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to develop an improved pharmaceutical treatment, and con-
sidering that all the components used are FDA approved for 
consumption, the NE-VPA selected might be easily incor-
porated into clinical trials.

Keywords Epilepsy · Valproic acid · Emulsion · Oral 
drug delivery · Toxicity · Zebrafish

Abbreviations
AED  Antiepileptic drug
bpm  Beats per minute
CNS  Central nervous system
DMSO  Dymethilsulfoxide
dpf  Days post-fertilization
GABA  Gamma-aminobutyric acid
hpf  Hours post-fertilization
hpi  Hours post-incubation
MEB  Model of epileptiform behavior
NE  Nutraceutical emulsion
NE-VPA  Nutraceutical emulsion with valproic acid
O/W  Oil in water
OY  Opaque yolk
PG  Propylene glycol
PTZ  Pentylenetetrazol
PUFAs  Polyunsaturated fatty acids
SL  Soy lecithin
VPA  Valproic acid

Introduction

Epilepsy is a chronic disease characterized by neurologi-
cal disorders that leave a brain predisposition to generate 
recurrent seizures. This may cause neurobiological, psy-
chological and psychiatric consequences. This disease 

Abstract Valproic acid (VPA) is an antiepileptic drug, 
which is currently used in neurodegenerative diseases. 
However, a high dose is required to obtain a therapeutic 
effect. Long-chain polyunsaturated fatty acids (PUFAs), 
such as omega 3 and omega 6, are efficient complements 
in treatments for neurological diseases. Previous studies 
have reported that a dietary supplement containing PUFAs 
together with the administration of antiepileptic drugs sig-
nificantly reduces the frequency of seizures. Based on this, 
the main goal of this work was to obtain a complex based 
on VPA encapsulation in an oil/water (o/w) nutraceutical 
emulsion (NE) enriched with PUFAs for oral administra-
tion. Besides, encapsulation of VPA might reduce its dose 
and increase its therapeutic effect. In order to study its 
effect, we used a zebrafish larvae model of induced epilep-
tiform behavior with the proconvulsant drug pentylenetetra-
zol (PTZ). Results have shown that when 100 μM VPA and 
fatty acids were combined in the NE (NE-VPA), the epilep-
tiform behavior of PTZ-treated zebrafish larvae decreased 
significantly. Additionally, morphological changes, hepato-
toxicity, lethality and heart rate were studied. Despite the 
fact that a high dose of VPA exerted a cardiotoxic effect, 
this was no longer detected after addition of this drug in the 
NE. This treatment exerted a significant antiepileptic effect 
and did not result in highly toxic or lethal effects. In order 
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affects 1–2% of the world’s population and the seizures 
occur unpredictably and periodically, as a consequence of 
an abnormal electrical activity of neuronal cells. The ini-
tial seizure episodes are thought to result from an increase 
in excitatory neurotransmitters (such as glutamate) and a 
decrease in the inhibitory neurotransmitter gamma-amin-
obutyric acid (GABA) (Fisher et  al. 2005; Siebel et  al. 
2011; Rahn et al. 2014).

Antiepileptic drugs (AEDs) are meant to reduce the 
frequency and/or severity of epileptic seizures in epilep-
tic patients. These drugs treat the epileptic symptoms 
but not their cause. Usually, AEDs act by preventing the 
propagation of the discharge to neighboring normal cells 
(Medscape).

Valproic acid (VPA) has been extensively used as a 
major AED as well as to exert neuroprotective effects. 
This drug acts through different pathways from the central 
nervous system and is used to treat all forms of seizures. 
Although VPA is generally well tolerated, a high therapeu-
tic dose is required and adverse cognitive side effects are 
associated with it. It has been reported that VPA induces 
marked impairments in abstract thinking, imagination, 
memory, and mathematic reasoning, as well as pancreatitis, 
teratogenesis and acute hepatic failure in human patients. 
For these reasons, VPA is contraindicated in pregnant 
women and young children (Rahn et  al. 2014; Balasubra-
manian et al. 2015) .

