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ARTICLE INFO ABSTRACT

Keywords: In this study, a series of new isatin aroylhydrazones (5a-e and 6a-e) was synthesized and evaluated for their
AHFiCOHVU1sant agents anticonvulsant activities. The (Z)-configuration of compounds was confirmed by 'H NMR. In vivo studies using
Epﬂeps}’ maximal electroshock (MES) and pentylenetetrazole (PTZ) models of epilepsy in mice revealed that while most of
;)}'z‘;ra“de'hydram“es compounds had no effect on chemically-induced seizures at the higher dose of 100 mg/kg but showed significant
PTZ protection against electrically-induced seizures at the lower dose of 5 mg/kg. Certainly, N-methyl analogs 6a and

6e were found to be the most effective compounds, displaying 100% protection at the dose of 5 mg/kg. Protein
binding and lipophilicity (logP) of the selected compounds (6a and 6e) were also determined experimentally. In
silico evaluations of title compounds showed acceptable ADME parameters, and drug-likeness properties. Dis-
tance mapping and docking of the selected compounds with different targets proposed the possible action of
them on VGSCs and GABA, receptors. The cytotoxicity evaluation of 6a and 6e against SH-SY5Y and Hep-G2 cell
lines indicated safety profile of compounds on the neuronal and hepatic cells.

1. Introduction

Epilepsy is one of the most common brain disorders that associated
with spontaneous seizures followed by neurobiological, cognitive, and
psychosocial troubles [1]. Nearly 80% of epileptic patients live in poor
countries and over 75% of them are untreated [2]. The causes of epi-
lepsy are related with genetic, structural, metabolic, infectious, immune,
and unknown factors [3]. Epileptic seizures such as generalized tonic-
clonic happen particularly with loss of consciousness, falls, bilateral
rhythmic jerking of nearly all skeletal muscles and marginal or no
breathing with cyanosis [4]. Thus these disorders can seriously disrupt
the lives of affected patients.

Currently, the long-term use of antiepileptic drugs (AEDs) is the main
approach for managing of epilepsy. However, high percentage of pa-
tients require poly-therapy to control their seizures [5]. On the other

* Corresponding authors.

hand, the use of multiple AEDs increases the risk of drug interactions via
enzymatic induction or inhibition, and alterations in protein-binding
[6]. These pharmacokinetic interactions may result in low efficacy or
high toxicity of AEDs [7]. Thus, the most challenges of AEDs are the high
incidence of adverse effects during consumption and major interactions
with other medications [8,9]. Due to such problems, conducting new
researches to find AEDs with better therapeutic effects seems to be
necessary. So far, many efforts have been made to improve therapeutic
effects and reducing the toxicity of AEDs.

Accordingly, many newer chemical structures with antiepileptic
activity have been identified [10-12]. Isatin (indole-2,3-dione) is an
indole-derived chemical structure that identified in human body as a
natural metabolite and possesses a broad range of pharmacological and
biological activities [13,14]. One of the most important effects of isatin-
containing structures is anticonvulsant activity [15-18]. Generally,
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anticonvulsant structures require functional groups like C=0 and N—H
as H-bond acceptor and donor which found in isatin [19].

On the other hand, hydrazones are versatile organic compounds
usually formed by the reaction of substituted hydrazines and appro-
priate ketones or aldehydes. Certainly, aroylhydrazones were consid-
ered frequently due to their diverse biological properties including anti-
mitotic [20], antibacterial [21], anticancer [22], anti-inflammatory
[23], anti-hypertensive [24], and anti-platelet [25] activities. In
numerous studies, hydrazone group have been used as a main scaffold
for the design of new anticonvulsant agents [26-28]. As an example, the
hydrazide-hydrazones A (Fig. 1) were investigated as anti-seizure agents
in the animal model of epilepsy, being effective against maximal elec-
troshock (MES)-induced seizures [27]. Particularly, in some studies both
hydrazone and isatin building blocks have been concurrently used to
design anticonvulsant agents, as exemplified by compounds B-D in Fig. 1
[19,29,30].

In continuation of our previous work to discovery of hydrazone-
containing anticonvulsant agents [26], we have designed compounds
5 and 6, bearing isatin hydrazone framework. Thus, we report here
synthesis, structural characterization, molecular modeling, and in vitro
and in vivo evaluations of N’-(2-oxoindolin-3-ylidene)benzohydrazides 5
and 6 as new anticonvulsant agents (Fig. 1).

2. Results and discussion
2.1. Chemistry

The title compounds were synthesized according to the route illus-
trated in Scheme 1. At first, ethyl esters 1 were reacted with hydrazine
hydrate in EtOH to give hydrazide derivatives 2. These compounds also
could be prepared from methyl esters as well [31]. On the other hand, 1-
methylindoline-2,3-dione (N-methyl isatin, 4) was synthesized by the
reaction of isatin (3) and dimethyl sulfate in the presence of KOH at
room temperature [32].

Thereafter, the condensation of hydrazides 2 with isatin (3) or N-
methyl isatin (4) in ethanol in the presence catalytic amount of glacial
acetic acid gave the final hydrazide-hydrazone compounds (5a-e or 6a-
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Scheme 1. Synthesis of isatin-hydrazone derivatives 5a-e and 6a-e.

e) [33-35]. The reaction was stirred under reflux for 6 h to complete,
monitoring by TLC. The desired product was precipitated after cooling
and the resulting precipitate was then filtered and rinsed eventually
with cool ethanol, affording high yield.

Generally, the structures of all final compounds were characterized
by 'H NMR, !3C NMR, IR, MS and elemental analyses. Depending on
which group is present on the nitrogen of isatin ring, the 'H NMR spectra
of compounds were different. In the spectra of N-methyl derivatives (6a-
e), a singlet signal appears in the region of 3.25 to 3.34 ppm, corre-
sponding to the methyl group. For derivatives without the methyl group
(5a-e), a singlet signal appears about 11.4 ppm, relating to the NH of
isatin. The first signal observed with the least chemical shift in aromatic

Designed compounds
5,R=H
6, R= Me

Fig. 1. General structure of our new target compounds 5 and 6 designed based on leads A-D.



S. Emami et al.

protons relates to the H-7 of isatin, which appears as a doublet signal in
the region of 6.92 to 7.17 ppm (J = 7.6-8.0 Hz). The H-5 of the isatin
ring appears as triplet in the range of 7.09 to 7.20 ppm with the coupling
constant of 6.8-8.0 Hz. Also, the H-6 of the isatin is observed in the
region of 7.36 to 7.48 ppm (J = 7.2-8.2 Hz). The next signal that
observed at 7.59 to 7.99 ppm relates to the H-4. The aroyl part of the
target compounds showed appropriate signals in the range of 6.94 to
8.97 ppm depending on the type of substituent. The last signal observed
in the downfield of spectra is related to the NH of hydrazone which
appears as a singlet around 14 ppm.

Structurally, our new isatin aroylhydrazones (5a-e and 6a-e) can
exist in (E)- and (Z)-isoforms. As shown in Fig. 2, in the chemical
structure of the (Z)-form, there is the possibility of intramolecular H-
bonding between the hydrogen atom of the hydrazone section and the
oxygen atom of the adjacent carbonyl group.

