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Abstract

:

Herein, we report the synthesis of four new hybrid molecules between ketoprofen or 2-(3-benzoylphenyl)propanoic acid and N-containing heterocyclic compounds, such as piperidine, pyrrolidine, 1,2,3,4-tetrahydroquinoline, and 1,2,3,4-tetrahydroisoquinoline. The obtained hybrid compounds were fully characterized using 1H- and 13C-NMR, UV-Vis, and HRMS spectra. Detailed HRMS analysis is provided for all novel hybrid molecules. The compounds were assessed for their in vitro anti-inflammatory and antioxidant activity. The lipophilicity of the hybrids was determined, both theoretically (cLogP) and experimentally (RM). The affinity of the compounds to the human serum albumin was assessed in silico by molecular docking study using two software, and the stability of the predicted complexes was evaluated by molecular dynamics study. All novel hybrids have shown very good HPSA activity, statistically close when compared to the reference—quercetin. The molecular docking confirmed the obtained in vitro results. Tetrahydroquinoline derivative 3c and tetrahydroisoquinoline derivative 3d have the highest affinity for albumin. They show stronger anti-inflammatory action than their predecessor, ketoprofen and the regularly used ibuprofen.
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1. Introduction


N-heterocycles can be found in natural products and drug molecules and are indispensable components in the fields of organic synthesis, medicinal chemistry and materials science. The construction of these N-containing heterocycles by traditional methods usually requires the preparation of reactive intermediates. Through in recent decades, with the rapid advent of transition metal-catalyzed reactions, the synthesis of heterocycles from precursors with inert chemical bonds has become a challenge. Many have developed efficient methods for the preparation of N-heterocyclic compounds, such as aziridines, azetidines, indoles and quinolines and many others [1].



Pyrrolidine 1a (Figure 1), also known as tetrahydropyrrole, is an organic compound with molecular formula (CH2)4NH. It is a cyclic secondary amine, also classified as a saturated heterocycle. Many modifications of pyrrolidine are found in natural and synthetic drugs and drug candidates [2].



The pyrrolidine ring structure (Figure 1) is present in many natural alkaloids, such as nicotine and hygrin [3]. It is found in many medicines, such as procyclidine and bepridil. It also forms the basis for racetam compounds (e.g., piracetam and aniracetam). The amino acids proline and hydroxyproline are structurally derived from pyrrolidine [2]. Pyrrolidine is widely found in the literature as a fragment—part of a number of organic compounds possessing a number of biological activities, such as antiviral, anti-inflammatory, antibacterial, antidepressant, etc. [4].



Piperidine 1b (Figure 1) is a key heterocyclic amine that is part of a number of pharmaceutical products and natural alkaloids, possessing a diverse range of biological activities [5]. Piperidine fragment 1b is present in a vast array of natural alkaloids and approved pharmaceuticals [6]. For example, the alkaloid piperine gives a spicy taste in black paper [7]. This six-membered nitrogen-contained fully saturated ring is also found in stimulants (methylphenidate, pipradrol etc.), vasodilators (minoxidil), antipsychotics (droperidol, melperone, etc.), opioids (pethidine, fentanyl, etc.) and many others drugs.



The fully hydrogenated quinoline or 1,2,3,4-tetrahydroquinoline 1c (Figure 1) is another example of a nitrogen-containing fragment that is widely distributed in nature and the same in pharmaceuticals. The structure of 1,2,3,4-tetrahydroquinoline 1c is a very common structural motif and is found in numerous biologically active natural products and pharmacologically relevant therapeutic agents [8].



1,2,3,4-tetrahydroisoquinoline 1d (Figure 1) is another cyclic secondary amine, widely distributed in nature, forming the isoquinoline alkaloids family. Many synthetic and natural molecules containing 1,2,3,4-tetrahydroisoquinoline skeleton have been reported to possess a wide range of pharmacological activities like antibacterial, anti-inflammatory, antifungal, antiviral, antimalarial, and anticancer, among others [9,10,11,12,13,14].



First synthesized back in 1967, ketoprofen continues to be widely used, and its interest continues to this day. It belongs to the group of nonsteroidal anti-inflammatory drugs (NSAIDs) belonging to the family of propionic derivatives of arylpropionic acid [15].



Ketoprofen (Figure 2) widespread use is mainly due to its antipyretic, analgesic and anti-inflammatory properties due to reversible inhibition of cyclooxygenase 1 and 2 (COX-1 and COX-2), which in turn reduces the production of pro-inflammatory prostaglandin precursors [16].



Because of the importance of these scaffolds in drug discovery and pharmaceutical chemistry, the development of new methodologies for the synthesis of new hybrids of N-containing heterocyclic derivatives remains to be a very active field of research, as evidenced by the publication of more than 500 articles in the field in recent years.



Obtaining new hybrid molecules constructed from ketoprofen fragments attached to an N-containing heterocycle is particularly fascinating in order to examine its bio functionality.




2. Materials and Methods


2.1. General


The reagents were purchased from commercial suppliers (Sigma-Aldrich S.A. and Riedel-de Haën, Sofia, Bulgaria) and used as received. A Bruker NEO 400 (400/100 MHz 1H/13C) spectrometer was used for the recording of the NMR spectral data (BAS-IOCCP—Sofia, Bruker, Billerica, MA, USA). All compounds were analyzed in CDCl3 at 400 MHz and 101 MHz for 1H-NMR and 13C-NMR, respectively. Chemical shifts were determined to tetramethylsilane (TMS) (δ = 0.00 ppm) as an internal standard; the coupling constants are given in Hz. Recorded NMR spectra were taken at room temperature (approx. 295 K). Absorbance was measured with a spectrophotometer Camspec M508, Leeds, UK. The high-resolution mass (HRMS) analysis was carried out on a Q Exactive Plus mass spectrometer with a heated electrospray ionization source (HESI-II) (Thermo Fisher Scientific, Inc., Bremen, Germany) coupled with an ultrahigh-performance liquid chromatography (UHPLC) system Dionex Ultimate 3000RSLC (Thermo Fisher Scientific, Inc.) consisting of 6-channel degasser SRD-3600, high-pressure gradient pump HPG-3400RS, autosampler WPS-3000TRS, column compartment TCC-3000RS, and narrow bore Hypersil GOLDTM C18 (2.1 × 50 mm, 1.9 µm) column. For the TLC analysis, precoated 0.2 mm Fluka silica gel 60 plates (Merck KGaA, Darmstadt, Germany) were used.




