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ABSTRACT: (R)-7 [(R)-AS-1] showed broad-spectrum antiseizure
activity across in vivo mouse seizure models: maximal electroshock
(MES), 6 Hz (32/44 mA), acute pentylenetetrazol (PTZ), and PTZ-
kindling. A remarkable separation between antiseizure activity and
CNS-related adverse effects was also observed. In vitro studies with
primary glia cultures and COS-7 cells expressing the glutamate
transporter EAAT2 showed enhancement of glutamate uptake,
revealing a stereoselective positive allosteric modulator (PAM)
effect, further supported by molecular docking simulations. (R)-7
[(R)-AS-1] was not active in EAAT1 and EAAT3 assays and did not
show significant off-target activity, including interactions with targets
reported for marketed antiseizure drugs, indicative of a novel and unprecedented mechanism of action. Both in vivo pharmacokinetic
and in vitro absorption, distribution, metabolism, excretion, toxicity (ADME-Tox) profiles confirmed the favorable drug-like
potential of the compound. Thus, (R)-7 [(R)-AS-1] may be considered as the first-in-class small-molecule PAM of EAAT2 with
potential for further preclinical and clinical development in epilepsy and possibly other CNS disorders.

■ INTRODUCTION
Epilepsy is a common neurological disorder characterized by
spontaneous and recurrent seizures, often accompanied by a
spectrum of neuropsychiatric symptoms. It is also a very
heterogeneous disease with multifactorial and complex
etiology. There are many different types of epilepsies, and
the disease affects more than 70 million patients globally.1

Progress in epilepsy research has led to the approval and
marketing authorization of more than 30 antiseizure drugs
(ASDs) over recent decades. Yet, despite this unquestionable
therapeutic success, approximately one-third of epilepsy
patients still experience uncontrolled and debilitating seizures.2

These patients are considered as having the so-called drug-
resistant epilepsy, which is defined as the failure of adequate
trials of two tolerated and appropriately chosen ASD schedules
(whether as monotherapies or in combination) to achieve
seizure freedom.3 The mechanisms underlying drug resistance
in epilepsy are complex and still relatively poorly understood,
which in combination with the multifactorial etiology and
pathophysiology of epilepsy immensely complicate the rational
selection of ASDs for optimal therapy. As such, drug-resistant

epilepsy creates an urgent unmet medical need and propels
ongoing drug discovery and development programs globally.
Currently approved ASDs work through a number of

mechanisms to restore the disturbed balance between
excitatory and inhibitory neurotransmission responsible for
seizure generation.4 Such drugs target mainly ion channels
(e.g., sodium or potassium channels), excitatory and inhibitory
receptors, or presynaptic neurotransmitter release mechanisms.
So far, only a few ASDs target neurotransmitter uptake
mechanisms, mainly γ-aminobutyric acid (GABA) uptake (i.e.,
tiagabine). However, glutamate uptake dysregulation, which is
not yet specifically targeted by ASDs, emerges as one of the
critical drivers of excitotoxicity and seizures.5
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The excitatory amino acid transporter-2 (EAAT2) is one of
the major glutamate transporters expressed in the brain and
accounts for approximately 90% of glutamate uptake from the
synapses.5,6 It is primarily localized on astrocytes in the central
nervous system (CNS) and is essential for maintaining a low
concentration of glutamate in the synaptic cleft and for
avoiding excitotoxicity.7,8 Glutamate excitotoxicity plays a key
role in the secondary damage following several pathologies
such as amyotrophic lateral sclerosis, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, ischemia, schizo-
phrenia, neuropathic pain, anxiety, depression, and autism.9−13

Importantly, numerous studies consistently showed elevated
glutamate levels in patients with epilepsy resulting from failure
of glutamate transport mechanisms.14−16 Furthermore, several
research groups have demonstrated dramatic reductions in
EAAT2 in brain tissue surgically resected in patients with
epilepsy, which can be responsible for triggering seizures.17−21

Consistently, transgenic mice with increased expression of
EAAT2 displayed protection against seizures and epilepsy
development.22 Further, a small-molecule compound that
enhances EAAT2-mediated glutamate uptake by indirect
upregulation of the transporter expression also showed
protective effects in an epilepsy model.23 However, so far,
compounds that directly activate EAAT2 did not show
favorable drug-like properties and have not been examined in
epilepsy models. Such a class of compounds might offer clinical
advantages over drugs that increase EAAT2 expression, such as
ceftriaxone,24 including lower risk of toxicity and adverse
effects after chronic treatment.25

In recent years, chiral molecules have been actively pursued
by the pharmaceutical industry and have played an important
role in the development of new drugs. It should be mentioned
that enantiomers/diastereoisomers of drug candidates often
display marked differences in pharmacodynamic, pharmacoki-
netic, and toxicological properties.26 The chiral-switch
approach of the already marketed racemates and/or
introduction of drug candidates in a predefined enantiomeric

form often results in improved potency and/or decreased
toxicity for new compounds. Therefore, there is a need for full
characterization and examination of each stereoisomer at the
early stages of new drug development. This trend is also
strongly visible in the case of novel ASDs, which have been
used in pharmacotherapy in recent years as single enantiomers,
i.e., lacosamide (LCS), levetiracetam (LEV), cannabidiol
(CBD), and cenobamate. The latter was approved by the
Food and Drug Administration (FDA) in 2019 for the
treatment of patients with focal-onset seizures.27 As a
consequence, a part of our lead compound optimization
process focused on the development of R- and S-enantiomers
of the most promising racemates of recently discovered
compounds (I, II) characterized by a robust and broad-
spectrum antiseizure activity.28,29 The strategy for develop-
ment of the lead compound with a defined stereochemistry is
shown in Figure 1.
Thus, the main goal of the current study was to synthesize a

lead compound with a favorable stereochemistry for antiseizure
efficacy, to confirm its drug-like properties, to elucidate the
mechanism of action, and to enable future preclinical and
possibly clinical investigations. We report here our chemical
and pharmacological studies that led to the discovery of the
compound (R)-7 [(R)-AS-1] (see the enantiomer in Figure 1)
as a highly selective and orally bioavailable positive allosteric
modulator (PAM) of EAAT2. (R)-7 [(R)-AS-1] is shown to
have robust antiseizure properties in a broad range of epilepsy
models in mice and zebrafish, as well as an excellent tolerability
and safety profile in both in vitro and in vivo studies.

■ RESULTS AND DISCUSSION
The pyrrolidine-2,5-dione ring is known to be a core fragment
for many compounds with diverse therapeutic activities, i.e.,
anticonvulsant, antipsychotic, antidepressant, anti-inflamma-
tory, antibacterial, antiviral, or anticancer.30,31 Our research has
been focused for many years on the development of new
succinimides acting on the CNS. The most recent studies led

Figure 1. Development strategy leading to the identification of the lead anticonvulsant with a defined stereochemistry.
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to the identification of several groups of pyrrolidine-2,5-dione
derivatives, characterized by potent antiseizure and antinoci-
ceptive efficacy in preclinical studies.32−36 Among these
substances, N-benzyl-(2,5-dioxopyrrolidin-1-yl)propanamides
represented by compounds I and II shown in Figure 1
revealed especially favorable anticonvulsant and safety
profiles.28,29,37 Both compounds I and II showed antiseizure
properties in commonly employed screening seizure models
such as the maximal electroshock seizure test (MES), the
subcutaneous pentylenetetrazol seizure test (scPTZ), as well as
the 6 Hz seizure model (32 and 44 mA) in mice (Table 1).
They both exhibited a more potent efficacy or/and a wider
spectrum of protection compared to several clinically relevant
ASDs, such as ethosuximide (ETX), LEV, LCS, and especially
valproic acid (VPA). Importantly, VPA is recognized as one of
the most effective first-line ASD in the treatment of different
types of seizures (e.g., primary generalized tonic-clonic, partial,
absence, atypical absence myoclonic, and atonic seizures).38,39

It is also noteworthy that compound I delayed the progression
of kindling induced by repeated injections of PTZ, as well as
displayed a supra-additive (synergistic) interaction with VPA
against PTZ-induced seizures in mice.29 Thus, I may be
potentially used as an add-on therapy with VPA. The in vitro
absorption, distribution, metabolism, excretion, toxicity
(ADME-Tox) studies showed favorable drug-like properties
for I, displaying a good permeability in the parallel artificial
membrane permeability assay (PAMPA), an excellent meta-
bolic stability in human liver microsomes (HLMs), no
influence on CYP3A4/CYP2D6 activity, as well as no
hepatotoxic properties in HepG2 cells.29 Interestingly, despite
the potent and wide-spectrum anticonvulsant activity, the
mechanism of action for this molecule has not been elucidated
until now.

Taking into consideration the aforementioned promising
results for racemates (especially I) in the current study, we
have obtained their separate R- and S-enantiomers applying an
asymmetric synthetic procedure. These stereoisomers were
tested in vivo for antiseizure activity in several acute seizure
models, i.e., MES, scPTZ, and 6 Hz (32 and 44 mA). The lead
compound was evaluated in the PTZ kindling model in mice
and in the PTZ-induced model of tonic-clonic seizures in
zebrafish. Additionally, as a part of the safety in vivo profiling
for the lead molecule, we determined its influence on
coordination and locomotor activity in mice. We also assessed
its in vivo pharmacokinetic profile and several in vitro ADME-
Tox parameters, such as hepatotoxicity, neurotoxicity, and
influence on the function of crucial cytochrome P-450 isoforms
(i.e., CYP3A4, CYP2D6, and CYP2C9), to support the early
development process. Finally, we examined the mechanism of
action of the lead compound by a combination of in silico and
in vitro studies.
Synthesis. The stereoisomers of the chemical prototypes I

and II were obtained according to the procedure depicted in
Scheme 1. First, the coupling reaction of commercially
available Boc-D-alanine or Boc-L-alanine with the benzylamine
or 2-fluorobenzylamine in the presence of dicyclohexylcarbo-
diimide (DCC) as the coupling agent yielded the respective
amide derivatives (R)-1, (R)-2, and (S)-1, (S)-2; next, removal
of the Boc group in (R)-1, (R)-2, and (S)-1, (S)-2 with
trifluoroacetic acid (TFA) followed by neutralization with
ammonium hydroxide gave amine derivatives (R)-3, (R)-4,
and (S)-3, (S)-4. These intermediates were converted to
corresponding succinamic acids (R)-5, (R)-6, and (S)-5, (S)-6
after reaction with an equimolar amount of succinic anhydride.
Next, amido-acids (R)-5, (R)-6, and (S)-5, (S)-6 underwent
the hexamethyldisilazane (HMDS)-promoted cyclization re-

Scheme 1. Synthesis of Target Enantiomers (R)-7 [(R)-AS-1], (R)-8, and (S)-7, (S)-8a

aReaction conditions: (a) DCC, dichloromethane (DCM), room temperature (rt), 1 h; (b), TFA, DCM, rt, 1 h; (c) AcOEt, rt, 0.5 h; (d) HMDS,
ZnCl2, 1,4-dioxane, reflux, 2 h.
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action to form the desired enantiomers (R)-7 [(R)-AS-1], (R)-
8, and (S)-7, (S)-8 with an enantiomeric purity of >99% as
determined applying a chiral high-performance liquid
chromatography (HPLC) method.
It should be stressed that asymmetric synthesis was

restricted to only four enantiomers of the most promising
racemates previously described by our team.28,29 This is
because we focus here on the structural optimizations aiming
at the identification of lead compounds with defined
stereochemistry, as well as optimal antiseizure properties and
safety profiles, predominantly in the in vivo studies in mice.
The target enantiomers (R)-7 [(R)-AS-1], (R)-8, and (S)-7,

(S)-8 were obtained in good yields (>80%). The intermediates
and final molecules were fully characterized using 1H NMR,
13C NMR, and LC-MS spectra. Additionally, for target
enantiomers, high-resolution mass spectrometry (HRMS)
and elemental (C, H, N) analyses were carried out. The
purity of the final compounds determined by ultra-perform-
ance liquid chromatography (UPLC) was ≥99%. The
enantiomeric excess (% ee) assessed by chiral HPLC was
>99%. To confirm the enantiomeric purity, the chiral HPLC
resolution was performed also for the respective racemates (R,

S)-7 and (R, S)-8. For details, see the Experimental Section
and the Supporting Information.
Single-Crystal X-ray Structure Analysis. The com-

pounds (R)-7 [(R)-AS-1], (S)-7, (R)-8 and (S)-8 obtained
with the asymmetric synthesis method as separated R and S
enantiomers, were tested to check the samples’ enantiopurity
and determine the absolute configuration. Compounds were
crystallized by slow evaporation of the solvent (2-propanol)
under ambient conditions. Good quality single crystals were
selected randomly from the sample. The obtained X-ray
diffraction data showed that the investigated crystals
represented symmetry of noncentrosymmetric space groups
P21 [(R)-7 [(R)-AS-1] and (S)-7] and P212121 [(R)-8 and
(S)-8], which confirmed their enantiopurity. Each pair of
enantiomers was isostructural with very close unit cell
dimensions. Their absolute configuration was confirmed by
the anomalous scattering phenomenon. Crystal data and
refinement results are shown in Table S1. All of the
experimental procedures including the detailed X-ray crystallo-
graphic analyses are presented in the Supporting Information.
The fluorinated derivatives (R)-8 and (S)-8 exhibit a

peculiar molecular geometry (shown in Figure 2 for (R)-8 as

Figure 2.Molecular geometry observed in the crystal structure of enantiomeric pairs (R)-7 [(R)-AS-1], (S)-7 and (R)-8, (S)-8 (only one molecule
from the asymmetric unit is shown for figure clarity, presenting the numbering scheme). Below, the distinct molecular geometry observed in
structure (R)-8 (similar also for (S)-8) that results from the formation of the intramolecular hydrogen bond C36−H···O22 stabilizing the
preferential conformation.
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an example) stabilized by the weak hydrogen bond C36−H···
O22 formed between the aromatic C−H as a donor and the
carbonyl oxygen of succinimide fragment as acceptor. Such a
type of intramolecular weak hydrogen bond is well established
in the literature.42 This contact can be initiated by increased
acidity of C36−H, related to the presence of the electro-
negative F substituent in the aromatic ring, which is a known
strong modulator of the C−H donor properties.43,44 This kind
of interaction, influencing the molecular geometry, is not
observed in (R)-7 [(R)-AS-1] and (S)-7 structures. Thus, the
mentioned weak intramolecular interaction can favor a
preferential mutual arrangement of the two ring moieties,
with a plausible impact on the bioactivity of this compound.
In Vivo Antiseizure Activity in Acute Seizure Models.

