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Abstract

:

The new series of 3-(2-chlorophenyl)- and 3-(3-chlorophenyl)-pyrrolidine-2,5-dione-acetamide derivatives as potential anticonvulsant and analgesic agents was synthesized. The compounds obtained were evaluated in the following acute models of epilepsy: maximal electroshock (MES), psychomotor (6 Hz, 32 mA), and subcutaneous pentylenetetrazole (scPTZ) seizure tests. The most active substance-3-(2-chlorophenyl)-1-{2-[4-(4-fluorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (6) showed more beneficial ED50 and protective index values than the reference drug—valproic acid (68.30 mg/kg vs. 252.74 mg/kg in the MES test and 28.20 mg/kg vs. 130.64 mg/kg in the 6 Hz (32 mA) test, respectively). Since anticonvulsant drugs are often effective in neuropathic pain management, the antinociceptive activity for two the promising compounds—namely, 6 and 19—was also investigated in the formalin model of tonic pain. Additionally, for the aforementioned compounds, the affinity for the voltage-gated sodium and calcium channels, as well as GABAA and TRPV1 receptors, was determined. As a result, the most probable molecular mechanism of action for the most active compound 6 relies on interaction with neuronal voltage-sensitive sodium (site 2) and L-type calcium channels. Compounds 6 and 19 were also tested for their neurotoxic and hepatotoxic properties and showed no significant cytotoxic effect.
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1. Introduction


Epilepsy is a chronic neurological disorder that affects approximately 50 million people worldwide. According to the International League Against Epilepsy, the current classification of seizure types distinguishes three major groups as follows: generalized onset seizures (motor or absence), focal onset seizures (which may include abnormal behaviors, responsiveness, sensations, or movements), and unknown onset seizures [1,2]. A seizure is defined as an interruption in neurologic function caused by abnormal neuronal signaling in the brain. Despite numerous antiepileptic drugs (AEDs) available, it is still widely recognized that nearly a third of all people with epilepsy do not achieve satisfying seizures control with existing medications [3,4]. Moreover, in case of status epilepticus, which leads to abnormally prolonged seizures, the consequences depending on the type and duration of seizures may be fatal, including neuronal death, neuronal injury, and alteration of neuronal networks. Thus, there is a significant unmet clinical need to find adequate and effective treatment of especially pharmacoresistant epilepsy.



Apart from epilepsy, AEDs (i.e., pregabalin, gabapentin, carbamazepine) are also extensively used in the treatment of central and peripheral neuropathic pain (including cancer-related neuropathy, painful diabetic neuropathy, postherpetic neuralgia, trigeminal neuralgia, and also in chronic pain conditions such as fibromyalgia or migraine prophylaxis), for which management is difficult when applying the conventional analgesics such as paracetamol, nonsteroidal anti-inflammatory drugs (NSAIDs), or opioids [5].



Our previous research showed that the five-membered heterocyclic rings derivatives, i.e., pyrrolidine-2,5-dione, imidazolidine-2,4-dione, pyrrolidin-2-one, revealed anticonvulsant properties in “classical” animal models of seizures, i.e., MES, scPTZ, as well as in the 6 Hz seizure tests [6,7]. In the research conducted so far, we obtained many active compounds among derivatives containing electron-withdrawing atoms/groups in the phenyl substituent at position-3 of pyrrolidine-2,5-dione ring. The potent anticonvulsant activity showed especially compounds that also possess a chlorine atom in the phenyl ring of the arylpiperazine moiety and methylene linker between imide and piperazine fragment (so called N-Mannich bases, see Figure 1, compound A) [8]. Notably, many of previously obtained compounds also demonstrated significant analgesic activity in various animal models of pain. The antinociceptive properties were assessed, i.a., in acute (hot plate test) and tonic (formalin test) pain models as well as in the oxaliplatin-induced neuropathic pain model in mice [6].



Taking into consideration the above mentioned facts, we designed and synthesized herein a new series of amide derivatives, which are analogues of the previously obtained and pharmacologically promising N-Mannich bases (see chemical prototype A, Figure 1). The modification consisted of replacement of the methylene linker between the imide nitrogen atom and arylpiperazine with acetamide fragment. The main reason for this modification was the increase of chemical and metabolic stability of new compounds (as Mannich bases are sensitive for, e.g., pH and are also rapidly metabolized), and in consequence to assess the influence of introduction of amide function on anticonvulsant properties. Additionally, to evaluate the biological effect of the chlorine substitution at the phenyl ring at the 3-position of pyrrolidine-2,5-dione, we synthesized two series of isomers—namely, with chlorine atom at ortho (series I) or meta (series II) position (for details see Figure 1).



The anticonvulsant activity was assessed in acute models of seizures—namely, the MES (maximal electroshock seizure) test and the 6 Hz (psychomotor seizure) test at current intensity of 32 mA. Furthermore, selected substances that were active in the aforementioned electrically induced seizures were also assessed in the scPTZ (subcutaneous pentylenetetrazol) test. The antinociceptive properties were determined in the formalin model of tonic pain. To determine the plausible mechanism of anticonvulsant action for the chosen active compounds, in vitro ion channel binding assays were also carried out. Additionally, for the most promising compounds, hepatotoxic and neurotoxic properties using in vitro cellular models were assessed.




2. Results and Discussion


2.1. Synthesis and Drug-Likeness Properties


The final compounds 5–20 were synthesized according to the procedure depicted in Scheme 1. The starting materials 2-(2-chlorophenyl)-(1) and 2-(3-chlorophenyl)-(2) succinic acids were prepared in line with the method described by Miller and Long [9]. In the next step, the cyclocondensation of 1 or 2 with aminoacetic acid yielded in 3-(2-chlorophenyl)-(3) and 3-(3-chlorophenyl)-2,5-dioxo-pyrrolidin-1-yl-(4) acetic acids. The final compounds 5–20 were obtained in the coupling reaction of intermediates 3 (series I) or 4 (series II) with equimolar amounts of appropriate 4-arylpiperazines in the presence of carbonyldiimidazole (CDI). The reaction was carried out in dry N,N-dimethylformamide (DMF) as solvent at room temperature for 24 h. The crude products were crystallized from 2-propanol. Compounds 5–20 were obtained as a racemic mixtures with yield ranging between 22% and 45%. Their purity and homogeneity were assessed by thin layer chromatography (TLC) and gradient high-performance liquid chromatography (HPLC). The chemical structures were confirmed by spectral analyses (1HNMR, 13CNMR, LC/MS). The detailed physical and analytical data are listed in the Materials and Methods section.



In the next step, the physicochemical properties of the final compounds were determined based on Lipinski and Veber rules using an online tool—SwissAdme website [10] (Table 1).



The Lipinski and Veber rules are used to assess drug-likeness properties and indicates whether the compound may be a candidate for an orally active drug in humans. Compounds that do not comply with at least two of the criteria of the Lipinski rules may have problems with bioavailability from the gastrointestinal track. The criteria of Lipinski rule are: molecular weight (MW) ≤ 500 Da, lipophilicity value (logp) ≤ 5, number of hydrogen bond donors (NHD) ≤ 5, number of hydrogen bond acceptors (NHA) ≤ 10. The Veber rule includes: rotatable bonds (NBR) ≤ 10 and topological polar surface area (TPSA) ≤ 140 Å2 [11,12].



All tested compounds complied with Lipinski and Veber rules, as they possess fewer than 5 HBD, fewer than 10 HBA, MW below 500 Da, logp value < 5, NBR fewer than 10 and PSA value lower than 140 Å2.



The SwissAdme website also provides radar charts (Figure 2) showing the relationship between oral bioavailability and chemical structure. It considers six physicochemical properties, namely lipophilicity, size, polarity, solubility, flexibility, and saturation of the molecule. These physicochemical properties for two the most active compounds 6 and 19, are displayed as pink dots, while the pink area represented an acceptable range of physicochemical parameters according to Lipinski and Veber rules (Figure 2). Thus, it can be concluded that these compounds meet the drug-likeness requirements according to Lipinski and Veber rules. Although Lipinski and Veber rules are guidelines for structural drug-likeness properties of compounds, recent research among existing drugs and drug candidates showed that many oral medications are found far beyond Lipinski rule; therefore, compounds which did not comply with all Veber or Lipinski rules should not be disqualified as a promising candidates for an effective drugs [13,14].