Accordingly, we expected that our compounds be in the (Z)-geome-
try. Chemical shift evaluations in the 'H NMR spectra of compounds 5
and 6 clearly confirm the (Z)-conformation. Unlike computational sim-
ulations that predict the chemical shifts of NH about 10.87 ppm, but the
observed chemical shifts were in the range of 13.89 to 14.23 ppm
(Table 1). The emergence of NH signal in this area confirms the existence
of intramolecular hydrogen bonding in the (Z)-form [36,37].

2.2. In vivo studies

Experimental animal models of epilepsy represent different type of
human epilepsies. The maximal electroshock (MES)-induced seizure is a
mechanism-independent model of epilepsy which often used for
screening of anticonvulsant agents. This test represents the human grand
mal form of epilepsy [38]. Pentylenetetrazole (PTZ) is a GABA, receptor
antagonist that can be used to induce seizures in rodents. In processes
related to the discovery of new antiepileptic drugs, PTZ test is one of the
most widely used animal model for evaluating the effects of novel
compounds. This model simulates petit mal or absence seizures in
humans [39].

In this study, the anticonvulsant activity of novel derivatives 5a-
e and 6a-e was evaluated by using MES and PTZ models in mice.

2.2.1. MES test

The final compounds 5a-e and 6a-e were administered intraperito-
neally (i.p.) to mice at the doses of 5, 10 and 30 mg/kg bw, 30 min before
the induction of seizure by electroshock. The number of mice protected
against MES-induced convulsions was recorded 30 min after treatment
(Table 2). The obtained results showed that most of the new compounds
were effective in the MES model even at the dose of 5 mg/kg. Among the
tested compounds, the N-methylisatin analogs 6a and 6e showed 100%
protection against electrically-induced seizures at the dose of 5 and 10
mg/kg. Furthermore, unsubstituted compound 5a showed 100% pro-
tection at the lower dose of 5 mg/kg. In the N-desmethyl series, 4-tolyl
and 4-nitrophenyl analogs (5¢ and 5e, respectively) showed full pro-
tection at the dose of 10 mg/kg. The maximum protection of 75% was

O
Ar>;O Ar
H-N,
N’N“ N
< CLe
N N
\ \
R R
(Z2)-form (E)-form

Fig. 2. Possible geometry of title compounds 5 and 6, and presentation of
potential intramolecular H-bond in the (Z)-form.

Table 1

Experimental 'H NMR chemical shifts (ppm) of NN-H proton of (Z)-isoforms
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versus predicted theoretical chemical shifts in the title compounds.

o>/Ar

N-NH

!
6}
N

\

R
Compounds R Ar Experimental Theoretical
chemical shift chemical shift *

5a H @ 13.96 10.87

5b H 13.88 10.87
OH

5c H 13.91 10.87
CH3

5d H 13.89 10.87
Cl

Se H 14.00 10.87
NO,

6a CHs @ 14.11 10.87

6b CHj 14.23 10.87
OH

6¢c CHj; 13.83 10.87
CH3

6d CHs 14.06 10.87
Cl

6e CHj J N 14.12 10.87

N

@ Theoretical chemical shift, predict by ChemDraw professional (Cam-
bridgesoft, Billerica, MA, USA).

observed for the less potent compounds 5b, and 6b-6d at the higher dose
tested (30 mg/kg).

As seen from MES data, the simplest compound with no substituent
on the aroyl part (compound 5a) showed high potency. Introduction of
4-hydroxy on the benzoyl hydrazone resulted in compound 5b with less
activity, indicating that the OH group diminishes the anti-MES activity.
By comparison of compounds 5a and 5b with the N1-methyl counter-
parts 6a and 6b, it can be concluded that the N-methylation of isatin
nucleus increases the protective activity against MES-induced convul-
sions. Surprisingly, the insertion of chloro substituent on the para-po-
sition of benzoyl moiety had negative effect on the anticonvulsant
activity (compare 5d with 5a, or 6d with 6a). However, the electron
withdrawing group NO, could be tolerated with reserving the activity.
Replacement of phenyl with 4-pyridinyl in compound 6a resulted in
highly potent compound 6e.

2.2.2. PTZ test

In addition to MES, all the synthesized compounds were investigated
for their anti-seizure potential against PTZ-induced convulsions and
mortality in mice. All the compounds were administered intraperito-
neally (i.p.), 30 min before the injection of PTZ (100 mg/kg). The
number of animals protected against PTZ-induced seizures was recorded
30 min after treatment. As listed in Table 2, most of compounds had no
effect on the PTZ-induced seizures at the doses of 30 or 100 mg/kg.
Compounds 5c¢ and 6a could protect only 25% of mice against PTZ.
Notably, previous animal studies on the marketed anticonvulsants
revealed that many of them are only effective on some experimental
animal models. For example, phenytoin that is one of the most well-
known antiepileptic drugs, has been shown to be effective in modi-
fying experimental seizures induced by MES, but failed to antagonize
clonic seizures induced by PTZ and strychnine [40].
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Table 2
Anticonvulsant screening results of test compounds 5a-e and 6a-e.
MES * PTZ"

Compounds 5mg/kg Protection (%) 10mg/kg Protection (%) 30mg/kg Protection (%) 30mg/kg Protection (%) 100 mg/kg Protection (%)
5a 4/4 100 3/4 75 3/4 75 - - 0/4 0
5b 1/4 25 2/4 50 3/4 75 - - 0/4 0
5c 3/4 75 4/4 100 - - 0/4 0 1/4 25
5d 2/4 50 3/4 75 1/4 25 - - 0/4 0
S5e 2/4 50 4/4 100 - - - - 0/4 0
6a 4/4 100 4/4 100 - - 0/4 0 1/4 25
6b 3/4 75 3/4 75 3/4 75 - - 0/4 0
6¢ -¢ - 1/4 25 3/4 75 - - 0/4 0
6d 0/4 0 1/4 25 3/4 75 - - 0/4 0
6e 4/4 100 4/4 100 - - - - 0/4
Diazepam ¢  4/4 100 - - - - - - 4/4 100
Vehicle 0/4 0 - - - - - - 0/4

@ Maximal electroshock (number of mice protected/number of mice tested)
b pentylentetrazole (i.p.) (number of mice protected/number of mice tested)
¢ Not tested.

4 Diazepam was tested at the dose of 2 mg/kg.

2.2.3. In vivo neurotoxicity of promising compound 6e

The rotarod test is utilized extensively to evaluate motor coordina-
tion and neurotoxic effects of new molecules in rodents. In this regard,
the potential of compound 6e for neurological impairment was evalu-
ated by the measurement of ability to maintain balance on a rotating rod
for long periods of time. Result of this test was presented in Table 3.
Unlike diazepam, compound 6e was well tolerated at different times
(0.5, 1, 2 and 4 h after treatment) and all treated-mice were able to
maintain their balance on the rotating rod for at least 30 s. These results
indicated that the representative compound 6e has less effect on the
motor coordination respect to the standard drug diazepam.