Despite the rapid progress in both pharmaceutical and medical
sciences, the efficacy and therapeutic potential of new ASD
candidates are still determined by in vivo screening methods.
Among the battery of different rodent seizure models available
in preclinical studies, the MES, 6 Hz (32 or 44 mA), and
scPTZ remain routine tools to screen for new ASDs, due to
their high clinical predictability.45,46

Based on the results obtained for the racemates I and II,
herein we tested all enantiomers obtained, namely, (R)-7 [(R)-
AS-1], (R)-8, and (S)-7, (S)-8 after intraperitoneal (i.p.)
administration in mice (pretreatment time of 0.5 h): in the
MES test, a model of generalized tonic-clonic seizures; the 6

Hz (32 mA) model of focal seizures, the 6 Hz (44 mA) model
of pharmacoresistant seizures; and the scPTZ model of
generalized absence and myoclonic seizures. Furthermore,
their influence on the motor coordination of mice was studied
in the standard rotarod test. Based on the aforementioned data,
the protective index (PI) which describes the benefit−risk ratio
of the therapeutic agent was calculated for each seizure model
(PI = TD50/ED50). The ED50, TD50, and PI values are
summarized in Table 1.
The results revealed that all enantiomers synthesized herein

protected mice significantly against seizures in three acute
animal models of seizures, i.e., MES, 6 Hz (32 mA), and scPTZ,
showing a wide-spectrum of anticonvulsant activity similarly to
racemates I and II. Additionally, the in vivo data proved more
beneficial antiseizure protection for the R-enantiomers
(eutomers), (R)-7 [(R)-AS-1], and (R)-8 compared to the
compounds with S-configuration (distomers), (S)-7 and (S)-8,
as well as racemic mixtures I and II. In the whole series, the
most potent protection in each seizure model was observed for
(R)-8. Despite the higher efficacy of (R)-8vs(R)-7 [(R)-AS-1],
the 2-fluoro-derivative was characterized by distinctly higher
motor impairment in the rotarod test (TD50 of 224.7 mg/kg vs
TD50 > 500 mg/kg, respectively), that resulted in lower safety
margin expressed as PIs, predominantly in the 6 Hz (32 mA)
and scPTZ (ca. 2-fold). In the scPTZ test, both (R)-7 [(R)-AS-
1] and (R)-8 prolonged the latency time to the first seizure

Table 1. ED50, TD50, and Protective Index (PI) Values in Mice after Intraperitoneal (i.p.) Dosing of the Newly Obtained
Compounds and Reference Substancesa

compd PT (h)b ED50 (MES) (mg/kg) ED50 (6 Hz 32 mA) (mg/kg) ED50 (scPTZ) (mg/kg) TD50 (rotarod) (mg/kg) PI (TD50/ED50)

(R)-7 0.5 66.3 (53.6−82.0)c 15.6 (9.1−26.9) 36.3 (15.5−73.5) >500 >7.5 (MES)
>32.0 (6 Hz)
>13.8 (scPTZ)

(S)-7 0.5 87.5 (69.5−110.2)c 28.8 (16.9−48.9) 52.7 (37.7−85.0) >500 >5.7 (MES)
>17.4 (6 Hz)
>9.5 (scPTZ)

(R)-8 0.5 33.0 (22.5−48.2)c 14.1 (8.4−23.5) 33.2 (29.3−37.5) 224.7 (186.1−71.4) 6.8 (MES)
16.0 (6 Hz)
6.8 (scPTZ)

(S)-8 0.5 49.9 (44.7−55.8)c 62.9 (45.7−86.6) 78.8 (53.2−95.3) >300 >6.0 (MES)
>4.8 (6 Hz)
>3.8 (scPTZ)

Id 0.5 67.6 (56.3−81.2) 24.6 (18.1−33.5) 42.8 (24.4−74.9) 347.6 (307.5−392.8) 5.1 (MES)
14.1 (6 Hz)
8.1 (scPTZ)

IId 0.5 54.9 (48.3−62.3) 33.8 (11.0−103.7) 50.3 (34.7−72.6) 300.9 (256.7−352.6) 5.5 (MES)
8.9 (6 Hz)
6.0 (scPTZ)

ETXe 0.25 n.a. >200 140.4 (115.8−170.2) 318.0 (295.8−341.9) 2.3 (scPTZ)
LCSe 0.5 9.2 (8.5−10.0) 5.3 (3.5−7.8) n.a. 46.2 (44.5−48.0) 5.0 (MES)

8.8 (6 Hz)
LEVe 1.0 >500 15.7 (10.4−23.7) n.a. >500 >31.8 (6 Hz)
VPAe 0.5 252.7 (220.1−290.2) 130.6 (117.6−145.2) 239.4 (209.2−274.1) 430.7 (407.9−454.9) 1.7 (MES)

3.3 (6 Hz)
1.8 (scPTZ)

CBDf 1.0 80 (65.5−96.0) 144 (102−194) 120 (98.5−146) 272 (241−303) 3.4 (MES)
1.9 (6 Hz)
2.3 (scPTZ)

aThe data for lead compound (R)-7 [(R)-AS-1] are shown in bold for better visualization. Values in parentheses are 95% confidence intervals.
n.a.�non-active. bPretreatment time. cNo mortality was observed in the MES model for (R)-7 and (R)-8, ca. 16% mortality was noted for (S)-7
and (S)-8, whereas ca. 66% mortality was observed in the control group. dData for racemates I and II (compounds 4 and 8, respectively).28
eReference ASDs: ETX, LCS, LEV, and VPA tested under the same conditions, data taken from own experiments or literature.40 fCBD data.41

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00534
J. Med. Chem. 2022, 65, 11703−11725

11707

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


episode in a dose-dependent manner compared to the vehicle-

treated group and statistically significant results were obtained

for doses 40 mg/kg (p < 0.05), 60 mg/kg (p < 0.01) for (R)-7

[(R)-AS-1], and 30 mg/kg, 40 mg/kg (p < 0.001 for both

doses) in the case of (R)-8 (Figure S1).

Notably, the 6 Hz model with 44 mA stimulus intensity has

been described as a useful tool in the discovery of novel

compounds with potential efficacy against pharmacoresistant

seizures.46,47 Therefore, selected most potent enantiomers in

the 6 Hz (32 mA) seizure model, i.e., (R)-7 [(R)-AS-1], (S)-7,

Table 2. Effect of the Synthesized Compounds and Reference ASDs Administered i.p. in the 6 Hz (44 mA) Seizures in Micea

compd PT (h)b ED50 (6 Hz, 44 mA) (mg/kg) TD50 (rotarod) (mg/kg) PI (TD50/ED50)

(R)-7 0.5 41.6 (32.8−52.7) >500 >12.0
(S)-7 0.5 115.1 (107.9−122.7) >500 >4.3
(R)-8 0.5 37.3 (23.0−60.4) 224.7 (186.1−71.4) 6.0
LCSc 0.5 6.9 (5.4−8.6) 46.2 (44.5−48.0) 6.7
LEVc 1.0 >1000 >500 n.c.
VPAc 0.5 183.1 (143.5−233.7) 430.7 (407.9−454.9) 2.3
CBDd 1.0 173 (136−213) 272 (241−303) 1.6

aThe data for the lead compound (R)-7 [(R)-AS-1] have been bolded for better visualization. Values in parentheses are 95% confidence intervals.
bPretreatment time. cReference ASDs tested in the same conditions. PTs taken from own experiments or literature.40 dCBD data.41

Figure 3. Comparison of the ED50 and TD50 values ±95% confidence intervals (95% CI) for (R)-7 [(R)-AS-1] with those of the reference ASDs
(ETX, LCS, LEV, VPA, and CBD), administered in mice i.p. Bars are based on data from Tables 1 and 2.

Figure 4. Comparison of PIs (TD50/ED50) for (R)-7 [(R)-AS-1] with those of ASDs (ETX, LCS, LEV, VPA, and CBD) obtained in mice
administered i.p. Bars are based on data from Tables 1 and 2.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00534
J. Med. Chem. 2022, 65, 11703−11725

11708

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c00534/suppl_file/jm2c00534_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00534?fig=fig4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and (R)-8, were tested applying stimulation intensity of 44
mA. The resulting data are summarized in Table 2.
In the 6 Hz (44 mA) seizure model, the most potent

protection was demonstrated by (R)-8, which also revealed the
strongest protection in other acute seizure tests (Table 1).
Importantly, (R)-7 [(R)-AS-1] showed a slightly weaker
protection but showed a lack of any motor impairment at
high doses like 500 mg/kg (as mentioned above) and this
molecule demonstrated a 2-fold better PI compared to (R)-8.
It should be emphasized that the 6 Hz (44 mA) model enabled
distinct separation of effective doses between both enan-
tiomers, namely, (R)-7 [(R)-AS-1] and approximately a 3-fold
less effective (S)-7. Taken together, these results confirmed the
potential of (R)-7 [(R)-AS-1] for the treatment of
pharmacoresistant seizures.
The data obtained in the acute seizure models enable clear

differentiation of the efficacy/safety profile for (R)-7 [(R)-AS-
1] from the reference ASDs with high therapeutic utility, i.e.,
ETX, LCS, LEV, VPA, and CBD (Figures 3 and 4). Thus, (R)-
7 [(R)-AS-1] provides a much wider protection compared to
ETX, LCS, and LEV. Additionally, (R)-7 [(R)-AS-1] is much
more effective in each seizure model compared to both CBD
and VPA, which show similar, wide-spectrum protection in
preclinical studies. Notably, CBD and VPA are recognized as
multitarget ASDs with a high therapeutic utility in different
types of epilepsy, including drug-resistant epilepsy in the case
of CBD. Furthermore, (R)-7 [(R)-AS-1] is characterized by an
excellent safety profile in the rotarod test as it does not
produce any motor impairment (TD50 > 500 mg/kg, similarly
to LEV). Consequently, (R)-7 [(R)-AS-1] provides a much
better differentiation between effective and toxic doses
compared to all of the aforementioned ASDs except LEV.
Graphical comparisons of ED50, TD50, and PI values for (R)-7
[(R)-AS-1] with those of the reference ASDs are presented in
Figures 3 and 4.
Because of these very promising i.p. data, (R)-7 [(R)-AS-1]

was subsequently tested following oral administration. Mice
were given (R)-7 [(R)-AS-1] 1 h prior to testing in the same
models as before (Table 3).
Orally administered (R)-7 [(R)-AS-1] was effective in all

seizure models, demonstrating potent and broad-spectrum
protection. In the scPTZ test, 80 mg/kg (p < 0.001) and 100
mg/kg (p < 0.0001), (R)-7 [(R)-AS-1] significantly prolonged
the latency time to the first seizure episode compared to
vehicle-treated group (Figure S2). Importantly, (R)-7 [(R)-
AS-1] produced only a minor motor impairment in the rotarod
test, which resulted in very favorable PI values in the range of
5.7−11.7. Consequently, the data presented in Table 3 indicate
satisfying oral bioavailability of compound (R)-7 [(R)-AS-1],
which can achieve an effective concentration in the CNS.
PTZ-Induced Kindling Model in Mice. To further

characterize the antiseizure-like potency of (R)-7 [(R)-AS-

1], we tested its effect on the progression of epileptic seizures
in the PTZ-induced kindling model of epilepsy. Repeated
measures two-way analysis of variance (ANOVA) revealed a
significant relationship interaction between time and treatment
[F(80,1240) = 1.86, p < 0.0001] with a significant effect of
both time (p < 0.0001) and treatment alone (p < 0.0001).
Repetitive PTZ injection increased the seizure severity score in
the PTZ control group from 0.75 ± 0.13 after the first PTZ
injection to 3.92 ± 0.47 after the last PTZ injection.
Bonferroni post hoc test showed that 10 and 20 mg/kg of
(R)-7 [(R)-AS-1] significantly decreased mean seizure severity
score only after 9th and 14th PTZ injection. However, when
injected at a dose of 40 mg/kg, it significantly delayed kindling
progression, which was demonstrated by a significant reduction
in the mean seizure severity score compared to the PTZ-
kindled control group after 12th, 14th, and 18th−21st PTZ
injection. The average seizure severity score for the group
pretreated with (R)-7 [(R)-AS-1] at 40 mg/kg was 0.75 ±
0.13 and 2.5 ± 0.5 after the first and the last PTZ injection,
respectively (Figure 5). Importantly, the chemical kindling is
considered a model of epileptogenesis, in which repetitive
administration of PTZ at subthreshold doses gradually
increases seizure susceptibility and induces permanent changes
in the brain resembling those occurring in human epilepsy.48

Thus, the ability of (R)-7 [(R)-AS-1] to suppress kindling
progression suggests that this compound may produce
antiepileptogenic-like effects, which prevent epilepsy develop-
ment. Since (R)-7 [(R)-AS-1] was administered before PTZ
injection, the observed effect on kindling development was
likely related to its acute antiseizure rather than antiepilepto-
genic action. It is worth noting that VPA also suppressed
kindling development in our study, though this drug is devoid
of antiepileptogenic properties in clinical practice. Conse-
quently, a different experimental design (e.g., administration of
the compound after each PTZ injection or withdrawal of the
drug and observation for the resumption of kindling) or use of
other models of epileptogenesis (preferably those resulting in
spontaneous recurrent seizures) need to be employed to
evaluate the possible antiepileptogenic properties of (R)-7
[(R)-AS-1].
After kindling completion, animals were subjected to

behavioral tests to evaluate the possible effects of (R)-7
[(R)-AS-1] on some psychiatric comorbidities in epilepsy. No
significant changes in the spontaneous locomotor activity,
anxiety- and depressive-like behavior in the PTZ-kindled
control group (compared to the nonkindled control group)
were observed. Likewise, repeated injection of (R)-7 [(R)-AS-
1] or VPA did not produce any significant effects (data shown
in Figure S3A−D).
Antiseizure Activity in Zebrafish. The PTZ-induced

model of tonic-clonic seizures in zebrafish is commonly used
for initial screening of potential natural49−51 and synthetic

Table 3. Efficacy and Safety Profile of (R)-7 [(R)-AS-1] after Oral Administration to Mice at a Pretreatment Time of 1 hb

ED50 (MES) ED50 (6 Hz, 32 mA) ED50 (6 Hz, 44 mA) ED50 (scPTZ) TD50 (rotarod) PI (TD50/ED50)

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

48.6 (42.4−55.8)a 40.3 (33.9−47.8) 73.2 (57.4−93.4) 83.5 (65.9−105.7) 473.7 (454.7−493.4) 9.7 (MES)
11.7 (6 Hz, 32 mA)
6.5 (6 Hz, 44 mA)
5.7 (scPTZ)

aNo mortality was observed in the MES model in test group vs control group (mortality ca. 66%). bValues in parentheses are 95% confidence
intervals.
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anticonvulsant agents.29,52 Larval zebrafish, when incubated in
PTZ solution, experience seizures that behaviorally manifested
as a hyperactivity.49,50 Recently, however, it was revealed that
relying on the locomotor changes when assessing antiseizure
activity of compounds may give false positive results.53

