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Abstract

:

Due to their robust antioxidant properties, phenolic acids and their analogs are extensively studied for their ability to activate cellular antioxidant pathways, including nuclear factor (erythroid-derived-2)-like 2 (Nrf2)-antioxidant response element (ARE) pathway. Caffeic, ferulic, and gallic acid are well-studied members of phenolic acids. Constant efforts are made to improve the pharmacological effects and bioavailability of phenolic acids by synthesizing their chemical derivatives. This study determines how modifications of the chemical structure of these phenolic acids affect their antioxidant and cytoprotective activities. We have selected six superior antioxidant compounds (12, 16, 26, 35, 42, and 44) of the 48 caffeic acid phenethyl ester (CAPE) analogs based on their ability to scavenge free radicals in vitro using standard antioxidant assays. These compounds exhibited minimal toxicity as indicated by cell cycle and cytochrome C release assays. Among these compounds, 44, the ketone analog of CAPE, exhibited the ability to increase p-Nrf2 (Ser40) levels in 293T cells (p < 0.05). Further, 44, exhibited its antioxidant effect in Drosophila Melanogaster as indicated by an increase in mRNA levels of Nrf2 and GPx (p < 0.05). Finally, the ability of 44 to activate the antioxidant pathway was abolished in the presence of extracellular signal-regulated kinase (ERK) inhibitor in 293T cells. Thus, we identify 44, the ketone analog of CAPE, as a unique antioxidant molecule with the function of ERK-mediated Nrf2 activation.
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1. Introduction


In 1956, Harman presented the free radical theory, which suggested that the physiological damage triggered by free radicals was the prime determinant of aging [1]. The free radical theory was followed by the discovery of glutathione peroxidase (GPx) in 1957 and superoxide dismutase (SOD) in 1969, opening a new avenue for the study of antioxidants [2,3]. Miquel and colleagues (1980) further expanded the free radical theory with mitochondria as the principal source and prime target of free radicals, creating a “vicious cycle” [4]. It was consolidated by the introduction of the concept of oxidative stress in 1985 which highlights that cellular damage is partly due to excess pro-oxidative factors over antioxidants [5]. The imbalance in metabolic sinks of pro- and anti-oxidants leads to redox alterations and cellular damage to carbohydrates, lipids, proteins, and DNA [6]. Among the free radical species, superoxide anion radical (O2•−) and hydrogen peroxide (H2O2) play a vital role in oxidative damage [7]. Therefore, alleviation of oxidative stress and subsequent damage by increasing levels of endogenous antioxidants (GPx or SOD) is a rational approach.



In recent years, polyphenols of plant-based diet have gained tremendous interest as dietary antioxidants [8]. Chemically, polyphenols are compounds with at least one aromatic ring and one or more hydroxyl groups [9]. Among the structural chemistry of polyphenols, catechol moiety, in particular, has the ability to occupy delocalized unpaired electrons, which is one of the antioxidant activities [10,11]. Apart from the ability to directly scavenge free radicals, polyphenols act as signaling molecules to activate endogenous antioxidant pathways such as nuclear factor erythroid 2-related factor 2 (Nrf2) and its downstream targets [12]. By maintaining protective oxidoreductases and their nucleophilic substrates, the Nrf2 pathway boosts endogenous antioxidant enzymes [13]. During its activation, Nrf2 migrates from the cytoplasm into the nucleus, where it acts as a transcription factor and binds to the antioxidant response element (ARE) of genes involved in the antioxidant defense system, phase II drug detoxification, immunomodulation, and intracellular signaling [14]. Among its downstream effectors are SOD2 and GPx that can act as vital cytoprotective enzymes against oxidative stress. SOD2 protects cells by scavenging O2•−, while GPx enzymes play a well-recognized role in H2O2 detoxification [15]. Therefore, the activation of these two enzymes presents a cogent strategy to tackle vital triggers of oxidative stress, i.e., O2•− and H2O2. Multiple polyphenols activate the Nrf2 pathway and its downstream SOD2 and GPx enzymes [7,9]. In addition, the extracellular signal-regulated kinase (ERK) is an important upstream kinase that triggers the transcription of the Nrf2 pathway [16]. Multiple antioxidants such as erythropoietin, puerarin, luteolin, and sulfuretin elicit their pharmacological impact via activation of the Nrf2 pathway [17,18,19,20]. Among dietary antioxidants, phenolic acids, one of the major classes of polyphenols, have shown a strong ability to activate the Nrf2 pathway. Phenolic acids abundant in plant-based foods such as caffeic acid (CA), gallic acid (GA), and ferulic acid (FA) have all shown the ability to activate endogenous antioxidants [21,22,23,24,25]. However, guided by their chemistry and structure-function, new analogs of phenolic acids are continuously synthesized to improve their antioxidant ability and expand their pharmacological outcome.



Given the significant physiological importance of the Nrf2/ARE pathway, the identification of activators of this pathway has been a growing research interest. As a continuation of our previous work on phenolic acids [26], we compared the antiradical and antioxidant activity of recently reported phenolic acids-based 5-lipoxygenase inhibitors, to better understand their cytoprotective effects and the structure-activity relationship [27,28,29,30,31]. We also evaluated the effects of the chemical modifications on the basal cell cycle, cytotoxicity, antioxidant enzymes, oxidant cytokines, Nrf2, and associated pathway(s), in vitro and in vivo at basal conditions. The overall aim of the current study was to identify novel antioxidant(s) and potential activator(s) of the Nrf2 pathway in vitro and in vivo from multiple series of polyphenol analogs. Herein, based on our research goals, we present our findings highlighting the identification a unique antioxidant analog of caffeic acid phenethyl ester (CAPE) and show mechanisms underlying its antioxidant efficacy.