Long-chain polyunsaturated fatty acids (PUFAs), such 
as ωthree and ωsix, may be efficient in an important num-
ber of psychiatric and neurological disorders, in particular 
neurodegenerative diseases. Previous studies have reported 
that a dietary supplement containing PUFAs, mainly 
ωthree, together with AEDs can alleviate and/or reduce the 
frequency of epileptic seizures in epileptic patients. This 
is probably because it has been discovered that these fatty 
acids increase seizure thresholds and diminish inflamma-
tory mediators, which are increased in these patients (Sch-
langer et al. 2002; Mazza et al. 2007).

In order to reduce the VPA dose and increase the thera-
peutic effect, we proposed oral co-administration of VPA 
combined with ω in nutraceutical emulsion (NE). As deliv-
ery systems, emulsions must increase the solubility and 
permeability of the drug, prevent hydrolysis or early enzy-
matic degradation, deliver the drug controllably and facili-
tate its transport through the intestinal system to increase 
its bioavailability (Mazza et al. 2007; Lee et al. 2013; Gum-
pricht et al. 2014).

Zebrafish have been recently proposed as an in  vivo 
model for seizure studies. It has been reported that exposure 
to pentylenetetrazol (PTZ), a GABA receptor antagonist, 
induces epileptic-like seizures in zebrafish larvae. Further-
more, Afrikanova et al. (2013) validated this model using 
a larval locomotor assay as a rapid screening in assessing 

the anticonvulsant or proconvulsant activity of different 
drugs; it has also been used for neurogenesis studies due to 
its greater ability to generate new neurons rather than mam-
mals (Kim et al. 2010; Stewart et al. 2012; Afrikanova et al. 
2013). Studies have also reported that zebrafish show epi-
leptiform behavior under treatment with PTZ and that pre-
treatment with VPA suppresses these adverse effects in the 
locomotor activity (Lee et al. 2010).

Based on all mentioned before, the aim of this work was 
to obtain a complex based on VPA encapsulation in an oil/
water (o/w) nutraceutical emulsion (NE-VPA) enriched 
with omega 3 and 6 (ω3 and ω6) fatty acids. Encapsulation 
of this drug might improve its bioavailability and reduce 
its secondary effects. The components selected for the 
emulsion′s preparation were canola oil, cod liver oil, vita-
min E, Tween 80, soy lecithin (SL) and propylene glycol 
(PG). Several mixtures with different surfactant proportions 
were analyzed, and the formulation selected was then char-
acterized by light scattering. Finally, the NE-VPA antiepi-
leptic effect was studied in PTZ-treated zebrafish larvae.

Materials and methods

Materials

Cod liver oil, canola oil, vitamin E, Tween 80 and SL, all 
of which were suited for human intake, were acquired in 
the local pharmacy. PG was from BioPack (Zárate, Bue-
nos Aires, Argentina). Commercial solution of VPA 
 (Logical ® IVAX) and PTZ were donated by Albertina 
Moglioni from the Chemistry and Drug Metabolism Insti-
tute (IQUIMEFA-CONICET) (Buenos Aires, Argentina). 
Dimethylsulphoxide (DMSO) was from J. T. Baker (Bue-
nos Aires, Argentina) and sodium carboxymethylcellulose 
was from Sigma-Aldrich (New York, USA). E3 medium 
was prepared in our laboratory with 5 mM NaCl, 0.17 mM 
KCl, 0.33  mM  CaCl2 and 0.33  mM  Mg2SO4, all of them 
from BioPack. Ultra Turrax (UT) was an IKA T25 digital 
model, with rotor S25-20 NK-186 (Labortechnik, Wasser-
burg, Germany) and WMicrotracker was from Design Plus, 
SRL (Buenos Aires, Argentina).

