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Abstract

Background The polyunsaturated, ®-3 fatty acid, doco-
sahexaenoic acid (DHA), claims diverse cytoprotective
potentials, although via largely undefined triggers. Thus,
we currently first tested the ability of DHA to ameliorate
valproate (VPA)-evoked hepatotoxicity, to modulate its
anticonvulsant effects, then sought the cellular and
molecular basis of such actions. Lastly, we also verified
whether DHA may kinetically alter plasma levels/clearance
rate of VPA.

Methods and Results VPA (500 mg/kg orally for 14 days
in rats) evoked prominent hepatotoxicity that appeared as a
marked rise (2- to 4-fold) in serum hepatic enzymes
(v-glutamyl transferase [y-GT], alanine aminotransferase
[ALT], and alkaline phosphatase [ALP]), increased hepatic
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lipid peroxide (LPO) and tumor necrosis factor-alpha
(TNFa) levels, as well as myeloperoxidase (MPO) activity
(3- to 5-fold), lowering of serum albumin (40 %), and
depletion of liver reduced-glutathione (GSH, 35 %).
Likewise, histopathologic examination revealed hepato-
cellular degeneration, replacement by inflammatory cells,
focal pericentral necrosis, and micro/macrovesicular stea-
tosis. Concurrent treatment with DHA (250 mg/kg) mark-
edly blunted the elevated levels of liver enzymes, lipid
peroxides, TNFa, and MPO activity, while raising serum
albumin and hepatic GSH levels. DHA also alleviated most
of the cytologic insults linked to VPA. Besides, in a
pentylenetetrazole (PTZ) mouse convulsion model, DHA
(250 mg/kg) markedly increased the latency in convulsion
evoked by VPA, beyond their individual responses. Lastly,
pharmacokinetic studies revealed that joint DHA admin-
istration did not alter serum VPA concentrations.
Conclusions DHA substantially ameliorated liver injury
induced by VPA, while also markedly boosted its phar-
macologic effects. DHA manipulated definite cellular
machinery to curb liver oxidative stress and inflammation,
without affecting VPA plasma levels. Collectively, these
protective and synergy profiles for DHA propose a superior
VPA-drug combination regimen.

1 Introduction

An increasing emphasis is being placed on the capacity of
dietary supplements to modulate host response to disease,
injury, infection, and adverse drug reactions [1-3]. It is
estimated that drug-induced adverse reactions account for
at least 5-6 % of hospital admissions [4]. Valproate (VPA)
is a widely prescribed fatty acid (FA) that has served as a
mainstay in the management of epileptic seizures, bipolar
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and schizoaffective disorders, social phobias, and neuro-
pathic pain [5]. Despite its clinical benefits, VPA has also
been a hallmark representative of drug-induced adverse
reactions. In particular, patients receiving VPA chronically
may well develop hemorrhagic pancreatitis, bone marrow
suppression and, more frequently, hepatic injury [6]. Thus,
in up to 44 % of patients, chronic dosing with VPA ele-
vates serum liver enzymes and lipid peroxidation during
the first months of therapy. Another typical clinical finding
of VPA intoxication was the development of fatty liver as
microvesicular steatosis in 80 % of patients [7]. Moreover,
animal models of VPA toxicity clearly show disruption of
FA metabolism, along with accumulation of liver lipid
content within 2—4 hours after VPA administration [8].
Histopathologic and biochemical studies also revealed that
VPA evokes hepatic necrosis, apoptosis, and oxidative
stress [9, 10]. However, VPA toxicity that can lead to death
has also been reported. The basis of such paradoxical
subacute and idiosyncratic VPA toxicity has remained
largely enigmatic [11].