2. Materials and Methods


2.1. Synthesis of Compounds


Tested esters and ketones of phenolic acids were synthesized as previously reported [27,28,29,30,31]. Descriptions of the NMR analyzes of the seven selected compounds (1, 12, 16, 26, 35, 42, 44) after the first screening are as follows:



(E)-3-Phenylpropyl 3-(3,4-dihydroxyphenyl)acrylate (1) was synthesized according to the procedure that we previously reported [30]. The product was purified by flash chromatography; white solid; yield: 81%; 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.63 (br s, 1H, OH), 9.18 (br s, 1H, OH), 7.47 (d, J = 16 Hz, 1H, =CHCar), 7.29 (t, J = 7.4 Hz, 2H, Har), 7.24–7.17 (m, 3H, Har), 7.06 (s, 1H, Har), 7.02 (d, J = 9.1 Hz, 1H, Har), 6.77 (d, J = 8 Hz, 1H, Har), 6.28 (d, J = 16 Hz, 1H, =CHCO), 4.11 (t, J = 6.4 Hz, 2H, CH2(CH2)2Ph), 2.68 (t, J = 7.44 Hz, 2H, (CH2)2CH2Ph), 1.94 (quint., J = 6.8 Hz, 2H, CH2CH2CH2Ph); 13C NMR (101 MHz, DMSO-d6) δ (ppm): 167.06, 148.85, 146.02, 145.55, 141.68, 128.81, 128.78, 126.33, 125.97, 121.84, 116.18, 115.29, 114.39, 63.58, 31.96, 30.36 (1H and 13C NMR spectra were included in the Supplementary Materials).



Phenethyl-2-(3,4-dihydroxyphenyl)acetate (12) was synthesized according to the procedure that we previously reported [29]. The product was purified by flash chromatography; yellow oil; yield: 63%; 1 H NMR (CD3OD); δ (ppm): 7.27–7.14 (m, 5H, Har), 6.72–6.70 (m, 2H, Har), 6.54 (dd, J = 8.0 Hz, 1.7 Hz, 1H, Har), 4.27 (t, J = 6.8 Hz, CH2CH2Ph), 3.44 (s, 2H, CarCH2CO), 2.89 (t, J = 6.8 Hz, 2H, CH2CH2Ph); 13C-NMR (CD3OD); δ (ppm): 172.56, 144.91, 144.06, 137.91, 128.59, 128.04, 126.05, 125.51, 120.28, 116.04, 114.92, 65.13, 40.14, 34.60 (1H and 13C NMR spectra were included in the Supplementary Materials).



Phenethyl 3,4,5-trihydroxybenzoate (16) was synthesized according to the procedure that we previously reported [31,32]. The product was purified by flash chromatography; white solid; yield: 67%; 1H NMR (400 MHz, CDCl3), δ (ppm): 7.36–7.26 (m, 7H), 4.51 (t, J = 7.0 Hz, 2H, CH2CH2Ph), 3.07 (t, J = 7.0 Hz, 2H, CH2CH2Ph). 13C NMR (100 MHz, CDCl3) δ (ppm): 166.48, 143.39, 137.74, 136.48, 128.94, 128.59, 126.65, 121.73, 65.75, 35.17 (1H and 13C NMR spectra were included in the Supplementary Materials).



3-(4-Methoxyphenyl)prop-2-yn-1-yl (2E)-3-[3,4-dihydroxyphenyl]prop-2-enoate (26) was synthesized according to the procedure that we previously reported [28]. The product was purified by flash chromatography; pale brown solid; yield: 96%; 1H NMR (400 MHz, DMSO-d6), δ (ppm): 9.50–9.20 (m, 2H, OH), 7.55 (d, 1H, J = 16 Hz, =CHCar), 7.41 (d, 2H, J = 8.6 Hz, Har), 7.09 (s, 1H, Har), 7.04 (d, 1H, J = 8.2 Hz, Har), 6.95 (d, 2H, J = 8.6 Hz, Har), 6.77 (d, 1H, J = 8.2 Hz, Har), 6.34 (d, 1H, J = 16 Hz, =CHCOO), 5.03 (s, 2H, CH2CC), 3.78 (s, 3H, CH3O). 13C NMR (101 MHz, DMSO-d6), δ (ppm): 166.40, 160.19, 149.13, 146.58, 146.04, 133.67, 125.84, 122.15, 116.18, 115.39, 114.83, 113.81, 113.52, 86.19, 83.39, 55.72, 52.70 (1H and 13C NMR spectra were included in the Supplementary Materials).



(2E)-3-(4-Methoxyphenyl)prop-2-en-1-yl (2E)-3-[3,4-dihydroxyphenyl]prop-2-enoate (35) was synthesized according to the procedure that we previously reported [28]. The product was purified by flash chromatography; pale yellow solid; yield: 91%; 1H NMR (400 MHz, DMSO-d6), δ (ppm): 7.52 (d, 1H, J = 16 Hz, =CHCar), 7.42 (d, 2H, J = 8.7 Hz, Har), 7.07 (d, 1H, J = 2.0 Hz, Har), 7.02 (dd, 1H, J = 8.2 Hz, 2.0 Hz, Har), 6.91 (d, 2H, J = 8.7 Hz, Har), 6.76 (d, 1H, J = 8.2 Hz, Har), 6.67 (d, 1H, J = 16 Hz, CH2CH=CH), 6.33–6.24 (m, 2H, =CHCOO + CH2CH=CH), 5.02 (s, 2H, OCH2), 3.76 (s, 3H, OCH3). 13C NMR (101 MHz, DMSO-d6), δ (ppm): 166.85, 159.62, 148.98, 146.05, 145.81, 133.56, 129.06, 128.31, 125.93, 121.96, 121.90, 116.19, 115.23, 114.55, 114.25, 64.96, 55.58 (1H and 13C NMR spectra were included in the Supplementary Materials).