Therefore, final confirmation should be done using electro-
encephalographic (EEG) assay. With this in mind, we first
assessed the antiseizure activity of (R)-7 [(R)-AS-1] in
locomotor activity test, followed by EEG analysis. To do so,
larval zebrafish (6 days post-fertilization) were incubated for
24 h in different doses of (R)-7 [(R)-AS-1] (1, 2, or 4 mM).
The PTZ (final concentration 20 mM) was applied 5 min
before locomotor tracking took place. Here, we measured
distance traveled within 5-min long time bins and total
distance within 30 min observation period.49 Two-way
ANOVA with repeated measures indicated the differences
between tested groups of larvae [group: F(5,200) = 113.4, p <
0.001; time: F(5,428) = 248.5, p < 0.001; group × time
interaction: F(25,1000) = 44.91, p < 0.001] (Figure S4A).
One-way ANOVA of total distance traveled confirmed this
observation [F(5,200) = 113.4, p < 0.001] (Figure S4B). Next,
the zebrafish larvae were incubated in the highest concen-
tration of (R)-7 [(R)-AS-1] i.e., 4 mM for 24 h and exposed to
PTZ for 5 min before EEG assay started. Here, one way
ANOVA revealed the differences between groups in terms of
number of discharges [F(3,37) = 28.69, p < 0.001] and
duration of events [F(3,37) = 43.19, p < 0.001] (Figure 6).
Post hoc analysis indicated that (R)-7 [(R)-AS-1] pretreated
zebrafish which were subsequently exposed to PTZ exhibited a
lower number of events (p < 0.001) and a shorter duration of
events (p < 0.001), compared to only PTZ-treated larvae.
Spontaneous Locomotor Activity Test. One of the most

prevalent CNS adverse effects observed during ASD therapy is

sedation. This side effect occurs with most of the commonly
used ASDs, including the newest treatment options, i.e., LCS,
LEV, etc.4,54−56 Therefore, the potential of (R)-7 [(R)-AS-1]
to induce sedation was evaluated in the spontaneous
locomotor activity test (Figure 7 and Table S2). Only the
lowest dose of 15 mg/kg slightly decreased locomotor activity
to 88.4% (effect not statistically significant), whereas higher
doses, namely, 30, 60, and 90 mg/kg dose-dependently
increased the spontaneous locomotor activity to the value of
128.8, 134.1, and 140.5% of the control group, respectively. To
confirm these unexpected results, similar studies were carried
out for the 2-fluoro analogue (R)-8. Similarly, (R)-8 injected at
doses of 30, 60, and 90 mg/kg increased mice locomotor
activity in a dose-dependent manner reaching statistical
significance at 90 mg/kg. Thus, the data reported herein
proved that both compounds do not cause any sedative effects.
Moreover, the higher doses such as 60 and 90 mg/kg of (R)-7
[(R)-AS-1] and 90 mg/kg of (R)-8 have a moderate but
significant stimulating impact on spontaneous locomotor
activity in mice, which contrasts with the similar data for
standard and commonly used antiepileptic drugs, e.g., VPA,
gabapentin, or pregabalin. This kind of pharmacological profile
may be potentially beneficial in clinical practice, as sedation
related to ASDs-pharmacotherapy has significant negative
effects on the patients’ quality of life.
In summary, these results identify (R)-7 [(R)-AS-1] as the

lead compound with good oral bioavailability, potent and
broad-spectrum antiseizure activity (both in acute and chronic
seizure models), a very favorable safety/tolerability profile, not
accompanied by sedation (in contrast to majority commonly
used ASDs).
Characterization of the Mechanism of Action. The

structures of chemical prototypes I and II (Figure 1) of the

Figure 5. Effect of (R)-7 [(R)-AS-1] on the PTZ-induced kindling progression in mice. PTZ (40 mg/kg, i.p.) was injected three times a week for a
total of 21 injections. (R)-7 [(R)-AS-1] and VPA were injected i.p., 30 min before PTZ injection. Data are shown as mean (n = 12−15 animals).
The statistical significance was evaluated by repeated measures two-way ANOVA followed by the Bonferroni post hoc test: *p < 0.05, **p < 0.01,
***p < 0.001 compared with control group (GraphPad Prism 8.0.1).
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enantiomers reported here were designed as hybrid com-
pounds by a combination of chemical fragments which are
similar to ETX (i.e., pyrrolidine-2,5-dione), LCS (i.e.,
benzylamide), and LEV (i.e., pyrrolidine-2-one incorporated
in the succinimide ring and alkylamide fragment).28 Both I and

II, but especially (R)-7 [(R)-AS-1], revealed a broader
spectrum of antiseizure efficacy compared to each of these
individual drugs, i.e., ETX (PTZ-protection), LCS [MES, 6 Hz
(32/44 mA)-protection], and LEV [6 Hz (32 mA)-
protection], indicating a possible multimodal or unique
mechanism of action. Because of this, we carried out binding
and electrophysiological studies to determine if (R)-7 [(R)-
AS-1] acted through a molecular target previously reported for
those aforementioned ASDs, i.e., low-voltage activated calcium
channels Cav3.2 (ETX); TTX-sensitive sodium channels
(LCS); and synaptic vesicle glycoprotein 2A (SV2A) (LEV).
Surprisingly, the obtained results showed no interaction with
calcium and sodium ion channels in a high concentration of
100 μM (Tables S3 and S4), and negligible (Ki > 250 μM) or
no binding to human and mouse SV2A (Figure S5).
Additionally, there were no distinct differences in binding to
SV2A for both enantiomers, which makes this mechanism of
action very unlikely, as other ASDs show clear stereoselective
bioactivity, such as LEV (S-enantiomer vsR-enantiomer26).
Furthermore, it should be stressed that I, which is the racemic
mixture of (R)-7 [(R)-AS-1] and (S)-7, did not affect sodium
currents in rat prefrontal cortex pyramidal neurons by the
patch-clamp technique.29 Thus, (R)-7 [(R)-AS-1] does not
seem to share any mechanistic similarities to ETX, LCS, and
LEV, despite their shared chemical prototype.
Consequently, as a next step for elucidating the mechanism

of action, we tested the interaction of (R)-7 [(R)-AS-1] in a
broader panel of other ion channels, ionotropic/metabotropic
receptors, transporters, or enzymes responsible for the activity
of known ASDs or ASD candidates (i.e., Cav2.2, GABAAR,
AMPAR, NMDAR, sigmaR1, GlyRA1, caspase 1, GAT-1 and
GAT-3, etc.),4 as well as other molecular targets not involved
directly in seizure induction or spread, i.e., monoamine
transporters such as serotonin transporter (SERT), dopamine
transporter (DAT) and norepinephrine transporter (NET)
which have been pointed out to possibly serve as targets for
epilepsy treatment57,58 (Tables S4−S6). We have found that
(R)-7 [(R)-AS-1] was inactive in all of the aforementioned in
vitro assays at 10, 50, and/or 100 μM. Notably, there was no
interaction with the hERG channel, which is recognized as a
key off-target tested in the early stage of drug development.
Furthermore, the patch-clamp recordings in slices of the
prefrontal cortex showed that (R)-7 [(R)-AS-1] did not
influence the tonic NMDA currents mediated by both synaptic
and extrasynaptic NMDA receptors at a high concentration of
100 μM. For details, see Figure S6.

Figure 6. EEG events detected from the optic tectum of 7-day-old
zebrafish larvae preexposed for 24 h to (R)-7 [(R)-AS-1] (4 mM).
Next, each larva was incubated with 20 mM PTZ or Veh for 5 min,
before being mounted in agarose for EEG measurements. Data are
shown as: (A) number of events (nr/20 min) and (B) mean duration
of events (s/20 min). Data are shown as mean ± SEM. Veh + veh (n
= 6), (R)-7 [(R)-AS-1] 4 mM + Veh (n = 5), Veh + PTZ (n = 10),
(R)-7 [(R)-AS-1] 4 mM + PTZ (n = 19). The statistical significance
was evaluated by one-way ANOVA followed by the Tukey’s post hoc
test: ***p < 0.001 vs Veh + veh; ∧∧∧p < 0.001 vs Veh + PTZ
(GraphPad Prism 8.0.1).

Figure 7. Influence of (R)-7 [(R)-AS-1] and (R)-8 on spontaneous locomotor activity of mice. Results are shown as the number of light beam
crossings during 30 min of observation beginning at 30 min after i.p. administration. The vehicle-treated group received 1% water solution of
Tween 80. Data are shown as mean ± SEM (n = 8−10 animals). The statistical significance was evaluated using one-way ANOVA with Dunnett’s
post hoc test: *p < 0.05, **p < 0.01 (GraphPad Prism 8.0.1).
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The structural investigation has revealed several structural
similarities of (R)-7 [(R)-AS-1] to (R)-3-[(4-cyclohexyl-1-
piperazinyl)[1-(2-phenylethyl)-1H-tetrazol-5-yl]methyl]-6-me-
thoxy-2(1H)-quinolinone [(R)-GT949], which is a potent and
selective PAM of the EAAT2 glutamate transporter.59,60 These
similarities include bioisosteric replacement of i.e., 5,6-
dihydropyridin-2(1H)-one ring ([(R)-GT949]) into pyrroli-
dine-2,5-dione in (R)-7 [(R)-AS-1]; tetrazole moiety ([(R)-
GT949]) into amide fragment of (R)-7 [(R)-AS-1], as well as
exchange of phenylethyl substituent ([(R)-GT949]) to benzyl
in (R)-7 [(R)-AS-1]. Thus, to examine the hypothesis that the
enantiomers (R)-7 [(R)-AS-1] and (R)-8 could potentially act
as PAMs of glutamate transporters, we performed molecular
docking and glutamate transport studies for both molecules.
Structural Modeling of EAAT2 and Prediction of (R)-7

[(R)-AS-1] and (R)-8 Binding Sites onto EAAT2. Previous
studies of the three-dimensional structure of EAAT family
members revealed that the transporter is a trimer, each
monomer being composed of two domains: a transport
domain containing the substrate binding sites with structural
elements essential to substrate uptake and release, and a
peripheral rigid scaffold, designated as the trimerization
domain.61,62 The trimerization domain provides the interaction
interface between the three monomers, while the transport

domain undergoes a concerted elevator-like movement along
with local gating events when the transporter reconfigures
between its outward-facing (OF) and inward-facing (IF)
states.63−66 We generated structural models for human EAAT2
(residues K43 to D505; UniProt ID P43004) trimer in the OF
and IF states using SWISS-MODEL67 based on the structures
resolved for the symmetric OF EAAT164 (PDB: 5LLU) and IF
EAAT368 (PDB: 6X2L). In addition, an asymmetric hEAAT2
trimer model (containing one subunit in OF and two in IF
conformations) was constructed based on the asymmetric
EAAT368 trimer (PDB: 6X3E).
We performed molecular docking simulations to explore

whether (R)-7 [(R)-AS-1] or (R)-8 could bind onto EAAT2,
and if so to determine their binding site(s) and affinities, as
well as the dependency on the conformational state of EAAT2.
Our simulations revealed that both compounds could bind to
EAAT2, and the OF conformer was found to lead to most
favorable intermolecular interactions in general. The highest
affinity binding site for either ligand was an extracellularly
exposed interfacial region between the scaffold and transport
domains of each monomer. Figure 8A illustrates the top-
ranking binding poses and sites for (R)-7 [(R)-AS-1] observed
in our simulations. Mainly, (R)-7 [(R)-AS-1] is predicted to
preferentially occupy two binding sites, sites 1A and 1B.

Figure 8. (R)-7 [(R)-AS-1] and (R)-8 bind at the interface between the scaffold domain (green) and the transport domain (white) of human
EAAT2 in the OF state. (A) Binding poses of (R)-7 [(R)-AS-1] to the two most favorable sites site 1A and site 1B. The diagram in the center
shows the multiple binding poses of (R)-7[(R)-AS-1] onto OF EAAT2, shown in sticks of different colors. Residues reported earlier to coordinate
the binding of PAM (R)-GT94960 are displayed in van der Waals (VDW) representation in different colors (middle). Site 1A pocket is lined by
TM2 (orange) and TM5 (yellow), and the three loops TM4b-4c (red), HP1a-1b (purple), and HP2a-2b (blue) (left) and site 1B pocket is lined by
residues from TM2, TM4b-4c, HP1a-1b and HP2 (right). Site 1A and site 1B, shown on the left and right panels, are predicted to show equal
affinity (−7.3 kcal/mol). (B−D) Comparison of the predicted binding poses of (R)-7 [(R)-AS-1] (B), (R)-8 (C), and (R)-GT949 (D) onto site
1A. AutoDock predicts the respective binding affinities of the three compounds to site 1A as −7.3, −7.6, and −8.0 kcal/mol. The EAAT2 protein
was modeled after the EAAT1 OF conformer (PDB: 5LLU).
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Residues coordinating the binding of (R)-7 [(R)-AS-1] onto
site 1A include G82, D83, M86, K90 and I93 on TM2, D238−
G239 on TM4b-4c loop, L295 and K299 on TM5, G360−
G366 (HP1 loop), I442−P443 (HP2 loop) and R476 (TM8)
(see Figure 8A,B). The corresponding binding affinity is −7.3
± 0.3 kcal/mol. Molecular interactions stabilizing the bound
form include a cation−π interaction between K299/R476 and
the benzene ring of the compounds, strong hydrophobic
interactions involving M83, I93, L295, I442, and P443, and
hydrogen bonds between the pyrrolidine-2,5-dione ring and
K90 and D238.
Notably, site 1A coincides with the binding site for (R)-

GT949, a PAM of EAAT2 (see Figure 8D) reported in a
previous study.60 Residues K299, M86, and L295, reported
therein to participate in the allosteric modulation of EAAT2 by
(R)-GT949,60 are found here to coordinate (R)-7 [(R)-AS-1]
and (R)-8 (Figure 8B,C).