2.2. Synthesis


2.2.1. Synthesis of 2-(3-benzoylphenyl)propanoyl chloride 2


To ketoprofen (1 mmol, 0.254 g) dissolved in toluene (30 mL), an excess of thionyl chloride (1.2 mmol, 0.087 mL) was added. The reaction mixture was stirred under reflux for two hours. The excess of thionyl chloride and the toluene were removed under reduced pressure. The obtained 2-(3-benzoylphenyl)propanoyl chloride 2 was used without further purification.




2.2.2. Synthesis of Compounds 3a–d


To a solution of corresponding amines 1a–d (1 mmol) in dichloromethane (30 mL), an equal amount of 2-(3-benzoylphenyl)propanoyl chloride 2 (1 mmol, 0.272 g) was added. After 10 min, triethylamine (1.2 mmol, 0.121 g) was added to the solution. After 30 min, the solution was washed with diluted hydrochloric acid, saturated solution of Na2CO3, and brine. The combined organic layers were dried over anhydrous Na2SO4, and the solvent was removed under reduced pressure. The new hybrid molecules were purified by filtration through short-column chromatography over neutral Al2O3.



3a 2-(3-benzoylphenyl)-1-(pyrrolidin-1-yl)propan-1-one.



Light-yellow oil, Yield: 97% (0.299 g), Rf = 0.45 (diethyl ether), 1H NMR (400 MHz, CDCl3) δ 7.74–7.69 (m, 2H), 7.65 (t, J = 1.8 Hz, 1H), 7.57 (ddd, J = 7.6, 1.7, 1.2 Hz, 1H), 7.54–7.48 (m, 2H), 7.43–7.33 (m, 3H), 3.76 (q, J = 6.9 Hz, 1H), 3.50–3.38 (m, 2H), 3.38–3.11 (m, 2H), 1.87–1.76 (m, 2H), 1.75–1.69 (m, 2H), 1.42 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 196.63 (Ph-CO-Ph), 171.72 (C=O), 142.09 (Ar), 137.92 (Ar), 137.53 (Ar), 132.54 (Ar), 131.49 (Ar), 130.08 (Ar), 129.26 (Ar), 129.03 (Ar), 128.75 (Ar), 128.30 (Ar), 46.41 (CH2-N), 46.11 (CH2-N), 44.73 (CH), 26.10 (CH2), 24.17 (CH2), 20.12 (CH3). UV λmax, MeOH: 276 (ε = 15,270) nm. HRMS Electrospray ionization (ESI) m/z calcd for [M+H]+ C20H22NO2+ = 308.1645, found 308.1638 (mass error Δm = −2.27 ppm), calcd for [M+Na]+ C20H21NO2Na+ = 330.1465, found 330.1458 (mass error Δm = −2.12 ppm).



3b 2-(3-benzoylphenyl)-1-(piperidin-1-yl)propan-1-one.



Light yellow oil, Yield: 94% (0.302 g), Rf = 0.85 (diethyl ether), 1H NMR (400 MHz, CDCl3) δ 7.73–7.69 (m, 2H), 7.62 (t, J = 1.8 Hz, 1H), 7.56 (dt, J = 7.6, 1.4 Hz, 1H), 7.54–7.49 (m, 1H), 7.46 (dt, J = 7.9, 1.5 Hz, 1H), 7.41 (dd, J = 8.2, 6.9 Hz, 2H), 7.36 (t, J = 7.6 Hz, 1H), 3.91 (q, J = 6.9 Hz, 1H), 3.50 (dddd, J = 105.8, 12.9, 6.5, 3.1 Hz, 2H), 3.27 (t, J = 5.5 Hz, 2H), 1.53–1.44 (m, 3H), 1.40 (d, J = 6.8 Hz, 3H), 1.33 (dtd, J = 17.1, 7.6, 4.6 Hz, 2H), 1.01 (dp, J = 12.1, 5.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 196.59 (Ph-CO-Ph), 171.26 (C=O), 142.74 (Ar), 138.08 (Ar), 137.54 (Ar), 132.54 (Ar), 131.23 (Ar), 130.05 (Ar), 128.96 (Ar), 128.79 (Ar), 128.59 (Ar), 128.31 (Ar), 46.65 (CH2-N), 43.19 (CH2-N), 42.82 (CH), 26.13 (CH2-CH2-CH2), 25.52 (CH2-CH2-CH2), 24.49 (CH2-CH2-CH2), 20.64 (CH3). UV λmax, MeOH: 276 (ε = 18,500) nm. HRMS Electrospray ionization (ESI) m/z calcd for [M+H]+ C21H24NO2+ = 322.1802, found 322.1795 (mass error Δm = −2.17 ppm), calcd for [M+Na]+ C21H23NO2Na+ = 344.1621, found 344.1614 (mass error Δm = −2.03 ppm).



3c 2-(3-benzoylphenyl)-1-(3,4-dihydroquinolin-1(2H)-yl)propan-1-one.



Light-yellow oil, Yield: 95% (0.352 g), Rf = 0.48 (petroleum/diethyl ether = 1/1), 1H NMR (400 MHz, CDCl3) δ 7.70–7.62 (m, 2H), 7.57–7.47 (m, 2H), 7.43–7.31 (m, 4H), 7.28 (t, J = 7.5 Hz, 1H), 7.16–6.90 (m, 4H), 4.33–4.21 (m, 1H), 3.85 (s, 1H), 3.50 (dt, J = 13.0, 6.7 Hz, 1H), 2.54–2.41 (m, 1H), 2.23 (s, 1H), 1.81 (dp, J = 13.2, 6.6 Hz, 1H), 1.71 (s, 1H), 1.44 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 196.61 (Ph-CO-Ph), 171.52 (C=O), 142.17 (Ar), 137.87 (Ar), 137.66 (Ar), 132.59 (Ar), 131.42 (Ar), 130.15 (Ar), 129.34 (Ar), 128.68 (Ar), 128.57 (Ar), 128.42 (Ar), 126.30 (Ar), 125.09 (Ar), 42.90 (CH), 26.38 (CH2), 24.12 (CH2), 20.29 (CH3). UV λmax, MeOH: 273 (ε = 6940) nm. HRMS Electrospray ionization (ESI) m/z calcd for [M+H]+ C25H24NO2+ = 370.1802, found 370.1795 (mass error Δm = −1.89 ppm), calcd for [M+Na]+ C25H23NO2Na+ = 392.1621, found 392.1613 (mass error Δm = −2.04 ppm).