(E)-3-(3,4-Dihydroxyphenyl)-1-phenylprop-2-en-1-one (42) was synthesized according to the procedure that we previously reported [28]. The product was purified by flash chromatography; yellow solid; yield: 99%; 1H NMR (400 MHz, DMSO-d6), δ (ppm): 9.45 (br s, 2H, OH), 8.10 (d, 2H, J = 7.6 Hz, Har), 7.67–7.54 (m, 5H, CH=CHCO + Har), 7.27 (s, 1H, Har), 7.19 (d, 1H, J = 8.1 Hz, Har), 6.82 (d, 1H, J = 8.1 Hz, Har). 13C NMR (101 MHz, DMSO-d6), δ (ppm): 189.45, 149.25, 146.08, 145.45, 138.49, 133.23, 129.19, 128.76, 126.71, 122.69, 118.87, 116.22, 116.01 (1H and 13C NMR spectra were included in the Supplementary Materials).



(E)-1-(3,4-Dihydroxyphenyl)-5-phenylpent-1-en-3-one (44) was synthesized according to the procedure that we previously reported [28]. The product was purified by flash chromatography; yellow solid; yield: 87%; 1H NMR (400 MHz, Acetone-d6), δ (ppm): 8.56 (br s, 1H, OH), 8.28 (br s, 1H, OH), 7.52 (d, 1H, J = 16.2 Hz, =CHCar), 7.31–7.28 (m, 4H, Har), 7.21–7.17 (m, 2H, Har), 7.07 (dd, 1H, J = 8.2 Hz, 2.0 Hz, Har), 6.88 (d, 1H, J = 8.2 Hz, Har), 6.64 (d, 1H, J = 16.2 Hz, =CHCO), 2.99–2.97 (m, 4H, CH2CH2). 13C NMR (101 MHz, Acetone-d6), δ (ppm): 198.13, 147.78, 145.31, 142.52, 141.79, 128.37, 128.27, 127.03, 125.79, 123.52, 121.89, 115.43, 114.30, 41.68, 29.95 (1H and 13C NMR spectra were included in the Supplementary Materials).




2.2. Reagents


Dulbecco’s Modified Eagle’s Medium (DMEM), Eagle’s Minimum Essential Medium (EMEM), fetal bovine serum (FBS), penicillin-streptomycin, 0.25% trypsin-EDTA, and PBS buffer were purchased from Gibco/Invitrogen (Carlsbad, CA, USA). Antibodies for Nrf2, p-Nrf2 (Ser40), AMPK, p-AMPK (Thr172) from Invitrogen (Carlsbad, CA, USA) were provided by Baksh lab, University of Alberta, Canada. SirT1 antibody (#2310, Cell Signaling Technology, Danvers, MA, USA) was provided by Hubbard lab, University of Alberta, Canada. Total extracellular signal-regulated kinase (ERK), p-ERK, HO-1, and GAPDH were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). All the remaining reagents used in the study were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.3. Antioxidant Assays


Three antioxidant capacity assays were employed to assess the antioxidant activity of the phenolic acid(s) and their analogs in vitro. Ferric Reducing Ability of Plasma (FRAP) assay and Oxygen Radical Absorbance Capacity (ORAC) assays were performed as described in our previous report [33]. The 2, 2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) was performed as described earlier [34]. The total antioxidant capacity of phenolic acid(s) and their analogs were expressed as µmol Trolox equivalents (TE)/L for the three assays.




2.4. Cell Culture


Human kidney epithelial HEK 293T cells (293T; ATCC® CRL-3216™) were obtained from the laboratory of Dr. Hasan Uludag, Chemical and Materials Engineering, University of Alberta, Canada, and cultured according to the supplier’s instructions. These cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotics in an atmosphere of 5% CO2 at 37 °C. WI-38 (ATCC® CCL-75™) cells were obtained from ATCC (Baltimore, MD, USA) and cultured according to the supplier’s instructions. These cells were maintained in EMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotics in an atmosphere of 5% CO2 at 37 °C. The cells were grown in 100 mm cell culture dishes or 6-well plates and treated with the indicated compounds or medium containing vehicle (DMSO) for 24 h. Following the treatment, cell lysates were collected using RIPA buffer.




2.5. Flow Cytometry Analysis


Cell cycle distribution was analyzed by measuring DNA content using a flow cytometer (FACS Canto II, BD Bioscience, CA, USA) with the Cell Cycle Kit (Beckman Coulter, Indianapolis, IN, USA). For the cell cycle analysis, 293T cells were grown in 6-well tissue culture plates until about 80% confluence and treated with the indicated compounds or medium containing vehicle (DMSO) for 24 h. Then, the cells were washed with PBS, trypsinized, and collected by centrifugation at 1000× g for 5 min. Cell pellets were gently suspended in 400 μL PBS and 600 μL ice-cold 100% ethanol to fix. After storage at 4 °C for at least 3–4 h, the cells were collected again by centrifugation at 400× g for 10 min. These cells were then incubated with 150 μL staining solution at 37 °C in the dark for 60 min before the analysis.




2.6. Antioxidant and Toxicity Analysis


Glutathione Peroxidase (GPx) assay kit (703102), NAD Cell-Based Assay Kit (600480), Interleukin-6 (human) ELISA Kit (501030), Tumor necrosis factor (TNF)-α (human) ELISA Kit (589201) and Cytochrome c assay kit were obtained from Cayman Chemical (Ann Arbor, MI, USA). All assays were conducted according to the manufacturer’s instructions.




2.7. Immunoblotting


The cells were grown in 6-well cell culture plates until they reached about 80% confluence, then treated with the indicated compounds, or medium containing vehicle (DMSO) for 24 h or treated with the indicated compounds along with ERK inhibitor SCH772984 (1 μΜ) for 24 h. After incubation, the culture medium was removed, the cells were lysed in RIPA buffer and immunoblotting was performed.