At the molecular level, multiple lines of evidence sug-
gest that hepatic accumulation of 4-en-VPA and its B-
oxidation products triggers a cascade of reactions that
culminates in hepatic injury. Some such reactions involve
lipid peroxidation and glutathione (GSH) depletion [12,
13]. Conceivably, therefore, a big need arises to seek
avenues that could either alleviate VPA-induced hepatic
injury or reduce its dose down to a safer level, thus possibly
improving its overall therapeutic index. Thus far, diverse
concepts have been adopted, which focused merely on
lessening oxidative stress or disrupted mitochondrial fatty-
acyl B-oxidation [14, 15]. Conversely, no attempts have
been made to boost the pharmacologic efficacy of VPA so
as to reduce its toxicity, while also augmenting its thera-
peutic efficacy. Docosahexaenoic acid (DHA) is a cold-
water-fish-oil-derived omega-3 FA that has demonstrated
numerous health benefits against malignant, inflammatory,
proliferative, and vascular diseases [16]. Furthermore, we
recently demonstrated that DHA can reverse a vicious,
fatal, cisplatin-induced nephrotoxicity in rats by ablating
oxidative stress and suppressing cytokine-mediated
inflammation [17]. As far as central effects are concerned;
DHA was effectively used to treat neuronal hyperexcit-
ability models in animals and some neurological disorders
in humans [18, 19]. Therefore, we currently envisaged that
such responses, along with established hypolipidemic
effects elicited mostly at the liver level [20], could make
DHA supplementation a superb candidate to blunt toxicity
and confer therapeutic synergy with VPA.

Accordingly, this study was marshaled to investigate
whether, and how, DHA may abate VPA-induced liver
toxicity. To accomplish this, we monitored levels of
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hepatocellular oxidative stress, inflammatory cytokines,
and markers for hepatic integrity/function and for neutro-
phil infiltration. We further substantiated these results with
histopathologic investigation to figure out relevant hepatic
subcellular changes. On the other hand, the possibility of
pharmacologic synergy with VPA was explored in a
pentylenetetrazole (PTZ) mouse convulsion model. Lastly,
to verify any role for DHA via kinetic interaction (clear-
ance of VPA), we measured plasma concentrations of VPA
in the presence and absence of DHA.

2 Materials
2.1 Drugs and Chemicals

Sodium valproate, a white pure powder, was a gift from
Sanofi-synthelabo, Cairo, Egypt, and was dissolved in
distilled water. DHA was purchased from Healthspan Co.,
UK, as capsules; each provides 100 mg of pure DHA.
DHA was diluted, as needed, in corn oil, with equivalent
amounts of oil given to all animals and the control group.
All other chemicals used were of analytical grade, and
were obtained from Sigma Aldrich Chemical Co., St.
Louis, MO, USA. Kits for reduced GSH, malondialdehyde
and y-glutamyl transferase (y-GT) were obtained from Bio-
Diagnostic, Cairo, Egypt. Kits for alkaline phosphatase
(ALP), alanine aminotransferase (ALT) and albumin were
obtained from ABC-Diagnostics, Cairo, Egypt. A myelo-
peroxidase kit was purchased from Northwest Co. (Can-
ada) and a TNFu kit was from DRG Co. (USA). VPA assay
ELISA kit was obtained from Dade Behring, Atterbury,
Milton Keynes, UK.

2.1.1 Animals Studies

Adult male Sprague-Dawley rats weighing 200-250 g
were used in liver toxicity study experiments. Male albino
mice weighing 20-25 g were used for PTZ-epilepsy model
experiments. All animals were maintained under standard
conditions of temperature (30 °C), with a regular 12-hour
light/12-hour dark cycle, and allowed free access to stan-
dard laboratory food and water. The dose used for DHA, as
well as time courses used in this study were in the same
range and scope as those of other studies that utilized the
same models. This strategy was further confirmed after
appropriate preliminary experiments. All animal care and
experimental procedures were approved by the Animal
Ethics Committee of Mansoura University, Mansoura,
Egypt (MUEC-8-91), which is in accordance with the
Principles of Laboratory Animals Care (NIH publication
No. 85-23, revised 1985).
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2.2 Rat Liver Toxicity Studies
2.2.1 Experimental Design

Different animal groups, of 6-8 rats each, received the
antiepileptic drug (VPA), with and without the DHA, daily
for a total period of 2 weeks. Rat groupings and protocols
were conducted as detailed:

Control Received vehicle for the same period of time
VPA Received VPA alone (500 mg/kg orally [PO], daily)
VPA + DHA VPA (500 mg/kg PO, daily), then after 1 hour

received DHA (250 mg/kg PO)

Animals were anesthetized and blood samples were
collected after 1 and 2 weeks of treatment via the orbital
sinus. Serum was separated by centrifugation at
2,000 rpm for 10 minutes at 4 °C. All liver markers (in
serum) were measured after 1 and 2 weeks of VPA
treatment; except for albumin which was monitored only
after 2 weeks in virtue of its known long half-life (T.,)
value that hinders imminent short-term changes in its
serum levels. Parameters measured in liver tissue were
taken only after the second week of treatment (when
animals were killed). Thus, liver was quickly removed
and washed in an ice-cold isotonic saline, dissected,
weighed, and minced. A 10 % (w/v) homogenate was
made in phosphate-buffered saline (PBS) (pH 7.4) for
the assay of GSH and liver lipid peroxide (MDA). A
consistent piece from each liver was collected in a for-
malin solution for histopathologic evaluations.

