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Abstract: We report on the design and synthesis of a novel nuclear 

factor erythroid 2-related factor 2 (Nrf2) enhancer. Using a structure-

based virtual screening approach, we identified several commercially 

available compounds with high probability to interact with the Nrf2 

binding pocket in the Kelch-like ECH-associated protein 1 (Keap1). 

Keap1 is an adaptor protein that recruits Nrf2 to a Cul3 (Cullin-3)-

dependent ubiquitin ligase complex. The identified compounds were 

tested against rat pheochromocytoma PC-12 cells for their 

cytoprotective activity and one compound (SKT359126) 

demonstrated an Nrf2-mediated cell protective effect. Based on the 

SKT359126 structure, twenty-three novel derivatives were 

synthesized and evaluated. Among the screened derivatives, 

compound 16 (1-(4-((3,4-dihydroxybenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid), demonstrated better activity than 

the parent molecules in activating the Nrf2 transduction pathway in a 

dose- and time-dependent manner. This compound can serve as a 

promising starting point for the development of novel therapeutics for 

the treatment of oxidative stress-related diseases. 

1. Introduction 

The human body is constantly exposed to numerous oxidative 

and electrophilic chemicals.[1] The imbalance between 

biochemical processes leads to the production of oxidative 

species that cause many human diseases.[2] The human 

antioxidant defense system is involved in the direct 

neutralization of these species.[3] The antioxidative system 

includes many enzymes, cofactors and vitamins.[4, 5] The activity 

of several antioxidant cytoprotective enzymes is controlled by 

the Nrf2/antioxidant response element (ARE) transcription 

pathway.[6] This pathway includes three main components: ARE, 

Nrf2 and Keap1.[7] The antioxidative response is initiated by 

Keap1. This protein is a cytoplasmic 624 amino-acid multi-

domain protein that functions as a substrate adaptor protein to 

bring Nrf2 to a Cul3-dependent ubiquitin ligase complex. Keap1 

contains (i) an N-terminal region (NTR, amino acids 1–60), (ii) a 

BTB (broad complex/tramtrack/bric-à-brac) proteins domain 

(amino acids 61–179)[8] through which Keap1 forms a 

homodimer and also interacts with Cul3, (iii) an intervening 

region (IVR, amino acids 180–314), which is cysteine-rich and 

contains eight cysteine residues among its 134 amino acids, (iv) 

a Kelch-domain made of six-bladed β-propeller in which each 
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blade of the propeller (I–VI) is composed of four β-strands (A–D) 

and (v) a C-terminal region (amino acids 599–624).[9-11]  

Under physiological intracellular and environmental conditions, 

cytosolic Nrf2 is maintained at a low basal level by constitutive 

proteasomal degradation.[12] The specific binding of the Neh2 

(Nrf2-ECH homology 2) regulatory domain of Nrf2 to Keap1[13] 

ensures the cytoplasmic sequestration and ubiquitination of 

Nrf2,[11, 14] thereby leading to Nrf2 proteasomal regulated 

degradation.[15] Keap1 has highly reactive thiol groups in its 27 

cysteine residues causing the protein to be very sensitive to 

oxidative environments.[16]  

Upon exposure to high levels of reactive oxygen species (ROS), 

Nrf2 is released from Keap1 and translocates into the 

nucleus.[15, 17] Inside the nucleus, the Nrf2 forms heterodimers 

with other basic leucine zipper domain (bZIP) transcription 

factors, including small Maf proteins, c-Jun, activating 

transcription factor-4, c-Fos, Fos-related antigen-1 (Fra-1) and 

setera.[18] These formed complexes bind to ARE in targeted 

gene promoters and upregulates their expression.[19] These 

genes [for example, glutathione S-transferases (GSTs), 

NADP(H), quinone oxidoreductase 1 (NQO1) and heme-

oxygenase-1(HO1)] are critical for effective antioxidative stress 

response.   

    The Keap1 structure was used by our team as a basis for the 

molecular modeling of potential Nrf2 enhancers. Keap1 forms a 

homodimer, and each dimer binds one molecule of Nrf2, via its 

two Kelch domains, with one low-affinity (DLG motif, residues 

24–31, latch) and one high-affinity binding site (ETGE motif, 

residues 78–82, hinge).[20]  

   Although the crystal structures of full Nrf2 or full Nrf2-Keap1 

complex is not available yet, the crystallographic structures of 

the Keap1 Kelch domain in the presence of short peptides 

containing conserved ETGE and DLG motifs located in the Neh2 

domain of Nrf2 have been solved.[21] 

    Despite the difference in the binding affinity, both the ETGE 

and DLG peptides display electrostatic interaction with Arg415 

and Arg483 of Keap1, indicating the significant contribution of 

these residues to Nrf2 recognition. Therefore, both interaction 

sites were used as targets for Nrf2 activator design.[22-26] We 

hypothesized that binding of a small molecule to Keap1 instead 

of Nrf2 will prevent the binding of Keap1 to Nrf2 and therefore 

increase the nuclear concentration of the latter. The first inhibitor 

of the Nrf2–Keap1 protein−protein interaction (PPI) was 

developed by Wells group at 2012.[27] Almost all known 

protein−protein interaction (PPI) inhibitors of the Nrf2–Keap1 

complex have a negatively charged group (Figure 1). In most 

cases, a carboxylic acid moiety or its isosteres have been 

used.[22] To date, compounds that belong to 

tetrahydroisoquinolines, sulfonamides, oxadiazoles, 

thiopyrimidines and furancarbazones have been reported as 

Keap1–Nrf2-interaction inhibitors.[22-26]  

    Covalent electrophilic Keap1 inhibitors that bind to thiol 

residues have been also reported.[28] However, these 

compounds have the potential to react with other cysteine 

moieties in different proteins and may therefore cause 

unpredictable side effects. Thus, the development of PPI 

inhibitors of the Nrf2–Keap1 complex is a most promising route.  