2.8. Drosophila Melanogaster Study


To examine the effects of the selected phenolic acids on antioxidant enzymes in vivo, yellow white (yw) virgin mutant female flies (D. melanogaster) were used. All flies were reared, standard food and the feeding trials were conducted as described earlier [35]. Selected phenolic acids and their analogs were added to the molten fly-food media at 40–45 °C, stirred vigorously, and then agitated constantly while being poured in plastic tubes. The final concentration of the selected phenolic acids in the food was 10 μM in the fly food. For the vehicle control, the equivalent carrier was added (DMSO). There were 50 flies in each treatment replicate (n = 3).




2.9. qPCR Analysis


Total RNA was isolated from flies by extraction with TRIzol reagent according to the manufacturer’s instructions (Invitrogen, Waltham, MA, USA). cDNA was synthesized from 1 μg total RNA using the reverse transcriptase (RT) system kit (Invitrogen, Waltham, MA, USA), and qPCR was performed using the CFX96 Touch Real-Time PCR Detection System (Biorad, Mississauga, ON, Canada).




2.10. Molecular Docking


The protein structural file of ERK2 in complex with caffeic acid (PDB ID: 4N0S was obtained from the RCSB Protein Data Bank [36]. Protein Preparation Wizard workflow was used to prepare the protein structure [37]. In the preprocessing stage, bond orders were assigned, missing hydrogen atoms were added, missing side chains and loops were filled in using prime [38,39,40]. Water molecules, beyond 5 Å from the ligand and that are not forming less than three hydrogen bonds to non-water resides, were deleted. In the final stage of protein preparation, hydrogen bonds were assigned after sampling water molecules, and the protein structure was subjected to restrained minimization allowing heavy atoms to converge to RMSD of 0.3 Å. A receptor grid was then generated by identifying the ligand coordinates (−15.26, 12.73, 40.72) to define the docking site. In order to add some flexibility to the docking process, the potential for nonpolar parts of the receptor was softened by scaling the van der Waals radii of receptor atoms that have a partial charge cutoff of 0.25, with a scaling factor of 0.8. All hydroxyl and thiol groups of the amino acids in the receptor grid were allowed to rotate during the docking process. Ligand structures were sketched in maestro using OPLS3 forcefield and prepared with LigPrep [41,42]. Possible ionization and tautomerization states were generated at pH 7.4. The lowest energy conformer was kept for each ligand. Molecular docking was performed using a Glide standard precision approach [43,44,45]. CA was docked to validate the docking protocol, and the crystallized binding mode was retrieved from the best pose. Five poses per ligand were written in the pose viewer file. The docking results were then refined by running Prime MM-GBSA calculation [38,39]. Amino acid residues within 10 Å of the ligand are allowed to be flexible during the optimization step.




2.11. Metabolism Prediction


Prediction of metabolic fate of selected analogs of phenolic acids was conducted as described in a recent report [46]. Among key results, the polar surface area was presented as topological polar surface area (TPSA), iLOGP (for implicit log P) was calculated based on Gibbs free energy of solvation, skin permeability coefficient (log Kp in cm/s), bioavailability score (probability of 10% oral bioavailability), and synthetic accessibility score, indicating the ease of synthesis, are presented.




2.12. Statistical Analysis


All the data are presented as mean ± SEM of three independent experiments. Data were analyzed by one-way analysis of variance (ANOVA) with Dunnett’s test for comparisons to the vehicle using PRISM 7 statistical software (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered to be statistically significant.





3. Results


3.1. Phenolic Acids and Their Analogs Exhibit Robust Antioxidant Activity


Three antioxidant assays, FRAP, ORAC, and ABTS were employed to measure the antioxidant potential of the compounds of the five series as well as the standards (see the Supplementary Data). The selection of the potent compound(s) from each series was based on the cumulative antioxidant activity based on the three assays. Supplementary Information has been added indicating the detailed antioxidant values of all compounds in the three assays (Figure S1A–F and Table S1A–F). Herein, we report the summary of the antioxidant activity of selected efficacious compounds. Among analogs of series 1, ester 12, the phenyl acetic acid analog of CAPE, exhibited the strongest antioxidant activity among the tested compounds (p < 0.01) in vitro (Figure 1A). It exhibited FRAP, ORAC, and ABTS values of 374 ± 9.2, 421 ± 11.3, and 523 ± 0.4 µmol TE/L (Figure S1A and Table S1A). Ester 16, the CAPE’s analog, exhibited the strongest antioxidant activity (Figure 1B) with FRAP, ORAC, and ABTS values of 315 ± 6.5, 336 ± 2.1, and 523 ± 1.3 µmol TE/L, respectively, among the related analogs of series 2 (p < 0.05) in vitro (Figure S1B and Table S1B. Further, in series 3 and 4, esters 26 and 35 exhibited the strong ability to quench free radicals (p < 0.05) in vitro (Figure 1C,D). Bearing 3-phenylpropargyl (26) and 3-phenylallyl (35) moieties, esters 26 and 35 are less flexible compared to CAPE or ester 1. Their antioxidant capacity as indicated by the FRAP, ORAC, and ABTS was 288 ± 2.7, 226 ± 8.4, 486 ± 4.4 and 303 ± 6.6, 459 ± 15.3, and 510 ± 18.1 µmol TE/L, respectively (Figure S1C and Table S1C). Finally, in series 5, 3,4-dihydroxychakcone 42 and its related phenethyl analog 44 exhibited a stronger activity in comparison to the other analogs (p < 0.05) in vitro (Figure 1E). Their antioxidant capacity as indicated by the FRAP, ORAC, and ABTS was 222 ± 13.8, 444 ± 1.1 and 511 ± 1.0 and 231 ± 3.5, 438 ± 2.8, 517 ± 6.4 µmol TE/L, respectively (Figure S1E and Table S1E). The modification of the caffeic acid moiety as well as the replacement of the ester functional group by an ether did not have a significant effect on the antioxidant activity. None of the compounds in series 2 and 6 exhibited consistent and strong activity in the three assessment assays conducted in vitro (Figure 1B,F; Table S1B,F). The extensive antioxidant analysis using multiple assays revealed robust antioxidant activities of phenolic acid derivatives in vitro (Figure 1A–F, Table S1A–F).