3d 2-(3-benzoylphenyl)-1-(3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one.



Light-yellow oil, Yield: 95% (0.350 g), Rf = 0.59 (diethyl ether), 1H NMR (400 MHz, CDCl3) δ 7.70–7.61 (m, 3H), 7.59–7.44 (m, 3H), 7.41–7.30 (m, 3H), 7.12–7.01 (m, 3H), 7.00–6.79 (m, 1H), 4.79–4.60 (m, 1H), 4.60–4.33 (m, 1H), 4.05–3.72 (m, 2H), 3.62–3.49 (m, 1H), 2.79–2.31 (m, 2H), 1.43 (dd, J = 6.9, 3.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 196.52 (Ph-CO-Ph), 172.09 (C=O), 142.32 (Ar), 138.17 (Ar), 137.43 (Ar), 133.92 (Ar), 133.41 (Ar), 132.58 (Ar), 131.27 (Ar), 131.25 (Ar), 130.04 (Ar), 129.00 (Ar), 128.90 (Ar), 128.77 (Ar), 128.31 (Ar), 126.69 (Ar), 126.55 (Ar), 126.28 (Ar), 47.39 (CH2), 44.70 (CH2), 43.39 (CH), 29.19 (CH2), 20.65 (CH3). UV λmax, MeOH: 235 (ε = 16,100) nm, 276 (ε = 10,400) nm. HRMS Electrospray ionization (ESI) m/z calcd for [M+H]+ C25H24NO2+ = 370.1802, found 370.1795 (mass error Δm = −1.89 ppm), calcd for [M+Na]+ C25H23NO2Na+ = 392.1621, found 392.1613 (mass error Δm = −2.04 ppm).





2.3. HRMS Analysis


Operating conditions for the HESI source used in a positive ionization mode were: +3.5 kV spray voltage, 320 °C capillary and probe heater temperature, sheath gas flow rate 36 a.u., auxiliary gas flow rate 11 a.u., spare gas flow rate 1 a.u. (a.u. refer to arbitrary values set by the Exactive Tune software) and S-Lens RF level 50.00. Nitrogen was used for sample nebulization and collision gas in the HCD cell. The aliquots of 1 µL of the solutions of the samples (ca. 20 µg mL−1) were introduced into the mass spectrometer through the UHPLC system. Each chromatographic run was carried out isocratically with a mobile phase consisting of water-acetonitrile-methanol-acetic acid (25:50:25:0.2). The solvent flow rate was 300 μL min−1. Full MS—ddMS2 (Top5) was used as an MS experiment, where in full scan MS, the resolution, automatic gain control (AGC) target, maximum injection time (IT), and mass range were 70,000 (at m/z 200), 3 × 106, 100 ms, and m/z 100–500, respectively. The instrument parameters for ddMS2 scans were as follows: the resolution was 17,500 (at m/z 200), AGC target was 1 × 105, maximum IT was 50 ms, loop count was 5, isolation window 2.0 m/z, stepped normalized collision energy (NCE) was set to 10, 20, 60. The data-depended (dd) settings were as follows: maximum ACG target was 5 × 104, dynamic exclusion was set to 1 s, preferred peptide match and switched on isotope exclusion were used. Xcalibur (Thermo Fisher Scientific, Waltham, MA, USA) ver. 4.0 was used for data acquisition and processing.




2.4. In Vitro Analysis


2.4.1. Hydrogen Peroxide Scavenging Activity (HPSA)


The Manolov et al. method was used to assess the hydrogen peroxide scavenging capability [17]. A 43 mM solution of H2O2 was prepared in a potassium phosphate buffer solution (0.2 M, pH 7.4). The analysis of the samples was carried out as follows: in test tubes, 0.6 mL H2O2 (43 mM), 1 mL sample/standard with different concentrations (20–1000 µg/mL), and 2.4 mL potassium phosphate buffer solution were mixed. The mixture was stirred and incubated in the dark for 10 min at 37 °C. Absorbance was measured at 230 nm with a spectrophotometer (Camspec M508, Leeds, UK) against a blank solution containing phosphate buffer and H2O2 without the sample. Ascorbic acid and quercetin were used as standards. The percentage HPSA of the samples was evaluated by comparing it with a blank sample and calculated using the following formula:


  I , % ( H P S A ) =  [     A  b l a n k   − (  A  T S   −  A  C S   )    A  b l a n k      ]  × 100  








where Ablank is the absorbance of the blank sample, ACS is the absorbance of the control sample, and ATS is the absorbance of the test sample.




2.4.2. Inhibition of Albumin Denaturation (IAD)


In vitro, analysis of anti-inflammatory activity was assessed as inhibition of albumin denaturation (IAD). The analysis was performed according to Manolov et al. method [18] with minor modifications. The experiment was performed with human albumin. The solution of albumin (1%) was prepared in distilled water (pH 7.4). The tested compounds/standard were dissolved firstly in PBS, so the final concentration of the stock solution was 1000 μg/mL. Then a series of working solutions with different concentrations (20–500 μg/mL) in PBS were prepared. The reaction mixture was containing 2 mL test sample/standard of different concentrations and 1 mL albumin (1%). The mixture was incubated at 37 °C for 15 min and then heated at 70 °C for 15 min in a water bath. After cooling, the turbidity was measured at 660 nm with a spectrophotometer (Camspec M508, Leeds, UK). Ibuprofen and ketoprofen were used as standards. The experiment was performed three times. Percentage inhibition of albumin denaturation (IAD) was calculated against the control. The control sample is albumin with the same concentration dissolved in distilled water.


  % I A D =  [     A  b l a n k   −  A  s a m p l e      A  b l a n k      ]  × 100  












2.4.3. Determination of Lipophilicity as cLlogP


The lipophilicity of the compounds was calculated using the software: ACD/ChemSketch/LogP Predictor v.14.08.