2.3 Biochemical Determinations

All enzymes, oxidative stress and hepatic synthesis mark-
ers were determined spectrophotometrically using appro-
priate kits. Protocols used were according to the
recommended manufacturer procedures.

2.3.1 Mouse Acute, Pentylenetetrazole (PTZ),
Anticonvulsant Studies

Mouse groups, of eight animals each, were randomly
constituted. Four such groups received DHA orally, 1 hour
before PTZ 85 mg/kg was injected subcutaneously (SC).
The positive control group received the EDsq (dose effec-
tive in 50 % of tested mice) of VPA (175 mg/kg, PO), as
determined by preliminary experiments. PTZ was injected
30 minutes after VPA administration, a time proven to
allow peak plasma VPA level to be reached. The combi-
nation group received the DHA then VPA doses,

respectively, at 30-minute intervals before PTZ was given
(see next scheme).

1 hour
DHA or vehicle, PTZ
p-o . 85 mg/kg S.c.

30 min 30 min

PTZ
VPA 85 mg/kg S.c.

Details for mouse groupings and their drug treatments
are tabulated here:

Negative control Received equivalent amount of vehicle
(corn oil, PO) 1 hour before PTZ
(85 mg/kg SC) was injected
VPA Received VPA (175 mg/kg PO) 30 minutes
before PTZ (85 mg/kg SC) was injected

DHA1 Received DHA (120 mg/kg PO) 1 hour
before PTZ (85 mg/kg SC) was injected
DHA?2 Received DHA (200 mg/kg PO) 1 hour
before PTZ (85 mg/kg SC) was injected
DHA3 Received DHA (250 mg/kg PO) 1 hour
before PTZ (85 mg/kg SC) was injected
VPA + DHA Received DHA (250 mg/kg PO), VPA

(175 mg/kg, after 30 minutes), then PTZ
was injected after another 30 minutes

3 Time Course and Kinetic Parameters for Serum VPA
Levels in Rats, in Presence and Absence of DHA

Rats received VPA (200 mg/kg) alone or in combination
with DHA (250 mg/kg). DHA was given 1 hour before
VPA. Blood samples were collected (from orbital sinus) at
30 minutes, 1 hour, 3 hours, and 6 hours after VPA was
given. Samples were centrifuged and the separated serum
was used for determination of VPA concentrations by
enzyme immunoassay, as detailed next.

3.1 Rat Grouping and Treatment Protocols
for Pharmacokinetic Studies

VPA Received VPA (200 mg/kg PO)

VPA + DHA Received DHA (250 mg/kg PO) and after 1 hour
received VPA (200 mg/kg PO)

Quantitative analysis of VPA was based on a homo-
geneous enzyme-immunoassay technique that measures
both free and protein-bound VPA in serum. The assay is
fully automated through a programmed protocol that
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Fig. 1 a-d Effect of VPA (500 mg/kg daily/2 weeks) with and
without DHA (250 mg/kg/day) on serum hepatic enzyme and albumin
levels. DHA was given orally 1 h after VPA, then blood was
withdrawn from the orbital sinus for determination of enzymes (a—c;
v-GT, ALT, ALP, respectively) after 1 and 2 weeks, or albumin (d),

utilizes a Dad Behring instrument. The results are cal-
culated automatically by the analyzer, based on a stan-
dard curve that is constructed concurrently with the
assay of samples.

4 Statistical Analyses
Distribution of the data was verified to be normal using

Tests of Normality (SPSS package). Statistical significance
was tested by one-way analysis of variance (ANOVA)
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after 2 weeks. Data represent the mean £ SEM of each group;
n = 6-8. Symbols indicate significance against VPA-treated group
(asterisks) and normal control group (dollar symbols), y-GT vy-
glutamyl transferase, ALT alanine aminotransferase, ALP alkaline
phosphatase, DHA docosahexaenoic acid, VPA valproate

followed by Bonferroni post hoc analysis. Statistical sig-
nificance was predefined at p < 0.05.