In addition to site 1A, (R)-7 [(R)-AS-1] could bind to an
additional site (site 1B) (Figure 8A, right) with comparable
binding affinity. Residues coordinating the binding of (R)-7
[(R)-AS-1] to site 1B include K90 and I93 from TM2, Q187−
Q189, and K237−V242 from TM4b-4c loop, T361−G366
from HP1, and I442−V448 from HP2. Notably, in both poses,
the pyrrolidine-2,5-dione ring from (R)-7 [(R)-AS-1] binds to
the same region of the transporter. We suggest that the (R)-7
[(R)-AS-1] pyrrolidine-2,5-dione ring may determine its
binding affinity and selectivity to EAAT2 over other EAATs,
since K90, as well as several residues from the TM4b-4c loop
(e.g., K237, D238, and M240) are specific to EAAT2.
We also performed docking simulations for binding (R)-8

and PAM (R)-GT949 onto EAAT2. The computations
revealed both ligands selected the same binding sites as (R)-
7 [(R)-AS-1] (not shown). AutoDock yielded a slightly higher
affinity (−7.6 ± 0.3 kcal/mol) for binding (R)-8 to site 1A,

Figure 9. (A) (R)-7 [(R)-AS-1] augments glutamate uptake mediated by EAAT2 (but not EAAT1 or 3) in transfected COS-7 cells (***p < 0.001
compared to vehicle). (B) Kinetic analysis of glutamate uptake in the presence of 10 (blue) or 100 nM (green) (R)-7 [(R)-AS-1]. The table
underneath shows Vmax and Km values obtained from four independent experiments performed in triplicate (*p < 0.05 and **p < 0.01 for Vmax of
compound compared to vehicle). ANOVA followed by Dunnet’s post hoc test, averages of triplicate determinations of four independent
experiments ± SEM. Km was not statistically different among groups (GraphPad Prism 9).

Figure 10. (A) (R)-7 [(R)-AS-1] augments glutamate uptake in cultured glia cells (*p < 0.05 compared to vehicle). (B) Kinetic analysis of
glutamate uptake in the presence of 10 nM (blue) or 100 nM (green) (R)-7 [(R)-AS-1]. The table underneath shows Vmax and Km values obtained
from four independent experiments performed in triplicate; (*p < 0.05 and **p < 0.01 for Vmax of compound compared to vehicle). ANOVA
followed by Dunnet’s post hoc test, averages of triplicate determinations of four independent experiments ± SEM. Km was not statistically different
among groups (GraphPad Prism 9).
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compared (R)-7 [(R)-AS-1] (−7.3 ± 0.3 kcal/mol). In
addition to the favorable cation-π interactions, hydrophobic
interactions, and hydrogen bonds, which were observed for
binding (R)-7 [(R)-AS-1], we noted that additional inter-
actions could promote the binding of (R)-8. In particular, the
fluorine atom in the benzene ring of (R)-8 may increase the
electrostatic interaction with the positively charged R476 due
to the electronegativity of fluorine (yellow circle in Figure 8C),
and the larger size of (R)-8 promoted closer hydrophobic
contacts with A83 and M240 according to the model.
Finally, to study the effects of stereochemistry, we performed

additional docking simulations of (S)-7 and (S)-8 onto
EAAT2. Of note, both (S)-(7) and (S)-8 exhibit reduced
binding affinities (by at least 1 kcal/mol) to the OF EAAT2,
compared with their respective R-enantiomers (see Figure S7).
Furthermore, S-enantiomers do not target those residues, e.g.,
M86 and L295, reported earlier to coordinate the binding of
PAM (R)-GT949.60 Interestingly, mutations of the homolo-
gous counterparts of M86 and L295 in EAAT1 were found to
shift the transporter function and substrate uptake rate.69

Collectively, we suggest that the S-enantiomers have lower
potency for targeting EAAT2 than their R-enantiomers.
Glutamate Uptake Studies in COS-7 Cell Lines

Mediated by EAATs and in Primary Glia Cells. Our
results indicate that (R)-7 [(R)-AS-1] stimulated L-glutamate
uptake through EAAT2 in COS-7 cell lines with an EC50 of 11
± 6 nM and an efficacy of augmentation of 251 ± 11% (Figure
9A), with no effects on EAAT1 and EAAT3-mediated uptake.
A kinetic analysis of glutamate uptake in the presence of 10 nM
(blue) or 100 nM (green) (R)-7 [(R)-AS-1] revealed
significant increases in the Vmax values, by ∼135 and ∼190%,
respectively, while Km values remained relatively stable among
groups, i.e., without a statistically significant difference (Figure
9B).
To validate the effect of (R)-7 [(R)-AS-1] in a more

physiologically relevant assay, we performed dose−response
assays in cultured glia (Figure 10A). The compound again
showed a potency of 25 ± 21 nM and efficacy of 174 ± 13%
for L-glutamate uptake augmentation, which was comparable to
the values obtained in the heterologous expression system
(COS-7 cells). Kinetic analysis of L-glutamate uptake in the
presence of different concentrations of the compound is shown
in Figure 10B. Vmax values significantly increased by ∼147 and
∼174% in the presence of 10 and 100 nM compound,
respectively. Similarly to the results obtained in the transfected
COS-7 cells, the Km values did not exhibit significant
differences under different conditions.
These results demonstrate that (R)-7 [(R)-AS-1] acts as a

selective enhancer of the activity of EAAT2. The affinity for the
substrate (Km) was not statistically different when measured in
the presence of the compound, suggesting that (R)-7 [(R)-AS-
1] enhances the glutamate translocation rate, with no effect on
substrate interaction, suggesting an allosteric mechanism.
We have also investigated the effects of (R)-8 on transfected

COS-7 cells and found that this compound also acts as an
EAAT2 PAM, however, with a slightly lower potency (EC50 =
20 ± 11 nM) and efficacy (166 ± 13%) of augmentation of
EAAT2-mediated glutamate transport, compared to (R)-7
[(R)-AS-1] (Figure S8A). Notably, studies in cultured glia
cells (R)-8 revealed a more potent effect (with an EC50 of 0.1
± 0.3 nM, Figure S8B) than what was observed for (R)-7
[(R)-AS-1] (∼20 nM) with a similar efficacy (156 ± 28%) of
glutamate transport augmentation. This higher potency

correlates with the more potent protection of (R)-8vs(R)-7
[(R)-AS-1] observed in the in vivo seizure models (Tables 1
and 2) since the glia cultures are a more physiological
approach than transfected cells. Another potential explanation
is that both aforementioned compounds could have also
different pharmacokinetic properties/exposure or additional
mechanisms and targets that have not been investigated thus
far.
Our previous work suggested that residues at the interface

between the transport and the trimerization domains are
critical for transport stimulation,70 as well as coordination of
substrate transport and chloride channeling.69 Our proposed
mechanism of interaction between compound (R)-7 [(R)-AS-
1] and EAAT2 included the hypothesis that the compound
might be binding to the site previously identified to bind
allosteric modulators.70 Current simulations confirmed that
both (R)-7 [(R)-AS-1] and (R)-8 bind to a high-affinity site,
site 1A, at the interface between the transport and
trimerization domains of the monomers. The binding of
small molecules at this interfacial region may possibly
accelerate the rate of transport by facilitating the movement
of the transport domain.59,60

With the aim of assessing the influence of stereochemistry
on glutamate uptake mediated by EAAT2, we carried out
similar studies in COS-7 cell lines for both S-enantiomers,
namely, (S)-7 and (S)-8 (Figure S9). Our results illustrate that
the S-enantiomers displayed an enhancing effect on glutamate
uptake in EAAT2-transfected cells only at a very high
concentration of 1 mM, as opposed to the R-enantiomers
that showed a much more potent effect (EC50 for (R)-7 [(R)-
AS-1] is 11 ± 6 nM, as shown in Figure 9A and for (R)-8 EC50
is 20 ± 11 nM, as shown in Figure S8A). These data suggest
that the S-enantiomers have low potency, with EC50 higher
than 100 μM. Data shown in Figure S9 indicate that the R-
enantiomers display an inverted dose-effect curve. Other
allosteric compounds have been shown to behave in this
manner, as exemplified by PAMs of dopamine D1 receptors71

(a mechanism suggested as a potential treatment of neuro-
psychiatric disorders) and PAMs of mGluR572 (suggested as
potential cognitive enhancers).
In summary, in vitro glutamate transport studies suggest that

(R)-7 [(R)-AS-1] and (R)-8 act as selective PAMs of EAAT2,
and in silico studies reveal the specific mechanism of binding at
the interface between the transport and trimerization domains
of each monomer, which shows a particularly high avidity
when EAAT2 is in its OF conformation. Until now, such an
allosteric mechanism of action has not been identified for
small-molecule amino acid derivatives with potent antiseizure
activity in vivo. Furthermore, until now, to the best of our
knowledge, other PAM compounds selectively acting on
EAAT2 have not been tested as a potential epilepsy therapy.4

In Vitro ADME-Tox Assays. Poor ADME-Tox parameters
can preclude each compound from becoming a clinical
candidate. Therefore, early identification of potential limi-
tations identified in ADME-Tox studies is an essential step in
drug development. For this purpose, selected in vitro assays
were performed for (R)-7 [(R)-AS-1]. The obtained results
are summarized and shown in Table 4.
PAMPA results showed satisfactory ability for passive

diffusion with a permeability (Pe) value higher than the
breakpoint for permeable compounds according to the
manufacturer’s guideline (Pe ≥ 1.5 × 10−6 cm/s).73
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Regarding the distribution parameter, (R)-7 [(R)-AS-1]
showed low plasma protein binding compared to the positive,
highly bound reference warfarin74 (23.8 and 98.5% fraction
bound, respectively).
Previously, racemate I was shown to be very stable

metabolically in human liver microsomes (HLMs).29 There-
fore, it was not surprising that (R)-7 [(R)-AS-1] is also a
highly metabolically stable compound. No metabolites were
found in the presence of HLMs or mouse liver microsomes
(MLMs) (Table 4 and Figure S10A,B). The additional
investigation of glucuronide phase II metabolism of (R)-7
[(R)-AS-1] by HLMs was performed here. The obtained
UPLC chromatogram did not confirm the presence of any
glucuronide metabolite of (R)-7 [(R)-AS-1] (Table 4 and
Figure S11A).
No significant differences between (R)-7 [(R)-AS-1] and

racemate I were found in drug−drug interaction studies. (R)-7
[(R)-AS-1] showed slight inhibition of CYP3A4 and slight
activation of CYP2D6 only at the highest concentration of 25

μM. A moderate inhibitory effect, comparable to that of the
racemate, was shown in the CYP2C9 assay (Table 4 and
Figure S12A−C).
In our previous studies,29,37 the slight effect of racemate I on

the viability of hepatoma HepG2 cells was observed at a high
concentration of 100 μM. In the present study, a similar
protocol was applied for (R)-7 [(R)-AS-1] as well as the
reference ASDs (LEV, LCS, ETX, and VPA) for 72 h. None of
the compounds, (R)-7 [(R)-AS-1], and ASDs, showed any
effect on HepG2 cells, suggesting they may be safe for long-
term use (Table 4 and Figure S13A,B). Moreover, the safety of
(R)-7 [(R)-AS-1] was also confirmed after incubation with
human embryonic kidney (HEK-293) cells for 72 h (Table 4
and Figure S14).
In the neurotoxicity assay, an interesting neurogenic effect of

compound (R)-7 [(R)-AS-1] was observed after 72 h of
incubation of the neuroblastoma SH-SY5Y cells. The statisti-
cally significant induction (up to 130% of control) of the cells’
viability was observed in all tested concentrations from 0.0001
to 10 μM (Table 4 and Figure S15A). Consistently, an
apparent and comparable neurogenesis effect has already been
described for other pyrrolidine-2,5-dione derivatives synthe-
sized by our research group.36,75 A similar effect on SH-SY5Y
cells was observed only for LEV at the highest dose of 100 μM
(Table 4 and Figure S15B). Additionally, the in vitro/in vivo
stimulation of neuronal cell viability by this ASD has been
reported in several recent articles.76−78

Pharmacokinetic Studies. The pharmacokinetic profile of
(R)-7 [(R)-AS-1] was assessed after its i.p. administration in
mice at a screening dose of 100 mg/kg. The amount of the test
compound in serum and brain was determined by a liquid
chromatography−tandem mass spectrometry (LC-MS/MS)
system (Figure 11).
Pharmacokinetic parameters estimated based on these data

by the noncompartmental analysis are presented in Table 5.
As presented in this table, the peak concentration of (R)-7

[(R)-AS-1] in serum was attained at the first observation time
(i.e., at 5 min) indicating that the compound is very quickly
absorbed from the peritoneal cavity. The maximum concen-
tration in murine brain was observed slightly later than in
serum, namely, 15 min after dosing. (R)-7 [(R)-AS-1] was able
to penetrate the blood−brain barrier as the brain-to-serum
AUC ratio was 0.6. Its elimination from both serum and brain

Table 4. ADME-Tox Parameters Determined In Vitro for
(R)-7 [(R)-AS-1]a

permeability/plasma protein binding

PAMPA�Pe (10−6 cm/s) ± SD 1.98 ± 0.6
plasma protein binding�fraction bound f b (% ± SD) 23.8 ± 3.7
plasma protein binding�KD (μM) 1970.0

metabolic pathways in human

phase I no metabolites found
phase II (glucuronidation) no metabolites found

metabolic pathways in mouse

phase I no metabolites found
phase II (glucuronidation) not tested

CYPs safety profile

CYP3A4 activity (% of control ± SD at 10 μM) 100.4 ± 4.2
CYP2D6 activity (% of control ± SD at 10 μM) 105.3 ± 1.0
CYP2C9 activity (% of control ± SD at 10 μM) 67.9 ± 3.6

cytotoxicity assay

HepG2 viability (% of control ± SD at 100 μM) 94.3 ± 7.1
HEK-293 viability (% of control ± SD at 100 μM) 96.8 ± 21.9
SH-SY5Y viability (% of control ± SD at 10 μM) 127.33 ± 7.3

aAbbreviations: Pe�permeability coefficient.

Figure 11. Serum and brain (R)-7 [(R)-AS-1] concentrations (±SD) as a function of time following i.p. administration of a dose of 100 mg/kg to
CD-1 mice (n = 3−4). The inset shows the concentration−time curves close to the peak (0−60 min).
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was rather slow as the terminal half-lives assessed in these
matrices were longer than 40 and 50 min, respectively. The
mean residence time (MRT) values were also somehow higher
in brain than in serum (77 vs 59 min), which may limit off-
target actions. As the percentage of water in fat-free wet weight
of mice is about 80%,79 the volume of distribution (1.3 L/kg)
estimated in this study only slightly exceeded mice total body
water, confirming a moderate distribution of (R)-7 [(R)-AS-1]
to organs and tissues and a limited degree of tissues binding.
The total clearance calculated using the noncompartmental
approach (approx. 0.6 mL/min) was lower than the mouse
liver blood flow (2.25 mL/min).80 This may suggest that the
compound is not extensively metabolized in the liver.
However, the values of both Vz and CL calculated after i.p.
dosing are dependent on the fraction of dose absorbed (F). If
this fraction is lower than 1, the calculated values of these
parameters following extravascular administration are higher
than the true values, i.e., estimated following intravenous
administration, where F = 1. Thus, given these considerations,
especially in relation to Vz, the results obtained should be taken
with caution.