2.4.4. Molecular Docking


The molecular docking of the ligands was performed using AutoDock Vina 1.1.2 (ADV) and AutoDock 4.2 (AD) [19,20] against the human serum albumin (HSA), deposited with the entry code 7JWN in the Protein Data Bank [21]. Two software were chosen for molecular docking because although their names are similar, the principle on which they work is different. Because it is known that molecular docking studies may generate false positive results, the use of two software that works differently can be used for cross-validation of the results [22]. Supplementary, AD possesses an intrinsic tool that performs a rapid clustering analysis to confirm that the best binding pose is one of the most found poses from the total of poses generated.



For each compound, two ligand files were created, one for each R and S isomer using Avogadro 1.2.0 and following the previously reported protocol [23,24].



The preparation of the macromolecule as the target was performed according to the standard procedure previously reported by our group—removal of the co-crystallized molecules, addition of the polar hydrogen atoms and addition of charges [25].



The final preparation of the files of ligands and macromolecules was performed using AutoDockTools 1.5.6 [20].



Four main potential binding sites were targeted in the molecular docking study—Sudlow site I (subdomain IIA), Sudlow II (subdomain IIIA), site III and cleft. The reason for this choice is that, to the best of our knowledge, the other binding sites reported in the literature have a limited role in drug binding, and the sites we have chosen are the most important in drug binding to albumin [26,27,28,29,30,31].



The search space for each potential binding site was set as a cube, with sides equal to 20 for ADV and 54 for AD (spacing = 0.375). The cartesian coordinates of the center of the search space for each site were set as follows: for site Sudlow 1 x = 30.62, y = 25.50, z = 12.43, for site Sudlow 2 x = 5.95, y = 18.22, z = 21.06, for site 3 x = 30.15, y = 26.98, z = 37.99 and for cleft site x = 20.89, y = 21.74, z = 22.43.



In order to obtain results with higher reproducibility, ADV was requested to generate 20 poses for each ligand in each binding site, while AD was requested to generate 200 poses in order to perform the cluster analysis in the limit of 2 Å root mean square deviation of the coordinates of atoms.



The visualization of the results of the molecular docking study was performed using Chimera 1.10.2 [32].




2.4.5. Molecular Dynamics


To evaluate the stability in a time of the ligand–albumin complexes, some molecular dynamics simulations were performed with GROMACS 2023 [33] using the CHARMM36 force field [34] on a machine running Debian 11. The computer has an Intel Core 7700 K CPU and an NVIDIA RTX 3060 GPU. Their interoperability was based on CUDA 12. Lig-ands parametrization was made using the CgenFF server [34].



The protein and the ligands were placed in an orthorhombic box with a 1 nm gap at the sides and were filled using the TIP3P solvation water model [35]. The preparation of the systems and running of the simulations were made according to the previous works reported [36,37,38]. Briefly, the main parameters used for carrying out molecular dynamics studies will be presented. The constructed systems were neutralized by adding sodium ions. The energy of the systems was minimized for 5000 steps using the steepest descent method, and the convergence was reached until the maximum force <1000 KJ mol−1 ·nm−1 to remove the steric clashes. The equilibration of the systems was made at NVT and NPT ensembles at 300 K for 100 ps (50,000 steps × 2 fs) each. The production of the simulations was run for 100 ns (50,000,000 × 2 fs) at 300 K and 1 bar with periodic boundary conditions on all axes.



Visualization of the evolution in time of the ligand–albumin complexes during the molecular dynamics simulation was made using VMD 1.9.4 [39].






3. Results and Discussion


3.1. Synthesis


In this article, we report the successful synthesis of four ketoprofen hybrid molecules with different N-containing compounds, such as pyrrolidine 1a, piperidine 1b, 1,2,3,4-tetrahydroquinoline 1c, and 1,2,3,4-tetrahydroisoquinoline 1d (Figure 1), as shown in Scheme 1. In Scheme 1, we report the synthesis of four novel ketoprofen hybrid compounds. Ning and co-workers report the synthesis and characterization of the fluorinated product of compound 3a [40]. The second reported by us, molecule 3b, partially consists of the molecule reported by a group of Turkish scientists [41]. There was no information available in chemical databases for compounds 3c and 3d.




3.2. Mass Analysis


Compounds 3a–d have a common pharmacophore—ketoprofen. The only difference in these compounds is in the N-containing heterocyclic rings—pyrrolidine, piperidine, benzo[b]piperidine, and benzo[c]piperidine. We used mass spectrometry to probe their structure. The heterocyclic rings and ketoprofen are linked by a common structural fragment N-C(=O)-C. Under MS/MS conditions, three pathways of molecular ion fragmentation were established. The main fragmentation pathways of compounds 3a–d include the cleavage of the N–C (path 1), C–C (path 2) bonds and the cleavage of the structural fragment C–C(=O)–C (path 3) connecting the two aromatic cores (Scheme 2).



Cleavage of the N-C bond (path 1) provides important information about the structure of the heterocyclic ring (m/z 72, 86, 134) (Scheme 2, Figures S14, S16, S18 and S20). Cleavage of the C-C bond (path 2) leads to a resonance-stable aromatic cation (m/z 209) characteristic of ketoprofen, established in our previous studies (Scheme 2) [42]. Under ESI-MS conditions, the same ion undergoes loss of the CH3 radical to yield an ion with m/z 194. Furthermore, the fragment ion with m/z 131 results from the retrocyclization of the resonance cation m/z 209 (Scheme 2). Fragmentation carried out in route 3 gave an m/z 105 ion resulting from cleavage of the diphenyl ketone fragment (Scheme 2). Compounds 3c and 3d are isomers and have ion m/z 370 (Figures S17 and S19). In the fragmentation between the two isomers, a significant difference is observed, which is mainly expressed in the splitting of ion m/z 134 (Figures S18 and S20).



It is the product ion of both isomers, i.e., it corresponds to benzo[b]piperidine (1,2,3,4 tetrahydroquinoline nucleus) and benzo[c]piperidine (1,2,3,4 tetrahydroisoquinoline nucleus). In the MS/MS experiment, only benzo[c]piperidine was found to fragment to the characteristic ion with m/z 117 (Figure S20) [43]. Furthermore, a difference in the m/z 209 and m/z 105 ion intensities was observed in favor of benzo[b]piperidine, with the ratio between the two intensities being 2.17 and 1.45 for 209 and 105, respectively (Figures S18 and S20).