2.3. Invitro studies

2.3.1. Cell viability assay

In order to check the safety profile of our compounds, the most
effective anti-seizure compounds (6a and 6e) on MES were subjected to
cytotoxicity evaluation on SH-SY5Y and HepG2 cell lines, using MTT
colorimetric assay. As presented in Fig. 3, both compounds exhibited
significant cytotoxic effect only at concentrations equal or higher than
160 pg/ml. The determined ICsq values of compound 6a against HepG2
and SH-SY5Y were 805.9 and 822.1 uM, respectively. Based on data
shown in Fig. 3, the ICsg values of 6e were estimated to be 786.7 and
693.2 uM toward HepG2 and SH-SY5Y cells, respectively. These findings
revealed that the selected compounds at conventional concentrations
had no effect on HepG2 and SH-SY5Y, as in vitro models of hepatic and
neuronal cells.

2.3.2. Plasma protein binding (PPB) determination

Human serum albumin (HSA) is the main protein in the blood plasma
and plays as a transport protein in the body. Frequently, CNS active
drugs such as anti-epileptics have a high affinity for plasma proteins and
bind to HSA in a reversible process. The PPB of CNS active drugs has a
significant impact on their activity because only the free unbound drug
is just available to pass through the BBB. Actually, PPB controls the free
drug concentrations in plasma. However, there are also some anti-
epileptic drugs owning high levels of protein binding (i.e., > 90%),
including phenytoin, valproic acid, tiagabine, and perampanel [41].
Also, there is a high correlation between lipophilicity and the degree of
PPB of drugs, but lipophilicity is not the sole determinant [42].
Accordingly, in this study, we attempted to evaluate the extent of the
binding profile of the new compounds 6a and 6e to the plasma albumin
protein using experimental and computational methods. To this end, we
measured the PPB rate of compounds 6a and 6e at concentrations
similar to those of standard drugs in the body [43]. Since bovine serum
albumin (BSA) and HSA are homologous proteins and their interactions

Table 3
Assessment of the motor coordination and skeletal muscle relaxant effects of
compound 6e on mice, using rotarod test.

Compounds  Dose Animals 0.5h 1h 2h 4h
(mg/kg)
6e 2.5 1 >60° > 60 > 60 >
60
2 > 60 > 60 > 60 >
60
3 > 60 > 60 > 60 >
60
4 > 60 > 60 > 60 >
60
5 1 > 60 > 60 > 60 >
60
2 > 60 > 60 > 60 >
60
3 54.81 + > 60 > 60 >
5.64 60
4 > 60 > 60 > 60 >
60
10 1 > 60 > 60 > 60 >
60
2 30.67 + > 60 > 60 >
2.85 60
3 44.12 + > 60 > 60 >
7.13 60
4 > 60 > 60 > 60 >
60
Vehicle - 1 > 60 > 60 > 60 >
60
2 > 60 > 60 > 60 >
60
3 > 60 > 60 > 60 >
60
4 > 60 > 60 > 60 >
60
Diazepam 2 1 0 4.7 £ 41.3 = >
0.61 6.95 60
2 0 6.6 + 29.6 + >
1.91 4.63 60
3 0 13.3 + > 60 >
2.63 60
4 0 8.7 + > 60 >
3.13 60

# The measurement was repeated three times for each trial, and the results
were presented as average. For mice that were able to maintain their balance on
the rotating rod for>60 s, the measurement was not repeated.

with drugs have been extensively studied, we used BSA at a concen-
tration of 40 mg/ml (the normal concentration of HSA in the blood
serum is35-50 mg/ml) [33,44]. High performance liquid
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Fig. 3. Effects of compounds 6a and 6e at different concentrations on the
viability of HepG2 and SH-SY5Y cell lines in comparison with reference drugs
Irinotecan and 5-Fluorouracil (at the concentration of 40 pg/ml).

chromatography (HPLC) method was used to measure plasma protein
binding, experimentally. Furthermore, PreADME online server was used
to predict plasma protein binding computationally. The obtained results
from both methods are shown in Table 4. The PPB rate for 6a was higher
than that of 6e in both computational and experimental methods. This
difference could be due to the more lipophilic character of phenyl ring in
the compound 6a compared to the pyridin-4-yl in the counterpart
compound 6e.

2.3.3. Measurement of Log p (Lipophilicity)

In this study, we measured the 1-octanol/water partition coefficient
(Log P) of the promising compounds 6a and 6e by using of HPLC method
(Table 5). Also, SwissADME online server was used to predict Log P.
Comparison of the experimental and computational values of Log P in-
dicates that the value of Log P calculated by the experimental method is
significantly higher than value calculated by computational method. As
described above, the title compounds form intramolecular hydrogen
bond, and their predominant structure is (Z)-configuration. This situa-
tion may lead to higher lipophilicity of the compounds respect to the
computationally calculated value [45].

2.4. In silico studies

Nowadays, in silico studies have become a critical filter in drug dis-
covery process. In this study, all the compounds were subjected to the
prediction of toxicity, ADME properties and drug-likeness parameters.

Table 4

Estimated plasma protein binding (PPB) rate (%) of the compounds 6a and 6e.
Method 6a 6e
Computational 96.23 85.01
Experimental * ~100 74.96 + 3.25

@ Bovine serum albumin (BSA) was used to evaluate the PPB of the tested
compounds.
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Table 5

Experimental and computational Log P of the selected compounds.
Log P 6a 6e
Computational Log P,/ (iLOGP) 2.27 1.88
Computational Log P, (XLOGP3) 2.90 1.83
Computational Log P, (SILICOS-IT) 2.27 1.72

Experimental Log P, 3.58 + 0.21 3.16 + 0.25

Since our compounds are designed as anticonvulsants, computational
CNS-bioavailability of them was predicted by assessment of physico-
chemical descriptors such as MW (molecular weight), logP, TPSA (to-
pological polar surface area), number of rotatable bonds, and hydrogen
bond donors/acceptors counts in the molecules. All these parameters
were calculated using SwissADME and PreADME online servers.

2.4.1. Drug-likeness parameters

Lipinski’s rule of five (RO5) is a general rule for evaluating the drug-
likeness of chemical compounds that having specific pharmacological or
biological activity. According to RO5, good absorption and permeability
can be achieved when the molecule has the following characteristics:
MW < 500, Log P < 5, Hydrogen bond donors < 5, Hydrogen bond
acceptor < 10, and number of rotatable bonds < 10. Lipinski also laid
down a set of rules for good CNS penetration. According to these rules,
good CNS penetration can be achieved when: MW is < 400, Log P < 5,
Hydrogen bond donor < 3 and Hydrogen bond acceptor < 7 [46]. Given
the importance of Lipinski’s rules in expressing the drug-likeness of new
compounds, we examine here each of these parameters in detail for our
compounds.

Molecular weight: In general, CNS active agents have significantly
reduced MW compared to other therapeutics. Some previous studies also
suggested that MW should be kept below 450 to facilitate brain pene-
tration [47]. Previously, in a study that conducted by Leeson and Davis,
the mean MW value for marketed CNS drugs was reported to be<310 g/
mol [48]. According to the results that presented in Table 6, calculated
MW for our compounds is in the range of 265 to 314 g/mol, which can be
ideal for activity in CNS.

