111/nep.13012

Hong JT, Ryu SR, Kim HJ, Lee JK, Lee SH, Kim DB, Yun YP, Ryu
JH, Lee BM, Kim PY (2000) Neuroprotective effect of green tea
extract in experimental ischemia—reperfusion brain injury. Brain
Res Bull 53(6):743-749

Horigome S, Yoshida I, Ito S, Inohana S, Fushimi K (2017) Inhibitory
effects of Kaempferia parviflora extract on monocyte adhesion
and cellular reactive oxygen species production in human umbili-
cal vein endothelial cells. Eur J Nutr 56(3):949-964. https://doi.
org/10.1007/s00394-015-1141-5

Hsieh C, Chen K, Lin P, Peng C, Peng RY (2014) Resveratrol and vita-
min E rescue valproic acid-induced teratogenicity: the mecha-
nism of action. Clin Exp Pharmacol Physiol 41(9012):210-219.
https://doi.org/10.1111/1440-1681.12205

Hsieh C, Wang H, Tsai W, Peng C, Peng RY (2012) Multiple point
action mechanism of valproic acid-teratogenicity alleviated by
folic acid, vitamin C, and N-acetylcysteine in chicken embryo
model. Toxicology 291(1-3):32-42. https://doi.org/10.1016/].
tox.2011.10.015


https://doi.org/10.1016/j.brainres.2011.06.063
https://doi.org/10.1016/j.brainres.2011.06.063
https://doi.org/10.1016/j.fct.2012.07.056
https://doi.org/10.1186/1472-6882-10-38
https://doi.org/10.1186/1472-6882-10-38
https://doi.org/10.1007/s00204-020-02928-7
https://doi.org/10.2165/00002018-200831050-00009
https://doi.org/10.2165/00002018-200831050-00009
https://doi.org/10.1002/mnfr.200900087
https://doi.org/10.1002/mnfr.200900087
https://doi.org/10.1007/s00709-014-0670-8
https://doi.org/10.1007/s00709-014-0670-8
https://doi.org/10.1155/2018/4057456
https://doi.org/10.1155/2018/4057456
https://doi.org/10.1371/journal.pone.0116534
https://doi.org/10.1371/journal.pone.0116534
https://doi.org/10.1016/j.taap.2005.07.008
https://doi.org/10.3389/fphar.2013.00177
https://doi.org/10.3389/fphar.2018.00892
https://doi.org/10.3389/fphar.2018.00892
https://doi.org/10.1002/bdrb.21149
https://doi.org/10.1002/jbt.22175
https://doi.org/10.1111/bcpt.12807
https://doi.org/10.1007/s00709-015-0796-3
https://doi.org/10.1007/s00709-015-0796-3
https://doi.org/10.1016/j.fct.2016.07.011
https://doi.org/10.1080/17512433.2017.1353418
https://doi.org/10.1002/jez.a
https://doi.org/10.1177/2058738418785514
https://doi.org/10.1016/j.acthis.2019.07.003
https://doi.org/10.1016/j.acthis.2019.07.003
https://doi.org/10.1111/nep.13012
https://doi.org/10.1007/s00394-015-1141-5
https://doi.org/10.1007/s00394-015-1141-5
https://doi.org/10.1111/1440-1681.12205
https://doi.org/10.1016/j.tox.2011.10.015
https://doi.org/10.1016/j.tox.2011.10.015

Exploring phytotherapeutic approach in the management of valproic acid-induced toxicity

Tamsaard S, Sukhorum W, Uabundit N, Boonruangsri P, Namking M
(2017) Valproic acid induces histologic changes and decreases
androgen receptor levels of testis and epididymis in rats. Int J
Reprod BioMed 15(4):217-224

Jin J, Xiong T, Hou X, Sun X, Liao J, Huang Z, Huang M, Zhao Z
(2014) Role of Nrf2 activation and NF- kB inhibition in valproic
acid induced hepatotoxicity and in diammonium glycyrrhizinate
induced protection in mice. Food Chem Toxicol 73:95-104.
https://doi.org/10.1016/j.fct.2014.08.009