Here we describe the design and synthesis of compound 16 that 

belongs to the oxopyrrolidine-based class of Nrf2 activators. The 

compound shows a cell-protective effect under severe oxidative 

stress conditions by activating the Nrf2 transduction pathway in 

a dose- and time-dependent manner. Nrf2 activators that belong 

to the oxopyrrolidine class of chemical compounds have not 

been described yet. Our prototype molecule can serve as a 

promising starting point for the development of novel 

therapeutics for the treatment of oxidative stress-related 

diseases. 

2. Results and Discussion 

    The activity of Nrf2 is negatively regulated by binding to the 

Kelch domain of Keap1. Thus, compounds that interact with the 

Kelch domain and disrupt Nrf2 binding lead to the intracellular 

release of Nrf2. Free Nrf2 translocates to the nuclei and 

constantly activates the transcription of many antioxidant genes. 

As mentioned above, interactions between Keap1 and Nrf2 are 

mediated through the ETGE motif to a much greater extent than 

through the DLG one. Thus, we decided to focus on the ETGE 

motif as a target for the design of a competitive ligand that is 

able to release Nfr2. Based on the available crystal structures of 

the human Keap1 Kelch domain, as well as on the 16-mer-Nrf2 

ETGE peptide (PDB codes 1ZGK and 2FLU, respectively) a 

pharmacophore model was therefore generated using the 

LigandScout software package[29] and used to identify features 

for potential small-molecule inhibitors of the Keap1−Nrf2 PPI. 

However, due to the large size of the Keap1-Nrf2 interface, the 

resulting model was found to be very complex to fit the size of 

small molecules. Thus, to adjust the model, we omitted two 

negative and one hydrophobic feature, based on visual 

inspection. The resulting pharmacophore presented in Figure 2 

contains three negatively charged features, one hydrogen bond 

donor feature, a hydrophobic center, and 15 excluded volumes 

reflected potential steric restriction and corresponded to the 
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positions that are sterically claimed by the macromolecular 

environment surrounding the 16-mer-Nrf2 ETGE peptide. 

     This pharmacophore model was applied to virtual screening 

using the ZINC database.[30] A total of 7,377,031 (which are in 

stock) compounds were retrieved and processed using the 

Screen Library protocol, as implemented in LigandScout.[29] 

Based on this protocol, 25 conformations were generated for 

each compound. These conformations were subsequently fitted 

into the pharmacophore model using the LigandScout default 

parameters. Only 509 hits were obtained based on the features 

defined as essential (negative charge features), which constitute 

the basis for salt bridge formation. Five compounds with the 

highest binding score were selected for purchase (Figure 3).  

     As discussed earlier, Keap1−Nrf2 ETGE interacts via the 

formation of an electrostatic interactions network between 

conserved arginine (Arg380, Arg415 and Arg483) residues of 

Keap1 and acidic residues of the Nrf2 ETGE motif. In order to 

examine the ability of these five compounds to fit into the Keap1 

binding site and to form these crucial interactions, they were first 

energy minimized and then flexibly docked into an energy-

minimized Keap1 structure using Glide. The binding scores of 

the five top compounds are presented in S.Table 1 in the 

Supplemental Information. 

      The docking site was chosen according to the position of the 

peptide ligand cocrystallized at the binding site of Keap1 (PDB 

code: 2FLU). The results are summarized in Figure 4 and show 

that all five compounds were able to dock into the site by 

forming interactions with the conserved arginine binding site 

residues, similar to those formed by the Nrf2 ETGE motif, 

suggesting that they may potentially inhibit the Keap1–Nrf2 

interaction. 

       These five molecules were purchased and biologically 

evaluated in PC-12 cells. This cell line derives from the neural 

crest of the pheochromocytoma of rat adrenal medulla of 

embryonic origin, which has a mixture of neuroblastic and 

eosinophilic cells.[31] Thus, these cells could easily differentiate 

into neuron-like cells even though they are not considered adult 

neurons. As a result, this model is used for screening the 

possible neuron-related biological effects of test compounds.[32-

34] In our case, we used them as a general model for cellular 

oxidative stress. 

      The potential cytoprotective effect of the test compounds on 

the cell viability following a 24-h incubation period was 

investigated. Oxidative stress was induced by H2O2 at a 

concentration of 150 µM. Compounds and H2O2 were added 

simultaneously. Figure 5 shows that three out of the five tested 

compounds (MCULEPO1277, SKT656274 and SKT359126) 

were able to prevent the cytotoxic effect of H2O2 in the PC-12 

cells. Cell viability increased by 40-50% for compounds 

MCULEPO1277, SKT656274 and SKT359126. 

    To prove that the cytoprotective effect of the compounds 

mediated through Nrf2 activation, a Dual-Luciferase Reporter 

Assay was conducted.[35] This assay is based on measuring the 

intracellular signal from two individual reporter enzymes within a 

single system. In the assay, the activities of the firefly and renilla 

luciferases are measured sequentially. Using this method, the 

direct activation of the promoter in PC-12 cells, which is usually 

activated by Nrf2, can be tested. As shown in Figure 6, only one 

out of three test compounds (SKT359126) significantly activates 

the Nrf2 promoter at the low pharmacological concentration of 

10 µM. These results were further confirmed by the positive 

effect of the known Nrf2 activator tert-butylhydroquinone 

(tBHQ).[36]  

     Interestingly, the three-cyclic molecule SKT359126 was 

found to be active, whereas compound LTOO724252, in which 

two rings were replaced by a linear moiety, was found to be 

inactive. This fact emphasizes the importance of molecular 

rigidity for the biological activity. We hypothesized that the 

interaction between the negative charge of the carboxylic acids 

(SKT359126) and the positively charged arginines in the active 

center of Keap1 are stabilized by the rigid structure of the 

molecule. Thus, only the derivatives of compound SKT359126 

were designed and synthesized. 

    In total, 23 novel derivatives of compound SKT359126 were 

designed, based on two parameters: 1) the existence of 

negatively charged moieties in the distal part of the molecules 

and 2) the structure’s similarity to the parent compound. 