LogP (Lipophilicity): The lipophilicity is one of the most important
descriptors for the penetration of compounds into the CNS. According to
computational predictions, some of our compounds were found to be
lipophilic enough (LogP > 2) and have appropriate potential to cross the
blood brain barrier (BBB). However, for some others, this parameter is
lower (Log P < 2). These results may initially indicate that these de-
rivatives have difficulty to cross the BBB, because of low lipophilicity.
But the remarkable issue about the structure of these compounds is the
ability to form intramolecular hydrogen bonds (Fig. 2). The formation of
intramolecular H-bonds in chemical structure of drugs is hypothesized
to shield polarity, improving the membrane permeability. Some studies
have confirmed the key role of intramolecular hydrogen bonding in
enhancing BBB penetration [49].

Number of hydrogen bond donor/acceptor: The ability of a molecule in
creating hydrogen bonds can be detected by hydrogen bond donors
(N-H and O-H) and acceptors (N, O and F) counts. In general, molecules
with high H-bonding potential have minimal BBB permeability. Leeson
et al. showed that the marketed CNS drugs have (O + N) = 4.32, PSA =
16.3%, H-bond acceptors = 2.12 and H-bond donors = 1.5, averagely
[48]. As shown in Table 6, the number of H-bond donor atoms for all of
our compounds is in the range of 1 to 3, and the number of H-bond
acceptors is in the range of 3 to 5, that all results are in the appropriate
range for CNS-active compounds.

Number of rotatable bonds: The number of rotatable bonds is another
descriptor that widely used as a filter in drug discovery. Molecular
flexibility is actually related to rotatable bonds and the number of rings
in the structure of molecule. This descriptor determines the accessible
conformations in the molecule under different physiological conditions.
Results of bioavailability studies showed that>10 rotatable bonds
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Table 6

Drug-like properties of compounds 5a-e and 6a-e, calculated using SwissADME and PreADME online servers.
Parameters 5a 5b 5c 5d 6a 6b 6¢ 6d 6e
MW ¢ 265.27 281.27 279.29 299.71 310.26 279.29 295.29 293.32 313.74 280.28
Log P b 1.92 1.38 2.13 2.33 1.26 2.15 1.66 2.35 2.54 1.41
nRB ¢ 3 3 3 3 3 3 3 3 3
nHBA ¢ 3 4 3 3 3 4 3 3 4
nHBD © 2 3 2 2 1 2 1 1 1
Lipinski V 0 0 0 0 0 0 0 0 0
PPB ¢ 91.50 79.66 92.27 90.72 79.57 96.23 85.64 96.35 94.88 85.01
TPSA " 70.56 90.79 70.56 70.56 116.38 61.77 82.00 61.77 61.77 74.66

? Molecular weight.

b Log P octanol/water partition coefficient, average of five prediction Log Po/w (iLOGP), Log Po/w (XLOGP3), Log Po/w (WLOGP), Log Po/w (MLOGP), Log Po/w

(SILICOS-IT).
¢ Number of rotatable bonds.
4 Number of H-bond acceptors.
¢ Number of H-bond donors.

f Violations of Lipinski rule of 5 (logP < 5, MW < 500, nHBA < 10, and nHBD < 5).

& In vitro plasma protein binding (%).
h Topological polar surface area.

correlate with decreasing in oral bioavailability [50]. Generally, CNS-
active drugs contain fewer rotatable bonds (five or less) compared to
other drugs [48]. Based on the results presented in Table 6, the number
of rotatable bonds for all of our compounds is in the range of 3 to 4,
which can be ideal for CNS active agents.

In general, these results demonstrate that all synthesized compounds
have no violation of Lipinski rule of 5 and are completely drug-like
compounds. Thus, it expected that the prototype compounds have
suitable oral bioavailability.

2.4.2. Insilico prediction of cytochrome P450 interactions

Hepatotoxicity is one of the main problems of many antiepileptic
drugs, such as valproic acid, phenytoin, and felbamate [51]. Cyto-
chrome P450 enzymes play an important role in the pharmacological
and toxicological effects of drugs. The most famous isoforms of these
enzymes that are vital in the metabolism of drugs are CYP3A4, CYP2D6,
CYP2C9, and CYP2C19. Successful antiepileptic drugs with maximum
oral absorption must have no significant CYP2D6 metabolism and be
non-potent CYP3A4 inducers. Also, compounds that are potent in-
hibitors of CYP3A4 and CYP2D6 enzymes, have a high chance for
inhibiting the metabolism of co-administered drugs [52]. Because of the
importance of drug interactions with Cytochrome P450 enzymes, we
tried to predict the inhibitory effects of the title compounds on these
enzymes by using PreADME and SwissADME online servers. The results
of the evaluations are shown in Table 7. According to these results, it can
be expected that most of the synthesized compounds had no effects on
the CYP3A4, CYP2D6, CYP2C9 and CYP2C19 enzymes. Notably, it is
expected that the more promising anticonvulsant compound 6e has no
effect on the important cytochrome P450 enzymes, displaying minimum
interactions with other drugs.

Table 7
Prediction of the inhibitory effects of title compounds on Cytochrome P450
enzymes.

Compounds CYP2C19 CYP2C9 CYP2D6 CYP3A4
inhibitor inhibitor inhibitor inhibitor

5a No No No No

5b No No No No

5c No No No No

5d No No No No

5e No No No No

6a Yes Yes No No

6b No No No No

6¢ Yes Yes No No

6d Yes Yes No No

6e No No No No

2.4.3. Docking study

Molecular docking is the most common method in structure-based
drug design studies that has been widely used in drug discovery [53].
AutoDock Vina is a novel and worthy program for molecular docking
and virtual screening that significantly can improve the accuracy of the
binding mode predictions [54]. Thus, we used this method to investigate
the interaction of synthesized compounds with famous molecular targets
of antiepileptic agents, VGSCs, GABA,, NMDA, AMPA and GABA-T.
Among the evaluated compounds in animal models, compound 6a and
6e were selected for docking, because these compounds showed higher
potency in anticonvulsant evaluations. In docking evaluations, diaz-
epam and phenytoin that act through the GABA, and VGSC receptors
were used as references for comparisons [55]. Docking evaluations with
mentioned targets were done according to the procedure described in
the Experimental section. Although our spectroscopic data showed that
the title compounds have (Z)-configuration, but the isomerization of
hydrozone is also possible due to the rotation and inversion of C=N
double bond [56]. Therefore, we investigated docking of both (E and Z)-
isomers of 6a and 6e.

The lowest free energies obtained from the binding of (E/Z)-isomers
of 6a and 6e and standard drugs are summarized in Table 8. Diazepam
has the lowest free energy of binding for GABA, receptor with AG of
—10.20 kcal/mol. As shown in Table 8, binding free energy of both (E)-
and (Z)-isomers of 6a and 6e to the VGSCs and GABA, receptors was the
lowest AG among the tested targets.