3.3. In Vitro Biological Assessment


All synthesized ketoprofen hybrids were tested for their in vitro inhibition of albumin denaturation (IAD) and hydrogen peroxide scavenging activity (HPSA). The obtained in vitro results are compared with the in silico predictions. The results of the study are presented in Table 1.



3.3.1. Hydrogen Peroxide Scavenging Activity (HPSA)


Reactive oxygen species (ROS) are chemically reactive oxygen radicals and molecules [superoxide (O2•−), hydroxyl (•OH), peroxyl (ROO•) and alkoxyl (RO•), HOCl, ozone (O3), peroxynitrite (ONOO−), singlet oxygen (1O2), and H2O2]. They are generated as a natural consequence of biological metabolism. Enzyme systems control ROS levels under physiological circumstances. They have been shown to cause harm to critical biological substances, such as phospholipids, proteins, and DNA. It has been established that the harm they inflict contributes to the development of a variety of illnesses (cancer, cardiovascular disease, atherosclerosis, and Alzheimer’s disease) [44]. Even in a condition of physiological health, the harmful consequences of accumulating oxygen and its derivatives in the body contribute to a reduction in life expectancy [45].



The results for hydrogen peroxide scavenging activity (HPSA) and inhibition of albumin denaturation (IAD) are reported as IC50 values. Ascorbic acid, quercetin, ibuprofen and ketoprofen were utilized as standards. Because it is a function of Rf and is determined using thin-layer chromatography, RM is dimensionless.



The current study focused on hydrogen peroxide scavenging. Hydrogen peroxide is a kind of oxidant that is constantly produced in living tissues as a result of a variety of metabolic activities. However, detoxification is critical in order to keep it from entering hazardous reactions like the Fenton reaction [46].



Ascorbic acid and quercetin were employed as controls. They are natural substances having antioxidant characteristics that have been proven. The values we obtained varied from 59.47 µg/mL to 85.09 µg/mL for the synthesized hybrids (Table 1).



The synthesized ketoprofen analogs had modest activity when compared to ascorbic acid (24.84 µg/mL), but when compared to quercetin, hybrid 3d had greater activity, while hybrids 3b and 3c had activity similar to quercetin (Figure 3).



Despite hydrogen peroxide’s low level of reactivity, it can harm cells by creating hydroxyl radicals in them [47]. The most reactive radicals are hydroxy radicals, which are considered to be responsible for some tissue damage produced by inflammation. The superoxide anion radical (O2−•) and H2O2 in living organisms are converted into •OH and •O2, which cause cell damage. The inflammatory process generates a superoxide anionic radical at the site of inflammation, which is coupled with the creation of other oxidizing species, such as •OH. It has been postulated that hydroxyl radical scavengers can function as protectors by lowering inflammation by reducing prostaglandin synthesis. As a result, removing H2O2 is critical in preventing the formation of •OH.




3.3.2. Inhibition of Albumin Denaturation (IAD)


Inflammation, according to contemporary thinking, is a beneficial process that occurs as a response to a disruption or sickness. An anti-inflammatory quality of a drug or therapy is the ability to prevent inflammation or swelling. Unlike opioids, which impact the central nervous system, anti-inflammatory medicines, which account for almost half of analgesics, reduce pain by lowering inflammation. Non-steroidal anti-inflammatory drugs (NSAIDs) and steroidal anti-inflammatory drugs (SAIDs) are two types of medications frequently used to treat inflammation. NSAIDs have a number of negative side effects, particularly stomach irritation that can result in gastric ulcers [48].



The essential purpose of derivatizing ketoprofen was to eliminate the irritating and unpleasant impact of the carboxyl group. Therefore, to alter the structure of ketoprofen, we employed a variety of N-containing heterocyclic compounds. The novel ketoprofen hybrids were examined for IAD. The ketoprofen hybids were compared to ibuprofen and ketoprofen, which are used to prevent inflammatory processes. The purpose of this study was to prevent albumin denaturation. This approach estimates the degree of denaturation resistance of the albumin molecule.



The study data showed that hybrids 3c (77.18 μg/mL) and 3d (73.59 μg/mL) possessed a higher degree of albumin protection against denaturation than the standards (Figure 4). The high activity of these compounds (3c and 3d) is attributed to the presence of a 1,2,3,4-tetrahydroquinoline and 1,2,3,4-tetrahydroisoquinoline core, as well as the fact that they are less basic than 3a and 3b.




3.3.3. Experimental Determination of Lipophilicity (RM)


Lipophilicity is a determining factor in the absorption of compounds, distribution in the body, passage through various membranes and biological barriers, metabolism, as well as excretion (these are the so-called ADME properties—absorption, distribution, metabolism, and excretion). Lipophilicity is an important factor that informs researchers to both predict and better understand the transport and importance of chemical molecules in physiological and ecological systems. It is of utmost importance for all “candidate” drugs, thanks to its extremely important role in the pharmaceutical and biotechnology industry. Lipophilicity can be measured experimentally or computed.



We used reversed-phase thin-layer chromatography to assess the lipophilicity of the resulting ketoprofen hybrids, a technique described by Hadjipavlou-Litina [49]. The results are shown in Table 1.




3.3.4. Molecular Docking


The results of the molecular docking of the enantiomers of compounds 3a–d to the four sites of albumin given by AutoDock Vina are presented in Table 2, while the results of AutoDock are presented in Table 3.



The analysis of the results obtained after the docking of the ligands at the four albumin sites using AutoDock Vina shows a major difference in interactions, depending on the size of the heterocycle from the structure of the compounds and less influenced by the type of the isomer.



The compounds from the present series that have the highest affinity for albumin are tetrahydroquinoline derivative 3c and tetrahydroisoquinoline derivative 3d. Compounds 3a and 3b (pyrrolidine and piperidine, respectively) have, for the four studied sites, a lower affinity than compounds 3c and 3d.



Taking into account the affinity for the four sites, compounds exhibit the highest affinity for site 3. The affinity for the site Sudlow 2 is lower than for site 3, while the affinity for the cleft site is lower than for Sudlow 2. From the present series of compounds, they exhibit for Sudlow 1, the lowest affinity, compared to the other three sites.