Ju SM, Kang JG, Bae JS, Paec HO, Lyu YS, Jeon BH (2015) The Fla-
vonoid Apigenin Ameliorates Cisplatin-Induced Nephrotoxicity
through reduction of p53 activation and promotion of PI3K/Akt
pathway in human renal proximal tubular epithelial cells. Evid-
Based Complem Altern Med 2015:186436

Karmazyn M, Gan X (2020) Chemical components of ginseng, their
biotransformation products and their potential as treatment
of hypertension. Mol Cell Biochem. https://doi.org/10.1007/
s11010-020-03910-8

Kawai Y, Arinze 1J (2006) Valproic acid-induced gene expres-
sion through production of reactive oxygen species. Cancer
Res 66(13):6563-6570. https://doi.org/10.1158/0008-5472.
CAN-06-0814

Khalaj R, Moghaddam AH, Zare M (2018) Hesperetin and it nanocrys-
tals ameliorate social behavior deficits and oxido-inflammatory
stress in rat model of Autism. Int J Dev Neurosci 124:80-87.
https://doi.org/10.1016/j.ijjdevneu.2018.06.009

Khan S, Ahmad T, Parekh CV, Trivedi PP, Kushwaha S, Jena G (2011)
Investigation on sodium valproate induced germ cell damage,
oxidative stress and genotoxicity in male Swiss mice. Reprod
Toxicol 32(4):385-394. https://doi.org/10.1016/j.reprotox.2011.
09.007

Kiang TK, Teng XW, Surendradoss J, Karagiozov S, Abbott FS, Chang
T (2011) Glutathione depletion by valproic acid in sandwich-
cultured rat hepatocytes: role of biotransformation and tempo-
ral relationship with onset of toxicity. Toxicol Appl Pharmacol
252(3):318-324

Kim P, Hee J, Ja K, Chan K, Jin H, Min J, Young H, Han S, Young
C (2013) Effects of Korean red ginseng extracts on neural tube
defects and impairment of social interaction induced by prena-
tal exposure to valproic acid. Food Chem Toxicol 51:288-296.
https://doi.org/10.1016/j.fct.2012.10.011

Komulainen T, Lodge T, Hinttala R, Bolszak M, Pietilda M, Koivunen P,
Hakkola J, Poulton J, Morten KJ, Uusimaa J (2015) Sodium val-
proate induces mitochondrial respiration dysfunction in HepG2
in vitro cell model. Toxicology 331:47-56. https://doi.org/10.
1016/j.t0x.2015.03.001

Lamparter C, Winn LM (2014) Tissue-specific effects of valproic
acid on DNA repair genes and apoptosis in postimplantation
mouse embryos. Toxicol Sci 141(1):59-67. https://doi.org/10.
1093/toxsci/kful05

Levites Y, Weinreb O, Maor G, Youdim MBH, Mandel S (2001)
Green tea polyphenol (—) -epigallocatechin-3-gallate prevents
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopa-
minergic neurodegeneration. J Neurochem 78(5):1073-1082

Lheureux PER, Penaloza A, Zahir S, Gris M (2005) Science review:
carnitine in the treatment of valproic acid-induced toxicity—
what is the evidence ? Crit Care 9(5):431-440. https://doi.org/
10.1186/cc3742

Li S, GuoJ, Ying Z, Chen S, Yang L, Chen K, Long Q, Qin D, Pei
D, Liu X (2015) Valproic acid-induced hepatotoxicity in alp-
ers syndrome is associated with mitochondrial permeability
transition pore opening-dependent apoptotic sensitivity in an
induced pluripotent stem cell model. Hepatology 61(5):1730—
1739. https://doi.org/10.1002/hep.27712LK

Liu T, Zhang L, Joo D, Sun S (2017) NF- x B signaling in in fl
ammation. Signal Transduct Target Ther 2:¢17023. https://doi.
org/10.1038/sigtrans.2017.23

Lloyd KA (2013) A scientific review: mechanisms of valproate-
mediated teratogenesis. Biosci Horizons 6:1-10. https://doi.
org/10.1093/biohorizons/hzt003