SKT359126 is commercially available and its synthesis was 

described by Paytash et al. in 1950. Based on this study, we 

synthesized nine of its amide pyrrolidine derivatives, as outlined 

in Scheme 1.[37] We did not applied a chiral control in the 

synthesis and also chiral resolution was not used. Thus, all  

compounds were a mixture of 4 diastereomers. The cyclization 

of p-phenylenediamine with itaconic acid resulted in a 

corresponding dicarboxylic-acid derivative.[37] Refluxing of 

SKT359126 with appropriate amines in dry DMF in the presence 
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of carbonyldiimidazole (CDI) yielded its novel amide derivatives, 

namely, 1,1'-(1,4-phenylene)bis(5-oxo-N-(thiazol-2-yl)pyrrolidine-

3-carboxamide) 1, 1,1'-(1,4-phenylene)bis(N-(5-methyl-1,3,4-

thiadiazol-2-yl)-5-oxopyrrolidine-3-carboxamide) 2, 1,1'-(1,4-

phenylene)bis(N-(3-(1H-imidazol-1-yl)propyl)-5-oxopyrrolidine-3-

carboxamide) 3, 1-(4-(4-((3-(1H-imidazol-1-yl)propyl)carbamoyl)-

2-oxopyrrolidin-1-yl)phenyl)-5-oxopyrrolidine-3-carboxylic acid 4, 

(3-hydroxybenzyl)-1-(4-(4-((4-hydroxybenzyl)carbamoyl)-2-

oxopyrrolidin-1-yl)phenyl)-5-oxopyrrolidine-3-carboxamide 5, 1-

(4-(4-((4-ethoxyphenyl)carbamoyl)-2-oxopyrrolidin-1-yl)phenyl)-

5-oxopyrrolidine-3-carboxylic acid 6, 1,1'-(1,4-phenylene)bis(4-

(morpholine-4-carbonyl)pyrrolidin-2-one) 7, 2,2'-((1,1'-(1,4-

phenylene)bis(5-oxopyrrolidine-1,3-diyl-3-

carbonyl))bis(azanediyl))bis(ethane-1-sulfonic acid) 8 and 5-oxo-

1-(4-(2-oxo-4-(pyridin-3-ylcarbamoyl)pyrrolidin-1-

yl)phenyl)pyrrolidine-3-carboxylic acid 9. All these compounds 

are more extended than the parent compound. However, the 

binding site of Keap1 is known to be large enough to allow for 

proper interaction with the compounds.[38] Out of all the 

synthesized molecules, compounds 4, 6 and 9 were obtained as 

monosubstituted ones, and were served as control compounds 

for testing the critical role of two negative charges/electron rich 

areas on the molecular skeleton. It is important to mention that, 

even without the second substitution, the molecule still has a 

negative charge, although at a shorter distance from the first 

negative moiety. In addition, we completely replaced the 

negatively charged and electron rich moieties by potentially two 

positively charged (in physiological conditions) domains in 

compound 3.  Finally, in compound 7 both negative charges 

were eliminated and replaced by a morpholine moiety. Both 

compounds: 3 and 7 were used as important controls for 

structure-activity relationships studies. 

     An additional diamide compound 10 with linear and aromatic 

substitutions in p-phenylenediamine was synthesised: (2-((4-(3-

carboxyacrylamido)phenyl)carbamoyl)benzoic acid 10. Briefly, p-

phenylenediamine was reacted with phthalimide to afford the 

known intermediate 2-((4-aminophenyl)carbamoyl)benzoic acid. 

The obtained compound was reacted with furan-2-5-dione, 

resulting in 10. Finally, two 2,4-dihydroxybenzoic acid were 

conjugated with p-phenylenediamine via amide bond formation, 

to obtain the symmetric compound ((1,4-phenylene)bis(2,4-

dihydroxybenzamide) 11 (Scheme 2). 

     Moreover, in order to prevent free rotation and the formation 

of more rigid compounds, a double bond (imine) was introduced 

into the backbone of intermediate: 1-(4-aminophenyl)-5-

oxopyrrolidine-3-carboxylic acid 12 to generate compounds 13-

20. This also decreases the length of the prepared compounds. 

The imine derivatives were synthesized as shown in Scheme 3. 

The first step of the synthesis was conducted in the same 

manner as described for the synthesis of amide pyrrolidine 

derivatives (Scheme 1). However, in this case, only the 

synthesis of the monosubstituted pyrrolidine molecule 12 was 

sufficient for the second substitution, and not the double 

substituted molecule (SKT359126). A new purification procedure 

was developed to obtain 12. Briefly, the equivalent ratio between 

the itaconic acid and phenyldiamine was different from the ratio 

used for the synthesis of SKT359126. A ratio of 1:0.9 instead of 

1:2 was used for the preparation of 12. The compound was 

purified using several extraction and purification steps. First, 

using water at basic pH, unreacted itaconic acid and 12 were 

separated from the leftovers of the phenyldiamine. In the second 

step, by adding water at acidic pH, the itaconic acid and 12 were 

separated. Finally, using preparative HPLC, 12 was purified. The 

synthesis of 12 was also reported by Kolobov et al. and 

Rutkauskas et al., [39-41] however they used a completely 

different synthetic strategy and purification methods with only 

54% yields.  

     Compound 12 was used as a starting material for the 

synthesis of 13–20. The appropriate aldehydes were coupled 

with 12 to obtain  eight mixture of enantiomers of imine 

derivatives: 1-(4-((2,4-dihydroxybenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid 13, 1-(4-((4-

carboxybenzylidene)amino)phenyl)-5-oxopyrrolidine-3-carboxylic 

acid 14, 4-(((4-(4-(methoxycarbonyl)-2-oxopyrrolidin-1 

yl)phenyl)imino)methyl)benzoic acid 15, 1-(4-((3,4-

dihydroxybenzylidene)amino)phenyl)-5-oxopyrrolidine-3-

carboxylic acid 16 (only for this compound 2D NMR (NOESY) 

was conducted and the imine double bond configuration was 

determined as E), 1-(4-((3-hydroxybenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid 17, 1-(4-((2-

hydroxybenzylidene)amino)phenyl)-5-oxopyrrolidine-3-carboxylic 

acid 18 and 1-(4-((3-carboxybenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid 19. 