Animals

A breeding stock of heterogeneous wild type zebrafish was 
inbred in the laboratory aquarium. Sexually mature adult 
zebrafish (8–12 months) were maintained at 28.0 ± 1.0 °C 
in aquaria with a 14  h light −10  h dark cycle (lights 
on = Zeitgeber Time Zero). Zebrafish were fed with dry 
fakes (TetraMin  PRO®) three times a day and nauplius 
larvae of Artemia once a day ad libitum. The water in the 
aquaria was aerated and maintained at pH 7.0–8.0. In this 
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study, embryos refer to zebrafish prior to hatching (0–3 day 
post-fertilization (dpf)), while larvae refer to post-hatching 
animals (over 3 dpf).

For embryo production, a ratio of three females and two 
males were crossed in plastic mesh traps the night before 
the spawning day to prevent egg cannibalism. In this spe-
cies, spawning begins with the first light of the day, when 
males are placed together with females. Embryos were 
obtained from natural mating, and all embryos and lar-
vae used in these experiments were reared at 28.5 °C on 
a 14/10 h light/dark cycle in conditioned E3 medium and 
50 ppb methylene blue to inhibit fungal growth. Only ferti-
lized eggs in good condition were selected for further treat-
ment; the others were discarded. The characteristics of eggs 
were determined with a stereomicroscope (Leica Zoom 
2000, Wetzlar, Germany) (Kimmel et al. 1995; Prieto et al. 
2014).

Ethics statement**

All animal procedures were performed in strict accordance 
with the National Institutes of Health guidelines for animal 
care and maintenance. The study protocols were approved 
by the Institutional Animal Care Committee of the National 
University of Quilmes (CE-UNQ 2/2014) (Buenos Aires, 
Argentina).

PTZ-treated zebrafish larvae. Development of a model 
of epileptiform behavior (MEB)

Zebrafish constitute an attractive model system to study 
drug toxicity and security as well as to study brain disor-
ders. Moreover, the zebrafish genome is strikingly similar 
to humans. According to this, 70% of the protein-coding 
human genes are related to genes found in the zebrafish 
(Siebel et al. 2011; Lee et al. 2013).

Experimental design

A 1 M PTZ stock solution was dissolved in distilled water 
(Lee et al. 2010). The stock solution was then diluted in E3 
medium to the final following concentrations: 1.25, 2.50, 
5.00 and 10.00 mM in E3 medium per well.

At 1 dpf, three unhatched embryos were transferred into 
each well of a 96-well plate containing 250 µl of PTZ dif-
ferent concentrations and incubated at 28 °C. 16 wells were 
used for each treatment.

Measurement of locomotor activity

The spontaneous movement was studied 10 min post-incu-
bation with the different PTZ drug concentrations at 5 dpf. 
This activity was measured for 15  min. The system used 

to study zebrafish movements (WMicrotracker, Design Plus 
SRL, Argentina) is based on an infrared beam arrangement 
that detects light refraction through the zebrafish body, 
essentially as described elsewhere (Prieto et al. 2014). Ani-
mals were placed in 96-well microplates and subjected to 
illumination with three infrared beams per well (100  μm 
wide and 880  nm wavelength each). A transient fluctua-
tion in the signal is generated when larvae move across the 
light beam and is then received by a phototransistor array. 
Output light signals were digitalized by a multichannel 
ADC system at a sample rate of 10 samples/sec and 10 bit 
resolution. Data were acquired with an IBM-PC connected 
via RS232 and processed by software programmed in MS-
Visual Basic. Signal activity events (defined as the times 
that larvae crossed through the infrared beams) were cal-
culated in real time by detecting small fluctuations in the 
signal received. Variations greater than 3% in the signal 
received (empirically determined threshold) were consid-
ered as activity events. Swimming activity was calculated 
summing up the number of activity events for 15 min. Data 
are reported as the average activity event recorded for each 
beam pair ± SEM (Lee et al. 2010; Prieto et al. 2012, 2014).