3.2. Selected Phenolic Acid Analogs Exhibit Minimal Toxicity


After selecting the potent analogs, based on their antioxidant activity (Figure 2A–I), they were assessed for their toxicity in 293T cells in vitro. Two assays, cell cycle analysis using PI and cytochrome C release assay were conducted to investigate the toxicity and cell injury induced by these compounds at the tested concentration (10 μM) for 24 h. The PI-stained whole cells following treatment with the selected compounds exhibited minimal toxicity in 293T cells in vitro (Figure 3A–J). As shown in the condensed heatmap (Figure 3K), the percentage of the cells in the G1, S, and G2 phase(s) remained statistically unchanged, indicating the low toxicity of selected compounds as compared to the vehicle (Figure 3K). None of the compounds induced G1-phase arrest and downstream apoptosis in 293T cells in vitro. Likewise, the assessed cytochrome C levels indicate no increase in apoptosis in WI-38 cells in vitro by the caffeic acid and its derivatives (Figure S2). However, one of the selected compounds, ketone 42, increased the cytochrome C levels by an average of 1.5 fold in WI-38 cells in vitro (Figure S2). Low toxicity in both the cell lines, 293T and WI-38, being normal (non-cancerous) epithelial and fibroblast cells endorse the further pharmacological investigation of the selected non-toxic antioxidant compounds in both cells and in vivo models.




3.3. Selected Phenolic Acid Analogs Increase GPx and Lower TNFα Levels


The selected non-toxic antioxidant compounds were then assessed for their ability to stimulate antioxidant enzymes, NAD pool, and possibly lower oxidative stress markers such as IL-6 and TNFα. We selected these biomarkers owing to the close interaction between oxidative damage and antioxidant enzymes, energy metabolism, and immune activation. Our ELISA results showed that compared to the vehicle, all tested compounds, except ester 12, activated GPx, a selenium-containing functional antioxidant enzyme (Figure 4A). The relatively lower antioxidant activity was exhibited by ketone 42 (p < 0.001); while the remaining compounds exhibited higher antioxidant activity (p < 0.0001) compared to the vehicle in 293T cells in vitro. Considering their nontoxic nature, the robust increase in the GPx levels indicate the strong ability of selected compounds to catalyze the reduction of hydroperoxides, including H2O2 and related free radicals, to protect the cell from oxidative damage. We also inquired to see if these compounds can boost NAD pool levels as NAD+ (oxidized form) and NADH (reduced form) are the core components in redox reactions. Our results showed that none of the tested compounds increased the total NAD pool levels in 293T cells in vitro (Figure 4B). Interestingly, CA, 16, and 42 boosted levels of SIRT1, an NAD+-dependent deacetylase (Figure S3). Contrarily, CAPE, 1, 26, and 35 lowered the levels of SIRT1 compared to the vehicle in 293T cells in vitro (Figure S3). Next, we investigated if the selected compounds can lower cellular cytokines IL-6 and TNFα, known to perturb the redox signaling cascade. Our ELISA results showed that most of the compounds had no impact on basal levels of IL-6, except CAPE, which increased its levels (p < 0.05) (Figure 4C). However, CA, CAPE, and 1 increased the TNFα levels in cells (Figure 4D). However, the fold change increase in TNFα was below 1.5-fold in all the compounds and was statistically significant. Interestingly, CAPE induces both cytokines IL-6 and TNFα in 293T cells in vitro (Figure 4C,D). These cytokine-promoting compounds may induce mild stress in the cells and trigger an antioxidant response. Further, ketones 42 (p < 0.0001) and 44 (p < 0.01) significantly reduced the TNFα levels in cells in vitro cells (Figure 4D). These ELISA analyses show that various phenolic acid analogs boosted the levels of antioxidant enzyme GPx in cells, possibly by inducing xenohormesis stress response in a NAD pathway independent manner.




3.4. Selected Phenolic Acid Analogs Activate the Nrf2 Pathway in Cells


Next, we assessed if the selected phenolic acid analogs can initiate the Nrf2 pathway, the major regulator of antioxidant responses in cells. Interestingly, many phenolic acids and their analogs initiated phosphorylation of Nrf2 (Ser40) under basal conditions in 293T cells in vitro. Among the tested compounds, CA, CAPE, 1, and 44 significantly increased the phosphorylation of Nrf2 (Ser40) in 293T cells in vitro (Figure 5A). The activity of compound 44 was validated independently as well (Figure S4C). Likewise, the increased mRNA levels of Nrf2 were supportive of the Nrf2 pathway activation (Figure 5B). Interestingly, the compounds stimulating mild stress, induced phosphorylation of Nrf2 (Ser40) in 293T cells in vitro (Figure 4C and Figure 5A,B). The Nrf2 phosphorylating compounds initiated the ERK and downstream HO-1 pathway as well (Figure 5C,D). The three potent in vitro antioxidants 16, 26, and 35 failed to improve the levels of Nrf2 in 293T cells in vitro (Figure 5A,B). It is possible that these compounds can quench the free radicals directly without the activation of the antioxidant pathways. In addition, CAPE emerged as the strongest ERK activator (p-ERK Thr204) in 293T cells in vitro (Figure 5C). However, the results from HO-1 activation were contradictory between mRNA and protein analysis as the compounds exhibiting high mRNA levels of HO-1 were weak at the protein expression and vice-versa (Figure 5D and Figure S4A,B).