■ CONCLUSIONS
The present chemical and pharmacological studies confirmed
favorable absolute configuration for the optimal antiseizure
activity of racemates identified in a group of N-benzyl-2-(2,5-
dioxopyrrolidin-1-yl)propanamides reported previously. Con-
sequently, R-enantiomers were identified as the eutomers, and
revealed wide-spectrum and potent protection in several of the
most crucial acute seizure models in mice (i.p.). These models
include MES, 6 Hz (32 mA), scPTZ, and the 6 Hz (44 mA),
which is recognized as a model of drug-resistant epilepsy. The
compound with the most beneficial antiseizure properties and
the best safety profile in the rotarod performance test was (R)-
7 [(R)-AS-1], which then was identified as the lead compound.
Additionally, this molecule displayed potent protection in the
chronic PTZ-kindling model in mice i.p., as well as in the PTZ-
zebrafish seizures. (R)-7 [(R)-AS-1] was effective when given
orally to mice, showing satisfactory bioavailability from the
gastrointestinal tract. Notably, (R)-7 [(R)-AS-1] revealed a
unique and novel mechanism of action, not yet observed in
other ASDs, as it is a selective PAM of glutamate transport by
EAAT2. This mechanism of action was tested in COS-7 and
glia cells and supported by molecular docking studies. Thus,
the lead compound (R)-7 [(R)-AS-1] may be classified as the

first-in-class small-molecule and amino-acid (D-alanine)-based
ASD candidate, that acts as a selective EAAT2 PAM. This
unique mechanism of action together with potent antiseizure
activity, an excellent in vivo/in vitro safety profile, and satisfying
pharmacokinetic properties make (R)-7 [(R)-AS-1] a very
promising candidate for more detailed preclinical and clinical
development in epilepsy, as well as other neurological and
psychiatric diseases related to increased glutamate excitotox-
icity (i.e., amyotrophic lateral sclerosis, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, ischemia, schizo-
phrenia, neuropathic pain, anxiety, depression, and autism
spectrum disorders). It should be noted that PAMs of EAAT2
might have an advantage over enhancers of EAAT2
expression,81,82 which are mostly limited to β-lactam anti-
biotics such as ceftriaxone. These β-lactam antibiotics have
several pharmacokinetic and practical issues, including the
necessity of parenteral administration, poor brain penetrability,
limitations related to chronic dosing, and adverse effect
profile.83 Therefore, (R)-7 [(R)-AS-1] that is devoid of these
drawbacks is a promising drug candidate with a novel
treatment strategy worthy of more detailed evaluation.
In the next steps, we will determine the effect of (R)-7 [(R)-

AS-1] in more advanced seizure models (i.e., the lamotrigine-
resistant amygdala kindling model or the Dravet syndrome
model, etc.), as well as other in vivo models of neuropathic pain,
depression, or anxiety, which are all models that involve the
dysregulation of the glutamatergic system.84,85 Finally, detailed
safety and tolerability assays after acute and subchronic
treatment in rodents will be carried out. In summary, we
assume that the data described herein and the additional
studies we plan to perform in the near future will confirm the
potential of (R)-7 [(R)-AS-1] as a promising, first-in-class
ASD candidate.

■ EXPERIMENTAL SECTION
Chemistry. General Information. All chemicals and solvents were

purchased from commercial suppliers and were used without further
purification. Melting points (mp.) were determined in open capillaries
on a Büchi 353 melting point apparatus (Büchi Labortechnik, Flawil,
Switzerland) and are uncorrected. The purity and homogeneity of the
compounds were assessed by thin-layer chromatography (TLC) and
the gradient UPLC chromatography. Thin-layer TLC was performed
in silica gel 60 F254 precoated aluminum sheets (Macherey-Nagel,
Düren, Germany), using a developing system that consisted of the
following: S1-DCM/MeOH (9:0.3; v/v), S2-DCM/MeOH (9:0.5; v/
v). Spots were detected by their absorption under UV light (λ = 254
nm). The UPLC analyses and mass spectra (LC-MS) were obtained
on the Waters ACQUITY TQD system (Waters, Milford, CT) with
the MS-TQ detector and UV-Vis-DAD eλ detector. The ACQUITY
UPLC BEH C18, 1.7 μm (2.1 × 100 mm2) column was used with the
VanGuard Acquity UPLC BEH C18, 1.7 μm (2.1 × 5 mm2) (Waters,
Milford, CT). Standard solutions (1 mg/mL) of each compound were
prepared in analytical grade acetonitrile (MeCN)/water mixture (1:1;
v/v). Conditions applied were as follows: eluent A (water/0.1%
HCOOH), eluent B (MeCN/0.1% HCOOH), a flow rate of 0.3 mL/
min, a gradient of 5−100% B over 10 min, and an injection volume of
10 μL. The UPLC retention times (tR) are given in minutes. The
purity of target compounds determined by the use of the UPLC
method was >99%. Preparative column chromatography was
performed using silica gel 60 (particle size 0.063−0.200; 70−230
mesh ATM) purchased from Merck (Darmstadt, Germany).
Elemental analyses (C, H, and N) for final compounds were carried
out by a micro method using the elemental Vario EI III Elemental
analyzer (Hanau, Germany). The results of elemental analyses were
within ±0.4% of the theoretical values. 1H NMR and 13C NMR
spectra were obtained in a JEOL-500 spectrometer (JEOL USA, Inc.

Table 5. Pharmacokinetic Parameters of (R)-7 [(R)-AS-1]
in Serum and Brain Tissue Following i.p. Administration of
This Compound at a Dose of 100 mg/kg to Mice

parametera serum brain

tmax (min) 5 15
Cmax (μg/mL(g)) 82.7 30.0
λz (min−1) 0.017 0.014
t0.5λz (min) 42.0 50.1
Vz/F (L/kg) 1.3
CL/F (L/min/kg) 0.02
AUC0−∞ (μg·min/mL(g)) 4625.8 2813.0
MRT (min) 59.1 77.0

aPharmacokinetic parameters: Cmax�maximum serum/brain concen-
tration; tmax�time to reach Cmax; λz�terminal slope; t.5λz�terminal
half-life; Vz/F�volume of distribution; CL/F�clearance;
AUC0−∞�area under the curve, MRT�mean residence time.
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MA), in CDCl3 operating at 500 MHz (1H NMR) 126 MHz (13C
NMR). Chemical shifts are reported in δ values (ppm) relative to
tetramethylsilane (TMS) δ = 0 (1H), as internal standard (IS). The J
values are expressed in hertz (Hz). Signal multiplicities are
represented by the following abbreviations: singlet (s), broad singlet
(br s), doublet (d), double double doublet (ddd), triplet (t), triple
doublet (td), quartet (q), multiplet (m). The optical activity and the
specific optical rotation ([α]D20) of chiral imides were determined on
Jasco polarimeter p-2000 (Jasco Inc. Easton, MD). For these
purposes, 0.1% solutions of compounds in DCM were prepared.
Chiral HPLC assays were conducted on an HPLC system (Shimadzu
Prominence i LC-2030C SD Plus, Shimadzu Corporation, Kyoto,
Japan) equipped with Chiralart Amylose-C column (250 × 4.6 mm2).
The conditions applied were as follows: hexane/i-PrOH = 85/15 (v/
v), flow rate: 0.7 mL/min, detection at λ = 209 nm. HRMS was
performed commercially on Bruker Impact II spectrometer using
electrospray ionization quadrupole time-of-flight tandem mass
spectrometry (ESI-QTOF) by the Jagiellonian Centre of Innovation
(Krakow, Poland).
Method for the Preparation of (R)-1, (R)-2 and (S)-1, (S)-2.

To an anhydrous DCM (100 mL) solution of Boc-D-alanine or Boc-L-
alanine (5.0 g, 27 mmol, 1 equiv) was successively added DCC (6.81
g, 1.2 equiv) dissolved in 10 mL of anhydrous DCM. After stirring
(15 min), the benzylamine or 2-fluorobenzylamine (1 equiv)
dissolved in 5 mL of anhydrous DCM was added dropwise and the
reaction was stirred at room temperature for 1 h. The DCM was
evaporated in vacuum, and the product was purified by column
chromatography using a DCM/MeOH�9:0.3 (v/v) (S1) mixture as a
solvent system.

(R)-tert-Butyl-(1-(benzylamino)-1-oxopropan-2-yl)carbamate
(R)-1. Light oil. Yield: 91% (6.95 g); TLC: Rf= 0.43 (S1); UPLC
(purity >99%): tR = 5.45 min. C15H22N2O3 (278.35). LC-MS (ESI):
m/z calcd for C15H22N2O3 (M + H)+ 279.16, found 279.18. 1H NMR
(500 MHz, CDCl3) δ 1.26−1.48 (m, 12H), 4.19 (br s, 1H), 4.40 (br
s, 2H), 5.13 (br s, 1H), 6.69−6.78 (m, 1H), 7.20−7.25 (m, 3H), 7.28
(d, J = 7.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 18.4, 28.4, 43.4,
50.2, 80.2, 127.6, 127.6, 128.7, 138.2, 155.7, 172.8.

(R)-tert-Butyl-(1-((2-fluorobenzyl)amino)-1-oxopropan-2-yl)-
carbamate (R)-2. Light oil. Yield: 92% (7.20 g); TLC: Rf= 0.43 (S1);
UPLC (purity >99%): tR = 5.59 min. C15H21FN2O3 (296.34). LC-MS
(ESI): m/z calcd for C15H21FN2O3 (M + H)+ 297.15, found 279.26.
1H NMR (500 MHz, CDCl3) δ 1.26−1.41 (m, 12H), 4.18 (br s, 1H),
4.46 (d, J = 4.6 Hz, 2H), 5.06 (br s, 1H), 6.72 (br s, 1H), 7.00 (ddd, J
= 9.9, 8.5, 1.0 Hz, 1H), 7.06 (td, J = 7.5, 1.2 Hz, 1H), 7.20−7.25 (m,
1H), 7.28 (t, J = 7.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 18.2,
28.3, 37.5 (d, J = 3.6 Hz), 50.1, 80.3, 115.3, 115.5, 124.3 (d, J = 3.0
Hz), 125.1, 129.3, 130.0, 160.0, 172.8.

(S)-tert-Butyl-(1-(benzylamino)-1-oxopropan-2-yl)carbamate
(S)-1. Light oil. Yield: 89% (6.80 g); TLC: Rf= 0.43 (S1); UPLC
(purity >99%): tR = 5.41 min. C15H22N2O3 (278.35). LC-MS (ESI):
m/z calcd for C15H22N2O3 (M + H)+ 279.16, found 279.28. 1H NMR
(500 MHz CDCl3) δ 1.33−1.44 (m, 12H), 4.19 (br s, 1H), 4.40 (br s,
2H), 5.13 (br s, 1H), 6.74 (br s, 1H), 7.23 (t, J = 8.2 Hz, 3H), 7.28
(d, J = 7.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 18.4, 28.4, 43.4,
50.2, 80.2, 127.5, 127.6, 128.7, 138.2, 155.7, 172.8.

(S)-tert-Butyl-(1-((2-fluorobenzyl)amino)-1-oxopropan-2-yl)-
carbamate (S)-2. Light oil. Yield: 90% (7.04 g); TLC: Rf= 0.43 (S1);
UPLC (purity >99%): tR = 5.54 min. C15H21FN2O3 (296.34). LC-MS
(ESI): m/z calcd for C15H21FN2O3 (M + H)+ 297.15, found 279.49.
1H NMR (500 MHz, CDCl3) δ 1.32−1.43 (m, 12H), 4.18 (br s, 1H),
4.46 (d, J = 4.6 Hz, 2H), 5.06 (br s, 1H), 6.72 (br s, 1H), 7.00 (ddd, J
= 9.9, 8.5, 1.0 Hz, 1H), 7.06 (td, J = 7.5, 1.2 Hz, 1H), 7.19−7.24 (m,
1H), 7.28 (t, J = 7.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 18.2,
28.3, 37.5 (d, J = 3.6 Hz), 50.1, 80.3, 115.3, 115.5, 124.3(d, J = 3.0
Hz), 125.1 (d, J = 14.5 Hz), 129.3 (d, J = 7.8 Hz), 130.0, 160.0, 172.8.
Procedure for the Preparation of (R)-3, (R)-4 and (S)-3, (S)-4.

The DCM (100 mL) solution of (R)-1, (R)-2, (S)-1 or (S)-2 (20
mmol, 1 equiv) was treated with TFA (6.84 g, 4.56 mL, 60 mmol, 3
equiv) and stirred at room temperature for 1 h. Afterward, the organic
solvents were evaporated in vacuum. The resulting oil residue was

dissolved in water (20 mL) and then 25% ammonium hydroxide was
carefully added to pH = 8. The aqueous layer was extracted with
DCM (3 × 50 mL), dried over Na2SO4, and concentrated in vacuum
to give the (R)-3, (R)-4 and (S)-3, (S)-4 as yellow oils, and were used
to further reaction without purification.

(R)-2-Amino-N-benzylpropanamide (R)-3. Yellow oil. Yield: 89%
(3.17 g); TLC: Rf= 0.21 (S2) UPLC (purity 99%): tR = 2.07 min.
C10H14N2O (178.24). LC-MS (ESI): m/z calcd for C10H14N2O (M +
H)+ 179.11, found 179.24. 1H NMR (500 MHz, CDCl3) δ 1.33 (d, J
= 6.9 Hz, 3H), 1.69 (br s, 2H), 3.50 (q, J = 7.0 Hz, 1H), 4.40 (d, J =
6.0 Hz, 2H), 7.22−7.26 (m, 3H), 7.28−7.32 (m, 2H), 7.64 (br s, 1H).
13C NMR (126 MHz, CDCl3) δ 21.9, 43.1, 50.8, 127.5, 127.7, 128.7,
138.5, 175.8.