The amount of binding free energy of both (E)- and (Z)-isomers of 6a
and 6e are not much different. These compounds exhibit quite similar
interactions at the active site of the VGSCs. As seen in Fig. 4, the
carbonyl group of the hydrazide moiety in both compounds forms a
hydrogen bond with Arg1602. Furthermore, pi-alkyl, alkyl and amide-
pi-stacked interactions are observed between Argl605, Argl602 and
Ala1604 with the phenyl or pyridinyl moiety of 6a and 6e, respectively.
The isatin moiety in both compounds has alkyl and pi-alkyl interactions
with Alal585, Vall1541 and Tyrl537. Furthermore, pi-cation in-
teractions are observed between Tyr1537 and one of the middle

Table 8
Binding free energy (in kcal/mol) of phenytoin, diazepam and (E/Z) isomers of
6a and 6e on five targets.

Compounds VGSCs GABA, GABA-T NMDA AMPA
Phenytoin -9.70 -9.70 —8.00 —8.40 -8.10
Diazepam —9.10 —10.20 -7.70 —8.20 —-8.30
(E)-6a —10.0 -9.90 —8.20 —9.40 —8.00
(2)-6a -9.90 —9.80 —8.00 —9.00 —8.40
(E)-6e —9.90 —9.60 —7.60 —8.50 -9.30

(2)-6e —9.60 -9.50 —7.60 —8.50 -9.30
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Fig. 4. 3D interactions of compounds 6a and 6e in the active site of VGSCs, GABA,, AMPA, and NMDA and GABA-T targets.

nitrogens in both compounds 6a and 6e. Rest of the interactions be-
tween compounds 6a and 6e with the other targets are shown in Fig. 4.
Representatively, the most important interactions of the compound 6e
are shown in two-dimensional (2D) form in Fig. 5.

The docking results suggested that the binding with VGSCs and
GABA, receptor is the most possible mechanism of action for these
compounds. However, based on the animal studies, our compounds has
been shown to be effective in modifying experimental seizures induced
by MES, but failed to antagonize convulsions induced by PTZ. Some
studies indicated that false negative results might be observed in both
PTZ and MES rodent models. For example, phenytoin and carbamaze-
pine, as well-known VGSC inhibitors showed no efficacy in PTZ model
while exhibiting good efficacy in the MES model. Moreover, there are
fewer drugs such as vigabatrin with negative results in the MES model

6e,vGsc
ALA
. TYR
D:1585 £ ALR
VAL 0:1604
D:1541 ¢
Interactions

- Conventional Hydrogen Bond
D Carbon Hydrogen Bond
- Unfavorable Positive-Positive

D Pi-Cation
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which could be effective in the PTZ model [57]. In addition, there are
several factors could influence anticonvulsant potency in the PTZ model:
i) bi-shaped dose-response curve i.e., a decline in anticonvulsant
response at high doses of some compounds, leading to misinterpretation
of drug efficacy if only a single high drug dose is experimented; ii) effects
of route of PTZ administration (i.v. infusion, s.c. or i.p. injection) on
estimation of anticonvulsant potency; and iii) species differences in drug
metabolism [58]. Therefore, despite the possible tendency of the tested
compounds to VGSC and/or GABA receptors, the above mentioned
factors might be involved in our experiments resulting in the lack of
activity in the PTZ model.

2.4.4. Distance mapping
Previously, the essential pharmacophoric features which could be

YR 6e, GABAA

D:160

ALA
E:79

LEV
E:140

Interactions
- Conventional Hydrogen Bond

- Pi-Pi Stacked

- Pi-Pi T-shaped

[ Pt

Fig. 5. 2D presentation for interaction mode of compound (Z)-6e in the active site of VGSCs and GABAx.
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Table 9

Distances of phamacophoric points of the selected compounds 6a and 6e and
some conventional antiepileptic drugs based on the suggested pharmacophore
model for acting on the VGSCs.

5."“ ,,@\

(S - Y
) S

® .
4285, @

Compound R-D (A) R-HBD (&) p-HBD (A)
Carbamazepine 4.2 5.4 4.7
Phenytoin 3.3 4.7 3.3
Nafimidone 4.3 4.9 4.5
(E)-6a 3.5 4.9 5.6
(2)-6a 3.5 5.0 4.8
(E)-6e 3.5 4.9 5.3
(2)-6e 3.5 5.1 4.8

R: Hydrophobic unit; D: Electron donor; HBD: Hydrogen bonding domain; Dis-
tances in Angstrom (A) were measured after geometry optimization of com-
pounds in Molegro molecular viewer.

necessary for interacting with the active site of VGSCs have been
established by Unverferth et al. as a distance mapping model [59]. The
calculated distance ranges between the pharmacophoric elements of
anticonvulsants acting on the VGSCs are shown in Table 9. Accordingly,
we measured the distances between these pharmacophoric parts in the
structure of our compounds. The measured distances are summarized
in Table 9. In our distance mapping evaluations, carbamazepine,
phenytoin, and nafimidone that have anticonvulsant effects by the
blocking of VGSCs mechanism, have been used as standard drugs. As
shown in Table 9, all distances between the pharmacophoric points R-D,
p-HBD and R-HBD of our compounds have been in the ranges measured
for standard anticonvulsant drugs. Based on this modeling, blockage of
VGSCs could be one of the possible mechanisms of our compounds in
suppressing seizures.

3. Conclusion

We have synthesized a number of isatin aroylhydrazones and char-
acterized their structures as (Z)-isomer. The in vivo tests indicated that
most of them are effective against MES-induced seizures in mice even at
the low dose of 5 mg/kg. In particular, the N-methylisatin derivatives 6a
and 6e can fully protect mice (100% protection) against electrically-
induced seizures at the dose of 5 mg/kg. The in silico evaluations
showed that these compounds have good drug-like properties as CNS-
active agents. The docking study of the promising compounds 6a and
6e with different targets suggested that the binding with VGSCs and
GABA, receptor is the most possible mechanism of action for these
compounds. The in vitro cytotoxicity assay revealed that the selected
compounds at conventional concentrations had no effect on HepG2 and
SH-SY5Y cell lines.

4. Experimental
4.1. Chemistry

All the starting materials, solvents, and reagents required in this
study were purchased from Sigma-Aldrich and Merck suppliers. The
Silica Gel 60 F254 TLC Plastic Sheets (Merck, AG Darmstadt, Germany)

were used for thin-layer chromatography of samples.

4.1.1. General procedure for the synthesis of arylhydrazides 2
The intermediate hydrazides 2 were prepared from appropriate
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esters 1 according to the reported method [31]. Briefly, to a solution of
ethyl ester (1 mmol) in EtOH, hydrazine hydrate (128 mg, 4 mmol) was
added and the mixture was refluxed overnight. After evaporation of the
solvent under reduced pressure, the residue was poured into ice. The
precipitate was separated by filtration and washed with cold EtOH to
give desired hydrazide compound.

4.1.2. Synthesis of N-methylisatin (4)

To a solution of isatin (3, 735 mg, 5 mmol) in ethanol (10 ml), po-
tassium hydroxide solution (5 ml) was added and stirred at room tem-
perature for 0.5 h. Then, dimethyl sulfate (0.75 ml) was added and
stirring was continued for another 1 h. At the end (monitored by TLC),
the reaction mixture was filtered to remove salts. After concentrating the
solution, water was added to the residue and placed in the refrigerator.
The resulting solid was separated and washed with water to obtain the
desired N-methyl product 4.