3.5. Selected Phenolic Acid Analogs Activate the Nrf2 Pathway in D. melanogaster


Following the assessment of the antioxidant activity in situ and cells, we employed D. melanogaster for in vivo analysis of the selected polyphenols. The virgin yellow white (yw) mutant female flies used in the current study were fed the selected compounds for 2 weeks (10 μM) (Figure 6A). The qPCR analysis showed a strong increase in Nrf2 and downstream GPx antioxidant enzyme expression in yw flies in vivo (Figure 6B,C). Similar to the cell study, CA, CAPE, 1, and 44 significantly initiated Nrf2 activation (Figure 5B and Figure 6B). Likewise, strong GPx stimulation was induced by most compounds with a statistically significant increase by CAPE and 44 in yw flies in vivo (Figure 4A and Figure 6C). However, no significant increase in SOD levels was noticed in yw flies in vivo (Figure 6D). The Drosophila studies confirm the pattern of antioxidant and cytoprotective activity of the selected phenolic acid derivatives in vivo (Figure 6). The in vivo results along with the cell studies present J198, the CAPE’s ketone analog, as a unique activator of the Nrf2 pathway both in vitro and in vivo.




3.6. Antioxidant Activity of Selected Phenolic Acid Analogs Is ERK-Dependent


Next, owing to the dynamic role of ERK in Nrf2 pathway activation, we investigated if the antioxidant activity of selected compounds in ERK-dependent using an ERK inhibitory model in vitro (Figure 7A). Similar to the ELISA study (Figure 4A), immunoblotting showed that the selected phenolic acid and their analogs (CA, CAPE, 1, 12, and 44) stimulated the GPx expression in 293T cells in vitro (Figure 7B). Our results confirmed the hypothesis as the increased expression of GPx by these compounds was inhibited following co-treatment with ERK inhibitor (1 μM, SCH772984) in 293T cells in vitro (Figure 7C). These results indicate the essential role of ERK in the chain of cell communication by selected phenolic acids from a receptor to protein expression.




3.7. Selected Phenolic Acid Analogs Interact with the Active Site of ERK


The binding modes of the analogs were predicted in ERK using caffeic acid as the reference frame. CA was crystallized in complex with ERK2. It interacts with the hinge region amino acids; Gln105, Asp106, and Met108 through hydrogen bonds through the phenolic hydroxyl groups. The carboxylate group demonstrated an ionic interaction with Lys54. The atomic coordinates of CA were used to define the docking site for the phenolic acid analogs. In order to better understand the binding affinity of each analog, the binding free energy of the receptor and ligand was calculated using the implicit solvent method. Analogs 12, 16, 26, 35, 42, and 44 showed a perfect fit in the binding pocket of ERK2. The phenolic ring of these analogs aligned well with that of CA (Figure 8A panel I). Similar interactions with the hinge region were observed as well. The terminal phenyl group of 12, 16, 42, and 44 occupies the solvent-accessible area of the binding site (Figure 8B). There is no loss in solvation/desolvation energy, which can explain in part the high affinity of these analogs. The binding free energy (−40 to −50 kcal/mol) of these analogs also suggests high binding.




3.8. Selected Phenolic Acid Analogs Exhibit Stronger Metabolic Uptake


The metabolic simulation studies supported our findings on the antioxidant activities of selected polyphenol analogs (Figure 9). All selected compounds exhibited TPSA between a healthy range of 20 and 130 Å. Most analogs exhibited lower TPSA, thus aiding their polarity and ability to cross the biological barriers for absorption. Ketones 42 and 44 exhibited the lowest TPSA backed by high GI and brain availability (Figure 9). However, the skin permeability coefficient (log Kp in cm/s) and bioavailability score of analyzed compounds were similar (Figure 9). Overall, when calculations were completed, the “BOILED-Egg” analysis confirmed the high bioavailability of analogs compared to the parent molecules in both GI and BBB settings (Figure 9).





4. Discussion


As the principal regulator of the redox homeostasis in cells, the cap ‘n’ collar basic leucine zipper (CNC-bZip) transcription factor, Nrf2 counterpoises the free radical production and maintains cellular redox homeostasis [47]. Depleted Nrf2, due to oxidative stress, senescence, or epigenetic suppression, drives the accumulation of free radicals in cells, leading to a pathogenic state. Since the discovery of Nrf2 in the 1990s, its physiological spectrum has expanded extensively [7,33,48,49]. Currently, there are several botanicals and dietary supplements in the market with Nrf2-activation claim; however, only one FDA-approved Nrf2 activator, Tecfidera (dimethylfumarate), for the treatment of multiple sclerosis can be recognized [50]. Therefore, the design and development of Nrf2-based therapeutics to mitigate oxidative stress-associated diseases remain a much-needed area of study.



Phenolic acids are among the vital antioxidant metabolites of a plant-based diet with the ability to activate the Nrf2 pathway [51]. Numerous studies indicate the antioxidant and other pharmacological properties of these plant secondary metabolites [8,51]. Caffeic acid, a vital antioxidant phenolic acid has been studied for more than 65 years [52,53]. Initially identified as a fungistatic agent, it was found to be a bioavailable and rapidly metabolized bioactive compound [52,54,55]. The synthesis of its esters began in the 1950s as well and continues to date for more potent versions of the parent molecule [56]. Other phenolic acids used in this study viz. hydro caffeic acid, ferulic, and gallic acid have also been well studied for more than 60 years and numerous analogs are available [57,58,59]. However, owing to their clinical significance, efforts are continuously underway to develop their novel and potent analogs of phenolic acids and this effort holds practical significance. In line with our work on polyphenol analogs, we synthesized an array of phenolic acid analogs with variable amide and ester moieties and assessed their antioxidant activity in situ, in cells, and D. melanogaster. We found that these compounds exhibit antioxidant capacity and induce cellular antioxidant enzymes at basal conditions. Our study identified unique polyphenol analogs with a strong ability to scavenge free radicals and stimulate GPx in cells (Figure 1, Figure 4 and Figure 6). We also found that the cytoprotective impacts of phenolic acid amides and esters are possibly interceded by their coordinated Nrf2 and ERK receptor activity (Figure 7 and Figure 8).