(R)-2-Amino-N-(2-fluorobenzyl)propanamide (R)-4. Yellow oil.
Yield: 91% (3.57 g); TLC: Rf= 0.21 (S2) UPLC (purity >99%): tR =
2.27 min. C10H13FN2O (196.23). LC-MS (ESI): m/z calcd for
C10H13FN2O (M + H)+ 197.10, found 197.23. 1H NMR (500 MHz,
CDCl3) δ 1.32 (d, J = 7.2 Hz, 3H), 1.65 (br s, 2H), 3.50 (q, J = 6.9
Hz, 1H), 4.46 (d, J = 6.0 Hz, 2H), 7.01 (ddd, J = 9.9, 8.5, 1.2 Hz,
1H), 7.07 (td, J = 7.5, 1.2 Hz, 1H), 7.20−7.25 (m, 1H), 7.29 (td, J =
7.6, 1.7 Hz, 1H), 7.67 (br s, 1H). 13C NMR (126 MHz, CDCl3) δ
21.8, 37.1 (d, J = 3.6 Hz), 50.8, 115.4 (d, J = 21.7 Hz), 124.3 (d, J =
3.6 Hz), 125.5 (d, J = 15.1 Hz), 129.3 (d, J = 8.4 Hz), 130.1 (d, J =
4.2 Hz), 161.1 (d, J = 246.3 Hz), 175.8.

(S)-2-Amino-N-benzylpropanamide (S)-3. Yellow oil. Yield: 87%
(3.10 g); TLC: Rf= 0.21 (S2) UPLC (purity >99%): tR = 2.14 min.
C10H14N2O (178.24). LC-MS (ESI): m/z calcd for C10H14N2O (M +
H)+ 179.11, found 179.17. 1H NMR (500 MHz, CDCl3) δ 1.33 (d, J
= 6.9 Hz, 3H), 1.69 (br s, 2H), 3.50 (q, J = 7.0 Hz, 1H), 4.40 (d, J =
6.0 Hz, 2H), 7.21−7.26 (m, 3H), 7.28−7.32 (m, 2H), 7.64 (br s, 1H).
13C NMR (126 MHz, CDCl3) δ 21.9, 43.1, 50.8, 127.4, 127.7, 128.8,
138.6, 175.8.

(S)-2-Amino-N-(2-fluorobenzyl)propanamide (S)-4. Yellow oil.
Yield: 88% (3.45 g); TLC: Rf= 0.21 (S2) UPLC (purity >99%): tR =
2.23 min. C10H13FN2O (196.23). LC-MS (ESI): m/z calcd for
C10H13FN2O (M + H)+ 197.10, found 197.18. 1H NMR (500 MHz,
CDCl3) δ 1.32 (d, J = 7.2 Hz, 3H), 1.65 (br s, 2H), 3.50 (q, J = 6.9
Hz, 1H), 4.46 (d, J = 6.0 Hz, 2H), 7.01 (ddd, J = 9.9, 8.5, 1.2 Hz,
1H), 7.07 (td, J = 7.5, 1.2 Hz, 1H), 7.20−7.24 (m, 1H), 7.29 (td, J =
7.6, 1.7 Hz, 1H), 7.67 (br s, 1H). 13C NMR (126 MHz, CDCl3) δ
21.8, 37.1 (d, J = 3.6 Hz), 50.8, 115.4 (d, J = 21.7 Hz), 124.3 (d, J =
3.6 Hz), 125.5 (d, J = 15.1 Hz), 129.3 (d, J = 8.4 Hz), 130.1 (d, J =
4.2 Hz), 161.1 (d, J = 246.3 Hz), 175.8.
Procedure for the Preparation of (R)-5, (R)-6 and (S)-5, (S)-6.

To a solution of succinic anhydride (1.56 g, 15 mmol, 1 equiv) in
ethyl acetate (10 mL) was added a solution of (R)-3, (R)-4, (S)-3, or
(S)-4 (15 mmol, 1 equiv) in ethyl acetate (40 mL). The reaction
mixture was stirred for 0.5 h, after this time, ethyl acetate was
evaporated to dryness. The succinamic acid (R)-5, (R)-6 and (S)-5,
(S)-6 were obtained as solid substances after washing with diethyl
ether.

(R)-4-((1-(Benzylamino)-1-oxopropan-2-yl)amino)-4-oxobuta-
noic Acid (R)-5. White solid. Yield: 95% (3.96 g); TLC: Rf= 0.34 (S2)
UPLC (purity 99%): tR = 3.23 min. C14H18N2O4 (278.31). LC-MS
(ESI): m/z calcd for C14H18N2O4 (M + H)+ 279.13, found 279.18. 1H
NMR (500 MHz, CDCl3) δ 1.24−1.29 (m, 3H), 2.36−2.41 (m, 2H),
2.49−2.56 (m, 2H), 3.72−3.86 (m, 2H), 4.29 (d, J = 7.5 Hz, 2H),
7.12−7.28 (m, 5H), 7.36 (br s, 1H), 7.64−7.73 (m, 1H). 13C NMR
(126 MHz, CDCl3) δ 17.8, 28.8, 28.9, 29.3, 30.6, 43.2, 49.2, 127.3,
127.4, 128.6, 138.0, 172.5, 172.9, 175.2.

(R)-4-((1-((2-Fluorobenzyl)amino)-1-oxopropan-2-yl)amino)-4-
oxobutanoic Acid (R)-6. White solid. Yield: 93% (4.13 g); TLC: Rf=
0.34 (S2) UPLC (purity >99%): tR = 3.23 min. C14H17FN2O4
(296.30). LC-MS (ESI): m/z calcd for C14H17FN2O4 (M + H)+
297.12, found 279.13. 1H NMR (500 MHz, CDCl3) δ 1.29 (d, J = 7.2
Hz, 3H), 2.40−2.44 (m, 2H), 2.55−2.58 (m, 2H), 3.64 (s, 1H),
4.33−4.35 (m, 1H), 4.36−4.41 (m, 2H), 6.94−6.99 (m, 1H), 7.02−
7.06 (m, 1H), 7.14−7.26 (m, 2H), 7.57 (br s, 1H). 13C NMR (126
MHz, CDCl3) δ 17.9, 24.9, 25.6, 29.4, 48.9, 115.2, 115.4, 124.3 (d, J =
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3.6 Hz), 124.9 (d, J = 15.1 Hz), 129.2 (d, J = 7.8 Hz), 129.8, 160.8 (d,
J = 246.3 Hz), 172.4, 173.0, 175.4.

(S)-4-((1-(Benzylamino)-1-oxopropan-2-yl)amino)-4-oxobuta-
noic Acid (S)-5. White solid. Yield: 96% (4.00 g); TLC: Rf= 0.34 (S2)
UPLC (purity >99%): tR = 3.23 min. C14H18N2O4 (278.31). LC-MS
(ESI): m/z calcd for C14H18N2O4 (M + H)+ 279.13, found 279.26. 1H
NMR (500 MHz, CDCl3) δ 1.22−1.30 (m, 3H), 2.35−2.42 (m, 2H),
2.53 (dt, J = 4.8, 2.3 Hz, 2H), 3.74−3.85 (m, 2H), 4.27−4.36 (m,
2H), 7.12−7.27 (m, 5H), 7.36 (br s, 1H), 7.66−7.70 (m, 1H). 13C
NMR (126 MHz, CDCl3) δ 17.8, 28.8, 28.9, 29.3, 30.6, 43.2, 49.2,
127.3, 127.4, 128.6, 138.0, 172.5, 172.9, 175.2.

(S)-4-((1-((2-Fluorobenzyl)amino)-1-oxopropan-2-yl)amino)-4-
oxobutanoic Acid (S)-6. White solid. Yield: 96% (4.26 g); TLC: Rf=
0.34 (S2) UPLC (purity >99%): tR = 3.32 min. C14H17FN2O4
(296.30). LC-MS (ESI): m/z calcd for C14H17FN2O4 (M + H)+
297.12, found 297.27. 1H NMR (500 MHz, CDCl3) δ 1.29 (d, J = 7.2
Hz, 3H), 2.40−2.44 (m, 2H), 2.54−2.58 (m, 2H), 3.64 (s, 1H),
4.33−4.35 (m, 1H), 4.36−4.43 (m, 2H), 6.93−6.99 (m, 1H), 7.04
(td, J = 7.5, 1.2 Hz, 1H), 7.15−7.27 (m, 2H), 7.57 (br s, 1H). 13C
NMR (126 MHz, CDCl3) δ 17.9, 24.9, 25.6, 29.4, 48.9, 115.2, 115.4,
124.3 (d, J = 3.6 Hz), 124.9 (d, J = 15.1 Hz), 129.2 (d, J = 7.8 Hz),
129.8, 160.8 (d, J = 246.3 Hz), 172.4, 173.0, 175.4.
Procedure for the Preparation of (R)-7 [(R)-AS-1], (R)-8 and

(S)-7, (S)-8. To a suspension of the succinamic acids (R)-5, (R)-6,
(S)-5, or (S)-6 (10 mmol, 1 equiv) in dry 1,4-dioxane (50 mL) was
added ZnCl2 (1.35 g, 10 mmol, 1 equiv), and the mixture was heated
to 100 °C. Afterward, a solution of HMDS (1.62 g, 2.1 mL, 10 mmol,
1.5 equiv) in dry 1,4-dioxane (5 mL) was added dropwise over 30
min. The reaction mixture was refluxed for an additional 2 h and
concentrated under reduced pressure. The resulting oil residue was
dissolved in DCM (50 mL) and then 10% hydrochloric acid was
added. The aqueous layer was extracted with DCM (3 × 50 mL),
dried over Na2SO4, and concentrated in vacuum. The final compound
was obtained as solid substances followed by the concentration of
organic solvents under reduced pressure and crystallized in 2-
propanol.

(R)-N-Benzyl-2-(2,5-dioxopyrrolidin-1-yl)propanamide (R)-7
[(R)-AS-1]. White solid. Yield: 90% (2.34); melting point: 138.2−
138.9 °C; TLC: Rf = 0.39 (S1); UPLC (purity >99%): tR = 3.81 min.
C14H16N2O3 (260.29); LC-MS (ESI): m/z calcd for C14H16N2O3 (M
+ H)+ 261.12, found 261.25; HRMS (ESI/Q-TOF): m/z calcd for
C14H16N2O3Na [M + Na]+ 283.1059, found 283.1046. 1H NMR (500
MHz, CDCl3) δ 1.56 (d, J = 7.5 Hz, 3H), 2.66 (s, 4H), 4.38 (d, J =
5.7 Hz, 2H), 4.76 (q, J = 7.3 Hz, 1H), 6.43 (br s, 1H), 7.21−7.26 (m,
3H), 7.29−7.32 (m, 2H). 13C NMR (126 MHz, CDCI3) δ 14.5, 28.2,
43.8, 49.8, 127.6, 127.7, 128.8, 137.9, 168.6, 177.0. Chiral HPLC
>99% ee (tR = 22.649 min). [α]D20 +51.49° (c 0.1, DCM). Anal. calcd
for C14H16N2O3: C, 64.58; H, 6.22; N, 10.79; found: C, 64.53; H,
6.39; N, 10.76.

(R)-2-(2,5-Dioxopyrrolidin-1-yl)-N-(2-fluorobenzyl)propanamide
(R)-8. White solid. Yield: 89% (4.47); melting point: 115.1−118.8 °C;
TLC: Rf = 0.43 (S1); UPLC (purity >99%): tR = 4.03 min.
C14H15FN2O3 (278.28), LC-MS (ESI): m/z calcd for C14H15FN2O3
(M + H)+ 279.11, found 279.06; HRMS (ESI/Q-TOF): m/z calcd
for C14H15FN2O3Na [M + Na]+ 301.0964, found 301.0948. 1H NMR
(500 MHz, CDCl3) δ 1.57 (d, J = 7.2 Hz, 3H), 2.69 (s, 4H), 4.39−
4.51 (m, 2H), 4.76 (q, J = 7.2 Hz, 1H), 6.50 (br s, 1H), 7.00 (t, J =
9.0 Hz, 1H), 7.08 (td, J = 7.5, 1.2 Hz, 1H), 7.21−7.24 (m, 1H), 7.30
(td, J = 7.6, 1.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 14.5, 28.2,
37.9 (d, J = 4.2 Hz), 49.8, 115.4 (d, J = 21.7 Hz), 124.5 (d, J = 3.6
Hz), 124.8 (d, J = 14.5 Hz), 129.4 (d, J = 8.5 Hz), 130.2 (d, J = 4.2
Hz), 161.0 (d, J = 246.3 Hz), 168.8, 176.9. Chiral HPLC >99% ee (tR
= 24.859 min). [α]D20 +27.90° (c 0.1, DCM). Anal. calcd for
C14H15FN2O3: C, 60.43; H, 5.43; N, 10.07; found: C, 60.55; H, 5.69;
N, 10.42.

(S)-N-Benzyl-2-(2,5-dioxopyrrolidin-1-yl)propanamide (S)-7.
White solid. Yield: 87% (2.26); melting point: 138.4−139.2 °C;
TLC: Rf = 0.39 (S1); UPLC (purity >99%): tR = 3.85 min.
C14H16N2O3 (260.29), LC-MS (ESI): m/z calcd for C14H16N2O3 (M
+ H)+ 261.12, found 261.22; HRMS (ESI/Q-TOF): m/z calcd for

C14H16N2O3Na [M + Na]+ 283.1059, found 283.1042. 1H NMR (500
MHz, CDCl3) δ 1.56 (d, J = 7.5 Hz, 3H), 2.66 (s, 4H), 4.38 (d, J =
5.7 Hz, 2H), 4.76 (q, J = 7.3 Hz, 1H), 6.43 (br s, 1H), 7.21−7.26 (m,
3H), 7.29−7.32 (m, 2H). 13C NMR (126 MHz, CDCI3) δ 14.5, 28.2,
43.8, 49.8, 127.6, 127.7, 128.8, 137.9, 168.6, 177.0. Chiral HPLC
>99% ee (tR = 24.008 min). [α]D20 −49.52° (c 0.1, DCM). Anal. calcd
for C14H16N2O3: C, 64.58; H, 6.22; N, 10.79; found: C, 64.64; H,
6.15; N, 10.87.