Luiz A, Piazza B (2019) The role of natural products in modern drug
discovery. Ann Braz Acad Sci 91(Suppl. 3):e20190105. https://
doi.org/10.1590/0001-3765201920190105. Abstract

Mangewala V, Sarwar S, Rosenberger R, Rais T, Knox M (2013)
Valproate-induced hyperammonemic encephalopathy: a case
report. Innov Clin Neurosci 10(5):12-13

Manoguerra AS, Erdman AR, Woolf AD, Chyka PA, Caravati EM,
Scharman EJ, Booze LL, Nelson LS, Cobaugh DJ, Troutman
WG (2008) Valproic acid poisoning: an evidence-based con-
sensus guideline for out-of-hospital management. Clin Toxicol
46(7):661-676. https://doi.org/10.1080/15563650802178136

Mathew J, Paul J, Nandhu M, Paulose C (2010) Bacopa monniera
and bacoside-a for ameliorating epilepsy associated behavioral
deficits. Fitoterpia 81(5):315-322

Meek MF, Broekroelofs J, Yska JP, Egbers PHM, Boerma EC, Van
Der VPHIJ (2004) Valproic acid intoxication: sense and non-
sense of haemodialysis. Neth ] Med 62(9):333-336

Meki MAAR, Hamed EA, Ezam KA (2009) Effect of green tea
extract and vitamin C on oxidant or antioxidant status of
rheumatoid arthritis rat model. Indian J Clin Biochem
24(3):280-287

Minematsu S, Taki M, Watanabe M, Takahashi M, Wakui Y, Ishihara
K, Takeda S, Fujii Y (1990) Effects of Shosaiko-to-go-keishi-
kashakuyaku-to (TJ-960) on the valproic acid induced anoma-
lies of rat fetuses. Nihon Yakurigaku Zasshi 96(5):265-273

Monti B, Polazzi E, Contestabile A (2009) Biochemical, molecular
and epigenetic mechanisms of valproic acid neuroprotection.
Curr Mol Pharmacol 2(1):1-15

Morakotsriwan N, Wattanathorn J, Kirisattayakul W, Chaisiwamong-
kol K (2016) Histopathological changes in cerebellum of val-
proic acid rat model of Autism are improved by the combined
extract of purple rice and Silkworm Pupae. Oxid Med Cell
Longev 2016:1-11

Morceau F, Dicato M, Diederich M (2010) Molecular and therapeutic
potential and toxicity of valproic acid. ] Biomed Biotechnol
2010:1-19. https://doi.org/10.1155/2010/479364

Natarajan SK, Eapen CE, Pullimood AB, Balasubramanian KA
(2006) Oxidative stress in experimental liver microvesicular
steatosis: role of mitochondria and peroxisomes. J Gastroen-
terol Hepatol 21(8):1240-1249. https://doi.org/10.1111/j.1440-
1746.2006.04313.x

Nazmy EA, El-khouly OA, Atef H, Said E (2016) Sulforaphane pro-
tects against sodium valproate-induced acute liver injury. Can J
Physiol Pharmacol 95(4):420-426

Ornoy A (2009) Valproic acid in pregnancy: how much are we endan-
gering the embryo and fetus? Reprod Toxicol 28(1):1-10

Ourique GM, Pés TS, Saccol EMH, Finamor IA, Glanzner WG, Bald-
isserotto B, Pavanato MA, Gongalves PBD, Barreto KP (2016)
Resveratrol prevents oxidative damage and loss of sperm motility
induced by long-term treatment with valproic acid in Wistar rats.
Exp Toxicol Pathol 68(8):435-443. https://doi.org/10.1016/j.etp.
2016.07.001

Palsamy P, Bidasee KR, Shinohara T (2014) Valproic acid suppresses
Nrf2/Keapl dependent antioxidant protection through induction
of endoplasmic reticulum stress and Keap1 promoter DNA dem-
ethylation in human lens epithelial cells. Exp Eye Res 121:26—
34. https://doi.org/10.1016/j.exer.2014.01.021. Valproic