Our findings complement previous data on the pharmacological spectrum of phenolic acids and their derivatives. Esterification of caffeic acid leads to the enhancement of its antioxidant capacities [60]. Likewise, novel amides of caffeic acid improve cell survival and cytoprotection [61]. A similar impact on biological activity has been shown by amides and ketones of ferulic acid, gallic acid, and hydroxy ferulic acid [62,63,64]. These antioxidant activities of phenolic acid(s) and their derivatives transcend free radical mitigation and extend benefits in different disease states as well. Caffeic acid amides have shown cytoprotective potential by inhibiting β-amyloid fibrillization and cytotoxicity [65]. Similarly, gallic acid amides have shown the ability to inhibit α-synuclein, a protein involved in the pathogenesis of Parkinson‘s disease [66]. CAPE also protects neurons against cisplatin-induced neurotoxicity via activation of the AMPK/SIRT1 pathway [67]. However, we did not observe any significant increase in both SIRT1 (Figure S2) and AMPK (Figure S3) pathways by CAPE or other analogs. It might be attributed to treatment at the basal level and lack of oxidative stress. Apart from the neuroprotective spectrum, the pharmacological sphere of phenolic acid derivatives extends to infectious diseases as well. Esters and amides of ferulic and caffeic acid have shown the ability to inhibit HIV-1 reverse transcriptase [68,69]. Next, the recent literature suggests that ERK, a member of the mitogen-activated protein kinase (MAPK) family of serine/threonine protein kinases, plays a key role in cell survival and is essential for antioxidant response by polyphenols [70]. The cellular activation of ERK by the ketone 44 as an extracellular stimulus is similar to previous reports indicating ERK activation by phenolic acids and their derivatives [18,21,36,67]. As ERK also plays a central role in morphogenesis and physiological homeostasis of Drosophila, its probable activation by ketone 44 indicates organized functional changes and improved tissue homeostasis [71]. Further, on metabolic front our simulation showed that ketone 44 exhibited strongest metabolic uptake among the analyzed polyphenol analogs. This supports the potent in vivo activity of ketone 44 in Drosophila.



This study demonstrates that the antioxidant effect of phenolic acids does not only depend on the presence of the catechol moiety. Interestingly, the replacement of the carboxylic acid functional group by the ketone function increases the antioxidant effect of the molecule. Unlike the ketone analog, the amide and ether analogs were less active. The effect of ketone 44 can be attributed to the favorable interactions as predicted by molecular docking. Increased lipophilicity is probably an important factor to consider since ketone 44 is three times more lipophilic than caffeic acid. Compared to CAPE, ketone 44 is more stable since it is less conducive to hydrolysis. Investigations of the position of the 3,4-dihydroxyls of ketone 44 may have an effect on its activity. These arguments agree with a recent study in which the amide derivative of CAPE was ineffective against antioxidant transcription factors [72]. Di-hydroxylated analogs at 2.5 positions have demonstrated interesting anti-cancer effects [32,72]. The effect of increased lipophilicity, as well as the presence of the unsaturated α-β unsaturated ketone versus a simple ketone, can be as important.



Our study shows mechanisms underlying the antioxidant potential of selected phenolic acids; however, several future investigations can be suggested. Activation of the Nrf2 pathway is dependent on the endogenous inhibitor of Nrf2, Keap1, function as an evolutionarily conserved intracellular defense mechanism to counteract oxidative stress [47,73]. Moreover, activation of antioxidant enzymes depends on the spatial distribution of both Nrf2 and Keap1 [48]. Therefore, future experiments can be targeted to understand the impact of the novel phenolic acid derivatives on keap1, the main intracellular regulator of Nrf2 activation. Interestingly, our pilot experiment did show the nuclear migration of Nrf2, thus, supporting further experiments on intricate cellular antioxidant mechanisms (Figure S4).



Most investigated Nrf2 activators function as non-specific covalent modification of thiol groups Keap1 cysteine residues. Owing to its potent antioxidant activity, we expect ketone 44 to inhibit Keap-1-Nrf2 binding, leading to nuclear translocation of Nrf2 vitro (Figure S5). The lack of comparative analysis of ketone 44 with small-molecule Nrf2 activators such as dimethylfumarate, curcumin, quercetin, and sulforaphane hinders a broader understanding of its efficacy. The novel compounds are also warranted investigations on their ability to induce epigenetic changes in histones, owing to Nrf2-ERK activation. It is vital to note that despite the lack of downstream SOD activation in vivo (Figure 6D), Nrf2 activation did result in increased HO-1 and GPx levels, indicating a SOD independent but wider antioxidant spectrum of the tested compounds in vivo. It is well known that certain polyphenols exhibit pro-oxidant activities at higher concentrations depending on the cellular microenvironment [74]. Therefore, the new derivatives of phenolic acids need to be further assessed for their safety using multiple-dose-dependent in vitro and in vivo systems. Further, it will be interesting to examine the anti-cancer effect of these phenolic acid derivatives in cancer cells and experimental animal models.