4.1.3. General procedure for the synthesis of isatin aroylhydrazones (5a-e
and 6a-e)

To a solution of isatin (3, 147 mg, 1 mmol) or N-methyl isatin (4, 161
mg, 1 mmol) in ethanol (4-5 ml), arylhydrazides 2 (1 mmol) and a drop
of glacial acetic acid was added. The reaction mixture was stirred under
reflux for 6 h, and progress the reactions were monitored by TLC. After
consuming the starting materials, the reaction was cold to room tem-
perature and placed in the refrigerator overnight to complete deposi-
tion. Then, the precipitated solid was filtered off and washed with
ethanol to yield final compounds (5 and 6) as yellow to orange powder.

(Z)-N’-(2-oxoindolin-3-ylidene)benzohydrazide (5a). Orange solid,
Yield 90%; m.p.: 292-294 °C; IR (KBr, em™): 3437, 3233, 3108, 2956,
1693, 1533, 1092; 'H NMR (400 MHz, CDCl3) 6: 6.94 (d, 1H, J = 8.0 Hz,
H-7),7.17 (dt, 1H, J = 8.0 and 0.8 Hz, H-5), 7.38 (dt, 1H,J = 8.0 and 1.2
Hz, H-6), 7.55 (t, 2H, J = 7.2 Hz, H-3' and H-5), 7.64 (tt, 1H, J = 7.2 and
1.6 Hz, H-4'), 7.83 (br s, 1H, NH Isatin), 7.88 (d, 1H, J = 6.8 Hz, H-4),
8.03 (d, 2H, J = 7.2 Hz, H-2' and H-6'), 13.96 (s, 1H, NH Hydrazone).
3¢ NMR (100 MHz, DMSO-dg): 111.70, 120.27, 121.45, 123.24,
127.87, 129.65, 132.29, 132.52, 133.35, 138.69, 142.93, 163.53. MS
(m/z, %): 265 (M, 6), 257 (28), 211 (16), 201 (12), 183 (83), 155 (23),
126 (42), 111 (20), 98 (35), 85 (46), 69 (70), 57 (97), 43 (100). Anal.
Calcd for C15H11N3049: C, 67.92; H, 4.18; N, 15.84. Found: C, 67.99; H,
3.97; N, 15.80.

(Z)-4-hydroxy-N’-(2-oxoindolin-3-ylidene)benzohydrazide (5b). Yel-
low solid; Yield: 89%; m.p.: 299-301 °C; IR (KBr, cm™1): 3436, 3187,
3119, 2944, 1691, 1538, 1180, 1089; H NMR (400 MHz, DMSO-ds) :
6.94 (d, 2H, J = 8.8 Hz, H-3' and H-5'), 6.95 (d, 1H, J = 7.6 Hz, H-7),
7.10 (dt, 1H, J = 7.6 and 0.8 Hz, H-5), 7.38 (dt, 1H, J = 7.6 and 1.2 Hz,
H-6), 7.59 (d, 1H, J = 7.2 Hz, H-4), 7.78 (d, 2H, J = 8.8 Hz, H-2' and H-
6'),10.44 (brs, 1H, OH), 11.36 (br s, 1H, NH Isatin), 13.87 (brs, 1H, NH
Hydrazone). 13C NMR (100 MHz, DMSO-ds): 111.64, 116.26, 120.43,
121.25, 122.89, 123.17, 130.13, 131.21, 131.97, 137.73, 142.69,
162.21, 163.57. MS (m/z, %): 281 (M™, 1), 257 (24), 211 (15), 183 (78),
155 (14), 127 (28), 111 (17), 98 (34), 85 (38), 71 (48), 57 (100). Anal.
Caled for C15H11N303: C, 64.05; H, 3.94; N, 14.94. Found: C, 64.18; H,
3.91; N, 14.99.

(Z)-4-methyl-N’-(2-oxoindolin-3-ylidene)benzohydrazide (5c). Yellow
solid; Yield: 84%; m.p.: 297-298 °C; IR (KBr, em™ ) 3436, 3214, 3114,
2935, 1706, 1549, 1089; 'H NMR (400 MHz, DMSO-dg) 6: 2.39 (s, 3H,
CHjs), 6.96 (d, 1H, J = 7.6 Hz, H-7), 7.11 (t, 1H, J = 7.2 Hz, H-5), 7.36
(dt, 1H, J = 7.6 and 1.2 Hz, H-6), 7.40 (d, 2H, J = 8.0 Hz, H-3’ and H-5),
7.60 (d, 1H, J = 7.6 Hz, H-4), 7.78 (d, 2H, J = 8.0 Hz, H-2' and H-6'),
11.42 (br s, 1H, NH Isatin), 13.91 (br s, 1H, NH Hydrazone). 13¢ NMR
(100 MHz, DMSO-dg): 21.58, 111.66, 120.31, 121.37, 123.19, 127.87,
129.65, 130.15, 132.16, 138.36, 142.85, 143.68, 163.52. MS (m/z, %):
279 (M*, 15), 251 (29), 211 (7), 183 (32), 159 (28), 119 (100), 91 (91),
71 (44), 57 (57). Anal. Calcd for C;6H;3N302: C, 68.81; H, 4.69; N,
15.05. Found: C, 68.80; H, 4.76; N, 14.92.

(Z)-4-chloro-N’-(2-oxoindolin-3-ylidene)benzohydrazide (5d). Yellow
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solid; Yield: 84%; m.p.: 319-321 °C; IR (KBr, cm™1): 3458, 3220, 3123,
2942, 1719, 1594, 1087; 'H NMR (400 MHz, DMSO-de) 5: 6.95 (d, 1H, J
= 7.6 Hz, H-7), 7.11 (t, 1H, J = 7.6 Hz, H-5), 7.40 (dt, 1H, J = 7.6 and
1.2 Hz, H-6), 7.59 (d, 1H, J = 7.6 Hz, H-4), 7.69 (d, 2H, J = 8.4 Hz, H-3'
and H-5'), 7.90 (d, 2H, J = 8.4 Hz, H-2' and H-6'), 11.42 (br s, 1H, NH
Isatin), 13.89 (br s, 1H, NH Hydrazone). 3¢ NMR (100 MHz, DMSO-dp):
111.72, 120.18, 121.50, 123.25, 129.74, 131.28, 132.38, 138.16,
142.99, 163.48. MS (m/z, %): 299 (M+, 22), 271 (13), 257 (25), 211
(17), 183 (75), 160 (85), 139 (100), 111 (81), 98 (41), 85 (47), 71 (57),
57 (98). Anal. Calcd for C1sH19CIN3O2: C, 60.11; H, 3.36; N, 14.02.
Found: C, 60.23; H, 3.37; N, 14.09.