The results of the docking study using AutoDock for cross-validation of the results given by AutoDock Vina share the same pattern, the affinity of the compounds for albumin being influenced by the size of the heterocycle from the structure of the compounds and less by the type of enantiomer. The most reproducible conformations of the compounds according to the RMSD of the atom coordinates are the ones for compounds 3c and 3d. For them, the percentage of conformations from their total conformations generated are found in the same cluster with the top binding conformation is higher than the percentage for 3a and 3b. Considering this observation, it can be concluded that compounds 3c and 3d have a more repetitive binding in the studied sites compared to compounds 3a and 3b, confirming this reproducibility through the repeatability of the conformations found in approximately the same area.



The depiction of the interaction between the ligands and albumin was presented for both enantiomers of a compound, chosen from the present series as the best binding pair of enantiomers on a specific site (Sudlow 2, site 3 and cleft). No depiction was made for any ligand in Sudlow 1 site because the molecular docking study performed on both software indicated that the respective site has a marginal role in the binding of the compounds from the present series.



The Sudlow 2 site, being mainly hydrophobic, comprised of Leu460, Val456, Leu457, Leu453, Leu387, Val433, Leu430 and Val426, easily fits the lipophilic moieties of compounds 3a–d. Both enantiomers of compounds 3c and 3d are involved in a π-π stacking with Tyr411, while the amidic oxygen acts like a hydrogen bond acceptor from the phenol of Tyr411. The ketone of ligands can interact with the sidechain of Asn391 as a hydrogen bond acceptor and with the positively charged sidechain of Arg410 via an ion–dipole interaction.



Visual analysis of the binding poses of enantiomers of 3c indicates that there are some differences in the binding mode of the two isomers (Figure 5), but mainly the difference between them is minor.



The binding of 3d enantiomers in site 3 of albumin is depicted in Figure 6. In both cases, the positively charged sidechain of Arg186 interacts with the benzene ring of tetrahydroisoquinoline fragment through a π-cation interaction. The pair Tyr161-Tyr138 are involved in a double π-π stacking with one of the benzenes of 3d, for enantiomer 3dR is expected to appear two supplementary interactions: one of the ketones with the peptide bridge Tyr138-Leu139 and a hydrogen bond between Tyr161 as a donor and the nitrogen atom of 3d as acceptor.



The binding of 3d enantiomers in the cleft of albumin is depicted in Figure 7. Both enantiomers are involved with the terminal benzene ring in a π-π stacking interaction with Tyr452. The ketone of 3d is expected to interact with the sidechain of Asn429 via a hydrogen bond as an acceptor. The amidic oxygen of 3d is expected to interact with the positively charged sidechain of Lys190 in the case of enantiomer R, while in the case of S enantiomer is expected to interact with the amide bridge between Val455-Val456. The tetrahydroisoquinoline fragment of 3d of both enantiomers is predicted to interact with some hydrophobic residues, such as Leu463 or Pro421.




3.3.5. Molecular Dynamics


The stability of the albumin complexes with the best binding ligands in the molecular docking study performed with AutoDock vina with the variation of the Gibbs free energy in the first half of energies was evaluated during 100 ns of molecular dynamics simulation. According to the results of the molecular docking study, all the potential complexes of the studied compounds in site 3 of albumin were simulated, and the complexes of compounds 3c and 3d in the site Sudlow 2 and in the cleft site. None of the complexes were simulated with ligands docked into the Sudlow 1 site due to their low affinity to the respective site.



The stability of the protein–ligand simulated systems in the molecular dynamics study was expressed by calculating the average root-mean-square deviation (RMSD) of the backbone of the protein, the average root-mean-square deviation (RMSD) of the heavy atoms of ligands, the radius of gyration (RG) of the protein and the hydrogen bonds between the ligand and the protein.



An overview of the results of the molecular dynamics study is presented in Table 4 as the RMSD of the backbone of the protein, in Table 5 as the RMSD of the heavy atoms of ligands, Table 6 as RG of the protein, and in Table 7 the evolution of the hydrogen bonds between protein and ligands.



It can be seen that compounds 3a and 3b (pyrrolidine and piperidine derivatives) gives complexes with albumin, which are less stable than those of compounds 3c and 3d (tetrahydroquinoline and tetrahydroisoquinoline hybrids). The increase of the nitrogen ring with a supplementary benzene ring leads to better stabilization of the albumin. On average, taking into account the data available for the complexes resulting from the binding of ligands into site 3, RMSD of the backbone of the protein is higher for complexes with compounds 3a and 3b than those with 3c and 3d (0.33 nm vs. 0.31 nm). The same trend is identified for the average RMSD of the ligands (0.56 nm vs. 0.44 nm) and the average RG of the protein (0.56 nm vs 0.44 nm). The highest stabilization of the backbone of the protein, expressed as the lowest RMSD of the backbone, was identified as 3cR into site 3 and cleft, 3dR into Sudlow 2 and cleft and 3dS in Sudlow 2.



The changes in the position of the ligand expressed as RMSD of the heavy atoms of the ligand indicate that most of the predicted complexes are stable. Some exceptions were identified, such as compound 3bS in site 3, 3cR in cleft, 3dR in Sudlow 2 and site 3 and 3dS in site 3, which move significantly from their initial position.



Evaluating the hydrogen bonding between the ligand and the protein 3cR and 3dS are the ones that interact more via this type of bond than the other compounds.



Overall, the resumed data indicates that there is no obvious connection between the type of enantiomer of each compound and the parameters evaluated for the resulting complexes to express their stability. The stability of the complexes is influenced simultaneously by the type of nitrogen ring and the type of enantiomer.



Detailed information regarding the evolution of the stability of the complexes of compounds 3c and 3d in the Sudlow site 2 are presented in Table S1, of all 3a–d compounds in site 3 of albumin in tables Tables S2–S4 for compounds 3c and 3d in the cleft site of albumin.



The data obtained after simulation of the complexes of compounds 3c and 3d into the Sudlow 2 site indicates that both compounds gave complexes with albumin with similar RMSD to the apo form of the protein. The complexes of 3d (both enantiomers) lead to the best stabilization of the protein in terms of the RMSD of the protein backbone. Into the specified site, 3cR, 3cS and 3dS have the lowest movement, compared to 3dR, which has a significant change in position during the simulation.