Pragnya B, Kameshwari JSL, Veeresh B (2014) Ameliorating effect
of piperine on behavioral abnormalities and oxidative markers

@ Springer


https://doi.org/10.1016/j.fct.2014.08.009
https://doi.org/10.1007/s11010-020-03910-8
https://doi.org/10.1007/s11010-020-03910-8
https://doi.org/10.1158/0008-5472.CAN-06-0814
https://doi.org/10.1158/0008-5472.CAN-06-0814
https://doi.org/10.1016/j.ijdevneu.2018.06.009
https://doi.org/10.1016/j.reprotox.2011.09.007
https://doi.org/10.1016/j.reprotox.2011.09.007
https://doi.org/10.1016/j.fct.2012.10.011
https://doi.org/10.1016/j.tox.2015.03.001
https://doi.org/10.1016/j.tox.2015.03.001
https://doi.org/10.1093/toxsci/kfu105
https://doi.org/10.1093/toxsci/kfu105
https://doi.org/10.1186/cc3742
https://doi.org/10.1186/cc3742
https://doi.org/10.1002/hep.27712LK
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1093/biohorizons/hzt003
https://doi.org/10.1093/biohorizons/hzt003
https://doi.org/10.1590/0001-3765201920190105.Abstract
https://doi.org/10.1590/0001-3765201920190105.Abstract
https://doi.org/10.1080/15563650802178136
https://doi.org/10.1155/2010/479364
https://doi.org/10.1111/j.1440-1746.2006.04313.x
https://doi.org/10.1111/j.1440-1746.2006.04313.x
https://doi.org/10.1016/j.etp.2016.07.001
https://doi.org/10.1016/j.etp.2016.07.001
https://doi.org/10.1016/j.exer.2014.01.021.Valproic

K. E. Adewole et al.

in sodium valproate induced autism in BALB/C mice. Behav
Brain Res 270:86-94. https://doi.org/10.1016/j.bbr.2014.04.045

Prakash P, Gupta N (2005) Therapeutic uses of Ocimum sanctum linn
(Tulsi) with a note on eugenol and its pharmacological actions: a
short review. Indian J Physiol Pharmacol 49(2):125-131

Roohbakhsh A, Parhiz H, Soltani F, Rezaee R, Iranshahi M (2015)
Molecular mechanisms behind the biological effects of hesperi-
din and hesperetin for the prevention of cancer and cardiovascu-
lar diseases. Life Sci 124:64-74

Russo A, Borrelli F (2005) Bacopa monniera, a reputed nootropic
plant: an overview. Phytomedicine 12:305-317. https://doi.org/
10.1016/j.phymed.2003.12.008

Said SA-A, El-Agamy DS (2010) Prevention of sodium valproate-
induced hepatotoxicity by curcumin, rosiglitazone and N-acetyl
cysteine in rats. Arzneimittelforschung 60(11):647-653

Sanaa R, Galaly E, Abdella M, Hanaa M, Mohammed S, Khadrawy M
(2014) Effects of royal jelly on genotoxicity andnephrotoxicity
induced by valproic acid in albino mice. Beni-suef Univ J Basic
Appl sci 3:1-15

Sandhya T, Sowjanya J, Veeresh B (2012) Bacopa monniera (L)
Wettst ameliorates behavioral alterations and oxidative mark-
ers in sodium valproate induced autism in rats. Neurochem Res.
37(5):1121-1131. https://doi.org/10.1007/s11064-012-0717-1

Santos NAG, Medina WSG, Martins NM, Rodrigues MAC, Curti C,
Santos AC (2008) Involvement of oxidative stress in the hepa-
totoxicity induced by aromatic antiepileptic drugs. Toxicol Vitr
22(8):1820-1824. https://doi.org/10.1016/].tiv.2008.08.004

Sarangi SC, Joshi D, Kumar R, Kaleekal T, Gupta YK (2017) Pharma-
cokinetic and pharmacodynamic interaction of hydroalcoholic
extract of Ocimum sanctum with valproate. Epilepsy Behav
75:203-2009. https://doi.org/10.1016/j.yebeh.2017.08.018