(Z)-4-nitro-N’-(2-oxoindolin-3-ylidene)benzohydrazide (5e). Orange
solid; Yield: 93%; m.p.: 339-341 °C; IR (KBr, em™1): 3432, 3232, 3113,
2946, 1737, 1598, 1521, 1342, 1143; 'H NMR (400 MHz, DMSO-ds) &:
6.92 (d, 1H, J = 8.0 Hz, H-7), 7.09 (t, 1H, J = 7.6 Hz, H-5), 7.42 (dt, 1H,
J =7.6 and 2.0 Hz, H-6), 7.99 (d, 1H, J = 7.6 Hz, H-4), 8.13 (d, 2H, J =
8.8 Hz, H-3' and H-5'), 8.44 (d, 2H, J = 8.8 Hz, H-2' and H-6'), 11.42 (s,
1H, NH Isatin), 14.00 (br s, 1H, NH Hydrazone). 1*C NMR (100 MHz,
DMSO-dg): 111.78, 115.93, 120.05, 121.66, 124.03, 124.72, 127.60,
130.49, 133.68, 138.14, 143.18, 149.85, 163.44. MS (m/z, %): 310 (M,
23), 282 (13), 264 (16), 236 (26), 211 (15), 183 (23), 160 (100), 132
(95), 120 (24), 104 (95), 92 (30), 76 (67), 57 (87). Anal. Calcd for
C15H19N404: C, 58.07; H, 3.25; N, 18.06. Found: C, 57.88; H, 3.21; N,
18.12.

(Z)-N’-(1-methyl-2-oxoindolin-3-ylidene)benzohydrazide (6a). Yellow
solid; Yield: 73%; m.p.: 183-185 °C; IR (KBr, em™1): 3436, 3108, 2956,
1698, 1542, 1043; H NMR (400 MHz, CDCl3) &: 3.34 (s, 3H, CH3), 6.93
(d, 1H, J = 7.6 Hz, H-7), 7.19 (t, 1H, J = 7.6 Hz, H-5), 7.44 (dt, 1H, J =
7.2 and 1.2 Hz, H-6), 7.55 (t, 2H, J = 7.6 Hz, H-3' and H-5), 7.63 (t, 1H,
J=7.2Hz,H-4),7.88 (d, 1H, J = 7.2 Hz, H-4), 8.04 (d, 2H, J = 8.5 Hz,
H-2' and H-6'), 14.11 (br s, 1H, NH Hydrazone). 13C NMR (100 MHz,
DMSO-dg): 26.25, 110.63, 115.30, 119.36, 121.33, 123.88, 124.73,
126.47,129.55, 132.59, 138.08, 144.49, 162.15. MS (m/z, %): 279 (M™,
23), 183 (10), 174 (70), 146 (48), 117 (22), 105 (92), 91 (42), 81 (44),
77 (96), 69 (100). Anal. Calcd for C16H13N305: C, 68.81; H, 4.69; N,
15.05. Found: C, 69.02; H, 4.91; N, 15.18.

(Z)-4-hydroxy-N’-(1-methyl-2-oxoindolin-3-ylidene) benzohydrazide
(6b). Yellow solid; Yield: 91%; m.p.: 318-320 °C; IR (KBr, em ™) 3406,
3179, 3116, 2932, 1685, 1543, 1183, 1042; 'H NMR (400 MHz,
DMSO-dg) &: 3.25 (s, 3H, CH3), 6.96 (d, 2H, J = 8.8 Hz, H-3' and H-5'),
7.17 (d, 1H, J = 8.0 Hz, H-7), 7.18 (t, 1H, J = 6.8 Hz, H-5), 7.48 (dt, 1H,
J=28.2and 1.2 Hz, H-6), 7.63 (dd, 1H, J = 8.0 and 1.2 Hz, H-4), 7.79 (d,
2H, J = 8.8 Hz, H-2' and H-6'), 10.44 (s, 1H, OH), 13.83 (s, 1H, NH
Hydrazone). 3¢ NMR (100 MHz, DMSO-dg): 26.15, 110.43, 116.28,
119.68, 120.88, 122.79, 123.70, 130.12, 131.26, 131.87, 136.92,
143.91, 161.71, 162.26. MS (m/z, %): 295 (M, 37), 267 (10), 173 (81),
146 (68), 117 (59), 93 (100), 77 (30), 65 (84). Anal. Calcd for
C16H13N303: C, 65.08; H, 4.44; N, 14.23. Found: C, 65.11; H, 4.27; N,
14.28.

(Z)-4-methyl-N’-(1-methyl-2-oxoindolin-3-ylidene)benzohydrazide
(6¢). Yellow solid; Yield: 80%; m.p.: 203-205 °C; IR (KBr, em™Y): 3436,
3120, 2922, 1708, 1534, 1038; 'H NMR (400 MHz, CDCls) 5: 2.46 (s,
3H, CH3), 3.33 (s, 3H, CHs), 6.92 (d, 1H, J = 8.0 Hz, H-7), 7.18 (t, 1H, J
= 7.6 Hz, H-5), 7.34 (d, 2H, J = 8.0 Hz, H-3' and H-5'), 7.43 (dt, 1H, J =
7.6 and 1.2 Hz, H-6), 7.89 (d, 1H, J = 7.6 Hz, H-4), 7.94 (d, 2H, J = 8.4
Hz, H-2' and H-6'), 14.06 (br s, 1H, NH Hydrazone). 13C NMR (100 MHz,
DMSO-dg): 21.57, 26.18, 110.49, 119.58, 121.03, 123.75, 127.88,
129.57,130.19, 132.10, 143.78, 144.08, 161.69. MS (m/z, %): 293 (M,
10), 183 (7), 173 (18), 146 (19), 119 (91), 91 (100), 65 (40), 43 (15).
Anal. Caled for C;7H15N309: C, 69.61; H, 5.15; N, 14.33. Found: C,
69.73; H, 5.11; N, 14.06.

(Z)-4-chloro-N’-(1-methyl-2-oxoindolin-3-ylidene)benzohydrazide
(6d). Yellow solid; Yield: 79%; m.p.: 278-280 °C; IR (KBr, cm™1): 3450,
3112, 2944, 1703, 1533, 1013; TH NMR (400 MHz, CDCl3) &: 3.33 (s,
3H, CH3), 6.93 (d, 1H, J = 7.6 Hz, H-7), 7.19 (t, 1H, J = 7.6 Hz, H-5),
7.44 (dt, 1H, J = 7.6 and 1.2 Hz, H-6), 7.52 (d, 2H, J = 8.4 Hz, H-3' and
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H-5),7.87 (d, 1H, J = 7.6 Hz, H-4), 7.97 (d, 2H, J = 8.4 Hz, H-2 and H-
6'), 14.12 (brs, 1H, NH). '3C NMR (100 MHz, DMSO-de): 26.18, 110.54,
119.44, 121.14, 123.79, 129.76, 131.17, 132.30, 138.22, 144.19,
161.62. MS (m/z, %): 313 (M*, 52), 174 (70), 146 (68), 139 (100), 118
(38), 111 (91), 91 (56), 75 (53). Anal. Caled for C16H;5CIN3O5: C, 61.25;
H, 3.86; N, 13.39. Found: C, 61.23; H, 3.92; N, 13.20.