     In addition, compound 12 was converted to the 

corresponding methyl ester to obtain methyl 1-(4-aminophenyl)-

5-oxopyrrolidine-3-carboxylate, which was coupled with 4-

carboxy benzaldehyde to yield compound 15. 

      Two compounds (14 and 19) out of eight were prepared in 

the presence of a carboxylic acid moiety in both distal parts of 

the molecule. The rest of the imine analogs of SKT359126 were 

phenolic or polyphenolic molecules.  

       Compound 15 was prepared to investigate the role of the 

negative charge in the pyrrolidine domain. If the presence of 

such a moiety is critical for the biological activity, the elimination 
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of the negative charge in the pyrimidine part of the molecule is 

expected to reduce activity.       The possible cytoprotective 

effect of all synthesized compounds was investigated on PC-12 

cell viability. The ROS generation method was changed. 

Glucose oxidase (GO) was used this time as an inducer of the 

oxidative stress instead of the direct supply of H2O2.
[42] We 

preferred to use a more tuneable and predictable system to 

generate H2O2 than its direct addition to the medium at a high 

dose. GO is a well-characterized ROS-generating system that 

continuously produces constant concentrations of H2O2 and 

O2.
[43] GO catalyses two electron reduction of oxygen to H2O2, 

using reducing equivalents from the oxidation of glucose to 

glycolic acid. Glucose is present in the medium at a high 

concentration. Therefore, the system never runs out of substrate 

for the enzymatic reaction. We also changed the order of 

addition of test compounds and ROS generation. In the first set 

of screening, H2O2 and compounds were added to the cells 

simultaneously, but in the second set of the experiments, 

compounds were suppled first to allow them to reach Nrf2-

Keap1 complex and after then ROS were added to the 

experimental system. In this case, cells were already protected 

against oxidative stress, even before ROS attacked them. Cells 

were incubated for 2.5 h with the test compounds (1 and 10 µM) 

under physiological conditions and then further 1.5 h incubation 

under the oxidative stress environment. Cell survival was then 

determined by the MTT assay. Figure 7 shows that compound 

16 exhibited a moderate but significant cell-protective effect at a 

concentration of 10 µM (17%), as compared to the control cells, 

treated by a the vehicle (containing 0.1%DMSO).  

To verify that the effect of 16 is indeed pharmacologically 

relevant, dose- and time-dependent curves of its activity were 

generated. Figure 8A shows that 16 dose-dependently protects 

PC-12 cells under oxidative stress conditions. The minimal 

effective concentration was determined as 10 µM, as we already 

concluded from the screening experiments. The maximal 

effective concentration was 100 µM, and 40% cell protective 

effect was achieved. Two additional time points of the exposure 

to the compound 16 (6 h and 24 h) were added to the 4-h 

interval of cell incubation with H2O2, which was used in the 

screening experiments (Figure 8B). At this point, we were forced 

to replace the GO system, which we used for the 4-h incubation, 

by H2O2 (150 µM), due to massive cell death during longer 

incubation periods with GO. The effect of 16 at the lowest 

concentration (10 µM) at both time points was much larger than 

that at the same concentration after only 4 h (50–55% versus 

17%). An identical cytoprotective effect (50–55%) was observed 

using 50 µM of 16. Thus, we concluded that the maximal 

effective concentration of 16 depends on the time of incubation. 

After only 6 h, the maximal effective concentration of 16 was just 

10 µM. The longer incubation time (24 h) only moderately 

increased the effect of 16 on the PC-12 viability. 

An additional control experiment was conducted to determine 

whether the lead compound has a positive effect on cell 

proliferation. Such positive effect on the number of live cells in 

antioxidant experiments may mimic the increased cell viability, 

which we attributed to the antioxidant activity of compound 16. A 

proliferation assay (following a 24-h exposure to 16 at a 

concentration of 50 µM) was performed with PC-12 cells using 

the MTT test (Figure 8C). These results proved that 16 has no 

significant effect on the proliferation rate of the cells and 

demonstrate that the observed antioxidant cellular effect of 16 is 

only related to its antioxidative properties.  

      Next, we evaluated the role of various moieties of 16 on its 

activity. First, the importance of the pyrrolidine ring and the 

catechol moiety for the biological activity was investigated. 

Compounds 20-22 , 

(hydroxybenzylidene)amino)phenyl)carbamoyl)benzoic acid 20, 

2-((4-((4-carboxybenzylidene)amino)phenyl)carbamoyl)benzoic 

acid 21 and 1-(4-((4-cyanobenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid 22, were synthesised by 

replacing the pyrrolidine ring in 16 by 2-(carbamoyl)benzoic acid, 

and the catechol moiety by either p-phenol in 20, p-carboxylic 

acid in 21 or p-nitrile moiety in 22. These three catechol 

replacements were chosen because of the similarity in terms of 

the partially negative charge (δ-) on the catechol and nitrile or 

phenol groups. In the case of carboxylic acid, the molecule is 

negatively charged at the physiological pH due to anion 

formation. All three compounds were synthesized from 2-((4-

aminophenyl)carbamoyl)benzoic acid, as shown in Scheme 4. 

Four-hydroxybenzaldehyde, 4-formylbenzoic acid, or 4-

formylbenzonitrile were reacted with 2-((4-

aminophenyl)carbamoyl)benzoic acid, respectively, to obtain the 

resulting compounds 20, 21 and 22 (Scheme 4A). 

      Finally, compound 23 was synthesized from itaconic acid 

and commercially available 5-amino-2-(carboxymethyl)benzoic 

acid, to obtain a mixture of enantiomers as shown in Scheme 4B. 

By synthesizing and testing this molecule, we planned to 

determine the role of catechol moiety in the biological activity of 

16, by replacing the two phenolic hydroxyls by two carboxylic 

acids and eliminating the aromatic ring. 