2.2. Anticonvulsant Activity


Anticonvulsant screening of all final compounds was performed initially in the MES and the 6 Hz (32 mA) seizure tests at a fixed dose of 100 mg/kg, 0.5 h after intraperitoneal (i.p.) injection. Each screening group consisted of four animals. All compounds were evaluated as free bases.



The preliminary pharmacological results showed that compounds 5, 6, 10, 13, 14, 17, and 18 revealed in general weak anticonvulsant activity in the MES test, protecting at least 25% of mice (Table 2). The highest and significant anticonvulsant activity in this test was displayed by 6, which provides 100% protection (4/4) of animals from seizures. In general, more potent activity was observed in the 6 Hz test (32 mA), as eight compounds showed anticonvulsant activity—namely, 5–7, 10, 11, 14, 15, and 19. Notably, half of them (6, 7, 15, 19) exhibited significant (at least of 50%) anticonvulsant protection. The highest activity, similar to MES seizures, revealed compound 6, which protected 75% (3/4) of tested animals. Three other compounds, 7, 15, and 19, were slightly less effective and demonstrated 50% protection. In the rotarod test (NT column, Table 2), which is a measure of acute neurological toxicity, all tested compounds were devoid or revealed negligible neurotoxicity (Table 2).



Next, the most active compound 6 was initially assessed in the scPTZ test at a fixed dose of 100 mg/kg after i.p. injection at a time point of 0.5 h. In this seizure model, 6 provided 50% (2/4) protection of the tested animals. Surprisingly, at a higher dose of 130 mg/kg, compound 6 protected only 16.7% (1/6) of tested animals, thus the median effective dose (ED50) was not determined in the scPTZ test. For details, see Figures S1 and S2 in Supplementary Materials.



In the next step of pharmacological characterization for the most active compounds 6 and 19 selected in screening studies, the ED50 values were evaluated in the MES and 6 Hz tests, and the median neurotoxic doses (TD50) were determined in the rotarod test. Based on these data, the protective indexes (PIs) were calculated. The PIs values describet the benefit–risk ratio of the therapeutic agent. The results, along with data for reference drugs such as ethosuximide (ETX) and valproic acid (VPA), are summarized in Table 3.



As shown in Table 3, compound 6 exhibited about c.a. 3-fold more beneficial ED50 and PI value than VPA in the MES test and almost 5-fold better ED50 value and c.a. 3-fold better PI value than VPA in the 6 Hz test. This compound (6) also exhibited 6-fold lower ED50 value and 4-fold better PI value than ETX in the 6 Hz test. Compound 19 showed weaker activity, nevertheless slightly better than VPA and ETX in the 6 Hz test.




2.3. Antinociceptive Activity in the Formalin Test


The formalin test, a model of both acute chemical pain (acute phase) and tonic nociception involving central sensitization (late phase), is considered the as most usefull model for screening of new compounds with antinociceptive activity because it is the one that most resembles clinical pain compared to other animal pain tests [16]. In mice, intraplantarly injection of diluted formalin produces a biphasic nocifensive behavioral response (i.e., licking or biting the injected hind paw). The acute nociceptive phase lasts for the first 5 min and is directly related to the stimulation of primary sensory neurons (neurogenic pain), whereas the second inflammatory phase occurs between 15 and 30 min after formalin injection, which is associated with inflammation resulting from release of pro-inflammatory mediators, such as adenosine, bradykinin, histamine, prostaglandin, and serotonin [17,18,19]. It has been also reported that the late phase is considered to be a model of central sensitization of pain, which is characterized by pain-induced functional changes in the dorsal horn of the spinal cord. These phenomena are responsible for neuroplasticity of the central nervous system and the development of chronic neuropathic pain, as well as its resistance to analgesic drugs [17]. The results from pain studies with AEDs suggests that these drugs have little or no effect on most measures of normal transient nociceptive signaling but rather inhibit sensitized signaling associated with allodynia (experiencing pain from a stimulus that does not normally trigger a pain response) and hyperalgesia (experiencing increased pain from a stimulus that is normally perceived as less painful), the symptoms of neuropathic pain [18]. Thus, AEDs as well as antidepressants have been the most studied drugs in neuropathic pain mangment [20]. Numerous preclinical studies have demonstrated strong analgesic activity of anticonvulsants (e.g., tiagabine, lamotrigine, gabapentin, and lacosamide) in a wide panel of animal models of pain, including the formalin test [17,21]. In this test, AEDs are active in both phases of the test or only in the second (inflammatory) phase. In our previous experiments, valproic acid significantly decreased the duration time of the licking/biting responses at the doses of 150 mg/kg and 200 mg/kg in both phases, whereas pregabalin tested at the doses of 1–30 mg/kg revealed an antinociceptive effect in the second phase of the formalin test [22,23].



In the present experiment, in the control group the mean time spent on licking or biting the hind paw was 92.1 s ± 12.3 in the first phase and 230.5 s ± 33.5 in the second phase. In the first phase of the formalin test, no statistically significant activity was observed for both compounds 6 (panel A) and 19 (panel B). In this phase, compound 6 at doses 30, 60, and 90 mg/kg diminished the duration time of the licking/biting responses to 81.6 s ± 10.5, 63.5 s ± 5.5, or 67.5 s ± 8.6, respectively. The results recorded for 19, tested at doses 15, 30, and 60 mg/kg, were 110.3 s ± 13.6, 73.9 s ± 9.3, and 67.7 s ± 8.4, respectively. On the other hand, significant analgesic activity was observed in the second (late) phase of the formalin test for compound 19 at doses 30 and 60 mg/kg. At dose of 30 mg/kg, it significantly decreased the duration of the pain response to 102.9 s ± 14.2 (by 55%, p < 0.001) and at dose of 60 mg/kg to 59.9 s ± 12.5 (by 74%, p < 0.0001). No analgesic activity was observed at a dose of 15 mg/kg. In the second, phase compound 6, tested at doses 30, 60, and 90 mg/kg diminished the duration time of the licking/biting responses to 153.3 s ± 26.3 (by 33%), 135.0 s ± 25.8 (by 41%), and 142.4 s ± 12.3 (by 38%), but it reduced the perception of pain in a statistically significant way (p < 0.05) only at dose of 60 mg/kg. The results are presented in Figure 3. The analgesic activity in the second phase of this model suggests an anti-inflammatory profile of tested compounds, as well as the ability to inhibit the development of central sensitization of pain. Such properties of these compounds might be of a great therapeutic value in terms of their possible use in treatment of the neuropathic pain. Such compounds with anticonvulsant and collateral analgesic activity can be promising lead structures in the search for novel analgesic adjuvants.




2.4. In Vitro Radioligand Binding Studies


Considering the fact that the mechanism of action of many antiepileptic/antinociceptive drugs is often connected with their influence on sodium and/or calcium channels and similar interactions published previously for our compounds [6,7,8,9,10,11,12], for the most active compounds 6 and 19 the binding assays to these ion channels was performed.



As indicated in Table 4, compound 6 exhibited the highest affinity to the voltage-sensitive Na+ channel-site 2 (80.0%) and voltage-sensitive Ca2+ channel L-type (82.9%) at concentration of 100 μM, whereas compound 19 revealed relatively high interaction with voltage-sensitive Na+ channel (site 2) (73.1%) but weak to voltage-sensitive Ca2+ channel L-type (35.5%) at concentration of 100 μM.




2.5. Hepatotoxicity and Neurotoxicity Study


Hepatotoxicity and neurotoxicity are the most important reasons for failure of compounds at various stages of drug development. Early in vitro tests minimize the risk of later exclusion of potential drug candidates due to organ toxicity. Therefore, we determined in vitro hepatotoxic and neurotoxic effects of 6 and 19 in two widely approved [24,25] cell lines: HepG2 and SHSY, respectively. The obtained results indicate that both tested compounds are characterized by a similar safety profile. They showed no significant hepatotoxic (Figure 4A) and neurotoxic (Figure 4B) effects in vitro up to 10 μM. Importantly, at concentration range of 0.5–10 μM, they did not affect the viability of either HepG2 or SH-SY5Y cell lines. A slight decrease in viability was observed only at concentration 25 µM and higher. Simultaneously, doxorubicin (DOX), used as a positive control, applied already at 10 µM, showed both hepatotoxic and neurotoxic effects, reducing cell viability by almost 50%, against control. Therefore, 6 and 19 may be considered safe in these in vitro preliminary studies.