(Z)-N’-(1-methyl-2-oxoindolin-3-ylidene)isonicotinohydrazide (6e).
Yellow solid; Yield: 83%; m.p.: 223-225 °C; IR (KBr, cm™1): 3434, 3113,
2944, 1699, 1519, 1041; 'H NMR (400 MHz, CDCls) &: 3.33 (s, 3H, CHj),
6.94 (d, 1H, J = 7.6 Hz, H-7), 7.20 (t, 1H, J = 7.6 Hz, H-5), 7.46 (t, 1H, J
= 8.0 Hz, H-6), 7.85 (d, 2H, J = 5.2 Hz, H-2' and H-6/), 7.88 (d, 1H, J =
7.6 Hz, H-4), 8.87 (d, 2H, J = 5.2 Hz, H-3' and H-5'), 14.23 (s, 1H, NH
Hydrazone). 13¢ NMR (100 MHz, DMSO-dg): 26.21, 110.61, 119.28,
121.32, 121.49, 123.86, 132.58, 139.53, 144.38, 151.42, 161.56. MS
(m/z, %): 280 (M*, 28), 174 (56), 146 (97), 117 (45), 91 (100), 78 (97),
51 (95). Anal. Calcd for C15H15N405: C, 64.28; H, 4.32; N, 19.99. Found:
C, 64.45; H, 4.36; N, 19.93.

4.2. Pharmacology

Pharmacological studies were fulfilled in the Toxicology and Phar-
macology Research Laboratories of the Mazandaran University of
Medical Sciences. All experiments were accomplished in accordance
with the ethical standards and protocols approved by the Committee of
Animal Experimentation of Mazandaran University of Medical Sciences,
Sari, Iran (Ethics Code: IR.MAZUMS.REC.1396.3157). Dual Impedance
Research Stimulator, ear electrodes, and Rotarod device were used for
the anticonvulsant and neurotoxicity evaluations. Male Swiss albino
mice with 20-25 g weight were used for in vivo studies. The animals
were housed at 25 + 2 °C and a 12 h light/dark cycle in standard
Plexiglas cages with access to adequate water and food. The stock so-
lutions of compounds were prepared in DMSO and each compound was
administered as an i.p. injection at the required doses. The negative
control groups were received the vehicle. Normal saline 0.9% was used
to prepare the PTZ solution, and solution was kept at 4 °C during testing.

4.2.1. MES-induced seizure test

The animals were randomly divided into different treatment groups
then test compounds were administrated i.p. in mice. 30 min later, mice
were restrained for electrical stimulation and electrical seizures were
induced by dual impedance research stimulator (Borj-Sanat, Iran) via
ear clip electrodes, coated with an electrolyte solution. The alternating
current of 50 mA (60 Hz) was delivered for 0.2 s to induce seizure in
mice. After electrical stimulation, animals were instantly moved to a
Plexiglas arena for behavioral observation. The negative control group
was fully associated with the hind-limb tonic extension (HLTE). The
reduction in the incidence of HLTE was recorded in the drug-treated
mice [60].

4.2.2. PTZ-induced seizure test

At first, each animal group was treated with different doses of
compounds 5a-e and 6a-e. After 30 min, a solution of PTZ (100 mg/kg)
was injected i.p. and animals were kept in distinct cages and monitored
for 0.5 h. The incidence of tonic-clonic convulsion and subsequently
death following it was recorded for each animal in the group [60].

4.2.3. Acute neurotoxicity (Rotarod test)

The selected compound (6e, at the doses of 2.5, 5 and 10 mg/kg),
diazepam (2 mg/kg, as reference drug) and DMSO (as control) were
administered i.p. After administration (0.5, 1, 2, and 4 h), mice were
placed on the rotating rod (6 rpm) and the time that the mice were able
to maintain their balance on the rotating rod was recorded.

4.3. Docking simulation

Autodock Vina v1.2 has been utilized to study the binding mode of
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our compounds with five famous molecular targets of antiepileptic
agents, VGSCs, GABAy, NMDA, AMPA and GABA-T. These studies were
performed on the PDB code of 6D6T (GABA,), 1FTL (AMPA), 5EKO
(VGSCs), 10HW (GABA-T), and 1PBQ (NMDA). The receptor structures
were prepared by Molegro Molecular Viewer 2.5 (A CLC bio company,
2012). For preparation, water molecules were first removed and protein
structure was protonated at physiological pH. On the other hand, to
generate the lowest energy conformations of ligands, HyperChem v.8,
with MM2 force field was used. For protein and ligand, Kollman and
Gasteiger charges were computed respectively by AutoDock 4.2, and
then docking study was performed with AutoDock Vina v1.2. Finally,
Discovery Studio Visualizer v4.5 was used for visualizing ligand—protein
interactions and generating 2D and 3D-images [61].

4.4. MTT cytotoxicity assay

SH-SY5Y and HepG2 cancer cell lines with a density of 1 x 10* cells/
well, were cultured in 96-well plates for 24 h prior to treatment. After
incubation time, cells were treated with different concentration of
compounds 6a and 6e. After 48 h of treatment, 20 pl MTT solution (5
mg/ml) was added to each well then incubation at 37 °C for 3-4 h.
Subsequently, 200 pl of DMSO was added to each well and the plates
were shaken for 5 min. Finally, the optical absorption of samples was
determined at 570 nm using a multi-well plate reader. Irinotecan and 5-
Fluorouracil were used as reference drugs. The negative control group
was untreated cells.

4.5. PPB determination

High-performance liquid chromatography was used with a Perki-
nElmer HPLC system (analytical reverse phase HPLC, Germany) to
determine the PPB of compounds 6a and 6e. Sample (20 ul) was injected
into a C18 column (150 mm length, 3 mm inner diameter and 5 pm
particle size); maintained at 25 °C with an isocratic mobile phase (10%
H,0 and 90% methanol) and a flow rate of 1 ml/min. The test com-
pounds were detected at a wavelength of 274 nm. The retention times of
compounds 6a and 6e were 3.37 and 3.38 min, respectively.

The stock solution (1 mM) of tested compounds 6a and 6e were
prepared by dissolving an appropriate amount in methanol (HPLC
grade). Secondary solution (100 uM) was prepared through dilution of
stock solution in the methanol, and then 20 ul of them injected to the
HPLC and its absorption was recorded by a UV detector. In the next step,
100 pl of the stock solution (1 mM) of test compounds was added to a
microtube containing 900 pl of BSA (40 mg/ml, 6.06 x 10 M), then
vortexed for 60 s, and the mixture was incubated at 37 °C for 45 min.
Thereafter, 1000 pl of TCA (trichloroacetic acid) solution (10% w/v)
was added into the sample tube. The final mixture was subjected to
centrifugation for 30 min (3000 rpm) at 37 °C. After addition of TCA to
the mixture, the precipitated albumin and bonded molecules were
separated by centrifugation. To estimate the percentage of protein
binding, 20 ul of supernatant solution was injected into the HPLC col-
umn, and the concentration of the free molecules (non-bonded to al-
bumin) analyzed by HPLC chromatograph (PerkinElmer Corporation,
Germany). Finally, the PPB rate of tested compounds was calculated by
considering the ratio of bounded molecules to the BSA respect to the
total.

4.6. Measurement of Log p

The measurement of Log P was conducted by analyzing with HPLC
according to the previously reported method [62].
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