5 Results

Treatment with valproate (500 mg/kg, daily) for
1-2 weeks disrupted liver cell integrity as reflected by
marked (2- to 5-fold) rises in serum ALT, y-GT, and ALP
(Fig. la—c). Such enzyme levels did not significantly vary
when VPA treatment was extended from 1 to 2 weeks.
Likewise, as measured by serum albumin level; the
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Fig. 2 a, b Effect of VPA (500 mg/kg daily/2 weeks) with and
without DHA (250 mg/kg/day) on liver lipid peroxide (MDA) (a), and
reduced glutathione (GSH) (b) levels. After 2 weeks of treatment,
animals were sacrificed and a 10 % W/V liver homogenate was

hepatocellular synthetic capacity was notably reduced (by
40 %) (Fig. 1d).

To gain insights into the hepatic molecular and cellular
changes occurring following VPA treatment; oxidative
stress and endogenous antioxidant levels were monitored,
and histopathologic examination of the liver was also
conducted. Figure 2a demonstrates that VPA evoked a
3-fold rise in MDA levels. This was also accompanied by
35 % reduction in levels of endogenous cellular protector:
reduced GSH, Fig. 2b.

Downstream from hepatocellular disruption and oxida-
tive stress, we also investigated whether VPA liver intox-
ication had involved inflammatory signals and/or
neutrophil infiltration into the liver; and if so, how these
signals may be modified by DHA. Accordingly, in liver
cell homogenates, VPA upregulated the expression of
proinflammatory cytokine TNFa (5-fold, p < 0.05). This
was paralleled by a ~ 6.1-fold rise in this cytokine level in
the serum (p < 0.05, Fig. 3a, b). Considering time-course
dependency, DHA managed to blunt the rise in TNFa
effectively, after both 1 and 2 weeks, although effects of
DHA were more pronounced after 1 week. Co-treatment
with DHA largely suppressed the VPA-induced hepatocy-
tic production of TNFa in both the liver and the serum,
implying also that rises in the serum are most likely linked
to those in the liver. Moreover, an enzyme marker of
neutrophil infiltration with known contributions to both
inflammation and oxidative stress, that is myeloperoxidase
(MPO), had an appreciably enhanced activity in liver
homogenates (4.2-fold; p < 0.05). This response was
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assayed for its content of MDA or GSH. Data represent the
mean + SEM of each group; n = 7. Symbols indicate significance
against VPA-treated group (asterisks) and normal control group
(dollar symbols), DHA docosahexaenoic acid, VPA valproate

likewise highly sensitive to co-treatment with DHA
(p < 0.05), thus also revealing the versatility whereby
DHA protects liver cells against VPA-induced injury.
Figure 4 represents necropsies of the liver to assess the
pathological changes in the studied animals. The negative
control group showed average size and color of the liver
with no detected histopathologic abnormalities (photos 1,
2). Conversely, the VPA-treated group showed grossly
enlarged pale livers with significantly increased weights
over control values. Besides, multiple foci of focal lytic
necrosis were detected in which replacement by both
inflammatory cells and cellular degeneration had occurred
(photo 3). Moreover, combined macrovesicular and micr-
ovesicular steatosis were evident in the periportal zone of
four animals (out of six) of this group (photo 4). Concur-
rent treatment with DHA significantly alleviated the
hepatic cellular and molecular anomalies entailed by VPA
treatment. This was manifested as reduced serum liver
enzymes (better after 1 than 2 weeks), lipid peroxide
generation, and increased levels of hepatic GSH and serum
albumin, consonant with promoted liver defensive mech-
anisms and enhanced protein synthesis. Furthermore, when
combined with VPA, DHA showed only minimal small
focal necrosis/apoptosis (single cell death) with no evi-
dence of degeneration or steatosis (photo 5); consistent
with amelioration of pathologic anomalies by DHA.
Because DHA recently demonstrated some neuroinhib-
itory effects on its own [18], it was of current interest to
also seek possible synergy with anticonvulsant effects of
VPA. Figure 5 shows that DHA elicited a dose-responsive
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Fig. 3 Effect of VPA (500 mg/kg daily/2 weeks) with and without
DHA (250 mg/kg/day) on liver and serum levels of TNFa (a, b), and
on liver activity of myeloperoxidase (MPO) (c). Blood was
withdrawn for determination of TNFa after 1 and 2 weeks of
treatments. Animals were sacrificed after 2 weeks and a 10 % W/V

increase in latency (onset) of mouse tonic convulsions,
with significance from control value elicited at (250 mg/kg,
p < 0.05), a response that was also comparable to that
evoked by VPA at its EDsg dose (13.8 vs 14.9 min).
Combining the two FAs at such lower doses triggered a
notable synergy in the latency of convulsion (32.8 min,
p < 0.05). Similar effects for DHA were observed for the
myoclonic aspect of PTZ convulsion (data not shown).