3. Materials and Methods


3.1. Chemistry


3.1.1. General Remarks


All the chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used without further purification. Melting points (m.p.) were determined in open capillaries on a Büchi 353 melting point apparatus (Büchi Labortechnik, Flawil, Switzerland). The purity and homogeneity of the compounds were confirmed by thin layer chromatography (TLC) and UPLC gradient chromatography. The TLC was performed on Merck silica gel 60 F254 aluminum sheets (Merck, Darmstadt, Germany). Spots were detected by their absorption under UV light (λ = 254 nm). The UPLC analyses and mass spectra (LC-MS) were obtained on Waters ACQUITY TQD system with the MS-TQ detector and UV−vis−DAD eλ detector (Waters, Milford, CT, USA). The ACQUITY UPLC BEH C18, 1.7 μm (2.1 mm × 100 mm) column was used with the VanGuard Acquity UPLC BEH C18, 1.7 μm (2.1 mm × 5 mm) (Waters, Milford, CT, USA). Standard solutions (1 mg/mL) were prepared in analytical grade 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 all intermediates and final compounds assessed by use of UPLC chromatography was >95%. Column chromatography was performed using silica gel 60 (particle size 0.063–0.200; 70–230 Mesh ATM) purchased from Merck. 1H-NMR and 13C-NMR spectra were obtained in a Varian Mercury spectrometer (Varian Inc., Palo Alto, CA, USA) in CDCl3 or DMSO operating in 300 MHz and JEOL (JNM-ECZR500 RS1 ECZR) apparatus operating at 500 MHz using a solvent as an internal standard. Chemical shifts are reported in δ values (ppm), the J-values are expressed in hertz (Hz). Signal multiplicities are represented by the following abbreviations: s (singlet), brs (broad singlet), d (doublet), t (triplet), dd (double doublet), dt (doublet of triplets), td (triplet of doublets), and m (multiplet).



The 2-(2-chlorophenyl)-(1) and 2-(3-chlorophenyl)-succinic (2) acids were prepared in line with the method described by Miller and Long [9]. The physicochemical and spectral data are published elsewhere [8].




3.1.2. Chemical Synthesis


General Procedure for the Preparation of the 3-(2-chlorophenyl)-(3) and 3-(3-chlorophenyl)-2,5-dioxo-pyrrolidin-1-yl-acetic Acids (4)


(R,S)-2-(2-Chlorophenyl)- or (R,S)-2-(3-chlorophenyl)-succinic acids (1, 2) (0.04 mol) were dissolved in 20 mL of water, and 2-aminoacetic acid (0.04 mol) was gradually added. The mixtures were heated in a term-regulated sand bath with simultaneous distillation of water. After complete removal of water, the temperature of the reaction mixture raised up to 180 °C and was maintained for ca. 1.5 h. The crude products, (R,S)-3-(2-chlorophenyl)-2,5-dioxo-pyrrolidin-1-yl-acetic acid (3) and (R,S)-3-(3-chlorophenyl)-2,5-dioxo-pyrrolidin-1-yl-acetic acid (4) were recrystallized from methanol.



3-(2-Chlorophenyl)-pyrrolidin-2,5-dione-acetic acid (3). Yellow oil. Yield: 75.0%; TLC: Rf = 0.43 (S1); UPLC: tR = 4.38 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.76 (dd, 1H, CH2, J = 18.4, 5.5 Hz), 2.90–3.12 (m, 1H, CH2), 3.25–3.39 (m, 1H, CH), 4.28–4.33 (m, 2H, CH2), 6.64 (br. s., 1H, COOH), 7.13–7.31 (m, 3H, ArH), 7.34–7.43 (m, 1H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 35.27, 39.06, 44.52, 127.25, 129.39, 129.82, 130.08, 133.48, 134.98, 170.86, 175.37, 176.90; C12H10ClNO4 (267.67); monoisotopic mass 267.03; [M + H]+ = 266.0, 268.0.



3-(3-Chlorophenyl)-pyrrolidin-2,5-dione-acetic acid (4). Yellow oil. Yield: 64.0%; TLC: Rf = 0.45 (S1); UPLC: tR = 4.85 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.75–2.81 (m, 1H, CH2), 2.92–3.15 (m, 1H, CH2), 3.20–3.35 (m, 1H, CH2), 4.25–4.30 (m, 2H, CH2), 7.10–7.45 (m, 4H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.18, 39.45, 44.72, 127.21, 129.41, 129.89, 130.92, 131.52, 134.98, 171.96, 176.97, 177.92; C12H10ClNO4 (267.67); monoisotopic mass 267.03; [M + H]+ = 266.4, 267.9.




General Procedure for the Synthesis of Compounds 5–20


The obtained intermediates (3, 4) (0.01 mol) were dissolved in 20 mL of DMF and N,N-carbonyldiimidazole (0.01 mol) was added. The mixtures were stirred for 0.5 h at a room temperature. Afterward, the appropriate 4-arylpiperazine (0.01 mol) dissolved in 5 mL of DMF was added. After 24 h of stirring the reaction mixtures were left in an ice-cold bath. The products were precipitated out with cold water and were purified by recrystallization from isopropyl alcohol, giving the final compounds as solids in yields ranging from 22% to 45.5%.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(2-fluorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione(5). White powdery crystals. Yield: 34.8%; m.p. 125.0–127.0 °C; TLC: Rf = 0.63 (S1); UPLC: tR = 6.75 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.79 (dd, 1H, CH2, J = 18.2, 5.3 Hz), 3.04–3.19 (m, 4H, piperazine), 3.36 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.62–3.85 (m, 4H, piperazine), 4.46 (s, 2H, CH2), 4.56 (dd, 1H, CH, J = 9.7, 5.6 Hz), 6.89–7.13 (m, 4H, ArH), 7.20–7.34 (m, 2H, ArH), 7.35–7.44 (m, 2H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.91, 39.96, 42.43, 44.23, 44.97, 50.14, 50.58, 116.16, 119.17, 123.40, 124.45, 127.82, 129.32, 129.67, 133.79, 135.47, 139.32, 154.10, 157.37, 163.20, 175.38, 177.01; C22H21N3O3ClF (429.88); monoisotopic mass 429.13; [M + H]+ = 430.2, 432.1.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(4-fluorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (6). White powdery crystals. Yield: 21.1%; m.p. 112.0–114.0 °C; TLC: Rf = 0.50 (S1); UPLC: tR = 6.57 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.71–2.87 (m, 1H, CH2), 3.12 (dt, 4H, piperazine, J = 19.8, 5.1 Hz), 3.35 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.61–3.83 (m, 4H, piperazine), 4.45 (s, 2H, CH2), 4.55 (dd, 1H, CH, J = 9.9, 5.3 Hz), 6.84–7.04 (m, 4H, ArH), 7.22–7.45 (m, 4H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.89, 39.96, 42.31, 44.25, 44.78, 50.31, 50.52, 115.61, 115.92, 118.85, 127.00, 128.22, 128.92, 130.29, 133.79, 135.44, 147.43, 156.16, 159.35, 163.23, 175.36, 177.01; C22H21N3O3ClF (429.88); monoisotopic mass 429.13; [M + H]+ = 430.2, 432.2.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(3-trifluoromethylphenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (7). White powdery crystals. Yield: 39.0%; m.p. 106.0–108.0 °C; TLC: Rf = 0.66 (S1); UPLC: tR = 7.41 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.71–2.87 (m, 1H, CH2), 3.19–3.35 (m, 4H, piperazine), 3.35–3.51 (m, 1H, CH2), 3.64–3.86 (m, 4H, piperazine), 4.46 (s, 2H, CH2), 4.56 (dd, 1H, CH, J = 9.7, 5.6 Hz), 7.03–7.19 (m, 3H, ArH), 7.21–7.45 (m, 5H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.88, 39.93, 42.04, 44.28, 44.52, 48.78, 48.90, 112.60, 113.39, 117.01, 119.47, 122.33, 127.81, 129.35, 129.46, 130.2, 133.77, 135.38, 150.39, 151.53, 163.33, 175.36, 176.99; C23H21N3O3F3Cl (479.88); monoisotopic mass 479.12; [M + H]+ = 480.2, 482.2.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(2-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (8). White powdery crystals. Yield: 30.0%; m.p. 85.0–87.5 °C; TLC: Rf = 0.63 (S1), UPLC: tR = 7.22 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.79 (dd, 1H, CH2, J = 18.12, 5.3 Hz), 3.09 (dt, 4H, piperazine, J = 19.8, 4.8 Hz), 3.36 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.64–3.85 (m, 4H, piperazine), 4.46 (s, 2H, CH2), 4.56 (dd, 1H, CH, J = 9.4, 5.3 Hz), 6.96–7.07 (m, 2H, ArH), 7.19–7.33 (m, 3H, ArH), 7.34–7.44 (m, 3H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.92, 40.02, 42.63, 44.23, 45.12, 50.81, 51.21, 120.63, 124.49, 127.76, 127.82, 128.97, 129.17, 129.65, 129.95, 130.74, 133.80, 135.48, 148.41, 163.27, 175.38, 177.02; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.3, 448.3, 450.3.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(3-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (9). White powdery crystals. Yield: 25.5%; m.p. 119–121 °C; TLC: Rf = 0.71 (S1); UPLC: tR = 7.20 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.79 (dd, 1H, CH2, J = 18.5, 5.6 Hz), 3.23 (dt, 4H, piperazine, J = 18.8, 4.9 Hz), 3.30–3.43 (m, 1H, CH2), 3.61–3.82 (m, 4H, piperazine), 4.45 (s, 2H, CH2), 4.56 (dd, 1H, CH, J = 9.7, 5.6 Hz), 6.75–6.82 (m, 1H, ArH), 6.84–6.92 (m, 2H, ArH), 7.15–7.33 (m, 3H, ArH), 7.35–7.44 (m, 2H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.89, 39.95, 42.04, 44.28, 44.52, 48.77, 48.90, 114.59, 116.59, 120.43, 127.82, 129.35, 129.67, 130.25, 129.87, 133.79, 134.96, 135.55, 151.72, 163.29, 175.16, 176.98; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.1, 448.1, 450.1.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(4-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (10). White powdery crystals. Yield: 22.0%; m.p. 147.0–149.0 °C; TLC: Rf = 0.58 (S1); UPLC: tR = 7.15 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.78 (dd, 1H, CH2, J = 18.5, 5.5 Hz), 3.14 (t, 2H, piperazine, J = 5.1 Hz), 3.18–3.26 (m, 2H, piperazine), 3.34 (dd, 1H, CH2, J = 18.5, 9.8 Hz), 3.63–3.71 (m, 2H, piperazine), 3.74–3.84 (m, 2H, piperazine), 4.44 (s, 2H, CH2), 4.54 (dd, 1H, CH, J = 9.7, 5.5 Hz), 6.86 (d, 2H, ArH, J = 8.7 Hz), 7.19–7.32 (m, 4H, ArH), 7.35–7.46 (m, 2H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 36.99, 40.02, 42.16, 44.36, 44.66, 49.50, 49.69, 118.28, 127.92, 129.31, 129.45, 129.76, 130.03, 133.89, 135.49, 163.35, 175.45, 177.09; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.2, 448.1, 450.1.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(2,3-dichlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (11). White powdery crystals. Yield: 22.4%; m.p. 160.0–161.5 °C; TLC: Rf = 0.66 (S1); UPLC: tR = 7.71 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.79 (dd, 1H, CH2, J = 18.5, 5.6 Hz), 3.07 (dt, 4H, piperazine, J = 18.9, 4.9 Hz), 3.36 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.64–3.87 (m, 4H, piperazine), 4.46 (s, 2H, CH2), 4.56 (dd, 1H, CH, J = 9.7, 5.6 Hz), 6.94 (dd, 1H, ArH, J = 7.3, 2.1 Hz), 7.12–7.34 (m, 4H, ArH), 7.35–7.44 (m, 2H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.91, 39.99, 42.57, 44.23, 45.06, 50.90, 51.28, 118.86, 125.41, 127.64, 127.82, 129.33. 129.65, 129.91, 133.79, 134.20, 135.44, 150.33, 163.30, 175.38, 176.59; C22H20N3O3Cl3 (480.77); monoisotopic mass 479.06; [M + H]+ = 480.1, 482.0, 484.2.