Nutraceutical emulsion (NE)

Preparation of NE

NE was prepared with a mix of two oils: cod liver oil and 
canola oil, as previously reported by Igartúa et al. (2015). 
In this previous work, different combinations of oils/sur-
factants/co-surfactants were tested and the more stable 
and with smaller size combination was selected. However, 
this formulation resulted in high toxicity in zebrafish lar-
vae due to its high amount of Tween 80. Because of this, in 
the present work, we reduced the amount of this surfactant 
(Igartúa et al. 2015).

Taking this into account, a mixture of surfactants and 
co-surfactants was used (Smix). Smix were developed by 
varying the ratios between the surfactant (Tween 80) and 
co-surfactants (SL and PG). The SL:PG:Tween 80 mixtures 
were 1:1:0.006 (Smix 1), 1:1:0.015 (Smix 2) and 1:1:0.030 
(Smix 3). Oil mixture and Smix were used in the same 
proportion.

Characterization of NE: particle size distribution

The particle size distribution was determined by light 
scattering (Malvern Mastersizer 2000E; Malvern Instru-
ments Ltd, UK) (Marsanasco et al. 2011). Simultaneously, 
monitoring was performed by optical microscopy (Leica 
DMI6000B; Leica Microsystems, GmbH, Wetzlar, Ger-
many) coupled with a digital camera (Leica DC100, Leica 
Microsystems, GmbH).
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De Brouker mean diameter (D4.3), Sauter mean diame-
ter (D3.2), and the mean size of 90% of the particles (d0.9) 
were determined. D4.3 and D3.2 are the mean diameters of 
the measured distributions in volume and surface, respec-
tively. D4.3 is a parameter sensitive to large particle size, 
while D3.2 is sensitive to small particle size. Therefore, 
an increase in D4.3 but not in D3.2 may be related to an 
aggregation process. d0.9 is an average of 90% of the parti-
cle population size (Marsanasco et al. 2011).

Stable formulations with small particle size and low 
concentration of Tween 80 were selected to combine them 
with VPA.

NE combined with VPA (NE‑VPA)

Smix 2 was selected for the formulation (see “Preparation 
and selection of NE” section) and it was prepared with 
and without VPA (NE-VPA and NE, respectively). In NE-
VPA, an aliquot of VPA was mixed with the Smix and the 
oil for 1 min at 10,000 rpm using the UT disperser. Water 

was added dropwise to the mix for 3 min at 20,000 rpm. 
During all the agitation process, the sample was kept on 
ice to avoid an increase in temperature. In NE, PG was 
added instead of VPA.

Antiepileptic effect

At 1 dpf, three unhatched embryos were transferred into 
each well of a 96-well plate containing E3 medium and 
incubated at 28 °C. At 5 dpf, the following treatments 
were tested: (i) 25, 50 and 100 μM of VPA in NE-VPA, 
(ii) NE without VPA, (iii) 25, 50 and 100 μM VPA (iv) 
control (untreated larvae). Larvae were incubated with 
treatments during 1 h at 28 °C. After incubation, 2.50 µl 
of PTZ (2.50 mM) was added in order to induce epilep-
tiform behavior (see “Development of the animal model: 
MEB” section) (Lee et  al. 2010). 10  min later, sponta-
neous locomotor activity was measured as previously 
described. 16 wells were used for each treatment. The 
experimental design is shown in Fig. 1.

Fig. 1  Experimental design: time line. Incubation times of antiepileptic and proconvulsant drugs. In vivo studies are also described
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Toxicity