(S)-2-(2,5-Dioxopyrrolidin-1-yl)-N-(2-fluorobenzyl)propanamide
(S)-8. White solid. Yield: 91% (2.53); melting point: 115.2−118.7 °C;
TLC: Rf = 0.43 (S1); UPLC (purity >99%): tR = 4.03 min.
C14H15FN2O3 (278.28), LC-MS (ESI): m/z calcd for C14H15FN2O3
(M + H)+ 279.11, found 279.19; HRMS (ESI/Q-TOF): m/z calcd
for C14H15FN2O3Na [M + Na]+ 301.0964, found 301.0945. 1H NMR
(500 MHz, CDCl3) δ 1.57 (d, J = 7.2 Hz, 3H), 2.69 (s, 4H), 4.39−
4.51 (m, 2H), 4.74−4.77 (m, 1H), 6.50 (br s, 1H), 7.00 (t, J = 9.0 Hz,
1H), 7.08 (td, J = 7.5, 1.2 Hz, 1H), 7.21−7.24 (m, 1H), 7.30 (td, J =
7.6, 1.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 14.5, 28.2, 37.9 (d,
J = 4.2 Hz), 49.8, 115.4 (d, J = 21.7 Hz), 124.5 (d, J = 3.6 Hz), 124.8
(d, J = 14.5 Hz), 129.4 (d, J = 8.5 Hz), 130.2 (d, J = 4.2 Hz), 161.0
(d, J = 246.3 Hz), 168.8, 176.9. Chiral HPLC >99% ee (tR = 19.291
min). [α]D20 −27.60° (c 0.1, DCM). Anal. calcd for C14H15FN2O3: C,
60.43; H, 5.43; N, 10.07; found: C, 64.58; H, 5.21; N, 10.32.
Acute Antiseizure Models, Rotarod Test, and Locomotor

Activity Test. General Information. Male adult CD-1 mice from the
accredited animal facility Jagiellonian University Medical College
(Krakow, Poland) that weighed between 22 and 26 g were used. The
animals were kept in environmentally controlled rooms at a constant
ambient temperature of 22 ± 2 °C, 12/12 light/dark cycle, with food
and water available ad libitum. Experiments were carried out under
EU Directive 2010/63/EU and approved by the Local Ethics
Committee for Experiments on Animals of the Jagiellonian University
in Krakow, Poland (50/2015, 111/2016, 149/2018, 289A/2019).
Compounds were dissolved in 1% Tween 80 and administered i.p. 30
min or orally 60 min before the given test at a constant volume of 10
mL/kg. On each day of experimentation, fresh solutions were
prepared. The ED50 or TD50 parameters were estimated based on the
results obtained in three to five groups of animals consisting of six
mice.

The maximal electroshock seizure (MES) test was performed
according to the procedure by Löscher et al.86 Briefly, the mice
received an electrical stimulus of sufficient intensity (25 mA,
maximum output voltage 500 V, 50 Hz, 0.2 s) delivered via auricular
electrodes by the electroshock generator (Rodent Shocker, type 221,
Hugo Sachs, Germany) to induce maximal seizures. The endpoint was
the tonic extension of the hind limbs. In vehicle-treated mice, the
procedure caused immediate hindlimb tonic extension. Mice not
displaying hindlimb tonic extension were considered to be protected
from seizures.

The psychomotor seizure (6 Hz) test was performed according to
the procedure by Barton et al.47 and Kaminski et al.87 In this test,
seizures were induced by an electric stimulus of 32 mA and/or 44 mA
(which represent 1.5× and 2× the convulsive current for inducing
seizures in 97% of mice (CC97)) and a frequency of 6 pulses/s using
an electric shock generator (ECT Unit 57800; Ugo Basile, Gemonio,
Italy) and the corneal electrodes. Before the test, the eye surface was
gently moistened with a solution of local anesthetic (1% lidocaine
solution). An electrical pulse was delivered continuously for 3 s,
followed by observation of the animal for 10 s. During this time,
immobility or stun associated with rearing, forelimb clonus, twitching
of the vibrissae, and Straub’s tail were observed. These symptoms
persist throughout the observation period, indicating the occurrence
of psychomotor seizures in mice. Mice resuming normal behavior
within 10 s after stimulation were considered as protected.

The PTZ test was performed according to Łuszczki et al.88 with
some minor modification to the procedure by Łac̨zkowski et al.89 In
this test, seizures were induced by subcutaneous administration of
pentylenetetrazole (PTZ) at a dose of 100 mg/kg. After PTZ
administration, the animals were placed individually and observed in
the next 30 min for the occurrence of clonic seizures (clonus of the
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whole body lasting at least 3 s with loss of the righting reflex). The
absence of clonic convulsions within the observed time period was
interpreted as the compound’s ability to protect against PTZ-induced
seizures. Moreover, the latency time to first seizure episode was noted
and compared with the control group using one-way analysis of
variance (ANOVA) and Dunnett’s post hoc test (multiple comparison
test). The value at the significance level p < 0.05 was considered
statistically significant.

The influence of tested compounds on motor coordination was
assessed in the rotarod test (May Commat, RR 0711 Rota Rod,
Turkey). Mice were trained the day before the actual experiment.
They were placed individually on a 2 cm diameter rod rotating at 10
revolutions per minute (rpm). During each training session, the
animals remained on the rod for 3 min. The experiment was carried
out 30 min after administration of the compounds. Motor
coordination was tested at the speed of the rotating bar: 10 rpm for
60 seconds. Motor impairments were defined as the inability to
remain on the rotating rod for 1 min.

Data Analysis. ED50 and TD50 values with 95% confidence limits
were calculated by probit analysis.90 The protective indexes for the
compounds investigated and reference ASDs were calculated by
dividing the TD50 value, as determined in the rotarod test, by the
respective ED50 value, as determined in the MES, scPTZ, or 6 Hz (32
or 44 mA) tests. The protective index is considered as an index of the
margin of safety and tolerability between antiseizure doses and doses
of the compounds exerting acute adverse effects such as motor
coordination impairment, ataxia, or other neurotoxic manifestations.

Influence on Spontaneous Locomotor Activity. This test was
carried out according to the procedure described elsewhere.91 The
animals were injected i.p. with (R)-7 [(R)-AS-1] or (R)-8 at doses of
15 (only (R)-7 [(R)-AS-1]), 30, 60, and 90 mg/kg and placed in the
activity cages (Multiple Activity Cage; Ugo Basile, Gemonio VA,
Italy) individually (30 min before experiment). The number of light-
beam crossings was counted in each group during the next 30 min in
10 min intervals.
PTZ-Induced Kindling Model in Mice. General Information.

Naiv̈e male albino Swiss mice obtained from the Experimental
Medicine Centre (Lublin, Poland) were used for all experiments. The
experimental procedures and protocols were approved by the Local
Ethics Committee in Lublin (license no. 149/2018).

PTZ Kindling. To induce PTZ kindling, mice were injected i.p. with
a subconvulsive dose of PTZ (40 mg/kg), three times a week for a
total of 21 injections. (R)-7 [(R)-AS-1] and VPA (positive control)
were administered i.p. 30 min before each PTZ injection. (R)-7 [(R)-
AS-1] was suspended in 1% Tween 80, while VPA and PTZ were
dissolved in normal saline. Immediately following injection, mice were
placed individually into a transparent box for 30 min for behavioral
observation. The seizure severity of each subject was scored using the
modified Racine’s scale as follows: stage 0, no response; stage 1,
immobility, ear and facial twitching; stage 2, myoclonic jerks; stage 3,
forelimb clonus, stage 4, clonic seizure with rearing and falling; stage
5, generalized clonic seizure with loss of righting reflex; stage 6, tonic
fore- and hindlimb extension. Experimental grouping was as follows:
(a) 1% Tween + saline (nonkindled control), (b) 1% Tween + PTZ
(PTZ control); (c) VPA at 150 mg/kg + PTZ (positive control);
(d)−(f) PTZ + (R)-7 [(R)-AS-1] at 10, 20 and 40 mg/kg. After
kindling completion (24 h after the last PTZ injection), animals were
subjected to the behavioral tests (the locomotor activity test, the
elevated plus maze test, and the forced swim test) according to the
methods described in detail elsewhere.92

Statistics. The mean seizure severity scores were calculated for all
experimental groups after each PTZ injection. Repeated measures
two-way ANOVA followed by the Bonferonni post hoc test was used
to study the effect of treatment and time factors on seizure severity.
Data from the behavioral tests were analyzed using one-way ANOVA.
Antiseizure Activity in Zebrafish. Wild type (WT) adult

zebrafish (AB strain) were obtained from Zebrafish International
Resource Center (Eugene, Oregon). They were raised and kept under
standard conditions (at 28.5 °C on a 14-h light/10-h dark cycle).
Embryos resulting from natural spawning were maintained in E3

embryo water (1.5 mM N-(2-hydroxyethyl)piperazine-N′-ethanesul-
fonic acid (HEPES), pH 7.6, 17.4 mM NaCl, 0.21 mM KCl, 0.12 mM
MgSO4 and 0.18 mM Ca(NO3)2), at 28.5 °C and on a 14-h/10-h
light/dark cycle. All animal experiments got approval through the
Norwegian Food Safety Authority experimental animal administra-
tion’s supervisory and application system (“Forsøksdyrforvatningen-
tilsyns- og søknadssystem”, FOTS-ID 15469 and 23935). Compliance
with the ARRIVE and the National Institute of Health Guidelines for
the Care and Use of Laboratory Animals, the European Community
Council Directive of November 2010 for Care and Use of Laboratory
Animals (Directive 2010/63/EU) guidelines were applied to all
experiments. The maximal tolerated dose of (R)-7 [(R)-AS-1] was
chosen as described previously.49 For the locomotor activity
assessment, 6 dpf larvae were incubated for 24 h at 28.5 °C. Next,
vehicle or PTZ (final concentration 20 mM) was added to each well.
After 5 min, larval activity was tracked (ZebraBox, Viewpoint, Lyon,
France) for 30 min with 2 min time bins. The distance covered by
each larva in millimeters (mm) was assessed.49 The measurements
were two or three times replicated and the data were pooled together.
For the EEG measurements, each larva was mounted on a glass slide
in a thin layer of 2% low-melting-point agarose. Then, the glass
electrode (resistance 1−5 MΩ) filled with artificial cerebrospinal fluid
(124 mM NaCl, 2 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 1.25 mM
KH2PO4, 26 mM NaHCO3, 10 mM glucose) was inserted into the
optic tectum (MultiClamp 700B amplifier, Digidata 1550 digitizer,
Axon instruments). The recordings for each larva were performed
within 20 min. Clampfit 10.2 software (Molecular Devices
Corporation) and custom-written R script for Windows were used
for analysis purposes.49

Computational Modeling and Simulations of Binding to
Human EAAT2. The ligand-binding sites and binding poses of (R)-7
[(R)-AS-1] and (R)-8 on EAAT2 were determined using AutoDock
Vina,93 based on the modeled OF, IF, and asymmetric EAAT2
conformers. Ligand docking simulations were first performed on
EAAT2 trimers and then refined on EAAT2 protomers. Simulations
were carried out using grids with dimensions set to encapsulate the
entire structure of the protein. The total number of runs
(exhaustiveness parameter in Autodock Vina) was set to 50 and the
algorithm returned 20 binding modes of interest for each conformer
based on these runs. Binding sites were rank-ordered based on
binding affinities calculated using Vina. To compare with the binding
sites of a known EAAT2 PAM, (R)-GT94960 (ZINC ID: 1382165),
we docked (R)-GT949 onto EAAT2 conformers following the same
protocol.
Neurotransmitter Transport Studies in COS-7 Cell Lines.

Cell Culture and DNA Transfection. COS-7 cells (ATCC, Manassas,
AV) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 units/mL
of penicillin, and 100 μg/mL streptomycin in a humidified incubator
with 5% CO2 at 37 °C. Subconfluent COS-7 cells were transiently
transfected with 0.5 μg of plasmid DNA (EAAT1, EAAT2, EAAT3,
GAT-1, GAT-3) per well using TransIT-LT1 transfection reagent
(Mirus Bio LLC, Madison, WI), and plated at a density of 50,000
cells/well and uptake experiments were performed 2 days after
plating. Transfection with empty vector pCMV-5 was used to control
for the level of endogenous uptake of radiolabeled substrate in each
experimental condition.

Dose−Response Assays. Neurotransmitter uptake assays were
performed as previously reported.59,94 Briefly, cells were washed with
room temperature phosphate buffer PBS-CM (2.7 mM KCl; 1.2 mM
KH2PO4, 138 mM NaCl; 8.1 mM Na2HPO4, added 0.1 mM CaCl2
and 1 mM MgCl2, pH 7.4) and incubated for 10 min at 37 °C with
compounds (R)-7 [(R)-AS-1] and (R)-8 [(R)-AS-7] at 0.01−100
μM final concentration. Uptake reactions were initiated by the
addition of an appropriate radiolabeled substrate ([3H]-L-glutamate or
[3H]-GABA) at a final concentration of 50 nM. After 10 min,
reactions were terminated in two washes with buffer and lysis with 1%
sodium dodecyl sulfate (SDS)/0.1 M NaOH. The lysate was
transferred to scintillation vials containing 3 mL of scintillation fluid
(ScintiVerse, Fisher Scientific, Pittsburgh, PA) and radioactivity was
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quantified in a scintillation counter LS 6500 (Beckman Coulter, Brea,
CA).

Kinetic Assays. For kinetic assays, COS-7 cells were transfected
with wild-type (WT) EAAT2 or empty vector, as described above.
After 2 days, the plates were preincubated with compound (R)-7
[(R)-AS-1] for 10 min at the indicated concentrations. Uptake
reactions were initiated by the addition of unlabeled L-glutamate and
[3H]-L-glutamate (1−1000 μM, final concentration, 99% unlabeled
and 1% labeled). After 10 min, uptake was terminated and
radioactivity counted as above.
Glutamate Transporter Studies in Astrocytes. Astrocyte

Preparation. Glia was prepared and cultured according to a previous
study,95 with modifications. Briefly, cerebral cortices from 2- to 4-day-
old Sprague-Dawley rat pups were dissected under sterile conditions
and placed in 60 mm dishes containing dissection medium (in mM:
glucose 16, sucrose 22, NaCl 135, KCl 5, Na2HPO4 1, KH2PO4 0.22,
HEPES 10, pH 7.4, osmolarity 310+10 mOsm). Tissue was minced
with curved scissors, digested for 15 min in 0.25% trypsin, and
dissociated by passing through a serological plastic pipette several
times in the presence of 60 μg/mL DNAse. The cells were pelleted by
centrifugation for 15 min at 280g, resuspended in glia plating medium
(90% DMEM, 10% FBS, and 50 μg/mL gentamicin), and incubated
in culture flasks at 37 °C (5−10% CO2). After growth for 10 days in
vitro (DIV), the cells were detached with 0.05% trypsin, centrifuged,
and plated at the density of 10,000 cells/well in polylysine-coated 96-
well plates. Plates are grown for 14 DIV before uptake assays.

Uptake Assays. Assays were performed as described.95 Briefly, the
cells were washed in PBS-CM buffer using an Elx50 Biotek plate
washer (Winooski, VT). For dose−response assays, vehicle and
several concentrations of compounds (R)-7 [(R)-AS-1] and (R)-8
[(R)-AS-7] were added and incubated for 10 min at 37 °C. Uptake
assays were initiated by the addition of 50 nM [3H]-L-glutamate, and
incubation was carried on for 10 min at room temperature.
Nonspecific uptake was obtained in the presence of 10 μM DL-
TBOA.