(R,S)-3-(2-Chlorophenyl)-1-{2-[4-(3,4-dichlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (12). White powdery crystals. Yield: 26.1%; m.p. 134.0–136.0 °C; TLC: Rf = 0.48 (S1); UPLC: tR = 7.66 min; 1H-NMR (300 MHz, CDCl3): δ ppm 2.79 (dd, 1H, CH2, J = 18.5, 5.6 Hz), 3.19 (dt, 4H, piperazine, J = 18.9, 5.2 Hz), 3.35 (dd, 1H, CH2, J = 18.8, 9.9 Hz), 3.60–3.82 (m, 4H, piperazine), 4.44 (s, 2H, CH2), 4.55 (dd, 1H, CH, J = 9.9, 5.3 Hz), 6.74 (dd, 1H, ArH, J = 8.8, 2.9 Hz), 6.96 (d, 1H, ArH, J = 2.9 Hz), 7.21–7.43 (m, 5H, ArH); 13C-NMR (75 MHz, CDCl3): δ ppm 36.88, 39.92, 41.93, 44.26, 44.42, 48.74, 48.87, 115.99, 118.05, 123.41, 127.81, 129.18, 129.67, 129.94, 130.64, 132.98, 133.77, 135.38, 150.04, 163.32, 175.31, 176.96; C22H20N3O3Cl3 (480.77); monoisotopic mass 479.06; [M + H]+ = 480.1, 482.0, 484.2.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(2-fluorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (13). White powdery crystals. Yield: 35.5%; m.p. 119.0–121.0 °C; TLC: Rf = 0.79 (S1); UPLC: tR = 7.02 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.80–2.90 (m, 1H, CH2), 3.07–3.19 (m, 4H, piperazine), 3.25–3.34 (m, 1H, CH2), 3.62–3.85 (m, 4H, piperazine), 4.04 –4.12 (m, 1H, CH), 4.39–4.43 (m, 2H, CH2), 6.96–7.10 (m, 4H, ArH), 7.22–7.34 (m, 4H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 32, 65, 37.56, 40.10, 42.44, 44.93, 45.91, 116.48 (d, J = 23.5 Hz), 119.65, 123.86 (d, J = 7.9 Hz), 124.77 (d, J = 3.0 Hz), 125.92, 128.27 (d, J = 28.9 Hz), 128.21, 130.61, 134.94, 138.98 (d, J = 9.7 Hz), 139.17, 153.00 (d, J = 239.0 Hz), 163.16, 175.09, 177.02; C22H21N3O3ClF (429.88); monoisotopic mass 429.13; [M + H]+ = 430.1, 432.2.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(4-fluorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (14). White powdery crystals. Yield: 25.5%; m.p. 123.5–125.0 °C; TLC: Rf = 0.71 (S1); UPLC: tR = 6.85 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.80–2.88 (m, 1H, CH2), 3.04–3.17 (m, 4H, piperazine), 3.30 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.61–3.82 (m, 4H, piperazine), 4.09 (dd, J = 9.6, 4.9 Hz, 1H, CH), 4.41 (d, 2H, CH2, J = 1.4 Hz), 6.90 (br. s., 1H, ArH), 6.94–7.02 (m, 2H, ArH), 7.22–7.33 (m, 5H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 37.54, 40.09, 42.36, 44.80, 45.90, 115.91 (d, J = 21.7 Hz), 119.06 (d, J = 6.6 Hz), 125.94, 128.29 (d, J = 1.2 Hz), 130.68, 134.98, 139.36, 158.03 (d, J = 238.4 Hz), 163.19, 175.48, 177.03; C22H21N3O3ClF (429.88); monoisotopic mass 429.13; [M + H]+ = 430.2, 432.1.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(3-trifluoromethylphenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (15). White powdery crystals. Yield: 39.8%; m.p. 144.0–145.5 °C; TLC: Rf = 0.79 (S1); UPLC: tR = 7.55 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.86 (dd, 1H, CH2, J = 18.5, 4.9 Hz), 3.19–3.26 (m, 2H, piperazine), 3.26–3.35 (m, 3H, piperazine, CH2), 3.64–3.70 (m, 2H, piperazine), 3.75–3.84 (m, 2H, piperazine), 4.10 (dd, 1H, CH, J = 9.7, 4.9 Hz), 4.42 (d, 2H, CH2, J = 1.6 Hz), 7.08 (dd, 1H, ArH, J = 8.3, 2.3 Hz), 7.11–7.18 (m, 2H, ArH), 7.21–7.34 (m, 4H, ArH), 7.38 (t, 1H, ArH, J = 7.9 Hz); 13C-NMR (126 MHz, CDCl3): δ ppm 37.54, 40.0, 42.12, 44.56, 45.91, 49.06, 113.22 (q, J = 4.2 Hz), 117.32 (q, J = 3.0 Hz), 119.70, 124.20 (q, J = 272.2 Hz), 125.92, 128.27, 128.31, 129.93, 130.68, 131.75 (q, J = 32.0 Hz,), 135.00, 139.32, 150.77, 163.28, 175.44, 177.00; C23H21N3O3ClF3 (479.88); monoisotopic mass 479.12; [M + H]+ = 480.2, 482.1.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(2-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (16). White powdery crystals. Yield: 45.5%; m.p. 113.5–119.5 °C; TLC: Rf = 0.84 (S1); UPLC: tR = 7.49 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.85 (dd, 1H, CH2, J = 18.5, 4.9 Hz), 3.01–3.15 (m, 4H, piperazine), 3.30 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.62–3.85 (m, 4H, piperazine), 4.09 (dd, 1H, CH, J = 9.6, 4.9 Hz), 4.41 (d, 2H, CH2, J = 1.6 Hz), 6.99–7.06 (m, 2H, ArH), 7.20–7.34 (m, 5H, ArH), 7.37 (dd, 1H, ArH, J = 7.9, 1.5 Hz); 13C-NMR (126 MHz, CDCl3): δ ppm 37.53, 40.13, 42.65, 45.13, 45.90, 50.89, 51.30, 120.29, 121.07, 124.52, 125.55, 126.05, 127.61, 127.97, 128.14, 128.75, 130.62, 130.83, 147.86, 163.24, 175.49, 177.03; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.1, 448.1, 450.1.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(3-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (17). White powdery crystals. Yield: 39.5%; m.p. 154.0–156.0 °C; TLC: Rf = 0.84 (S1); UPLC: tR = 7.45 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.86 (dd, 1H, CH2, J = 18.5, 4.9 Hz), 3.21 (t, 2H, piperazine, J = 5.0 Hz), 3.26–3.36 (m, 3H, piperazine, CH2), 3.66–3.86 (m, 4H, piperazine), 4.10 (dd, 1H, CH, J = 9.7, 4.9 Hz), 4.42 (s, 2H, CH2), 6.85–6.98 (m, 3H, ArH), 7.18–7.24 (m, 2H, ArH), 7.26–7.34 (m, 3H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 37.54, 40.04, 41.71, 44.23, 45.91, 50.95, 114.98, 116.98, 117.38, 125.91, 128.30, 130.47, 130.69, 134.85, 135.10, 135.20, 135.66, 139.29, 163.41, 175.31, 176.83; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.1, 448.2. 450.1.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(4-chlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (18). White powdery crystals. Yield: 39.5%; m.p. 110.0–112.0 °C; TLC: Rf = 0.76 (S1); UPLC: tR = 7.42 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.85 (dd, 1H, CH2, J = 18.5, 4.9 Hz), 3.11–3.24 (m, 4H, piperazine), 3.30 (dd, 1H, CH2, J = 18.5, 9.6 Hz), 3.61–3.81 (m, 4H, piperazine), 4.09 (dd, 1H, CH, J = 9.6, 4.9 Hz), 4.41 (d, 2H, CH2, J = 1.3 Hz), 6.86 (d, 2H, ArH, J = 8.7 Hz), 7.20–7.34 (m, 6H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 37.54, 40.07, 42.15, 44.60, 45.90, 49.55, 49.74, 118.33, 125.9, 128.29, 129.32, 130.68, 134.99, 139.3, 163.22, 175.45, 177.00; C22H21N3O3Cl2 (446.33); monoisotopic mass 445.10; [M + H]+ = 446.1, 448.1, 450.3.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(2,3-dichlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (19). White powdery crystals. Yield: 34.9%; m.p. 120.0–122.0 °C; TLC: Rf = 0.81 (S1); UPLC: tR = 7.85 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.82–2.89 (m, 1H, CH2), 3.00–3.13 (m, 4H, piperazine), 3.30 (dd, 1H, CH2, J = 18.5, 9.7 Hz), 3.63–3.84 (m, 4H, piperazine), 4.10 (dd, 1H, CH, J = 9.6, 4.9 Hz), 4.41 (d, 2H, CH2, J = 1.7 Hz), 6.90–6.95 (m, 1H, ArH), 7.13–7.34 (m, 6H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 37.55, 40.14, 42.68, 45.13, 45.91, 50.98, 51.38, 118.96, 125.54, 125.93, 127.73, 128.29, 130.68, 134.33, 134.99, 139.36, 150.40, 163.27, 175.48, 177.02; C22H20N3O3Cl3 (480.77); monoisotopic mass 479.06; [M + H]+ = 480.0, 482.3, 484.0.