Sathishkumar N, Sathiyamoorthy S, Ramya M, Dong-uk Y, Lee HN,
Deok-chun Y (2012) Molecular docking studies of anti-apoptotic
BCL-2, BCL-XL, and MCL-1 proteins with ginsenosides from
Panax ginseng. J Enzyme Inhib Med Chem 27(5):685-692.
https://doi.org/10.3109/14756366.2011.608663

Savran M, Asc1 H, Armagan i, Erzurumlu Y, Azirak S, Kaya M, Sedat
0, Deniz B, Korkmaz T (2020) Thymoquinone could be protec-
tive against valproic acid-induced testicular toxicity by antioxi-
dant and anti- inflammatory mechanisms. Andrologia. 13623:1—
8. https://doi.org/10.1111/and.13623

Servadio M, Manduca A, Melancia F, Leboffe L, Schiavi S, Campo-
longo P, Palmery M, Ascenzi P, Trezza V (2018) Impaired repair
of DNA damage is associated with autistic-like traits in rats pre-
natally exposed to valproic acid. Eur Neuropsychopharmacol
28(1):85-96. https://doi.org/10.1016/j.euroneuro.2017.11.014

Shaaban AA, El-agamy DS (2017) Cytoprotective effects of diallyl tri-
sulfide against valproate-induced hepatotoxicity: new anticonvul-
sant strategy. Naunyn-Schmiedeberg’s Arch Pharm 390(9):919—
928. https://doi.org/10.1007/s00210-017-1393-0

Sharma M, Chadha R, Dhinara N (2017) Phytotherapeutic agents for
benign prostatic hyperplasia: an overview. Mini Rev Med Chem
17(14):1346-1363

Silva MFB, Aires CCP, Luis PBM, Ruiter JPN, Ijlst L (2008) Valproic
acid metabolism and its effects on mitochondrial fatty acid oxi-
dation: a review. J Inherit Metab Dis 31(2):205-216. https://doi.
org/10.1007/s10545-008-0841-x

Su D, Liu H, Qi X, Dong L, Zhang R (2019) Citrus peel flavonoids
improve lipid metabolism by inhibiting miR-33 and miR-
122 expression in HepG?2 cells. Biosci Biotechnol Biochem
83(9):1747-1755. https://doi.org/10.1080/09168451.2019.16088
07

Surget A, Saxe M, Leman S, Ibarguen-Vargas Y, Chalon S, Griebel
G, Hen R, Belzung C (2008) Drug-dependent requirement of
hippocampal neurogenesis in a model of depression and of anti-
depressant reversal. Biol Psychiat 64:293-301

@ Springer

Sveberg L, Taubgll E, Isojérvi JIT, Pakarinen AJ, Huhtaniemi IT, Knip
M, Gjerstad L (2002) Effects of chronic valproate treatment on
reproductive endocrine hormones in female and male Wistar rats.
Reprod Toxicol 16:767-773

Sztajnkrycer MD (2002) Valproic Acid Toxicity: Overview and Man-
agement. J Toxicol Clin Toxicol 40(6):789-801. https://doi.org/
10.1081/CLT-120014645

Taubgll E, Gregoraszczuk EL, Wojtowicz AK, Milewicz T (2009)
Effects of levetiracetam and valproate on reproductive endo-
crine function studied in human ovarian follicular cells. Epilep-
sia 50(8):1868—1874. https://doi.org/10.1111/j.1528-1167.2009.
02131.x

Tong V, Teng XW, Chang TK, Abbott FS (2005a) Valproic acid I:
time course of lipid peroxidation biomarkers, liver toxicity, and
valproic acid metabolite levels in rats. Toxicol Sci 86(2):427—435

Tong V, Teng XW, Chang TK, Abbott FS (2005b) Valproic acid II:
effects on oxidative stress, mitochondrial membrane potential,
and cytotoxicity in glutathione-depleted rat hepatocytes. Toxicol
Sci 86(2):436-443