Short‑term toxicity

Short-term toxicity was studied at 2 h post-incubation (hpi). 
At 1 dpf, unhatched embryos were transferred into each 
well of a six-well plate containing E3 medium and incu-
bated at 28 °C. At 5 dpf, treatments were tested. Control 
and experimental zebrafish larvae were individually trans-
ferred to a depression slide with sodium carboxymethyl-
cellulose and placed under a trinocular microscope Nikon 
SMZ800. Larvae were photographed with a Microsoft cam-
era and analyzed with the Image J program (free software) 
to determine possible morphological effects produced by 
the different treatments. This assay was performed in five 
larvae per group for each time point. The morphological 
parameters under study were: eye area, rostro-caudal length 
and spinal cord length measurements, swim bladder, arch-
ing of the body, presence of tissue ulceration or pericardial 
edema. The same photographs also allowed analyzing liver 
and yolk. Morphological parameters and phenotypic iden-
tification of zebrafish larvae are shown in Fig. 2 (Bar-Ilan 
et al. 2009; He et al. 2013).

Possible lethal effect was studied in 20 larvae per group 
for each time point by counting the dead larvae under the 
microscope.

Long‑term toxicity

Long-term toxicity was studied at 48  h post-incubation 
(hpi). Morphological changes, liver and yolk were ana-
lyzed. The experimental process was the same as that 
detailed in “Short-term toxicity” section. Also, as VPA 
overdose can cause heart block, heart rate after treatments 
was assessed to study possible cardiotoxic effects. The 
heart rate was determined by counting the number of beats 
every 15 s in a recorded video and then reported as beats 

per minute (bpm). Experiments were performed three times 
in five larvae per group for each time point (Prieto et  al. 
2012).

Statistical analysis

Data are presented as mean ± standard (SEM). Statistical 
analysis was performed by One Way ANOVA, followed by 
Dunnett’s post-test. For non-normally distributed data, or 
when homoscedasticity was not supported, Kruskal–Wallis 
test followed by Dunn’s post-test was performed. PRISM 
6 Version 6.0 was used to conduct all statistical analyses. 
Only values with p < 0.05 were accepted as significant.

Results and discussion

Preparation and selection of NE

Emulsion, whose composition was previously detailed, was 
prepared with different Smix. The corresponding particle 
size distribution obtained for each formulation is presented 
in Fig. 3.

For all formulations, we observed D4.3 > D3.2 > d0.9 
(Fig. 3; Table 1). This revealed the presence of aggregation 
processes. Taking into account the values obtained, Smix 
1 showed the highest aggregation process, reflected in the 
difference between d0.9 and D4.3. Besides, Smix 3 pre-
sented less aggregation, which is related to the amount of 
Tween 80 in the surfactant mix (Igartúa et  al. 2015). The 
same results were observed when formulations were moni-
tored by optical microscopy (data not shown).

Figure  3 shows that all the formulations presented 
monomodal populations with maxima in 1  μm approxi-
mately. When comparing the surface and volume distribu-
tions, we observed that Smix 1 presented one surface popu-
lation and two volume populations, reflecting aggregation 

Fig. 2  Morphology and pheno-
typic identification. Morpho-
logical measurements studied 
(above), zebrafish larvae at 5 
dpf (a) and visual morphology 
of zebrafish (b) (below)
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with size c.a. 5 to 100 μm; Smix 2 presented one surface 
and volume population both with small peaks. This deter-
mines less aggregation processes, with sizes of around 
5 μm. Finally, Smix 3 presented similar populations both in 
surface and volume, where relevant aggregation processes 
may not exist.

The decrease in particle size is correlated with a gradual 
increase in the amount of Tween 80 in the emulsion, which 
means that this component acts as the main surfactant in 
the mix. The great amount of this component in the mix 
may lead to fast stabilizing processes that allow the forma-
tion of particles with less aggregation. According to other 
authors, an increase in the surfactant concentration helps to 
stabilize the emulsion (Neslihan Gursoy et al. 2004; Pichot 
et  al. 2010). However, all the formulations presented the 
same particle size (around 1 μm). Taking this into account, 
the most stable NE was the one containing Smix 3.