(R,S)-3-(3-Chlorophenyl)-1-{2-[4-(3,4-dichlorophenyl)piperazin-1-yl]-2-oxoethyl}-pyrrolidine-2,5-dione (20). White powdery crystals. Yield: 38.5%; m.p. 149.0–150.5 °C; TLC: Rf = 0.76 (S1); UPLC: tR = 7.79 min; 1H-NMR (500 MHz, CDCl3): δ ppm 2.85 (dd, 1H, CH2, J = 18.5, 4.9 Hz); 3.13–3.25 (m, 4H, piperazine); 3.30 (dd, 1H, CH2, J = 18.6, 9.6 Hz); 3.60–3.82 (m, 4H, piperazine); 4.09 (dd, 1H, CH, J = 9.6, 4.9 Hz), 4.40 (d, 2H, CH2, J = 1.4 Hz), 6.76 (dd, 1H, ArH, J = 8.8, 2.9 Hz), 6.98 (d, 1H, ArH, J = 2.7 Hz), 7.20–7.34 (m, 5H, ArH); 13C-NMR (126 MHz, CDCl3): δ ppm 37.54, 40.05, 41.99, 44.44, 45.90, 49.01, 49.14, 116.25, 118.34, 123.89, 125.92, 128.26, 128.32, 130.68, 130.80, 133.15, 135.00, 139.30, 149.89, 163.27, 175.43, 176.99; C22H20N3O3Cl3 (480.77); monoisotopic mass 479.06; [M + H]+ = 480.2, 482.1, 484.1.






3.2. In Vivo Experiments


3.2.1. Animals


Male CD-1 mice weighing 20–26 g were used in the in vivo experiment. The animals were housed in an environmentally controlled room (temperature of 22 ± 2 °C, humidity 55 ± 10%) on 12 h light/dark cycles (light on at 7:00 AM and off at 7:00 PM) and had free access to food (standard laboratory pellets) and water. The experimental groups consisted of 4–6 mice (anticonvulsant and neurotoxic studies) or 8 animals (antinociceptive studies). The experiments were performed between 8:00 a.m. and 3:00 p.m. For the experiments, the animals were selected in a random way and trained observers performed all measurements. The experimental protocol was approved by the First Local Ethics Committee on Animal Testing at the Jagiellonian University in Kraków (No 131/2017, 159/2018, 365/2020).




3.2.2. Maximal Electroshock Seizure Test (MES)


In the MES test, an electrical stimulus of sufficient intensity (25 mA, 500 V, 50 Hz, 0.2 s) was delivered via auricular electrodes by the electroshock generator (Rodent Shocker, Type 221, Hugo Sachs, March-Hugstetten, Germany) to induce maximal seizures. The endpoint was the tonic extension of the hind limbs. Mice not displaying hind-limb tonic extension were considered to be protected from seizures [26].




3.2.3. The 6 hertz (6 Hz) Psychomotor Seizure Test


In the 6 Hz test, psychomotor seizures were induced via corneal stimulation (6 Hz, 32 mA, 0.2 ms rectangular pulse width, 3 s duration) using a constant-current device (ECT Unit 57800, Ugo Basile, Italy). A drop of 1% solution of lidocaine hydrochloride (Polfa Warszawa, Warsaw, Poland) was applied to the mouse corneas before stimulation to provide local anesthesia and ensure optimal current conductivity. After the electrical stimulation, mice were gently released and observed for the presence or absence of seizure activity, being characterized by immobility associated with rearing, forelimb clonus, twitching of the vibrissae, stun, and Straub-tail (Brown et al. 1953, Barton et al. 2001). Mice resuming normal behavior within 10 s from the stimulation were considered as protected [27,28].