      All four compounds were screened in PC-12 cells at two 

concentrations, 10 and 50 µM and their activity was compared to 

that of compound 16 (Figure 9). At 10 µM, all four compounds 

(20-23) failed to show significant protecting effect on the cell 
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viability, although compound 16 significantly protected PC-12 

cells against oxidative stress at 10 M. At a concentration of 50 

µM, however, compound 20 (the molecule in which the catechol 

moiety was replaced by a phenol group and the 

carboxypyrollidine ring was changed to a carboxybenzyl cycle) 

exhibited significant protecting activity although its activity was 

considerably lower than that of compound 16 (17% versus 40%).  

Based on these results, we concluded that a tri-cyclic backbone, 

including an oxopyrrolidine ring substituted by carboxylic acid, 

phenylmethanimine and catechol moieties, are critical for the 

biological activity. The carboxylic acid and catechol are most 

likely responsible for the interaction with the Arg415 and Arg483 

residues of Keap1. Remarkably, non-active compounds such as 

11 and 21 do not have the oxopyrrolidine ring. In addition, the 

non-active compound 10 has an ester substitution on the 

oxopyrrolidine ring instead of free carboxylic acid. This 

difference may prevent the formation of salt bridges between the 

free carboxylic acid with arginine residues in the binding site of 

Keap1. Compound 19 has a phenol ring, in which the hydroxyl 

group is located at the ortho position relative to the iminic bond. 

This change may be crucial for the activity, because the distance 

between the hydroxyl group and the arginine residues of Keap1 

is too short for the binding interaction to take place.  

      The catechol moiety is part of the structure of compound 16, 

which is known for its direct antioxidant activity.[44] Thus, to 

evaluate whether the antioxidant activity of 16 is related to the 

activation of some intracellular mechanisms (we assumed that 

this is the Nrf2 activation) or direct quenching of ROS, the 

antioxidant activity of 16 was measured by the 2’,7’- 

dichlorofluorescin (DCFH) method. In this method, the 

nonfluorescent DCFH is oxidized by a ROS, such as H2O2, to 

form fluorescent 2,7-dichlorofluorescein (DCF; excitation 485 nm, 

emission 535 nm)[45]. Besides compound 16, four additional 

molecules were used as a control, including two monophenols 

(18 and 20), one polyphenols (11) and the molecule without the 

phenol moiety (15). All five compounds were inactive in the cell-

protection assay. The concentration chosen for the DCFH assay 

was relevant to the observed biological effect (10 µM). Figure 

10A shows that none of the five compounds reduced the 

oxidation of DCFH to DCF, indicating that the antioxidant effect 

of 16 in PC-12, is not related to their direct ability to quench 

ROS as could have been expected based on the presence of 

the phenolic or catechol moieties in four out of five molecules. 

Moreover, at the tested concentration, all five compounds with 

phenol moieties including 16, which was active in the cellular 

assay showed no significant direct scavenger activity. In contrast 

known polyphenolic free radical scavenger tBHQ[46] showed 

moderate, but significant reduction of DCF signal starting from 

10 µM concentration (Figure 10B).  

     Finally, the most important evidence showing that 16 induces 

an antioxidant effect via activating the Nrf2 pathway was 

obtained by examining the direct effect of the test compound on 

the rate of Nrf2 nuclear translocation, using commercially 

available kits as described in the Experimental part. 

Physiological activation of Nrf2 by ROS lead to translocation of 

the former from the cytosol to nuclei, where Nrf2 is activate 

transcription of antioxidant genes. Thus, increased amount of 

Nrf2 in PC-12 cellular nuclear fraction after expose the cells to 

16 might be an indication for the induced by the compounds Nrf2 

dissociation from Keap1. The nuclear fraction of treated by 16 

and control cells were isolated and the activation of ARE was 

investigated by testing amount of Nrf2 in nuclear fractions by 

Nrf2-ARE binding kit as described in the Experimental part. This 

ELISA kit is measuring binding activity of Nrf2 to ARE 

immobilized sequence using sensitive colorimetric readout. The 

intensity of the signal is directly correlated with the amount of 

Nrf2 which interacted with ARE Nrf2.  The amount of Nrf2 is 

depends on the translocation level of this protein to nuclei.  

Compound 16 significantly increased the translocation of Nrf2 

into the nucleus after 2 h of incubation (Figure 11A) without 

inducing the oxidative stress. Known Nrf2 inducer (Al-1) was 

used as a positive control.[47] These results indirectly support our 

hypothesis that compound 16 can interrupt Nrf2 interaction with 

Keap1 and increase its release from the complex without 

involving the main trigger of this process, oxidative stress. 

Interestingly, when cells pre-treated with 16 were exposed to 

GO, the compound also exhibited a stimulatory effect on the 

Nrf2 translocation (Figure 11B). It is worth mentioning that 16 is 

active in the absence of GO and that its effect is additive to that 

of the natural activator of the Nrf2 released from the Keap1 –

ROS, when incubated together, suggesting that the mechanisms 

of Nrf2 activation by 16 and by ROS might be distinct. In another 

hand, this data does not necessarily suggest that the mode of 

action of ROS and 16 are separate - it is a possibility that they 

have additive effects acting via the identical mechanism 

(assuming neither 16 saturates the ROS activating mechanism). 

ROS causes the oxidation of thiol groups in Keap1, and this 

effect is the main trigger for the Nrf2 release and nuclear 

translocation.[12] Compound 16 was designed as an inhibitor of 

the Kelch domain binding site, which is responsible for Nrf2 

binding. Such inhibition should lead to an increased non-binding 

fraction of Nrf2. Although, we did not prove the proposed 

mechanism in the molecular level, the activity of 16 in the 

absence of ROS may support our hypothesis that compound 16 
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mediates its biological activity by direct stimulation of the Nrf2 

pathway. In one hand, many Nrf2 enhancers are electrophilic 

(including polyphenols) that directly, or after metabolic activation 

bind to thiol residues in Keap1. Compound 16 is catechol and 

might be oxidized in the physiological environment. After such 

change, the molecule is able to induce Nrf2 activity by binding to 

electrophile response element.[48, 49] In another hand, two other 

polyphenols (compounds 11 and 13) have not shown significant 

biological effect, despite the presence of the identical 

experimental conditions. Thus, based on this data, we at least 

partially might conclude that compound 16 activates Nrf2 via 

non-dependent to thiols interactions.    