Kinetic Assays. For kinetic assays, the cells are washed in PBS-CM
buffer and preincubated in the presence of either vehicle or several
concentrations of (R)-7 [(R)-AS-1], uptake reactions are initiated by
the addition of unlabeled L-glutamate and [3H]-L-glutamate (1−1000
μM, final concentration, 99% unlabeled and 1% labeled). Incubation
was carried on for 10 min at room temperature. Nonspecific uptake
was also obtained in the presence of DL-TBOA.

Reactions were finished by washing the plates twice with PBS-CM
and the addition of 100 μL of scintillation fluid to each well.
Radioactivity was counted in a Microplate Scintillation and
Luminescence Counter (Wallac, Shelton, CT).
Pharmacokinetic Studies. General Information. Male CD-1

mice weighing 28−32 g were used in this study. The studies were
approved by the Local Ethical Committee for Experiments on
Animals of the Jagiellonian University in Krakow (Poland), No 270/
2019. The animals were fasted overnight prior to drug administration
but had free access to water. (R)-7 [(R)-AS-1] was suspended in a 1%
Tween 80 solution in sterile water for injection and given i.p. at a dose
of 100 mg/kg (n = 3-4 per time point). Blood samples were collected
at different time points following compound administration and
allowed to clot at room temperature for 20 min. Moreover, brains
were removed from skulls and washed with 0.9% NaCl. The blood
samples were centrifuged for 10 min at the speed of 8000 rpm
(Eppendorf miniSpin centrifuge). The obtained serum and brains
were stored at −80 °C until analysis.

Chemicals and Reagents. Oxcarbazepine (an internal standard,
IS) was purchased from Tocris Bioscience (Bristol, U.K.). MeCN,
MeOH, and DCM of HPLC grade were from Sigma-Aldrich
(Steinheim, Germany). Ultrapure deionized water (0.1 μS/cm) was
prepared in-house using a Hydrolab water purification system
(Poland) with the 0.2 μm microfiltration capsule.

Instrumentation and Chromatographic Condition. The analysis
of (R)-7 [(R)-AS-1] was performed using a Merck-Hitachi HPLC
system (Japan) consisting of an autosampler (model L-2200), an
UV−vis detector operating at 205 nm (model L-2420), and a

computer (HP 6200 PRO) with EZChrom Elite Client/Server v. 3.2
software for data collection and analysis. The pump (Iso Chrom,
SpectraPhysics) was used under isocratic conditions on a manual
mode. The chromatographic separation of (R)-7 [(R)-AS-1] and IS
was achieved at ambient temperature (22 ± 1 °C) on the Supelcosil
PCN cyanopropyl bonded-phase column 250 × 4.6 mm2 with 5 μm
particles protected with the SUPELCOSIL LC-PCN guard column
packed with the same packing material as the analytical column (both
from Sigma-Aldrich, Steinheim, Germany). The mobile phase
consisted of acetonitrile and water mixed in a 30:70 (v/v) ratio.
The mobile phase was degassed in the ultrasonic bath (Polsonic,
Poland) before use. The flow rate of 0.7 mL/min was used
throughout the analytical run.
Preparation of Standard Solutions. Stock solutions of (R)-7

[(R)-AS-1] (5 mg/mL) and IS (1 mg/mL) were prepared in MeOH
and kept at 4 °C. The stock solution of (R)-7 [(R)-AS-1] was
subsequently diluted in MeCN to prepare working standard solutions
in the concentration ranges of 2−200 μg/mL for serum and 0.25−25
μg/g for brain tissue. IS solutions (IS1 = 500 μg/mL and IS2 = 250
μg/mL) were prepared by diluting the stock solution with MeCN.
Sample Preparation. Frozen serum samples were thawed at

room temperature and vortex-mixed briefly (Reax top, Heidolph,
Germany). Then, 50 μL of the serum samples was transferred to
Eppendorf tubes and an IS1 working solution (5 μL) was added. The
samples were vortexed again to ensure homogeneous distribution of
the IS. Then, 150 μL of MeCN with 0.1% formic acid was added for
protein precipitation to each tube. The mixtures were vortexed and
then centrifuged at 10,000 rpm for 10 min (Minispin Centrifuge,
Eppendorf, Germany). Finally, 40 μL aliquots were injected into the
HPLC system. Frozen mouse brains were thawed at room
temperature, weighed, and then homogenized (4 mL/g) in distilled
water with a tissue homogenizer TH220 (Omni International, Inc.).
The brain homogenates (1 mL) were transferred to the glass tubes.
Then, 5 μL of IS2 working solution was added. After vortex mixing for
15 s, samples were extracted with 5 mL of dichloromethane for 15
min on a shaker (VXR Vibrax, IKA, Germany). After centrifugation
(Universal 32, Hettich, Germany) at 3000 rpm for 20 min, the organic
layers were transferred into conical glass tubes and evaporated to
dryness at 37 °C under a gentle stream of nitrogen. The residues were
reconstituted in 100 μL of MeCN, vortexed for 30 s and 40 μL of this
solution was injected into the HPLC system. The calibration curve
constructed by plotting the ratio of the peak area of (R)-7 [(R)-AS-1]
to IS versus (R)-7 [(R)-AS-1] concentrations was linear in the tested
concentration ranges. The limit of quantification of the analytical
method was 2 μg/mL (0.25 μg/g tissue). There were no interfering
peaks observed in the chromatograms at the retention times of the
analyte and IS. The assay was reproducible as indicated by coefficients
of variation less than 10% for both intra- and interday assessments.
The extraction efficiencies of (R)-7 [(R)-AS-1] and IS were higher
than 85%.
Pharmacokinetic Data Analysis. Serum and brain vs time

profiles were analyzed by the noncompartmental approach. The
maximum concentration (Cmax) and the time to reach maximum
concentration (tmax) were obtained directly from individual
concentration versus time profiles. The linear trapezoidal rule was
employed to calculate the area under the concentration vs time curve
(AUC) from the time of dosing to infinity (AUC0−∞). The terminal
slope (λz) was estimated by the linear regression and the terminal
half-life (t0.5λz) was calculated as ln 2/λz. The volume of distribution
based on the terminal phase (Vz/F) was calculated as: dose/(λz
AUC0−∞) and clearance (CL/F) was obtained from the equation:
Dose/AUC0−∞, where F is the fraction of dose absorbed. The mean
residence time (MRT) was calculated as: AUMC0−∞/AUC0−∞, where
AUMC is the area under the first moment curve.
Radioligand Binding/Functional Assays. Binding/functional

studies were carried out commercially in Cerep Laboratories (Poitiers,
France) using testing procedures reported previously. The general
information is listed in the Supporting Information.

SV2A Radioligand Binding Assay. The competitive radioligand-
binding assay was essentially performed as previously described.96,97
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The SV2A-containing preparations, either cell lysate of human SV2A-
expressing CHO cells, or membrane preparations of mouse brain
cortex, were incubated with the radioligand [3H]brivaracetam (3 nM)
in the absence or presence of test compound for 4 h. Incubation was
performed in 500 μL of Tris-buffer (50 mM Tris−HCl, pH 7.4)
containing 2 mM MgCl2 at 4 °C on a rocking shaker. Nonspecific
binding was determined in the presence of 1 mM levetiracetam. The
test compounds were dissolved in dimethyl sulfoxide (DMSO) and
further diluted in DMSO. The DMSO concentration in all vials was
adjusted to 2%. The separation of bound and unbound radioligand
was performed via rapid vacuum filtration using GF/C glass fiber
filters that had been presoaked in Tris-buffer containing 0.1%
polyethyleneimine for 30 min. The filters were rapidly washed three
times with about 1 mL of Tris-buffer each and subsequently placed in
a drying oven at 50 °C for 90 min. The filters were then transferred to
scintillation vials and 2.5 mL of scintillation cocktail (ProSafe FC+,
Meridian Biotechnologies Ltd.) was added. After an incubation period
of at least 9 h, radioactivity was measured in a scintillation counter.
Results were analyzed by GraphPad Prism 7.0.
In Vitro ADME-Tox Studies. Permeability. Precoated PAMPA

Plate System Gentest was provided by Corning, (Tewksbury, MA).
Compound (R)-7 [(R)-AS-1] was tested in a similar way to racemate
I.29 The detailed procedure and proper formulas were described
previously.73

Protein Binding Analyses. Protein binding analyses were
performed according to a previously published protocol.74

Metabolic Stability. These assays were performed on human liver
microsomes (HLMs) and mouse liver microsomes (MLMs),
purchased from Sigma-Aldrich (St. Louis, MO), in a similar way to
that described previously for racemate I.29

Glucuronidation. The reference compound 7-hydroxy-4-trifluor-
omethylcoumarin (HFC), UDP-glucuronic acid (UDPGA), and
HLMs were obtained from Sigma-Aldrich (St. Louis, MO). (R)-7
[(R)-AS-1] and HFC (both at final concentration 50 μM) were tested
in the Tris−HCl buffer (100 mM, pH 7.4) containing HLMs (1 mg/
mL), MgCl2 (2.5 mM) and UDPGA (2 mM). The reaction mixtures
were incubated for 60 min. To stop the reaction the cold acetonitrile
was added. The reaction mixtures were centrifuged, and the
supernatants were analyzed next by UPLC-MS. The reference
reactions were performed under the same conditions but without
the addition of HLMs.

Influence on Recombinant Human CYP3A4, CYP2D6, and
CYP2C9 P450 Cytochromes. The luminescent CYP3A4 P450-Glo
and CYP2D6 P450-Glo assays and protocols were provided by
Promega (Madison, WI).98 The procedures were provided by the
manufacturer and were similar as previously reported for the racemate
I.29

Antiproliferative/Hepatotoxic Assays on Human Embryonic
Kidney (HEK-293) and/or Hepatoma HepG2 Cells. The test with
the use of the HEK-293 cell line was performed as described
previously.99 The procedures with the use of HepG2 cells for the
estimation of hepatotoxicity were similar to that previously reported
for the racemate I.29

Neurotoxicity/Neurogenesis Assay. The studies with the use of
neuroblastoma SH-SY5Y cell line were performed in the same way as
described previously for another pyrrolidine-2,5-dione derivative
obtained in our research group.36
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KA-104, a New Multitargeted Anticonvulsant with Potent Anti-
nociceptive Activity in Preclinical Models. Epilepsia 2020, 61, 2119−
2128.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00534
J. Med. Chem. 2022, 65, 11703−11725

11723

https://doi.org/10.1111/j.1528-1167.2009.02397.x
https://doi.org/10.1111/j.1528-1167.2009.02397.x
https://doi.org/10.1111/j.1528-1167.2009.02397.x
https://doi.org/10.1007/s40263-021-00827-8
https://doi.org/10.1007/s40263-021-00827-8
https://doi.org/10.1007/s40263-021-00827-8
https://doi.org/10.1016/j.bcp.2021.114786
https://doi.org/10.1016/j.bcp.2021.114786
https://doi.org/10.1016/j.bcp.2021.114786
https://doi.org/10.1046/j.1471-4159.2003.01553.x
https://doi.org/10.1046/j.1471-4159.2003.01553.x
https://doi.org/10.1046/j.1471-4159.2003.01553.x
https://doi.org/10.1016/j.neuint.2007.03.012
https://doi.org/10.1016/j.neuint.2007.03.012
https://doi.org/10.1016/j.neuint.2007.03.012
https://doi.org/10.1002/jcp.22609
https://doi.org/10.1002/jcp.22609
https://doi.org/10.1002/jcp.22609
https://doi.org/10.1002/jcp.22609
https://doi.org/10.1111/jnc.13200
https://doi.org/10.1111/jnc.13200
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.1007/978-3-319-55769-4_6
https://doi.org/10.1007/978-3-319-55769-4_6
https://doi.org/10.1038/npp.2015.16
https://doi.org/10.1038/npp.2015.16
https://doi.org/10.1038/npp.2015.16
https://doi.org/10.1007/s40263-020-00764-y
https://doi.org/10.1007/s40263-020-00764-y
https://doi.org/10.1016/0140-6736(93)90754-5
https://doi.org/10.1016/0140-6736(93)90754-5
https://doi.org/10.1002/ana.20380
https://doi.org/10.1002/ana.20380
https://doi.org/10.1007/s00701-003-0189-9
https://doi.org/10.1007/s00701-003-0189-9
https://doi.org/10.1007/s00701-003-0189-9
https://doi.org/10.1212/wnl.52.3.453
https://doi.org/10.1212/wnl.52.3.453
https://doi.org/10.1212/wnl.52.3.453
https://doi.org/10.1093/brain/awf001
https://doi.org/10.1093/brain/awf001
https://doi.org/10.1016/j.eplepsyres.2004.03.003
https://doi.org/10.1016/j.eplepsyres.2004.03.003
https://doi.org/10.1016/j.eplepsyres.2004.03.003
https://doi.org/10.1111/j.1600-0463.2009.02443.x
https://doi.org/10.1111/j.1600-0463.2009.02443.x
https://doi.org/10.1111/j.1600-0463.2009.02443.x
https://doi.org/10.1016/j.nbd.2006.09.014
https://doi.org/10.1016/j.nbd.2006.09.014
https://doi.org/10.1016/j.nbd.2006.09.014
https://doi.org/10.1016/j.nbd.2012.03.032
https://doi.org/10.1016/j.nbd.2012.03.032
https://doi.org/10.1016/j.nbd.2012.03.032
https://doi.org/10.1172/JCI66163
https://doi.org/10.1172/JCI66163
https://doi.org/10.1172/JCI66163
https://doi.org/10.3181/0803-RM-83
https://doi.org/10.3181/0803-RM-83
https://doi.org/10.1021/acsmedchemlett.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.201900367
https://doi.org/10.1002/cmdc.201900367
https://doi.org/10.3390/neurolint13020026
https://doi.org/10.3390/neurolint13020026
https://doi.org/10.3390/neurolint13020026
https://doi.org/10.3390/neurolint13020026
https://doi.org/10.1016/j.bmc.2015.03.038
https://doi.org/10.1016/j.bmc.2015.03.038
https://doi.org/10.1016/j.bmc.2015.03.038
https://doi.org/10.1016/j.bmc.2015.03.038
https://doi.org/10.1007/s13311-019-00773-w
https://doi.org/10.1007/s13311-019-00773-w
https://doi.org/10.1007/s13311-019-00773-w
https://doi.org/10.1016/j.bmcl.2021.128290
https://doi.org/10.1016/j.bmcl.2021.128290
https://doi.org/10.1016/j.bmcl.2021.128290
https://doi.org/10.1016/j.bioorg.2020.104557
https://doi.org/10.1021/acs.jmedchem.7b01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/epi.16669
https://doi.org/10.1111/epi.16669
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Abram, M.; Rapacz, A.; Latacz, G.; Szulczyk, B.; Kalinowska-
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