3.2.4. PTZ Seizure Test


In the PTZ seizure test, clonic convulsions were induced by the subcutaneous (sc) administration of pentylenetetrazole (Sigma-Aldrich, St. Louis, MO, USA) at a dose of 100 mg/kg in 0.9% saline solution. After PTZ injection, each mouse was placed separately and observed during the next 30 min for the occurrence of clonic seizures, which were defined as clonus of the whole body lasting more than 3 s, with an accompanying loss of righting reflex. Latency time to first clonus episode was noted and compared with the control group. The absence of clonic convulsions within the observed time period was interpreted as the compound’s ability to protect against PTZ-induced seizures [6].




3.2.5. Neurotoxicity Screening (NT)—Rotarod Test


In this test, mice were trained to balance on an accelerating rod that rotated at 10 rotations per minute (Rotarod apparatus, May Commat RR0711, Turkey; rod diameter: 3 cm). During the training session, the animals were placed on a rotating rod for 3 min with an unlimited number of trials. Proper experiment was conducted at least 24 h after the training trial. On the test day, trained mice were intraperitoneally pretreated with the test compound and were evaluated in the rotarod test (at the screening dose of 100 mg/kg just before the MES test or at a dose of 300 mg/kg after 0.5 h). Neurotoxicity was indicated by the inability of the animal to maintain equilibration on the rod for 1 min.




3.2.6. Median Effective Dose (ED50), Median Toxic Dose (TD50), and Protective Index (PI)


The ED50 is defined as the dose of a drug protecting 50% of animals against the MES and 6 Hz seizure episodes. The neurotoxic effect was expressed as a TD50 value, representing the doses at which the compound resulted in minimal motor impairment in 50% of the animals in the rotarod test. To evaluate the ED50 or TD50, three groups of animals were injected with various doses of tested compounds. Each group consisted of six animals. Both ED50 and TD50 values with 95% confidence limits were calculated by probit analysis (Litchfield and Wilcoxon, 1949). The PI value was calculated as the ratio of TD50 to the respective ED50 value, as determined in the MES or 6 Hz tests. The PI is considered as an index of the margin of safety and tolerability between anticonvulsant doses and doses of the compounds exerting acute adverse effects [29].




3.2.7. Formalin Test


Antinociceptive activity in the formalin test was examined according to Laughlin et al. [17] with some minor modification as previously described [23]. The mice were pretreated i.p. with the test compound or vehicle 30 min before the experiment. Subsequently, 20 μL of a 2.5% formalin solution (Sigma-Aldrich, St. Louis, MO, USA) was injected intraplantarly (i.pl.) into the right hind paw of a mouse. Immediately after formalin injection, the animals were placed individually into glass beakers and were observed for the next 30 min. Time (in seconds) spent on licking or biting the injected hind paw in selected intervals, 0–5 and 15–30 min, was measured in each experimental group and was an indicator of nociceptive behavior.



Results were statistically evaluated using one-way ANOVA, followed by Dunnett’s multiple comparison test. A p < 0.05 was considered significant.





3.3. In Vitro Experiments


3.3.1. Binding and Functional Assays


The radioligand binding studies were performed commercially by Eurofins Cerep SA (Celle l’Evescault, France) using testing procedures described elsewhere—sodium channels (site 2), L-type calcium channels (dihydropyridine site) [30,31]. Compound binding data were expressed as a percentage of inhibition of the binding/response of a radioactively labelled ligand. All experiments were performed in duplicate.




3.3.2. In Vitro Hepatotoxicity and Neurotoxicity Assessment


To evaluate compounds 6 and 19 neurotoxic or hepatotoxic effects in vitro, a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) viability assay was performed. A human neuroblastoma cell line: SH-SY5Y (ATCC®, CRL-2266™) and a human hepatocellular carcinoma cell line: HepG2 (ATCC® HB-8065™) were used in the study. Both cell lines were cultured in Dulbecco′s modified Eagle′s medium (DMEM; Gibco, Thermo Scientific, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, Thermo Scientific, Waltham, MA, USA) and antibiotics mixture (penicillin, streptomycin, amphotericin B; Gibco, Thermo Scientific, Waltham, MA, USA) in standard culture conditions (5% CO2, 37 °C, 95% humidity). Twenty-four hours after seeding, cells were incubated in the presence of 6 and 19 administrated at growing concentrations (0.5–100 µM). The MTT reagent (final concentration 0.5 mg/mL) was added to the culture medium for the last 4 h of 24 h incubation. Then the medium was removed and the formed formazan crystals were dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA). Next, the absorbance at 570 nm was measured using a microplate reader (SpectraMax® iD3, Molecular Devices, San Jose, CA, USA). The obtained values were proportional to the number of actively metabolizing cells in the population. The experiment was performed three times in duplicate. Each bar represents mean (±SEM) percentage of viable cells in comparison to control (defined as 100% and represented cells untreated with any compound).






4. Conclusions


In the present study, the library of new 3-(2-chlorophenyl)- and 3-(3-chlorophenyl)-pyrrolidine-2,5-dione-acetamides as potential anticonvulsant and antinociceptive agents was synthesized. The obtained results revealed that several compounds exhibited anticonvulsant activity, and none of them showed significant acute neurological toxicity. Among all tested compounds, the most potent and the broadest spectrum of activity was displayed by 6, with ED50 (MES) = 68.30 mg/kg and ED50 (6 Hz) = 28.20 mg/kg. Notably, this compound was more effective in given seizure tests and had more beneficial protective index than well-known wide spectrum AED—valproic acid. Furthermore, compound 6 and its dichloro- analogue 19 revealed significant antinociceptive activity in the formalin test, which is a model of tonic pain. In the in vitro assays, these compounds displayed more potent interaction with voltage-gated sodium and calcium channels compared to reference AEDs—phenytoin and carbamazepine. Finally, in the preliminary hepatotoxicity and neurotoxicity studies, compounds 6 and 19 revealed no significant toxicity at a concentration lower than 25 µM.








Supplementary Materials


The following are available online, Figure S1: Influence of the test compound 6 at a dose of 100 mg/kg on latency time to first clonus in the scPTZ test. Each value represents the mean ± SEM obtained from 4 mice. Statistical analysis: t-test: p < 0.05., Figure S2: Influence of the test compound 6 at a dose of 130 mg/kg on latency time to first clonus in the scPTZ test. Each value represents the mean ± SEM obtained from 6 mice. Statistical analysis: t-test: NS (not significant).





Author Contributions


Conceptualization, M.G. and A.C.; methodology, M.G., A.R., and K.W.-P.; validation, M.G., A.R., and K.W.-P.; formal analysis, A.C., A.R., and K.W.-P.; investigation, M.G., A.R., A.G., and K.W.-P.; data curation, M.G. and A.C.; writing—original draft preparation, M.G., A.C., A.R., and K.W.-P.; writing—review and editing, A.C. and K.K.; visualization, M.G., A.C., A.R., and K.W.-P.; supervision, A.C., K.K., and E.P.; project administration, A.C. and K.K.; funding acquisition, M.G., A.C., A.R., and K.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was co-funded by Funds for Statutory Activity of Jagiellonian University Medical College (No N42/DBS/000020, K/DSC/005295, No N42/DBS/000048) and National Science Centre, Poland, grant No 2017/25/B/NZ7/01048.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Directive 2010/63/EU, and approved by the Local Ethics Committee, Cracow, Poland (protocol 131/2017, date of approval: 27.04.2017; protocol 159/2018, date of approval: 18.07.2018; and protocol 365/2020, date of approval: 22.01.2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Conflicts of Interest


The authors declare no conflict of interest relevant to the ideas or the contents of this manuscript.




Sample Availability


Samples of the compounds 5–20 are available from the authors.