According to these results and considering studies previ-
ously reported (Neslihan Gursoy et  al. 2004; Pichot et  al. 
2010; Igartúa et al. 2015), the NE containing Smix 2 was 
selected for its stability and innocuous amount of Tween 
80 for larvae. Moreover, this formulation had a small par-
ticle size (1.59 μm) and presented an aggregation process 
similar to that observed in the formulation with a higher 

amount of the synthetic component (Tween 80), which was 
even more stable.

Development of the animal model: MEB

Epileptiform seizures were induced in zebrafish larvae by 
the proconvulsant drug PTZ. Locomotor activity was quan-
tified at 5 dpf and compared to the control (untreated lar-
vae). Concentrations of 1.25, 2.50, 5.00 and 10.00 mM of 
PTZ were tested. Results are shown in Fig. 4.

Locomotor activity was dependent on PTZ concentra-
tion, this means that higher drug concentrations induced 
a major increase in spontaneous movement respect to the 
control larvae. This hyperactivity represents an epilep-
tiform behavior, which appeared immediately after the 

Fig. 3  Particle size distribution in volume, surface and number. Par-
ticle size distribution of the emulsion containing different Smix was 
determined by light scattering Malvern Mastersizer 2000E. Simul-
taneously, monitoring was performed by optical microscopy (Leica 

DMI6000Bm) coupled with a digital camera. De Brouker mean diam-
eter (D4.3), Sauter mean diameter (D3.2) and the mean size of 90% 
of the particles (d0.9) were determined

Table 1  Particle size distribution for emulsion with the different 
Smix, in volume, surface and number. De Brouker mean diameter or 
D4.3, Sauter mean diameter or D3.2 and the mean size of 90% of the 
particles or d0.9 were determined

Particle size distribution

D[4.3] D[3.2] d(0.9)

Smix 1 43.82 ± 5.39 3.69 ± 0.12 1.46 ± 0.0
Smix 2 15.83 ± 8.52 2.67 ± 0.03 1.59 ± 0.08
Smix 3 11.85 ± 0.9 2.39 ± 0.0 1.92 ± 0.0

Fig. 4  Locomotor Activity of MEB. Percentage of MEB′s spontane-
ous movement regarding control larvae at 5 dpf. Spontaneous move-
ment of control larvae represents 100% of the locomotor activity. 
Results are shown as mean ± SEM (n = 16). Statistical analysis was 
performed by Kruskal–Wallis test and Dunn´s post-test (**p < 0.01, 
****p < 0.0001)
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administration of high concentrations of PTZ (5.00 and 
10.00  mM). In agreement with that observed in previous 
studies (Lee et  al. 2010), larvae exhibited fast and invol-
untary movements in a circular pattern throughout drug 
exposure.

The lowest drug concentration that induced epileptiform 
behavior was 2.50 mM. Thus, this concentration was used 
in further assays.

From now on in this work 2.50  mM PTZ-treated 
zebrafish larvae will be referred to as model of epileptiform 
behavior (MEB).

Study of the antiepileptic effect

In order to study the antiepileptic effect of the treatments, 
locomotor activity was quantified at 5 dpf and compared to 
MEB′s locomotor activity.

In Fig. 5, treatments with only VPA showed small dif-
ferences in spontaneous movement respect to MEB. On the 
other hand, treatments with NE-VPA reduced significantly 
the epileptiform behavior when were compared to MEB. 
This effect was further observed with 100  μM NE-VPA. 
Also, treatments with NE decreased larvae spontaneous 
movement. Even though VPA reduced epileptiform behav-
ior when it was administered alone, the reduction exerted 
by NE-VPA was much more significant. Particularly, with 
100  µM treatments there was a huge difference between 
NE-VPA and VPA and also between NE and VPA. This 
means that VPA transported by the emulsion triggered a 
better effect than VPA by itself.

Considering the above discussion, 100  µM NE-VPA 
could be the most suitable system for the reversion of epi-
leptiform behavior.

Toxicity studies

Short‑term toxicity studies (2 hpi)

None of the treatments resulted in lethal effect at 2 hpi. 
Besides, there were no morphological changes in larvae 
when the different treatments were administered (data not 
shown).