     In addition, docking simulations suggest that compound 16 

interacts with the arginine-rich area in the Kelch domain of 

Keap1 in the same mode as the Nrf2–ETGT motif (Figure 12). 

Analysis of the binding mode of 16 reveals that the interactions 

are hydrophobic and electrostatic. There are two π–π stacking 

interactions between the compound and protein sidechains: 

Tyr334 and Tyr572. Moreover, 16 forms several H-bonds with 

the side chains Arg415, Arg483, Ser508, Ser555 and Tyr334. 

      Thus, positive correlation between in silico modeling, the 

cell-protective effect and the subsequent nuclear translocation of 

Nrf2 caused by compound 16 indicates that its molecular 

mechanism is indeed through Nrf2 release. 

     Compound 16 may provide a structural basis for the 

development of more potent and effective Keap1–Nrf2 

interaction inhibitors. It is important to mention that mimicking 

the ETGT–Nrf2 domain by a small organic molecule is a 

relatively novel approach that has attracted much attention over 

the past three years,[50] whereas the traditional approach is to 

target the thiol groups in Keap1 by covalent modifications. 

Further in vivo work is needed to determine whether compound 

16 can be used as a drug candidate in severe human disorders 

related to oxidative stress, such as cancer, neurodegenerative 

diseases and diabetes. 

 

LEGENDS 

Figure 1. Structure of known Keap1–Nrf2 PPI inhibitors. 

Figure 2. Pharmacophore design. (A) Crystal structures of 

Keap1 and Nrf2 ETGE peptide (PDB code: 2FLU). Residues 

depicted as sticks show the interaction of the Nrf2 ETGE side 

chain with Arg 380, 415 and 483 of Keap1. (B) Structure-based 

pharmacophore model generated with LigandScout from the 

crystal structure of the Nrf2 ETGE peptide and the Kelch domain 

of Keap1. (C) The final pharmacophore which was used for 

screening. Features are color-coded as follows: negative charge, 

red; hydrogen bond donor, green; hydrophobic center, yellow; 

excluded volumes, gray. 

Figure 3. Virtual screening results. (A) Structures of the top five 
compounds obtained from the virtual screening. (B) Fitting of the 
compounds to the pharmacophore model, 2D Binding mode 
interactions. Features are color-coded, as described in Figure 
2C. 

Figure 4. Docking of the five selected compounds at the Keap1 
binding site and their 2D ligand interaction diagram. Residues 
indicated by pink- and green-colored spheres represent 
electrostatic and van der Waals interactions, respectively. 
Hydrogen bonds are indicated by dashed lines. 

Figure 5. Screening of the five compounds with the highest 

fitting score for their cytoprotecting activity. PC-12 cells were 

grown as described in the Experimental Section. The cells were 

exposed to 150 µM H2O2 and either to DMSO (C, 0.1%) or to the 

test compounds SKT716764 (SKT7), MCULEP01277 (1277), 

LTOO724252 (LTOO), SKT656274 (SKT6) and SKT359126 

(SKT3). All compounds were added at a concentration of 10 µM..  

After that, a standard MTT analysis was conducted after 24 h. *p 

≤ 0.05, n = 3, mean±SE. 

Figure 6. Stimulatory effect of SKT3 on the Nrf2 promoter. 
Three active compounds in the cell-protection assay: SKT3, 
SKT6 and 1277 and DMSO (C) were introduced into PC-12 cells 
at a concentration of 10 µM for 24 h. tBHQ (15 µM) was used as 
a positive control. A double luciferase method was applied, as 
described in the Experimental Section. *p ≤ 0.05, n = 3, 
mean±SE. 

Figure 7. Effect of synthesized compounds on PC-12 viability. 
PC-12 cells were grown as described in the Experimental 
Section. The cells were incubated with the test compounds for 
2.5 h at concentrations of 10 µM (black columns) and 1 µM (gray 
columns). After that, GO (250 mUnits per ml) was added for an 
additional 1.5-h incubation period. The control cells were treated 
by DMSO [red color columns (0.1%)]. A standard MTT analysis 
was conducted. *p ≤ 0.05, mean±SE (n = 3). 

Figure 8. Pharmacological characterization of the lead 
compound. (A) Dose-response analysis of the effect of 16. PC-
12 cells were grown and treated as described in Figure 7. *p ≤ 
0.05, mean±SE (n = 3). (B) Time-course analysis of the effect of 
16. The cells were initially exposed to increasing concentrations 
of 16, from 10 to 50 µM, and then exposed to 150 µM H2O2 for 6 
and 24 h. Following the exposure, a standard MTT analysis was 
conducted. *p ≤ 0.05, mean±SE (n = 3). (C) Lack of effect of 16 
on proliferation rate of PC-12. Following exposure to 16 for 24 h 
at a concentration of 50 µM, a standard MTT analysis was 
conducted. n = 3. 
  
Figure 9. Dose-response analysis of the effect of 16 and its 
derivatives on PC-12 viability. The cells were treated as 
previously described (Figure 7). They were then exposed to 
increasing concentrations of the compounds, 10 µM (red 
columns) and 50 µM (blue columns). DMSO was used as a 
control (0.1%, black color). After 4 h, MTT analysis was 
conducted as described in the Experimental Section. *p ≤ 0.05, 
mean±SE (n = 3). 
 