References


	



Fisher, R.S.; Cross, J.H.; French, J.A.; Higurashi, N.; Hirsch, E.; Jansen, F.E.; Lagae, L.; Moshé, S.L.; Peltola, J.; Roulet Perez, E.; et al. Operational Classification of Seizure Types by the International League Against Epilepsy: Position Paper of the ILAE Commission for Classification and Terminology. Epilepsia 2017, 58, 522–530. [Google Scholar] [CrossRef]

	



Stevens, C.E.; Stafstrom, C. Pharmacotherapy for Focal Seizures in Children and Adolescents. Drugs 2018, 78, 1321–1337. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Brodie, M.J.; Liew, D.; Kwan, P. Treatment Outcomes in Patients With Newly Diagnosed Epilepsy Treated With Established and New Antiepileptic Drugs: A 30-Year Longitudinal Cohort Study. JAMA Neurol. 2018, 75, 279–286. [Google Scholar] [CrossRef] [PubMed]

	



Wilcox, K.S.; West, P.J.; Metcalf, C.S. The Current Approach of the Epilepsy Therapy Screening Program Contract Site for Identifying Improved Therapies for the Treatment of Pharmacoresistant Seizures in Epilepsy. Neuropharmacology 2020, 166, 107811. [Google Scholar] [CrossRef] [PubMed]

	



Derry, S.; Bell, R.F.; Straube, S.; Wiffen, P.J.; Aldington, D.; Moore, R.A. Pregabalin for Neuropathic Pain in Adults. Cochrane Database Syst. Rev. 2019, 1, CD007076. [Google Scholar] [CrossRef]

	



Rapacz, A.; Obniska, J.; Wiklik-Poudel, B.; Rybka, S.; Sałat, K.; Filipek, B. Anticonvulsant and Antinociceptive Activity of New Amides Derived from 3-Phenyl-2,5-Dioxo-Pyrrolidine-1-Yl-Acetic Acid in Mice. Eur. J. Pharmacol. 2016, 781, 239–249. [Google Scholar] [CrossRef]

	



Byrtus, H.; Obniska, J.; Czopek, A.; Kamiński, K.; Pawłowski, M. Synthesis and Anticonvulsant Activity of New N-Mannich Bases Derived from 5-Cyclopropyl-5-Phenyl- and 5-Cyclopropyl-5-(4-Chlorophenyl)-Imidazolidine-2,4-Diones. Bioorg. Med. Chem. 2011, 19, 6149–6156. [Google Scholar] [CrossRef] [PubMed]

	



Obniska, J.; Kopytko, M.; Zagórska, A.; Chlebek, I.; Kamiński, K. Synthesis and Anticonvulsant Properties of New Mannich Bases Derived from 3-Aryl-Pyrrolidine-2,5-Diones. Part 1. Archiv. Pharm. 2010, 343, 333–341. [Google Scholar] [CrossRef] [PubMed]

	



Miller, C.A.; Long, L. Anticonvulsants. I. An Investigation of N-R-a-R,-a-Phenylsuccinimides. J. Am. Chem. Soc. 1951, 73, 4895–4898. [Google Scholar] [CrossRef]

	



SwissAdme. Available online: http://www.swissadme.ch/ (accessed on 25 August 2020).

	



Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and Computational Approaches to Estimate Solubility and Permeability in Drug Discovery and Development Settings1PII of Original Article: S0169-409X(96)00423-1. The Article Was Originally Published in Advanced Drug Delivery Reviews 23 (1997) 3–25.1. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [Google Scholar] [CrossRef] [PubMed]

	



Veber, D.F.; Johnson, S.R.; Cheng, H.-Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular Properties That Influence the Oral Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615–2623. [Google Scholar] [CrossRef]

	



Doak, B.C.; Over, B.; Giordanetto, F.; Kihlberg, J. Oral Druggable Space beyond the Rule of 5: Insights from Drugs and Clinical Candidates. Chem. Biol. 2014, 21, 1115–1142. [Google Scholar] [CrossRef]

	



Petit, J.; Meurice, N.; Kaiser, C.; Maggiora, G. Softening the Rule of Five—Where to Draw the Line? Bioorg. Med. Chem. 2012, 20, 5343–5351. [Google Scholar] [CrossRef]

	



Kamiński, K.; Rapacz, A.; Łuszczki, J.J.; Latacz, G.; Obniska, J.; Kieć-Kononowicz, K.; Filipek, B. Design, Synthesis and Biological Evaluation of New Hybrid Anticonvulsants Derived from N-Benzyl-2-(2,5-Dioxopyrrolidin-1-Yl)Propanamide and 2-(2,5-Dioxopyrrolidin-1-Yl)Butanamide Derivatives. Bioorg. Med. Chem 2015, 23, 2548–2561. [Google Scholar] [CrossRef]

	



Dantas, L.L.S.F.R.; Fonseca, A.G.; Pereira, J.R.; Furtado, A.A.; Gomes, P.T.M.; Fernandes-Pedrosa, M.F.; Leite, A.C.L.; Rêgo, M.J.B.M.; Pitta, M.G.R.; Lemos, T.M.M. Anti-Inflammatory and Antinociceptive Effects of the Isatin Derivative (Z)-2-(5-Chloro-2-Oxoindolin-3-Ylidene)-N-Phenyl-Hydrazinecarbothioamide in Mice. J. Med. Biol. Res. 2020, 53, e10204. [Google Scholar] [CrossRef]

	



Laughlin, T.M.; Tram, K.V.; Wilcox, G.L.; Birnbaum, A.K. Comparison of Antiepileptic Drugs Tiagabine, Lamotrigine, and Gabapentin in Mouse Models of Acute, Prolonged, and Chronic Nociception. J. Pharmacol. Exp. Ther. 2002, 302, 1168–1175. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.; Chen, X.; Chai, J.; Li, R.; Han, X.; Chen, X.; Liu, S.; Chen, M.; Xu, X. Antipyretic, Anti-Inflammatory and Analgesic Activities of Periplaneta Americana Extract and Underlying Mechanisms. Biomed. Pharm. 2020, 123, 109753. [Google Scholar] [CrossRef] [PubMed]

	



Rosland, J.H.; Tjølsen, A.; Maehle, B.; Hole, K. The Formalin Test in Mice: Effect of Formalin Concentration. Pain 1990, 42, 235–242. [Google Scholar] [CrossRef]

	



Colloca, L.; Ludman, T.; Bouhassira, D.; Baron, R.; Dickenson, A.H.; Yarnitsky, D.; Freeman, R.; Truini, A.; Attal, N.; Finnerup, N.B.; et al. Neuropathic Pain. Nat. Rev. Dis. Primers 2017, 3, 17002. [Google Scholar] [CrossRef]

	



Beyreuther, B.K.; Freitag, J.; Heers, C.; Krebsfänger, N.; Scharfenecker, U.; Stöhr, T. Lacosamide: A Review of Preclinical Properties. CNS Drug Rev. 2007, 13, 21–42. [Google Scholar] [CrossRef] [PubMed]

	



Rapacz, A.; Głuch-Lutwin, M.; Mordyl, B.; Filipek, B.; Abram, M.; Kamiński, K. Evaluation of Anticonvulsant and Analgesic Activity of New Hybrid Compounds Derived from N-Phenyl-2-(2,5-Dioxopyrrolidin-1-Yl)-Propanamides and -Butanamides. Epilepsy Res. 2018, 143, 11–19. [Google Scholar] [CrossRef] [PubMed]

	



Rapacz, A.; Obniska, J.; Koczurkiewicz, P.; Wójcik-Pszczoła, K.; Siwek, A.; Gryboś, A.; Rybka, S.; Karcz, A.; Pękala, E.; Filipek, B. Antiallodynic and Antihyperalgesic Activity of New 3,3-Diphenyl-Propionamides with Anticonvulsant Activity in Models of Pain in Mice. Eur. J. Pharm. 2018, 821, 39–48. [Google Scholar] [CrossRef]

	



Soldatow, V.Y.; Lecluyse, E.L.; Griffith, L.G.; Rusyn, I. In Vitro Models for Liver Toxicity Testing. Toxicol. Res. 2013, 2, 23–39. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, D.J.; Capela, J.P.; de Lourdes Bastos, M.; Carvalho, F. In Vitro Models for Neurotoxicology Research. Toxicol. Res. 2015, 4, 801–842. [Google Scholar] [CrossRef]

	



Löscher, W.; Hönack, D.; Fassbender, C.P.; Nolting, B. The Role of Technical, Biological and Pharmacological Factors in the Laboratory Evaluation of Anticonvulsant Drugs. III. Pentylenetetrazole Seizure Models. Epilepsy Res. 1991, 8, 171–189. [Google Scholar] [CrossRef]

	



Florek-Luszczki, M.; Wlaz, A.; Kondrat-Wrobel, M.W.; Tutka, P.; Luszczki, J.J. Effects of WIN 55,212-2 (a Non-Selective Cannabinoid CB1 and CB 2 Receptor Agonist) on the Protective Action of Various Classical Antiepileptic Drugs in the Mouse 6 Hz Psychomotor Seizure Model. J. Neural Transm. 2014, 121, 707–715. [Google Scholar] [CrossRef]

	



Leclercq, K.; Kaminski, R.M. Genetic Background of Mice Strongly Influences Treatment Resistance in the 6 Hz Seizure Model. Epilepsia 2015, 56, 310–318. [Google Scholar] [CrossRef]