It was next worthwhile investigating whether the pro-
tective and synergistic effects of DHA involve pharmaco-
kinetic interaction with VPA, that is, alteration of VPA
clearance rate. To this end, plasma VPA levels were
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liver homogenate was assayed for both parameters. Data represent the
mean = SEM of each group; n = 8. Symbols indicate significance
against VPA-treated group (asterisks) and normal control group
(dollar symbols), DHA docosahexaenoic acid, TNFo tumor necrosis
factor alpha, VPA valproate

determined over a time frame of 6 hours in both the pre-
sence and absence of DHA (250 mg/kg), a dose that was
proven protective in earlier toxicological studies. Various
kinetic parameters such as area under the curve (AUC) and
volume of distribution (V) are displayed in Table 1. As
judged by statistical analyses, neither the peak/trough
values nor the magnitude of other measured points was
altered in animals given a combination of DHA and VPA,
as compared with those given VPA alone. These findings
unequivocally exclude the possibility of pharmacokinetic
interaction and, instead, indicate peculiar dynamic effects
for DHA.
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Fig. 4 Necropsies of the liver
of studied animals from each
group to assess the pathologic
changes. Photos 1, 2 are for the
negative control group, showing
average size/color of the liver
with no detected histopathologic
abnormalities. Photo 3: VPA
control group showing grossly
enlarged pale livers with
multiple foci of focal lytic
necrosis with replacement by
inflammatory cells and
hepatocyte degeneration. Also,
combined macrovesicular and
microvesicular steatosis
occurring in the periportal zone
were evident in four animals in
this group (photo 4). DHA when
combined with VPA showed
only minimal small focal
necrosis with no evidence of
degeneration (photo 5). DHA
docosahexaenoic acid, VPA
valproate

X200)

necrosis with replacement by inflammatory cells
(arrow). The surrounding hepatocytes show

degenerative changes
(H&E, X100).

Photo. (): Normal liver: There is central
vein and the portal tract to the left. (H&E

AN (LA

Photo. (2): Normal liver: Higher
magnification with central vein surrounded by
cords of normal hepatocytes. (H&E X200)

A : AN _ B
Photo. (4): VPA-control group. It shows
macrovesicular and microvesicular steatosis.
(H&E, X200).

Photo. (5): VPA group treated with DHA. Minimal focal
pericentral necrosis. In sight is high power magnification
showing apoptosis (arrow).

(H&E, X200, X400).

6 Discussion

This study reports a prominent protection by DHA against
VPA-induced hepatic dysfunction, cellular anomalies,
necrosis and steatosis. Likewise, it reveals that DHA
enhances the anticonvulsant effects of VPA in a PTZ ani-
mal-convulsion model. These favorable effects for DHA do

not target the kinetic profiles or distribution pattern of
VPA, but rather trigger specific dynamic mechanisms.
Because the liver is the main drug/xenobiotic metabolic
engine of the body, it is very much vulnerable to drug
toxicity [21, 22]. In particular, antiepileptic drugs (AED)
have many such serious untoward reactions, as seen with
VPA, phenytoin, and carbamazepine. Though relatively
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Fig. 5 Individual and combined effects of VPA (175 mg/kg) and
DHA (100-250 mg/kg) on onset of tonic convulsion (min) evoked by
PTZ (85 mg/kg). PTZ was injected 30 min after VPA administration.
The combination groups received DHA then VPA, respectively; at
30 min intervals, before PTZ was given. Data represent mean &= SEM
of times recorded for each group (8 animals). Symbols indicate
significance against VPA-treated group (asterisks) and normal control
group (dollar symbols), DHA docosahexaenoic acid, PTZ pentylen-
etetrazole, VPA valproate

rare, when compared with other consistently known hepa-
totoxic drugs, the consequences encountered with AED can
cause death or an acute liver failure that would require liver
transplantation. The molecular underpinnings of these
anomalies to AED pertain either to production of reactive
toxic metabolite/s or to induction of paradoxical immu-
noallergic reactions [23].