Figure 10. Lack of the DCF-scavenging effect of the test 
compounds. (A). The test compounds were diluted at a ratio of 
1:10 with 40 mM Tris (pH 7.4) to give 10 µM final concentration 
and then loaded with 10 µM of DCFH (in methanol) for 15 min at 
37 °C. After exposure to a solution containing 30% H2O2, the 
formation of the fluorescent-oxidized derivatives of DCF was 
monitored in a cuvette holder (thermostatically maintained at 
37 °C) as follows: DCF, excitation wavelength (488 nm) and 

10.1002/cplu.201700539

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPlusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

8 

 

emission wavelength (525 nm). DCF formation was quantified 
from separate standard curves in methanol (0.05–1 lm). 0.1% 
DMSO was added in the control treatment. (B). Scavenging 
effect of tBHQ was compared with compound 16 in identical 
conditions which were described in panel A. The results are 
shown as the mean ± SE. Control cells were treated by DMSO 
(0.1%) *p < 0.05. 
 
 
Figure 11. Compound 16 activated the Nrf2 anti-oxidant system. 
(A) PC-12 cells were incubated with 50 µM of 16 or Al-1 during 2 
h and then nuclear extract was prepared using a commercially 
available nuclear extraction kit. The nuclear translocation of Nrf2 
was quantified by the Nrf2 activity kit. (B) PC-12 cells were 
initially exposed to 50 µM of 16 for 2 h and then 300 µM of GO 
were added for additional 2 h. The induced nuclear translocation 
of Nrf2 was quantified by the Nrf2 activity kit. The results are 
shown as the mean ± SE. Control cells were treated by DMSO 
(0.1%) *p < 0.05. 
 
Figure 12. The binding mode between the active conformation 
of compound 16 and Keap1 provided by Glide docking. (A) 
Keap1 surface with compound 16. (B) 3D diagram of the 
interactions between compound 16 and the Keap1 binding site. 
Only interacting residues are displayed. H-bonds are displayed 
as dotted green arrows and the π–π stacking interactions as 
pink dashed arrows. (C) 2D diagram of the interactions between 
16 and the Keap1 binding site. H-bonds are displayed as dotted 
green arrows.  
 
Scheme 1. Synthesis of nine novel amide pyrrolidine 
derivatives: a) Benzene-1,4-diamine, 2-methylenesuccinic acid, 
H2O, reflux 1 h. b) 1) CDI, dry DMF, 80 °C 1 h. 2) Reflux, 6–7 h. 

Scheme 2. Synthesis of 10 and 11: a) THF, RT 4 h. b) EtOH, 
aromatic aldehyde, RT overnight. c) Dry DMF, CDI, reflux 6 h. d) 
H2O, reflux 1 h. 

Scheme 3. Synthesis of 13–19: a) H2O, phenylenediamine, 
itaconic acid reflux 1 h. b) EtOH, 12, aromatic aldehyde, RT 
overnight. c) MeOH, H2SO4, reflux 5 h. 

Scheme 4. Synthesis of 20–23: a) THF, RT 4 h. b) EtOH, 
aromatic aldehyde, RT overnight. c) Dry DMF, CDI, reflux 6 h. d) 
H2O, reflux 1 h.  

3. Conclusions 

Based on the crystal structure of the Keap1–Nrf2 peptide 

complex, a pharmacophore model was designed and, using 

virtual screening, five initial hits were chosen. Based on one of 

them, 1,1'-(1,4-phenylene)bis(5-oxopyrrolidine-3-carboxylic acid 

(SKT359126), 23 different novel derivatives were designed, 

synthesized and biologically evaluated. Compound 1-(4-((3,4-

dihydroxybenzylidene)amino)phenyl)-5-oxopyrrolidine-3-

carboxylic acid (16) exhibited an in vitro cell protective effect via 

the activation of the Nfr2 pathway.   

Experimental Section 

Materials 

All chemical reagents, solvents, and acids were purchased from 

Acros Organic, Alfa Aesar, Bio-Lab Ltd., Merck, or IU-CHEM Ltd., 

and all were used as received. Analytical and preparative 

HPLCs (Young Lin Instruments, Anyang, Korea) were performed 

on LUNA C18 preparative (10 µm, 100ª30 mm) or analytical (5 

µm, 250ª4.6 mm) columns, both from Phenomenex, Inc. 

(Torrance, CA, USA). HPLC purification was carried out with an 

increasing linear gradient of CH3CN in H2O. Purity of the 

synthesized compounds was confirmed by HPLC analysis. 

Analytical TLC was carried out on pre-coated silica gel 60 F254 

(Merck) sheets using UV absorption and iodine physical 

adsorption for visualization. Mass spectra were recorded on a 

Finnigan Model 400 instrument using a QToF microspectrometer 

(Micromass, Milford, MA, USA), by electrospray ionization (ESI) 

in the positive/negative ion modes. The data were processed 

using mass LynX ver. 4.1 calculations and de-convolution 

software (Waters Corp., Milford, MA, USA). High-resolution 

mass spectra (HRMS) were obtained using an LTQ Orbitrap XL 

(Thermo Scientific, Waltham, MA, USA). Melting points were 

measured with a Fisher-Johns melting-point apparatus 

(Waltham, MA, USA). Elemental analysis was conducted using  

Thermo Flash 2000 CHN-O Elemental Analyzer (Waltham, 

Massachusetts, United States). β-Mercaptoethanol, 

Phenylmethanesulfonyl fluoride (PMSF), sodium orthovanadate, 

sodium-β-glycerophosphate and sodium pyrophosphate 

decahydrate were purchased from Alfa Aesar (Karlsruhe, 

Germany). Ethylene glycol-bis-N,N,N′,N′-tetraacetic acid 

tetrasodium salt  (EGTA) was received from AppliChem 

(Darmstadt, Germany). Dulbecco’s modified Eagle’s medium 

(DMEM), fetal calf serum (FCS), horse serum (HS), L-glutamine, 

penicillin/streptomycin and trypsin were purchased from 

Biological Industries (Beth-Haemek, Israel). Methylthiazolyl blue 

(MT) was purchased from Chem-Impex International (Wood 

Dale, IL, USA). DMSO, EGTA, IGEPAL, NaCl, PBS tablets, DCF, 

Tris·HCl and protease inhibitor cocktail for mammalian cells 

were purchased from Merk (Rehovot, Israel). The Nuclear 

Extract Kit and Nrf2-DNA binding activity kit were purchased 

from Active Motif (Carlsbad, CA, USA).  