	



Löscher, W.; Nolting, B. The Role of Technical, Biological and Pharmacological Factors in the Laboratory Evaluation of Anticonvulsant Drugs. IV. Protective Indices. Epilepsy Res. 1991, 9, 1–10. [Google Scholar] [CrossRef]

	



Brown, G. 3H-Batrachotoxinin-A Benzoate Binding to Voltage-Sensitive Sodium Channels: Inhibition by the Channel Blockers Tetrodotoxin and Saxitoxin. J. Neurosci. 1986, 6, 2064–2070. [Google Scholar] [CrossRef]

	



Gould, R.J.; Murphy, K.M.; Snyder, S.H. [3H]Nitrendipine-Labeled Calcium Channels Discriminate Inorganic Calcium Agonists and Antagonists. Proc. Natl. Acad. Sci. USA 1982, 79, 3656–3660. [Google Scholar] [CrossRef]








[image: Molecules 26 01564 g001 550] 





Figure 1. The chemical prototype A [8] synthesized previously, and proposed structural modifications for compounds reported in the current studies. 
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Scheme 1. Synthetic procedure of compounds 5–20. 
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Figure 2. The bioavailability radar of compounds 6 (left) and 19 (right). 
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Figure 3. Influence of compounds 6 (panel A) and 19 (panel B) on duration of licking/biting behavior in the first (neurogenic) phase (0–5 min after formalin injection) and in the second (inflammatory) phase (15–30 min after formalin injection) of the formalin test in mice. Data are presented as mean ± SEM. Statistical analysis: one-way analysis of variance (ANOVA), followed by Dunnett’s test: * p < 0.05, *** p < 0.001, **** p < 0.0001, n = 8. 
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Figure 4. HepG2 (A) and SH-SY5Y (B) cell lines viability in the presence of 6 and 19. Cells were cultured with tested compounds for 24 h and then MTT assay was performed. Each bar represents viability expressed as mean % of control (non-treated cells) ± SEM. The dashed lines indicate the toxicity of the positive control (doxorubicin, DOX). * Statistical significance versus control (p < 0.05). 
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Table 1. Drug-likeness parameters according to Lipinski and Veber rules.
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Compd

	
Lipinski Rules

	
Veber Rules




	
MW

≤ 500

	
Logp

≤ 5

	
NHD

≤ 5 a

	
NHA

≤ 10 b

	
NBR

≤ 10 c

	
TPSA

≤ 140 d






	
5

	
429.87

	
2.74

	
0

	
4

	
5

	
60.93




	
6

	
429.87

	
2.73

	
0

	
4

	
5

	
60.93




	
7

	
479.88

	
3.47

	
0

	
6

	
6

	
60.93




	
8

	
446.33

	
2.94

	
0

	
3

	
5

	
60.93




	
9

	
446.33

	
2.95

	
0

	
3

	
5

	
60.93




	
10

	
446.33

	
2.93

	
0

	
3

	
5

	
60.93




	
11

	
480.77

	
3.47

	
0

	
3

	
5

	
60.93




	
12

	
480.77

	
3.48

	
0

	
3

	
5

	
60.93




	
13

	
429.87

	
2.75

	
0

	
4

	
5

	
60.93




	
14

	
429.87

	
2.76

	
0

	
4

	
5

	
60.93




	
15

	
479.88

	
3.45

	
0

	
6

	
6

	
60.93




	
16

	
446.33

	
3.06

	
0

	
3

	
5

	
60.93




	
17

	
446.33

	
2.96

	
0

	
3

	
5

	
60.93




	
18

	
446.33

	
2.97

	
0

	
3

	
5

	
60.93




	
19

	
480.77

	
3.59

	
0

	
3

	
5

	
60.93




	
20

	
480.77

	
3.55

	
0

	
3

	
5

	
60.93








a NHD: number of hydrogen bond donors; b NHA: number of hydrogen bond acceptors; c NBR: number of rotatable bonds; d TPSA: topological polar surface area.
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Table 2. Anticonvulsant activity (MES and 6 Hz tests) and acute neurotoxicity (rotarod test) following i.p. administration of dose 100 mg/kg in mice.
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Compd

	
R1

	
R2

	
Intraperitoneal Administration in Mice




	
MES a

	
6 Hz b

	
NT c






	
5

	
2-Cl

	
2-F

	
1/4

	
1/4

	
0/4




	
6

	
2-Cl

	
4-F

	
4/4

	
3/4

	
0/4




	
7

	
2-Cl

	
3-CF3

	
0/4

	
2/4

	
1/4




	
8

	
2-Cl

	
2-Cl

	
0/4

	
0/4

	
0/4




	
9

	
2-Cl

	
3-Cl

	
0/4

	
0/4

	
0/4




	
10

	
2-Cl

	
4-Cl

	
1/4

	
1/4

	
0/4




	
11

	
2-Cl

	
2,3-diCl

	
0/4

	
1/4

	
1/4




	
12

	
2-Cl

	
3,4-diCl

	
0/4

	
0/4

	
0/4




	
13

	
3-Cl

	
2-F

	
1/4

	
0/4

	
0/4




	
14

	
3-Cl

	
4-F

	
1/4

	
1/4

	
0/4




	
15

	
3-Cl

	
3-CF3

	
1/4

	
2/4

	
0/4




	
16

	
3-Cl

	
2-Cl

	
0/4

	
nt

	
0/4




	
17

	
3-Cl

	
3-Cl

	
1/4

	
nt

	
0/4




	
18

	
3-Cl

	
4-Cl

	
1/4

	
nt

	
0/4




	
19

	
3-Cl

	
2,3-diCl

	
0/4

	
2/4

	
0/4




	
20

	
3-Cl

	
3,4-diCl

	
0/4

	
nt

	
0/4








Ratios where at least two animals were protected or with motor impairment have been highlighted in bold for easier data interpretation. Data indicate number of mice protected or with motor impairment/number of mice tested. The animals were examined 0.5 h after compound administration. a MES—maximal electroshock seizures test; b 6 Hz (32 mA)—psychomotor seizure test; c NT—neurotoxicity–rotarod test; nt—not tested.
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Table 3. Quantitative pharmacological parameters ED50, TD50, and PI values in mice (i.p.).
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	Compd
	TPE (h) a
	ED50 MES (mg/kg) b
	ED50 6 Hz (mg/kg) c
	TD50 (mg/kg) d
	PI (TD50/ED50) e





	6
	0.5
	68.30

(60.31–77.35)
	28.20

(16.86–47.16)
	>300
	>4.39 (MES)

>10.64 (6 Hz)



	19
	0.5
	–
	124.93

(91.13–191.27)
	>300
	>2.4 (6 Hz)



	ETXf
	0.25
	–
	171.74

(141.43–208.52)
	440.81

(409.01–475.07)
	2.57 (6 Hz)



	VPAf
	0.5
	252.74

(220.10–290.22)
	130.64

(117.61–145.19)
	430.77

(407.92–454.90)
	1.70 (MES)

3.30 (6 Hz)







Values in parentheses are 95% confidence intervals determined by probit analysis according to Litchfield and Wilcoxon (1949). a TPE—time to peak effect; b ED50 (MES—maximal electroshock seizure test); c ED50 (6 Hz, 32 mA, psychomotor seizure test); d TD50 (NT—acute neurological toxicity determined in the rotarod test); e PI—protective index (TD50/ED50); f Reference anticonvulsant drugs ethosuximide (ETX), valproic acid (VPA) tested in the same conditions [15]. A dash indicates not tested.
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Table 4. In vitro binding assays (concentration 100 μM).
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Compound

	
Na+ Channel

(Site 2) *

	
L-type Ca2+

(Dihydropyridine Site, Antagonist Radioligand) *




	
% Inhibition of Control Specific Binding






	
6

	
80.0

	
82.9




	
19

	
73.1

	
35.5




	

	




	
PHE

	
53.9

	
57.8




	
CBZ a

	
17.4

	
2.6








* Source: rat cerebral cortex. Reference inhibitors: [3H]batrachotoxin for the voltage-sensitive sodium channel or [3H]nitrendipine for L-type Ca2+ channel. Results showing an inhibition higher than 50% are considered to represent significant effects of the test compounds; results showing an inhibition between 25% and 50% are indicative of moderate effect; results showing an inhibition lower than 25% are not considered significant; PHE—phenytoin, CBZ—carbamazepine, a Data from the previous studies [6].
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