Long‑term toxicity studies (48 hpi)

Measures of eye area, rostrocaudal length and spinal cord 
length of treated larvae did not significantly differ from 
those of control larvae, but MEB did show an increase 
in eye area (data not shown). Also, MEB showed an 

Fig. 5  Antiepileptic effect of treatments in MEB. Spontaneous 
movement of treated larvae with NE-VPA, NE and VPA with 25 µM 
of VPA (a), 50  µM of VPA (b) and 100  µM of VPA (c) at 5 dpf. 
Results are shown as mean ± SEM (n = 16). Statistical analysis was 
performed by One Way ANOVA test followed by Dunnett’s post-test 
(a), and Kruskal–Wallis test followed by Dunn’s post-test (b and c) 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). MEB repre-
sents 100% of spontaneous movement. Significant differences repre-
sented by *implies that spontaneous movement differed from MEB’s, 
while significant differences represented by • shows a difference in 
spontaneous movement between treatments

▸
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uninflated or even a completely loss of the swim bladder, 
as well as tissue ulceration; in some of these larvae, peri-
cardial edema and a slight arching of the body was also 
observed. Regarding hepatotoxicity effects, MEB´s liver 
became dark (Fig. 6). He et al. (2013) reported that this 
liver condition corresponded to liver damage (He et  al. 
2013). Therefore, PTZ might be considered an hepato-
toxic drug.

On the other hand, a small part of the treated larvae 
presented a slight arching of the body and, when treated 
with VPA only, some larvae also showed an uninflated 
swim bladder. Furthermore, larvae opaque yolk (OY) was 
studied as a sublethal endpoint in NE-VPA treatments 
(Bar-Ilan et al. 2009). This condition was observed in all 
these treatments in a dose-dependent manner (Fig. 6).

Moreover, only MEB and treated larvae with 25  µM 
NE and 100  µM VPA exhibited a cardiotoxic effect. 
100  µM VPA treatment and MEB showed a significant 
decrease in the heart rate respect to control larvae, while 
25 µM NE treatment showed a significant increase in it. 
This proves that a high dose of VPA by itself could be 
extremely cardiotoxic. It is worth to distinguish that this 
effect was not seen when the drug was combined in the 
emulsion in the same concentration (Fig. 7).

Conclusions

In the present study, we designed a drug delivery sys-
tem with NE that was stable and able to incorporate the 
antiepileptic drug VPA. Two main issues should be high-
lighted. First, the treatment with NE-VPA at high dose 
(100 µM) exerted a significant antiepileptic effect, which 
lead to a complete reversion of the epileptiform behav-
ior. Besides, this treatment did not result in highly toxic 
or lethal effects. Second, considering that all the compo-
nents used are FDA approved for consumption, the NE-
VPA selected might be easily incorporated into clinical 
trials. This could lead to an improved pharmaceutical 
treatment. This work could be considered a starting point 
to address new studies to search for better treatments for 
neurodegenerative diseases, such as epilepsy.
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Fig. 6  Long-term Control larvae (a), MEB (b) and treated larvae 
with 25 µM NE-VPA (c), 50 µM NE-VPA (d), and 100 µM NE-VPA 
(e). An uninflated swim bladder and a dark liver were observed in 
MEB. The circle shape and the arrow, respectively, indicate these 
abnormalities (b). Opaque yolk was observed in 25, 50 and 100 µM 
NE-VPA treatments. Arrows in c, d and e indicate this sublethal point

Fig. 7  Heart rate analysis. Heart rate of MEB and treated larvae 
with NE-VPA, NE and VPA with 25 µM of VPA, 50 µM of VPA and 
100 µM of VPA at 48 hpi (7 dpf). Results are shown as mean ± SEM 
of five independent measures for each treatment. Statistical analysis 
was performed by Kruskal–Wallis test and Dunn´s post-test, compar-
ing all the samples with control larvae (**p < 0.01)
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