Aspects of hepatotoxicity associated with VPA have
been fully unfolded [10]. Type I VPA-mediated hepatic
injury is associated with a dose-dependent rise in serum
liver enzymes and decline in plasma albumin. Type II
VPA-mediated hepatotoxicity is a fatal, irreversible idio-
syncratic reaction that is characterized by microvesicular
steatosis and necrosis [11]. Although the mechanisms
involved are not fully characterized, a large body of evi-
dence suggests that reactive VPA metabolites (i.e., 4-ene-
VPA and its subsequent metabolite, 2,4-diene-VPA) may
mediate the hepatotoxicity by inhibiting mitochondrial

B-oxidation of FAs. Further, excessive generation of
reactive oxygen species (ROS) (such as peroxides and
hydroxyl radical) may follow the toxicity of VPA as a
consequence of disrupting the liver antioxidant machinery
[10, 24, 25].

Although DHA has demonstrated protection against
some drug-induced systemic toxicity [17], its impact on
VPA-induced liver injury has never been sought. These
views prompted us to evaluate whether, and how, DHA
may obliterate VPA hepatotoxicity. Accordingly, when
DHA was jointly given with VPA, serum liver marker
enzyme levels (ALP, ALT and vy-GT) significantly
declined, thereby suggesting the utility of DHA in pro-
tecting liver cell integrity and maintaining healthy biliary
outflow. Further, DHA raised serum albumin levels, con-
sonant with restoration of liver protein synthetic capacity.
More such clues were provided from the present histo-
pathologic studies, which depicted the capacity of DHA to
ameliorate VPA-evoked hepatocellular degeneration,
infiltration of inflammatory cells, induction of focal peri-
central necrosis, and micro/macrovesicular steatosis.

Next, it was both worthy and intriguing to unravel the
cellular and molecular means whereby DHA abates VPA-
evoked liver injury. Thus, DHA markedly replenished
hepatic GSH levels to near baseline and blunted lipid
peroxide (MDA) levels, thereby alleviating VPA-induced
oxidative stress. In support, in animal models of alcohol
fatty liver, DHA terminated oxidative stress and mito-
chondrial dysfunction [25]. Besides, human nutritional
studies in prevention of heart diseases revealed that sup-
plementation with a daily 200-800 mg DHA enhanced its
incorporation into LDL, thereby reducing its susceptibility
to oxidation and accumulation of lipid peroxides [26, 27].

The possible second molecular trigger for hepatic pro-
tection by DHA is an anti-inflammatory and lipotropic
effect. Inflammation and hepatic accumulation of triglyc-
erides can foster/exacerbate oxidative stress and liver cell
damage. DHA reportedly gets incorporated into liver cells,
and can evidently suppress hepatic gene expression of
proinflammatory cytokines [16, 20, 28]. Because hepatic
necrosis, apoptosis, and steatosis were recently linked with
TNFa and its TNFRI1 receptor in response to B-virus
hepatitis [29, 30], it was of present interest to assess levels
of this cytokine in VPA-intoxicated animals. Additionally,

Table 1 Computed pharmacokinetic parameters following administration of VPA (200 mg/kg, PO) alone or in combination with DHA

(250 mg/kg PO) in rats

Group AUC (mg.h/L) Cinax (mg/L) Tinax (h) Ty, (h) V4/F (L/kg) CI/F (L/h/kg)
VPA 404.3 £ 22.1 107.6 £ 6.6 0.5 2.11 £ 0.1 1.518 £ 0.11 0.505 £ 0.03
VPA + DHA 409.6 £ 12.8 110.1 £ 3.2 0.5 2.04 + 0.12 1.436 £+ 0.07 0.491 £ 0.02