3cR and 3dS are supposed to have significantly more hydrogen bonds compared to the other enantiomer. Again, this observation confirms the previous observation that the interaction between each enantiomer and protein is influenced by the type of nitrogen ring and the type of enantiomer.



When docked into site 3 of albumin, compounds 3aS and 3cR gave the most stable complexes in the present series. Significant instability of the complexes given by the other compounds was identified as follows: 3bS leaves site 3 after approximately 20 ns, and 3cR suffers a significant change of position at approximately 35 ns, resulting in continuous changes in the coordinates of the atoms of the backbone of albumin, 3cS gave a stable complex until 85 ns of simulation, while both enantiomers of 3d won’t reach a convergence, having a continuous movement into the site 3 of albumin.



The complex of 3dR in site 3 of albumin is the most stable from the current series. A high degree of stability expressed in terms of RMSD of the protein backbone was identified too, but it didn’t reach a convergence point during the simulation and the RMSD of the protein backbone was found to slowly and continuously increase until the simulation ended. Anyhow, both R enantiomers gave more stable complexes than S enantiomers when docked into the cleft of albumin. 3cS moved less into the cleft than 3cR, but the RMSD of the backbone was similar to the apo form and even decreased during simulation, compared to 3cS. 3dS exhibited a significant change in position at approximately 70 ns, affecting a little the RMSD of the backbone of the protein at that time, increasing the RMSD of the protein backbone from complex over the apo form.






4. Conclusions


In conclusion, we have obtained four novel hybrid compounds combining a ketoprofen skeleton and an N-containing hetero ring. The newly discovered molecules have been thoroughly characterized and were subjected to a comprehensive mass spectral analysis. According to the in vitro and in silico experiments, the hybrid compounds have considerable HPSA and in vitro anti-inflammatory action as measured by IAD. Despite their lipophilic character, compounds 3b-d have HPSA values comparable to quercetin. To neutralize damaging radicals in the cell membrane, lipophilic antioxidants are required. In vitro, anti-inflammatory activity was evaluated by IAD, as well as by molecular docking and molecular dynamics. Ligand–albumin interactions were demonstrated for both enantiomers of compound 3a-d, which were chosen from the current series as the best binding pair of enantiomers at a given site (Sudlow 2, site 3, and Cleft). The highest in vitro anti-inflammatory efficacy is shown by hybrids 3c and 3d, which stabilize the albumin macromolecule by forming ligand–albumin complexes with Sudlow 2, site 3, and cleft. This interaction is responsible for preventing albumin denaturation during inflammatory processes. The stability of the albumin macromolecule is due to the fact that hybrids 3c and 3d participate in π-π arrangement with Tyr411 (Sudlow 2), with the pair Tyr161-Tyr138 (site 3), and Tyr452 (cleft). Furthermore, H-bonds are generated with the amide, ketone, and oxygen with the polar amino acid residues implicated in the Sudlow 2, site 3, and cleft structures. The in-silico studies completely confirm our in vitro experimental results for anti-inflammatory effects. All of this demonstrates that the hybrid compounds we synthesized inherit ketoprofen’s anti-inflammatory capabilities, making them excellent candidates for future medications.
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Figure 1. Structural formulas of pyrrolidine 1a, piperidine 1b, 1,2,3,4-tetrahydroquinoline 1c, and 1,2,3,4-tetrahydroisoquinoline 1d. 
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Figure 2. The structural formula of ketoprofen. 
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Scheme 1. Synthesis of hybrids 3a–d. 
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Scheme 2. General fragmentation scheme of ketoprofen derivatives 3a–d. 
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Figure 3. HPSA of the newly synthesized ketoprofen hybrid compounds. Ascorbic acid (AA) and quercetin (Qrc) were utilized as standards. HPSA results are given as IC50 (µg/mL). 
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Figure 4. Inhibition of albumin denaturation (IAD) of newly created ketoprofen hybrid compounds. Ketoprofen (Ket) and ibuprofen (Ibu) used as benchmarks. Results for IAD are displayed as IC50 (µg/mL). 
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Figure 5. The best binding conformation of enantiomers of compound 3c R (left) and S (right) in the Sudlow 2 site of albumin. Carbon atoms of 3c are depicted in magenta. 






Figure 5. The best binding conformation of enantiomers of compound 3c R (left) and S (right) in the Sudlow 2 site of albumin. Carbon atoms of 3c are depicted in magenta.



[image: Processes 11 01837 g005]







[image: Processes 11 01837 g006 550] 





Figure 6. 3d in site 3. The best binding conformation of enantiomers of compound 3d R (left) and S (right) in site 3 of albumin. Carbon atoms of 3d are depicted in magenta. 
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Figure 7. The best binding conformation of enantiomers of compound 3d R (left) and S (right) in the cleft site of albumin. Carbon atoms of 3d are depicted in magenta. 






Figure 7. The best binding conformation of enantiomers of compound 3d R (left) and S (right) in the cleft site of albumin. Carbon atoms of 3d are depicted in magenta.



[image: Processes 11 01837 g007]







[image: Table] 





Table 1. In vitro results of the conducted biological activity.






Table 1. In vitro results of the conducted biological activity.





	
Compounds

	
HPSA

	
IAD

	
RM ± SD

	
cLogP




	
IC50, μg/mL






	
Ascorbic acid

	
24.84 ± 0.35

	
-

	
-

	
-




	
Quercetin

	
69.25 ± 1.82

	
-

	
-

	
-




	
Ibuprofen

	
-

	
81.50 ± 4.95

	
1.11 ± 0.010

	
3.72




	
Ketoprofen

	
-

	
126.58 ± 5.00

	
1.64 ± 0.006

	
3.59




	
3a

	
85.09 ± 0.24

	
167.02 ± 8.05

	
2.07 ± 0.010

	
4.10




	
3b

	
69.98 ± 0.50

	
130.28 ± 0.41

	
1.92 ± 0.005

	
4.61




	
3c

	
71.44 ± 0.27

	
77.18 ± 1.08

	
1.95 ± 0.008

	
5.91




	
3d

	
59.47 ± 0.36

	
73.59 ± 1.67

	
2.25 ± 0.010

	
5.09
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Table 2. The results of the docking study were made using AutoDock Vina expressed as the binding affinity of the studied compounds to the four targeted sites of HSA expressed as a variation of Gibbs free energy (ΔG kcal/mol).
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Compound