Tunali S (2014) The effects of vitamin B6 on lens antioxidant system
in valproic acid-administered rats. Hum Exp Toxicol 33(6):623—
628. https://doi.org/10.1177/0960327113506233

Tung EWY, Winn LM (2011) Valproic acid increases formation of
reactive oxygen species and induces apoptosis in postimplanta-
tion embryos: a role for oxidative stress in valproic acid-induced
neural tube defects. Mol Pharmacol 80(6):979-987. https://doi.
org/10.1124/mol.111.072314

Ubeda-Martin N, Alonso-Aperte E, Achon M, Moreiras GV, Puerta J,
Perez de Miguelsanz J (1998) Morphological alterations induced
by valproate and its concomitant administration of folic acid or
S-adenosylmethionine in pregnant rats. Nutr Hosp 13(1):41-49

Umka J, Chaisawang P, Chaijaroonkhanarak W (2016) Kaempferia
parviflora extract ameliorates the cognitive impairments and the
reduction in cell proliferation induced by valproic acid treatment
in rats. Ann Anat 206:7-13. https://doi.org/10.1016/j.aanat.2016.
04.029

Vajda F (2012) Dose issues in antiepileptic therapy. J Clin Neurosci
19(11):1475-1477. https://doi.org/10.1016/j.jocn.2012.05.003

Varoni EM, Lodi G, Iriti M (2015) Efficacy behind activity—Phyto-
therapeutics are not different from pharmaceuticals. Pharm Biol
53(3):404-406. https://doi.org/10.3109/13880209.2014.923000

Veeresh B, Pratyusha G, Mallika S, Sudarshini K (2016) Withania som-
nifera ameliorates sodium valproate induced austism in BALB/c
mice: behavioral and biochemical evidences. Pharmacologia
7:134-142. https://doi.org/10.5567/pharmacologia.2016.134.142

Verrott A, Mencaroni E, Cofin M, Castagnino M, Leo A, Russo EBV
(2016) Valproic acid metabolism and its consequences on sexual
functions. Curr Dreg Metab 17(6):573-581

Williams AB, Schumacher B (2016) p53 in the DNA-damage-repair
process. Cold Spring Harb Perspect Med 6(a026070):1-15

Wang C, Luan Z, Yang Y, Wang Z, Cui Y, Gu G (2011) Valproic acid
induces apoptosis in differentiating hippocampal neurons by the
release of tumor necrosis factor- _ from activated astrocytes.
Neurosci Lett 497(2):122-127. https://doi.org/10.1016/j.neulet.
2011.04.044

Wang H, Dong L, Qu F, He H, Sun W, Man Y, Jiang H (2020) Effects
of glycyrrhizin on the pharmacokinetics of nobiletin in rats and
its potential mechanism. Pharm Biol 58(1):352-356. https://doi.
org/10.1080/13880209.2020.1751661

Watanabe T, Ohara S, Miyazawa S, Saigenji K, Hotta K (2000) Aug-
mentative effects of L-cysteine and methylmethionine sulfonium
chloride on mucin secretion in rabbit gastric mucous cells. J Gas-
troenterol Hepatol 15(1):45-52

Welbat JU, Sirichoat A, Chaijaroonkhanarak W, Prachaney P, Pannan-
grong W, Pakdeechote P, Sripanidkulchai B, Wigmore P (2016)
Asiatic acid prevents the deleterious effects of valproic acid on