All synthetic procedures and spectroscopic characterization of 

described in the manuscript compounds are shown in Supporting 

Information. 

Molecular modelling 

Pharmacophore modelling 

The structure-based pharmacophore model was generated 

using the LigandScout software package.[29] LigandScout is able 
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to generate the 3D pharmacophores from structural data of 

macromolecule–ligand complexes. The program is taking for the 

calculations: H-bond donors and acceptors as directed vectors, 

positive and negative ionizable areas, and finally lipophilic 

fragments represented by spheres. The LigandScout model is 

very selective due to including in the calculations spatial 

parameters about potentially inaccessible for any kind of 

interactions areas for any ligand. This important detail in the 

pharmacophore formation is taking into account any potential 

steric restrictions. Excluded volume spheres are also included to 

the model based on the coordinates defined by amino acids side 

chain atoms to depict the inaccessible areas for any potential 

ligand.[51] This pharmacophore model was used as a query in 

virtual screening of ZINC database using the Screen Library 

protocol, as implemented in LigandScout. 

Docking simulation 

Docking simulations were performed using Glide[52-54] as 

implemented in Maestro V9.0.[55] For docking into crystal 

structures, Glide’s grid box was centered on the coordinates of 

the ligand in the complex. A docking grid was generated within 

the docking box and ligands were docked into the binding sites 

using Glide’s Extra Precision (XP) option with default 

parameters.   

 

Cell culture and viability assay 

PC-12 cells were grown in DMEM with 10% FCS, 5% horse 

serum and 1% (v/v) penicillin/streptomycin/nystatin, maintained 

at 37 °C in a humidified 5% CO2 incubator. The cells (10,000 

cells/well) were plated in 96-well tissue-culture plates in the 

medium (100 mL) and incubated overnight for attachment. The 

compounds were added to the cells for either 2.5, 6 or 24 h 

before exposure to oxidative stress (GO or H2O2). 

The cell viability was evaluated by an MTT assay.[57]  The cells 

were incubated with 3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (2 mg/ml) in growth medium 

for 30 min at 37 °C. The medium was then aspirated, and DMSO 

was added to solubilize the colored crystals. The absorbance at 

570 nm was measured in an ELISA reader. The amount of color 

produced is directly proportional to the number of viable cells. 

 

Assay for reactive-oxygen species 

Quantification of the formation rate of ROS was determined as 

previously described.[58] Briefly, the compounds were diluted at a 

ratio of 1:10 with 40 mm Tris (pH 7.4) and loaded with 10 µM of 

DCF (in methanol) for 15 min at 37 °C. After exposure to a 

solution containing 30% H2O2, the formation of the fluorescent-

oxidized derivatives of the DCF was monitored in a cuvette 

holder (thermostatically maintained at 37 °C) as follows: DCF, 

excitation wavelength (488 nm) and emission wavelength (525 

nm). The DCF formation was quantified from separate-standard 

curves in methanol (0.05–1 lm).  

Luciferase assay 

The assay was conducted as described.[59] 

   

Subcellular fractionation 

Cellular nuclear fraction was prepared from PC-12 cells using a 

Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA). The 

protein concentration was determined by the Lowry protein 

assay.[60]  

 

Nrf2-DNA binding activity 

The activation of Nrf2 was investigated by quantifying the 

binding of Nrf2 to ARE using a binding kit (TransAM Nrf2 DNA; 

Active Motif) according to the manufacturer’s instructions. Briefly, 

nuclear protein (5–20 μg) was incubated for 1 hour in a 96-well 

plate coated with ARE sequence oligonucleotide. The bound 

Nrf2 was captured by anti-Nrf2 antibody and visualized by 

colorimetric reaction using secondary antibody. The resultant 

color was measured spectrophotometrically at 450/655 nm.  

 

Statistical analysis 

In vitro results are given as mean±SE. The statistical 

significance (p < 0.05) was calculated among the experimental 

groups using the two-tailed Student’s t-test. The QuickCalcs 

online service Graph-Pad Software, found at 

www.graphpad.com/quickcalcs/ttest1.cfm, was used for 

statistical evaluations. 
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Figure 1: Structure of known Keap1–Nrf2 PPI inhibitors 
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Figure 2: Pharmacophore design 
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Figure 3: Virtual screening results 
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Figure 4: Docking of the five selected compounds at the Keap1 binding site and their 2D ligand interaction diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1002/cplu.201700539

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPlusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

16 

 

Figure 5: Screening of the five compounds with the highest fitting score 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1002/cplu.201700539

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPlusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

17 

 

Figure 6: Stimulatory effect of SKT3 on the Nrf2 promoter 
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Figure 7: Effect of synthesized compounds on PC-12 viability 
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Figure 8: Pharmacological characterization of the lead compound 
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Figure 9: Dose-response analysis of the effect of 16 and its derivatives on PC-12 viability 
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Figure 10: Lack of the DCF-scavenging effect of the test compounds 
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Figure 11: Compound 16 activates the Nrf2 anti-oxidant system 
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Figure 12: The binding mode between the active conformation of compound 16 and Keap1 provided by the Glide docking 
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Scheme 1: Synthesis of nine novel amide pyrrolidine derivatives 
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Scheme 2: Synthesis of 10 and 11 
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Scheme 3: Synthesis of 13–19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1002/cplu.201700539

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPlusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

27 

 

 

 

Scheme 4: Synthesis of 20–23 
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Entry for the Table of Contents 

 

 

Using a structure-based virtual screening and the lead optimization, compound 16 (1-(4-((3,4-dihydroxybenzylidene)amino)phenyl)-5-

oxopyrrolidine-3-carboxylic acid) was synthesized. The compound activated the Nrf2 transduction pathway in a dose- and time-dependent 

manner and protected P-12 cells against oxidative stress. A 16 can serve as a starting point for the development of therapeutics for the 

treatment of oxidative stress-related diseases. 
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