5. Conclusions


We adopt natural product supplementation as a strategy for managing oxidative stress-mediated pathophysiological conditions. The discovery of natural product inspired new Nrf2 activators and establishing their mechanism of action can be of great pharmacological value. We have shown that multiple esters and ketones of phenolic acids exhibit potent antioxidant activity and activate antioxidant enzymes such as GPx, and HO-1 via the Nrf2-ARE pathway. Importantly, selected derivatives of phenolic acids, which constitute the human diet, exhibit safe and non-toxic activity in cells. Further, Nrf2 activation of both parent molecules (CA and CAPE) and the derivatives, particularly analog 44 is ERK-dependent. The design of CAPE’s analog series for the investigation of the effect of structural modifications on all parts of this molecule provided a clear picture. The effect of caffeic acid analogs, as well as CAPE, are not due only to the presence of the catechol moiety. Our experiments have identified ketone 44 as a novel activator of Nrf2 in vivo and in cells.
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Figure 1. Antioxidant activity of Caffeic acid and CAPE analogs (100 μM) as measured using ABTS, FRAP, and ORAC antioxidant assays. Selective compounds from each series of analogs (A–F) with significant antioxidant activities were selected for further studies following statistical analysis. * p < 0.05, ** p < 0.01, **** p < 0.0001, ns: non-significant. 
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Figure 2. Chemical structures (A–I) of key antioxidant esters and ketones of selected phenolic acids. 
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Figure 3. The impact of Caffeic acid and CAPE analogs on the cell cycle as the toxicity indicator. The 293T cells were pre-treated with 10 μΜ of the selected compounds for 24 h and the cell cycle was analyzed using propidium iodide (A) Vehicle, (B–J) impact of CA and CAPE pre-treatment on AAPH induced oxidative insult, and (K) the graphical representation of the trend in the cell cycle of 293T cells in response to different treatments. 
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Figure 4. The impact of Caffeic acid and CAPE analogs on various antioxidant parameters. The 293T cells were pre-treated with 10 μΜ of the selected compounds for 24 h and then the selected biomarkers were observed using ELISA: (A) GPx (B) NAD (C) IL-6 and (D) TNFα were analyzed. Ordinary one-way analysis of variance (ANOVA) was performed followed by Dunnett’s multiple comparisons test to identify statistical difference * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001, ns: non-significant. 
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Figure 5. The impact of Caffeic acid and CAPE analogs on Nrf2 pathway activation. The 293T cells were pre-treated with 10 μΜ of the selected compounds for 24 h and then the protein and RNA were extracted using RIPA buffer and TRIzol. (A) Changes in p-Nrf2(Ser40) ratio (B) Nrf2 mRNA increase (C) changes in ratio of p-ERK (Thr204) ratio and (D) HO-1 were analyzed. Ordinary one-way analysis of variance (ANOVA) was performed followed by Dunnett’s multiple comparisons test to identify statistical difference * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 6. The impact of Caffeic acid and CAPE analogs on Nrf2 pathway activation in Drosophila Melanogaster. (A) The virgin yellow white (yw) mutant female flies were fed the selected compounds for 2 weeks (10 μM) and then the total RNA was extracted using TRIzol. Changes in (B) Nrf2 (C) GPx (D) SOD mRNA levels were analyzed. Ordinary one-way analysis of variance (ANOVA) was performed followed by Dunnett’s multiple comparisons test to identify statistical difference * p < 0.05, ** p < 0.01, *** p < 0.001, ns: non-significant. 
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Figure 7. The impact of Caffeic acid and CAPE analogs on key antioxidant parameter GPx is dependent on ERK phosphorylation. (A) ERK inhibitor SCH772984 (1 μΜ) was used to lower ERK phosphorylation levels in 293T cells (immunoprecipitated). Next, 293T cells were pre-treated with 10 μΜ of the selected compounds for 24 h, (B) without and (C) with ERK inhibitor SCH772984 (1 μΜ), and then the changes in selected biomarker, GPx, was observed using western blot. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: non-significant. 
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Figure 8. The interaction of selected analogs of phenolic acids with ERK depicted by molecular docking. (A). The binding modes of the phenolic acid analogs. I. Alignment of selected analogs in the active site of ERK2. II. Caffeic acid interaction model. III. Analog 12 interaction model. The protein is shown as cartoon, ligand as sticks, and the interacting amino acids as lines. (B). The interaction models of selected phenolic acid analogs; 16, 26, 35, 42, Caffeic acid, and 44. The protein is shown as cartoon, ligand as sticks, and the interacting amino acids as lines. Caffeic acid is given as the reference frame for comparison. Caffeic acid interacts through HB with Asp106 and Met108. It shows electrostatic contacts with Lys54, Gln105, Asp106 and Lys114. It exerts several hydrophobic contacts with Ile31, Gly34, Ala35, Val39, Ala52, Ile84, Leu107, Met108 and Leu156. Compound 12 exhibits these types of interactions with the surrounding amino acids; hydrogen bonds with Gln105, Asp106, and Met108, electrostatic type with Glu33, Lys54, Gln105, Asp106, Asp111, Lys114, Lys151, Asn154, Ser153, and Asp167, and hydrophobic contacts with Ile31, Gly34, Ala35, Val39, Ala52, Ile84, Leu107, Met108, and Leu156. Compound 26 interacts with Gln105, Asp106, and Met108 by hydrogen bonds. The polar amino acids Glu33, Lys54, Gln105, Asp106, Asp111, Lys114, and Ser153 interact electrostatically with compound 26. The hydrophobic contacts involve Tyr30, Ile31, Gly32, Gly34, Val39, Ala52, Ile84, Leu107, Met108, and Leu156. Compound 35 Interacts with the surrounding amino acids via these types of interactions; hydrogen bonds with Ala35, Asp106, and Met108, electrostatic interactions with Glu33, Lys54, Gln105, Asp106, Asp111, Lys114, and Ser153, and hydrophobic contacts with Ile31, Gly32, Gly34, Ala35, Val39, Ala52, Ile84, Leu107, Met108, and Leu156. Compound 42 Interacts with the surrounding amino acids via these types of interactions; hydrogen bonds with Gln105, Asp106, and Met108, electrostatic interactions with Lys54, Lys55, Gln105, and Asp106, and hydrophobic contacts with Ile31, Ala35, Tyr36, Val39, Ala52, Ile56, Ile84, Leu107, Met108, and Leu156. Compound 44 Interacts with the surrounding amino acids via these types of interactions; hydrogen bonds with Gln105, Asp106, and Met108, electrostatic interactions with Glu33, Lys54, Gln105, Asp106, Glu109, Thr110, Asp111, Lys114, and Ser153, and hydrophobic contacts with Ile31, Gly32, Gly34, Val39, Ala52, Ile84, Leu107, Met108, and Leu156. 
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Figure 9. Metabolism and absorption of key antioxidant esters and ketones of selected phenolic acids. 
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