https://doi.org/10.1016/j.bbr.2014.04.045
https://doi.org/10.1016/j.phymed.2003.12.008
https://doi.org/10.1016/j.phymed.2003.12.008
https://doi.org/10.1007/s11064-012-0717-1
https://doi.org/10.1016/j.tiv.2008.08.004
https://doi.org/10.1016/j.yebeh.2017.08.018
https://doi.org/10.3109/14756366.2011.608663
https://doi.org/10.1111/and.13623
https://doi.org/10.1016/j.euroneuro.2017.11.014
https://doi.org/10.1007/s00210-017-1393-0
https://doi.org/10.1007/s10545-008-0841-x
https://doi.org/10.1007/s10545-008-0841-x
https://doi.org/10.1080/09168451.2019.1608807
https://doi.org/10.1080/09168451.2019.1608807
https://doi.org/10.1081/CLT-120014645
https://doi.org/10.1081/CLT-120014645
https://doi.org/10.1111/j.1528-1167.2009.02131.x
https://doi.org/10.1111/j.1528-1167.2009.02131.x
https://doi.org/10.1177/0960327113506233
https://doi.org/10.1124/mol.111.072314
https://doi.org/10.1124/mol.111.072314
https://doi.org/10.1016/j.aanat.2016.04.029
https://doi.org/10.1016/j.aanat.2016.04.029
https://doi.org/10.1016/j.jocn.2012.05.003
https://doi.org/10.3109/13880209.2014.923000
https://doi.org/10.5567/pharmacologia.2016.134.142
https://doi.org/10.1016/j.neulet.2011.04.044
https://doi.org/10.1016/j.neulet.2011.04.044
https://doi.org/10.1080/13880209.2020.1751661
https://doi.org/10.1080/13880209.2020.1751661

Exploring phytotherapeutic approach in the management of valproic acid-induced toxicity

cognition and hippocampal cell. Nutrients 8(5):e303. https://doi.
org/10.3390/nu8050303

Wolters JEJ, Van BSGJ, Caiment F, Claessen SM, De KTMCM, Klein-
jans JCS (2017) Nuclear and mitochondrial DNA methylation
patterns induced by valproic acid in human hepatocytes. Chem
Res Toxicol 30:1847-1854. https://doi.org/10.1021/acs.chemr
estox.7b00171

Yang AMZ, Xu ABY, Jie ABG, He P, Tu Y (2007) Study on the anti-
oxidant activity of tea flowers (Camellia sinensis). Asia Pac J
Clin Nutr 16:148-152

Yang R, Yuan B-C, Ma Y-S, Zhou S, Liu Y (2017) The anti-inflamma-
tory activity of licorice, a widely used Chinese herb. Pharm Biol
55(1):5-18. https://doi.org/10.1080/13880209.2016.1225775

Zhang C, Liu S, Yuan X, Hu Z, Li H, Wu M, Yuan J, Zhao Z, Su J,
Wang X et al (2016) Valproic acid promotes human glioma U87
cells apoptosis and inhibits glycogen synthase kinase-3f through
ERK/Akt signaling. Cell Physiol Biochem 39(6):2173-2185.
https://doi.org/10.1159/000447912

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/nu8050303
https://doi.org/10.3390/nu8050303
https://doi.org/10.1021/acs.chemrestox.7b00171
https://doi.org/10.1021/acs.chemrestox.7b00171
https://doi.org/10.1080/13880209.2016.1225775
https://doi.org/10.1159/000447912

	Exploring phytotherapeutic approach in the management of valproic acid-induced toxicity
	Abstract
	Introduction
	Phytotherapeutic preparations
	Proposed mechanisms of VPA-induced toxicity
	Some effects of VPA-induced toxicity
	Teratogenicity
	Hepatotoxicity
	Reprotoxicity
	Nephrotoxicity


	Plants products with potential for ameliorating VPA-induced organ toxicities: molecular and cellular protective mechanisms of action
	Hepatotoxicity
	Diammonium glycyrrhizinate
	Sulforaphane
	Vitamin U
	Garlic
	Curcumin

	Nephrotoxicity
	Alpha-tocopherol
	Caffeic acid
	Quercetin
	Vitamin U

	Ocular toxicity
	Vitamin B6

	Reprotoxicity
	Vitamin E and resveratrol
	Apium graveolens L. (Celery)
	Ellagic acid

	Teratogenesis and neurotoxicity
	Ocimum sanctum
	TJ-960
	Asiatic acid

	Resveratrol
	Oryza sativa
	Withania somnifera
	Piperine
	Green tea (Camellia sinensis)
	Kaempferia parviflora
	Korean red ginseng
	Bacopa monniera
	Hesperetin
	Effect of phytotherapeutic agents on the pharmacokinetics of VPA


	Summary
	Acknowledgements 
	References