AUC area under serum concentration—time curve, C,,,, maximum plasma concentration, C/ clearance, DHA docosahexaenoic acid, F oral
availability, PO orally, T\, elimination half-life, T,,,, time needed to attain Cy,,s, V; apparent volume of distribution, VPA valproate
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-3 FAs can specifically activate the peroxisome prolifer-
ator-activated receptor-o. (PPARa), a transcriptional acti-
vator of FA oxidation in peroxisomes and mitochondria
[31]. Thus, current evaluations of TNFo were further
substantiated by the reported interaction between TNFa
and PPARa [32]. In this vein, TNFo was implicated in
downregulating PPARa, thereby inducing hepatic steatosis
[33]. We detected several-fold rises in hepatic TNFo levels
following VPA treatment, a response that was appreciably
blocked with DHA, implying that this ®-3 FA also protects
the liver via a specific anti-inflammatory mechanism.
Because we also showed here the capacity of DHA (a
PPARo agonist) to suppress expression of TNFa and
reduce hepatic inflammation/steatosis, these findings fur-
ther establish a concept of ‘cross-talk’ between the TNFo
and PPARa systems in VPA-intoxicated liver cells. Fur-
ther, DHA blunted the activity of a neutrophil-specific pro-
inflammatory/pro-oxidant enzyme (MPO). Together, these
findings demonstrate new effector players that are recruited
by VPA to induce hepatic injury, while also attest to the
diversity of the molecular basis whereby DHA can reverse
these insults to ultimately elicit liver protection.

An additional objective in this study was to evaluate the
possibilities of DHA synergy with anticonvulsant effects of
VPA, so as to infer whether lower doses of VPA (certainly
less toxic) can be therapeutically applied. Thus far, clini-
cally, DHA is recognized to be essential for normal growth
and development, and has demonstrated therapeutic bene-
fits against some central disease states/models [16]. More
recently, in a rat model, DHA was shown to raise the
threshold of convulsion, suggesting its utility in the man-
agement of epilepsy. Likewise, supplementation with ®-3
FAs was efficacious in the amelioration of depressive
symptoms in elderly patients [18, 19].

Therefore, we first demonstrated that DHA evoked dose-
responsive anticonvulsant effects against PTZ-induced
seizures when given alone at 250 mg/kg. Furthermore,
when co-administered with VPA, the latency in onset of
convulsion was greater than their individual responses,
thereby revealing a superb synergic response. Thus, these
current findings suggest the use of less hepatotoxic con-
centrations of VPA, while preserving its pharmacologic
efficacy. At the molecular level, though neuroinhibitory
targets for DHA are still incompletely defined, evidence
suggests that w-3 FAs can cause inhibition of sodium and
calcium voltage-gated ion channels. Additionally, the
production of anti-inflammatory metabolites, like neuro-
protectin-D1, has also been suggested to reduce neuroin-
flammation, thereby raising the seizure threshold and
abating convulsions in response to ®-3 FAs [34, 35].

Collectively, the above-mentioned effects for DHA
clearly depict the involvement of cellular ‘dynamic’
effectors in protection against VPA-induced liver injury.

However, currently these findings cannot exclude the
involvement of metabolic/kinetic means whereby DHA
may modulate plasma levels/clearance of VPA. This view
is also supported by earlier findings that both DHA and
VPA can individually evoke kinetic interactions with many
other drugs, thereby altering their efficacies [35-38].
Hence, it was indeed both challenging and intriguing to
probe these possibilities for the present combination regi-
men (DHA/VPA). We found that co-treatment with DHA
had no effect on serum VPA concentration at different time
intervals, as compared with animals that had received VPA
only. Likewise, no significant statistical difference was
observed in the VPA pharmacokinetic parameters gener-
ated in the presence and absence of DHA, thus unequivo-
cally indicating that DHA had no effect on clearance rate
of VPA. Although the hepatoprotective effects of DHA
were observed with another drug, paracetamol [39], this
study not only revealed some molecular underpinnings and
synergy effects for DHA actions, but also ruled out any sort
of kinetic interactions with VPA, an important drug effi-
cacy aspect.

Conclusively, DHA is an ideal aide in synergy with VPA
that acts via dynamic mechanisms to abate VPA-induced
hepatic injury, while also largely enhancing its anticonvul-
sant effects, thus potentially allowing lower doses of VPA to
be applied. Notably also, the known kinetic profiles and
safety reports on DHA largely support these findings.

Accordingly, it becomes evident that a rational design/
exploitation of synergy via the use of phytomedicals should
enrich modern pharmacotherapy enough to revolutionize
the management of vicious adverse drug reactions, as
typically exemplified here by VPA-evoked hepatic injury
[40]. Clinically, data from this study suggest a fruitful drug
regimen to reduce hepatic injury. This is governed by the
capacity of DHA to restore normal liver function and
integrity, and to synergize with neuroinhibitory (antiepi-
leptic) effects to enable lower doses of VPA. Together, this
combined drug regimen should augment the overall ther-
apeutic index of VPA.
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