	
Isomer

	
Sudlow 1

	
Sudlow 2

	
Site 3

	
Cleft






	
3a

	
R

	
−8.5

	
−10.3

	
−11.5

	
−10.3




	
S

	
−8.3

	
−10.5

	
−12.1

	
−10.0




	
3b

	
R

	
−8.8

	
−10.5

	
−11.7

	
−10.7




	
S

	
−8.5

	
−11.1

	
−11.6

	
−10.2




	
3c

	
R

	
−10.3

	
−12.2

	
−12.9

	
−11.8




	
S

	
−9.8

	
−12.5

	
−12.8

	
−11.2




	
3d

	
R

	
−10.0

	
−12.1

	
−12.4

	
−11.8




	
S

	
−9.2

	
−12.0

	
−12.2

	
−11.6
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Table 3. The results of the docking study were made using AutoDock expressed as the binding affinity of the studied compounds to the four targeted sites of HSA expressed as a variation of Gibbs free energy (ΔG kcal/moL) and the clustering analysis of the poses.






Table 3. The results of the docking study were made using AutoDock expressed as the binding affinity of the studied compounds to the four targeted sites of HSA expressed as a variation of Gibbs free energy (ΔG kcal/moL) and the clustering analysis of the poses.





	
Compound

	
Isomer

	
Sudlow 1

	
Sudlow 2

	
Site 3

	
Cleft




	
ΔG

	
%C

	
ΔG

	
%C

	
ΔG

	
%C

	
ΔG

	
%C






	
3a

	
R

	
−8.30

	
20.5

	
−9.59

	
30.0

	
−10.80

	
49

	
−8.81

	
31.5




	
S

	
−8.27

	
15.5

	
−9.74

	
14.5

	
−10.60

	
36

	
−8.79

	
26.5




	
3b

	
R

	
−8.81

	
16.5

	
−9.82

	
13.5

	
−11.47

	
116

	
−9.10

	
41.5




	
S

	
−8.53

	
4.5

	
−10.16

	
24.0

	
−11.19

	
68

	
−9.12

	
18.5




	
3c

	
R

	
−9.80

	
18.5

	
−11.04

	
27.5

	
−12.65

	
104

	
−10.39

	
53.0




	
S

	
−9.72

	
29.0

	
−11.41

	
40.5

	
−11.57

	
44

	
−9.95

	
44.5




	
3d

	
R

	
−9.81

	
7.0

	
−11.53

	
38.5

	
−12.80

	
56

	
−10.58

	
39.5




	
S

	
−9.69

	
10.0

	
−11.44

	
36.0

	
−12.20

	
43

	
−10.46

	
49.0








%C: percent of conformations in the same 2Å RMSD cluster of atom coordinates.
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Table 4. The root mean square deviation of the backbone of the protein from the systems evaluated in the molecular dynamics study (nm).
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System Evaluated

	
Sudlow 1

	
Sudlow 2

	
Site 3

	
Cleft






	
apo + 3a[R]

	
-

	
-

	
0.33

	
-




	
apo + 3a[S]

	
-

	
-

	
0.28

	
-




	
apo + 3b[R]

	
-

	
-

	
0.30

	
-




	
apo + 3b[S]

	
-

	
-

	
0.41

	
-




	
apo + 3c[R]

	
-

	
0.36

	
0.25

	
0.23




	
apo + 3c[S]

	
-

	
0.29

	
0.30

	
0.36




	
apo + 3d[R]

	
-

	
0.24

	
0.36

	
0.26




	
apo + 3d[S]

	
-

	
0.24

	
0.34

	
0.38




	
apo

	
0.38








- not tested.













[image: Table] 





Table 5. The root mean square deviation of the heavy atoms of the ligands from the systems evaluated in the molecular dynamics study (nm).
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	System Evaluated
	Sudlow 1
	Sudlow 2
	Site 3
	Cleft





	apo + 3a[R]
	-
	-
	0.35
	-



	apo + 3a[S]
	-
	-
	0.26
	-



	apo + 3b[R]
	-
	-
	0.27
	-



	apo + 3b[S]
	-
	-
	1.34
	-



	apo + 3c[R]
	-
	0.24
	0.32
	0.41



	apo + 3c[S]
	-
	0.25
	0.23
	0.20



	apo + 3d[R]
	-
	0.47
	0.59
	0.27



	apo + 3d[S]
	-
	0.26
	0.62
	0.36







- not tested.
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Table 6. The radius of gyration of the protein from the systems evaluated in the molecular dynamics study (nm).
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System Evaluated

	
Sudlow 1

	
Sudlow 2

	
Site 3

	
Cleft






	
apo + 3a[R]

	
-

	
-

	
2.85

	
-




	
apo + 3a[S]

	
-

	
-

	
2.78

	
-




	
apo + 3b[R]

	
-

	
-

	
2.84

	
-




	
apo + 3b[S]

	
-

	
-

	
2.89

	
-




	
apo + 3c[R]

	
-

	
2.75

	
2.78

	
2.77




	
apo + 3c[S]

	
-

	
2.80

	
2.82

	
2.77




	
apo + 3d[R]

	
-

	
2.79

	
2.80

	
2.81




	
apo + 3d[S]

	
-

	
2.79

	
2.77

	
2.78




	
apo

	
2.78








- not tested.
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Table 7. The average number of hydrogen bonds between the ligand and the protein in the systems evaluated in the molecular dynamics study (no/ns).
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	System Evaluated
	Sudlow 1
	Sudlow 2
	Site 3
	Cleft





	apo + 3a[R]
	-
	-
	0.01
	-



	apo + 3a[S]
	-
	-
	0.12
	-



	apo + 3b[R]
	-
	-
	0.12
	-



	apo + 3b[S]
	-
	-
	0.21
	-



	apo + 3c[R]
	-
	0.17
	0.46
	0.05



	apo + 3c[S]
	-
	0.02
	0.19
	0.02



	apo + 3d[R]
	-
	0.00
	0.06
	0.02



	apo + 3d[S]
	-
	0.33
	0.37
	0.03







- not tested.
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